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New Views of Old Mars
Mars Pathfinder heralded a new generation of exploration of the red
planet.Several orbiters and two rovers have successfully followed this
lander, and along with telescope observations, returned information
on Mars rocks and surface features, topography and gravity— which
help infer its internal structure—magnetic field, and atmospheric
dynamics and chemistry. Solomon et al. (p. 1214) provide an
updated review incorporating these
latest results and those from
an increasing number of
martian meteorites
into a history of
early Mars, includ-
ing its formation
and the differentia-
tion of its core, man-
tle, and crust.

A Time for Planets
Most of the 130 known extrasolar planets
were detected by measuring perturbations to
the stellar radial velocity caused by the orbit-
ing planet. Some planets were detected by
observing decreases of the stellar light when
the planet passed in front of its star. Holman
and Murray (p. 1288) show that the timing
of the transiting planet will vary if there is
another planet in the system, so that the presence and mass of a sec-
ond planet can be estimated from the gravitational interactions
between the planets. This method may be able to detect even an
Earth-mass planet.

Coupled Qubits Measured Simultaneously
For a scalable quantum computer to be realized, what will be needed
is the ability to read out the entire system of qubits simultaneously,
and with high fidelity. However, measurement crosstalk, an undesir-
able effect where the state measurement of one qubit influences that
of others,has presented an experimental barrier to achieving that goal.
McDermott et al. (p. 1299, see the Perspective by Mooij) present
results on the simultaneous measurement of states of two coupled
superconductor phase qubits. For the right timing sequence of the
measurement, the influence of crosstalk can be minimized, and the
two entangled qubits can be measured with high fidelity.The authors
argue that the scheme should be applicable to multi-qubit systems.

Great Tomes of the Past Preserved
Texts often survived from Antiquity through the Middle Ages by
the skin of their teeth, subject to hazards ranging from fire and war
to decay and neglect.What were the odds that a manuscript would
survive, that an entire work would go extinct, or that the transmis-
sion of knowledge itself could be seriously jeopardized? By treating
manuscripts as though they were fossils from an extinct popula-
tion, Cisne (p. 1305; see the Perspective by Gilman and Glaze)
shows that explicit, testable estimates of manuscripts’ and texts’
survival indeed can be found under certain circumstances, and that
certain works have had much greater chances of survival than has
been guessed from anecdotal evidence. This work suggests a new

way of using centuries’ worth of exacting scholarship to investi-
gate the survival and dissemination of information.

Restoring the Marshlands of Iraq
The marshes of southern Iraq were once the largest wetland in the Mid-
dle East and home to an indigenous population of tens of thousands of
marsh dwellers. They were also a major flyway for migrating birds.
Today, less than 10% of the marshes in Iraq remain as fully functioning

wetlands because of extensive drainage and upstream agricultural
irrigation programs on the Tigris and Euphrates rivers imple-

mented during Saddam Hussein’s regime. Richardson et al.
(p. 1307) provide an assessment of the ecological status of

the Iraqi marshes
since the 2003 war.
Nearly 20% of the
original 15,000-
square-kilometer
marsh area was
reflooded by March
2004. Reflooding
has partly restored
some of the former
marsh areas. How-
ever, high salinity
and toxicity may
persist in reflooded
marshes unless

flow-through of fresh water is maintained by careful hydraulic design.
It seems that the marshes can be restored as long as sound ecological
restoration principles are followed.

Great Medieval Earthquake
Trenching along the Main Frontal Thrust fault of the Himalayan
mountains has revealed evidence for one great earthquake with a
moment magnitude of about 8.8 and an offset of about 17 meters
over a length of about 240 kilometers. Lavé et al. (p. 1302) dated
the offset in the trench at about 1100 A.D., and they suggest that
no additional great earthquakes have occurred since then. Such a
great event could account for 25 to 50% of the shortening across
the mountains and would recur in 1800 to 3000 years.

βAPPtists and Tauists Unite
In Alzheimer’s disease (AD) pathological lesions of various types
are seen in the brains of patients and in mouse models of the dis-

ease as the disease progresses.
Stokin et al. (p. 1282) provide
evidence that axonal transport
deficits are likely to be an early
characteristic of AD, contribut-
ing to progression of disease
phenotypes, and perhaps
being an early initiating event.
The data also provide a useful
unifying theme bringing amy-
loid precursor protein process-
ing and tauopathy, two

www.sciencemag.org SCIENCE VOL 307 25 FEBRUARY 2005 1165

Dark Gas in the Milky Way
Radio-wavelength observations of atomic

hydrogen and carbon monoxide (CO) have been
used to estimate the abundance and distribution of gas and dust in
the Milky Way Galaxy.Some cold molecular gas (dark gas) is hard to
trace with radio observations, but cosmic-ray interactions with the
gas can make the gas glow sufficiently to be traced. Grenier et al.
(p. 1292) combined the radio and gamma-ray observations to show
that the cold dark gas forms halos around CO clouds and connects
these clouds to diffuse structures dominated by atomic hydrogen.

edited by Stella Hurtley and Phil Szuromi
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processes thought to be mechanistically distinct in neurological disease progression,
together into a single disease pathway for AD.

Variety and Fitness in Natural Bacterial Populations
Microbiologists have long used clonal isolates as model systems to study processes promoted
by bacterial populations. However, little is known about how functionally representative such
clones may be of populations in their native habitats.Thompson et al. (p.1311) show that vast
genotypic diversity exists within a natural population of coexisting bacteria bearing nearly
identical 16S ribosomal RNA genes (the biomarker most frequently used to identify bacterial
strains). Individual clones are present in the environment at such low concentrations that, for
all practical purposes, no two are alike.These findings suggest that any individual clone is rela-
tively unimportant in overall population function and that much of the variation in the
genomes does not lead to fitness differences among the members of the population.

The Bad and the Ugly? 
The fungus Cryptococcus neoformans is an
opportunistic human pathogen that has become
more prevalent, in part because of the increased
incidence of immunocompromised patients.
Loftus et al. (p. 1321, published online 13 Janu-
ary 2005) have sequenced the genome of two inbred strains, JEC21 and B-3501A, which dif-
fer in virulence,and have compared this sequence information with other fungal genomes.The
C. neoformans genome shows evidence of alternative splicing and antisense transcripts, sug-
gesting widespread genetic regulatory mechanisms, and is transposon-rich. The functional
distribution of many of C. neoformans genes mirrors that of Saccharomyces cerevisiae.

Sword and Shield in Bacterial Pathogenesis
The serotype diversity that characterizes Shigella (and other bacterial pathogens of mammals)
could have evolved under the selective pressure of the innate immune response of the host or
as an escape mechanism to the adaptive response. West et al. (p. 1313; see the Perspective by
Normark et al.) now show that Shigella has acquired mechanisms to shorten the O-antigen
of lipopolysaccharide (LPS) it expresses at the cell surface without decreasing its mass for the
purpose of better exposing its major weapon, the type III secretory system. It does this without
affecting the capacity of LPS to resist the innate immune responses of the host.Bacteriophage-
mediated glucosylation of the LPS O-antigen leads to a shift from a linear to helical conforma-
tion, shortening the LPS without altering its quantity.This process provides a strong selective
advantage to Shigella for maintaining lysogenic bacteriophages in its genome.

Mistic and Membranes
Structure determination of membrane proteins remains a challenge because of difficulties in
expressing sufficient quantities of protein and in obtaining ordered crystals for analysis by x-ray
crystallography.Roosild et al.(p.1317) have taken steps forward in two directions.First,they devel-
oped techniques that allowed them to determine the structure of a four-helix bundle integral
membrane protein from Bacillus subtilis by nuclear magnetic resonance spectroscopy. Second,
they show that this protein,which they name Mistic, can be used to assist in recombinant expres-
sion of other membrane proteins because it can insert autonomously into the cell membrane.

Neuroligin and Inhibitory Synapse Formation
Achieving an appropriate balance between excitatory and inhibitory synapses as the central
nervous system is wired up during development is critical for building smoothly flowing
information pathways.Neuroligins are postsynaptic adhesion molecules that also play a role
in synapse formation. Chih et al. (p. 1324, published online 27 January 2005; see the Per-
spective by Hussain and Sheng) have analyzed knockdown mutants of several neuroligin
isoforms and found that various neuroligins have overlapping but not identical functions.
Disruption of neuroligin function leads to a loss of excitatory synapses and results in a func-
tional imbalance of excitatory and inhibitory transmission in the rodent hippocampus.
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EDITORIAL
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O
n 7 January 2004, an open letter to the French government and the launch of the petition
“SAUVONS LA RECHERCHE” (Save Research) started the most powerful and spontaneous
protest of scientists throughout France since the 1960s. The flash point was reached after a succession
of catastrophic research budgets for 3 years in a row, exacerbated by last-minute funding freezes and
the elimination of 30% of the entry-level permanent research positions. This amounted to sacrificing
a whole generation of young scientists. The petition gathered 75,000 signatures among working

scientists and support from more than 80% of the general public. After a series of street demonstrations in French
university towns, nearly half of all French laboratory directors from the main research agencies gathered on 27 March
in Paris to post their resignations. A week later, after an opposition landslide in the regional elections, President
Jacques Chirac disowned the research policies of his previous government and asked the newly appointed ministers
for education and research to reestablish the lost academic positions, and even added 1050 university lecturer
positions. After 6 months of self-organized debates in all major scientific centres, 1000 French delegates met in
Grenoble on 29 October to finalize a voluminous report meant to inspire future
reforms. Top government officials and national leaders of all major political
parties attended this meeting. 

Undoubtedly, the longest-lasting benefit of this year-long movement was
the realization by scientists and politicians alike that scientific research
enjoyed unexpected strong support from the general public. “Scientific
research” has been brought back into the political vocabulary and is now an
electoral issue. In November, the government announced an overall 2005
budget for civilian R&D of 9.27 billion euros, a 10% increase. The number of
permanent research positions in the national agencies is also maintained,
and 200 temporary positions have been created to help encourage the return
of foreign-based French postdocs. Yet a closer reading of this budget casts a
number of shadows: One-third of the money is for fiscal measures to promote
industrial R&D, and another one-third is dedicated to an ill-defined National
Agency for Research. Thus, France is still only devoting a mere 0.60% of its gross national product to civilian public
research, which is short of the 1% goal that a European Union directive commits us to reach by 2010 and is below the
level reached in 2001 (0.74%).

There is also frustration that a year-long movement did not result in bolder proposals to reform the French
academic research system and put it more in line with the organization prevailing in other leading scientific
countries, including our closest European partners. In particular, the civil servant status uniquely enjoyed by
French researchers from the very beginning of their careers remains unchallenged, even if it limits the number of
research positions offered to postdocs and Ph.D. students and corresponds to salaries 30% lower than those
offered in Germany or Switzerland. Also unchallenged is the absence of a stringent selection process for entering
French universities (all of them government-funded), creating a population of rather unmotivated students.
Professors are overwhelmed by teaching loads and mentoring responsibilities incompatible with serious research.
Thus, despite an increase in government support, the French public research system might not retain international
competitiveness without addressing these politically touchy issues. Offering more attractive (better salary,
less teaching) and more numerous (but perhaps less secure) entry-level jobs will be key to retaining our most
promising young scientists as well as attracting foreign-based talent.

Fortunately, things are not yet settled. The Save Research movement is gaining momentum again, after the
recent release of the government’s first draft of the 2006–2010 Research and Innovation Framework Act.
Some scientists are concerned that the new National Agency for Research is not making enough room for
curiosity-driven basic research and is keeping too much money away from existing agencies, including CNRS
and INSERM. Having learned its lesson last year, the government has already postponed the presentation of the
bill until June and has promised additional rounds of consultation. French research needs to be rescued, but it will
require restructuring of an academic system and a government agenda by saviors on both sides.

Jean-Michel Claverie
Jean-Michel Claverie is professor at the Université de la Méditerranée School of Medicine and head of the Structural and
Genomics Information Laboratory–CNRS, Marseilles, France. E-mail: Jean-Michel.Claverie@igs.cnrs-mrs.fr

10.1126/science.1109775

French Public Research—Saved?
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B I O M E D I C I N E

Stanching the Flow

Hemophilia B is an X-linked
genetic disorder caused by
decreased levels of factor IX,
which functions as part of the
blood-clotting cascade.
Deficiencies in blood clotting
result in uncontrolled bleeding
in response to even the slightest
trauma.Another problem is
bleeding into joints, where
subsequent inflammation 
contributes to deterioration 
of the joint. Injecting factor IX
serves as treatment to stop
bleeding, and restoring a fraction
of the normal amount can
make a difference; however,
factor IX does not survive for
long in the bloodstream.

Fair et al. have shown in
mice how embryonic stem
cells can be used as a therapy
for factor IX deficiency, an
approach that would avoid
the need for repeated 
injections and could supply 
a steady stream of factor IX.
In these experiments, the
mice carried a mutation in
their factor IX gene, and the
embryonic stem cells were

derived from mice with a 
normal factor IX gene. In 
vitro culture conditions 
were defined to direct the
embryonic stem cells to 
differentiate into cells with
features of endodermal 
precursors. These putative
endodermal precursors were
then injected into the livers
of factor IX–deficient mice.
Mice treated in this way
showed factor IX expression
and improved long-term 
survival. Engraftment of the
differentiated embryonic stem
cells did not require injury or
hepatectomy. The results 
provide a promising step

toward a cell-based therapy
for factor IX deficiency. — PJH

Proc. Natl. Acad. Sci. U.S.A. 102, 2958
(2005).

C H E M I S T RY

Beyond the Basics

The formation of carbon-
carbon bonds via enolate 
addition to electrophiles is a
cornerstone of modern organic
synthesis.These types of 
reactions are generally started
by treating a ketone with a
base, which deprotonates the
carbon atom adjacent to the
carbonyl group, leaving a 
negatively charged O-C-C
framework that is the target 
of the electrophile. However,
the product is also a ketone
and hence is susceptible to
repeated attack by the base,
leading to losses in stereo-
selectivity and undesirable
side reactions.

Trost and Xu have found a
way around this problem by
eliminating the base.They 
stabilized precursors in the
enol form by tethering the
electrophile (an allyl group in
this case) to the enol oxygen

through a carbonate (OCO2)
linkage. Activation of the allyl
group by an asymmetric 
palladium catalyst liberates the
CO2 spacer and allows the enol
and allyl carbons to join without
a deprotonation step.This reac-
tion provides access to a broad
range of tertiary and quaternary
carbon centers in good yield 
and enantioselectivity, while
minimizing side reactions. — JSY

J. Am. Chem. Soc. 10.1021/ja043472c
(2005).

G E O C H E M I S T RY

Elemental Traces

Microbes modify soil.What is
obvious to most of us is that
they process organic matter
derived from higher plants and
animals.What is less apparent
is that they produce organic 
ligands and acids that bind to
elements such as iron and other
metals, and this affects their
solubility and mobility.Thus, a
soil containing microbes has a
different inorganic chemistry
than one lacking microbes.

The mobility of elements 
can be used as a measure of
leaching and integrated rainfall
and also as an indication of
microbial activity. Neaman et al.
have used elemental mobilities
to help ascertain whether
microorganisms had managed
to invade Earth’s land surface 
in the Archean. For consistency,
the authors examined several
ancient soils produced on one
rock type—basaltic lava
flows—and simulated the
effects of microorganisms on
such a soil in the laboratory.
The presence of organic ligands
greatly increased the mobility
of Fe and P, changing the soil
profile.These effects were 
evident in soils dating to 2.7 
billion years ago, implying that
at least some microorganisms
were a significant presence on
Earth’s surface then, not just in
the oceans. — BH

Geology 33, 117 (2005).
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edited by Gilbert Chin

Liver slice showing colocaliza-
tion of factor IX (red) and
embryonic stem cells (green).C
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P H Y S I C S

When Photons Bunch

Being bosons, photons like to group together,
with the behavior of photon bunching
described as an attribute of classical light.
At the other extreme, photons emitted by a
single emitter are expected to antibunch,
trickling out of the emitter one at a time.
Although bunching and antibunching are
well established behaviors of classical and
nonclassical light, respectively, the transition
between the two has not been observed. It is
expected that as the number of emitters is
increased, a smooth transition should occur.
Using a high-quality cavity into which
they can place a variable number of atoms,
Hennrich et al. show that they can probe the
transition systematically as the number of emitters (atoms in the cavity) is gradually
increased. They observe that the antibunching behavior disappears when the average
number of atoms in the cavity is one, and they are able to explain the experimental data
well if the emitters are assumed to form an independent ensemble. — ISO

Phys. Rev. Lett. 94, 053604 (2005).

Setup to probe antibunching to bunching
behavior.
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B IO PHYS I C S

Deconstructing Membrane
Proteins
Progress in understanding how a protein
finds its three-dimensional structure in
seconds has been hard-won, and some 
of the successes have come from studying
the intermediate stages (or lack thereof)
of protein structures when they are stressed

by pH, denaturants, or mechanical 
force.The historic nomenclature of
structures (primary, secondary, and
so forth) largely reflects the current
thinking that helices form early 
and relatively independently, that
interactions between helices help
steer the folding trajectory 
(by clamping posts and beams)

into domains, and that fitting
amino acid side chains into pockets

(like tenons and mortises) locks everything
into place. Most unfolding studies have
avoided the complications of membranes;
structure determination of intact membrane
proteins is not easy, and the study of 
pH- or denaturant-treated membrane 
proteins is truly daunting.

Cisneros et al. have applied mechanical
force to extract halorhodopsin from its
native membrane and compared the 
force-distance profiles with those of its
cousin bacteriorhodopsin.The adhesive
interhelical contacts are both weak and 
spatially diffuse, so that it is the sum total
of them and not just a few residues that

lend strength to the functional structure.The
unfolding profiles also show, within one of
the transmembrane helices in halorhodopsin,
a hinge (defined by an alanine-tryptophan
pairing) that demarcates two separably
movable segments of the helix. — GJC

Structure 13, 235 (2005).

B IOMED I C IN E

Pockets of Resistance

Although only 5% of those exposed to
mycobacteria go on to develop acute 
tuberculosis, many suffer latent infections
that have escaped antibiotic treatment and
may recrudesce with stress or aging.Ha et al.
tested a combined vaccine-chemotherapy
regime for its ability to prevent reactivation
of disease in mice infected with
Mycobacterium tuberculosis.Although pro-
tective antigens have not yet been defined
precisely for tuberculosis, these authors
made a DNA vaccine in a pGX10 vector
containing two genes they had tested previ-
ously:Ag85A epitopes (recognized by CD4+

T cells) are expressed on the surface of
macrophages during early infection and
PstS-3 epitopes (recognized by both CD4+

and CD8+ T cells) during late phase. Four
weeks after infection, they administered 
the vaccine to mice along with the drugs
isoniazid and pyrazinamide. Subsequent
treatment with dexamethasone reactivated
the disease in the control groups of mice
but not in the vaccinated and antibiotic-
dosed mice, suggesting that combining the
boosting of the immune response with drugs
had eliminated the mycobacteria. — CA

Gene Ther. 10.1038/sj.gt.3302465 (2005).
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A view of helix E and the Ala-Trp interaction.

PIs as Ligands?

Phosphatidylinositol (PI) lipids are implicated in a broad range
of processes, from the organization of signaling pathways to
vesicle trafficking and control of the actin cytoskeleton. Krylova

et al. suggest that these lipids may also serve as activating ligands for a class of orphan
(so called because no regulatory ligand was known) nuclear receptors. The authors
solved crystal structures of three nuclear receptor 5A family members: mouse mSF-1
and the human proteins hSF-1 and hLRH-1. Residual electron density in the ligand-
binding pockets revealed that the crystallized proteins (expressed in and purified from
bacteria) contained lipids. Testing with eukaryotic lipids revealed preferential binding
to phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] and phosphatidylinositol 3,4,5-
trisphosphate [PI(3,4,5)P3]. Although biological regulation by such lipids remains to
be explored, mutant proteins designed to disrupt lipid binding showed decreased
transcriptional activity.The mouse receptor appears to have lost ligand-binding activity,
and phylogenetic analysis favors the scenario in which the ancestral nuclear receptor
did bind lipids and this capacity was later lost in the rodent lineage. — LBR

Cell 120, 343 (2005).
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D ATA B A S E

Genetics of Seizures
The new database CarpeDB profiles some 400 genes
linked to epilepsy in humans, mice, nematodes, and
other organisms. Cody Locke, an undergraduate work-
ing with neurobiologists Guy and Kim Caldwell at the
University of Alabama, Tuscaloosa, compiled the col-
lection for researchers studying the genetics of
epilepsy and related conditions. Pick a gene such as
ENFL2, which triggers nocturnal seizures, and you’ll
summon a virtual index card listing the gene’s chro-
mosomal location, the condition it contributes to, ref-
erences, and other data. For further information, fol-
low links to sites such as Online Mendelian Inheri-
tance in Man and UniProt.

www.carpedb.ua.edu

T O O L S

Zooming In on SNPs
The human genome teems with SNPs, single-letter

changes in DNA that can increase susceptibility
to diseases such as cancer and Alzheimer’s. For
help viewing and tracking these variations,
check out the new Genewindow from the
U.S. National Cancer Institute. Genewin-

dow is a DNA browser that lets you
scroll through a particular gene
nucleotide by nucleotide, identifying

SNPs and other landmarks, such as pro-
tein-coding segments. You can also see how

each SNP changes the sequence of the
gene’s protein. The tool requires the free

Adobe SVG viewer and can be balky with some
browsers.

genewindow.nci.nih.gov

T O O L S

Digital Molecular Library
To uncover compounds that might jam HIV’s surface
molecules or block a key enzyme in cancer cells,
researchers can use computer programs that predict
whether particular molecules fit together. But data-
bases of candidate compounds for virtual screening are
often expensive, a limitation that inspired chemists at
the University of California, San Francisco, to launch the
free database ZINC. The site holds three-dimensional
versions of more than 2.7 million small molecules that
users can plug into common structure-matching pro-
grams.The list comes from the catalogs of 10 chemical
suppliers, so you can order promising compounds. ZINC
can customize sets of molecules for testing, and a vir-
tual sketchpad lets you specify substances that carry a
particular chemical group.

blaster.docking.org/zinc

NETWATCH
edited by Mitch Leslie
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Send site suggestions to netwatch@aaas.org.Archive: www.sciencemag.org/netwatch

E D U C AT I O N

Physics Tutor
Desperately seeking a tutorial
on fractals, a graduate-level
biophysics text, or a Web
demonstration of Newton’s
laws of motion? Visit the Physi-
cal Sciences Resource Center, a
collection of mostly free educational links compiled by the American Associa-
tion of Physics Teachers. The clearinghouse spans the physical science uni-
verse—from quantum mechanics to meteorology to astronomy—and
includes plenty of offerings for college and graduate classes. For example, fir-
ing up the math and physics Java applets created by software developer Paul
Falstad of Minneapolis, Minnesota, lets students simulate everything from the
orbitals of a hydrogen atom to interference between waves passing through
two slits in a barrier (above).

www.psrc-online.org

E X H I B I T

After the Double Helix
“I have never seen Francis Crick in a modest mood,” James Watson
declared in his controversial book The Double Helix. Regardless of
whether the characterization was accurate, Crick (1916–2004) had
plenty to be immodest about.As you can see at this new exhibit on his life
from the U.S. National Library of Medicine, Crick’s contributions went far
beyond co-discovering the structure of DNA.

After helping set the research agenda for molecular biology’s early
years, Crick at age 60 launched a new career as a neuroscientist, theoriz-
ing about questions such as the origin of consciousness and the function
of rapid eye movement sleep.Along with a biography that follows his pro-
fessional zigzags, the site holds letters, papers, photos, and other memo-
rabilia from a collection cached at the U.K.’s Wellcome Library. You can
peruse an early sketch of the double helix, for example, or read a letter
from chemist Linus Pauling chastising Crick for including too few hydro-
gen bonds in a paper on DNA. This 1979 composite photo (above) shows
Crick’s animated lecture style.

profiles.nlm.nih.gov/SC
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Dispute 
over HIV
“superstrain”

Global view
of global
observations

Th is  We e k

WASHINGTON,D.C.—Starstruck astrophysicists
are agog over an explosion toward the center of
our galaxy that irradiated Earth with gamma
rays and x-rays shortly after Christmas. The
outburst was brighter than any solar eruption
ever measured, even from its estimated dis-
tance of tens of thousands of
light-years. The source, scien-
tists believe, was the most
exotic kind of neutron star: a
“magnetar” shot through with
twisted magnetic fields, power-
ful enough to shred the ultra-
dense surface of the tiny object.

Lasting just one-fifth of a
second, the flare released as
much energy as our sun pro-
duces in 250,000 years. It
spawned a fireball that radio
telescopes see blasting into
space at 30% of the speed of
light. That pattern—an intense
spike of energy and a fading
afterglow—leads researchers to
suspect that they caught a minia-
ture gamma ray burst (GRB),
startlingly close to home.

Although the biggest GRBs
probably arise from giant stars
that collapse into black holes in
remote galaxies, magnetar
flares in nearby galaxies might produce some
of the short bursts that no one could explain
until now. “For all practical purposes, this
could be a short GRB in our own galaxy,” says
astrophysicist Chryssa Kouveliotou of NASA’s
Marshall Space Flight Center in Huntsville,
Alabama. “It’s an amazing event, something I
never expected to see in my lifetime.”

Other scientists used similar superlatives at
a NASA press conference here on 18 February,
convened far in advance of several reports
about the flare to appear in Nature. NASA offi-
cials fretted that the story would elude their
control, thanks to other papers already posted
online. The hasty publicity alienated members
of some teams, who felt excluded until NASA
agreed to cite their work during the briefing.

But the flare’s glow should erase those hard
feelings as observers and theorists race to
understand its origins. The fierce shell of radia-

tion tripped detectors on about 15 satellites and
solar-system probes on 27 December, says
astronomer Kevin Hurley of the University of
California, Berkeley. Scientists quickly traced
the flare to a magnetar called SGR 1806-20, in
a crowded and dusty part of the sky toward the

Milky Way’s center.
Of the dozen or so

suspected magnetars
astronomers have identi-
fied so far, SGR 1806-20
is the third to spew a giant flare seen by modern
telescopes. The two previous outbursts, in 1979
and 1998, helped researchers devise their the-
ory that SGR 1806-20 and its kin are slowly
rotating neutron stars powered by the most
intense magnetic f ields known (Science, 
23 April 2004, p. 534). The latest flare—about
100 times stronger than the others—probably
arose from a sudden transformation of the
entire neutron star, theorists believe.

The flare’s impact on Earth was stunning. It
struck during the daytime over the Pacific
Ocean, from a spot on the sky just 5 angular
degrees from the sun. Very-low-frequency
radio transmissions between Hawaii and

Antarctica showed that Earth’s ionosphere
compressed tens of kilometers inward from its
usual daytime altitude of about 70 kilometers,
says atmospheric physicist Umran Inan of
Stanford University in California. Moreover,
the disturbance lingered for an hour. “That’s
totally unheard of,” says Inan, who thinks the
radiation altered chemical reactions that typi-
cally restore the ionosphere after solar flares.

“I’m awestruck by that,” says Dale Frail of
the National Radio Astronomy Observatory in
Socorro, New Mexico. “This little thing near
the center of our galaxy reached out and physi-

cally invaded us, even though it’s
just 20 kilometers across.”

The flare’s position near the sun
prevented most telescopes and
satellites from taking a close look.
But radio dishes across the globe—
immune to sunlight—took aim in
the days after. Most notably, two
teams used the Very Large Array of
27 radio telescopes in Socorro to
look for a glowing blast wave. “All
hell broke loose seconds after the
data came in,” says Bryan Gaensler
of the Harvard-Smithsonian Center
for Astrophysics in Cambridge,
Massachusetts. “[The afterglow]
was 500 times brighter than we
expected. I thought we had pointed

the telescope at the wrong place.”
Meanwhile, astrophysicists worked furi-

ously to figure out the flare’s actual energy, a
tough task because most radiation detectors
were so swamped. For example, NASA’s Swift
satellite—launched in November to study
GRBs—was overwhelmed by nearly a trillion
photons that pierced the body of the spacecraft,
says astrophysicist Neil Gehrels of NASA’s
Goddard Space Flight Center in Greenbelt,
Maryland. But fingernail-sized particle detec-
tors on a few satellites kept up with the
onslaught, enabling researchers to calibrate the
flare’s 0.2-second fury.

Two independent teams, led by Hurley

Giant Neutron-Star Flare Blitzes
The Galaxy With Gamma Rays

A S T R O P H Y S I C S

Sizzling shell. Radiation floods the galaxy
from an ultramagnetic neutron star
(above).The intense pulse (right, top graph)
ionized Earth’s daytime atmosphere to
startlingly low levels (bottom graph). R
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and by astrophysicist David Palmer of Los
Alamos National Laboratory in New Mexico,
conclude in their upcoming Nature papers that
the energy flux resembles the spikes of radia-
tion seen from short GRBs in other galaxies.
But opinions differ over just how many mag-
netar flares pop off within about 300 million
light-years from the Milky Way, the expected
viewing range of satellites. “This type of event
conceivably could explain all of [the short
GRBs],” says Palmer. Others argue that most
short GRBs still must arise from different
sources—colliding neutron stars, for instance.

Debate also rages about the physics that
powered the flare. Four years ago, David Eich-
ler of Ben-Gurion University in Beer-Sheva,
Israel, forecast that a wholesale decay of mag-
netic fields outside a magnetar could spark a
supergiant flare. Magnetar theorists including
Robert Duncan of the University of Texas,
Austin, now propose a variation: The flare
arose from wound-up magnetic fields deep
inside the neutron star that catastrophically
“untwisted” near and above the surface. As the
fields snapped into new configurations, the
theorists believe, they sheared the entire sur-

face of the star and unleashed a 2-billion-
degree fireball of electrons and positrons.

As SGR 1806-20 moves safely away from
the sun, more observatories will examine the
fading outburst—including infrared tele-
scopes on the ground and x-ray telescopes in
space. Astrophysicists eagerly await each
result, creating a tumult that the field has not
seen since Supernova 1987A flared into view
18 years ago this month. “I heard stories that
the supernova was a life-changing experience
for many astronomers,” says Gaensler. “I now
understand why.” –ROBERT IRION

www.sciencemag.org SCIENCE VOL 307 25 FEBRUARY 2005 1179
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Can Iraq’s
Marshes be
saved?

Alexandria’s
watery
grave

News from
the AAAS
meeting

Foc u s

Research on human fossils generally proceeds
at a leisurely pace. Those who discover new
bones sometimes take years to analyze them,
while their colleagues and rivals wait impa-
tiently to get a good look. But that’s not the case
with the 18,000-year-old “hobbit” skeleton of
Indonesia. Ever since the Australian-
Indonesian team that discovered the bones
made the startling claim that they are the
remains of a species of small, archaic human,
Homo floresiensis (Nature, 28 October, 
p. 1055), the bones have been analyzed and
reanalyzed at a breathtaking pace. For the past
3 months, however, the studies have been
directed not by the discoverers but by a rival
who has taken possession of the skeleton.

The bones were discovered in 2003 in the
Liang Bua cave on the Indonesian island of Flo-
res by a team led by archaeologist Mike Mor-
wood of the University of New England, Armi-
dale. But in November last year, the Center for
Archaeology in Jakarta agreed to let Indonesian
paleoanthropologist Teuku Jacob study the
skeleton in his laboratory at Gadjah Mada Uni-
versity in Yogyakarta (Science, 12 November
2004, p. 1116). Jacob has since invited other
researchers to inspect it and, in a move that Mor-
wood calls “unethical” and “illegal,” asked a
team from the Max Planck Institute for Evolu-
tionary Anthropology in Leipzig, Germany, to
conduct DNA and other analyses on a 1-gram
sliver of rib. Jean-Jacques Hublin, director of the
department of human evolution at the Max
Planck, who carried the sample to Leipzig,
counters that he has “formal authorization”
from Tony Djubiantono, head of the Jakarta
archaeology center, to analyze the sample.

Jacob has announced that, in his view, the
skeleton is that of a modern human pygmy with

microcephaly. “There are [living] pygmies near
there—near Liang Bua,” he notes. Last week,
three paleoanthropologists, two of whom had
publicly challenged Morwood and his col-
leagues’ analysis—Maciej Henneberg of the
University of Adelaide, Alan Thorne of Aus-
tralian National University in Canberra, and
Robert Eckhardt of Pennsylvania State Univer-
sity—announced, after examining the bones
with an Australian camera
crew looking on, that they
agree with Jacob. Mor-
wood calls this interpreta-
tion “mind-boggling.” 

DNA analysis could
settle the case. If “the
DNA sequence falls out-
side the variability seen in
modern human sequences,
then we could be confident
that it’s not a modern
human,” says Svante
Pääbo of the Max Planck.
But he estimates that the
sample has a “less than
50%” chance of yielding
ancient DNA. And “if it
carries a sequence similar
to a modern human, we
will not be able to exclude
contamination [with DNA
from those who have handled the sample]
completely,” says Pääbo.

Max Planck scientists also may do sta-
ble isotope analysis, which offers clues to
diet, and radiocarbon dating. “Professor
Jacob has the fullest authority to ask us to
perform this analysis,” says Hublin, who has
worked with Jacob for years.

Behind the infighting lies the question of
who should have the right to study important
fossils. Jacob argues that for decades, archaeol-
ogists have brought bones excavated from
Liang Bua to his laboratory for anatomical
analyses. But Morwood points out that he has a
signed agreement with the archaeological cen-
ter, the official repository for the bones, allow-
ing his team to work with the center’s scientists

to study the specimen.
“We haven’t been able to
do the analysis we’d want
to do because we haven’t
seen the specimen since
[Jacob] took it in Novem-
ber,” says geologist and
Morwood colleague Bert
Roberts of the University
of Wollongong. The dead-
line for returning the bones
was 1 January, but  Dju-
biantono has extended it
twice.

Last week Jacob told
Science that he had
“almost finished” analyz-
ing the specimen. But
Morwood, speaking from
the field in East Java, says
he is not optimistic about
the bones’ return to

Jakarta. “We’re moving on with our research,”
he says, planning publications based on previ-
ous measurements and also mounting new
field expeditions to gather more material.
Jacob says he, too, plans “a series of articles on
different aspects, with colleagues.” The con-
flict continues—and for now, at least, so does
the research. –ELIZABETH CULOTTA

Battle Erupts Over the ‘Hobbit’ Bones 
H U M A N  O R I G I N S

Bone of contention.Teuku Jacob has com-
missioned DNA analysis of the skeleton.
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A Budget Bouillabaisse
Several U.S. science agencies will have
new congressional budget bosses this
year after the House of Representatives
last week rearranged its spending panels
in hopes of streamlining operations. If the
Senate doesn’t follow suit, however, the
misalignment could result in a more
chaotic 2006 budget cycle.

Compressing the current 13 House
spending panels into 10 throws the
National Science Foundation (NSF) and
NASA into a polyglot subcommittee,
chaired by Representative Frank Wolf
(R–VA), that already oversees two Com-
merce Department science agencies: the
National Oceanic and Atmospheric
Administration and the National Institute
of Standards and Technology.The Envi-
ronmental Protection Agency joins a
panel that includes the Interior Depart-
ment’s U.S. Geological Survey.The
National Institutes of Health is unaf-
fected by the reshuffling.

Senator Christopher Bond (R–MO)
could lose his gavel if the Senate follows
suit. And last week, at a hearing on NSF’s
budget, he warned scientists that “basic
research will suffer” under a catch-all
spending bill, the likely product of a Con-
gress without parallel spending panels.

–JEFFREY MERVIS

Fiscal Woes Dog Gamma Ray
Satellite 
Budgets are more dangerous than gamma
ray bursts are, at least for the Gamma Ray
Large Area Space Telescope (GLAST) project.

GLAST, a $685 million satellite spon-
sored by NASA, the Department of
Energy, and a number of foreign partners,
is intended to pick up traces of gamma
ray bursts and other violent astrophysical
phenomena. But it’s running perhaps 
$25 million over budget because of prob-
lems in building and developing 16 detec-
tors at the heart of the telescope—
devices that measure the direction and
energy of incoming gamma rays.

A NASA review will decide whether to
proceed as planned or eliminate some of
the 16 detectors.The latter choice would
save only a small percentage of the satel-
lite’s bill and have a serious scientific
cost, notes Naval Research Laboratory
astrophysicist Charles Dermer. “You may
lose new classes of [gamma ray] sources
as a consequence,” he says. “It’s not a
good payoff.”

–CHARLES SEIFE

ScienceScope

SEOUL—The Korean government was looking
for fresh ideas when it hired physics Nobelist
Robert Laughlin last summer as president of
the Korea Advanced Institute of Science and
Technology (KAIST), one of the country’s
top science and engineering universities. It
may have gotten more than it bargained for. 

Laughlin has floated a plan to cure the
prestigious institution of its “addiction” to
government subsidies. His prescription—
more undergraduates, higher tuition, and
courses that appeal to nonscience majors—
has, however, been loudly denounced by some
faculty members as a danger to the patient. 

“KAIST is too old and too important to
be the experiment of one person’s ridiculous
ideas,” says Park O-ok, who resigned as
dean of office planning after Laughlin cir-
culated a draft of his plan in December. Oth-
ers say the proposal is simply unworkable.
“I’m open-minded about it,” said one mem-
ber of the faculty committee that reviewed
the plan, which is expected to be formally
unveiled on 1 March. “But he has no chance
of succeeding.”

Established in 1971, KAIST was
intended to provide essential talent for
Korea’s high-tech sector. But the number of
students interested in scientific careers has
declined steadily since the mid-1990s, and
government officials thought that reforming
KAIST might help reverse the trend. Last
summer they took such a step by hiring
Laughlin, a physics professor at Stanford
University whose explanation of how elec-

trons acting together in strong magnetic
fields can form new types of “particles”
with fractional charges earned him a Nobel
Prize in 1998 (Science, 4 June 2004, 
p. 1427). He was the first foreigner to lead a
university or major government research
institution in Korea.

Laughlin wasted no time. Within 6
months he had decided that KAIST was
being “squeezed [financially], with no exit.”
The solution, he declared, was to increase
income from sources other than the govern-
ment. In December, he sent a draft plan to
the Ministry of Science and Technology and
a faculty committee that would triple
KAIST’s current enrollment of 7300 and
shift the balance toward undergraduates,
quadruple the current $850-a-semester
tuition, revamp the undergraduate curricu-
lum by appealing to premed and prelaw stu-
dents, and tweak its graduate research pro-
grams to turn a profit. 

“I do not think that the problem of lack of
interest in science should be solved,” he said
provocatively at his inauguration. “The right
course of action is to change science and tech-
nology so it becomes economically competi-
tive.” In other words, reduce the number of
poorly enrolled basic research classes in favor
of subjects that will attract students.

Laughlin holds up the Massachusetts
Institute of Technology as the model of an
institution attuned to finding outside sources
of revenue. “KAIST was made to subsidize
industry,” he told The Korea Times in January.
“MIT was set up to make money.” 

Critics say that Laughlin has ignored an
existing 10-year plan aimed at achieving
financial independence. “The idea of getting
an endowment and finding industry financ-
ing was discussed a long time ago,” says
physicist Shin Jung-hoon, a member of the
21-person faculty review committee. His
blunt, forceful style, they add, has bruised
egos in the face-conscious country. Although
Laughlin says he clearly labeled his Decem-
ber draft as “the starting point for discussion
… with strong language to sharpen the
issues,” Park and others say that caveat wasn’t
on the original documents.

Despite the controversy, Laughlin remains
optimistic that his vision will eventually pre-
vail. “They’re being terrific,” he said of the
KAIST faculty and the science ministry,
which oversees KAIST. “This is an unusual
and historic cultural experiment. Of course it
isn’t easy.”

–MARK RUSSELL

Mark Russell is a freelance writer in Seoul.

Radical Reforms Would Shake Up
Leading Science Institute

S O U T H  KO R E A

Strong medicine. Robert Laughlin says KAIST
needs to end its “addiction”to government funding.
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The National Cancer Institute (NCI) is hoping
to launch a $1.5 billion effort to identify all
major mutations in the most common human
cancers. The 10-year project would gather
tumor samples from thousands of patients and
scrutinize them for genetic glitches. “If we can
sequence the cancer genome, … I think we
must,” says Anna Barker, NCI deputy director
for strategic scientific initiatives.

The idea for a Human Cancer Genome
Project comes from a working group of the
National Cancer Advisory Board (NCAB)
commissioned by NCI Director Andrew von
Eschenbach to find new opportunities to use
technologies in cancer. The panel, led by Eric
Lander of the Massachusetts Institute of
Technology Broad Institute in Cambridge and
Lee Hartwell of the Fred Hutchinson Cancer
Research Center in Seattle, Washington,
spent 18 months hammering out a plan,
which includes expanding NCI’s biomarker
efforts (Science, 12 November 2004, 
p. 1119). The cancer genome is the one “spe-

cific project” they came up with, Lander told
NCAB last week.

Insights into the genetic basis of cancer
have led to targeted drugs like Gleevec, Her-
ceptin, and Iressa, noted Lander. “But we know
a minority of the story” about genetic changes
in tumors. A “comprehensive” effort to iden-
tify these mutations, he added, “would propel
the work of thousands of investigators.”

As outlined in a 21-page white paper, the
project would collect tumor samples from
patient volunteers and use technologies such
as gene chips to find mutated regions. Those
sections would then be resequenced to iden-
tify specific mutations. The goal—to identify
all mutations occurring at 5% frequency in
the 50 most common types of cancer—would
require 250 samples per type, or 15,000 sam-
ples. The work would be carried out by “sam-
ple acquisition centers” and genome analysis
centers, and it would include studies of ethical
and intellectual-property issues. It would
begin with roughly $50 million a year in pilot

projects for a few years before ramping up to
$200 million a year.

The project would be jointly managed by
NCI and the National Human Genome
Research Institute (NHGRI), which is already
on board. “I am extremely enthusiastic about
this proposal,” NHGRI Director Francis
Collins told NCAB. “The potential value here
is massive,” said cancer board member
Franklyn Prendergast of the Mayo Clinic in
Rochester, Minnesota; another member
called it “mind-boggling.”

Advocates hope that the price tag is not.
Although Lander predicts that the project
would “require new funds” from Congress and
perhaps industry, his working group wants
NCI to launch the pilot projects next year. To
do that, von Eschenbach has asked the board to
begin prioritizing other programs that can be
cut back or eliminated. Although von Eschen-
bach didn’t offer specific suggestions, he noted
that “we are applying a lot of fiscal discipline
within our own house.” –JOCELYN KAISER

NCI Gears Up for Cancer Genome Project
N AT I O N A L  I N S T I T U T E S  O F  H E A LT H

Forging a Global Network to Watch the Planet
CAMBRIDGE, U.K.—The dream of creating a
global earth-monitoring network came a step
closer to reality last week. Proponents met in
Brussels to launch a 10-year program to turn
gauges, sensors, buoys, weather
stations, and satellites that moni-
tor Earth’s surface, atmosphere,
and oceans into a unified whole.
The Global Earth Observation
System of Systems (GEOSS), as
it’s called, is expected to evolve
slowly from national systems into
a comprehensive, coordinated,
and sustained set of observations
for the benef it of everyone,
including developing countries.
By adding links and standards,
“earth science will step up to the
next level: a total earth-observing
system,” says Conrad Lauten-
bacher Jr., head of the U.S.
National Oceanic and Atmos-
pheric Administration.

There is little coordination
today among the roughly 50 satel-
lites observing Earth—or the
more numerous sensors in
ground- and ocean-based networks. As a
result, there are gaps in coverage as well as a
massive duplication of effort. The drive to
add coherence began in July 2003 when gov-
ernment ministers from some 30 nations
along with heads of various agencies—col-

lectively dubbed the Group on Earth Obser-
vations (GEO)—met for an Earth observa-
tion summit in Washington, D.C. At a second
summit in Tokyo in April 2004, GEO came

up with the idea of having a 10-year transi-
tion from the current hodgepodge of obser-
vations to a global coordinated system. And
on 16 February in Brussels, the third summit
signed off on GEOSS’s 10-year implementa-
tion plan. The agreement puts GEO itself—

with 60 countries and 33 organizations now
on board—on concrete footing, with a per-
manent secretariat hosted by the U.N.’s World
Meteorological Organization in Geneva.

The goals of GEOSS are lofty: Its propo-
nents say it will improve weather forecasts,
reduce the devastation of natural disasters,
monitor climate change, support sustainable
agriculture, help understand the effect of
environment on human health, and protect
and manage water and energy resources.

The first job, according to Errol Levy, sci-
entific officer at the European Commission in
Brussels, “is to look at what is measured now,
what is needed,” and find the gaps. GEOSS
will initially build on existing satellites and
sensors, such as NASA’s Earth Observing
System satellites and the European Space
Agency’s Envisat. The most difficult part,
Lautenbacher says, will be achieving an
agreement on data sharing. There will have to
be some horse trading on who observes what
and who launches which satellite. “Some of
this is difficult. It will require serious negoti-
ation,” Lautenbacher says.

One of GEOSS’s key aims is to involve
developing countries. Lautenbacher says they
“have the most to gain,” in terms of helping
them tackle problems such as desertification or
the spread of malaria. But they can also con-
tribute by launching weather balloons into the
upper atmosphere or installing tide gauges to
measure sea-level rise. –DANIEL CLERY

E N V I R O N M E N TA L  S C I E N C E

Center of attention. Brussels, shown in this 2003 image from a
European environmental satellite, hosted a summit to launch a
decadal plan for GEOSS.
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Huge HIV Vaccine Gift 
From Gates
The Bill and Melinda Gates Foundation
once again has put its money where its
mouth is, with a $360 million investment
in AIDS vaccine research.

The money, so far the largest single con-
tribution to the field, supports the goals of
the HIV/AIDS Global Vaccine Enterprise, an
international alliance that the Gates Foun-
dation helped organize.The new funds will
go to research centers or consortia that are
trying to improve tests to assess the
immune responses triggered by vaccines or
design vaccines that stimulate either anti-
bodies or cell-mediated immunity. Letters of
inquiry are due by 1 April.The size and num-
ber of awards will depend upon the quality
and scope of the proposals. –JON COHEN

Will Stem Cell Research
Restrictions Be Lifted?
Emboldened by what they say is overwhelm-
ing public support, federal legislators from
both parties have introduced a bill in the
House to allow federal funding for research
on stem cell lines derived after August 2001
from leftover zygotes in fertility clinics. In an
apparent bid to placate opponents, the legis-
lation would not sanction government fund-
ing to derive the lines.

Although a similar push stalled last year,
Representative Diana DeGette (D–CO) says
the House bill (H.R. 810) already has 190 co-
sponsors, and she promises “to use every
legislative [means] to bring it up.”An identi-
cal Senate version is expected shortly.

In other news,on 18 February,the United
Nations’ legal committee approved a non-
binding resolution urging states to ban all
forms of human cloning.

–CONSTANCE HOLDEN

Pasteur Move Not Needed,
Mediator Says
PARIS—A British mediator has sided with
French scientists fighting a relocation plan
by the Pasteur Institute in Paris.The institute
sought to move part of its lab to the suburbs
while Pasteur’s aging downtown campus is
being renovated (Science, 21 January, p. 333).

John Skehel,director of the Medical
Research Council’s National Institute for
Medical Research in London,told department
directors last week that a phased renovation
would make the relocation unnecessary.

The mediator’s report is a setback for
embattled Pasteur director Philippe Kouril-
sky, who was unavailable for comment.
“There’s a feeling on campus he might step
down,” says Pasteur virologist Simon
Wain-Hobson. –MARTIN ENSERINK

GAITHERSBURG, MARYLAND—At a 3-day meeting
last week to hash out how a class of painkillers
might trigger heart attacks and strokes, new puz-
zles emerged, even as two U.S. Food and Drug
Administration (FDA) advisory committees
agreed that use of the drugs, known as COX-2
inhibitors, be allowed but sharply curtailed.
Wrestling with questions that affect millions of
patients and billions of dollars in drug company
revenue, the committees—on arthritis drugs and
drug safety—voted in
favor of keeping Cele-
brex, Bextra, and
even Vioxx on the
market but adding
stringent warnings to
them and possibly
other nonsteroidal
anti-inflammatory
drugs (NSAIDs).
Steven Galson, acting
head of FDA’s Center
for Drug Evaluation
and Research, said in
advance that FDA
would act rapidly on
the panel’s recommen-
dations, likely within a
few weeks.

But the recom-
mendations belie a
confusion that, if any-
thing, has intensified in the 5 months since
Merck withdrew its COX-2 inhibitor Vioxx
from the market. At issue are two questions,
neither of which could be def initively
answered last week, despite exhaustive parsing
of clinical trials data involving tens of thou-
sands of volunteers. How do drugs that inhibit
COX-2, which mediates inflammation, disrupt
the cardiovascular system? And which drugs
present a significant risk?  

“We need to worry about the data we don’t
have,” said James Witter, an FDA rheumatolo-
gist who reviewed Pfizer’s Celebrex and Bex-
tra, the COX-2 inhibitors that remain on the
U.S. market. 

COX-2 drugs are no more effective at con-
trolling pain than traditional NSAIDs like
naproxen, but they quickly gained favor
because they don’t cause NSAID-associated
stomach problems. The reason is that COX-2
inhibitors can blunt COX-2 while steering
mostly clear of COX-1, a related enzyme.
Dampening COX-1 can cause stomach ulcers.
Traditional NSAIDs as well as COX-2 drugs
may also protect against and help treat cancer. 

Merck voluntarily withdrew Vioxx after a
colon cancer prevention trial suggested that it

nearly doubled the rate of strokes and heart
attacks compared with a placebo. At first,
many scientists believed that Vioxx’s unusually
selective targeting of COX-2 was the culprit.
That, they thought, might be upsetting a fine bal-
ance between two fatty acids, prostacyclin and
thromboxane, that control blood clotting. By that
reasoning, related drugs like Celebrex, a slightly
less targeted COX-2 inhibitor with a shorter
half-life, as well as traditional NSAIDs, might be

safe, or at least safer.
Even when a 2000-per-
son Celebrex trial was
halted in December
after participants tak-
ing the drug suffered
roughly two to three
times more cardio-
vascular problems, the
targeting theory
remained plausible.

New data, how-
ever, hint that some-
thing else might be at
work, said commit-
tee member Steven
Abramson, a rheuma-
tologist at New York
University and the
Hospital for Joint Dis-
eases in New York
City. He and others

were struck by a Pfizer study of cardiac surgery
patients posted online last week in the New Eng-
land Journal of Medicine. That study, which
Kenneth Verburg, head of the company’s arthri-
tis drugs division, described at the meeting,
found that participants taking Bextra reported
nearly three times the rate of cardiovascular
events compared with those on placebo. 

The puzzle for Abramson was that all the
study volunteers were also taking aspirin—
commonly used by cardiac patients and by
those with arthritis. Because aspirin inhibits
COX-1 as well as COX-2, noted Abramson, it
might be expected to counteract the cardiac
risks caused by inhibiting COX-2 alone. That
didn’t appear to be the case in the Bextra
study. “We’re left with a lot of unknowns”
about why Bextra caused problems despite
aspirin, said Verburg. 

If simply blocking COX-2, regardless of
what else is also blocked, is at least partly to
blame, then a much broader class of drugs—
the traditional NSAIDs—could be impli-
cated. “I think you have to tell people there
may be a problem here,” said panel member
and cardiologist Steven Nissen of the Cleve-
land Clinic. The group voted unanimously to

FDA Panel Urges Caution on Many 
Anti-Inflammatory Drugs

D R U G  S A F E T Y

�

Tough choices. Naproxen, marketed as Aleve, got
more backing for its safety profile than either Cele-
brex or diclofenac, marketed as Voltaren.

Published by AAAS



add new warning labels to NSAIDs, although
it cautioned that some clearly pose a greater
risk than others. 

That was underscored by a presentation
made by FDA drug safety officer David Gra-
ham. He described his preliminary results
from an epidemiologic study of Medicaid
patients; those taking Indocin (generically,
endomethacin) had nearly double the number
of heart attacks, while those on Mobic (generi-
cally, meloxicam) had a 37% increased risk.

Many patients switched to these drugs, which
are thought to block COX-2 more selectively
than naproxen but less selectively than Vioxx,
when concerns arose about COX-2 inhibitors.

Ernest Hawk, a chemoprevention expert
at the National Cancer Institute in Bethesda,
Maryland, believes that NSAIDs, including
COX-2 inhibitors, still show great promise as
anticancer agents. “COX-2 remains a rele-
vant oncology target,” he says, backed by
dozens of animal and some human studies. 

A critical question, Hawk and others
agreed, is whether genetic differences among
patients might offer clues to their response to
these drugs. Garret FitzGerald, a pharmacolo-
gist and cardiologist at the University of Penn-
sylvania in Philadelphia, for one, emphasized
how badly such information is needed.
“We’ve talked about personalized medicine
for a long time,” he said. “Here is a situation
where we actually have to care” about it. 

–JENNIFER COUZIN

N E W S O F T H E W E E K
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“NEW AIDS SUPER BUG: Nightmare strain
shows up in city,” blared the 12 February head-
line on the front page of the New York Post, a
tabloid not known for understatement. Even the
sober New York Times played the story on the
front page, albeit with characteristic reserve.
“The story is the story,” says AIDS researcher
Steven Wolinsky, who heads the infectious dis-
ease department at Northwestern University
Medical School in Chicago, Illinois.

The hubbub, which shows no sign of flag-
ging, began on 11 February, when the New York
City Department of Health and Mental
Hygiene issued an alert to physicians and held a
press conference, warning that a highly promis-
cuous New York City man was infected with a
strain of HIV that was both very virulent and
“difficult or impossible to treat,” as it was resist-
ant to three of four classes of anti-HIV drugs.
The message was clear: Because of one man’s
crystal methamphetamine use and unprotected
anal sex with many partners, a new killer bug
might be on the loose.

But immediately AIDS researchers
around the world began to question just how
new or dangerous this supposed superbug
really is. One of them, Julio Montaner, acting
director of the B.C. Centre for Excellence in
HIV/AIDS in Vancouver, co-authored a simi-
lar report in the May 2003 issue of the journal
AIDS about two patients who became infected
by drug-resistant viruses that
rapidly destroyed their immune
systems. Susan Little, Douglas
Richman, and co-workers at
the University of California,
San Diego (UCSD), reported 3
years ago in the New England
Journal of Medicine that 10%
of recently infected people
have mutations in the virus
that are associated with resist-
ance to at least two classes of
drugs. Several researchers
have also questioned just how
drug resistant the man’s virus
is;  viruses deemed “resistant”
in lab tests sometimes still

respond to drugs.
What’s more, many

researchers doubt that a
multidrug-resistant
strain of HIV can trans-
mit efficiently from one
person to another.
“There’s always a fit-
ness cost for mutations,
either functionally or
structurally,” explains
Northwestern’s Wolin-
sky. A study of 220
recently infected people
bears this out: As
Bernard Hirschel and
Luc Perrin of the Uni-
versity of Geneva and
colleagues reported in
the June 2004 issue of
Antiviral Therapy, mul-
tidrug-resistant strains
were indeed less likely
to transmit than “wild-type” strains.

But David Ho, director of the Aaron Dia-
mond AIDS Research Center in New York
City, whose lab first detected this patient’s mul-
tidrug-resistant strain, stresses that this case is
unique. Ho alerted the New York City health
department after his clinic saw the patient in
January. The man had last tested negative for

HIV 20 months earlier and
may have become infected
as late as October. By the
time he came to Aaron Dia-
mond, his CD4 white blood
cells, which HIV targets and
destroys, had plummeted to
below 30. (AIDS is defined
as 200 or fewer CD4s.) Typi-
cally, it takes 10 years to
progress from infection to
AIDS. Ho then scoured a
national database of recently
infected people and looked
at their CD4 loss. “There’s
no case like this,” says Ho.

UCSD’s Richman down-

plays notions of a
superbug and instead
suggests that the
patient may be geneti-
cally susceptible to
infection or rapid
development of AIDS.
But Ho says a prelimi-
nary analysis of the
man’s genetics hasn’t
“found anything un-
usual yet.” 

Ho also says this
strain replicates in
test tube experiments
slightly better than the
standard reference
strain used by his lab.
“It’s not a wimpy
virus,” says Ho. In
fact, Aaron Diamond’s
Viviana Simon, Martin
Markowitz, and co-

workers in a July 2003 Journal of Virology
paper showed that some drug-resistant iso-
lates from recently infected people remain
highly infectious and replicate well, suggest-
ing that they had continued to evolve and
compensated for the fitness cost the original
mutations extracted. 

Several researchers agree that it is prema-
ture to dub this man’s HIV strain a “super-
virus,” as studies have yet to demonstrate that
it’s highly pathogenic. And many experts
question whether the case deserves wide-
spread attention in the absence of data linking
the man’s infection to others. “Until there’s
evidence that this virus is highly transmissible
or even normally transmissible, it remains an
anecdote,” says AIDS researcher John Moore
of Weill Medical College of Cornell Univer-
sity in New York City. 

Ho says he and his co-workers hope to
publish their findings rapidly online, and they
will present data from this case at a large U.S.
AIDS meeting in Boston this week, where
those in the field can discuss it in context.

–JON COHEN

Experts Question Danger of ‘AIDS Superbug’
H IV /A I D S

Overblown? Critics say the New York Health
Department overreacted to a single case.

One of a kind. David Ho insists
the case is unique.
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“Redeeming a swamp … comes pretty
near to making a world.”

—Henry David Thoreau

Azzam Alwash enjoys kayaking with his wife
in southern California. But his real dream is
to paddle among the high reeds of
Mesopotamia’s ancient marshes near where
he was born. Those marshes exist
mostly in his memory, however; in
an unprecedented ecological and
human disaster, some 90% of 
the famed Iraqi wetlands were
destroyed by 2000. Alwash, a 
49-year-old civil engineer who left
Iraq a quarter-century ago, envisions
a full restoration that would preserve
both the vibrant wildlife and the
unique culture of the Marsh Arabs in
the region. He even quit his high-
paying job as a partner in an envi-
ronmental consulting f irm to
drum up international support
for his effort, which he grandly
dubbed Eden Again.

Alwash has helped ener-
gize a coterie of donors, sci-
entists, local leaders, and
politicians who are hotly debat-
ing the future of the marshes. The
first scientific studies of the wet-
lands in decades appear in this week’s
issue of Science (see p. 1307), and foreign
nations have pledged a total of $30 million.
The Iraqi government recently set up an
interagency center to draw a blueprint for
revitalizing this desperately poor and eco-
logically battered area. But coming up with a
common vision—and f inancing—in an
unstable nation may prove even harder than
collecting data. “This is a scientifically dif-
ficult and tremendously complex effort,”
says Edwin Theriot, a U.S. Army Corps of
Engineers official who has advised the Iraqi
government. “We’re having difficulties with
the Everglades and in Louisiana—and we’re
supposed to have all the resources we need.”

The sheer scale of the destruction is of
biblical proportions. In one generation,
some 20,000 square kilometers of marsh

shrank to a tenth of that size, as did a popu-
lation that once numbered a half-million.
Three wars and one insurrection played a big
role, as did a concerted effort in the 1990s by
Saddam Hussein to drain the marshes.

As the marshes turned to desert, local
peoples fled or were forced from their
homes. Left behind were vast salt flats laced

with insecticides and landmines. The fish-
eries—which provided a large share of
Iraq’s overall catch—crashed, while ani-
mals from the Goliath heron to the pygmy
cormorant face extinction.

The effects of the destruction radiate far
beyond southern Iraq. No longer cleansed
by the marshes, the salty and polluted
waters flowing into the Persian Gulf from
the Tigris and Euphrates rivers are playing
havoc with marine life there, including the
lucrative shrimp business. And Asian
migratory birds have lost a major staging
and wintering area on the western Siberian-
Caspian-Nile flyway. “The impact on bio-
diversity has also been catastrophic,” states a
2004 United Nations study on the marshes.

Out of Eden
Few places on Earth have a stronger hold on
the imagination than do the Iraq marshes.
They are the legendary site of the Garden of
Eden and incubator for the first great urban
centers, home of the world’s first writing
system. Its trackless stretches have long
hidden both wildlife and rebels. Sumerian
princes hunted game there, and Assyrian
King Sennacherib led a force into the region
in the 7th century B.C.E. to flush out pesky
Chaldean rebels.

Isolated, yes, but far from pristine.
“This is the oldest and most tinkered-with
landscape on Earth,” says Iraq’s new water
resources minister Abdul Latif. For at least
5000 years, humans have widened and
dredged channels,  dried and flooded
fields, and built reed houses atop artificial
islands of reed bundles. Its lifeblood was
the spring floods. “This pulse of sweet
fresh water, laden with sediments, flushes
the salt, provides nutrients to revitalize the
reed beds, and is key to bird migration,”
says Alwash.

Most of that water comes from outside
Iraq. The Euphrates and Tigris originate in
the eastern mountains of Turkey. More than
90% of the water from the Euphrates comes
from Turkey, Syria, and Saudi Arabia; the
Tigris’s basin covers large parts of Turkey,
Iran, and a slice of Syria.

Beginning in the 1950s, governments
began diverting that flow, first by creating
natural lakes within Iraq and later by build-
ing large dams on both rivers. There are now
nearly three dozen major dams, with eight
more under construction and a dozen in the
planning stages. Turkey alone can store up
to 91 billion cubic meters of water and will
need more to ir rigate its dry eastern
provinces. Iraq and Syria can store as much
as 23 billion cubic meters. The 2003 war
and its aftermath halted plans to build addi-
tional dams in Iraq—there are currently a
dozen large ones—but Iran recently
embarked on a major dam-building effort
on tributaries of the Tigris.

The result of this half-century of water
management has been dramatic. The spring
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The fight is on to save Mesopotamia’s drained marshes. But it’s not easy finding a realistic and salable plan—
or gathering data in a dangerous environment

Reviving Iraq’s Wetlands

News Focus
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Down the drain. Iraq’s famed
marshes have largely dried up in the
past 2 decades.Some areas are now
reflooded, but recovery will take
time—and require lots of water.
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flood is barely noticeable. The maximum
flow of the Euphrates during May has
dropped by two-thirds since 1974, when
dam building began in earnest. Even before
the 1991 Gulf War, many experts feared the
result would irreparably harm, and eventu-
ally destroy, the Iraq marshlands. Severe
deforestation from overgrazing upstream,
combined with more than a decade of
drought in the Middle East, exacerbated the
environmental problems to the point at
which Minister Latif believes the marshes
would soon have been history “even with-
out Saddam.”

Brutal ecocide
But it was Saddam Hussein’s regime that
delivered the coup de grâce. Part of the Iran-
Iraq border runs through the wetlands, and
during the 1980s war, both sides built
causeways and drained marshy areas for
better access to the front. After the first Gulf
War and the unsuccessful uprising of Shiite
Muslims in the south, the Iraqi government
set about draining the remaining marshes.
Its goal was to remove the threat of insur-
gency and replace the marsh culture of fish-
ing and rice production with dry agricul-
ture. Massive dikes and canals were built to
divert water from the marshes, quickly turn-
ing them to desert.

“The demise of these once-vast wetlands
has been hastened through deliberate
drainage by the Iraq regime,” the U.N. study
notes. To Latif, Saddam’s actions constitute
“a brutal ecocide” as well as “a crime
against humanity.” Many of the marsh
inhabitants are now returning home,
although most remain scattered in Iranian
refugee camps or in cities.

The marshes are actually three distinct
regions, each with its own particular
ecosystem. The once vast Central Marsh,
which covered more than 3000 square kilo-
meters in 1973, has shrunk by 97%. Most of
what remains are reeds growing in irri-
gation canals. Another marsh, called 
al-Hammar, lost 94% of its area, and 
al-Hawizeh, which borders Iran, is two-thirds
smaller than 3 decades ago. Even the Hawr al-
Azim Marsh, which is the Iranian extension
of al-Hawizeh, is less than half its size due to
reductions in water flow from Iraq.

Their depletion has led to the extinction
of an otter, bandicoot rat, and a long-
fingered bat particular to the marshes, and
66 species of water birds are at risk. Aquatic
animals also have suffered, from shrimp to
f ish, with devastating consequences for
coastal fisheries. “The wetlands were like a
vast sewage treatment plant for the
Euphrates and Tigris system,” says Hassan
Partow, who helped write the U.N. report.
“They were the kidneys.” Without them, the
patient is imperiled.

Just add water?
How those kidneys function is uncertain.
For decades, foreign and even Iraqi
researchers were forbidden to enter the
marshes, and in the 1990s the government
destroyed a research station in the Hammar.
As a result, most studies have relied upon
Landsat remote-sensing data.

After the U.S. invasion in 2003, foreign
scientists suddenly gained access. As they

scramble to create an extensive database,
it’s hard to stay ahead of the population.
When Saddam’s regime collapsed, local res-
idents jubilantly broke open the dikes and

dams, reflooding nearly half of the marshes.
“They did not wait for us,” says Alwash. 

The reflooding has been haphazard,
however, and many dikes and dams from the
Saddam era remain. But there is now plenty
of water available: The U.S. invasion coin-
cided with the end of a long drought in the
region. Given the fast pace of dam construc-
tion in countries upstream and the possibil-
ity of another drought, though, renewed
desertification is likely.

Last April a team funded by the Italian
government began the first in situ study of
the marshes, focusing on a small marsh of
about 200 square kilometers called Abu
Zirig. Reflooded in 2003 by locals, it has
recovered rapidly. “This is a happy example,”
says Italian hydrologist Andrea Cattarossi.
“The environmental conditions were pretty
good.” Carp, trout, smaller fish, and nearly
half of the 50 to 60 species of birds that once
flourished in the marsh have returned. 

Although the marsh appears to be recov-
ering, Cattarossi’s data show that the vol-
ume of water is preventing light from reach-
ing the roots of aquatic plants, threatening
their growth. He says new structures are
needed to control water circulation. He also
worries about overf ishing by a culture
grown accustomed to using pesticides,
explosives, and electrocution. A drought
year will spell doom for Abu Zirig, he
warns, because the water source first flows
through agricultural areas. 

But Abu Zirig is located north of the three
main marshes and therefore receives larger
quantities of less saline water than wetlands
downstream. Those areas to the south will be
more difficult to restore, scientists say. 
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Dream boat. Iraqi expatriate Azzam Alwash envisions Marsh Arabs and ecotourists taking advantage
of fully restored wetlands.

Ancient battleground. Relief from the palace of
Assyrian King Sennacherib,who sent troops to fer-
ret out rebels in the species-rich Mesopotamian
marshes in the late 7th century B.C.E.
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Curt Richardson, an ecologist at Duke
University in Durham, North Carolina, and
lead author on the Science paper, used U.S.
Agency for International Development
(USAID) funding to examine other marsh
regions during two visits. He says that
reflooded portions of the eastern Hammar
marsh are essentially saltwater deserts.
“We’re not quite sure why,” he says. But
he found that the area suffers from high
salinity and high levels of hydrogen sul-
f ide, which inhibits plant growth.
Located close to the Persian Gulf—at
the terminus of the “kidneys”—the
marsh must be flushed with clean water
to remove the salt and hydrogen sulfide.
“The real question is whether there is
enough water to do so,” says Richardson.

One silver lining to the grim security
situation, in which foreigners are often
targets, is that Iraqi researchers are tak-
ing the lead in gathering data. “We had
to train these people,” says Cattarossi—
no simple task given the lack of equip-
ment and expertise following nearly 
2 decades of Iraqi isolation. “And the
situation in the field is very difficult; the
vegetation is thick, and the [residents]
can be a little bit suspicious.” Richard-
son says that Alwash helped build trust
with locals to ensure a steady flow of
data for his study.

More than two dozen Iraqi biolo-
gists now help gather data from the
Hawizeh, Hammar, and Central
marshes for foreign researchers such as
Richardson. Iraqi scientists declined to
be interviewed, fearing reprisals from insur-
gents. But Ali Farhan, an Iraqi engineer and
adviser to the Iraqi government, explains
that two teams visit each marsh every
month. They gather data on water quality,
phyto- and zooplankton, bottom sediments,
fish, and birds. Such practical training, he
says, should help the shattered Iraqi scien-
tific establishment gain a place at the table
in the marsh discussions. So far, he adds,
data gathering has gone smoothly, thanks to
careful cultivation of local sheiks. But he
says researchers are still harassed at times
by the bandits who roam the region.

Romance or realism
During the next year, scientists using Italian
funding hope to map the current water flow in
the Iraq marshes as a first step toward under-
standing how to stabilize and revitalize the
marshes. The U.S. Army Corps of Engineers
is working up a model that details the flow of
the Tigris and Euphrates. Meanwhile, the
Center for Restoration of the Iraqi Marshes
(CRIM), an organization of several Iraqi min-
istries created last fall in Venice, will put
together a “master plan.” “We need an inter-
national and Iraqi consensus,” says Thomas

Rhodes, an American ecologist and head of
USAID’s southern Iraq region based in Basra. 

So far that’s been elusive. Marsh advo-
cates such as Alwash yearn for a vast recla-
mation project, with ecotourism to fuel the
anemic local economy. He says it could be
done for as little as $100 million, using Iraqi

labor. Alwash worries that USAID, which is
focusing on replanting date palms and
ensuring the health of farm animals in
southern Iraq, fails to grasp the enormous
agricultural and economic benefits to the
Marsh Arabs of a successful restoration.

But others dismiss such visions as unreal-
istic, given the current fiscal, social, and
security situation. USAID has recently dis-
continued its funding of Alwash’s organiza-
tion, and Andrew Natsios, head of the agency,
says, “the marsh people are not interested in
restoring all the marshes. They want some
restored and some left dry for agriculture.”

Peter Reiff, an anthropologist who works
on the marsh issue as a USAID contractor,
notes that local Marsh Arabs have aban-
doned their old way of life cultivating rice
and using water buffalo: “They are becom-
ing farmers, and they get better returns with
sheep, wheat, and cattle.” And he accuses
outsiders such as Alwash of possessing “a
wistfulness about the marshes that is almost
romantic. You are not going to make this
into an ethnographic museum.” 

Iraqis themselves are divided. Minister
Latif says he is “not very keen on the word
“restoration”—restoring does not help the

population.” He favors a plan that focuses on
health, education, and transportation needs.
And the long-suffering local people appear to
want it all. During two recent conferences on
the marshes held in southern Iraq, participants
urged that the wetlands be restored—and that
new schools, clinics, and roads be built to lift

them out of their dire poverty.
CRIM is supposed to bring all these

disparate parties together. But some
doubt it has the political and financial
muscle to do so. “CRIM is under-
staffed, under-resourced, undertrained,
if well-intentioned,” says one foreign
scientist involved in its creation. And
negotiating a deal with Turkey, Syria,
and Iran on water rights—a crucial
element in any restoration plan—
poses a daunting diplomatic chal-
lenge. “It is quite obvious that there
isn’t enough water to restore all the
desiccated marshes,” says Farhan.

Two cultures
There is consensus on the need to pre-
serve at least some of the marsh.
“There is great potential to restore a
portion,” says Cattarossi. Rhodes sees
a scattering of core areas of protected,
healthy, and biodiverse marsh sur-
rounded by zones of compatible use.
The cores would support ecotourism,
provide a haven for animal and bird
life, and allow the old marsh life to sur-
vive and even flourish alongside a more
typical lifestyle of dry farming. “There
will be enough room for both cultures,”

says Farhan. “In fact, Marsh Arabs are cur-
rently practicing both cultures.”

To sell that vision, advocates argue that
marsh restoration offers more than environ-
mental and social benefits. “If we can get
some of the marshes back, it would [also
increase] security and stability,” says Barry
Warner, a biologist at the University of
Waterloo, Canada, who is organizing a bird
count this year in the marshes. Adds Nat-
sios: “U.S. support for the marsh people is
also protection for our troops.”

Making that case will be tough, however.
Last year, the U.S. Congress rejected spending
any money on marsh restoration. But Natsios
says his agency will continue to provide mod-
est sums for marsh research and planning.

Even the enthusiastic Alwash—who calls
the Eden Again project “his mistress”—
acknowledges that full restoration is unreal-
istic, given the constraints of water, money,
and political will. But he has not abandoned
his dream of threading his way through end-
less beds of high reeds. Iraqis and their for-
eign friends may not be able to reconstruct a
Garden of Eden. But they are hoping for the
chance to recreate at least a piece of paradise.

–ANDREW LAWLER

Mud to dust. The lush marshes around Abu Subat, unproduc-
tive desert after Saddam Hussein diverted water in the
1990s (top), are now trying to make a comeback.
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Climate researchers concerned that their model
might have overlooked something have retested
the links between the burning of fossil fuels,
greenhouse warming, and the warming of the
deep oceans. A closer look at the evidence, they

say, has bolstered their
earlier conclusion:
Humans are indeed
warming the world,
right down to thou-
sands of meters deep
in the oceans.

The high statisti-
cal significance of the new study reported at
the AAAS meeting “should wipe out much of
the uncertainty about the reality of global
warming,” says the study’s lead author, climate
researcher Tim P. Barnett of Scripps Institution
of Oceanography in La Jolla, California.

For a 2001 study (Science, 13 April 2001, 
p. 270), Barnett and colleagues ran a state-of-
the-art climate model that traced where and
when atmospheric heat trapped by rising
greenhouse gases of the past century would

have entered the oceans. When they compared
the model’s simulation to actual measurements
of ocean temperature, they found a good
match. With a confidence of 95%, they calcu-
lated, human-produced greenhouse gases are
behind real-world warming. Three additional
studies using three other models have yielded
similar results.

Barnett and colleagues at Scripps and
Lawrence Livermore National Laboratory in
California, have now checked the model
against better data, paying more attention to
possible uncertainties in the model. They used
a revised and updated set of ocean observa-
tions, this time avoiding a quirk in the data pro-
cessing that had skewed temperatures in the
data-poor Southern Hemisphere. To take
account of variations among models, they
compared detailed results from a second, inde-
pendent model and studied how ocean warm-
ing in eight other models would affect the
results. Unlike most other studies, they also
followed the heat deep into separate ocean
basins. In the end, the two main models
“absolutely nailed the greenhouse signal” seen
in the ocean, Barnett says. This time, statistical
confidence is much greater than 95%, he says.

Most climate scientists are reassured. “The
fact that multiple models simulate a compara-
ble [ocean] warming gives a robustness to the
results,” says climate modeler Thomas Del-
worth of the Geophysical Fluid Dynamics Lab-
oratory in Princeton, New Jersey. But climate
researcher and modeler Gerald North of Texas
A&M University in College Station still won-
ders whether the models have realistic enough
oceans. More tests no doubt await.

–RICHARD A. KERR

For more than a decade, scientists have gone
to great depths to study the unusual deep-
ocean communities known as whale falls.
When a whale dies, its carcass sinks to the sea
floor and provides a long-lived home to
worms, clams, mussels, and many other crea-
tures. New results presented at the AAAS
meeting suggest that commercial whaling,
even at so-called sustainable levels, would
drive many of the novel species found at these
cetacean gravesites to extinction.

In 1987, while surveying the sea floor in
the submersible Alvin, biological ocean-
ographer Craig Smith, now at the University
of Hawaii, Manoa, and co-workers came

Ocean Warming Model Again
Points to a Human Touch

WASHINGTON, D.C.—Befitting its location in
the nation’s capital, this year’s meeting of
AAAS (publisher of Science) from 17–21 
February addressed the nexus of science and
society. More than 9000 attendees heard
about great strides in robotics (Science ,
18 February 2005, p. 1082), celebrated the Year
of Physics and Einstein’s legacy (Science, 11
February 2005, p. 865), and presented research
that spanned science, medicine, and politics.

Whaling Endangers
More Than Whales

Meeting   American Association for the Advancement of Science

A match.A model’s warming (green) fits the actual
warming (red) and exceeds climate noise (blue).
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More Infectious Diseases Emerge in North

A preview of a new global map of emerging infectious diseases turns a common assumption on
its head.The map,presented in D.C.by Peter Daszak of the Consortium for Conservation Medicine
at Wildlife Trust in New York City, spans the years 1940 to 2004 and indicates roughly 500 loca-
tions around the world where specific diseases first emerged. (Red indicates multiple events.) The
map suggests that the majority of emerging diseases originated in Europe, North America, and
Japan—a result that appears to hold up after correcting for reporting biases, according to Daszak
and his co-workers.The media and funding organizations tend to assume that most infectious dis-
eases emerge in the tropics because AIDS, severe acute respiratory syndrome, Ebola, and other
high-profile diseases began there, says Daszak.But the preliminary map suggests that food-borne
infections and drug-resistant microbes in the northern industrialized countries—the result of fac-
tors such as agricultural practices, the overuse of antibiotics,and international travel—are a more
significant public health threat. “It’s very counterintuitive to what most people think about
emerging diseases,” says Joshua Rosenthal of the Fogarty International Center at the National
Institutes of Health.

–JOCELYN KAISER

ONLINE COVERAGE
For additional stories
from the AAAS meet-
ing, see ScienceNOW
(sciencenow.
sciencemag.org)
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across a strange menagerie thriving on and
near a submerged whale skeleton. Since
then, he and other researchers have shown
that dead whales, like hydrothermal vents
and cold seeps, can for decades support
their own deep-sea biological communities.
After all, the carcass of a great whale
deposits up to 160 tons of blubber, meat,
and bone in one fell swoop.

To estimate how 2 centuries of commer-
cial whaling has affected whale-fall commu-
nities, Smith and his colleagues have now
combined whale-population estimates with
two ecological models: one that links habitat
loss to biodiversity and a second that esti-
mates how abundant a species must be to
avoid going extinct. The best published esti-
mates indicate that 75% of whale popula-
tions—and therefore whale-fall habitats—
have been lost in the North Atlantic since
large-scale whaling began in the early 1800s,
Smith says. Based on those numbers, both
models predict that whaling has already
caused about 40% of North Atlantic whale-
fall species to go extinct. Even at the so-called
sustainable levels of whaling being consid-
ered by the International Whaling Commis-
sion, in which whale populations would be
maintained at 50% of historic, prewhaling
levels, 15% of the whale-fall species will dis-
appear forever, according to the models.

In an ambitious effort that may help iden-
tify whale-fall species before they do go
extinct, Smith and his colleagues have recently
towed out to sea the huge carcasses of five
whales that had beached themselves and died,
sunk them, and periodically returned to each
carcass in a submersible. Sleeper sharks, crabs,
and hundreds of hagfish munched away at the
carcasses for months, and many thousands of
pea-sized amphipods nibbled on the smaller
pieces. A strange assortment of creatures then
colonized the bones and nearby nutrient-rich
sediments, including several new species of

the bone-eating zombie worm (Science, 
30 July 2004, p. 668), which uses symbiotic
bacteria to help digest the fatty marrow of whale
bones. Over many decades, these microbes and
other free-living bacteria break down oils
trapped in whale bones, producing sulfide that
fuels the growth of an average of 185 species
per large whale skeleton. From these studies,
the Hawaii team has upped the tally of species
potentially unique to whale falls to 32.

“It’s absolutely fascinating,” says biolog-
ical oceanographer Steven Palumbi of Stan-
ford University in California. The work, he
adds, shows that “there’s a whole commu-
nity of organisms in the deep sea that spe-
cializes in being the undertaker of these
whale carcasses.” And, says Palumbi, the
modeling demonstrates that human activity
can drive at least some deep-ocean crea-
tures, besides whales, to extinction.

–DAN FERBER

Physicians have long known that a drug 
commonly prescribed for heart failure helps
only about half the patients who receive it.
Now, researchers are
explaining that puzzle
using genetics. A study
reported at the AAAS
meeting found that a dif-
ference of a single
amino acid within the
drug’s protein target may
determine whether the
drug works. The discov-
ery could ultimately
help physicians better
juggle drugs in heart
failure patients and pos-
sibly in those with high
blood pressure as well.

In the late 1990s,
pulmonologist Stephen
Liggett of the University of Cincinnati, Ohio,
along with his colleagues, found that people
had a certain polymorphism, or genetic varia-
tion, in the gene encoding the beta-1 adrener-
gic receptor. That’s the receptor targeted by
the heart drugs known as beta-blockers.

In the general population, there are two
common forms of the receptor gene: One ver-
sion makes the receptor with arginine at a par-
ticular site; the other, which varies by just a
single nucleotide, places a glycine there
instead. Because every person has two copies
of the receptor gene, inheriting one from each
parent, an individual can have two copies of
the glycine variant, two of the arginine, or one
of each. Mice endowed with the human argi-
nine variant are both more susceptible to

heart failure and more responsive to beta-
blockers, raising the possibility that the same
holds true in people.

So, Liggett’s team recruited 1040 volun-
teers, all people with severe heart failure.
Roughly 490 had two copies of arginine, 450
had one of arginine and one of glycine, and
the rest had two copies of the glycine version.
Patients were randomly assigned to receive
either a placebo or the drug bucindolol, a
beta-blocker.

The researchers found that the cohort with
two copies of the arginine variant were helped
most by the drug. Compared to the placebo
group, the bucindolol users experienced
fewer deaths and hospitalizations over about
2 years (and in some cases up to five). Over
the course of the study, 82% of them survived
compared to 65% of those on the placebo.
But those with one copy of each receptor vari-
ant or two copies of the glycine version
weren’t helped at all by the drug, faring about
as poorly as the patients on placebo who had
two copies of the arginine variant.

Liggett intends to put together a larger
study to confirm the findings. This time,
however, all patients would receive the bucin-
dolol because it wouldn’t be ethical to give
double-copy arginine patients a placebo,
Liggett said during his presentation.

Liggett notes that, on its own, the variation
in the beta-adrenergic receptor gene doesn’t
seem to affect heart failure risk. But people
with two copies of the gene for the arginine
variant and two copies of another gene—a
combination nearly unique to African Ameri-
cans—have 10 times the risk of heart disease.

“He’s found a polymorphism that seems to
predict response” to bucindolol, says molecu-
lar pharmacologist Kathy Giacomini of the
University of California, San Francisco. The
result, she adds, is “very exciting” and “very
specific.” It’s not clear yet, says Liggett,
whether the findings apply to other beta-
blockers, which are also used to treat high
blood pressure.

–JENNIFER COUZIN
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DNA Tells Story of
Heart Drug Failure

Homeless?Whaling threatens the survival of crea-
tures such as this worm that live off whale carcasses.

“I don’t see any evidence
of a backlash by this Administra-
tion [against supporters of Demo-
crat John Kerry]. If we were to

withhold funding from every
scientist who was a Democrat,

there wouldn’t be much science.”

—Presidential science adviser John
Marburger, discussing the politicization

of science at a pre–AAAS meeting
workshop sponsored by the National

Association of Science Writers.
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OXFORD, U.K.—For centuries
the massive Pharos lighthouse,
one of the seven wonders of the
ancient world, guided sailors to
the busy wharves that made
Alexandria a prosperous center
of Mediterranean culture and
home to the greatest library of
ancient times. Yet while rivals
Rome and Constantinople sur-
vived the chaotic period fol-
lowing the collapse of the
Roman Empire, Alexandria
faded from the historical
record. By the 8th century C.E.
the famed metropolis had fallen
into oblivion.

Today the city of Alexandria,
site of Alexander the Great’s tomb and
Cleopatra’s death, attracts scholars the way
it once drew merchants and philosophers,
as shown by a recent conference at Oxford
University.* Rescue archaeology amid
rapid urban growth combined with new
underwater mapping technologies are
yielding new insight into the old city’s role
and history. Archaeologists have uncov-
ered tantalizing hints of surprisingly early

beginnings as well as signs that the city’s
vibrant intellectual life lasted far longer
than anyone had expected. “Now we can
imagine the functioning of a university in
antiquity,” says historian Manfred Clauss
of Germany’s University of Frankfurt. 

New data also suggest that environmen-
tal disaster played an important role in
ancient Alexandria’s downfall, which has
long been attributed primarily to religious
and political turmoil; the fate of Alexan-
dria could provide a warning for today’s
fast-growing cities built  on deltas,
researchers say. 

An ancient think tank
Most of the new data comes from digs that
began in the 1990s, when the Egyptian gov-
ernment lifted a ban on underwater archae-
ology and began to encourage salvage work
on land as the city of 6 million expanded
over its ancient foundations. Those founda-
tions were off icially laid in 332 B.C.E.,
when legend has it that the Greek bard
Homer appeared to Alexander the Great in a
dream and urged him to found a city along
the narrow strip of land separating Lake
Mareotis from the Mediterranean Sea. It
seemed an unlikely choice; the mouth of the
Nile was far to the east, where the major
Egyptian ports were well established, and
only small villages existed on the spot.

The city grew to prominence after Alexan-
der died in 323 B.C.E., and his general
Ptolemy made it the capital and largest port of
Egypt. The vast wealth of Ptolemy and his
Greek and Macedonian successors built a
Greek-style city of temples, lavish palaces,
and the famous library, says historian Gunther
Grimm of Germany’s University of Trier;
scholarship in philosophy, physics, mathe-
matics, and astronomy thrived. Under the
Roman rule that followed Cleopatra’s death in
30 B.C.E., Alexandria served as the nexus for
grain exports for the vast empire. But within a
few centuries, the city largely vanishes from
the historical record.

Now nearly a dozen teams of excavators
are sifting through what remains both in the
city and in the harbor. Archaeologist Jean-
Yves Empereur of the Center for Scientific
Research in Paris is working fast to salvage
remains of the ancient city as the new one
expands. “Ten to 12 meters beneath the
modern city, the old one is very well-
preserved,” says Empereur, who was one of

Ancient Alexandria Emerges,
By Land and By Sea
Excavators are finding surprisingly late signs of intellectual life in the ancient capital of
Hellenistic Egypt and discovering that geology played a dramatic role in the city’s fall

Archaeology

Oxford Center Raises Controversy
Ancient Alexandria was famed for its philosophical disputes, and that
tradition is very much alive in excavations now under way in the
Egyptian port. Scholars are hotly debating a controversial agreement
that gives a nonscientist, French businessman Franck Goddio, control
over underwater archaeological data collection for Oxford Univer-
sity. At a conference held in December—a coming-out party for
Oxford’s new Center for Maritime Archaeology—dozens of scholars
discussed new finds (see main text). But others avoided the event,
arguing that contracting out the leadership of maritime digs to non-
scientists sets a poor precedent.

Under the deal signed 18 months ago, Goddio will oversee under-
sea excavations; Oxford graduate students, under the guidance of
professors, will analyze the data.The Hilti Foundation of Lichtenstein,
which has supported Goddio’s work for a decade and is funded by a
tool company of the same name, will provide at least $300,000 to
fuel the center, which for now will focus on Goddio’s work in Alexan-
dria and nearby Abukir Bay.

Goddio, who has worked for 20 years on more than 50 under-
water sites, is a Jacques Cousteau of archaeology, often featured on
European television. Although he lacks a degree in archaeology—he
studied statistics—Goddio says his experience speaks for itself. But
he also seeks academic respectability. The Oxford agreement “is a
chance for us to get closer to a university which could back our work
and take advantage of our discoveries,” says Goddio. “We were look-
ing for a scientific base or ‘harbor’ for the findings and results from
Franck Goddio’s excavations,” adds Michael Hilti, who heads the Hilti
Foundation. “With Oxford, I think we have found a perfect partner.”

The arrangement makes sense to university officials, who are
eager to enter the burgeoning and expensive field of maritime
archaeology. “We were blown over by the quality of Franck’s under-
water fieldwork,” recalls Barry Cunliffe, the Oxford classical archaeol-
ogist who helped broker the deal.“It was an extremely smart piece of
archaeology, well-ordered and observed.”

But Goddio’s deal with Oxford raises concerns among many mar-
itime archaeologists uncomfortable with turning over part of the sci-
entific process to those who lack formal training. “I’d be wary of

An ancient wonder. Excavators seek the remains of the
Pharos lighthouse, shown here in a Renaissance artist’s view.
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* “City and Harbour: The Archaeology of Ancient
Alexandria” at the Oxford Centre for Maritime
Archaeology, 18–19 December 2004.
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several scholars who declined to attend the
conference because of their concerns about
Oxford’s ties to a private underwater
archaeologist, Franck Goddio (see sidebar).
Empereur adds that the houses, streets, and
mosaics that have been uncovered represent
“just 1% of what could be rescued.”

Even that small percentage is rewriting
the city’s history. Most historians assume that
intellectual life in the city withered with the
destruction of the library—which likely
occurred over hundreds of years—and the
rise of Christianity. But among the most
intriguing recent finds is a complex of lec-
ture halls that appear to be “the center of [the
city’s] intellectual and social life in late antiq-
uity,” says Warsaw University’s Grzegorz
Majcherek of the Polish-Egyptian Archae-
ology Mission. Each hall includes a single
central seat for a notable—likely the
teacher—and often a smaller seat on the
floor, perhaps for student recitations. The
complex is part of the old city’s most exten-
sive area of urban architecture. Majcherek
estimates that the halls were built in the late
5th and early 6th centuries C.E. and notes
that a Roman theater was even converted
into a lecture hall at this time. He speculates
that what he calls “the Oxford of antiquity”
could have survived into the era of Arab
|control—“surprisingly late.” 

The find intrigues historians, who say
there has been little evidence that intel-
lectual life in the city flourished for so
long. “This is the most exciting f ind in
years in Alexandria,” says Clauss. “The
buildings Professor Majcherek has found
demonstrate the existence of a think tank”
long after the fall of Rome. “It is surpris-
ing that it seems to function in a modern
way,” he adds.

Down under 
Just a few hundred meters away, an impor-
tant part of ancient Alexandria lies undis-
turbed underwater, meters from the modern
breakwater lining the harbor. In the 1990s,
Empereur uncovered statuary and blocks
that may be portions of the Pharos light-
house, which survived in ruins until an
earthquake in the 14th century. Goddio
found a sunken palace from the Ptolemaic
era and brought up statues and other arti-
facts that he hailed as remnants of Cleopa-
tra’s palace. That claim, as well as the exact
location of the Pharos, remains in dispute.

More recent finds are less spectacular,
but they shed important light on the evolu-
tion of the harbor that was Alexandria’s
heart. For example, Goddio’s team now has
found evidence of a dock that dates to about
400 B.C.E., predating Alexander. “We were
surprised, took new samples, and got the

same answer—this was most probably a
pre-Ptolemaic structure [and is now] 7.5 m
below sea level,” says Goddio. Geologist
and team member Jean-Daniel Stanley of
Washington, D.C.’s Smithsonian Institution
told meeting participants he has found tan-
talizing hints that inhabitants smelted lead
on the site as early as 2000 B.C.E.

The discoveries are part of an ambitious
effort by Goddio to map the entire harbor
bottom—one data point for every 25 cen-
timeters—and conduct extensive radio-
carbon dating of planks and pilings brought
up by divers. The survey of the 2.5-kilo-
meter-by-15-kilometer area will give
researchers “quite a precise idea” of the
location of docks and buildings that lined
the harbor, says Goddio: “A ghost from the
past is being brought back to life.” 

Meanwhile, geologist Stanley has exam-
ined dozens of cores from the harbor and
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parceling out one of
the links in the chain
of science,” says mar-
itime archaeologist
Jon Adams of the Uni-
versity of Southamp-
ton, U.K. “Archaeology
should be conducted
by proven and trained
archaeologists,” adds
George Bass, a profes-
sor emeritus at Texas
A&M University in
College Station who is

considered one of the founders of maritime archaeology.
Robert Grenier, head of Ottawa’s Parks Canada maritime archae-

ology unit, adds that Goddio’s record is big on coffee-table books but
small on scholarly publications. For example, he says, Goddio exca-
vated the 35-meter-long Spanish galleon San Diego off the coast of

the Philippines and produced a glossy catalog but limited scientific
data. Grenier worries about data that may not be collected, such as
apparently inconsequential fragments that might provide a clue to a
ship’s identity or place of construction.

Goddio defends his record, noting that the second San Diego mission
lasted more than 4 months and was devoted to understanding the ship’s
hull construction; he adds that he still hopes to publish more details.

Cunliffe insists that skilled nonscientists can make an enormous
contribution because retrieving information from underwater digs is
so technologically intensive and expensive. The choice he sees is to
ignore nonscientists’ expertise and funding, or to find a creative way
to work with it. “The cost of doing this work is almost prohibitive
unless you have the backing of a large foundation,” he says.

A large maritime excavation can cost upward of $1 million a
month, forcing many underwater archaeologists to seek foundations
or television producers to help fund their work. “We’ve all done a bit
of whoring to get the money we need,” admits one respected mar-
itime archaeologist. And when it comes to Goddio’s bountiful finan-
cial support, he adds, “I’m jealous.” –A.L.

Modern mariner. Former businessman Franck
Goddio leads spectacular underwater digs.

Facing the past. Divers have found artifacts such as this sphinx representing Cleopatra’s father.
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uncovered evidence of the centuries-long battle
that ancient engineers waged against both grad-
ual and sudden subsidence. He says the subsi-
dence was brought on by a lethal combination
of earthquakes, tsunamis, and the slow but
relentless sinking of heavy foundations into
unstable soil, which defeated even savvy
Roman engineers. Although several wharves
appear to have been reconstructed over cen-
turies, no amount of piling could long hold up
heavy stone foundations and buildings, he says.
“[Adding] on all that material was asking for
trouble,” Stanley says. “The additional weight
of a wave surge could be powerful enough” to
submerge part of Alexandria’s shore.

The historical record also shows an
unusually active period of tremors from the
4th to the 6th centuries C.E. Quakes and
tsunamis could have transformed sediment
into a more fluid state, says Stanley. Sixty-
five cores taken from the western harbor
show signs of ancient liquefaction, he said,
and numerous pieces of red coral not native
to the harbor suggest that a tsunami washed
them into the basin. But he says it is too
early to reconstruct details of ancient col-
lapse and rebuilding. “We need better 3D
images of harbor substrate” to understand
what repairs were done and when, he said.

The impact of these geological forces
extended beyond Alexandria—and with 
even more dramatic consequences. Stanley 

and Goddio also are excavating three sub-
merged cities in nearby Aboukir Bay:
Herakleion, Canopus, and Menouthis. The first
was an important entrance point to the mouth of
the Nile, and the others were well-known pil-
grimage sites. The area received huge amounts
of sediment from the Nile, which compacted
and sank over time. This process, combined
with a slow rise in world sea levels, pushed the
water at least 2 meters higher between the 6th
century B.C.E. and the 7th century C.E. “Ara-
bic texts show a huge Nile flood in 741 and 742
A.D.,” notes Clauss. And by the 8th century—
the same time Alexandria slips into obscurity—
the historical record on these sites goes silent.

Stanley’s research supports a 
theory that combines catastrophe

and gradual sinking to
explain the disappear-
ance. Submergence alone
cannot explain why much
of the area is now a full 6
meters under water, and

Stanley posits that sudden shifts in
the flow of Nile branches on the
delta—perhaps brought on by the
spate of earthquakes—may have
triggered more dramatic changes.
Unstable sediment would have been
laterally displaced, causing sudden
destruction as the Nile moved into a
new bed. Goddio’s team has found

evidence of human remains underneath top-
pled walls at the three sunken cities, backing
up this theory.

In an era of climate change and fast urban
growth along coasts, this research may have
implications today. Stanley notes that modern
cities such as Venice, Bangkok, and New
Orleans sit on unstable delta soils. “This is
becoming a world problem,” he says. “Under-
standing the subsidence threat might help
such cities avoid the fate of Herakleion, Cano-
pus, and Menouthis.” Alexandria, at least,
escaped with only a flooded harbor—a sign
that Homer perhaps was as canny a geologist
as he was a storyteller. –ANDREW LAWLER

In a remote Chinese valley sit 25 neat clusters
of antennas, each tipped slightly askew. They
are testing the airwaves, listening for inter-
ference from TV signals. If reception is clear
enough and other things go well, within the
next year or two the f ields of the Ulastai 
Valley will fill with tilted antennas, like a
Christmas tree farm pummeled by wind.

The valley will become a huge array of 
2-meter-long antennas, 10,000 strong, cover-
ing 30,000 square meters. The array, dubbed
the Primeval Structure Telescope (PaST), is
the brainchild of a group of Canadian, Chi-
nese, and American scientists pursuing a low-
frequency portrait of the early universe. And
they hope to f ind it out in the vast, quiet
stretches of western China, one of the last
places on Earth out of the reach of jabbering
TV and FM radio broadcasts.

Though just 25 pods of 127 antennas each
right now, PaST is a herald of what’s to come.

Thanks to recent advances in theory and com-
puting power, radio astronomers can now
build telescopes consisting of huge arrays of
antennas capable of viewing the universe in a
novel palette of low frequencies hitherto rarely
used for astronomical observations. “What’s
most exciting to me [is] that we don’t know
what we’re going to see,” says PaST collabora-
tor Jeffrey Peterson of Carnegie Mellon 
University in Pittsburgh, Pennsylvania.

Peterson isn’t alone in his enthusiasm.
Several other array telescope projects are
under way in the Netherlands, Western Aus-
tralia, and the American Southwest. Their sci-
entific goals include finding radio equiva-
lents of gamma ray bursts and detecting the
faint traces of the first stars.

The arrays will take radio astronomy
back to its roots in the 1930s, when Karl 
Jansky, an engineer at Bell Telephone Labo-
ratories in Holmdel, New Jersey, noticed

radio waves emanating from the center of
the Milky Way galaxy at 20 MHz. The field
took off after radar operators during World
War II discovered a technique called inter-
ferometry, which enabled astronomers to
string together several small antennas to get
the same resolution as that of one huge
antenna. But researchers soon realized that
low frequencies were wrinkled and warped
into indecipherability by Earth’s ionosphere.
Frustrated, they switched their attention
toward frequencies above 1 GHz. And that’s
where radio astronomy stayed until recently,
when new calibration techniques opened a
window into the low-frequency range.

The breakthrough came in 1991, when
astronomers using computer algorithms to
correct for the effects of ionospheric interfer-
ence jiggered the Very Large Array (VLA), a
Y-shaped assemblage of 27 dish antennas in
western New Mexico, into receiving at a
record low frequency of 74 MHz. Their suc-
cess blasted open opportunities for large low-
frequency arrays. “The old low-frequency tel-
escopes were like a nearsighted person trying
to read from far away without his glasses,”
says Namir Kassim, a radio astronomer at the
Naval Research Laboratory in Washington,

Bristling With Promise
By substituting software for massive signal-gathering dishes, arrays of simple FM 
antennas offer astronomers a cheap, versatile alternative to traditional radio telescopes

Radio  Astronomy
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D.C. “When we learned how to put glasses on
these telescopes, all hell broke loose, and now
everyone’s trying to build them.”

VLA and its kin, however, suffer from a
major disadvantage: Dish antennas are not
good at picking up low frequencies. If the
length of the wave is close to the diameter of
the dish or longer, the dish can’t see it at all.
By contrast, arrays of wire antennas—either
simple FM dipoles or log-periodic antennas
made of multiple dipoles—can be designed
to pick up any wavelength
astronomers might fancy. All it
takes is the right arrangement,
enough land, and a supercom-
puter programmed to convert the
jumbles of waves sweeping
across the arrays into useful
images. Somewhere between 
200 MHz and 100 MHz, the effi-
ciency advantage switches over
from dishes to dipoles.

In the early 1990s, inspired
by the new calibration tech-
niques, scientists from the
United States, the Netherlands,
and Australia started investigat-
ing designs and locations for the
Low Frequency Array. LOFAR
was conceived as a cheap, quick
instrument to get a first look at
the low-frequency universe, says
Kassim, who was LOFAR’s
international project scientist.
But ballooning costs and dis-
agreements over siting and sci-
entific goals crippled the proj-
ect, and the collaboration disintegrated. 

Today, Germany and the Netherlands are
working to build a 25,000-antenna LOFAR
array spread over an area 350 kilometers in
diameter on both sides of their border;
researchers hope to develop sophisticated
new techniques to filter out radio and tele-
vision signals. Other erstwhile LOFAR part-
ners, meanwhile, have hatched projects that
rely on geography to solve the problem of
interference. Kassim and colleagues at the
Naval Research Lab are now collaborators
in the Southwest Consortium, a low-
frequency radio astronomy project based in
the American Southwest, a popular site for
traditional radio telescopes. The telescope,
known as the Long Wavelength Array
(LWA), will examine ultralow frequencies
from 20 MHz to 80 MHz with 10,000
dipoles strung along 400 kilometers.

Other former LOFAR participants—
astronomers at the Massachusetts Institute of
Technology (MIT), the University of Mel-
bourne, and the Australia National Telescope
Facility—have joined with the Harvard-
Smithsonian Center for Astrophysics to plan
a 3000-antenna low-frequency array in the
outback of western Australia. If all goes well,

the Mileura telescope will look at large-scale
structure in the universe. The United States
and Australia are negotiating joint funding for
the $10 million project.

Location is key. FM radio and television
signals are as damaging to radio astronomy
as light pollution is to optical astronomy and
are far more pervasive. “The best place for
this would be the far side of the moon,” says
Jacqueline Hewitt, an astronomer at MIT
involved in the planning of the Mileura proj-

ect. “But if we can’t go to the moon, we’ll go
to western Australia.” PaST scientists say
that if they could afford to, they would build
their array at the South Pole, 2000 km from
the nearest TV transmitter and with a 
6-month polar night to increase the trans-
parency of the ionosphere.

Remote real estate aside, antenna arrays
offer several advantages over traditional radio
telescopes. For one, their cost—a fraction of
the $3.5 million price tag of a single VLA
dish—puts them within reach of even small
astronomical partnerships. In the spring of
2003, for example, PaST was just an idea
Carnegie Mellon’s Peterson was batting
around with Ue-Li Pen of the University of
Toronto. Within a year, Xiang-Ping Wu of the
National Astronomical Observatory of China
had joined the project, and they had gotten
$600,000 of funding from the Chinese gov-
ernment, found a site, and set up test antenna.
The current funding will support an array of
2500 antennas. The researchers expect that
support from the National Astronomical
Observatory will enable them to install
another 7500 antennas by 2006.

Antenna arrays boast technical advan-
tages as well. Existing radio dish telescopes,

such as Arecibo in Puerto Rico, just aren’t up
to the task of seeing in the ultralow frequen-
cies, the researchers say. Big dish telescopes
with just one, huge antenna have too narrow
a field of view. They can sweep the sky over
a period of time, but sweeping complicates
the delicate calibration needed to compen-
sate for the ionosphere. Dish arrays have the
same drawback. Dipole arrays, by contrast,
can effectively look in any direction or all
directions at once, as long as computers are

available to crunch the data. Log-
periodic arrays are similar but
have narrower fields of reception.

The 180-degree view of a
dipole array means that transient
phenomena may be noticeable.
For example, researchers say, a
very high-resolution array might
pick up bursts of ultralow-
frequency radio waves from gas-
giant planets circling other
stars—something a dish tele-
scope could spot only if it were
looking in exactly the right direc-
tion at the right time. Arrays
might also pick up long-theorized
radio counterparts to the cosmic
energy blasts known as gamma
ray bursts. By studying how such
radio bursts distort as they cross
space, astrophysicists could test
cosmological models that predict
there should be lots of ionized gas
between galaxies.

The most mouthwatering pos-
sibility is that sensitive array tele-

scopes will catch whispers of reionization, the
moment early in cosmic history when the first
stars flickered on. At that time the universe
was filled with neutral hydrogen gas. Ultravi-
olet light from newly ignited stars blew elec-
trons off hydrogen atoms, creating ions that
don’t radiate at certain wavelengths. The
result, if radio astronomers can spot it, should
be big patches of silence between 100 and 150
MHz amid an otherwise steady hum of neutral
hydrogen. PaST, Mileura, and LOFAR all
hope to detect reionization, although
researchers acknowledge that it’s a long shot.

At least astronomers won’t have to wait
long for the arrays themselves. PaST spot-
ted galaxies at redshifts of 0.3 last year with
just two protopods, and it is scheduled to
start collecting data seriously this spring.
The Southwest Consortium could have the
core of the LWA up and running by 2008.
The Mileura project hopes to erect its first
test antennas by the end of the month. And
more ambitious arrays may be in the works.
From now on, when the universe rumbles in
the ultralow, we’ll be listening.

–KIM KRIEGER

Kim Krieger is a freelance science writer in 
Washington, D.C.
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Array of hope. Peterson predicts a bright future for PaST.
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Freudian psychoanalysis is far from the
mainstream in modern mental health care.
But it’s alive and well in France—and it just
got a shot in the arm from health minister
Philippe Douste-Blazy, to the consterna-
tion of many scientists.

Speaking at a 5 February meeting of
psychoanalysts in Paris, Douste-Blazy
praised their work while announcing that
he had ordered the removal from his
department’s Web site of a 2004 report
concluding that the scientific evidence
favors cognitive-behavioral therapy (CBT)
over psychoanalysis. “You won’t hear
about [the report] again,” Douste-Blazy, a
cardiologist, assured his elated audience.

France has a strong psychoanalytical tra-
dition, founded by Jacques Lacan
(1901–81), who melded classic Freudian
ideas with structuralism in what his detrac-
tors say is a pseudoscientific, cultlike move-
ment now led by his son-in-law Jacques-

Alain Miller.
Many of its fol-
lowers were
angered when
France’s leading
health agency
INSERM issued
a report in Feb-
ruary 2004 that
took the cur-
rently popular
“evidence-
based”
approach to
psychotherapy
and concluded
that CBT has
the most to
show for itself.

This time,
many other psychologists and psychia-
trists are incensed.“I’m totally amazed
and puzzled,” says Jean Cottraux, a psychi-
atrist at the Pierre Wertheimer Neurologi-
cal Hospital in Lyon and a member of the
INSERM panel. He calls the report’s
removal “an act of censorship” that could
favor a regressive “lacanist takeover” of
the field.

There’s speculation that Douste-Blazy’s
remarks also are behind the sudden resig-
nation last week of epidemiologist William
Dab, director-general for health, whose
office had requested the study.
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Post-Freudian Lacan.

Sensitivity or Censorship?
A new wave of political sensitivity appears to be sweeping over the national parks,
to the dismay of some archaeologists.This time it’s focused on the word “Anasazi,”
a term used for almost a century by archaeologists to denote ancient pueblo
dwellers of the Southwest.

At Colorado’s Mesa Verde National Park, there are two books you can’t find these
days: Understanding the Anasazi of Mesa Verde and Hovenweep by David Grant 
Noble and Water for the Anasazi by Kenneth Wright. Some archaeologists such as 
David Breternitz, pro-
fessor emeritus of the 
University of Colorado,
Boulder, are upset at the
exclusion, calling it “cen-
sorship.” But Tessy Shi-
rakawa, a park spokes-
person and tribal liai-
son, explains that some
Pueblo Indians con-
sider the word “Ana-
sazi” derogatory. The
Navajo term can mean
“Enemy Ancestors” or
“Non-Navajo Ancestors,”
depending on the tribe, according to archaeologist Linda Cordell of the University of
Colorado, Boulder, Museum. Many Indians therefore prefer the term “Ancient
Puebloans.” Shirakawa says the park is switching terms in its own publications and
asks authors and publishers to do the same.

There has also been a minor flurry over the matter of rock art at New Mexico’s
Petroglyph National Monument bookstore. The bookstore has declined to carry Rock
Art in New Mexico by Polly Schaafsma. Some Indians have objected to the term “rock
art” because “art” is said to suggest a European cultural activity rather than a spiritual
undertaking, says Diane Souder, tribal liaison and monument spokesperson. However,
Souder says the book was turned down for yet another reason: It shows sacred images
that tribes believe should not be photographed. For this reason, Souder says, the book-
store no longer sells calendars with such images.

Ancient Puebloan spiritual undertaking.

Math Without Words
How much higher thinking can there be without language? That’s been a perennial question.
An intriguing piece of the answer has been supplied by research with three brain-damaged
men whose ability to use words is severely impaired but who can still do complex math.

Math and verbal reasoning clearly involve analogous functions,but experts differ on how
the two types of syntactic processes are related.To cast more light on the question,a team
led by Rosemary Varley of the University of Sheffield,U.K.,administered mathematical tests
to three men who had damage to the language-processing centers in their left cortical hemi-
spheres.The tasks involved not only simple addition, subtraction,multiplication,and division
but more complex problems such as numbers embedded in brackets analogous to language
structures—subordinate clauses, for example—that the men were no longer able to use.
Although they even had difficulty deciphering words for numbers, they performed compe-
tently on a variety of tests presented in Arabic numeral format, the authors report in a paper
appearing online on 14 February in the Proceedings of the National Academy of Sciences.

The study offers “a powerful new argument”for the view that “in the adult brain at least,
the syntax of arithmetic and the syntax of language are independent,”says neuroscientist
Brian Butterworth of University College London.The authors say the results don’t rule out
the possibility that language in early life provides a “template”that facilitates math learning.
But by adulthood, it appears that mathematical thinking can stand on its own.

French Psychoflap
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Departures at NCI. Two lead-
ers of the $4.8 billion National
Cancer Institute (NCI) have
found greener pastures. J. Carl
Barrett, a 28-year veteran of the
National Institutes of Health
who since 2000 had headed

NCI’s Center for Cancer
Research, is leaving to oversee
the Novartis Institutes for Bio-
medical Research’s global pro-
gram in oncology biomarkers.
And oncologist Karen Antman,
who came to NCI from Colum-
bia University last April to be
deputy director for translational
and clinical sciences, is leaving
to head Boston University’s
medical school.

Barrett had been tapped to
become NCI Director Andrew

von Eschenbach’s deputy for
basic science, a position that
von Eschenbach created when
he arrived in 2002 but has yet
to fill.Von Eschenbach said last
week that although NCI is los-
ing “two very key, critical mem-
bers, … we are celebrating that
loss” because they are moving
to “positions of enormous
importance and responsibility.”

Physics all-star.The U.K. Insti-
tute of Physics has bagged a
consummate all-rounder as its
new chief executive. Robert
Kirby-Harris not only has a
degree in theoretical physics
and a doctorate in higher edu-
cation policy, but he has also
taught high school, served in
the Royal Navy, run a research
and consultancy company, and
been a senior administrator at
universities in the U.K. and
Namibia. His current job is cor-
porate director of the Royal
Botanic Gardens at Kew.
Among other issues, Kirby-
Harris must grapple with the
decreasing popularity of
physics among students 
(Science, 4 February, p. 668).

Meanwhile, one of the U.K.’s

main sponsors of basic research,
the Particle Physics and Astron-
omy Research Council, also has
a new leader: space scientist

Keith Mason.The 54-year-old
Mason is lead researcher on one
of the telescopes for the Swift
gamma ray mission, launched
in November. Mason’s 4-year
term will cover milestones
such as the 2007 opening of
the Large Hadron Collider at
CERN.

Renaissance man. The new
director of the Swiss National
Science Foundation (SNF) is a
political scientist and an
expert on Florence during the
Renaissance.

Daniel Höchli, 42, taught at
the University of Saint-Gall for
7 years before joining Switzer-
land’s Federal Department of
Justice and Police in 1996,

where he
became
chief of
staff of the
Federal
Office of
Police in
2001. His
administra-
tive experi-
ence and

his “personal love of science”
make Höchli a great choice to
run the $380 million agency,
says Werner Stauffacher, vice
president of SNF’s Council and
chair of the search committee.

Surely you’re joking. D.Allan
Bromley, who died of a heart
attack on 10 February at the
age of 79, had a distinguished
career as the founder and long-
time director of Yale’s A.W.
Wright Nuclear Structure Labo-
ratory and science adviser to
President George H.W. Bush.
Less well known—but in keep-
ing with his warm sense of
humor—is his contribution to
theological meteorology.

In 1972, Bromley was one of
the brains behind an anony-
mous article in Applied Optics
that combined clues from two
biblical passages with physical
principles to put bounds on the
temperatures of heaven and

hell. Using the physics of radia-
tion and the chemistry of sul-
fur, the authors argued that the
bright light of eternal bliss sug-
gested that heaven was a
sweltering 798 K, whereas
hell’s boiling brimstone lakes
had to be below 718 K.The
paper quickly became physics
legend and remains alive on
the Internet.

In 1998, two Spanish physi-
cists threw cold water on the
analysis by pointing out an
error in the paper’s interpreta-
tion of biblical passages, bring-
ing heaven’s temperature down
to a more tolerable but
nonetheless scalding 505 K.
When asked to comment on
the new finding, Bromley
laughed and said,“Go to hell.”
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Never too late.The White House has announced the winners of
the nation’s top honors in science and technology for 2003.

Eight researchers will receive the National Medal of Science:
J. Michael Bishop, University of California, San Francisco;
G. Brent Dalrymple, Oregon State University; Carl R. De Boor,
University of Wisconsin, Madison; Riccardo Giacconi, Johns
Hopkins University; R. Duncan Luce, University of California,
Irvine; John M. Prausnitz, University of California, Berkeley;
Solomon H. Snyder, Johns Hopkins University School of Medi-
cine; and Charles Yanofsky, Stanford University.

Six individuals,one company,and a foundation have won the
National Medal of Technology: Jan D.Achenbach, Northwestern
University;Watts S. Humphrey, Software Engineering Institute,
Pittsburgh, Pennsylvania; Robert M. Metcalfe, Polaris Venture
Partners,Waltham,Massachusetts;Rodney D.Bagley, Irwin Lach-
man,and Ronald M.Lewis,Corning Inc.;UOP LLC,Des Plaines, Illi-
nois; and Wisconsin Alumni Research Foundation, Madison.

The awardees will be honored at a White House cere-
mony on 14 March.

A W A R D S
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The Emergence
of the ERC

AS SOMEONE WHO HAS BEEN AWARDED
funding in multiple projects in both sides of
the Atlantic, I see the emergence of an
European Research Council (ERC)
(“Decisive day for European research,” W.
Krull, H. Nowotny, Editorial, 5 Nov. 2004, p.
941) as an opportunity to improve on existing
models. I would like to offer my two cents.
First, it may not be that important that an ERC
is well funded to the point that it could replace
national granting agencies—recent reports
suggest that this is most likely too tall an
order. I see it as more critical that it should be
funded and configured to provide unbiased
supranational evaluation of research propos-
als. The rankings could then be used for
awarding EU funding or could instead, or
jointly, be carried by national agencies with a
mandate to fund the best proposals in a given
area. Second, U.S. granting agencies appear to
be shifting from a paradigm that mostly tar-
geted individual-initiated research to one that
more likely rewards collective initiatives. In
my experience, this actually better promotes
young researchers and provides more protec-
tion to fundamental work under the umbrella
of longer-term goals. This is particularly clear
in the NIH roadmap. There may be a precious
lesson here the ERC may want to consider:
Micromanaging the progress of 3-year
research programs falls significantly short of
objectively evaluating the achievements of 5-
or even 7-year larger initiatives. 

JONAS S.ALMEIDA

Department of Biometry and Epidemiology,
Medical University of South Carolina, 135 Rutledge
Avenue, Charleston, SC 29425, USA.

Response
I AM GLAD TO SEE THAT THE ESTABLISHMENT
of an ERC elicits comparisions and advice as
offered by Almeida. It was never intended that
an ERC would replace national granting agen-
cies. Apart from being legally impossible, this
would have meant political suicide and is
indeed too tall an order to finance from the EU
budget. But the proposal to use the unbiased
supranational evaluation of research propos-
als, in case they are not funded, as a recom-
mendation especially for national funding is
an interesting one. The paradigm shift
observed among U.S. granting agencies from
targeting individual research to collective ini-
tiatives has long been preceded by EU funding
practice, however. This has been the standard
rule in all Framework Programmes since the
beginning. In setting up only two criteria—

attracting the best of the best in terms of scien-
tific excellence, and a rigorous competition by
supranational peer review—funding for basic
research at EU level through an ERC should
be open to individuals as well as to research
groups across the European Research Area
without any further strings attached. This is the
truly innovative feature of an ERC—if and
when it comes about.

HELGA NOWOTNY

Society in Science Program, ETH-Zentrum, CH-
8092 Zurich, Switzerland.
*Chair of the European Research Advisory Board
and member of the Expert Group examining the
need for establishing a European Research Council

Protecting Privacy
of Human Subjects

JOCELYN KAISER’S ARTICLE ON THE U.S. FED-
eral regulations known as the HIPAA
Privacy Rules (1) describes these laws as
overly complicated and obstructing life-sav-
ing research (“Privacy rule creates bottleneck
for U.S. biomedical researchers,” News
Focus, 9 July 2004, p. 168). It ends with
investigative pathologists calling for
Congress to loosen the regulations to avoid
lasting damage to research. In the same issue,
Z. Lin et al. reach the opposite conclusion
(“Genomic research and human subject pri-
vacy,” Policy Forum, 9 July 2004, p. 183).
Because they perceive the HIPAA Privacy
Rules as not governing genetic information,
they warn about privacy risks created by this
oversight and recommend that these rules be
strengthened—for example, by including
strong penalties for privacy violations. 

The problem with these articles is not that
they present conflicting recommendations
for regulatory policy, but that they include
misinformation about the HIPAA regulations
and how they govern research activities. The
focal point of the HIPAA rules is health infor-
mation received or created by health care
providers (2), and when that information may

be disclosed to others, such as researchers.
Protected health information as defined in the
regulations would include genetic informa-
tion, and therefore, providers must abide by
all the disclosure rules in regard to identifi-
able genetic information. 

The HIPAA regulations do not, however,
address genetic or any other health informa-
tion created by researchers or disclosures by
researchers. This is one reason why legislation
is warranted to reduce the privacy risks
described by Lin et al. But it would have to
include much more than simply additional
penalties for violating HIPAA rules. It would
have to extend privacy protections to genetic
information wherever it is created or main-
tained in an individually identifiable form. The
HIPAA regulations cannot do this, and neither
can state antidiscrimination laws that only reg-
ulate employers and health insurers (3). As my
colleagues and I have argued elsewhere, it can
only be achieved by a comprehensive federal
genetic privacy law (4). 

PATRICIA A. ROCHE

Department of Health Law, Bioethics and Human
Rights, Boston University School of Public Health,
715 Albany Street, Talbot 3 West, Boston, MA
02118, USA. E-mail: pwroche@bu.edu

References and Notes
1. Regulations promulgated by the U.S. Department of

Health and Human Services under the Health
Insurance Portability and Accountability Act (HIPAA)
of 1996, codified at 45 CFR § 164.500 et seq.

2. The rules also apply to health information held by employ-
ers and “health care clearinghouses.”45 CFR § 164.501.

3. Examples of state laws governing genetic privacy can be
found at www.genome.gov/PolicyEthics/LegDatabase/
PubSearchResult.cfm.

4. P. Roche, G.Annas, Nature Rev. Genet. 2, 392 (2001).

THE NEWS FOCUS ARTICLE “PRIVACY RULE
creates bottleneck for U.S. biomedical
researchers” (J. Kaiser, 9 July 2004, p. 168)
and the Policy Forum “Genomic research and
human subject privacy” (Z. Lin et al., 9 July
2004, p. 183) discuss the diff iculties of
exploiting new genetic capabilities for med-
ical research while also protecting individuals’
privacy. Lin et al. argue that, lacking techno-
logical solutions, this issue can only be treated
through public policy regulations, and Kaiser
highlights the problems that such regulations
can cause for researchers.

An alternative solution exists. Well-
established cryptographic techniques can

Letters to the Editor
Letters (~300 words) discuss material published
in Science in the previous 6 months or issues of
general interest. They can be submitted
through the Web (www.submit2science.org) or
by regular mail (1200 New York Ave., NW,
Washington, DC 20005, USA). Letters are not
acknowledged upon receipt, nor are authors
generally consulted before publication.
Whether published in full or in part, letters are
subject to editing for clarity and space.

LETTERS

[Legislation] would
have to extend

privacy protections to
genetic information …

in an individually
identifiable form.”

“
–ROCHE

Published by AAAS



L E T T E R S

www.sciencemag.org SCIENCE VOL 307 25 FEBRUARY 2005 1201

allow researchers to ask arbitrary sets of
questions about personal data without them
being able to discover anything beyond the
aggregate answer they seek. This solution,
which relies on zero-knowledge crypto-
graphic techniques developed in the context
of secure distributed computation, does not
require a trusted third party or regulatory
enforcement. A variation of this mechanism
(1) allows a researcher to issue a survey to a
number of individuals who can answer in an
anonymous fashion, but in such a way that
they can still be tracked over time and
queried on additional items without the
researcher learning their identity. These
approaches offer an alternative solution to a
widespread problem that others have so far
argued can only be addressed through regu-
lations and their enforcement.

BERNARDOA.HUBERMANANDTAD HOGG
HP Laboratories, 1501 Page Mill Road, Palo Alto, CA
94304, USA.
Reference

1. B. A. Huberman, T. Hogg, Nature Biotechnol. 20, 332
(2002).

Response
WE AGREE THAT A COMPREHENSIVE FEDERAL
genetic privacy law could be very helpful in
protecting patient privacy as well as the
research mission. We need to point out,
however, that many genetic research studies
use samples obtained during the course of
medical care—collected by health
providers who certainly fall under the
HIPAA umbrella. Thus, we do not believe
that HIPAA is sufficiently clear in defining
the boundaries between clinical uses and
research uses of DNA sequence data, and
therein lies our concern.

Protected health information (PHI)
defined in HIPAA certainly includes genetic
information. However, to use PHI for research,
the rules do not explicitly declare genetic
information as a restricted biometric identifier
that must be removed from de-identified data
sets. If this information were to be recognized
as biometric identifiers, or were to be put
under the category of “any unusual character-
istics that may disclose the identity of a human
subject,” it could create major obstacles for
research use. In particular, stripping identifi-
able DNA sequence information to create de-
identified data sets could render genomic data
virtually useless for research, because this
information is precisely that required to per-
form genetic studies of how sequence varia-
tions correlate with inheritable diseases.

In the end, however, we agree with
Roche that these issues should be clarified
at the federal level.

Although we have not ruled out techni-
cal solutions to these problems, we do not
think that cryptographic techniques, as sug-
gested by Huberman and Hogg, by them-

selves are a suff icient solution. Crypto-
graphic methods make it hard for people to
intercept information, but they do not pre-
vent authorized people from gathering suf-
ficient data to re-identify individuals. For
instance, if researchers received patients’
social security numbers (SSNs) along with
medical data, the subjects would be easily
identifiable, even if cryptographic protec-
tion were used in conveying the data. Even
a very small number of independent single
nucleotide polymorphisms (SNPs) identi-
fies an individual almost as precisely as an
SSN does. Researchers with access to a
large number of SNPs and corresponding
phenotype data could therefore be in a posi-
tion to identify some individuals.

RUSS B.ALTMAN,1 ZHEN LIN,1ART B.OWEN2
1Department of Genetics, Stanford University School
of Medicine, Stanford, CA 94305–5120, USA.
2Department of Statistics, Stanford University,
Stanford, CA 94035–4065, USA.

Autism and Deficits
in Attachment Behavior
A. MOLES ET AL. REPORTED A “DEFICIT IN
attachment behavior in mice lacking the µ-
opioid receptor gene” (Reports, 25 June
2004, p. 1983). They stated that their results
“may indicate a molecular mechanism for
diseases characterized by deficits in attach-
ment behavior, such as autism,” an assump-
tion recapitulated in Mary Beckman’s news
story “The mice that don’t miss mom: love
and the µ-opioid receptor” (News of the
Week, 25 June 2004, p. 1888) and other
news coverage. 

However, the basis for D’Amato et al.’s
speculation that autism is “characterized by
deficits in attachment behavior” was a 25-
year-old theoretical treatise (1), which sub-
sequently failed to be supported by numer-
ous empirical investigations. In 1984,
Sigman and colleagues first demonstrated
that young children with autism behaved no
differently in their response after separation
from and reunion with their primary care-
giver than did children with other develop-

mental disabilities (2). Following Sigman’s
seminal study, every laboratory experiment
investigating attachment behavior with
young children with autism has replicated
the initial f inding, demonstrating unam-
biguously that children with autism are as
securely attached to their mothers as are
their peers (3–8).

Given the striking lack of empirical evi-
dence to support D’Amato and colleagues’
speculation that their results are relevant to
autism, we urge considerably greater caution.
MORTONA.GERNSBACHER,1 CHERYL DISSANAYAKE,2

H.HILL GOLDSMITH,1 PETER C.MUNDY,3

SALLY J. ROGERS,4MARIAN SIGMAN5
1University of Wisconsin at Madison, Madison, WI
53706–1611, USA. 2La Trobe University, Bundoora,
Victoria 3083,Australia. 3University of Miami, Coral
Gables, FL 33124–0721, USA. 4University of
California Davis Medical Center, Sacramento, CA
95817, USA. 5University of California, Los Angeles,
Los Angeles, CA 90024–1759, USA.
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Response
GERNSBACHERAND COLLEAGUES CLAIMTHAT
our f indings are not relevant to autism
because autism is not characterized by
deficits in mother-child attachment. To sup-
port their argument, these authors cite sev-
eral studies showing that children with
autism can form a secure attachment with
their mothers.

Mice lacking the µ-opioid receptor gene
are not a model of autism or a model of any
other human clinical syndrome as
described in current psychiatric classifica-
tion systems. Rather, our findings could be
useful for identifying a biological patho-
physiology common to a variety of condi-
tions that are currently classified in very
different categories of psychiatric nosogra-
phy. Current classification of psychiatric
disorders is not based on measures of the
underlying genetic or biological pathophys-
iology of the disorders (1). As a conse-
quence, diagnostic categories often include
heterogeneous populations, and their clas-
sification is not of great help in deciding if
a core neurobehavioral deficit is present or
not in a psychopathological condition.

The question of whether autistic children
are able to form an attachment bond (secure
or insecure) with their mothers cannot be
answered unequivocally, as indicated by a

[S]tripping
identifiable DNA

sequence information
… could render

genomic data
virtually useless for

research…”

“
–ALTMAN ET AL.
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recent review by Rutgers et al. (2). That a sub-
stantial proportion of autistic children (as
diagnosed by current classification criteria)
may develop secure attachments is not in
contradiction with the clinical notion that
many children and adults with autism show a
marked reduction in the desire to engage oth-
ers socially and that the opioid system could

be implicated in the pathogenesis of these
social deficits (3). Autism is not only a het-
erogeneous condition but is also best
described as a continuum rather than as a cat-
egory (especially its core component of
defective reciprocal social behavior) (4).

In conclusion, we believe that our findings
in mice lacking the µ-opioid receptor gene

should be interpreted as an attempt to model a
biological dysfunction that can be present in
some (but not in all) cases of autism, as well as
in other psychiatric conditions that have in
common a deficit in the capacity to experience
affiliative reward (5). Such conditions might
include schizophrenia spectrum disorders and
primary psychopathy (6).

FRANCESCA D’AMATO AND ANNA MOLES

Department of Psychobiology and Psycho-
pharmacology, Consiglio Nazionale delle Ricerche
Institute of Neuroscience, Viale Marx 43, 00137
Rome, Italy.
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CORRECTIONS AND CLARIFICATIONS

Editors’ Choice: “Nothing in common (7 Jan., p. 18).
This paragraph should have been attributed to ShJS.

Editors’ Choice: “Of mice…” (24 Dec 2004, p. 2164).
This paragraph should have been attributed to ShJS.

TECHNICAL COMMENT ABSTRACTS

COMMENT ON “Epitaxial BiFeO3 Multiferroic Thin Film Heterostructures”
W. Eerenstein, F. D. Morrison, J. Dho, M. G. Blamire, J. F. Scott, N. D. Mathur

Wang et al. (Reports, 14 March 2003, p. 1719) reported BiFeO3 films as promising multiferroic materials, with
impressive ambient ferroelectric polarizations and magnetizations due to epitaxial strain.However,fully oxygenated
films with Fe3+ possess no significant magnetization.The large magnetization observed by Wang et al. is attributa-
ble to Fe2+/3+, and the concomitant leakage precludes quantitative polarization measurements or practical devices.
Full text at www.sciencemag.org/cgi/content/full/307/5713/1203a

RESPONSE TO COMMENT ON “Epitaxial BiFeO3 Multiferroic Thin Film
Heterostructures”
J.Wang,A. Scholl, H. Zheng, S. B. Ogale, D.Viehland, D. G. Schlom, N.A. Spaldin, K. M. Rabe, M.
Wuttig, L. Mohaddes, J. Neaton, U.Waghmare,T. Zhao, R. Ramesh

We report results of additional experiments that bear on the issues raised in the comment by Eerenstein et al.
Superconducting quantum interference device magnetometry reveals a magnetic moment of ~70 electromag-
netic units (emu)/cm3, which decreases with film thickness to about 8 to 10 emu/cm3, a finding confirmed by x-
ray magnetic circular dichroism studies.The possible role of oxygen vacancies and the consequent formation of
Fe2+ on the origin of the magnetism is discussed.
Full text at www.sciencemag.org/cgi/content/full/307/5713/1203b
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Comment on ‘‘Epitaxial
BiFeO3 Multiferroic Thin
Film Heterostructures’’

Wang et al. (1) recently reported multi-

ferroic behavior, with ferromagnetic and fer-

roelectric polarizations that are both large at

room temperature, in thin strained films of

BiFeO
3

(BFO). Although at room tempera-

ture, bulk BFO is ferroelectric (2) and anti-

ferromagnetic (3–5), Wang et al. (1) reported

that a 70-nm film shows both an enhanced

ferroelectric polarization (90 mC cm–2) and

a substantial magnetization (1 m
B

/Fe). This

remains the only report of a robust room-

temperature multiferroic and suggests the

potential for novel devices that exploit the

anticipated strain-mediated magnetoelectric

coupling between the two ordered ground

states. In this Comment, we argue that epi-

taxial strain does not enhance the magneti-

zation and polarization in BiFeO
3
.

Like Wang et al. (1), we grew BFO films

on 50-nm underlayers of SrRuO
3

(SRO) on

SrTiO
3

(001) substrates (STO). In addition, we

used plain STO and conducting 0.2% atomic

Nb-doped SrTiO
3

substrates (Nb-STO). Both

BFO and SRO films were grown by pulsed laser

deposition with a KrF excimer laser (248 nm,

1 Hz, target-substrate distance 0 8 cm). BFO

films were grown (670-C, 8 Pa O
2
, 1.6 J cm–2)

using a Bi-rich target of Bi
1.2

FeO
3
, because Bi

is volatile (6). SRO films were grown (650-C,

9 Pa O
2
, 1.7 J cm–2) using a stoichiometric

target. The growth rate for both BFO and

SRO was 10 )/min. After deposition, films

were cooled at 5-C/min to 400-C in 40 kPa

oxygen, annealed for 1 hour, and then cooled

to room temperature at 8-C/min.

The crystalline quality of our films was

investigated with high-resolution x-ray dif-

fraction (Fig. 1). The reciprocal space maps

show that the BFO and SRO in-plane lattice

parameters are equal to the STO lattice

parameter of 3.905 ), consistent with coher-

ently strained films. It should be noted that

Wang et al. (1) performed their calculations of

saturation polarization using the bulk SRO

lattice parameter of 3.935 ) for the BFO in-

plane lattice parameter. In our work, BFO films

as thin as 40 nm gave equivalent x-ray results,

but 300-nm BFO films were found to be re-

laxed. All coherently strained films showed a

root-mean-square surface roughness of 2 nm,

as determined by atomic force microscopy.

BFO film stoichiometry was determined

from quantitative energy dispersive x-ray spec-

troscopy in a thick (È400 nm) film grown at a

laser repetition rate of 2 Hz. The Fe:Bi ratio

was found to be unity, within the error of the

technique of a few percent. The Fe oxidation

state was investigated for BFO/STO samples

grown at 1 Hz and 2 Hz with x-ray photoelec-

tron spectroscopy. All samples behaved simi-

larly; a representative scan of the Fe 2p line is

shown in Fig. 2. The position of this line is

expected to be 711 eV for Fe3þ and 709.5 eV

for Fe2þ, and the position of the satellite is

expected at 719 eV for Fe3þ and 716 eV for

Fe2þ (7). From Fig. 2, we deduce that the

oxidation state of Fe in our BFO/STO films

is Fe3þ and that there is no evidence for Fe2þ

within a resolution of a few atomic percent.

To verify that our BFO films are insu-

lating and ferroelectric, we performed piezo-

response microscopy (8) on BFO/Nb-STO and
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Fig. 1. W-2q scan of the (001) pseudocubic reflection for (A) BFO(80 nm)/Nb-STO and (B)
BFO(90 nm)/SRO(50 nm)/STO. The corresponding reciprocal space maps of the (013) pseudocubic
reflections are shown in (C) and (D). Reciprocal lattice units (rlu) Qx and Qy are equal to the
inverse lattice spacing. All in-plane film lattice parameters can be seen to be equal to the STO
lattice parameter of 3.905 Å. The BFO out-of-plane lattice parameter in both samples is 4.07 Å,
and the corresponding value for SRO is 3.95 Å.

Fig. 2. X-ray photoelectron spectrum of
the Fe 2p lines for BFO(40 nm)/STO.
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BFO/SRO/STO, and impedance spectroscopy

using sputter-deposited Pt on BFO/Nb-STO.

The former technique confirmed ferroelectric

switching. The latter technique showed our films

to be low-loss (2% loss tangent in 10 kHz

to 1 MHz) and nonconducting (resistivity

91010 Wcm). The high-temperature conduc-

tivity data showed an activation energy of

1.03 T 0.05 eV, compatible with only a small

concentration of oxygen vacancies (9, 10).

In agreement with the literature (11), the ef-

fective dielectric constant (10 kHz to 1 MHz)

was found to be 70 T 2 at ambient tempera-

ture, increasing to È375 at 550 K.

Magnetic measurements were taken at room

temperature with a Princeton Measurements

Corporation (Princeton, NJ) vibrating sample

magnetometer. In Fig. 3, we plot saturation

magnetization M
s

as a function of BFO film

thickness. BFO films both with and without

the SRO underlayer behave similarly, which

precludes any substantial magnetic contribu-

tion from SRO. All BFO films show an es-

sentially thickness-independent M
s

that is less

than 0.06 m
B
/Fe, which rules out the strain-

enhanced magnetization inferred by Wang et al.

(1). Indeed, strain should not modify anti-

ferromagnetic exchange interactions between

singly occupied Fe3þ 3d orbitals. We note

that density functional calculations (12) of

unstrained BFO suggest a local magnetiza-

tion of around 0.05 m
B

/Fe, consistent with

the findings presented here.

The small M
s

that we observed is rem-

iniscent of bulk behavior (3–5). The large

value observed by Wang et al. (1) could

arise as a result of a substantial Fe2þ

fraction. If this fraction were 50%, then

M
s
0 0.5 m

B
/Fe, and the composition would

be BiFeO
2.75

. However, this mixed-valent

system with oxygen vacancies would be

expected to possess an electrical resistivity

that is orders of magnitude lower than the

figure of È109 W cm stated in (1). In this

scenario, the reported increase of polariza-

tion with decreasing film thickness (1) could

be an experimental artifact. Regarding the

polarization (50 to 60 mC cm–2) of the thicker

(200 nm) films measured by Wang et al.,

although it is larger than the value recorded

(2) in a poor-quality bulk sample (6 mC cm–2),

it is, in effect, not epitaxially enhanced with

respect to unstrained polycrystalline films

(40 mC cm–2) (13). Therefore, we conclude

that ferroelectric polarization is not enhanced by

strain in BFO films. Indeed, calculations that

supersede those presented by Wang et al.

show 90 mC cm–2 in unstrained BFO (14).

We conclude that an increased thickness-

dependent magnetization is not an intrinsic

property of fully oxygenated and coherently

strained epitaxial BFO films that exhibit a

high electrical resistivity. If it is only

possible to achieve substantial magnetiza-

tion values in deoxygenated BFO, then the

applications potential is reduced, because an

increased electrical conductivity will be

detrimental to ferroelectric performance.
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Fig. 3. Saturation mag-
netization Ms of BFO
films versus film thick-
ness. Black squares,
BFO/STO; red circles,
BFO/SRO(50 nm)/STO;
blue triangle, BFO/
Nb-STO. The inset shows
a typical hysteresis loop.
Magnetometer axis in-
plane and parallel to
STO [100]. Before taking
magnetic measurements,
we used emery paper to
grind away silver dag
from the sides and
undersides of the sub-
strates to eliminate spu-
rious magnetic signals
that we attribute to ma-
terial originating from
the heater block.
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Response to Comment on
‘‘Epitaxial BiFeO3 Multiferroic Thin

Film Heterostructures’’
In this response, we report the results of

additional experiments that bear on the issues

raised in the comment by Eerenstein et al. (1)

and suggest some additional possible reasons

for the results they have obtained.

In Wang et al. (2), we reported on the

ferroelectric and magnetic properties of

BiFeO
3

(BFO) epitaxial thin films. Our

results demonstrated a thickness dependence

in these properties, and we suggested that a

likely explanation of these effects was that

heteroepitaxial strain induced a monoclinic

distortion, relaxing gradually with increasing

thickness. Detailed x-ray studies (3) have

shown evidence for such a monoclinic

structure, as well as no evidence for second-

ary phases. The out-of-plane lattice parame-

ter for the BFO layer progressively increases

as the thickness is decreased, consistent with

the expected effect of epitaxial constraint.

In contrast to all prior studies, our

epitaxial BFO thin films showed a large

spontaneous polarization. We considered the

hypothesis that this change could be directly

attributed to the epitaxially induced change

in structure. Our theoretical discussion also

included the possibility that the large polar-

ization in thin films could be the result of a

change in the switching mechanism in thin

films compared with the bulk (4), a change

that could be related to other differences as

well as to epitaxial strain. Another possibil-

ity, originally suggested by Teague et al. (5),

is that high leakage in the bulk samples,

somehow reduced in the films, could have

prevented prior researchers (over the past

four decades) from observing the large value

of spontaneous polarization of BFO. These

latter proposals are consistent with various

subsequent measurements of high polariza-

tion of BFO in thin film form (6–8).

Our report (2) also included larger values

for the magnetization of very thin films

(thickness less than È100 nm), again differ-

ent from the previously reported magnetic

properties of the bulk material. We have

continued to investigate the magnetic behav-

ior of the films; Fig. 1A summarizes our

recent magnetic measurements from a series

of films with systematically varying thick-

ness. In contrast to our original measure-

ments, which were carried out using a

vibrating sample magnetometer (VSM), we

have now been able to measure our films

using a more sensitive, higher resolution

superconducting quantum interference device

(SQUID) magnetometer (Fig. 1B), which was

not accessible to us at the time of preparation

of the original paper. Measured using this

instrument, the very thin films show a

magnetic moment of about 70 to 80 electro-

magnetic units (emu)/cm3 (corresponding to a

magnetization of about 0.5 m
B
/formula unit),

which progressively decreases as the film

thickness is increased to above 120 nm.

Although smaller than in the original report,

this value is still much greater than those

reported by Eerenstein et al. (1).

In these samples, detailed transmission

electron microscopy studies of both planar

and cross sections did not reveal any second

phases. Piezoimaging with an atomic force

microscope (AFM) has clearly shown the

existence of piezoelectricity down to at least

30-nm thickness, although the degree of

leakage goes up with decreasing thickness.

X-ray diffraction studies have revealed no

secondary phases; we have used Rutherford

backscattering and energy dispersive x-ray

spectroscopy to analyze the cation composi-

tion and see a Bi:Fe ratio of 1:1 in the films,

within experimental error. However, the

oxygen stoichiometry is difficult to deter-

mine exactly. As is common in the oxide

thin film literature, we have used nominal

oxygen composition to describe the film—in

this case, BiFeO
3
. Such notation does not

necessarily, and in this case was not intended

to, imply that the films are free of point

defects, including vacancies, interstitials, or

antisite defects.

We have been pursuing approaches to

understand the origin of higher moments in

the very thin films using x-ray absorption

spectroscopy (XAS) and x-ray magnetic

circular dichroism (XMCD) measurements

with a magnetic field of 800 Oe Edetails of

the measurements are given in (9)^. Fig. 2A

shows XMCD results from the same series of

films that were used to obtain the structural

and magnetic data above. The signal magni-

tude, normalized to the total XAS signal, is a

measure of the magnetic moment in the

sample. The data clearly show that the 30-

nm-thick film has a distinct magnetic signal,

which progressively decreases as the film

thickness is increased. The position of the

three peaks also reveals the mixed oxidation

state of the sample by comparison with a

known sample (Fe
3
O

4
).

Fig. 2B compares the normalized XMCD

spectrum of the 30-nm BFO film to that of a

Fe
3
O

4
film. Several key points emerge from

this comparison. First, using the Fe
3
O

4

spectrum as a fingerprint, we can clearly

identify the peak at È709.5 eV as the Feþ2

peak, consistent with our x-ray photo-

electron spectroscopy results. Second, this

peak progressively vanishes as the thickness

is increased (Fig. 2A). Third, the total

intensity of the spectrum from the 30-nm

BFO film is approximately 15% of that from

the Fe
3
O

4
film, which suggests that the total

moment is also approximately 15% that of

Fe
3
O

4
. Finally, the ratio of the three peaks in

Fig. 2B is not the same as that in Fe
3
O

4
, for

which detailed studies have revealed a ratio

of 1:1:1 for the Fe2þ(oct):Fe3þ(tet):Fe3þ(oct).

What is interesting, and puzzling, is that the

þ2 state vanishes at thicknesses higher than

TECHNICAL COMMENT

Fig. 1. (A) Magnetic response from BFO films grown on 001 STO with different thickness. (B) Comparison
of VSM and SQUID results on the 100-nm BFO/SRO/STO (001) sample used in (2). Care was taken to
remove any silver spots on the substrate by grinding with emery paper.
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È100 nm, concomitant with the magnetism

decreasing to the level of 8 to 10 emu/cm3.

The most likely origin of Fe2þ in the thin

films is the presence of oxygen vacancies,

which are typically quite common in perov-

skites. Our films were grown under relative-

ly reducing conditions, compared with those

of Eerenstein et al. (1), and thus favored the

formation of Fe2þ. In the absence of Fe2þ,

our observations (that is, at thicknesses 9120

nm) and theoretical analysis (10) suggest that

the magnetization should be È8 to 10 emu/

cm3, consistent with the observations of

Eerenstein et al. (1).

With the presence of Fe2þ in the films, a

large number of possible models could be

invoked to explain the extra observed mo-

ment. We summarize the most plausible here

but emphasize that we are still actively

working both experimentally and theoreti-

cally to elucidate the origin of the magnetic

behavior we have observed.

One possibility is a ferrimagnetic ar-

rangement in which the moments of the

Fe2þ ions are aligned oppositely to those of

the Fe3þ ions, leading to a net magnetic

moment. Eerenstein et al. (1) suggest that an

oxygen count of 2.75 (instead of 3) would be

required to produce our experimentally

observed moment of 0.5 mB/Fe. This would

be the case for high-spin Fe2þ, but the

oxygen deficiency required to produce the

observed moment would be much lower if

low-spin Fe2þ were present. We suggest that

such a ferrimagnetic arrangement may be

unlikely; even if Fe2þ and Fe3þ were to

couple ferrimagnetically locally, they would

need to also have long-range ordering or the

moments from locally ferrimagnetic regions

would cancel out. An alternative possible

mechanism is a gradual increase in the

canting angle as the thickness is reduced,

which could be driven by increasing dis-

tortions resulting from epitaxial strain, oxy-

gen vacancies, or both. Clearly, this aspect is

scientifically very interesting and requires

further experimental and theoretical study.
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Fig. 2. (A) XMCD results for the 30-nm, 90-nm, and 120-nm BFO/STO (001) samples. (B) Comparison
of XMCD spectrums of Fe3O4 and the BFO film.
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A
ll sciences have their great debates,
their burning controversies, their big
unanswered questions. The increas-

ingly coupled disciplines of neuroscience
and psychology are no exception. Indeed, a
surprising number of recent popular books
touch on some of these questions, books
such as Steven Pinker’s The Blank Slate (2)

and Gary Marcus’s
The Birth of the Mind
(3). Both of these
ambitious works
tackle the archaic
and divisive nature-
nurture question, for
example, although
neither author is an
expert in genetics,
molecular biology, or
neuroscience. That is

not the case with The Great Brain Debate, as
John Dowling is a first-rate visual neurosci-
entist who knows the brain and who inspir-
ingly draws on his own research program to
communicate with Carl Sagan–like clarity
the complexities of the inner cosmos—brain
function and brain development.

Not so long ago, the media was abuzz
with early brain development—as in 1997,
when the Clintons hosted a White House
conference on the topic. The theme of the
day was critical periods, especially the idea
that the first three years of life represent a
f ixed window of opportunity for brain
development. There the assumption was that
good experiences led to “good brains” and
bad experiences led to “bad brains.” Leaving
aside the fact that there was little scientific
evidence to support this simplistic view, the
conference and the media frenzy that fol-
lowed did a masterful job of moving the
study of brain development out of the labo-
ratory into the real world. A case in point
was Zell Miller’s decision as governor of
Georgia to send all newborns home from the
hospital with a Mozart CD. Miller assumed
that hearing Mozart would enhance early
brain development, an assumption unfortu-
nately without scientific support.

Since 1997, there have been a plethora of
books on this topic, and the MacArthur
Foundation has underwritten an entire
research network on early experience and
brain development (www.macbrain.org).
Many of the books were written for a lay audi-
ence; some, such as the National Academy of
Sciences’ From Neurons to Neighborhoods
(4), were directed toward policy-makers and
educators. Few were written by neuroscien-
tists, and none attempted to deal with the
complexity of gene-environment relations. 

The nature-nurture debate dates back, at
least, to the 17th-century philosophers Jean
Jacques Rousseau and John Locke, who
respectively argued that behavioral develop-
ment was determined by unseen factors (of
course, the gene hadn’t been discovered yet)
or by the environment. The
debate continued through
the 20th century, with some
(such as John Watson in the
1920s) arguing that experi-
ence determined the course
and form of virtually all
aspects of behavioral devel-
opment. Others (such as be-
havioral geneticist Thomas
Bouchard and colleagues)
used data from twins sepa-
rated at birth to argue that
genes play a very prominent
role in everything from IQ to
political beliefs to whether one is predisposed
to divorce. We now realize that neither envi-
ronmental not genetic determinism should
have a role in contemporary efforts to under-
stand and to explain ourselves.

The backdrop against which the debate
has played out gradually changed as advances
in neuroscience and in molecular biology
began to infiltrate the field of psychology.
Indeed, over the past few years, a number of
landmark papers have been published that
illustrate the complex relation between genes
and environment. The pace of discovery has
increased with recognition of the plasticity of
the nervous system (including its ability to
remodel itself in response to epigenetic pro-
gramming driven by maternal behaviors),
exciting reports of gene-environment inter-
play involving specific genes and specific
environments in important human behaviors,
and the ability to search bioinformatic data-
bases online to f ind gene homologies
between, say, Homo sapiens and zebrafish. 

The book’s title is a bit misleading, as
Dowling devotes relatively little space to
discussing this complex relation. And when
he turns to it, he shifts from speaking as an
insider to relying on secondary sources.
Still, Dowling does a masterful job of laying
out how the brain is born and then matures.
His eloquent essay provides solid examples
of what elements of brain development and
brain function are under genetic control and
which are largely guided by experience. 

Among the sections on development and
maturation, Dowling embeds discussions of
some current controversies: notably the con-
cept of critical periods, whether neurons
continue to be made anew long after birth,
and, conceptually linked to both, adult plas-
ticity. He begins a consideration of how
genes and experience can influence the
course of brain and behavioral development.
Alas, this topic (the subtitle of the book) is
simply laid out without a great deal of elab-
oration, which is unfortunate because the
author has clearly given it a great deal of
thought. After discussing the aging brain

(focused on neuropathol-
ogy rather than normal
aging), Dowling returns to
the recast nature-nurture
question in his f inal re-
marks. Despite the brevity
of his exploration, there is
just enough to whet the ap-
petite and to stir the reader’s
imagination. 

This highly readable
account of brain develop-
ment and brain function
will appeal to an educated
reader, one who is capable

of critically evaluating the literature even if
only from the perspective of an outsider. Our
biggest complaint about The Great Brain
Debate is that Dowling fails to tell us what
he thinks about the roles of genes and expe-
riences in brain development and matura-
tion. Many scientists share his reticence, but
he has earned the right to express his opinion
rather than to simply lay out the data. In this
context, one can only hope for a sequel. 
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R I S K  A N D  P U B L I C  P O L I C Y

Courting Disaster
Kenneth R. Foster

I
n this fine book, U.S. federal judge and
public intellectual Richard A. Posner
worries about events of very low proba-

bility but very high impact, such as possible
human extinction. These are catastrophes of
a different order than the usual hurricanes
and floods that are subject to a growing aca-
demic literature on risk management (1). 

Case in point: a high-velocity collision
of a 2-kilometer asteroid with Earth might
kill a billion people, whereas a 10-kilometer
asteroid might extinguish our species. Even
a 75-meter rock could release energy equiv-
alent to a 100-megaton nuclear weapon,
enough to obliterate a city. Thousands of
such near-Earth objects are thought to exist.
Some estimates place the yearly death toll
averaged over megayears at 1500—more
than the current annual number of fatalities
from airline crashes. 

Other potential catastrophes that Posner
discusses include global climate change that
leads to a sudden change in the Gulf Stream,
(devastating agriculture in Western Europe)
and widespread death from bioterrorism.
Some of the threats border on science fic-
tion, for example, the “gray goo” of a nan-
otechnology gone wild and the “strangelet
scenario” of a high-energy physics experi-
ment gone awry. But the interest in this book

lies not in its dooms-
day scenarios, but in
Posner’s finely rea-
soned discussion,
which reflects more
legal and economic
sophistication than
is commonly found
in the highly polar-
ized debates on
these issues. The 47

pages of references to legal, economic, and
scientific papers show that he has done his
homework on the subject. 

For example, in a fine lawyerly analysis,
Posner f inds that experts who argue that
human activity is causing global warming 
are more credible than naysayers who argue
that it is not. He takes apart arguments of
“doomsters” such as Paul Ehrlich, with their
overly pessimistic predictions of environmen-
tal catastrophe, and technological optimists
who minimize potential hazards of new tech-
nologies, such as John Maddox, former editor

of Nature, and science journalist
Gregg Easterbrook. He worries
about legal justif ications for
“extreme measures,” including cur-
tailment of civil liberties and tor-
ture, in the fight against terrorism.
He is less disturbed by the limited
restrictions adopted by the United
States since September 2001 than
by the likely political consequences
of another major terrorist attack.
Posner might not be right, but his
arguments have weight.

Relying on the dismal science
for guidance, Posner monetarizes
the anticipated costs of catastro-
phes and possible remediation
strategies. Increased efforts to
locate space rocks on collision
course with Earth would be cost-
effective, he finds. 

Cost-benefit analysis is less
supportive of caps on greenhouse
gas emissions, as required by the
Kyoto Protocol. The costs, particu-
larly to the United States and other
developed countries, would be
huge in the short term while the
benefits would accrue only in the
very long run—unless, of course, a trigger
point were reached that suddenly redirected
the Gulf Stream. Expressed in terms of pres-
ent value, Posner finds the costs to far out-
weigh the benefits. (By the same reasoning,
the present value of a $1 million lottery
award payable as a 20-year annuity is much
less than $1 million). Posner favors, instead,
a tax on carbon emissions to force the devel-
opment of new technologies for clean fuels
and economic methods to sequester carbon
from the environment. 

But cost-benefit analysis can only take
one so far, given the extreme uncertainties
surrounding the risks he considers. And for
some risks, biological or nuclear terrorism
for example, the likelihood of tragedy
seems so high that cost-benefit analysis
would not be needed to justify taking stren-
uous practical measures to counter them. 

Posner will infuriate many scientists
whom, he writes, have an “attitude gap cre-
ated by the different goals, and resulting
different mindsets, of science on the one
hand and public policy on the other. The sci-
entist qua scientist wants to increase scien-
tif ic knowledge, not make the world
safer—especially from science.”

The strangelet scenario is a case in point.
Shortly before a new high-energy accelera-
tor was to begin operation at Brookhaven
National Laboratory, a physicist raised con-
cerns that a high-energy collision might trig-
ger a runaway reaction that would quickly
transform Earth into a 100-meter lump of
inert matter. The lab director took the ethi-

cally dubious step of appointing an evalua-
tion panel of physicists, all of whom had pro-
fessional interests in seeing the experiments
go forward. Posner dismisses as non
sequiturs the various public statements by
physicists intended to reassure the public of
the improbability of the strangelet scenario.
Seeing few economic benefits and a likely
small but in fact unknown probability of dis-
aster, he argues that high-energy research
should be supported by universities rather
than the government and that it should be
brought under a strict regulatory umbrella. 

This view, voiced by a judge with obvi-
ously high intelligence and sophistication,
serves as a clear warning that scientists
must pay attention to the social as well as to
the technical dimensions of technological
risk—and develop a better understanding of
how nonscientists will interpret their pro-
nouncements on the subject. Posner’s per-
spective, very different from those held by
most scientists, is a welcome addition to
considerations of catastrophic risks.
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W
hat is the future role of Europe in
exploring space? European scien-
tists are leaders in f ields like

astrometry with the Hipparcos mission (1)
and the Gaia project to map our galaxy (2).
The Ariane rockets launched more than half
the telecommunication satellites over a
period of more than a decade. The magnifi-
cent landing of the Huygens probe on Titan
also demonstrates the technical and scien-
tific capability of Europe.

However, despite successes, there are
serious concerns. Europe has been lagging
far behind the United States in spending;
the total government space budgets for
2003 in the United States and Europe were
US$34 and $6.2 billion, respectively (3).
Russia has not had the economy or need to
maintain the level of effort of the USSR. 

Until recently, European public-funded
space activities have been limited to
national/bilateral projects and projects of the
European Space Agency (ESA) (4). Public
funding for space is predominantly through
individual government contributions to the
ESA (58%). Germany, France, Great Britain,
and Italy provide most of the funding for the
ESA, and their interests have generally
determined ESA projects and objectives. In
2003, the European Union (EU) developed
priorities for European space activities and
stated that the current public funding levels
were too low to maintain a competitive space
industry and an independent European space
launcher capability (5). Even including
funding for the satellite navigation system
Galileo, which the EU is developing with the
ESA (3), the EU provides less than 5% of the
public funding for European space invest-
ments. The EU would need to increase its
investment in space exploration by a factor
of 10 to really matter, and then only if it is
done without impacting the member states’
funding to ESA. 

Although EU and ESA member states
largely overlap, funding mechanisms and
decision processes have been different and
mostly uncoupled. This may change, as ESA

and the EU have entered into a collaboration
that will lead to closer coordination of budg-
ets and division of responsibility (6). 

The EU “White Paper” (7) gives upper
and lower boundaries for budget increases.
It was stated that the lower boundary is inad-
equate to maintain European capabilities.
Even the more optimistic projected budget
would have little effect on the gap between
Europe and the United States. Any increases
in EU budgets will have to come in connec-
tion with the ongoing 2007–13 budget dis-
cussions and should be decided by early
2006. However, several governments have
capped their space budgets for the next few
years. For example, France stated that their
contributions to ESA will be below M€685
until 2009 (8). With the overall budgetary
problems the EU has and will continue to
have, even the lowest level of proposed
growth does not appear realistic. 

ESA or the EU wishes to expand in areas
such as robotic space exploration of the
solar system and human space exploration
(7). Realistic funding of these initiatives
can start in 2007 at the earliest; however,
this requires a clear change of policy from
all the European governments. We cannot
meet costs of ongoing programs and
expand without extra external funds or can-
nibalization of other fields like the space
and earth sciences. 

Exploration and the possible future colo-
nization of the other habitable parts of our
solar system will eventually be done through
global cooperation and the importance of
“joint space activities” has been emphasized
in discussion of the new EU constitution (9).
Europe has a long tradition in international

collaboration with many different partners
and could thus be an effective mediator and
catalyst in these collaborations.

The EU White Paper has proposed devel-
opment of human space flight capability (7).
This could most efficiently be done in col-
laboration with Russia, which has a human
exploration program and considerable expe-
rience. The plan to use Russian-built Soyuz

rockets at the launch complex in
French Guyana is a step toward
closer collaboration. Further
launcher development could be
done in collaborations that main-
tain the strategic position of
European industry.

The most promising new col-
laborations are in global moni-
toring. The European GMES
(Global Monitoring for Environ-
mental Security) initiative is
being closely coordinated with
the United States–initiated

GEOSS (Global Earth Observation System
of Systems). Recent meetings have been
held to bring in developing nations as well
(10). By coordinating planning and imple-
mentation, the space agencies can reduce
costs, maximize results, and achieve global
coverage more quickly than one or a few
nations could. 

Partnerships must be entered into from a
position of strength; otherwise the Euro-
pean communities will be left with uninter-
esting tasks that have little strategic, scien-
tific, or industrial importance. However,
Europe should not embark on new endeav-
ors unless there is a clear commitment for
sufficient funding. 

Europe has built a world-class program
in spite of being on an economic diet. This
diet has fostered creativity and efficiency.
However, restriction can lead to starvation.
The European space sciences communities
need a healthy meal now, or else neither they
nor the industries they support will survive.

References and Notes
1. http://astro.estec.esa.nl/Hipparcos/.
2. www.rssd.esa.int/index.php?project=Gaia.
3. “The European Space Sector in a Global Context: ESA’s

annual analysis 2003” (ESA BR-222, European Space
Agency, Paris, 2004).

4. www.esa.int.
5. http://europa.eu.int/comm/space/off_docs_en.html.
6. www.esa.int/export/esaCP/Pr_62_2004_p_EN.html.
7. http://europa.eu.int/comm/space/whitepaper/

index_en.html.
8. www.lemonde.fr/web/recherche_breve/1,13-0,37-

800997,0.html.
9. http://europa.eu.int/comm/space/news/arti-

cle_1280_en.html.
10. http://europa.eu.int/comm/space/russia/highlights/

partnership_conference_en.html.

10.1126/science.1107684

S PA C E  S C I E N C E

Crossroad for European
Space Activity 

Bo Andersen 

POLICY FORUM

The author is director of Space and Earth Sciences,
Norwegian Space Centre, Oslo, Norway. E-mail:
bo@spacecentre.no

Earth observation

Microgravity

Space science

Human spaceflight

Technology

0 1 2 3 4 5
Ratio US/Europe civilian

public space budgets (2003)

6 7 8 9 10

Comparing the civilian space budgets in Europe and the
United States (2).

25 FEBRUARY 2005 VOL 307 SCIENCE www.sciencemag.org
Published by AAAS



1207

I
n the brain, the massive network of neu-
rons is connected at specialized junc-
tions called synapses. Every aspect of

nervous system function—coordinating
movement, feeling pain, making deci-
sions—involves neuronal communication
across synapses in specific circuits of the
brain. During development of the human
brain, trillions of synapses, both excitatory
and inhibitory, are constructed with
extraordinary specificity as neurons grow
and contact each other. How is this
achieved? Several new studies published on
page 1324 of this issue (1) and elsewhere
(2, 3) identify a key partnership of two cell
surface molecules, β-neurexin and neuroli-
gin, in the formation of both excitatory and
inhibitory synapses.

Synapses are tiny junctions where an
axon of a presynaptic neuron contacts a
dendrite of a postsynaptic neuron (see the
figure). The axon terminal releases a chem-
ical signal (neurotransmitter) into the nar-
row synaptic cleft. Clustered on the postsy-
naptic membrane are receptor proteins that
bind to and “receive” the neurotransmitter
signal. Broadly speaking, synapses can be
excitatory, with glutamate as the neuro-
transmitter, or inhibitory, with γ-aminobu-
tyric acid (GABA) as the neurotransmitter.
Both types of synapse exist side-by-side on
the same postsynaptic neuron. For sy-
napses to work, special proteins of the
presynaptic and postsynaptic membranes
must be not only aligned with each other,
but also chemically matched (see the fig-
ure). A long-standing goal of neuroscience
research has been to identify the proteins
that mediate the physical apposition and
chemical specificity of the pre- and postsy-
naptic membranes.

An attractive idea is that cell surface pro-
teins binding to each other across the synap-
tic cleft (that is, “transsynaptically”) could
tether pre- and postsynaptic membranes.
Moreover, if different pairs of adhesion
molecules were found in chemically distinct
synapses, their “lock-and-key” interactions
could match the appropriate postsynaptic

receptors to the presynaptic neurotransmit-
ter. Hence the interest in β-neurexins and
neuroligins: presynaptic and postsynaptic
proteins, respectively, whose extracellular
domains bind to each other (4). 

In addition to their ability to bridge pre-
and postsynaptic membranes via their
transsynaptic interactions, β-neurexins and
neuroligins contain determinants in their
intracellular regions that recruit the spe-
cific scaffolding proteins important for the
assembly of pre- and postsynaptic protein
complexes. Neuroligins are encoded by
four related genes in humans. Neuroligin-1
(NL-1), when overexpressed on the sur-
face of non-neural cells, can induce presy-
naptic differentiation in axons that come
into contact with these cells. This effect
depends on neuroligin’s interaction with β-
neurexin (5, 6). 

In their new study, Chih et al. (1) now
demonstrate that overexpression of NL-1, 
-2, or -3 in cultured hippocampal neurons
promotes the formation of excitatory post-
synaptic specializations containing recep-
tors for the excitatory neurotransmitter glu-
tamate and for PSD-95, an intracellular

scaffold protein that binds to glutamate
receptors and neuroligin. These postsynap-
tic sites were aligned with presynaptic axon
terminals that release glutamate. The
assembly of such synaptic junctions
required the extracellular interaction of
neuroligin with β-neurexin as well as neu-
roligin’s intracellular interaction with PSD-
95 (see the figure).

Unexpectedly, the overexpression of
NL-1, -2, or -3 in hippocampal neurons also
stimulated the formation of more inhibitory
synapses (1). The domain requirements for
this effect of neuroligin were not examined.
Thus, it is unclear whether the inhibitory
synapses were formed by a mechanism
similar to that inducing formation of excita-
tory synapses. When the protein levels of
neuroligins in neurons were suppressed by
RNA interference, the formation of both
excitatory and inhibitory synapses was
blocked (1). These “loss-of-function” ex-
periments establish that endogenous neu-
roligins are critical for synapse formation
during development.

In a complementary study published in a
recent issue of Cell, Graf et al. showed thatβ-neurexin expressed on the surface of non-
neural cells or attached to synthetic beads
could induce the formation of excitatory and
inhibitory postsynaptic specializations in
contacting dendrites (2). Conversely, neu-
roligins could induce the formation of presy-

naptic specializations in
chemically distinct axons
that release glutamate or
GABA (2). These find-
ings confirm that the β-
neurexin–neurol igin
interaction can induce
both excitatory and in-
hibitory synapses.

If the neuroligin-neur-
exin axis underlies the 
formation of excitatory
and inhibitory synapses,
what specifies which kind
of synapse is built? There
are clues that neuroligin
isoforms have different
functions. Whereas NL-1
and NL-3 are mainly
found in excitatory sy-
napses, NL-2 is concen-
trated in inhibitory sy-
napses (1–3). NL-2 seems
more potent for inducing
inhibitory synapses (1)
and it is also unique in its
ability to induce clustering
of gephyrin, a scaffold
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A
ncient texts survived from Antiquity
through the Middle Ages as manu-
script copies produced by monks and

professional scribes until the invention of the
printing press in the 15th century A.D. Many
of these texts are still in existence today, 

having battled an
astonishing array
of hazards includ-
ing fire, war, theft,
and neglect. But

how can we calculate the percentages of
texts that have survived or gone extinct and
consequently the amount of knowledge that
we have inherited from Antiquity and the
Middle Ages? On page 1305 of this issue,
Cisne (1) takes a unique and stimulating
approach to solving this dilemma by link-
ing the paleodemography of such texts to
population dynamics. Cisne took a small
number of extant medieval scientific manu-
scripts, such as Bede’s De Temporum
Ratione from 725 A.D., and examined them
as “fossils” of early textual “populations.”
Applying models used by population biolo-
gists, Cisne calculated the size and age-
distributions of these scientific texts. His
work provides a wonderful example of the
potential value of collaboration between the
arts and sciences.

Cisne applied two models from popula-
tion biology to assess the survival and rate
of expansion of textual populations of
medieval manuscripts. These models are
the Verhulst-Pearl logistic model of popula-
tion growth, and the Markov birth-and-
death process (where birth equals the pro-
duction of new copies of texts, and death
means the destruction of such texts).
According to these models, the population
of manuscripts increases logistically based
on the standing population at any one time,
taking into account birth and death rates.
This works for medieval manuscripts
because they are individually copied; the
more there are, the faster they can repro-
duce, just as with a living (or a once-living)
population. The rate of population growth
slows as the population reaches its carrying
capacity. For living organisms, this would
be largely the result of increased competi-
tion for resources. For the manuscripts, it is
a combination of the decline in demand for
and the rate of destruction of the manu-
script. The population biology models used
by Cisne tend to apply best to populations
of organisms with the simplest of life-histo-
ries, but the author makes a compelling
case that at least some medieval manu-
scripts appear to have similarly simple
“life-histories.” The Cisne study offers a
potentially useful tool to examine those his-
tories, provided that certain modifications
are applied—for the history of manuscripts
isn’t quite as simple as the model assumes. 

To begin with, certain statements and
the assumptions they betray in the Cisne
report require explicit correction. It is
scarcely true that, in Cisne’s words, “the
germ of…science barely made it through
the Middle Ages.” On the contrary, from the
12th through 15th centuries, science and
scientific medicine constituted two of the
most vigorous disciplines pursued in uni-
versities across Europe (2). Most Greek sci-
entif ic and medical literature surviving
today from the ancient world was recovered
during this period, the texts of Aristotle and
Galen being the best examples. In addition,
new manuscripts were avidly sought and
translated—both from Greek and Arabic—
and these texts were commented upon in
the university system that was itself a forum
for discourse and disputation invented by
medieval scholars (3). The sorry state of
scientific studies at the close of the Roman
Empire in the f ifth century reflected
Roman, not medieval, failures and short-
comings (4). Although the Latin language
was capable of communicating scientific
ideas, most Romans showed little interest in
wholesale scholarly translations from
Greek (5). The precipitous decline in Greek
literacy among the Latinate population in
the Western Empire by the 3rd century cre-
ated a crisis in the transmission of scientific
literature that was only corrected in the 12th
century, after the many disruptions of the
early Middle Ages had subsided and the
secular school had been reborn (6). Cisne
correctly guesses that the leap from papyrus
to parchment in late Antiquity was one cru-
cial element in the survival of texts, but
there were many others (7). Finally, high-
to-late medieval enthusiasm for science
suffered at the close of the Middle Ages,
when humanists of the Renaissance turned
away from scientific studies (3, 8). Many
humanists impugned the scientific tradition
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protein found in inhibitory synapses (2). Un-
like the direct binding between neuroligin and
PSD-95, there is no known interaction be-
tween neuroligins and gephyrin, so additional
undiscovered factors need to be invoked for
the specification of inhibitory synapses.

Why should NL-2 behave differently
from NL-1 and NL-3? An intriguing clue is
that the level of PSD-95 (which binds to all
three neuroligin isoforms) seems to deter-
mine whether inhibitory or excitatory
synapses are made (3). Overexpression of
PSD-95 recruited more neuroligin to gluta-
mate synapses and reduced the relative
number of GABA synapses. Conversely,
suppression of PSD-95 increased in-
hibitory synapses at the expense of excita-
tory synapses (3). If NL-2 binds less well or
is less accessible to PSD-95, then this could

explain its propensity for inducing inhi-
bitory synapses. 

Whatever the precise mechanism, their
double duty as inducers of either excitatory
or inhibitory synapses places β-neurexins
and neuroligins center stage in the control
of excitation/inhibition (E/I) balance, which
is critical for neuronal function (7). Indeed,
neurons deficient in neuroligins displayed
an abnormal E/I balance, with greater loss
of inhibition than of excitation (1). Genetic
mutations in NL-3 and -4 have been impli-
cated in human mental retardation and
autism (8–10). Could these illnesses be due
to an E/I imbalance resulting from aberrant
formation of excitatory versus inhibitory
synapses? Genetic experiments in which
individual β-neurexin and neuroligin iso-
forms are disrupted in animal models are

essential to explore this idea and to confirm
the conclusions reached by the intriguing in
vitro studies discussed here. 
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derived from Islam, and only came to em-
brace science in the 16th century after lead-
ing theorist-practitioners had adopted the
humanists’ own classicizing methods.

Having dispelled somewhat the widely
held myth that the Middle Ages were a
“dark age” for science, we can explore the
possibilities as well as potential shortcom-
ings of Cisne’s methods. Two of the model’s
assumptions hold up well to scrutiny. The
f irst is that the “population” responds
immediately to changing conditions (that is,

there is no time-lag to the response as might
be the case with a population of living
organisms); the second is that all individu-
als are equivalent from a quantitative per-
spective. Qualitatively, however, we must
remember that a textual fragment can never
reproduce a full, integral copy. Moreover,
neither a constant environment, a closed
population, nor a constant rate of text
destruction (death rate) seem valid assump-
tions to us. Regarding the constant environ-
ment and probable half-life, there were
more violations than could easily be enu-
merated. Many texts enjoyed a very limited
circulation, owing in part to their complex
theoretical language and verbosity. Others
were written in regional, highly calligraphic
scripts, with peculiar abbreviations and let-
ter-forms, and therefore remained isolated
or indecipherable when transported else-
where. Death rate was inconstant, and due
to many factors: intentional destruction,

theft, neglect, erasure, mishandling by
Renaissance printers, and modern disasters
intended and accidental. Some population
sites, such as monasteries, were safer than
others; there are no survivors of privately
owned scientif ic manuscripts before the
12th century. Centuries of military action in
regions like the Rhineland extinguished
entire collections.

Neither, as Cisne’s model assumes, was
the population of medieval scientific manu-
scripts an entity closed to immigration and

emigration. Quite the opposite, in fact.
From the 11th century onward, new transla-
tions made by North African and European
scholars from outside populations in the
Byzantine and Islamic realms were trans-
mitted across Europe, replacing in popular-
ity and sophistication the earlier texts from
Carolingian times (late 8th to early 10th
century A.D.). The earlier population of
texts survived mainly in private or monastic
collections, and was not considered suitable
for scholastic studies. Even scientific illus-
trations were transmitted, sometimes
“translated,” as they entered the Latin West
from the eastern Mediterranean. An exam-
ple of this process can be seen in the
anatomical text known as “the 5-Figure
Series,” which entered Europe in the 12th
century (9) (see the figure).

It might behoove Cisne to ref ine his
study by limiting and defining the focal
population more carefully. Much of his evi-

dence examines the texts that were current
in the Carolingian period, which were pro-
duced before the influx of new translations
after 1050 A.D. If Cisne explicitly confined
his study to this population, tracing its sur-
vival in later medieval manuscripts, his
assumptions would suffer fewer violations.
He might also consider enumerating a
broader series of texts and their representa-
tive witnesses as his sampling. Both his fig-
ures and tables on Bede’s texts show remark-
able promise for understanding the popula-
tion’s dynamic changes over time. To these,
Cisne might add Pliny in his various mani-
festations, including the many witnesses of
the Medicina Plinii, and the late ancient
medical encyclopedists Oribasius and
Alexander of Tralles. Even the early Latin
translations of the Hippocratic Aphorisms
have now been enumerated sufficiently that
the population of these texts might well
demonstrate the further conclusiveness of
Cisne’s demographic calculations and pro-
jections (10). 

Ultimately, Cisne’s ambitious efforts to
analyze surviving medieval scientific man-
uscripts as “fossils” offers the field of man-
uscript scholars the opportunity to estimate
and envision within a reasonable margin of
error the rate of expansion of textual popu-
lations. Cisne’s approach inspires us, more-
over, to consider issues that might not ordi-
narily present themselves, including socio-
cultural factors like “carrying capacity” and
“predation.” For his efforts, and these
provocative insights, manuscript scholars
owe Cisne a very real debt of gratitude.
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The art of translation. Populations of medieval scientific manuscripts were open to immigration and
emigration. Scientific illustrations  often were transmitted, or sometimes even “translated,” as they
entered the Latin West from the eastern Mediterranean. An example of this process can be seen in the
anatomical text known as the “5-Figure Series,” which entered Europe in the 12th century (9). (Left)
A modern Turkish copy of a medieval Arabic anatomy figure from the 5-Figure Series, in traditional
“dissection” pose. (Right) A 12th-century Latin Romanesque “translation” of the same figure.
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Q
uantum computers will be able to
perform calculations that ordinary
computers will never be able to,
such as factorizing very large num-

bers (1). However, building a quantum com-
puter is not easy. On page 1299 of this issue,
McDermott et al. (2) report an important
step toward a macroscopic version of such a
computer.

The basic elements of the quantum com-
puter are quantum bits (qubits) that, similar to
ordinary bits, have two states. However, in
contrast to ordinary bits,
qubits can exist in combi-
nations of states called
quantum superpositions.
To operate a quantum
computer, one must be
able to drive the qubits
from any state to any
other in a controlled man-
ner. Also, one must be
able to couple qubits in
ways that lead to entan-
glement—an action-at-a-
distance between quan-
tum objects predicted by
quantum theory that has
been observed with pho-
tons and atoms.

Photons and atoms
are obvious candidates
for qubits. But for large
quantum computers, it
may be advantageous to use macroscopic
qubits that can be fabricated with the tools of
the semiconductor industry. Superconducting
systems are particularly promising. Using
such a system, McDermott et al. (2) report
the simultaneous readout of two coupled
qubits, with tools that can in principle be
scaled up to a large computer. The study is an
important step toward the use of artificially
made objects to realize two-qubit quantum
gates that perform all the needed operations
for the execution of any quantum algorithm.

The qubits in question consist of a super-
conducting Josephson tunnel junction
through which a constant current is passed.
In a Josephson junction, a thin insulator is

sandwiched between two superconducting
metal films. The current between the two
films is controlled by the phase difference
between them. If the phase difference varies
in time, there is a voltage between the two
films. Because the junction also acts as an
electrical capacitance, this voltage leads to
an electrical charging energy. A phase dif-
ference across the junction increases the
energy, causing an oscillation with a fre-
quency that is determined by the parameters
of the junction. In such a quantum oscilla-

tor, the amplitude of oscillation is limited to
a discrete set of values.

The potential well in which the oscillation
takes place is a metastable energy minimum,
which is separated from the global minimum
by an energy barrier. The height of that bar-
rier decreases with increasing current. To
detect the state of the qubit, the current
through the junction is suddenly increased
slightly. If the qubit is in the excited state, the
junction has just enough energy to cross the
barrier. The crossing of the barrier induces an
observable change in a secondary circuit,
which behaves almost classically and can be
read out at a later stage (3).

The qubits described above are known as
phase qubits. Other types of superconduct-
ing qubits have also been reported (4);
charge qubits are defined by the presence or
absence of a single pair of electrons,
whereas in flux qubits, a persistent circulat-

ing current runs clockwise or anticlockwise.
With all three types, controlled, driven tran-
sitions of individual qubits have been
demonstrated. However, further improve-
ments are needed. All solid-state quantum
bits can easily couple to noise from the out-
side world, particularly from circuit ele-
ments that are at a higher temperature than
the qubit (which operates at a temperature of
about 30 mK). Quantum information is lost
after a “decoherence time” of typically 0.1
to 1 µs. Qubit operations take 1 to 10 ns (1 ns
= 10−9 s). The ratio between the two time
scales must be increased to get a usable
quantum computer. The measurement pro-
cedure is especially important: Strong cou-
pling to the measuring device brings in
decoherence, whereas weak coupling makes
it diff icult to determine the qubit state
unequivocally. The quantum engineer has to
optimize both the contribution to decoher-
ence and the expected quality of readout.

The main bottleneck
for the further develop-
ment of superconducting
qubits is the quality of
the thin insulator. In
today’s devices, the insu-
lator is an oxide that is
either amorphous or an
imperfect crystal. It
therefore contains de-
fects that move with time
and that become ionized
and deionized. Because
transport through the
insulator depends expo-
nentially on its thickness
and materials properties,
displacement of just one
atom over microscopic
distances can have far-
reaching consequences.
The rate of the resulting

decoherence cannot be calculated. Epitaxial
or other high-quality junctions may over-
come these problems. Also, different types
of defects have a different influence on the
various types of qubits; which qubit will be
used for particular applications may there-
fore depend on these materials-related
noise sources.

To advance from a single qubit to a full
quantum computer, one first has to realize a
universal two-qubit gate, preferably a quan-
tum controlled-not (C-NOT) gate.
Superconducting qubits are not there yet,
but with the new results of McDermott et al.
(2), they are getting close. In classical elec-
tronic circuits (with ordinary bits that can
be in the 0 or the 1 state), a C-NOT gate is a
conditional two-bit gate: One bit flips from
0 to 1 or vice versa if and only if the other bit
is in the 1 state. The quantum C-NOT gate is
particularly desirable, because all quantum
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Two fabricated quantum bits. The superconducting qubits with their control and measuring
circuitry are situated at the left and right. They are coupled by a capacitor (white rectangle in
the center). The qubits themselves are too small to be seen at this scale. The circuit is fabri-
cated with standard semiconductor techniques.
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M
any Gram-negative bacteria interact
with human, animal, or plant hosts
by injecting effector proteins into

the cytosol of host cells through the so-called
type III secretion system (injectisome) (1).
The symptoms of infectious diseases, such
as bubonic plague, shigellosis, salmonel-
losis, typhoid fever, and infantile diarrhea,
largely depend on the repertoire of bacterial
proteins injected by the type III secretion
system, and what they do once inside
eukaryotic host cells. The injectisome is
remarkably well conserved among different
bacterial pathogens (2). The multicompo-
nent base structure spans the bacterial
periplasm and is associated with both the
inner and outer membranes of the bacterium
(see the figure) (3). The filamentous needle,
composed of a single protein, projects
beyond the bacterial surface. For bacterial
effector proteins to be translocated into host
cells, the tip of the needle must make contact
with the eukaryotic host cell membrane. 

The enteric pathogen Shigella flexneri
possesses a type III secretion system that
enables invasion of the gut epithelial cells
of mammalian hosts. Invasion provokes an
extensive inflammatory reaction in the gut

mucosa, a hallmark of shigellosis (bacterial
dysentery) (4). To survive host inflamma-
tory processes such as increased production
of antibacterial peptides, Shigella is
equipped with a lipolysaccharide structure
in its outer membrane that contains protec-
tive repeat units of an O-antigen polysac-
charide (see the f igure). This O-antigen
polymer extends beyond the bacterial cell
surface and potentially could sterically
impede the type III secretory apparatus.
However, as West et al. (5) reveal on page
1313 of this issue, Shigella has developed
an ingenious way of ensuring that its injec-
tisome needle remains operational without
compromising the ability of the O-antigen
polymer to protect against host inflamma-
tory mediators.

West et al. (5) used signature-tagged
mutagenesis (6) to identify colonization-
defective S. flexneri mutants in a rabbit
model of shigellosis. From these attenuated
mutants, they identified two genes residing
on the gtrA, gtrB, gtrV operon of a resident
bacteriophage (7). This operon directs the
addition of a glucose residue to each O-
antigen repeat unit; this glucosylation step
imparts serotype specif icity to different
strains of S. flexneri. Substantially attenu-
ated virulence was observed in glucosyla-
tion-defective gtr mutants of different
serotypes; virulence could be restored by

introducing a serotype-specific gtr operon.
The gtr mutants could still produce
lipopolysaccharide with the correct number
of O-antigen repeats, and could withstand
noxious conditions in the gut such as bile
salts, complement-mediated lysis, and gut-
specific antibacterial peptides. However,
compared with wild-type S. flexneri carry-
ing glucosylated O-antigen, the gtr mutants
were considerably less invasive and were
less able to provoke an inflammatory re-
sponse, suggesting a defect in the type III
secretion system. An IpaB monoclonal
antibody, recognizing the tip of the needle
complex, revealed a much lower exposure
of the needle at the bacterial cell surface in
the glucosylation-defective gtr mutants. 

How does bacteriophage-mediated glu-
cosylation of the O-antigen affect exposure
of the type III secretion needle? West et al.
used electron microscopy and three-dimen-
sional molecular modeling to show that O-
antigen glucosylation results in a confor-
mational change, from a linear extended
form of the repeating O-antigen polymer to
a more compact structure (see the figure).
This modification allows surface exposure
of the protruding needle (which is roughly
60 nm long), without compromising the
protective role of the O-antigen polymer.

Shigella species cause more than 1 mil-
lion deaths per year from dysentery and
diarrhea, and multidrug resistance of these
bacteria is a rising problem. The type III
secretion system of Shigella and other
Gram-negative pathogens is an attractive
target for development of new antivirulence
drugs. Salicylanilides have been identified
as potent inhibitors of type III secretion in
the bacterium Yersinia, one species of
which causes bubonic plague (8). The West
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algorithms can be realized, at least on paper,
by combining C-NOT gates with single-
qubit operations.

A C-NOT gate has previously been real-
ized with superconducting charge qubits (5).
However, that gate could only start from spe-
cific positions (for example, with both qubits
in the 0 state), did not provide the universal
operations, and cannot easily be extended to
provide them. It was therefore not suitable for
building a large quantum computer. The
qubits of McDermott et al. (2) have the po-
tential to yield C-NOT or similar two-qubit
gates for the universal quantum computer.

The experiments of McDermott et al. (2)
have several special features. Particularly
attractive is the well-controlled readout.
Measuring one qubit does not, as in many
other schemes, disturb the whole system.
Measurement of the qubit yields an up/down
digitized signal, which is first stored as a
current in a superconducting loop situated

on the chip next to the qubit. The transfer
from the qubit to the secondary circuit has to
be fast, because the relaxation time of the
qubit is on the order of 100 ns. The initial
transfer creates only a weak disturbance and
can be performed in parallel on the two
qubits. The readout of the secondary circuits
takes place later. The up/down signals in the
secondary loops are quite robust, and meas-
urement of one signal does not influence the
other. The whole process makes it possible
to perform quantum operations on the cou-
pled system and afterwards determine the
state of both qubits simultaneously.

The new experiments (2) do not yet
demonstrate the complete two-qubit gate
that is required for a quantum computer. To
do so, one would have to determine the out-
come after a specif ic set of microwave
pulses is applied to the qubits, starting from
different initial conditions. Also, the ampli-
tudes of the oscillations observed in (2) are

smaller than is acceptable for applications.
Nevertheless, the study is a substantial
advance. The simultaneous measurement of
two qubits opens the possibility of testing
the concept of entanglement for artificially
fabricated quantum objects. The results
prove that two-qubit operations in which
quantum information is shared and manipu-
lated are possible in solid-state qubits that
can, in principle, be used to build a large
quantum computer.
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et al. study suggests that an inhibitor of Gtr-
mediated O-antigen glucosylation in
Shigella bacteria could ameliorate the
symptoms of shigellosis by preventing
delivery of type III effector proteins to gut
epithelial cells of the host. The GtrV protein
encoded by the bacteriophage operon cat-
alyzes the transfer of a glucosyl residue via
an α1,3 linkage to rhamnose II of the O-
antigen unit (9). GtrV is an integral mem-
brane protein, but its periplasmic loops are
assumed to be functional because O-antigen
modification is thought to take place in the
bacterial periplasm. Developing bacterial
virulence inhibitors that target periplasmic
proteins is expected to be considerably eas-
ier than developing drugs against intracellu-
lar bacterial targets. 

In enteropathogenic Escherichia coli,
one of the translocated proteins, EspA,
polymerizes to form an extension to the
injectisome needle (10), eliminating the
need to modify the lipopolysaccharide for
contact with its host. The length of the nee-
dle seems to vary among different
pathogens. For example, the needle pos-
sessed by Salmonella is longer than that of

Shigella (2). In Yersinia, the length of the
needle is governed by the size of the YscP
protein (11). There is a linear relation
between needle length and the number of
amino acids in YscP. Even though the
mechanism for this molecular ruler
remains unknown, one end of YscP may be
associated with the base and the other with
the growing tip of the needle. When the
YscP protein is fully stretched, a signal is
delivered blocking further polymerization
and preventing the needle from growing
any longer. As Mota et al. (12) show on
page 1278 of this issue, Yersinia bacteria
with short needles are less effective at
delivering the YopP effector protein into
target cells than are those with normal-
length or long needles (12). Thus, there is a
minimum needle length required for opera-
tion of the Yersinia injectisome. The length
of the needle correlates with the length of
YadA, an adhesin-forming microfilament
extending about 28 nm beyond the bacterial
outer membrane. Mota et al. demonstrate
that decreasing the length of YadA in the
short-needle Yersinia mutants suppressed
the translocation defect by decreasing the

distance between the needle and the host
cell. As the two new studies show, needle
length in both Yersinia and Shigella has
evolved together with other surface struc-
tures to allow the bacterial needle tip to
interact with host cell membranes.
Simultaneously, elegant mechanisms have
evolved in these bacterial species to ensure
that the adhesive and protective functions
of other filamentous surface structures are
not compromised. 
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Shigella’s sword and shield strategy. The pathogen Shigella flexneri
causes disease by invading gut epithelial cells, a process mediated by
effector proteins delivered by its plasmid-encoded type III secretion sys-
tem (gray). The host responds to replication of Shigella inside gut epithe-
lial cells with an aggressive inflammatory reaction.The bacterium defends
itself against antibacterial inflammatory mediators by expressing at its
surface a lipopolysaccharide containing O-antigen polysaccharide repeats
(yellow).These repeats extend out from the bacterial cell surface, and may
impede the ability of the needle tip to contact host cells. This dilemma is
solved by a resident bacteriophage that adds one glucose residue (red tri-
angle) to each of the repeating O-antigen units. Glucosylation causes a
conformational change, from a more filamentous (left) to a more compact
O-antigen structure (right). The more compact structure allows exposure
of the needle tip, enabling invasion of gut epithelial cells to proceed with-
out compromising the ability of the O-antigen polymer to protect the
bacterium against host inflammatory mediators.

T
he death of Ernst Mayr at age 100 on
3 February marks the end of a scien-
tif ic era. Mayr was the last living

architect of the “Modern Evolutionary
Synthesis,” one of the greatest intellectual
achievements of 20th-century biology. His
1942 book, Systematics and the Origin of
Species, was, along with Theodosius
Dobzhansky’s Genetics and the Origin of

Species (1937), largely responsible for the
seminal achievement of the Synthesis. This
was the demonstration that evolutionary
patterns and processes in natural popula-
tions are consistent with Darwinian natural
selection, the heredity mechanisms
revealed by laboratory work in genetics,
and the mathematical theories of popula-
tion genetics.

It is not too much of an exaggeration to
call Mayr the Darwin of the 20th century.
Although nobody—least of all Mayr—
would claim that his stature and achieve-

ments equaled Darwin’s, Mayr nevertheless
solved a major problem that eluded
Darwin: the origin of biodiversity. Despite
the title of his greatest work, Darwin made
little contribution to understanding the ori-
gin of species. Rather, he explained the ori-
gin of features within species. Although
others contributed to explaining how new
species arise, Mayr and Dobzhansky get the
most credit for synthesizing and revitaliz-
ing studies of speciation.

Mayr made three major contributions to
understanding biodiversity. First, along
with his colleague Dobzhansky, he recog-
nized it as an unsolved problem. Why is
nature divided into discrete groups—
species—rather than forming an organic
continuum? And how could the gradual and
continuous process of Darwinian natural
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New Perspectives on Ancient Mars
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Mars was most active during its first billion years. The core, mantle, and crust formed
within È50 million years of solar system formation. A magnetic dynamo in a con-
vecting fluid core magnetized the crust, and the global field shielded a more massive
early atmosphere against solar wind stripping. The Tharsis province became a focus for
volcanism, deformation, and outgassing of water and carbon dioxide in quantities
possibly sufficient to induce episodes of climate warming. Surficial and near-surface
water contributed to regionally extensive erosion, sediment transport, and chemical
alteration. Deep hydrothermal circulation accelerated crustal cooling, preserved
variations in crustal thickness, and modified patterns of crustal magnetization.

O
bservations from spacecraft and

analyses of martian meteorites sug-

gest that the first billion years after

solar system formation was a time of intense

surficial and internal activity on Mars. The

heavy impact bombardment of the inner

solar system obscured much of the early

record, but signatures of that era remain in

the structure and magnetization of the

martian crust and in isotope anomalies in

martian meteorites. Understanding the com-

parative evolution of the terrestrial planets

offers the potential to extract generalizations

on common processes. Furthermore, the

history of early Mars may offer clues to the

earliest history of the larger Earth, from

which even fewer remnants have been pre-

served. Finally, Mars has special interest as a

potential habitat for past or present life, and

it is during the earliest era when the boundary

conditions pertinent to life were established.

Martian history has been divided into three

major epochs on the basis of stratigraphic

relationships and the density of impact cra-

ters (1–3). The Noachian Epoch dates terrain

older than about 3.7 billion years ago (Ga)

and coincides approximately with the time

of heavy impact bombardment of the inner

solar system (4). About 40% of the surface

of Mars (5) is Noachian in age (Fig. 1A), as

are all of the largest impact basins. Progres-

sively younger epochs are the Hesperian (3.7

to È3 Ga) and Amazonian (3 Ga to present).

Of more than 30 martian meteorites—so

identified on the basis of generally young

crystallization ages, distinctive rock chemi-

cal and isotopic signatures, and molecular

and isotopic compositions of trapped gases

similar to those of the martian atmosphere

(6)—only one (ALH84001 at È4.5 Ga) is

Noachian in age; all of the others have ages

of 1.3 Ga or less and sample the Middle to

Late Amazonian (7).

Planetary Formation and Global
Differentiation

Dynamical simulations of the accretion of

the terrestrial planets hint that Mars may

have formed in as short an interval as several

million years. Calculations of the final stages

of terrestrial planet formation—the gravita-

tional interaction over 108 years (8) of plan-

etary embryos the size of Mercury to Mars

formed in the solar nebula disk during the

first 106 years of solar system history (9)—

can account for planets with masses and

semimajor axes similar to those of Earth and

Venus, but any final body at the orbit of

Mars tends to be too large (8, 10). This dif-

ficulty may indicate an unusually low initial

density of disk material in the vicinity of

Mars’s orbit (8). Alternatively, Mars may be

a surviving embryo that escaped either ac-

cretion or ejection (10). This possibility

would reflect the highly chaotic nature of

the late-stage planetary formation process

and would imply that Mars was nearly fully

formed before the final stage of formation of

the larger inner planets.

An important aspect of the formation

process is the initial inventory of water on

Mars. Dynamical and meteorite chemical

arguments suggest that the environment in

the solar nebula at the solar distance range of

the terrestrial planets was too hot for hydra-

tion of the planetesimals; if so, the early

inventory of water on the terrestrial planets

must have come primarily from water-rich

embryos that formed farther from the Sun

and were scattered inward by interactions

with the gas-giant planets (11). Simulations

of this process yield water contents on Mars

ranging from a few percent to a few tens of

percent by mass of a terrestrial ocean (10).

An alternative formation scenario involving

a cooler solar nebula and hydrated plane-

tesimals at the solar distance of Earth and

Mars (12) would more than double the initial

water inventory for Mars (10).

Rapid accretion of Mars could have con-

verted into heat a sufficient quantity of

kinetic energy to melt the martian interior

and drive differentiation of core, mantle, and

crust (13). Mars possesses a dense, metal-

rich core (14) and evidence for an ancient

global magnetic field produced by a core

magnetic dynamo (15). Mars also has a sili-

cate crust chemically different from and

lower in density than the underlying silicate

mantle (16–19). Isotopic anomalies in mar-

tian meteorites—all igneous rocks that are

products of partial melting in the mantle or

crust—provide evidence that global dif-

ferentiation occurred early. Two short-lived

radioactive decay systems [182Hf to 182W,

half-life of 9 million years (My), and 146Sm to
142Nd, 103-My half-life] provide key obser-

vations. Because core-mantle segregation

would have swept W (but not Hf) into the

core, the presence of 182W at levels in all

martian meteorites above those for primitive

chondritic meteorites (20, 21) indicates that

the martian core formed during the lifetime

of 182Hf (22), most likely within 10 to 15 My

REVIEW

1Department of Terrestrial Magnetism, Carnegie
Institution of Washington, Washington, DC 20015,
USA. 2Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, CA 91125,
USA. 3Department of Earth and Space Sciences, Uni-
versity of California, Los Angeles, CA 90095, USA. 4Jet
Propulsion Laboratory, Pasadena, CA 91109, USA. 5U.S.
Geological Survey, Menlo Park, CA 94025, USA. 6De-
partment of Earth and Planetary Sciences, Washington
University, St. Louis, MO 63130, USA. 7Laboratory for
Terrestrial Physics, NASA Goddard Space Flight Center,
Greenbelt, MD 20771, USA. 8Department of Geological
Sciences, Case Western Reserve University, Cleveland,
OH 44106, USA. 9Department of Geological Sciences,
Brown University, Providence, RI 02912, USA. 10Labo-
ratory for Atmospheric and Space Physics and Depart-
ment of Geological Sciences, University of Colorado,
Boulder, CO 80309, USA. 11Institute of Geophysics and
Planetary Physics, Scripps Institution of Oceanography,
University of California at San Diego, La Jolla, CA
92093, USA. 12Lunar and Planetary Institute, Houston,
TX 77058, USA. 13Department of Earth, Atmospheric,
and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA.

*To whom correspondence should be addressed.
E-mail: scs@dtm.ciw.edu

25 FEBRUARY 2005 VOL 307 SCIENCE www.sciencemag.org1214



of the formation time of the oldest solar

system objects (21)—Ca-Al-rich inclusions

in chondritic meteorites dated at 4.567 Ga

(23). Because crust-mantle separation gener-

ally fractionates rare earth elements such as

Sm and Nd, variations in 142Nd, isotopic

abundances from chondritic levels (24),

indicate that the meteorite source regions

were established while 146Sm was still

extant, probably within È30 My of solar

system formation (25, 26). Furthermore, sys-

tematic relations among isotopes of Pb (27),

Sr (28), and Os (29) in martian meteorites are

consistent with large-scale silicate fractionation

È50 My after solar system formation and little

to no remixing of crust and mantle thereafter.

The 4.5-Ga age of ALH84001 (7) also indicates

that stable crust had formed by that time. Such

a rapid formation time for the crust and the

mantle sources of martian meteorites suggests

that these regions formed by the differentiation

of a global silicate magma ocean produced by

planetary accretional heating (30, 31).

The Early Crust

The distribution of the present crust on Mars

is constrained by the planet’s topography

(Fig. 1B) and gravity fields (19, 32). Models

that have a uniform crustal density and varia-

ble crustal thickness consistent with these

data display a dichotomy in thickness (Fig.

1C): Crust in the more elevated southern

hemisphere is generally thicker than crust in

the northern lowlands. The boundary be-

tween these provinces varies smoothly in the

vicinity of Arabia Terra (Fig. 1B), but near

90-E longitude the boundary is more step-

like, in part the result of the ballistic redis-

tribution of upper crustal material during the

formation of the Hellas (33), Utopia, and

Isidis impact basins. Determining the mean

thickness of the crust requires additional con-

siderations. Relationships between gravity

and topography are sensitive to the regional

thickness of the crust and suggest global

average thicknesses between 30 and 80 km

(34, 35). These estimates, together with mass-

balance calculations tied to surface abun-

dances of U, Th, and K measured from orbit

and at the Mars Pathfinder landing site (36)

and Nd isotope systematics in martian me-

teorites (37), are consistent with an average

crustal thickness of about 50 km (35). With

this average thickness, the modal values for

crustal thickness beneath the northern low-

lands and southern highlands are about 35

and 60 km, respectively (32).

Although surface units in the northern

lowlands of Mars are predominantly Hespe-

rian to Amazonian in age (Fig. 1A), numer-

ous partially buried impact craters and basins

have been identified from their topographic

signatures (38). The density of such features

establishes that the crust of the northern low-

lands and the southern uplands had formed

by the Early Noachian (38), a result consistent

with the timing of crustal formation indi-

cated by martian meteorite data. The hemi-

spheric dichotomy in crustal thickness, because

of its global scale, must be comparable in

age. Further, global thermal history models

are constrained by limits on younger additions

to the volume of the crust. Among models best

able to reproduce Early Noachian crustal for-

mation on Mars (39) are those with near-

chondritic levels of interior heat production,

fractionation of heat-producing elements (U,

Th, and K) into the crust during crustal for-

mation, and ductile flow laws for mantle

material consistent with weakening of mantle

silicates by persistent interior water (40).

The crustal thickness dichotomy may

have been produced by spatially heteroge-

neous fractionation of an early magma ocean.

Alternatively, crystallization of the magma

ocean may have led to gravitationally un-

stable mantle layering, because the late-stage

silicates that crystallized at shallow mantle

depths were denser than earlier cumulates

that crystallized near the base of the magma

layer; overturn of an unstable mantle may

have thickened the crust over downwelling

regions and thinned the crust elsewhere (30).

Some models of solid-state mantle convec-

tion predict a long-wavelength (harmonic

degree 1) component of flow for layered vis-

cosity structures (41). Such flow models might

have led to thicker crust over the hemisphere

dominated by upwelling and melt genera-

tion, or alternatively thinner crust over that

hemisphere if flow-induced crustal thinning

was more important than the effect of mag-

matic additions to crustal volume (41). An

early episode of plate tectonics might have

led to a crustal thickness dichotomy if crust

in the two hemispheres was created at dif-

ferent times (42) or by different processes

(43). Excavation and ballistic transport by

one (44) or several (45) large impacts have

also been suggested as an explanation for the

crustal thickness dichotomy, but beyond the

portion of the dichotomy boundary that has

been influenced by the Hellas, Utopia, and

Isidis basins, there is little evidence from topog-

raphy (Fig. 1B) to support these suggestions.

The strongest discriminant among these

hypotheses is the timing of most crustal

formation. An age of È4.5 Ga for the di-

chotomy rules out plate recycling (42, 43)

and solid-state mantle flow (41) on the

grounds that the time scales for these pro-

cesses to operate are too long. Dichotomy

formation scenarios involving magma ocean

evolution or impact processes are consistent

with the age constraint, but the heat imparted

to young crust by large impacts would tend

to erase topographic relief by magmatism

and crustal flow. North-south differences in

crustal composition or early heat flow might

be expected for some hypotheses. Differ-

ences in the infrared emission spectra have

been interpreted in terms of greater average

silica content for the northern hemisphere

crust (18), a result consistent with chemical

analyses of rocks, corrected for soil coating,

at the Mars Pathfinder landing site (16). That

particular chemical difference is not pre-

dicted by any of the proposed mechanisms

for the formation of the crustal thickness

dichotomy, however, and an alternative in-

terpretation is that the spectra of the northern

plains reflect the hydrous alteration of rocks

otherwise similar to those of the southern

highlands (46). A proxy for heat flow is the

thickness of the mechanically strong outer

shell or lithosphere of Mars, because the

base of the lithosphere corresponds approx-

imately to the lowest temperature at which

material undergoes appreciable ductile flow

over geological time scales. The thickness of

the mechanical lithosphere has been esti-

mated for southern highland regions from

relationships between gravity and topogra-

phy (34). Under the assumption that these

relations were established at a time near the

age of the surface units, the thickness of the

mechanical lithosphere during at least a por-

tion of the Noachian was less than 16 km,

corresponding (Fig. 2) to heat flow in excess

of 35 mW/m2 (34). These same methods

cannot be applied to address Noachian heat

flow in the northern lowlands, however, be-

cause the topography has been smoothed by

subsequent deposition (47). By the Hesperi-

an, lithosphere thickness and heat flow in the

two hemispheres were comparable (Fig. 2).

Magnetic Field History

Although Mars possesses no modern internal

magnetic field of global extent, regions of

the crust are strongly magnetized (15). These

crustal magnetic anomalies likely formed

when Fe-bearing minerals acquired magnetic

remanence while a core dynamo was active

on Mars (15, 48). The largest amplitude

magnetic anomalies are located in the

southern uplands (Fig. 1D). Weak magnetic

anomalies are resolved over portions of the

northern lowlands, particularly near the

boundary with the southern uplands (49).

The youngest major impact basins on Mars

(Utopia, Hellas, Isidis, and Argyre) have no

magnetic anomalies resolvable from orbiting

spacecraft, a result attributed to the demag-

netizing effects of the shock and heating that

accompany basin formation (50). This ex-

planation requires that the core dynamo had

ceased to be active by the time these basins

formed and cooled (15), in contrast to the

case for older and more topographically

subdued basins that display prominent mag-

netic anomalies (51).

A core dynamo on Mars requires that

there be sufficient energy to drive core con-

vection, energy most likely supplied by some
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combination of cooling of the core and

growth of a solid inner core (13). The core

formation process likely imparted sufficient

internal energy to superheat the molten core

by several hundred degrees and to initiate a

dynamo in the earliest Noachian (13, 52).

Arguments favoring a dynamo that was ac-

tive in the Early Noachian but had ceased by

Late Noachian or Early Hesperian include

the pronounced concentration of regions of

high magnetization in Noachian terrain

(15, 48, 49), a lack of correlation of mag-

netic anomalies with Hesperian or younger

volcanic units or impact structures, and the

observation of magnetic carriers within

carbonates formed 3.9 Ga or earlier in

martian meteorite ALH84001 (53). Sever-

al hypotheses can account for termination

of the dynamo action, including loss of

core heat (52), rapid solidification of most

of the core (13), and a change in the

efficiency of mantle convection to transport

heat lost from the core (54). That some

portion of the core is presently fluid, on the

basis of the response of Mars to solar tides

(55), provides a limit to core thermal history

models but does not distinguish among these

proposals.

The processes responsible for the ob-

served magnetization of the crust are un-

certain. The amplitude of the strongest

magnetic anomalies implies that the specific

magnetization in such areas is comparable to

or greater than the highest common values

in Earth’s crust and that the vertical extent of

coherent magnetization is several tens of

kilometers (48, 56, 57). The elongated shape

of some magnetic anomalies has led to the

suggestion that magnetization in such regions

was acquired during crustal spreading (48) or

during the cooling of long dike swarms (58).

Hydrothermal metamorphism has been

postulated as a source of magnetization

(59), and hydrothermal activity has been

invoked to account for an apparent spatial

correlation (60) between high magnetization

and water-carved valley networks (61).

If large portions of the Early Noachian

crust of the northern hemisphere were once

magnetized as strongly as the areas of large-

amplitude anomalies in the southern uplands,

then some process must have weakened the

magnetization. Burial by sediments and

postdynamo lavas can reduce the anomaly

magnitudes, but the preservation of topo-

graphic signatures of Early Noachian impact

features limits the thickness of superposed

younger sedimentary and volcanic material to

1 to 2 km, except in the central regions of

the largest impact basins (38). Given such a

limit, as long as the thickness of magnetized

material beneath the northern lowlands was

originally comparable to that in the areas

of strongest magnetic anomalies, Noachian

magnetization at wavelengths seen in the

southern highlands should be detectable by

orbiting spacecraft. Reheating by postdynamo

volcanism and intrusion is probably also only

a small contributor, because cooling of thin

flows occurs rapidly without deep penetra-

tion of heat, and intrusions are unlikely to

have demagnetized the crust on vertical

scales comparable to the thickness of coher-

ent magnetization (62).

Formation of Tharsis

By the end of the Middle Noachian at

È3.8 Ga (4), much of the magmatism and

associated deformation of the crust and litho-

sphere on Mars had become focused within

the Tharsis province, a generally elevated

(Fig. 1B) area occupying È25% of the

surface (63, 64). Tharsis likely originated as

a center of concentrated activity after the

establishment of the hemispheric difference

in crustal thickness (Fig. 1C), on the basis of

the age and global extent of the dichotomy

and the indication from magnetic anomalies

(Fig. 1D) that Tharsis volcanic units were

emplaced on older magnetized crust (62).

Patterns of uplift and volcanism in Syria

Planum (Fig. 3A) and Thaumasia (65),

layered deposits at least 8 km thick in the

walls of Valles Marineris interpreted to be

solidified magma (66), and evidence from

gravity-topography relations for widespread

crustal underplating (34) in the region are

consistent with heating and melt generation

across a broad zone of the mantle beneath

Tharsis. The erupted and intruded magmatic

material grew to exert a large downward

load on the lithosphere. Comparison of

models of lithospheric strain with observed

deformational features suggests that by Late

Noachian, the lithospheric load at Tharsis

Fig. 1. (A) Map of martian surface units grouped on the basis of age (1–3). Units
transitional between Noachian and Hesperian and between Hesperian and Amazonian
have been included in the younger of the two epochs. Areas in white are impact craters
and their ejecta deposits. (B) Topographic map of Mars (32, 33) with major regions
noted. On facing page: (C) Crustal thickness on Mars (32) for a density contrast at the
crust-mantle boundary of 600 kg/m3. (D) Radial component of the magnetic field
arising from crustal magnetic anomalies on Mars (105) at an altitude of 400 T 30 km.
(E) The eight largest closed drainage basins on Mars, deduced from current topography
and distinguished by color (102); boundaries are equivalent to continental divides on
Earth. Arrows denote overflow points for each basin. All maps are in Mollweide
projection, with 180- longitude at the central meridian.
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was similar in scale and magnitude to that

seen at present (67). The Tharsis region

nonetheless remained a site of recurring

volcanism for most of martian history, contains

volcanic deposits with some of the youngest

surface ages on the planet (4), and is one of two

likely source areas for the Amazonian-age

martian meteorites (16).

One or more long-lived plumes of hot

upwelling mantle may account for the

formation of the Tharsis province and its

extended magmatic and tectonic activity.

The form and vigor of mantle convection

on Mars, however, depend on the extent of

compositional layering, the viscosity of man-

tle material, and the distribution of inter-

nal heat sources, characteristics that are

not well known. Early heat loss from the

core during the lifetime of the martian

dynamo may have rendered unstable the

lower thermal boundary layer of the martian

mantle, favoring the formation of localized

upwellings of hot material (13). The base of

the martian mantle is at a pressure compa-

rable to the base of Earth’s upper mantle; if

the martian mantle extends to the depth at

which wadsleyite [(Mg,Fe)
2
SiO

4
] transforms

to perovskite [(Mg,Fe)SiO
3
] plus magnesio-

wüstite [(Mg,Fe)O], that endothermic trans-

formation can localize convective transport

from the lower thermal boundary layer into

one or two major upwellings (68). The time

necessary for such localization, however, is

too long (68) to account for the formation of a

single dominant volcanic province by the

Middle Noachian. If the thicker crust of the

southern highlands acts as an insulating layer

to the convecting mantle and if the mantle is

compositionally stratified into an upper and

lower layer (30, 31), then laboratory analog

experiments suggest that broad upwelling of

the lower mantle will tend to be centered

beneath the insulating layer (69). Further-

more, narrow and hot upper mantle plumes

will tend to rise from the mantle composi-

tional boundary above the broad zone of

lower mantle upwelling (69). This hypothe-

sis does not account, however, for the fact

that Tharsis is centered at the dichotomy

boundary between crustal provinces. Focused

mantle upwelling is not a necessary condi-

tion for Tharsis; if the province originated

over an upper mantle warmer than average,

the lithosphere was kept thinner than average

at any given time by sustained magmatism,

and magma transport was facilitated by

deformation localized by the thin lithosphere

(70). Anomalously high temperature and

melt production rates in the mantle beneath

the Tharsis province may have been long-

lived remnants of heat deposited by a large

impact (71), but if so, any signature of that

particular impact has been overprinted by

volcanism.

Water and Early Climate

Mars has surficial and near-surface water at

present, including water ice in both polar

caps (72, 73) and water ice in the shallow

regolith identified from gamma-ray and

neutron spectrometry (74, 75). There are

also morphologic indicators of subsurface

water ice (76) and gullies in crater walls

interpreted as products of recent ground-

water seepage and surface runoff (77). An

atmospheric D/H ratio five times the terres-

trial value (78) indicates that Mars has lost a

substantial fraction of its water to space by a

mass-dependent mechanism, most likely

involving stripping of O by the solar wind

and thermal escape of H (60). The compar-

atively unfractionated N and noble gases in

samples of martian atmosphere trapped in

ALH84001 at È4 Ga (79) support the

inference that the magnetic field shielded

most of the atmosphere from solar wind

stripping during the Noachian (80), but large

impacts would have removed atmospheric

material including water without isotopic

fractionation during the heavy impact bom-

bardment (80, 81). A larger inventory of

mobile near-surface water during the Noachi-

an than at present may be inferred from these

observations.

There is evidence for pervasive interaction

of liquid water with the martian surface during

the Noachian. Networks of tributaries formed

by groundwater sapping or precipitation-derived

runoff dissect broad segments of the high-

lands (Fig. 3B), and most of these valley

networks date from the Noachian (82, 83).

The flow directions of Late Noachian valley

networks indicate that the majority of these
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features formed after most of the Tharsis

rise had been emplaced (64). Large areas of

the highlands display morphologies (Fig. 3B)

indicative of removal of 1 km or more of

material during the Noachian, most likely by

fluvial erosion (84, 85), and observations

at the Mars Pathfinder landing site limit

mean erosion rates in post-Noachian epochs

to values (0.01 to 0.1 nm/yr) three to six orders

of magnitude lower than Noachian rates

(86). Hydrothermally altered minerals have

been identified in the highlands (87), but the

widespread occurrence of unaltered miner-

als (88) argues that surficial water-rock in-

teractions were not ubiquitous in the ancient

crust.

The largest episodes of erosion of crustal

material are recorded in outflow

channels thought to be formed by

large flood events (76). Although

most identified outflow channels

are Hesperian and younger in age,

examples of large Noachian flood

events are recognized (89). Ma-

terial removed from the high-

lands by valley systems and flood

events was deposited in the north-

ern lowlands and the floors of

large impact basins (47). Deposi-

tion in the northern plains, by

some mix of sedimentary and

volcanic processes, occurred at

high rates during the Noachian,

on the grounds that younger im-

pact basins are superposed on the

material that filled in the several-

kilometer-deep Utopia basin. The

delivery of large volumes of water-

borne sediments to lower ele-

vations implies that there were

standing bodies of water on Mars

for at least limited time periods.

The Mars Exploration Rover Op-

portunity documented sedimenta-

ry rocks with compositions and

textures indicative of episodic

inundation by shallow surface

water (90). Arguments have been

advanced for a long-lived, ice-covered Noa-

chian ocean on Mars (91), but testing this

hypothesis is difficult because of the exten-

sive impact and erosional degradation of the

surface that occurred during that epoch and

the subsequent resurfacing of lowland areas

(92).

The evidence for liquid water at or near

the surface and the high rates of erosion may

indicate a generally warmer climate in the

Noachian than during the later epochs that

postdated the loss of much of the early at-

mosphere. Alternatively, warm periods may

have been infrequent and short-lived. Large

impacts may have melted or evaporated sub-

surface ice and injected water into the at-

mosphere that rained out over periods of

years to decades, forming valley systems and

recharging subsurface aquifers during those

intervals (93). Release to the atmosphere of

magmatic water and other volatiles during

major volcanic episodes could have led to

similar warming intervals (64). There has

been no agreement on the details of the early

climate, however, or whether there were pro-

longed periods when liquid water was stable

at the surface (60).

Some Interconnections

Many of the early global-scale processes on

Mars were interconnected, and an important

linking element was water. During martian

differentiation, the mantle retained substan-

tial quantities of water contributed during

growth of the planetary embryos from which

Mars was assembled (10–12). Mantle con-

vective thermal history models provide a

better fit to early crustal formation if the

mantle viscosity matches that appropriate for

mantle mineral assemblages containing wa-

ter (39). Estimates of the pre-eruptive water

contents of the magmas parental to young

martian meteorites as high as 1 to 2% by

weight are consistent with mantle water

contents of several hundredths of a percent

(94), indicating that partial melting beneath

long-lived volcanic centers such as those of

the Tharsis province has not fully degassed

the mantle. The low viscosity of mantle ma-

terial containing water would have favored

efficient convection of the lowermost mantle

during the Noachian. Such convection would

have cooled the core during the era of the

active dynamo and would have facilitated

the formation of zones of upwelling from

an unstable mantle lower thermal boundary

layer that might have contributed to the for-

mation of Tharsis and other smaller vol-

canic centers.

Water may have helped to preserve var-

iations in the thickness of the crust. Gravity-

topography relations for the southern highlands

indicate that in the Early to Middle Noachian

only the upper crust displayed long-term

strength (34). Stress differences arising from

heterogeneities in crustal thickness would

have driven lateral flow of lower crustal ma-

terial (19) until the temperature-dependent

ductile strength of the crust was

lowered by cooling to a level

sufficient to arrest such flow.

The rate of cooling of the crust

can be sensitive to the depth and

vigor of hydrothermal circu-

lation (95). Although the depth

of hydrothermal circulation on

Mars is not known, in young

oceanic lithosphere on Earth the

circulation of seawater through

faults and fractures can extend to

depths of at least 10 km (96, 97).

The confining pressure at a

depth of 10 km on Earth, about

300 MPa, would be reached at a

depth of about 25 km on Mars,

and for such a depth, the effect

of hydrothermal circulation can

lengthen by many orders of

magnitude the time scale for

relaxation of crustal thickness

variations (95). During the period

that flow of the lower crust

proceeded at high rates, the

longest wavelength variations in

crustal thickness would have per-

sisted for the longest durations

(19). The north-to-south varia-

tion in crustal thickness and to-

pography preserved today may

have been in part the result of hydrothermal

cooling that arrested lower crustal flow after

relaxation of many of the shorter wavelength

variations.

Water and other volatiles may have been

delivered to the atmosphere of Mars during

major eruption events in sufficient quantity

to have modified the atmosphere and the

climate (98). The formation of Tharsis in

particular may have exerted a strong pertur-

bation to the near-surface water budget and

climate during the Noachian (64). From

modern topography and gravity, the volume

of magmatic material added to Tharsis, most

of it during the Noachian, has been estimated

at È3 � 108 km3 (64). For water contents in

the parental magmas as high as 2% by weight

Fig. 2. Estimates of martian heat flux versus time (34, 106). Most boxes
denote ranges in values obtained from estimates of lithosphere thickness
derived from gravity-topography relations and assigned to the epoch
corresponding to the surface units in the region (34). One set of estimates
(dashed box), derived from mechanical models for the formation of
Hesperian wrinkle ridges in the northern plains (106), overlaps those from
gravity and topography obtained for the southern uplands during that
epoch (34). Curves (106) show heat flux versus time for two heat-
production models and a lithospheric cooling model (dash dots).
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(94), the water released by the emplacement

of Tharsis would be equivalent to a global

layer 120 m thick (64). For a CO
2

content in

the parental magmas comparable to those in

Hawaiian basalts (0.65% by weight), the

construction of Tharsis could produce the

integrated equivalent of 1.5 bar (0.15 MPa) of

atmospheric CO
2

(64). Such an atmosphere

could have warmed to a level whereby liquid

water would be stable as a surface phase,

although climate models are highly sensitive

to assumptions regarding cloud formation and

other processes (99).

Water also may have aided in deter-

mining the pattern of magnetic anomalies

now seen on Mars, specifically the paucity

of resolved magnetic anomalies in the low-

est portions of the north-

ern lowlands and the best

preserved impact basins.

Hydrothermal circulation

along deep faults may

have altered the magnetic

carriers in the crust, by

processes similar to the

oxidation and reduction

in magnetization that ac-

company circulation of sea-

water in terrestrial oceanic

crust (100). Deep circula-

tion of water would have

been driven by deep-seated

heat (101) associated with

the formation of major im-

pact structures and with

local and regional magma-

tism. Hydrothermal altera-

tion would have lessened

the specific magnetization

of crustal rocks and changed

the horizontal scale and

possibly the direction of

coherent magnetization. A

depth of water circulation

of È25 km would have

been sufficient to affect most of the thick-

ness of magnetized material seen elsewhere

on Mars (48, 56, 57). The dominant hori-

zontal scale of coherent magnetization after

alteration, if comparable to the depth of cir-

culation, would be too small for magnetic

anomalies to be detectable from an orbiting

spacecraft. Such anomalies would be detect-

able at the surface or at low altitudes.

The preferred sites for hydrothermal al-

teration would have been the lowest lying

areas of major drainage basins (Fig. 1E), on

the grounds that such areas would have

been persistent traps for crustal fluids fol-

lowing episodic flooding and lesser dis-

charge events. The central regions of the

five drainage basins (102) with the largest

areas and greatest topographic relief (Fig. 1E)

are generally areas of weak to unresolved

magnetic anomalies (Fig. 1D). Furthermore,

magnetic anomalies should be attenuated or

unresolvable from orbit within topographi-

cally well-preserved impact basins, even if

the basins formed while a core dynamo

was still active, because of the tendency of

such basins to collect water and the sus-

tained deep circulation that would have

been driven by impact heating of the sub-

surface. That older basins preserve substan-

tial volumes of crust remagnetized during

loss of impact heat and any later magma-

tism (51) may be because the initial topo-

graphic relief was relaxed by crustal and

mantle flow, lessening the likelihood that

substantial volumes of water collected in

the basin subsurface. The conditions fa-

voring an active core dynamo may there-

fore have postdated the youngest impact

basins and persisted until at least the end of

the Late Noachian.

The depth and vigor of hydrothermal

circulation within the crust may have influ-

enced the extent of organic chemical synthe-

sis and zones of potential habitability during

the Noachian Epoch. Oxidation-reduction

reactions at water-mineral interfaces in

hydrothermal environments can fix carbon

into organic compounds (103) and could

have provided energy for metabolic pro-

cesses (104). What is emerging from a better

understanding of the early history of Mars is

that the Noachian was a time when hydro-

thermal systems capable of fostering organic

synthesis and sustaining any life forms that

may have occupied such niches were wide-

spread and may have extended at least

halfway to the base of the crust.
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A
fter 23 years of limited Earth-based observations, a spacecraft
has returned to Saturn and, unlike the Pioneer 11, Voyager 1, and
Voyager 2 flybys from 1979 to 1981, Cassini intends to stay awhile,
at least 4 years or 74 orbits, to collect information about the planet’s
atmosphere, its elusive magnetosphere and ionosphere, the rings,
and the moons. This special issue covers the observations made

during approach (December 2003 to June 2004), during the ring plane crossing and
orbit insertion (1 July 2004), and the first few orbits (July through December 2004).

The Cassini spacecraft (with 12 instruments) with its companion, the Huygens
probe (with 6 instruments), was launched from Cape Canaveral on 15 October
1997. The massive mission, about 5650 kg, needed three major gravity assists and
7 years to reach Saturn. It looped around the Sun twice, boosting its orbit for a final
gravity assist from a close flyby of Jupiter in December 2000. During the Jupiter

flyby, the Cassini instruments were
turned on to measure properties of the
jovian system, with spectacular results. 

After the flyby, Cassini began its fall
toward the ringed planet. On 11 June
2004, Cassini flew within 2071 km of
the outermost moon of Saturn, Phoebe:
its closest and only approach to this
satellite. Phoebe is covered with craters
signifying an ancient surface and
consists of a mixture of rock and water

ice with an unexpectedly high porosity. On 1 July 2004 Cassini fired its main rocket
engines to slow down the spacecraft, so it could drop into a stable orbit. As the
spacecraft was slowing down, it glided over the rings and obtained unprecedented
details of their structure and chemistry during the only close ring plane crossing of
the entire mission. New moons were found within ring gaps; new rings were
mapped; fine-scale ring structures were puzzled over; clouds of oxygen suggested
tenuous ring atmospheres; and other data suggested that the rings formed
from recycled bits of the moons, making the rings second- or perhaps even third-
generation offspring of their parent planet.

During the ring plane crossing, Cassini also made its closest approach to Saturn,
coming within 18,000 km of the gas giant. Before, during, and after this close
approach, instruments tracked lightning associated with storms, clouds, vertical
wind shears, and thermal variations in the atmosphere. These observations
enigmatically imply that Saturn’s rotation rate has slowed by about 6 min since
1981. Saturn’s atmosphere is richer in carbon than Jupiter’s atmosphere, which is
consistent with planet formation by core accretion. A radiation belt was discovered
inside of the D ring, the external magnetic field has changed, the current sheet
within the magnetosphere is thinner and more extended, and ion cyclotron waves
indicate a dynamic plasma.

After Cassini’s closest approach to Saturn, the spacecraft dropped down through
the large gap between the F and the G rings into a stable orbit. The size and angle of
this orbit will change over time to allow Cassini to visit many moons and sample the
rest of the saturnian system to develop a more complete three-dimensional model
of the system’s dynamics. Cassini plans to do more than drop by; it will stay awhile.

–LINDA ROWAN

Cassini Drops In
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V I E W P O I N T

How Long Is the Day on Saturn?
Agustı́n Sánchez-Lavega

Determining a planet’s rotation period can be difficult if the planet lacks a solid
surface. However, for planets with an internal magnetic field, emissions at radio
wavelengths are modulated by the planet’s rotation rate. The latest results from the
Cassini spacecraft seem to indicate that Saturn’s rotation rate has slowed down by 6
minutes since the Voyager 1 and 2 spacecraft flew by the planet in 1980 and 1981,
but it is unclear whether a slowdown has in fact occurred. Future data collected by
Cassini may be able to resolve the question.

Observations of Saturn_s radio emission by

the Cassini spacecraft (1) confirm previous

findings by the Ulysses spacecraft (2): The

periodicity of the emission has changed by

more than 6 min since Voyager 1 and 2 flew

by the planet in 1980 and 1981 (3, 4). The

periodicity of the radio emission is assumed

to represent the planet_s rotation rate. A

fundamental question thus arises: How long

is the day on Saturn?

There are two ways to determine the

rotation rate of a planet or other astronomical

body without a solid surface. One way is to

measure the motions of features on the

visible part of the atmosphere; however,

such motions may not reflect the rotation of

the planet itself. The alternative is to track

the rotational modulation of the radio emis-

sion. Not all radio emissions are linked to the

magnetic field, but for those that are, the

radio period is a measure of the rotation rate

of the body because the magnetic field orig-

inates in the interior of the body. The ap-

proach has been particularly useful for the

giant planets Jupiter, Saturn, Uranus, and

Neptune, which lack an accessible surface

and have atmospheric motions that strongly

depend on latitude.

Saturn lacks a modulated radio signal that

can be detected from Earth. Therefore, few

data on the rotation period of Saturn were

available before the Voyagers flew by the

planet. From 1876 to 1978, ground-based tel-

escopes were used to track the motions of a

dozen or so cloud features, yielding an atmo-

spheric differential rotation rate of 10 hours

14 min at the equator and 10 hours 42 min at

other latitudes (5).

The situation changed when the Voyagers_
antennas detected a radio emission that al-

lowed the radio rotation period to be deter-

mined. The emission was in the frequency

range from about 50 to 500 kHz and is called

Saturn_s kilometric radio (SKR) emission. Its

temporal modulation yielded a rotation rate

of 10 hours 39 min 22.4 s (T7 s) (Fig. 1); this

is the value recommended by the Interna-

tional Astronomical Union (6). The emission

was confined to small regions above Saturn_s
polar zones in both hemispheres (latitudes

from È60- to È80-) and is apparently gener-

ated by instabilities on auroral field lines.

But this new rotation rate was soon

questioned by planetary meteorologists in

view of the large wind speeds at the equator

(close to 500 m/s, or about two-thirds of the

speed of sound in Saturn_s light and cold

atmosphere). These wind speeds are deter-

mined relative to the planet_s rotation rate;

very fast eastward jets (7) are difficult to

reproduce in atmospheric circulation models.

If the planet_s rotation rate were lower, the

atmospheric jet patterns would be more

compatible with those seen on Jupiter and

with model proposals for atmospheric circu-

lation on giant planets.

Matters became even more complicated

when Ulysses observations of SKR emis-

sions between 1994 and 1997 showed

changes of up to 1% in the rotation period

relative to the Voyager observations, with a

new average radio period of 10 hours 46 min

(2). This value is confirmed by the more pre-

cise Cassini value of 10 hours 45 min 45 s

(T36 s) (1). Given these disparate results, does

the SKR emission really represent Saturn_s ro-

tation? If so, what caused the observed period

drift between 1980–1981 and 1994–2004?

It is difficult to believe that Saturn_s rota-

tion period has really changed, because an-

gular momentum conservation would require

a large change in the interior angular velocity

or in the inertial moment of the planet to

explain the 6-min difference. One possibility

is that Saturn_s interior rotates not as a solid

body but differentially, as occurs in the in-

Escuela Superior de Ingenierı́a, Universidad del Paı́s
Vasco, 48013 Bilbao, Spain. E-mail: wupsalaa@bi.
ehu.es

90

60

30

0

–30

–60

–90

11:00 10:45 10:30

Rotation period (hr:min)

P
la

n
et

o
g

ra
p

h
ic

 la
ti

tu
d

e

10:15 10:00

Fig. 1. Saturn’s rotation periods. Cloud tracking of atmospheric features, as measured during the
Voyager 1 and 2 encounters in 1980 and 1981, are represented by a dark continuous line (15). Violet
crosses mark points measured from 1994 to 2004 with the Hubble Space Telescope (9). Yellow
triangles are the equatorial data measured by Cassini (10). Outside the equator, the Voyager,
Hubble, and Cassini data essentially coincide. The dots indicate short radio emission bursts that
have been assigned to lightning produced by storms [yellow dot, Voyager (16); red dot, Cassini
(1, 10)]. The brown vertical line is the SKR emission period from Voyager (3, 4, 6), the green
vertical line is the SKR emission as measured by Cassini (1), and the shaded area indicates the
periods determined by the Ulysses spacecraft (2). The blue ovals indicate the approximate latitudes
of the SKR emissions.
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terior of the Sun (8), and that we detect radio

emissions from different regions in the plan-

et. But there is at least one other possibility.

The period change in the SKR emission

has coincided with a large variability in the

speed of the equatorial jet at cloud level (9).

Two reports in this issue add new data on

winds at different altitudes in Saturn_s at-

mosphere, one tracking cloud motions (10)

(Fig. 2) and the other temperatures (11). This

wind variability might be due to a global cir-

culation change, a vertical wind shear effect,

the motion of atmospheric waves that do not

transport matter, or a combination of these

factors. Perhaps the strong storm activity dis-

played at cloud level in equatorial latitudes

since 1990 (12) has influenced deeper atmo-

spheric motions. The latter may in turn af-

fect the magnetic field period if the two are

coupled, as some models suggest (13).

However, nobody has previously pre-

dicted that huge storm activity could change

the rotation rate of a planet_s magnetic field;

furthermore, the physics involved are far

from understood. Most probably there will

be a simpler explanation that relies on a

better understanding of how the SKR emis-

sion is generated and how the magnetic field

works on Saturn.

Saturn_s rotation rate is a fundamental

parameter for atmospheric, magnetospheric,

and interior studies of the planet. For example,

planetary meteorologists need a frame of refer-

ence for atmospheric wind speeds. Determina-

tion of a definitive, fixed rotation period is

therefore a high priority. The solution could

arrive from two sets of measurements.

First, the rotation rate of the magnetic field

could be measured directly by the Cassini

magnetometer while the spacecraft is in orbit.

In fact, the Pioneer 11 and Voyager 1 magneto-

meters detected a periodicity in the azimuthal

component of the magnetic field that was

consistent with the SKR emission period at

that time (14). Second, long-term measure-

ments of the intensity, source location, pe-

riodicity, and fluctuations of SKR emissions

could provide the answer. Cassini_s instru-

ments can fulfill both tasks as the spacecraft

orbits the planet for the next 4 years.
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V I E W P O I N T

Saturn’s Variable Magnetosphere
Tamas I. Gombosi* and Kenneth C. Hansen*

Since the Cassini spacecraft reached Saturn’s orbit in 2004, its instruments have
been sending back a wealth of data on the planet’s magnetosphere (the region
dominated by the magnetic field of the planet). In this Viewpoint, we discuss some
of these results, which are reported in a collection of reports in this issue. The
magnetosphere is shown to be highly variable and influenced by the planet’s
rotation, sources of plasma within the planetary system, and the solar wind. New
insights are also gained into the chemical composition of the magnetosphere, with
surprising results. These early results from Cassini’s first orbit around Saturn bode
well for the future as the spacecraft continues to orbit the planet.

The late Fred Scarf, a pioneer of the U.S.

space program, said that in exploring other

planets, Bhalf the fun is just being in orbit.[
After more than a decade of preparation and

a journey of nearly 7 years, the fun can begin

for Cassini: The spacecraft, which carries the

most sophisticated instrument package ever

flown to a planetary magnetosphere (1), has

reached Saturn_s orbit. Several papers in this

issue report Cassini_s first close look at

Saturn_s magnetosphere (2–7).

The magnetosphere is the region domi-

nated by the magnetic field of a planet. This

field is strongly affected by the solar wind, a

supersonic magnetized plasma that flows

outward from the Sun and fills the inter-

planetary space. When the solar wind passes a

magnetized planet, it severely compresses the

field on the dayside of the planet and draws it

out into a long Bmagnetotail[ on the nightside.

The solar wind not only confines the planetary

magnetic field; it also transfers mass, momen-

tum, and energy to the planet_s magnetosphere,

ionosphere, and upper atmosphere. The surface

separating the interplanetary plasma from the

Fig. 2. Saturn’s atmo-
sphere. This Cassini
image of the planet’s
southern hemisphere
shows dark storms
ringed by bright clouds.
It was taken with the
Cassini narrow-angle
camera on 19 Sep-
tember 2004 at a dis-
tance of 8.3 million km
through a filter sensi-
tive to infrared light
at 750 nm. [Image:
NASA/ESA]

Center for Space Environment Modeling, Department
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confined planetary magnetic field is called the

magnetopause. In front of this surface, a shock

wave (the bow shock) forms to deflect the solar

wind around the magnetopause.

The magnetosphere extends 20 to 25 Sat-

urn radii toward the Sun, enclosing the planet_s
rings and many of its moons. Between the edge

of the main rings (3 Saturn radii) and about

9 Saturn radii, there are four moons (Mimas,

Enceladus, Tethys, and Rhea) that are collect-

ively referred to as icy satellites. Titan, Sat-

urn_s largest moon, orbits at 20 Saturn radii.

The magnetospheres of Jupiter and Saturn

are more complex than that of Earth, for two

reasons. First, these planets rotate much

faster: The centrifugal acceleration is about

three orders of magnitude larger at the surface

of Jupiter and Saturn than on Earth. Second,

they have large sources of plasma inside their

magnetospheres. In the jovian magneto-

sphere, the volcanic moon Io produces about

1028 heavy ions per second. In the saturnian

system, the rings and icy satellites add a

substantial (and probably comparable to the

jovian system) amount of heavy ions to the

magnetosphere, with smaller additional con-

tributions from the planet itself and its largest

moon, Titan (2, 8). This mass addition pro-

cess is referred to as mass loading.

The initial Cassini measurements reported

in this issue (2–7) reveal a highly dynamic

magnetosphere. Some features remain un-

changed since the first measurements more

than 25 years ago. Saturn_s internal magnetic

field, as measured by the onboard magne-

tometer during Cassini_s closest approach to

the planet, is confirmed to be very nearly

axially symmetric (3). But the new data reveal

some apparent differences in today_s magne-

tosphere compared to the Voyager findings

and have led to several exciting discoveries.

The first indication that Saturn and its mag-

netosphere might be different than observed

by the two Voyager spacecraft came when

Cassini was still several astronomical units

from Saturn. (An astronomical unit is the dis-

tance from Earth to the Sun.) The RPWS

plasma wave instrument on Cassini observed

a modulation period of Saturn_s kilometric

radiation (electromagnetic radiation with a

wavelength on the order of a kilometer) that

was nearly 6.5 min longer than that observed

by the Voyagers (4). The modulation period of

Saturn_s kilometric radiation is associated with

the rotation of Saturn itself. This Bslowdown[
poses the first Cassini puzzle about Saturn_s
magnetosphere Esee the Viewpoint by S"nchez-

Lavega (9)^.
Gurnett et al. (4) attribute the increased

modulation period to the fact that Saturn_s
magnetic and rotation axes are so closely

aligned that the wobble induced by the slight

misalignment is too small to control the rota-

tional modulation; second-order effects, such

as a magnetosphere that rotates more slowly

than Saturn_s upper atmosphere (a process re-

ferred to as slippage), can then become impor-

tant. In our opinion, the increased modulation

period also implies that the total magneto-

spheric plasma source is larger today than it

was during the Voyager encounters; the in-

creased mass-loading rate increases the slip-

page of the magnetosphere with respect to

the ionosphere. This view is consistent with

data from Cassini_s UVIS instrument (2).

During its insertion into Saturn_s orbit

(Fig. 1), Cassini crossed the planetary bow

shock some 17 times and encountered the mag-

netopause about 9 times (3–5). On the inbound

leg of the orbit, the magnetosphere was more

Binflated[ than observed by the Voyagers (3).

Data from the MAG instrument indicate that

both the bow shock and magnetopause cross-

ings occurred about 10 Saturn radii farther from

Saturn than expected, possibly implying a much

higher magnetospheric plasma content than

was observed during the Voyager encounters.

In contrast, on the outbound leg the mag-

netopause was about 10 Saturn radii closer to

the planet than anticipated. Two sets of bow

shock crossings were observed on the outbound

leg, one about 20 Saturn radii closer to the

planet, the other near the expected location.

The entire magnetosphere passage took about

400 hours (È17 days). The wide range of the

bow shock and magnetopause crossings indi-

cates that Saturn_s magnetosphere is highly

dynamic. This range can result from changes

either in the internal plasma source or in the

upstream solar wind conditions.

We recently carried out magnetohydro-

dynamic simulations of Saturn_s magnetosphere

(Fig. 1) (10). We used solar wind conditions

corresponding to the observed plasma param-

eters during Cassini_s orbital insertion and ap-

plied a magnetospheric plasma source that was

close to the observed È1028 ions/s (2). We

found that the bow shock and magnetopause

locations appear to be controlled by the dy-

namic pressure of the solar wind. In addition,

the results indicate that Saturn_s magneto-

sphere exhibits a quasi-periodic behavior. Neu-

tral gas mainly originating from the rings and

icy satellites is ionized in the inner magneto-

sphere and loads the closed magnetic field

lines with an increasing mass of heavy ions.

Centrifugal forces due to the rapid planetary

rotation stretch the loaded magnetic field lines

until their mass content reaches a critical value.

Magnetic stresses cannot balance the centrif-

ugal force, and the stretched field line pinches

y

z

x

Fig. 1. A snapshot of Saturn’s simulated magnetosphere. The solar wind is coming from the right.
The thick white lines are a three-dimensional representation of the outermost magnetic field lines
that have both ends connected to Saturn. On the dayside, they represent the magnetopause whereas
on the nightside, they represent the magnetotail. The crescent at 6 to 7 Saturn radii shows that the
plasma is concentrated near the rotational equator. The color code represents pressure in the
equatorial and noon-midnight planes. Cassini’s trajectory during its first, highly elliptical orbit is
shown in gray, with observed bow shock (red) and magnetopause (blue) crossings. Multiple crossings
occur because the bow shock and the magnetopause move in and out past Cassini as a result of
changes in the dynamic pressure of the solar wind.
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and reconnects with itself somewhere closer to

the planet on the dawn side of the magnetotail.

This process results in a short, closed mag-

netic field line that is nearly empty of plasma,

and a closed magnetic loop that contains a

large amount of heavy ions. The heavy, closed

loop (the plasmoid) moves down the magne-

totail and eventually leaves Saturn_s magneto-

sphere. According to a preliminary analysis of

the simulation results, the loading-unloading

process is quasi-periodic, with plasmoids

launching at multiples of Saturn_s rotation pe-

riod (the largest ejection occurs approximately

every four rotations). This time period is

probably controlled by the mass-loading rate

and is modulated by the planetary rotation.

Cassini is the first planetary mission that

can Bimage[ a magnetosphere by detecting

energetic neutral atoms created by charge

transfer. It does so with the MIMI instru-

ment, which has already made an exciting

discovery: the existence of a radiation belt

inside Saturn_s innermost ring. This radia-

tion belt is probably formed by the interac-

tion between the main radiation belt and the

upper layers of Saturn_s exosphere. The

nightside source of energetic neutral par-

ticles varies with an È11-hour periodicity,

whereas the source on the dayside remains

approximately constant (6).

The vast improvement of Cassini_s in-

struments over those on Voyager has re-

sulted in a wealth of information about the

plasma composition in the magnetosphere.

Data from the high-resolution mass spec-

trometers CAPS and MIMI show that the

inner magnetosphere is mainly dominated by

hydrogen (Hþ, H
2
þ) and water-group ions

(OHþ, H
2
Oþ, H

3
Oþ, Oþ, O

2
þ) (5–7).

Voyager_s instruments could not differ-

entiate water-group ions from nitrogen ions.

With such differentiation now possible, the

very low abundance of Nþ and N
2
þ in the

magnetosphere is striking. Nitrogen ions es-

caping from Titan were expected to be the

dominant species near Titan_s orbit, but this

is not the case. It remains unclear whether

the low nitrogen abundance is due to re-

duced atmospheric escape from Titan or to a

process that rapidly removes these ions from

the magnetosphere.

Saturn_s rings are one of the solar sys-

tem_s most spectacular phenomena. Cassini

instruments have discovered a new element

to this system: a tenuous atmosphere and

ionosphere above the rings (2, 4–7). The

main constituent of the ring particles is as-

sumed to be water ice, which produces a cloud

of water products due to photo-processes and

sputtering. Waite et al. suggest (7) that O
2

is

the main constituent of the ring atmosphere;

it can be produced by radiation-induced

decomposition of ice. MIMI discovered a de-

pletion of energetic ions and electrons inside

Dione_s orbit that is probably related to the

higher-than-expected neutral gas density in

this region. The most intriguing constituent

of the ring-plane ionosphere is H
3
Oþ (5).

This ion is the major constituent of the dense

ionospheres of comets and is produced via

H
2
Oþ þ H

2
O Y H

3
Oþ þ OH. The

composition changes dramatically beyond

È9 Saturn radii to Hþ-dominated plasma.

The new observations of Saturn_s magne-

tosphere (2–7) paint a consistent picture of a

highly dynamic magnetosphere dominated

by inner plasma sources and planetary rota-

tion but with substantial solar wind control.

Cassini_s first pass through the Saturn system

has revealed a magnetosphere that, although

familiar, holds many mysteries. The fun has

begun.
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Cassini Imaging Science: Initial Results on Saturn’s
Rings and Small Satellites
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Images acquired of Saturn’s rings and small moons by the Cassini Imaging Science
Subsystem (ISS) during the first 9 months of Cassini operations at Saturn have
produced many new findings. These include new saturnian moons; refined orbits of
new and previously known moons; narrow diffuse rings in the F-ring region and
embedded in gaps within the main rings; exceptionally fine-scale ring structure in
moderate– to high–optical depth regions; new estimates for the masses of ring-
region moons, as well as ring particle properties in the Cassini division, derived from
the analysis of linear density waves; ring particle albedos in select ring regions; and
never-before-seen phenomena within the rings.

Major objectives of the Cassini Imaging

Science investigation were the search for

new satellites of Saturn within and external

to the rings and determination of their orbits;

refinement of the orbits of the known

satellites; investigation of the temporal evo-

lution of all satellite orbits; search for ring

spokes; characterization of ring color and

particle photometric properties; and the in-

vestigation of ring structure, dynamics, and

temporal evolution, including interactions be-

tween rings and moons (1).

From 9 February 2004 to 1 June 2004,

Cassini_s narrow angle camera (NAC) (1)

took È800 images in four separate sequences

designed specifically to search for new moons

among the major icy saturnian satellites. A

fifth sequence of 94 wide-angle frames

designed to simultaneously image faint rings

and search for new moons among the known

moons was taken in October 2004 after

Cassini entered orbit (2) (table S1).

Two new satellites orbiting between

Mimas and Enceladus, S/2004 S1 (provi-

sionally named Methone) and S/2004 S2

(provisionally named Pallene), were first seen

in 1.2- and 4.6-s exposures taken on 1 June

2004 (3). EContrary to earlier speculation (3),
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it has been determined that the new moon

Pallene is the same body as S/1981 S14,

which was seen in one Voyager 2 image.^ A

third main-satellite region moon, S/2004 S5

(provisionally named Polydeuces), was found

in a series of 5.6-s exposures in the fifth se-

quence (4). It is a trailing co-orbital of Dione.

Satellite searches were also conducted

within the main ring system, including the F

ring region. Three new objects were sighted.

Two objects (S/2004 S3 and S/2004 S6) were

detected in ring ansa movie sequences taken

during June and October; another, S/2004 S4,

was found in a ring photometry sequence, also

on 21 June 2004, taken 5 hours after the first

sighting of S/2004 S3 (4, 5) (Fig. 1). The

object S/2004 S3 clearly orbits outside the

core of the F ring and outside the outer F-ring

strand; S/2004 S4 and S/2004 S6 orbit interior

to the F ring, the former within the inner F-

ring strand and the latter interior to it. It is not

clear at present whether these objects are

moons or clumps (6).

No disk-resolved images of any of the new

satellites have yet been taken. Size estimates

have been made by assuming appropriate disk-

integrated reflectivities (7) and taking into

account the solar phase angle and the pixel

size in kilometers to compute observed I/F

values and subsequently derive a surface area

(2). This calculation yielded approximate

diameters of 3, 4, and 3.5 km for Methone,

Pallene, and Polydeuces, respectively; S/2004

S3, S/2004 S4, and S/2004 S6 were found to

be È5 km across, assuming they are moons.

Based on this method, Atlas, which orbits

closely outside the A ring, and Pan, which or-

bits within the 325-km-wide Encke gap in the

outer A ring, were found to be 20 and 25.6 km

across, respectively, contrary to Voyager re-

sults (32 and 20 km, respectively) that sug-

gested that Atlas was the larger of the two.

The objects S/2004 S3, S/2004 S4, and

S/2004 S6 occupy a region near the F ring that

is expected to produce chaotic orbits (8, 9). No

orbital integrations of satellites and ring par-

ticles in this region, aimed at examining the

stability of these new bodies, have yet been

performed.

The dynamical stability, and even the

existence, of small objects like Methone,

Pallene, and Polydeuces orbiting among the

major saturnian satellites provide insight into

their dynamical evolution and the history of

impactors within the saturnian system. The

result of a 4800-year integration of orbital

motions of test particles in the vicinity of

Mimas (2), (fig. S1), five times longer than

previous integrations (10), shows that the

region close to Mimas is very perturbed, and

particles within È0.2Rs of Mimas are excited

into eccentric and inclined orbits. (1Rs is one

Saturn radius, equal to 60,330 km.) Methone,

very close to Mimas_s region of influence,

might be expected to have a substantial eccen-

tricity and inclination, yet it does not (Table

1). Pallene is in a quiescent region and might

be expected to have a smaller eccentricity

and inclination, yet it does not.

A longer data arc than currently available

will likely be necessary to reveal the effects

of Mimas_s perturbation on Methone. How-

ever, several explanations are possible for the

eccentric and inclined orbit of Pallene: (i) a

secular gravitational effect that is not manifest

in only È4800 years_ integration; (ii) the moon

migrated across eccentricity- and inclination-

exciting resonances to its present position; or

(iii) it is a fragment of a parent body that was

hit by an impactor on an eccentric orbit. The

third scenario could indicate possible heavy

cometary bombardment in the past (2).

Many Cassini images were planned to

refine the orbits of the known small moons;

many other images targeted to Saturn or the

rings capture these bodies serendipitously.

Once their orbits were determined, new moons

discovered in satellite searches were recovered

in subsequent retargeted observations (4). Posi-

tional measurements of stars and moons made

in these Cassini images plus an accurate de-

scription of the spacecraft trajectory form the

basic data used to perform image navigation

and determine the orbits of all satellites over

the time interval spanned by the data.

The classical elements for the eight very

small (G25-km diameter) satellites observed by

Cassini ISS appear together with their standard

errors in Table 1. The model for most of the

satellite orbits is a Keplerian ellipse referred

to the latest Cassini-era Saturn equator with

apse and node rates determined by Cassini-era

values for Saturn_s gravitational harmonics

(2). EWhere Voyager data were available for

Pan and Atlas, these have been used in the

orbital fits (2).^ However, because Polydeuces

was found librating around Dione_s trailing

L5 Lagrangian point, its orbit was determined

by performing a numerical integration to all

the observations, including the perturbations

due to the major saturnian satellites and the

oblateness of Saturn. Polydeuces is librating

È68- behind Dione, with an amplitude of

25.8- and a period of 792 days. Dione_s pre-

viously known Lagrangian satellite, Helene,

leads Dione by È62- and librates with an

amplitude of 14.8- and a period of 769 days

(11). These amplitudes are considerably larger

than the 1.3- and 3.6- libration amplitudes of

the leading and trailing co-orbitals of Tethys,

Telesto, and Calypso. A set of mean orbital

elements was developed for Polydeuces by

fitting a precessing ellipse to the integration

over the time span 1 January 2004 to 1 Jan-

uary 2009, but correcting the mean longitude

to account for the libration.
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Paris 7, L’Orme des Merisiers, 91191 Gif sur Yvette
Cedex, France. 5Department of Astronomy, Cornell Uni-
versity, Space Sciences Building, Ithaca, NY 14853, USA.
6Department of Planetary Sciences, University of
Arizona, 1629 East University Boulevard, Tucson, AZ
85721, USA. 7Institut für Geologische Wissenschaften,
Freie Universität, 12249 Berlin, Germany. 8Depart-
ment of Space Studies, Southwest Research Institute,
1050 Walnut Street, Suite 400, Boulder, CO 80302,
USA. 9Division of Geological and Planetary Sciences,
California Institute of Technology, 150-21, Pasadena,
CA 91125, USA. 10Institute of Planetary Research,
German Aerospace Center, Rutherfordstrasse 2,
12489 Berlin, Germany. 11Jet Propulsion Laboratory,
California Institute of Technology, 4800 Oak Grove
Drive, Pasadena, CA 91109, USA.

*To whom correspondence should be addressed.
E-mail: carolyn@ciclops.org

Fig. 1. Contrast-enhanced
images showing newly
discovered F-ring objects S/
2004 S3 (A), S/2004 S4 (B),
and S/2004 S6 (C). S/2004
S3 is shown in image
N1466489981 taken on 21
June 2004 with a radial
scale of 55 km/pixel and a
phase angle of 66-. S/2004
S4 is shown in image
N1466513582 taken on 21
June 2004 with a radial
scale of 59 km/pixel and a
phase angle of 66-. S/2004
S6 is shown in image
N1477693877 taken on 28 October 2004 with a radial scale of 4.3 km/pixel and a phase angle of 151-.
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The addition of the Cassini data has

improved knowledge of the mean longitude

rates of Atlas and Pan by four and three orders

of magnitude, respectively, over their previ-

ously published values. No significant inclina-

tion has been detected in the orbit of Atlas.

However, the orbits of both, especially that of

Atlas, exhibit a measurable eccentricity and

Pan looks to have a significant, though very

small, inclination. There are no important res-

onances within a resonance width of Pan_s
orbit that might affect its orbit, and no other

comparably sized moons have been found in

the Encke gap. Hence, we conclude that Pan_s
eccentricity is derived from its interactions

with the surrounding ring material, a result that

is sure to shed light on the mechanism by

which exosolar planets embedded in disks de-

rive their eccentricities (12).

Table 2 contains a set of mean elements for

the Bco-orbital[ moons, Janus and Epimetheus,

and the F-ring shepherds, Prometheus and

Pandora, derived from both Cassini and earlier

measurements (2). Because of strong dynam-

ical interactions between the members of each

pair, the orbits of these moons were numeri-

cally integrated (13).

Saturn_s rings were imaged regularly on ap-

proach to Saturn and then immediately fol-

lowing Saturn orbit insertion (SOI) when the

spacecraft came within 16,000 km above the

unilluminated side of the rings. The SOI dark-

side sequence resulted in image scales in the

ring plane between È100 and 350 m/pixel. This

series of narrow-angle SOI-darkside images

(which, because of spacecraft motion, does not

form a complete, uninterrupted scan of the rings)

begins in the outer C ring, crosses into the inner

B ring, skips the middle B ring, and captures

the outer B ring, Cassini division, and the

breadth of the A ring. Immediately following

this period, the spacecraft crossed the ring plane

and acquired a series of dayside NAC and

(simultaneous) WAC (wide angle camera) im-

ages, extending from the F ring inward and

terminating just interior to the Encke gap. These

SOI-dayside NAC images have radial scales of

È1 km/pixel, several times coarser than the

dark-side images but with five times better

resolution than anything acquired by Voyager.

The total number of images acquired during

the dark- and lit-side post-SOI period was 85.

Nine days before it entered orbit around

Saturn, Cassini imaged the lit face of the main

rings with the NAC in five broadband filters (1):

UV3 (338 nm), BL1 (451 nm), GRN (568 nm),

RED (650 nm), and IR2 (862 nm), at a phase

angle of 66- and an image scale of 38 km/pixel

(Fig. 2). We constructed ring spectra (Fig. 3),

using overall, or Bond, albedos of the ring

particles as a function of distance from Saturn

and wavelength that we inferred by using a

classical multiple-scattering code (2) (fig. S2).

Spectra of the rings in 12 regions similar

to those considered by (14) show that the

Table 1. Planetocentric elements of the small saturnian moons. The epochs are given as Julian ephemeris
dates. A sufficient number of observations of all satellites, with the exception of S/2004 S4, were available
to permit the determination of a full set of elements for each. For S/2004 S4, we fit a circular equatorial
orbit to the observations. Polydeuces is a trailing co-orbital of Dione with a large amplitude of libration. The
set of mean orbital elements given here for Polydeuces was developed by fitting a precessing ellipse to the
integration over the time span 1 January 2004 to 1 January 2009 and correcting the mean longitude to
account for the libration. We compute the values of a, d;/dt, or dW/dt from the formulae given in (75);
their uncertainties stem from the errors in the satellites’ mean motions and the error in the second zonal
harmonic of Saturn’s gravity field.

Element Atlas (SXV) Pan (SXVIII) Methone (S/2004 S1)

Epoch 2,453,177.5 2,453,177.5 2,453,177.5
a (km) 137,665.0 T 1.0 133,584.0 T 1.0 194,251.0 T 1.0
e (�103) 1.20 T 0.06 0.21 T 0.08 1.0 T 0.2
i (-) 0.009 T 0.007 0.007 T 0.002 0.018 T 0.007
l (-) 11.398 T 0.008 146.611 T 0.008 194.76 T 0.02
; (-) 82.3 T 3.6 249.0 T 10.0 348.0 T 18.0
W (-) 281.0 T 27.0 303.0 T 40.0 351.0 T 29.0
dl/dt (-/day) 598.313997 T 0.000003 626.031719 T 0.000004 356.5365 T 0.0002
Pl (s) 51,986.0811 T 0.0003 49,684.3834 T 0.0003 87,239.31 T 0.4
d;/dt (-/day) 2.8812 T 0.0012 3.2068 T 0.0014 0.8540 T 0.0003
dW/dt (-/day) j2.8674 T 0.0012 j3.1905 T 0.0014 j0.8519 T 0.0003

Element Pallene (S/2004 S2) S/2004 S3 S/2004 S4

Epoch 2,453,177.5 2,453,177.5 2,453,177.5
a (km) 212,283.0 T 1.0 141,071.0 T 1.0 140,171.0 T 41.0
e (�103) 4.0 T 0.2 4.0 T 0.2 0.0
i (-) 0.181 T 0.008 0.05 T 0.02 0.0
l (-) 125.48 T 0.05 29.90 T 0.02 27.9 T 0.1
; (-) 78. T 7.0 154. T 4.0
W (-) 7.0 T 6.0 188.0 T 14.0
dl/dt (-/day) 312.0271 T 0.0009 576.7104 T 0.0006 582.3 T 0.3
Pl (s) 99,683.6 T 0.3 53,933.48 T 0.05 53,417.0 T 24.0
d;/dt (-/day) 0.6243 T 0.0002 2.6414 T 0.0008
dW/dt (-/day) j0.6230 T 0.0002 j2.6295 T 0.0008

Element Polydeuces (S/2004 S5) S/2004 S6

Epoch 2,453,006.5 2,453,177.0
a (km) 377,390.0 140,760.0 T 12.0
e (�103) 18.2 7.5 T 1.5
i (-) 0.1705 0.02 T 0.01
l (-) 107.58 27.0 T 10.0
; (-) 143.19 240.0 T 20.0
W (-) 302 25.0 T 5.0
dl/dt (-/day) 131.53 578.63 T 0.08
Pl (s) 236,468 53,755.0 T 7.0
d;/dt (-/day) 0.0889 2.6626 T 0.0009
dW/dt (-/day) j0.0773 j2.6504 T 0.0009

Table 2. Planetocentric mean elements of Janus, Epimetheus, Prometheus, and Pandora at Julian
ephemeris date 2453005.50 referred to the Saturn equator. These are the elements of a precessing
ellipse fit to the integration from 1 January 2004 to 1 January 2005. This interval avoids the time of
closest approach for Janus and Epimetheus (February 2006) and the time of anti-apse alignment for
Prometheus and Pandora (late 2006). Thus, the quoted orbital elements are free of the effects of the
gravitational interactions between the satellites. The mean orbits during this interval, however, exhibit
periodic differences from the integrated ones, with the largest differences being in the along-orbit
direction. The amplitudes of the differences are about 200, 900, 200, and 1000 km for Janus, Epimetheus,
Prometheus, and Pandora, respectively. The integrated orbits themselves are presumed to be accurate to
better than 150 km for Janus, Epimetheus, and Pandora and 300 km for Prometheus.

Element Janus Epimetheus Prometheus Pandora

a (km) 151,460.0 151,410.0 139,380.0 141,710.0
e 0.0067 0.0098 0.0023 0.0042
i (-) 0.1649 0.3541 0.0056 0.0522
l (-) 171.4792 346.0186 306.1799 252.6616
; (-) 288.2511 38.5429 63.2935 50.4554
W (-) 48.1413 85.5628 266.0754 329.9818
dl/dt (-/day) 518.238639 518.483719 587.284953 572.792057
Pl (days) 0.6947 0.6943 0.6130 0.6285
d;/dt (-/day) 2.0528 2.0552 2.7573 2.5994
dW/dt (-/day) j2.0447 j2.0472 j2.7445 j2.5877
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largest variations in spectral slope occur at

short wavelengths (15). The B ring is generally

Bredder[ than the A ring, which, in turn, is

redder than the C ring and Cassini division

(Fig. 3) (16). Because the rings_ scattering

function is insensitive to the physical thickness

of the rings in this intermediate-phase viewing

geometry, our spectra provide evidence that

most small-scale variations in ring brightness

result from compositional differences (17, 18).

If the rings began as nearly pure water ice, re-

gions of smaller optical depth are expected to

become more polluted by interplanetary dust,

resulting in reduced particle albedos (19, 20).

Spokes, the transient, quasi-radial ghostly

features observed by Voyager in Saturn_s B

ring (21) and seen also in Hubble Space

Telescope (HST) images (22), were not seen

in any Cassini image taken on approach to

Saturn, during which the solar incidence angle

was È65- and the emission angle was È73-.
Radiative transfer modeling of HST observa-

tions of spokes indicated that they might be

seen when either the spacecraft or Sun_s ele-

vation angle above the ring plane got below

È7- (22). Such a grazing viewing geometry

occurred for Cassini on its first periapse

passage by Saturn after SOI during October

2004. However, no spokes were observed at

that time either. The creation and/or visibility

of spokes may depend critically on the Sun_s
elevation above the rings. High Sun creates a

layer of photoelectrons above the rings that

can negatively charge small dust particles above

the rings, pulling them back to the (positively)

charged rings. A low solar elevation angle re-

duces the number density in the photoelectron

layer, causing dust particles to have a net zero

(or slightly positive) charge and therefore to be

repelled by the positively charged ring (23).

The relatively high Sun elevation at present

may create an environment hostile to the ap-

pearance of spokes. If this is true, spokes may

not become visible until later in the orbital tour

when the Sun_s elevation is lower.

The highest resolution images taken shortly

after SOI have revealed new ring phenomena

as well as new details at higher signal-to-noise

(S/N) ratios than previously achieved on ring

features—e.g., gap edges, narrow ringlets, spi-

ral density and bending waves—first seen in

Voyager occultation scans or images. More-

over, with two-dimensional images, one can

confidently distinguish real, longitudinally

extended ring features from noise, a prob-

lem that hampers the interpretation of low

S/N Voyager occultation data taken in high–

optical depth regions of Saturn_s rings. Many

of our findings now provide new insights into

the ring particles_ collective effects (e.g., col-

lisions, viscosity, self-gravity) and how these

effects are altered in the presence of gravita-

tional perturbations by moons.

Two ring regions of interest, captured in

the dark-side SOI images (24), are shown in

Fig. 3. Spectra of se-
lected regions in Sat-
urn’s main rings. The
main ring divisions are
color-coded. This plot
includes two regions in
the C ring (blue), six
regions in the B ring
(green), one region in
the Cassini division
(black), and three re-
gions in the A ring (red).
Curves are labeled with
the region’s mean dis-
tance from Saturn’s cen-
ter in units of 1000 km.

Fig. 2. Nine days before it entered orbit, Cassini captured this natural color view of Saturn’s rings
using the BL1 (451 nm), GRN (568 nm), and RED (650 nm) filters. The images that comprise this
composition were obtained with the narrow-angle camera on 21 June 2004, from a distance of 6.4
million km from Saturn and a phase angle of 66-. The image scale is 38 km/pixel. Many bands
throughout the B ring have a pronounced sandy color; other subtle variations in color are obvious.
Color variations in Saturn’s rings have previously been seen in Voyager and Hubble Space
Telescope (HST) images. Cassini images show that color variations across the rings are more
pronounced in this viewing geometry (i.e., at intermediate phase angle) than they were when seen
from HST at phase angles no greater than 6-. The different colors in the rings reflect different
amounts of contamination of the predominant constituent—water ice—by other materials such
as silicates or organics.
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Fig. 4. Figure 4A captures the narrow,

eccentric Maxwell ringlet (25) in the gap of

the same name at a resolution comparable to

that of the Voyager stellar and radio occul-

tation scans but at a higher S/N ratio. The

Maxwell ring is analogous to the e ring of

Uranus in many of its physical and kinematic

properties (26). A wave in the middle of the

Maxwell ring, not discernible in the noisy

Voyager occultation scans, is visible in the

image and in a longitudinally averaged radial

scan across the image (fig. S3a). A wave,

presumably generated by the Cordelia 47:49

outer eccentric resonance (OER) (27), is ob-

served in the middle of the uranian e ring

(28), but the wave in the Maxwell ring is not

associated with any known resonance. No

moon has yet been discovered in this gap

either. The Maxwell ring wave is remarkably

similar to waves produced by pulsation insta-

bilities (also known as viscous overstabilities)

in simulations of narrowly confined viscous

rings (29), in which the narrow ring acts like

a resonant cavity for amplifying a free wave

disturbance. In this case, the pulsation frequen-

cy is comparable to the precession frequency

and nonlocal transport of angular momentum

dominates the viscous stresses. This suggestion

can be verified by examining the correlation

of vertical thickness of the ring with optical

thickness in the wave in upcoming Cassini

stellar and radio occultation data.

Figure 4B shows the narrow, eccentric

Huygens ringlet on the left in the gap of the

same name, a very narrow ringlet to the right of

it, and one of the broad, low–optical depth (t È
0.1) plateaus for which the Cassini division is

renowned. Figure S3b shows a longitudinally

averaged radial scan of the Huygens ringlet

seen in this image. This ringlet is known to

have a very nonlinear width-radius relation

(30). Here the ringlet is seen near its most

narrow profile, and yet it appears near its most

extreme radial extent. Cassini images reveal it

to have a radial profile quite distinct from the

Maxwell ringlet (fig. S3a), with optically thick

ring edges. These observations may be related

to the fact that the Huygens ringlet is the one

narrow saturnian ring discovered so far to

support two normal modes, one of which may

be excited by a combination of the nearby

Mimas 2:1 inner Lindblad resonance (ILR) and

the eccentric outer B-ring edge (30, 31). The

optically thicker ring edges may also be the

physical manifestation of the ring_s self-

gravity plus pressure forces enforcing rigid

precession across the ring (32).

Comparing the physical characteristics

and structures observed in different regions

across the rings can help in disentangling the

various contributing effects that generate ring

structure and in determining the magnitude of

their contributions. Two contrasting regions

within the inner B ring, seen at radial scales of

È240 m/pixel, indicate the apparent sensitivity

of ring-structure formation to the background

optical depth. One region at 92,330 km (Fig.

5A) exhibits fine-scale irregular structure in a

relatively high–optical depth (t È 1.5) part of

the B ring, resembling in character the irregular

structure seen in Voyager occultation and

imaging data in equivalently high-t parts of

the B and A rings (33–35). However, irregular

structure has never before been imaged at such

a fine scale. Pulsation instability in dense rings

may explain irregular structure on these length

scales of 0.1 to 1 km (36). The second region

in the B ring at 94,360 km (Fig. 5B), only

È2000 km away, with t È 0.9, is puzzling in

its lack of any fine-scale structure and instead

supports smooth undulations in brightness of

È100-km wavelength, with the bright bands in

the image about 60 km across. These undu-

lations are another form of unexplained struc-

ture and may be the result of a different physical

mechanism. Ring regions of 100-km radial

extent and reasonably high optical depth may

exhibit sub-Keplerian shear rates because of the

combined effects of finite particle size and

physical adhesion between frost-covered par-

ticles. These regions would mimic an optically

thick solid ring (34). Also, ballistic transport

of material across ring regions resulting from

meteoroid impacts (33) might also produce

undulations of 100-km radial widths.

The outer portion of the B ring is among

the densest in the rings (t 9 2), and the m 0 2

radial distortion in its outer edge is maintained

by the strongest resonance—the Mimas 2:1

ILR—in Saturn_s rings (37). In Cassini SOI

images, the region 300 km interior to the outer

edge at 117,273 km (Fig. 5C) also exhibits

irregular structure at a scale not seen before.

Such structure, as well as the orientation and

amplitude of the m 0 2 distortion (the latter is

a factor of 3.5 larger than that predicted by

test particle resonant dynamics), may be the

result of wave reflection and pulsation insta-

bilities at the outer B-ring edge (38).

The Cassini division, the region between

the A and B rings that is comparable to the C

ring in color and optical depth (Fig. 2), was

imaged during the SOI sequence. One of its

broad, relatively featureless plateaus, with a

mean optical depth t È 0.075 (39), sports a

very weak linear density wave (40), resolved

here for the first time, created by the Atlas

5:4 resonance (Fig. 5D). The most optically

thick region of the Cassini division (Fig. 5E)

shows a wave feature caused by the Prome-

theus 5:4 ILR—a dark 180-km wide band—

and two diffuse bright bands, each about 65

to 70 km across, reminiscent of the inner

B-ring structure (Fig. 5C) with optical depths

È 0.26. One of these bands also contains a

weak Pan 7:6 ILR wave, which is not easily

discernible in the image.

Analyses of the Pan and Atlas waves in the

Cassini division have allowed determination of

basic ring properties that had previously been

determined with reasonable confidence only for

the A and C rings. From a fit of the decrease of

wavelength of the Atlas 5:4 wave with distance

from resonance (fig. S4a), we infer a surface

mass density s 0 1.4 T 0.1 g/cm2. The quantity

R
eff

K s/(tr), where r is the internal density

of a ring particle, is a measure of the effec-

Fig. 4. Two SOI dark-side images of the Maxwell and Huygens ringlets, taken at a solar incidence angle
of 114.5-. (A) The Maxwell ringlet is the band on the right, sitting in a gap of the same name. The
image, N1467344214, is centered on 87,396 km, has a radial scale of 0.25 km/pixel, and was taken
from a phase angle of 82- and an emission angle of 47-. A wave is faintly visible in the middle of it. A
diffuse ringlet situated to the left of the Maxwell ringlet and discovered in later Cassini images (Fig.
7A) is not visible here. (B) The Huygens ringlet is the left-most narrow feature and appears alongside
a very narrow ringlet and a broad plateau. This image, N1467345149, is centered at 118,009 km with
a radial scale of 0.37 km/pixel and was taken from an emission angle of 63- and a phase angle of 59-.
A diffuse narrow ringlet has also been found inward (to the left) of the Huygens ringlet (Fig. 7B), but
is not visible here. Brightnesses measured across these ringlets have been converted to optical depth,
t, and compared with the Voyager PPS and RSS scans (2) (fig. S3).
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tive size of the ring particles. Assuming r 0
0.6 g/cm3, we find R

eff
È 30 cm at the location

of the Atlas 5:4 wave, comparable to the value

measured in the optically thin inner C ring

(41) but nearly an order of magnitude smaller

than we and others have found in Saturn_s A

ring (42). Thus the effective particle size is

È10 times larger in the A ring (43, 44) than in

the inner C ring and inner Cassini division.

We also determined the viscosity, n, for the

Atlas 5:4 wave and found n È 2 cm2/s. Using

the Bclassical[ expression n 0 c2t/E2W(1 þ t2)^
(45), where c is the dispersion, or random,

velocity of the ring particles and W is their

orbital frequency, this implies c È 0.1 cm/s

and a ring scale height H 0 c/W È 6 m.

We derived the first estimate of the mass of

Atlas from the amplitude of the 5:4 wave; the

Bnominal[ gravitational mass of Atlas is

GM
Atlas

0 0.00072 km3/s2 for an assumed

density of 0.63 g/cm3 and a mean diameter of

32 km based on Voyager images (46). How-

ever, our best fit gives GM
Atlas

0 0.00014

km3/s2, i.e., a mass only È20% of the nominal

mass. As we discuss above, our modeling of

unresolved Cassini images yields a diameter

of 20 km for Atlas, implying a mean density

for Atlas of 0.5 g/cm3. This density agrees

well with the densities of 0.4 to 0.6 g/cm3

previously inferred for Epimetheus, Janus, Pro-

metheus, and Pandora (13, 46–48).

We observed a large number of density

waves due to Pan in the SOI image sequence.

Resolved waves range from the 7:6 in the

Cassini division to the 90:89 in the mid-A

ring. For the 7:6 wave in the outer Cassini

division, we obtained a surface density s 0
2.5 T 0.3 g/cm2 from wave fits (fig. S4b). In

this region, t 0 0.26; again assuming r 0
0.6 g/cm3 for the ring particles, we obtain

R
eff

È 20 cm, similar to the value we found in

the inner Cassini division using the Atlas wave.

The viscosity for the Pan 7:6 wave is 3.5 cm2/s,

implying H È 5 m.

Because of the larger optical depth of this

region, determining the mass of Pan is not as

straightforward as it is for Atlas. Even though

the Pan wave is linear, the relation between

the observed I/F variations and the optical

depth variations in the wave is nonlinear. Thus,

the optical depth (or surface mass density) pro-

file we infer is model dependent. Our best fit

gave GM
Pan

0 0.00011 km3/s2, which corre-

sponds to a density for Pan of only 0.19 g/cm3

if we take Pan_s mean diameter to be the

Cassini value of D 0 25.6 km, or a density of

0.39 g/cm3 if we use Pan_s pre-Cassini diam-

eter of 20 km. Modeling of the Encke gap

edge waves (see below), which is probably

more reliable, gives a larger mass of GM
Pan

0
(0.00033 T 0.00005) km3/s2, leading to a

density of 0.56 g/cm3 for D 0 25.6 km or

1.18 g/cm3 for D 0 20 km. Most likely, Pan

has a density smaller than that of solid ice

(0.92 g/cm2), like all the other satellites in-

terior to Mimas with known densities.

The most optically thick region in the A

ring (Fig. 5F), at a distance of 122,900 km

and t È 1.5, shows irregular structure sim-

ilar to that seen in other moderate– to high–

optical depth regions in the rings but finer in

scale. This is the finest structure seen any-

where in our images and may be evidence of

the very long wave trains of undamped density

waves, such as the Pandora 5:4 wave, which

resides off the left-hand side of the image.

A theoretical model of the damping of non-

linear density waves shows an abrupt tran-

sition in behavior with optical depth (49).

Density waves in the moderate-t outer A

ring, such as the Mimas 5:3 wave, are

predicted to have a wavelength (l) that de-

clines as xj1, where x is the distance from

resonance, as is observed, and also damp at

roughly the predicted rate. Waves in slightly

higher-t regions, such as the inner B and A

rings, are predicted to have l È xj1/3,

contrary to observations, and to propagate

essentially undamped forever. Although waves

in high-t regions, such as the Pandora 5:4, do

propagate farther than waves in regions of

smaller optical depth, all existing models un-

derestimate damping of waves in high-t re-

gions (49–51).

The workings of strong satellite perturba-

tions can be most clearly seen in SOI images

of the A ring. A striking, uniformly spaced

Bcorduroy[ pattern overlain by two density

waves is obvious in Cassini images (Fig. 5G)

and provides the visual two-dimensional evi-

dence for wakes excited by the satellite Pan

(52, 53) embedded in the Encke gap (just off

Fig. 5. This set of high-resolution images of Saturn’s rings was taken during
the dark-side SOI observation period with a solar incidence angle of 114.5-.
Image scales range from 0.24 to 0.37 km/pixel in the ring plane. Images (A)
and (B) were taken from an emission angle of 47- and a phase angle of 82-;
images (C) through (H) were taken from an emission angle of 63- and a

phase angle of 59-. Image names and radial locations of the centers of the
images are as follows: (A) N1467344509, 92,326 km; (B) N1467344627,
94,362 km; (C) N1467345090, 117,273 km; (D) N1467345208, 118,745
km; (E) N1467345326, 120,496 km; (F) N1467345503, 122,893 km; (G)
N1467346329, 133,227 km; and (H) N1467346447, 134,531 km.
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the upper-right corner) less than È200 km

away. Wakes are created by the intersection

of high–wave number, disturbed ring particle

streamlines caused by the passage of Pan. The

wakes in the Bcorduroy[ pattern are produced

in a manner identical to that of the waves

seen on the inner edge of the Encke gap (see

below), but here their wavelengths, ampli-

tudes, and cant angles result from an encoun-

ter with Pan that was both more distant and

further in the past. In fact, this region contains

two wakes (fig. S5). The weaker, second-order

wake was excited by Pan nearly two synodic

periods earlier (1 synodic period 0 0.39 years),

but persists superimposed upon the first-order

wake. Pan wakes cross the entire region and

interact with a pair of density waves excited

by moons exterior to the rings. The persist-

ence of the wakes far from Pan and the

inferred lack of damping may signify the

importance of collective effects and self-

gravity in maintaining coherent structure far

from the moon.

A collection of new ring phenomena was

seen in the dark-side SOI sequence that may

be evidence of different physical manifes-

tations of particle aggregation, caused by

either gravitational instabilities or kinematical

effects or both. The features known as Bstraw[—

i.e., short-scale (a few kilometers), narrow,

quasi-parallel variations in brightness—are

seen in the first few troughs of strong density

waves in dark-side SOI images of the rings.

The most prominent examples are seen in

the first troughs of the Janus 6:5 (Fig. 5H)

and the Janus 4:3 density waves, as well as in

the smaller Prometheus 33:32 wave È55 km

outside the Keeler gap. Other features, which

show less prominent straw, are the Pandora

5:4, the Janus 2:1, the Pandora 9:8, the

Mimas 5:3, and in the 3rd band/wake due

to Pan È13.5 km outside of the Encke gap.

In most cases, straw is seen in several suc-

cessive troughs of one wave, covering radial

extents of dozens to greater than 100 km,

fading out as the wave damps. One notable

exception is the Prometheus 33:32 in which

straw appears only in the first trough between

the first two crests of the density wave. In all

cases where straw is obvious, its longitudinal

extent covers the entire field of view, which

for dark-side images is less than 1-.
The most obvious examples of straw have

length scales of a few kilometers. In Fig. 5H,

the straw appearing in the broadest trough has

a cant angle to the orbital motion of 11- in the

trailing direction. BLight[ straw has length

scales typically on the order of 1 km or less,

appearing most prominent closer to the wave

peaks and less so in the very bottom of the

trough.

Figure 6C is a dark-side SOI image of

the outer edge of the Encke gap taken 18-
upstream from Pan. Regularly spaced, È6-km-

wide bands bordered by the narrow dark lanes

or wakes caused by Pan are visible. The ropy

features seen between the first two wakes in

Fig. 6C are unique in all Cassini images taken

so far. They are generally between 10 and

20 km long and have a cant angle of 5- relative

to the orbital direction in the trailing sense in

the band closest to the gap, andÈ 9- in the next

band out.

The straw and the ropy features appear

similar to the transient, azimuthally limited,

wakelike structures caused by gravitational

instabilities in models originally used to ex-

plain the spiral arms of disk galaxies (54).

Those structures are expected in the middle

A ring and are believed to be responsible for

the A-ring azimuthal brightness asymmetry.

However, the observed scale in the rings is

very different for the two phenomena: The

gravitational wakes for the mid-A ring have

length scales of È120 m, whereas the straw

is several kilometers long and the ropy struc-

ture at the outer edge of the Encke gap is tens

of kilometers long. To explain the most

prominent straw (in the Janus 6:5 wave) solely

in terms of a gravitational instability would

require a background surface mass density in

the rings of s È 550 g/cm2. This is not

reasonable given the optical depth of the

Fig. 6. Examples of two new ring phenomena: ‘‘mottled’’ and ‘‘ropy’’ structures. (A) Dayside SOI image
of the outer edge of the A ring with solar incidence angle of 114.5-, an emission angle of 93.5-, and a
phase angle of 129-. This image radial scale is 0.98 km/pixel. The longitudinal coverage is È5.2-. (B) A
map projection of the image (A), covering about 2.05- of longitude, roughly half of the full longitudinal
extent seen in (A) and only 72 km in radial extent. (C) Dark-side SOI image N1467346388, with an
incidence angle of 114.5-, an emission angle of 63-, and a phase angle of 59-, shows the outer edge of
the Encke gap and the region exterior to it. The wakes of Pan are clearly seen. A different example of
mottled structure is seen in the eighth Pan wake from the edge, as well as ropy structure within the
first two bands exterior to the gap. This figure covers 180 km in radius and roughly 0.07- in longitude.
The radial scale is 0.27 km/pixel and the longitudinal scale is 0.00013-/pixel.

Table 3. Measured radii and maximum brightnesses (I/F) for the diffuse ringlets seen in Fig. 7. ‘‘I’’
denotes inner; ‘‘O’’ denotes outer. The minimum optical depth needed to produce the I/F (assuming all
forward-scattering dust), and the maximum optical depth needed to produce the I/F (assuming all large
particles), are also given. These calculations assume that the observed I/F is due to single scattering. For
R/2004 S1 and R/2004 S2, particular care was taken in subtracting out background scattered light (2).
The main Encke ringlet at 133,581 km was detected in the Voyager PPS experiment, with a measured t
È 0.10. (The semimajor axis of Pan is 133,584 km; the ring is coincident with the orbit of the moon.) If
this optical depth applied to the Cassini ISS observation, the implied fractions, by optical depth, of dust
and large particles are È10% and 90%, respectively. However, this estimate is highly uncertain, because
the main Encke ringlet is known to vary with longitude.

Diffuse ring Radius (midpoint, km) I/F t min tmax

Maxwell I 87,418 2 � 10j4 9 � 10j5 0.05
Huygens I 117,744 5 � 10j4 2 � 10j4 0.04
Encke I 133,486 0.0048 0.003 0.04
Encke 133,581 0.0268 0.016 0.21
Encke O1 133,660 2 � 10j4 1 � 10j4 0.002
Encke O2 133,719 0.0019 0.001 0.015
Atlas (R/2004 S1) 137,630 6 � 10j5 3 � 10j5 3 � 10j4

R/2004 S2 138,900 3 � 10j6 1 � 10j5 2 � 10j4
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region. Measured surface densities in the outer

A ring are an order of magnitude smaller (42).

These features may be caused by a combi-

nation of gravitational and kinematical effects,

as found in numerical simulations of the outer

edge of the Encke gap (55). In that work,

strawlike structures were produced, even in the

absence of self-gravity, when particles were

forced into close proximity as their streamlines

were squeezed together in the wakes created

by Pan; their cant angles changed with the

changing phase of the material relative to the

crest of the wave. However, when self-gravity

was added, they were even more pronounced

and become robust structures that look like

the ropy features on the SOI dark-side image

of the Encke gap. We surmise that the straw

and ropy features are a product of enhanced

kinematical and self-gravitational effects

associated with passage of ring particles,

and the consequent squeezing of their stream-

lines, through the crests of density waves or

wakes.

An unusual mottled-looking narrow region,

with a radial width varying with longitude

from 5 to 10 km, was observed È60 km inside

the outer edge of the A ring (Fig. 6, A and B).

This region is characterized by blotchy light

and dark areas about 30 to 40 km in azimuthal

extent. It does not cover the whole longitudinal

extent of the images in which it appears (È5-),
but radially narrows and fades to nothing near

the ansa. The observed extent is È3.5-, but the

actual extent could be longer if it extends

beyond the left-hand part of the image.

There are similar, narrow mottled-looking

regions seen in the dark-side images, but

none on such a large scale as that seen at the

edge of the A ring. These others are observed

in the dark crests of certain waves or in the

wakes caused by Pan. The two most prom-

inent of these are the eighth wake of Pan,

about 69 km exterior to the Encke gap (Fig.

6C), and the first crest of the Pandora 13:12

(Fig. 5H). These both are about 3 km wide in

the radial direction and extend over most of

the field of view, È1- in longitude.

The mottled regions are also probably

caused by particle clumping that is longitu-

dinally variable. The outer A ring is shaped

into a seven-lobed pattern by a 7:6 Lindblad

resonance with the co-orbital satellites, and

the resonant perturbations in this region are

complicated by the presence of many potential

components with different pattern speeds, due

to the presence of two satellites, Janus and

Epimetheus, within 50 km of each other in

orbital distance (37). It is possible that these

perturbations, which extend 60 km inside the

A ring, may be related to the co-orbital_s non-

axisymmetric perturbations in this region. The

second type of mottling seen in the dark crests

of waves and in the Pan wakes may be nothing

more than extreme particle clumping that

occurs in regions that are kinematically com-

pressed and eventually evolves into straw

and ropy structure after the particles have

passed through the crests/wakes and into the

troughs.

We have discovered and measured the

properties of new narrow tenuous rings be-

tween the A ring and the F ring and within

some of the gaps in Saturn_s main rings: i.e.,

Encke in the A ring, Huygens in the inner

Cassini division, and Maxwell in the C ring

(2) (Fig. 7 and Table 3). Ringlets had been

observed inside the Encke gap in Voyager

images, but the Cassini lit-side image shows

the presence of three major ones and a rather

tenuous one that may be nothing more than

an enhancement on a broader sheet of ma-

terial. The center ringlet, which probably has

the highest optical depth among the ringlets

in Table 3, is coincident with Pan_s orbit, im-

plying that here, the ring particles are being

maintained in horseshoe orbits (56–58). It,

along with other ringlets in the Encke gap,

exhibits longitudinal variations in brightness,

suggestive of the particle accumulation that

occurs in corotation sites associated with co-

rotation resonances (58a).

It is not clear at present whether the

origin of all these low–optical depth ringlets

is the same. The association of the Atlas ring

with Atlas and the main Encke ringlet with

Fig. 7. Diffuse ringlets discovered within Saturn’s rings. All images have been heavily processed to bring
out low–optical thickness rings. Images (A) and (B) were taken with a solar incidence angle of 114.5-, an
emission angle of 99-, and a phase angle of 145-. (A) Image N1477742794 is centered on a radius of
84,394 km, has a radial scale of 7 km/pixel, and shows a radial region of 4290-km extent, including
the Maxwell gap in the C ring. The right arrow points to the optically thick Maxwell ringlet; the left
arrow points to the new diffuse ring seen interior to it. (B) N1477740094 is centered on a radius of
117,292 km, has radial scale of 7 km/pixel, and covers 3870 km, including the Huygens gap
immediately outside the outer B-ring edge. The right arrow points to the optically thick Huygens ring;
the left arrow points to the new diffuse ring interior to it. Images (C) and (D) are from the dayside
SOI sequence and have an incidence angle of 114.5- and an emission angle of È94-. (C) Image
N1467351325 is centered on a radius of 133,557 km interior to the Encke gap, has a radial scale of
1.15 km/pixel, a radial extent of 858 km, and was taken from a phase angle of 134-. The arrows point
to (from the left) the Encke I, main Encke, Encke O1, and Encke O2 ringlets (Table 3). (D) This image
is a composite of WAC images of the F-ring region taken from a phase angle of 87-. The radial scale
is È10 km/pixel. The left arrow points to R/2004 S1 (5) (the ‘‘Atlas’’ ring); the right arrow, to R/2004
S2 (4) (Table 3).
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Pan would suggest that these rings derive

from their associated moon. In other cases, a

ring may exist because the material (or small

parent bodies within it) are shepherded by a

larger moon also present in the gap. The par-

ticles in many or all of the ringlets in Table 3

may have substantial fractions of micrometer-

sized dust, implying that nongravitational

forces may also affect the ringlets_ dynamics.

In any case, the presence of narrow diffuse

ringlets in a gap like Maxwell and Huygens,

along with the major Maxwell and Huygens

ringlets, and the additional narrow ringlets in

the Encke gap, suggests that there are other

moonlets in these gaps.

Cassini images have shown clear evidence

for two narrow strands of material on either

side of the main core of the F ring: a 700-km-

wide envelope of material surrounding the F

ring, and an azimuthal structure within the ring

and its envelope, some of which is clearly

explained by interactions with Prometheus.

Even though the F ring has been successfully

modeled as an eccentric, inclined ring (59), its

behavior in Cassini images suggests that it

exhibits localized (and hence short-term) radial

fluctuations, much of which is still unexplained.

A discontinuity in the ring and a streamer of

material linking it with Prometheus (Fig. 8G)

were observed in the vicinity of conjunction

with Prometheus at its apoapse, reminiscent of

the structures seen in the numerical modeling

of a multistranded F ring perturbed by the moon

(60, 61). These models provide qualitative ex-

planations for such phenomena: The moon_s
perturbation switches sign at the encounter

longitude, altering ring particle semimajor axes

and eccentricities (60). Particles encountering

Prometheus immediately before apoapse are

dragged backward, whereas those encounter-

ing it just after apoapse are tugged forward.

The induced changes in semimajor axis re-

move particles from the F-ring region, open-

ing a gap (61); the affected particles form a

stream of material approximately in the radial

direction. Physical collisions with Prometheus

are not the most important effect.

Some images showed evidence for stream-

ers extending between the F-ring core and the

outer and inner strands (Fig. 8, A and B,

respectively). Others (Fig. 8, C and D) have

shown that gradual radial displacement in the

core extending over È12- in longitude and

peaking at È60 km in radius appeared on one

ansa and was detected as a mirror image re-

flected in the azimuthal direction, on the other

ansa 8 hours later. This suggests that these

structures are due to a gradual change in ec-

centricity along 12- of longitude followed by a

sudden change of È0.0002, giving rise to the

kink. The symmetry arises because the parti-

cles at apoapse in the ansa in Fig. 8C will be at

periapse in the ansa in Fig. 8D. A corollary of

this is that a kink imaged at one longitude may

appear as a clump at T 90- from that longitude.

Some of the clumps for which the F ring is

renowned undoubtedly have their origin in this

dynamic behavior caused by Prometheus.

At high resolution, two main strands are

visible È90 km exterior and È140 km in-

terior to the main F-ring core. Based on ra-

dial scans of the NAC, the estimated widths

of the inner, core, and outer strands are 70,

20, and 30 km, respectively. All three of these

rings are themselves embedded in the È700-

km-wide envelope seen in the enhanced

image. Striations extending from the F-ring

core, through the inner strand and into the

interior dust sheet, take the appearance of

Bdrapes[ of material (Fig. 8E). The positions

of the gaps in between the drapes in the inner

strand are clearly correlated with the posi-

tions of Prometheus when it reaches consec-

utive apoapses; the positions of azimuthal

features in the core of the ring are not so well

correlated with Prometheus_s apoapses (Fig.

8F). Furthermore, the observed changing tilt

of the drapes with longitude around the ring,

and asymmetry in the tilt on either side of

the gap, suggest that the striations are the

result of the Keplerian shear of perturbed ma-

terial that was approximately radial at the time

of successive apoapse passages of Prometheus,

consistent with the physical model for gap for-

mation (60, 61) discussed above.

Fig. 8. (A and B) Evidence for material connecting the bright, central core of the F ring to the
prominent outer and inner F-ring strands, respectively. Each reprojected image covers 6.25- of
longitude and 2000 km in radius. (C and D) Images of a single reprojected section of 1000-km
radial width of the F ring but separated by 8 hours and 193- in longitude. Evidence of reflective
symmetry is apparent along È12- in the azimuthal direction and in the mirrored ‘‘kink.’’ (E) A view
of the lit-face of the F-ring region taken on 1 July 2004 following the post-SOI descending ring
plane crossing. The WAC image covers 7- in longitude at the edge of the A ring (seen on the left)
and 27- at the F ring; Prometheus is visible at the lower left. The inset (top right) shows a
simultaneously shuttered NAC image centered on the inner F ring. (F) A reprojection of the F ring
region in (E) into a longitude-radius system centered on the ansa covering 18- in longitude and
1880 km in radius. The A- and B-labeled arrows denote the longitudes where Prometheus was at
apoapse based on the relative mean motion of material in the core (59) and a strand with a
semimajor axis that was 140 km interior to it, respectively. The observed slope in the reprojection
is due to the eccentricity of the rings. (G) NAC image taken on 29 October 2004 showing the
multiple strands of the F ring, a streamer of material connecting Prometheus with the F ring, and
sheared gaps in the inner strands due to previous apoapse encounters with Prometheus.
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It is unlikely that Prometheus is the only

perturber in the F ring. Small moons and

short-lived Brubble piles[ in the vicinity of

the F ring have been proposed to explain a

variety of Voyager (62–64) and ground-

based (6, 65) observations. Fourier analyses

of the azimuthal structures seen in the F-ring

core in Cassini movie images covering an en-

tire F-ring orbit have confirmed the periodic

perturbations of Prometheus on the ring at a

wavelength of 3.2-, and reasonably strong sig-

natures between and including 5.0- and 6-.
The latter may be the signature of Pandora,

which should fall at 5.75-. However, they show

no evidence of any signatures of objects in the

orbits of S/2004 S3, S/2004 S4, and S/2004

S6 (2), and with the exception of the signa-

ture of Prometheus, no signatures at the wave-

lengths found by previous investigators (63).

There is also a clear indication of material

extending È400 km beyond the edge of the A

ring (Fig. 9), as well as two new diffuse rings:

a È300-km-wide ring of material, R/2004 S1,

in the orbit of Atlas (5) and another ring, R/

2004 S2 (4), comparable to the Atlas ring and

immediately interior to Prometheus_s periapse

distance. These rings have I/F values compa-

rable to those of the jovian ring (Table 3 and

fig. S6). Prometheus_s apoapse distance corre-

sponds to the inner sharp boundary of the F

ring_s envelope. These observations indicate

that Prometheus has swept material from the

region occupied by its orbit.

The SOI sequence captured dark- and lit-

side views of the Encke gap and the unmis-

takable perturbations due to Pan—scallops

on the inner edge and bright spiraling

streamers radiating away from the same

edge. When the image is mapped in longi-

tude and radius, severely contrast enhanced,

and stretched radially by a factor of 20, it is

evident that the inner edge (Fig. 9A) sports a

decidedly nonsinusoidal distortion; the outer

edge (Fig. 9B), a more or less sinusoidal wave

of lesser amplitude.

The simple theory for the impulse approx-

imation, in which the wavelength of the

perturbation produced by a satellite on a

circular orbit is given by 3px, where x is the

distance of the satellite from the ring particle,

does not explain all the details seen in the

edges of the Encke gap. The wavelengths and

amplitudes of the undulations on the inner and

outer edges have been measured by least-

squares fitting of a sinusoidal wave form.

Fourier analysis was also used to ascertain the

presence of other wavelengths, especially in

the nonsinusoidal inner edge. For the inner

edge, the dominant wavelength by both

methods is 0.67- and ae È 1.6 km, respec-

tively. The semimajor axis of Pan, determined

by this work (Table 1), is 133584.0 T 1 km.

The locations of the gap_s inner and outer

edges are 133,423.5 T 0.5 km and 133,745.1 T
0.5 km (66, 67), respectively. The distance of

Pan from the inner edge is then È160 km. This

is consistent with the distance computed from

the wavelength of the observed wave on the

inner edge—È165 km—given the uncertain-

ties in the latter. The kinematical explanation

for the wavelength of the inner-edge wave fits

the observations.

Pan_s longitude at the time of the image

is 19.5-. The longitude of the center of the

image is 32-. The particles comprising the

inner-edge waves, consequently, are leading

Pan by 12.5-, which amounts to È19 wave-

lengths. Thus, the inner waves are probably

not damped at all, and we can estimate Pan_s
mass from their amplitude. The standard

treatment predicts ae È 2.24 ma3/x2, which

gives m 0 M
Pan

/M
S
È 8.7 T 1.3 � 10j12, or

GM
Pan

0 3.3 T 0.5 � 10j4 km3 sj2. This is

about three times larger than the value we

derive for Pan_s mass from the 7:6 linear

density wave. The density wave analysis is

likely to be in error for reasons previously

given. However, neglect of either the self-

gravity of the ring particles and/or the eccen-

tricity of Pan in the kinematic edge wave

analysis that forms the basis of the relation

between wave amplitude and distance may

also contribute to the discrepancy. The non-

sinusoidal nature of the inner-edge wave hints

that Pan_s eccentricity is likely to be a factor.

Edge waves are seen in the outer Encke

gap edge, in which the particles are trailing

Pan by 348- or È457 wavelengths: Their dom-

inant wavelength is 0.81- and their ampli-

tude ae 0 0.4 km. The distance of Pan from

the outer edge is È161 km, a value that is

not consistent with such a wavelength (which

yields x È 201 km). Either Pan is not respon-

sible for the waves seen in the outer edge

(Fig. 9B) and they indicate the presence of

another moonlet in the gap È 40 km interior to

Pan, or the simple kinematical model for edge

wave development by Pan does not apply to

this edge. The second putative moonlet would

have to be È25% of Pan_s mass, and for the

same density, È60% of Pan_s size. Such a

moon would have been easily detected in

Cassini movie sequences of the Encke gap. On

the other hand, it is hard to imagine a pro-

Fig. 10. Keeler gap. Spikes (sharp, radial discontinuities) and wisps (broad, faint material generally
seen in between the spikes) observed in the outer edge of the Keeler gap during the SOI dayside
sequence. The most easily seen features are labeled A through J. The image has been mapped into
a longitude-radius system, contrast enhanced and radially stretched by a factor of 5. The lon-
gitudinal extent of the map is 4.6-; the radial extent, top to bottom, is È60 km.

Fig. 9. Encke Gap. (A)
Inner and (B) outer
edges of the Encke
gap as seen in Fig.
7C, mapped into a
longitude-radius sys-
tem, enhanced in
contrast and bright-
ness and radially
stretched by a factor
of 20.
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cess that would alter the wavelength/distance

relation on the outer edge and not on the inner

edge, because the ring material interior and

exterior to Pan has comparable optical depths

and therefore surface mass densities. Cassini

images of the Encke gap, and the large num-

ber of wakes due to Pan and second- and

third-order waves, suggest that there is far less

damping than the simplest, streamline intersec-

tion treatment of this dynamical system would

predict (52, 68, 69).

The Keeler gap, the narrow gap only

È250 km interior to the outer edge of the A

ring, was also captured in the lit- and dark-

side SOI image sequences. In Cassini images,

the gap is È42 km wide. Several faint

discontinuities, or spikes, in the outer gap edge

have been discovered in two NAC dayside

images (Fig. 10); these are similar to the

spikes protruding inward from the core of the

F ring during Prometheus_s passages (Fig. 8G).

Wisps of faint material, vaguely reminiscent

of the drapes and striations seen interior to

the F ring, are seen in association with, and

between, some of these spikes in the Keeler

gap outer edge (Fig. 10). These features all

move in unison at the Keplerian rate appro-

priate to the motion of particles at this loca-

tion. Arguing on the basis of their similarity

to the features caused by Prometheus in the F

ring, it is likely that they are caused by the

apoapse passages of a yet-unseen moonlet on

an eccentric orbit within the Keeler gap. The

spikes are È5 km long. The putative moon

would have a diameter of a few kilometers,

scaling from the widths of the Encke and

Keeler gaps and our inferred size for Pan

(28). Interpreted in this way, measurement of

their preferred length scale should indicate

the position of the moonlet. To this end,

correlations between the spikes_ longitudinal

positions and grids with a range of character-

istic spacings were numerically calculated.

The most statistically significant characteris-

tic spacing was found to be 199 km at a 78%

confidence level. A set of features with this

particular wavelength, caused by a moon on an

eccentric orbit, would be associated (through

the 3px relation) with a perturber at a radial

separation of 21 km, which is half the width

of the Keeler gap. These observations indi-

cate that there is a tiny moon orbiting at the

center of the Keeler gap.

Finding any feature in the outer part of the

A ring that is certifiably circular is difficult;

almost all features in this region are non-

circular density waves or nonaxisymmetric

edges. Taking the outer edge of the Keeler

gap to be circular (despite the presence of the

short spatial scale spikes and wisps), streamer-

like features exterior to the outer Keeler gap

edge are then spiral in nature, like those seen

spreading away from the inside of the Encke

gap edge. These may be wake structures

caused by the putative Keeler moon.
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Cassini Imaging Science: Initial Results
on Phoebe and Iapetus
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The Cassini Imaging Science Subsystem acquired high-resolution imaging data on
the outer Saturnian moon, Phoebe, during Cassini’s close flyby on 11 June 2004 and
on Iapetus during a flyby on 31 December 2004. Phoebe has a heavily cratered and
ancient surface, shows evidence of ice near the surface, has distinct layering of
different materials, and has a mean density that is indicative of an ice-rock mixture.
Iapetus’s dark leading side (Cassini Regio) is ancient, heavily cratered terrain
bisected by an equatorial ridge system that reaches 20 kilometers relief. Local
albedo variations within and bordering Cassini Regio suggest mass wasting of
ballistically deposited material, the origin of which remains unknown.

Phoebe orbits Saturn at a distance of 12.9 �
106 km every 550 days in a retrograde orbit,

which suggests that it was captured early

in solar system history (1). The Cassini

spacecraft flew within 2071 km of Phoebe

to enable high-resolution remote-sensing

observations and determination of the satel-

lite_s mass. Ground-based and low-resolution

Voyager images had shown the satellite to be

dark (normal reflectance È0.08), with rela-

tively small regions that were È50% brighter

(2). This dark surface has been hypothesized

to be a source for material coating Iapetus,

although it is known that Phoebe_s surface is

spectrally different from the dark material on

Iapetus (3, 4).

The Imaging Science Subsystem (ISS) (5)

obtained images of Phoebe at better than 2

km pixelj1 (Fig. 1) over slightly more than

three Phoebe rotations (period of 9.27 hours)

(6); the closest approach occurred on 11 June

2004. The highest resolution images have a

pixel scale of 13 m. We derived a spin-pole

orientation of right ascension 0 356.6-,
declination 0 77.9- from 211 control points

measured in 80 images. The previous solu-

tion from Voyager data was only 9- dif-

ferent (7). Additional stereo solutions and

matching limb and shadow positions pro-

vide a 2- by 2- digital model of the shape

(8), from which the satellite_s volume and

major topographic forms can be measured.

The mean radius is 106.6 T 1 km. Phoebe_s
topography, relative to an equipotential sur-

face, is within the range of other small

objects and is much higher than that for

clearly relaxed objects.

The calculated volume, 5.07 T 0.14 �
106 km3, combined with the mass determined

from tracking the spacecraft (9), gives a mean

density of 1630 T 45 kg mj3. The surface

gravity on Phoebe, including rotational ef-

fects, ranges from 3.8 to 5.0 cm sj2, and es-

cape velocity, for objects launched vertically,

ranges from 89 to 108 m sj1.

Mean density is a function of both the

sample density and the body_s overall

porosity. For porosities GÈ40%, Phoebe_s
mean density of 1630 kg mj3 requires a

mixture of ice and rock of some type (Fig.

2). For porosities 9È40%, Phoebe could be a

completely rocky body. However, the iden-

tification of water ice on its surface tele-

scopically (10, 11) and evidence from the

Cassini Visual and Infrared Mapping

Spectrometer (VIMS) experiment (12) that

shows widespread water ice, water of hydra-

tion, and trapped CO
2

on the surface suggest

a more volatile overall composition. In

addition, ISS images suggest icy materials

at and near the surface. Furthermore, most

examples of high inferred porosities, such as
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Fig. 1. Global views
of Phoebe. (A) Image
N1465644359, from
195,000 km, sub-
spacecraft (S/C) lon-
gitude of 78-W. (B)
N1465652463, 144,000
k m , 1 6 5 -W . ( C )
N1465700301, 160,000
k m , 1 4 2 -W . ( D )
N1465662798, 78,000
km, 276-W. (E) Mosaic
of N1465669778 and
N1465669953, 33,000
km, 349-W. Part of
N1465669953 has been
reprojected to match
the limb of the other
image. North is ap-
proximately up in all
images.
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the co-orbital moons, Janus and Epimetheus,

and the F-ring shepherds, Pandora and

Prometheus, occur for objects whose central

pressures are exceeded below a few kilome-

ters depth in Phoebe. Thus, Phoebe might

not sustain such porosities over a large

fraction of its volume.

For zero porosity, Phoebe_s density would

imply a mixture of ice and rock similar to

those of the large icy satellites Ganymede,

Callisto, and Titan (Fig. 2). Estimates of

rock fractions for the smaller icy satellites

(Mimas, Tethys, Dione, Rhea, and Iapetus)

range from 0.25 to 0.5 (13), resulting in a

range of sample densities from È1100 to

1500 kg mj3. Given that some porosity is

plausible for a small satellite, Phoebe_s
sample density is thus probably greater than

that found in the icy satellites of either

Jupiter or Saturn but less than the mean

densities of Pluto and Triton, objects thought

to be representative of Kuiper Belt Objects,

with implied rock fractions of about 0.7,

or an equivalent sample density of È1900

kg mj3 (14).

Phoebe_s surface is dominated by im-

pact craters, large landslides, and local

albedo markings (Figs. 1 and 3). Phoebe_s
craters range in diameter from the lower

limit imposed by the image resolution, È50

m, to almost the maximum limit imposed

by the size of Phoebe itself, È100 km; there

are 9130 craters with diameters 910 km. The

vast majority of Phoebe_s craters have mor-

phologies typical of simple craters seen

throughout the solar system, including the

usual range of forms apparently induced

by subsequent mass movement or other

impacts. Because of the low gravity on

Phoebe, there should be no central-peaked

or multiringed craters, and this is indeed the

case.

Two craters exhibit large mass-movement

accumulations (Figs. 1E and 3B). Hummocky

debris on the floor of the 100-km crater

named Jason (Fig. 4) probably originated

from the north and east slopes, which are

steep sided and exhibit evidence of recent

downslope motion, including some bright

streamers. Crenulations in the rim of a

smaller crater named Erginus correlate with

lobes of debris on the floor (Fig. 1E). The

larger mass-movement accumulation in

Jason has sections È2 km thick, and its

total volume is estimated to be 9103 km3.

The current height of the eastern wall

ranges from 11 to 15 km, with slopes up

to È40-. This wall could have supplied the

estimated volume of slumped material with

less than 2 km of horizontal retreat. The

deposit within Jason may have been em-

placed in several events, and the debris

inside crater Erginus, which postdates some

of the Jason landslides, may also consist

of two or more discrete flows, one of which

appears to have overtopped the crater_s
south rim.

Phoebe is a densely cratered object. Cu-

mulative numbers of craters, between 100 m

and 100 km diameter, per unit area, define

a steep-sloped curve (Fig. 5). Crater den-

sities approach those seen on other heavily

cratered objects (15, 16). This impact

record may show the effects of impacts by

other small, irregular saturnian satellites.

Phoebe itself is the largest member of a

group of at least five objects with similar

inclinations and eccentricities (17, 18). The

population of irregular satellites should

produce craters a few tens of kilometers in

diameter (17, 19). The high crater frequen-

cies strongly suggest a surface at least 4 Gy

old, consistent with early capture into Sat-

urn orbit (1), when the outer solar system

probably had a large population of small

objects (20).

Photometric properties can help distin-

guish materials and geologic units. Cassini_s
encounter with Phoebe provided coverage in

Fig. 2. Sample density for Phoebe
as a function of porosity. For any
given density, greater porosity
requires a higher sample density.
For Phoebe’s mean density of
1630 kg mj3, porosities less than
40% require some mixture of
rock and ice; higher porosities
could exist without an ice com-
ponent. For comparison, calcu-
lated porosities of small, icy
Saturn satellites range between
20% and 65%; asteroid Mathilde,
a rocky object, has porosities as
high as 60%.

Fig. 3. Details of mor-
phology of Phoebe. (A)
Bright exposures and
downslope streamers
in Jason crater. Portion
of N1465673138; im-
age width 15 km; cen-
tered at 31-N, 302-W.
(B) Bright markings sur-
rounding small craters
in hummocky material
that probably was em-
placed as landslides
from the walls of cra-
ter Jason. Portion of
N1465677447; image
width 26 km; centered
at 21-N, 318-W. (C)
Crater with bright
rays, and other cra-
ters exposing bright
material. Portion of
N1465674782; image
width 8.2 km; centered
at 1-N, 346-W. (D)
Crater with banding in
upper slopes. Portion
of N1465672905; im-
age width 17 km; cen-
tered at 36-S, 334-W.
(E) Ejecta blocks in bot-
tom of crater; largest is
È300 m across. Portion
of N1465674693; im-
age width 1.8 km; cen-
tered at 1-S, 353-W.
(F) Elongate depres-
sion, possibly second-

ary crater chain. Portion of N1465674502; image width 10.5 km; centered at 0-N, 11-W.
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solar phase angle (a) from 24- e a e 92-.
Rotational light curves derived from the

preflyby and postflyby data displayed no

substantial variations of whole-disk color

with longitude. At a near 90-, the average

whole-disk brightness of Phoebe was about

one magnitude brighter than expected by

extrapolating the best-available Voyager

photometric model (2). This discrepancy

suggests that average regolith particles on

Phoebe_s surface scatter light more isotropi-

cally than predicted from the Voyager

model, which was constrained only by data

at a e 33-.
We find a range of normal reflectances

(r
n
) of 0.07 e r

n
e 0.3. Local albedo

variations on the surface of Phoebe having

contrast factors of 2.0 to 3.0 as measured

by ISS are manifested chiefly as brighter

downslope streamers and bright annuli,

rays, or irregular bright areas around small

craters. Small parts of a few downslope

streamers (Fig. 3A) are saturated in ISS

images and thus have yet higher reflec-

tances, but these represent a small fraction

of the bright albedo features on Phoebe.

These contrast ratios suggest normal reflec-

tances of È30% or less, values incom-

Fig. 4. A mosaic of images of Phoebe,
including the provisional names assigned
to some craters by the International
Astronomical Union. South polar regions
were imaged only at high emission angles;
high northern latitudes were in darkness.
Resolution and solar phase changed dur-
ing flyby.

Fig. 5. Cumulative crater size-frequency distri-
butions of Phoebe measured at image pixel scales
from 4 km down to 30 m. The red curve is the
lunar production function normalized to (aver-
age) lunar highland frequencies [see, e.g., (35)].
The green curve represents the production
function derived for Jupiter’s largest satellite,
Ganymede, normalized to old, dark, cratered
terrain of Galileo Regio (16, 36). The shapes of
the lunar and Ganymede production-function
curve and the Phoebe crater size-frequency
distributions at larger sizes all show departures
from simple log functions. Also shown is the
lunar equilibrium distribution with a –2 slope for
small craters in the lunar maria (e.g., 16).
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patible with clean ice. Thus, although most

of the brighter outcrops are probably rich in

ice, they are Bdirty[ (contaminant fraction

could still be small) and could evolve to

darker lag deposits that mantle Phoebe_s
surface through sublimation and thermal

degradation processes related to insolation,

sputtering, and impact cratering.

Bright material appears to be exposed

by cratering on flat areas and gentle slopes

and by mass wasting of steep scarps. Bright

spots are associated with craters (Fig. 3, B

and C) ranging from below the image

resolution to È1 km in size. Material ex-

cavated by impacts typically comes from

depths G0.1 crater diameter (18); thus, the

bright crater deposits represent material

from a few meters to È100 m in depth.

Bright exposures also occur in landslide

debris, which represents a mixture of ma-

terials from a variety of depths. Therefore, the

brighter, ice-rich material occurs at shallow

depths (or deeper) in widespread geograph-

ic and geologic settings. However, only a

small fraction of craters, (G10%) in a

limited size range (diameters GÈ1 km) pre-

sently displays bright materials. This ob-

servation suggests that bright materials

darken or are covered as they age by

processes such as infall of dark material

from impacts among other small, outer

satellites (21); deposition (regional or glob-

al) of debris excavated from elsewhere

on Phoebe; sublimation of ice from the

bright component; or, possibly, photochem-

ical darkening of impurities in the brighter

material.

The walls of some craters ranging from

È20 to 100 km in diameter (Fig. 3D) show

evidence for layering or banding of materials

at depth. In Jason (Fig. 3A), alignment of

exposures of bright material suggests some

layering at depths 91 km. The event that

created Euphemus (Fig. 3D) may have

excavated a layered surface, or the banding

may represent exposure of the crater_s own

ejecta by slumping of oversteepened wall

material near the rim.

Elongate depressions, typically less than

200 m wide and of varying continuity, are

visible in some of the higher resolution images

(Fig. 3F). Most of these are radially aligned

with the overlapping craters Phlias and Hylas,

near 0-W. The association suggests that these

may be secondary craters, or fractures, or

both, formed by the creation of a relatively

young crater.

The presence of boulders 30 to 300 m

across (Fig. 3E), collected in the bottoms of

craters and scattered between craters, is fully

Fig. 6. Iapetus features. (A) Mosaic of images N1483151512, N1483152862,
N1483152937, and N1483153026. The disk’s middle is at 20-N, 80-W. The
ridge runs roughly along 2-S and in this view traverses longitudes 40-W to
150-W, a distance of about 1400 km. Streaked dark markings in the
brighter area at the top point back to the center of the leading side of
Iapetus. Bright markings on the southern rim of the 400-km crater near the
center indicate downslope motion and preferential exposure on north-
facing slopes. (B) Detail of peaks along the equatorial ridge. Portion of
image N1476735994, rotated; image edge at upper left; width is È350 km.
Peak near middle is at 1-S, 190-W. (C) Peaks seen on limb in image
N1476993421, S/C 0 7-S, 292-W. Peaks on limb are at È205-W,

essentially on the equator. North is to left. (D) View of linear chain of
peaks at transition from Cassini Regio (right) to brighter terrain. Image
N1476575655, S/C 0 27-S, 216-W. Line of bright peaks extends from
185-W to 210-W and is within 2- of the equator. North is to upper right.
Diameter of disk is È1490 km. (E) Cassini Regio, bright polar areas, large
basins, and equatorial ridge. Image N1482859934, S/C 0 2-S, 70-W. North
is to upper right. Basin on the right is È550 km across; the one near the
upper boundary of the dark area is 400 km across. Both basins show central
raised structures, perhaps broad peak rings. A basin near the left limb
(below equatorial ridge) is È380 km diameter. Image has been contrast
enhanced to show the features in the darker areas.
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consistent with ejecta from cratering events.

A 300-m block could have been produced by

a È25-km diameter crater (22). About 20

craters on Phoebe are between 25 and 50 km

across.

Iapetus, Saturn_s third-largest moon,

orbits at a mean distance of 3.56 � 106

km on a slightly inclined prograde orbit.

Cassini ISS obtained images of Iapetus

during its first three orbits and during a

flyby on 31 December 2004 with pixel

scales that improve substantially on Voyag-

er coverage. The most enigmatic feature of

Iapetus from previous observations is the

dark, roughly elliptical region centered on

the leading side (BCassini Regio[) (23),

darker by a factor of about 10 than parts

of the trailing side (24). Theories for the

origin of this feature have primarily in-

volved the effects of impacts of material

(exogenic theories), either by direct coating

of the surface or by erosional effects of

impacts (3, 25–29). The source of possible

impactors—whether the remnants of for-

mer cataclysmically disrupted satellites, or

ejecta/dust from outer saturnian satellites

like Phoebe, or interplanetary particles—

has been uncertain. A possible internal

(endogenic) origin has also been sug-

gested (30) on the basis of dark markings

beyond the contiguous dark area. Addi-

tionally, an origin by eruption of dark

material, followed by deposition of brighter

ice, followed by impact erosion has been

proposed (31). Theories of formation by

impacts (26) predict that albedo markings

in craters and other topography near the

edges of the dark area should be asym-

metrically placed on topography because

of grazing angles of impacts away from

the apex of motion.

Cassini images show that Cassini Regio

is heavily cratered, with at least three large

impact structures with diameters 9350 km.

The region within È20- latitude is, at the

resolution of Cassini images, entirely dark-

ened (except for slightly brighter crater rims),

yet shows no obvious signs of volcanic

flooding (Figs. 6 and 7). The largest basin

is near 15-N, 30-W in the northeastern

part of Cassini Regio (Fig. 6, A and E)

and has a broad inner (peak) ring È160

km in diameter. A 400-km basin is nearby,

at 35-N, 80-W (Fig. 6, A and E), and a

380-km basin is on the anti-Saturn hemi-

sphere near 15-S, 120-W. The latter struc-

ture has a somewhat polygonal outline and

may have a central rise. A fourth large

circular structure, È500 km across, is de-

tected within the bright terrain at È45-S,

240-W in low-resolution (50 km pixelj1)

and high-phase (9110-) images. It, too,

exhibits a central rise. These large craters

have sizes, relative to Iapetus_s size, con-

sistent with the largest craters on other icy

satellites. Smaller craters, tens of kilome-

ters in diameter, show central peaks (Figs.

6A and 7B).

Crater counts have been carried out in

two sets of images in the bright terrain at

high southern latitudes. For crater diameters

between 70 and 90 km, the crater frequencies

measured in the Cassini ISS data are within a

factor of È1.5 of that found from earlier

counts performed on Voyager data at a

different location (32). This crater density

confirms the old age of the bright part of the

surface. Counts within the dark region are in

progress. It is clear from visual inspection

that it is also heavily cratered and thus old

(Fig. 6A and Fig. 7, B to D). Whatever

darkened the leading hemisphere of Iapetus

postdated the formation of the craters within

Cassini Regio.

Cassini images show substantial limb

topography, relative to a reference sphere,

that confirms earlier measurements from

low-resolution Voyager images of unusually

high topography for an object of this size

(33). Cassini images from October 2004

captured several aligned peaks that had been

identified in Voyager 2 images of the limb of

Iapetus, on the anti-Saturn side, between

È185-W and È215-W and within the dark

terrain (Fig. 6, B to D). December 2004

images reveal that these aligned peaks are

part of a near-equatorial ridge system that

extends for more than 110- in longitude

(Fig. 6, A and E, and Fig. 7, C and D). Parts

of this ridge system rise more than 20 km

above the surrounding plains, as deter-

mined from limb measurements. This ridge

system includes sections that have sets of

isolated peaks (Fig. 6, D to F), ridge

segments more than 200 km in length, and

Fig. 7. Details of
leading side of Iapetus.
Contrast has been
enhanced in all images.
(A) Transition from
Cassini Regio to polar
region. Dark streaks
follow trend from the
center of Iapetus’s
leading side. Portion of
image N1483173746;
centered at 53-N,
74-W. North is ap-
proximately up in cen-
ter of frame. (B) Bright
streamers on north-
facing slopes along
rim of impact basin,
bright crater rims, and
some brighter central
peaks. Portion of image
N1483173746, cen-
tered at 25-N, 87-W,
north approximately up.
Bright streamers are
visible on the north-
facing slopes, bright cra-
ter rims, and some
brighter central peaks
of craters. (C) Equato-
rial ridge. Portion of
N1483174305; center of ridge in this view is at 1-S, 50-W. View is È200 km across. (D) Equatorial ridge. Portion of image N1483174398; centered at
3-S, 118-W. Ridge in some sections shows multiple parallel structures and many superposed impact craters.
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some sections with three nearly parallel

ridges. The ridge is cut by impact craters in

some places, which indicates that it is not

the most youthful surface feature (Fig. 7, C

and D). The equatorial position of this

feature suggests an origin related to the

overall shape or changes in spin state of

Iapetus. Iapetus is currently tidally locked

into a synchronous 79-day spin. Internal

energy losses will drive the bulge rep-

resented by the ridge, if not isostatically

compensated, to lie along the equator, even

if formed elsewhere relative to the body’s

spin vector (33). Despinning can cause

complex tectonic patterns (34). However,

the Iapetus ridge shows no characteristics

or patterns comparable to the tectonic

patterns seen in despinning models.

Some craters within the northern and

southern transitional terrains between È 20-
and 60- latitude show bright poleward-

facing and dark equator-facing walls that

are incompatible with the contrasts ex-

pected from the illumination conditions.

This albedo polarity was noted in Voyager

data (29), but Cassini images provide a

higher resolution view of the albedo

variations on those crater walls that ex-

hibit this effect (Figs. 6A and 7). They

show bright rims and central peaks of

some craters within Cassini Regio and, in

some instances, discrete downslope bright

streamers occurring preferentially on north-

facing slopes. An albedo asymmetry is

continued into the brighter areas, where

albedo variations are manifested chiefly

as dark streaks on the brighter material,

some associated with specific craters. The

albedo contrasts make it difficult to dis-

cern the topographic outlines of many of

the craters within the transition zone be-

tween È40-N and 60-N. The orientations

of the streaks away from the center of the

leading side of Iapetus (which points in

the direction of the apex of its orbital

motion around Saturn) suggests deposition

by some long-distance, ballistic transport

of material (of either endogenic or exo-

genic origin), which either directly coated

the surface of Iapetus and/or perhaps eroded

or otherwise altered the pre-existing sur-

face. The bright downslope markings on

steeper crater walls, and the correlation of

high albedo with regions of steeper slopes

(e.g., crater rims and central peaks) within

Cassini Regio indicate that the dark mate-

rial is not thick (91 km) deposits. These

characteristics are consistent with some of

the models of exogenic origin of Cassini

Regio (26).

Nonethess, the presence of a major

geological feature of internal origin—the

equatorial ridge—bisecting the leading

hemisphere might suggest a genetic rela-

tionship between the ridge and the dark-

ening of Cassini Regio. Such a relationship

would require, to begin with, an internal

heat source sufficient to drive eruptive

volcanism extensive enough to cover an

entire hemisphere. Although some degree

of volcanism early in Iapetus_s history

might have been possible, there is no

presently known heat source (such as

conventional tidal heating) large enough

for such extensive resurfacing of an en-

tire hemisphere postdating the cratering

epoch. Until a mechanism is found to

generate substantial volcanic activity on

Iapetus after the formation of its cratered

surface, the Cassini evidence weighs in

favor of an exogenic origin for Cassini

Regio.

Data obtained through wide-band filters

with central wavelengths between 380 nm and

930 nm (Fig. 8) show that there is a con-

tinuous range of colors between the darkest

areas and the bright poles. Cassini Regio_s
color is uniformly red over 60- of longitude.

Going south from the transition zone, the

colors show a continuous progression of

values to a nearly flat spectrum near the

pole (Fig. 8). This behavior is consistent

with spatial mixtures of two material end

members, a dark non-ice and a bright water-

ice component, at scales below the image

resolution.

In summary, Phoebe is a body of rock

and ice that exhibits an unexpected com-

plexity of surface geology due to gravity-

driven processes operating on a heavily

cratered and compositionally heteroge-

neous surface. Iapetus_s dark region is an-

cient, is bisected by a large equatorial ridge

system, and shows evidence of ballistic

emplacement of materials across its lead-

ing hemisphere.
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Fig. 8. Color-ratio diagram of locations on
Iapetus taken at 54- phase angle; data from
images N146837052, N1468370680, and
N1468370800; spot sizes vary from 3 to 10 pixels
across. Central wavelengths of the UV3, GRN, and
IR3 color filters are 338, 568, and 930 nm,
respectively. Data in the dark terrain are from
60-W to 140-W; high-latitude data are from
20-W to 150-W. The data’s linear trend suggests
mixing of two end members: Cassini Regio with a
red spectrum and the south polar region with a
flat spectrum.
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Cassini Imaging Science: Initial Results
on Saturn’s Atmosphere
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The Cassini Imaging Science Subsystem (ISS) began observing Saturn in early February
2004. From analysis of cloud motions through early October 2004, we report vertical
wind shear in Saturn’s equatorial jet and a maximum wind speed of È375 meters per
second, a value that differs from both Hubble Space Telescope and Voyager values.
We also report a particularly active narrow southern mid-latitude region in which dark
ovals are observed both to merge with each other and to arise from the eruptions of
large, bright storms. Bright storm eruptions are correlated with Saturn’s electrostatic
discharges, which are thought to originate from lightning.

During the Voyager flybys of the giant planets

in the 1980s, Saturn was probably the windiest

planet in the solar system (1). Its equatorial jet

flowed eastward at 470 m s–1 (2), which is

more than 10 times the speed of Earth_s
tropospheric jet streams. The jets are powered

partly by solar energy and partly by internal

heat; their sum is È1.8 times the globally aver-

aged absorbed solar energy. The solar irradi-

ance is 1% that at Earth. Saturn_s atmosphere

is mostly H
2

and He, with small amounts of

CH
4
, NH

3
, PH

3
, and presumably H

2
S and

H
2
O, although the last two are frozen out

below the cloud tops and are undetectable by

the usual remote sensing methods. On the basis

of solar elemental abundances, the inferred

abundance of oxygen (and hence of water) in

the deep atmosphere is sufficient to support

moist convection, precipitation, and lightning.

On Saturn, the wind is defined as the veloc-

ity relative to the System III reference frame

(3), which rotates at a fixed period of 10 hours

39 min 24 s. This was the period of Saturn_s
kilometric radio (SKR) emissions at the time of

the Voyager flybys in 1980–1981. Since then

the SKR period has varied by 1% (4) and is

currently 10 hours 45 min 45 s (5). In addition,

Hubble Space Telescope (HST) observations

from 1996 to 2004 indicate that the equatorial

jet slowed to È275 m s–1 relative to System III

(2, 6, 7). Any real slowing of the winds might

be connected to the extreme seasonal cycles of

insolation (sunlight incident on a horizontal sur-

face) as the shadow of the rings moves from

one hemisphere to the other (8, 9), or to the

extreme outbursts of cloud activity, the last of

which disrupted the appearance of the equato-

rial zone (EZ) between 1990 and 1997 (10–12).

It is also possible that the winds are constant in

time but the altitude of the visible clouds has in-

creased, revealing slower speeds at higher levels

(10, 12, 13). We focus on the last hypothesis.

The ISS cameras imaged Saturn_s atmo-

sphere regularly between 6 February and 12

May 2004, and again on 29–30 May 2004

during Cassini_s final approach to Saturn (14)

and in September during the first orbit of

Saturn. The long time baseline and the wide

spectral range of the ISS cameras, from the

near-infrared (near-IR) to the ultraviolet, are

ideal for discriminating clouds and hazes at

various altitudes and for monitoring winds,

vortices, and evolving cloud structures (15, 16).

Coverage in the southern hemisphere was com-

plete, but the northern hemisphere was ob-

scured by the shadow of Saturn_s rings (17).

We measured wind speeds by tracking the

displacements of spots and cloud/haze features
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Fig. 1. Zonal winds (positive eastward) in
Saturn’s atmosphere. Winds in the equa-
torial region vary over time and with
image wavelength. Measurements made
by Voyagers 1 and 2 in 1980–1981
through the green filter (2) are the fastest
(solid line). Winds derived from 1996–
2004 HST images (7) are slower and
independent of wavelength (orange
circles). Cassini measurements at 750 nm,
made by two authors (red and green
squares), fall between those of Voyager
and HST. Cassini measurements at 727 nm
(blue squares) are close to those of HST.
Winds south of 15-S show few changes
from 1980–1981 (Voyager, solid line) (2)
to 1996–2004 (HST, orange circles) (7) to
2004 (Cassini at 750 nm, red squares).
Voyager observations extend only to 65-S
and do not reveal the jet near 70-S.
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in Cassini images separated by either 10.5 or

21 hours (18). The speeds of the zonal winds

poleward of 15-S latitude are similar to those

measured during the Voyager and HST eras

(Fig. 1). The zonal (eastward) velocity has local

maxima at 27-, 43-, 55-, and 70-S. There are

zonal velocity minima at 35-, 48-, and 65-S.

Images taken in the deep-sounding continuum

CB2 (750 nm) filter give equatorial jet speeds

of 325 to 400 m s–1, which falls between the

Voyager and HST estimates. Images taken in

the gaseous methane absorption band MT2 (727

nm) filter, which senses higher altitudes, give

equatorial jet speeds of 250 to 300 m s–1, in

agreement with the HST result (Fig. 1). This rela-

tion between the measured wind speed and the

altitude to which the filter is sensitive was first

noticed in HST images after the 1990 equato-

rial disturbance and was interpreted as evi-

dence of vertical shear in the zonal winds (10).

For the HST data from 1996 to 2004, the large

high-contrast features in the EZ emerged in the

strong methane band (890 nm). The authors of

the 1996–2004 study estimate that the EZ fea-

tures_ average level was P È 45 mbar in 2003

and was È300 mbar during the Voyager era (7).

The equatorial velocities from the Voyager,

HST, and Cassini data imply vertical wind shear.

The MT2 filter is centered on a methane absorp-

tion band, so clouds are visible only if they are

at high altitude—above most of the methane

gas. The CB2 filter is outside the methane bands,

so clouds are visible at all levels. Optically thin

clouds at high altitude will be more visible in

the MT2 filter, where the methane gas provides

a dark background, and they will be less visible

in the CB2 filter, where bright deep clouds pro-

vide the background. Figure 2 shows an exam-

ple of different features appearing in different

filters at the same time and place on the planet.

Wind speed observations from Voyager

were determined by tracking clouds seen in

Fig. 2. Near-simulta-
neous views in different
filters of the same place
on the planet. The up-
per left and right im-
ages use the CB2 filter
(750 nm), where the
gases absorb weakly; the
lower left and right im-
ages use the MT2 filter
(727 nm), where meth-
ane absorbs more strong-
ly. The left images were
taken within 1 min of
each other and cover the
same latitude-longitude
range. They were taken
10 hours 30 min before
the right images, which
were also taken within
1 min of each other and
also cover the same
latitude-longitude range.
The velocities measured
by tracking the fea-
tures (arrows) in the
CB2 images (top) are
È100 m s–1 faster than those in the MT2 images (bottom).

Fig. 3. Two storms,
with diameters close
to 1000 km, were
captured in the act
of merging during
Cassini’s approach to
Saturn. Both storms,
which appear as
spots in the southern
hemisphere, were
seen moving west-
ward, relative to Sys-
tem III, for about a
month before they
merged on 19–20
March 2004. The se-
ries of eight images
shown here was ta-
ken between 22 Feb-
ruary and 22 March
2004; the image scale ranges from 381 km (237 miles) to 300 km (186
miles) per pixel. All images have been processed to enhance visibility. The
top four frames, spanning 26 days, are portions of narrow-angle camera
images that were taken through a filter accepting light in the near-IR
region of the spectrum centered at 619 nm, and show two spots
approaching each other. Both storms are within half a degree of 36-S
latitude and sit in an anticyclonic shear zone, which means that the flow
to the north is westward relative to the flow to the south. Consequently,
the northern storm moves westward at 11 m s–1, a slightly greater rate

than the southern one (6 m s–1). The storms drift with these currents and
engage in a counterclockwise dance before merging with each other. The
bottom four frames are from images taken on 19, 20, 21, and 22 March,
respectively, in a region of the spectrum visible to the human eye and
illustrate the storms’ evolution. Just after the merger, on 19 March, the
new feature is elongated in the north-south direction, with bright clouds
on either end. Two days later, on 22 March, it has settled into a more
circular shape and the bright clouds have spread around the circumference
to form a halo.
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the Voyager green filter, which senses approx-

imately the same altitude as the CB2 filter.

The 100 m s–1 difference in equatorial speeds

between the CB2 and MT2 filters is consistent

with winds decreasing with height coupled

with thin high clouds. Retrievals of haze al-

titudes support the idea that the 1990–1997

equatorial storms put haze particles at higher

altitudes than during the Voyager years. The

pressure at the top of the main haze layer

appears to have decreased from È200 mbar

in 1979 (19) to about 70 mbar in 2002 (20).

Retrievals of temperature support the idea

that the zonal wind speed decreases with

height. The Cassini Composite Infrared Spec-

trometer (CIRS) team (13) observed an in-

crease in temperature toward the south pole,

which implies that the zonal winds decay with

height according to the thermal wind equation.

This equation is singular at the equator, so

the wind shear profile stops at 5-S. If the

Voyager wind profile holds at the 500-mbar

level, at 5-S the winds will reach 275 m s–1

at the 3-mbar level, and at 10-S they will

reach 275 m s–1 at the 30-mbar level. These

altitudes are higher than the 45- and 70-mbar

estimates given earlier for the stratospheric haze,

but they are within the combined uncertainty

of estimating the altitude of features from

methane band filters and applying the thermal

wind equation within 5- of the equator.

The westward jet at 35-S planetocentric

latitude (Fig. 1) was the most active region

of the planet during Cassini_s long approach

to Saturn in the first half of 2004 (7). Voyager

2 observed similar activity in 1980–1981 near

the westward jet at 34-N (21). BActivity[ is here

defined to mean having a dozen or more com-

pact oval spots with diameters larger than 500

km and lifetimes longer than a week. At 35-S,

most of the spots sat in the shear zone just to the

south of the jet. Spots in the jet moved westward

at speeds up to 25 m s–1. Spots a few degrees to

the south moved eastward at comparable speeds.

The spots themselves rotated counterclockwise

(anticyclonic in the southern hemisphere), like

ball bearings between conveyor belts, with the

same sense of rotation as the ambient shear

flow. It was not possible to determine the sense

of rotation for all the spots, especially the

smallest ones, but the impression from movies

of time-lapse images (movies S1 and S2) is

that they were all anticyclonic. The jet at the

zonal velocity minimum at 48-S was also ac-

tive and exhibited the same phenomena, with

anticyclonic vortices rolling in the anticyclon-

ic shear zone to the south of the jet.

The interaction of westward-moving and

eastward-moving spots in adjacent latitude

bands sometimes produced a merger (Fig. 3)

or a near-merger, with bright material sudden-

ly forming between the two spots or around

them. Further analysis of the images taken in

different spectral filters will show whether the

bright material consists of particles of a dif-

ferent composition, size, or altitude. The com-

pact spots were mostly dark, but they often had

bright halos. The new spot that resulted from a

merger sometimes continued on for weeks and

sometimes split apart after a few days. Because

mergers represent a net decrease in the number

of spots, there must be another process that

causes the spots to form. Figures 4 and 5 show

one possibility. In Fig. 4, the first six frames

show a large eruption of bright white clouds in

the 35-S latitude band. The eruption, which

suggests moist convection, later produces three

dark stable spots where there were none be-

fore. In Fig. 5, days 272 and 274 record the

curling of a dark filament on its way to be-

coming a dark spot. These observations may

indicate that moist convection, through the in-

jection of vorticity at cloud level, supplies ener-

gy to maintain the jets on jovian planets (22).

Linear bands encircle the planet, each with

its own mottled texture. The edges of the bands

are wave-like and often break into turbulent

eddies. On the largest scale, rotational symme-

try is the dominant feature (Fig. 3). A curious

manifestation of this symmetry occurs at the

south pole, where a small (2000 km diameter)

feature sits undisturbed. The precise alignment

suggests that the perturbing forces are small.

One storm at 35-S produced eruptions of

white material in mid-July and again in mid-

September (Fig. 5). During these eruptions, the

Radio and Plasma Wave Science (RPWS) in-

strument (3, 5, 23) was detecting Saturn elec-

trostatic discharges (SEDs), which are short

bursts—tens of milliseconds in duration—with

large bandwidth, spanning 2 to 40 MHz in

frequency. The SEDs are different from SKR

radiation, although both are radio waves. The

SED bursts are grouped into episodes that

recur with a distinct periodicity (È10 hours

40 min), which is approximately equal to the

System III rotation period. Voyagers 1 and 2

also detected SEDs, which were also grouped

into episodes, but the recurrence period was

È10 hours 10 min (3). The bursts may have

originated in the rings, and they may have origi-

nated in the atmosphere (24). The Cassini data

favor an atmospheric origin (i.e., lightning).

The Voyager and Cassini periods for the

SEDs are close to the minimum and maximum

recurrence intervals, respectively, for atmospher-

ic features crossing the center of the planetary

disk—the central meridian (CM)—as viewed

by a stationary observer. The shorter period is

characteristic of the high-speed equatorial jet.

The longer period is characteristic of the spots

just south of the westward jet at 35-S, where

the storm erupted in July and September 2004.

We matched the phase of the SED bursts with

the times that the storm crossed the CM over a

period spanning 58 rotations of the planet, which

is more than 25 days. A constant relative phase

Fig. 4. Spots merging and spots
arising. Each panel shows a
region in the vicinity of the
westward jet at 35-S taken from
one of the maps that constitute
the cylindrical movie (movie S2)
of Saturn’s southern hemisphere.
The time shown is that of the
first of the six images that make
up each cylindrical map (14); the
actual time the region was
imaged is within one rotation
period after the time shown. In
the first six frames, two dark
spots merge (on approximately
day 86, 26 March 2004) after
spiraling toward each other in a
counterclockwise direction. In
the last seven frames, three dark
spots arise from the remnants of
the bright white storm seen in
the earlier frames and spin
around each other. Two of the
newly developed spots merge
between day 107 and day 110.
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would suggest that the radio bursts are originating

in the atmosphere and are probably caused by

lightning discharges associated with the storm.

The results of this analysis are shown in

Fig. 6. The SED Bon[ and Boff[ periods each

last for È5 hours, or È0.5 planetary rotations.

The bursts begin È0.4 planetary rotations be-

fore the storm_s CM crossing and end È0.1

rotations after it (Fig. 6, insets). The phase of

the SED episodes relative to the CM crossings

remains constant and is the same for both

outbursts, indicating that they are related. The

maxima in the amplitude of the SED episodes

(Fig. 6) at days 256 and 270 are correlated

with an unusual brightening of the storm (Fig.

5), although the dynamic range of SED varia-

tion is greater than that of the storm brightness.

The peak SED intensity occurs È0.2 plan-

etary rotations (È72-) before the CM crossing,

which suggests that the lightning source is

È72- to the east of the visible cloud, which

trails off to the west because of wind shear. For

this explanation to work, the lightning source

would have to be deeper than the visible clouds

and the wind would have to be more westward

at higher altitude. Then the SEDs would lead

the visible storm, as observed. Voyager 2 saw

similar evidence of vertical shear in the zonal

wind at almost the same latitude, but there the

inference was that the winds were more east-

ward at higher altitude (1).

The two Voyagers detected low-frequency

SED bursts—below 5 MHz—only when the

spacecraft was above the night side of the

planet (3, 25). If the ionospheric plasma den-

sity near the noon meridian was Q3 � 105 cm–3,

escape of atmospheric radio bursts below 5

MHz would be prevented (3). If the nightside

ionosphere had low-density regions or holes,

the observed low-frequency emission could

escape. This could explain the phase shift ob-

served by Cassini, because the storm was in

darkness before it crossed the CM and was in

sunlight after CM crossing. The ionospheric

cutoff would explain why SEDs appeared to

turn off after the storm crossed the CM, but it

does not explain why the SEDs began while

the storm was still below the horizon (i.e.,

more than 0.25 rotations before CM crossing).
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Fig. 5. Time sequence of the September storm at 35-S latitude. The sequence begins on day 250 (6
September 2004) and ends on day 274. The storm reaches its peak intensity in visible light on days
255 to 260. After fading for a few days, it returns as a high-contrast bright spot on day 269.
Between day 272 and day 274, a dark filament appears and is observed curling up on its way to
becoming a new dark spot.
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Temperatures, Winds, and Composition
in the Saturnian System
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Stratospheric temperatures on Saturn imply a strong decay of the equatorial winds
with altitude. If the decrease in winds reported from recent Hubble Space Telescope
images is not a temporal change, then the features tracked must have been at least
130 kilometers higher than in earlier studies. Saturn’s south polar stratosphere is
warmer than predicted from simple radiative models. The C/H ratio on Saturn is
seven times solar, twice Jupiter’s. Saturn’s ring temperatures have radial variations
down to the smallest scale resolved (100 kilometers). Diurnal surface temperature
variations on Phoebe suggest a more porous regolith than on the jovian satellites.

Cassini observations of Saturn provide a

detailed comparison with Jupiter, successful-

ly studied by Galileo, which will sharpen our

ideas about the formation of planetary

systems. Each giant, fluid planet has its own

system of orbiting moons. In addition, Saturn

has a complex system of rings. All these

objects are at temperatures in the range 55 to

200 K and radiate most of their energy at mid-

and far-infrared wavelengths. In this part of

the spectrum, most molecules have distinctive

fingerprints: manifolds of lines arising from

rotational or vibrational-rotational transitions.

Measuring the emitted radiation of these

objects therefore probes their temperatures

and composition.

The composite infrared spectrometer

(CIRS) on Cassini consists of two Fourier-

transform spectrometers, which together mea-

sure thermal emission from 10 to 1400 cm–1

(wavelengths 1 mm to 7 mm) at an apodized

spectral resolution selected between 0.5 and

15.5 cm–1 (1, 2). The far-infrared interfer-

ometer (10 to 600 cm–1) has a 4-mrad field

Fig. 6. Timing of the storms’ CM crossings relative to the
timing of the SEDs. The abscissa is Universal Time at the space-
craft; the labels refer to the start of each day. For the solid
curves, the ordinate is the number of SED bursts per hour (5).
The upper and lower panels represent different eruptions of
the same storm; day 195 is 13 July 2004, and day 250 is 6
September 2004. On each image that contained the storm (a
sighting), we measured the storm’s longitude and computed
when it would have crossed the CM on that saturnian day
(Saturn rotation). Because we were looking at the dawn side of
the planet, the CM crossings occurred before the storm
sightings and are indicated by the positions of the asterisks
along the abscissa. For images taken after day 250 (lower
panel), we also computed the excess reflectivity [(storm/
surroundings) – 1]. In this case the asterisk indicates not only
the time of CM crossing (abscissa) but also the excess
reflectivity of the storm (ordinate), in arbitrary units. Several
asterisks at the same CM crossing represent several sightings
of the storm on the same Saturn rotation. The different values
of excess reflectivity (height of the asterisks) on the same
Saturn rotation arise because the storm was observed at
different positions on the half-illuminated disk. The coverage
of the storms was intermittent, so gaps in the asterisks
represent Saturn days when there were no observations. The
coverage of SEDs was continuous, so gaps in the SED sequence
represent Saturn days when there were no SEDs. The insets
show the same data plotted versus Saturn time of day
(Saturn’s period is taken to be 10.6562 hours). Time 0.0 is
when the storm is on the opposite side of the planet as viewed
from Cassini; time 0.25 is the time at which the storm is rising
above the horizon as seen by Cassini.
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of view on the sky. The midinfrared inter-

ferometer consists of two 1 � 10 arrays of

0.3-mrad pixels, which together span 600 to

1400 cm–1. The occasion of the approach of

Cassini and its orbital insertion on 30 June

2004 provided the opportunity to observe

Saturn, its rings, and its moons, with high

spectral and good spatial resolution.

Saturn_s zonal winds are enigmatic. Track-

ing features at the cloud-top level has in-

dicated winds as strong as 500 m s–1 at the

equator (3, 4). These winds imply a con-

siderable excess of axial angular momentum

relative to Saturn_s interior. Cloud motions

observed more recently in 1996–2002, in im-

ages at visible and near-infrared wavelengths

from the Hubble Space Telescope (HST), in-

dicate that the strong equatorial winds may

have slowed to È275 m s–1 (5). The dynamic

cause of such a decline is not known, but it

could be related to the eruption of intense

equatorial storms in 1990 and 1994 (6–8) and

the zonal momentum convergence associated

with propagating atmospheric waves. How-

ever, the recent HST observations (5) may

have been biased by higher clouds near the

equator. Features would be tracked higher

up, where the winds are possibly slower than

those tracked in the earlier studies.

During the Saturn approach phase of the

Cassini spacecraft, CIRS was able to map

temperatures with its midinfrared arrays over

the entire southern hemisphere, which was

not obscured by the rings. The spatial res-

olution was limited to 8- of latitude at the

subspacecraft latitude (near 20- S), but this

enabled the establishment of a baseline map

of the southern hemisphere at moderate spa-

tial resolution (Fig. 1). At most altitudes,

the temperatures tend to increase toward the

South Pole, particularly in the upper strato-

sphere near 1 mbar. The thermal wind

equation relates the vertical shear in the

zonal winds to the variation of temperatures

with latitude (9). The horizontal resolution of

temperature in our mapping is inadequate to

resolve the vertical structure in the winds at

mid- and high latitudes, but Fig. 1 shows a

strong decay of the low-latitude zonal wind,

at about 100 m s–1 from the cloud tops

(È500 mbar) up to the 1-mbar level. If

Saturn_s winds had not changed from the

1980–1981 Voyager measurements, and if the

recent HST observations had instead tracked

higher altitude clouds, the features would

need to be surprisingly high in the strato-

sphere. The 275-m s–1 winds near the equa-

tor lie at the 10-mbar level or higher (Fig. 1).

The season observed on Saturn is southern

summer, about three saturnian weeks after sol-

stice (October 2002). At 1 to 5 mbar, the South

Pole is 15 K warmer than the equator. Al-

though this might seem indicative of sum-

mer, the radiative relaxation time in Saturn_s
upper stratosphere is È9.5 years (10), which

is a significant fraction of Saturn_s orbital

period, 29.5 years. The atmospheric response

should lag behind the seasonally modulated

solar heating by tan–1 (2p 9.5/29.5) 0 64-,
about a sixth of the orbital period. Sim-

ulations of the atmospheric radiative re-

sponse (11) indicate that the South Pole

should be only 5 K warmer than the equator

at the time of the observations. The simu-

lations assumed a uniform distribution of

opacity, including the hydrocarbons CH
4
,

C
2
H

2
, and C

2
H

6
, which are the main strato-

spheric coolants at midinfrared wavelengths,

and perhaps a nonuniform distribution of

the opacity sources accounts for the discrep-

ancy. Alternatively, there may be a dynam-

ical cause, for example, the adiabatic heating

and cooling associated with a meridianal cir-
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Fig. 1. Zonally averaged temperatures and zonal winds above Saturn’s
clouds. (A) Retrieved temperatures (supporting online text). The me-
ridional cross sections have planetographic latitude (27) as the
horizontal coordinate and pressure as the vertical coordinate (the
pressure range 500 to 1 mbar corresponds to an altitude change of
about 250 km). The cross sections are from data obtained in the latter
half of May 2004, when the midinfrared pixel resolution was 8- latitude
at 20-S and scaled as 1/cos(latitude – 20-S) at other locations. (B)

Zonal winds, obtained from the thermal wind equation. Cloud-level
winds, derived from Voyager 1 and 2 images obtained in 1980–81 (28),
and smoothed to 8- latitude, were used as a lower boundary condition
at 500 mbar. Positive numbers indicate eastward velocities. The
retrieved temperature error from instrument noise is 0.1 K, and this
propagates to zonal-wind errors at 5-S of 3 and 7 m s–1 at the 100- and
1-mbar levels, respectively; the wind error varies at other latitudes as
1/sin(latitude).
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culation involving upwelling at the equator

and subsidence at high southern latitudes.

The vertical velocities needed are small,

0.01 cm s–1 (supporting online text). The var-

iation with latitude of temperatures in the

tropopause region (È100 mbar) is more

subdued, consistent with the radiative re-

sponse when the relaxation time is long

(10). The time-dependent response should

have a smaller amplitude and should lag

behind the external solar forcing by one full

season. Temperatures in the upper tropo-

sphere, retrieved from Voyager infrared

spectra close to the northern spring equinox,

showed a warm southern hemisphere, pre-

sumably a response to the previous season_s
solar heating (12, 13).

In the atmospheres of the giant planets,

CH
4

is the principal reservoir of carbon and

CH
4

photolysis is the prime source of ethane

and acetylene, which are observed in CIRS

spectra of Saturn (fig. S1). Because CH
4

does

not condense on Saturn, it should be uni-

formly distributed in the upper troposphere

and stratosphere. Previous determinations

have yielded ECH
4
^/EH

2
^ 0 2.0 – 4.5 � 10j3

from observations in the red, near-infrared,

and midinfrared bands of CH
4

(table S1). The

observations in the red bands and near

infrared require haze models to derive vol-

ume mixing ratios, and this adds an element

of uncertainty. The midinfrared (7 mm) ob-

servation suffers from an ambiguity between

CH
4

abundance and temperature and required

the use of a temperature profile retrieved

from Voyager 2 radio occultation soundings,

which has large uncertainties at 1 mbar, in

the region of the CH
4

line formation. The

pure rotational lines of CH
4

in the far in-

frared permit a more accurate determination

of CH
4
, because there is redundancy in the

spectrum that allows a separation of temper-

ature and the CH
4

abundance at the line-

formation level, È400 mbar. The best fit to

the spectra (fig. S2) yields a mole fraction of

4.5 T 0.9 � 10j3 (1 s) for CH
4

(ECH
4
^/EH

2
^ 0

5.1 T 1.0 � 10j3).

The new value implies that C/H on Saturn

is 7 T 2 times the solar ratio (14). This means

that carbon is enriched on Saturn by twice the

amount found on Jupiter (15), which is

consistent with the core accretion model of

giant planet formation (16). In this model,

both Jupiter and Saturn began formation by

accreting cores of about 10 to 12 Earth

masses (M
E
) (17). The subsequent collapse

of surrounding solar nebula gas would bring

additional heavy elements (18). For Jupiter,

this admixture delivers È6 M
E

if one as-

sumes that the fraction of heavy elements in

a solar mixture has Z 0 0.02 (14), which

leads to a total mass of heavy elements of 16

to 18 M
E
. For Saturn, the final heavy ele-

ment mass is È12 to 14 M
E
, whereas the

expected total abundance of heavy elements

for a solar composition object with Saturn_s
mass is only 2 M

E
. Thus, we can predict (16)

the seven times enrichment that is, in fact,

observed. Although the heavy element en-

richments of both Jupiter and Saturn (and

Uranus and Neptune as well) can be quanti-

tatively predicted by this simple approach,

the significance of the agreement must be

tempered by the possibility of mere coinci-

dence. In particular, the relative importance

of material dredged from the cores and

planetesimals dissolving in the envelopes of

these objects remains to be worked out.

As Cassini entered orbit about Saturn, it

passed above the unlit side of the main

rings. During that time, CIRS obtained far-

infrared spectra with spatial resolution of 100

to 200 km. After then crossing the ring plane,

the lit side of the A ring was observed at 600

to 700 km resolution (table S2).

Representative temperature and optical

depth spectra were derived from the data

(supporting online text). As a simple model,

we considered the rings to be thin, non-

scattering slabs, for which the observed

radiance is the product of an emissivity, a

Planck function representing the ring tem-

perature, and a filling factor described in

terms of the ring optical depth. For simplic-

ity, we assumed that the particle emissivity

is unity. Temperatures derived for the unlit

rings vary from 70 K to 110 K, with a strong

anticorrelation between optical depth and

temperature. The optically thick portions of

the A, B, and C rings and of the Cassini

division are 20 K to 40 K cooler than the

optically thin regions of the rings (Fig. 2).

These results can be compared with earlier

measurements, where, relative to their lit

sides, the unlit A and B rings are È25 K

cooler in Voyager data (19, 20) and È30 K

cooler in Pioneer 11 data (21). The difference

is probably seasonal, attributable to the lower

solar elevation angle during the Voyager and

Pioneer flybys.

The anticorrelation between optical depth

and temperature may not seem surprising at

first, but it should be noted that this result

applies even in the C ring, where the optical

depth is small, typically 0.1 to 0.4. At such

low optical depths, most of the particles are

directly illuminated by the Sun, and most

particles transit the ring plane twice each

orbit, which physically carries their heat from

the lit side to the unlit side. The small

increase in mutual shadowing at optical depth

0.4 appears sufficient to present a colder ring

to the CIRS instrument. In addition, more

frequent collisions in the denser portions of

the rings may hinder the warmer, sunlit

particles from crossing the ring plane.

CIRS observed both the lit side (at a

phase angle of È130-) and the unlit side (at

59- phase) of the A ring. The derived

temperatures are comparable, which appears

to contradict our expectation that the lit side

of the rings should be the warmer. This is

also inconsistent with Voyager and Pioneer

temperature measurements, where the A

ring_s unlit side was colder than the lit side

(20, 21). The difference in phase angle may

provide the explanation; when we viewed the

lit side of the rings, the phase angle was

significantly higher, so we were viewing

mainly the dark sides of the ring particles.

If the particles have low thermal inertia (22)

and rotate slowly, then viewing the lit rings

at high phase may be similar to viewing the

rings_ unlit face; in both cases, we are

primarily seeing the cold side of the ring

particles. A superficially simpler interpreta-

tion is that the A ring_s particles have nearly

isothermal surfaces, so that the temperature

will be the same under any viewing geom-

etry; however, this is contradicted by the

Voyager and Pioneer 11 results and appears

to be inconsistent with the temperature

variations elsewhere in the rings.

On 11 June 2004, CIRS obtained numer-

ous observations of thermal emission from

Phoebe_s surface (Fig. 3). In addition to

distant disk-integrated observations on ap-

proach and departure, CIRS obtained three

global and six regional maps of Phoebe, plus

valuable local high-resolution observations

near closest approach obtained simultaneous-

ly with the visible and infrared mapping

spectrometer (VIMS) and the Cassini Imag-

Fig. 2. Optical depth and tem-
perature of Saturn’s rings. (Top)
Voyager photopolarimeter (PPS)
radial optical depth profile from
stellar occultation data taken in
1982 (29), spatially averaged to
provide resolution comparable to
the CIRS data. Light regions are
optically thick, dark regions opti-
cally thin. (Middle) CIRS tem-
perature profile of unlit rings.
Low temperatures occur in opti-
cally thick regions, high temper-
atures in optically thin ones.
(Bottom) CIRS temperature pro-
file of lit A ring. The lit A ring
temperatures are comparable to the unlit A ring temperatures in the middle strip.
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ing Science Subsystem (ISS) experiments

(Fig. 3, A and B). Phoebe_s relatively rapid

rotation (its period is 9.1h) allowed us to

observe the same range of longitudes, in-

cluding the prominent large crater seen in

ISS images, over a wide range of local times

during the flyby.

CIRS_s midinfrared array pixels achieved

a spatial resolution as small as 12 km for full-

disk observations and 600 m near closest

approach. Spectral resolution for most obser-

vations was 15.5 cm–1. The spectra were

indistinguishable from blackbodies at CIRS

resolution and noise levels. For each map, we

found the distribution of surface temperature

(Fig. 3, C to G) as follows: We determined

the thermal emission spectrum from each

point on Phoebe_s surface by averaging all

overlapping spectra and fitting a blackbody

curve to the mean 590 to 1100 cm–1 radi-

ances. The pixel sensitivity allowed mea-

surement of brightness temperatures as low

as 75 K, and only the night-time polar

regions of Phoebe were colder than this and

thus not to be detected. There is strong

topographic control of dayside temperature,

particularly around the prominent large crater

centered near 20-N, 220-W seen in Cassini

visible-wavelength images (Fig. 3B), where

temperatures on crater walls are up to 15 K

warmer or colder than nearby horizontal

surfaces, depending on illumination geome-

try. Low-latitude temperatures on Phoebe

vary between 82 K before dawn to 112 K

near the subsolar point. The diurnal variation

can be matched with a bolometric albedo

of 0.1, consistent with Voyager photometry

(23), and a thermal inertia (defined as the

square root of the product of thermal conduc-

tivity, density, and heat capacity) near 2.5 �
104 erg cm–2 s–1/2 K–1 (Fig. 3H).

The CIRS far-infrared channel is not

spatially coincident with the midinfrared

array, and because of its relatively large

aperture, its spatial resolution on Phoebe was

never finer than 8 km. Expressed as bright-

ness temperature, all far-infrared spectra

show a roll-off toward low wave numbers

that is characteristic of unresolved thermal

inhomogeneities within the field of view

(Fig. 3I). The principal sources of such

inhomogeneities are probably variable illu-

mination due to the strong topography men-

tioned above and a distribution of materials

with different thermal inertias, such as

blocks and fines. To investigate the diurnal

behavior of Phoebe_s surface temperature,

we used only data taken within an hour of

closest approach. We first estimated the

total infrared flux by fitting the far-infrared

spectrum with a combination of two black-

body spectra. We then used the single tem-

perature that gave the same total flux as a

representative surface temperature. At low

latitudes, these temperatures varied between

72 K and 113 K throughout the day. From

this diurnal behavior, we determined a mean

thermal inertia near 2.0 � 104 erg cm–2 s–1/2

K–1, comparable to the value obtained from

the midinfrared data.

Our thermal inertia values are about half

of those derived from diurnal temperature

variations on the Galilean satellites (24–26).

This low thermal inertia, 1/40th that for solid

water ice, implies a highly fragmented reg-

olith within the top centimeter of Phoebe_s
surface. Phoebe_s thermal inertia may be

lower than that of the icy Galilean satellites,

because its more rapid rotation results in a

smaller thermal skin depth that samples the

uppermost, most fragmented, portion of the

regolith.
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Ultraviolet Imaging Spectroscopy Shows an
Active Saturnian System
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Neutral oxygen in the saturnian system shows variability, and the total number of
oxygen atoms peaks at 4 � 1034. Saturn’s aurora brightens in response to solar-wind
forcing, and the auroral spectrum resembles Jupiter’s. Phoebe’s surface shows var-
iable water-ice content, and the data indicate it originated in the outer solar system.
Saturn’s rings also show variable water abundance, with the purest ice in the
outermost A ring. This radial variation is consistent with initially pure water ice
bombarded by meteors, but smaller radial structures may indicate collisional
transport and recent renewal events in the past 107 to 108 years.

The Cassini Ultraviolet Imaging Spectro-

graph (UVIS) (1) is part of the remote sens-

ing payload of the NASA/European Space

Agency (ESA) Cassini spacecraft. This spec-

trograph includes channels for extreme

ultraviolet (EUV) and far ultraviolet (FUV)

spectroscopic imaging, high-speed photome-

try of stellar occultations, solar EUV occul-

tation, and a hydrogen/deuterium absorption

cell (HDAC). UVIS science objectives are to

study the composition, dynamics, and history

of the saturnian system. UVIS extends the

Voyager results of Broadfoot et al. in 1981

(2) and Sandel et al. in 1982 (3) through

improved spectral and spatial resolution. We

present results from the Saturn approach,

systematic mosaics of the Saturn system,

Phoebe, and Saturn Orbit Insertion (SOI). A

highly structured and time-variable Saturn

system is inferred from observations show-

ing dynamic interactions between neutrals,

ions, rings, moons, and meteoroids.

During the period preceding SOI, 25

December 2003 to 12 May 2004, spectral

images of the saturnian system from the UVIS

FUV and EUV spectrographs provided maps

of the spatial distribution of emissions from

neutral atomic hydrogen and oxygen. FUV

mosaics of the Saturn system were obtained

by stepping the slit position across the system

in successive exposures of 200 s to 1000 s.

Images in the atomic hydrogen Rydberg

resonance transition at 121.57 nm (hydrogen

Lyman-alpha) and the atomic oxygen reso-

nance multiplet at 130.4 nm were obtained,

both stimulated mainly in fluorescence of solar

radiation. The observed oxygen has a full

width at half maximum (FWHM) ofÈ4 Saturn

radii (R
s
) perpendicular to the orbital plane

and È16 R
S

in the orbital plane (Fig. 1).

Figure 1 is the second in the sequence of four

images that follow the temporal variation of

neutral oxygen. (The others are shown in figs.

S1 to S4.) The figure shows a higher total

abundance of oxygen that is more extensively

distributed than in the previous and following

images, which indicates that a transient event

produced O in the Saturn system, followed by

a rapid loss. The distribution of emission is

asymmetric, with a peak near 3.7 R
S

on the

dark side of the planet. The total number of

atomic oxygen atoms in this image is 9 4 �
1034, or equivalent to 1012 g. Products of

water dissociation, neutral oxygen, and OH

Ediscovered in 1992 (4)^ dominate the Saturn

inner magnetosphere, in contrast to Jupiter,

and H fills the entire magnetosphere, appar-

ently extending through the magnetopause at

far greater density than the ion population.

The O and OH and a fraction of the H are

products of water physical chemistry and de-

rived ultimately from water ice.

The large abundance of neutrals limits the

plasma abundance and electron temperature in

the magnetosphere (4, 5). The reactive system

is self-limiting (6, 7), because the ambient

plasma ions are the source of neutral gas

through reaction with E-ring grains. These, in

turn, limit the plasma. With a water source,

the system can achieve a quasi–steady state

through the injection of energy supplied by

hot electrons from the outer magnetospheric

current system. One plausible source of water

is collisions between larger, yet unseen parent

bodies episodically resupplying water (8).
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The inferred change in total oxygen mass

in the magnetosphere over about a 2-month

period is È5 � 1011 g, equivalent to the total

estimated mass in the micrometer-sized par-

ticle component of the E-ring system (9).

Over a period of 100 million years, the loss

rate inferred from these observations would

consume the entire E-ring mass, even in-

cluding postulated parent bodies.

The observed oxygen variation could re-

sult from a single injection of neutral gas,

which then dissipated within about 2 months.

This rapid loss cannot be explained by sat-

ellite sweeping, but charge capture from the

plasma ions mixed with the neutrals has a

calculated time scale for removal of the

neutral gas comparable to the observations.

(6, 7). In the charge-capture process, a

neutral O atom loses an electron to a resident

plasma ion trapped by the magnetic field of

Saturn in the region of the magnetosphere

between 3 and 5 R
S
. The main reactions are

O þ Oþ Y Oþ þ O ðReaction 1Þ

O þ OHþ Y Oþ þ OH ðReaction 2Þ

O þ Hþ Y Oþ þ H ðReaction 3Þ

Half of these reactions produce a neutralized

ion with escape velocity. Reactions 1 to 3 thus

remove neutral gas from the system into the

interplanetary medium while replacing old

ions with new ions. The neutral gas lost must

be replaced from icy material in the source

region (4, 5). The mass loss rates calculated

from the UVIS observations (6, 7) are now 10

times as large as those derived by Shemansky

et al. (4). Jurac et al. (8) concluded that ion

sputtering of the icy satellites could not pro-

vide the required mass input and that only the

larger surface area provided by the micron-

sized ring particles could replace water mol-

ecules rapidly enough. This leaves open how

gas is extracted from the ring particles and the

generation of new particles to replace those

converted into the gaseous state. Shemansky

et al. (6, 7) propose the formation of water

cluster ions through adsorption of ambient

plasma ions on the grains, with subsequent

dissociative recombination into the vacuum,

thus supplying the gas to the system. An

example of one reaction is given here.

Oþ þ G Y O2H2
þIðH2OÞnIG

ðReaction 4Þ

O2H2
þIðH2OÞnIG þ e Y O2 þ H2 þ Gx

ðReaction 5Þ

Reaction 4 represents the formation of a clus-

ter ion through adsorption of an Oþ ion onto a

grain surface (G) in which O2H2
þ is formed

in a stabilizing bond with a cluster of n H2O

molecules in the solid. Reaction 5 is a

recombination reaction of the cluster ion with

an ambient plasma electron resulting in the

release of O2 and H2 molecules into the vac-

uum. Reactions like 4 and 5 have been

measured in the laboratory (8) in the gas

phase. Reaction 5 is known to be among the

most rapid transitions in ion physics and

reaction 4 is considered to be the rate-limiting

factor (7). In summary, reactions 1 to 3 re-

move mass from the Saturn system but leave

the number of ions in the plasma unchanged,

and reactions such as 4 and 5 extract neutral

gas from the icy grain population, replacing

the lost neutrals and removing plasma from

the volume. Balance requires the generation of

new ice grains and energetic plasma ions to

produce water molecules. We propose that the

local ionization process and energy required to

maintain this system is produced primarily

from the injection of energetic electrons from

the outer magnetosphere (7).

The UVIS data show that the neutral gas in

the magnetosphere is subject to transient phe-

nomena that insert large amounts of icy ring

material into the central plasma and deposit a

large amount of energy into the plasma. Our

results emphasize the completely different

states of the Jupiter and Saturn magneto-

spheres: Saturn_s neutral/ion mixing ratio is

30,000 times greater. The energy-deposition

rate in the Saturn inner magnetosphere that is

required to maintain the state of the system in

the 3 to 6 R
S

region (5) is estimated at 1.4 �
1010 W. This energy is mainly consumed in re-

moving mass from the system. Energy deposi-

tion in the Jupiter magnetosphere, 3 � 1012 W,

is primarily invested in radiative loss.

Previous UV images of Saturn_s H
2

and H

emissions from the Hubble Space Telescope

Fig. 1. The image of atomic oxygen emission from the Saturn system obtained in Cassini UVIS
experiment observations from a range of 71 to 65 Mkm. The outline of the planet, orbits of Tethys,
Enceladus (solid white lines), and outer A ring (dotted) are indicated. The subspacecraft point is at
13-4S latitude; solar radiation enters the system from the western side with a phase angle of 62-
and a subsolar latitude of 23-S. The spatial resolution is 0.6 to 1.6 RS. The image pixels are 0.9 �
0.9 RS. North-south and east-west distances are indicated in RS, with the origin at the center of the
planet. Comparisons with UVIS observations made before and after this image show that it
represents a much expanded emission distribution (figs. S1 to S4). Brightness values are in
rayleighs. The expansion and subsequent decay of oxygen mass in the images show a characteristic
time compatible with preliminary model calculations of charge-capture rates in the plasma.

Fig. 2. Saturn’s appearance in hydrogen Lyman-alpha. This image was acquired on 13 July 2004
from a range of 5 million km. Visible are the southern auroral zone, the sunlit crescent Saturn, the
dark nightside, the dim rings, Saturn’s shadow on the rings, and Saturn’s extensive atomic
hydrogen corona. The color bar is logarithmic, each tick representing a factor of 1.5 change in
brightness.
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(HST) show narrow auroral ovals in both the

north and the south. These are probably due

to primary electrons of 1 to 30 keV pre-

cipitating along the boundary of open and

closed magnetic field lines (10). HST ob-

served diurnal intensity variations of a factor

of 10 and peak brightness near dawn, with

evidence for auroral changes due to solar-

wind variations (11–13). The UVIS image on

3 July 2004 (Fig. 2) shows strong UV polar

aurora and dayglow emission at mid-latitudes.

Magnetospheric neutral H also appears in an

extended region near Saturn. The strongest

emissions are from the south polar oval (È80-
latitude). The north polar oval was tilted away

from Cassini and appears only as polar limb

emissions.

During July and August 2004, auroral

emissions brightened episodically by up to a

factor of 4. UVIS previously observed auroral

brightenings at Jupiter due to solar-wind

shock waves (14, 15). A solar-wind shock

wave on 25 July 2004 at 19:30 is followed by

several days of enhanced solar-wind density

in the Cassini Plasma Spectrometer (CAPS)

data (16). This shock corresponds to the

brightest UVIS-observed auroras so far. UVIS

sees the two poles varying together. These

Cassini UVIS and CAPS observations con-

firm that the solar wind perturbs Saturn_s
auroral emission.

Jupiter_s spectrum from 2 January 2001

and Saturn_s spectrum from 15 July 2004 are

nearly identical spectrally (Fig. 3), showing

H
2

band emissions from 115.0 to 170.0 nm

(17). UVIS-derived hemispheric power input

to Jupiter_s auroral oval (1013 to 1014 W

from electron precipitation) is about 200

times as large as that for Saturn_s oval

(1010 to 1011 W), in agreement with Voyager

observations (2).

On 11 June 2004, as Cassini approached

Saturn, the spacecraft flew by its outer moon,

Phoebe. Distant observations of Phoebe were

collected at a range of |380,000 km inbound

and outbound, and mosaics were executed

continuously through the closest approach at

2000 km. In addition, one full Phoebe rotation

was monitored at 687,000 to 950,000 km.

UVIS observed Phoebe in the EUV, FUV, and

HDAC channels of the instrument.

The FUV spectrum (Fig. 4) was produced

by averaging all pixels from the illuminated

part of Phoebe during the mosaic taken near

the closest approach (solar phase angle

È90-), divided by a solar spectrum obtained

from the Solar Stellar Irradiation Comparison

Experiment (SOLSTICE) (18) for the correct

solar longitude. For comparison, the FUV

reflectance spectrum of the Moon (similar

solar phase angle) is also shown. The Phoebe

spectrum displays a broad absorption feature

centered near 160 nm, similar to that ex-

hibited by H
2
O frost and CO

2
frost (19, 20).

A model of Phoebe_s reflectance spectrum

combining H
2
O frost, CO

2
frost, and a dark

material to decrease the overall brightness is

shown.

An FUV image of Phoebe obtained during

the inbound portion of the flyby from a range

of 31,300 km (Fig. 5) indicates that Phoebe is

so dark that it blocks the Lyman-alpha

emission of the Local Interstellar Medium

(LISM), appearing silhouetted against the

sky background. The heterogeneous surface

reflectance shows brightness variations up to

more than a factor of 2. These brightness

variations are attributable to composition-

al variations (e.g., patchy ice distributions)

across the surface, along with the rugged na-

ture of Phoebe_s surface, where steep slopes

exposed to the sun appear brighter in this

image.

As part of the investigation of Phoebe_s
origin, we searched for evidence of volatile

emissions that would be indicative of comet-

like activity such as that detected on Chiron.

The set of long integrations acquired when

Phoebe was È1 pixel in size were summed

to boost the potential signal level. The

integrated spectrum showed no evidence of

oxygen, carbon monoxide, or nitrogen emis-

sions that would be anticipated if volatile

activity were present. The 2s upper limit for

oxygen column density that UVIS could

have detected given instrument sensitivity

and the integration time is calculated to be

G2 � 1013 cmj2 (21).

Phoebe has intrigued planetary scientists for

decades because its great distance from Saturn

(215 R
s
) and Saturn_s loose gravitational hold

suggested that Phoebe was likely a captured

object (22, 23). Scientific curiosity has cen-

tered around the question of Phoebe_s origin:

Is it an errant asteroid or was it formed deep in

the outer solar system? By detecting ice on

Phoebe_s surface, UVIS joins the other Cassini

remote-sensing teams in concluding that

Phoebe originated in the outer solar system.

During Cassini_s orbit insertion on 30 June

2004, the spacecraft made its closest ap-

proach to Saturn_s rings. During that period,

the instrument slit was oriented roughly in the

radial direction, and the detector was read out

every 10 s, producing two approximately ra-

dial scans. During the scans, different parts of

the detector sampled the same ring radius at

different times as the spacecraft flew over the

rings. We have summed all spectra from the

same saturnocentric distance to provide a

single spectral radial profile of the rings in

the FUV. At any given radial position, about

60 spectra were recorded at sequential 10-s

intervals, weighted by the amount of time

spent and the fraction of the UVIS image

pixel that is filled. Data were obtained in one

scan for the outer C and inner B rings and in a

Fig. 3. Comparison of
FUV spectra of Saturn
(15 July 2004) and Jupi-
ter (2 January 2001)
southern auroral zones
at È0.5-nm resolution.
Spectra are from a 28-
min-duration system
scan observation be-
ginning at 03:38:22.
Solar phase angle was
near 90- for the dawn
Saturn spectrum and
52- for the late after-
noon Jupiter spectrum.

Fig. 4. Disk-averaged reflectance
spectrum (obtained at 90- solar phase
angle) of Phoebe compared with a
model (red line), including laboratory
spectra of H2O frost and CO2 frost (20).
Also plotted is the UVIS-measured
lunar FUV reflectance spectrum (blue
line) for comparison. As a result of
lower signal-to-noise ratios at wave-
lengths G150 nm, spectral features at
the 3- to 6-nm scale may not be real.
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second scan for the Cassini division and the A

ring. Radial resolution is determined by the ra-

dial distance traversed by the footprint in the

ring plane during each 10-s integration period,

about 170 km in the first scan and 130 km in

the second. To improve the photon-counting

statistics, we adopted a resolution element of

150 km for both scans; this eliminates fea-

tures that are below the noise level.

The ring brightness increases longward of

160 nm, consistent with absorption due to

water ice at shorter wavelengths (20, 24). At

the shorter wavelengths, the ring signal is not

distinguishable from the background except

for the Lyman-alpha feature, which is a

combination of scattered solar Lyman-alpha

and Lyman-alpha from the local interstellar

medium transmitted through the rings. Assum-

ing that single scattering of sunlight domi-

nates the observed brightness, which is a

good approximation for this viewing geom-

etry (25), we remove the geometric effects of

the illumination and viewing angles and the

optical depth to derive the product (AP) of

the particle albedo, A, and the phase function,

P (Fig. 6). In this approximation, fluctuations

in AP indicate varying amounts of dark ma-

terial mixed in with water ice. Without further

observations, we cannot rule out more com-

plex explanations of the fluctuations, for ex-

ample, variations in vertical structure.

The A ring is the brightest ring region in

the UV spectrum, the C ring is darkest, and the

B ring is intermediate. The A-ring spectrum is

similar to that of Phoebe (see Fig. 4), whereas

the other rings are darker at long wave-

lengths, which indicates a lower fraction of

water ice. In the A ring, the ice fraction, in-

dicated in our data by UV reflectance long-

ward of the water-ice absorption feature at

160 nm, increases outward to a maximum at

the outer edge (Fig. 6). This large-scale vari-

ation is consistent with initially pure ice that

has suffered meteoritic bombardment over

the age of the solar system: The portions of

Saturn_s rings that have lower mass density

become more polluted, and the subsequent

transport of the darker material into the bright-

er rings over time explains the color gradi-

ents at the boundaries between rings (26).

We see variations over scales of 1000 to

3000 km in both ring scans that cannot be

explained by this pollution mechanism op-

erating over the age of the rings. These

variations, which are not present in the

Photopolarimeter Subsystem (PPS) optical

depth profile, appear as small bumps and

wiggles in the UVIS data in Fig. 6. Ballistic

transport of spectrally neutral pollutants

from meteoroids striking the rings produces

broad gradients over this time period (26),

too long to explain the finer structure in Fig.

6. We propose a class of smaller renewal

events in which a small moon residing

within the rings is shattered by an external

impactor (27–29). We calculate the size of

such a moon below. The interior of the moon

has been shielded from external meteoritic

bombardment and thus contains more pris-

tine water ice. Because the amount of

meteoroid pollution provides a rough clock

to estimate the age of the rings (26), these

random events reset that clock locally,

making the material at that radial location

younger and purer. As these purer ring par-

ticles collide with others, they interchange

unconsolidated material on their surfaces,

and the region of purer water-ice spectrum

spreads radially, creating an ever-widening

band of brighter material.

To estimate the time since such a reset

event, we estimate the rate at which diffusion

spreads the material. Using the kinematic

viscosity n È 280 cm2/s, the mass extinction

coefficient k È 0.013 cm2/g (30, 31), and the

estimate of the fraction of regolith lost in a

collision f È 0.1 (32), we calculate an

effective diffusion coefficient for interchang-

ing regolith material in the A ring

DC È f � n È 30 cm2=s

Dimensional scaling gives an estimate of the

time for such a renewal event to spread Dr 0
1000 km as

T 0 Dr2=DC È 107year

which is surely a lower estimate because f is

uncertain. The mass needed to cover 10% of

the surface area of average optical depth t 0
0.5, over an annulus Dr at saturnocentric

distance r 0 130,000 km is

M 0 0:1 � 2pr Dr t=k È 3 � 1019g

This mass is equivalent to a moon with

radius R È 20 km.

Thus, the radial variations we interpret as

due to differential pollution in our data set are

consistent with the disruption of several small

moons in the A ring in the past 107 to 108

years. This is one possible explanation of the

variation in composition. Any process that re-

leases pristine material, for example, the dredg-

ing of fresh material on ring particle surfaces

by more energetic interparticle collisions at

density wave locations, will create a brighter

region in the rings. When the small moon Pan

(33), R È 10 km, now residing in the nearby

Encke gap, is eventually shattered by an ex-

ternal impact in the next 10 to 100 million

years (34), our descendents will be treated to a

spectacular sight: The gap will close up, and

for some 10 to 100 million years thereafter

a brighter radial swath of purer water ice at

its former location will gradually spread and

darken. Our interpretation of the spectral var-

Fig. 5. FUV image of Phoebe, with solar
illumination from the right. The red background
corresponds to Lyman-alpha emission, blocked
by Phoebe. Blue/green regions correspond to
the longer FUV wavelengths (160 to 190 nm)
and represent variability in brightness across
the surface of Phoebe (up to a factor of more
than 2 on the illuminated hemisphere).

Fig. 6. The product of
ring particle single-
scattering albedo A,
and particle phase
function P, measured
by UVIS, assuming
that single scattering
of sunlight dominates
the measured bright-
ness (blue). Absolute
scale for AP is approx-
imate. The Voyager
PPS optical depth (red)
shows the radial struc-
ture of the Cassini di-
vision (1.175 � 105 to
1.22 � 105 km) and
the A ring. The UV
brightness increases
gradually toward the
outer edge of the A ring with a sharp increase beyond the Encke gap at 1.335 � 105 km and a
spike outside the Keeler gap at 1.365 � 105 km. Fluctuations at length scales of 1000 to 3000 km
seen here and in the B ring indicate local variations in ring surface composition.
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iations in Saturn_s ring is thus consistent with

a continual recycling of material between

rings and moons, with the moons resupply-

ing ring material when they are broken apart

by collisions or meteorite impacts.
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Radio and Plasma Wave Observations at Saturn
from Cassini’s Approach and First Orbit

D. A. Gurnett,1* W. S. Kurth,1 G. B. Hospodarsky,1 A. M. Persoon,1 T. F. Averkamp,1 B. Cecconi,1 A. Lecacheux,2

P. Zarka,2 P. Canu,3 N. Cornilleau-Wehrlin,3 P. Galopeau,3 A. Roux,3 C. Harvey,4 P. Louarn,4 R. Bostrom,5

G. Gustafsson,5 J.-E. Wahlund,5 M. D. Desch,6 W. M. Farrell,6 M. L. Kaiser,6 K. Goetz,7 P. J. Kellogg,7

G. Fischer,8 H.-P. Ladreiter,8 H. Rucker,8 H. Alleyne,9 A. Pedersen10

We report data from the Cassini radio and plasma wave instrument during the
approach and first orbit at Saturn. During the approach, radio emissions from Saturn
showed that the radio rotation period is now 10 hours 45 minutes 45 T 36 seconds,
about 6 minutes longer than measured by Voyager in 1980 to 1981. In addition,
many intense impulsive radio signals were detected from Saturn lightning during the
approach and first orbit. Some of these have been linked to storm systems observed
by the Cassini imaging instrument. Within the magnetosphere, whistler-mode
auroral hiss emissions were observed near the rings, suggesting that a strong
electrodynamic interaction is occurring in or near the rings.

Magnetized planets such as Saturn have many

complicated radio and plasma wave phenome-

na. Here we present the first results from the

Cassini Radio and Plasma Wave Science

(RPWS) instrument (1) during the approach

and first orbit around Saturn. The RPWS

instrument is designed to measure the electric

and magnetic fields of radio emissions and

plasma waves across a broad range of

frequencies, from 1 Hz to 16 MHz for electric

fields and from 1 Hz to 12 kHz for magnetic

fields. A Langmuir probe is also included to

measure the density and temperature of the

local plasma. Our observations are organized

in the order in which the data were obtained,

starting with radio emissions detected during

the approach to Saturn, continuing through the

region near the closest approach, and ending

È3 months after orbital insertion.

The Voyager 1 and 2 spacecraft first es-

tablished that Saturn is an intense radio

emitter. The primary component of this

radiation is called Saturn kilometric radiation

(SKR), because the peak intensities occur in

the kilometer wavelength range (2), typically

at frequencies from È100 to 400 kHz. Just as

with the other giant planets, the intensity of

this radio emission is modulated by the

rotation of the planet. During the Voyager

flybys of Saturn in 1980 to 1981, the SKR

modulation period was found to be 10 hours

39 min 24 T 7 s (3). Because the charged

particles responsible for the radio emission

are controlled by the magnetic field, which is

linked to the deep interior of the planet, and

because the planet has no visible surface, this

period has been widely adopted as the

rotation period of Saturn (4). However,

measurements by the Ulysses spacecraft (5)

have shown that the radio rotation period is

not constant.

This variability has now been confirmed

by the Cassini observations. The RPWS first

began to detect SKR in early April 2002, at a

radial distance of È2.5 astronomical units

(AU) from Saturn. As the spacecraft ap-

proached Saturn, the signal strength gradu-

ally increased to the point that an accurate

measurement of the SKR modulation period

could be obtained. A normalized power

spectrum of the fluctuations in the SKR

intensity (Fig. 1) shows a sharp peak at a

period of 10 hours 45 min 45 T 36 s. Com-

pared with the Voyager spectrum (Fig. 1), it
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is clear that a substantial shift has occurred

in the radio rotation period over the 23 years

since the Voyager measurements were

obtained. The reasons for this shift are

poorly understood. Because the magnetic

moment of Saturn is aligned almost exactly

along the rotational axis (6), one possibility

is that rotational wobble induced by the tilt

in the magnetic axis is simply not enough to

control the rotational modulation. Other

second-order rotational effects (7, 8) can

then become important, such as slippage of

the magnetospheric plasma relative to the

rotation of the upper atmosphere of Saturn,

the period of which is known to vary with

latitude and time (9). In sharp contrast, the

radio rotation period of Jupiter, which has its

magnetic axis tilted by 9.6- relative to its

rotational axis, has been constant within a

matter of seconds for more than 50 years. In

addition to the radio rotation period, direction-

finding measurement with the RPWS while

viewing the southern polar regions con-

firmed that the SKR source is located over

the southern auroral zone. This is consistent

with constraints placed on the source loca-

tion from the earlier Voyager measurements,

which did not include a direction-finding

capability.

During the Voyager 1 and 2 flybys of

Saturn, numerous impulsive radio bursts,

called Saturn electrostatic discharges (SEDs),

were detected in the frequency range from

100 kHz to 40 MHz (10, 11). Subsequently, it

was shown that these signals are produced

by lightning in the atmosphere of Saturn

(12, 13). Typical SED bursts had durations

of È40 ms and occurred in very regular

episodes lasting several hours each, with a

repetition period ranging from 10 hours 0

min to 10 hours 9 min (14). This period cor-

responded to the rotation period of clouds

near the equator, which suggested that the

lightning originated from a storm system that

was being convected around the planet near

the equator. A similar occurrence pattern

was observed during both flybys, which were

separated by È9 months, suggesting the storm

system was long-lived.

During the Cassini approach to Saturn,

SED bursts were first detected on 22 July

2003 at a radial distance of 1.08 AU from

Saturn. This SED episode lasted a few hours

and was extremely intense, with peak

intensities 10 to 30 times greater than those

observed by Voyager 1, after correcting for

radial distance. On the basis of observations

of terrestrial lightning obtained during the

Cassini flyby of Earth (15), the SEDs in this

episode are estimated to be a factor of 106

more intense than comparable radio emis-

sions from terrestrial lightning. Although a

few weak SEDs were observed after this first

episode, strong and easily identified SEDs

were not observed again for nearly a year,

until 13 July 2004, well after the 1 July 2004

orbit insertion. Since that time, strong SEDs

have been observed on an irregular basis

over a period of several months, with highly

varying intensities and rates. However, none

of these have intensities comparable to the

very intense episode that occurred on 22 July

2003.

The number of SED bursts detected per

Saturn rotation (Fig. 2) in the several-month

period after orbital insertion varies consider-

ably. Typical episodes were several hours

long, with burst rates varying from a few per

hour during periods of low activity to more

than 100 per hour during very active periods.

When active, the episodes tend to reappear

every 10 to 11 hours as the planet repeatedly

carries the storm system back around into

view. Three different storm intervals have

been identified, labeled A, B, and C (Fig. 2).

Each is characterized by a distinctly different

period that is thought to correspond to the

atmospheric rotation period at the latitude

where the storm system was located.

Previous evidence that SEDs are due to

storm systems in Saturn_s atmosphere has

been indirect (13). However, comparisons of

the SEDs detected by the RPWS and images

of Saturn obtained by the Imaging Science

Subsystem have resulted in visual evidence

for a link between SEDs and storm systems

in Saturn_s atmosphere (16). In particular,

the period and phase of the SEDs in intervals

A and C match closely with distinctive cloud

features seen in southern midlatitudes. The

timing of the SED episodes always precedes

the passage of the cloud feature across the

central meridian with respect to Cassini.

These observations suggest that the SED

bursts are observed preferentially when the

storm system is on the night side of Saturn,

because the spacecraft was approximately

over the dawn terminator during the system

C observations. This relationship is expect-

ed, because radio signals from lightning can

propagate through the ionosphere with less

attenuation on the night side.

Previous studies of planetary magneto-

spheres, including Saturn (17, 18), have

shown that a variety of plasma waves are

produced in the solar wind upstream of the

planet. During the Cassini approach to

Saturn, the first evidence of plasma waves

associated with the planet occurred on 22

March 2004, when a burst of electron plasma

oscillations was observed at a radial distance

of 825 Saturn radii (1 R
S
0 60,268 km). This

large distance was possible because the dawn-

side approach trajectory of Cassini provided a

favorable geometry for electrons to stream

along the solar wind magnetic field from the

bow shock to the spacecraft. At Saturn_s orbit,

the solar wind magnetic field tends to lie in

the ecliptic plane at an angle nearly perpen-

dicular to the direction of the Sun.

Over the next few months, the electron

plasma oscillations became more common

and intense. Finally, at 0945 UT (Universal

Time) on 28 June 2004, the spacecraft

crossed the bow shock at a radial distance

of 49.2 R
S
. The bow shock crossing was

identified in the RPWS data by an abrupt

broadband burst of electrostatic noise. Sub-

sequently, six more shock crossings were

observed as the shock alternately moved

back and forth over the spacecraft. These

occurred at 1030, 1800, and 2000 UT on 28

June and on 0018, 0255, and 0535 UT on 29

June. The first crossing of the magnetopause

Fig. 1. A comparison of the power spectrum of
variations in the SKR intensity as measured by
Voyager and Cassini. The Cassini spectrum was
accumulated over an interval of a little more
than 1 year during the approach to Saturn,
from 29 April 2003 to 10 June 2004. The radio
modulation period measured by Cassini, 10
hours 45 min 45 T 36 s, has shifted substan-
tially from the Voyager era in 1980 to 1981.

Fig. 2. The number of SED events detected per
Saturn rotation from day 195 (13 July) to day
295 (1 October), 2004. Three distinct SED storm
intervals can be identified, labeled A, B, and C,
based on their periodicity. The periods of these
storms were 10.72 hours, 10.26 hours, and
10.66 hours, respectively. Systems A and C have
been associated with prominent cloud features
in Saturn’s atmosphere (16).
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occurred at 1843 UT on 28 June, at a radial

distance of 34.4 R
S
. Numerous magneto-

pause crossings were then observed as the

spacecraft approached Saturn. The last and

final crossing into the magnetosphere was at

0244 UT on 29 June, at a radial distance of

30.6 R
S
. The locations of these crossings are

similar to those observed in 1979 during the

outbound pass of the Pioneer 11 spacecraft

(19), which occurred on the morning side of

Saturn at a local time similar to the Cassini

inbound trajectory.

Although several types of plasma waves

were observed in the outer magnetosphere, as

with the Voyager flybys (17, 18), the strongest

and most complex plasma wave emissions

were in the inner region of the magneto-

sphere, inside of È10 R
S
. A frequency-time

spectrogram of the electric field intensities

detected by the RPWS in this region (Fig. 3)

shows intense SKR from È100 to 400 kHz.

Narrowband emissions at slightly lower fre-

quencies, such as the one starting at È25

kHz at 2000 UT on 30 June, gradually drift-

ing upward in frequency, and ending at

È100 kHz at 0100 UT on 1 July, are com-

monly observed in planetary magnetospheres

(20) and are due to an electrostatic oscilla-

tion at the upper hybrid resonance (UHR)

frequency. The UHR frequency is given by

fUHR 0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2
c þf 2

p

q
, where f

c
is the electron

cyclotron frequency and f
p

is the electron

plasma frequency. The electron cyclotron

frequency is given by f
c
0 28 B Hz, where

B is the magnetic field strength in nT: the

electron plasma frequency is given by

fp 0 8980
ffiffiffiffiffi
Ne

p
Hz, where N

e
is the electron

number density in cmj3. The termination of

the strong upper hybrid band at 0100 UT

occurs near the inbound crossing of the outer

edge of the A ring. After the closest

approach to the planet, the upper hybrid

band reappears at 0405 UT at a frequency of

È110 kHz, again near the outer edge of the

A ring, and gradually drifts downward in

frequency until it disappears at a frequency

of È30 kHz at 0900 UT. Because the UHR

depends on f
c
, it is useful to compare the

frequency of the upper hybrid band with f
c
.

The f
c

computed from the measured magnet-

ic field strength (21) is well below the UHR

frequency. This means that, except for a

small correction, the upper hybrid band is

essentially at the local f
p
. A second, some-

what similar, narrowband emission can be

seen at a frequency slightly above f
c

on both

the inbound pass, from È0000 to 0100 UT,

and on the outbound pass, from È0405 to

0530 UT. This type of emission is also a

common feature of planetary magneto-

spheres (19) and is an electrostatic electron

cyclotron harmonic (ECH) wave. ECH

waves occur near half-integral harmonics of

f
c
, i.e., near (n þ 1/2)f

c
, where n is an

integer. The UHR and ECH waves are both

driven by a loss-cone anisotropy in the

trapped electron distribution and play an

important role in the pitch-angle scattering

and loss of energetic radiation-belt electrons.

At even lower frequencies, after È0400 UT

on 1 July, several diffuse emissions were

seen at frequencies below f
c
. These are all

whistler-mode emissions, because this is the

only mode that can propagate at these

frequencies. Whistler-mode emissions also

play an important role in the pitch-angle

scattering and loss of trapped radiation-belt

electrons (22).

The electric field spectrum in the region

where the spacecraft is passing over the rings,

from È0110 to 0409 UT, is complicated and

not fully resolved (Fig. 3). The intense broad-

band noise, extending up to several tens of kHz

from 0112 to 0248 UT, was produced by the

firing of the rocket engine used to put the space-

craft into orbit around Saturn. A high-resolution

frequency-time spectrogram (Fig. 4) of electric

field waveforms obtained during the outbound

pass over the rings from È0309 to 0348 UT

shows a broad V-shaped emission centered on

È0330 UT, with well-defined low- and high-

frequency cutoffs that range from È1 to 8 kHz.

The V-shaped frequency-time shape of this

emission is similar to a commonly occurring

terrestrial whistler-mode emission called auroral

hiss. At Earth, auroral hiss is known to be

generated by magnetic field-aligned beams of

low-energy (a few eV to several keV) electrons

(23) associated with the current system

responsible for the aurora. The V-shaped

spectral feature arises from propagation along

the whistler-mode resonance cone, which

directs the radiation along a cone, the axis

of which is aligned along the magnetic field.

The cone angle increases with frequency,

which accounts for the V-shaped frequency-

time structure. If the electron plasma fre-

quency is less than f
c
, as is often the case in

Earth_s auroral regions and is the case here,

then the upper cutoff frequency of auroral

hiss is at the local f
p

(24). Calculations using

a ray path model show that the auroral hiss–

like emissions detected by Cassini originate

from a source close to the B ring, at a radial

distance of È1.7 T 0.1 R
S
. The existence of

such auroral hiss–like emissions near Sat-

urn_s rings indicate that a low-energy beam

of electrons is being accelerated outward

away from the ring at a radial distance of

Fig. 3. A color frequency-time spectrogram showing the electric field intensities detected by the
RPWS during the Cassini pass through the inner region of the saturnian magnetosphere. The
intensities are coded according to the color scale at the top of the spectrogram. The white line is
the fc computed from Cassini magnetic field measurements (21). Lat., latitude; LT, local time.
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È1.7 R
S
, near the synchronous orbit point

where the gravitational and centrifugal

forces cancel. This electron beam is most

likely associated with a current system

induced by an electrodynamic interaction

between the rings and the corotating mag-

netospheric plasma.

The spectrogram (Fig. 4) also shows a

large number of narrowband emissions in the

frequency range from È6 to 11 kHz. Similar

narrowband emissions were observed by

Voyager 1 and 2 at Saturn (17, 18) and are

believed to be free-space (ordinary mode)

electromagnetic waves generated by mode

conversion from electron plasma oscilla-

tions, most likely in regions with steep den-

sity gradients. These narrowband emissions do

not seem to penetrate into the region beyond

the sharp upper cutoff of the auroral hiss–like

emissions. Because free-space ordinary-mode

electromagnetic waves cannot propagate at

frequencies below f
p
, this observation is

consistent with the interpretation that the

upper cutoff of the auroral hiss–like emission

is at the local f
p
.

Using the plasma wave resonances and

cutoffs described above, we constructed an

electron density profile through the inner

region of Saturn_s magnetosphere (Fig. 5).

During the inbound pass, from È2000 UT on

30 June to È0100 UT on 1 July, and during the

outbound pass from È0405 to 0900 UT, the

electron density was computed from the UHR

bands (Fig. 3). The electron densities increase

systematically with decreasing radial distance

and reach a peak of a little more than 100

cmj3 near the outer edge of the A ring.

Although not discernable in the spectrogram,

weak UHR emissions allow the electron

density to be extended into the region where

the density decreases rapidly inside the outer

edge of the A ring. Because of the noise from

the rocket engine firing, no electron densities

could be obtained from 0112 to 0147 UT.

However, starting immediately after the termi-

nation of the rocket-engine firing, the electron

density could be determined almost continuous-

ly from a combination of three measure-

ments: the upper cutoff frequency of the

auroral hiss–like emissions, the frequency of

electron plasma oscillations, and the cutoff of

the narrowband electromagnetic emissions,

all of which are at f
p
. The resulting profile

shows that the electron density reaches a

deep minimum of È3 � 10j2 cmj3 at È1.7

R
S
, near the center of the V-shaped auroral

hiss emission. Langmuir probe measure-

ments, which give electron densities consist-

ent with the plasma wave measurements,

show that the electron temperature over the

ring plane is low, only È0.5 to 1.0 eV. In

order to fit the ion current portion of the

voltage sweep, ion masses in the range of 20

to 40 atomic mass units are required. The

minimum in the electron density profile is

close to the synchronous orbit point where

the gravitational and centrifugal forces that

act on the corotating magnetospheric plasma

are in balance (25). Plasma generated inside

this radius tends to be gravitationally attracted

toward Saturn, whereas plasma generated out-

side this radius tends to be carried outward

away from Saturn by interchange instabilities.

Such dynamical processes may be able to ac-

count for the deep minimum in the plasma

density at this point.

During the Voyager 2 ring plane crossing

at Saturn, it was discovered that the plasma

wave and radio astronomy instruments could

detect the impact of small micrometer-sized

dust particles (18, 26). When a small particle

strikes the spacecraft at a velocity exceeding

a few kilometers per second, the particle is

instantly vaporized and heated to a high

temperature (104 to 105 K), thereby ionizing

a substantial amount of the gas. As the

resulting ionized gas cloud sweeps over the

electric field antenna, some of the charge is

collected by the antenna, thereby producing

a voltage pulse into the receiver. Laboratory

measurements show that the charge released,

and therefore the amplitude of the voltage

pulse, is proportional to the mass of the

impacting particle.

During the pass through the outer regions

of the saturnian system, the Cassini RPWS

detected a small but nearly continuous level

of dust impacts at a rate of a few impacts per

minute. As the spacecraft approached the

inbound ring plane crossing, the impact rate

began to increase markedly È2 min before

the ring plane crossing, reached a peak at

È0046:33 UT, almost exactly at the ring

plane crossing, and then decreased back to

the pre-existing levels È2 min later. Wave-

forms of the voltages on the x-axis electric

dipole antenna (Fig. 6) near the time of peak

impact rate show many very short pulses due

to dust impacts. The peak impact rate at the

ring plane crossing ranges from È500 to

2000 impacts per second, depending on the

counting threshold used. Similar dust impact

waveforms were observed again during the

outbound ring plane crossing at 0433:54 UT.

The pulse amplitudes vary over a wide range

(Fig. 6), from very small pulses that can just

barely be detected to very large pulses that

Fig. 4. A color frequency-time spectrogram showing the electric field intensities detected by the
wideband waveform receiver over the rings during the outbound pass. The discontinuous changes
in the background noise level every 30 minutes is due to cycling of the receiver bandwidth between
10 kHz and 80 kHz.
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momentarily saturate the instrument. The

amplitude of the pulses is controlled by two

factors: the mass of the impacting particle

and the proximity of the impact site to the

electric antenna element. Both positive and

negative pulses occur. The sign of the pulse

is believed to be determined by which ele-

ment of the dipole electric field antenna is

nearest to the impact site. On the basis of pre-

vious studies of similar dust impacts (27–31),

the masses of the particles are believed to be

in the range from 10j12 to 10j9 g, corre-

sponding to radii from È0.5 to 5 mm,

assuming a density of È1 g cmj3. Although

the particle masses are difficult to estimate,

the impact rate for any given pulse amplitude

threshold can be very accurately determined.

For both the inbound and outbound ring

plane crossings, the north-south extent of the

dust impact region was È2000 km, with a

north-south thickness at the half power-

maximum-rate points of È250 km, centered

on the equator. From the pulse amplitude

distribution, it appears that the largest

particles, i.e., those with the largest pulse

amplitudes, are more closely confined to the

equatorial plane.
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Fig. 5. The electron density profile through the inner region of the magnetosphere as determined
from various plasma wave resonances and cutoffs. The sharp density depletion from 0100 and
0404 UT corresponds to the passage over the rings. fUHR is the UHR frequency.

Fig. 6. The voltage waveform from the x-axis electric antenna during the inbound ring plane
crossing. The short pulses with durations of a fraction of 1 ms are due to dust impacts on the
spacecraft body.
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R E P O R T

Oxygen Ions Observed Near Saturn’s A Ring
J. H. Waite Jr.,1 T. E. Cravens,2* W.-H. Ip,3 W. T. Kasprzak,4 J. G. Luhmann,5 R. L. McNutt,6 H. B. Niemann,4

R. V. Yelle,7 I. Mueller-Wodarg,8 S. A. Ledvina,5 S. Scherer1

Ions were detected in the vicinity of Saturn’s A ring by the Ion and Neutral Mass
Spectrometer (INMS) instrument onboard the Cassini Orbiter during the spacecraft’s
passage over the rings. The INMS saw signatures of molecular and atomic oxygen
ions and of protons, thus demonstrating the existence of an ionosphere associated with
the A ring. A likely explanation for these ions is photoionization by solar ultraviolet radi-
ation of neutral O2 molecules associated with a tenuous ring atmosphere. INMS neutral
measurements made during the ring encounter are dominated by a background signal.

A tenuous atmosphere in the vicinity of the

saturnian rings was predicted to exist as a

consequence of the sputtering of atoms and

molecules from ring particles resulting from

collisions with energetic ions, with micro-

meteoroids, or with solar photons (1, 2), al-

though the energetic ion fluxes observed

over the rings were very small (3). The ring

particles are thought to primarily consist of

water ice (4), indicating that sputtered or

photoproduced material should consist of

water molecules or species formed from water

molecules. In particular, it has been suggested

that O
2

should be the main constituent of a

ring-plane atmosphere, and O
2

is known to be

a product of the radiation-induced decomposi-

tion of ice (1, 5, 6). A tenuous ring ionosphere

was also predicted to be present at Saturn (7).

The INMS (8) has two different inlets:

the open source, which allows ions or neutral

species to enter the analyzer, and the closed

source, in which neutral species enter an

antechamber before being ionized. For open-

source-ion (osi) mode, the incident ions are

deflected by quadrupole switching lenses, set

to appropriate voltages, and then guided to

the radio-frequency quadrupole mass analyz-

er, which selects the mass-to-charge ratio.

The ions are then detected with a secondary

electron multiplier. For the closed-source-

neutral (csn) or open-source-neutral (osn) mea-

surements, electrons generated by heating of

the W filaments are used to ionize some frac-

tion of the neutral particles, and the resulting

ions are then analyzed (8, 9). The instrument is

tuned to specific incident particle speeds, and

this compensation speed was set to 15 km/s for

the time period of 4:00:00 to 4:06:30 coordi-

nated universal time (UTC) on 1 July 2004 (day

183 of the year). The compensation speed just

before this time period was 20 km/s and just

after this time period was 5 km/s. At 4:06:30

UTC, the instrument switched from osi to osn

mode. The switching lens transmission is sensi-

tive to speeds within ,10% of this compensa-

tion speed (8, 9) for both open-source modes.

The open-source field of view (FOV) is close

to 6- (full width). The instrument detects ions

that are present in a small volume in velocity

space centered at the compensation velocity (10).

A mass-time plot for the INMS open-

source signal (Fig. 1) shows a high count rate

for mass numbers 1, 16, and 32, which can

be interpreted as a result of Hþ, Oþ, and O
2
þ

ions, respectively. The count rate before 4:00

UTC was low. For Oþ and O
2
þ ions, the count

rate was greatest between 4:00 and 4:01 UTC

and between 4:02 and 4:06 UTC. At later

times, the instrument switched to neutral

mode. For Hþ ions, the count rate was highest

between 4:02 and 4:06 UTC. During this time

period, the spacecraft was about 7000 km

above the outer part of the A ring at a radial

distance of 2.2 Saturn radii (R
s
). The peak O

2
þ

count rate was ,200 counts per second at 4:05

UTC. During the total of ,2 s of the observing

period from 4:00 to 4:06:30 UTC, devoted to

measuring mass-32 ions, the total number of

counts was about 150 (11).

The mass spectrum (Fig. 2) created from

osi observations (Fig. 1) shows noticeable

peaks at masses 1, 16, and 32, confirming the

presence of Hþ, Oþ, and O
2
þ, respectively.

Other mass peaks with smaller signals relative

to the statistical uncertainty also are evident

(Fig. 2) at mass 17 (perhaps OHþ), mass 18

(perhaps H
2
Oþ), mass 23 (perhaps Naþ), and

several mass numbers near 40 to 45 (perhaps

CO
2
þ with poor velocity compensation).

The count-rate time variations (Fig. 1)

could conceivably be due either to the spatial

distribution of the ions (in this case, the scale

size is on the order of 1000 km) or to the

variations in INMS pointing, which resulted

from changes in the spacecraft attitude (or a

combination of these). If we assume the lat-

ter as a working hypothesis, then the INMS

Fig. 1. Cassini INMS osi count rate (the color scale bar) versus mass number on the ordinate and
Universal Time (scet) on the abscissa. Radial distance from the center of Saturn (in units of Saturn
radii) is also shown. Da/Z, daltons per charge.
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measurements can provide information on

the ion distribution function over the A ring.

The mass 16 and 32 data points used for

Figs. 1 and 2 were averaged over 30-s inter-

vals and placed in velocity space with the use

of information on the INMS compensation

velocity and pointing versus time. The INMS

only observed a small region of velocity space

(10), but within the observed region, the high-

est count rates were found for low vertical

velocities (i.e., with respect to the ring plane)

and for horizontal velocities (i.e., parallel to

the ring plane) of about 5 km/s with respect to

corotation. These measurements are consistent

with either shell or ring distribution functions

(12), but the existence of ions with smaller

velocities with respect to corotation cannot be

excluded on the basis of the INMS measure-

ments. Indeed, measurements made by the

Cassini Plasma Spectrometer (CAPS) instru-

ment over the A and B rings (13) were con-

sistent with co-rotating oxygen ions with a

0.75-eV temperature, suggesting the existence

of ions with speeds closer to corotation than a

few kilometers per second.

The count rate can be used to determine the

ion flux into the INMS open-source inlet (14).

We found that the average fluxes for masses

1, 16, and 32 (Fig. 2) are 3900 cm–2 s–1,

900 cm–2 s–1, and 2900 cm–2 s–1, respectively.

The peak count rates, and hence ion fluxes, for

the time period near 4:04 UTC are about a factor

of 2 higher than these average values (Fig. 1).

The ion densities detected by the INMS near the

compensation speed (15) can be found by

dividing the fluxes by the compensation speed

and are 0.0047 cm–3 (Hþ), 0.0013 cm–3 (Oþ),

and 0.004 cm–3 (O
2
þ). The peak densities are

about twice these values and can also be used

to determine peak ion distribution function

values (16). The ratio of Oþ to O
2
þ is about

0.3, and the ratio of Hþ to O
2
þ is about 1.

Estimating absolute and total ion densities

from the INMS data is difficult, because the

INMS only sees a small fraction of the total

ion velocity distribution. For a ring distribu-

tion function (12), the INMS would detect

about 10% of the total distribution, whereas for

a filled-in spherical distribution, INMS would

detect about 1% of the total. Our estimated

total ion number densities for these two as-

sumptions are 0.1 and 1 cm–3, respectively, for

both Hþ and O
2
þ and 0.03 and 0.3 cm–3, re-

spectively, for Oþ. The total electron density is

then about N
e
, 0.2 to 2 cm–3. However, if a

much colder component is also present, as sug-

gested by CAPS (13), then the INMS might

have observed an even smaller fraction of

the total ion distribution than 1%, suggesting

total densities greater than the above values.

The electron density measured by the Cassini

Radio and Plasma Wave Science (RPWS)

experiment (17) increased from 6 to 25 cm–3

during the INMS observation period.

The INMS also operated in its csn mode

during 3:54:41 and 4:06:26 UTC. The INMS

is much less sensitive to neutral species be-

cause of the small fraction that are ionized in

the instrument. A further complication was that

the instrument cover had just been jettisoned

about an hour earlier and some of the gas

trapped in the instrument throughout the 7-

year-long cruise phase of the mission was

still present, resulting in a background count

rate for all observable mass channels (18).

Photoionization of ring atmosphere neu-

trals by solar extreme ultraviolet or soft x-ray

radiation seems the most likely explanation

for the A-ring ions measured by the INMS,

because the fluxes of energetic particles are

negligible, probably because of absorption of

the energetic plasma by the rings (3, 13). The

spacecraft was in Saturn_s shadow at the time

of the INMS observations; however, the outer

A ring had been exposed to sunlight only an

hour or so previously, which is considerably

less than the ion lifetime (probably several

hours, on the order of the ion bounce and

mirror time). Cassini flew on the shady side

of the rings; however, the optical depth of the

A ring is ,0.5 and considerable solar radiation

can make it through the ring (4). Adopting a

box model of the atmosphere-ionosphere en-

vironment over the ring in which ion production

resulting from photoionization is balanced by

transport loss of ions to the ring (after mag-

netic mirroring), we found the following ap-

proximate equation relating the ion density to

the molecular oxygen density:

NðO2
þÞ=NðO2Þ , Tbounce I , 10j5 ð1Þ

where I is the ionization frequency for O
2

(19, 20) and T
bounce

is the ion lifetime (21).

Similar relations for the Hþ and Oþ densities

and the electron density can also be derived.

The main source of Oþ ions is probably disso-

ciative photoionization of O
2
, although ioniza-

tion of O could also make a contribution (20).

Given our earlier estimate of the O
2
þ density

N(O
2
þ) , 0.1 to 1 cm–3, Eq. 1 suggests that the

neutral O
2

density is about 104 to 105 cm–3,

consistent with Ip_s 3000 cm–3 O
2

density

prediction (1). These densities are near the

threshold of detection of the neutral mass

spectrometer. The high values of the electron

density measured by RPWS (17) imply either

a neutral oxygen density substantially exceed-

ing 105 cm–3 or an ion lifetime significantly

greater than the bounce time.

The INMS, CAPS (13), and RPWS (17)

instruments have revealed the existence of an

atmosphere and an ionosphere/plasma in the

vicinity of Saturn_s A ring. The icy rings of

Saturn generate a molecular oxygen-dominated

atmosphere rather than one containing other

water products (e.g., OH, OHþ, H
2
Oþ, and

H
3
Oþ), which have shorter lifetimes as a re-

sult of sticking on the ring particle surfaces.
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Composition and Dynamics of Plasma
in Saturn’s Magnetosphere
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During Cassini’s initial orbit, we observed a dynamic magnetosphere composed
primarily of a complex mixture of water-derived atomic and molecular ions. We
have identified four distinct regions characterized by differences in both bulk plasma
properties and ion composition. Protons are the dominant species outside about 9
RS (where RS is the radial distance from the center of Saturn), whereas inside, the
plasma consists primarily of a corotating comet-like mix of water-derived ions with
È3% Nþ. Over the A and B rings, we found an ionosphere in which O2

þ and Oþ are
dominant, which suggests the possible existence of a layer of O2 gas similar to the
atmospheres of Europa and Ganymede.

Most of what was known about Saturn_s mag-

netosphere before Cassini_s arrival was de-

rived from the Pioneer 11 and Voyager 1 and

2 encounters from 1979 to 1981 (1–5) and from

models based on that data (6–8). The mea-

surements reported here were made with the

Cassini plasma spectrometer (CAPS) (9–11)

during the initial passage of the Cassini space-

craft through the near-equatorial regions of

Saturn_s magnetosphere. The CAPS instrument

is made up of three plasma sensors.The first is

the ion mass spectrometer (IMS), which mea-

sures ion energy per charge (E/Q) between 1 V

and 50 kV with a resolution of DE/E 0 0.17. It

simultaneously measures ion mass per charge

(M/Q) from 1 to È100 atomic mass units

(amu) per charge, e, with a mass resolution

M/DM , 60. The second sensor is the elec-

tron spectrometer (ELS), which measures elec-

tron energy from 0.6 eV to 28 keV with DE/E 0
0.17. The IMS and ELS are able to detect ion

and electron densities as low as È103 mj3.

The third sensor is the ion beam spectrometer

(IBS), which measures ion E/Q with a very

high resolution of DE/E 0 0.017, which is ap-

propriate for narrowly beamed distributions.

The energy-time spectrogram (Fig. 1) and

bulk plasma parameters (Fig. 2) give a broad

overview of structures and events found 24

hours on either side of Cassini_s closest ap-

proach to Saturn E02:39 universal time (UT)

on 1 July 2004^. Within this time period on

both inbound and outbound trajectories, we

observed four regions with different physical

and chemical characteristics: (i) The outer, or

high-latitude, magnetosphere contains tenuous

hot plasma dominated by Hþ. (ii) A region we

term the outer plasmasphere consists of highly

variable, partially corotating plasma that con-

tains a mixture of Hþ, Oþ, and water-group

ions (denoted as Wþ and defined as a com-

bination of OHþ, H
2
Oþ, and H

3
Oþ). (iii) The

inner plasmasphere is less variable and closer

to rigid corotation than the outer plasmasphere,

and is made up primarily of Oþ and Wþ. (iv)

A layer of plasma consisting of Oþ and O
2
þ is

located directly over the A and B rings. The

boundaries separating these four regions are

distinguished by changes not only in bulk plas-

ma properties but also in chemical composition.

On the spacecraft_s inbound trajectory,

Saturn_s magnetopause crossed over the

spacecraft nine times between 34.6 and

30.6 R
S

(1 R
S
0 60,330 km). Just inside the

magnetopause, plasma densities fell below

the detection limits of the IMS. In particular,

Nþ, which might have been expected in the

region of Titan_s orbit (20.25 R
S
), was not

detected on either the inbound or outbound

legs, possibly because the spacecraft was
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several ion-scale heights distant from Titan_s
orbital plane (12). At 14.4 R

S
inbound and

13.6 R
S

outbound (A and A¶ in Figs. 1 and 2),

Cassini crossed a È0.2-R
S
-thick boundary

identifiable by an order-of-magnitude increase

in density (from È3 � 104 to È3 � 105 mj3).

The density increase enabled us to establish

that approximate plasma corotation occurs

inside this boundary. Corotation is indicated

by the broad peaks in count rates (Fig. 1)

centered on the corotation energy (13) of pro-

tons and/or water-group ions. The A and A¶

boundaries can be interpreted as a plasma-

pause, a structure that, at Earth, represents

the last closed equipotential of plasma flow

around the planet (14). At Saturn, however,

magnetic flux tubes beyond the plasmapause

are relatively empty because their E � B

(where E and B are the planetary electric and

magnetic fields, respectively) drift paths car-

ry them through the magnetotail where cen-

trifugal force can cause them to break open,

spilling plasma down the tail (15).

Near È9 R
S

inbound and È7.6 R
S

out-

bound, Cassini crossed a second boundary (B

and B¶ in Figs. 1 and 2, B in Fig. 3) and

moved into a region we identify as the inner

plasmasphere. Here, ion motion is still or-

ganized by corotation. However, because the

total ion energy is the sum of corotational

and thermal energies, the bulk of the dis-

tribution appears above the theoretical co-

rotation velocity curves in Figs. 1 and 2. A

second characteristic of the inner plas-

masphere is that the electron data are best

fit by a bi-Maxwellian velocity distribution

that yields separate densities and temper-

atures for two components. The colder com-

ponent (È3 to 30 eV) increases in density

and decreases in temperature with decreasing

radial distance (Fig. 2). The hotter component

(È100 to 1000 eV) has the opposite behavior;

it decreases in density and increases in

temperature with decreasing radial distance.

Inside 6.3 R
S

inbound (5.9 R
S

outbound), the

cold electron component is bounded by the

proton corotation energy, a phenomenon that

has yet to be explained (Fig. 1). Coincident

with the change in bulk plasma character-

istics in the inner plasmasphere is a change

in ion composition. The abundance of Oþ

and Wþ relative to protons increases sharply

at the B boundary (Fig. 3) by more than an

order of magnitude, reaching ratios greater

than unity (because of pointing restrictions,

there is no corresponding composition data

outbound). Because the spacecraft is within

È1 ion-scale height of the equatorial plane,

the change in composition must be caused by

a radial gradient and not by scale-height

effects. Neither the low relative abundance

of Oþ and Wþ outside 9 R
S

nor the steepness

of the composition gradient agrees with

Voyager observations (6, 16) or with existing

plasma generation models (8, 17). These

Fig. 1. An energy-time spectrogram showing particle counting rates (proportional to energy flux) in
Saturn’s magnetosphere for 30 June to 1 July 2004 (DOY 182 and 183). Data are averaged over 32 s.
The color bars at right indicate rate intensity on a log scale. (A) Electron counting rates and (B) ion
counting rates are shown. Energy increases along the vertical axes. Anodes 5 and 1 refer to the parts
of the ELS and IMS detectors, respectively, that were most sensitive to electron and ion distributions
over this period. The asymmetry in ion counting rates before and after closest approach (02:39 UT) is
caused in part by a change in spacecraft pointing relative to the corotational flow direction. Universal
time (UT), radial distance from the center of Saturn in RS, latitude (Lat), and local time (LT) with
respect to Saturn are shown on the horizontal axis. The curved lines superimposed on the plots give
the energy corresponding to the theoretical corotation velocity (13) for Oþ (upper curve in both
panels) and Hþ (lower curve). The data have been corrected for penetrating radiation background.
Vertical black lines labeled A, B, and C indicate plasma boundaries on the inbound trajectory, whereas
A¶, B¶, and C¶ are the corresponding boundaries on the outbound leg. CAPS was turned off in the
interval 00:00 to 03:25 UT on 1 July during the Cassini main engine burn.

A

B

C

Fig. 2. Profiles of plas-
ma parameters deter-
mined from moments
of the electron and
ion distributions. (A)
Electron density. Solid
symbols are the hot
electron population.
Open symbols are the
cold electron popula-
tion. The calculation
of density is based on
a fit to the electron
distribution function
assuming an isotropic
bi-Maxwellian distri-
bution of speeds in
the spacecraft frame
of reference. The two
distributions become
distinct and are well
fit as a bi-Maxwellian
only in the inner plas-
masphere defined as
the region between the B–C and B¶–C¶ boundaries. When the spacecraft is negatively charged,
this density only includes the fraction of electrons with energies above the spacecraft potential.
(B) Electron temperature derived in the same way as the densities shown in (A). (C) Proton mean
kinetic energy is the statistical average energy of all observed protons and includes both the
energy caused by the corotation of the plasma and thermal energy of the particles. On the
outbound leg, poor spacecraft pointing relative to the corotational flow compromised the ion
moment calculations. The curved line corresponds to the proton corotational energy.
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results, although preliminary, could be at-

tributable to changes in Saturn_s magneto-

sphere after Voyager_s observations or to

differences in measurement methods.

Inside È10 R
S
, and as close as 4.4 R

S
to

Saturn, time-dispersed signatures of ions and

electrons arriving at the spacecraft suggest

that, at times, we are observing fresh plasma

being injected deeper into the magnetosphere.

Many of these features, which are too short to

be visible at the scale of Fig. 1, are charac-

terized by the initial arrival of high-energy

ions (È10 keV) followed by the arrival of

progressively lower energies, and then the ap-

pearance of low-energy electrons followed by

progressively higher energies. Similar struc-

tures occur quite commonly at Earth (18) and

have been observed at Jupiter (19), but have

not previously been reported at Saturn. At

Earth, the injections are caused by sudden in-

creases in the global convection electric field.

For rapidly rotating planets like Jupiter and

Saturn, injections can be explained as centrif-

ugally driven interchange motions in which

cold dense plasma moves outward and is

replaced by hotter, more tenuous plasma

moving inward (20). In the corotating frame,

gradient and curvature drifts caused by the

magnetic field disperse ions and electrons

eastward and westward, respectively, at a rate

proportional to their thermal energies. The

slope of energy versus time-of-arrival can be

used to infer the age of the particles after

injection. With this method, we estimated ages

in the range 1.5 to tens of hours, indicating that

the oldest injection signatures can persist for

the order of one planetary rotation, which is

comparable to the ages of similar events

reported at Jupiter (19). The inner boundary

of electron-injection signatures (which are the

most prominent) is È4.4 R
S
. Consistent with

interchange motions of magnetic flux tubes, a

few instances of intense plasma acceleration

were observed, which may have been caused

by low-frequency magnetohydrodynamic

(MHD) waves or strong Alfvenic perturba-

tions of the magnetic field (DB/B 9 0.1) seen

at the same time (21–24).

As Cassini proceeded deeper into the mag-

netosphere, the concentrations of Oþ and Wþ

relative to Hþ remained near unity or above

from È8 R
S

to È5 R
S
, then increased again at

C and C¶ (Figs. 1 to 3). We estimate that both

Nþ and H
3
Oþ are present at abundances of

È3% inward as far as 3.4 R
S

(at that point the

CAPS sensors were turned off as a precaution

against degradation during the firing of the

Cassini main engine). The Nþ ions, which are

low energy (20 to 100 eV) (Fig. 2), cannot be

ionized near Titan and transported inward

because they would be heated to many keV

in the process. We conclude that the Nþ

observed inside 8 R
S
, alhough its ultimate

source may have been Titan_s atmosphere

(25), must be ionized locally. This could re-

sult from neutral nitrogen ejected from Titan

that reaches the inner magnetosphere before

being ionized (12), or ions from Titan that are

implanted or adhere to the surfaces of the inner

icy satellites or E-ring particles and subse-

quently are sputtered off (26). A possibility is

that the nitrogen ions may be indicative of a

small abundance of ammonia in these surfaces,

an idea that has been proposed to explain

morphologic features on Enceladus (27).

The inner plasmasphere can be identified

with the E ring (È3 to 8 R
S
), which is a rich

source of water vapor (28). Because the ion

population there has a low mean energy (Fig.

2C), it is also a region where the relative speeds

between neutral gas moving at Keplerian

velocities and ion species moving at corotation

velocities are low, so that ion-molecule reac-

tions become important (29). Our observation

of H
3
Oþ is interesting as an example of these

reactions because it shows that hydronium ions

are created in ion-molecule reactions that take

place in a water-dominated atmosphere. One

source is the reaction H
2
Oþ þ H

2
O Y H

3
Oþ þ

OH, which, in addition to producing the ion,

would also contribute to the observed OH

torus (30). The production of H
3
Oþ is similar

to processes occurring in the water-rich envi-

ronment of cometary comas as observed, for

example, at comet Halley (31). The C and C¶

boundaries also mark the point at which the

suprathermal electron fluxes drop out (Fig. 2),

possibly because of ionizing collisions with

the neutral gas cloud associated with the

icy satellites and E ring, which is densest at

È5 R
S

(32).

When CAPS was turned back on at 03:25

UT after the main engine burn, the spacecraft

was outbound at 1.65 R
S

from the center of

Saturn and 18,000 km above the inner part

of the B ring. Between 03:37 and 04:09 UT,

Cassini was in eclipse behind Saturn; how-

ever, the rings were still illuminated from the

opposite side of the ring plane on magnetic

field lines conjugate to the spacecraft. Dur-

ing this time, we observed a layer of ions

(effectively an ionosphere) over the rings

(Fig. 4). Based on Langmuir probe measure-

ments, electron densities were G3 � 106 mj3

(33), from which we conclude that the space-

craft very likely was negatively charged by a

few volts, which prevented the ELS from en-

tirely measuring the electron velocity distri-

bution. A negative spacecraft potential would

also attract positive ions and accelerate them

into the IMS. This would improve the chances

of measuring atomic or molecular hydrogen

ions (corotational energy È2 eV), which,

nonetheless, are not evident (Fig. 4).

Electron count rates are lowest above the

B ring, highest over the Cassini division, and

intermediate above the A ring; in other

words, they vary inversely with ring optical

depth (34). This inverse correlation suggests

that the electrons may originate from photo-

emission of magnetically conjugate particles

in sunlight on the far side of the rings. The

peak ion rates began È5 minutes before the

spacecraft reached the Cassini division, where-

as the peak electron rates were highest directly

over it (Fig. 4, A and B), possibly reflecting

the effect of a negative spacecraft potential

on electrons. The bulk of the ring ionosphere

is made up of M/Q 0 16 and 32 amu/e ions

(Fig. 4C), which we identify as Oþ and O
2
þ,

respectively (35). This finding is consistent

with corotation and a temperature of 0.75 eV

for both species. Any hydrogen ions present

(atomic or molecular) had relative concen-

trations G3%. After 03:57 UT, the spacecraft

turned so that the IMS was no longer pointed

in the corotation ram direction, causing ion

count rates to drop (Fig. 4B). However, the

electron distribution was closer to isotropy in

the field-of-view of the ELS, permitting mea-

surements to continue.

B C Fig. 3. The concentra-
tions of Oþ and water-
group ions are shown
relative to Hþ on the
inbound leg. Data are
20-min averages calcu-
lated by assuming all
ions have an isotropic
distribution in the space-
craft frame of refer-
ence. This assumption
is not needed for Fig.
2C. Errors in relative
density are estimated
to be T30% for Oþ

and OHþ and T60%
for H2Oþ and H3O

þ.
The L shell is equivalent
to the radial distance Rs.
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The detection of O
2
þ as a principal ion

points to the existence of a layer of molecular

oxygen gas over the rings, which we refer to

as an atmosphere. Although O
2
þ can orig-

inate through photolytic processes in water

vapor (36), the O
2

atmosphere over the rings,

like the atmospheres of Europa and Gany-

mede, is more likely the result of radiation-

induced decomposition of ice (37, 38). In the

inner plasmasphere, O
2

can be produced from

ice by plasma with energy above a few keV.

However, over the rings, energetic plasma

fluxes are negligible, leaving production from

ice by ultraviolet photons as the primary O
2

source (39). Although this is an inefficient

process, the O
2

does not stick to the ring

particles, whereas O and H
2
O and its dis-

sociation fragments stick or react at these

temperatures. Therefore, O
2

is the dominant

gas-phase species leading to the formation of

O
2
þ and Oþ by photoionization in a ratio of

È4:1, which is close to our measurement

(Fig. 4C) except for the period 03:39 to 03:43

UT. By using the photoproduction rates of O
2

from ice (40) as a lower limit to the source

rate, together with photoionization and photo-

dissociation loss rates, we estimate that the O
2

column above the rings is 92 � 1017 mj2.

O
2
þ ions that are produced north of the ring

plane will oscillate about the magnetic equa-

tor, which lies È2000 km north of the ring

plane. These ions are eventually lost to the

rings or to molecular collisions in one bounce

period, giving an average O
2
þ density of È3 �

106 m–3, which is consistent with our measure-

ments. In isolation, photolysis of ice would

also produce an H
2

atmosphere over the rings.

However, the low concentration of hydrogen

ions indicates that the surfaces of the ring

particles, together with the ring atmosphere,

must be treated as a complete system. For

example, processes such as charge exchange

and photodissociation of water or H
2

mole-

cules can liberate hydrogen with sufficient

energy to remove it from the rings, leaving

behind an oxygen-rich atmosphere.

We have observed important features in

the plasma distributions, dynamics, and com-

position of Saturn_s magnetosphere that

challenge current models. The data taken

during Cassini_s passage through the inner

plasmasphere and its only passage through

the inner rings indicate that, although the

source material in both regions is mainly

water ice, the makeup of the plasma depends

critically on ion-molecule chemistry and

transport. Thus, the inner plasmasphere,

which is rich in water-group ions including

H
3
Oþ, is somewhat analogous to a cometary

coma, and the rings_ O
2

atmosphere is

similar in composition to those of Europa

and Ganymede. The presence of low-energy

Nþ deep in the magnetosphere points to local

sources of nitrogen. The implications of our

findings for the cycle of neutral gas and plas-

ma generation and their redistribution are not

clear and must await further measurements

and modeling. Future orbits (there are 74 re-

maining) will allow us to substantiate and

improve the accuracy of these results.
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Cassini Magnetometer Observations During
Saturn Orbit Insertion

M. K. Dougherty,1* N. Achilleos,1 N. Andre,2 C. S. Arridge,1 A. Balogh,1 C. Bertucci,1 M. E. Burton,3

S. W. H. Cowley,4 G. Erdos,5 G. Giampieri,1 K.-H. Glassmeier,6 K. K. Khurana,7 J. Leisner,7 F. M. Neubauer,8

C. T. Russell,7 E. J. Smith,3 D. J. Southwood,9 B. T. Tsurutani3

Cassini’s successful orbit insertion has provided the first examination of Saturn’s
magnetosphere in 23 years, revealing a dynamic plasma and magnetic environment
on short and long time scales. There has been no noticeable change in the internal
magnetic field, either in its strength or its near-alignment with the rotation axis.
However, the external magnetic field is different compared with past spacecraft
observations. The current sheet within the magnetosphere is thinner and more
extended, and we observed small diamagnetic cavities and ion cyclotron waves of
types that were not reported before.

The first in situ observations from Saturn_s
magnetosphere in 23 years were obtained

during Cassini_s Saturn orbit insertion on 30

June 2004. The magnetometer instrument (1)

(MAG) obtained data on upstream waves,

bow shock, magnetosheath, magnetopause,

magnetospheric currents, and waves, as well

as the planetary magnetic field. These data are

consistent with measurements made on earlier

missions, provide more detail of some param-

eters such as the planetary magnetic field,

including its possible secular variation, and

reveal some features in the external field not

previously reported.

The solar wind controls the size of the

magnetosphere and the dynamics of its outer

reaches. Because the solar wind speed is

supersonic, the deflection of the solar wind

occurs via a standing bow shock that com-

presses and heats the solar wind, forming the

magnetosheath. The inner edge of the magne-

tosheath, the magnetopause, marks the outer

boundary of the region controlled by the

planetary magnetic field. Saturn_s bow shock

is of intrinsic interest because it is expected to

be much stronger than that of Earth. The

magnetopause is important because it con-

trols the coupling of the solar wind flow to

the magnetosphere, principally, we expect,

through the process known as reconnection

(2). The locations of both boundaries are

determined by the dynamic pressure of the

solar wind and the combined plasma and

magnetic pressure of the magnetosphere.

The boundaries were observed to be very

dynamic. We measured a total of 17 bow

shock and 7 magnetopause crossings (Fig. 1)

on the inbound and outbound passages. Bow

shock crossings were identified by abrupt in-

creases in the magnetic field magnitude where

the solar wind was compressed and deceler-

ated. As Cassini approached Saturn near 08:00

local time (LT), it crossed the bow shock on

seven separate occasions, starting at 09:45

universal time (UT) on 27 June 2004 at a dis-

tance of 49.15R
S
E1 R

S
0 60,268 km (3)^. The

last inbound bow shock crossing occurred at

05:38:30 UT on 28 June 2004 at a distance of

40.5R
S
. At least 10 crossings of the bow shock

were observed on the outbound leg in the mag-

netometer data, with the earliest bow shock

crossing observed on 7 July 2004 at a radial

distance range of 56R
S

and the final bow

shock crossing occurring on 14 July 2004 at

85R
S
. Saturn_s bow shock is expected to be a

strong quasi-perpendicular shock. A large over-

shoot in the magnetic field magnitude is a

consistent feature of the shock crossings and is

a typical feature of supercritical planetary bow

shocks (4). These observations afford us the

opportunity to study bow shocks at high Mach

numbers, which are rarely observed on Earth.

Indeed, the Mach number can be inferred from

the amplitude of the overshoot dB/B
0

(5).

The average value for the bow shocks observed

is È1.5, consistent with a fast magnetosonic

Mach number as high as 8.

On the Saturnian side of the bow shock

lies the magnetosheath, where the magnetic

field is very turbulent and dominated by wave

activity. The entrance into the magnetosphere

was preceded by multiple crossings of the

magnetopause on 28 June and 29 June 2004.

On the outbound pass, the spacecraft exited

the magnetosphere near 05:00 LT. The first

excursions into the inner magnetosheath were

characterized by the presence of mirror mode

structures. The multiple crossings of these plas-

ma boundaries reveal the dynamic character

of Saturn_s outer magnetosphere in response

to variations in the solar wind ram pressure.

Before the Cassini arrival at Saturn, there

had been three previous flybys: Pioneer 11

(6) and Voyager 1 and 2 (7, 8). The spatial

coverage of these flybys was limited, with the

inbound trajectories all being in the noon sec-

tor and outbound Pioneer 11 and Voyager 1
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exiting in the dawn meridian (Fig. 2). The in-

bound Cassini trajectory occurred at an earlier

local time, and its outbound passage was

similar to that of Voyager 2, exiting at high

southern latitudes. A measure of the variability

in the position of the different plasma bound-

aries can be assessed by comparing the lo-

cations of the Cassini crossings with their

nominal position as deduced from the previous

observations (9, 10). The Cassini inbound

crossings occurred further from Saturn than

their average expected locations, revealing an

expanded magnetosphere at the time of the

inbound encounter (Fig. 2) with the first mag-

netopause crossing occurring a day earlier

than expected. The state of the magneto-

sphere during the outbound part of the orbit

was very different. The magnetopause and

bow shock crossings were located inside their

respective average surfaces, in agreement with

a magnetosphere in a compressed regime. This

regime is consistent with predictions (11)

from upstream magnetic observations during

the approach to Saturn. The entry into the

magnetosphere was identified from the drap-

ing of the magnetic field, which is compatible

with a dipole. In addition, an expansion of the

magnetosphere occurred during the outbound

passage of Cassini, with the magnetopause

moving back out over the spacecraft and

with the last bow shock occurring close to

the expected nominal distance at 85R
S
.

In situ measurements of the internal mag-

netic field at Saturn have been obtained from

the three previous flyby missions. The Cassini

mission as an orbiter will provide a much more

complete three-dimensional sampling of the

magnetic field over the next 4 years. Until more

complete measurements of the Saturnian mag-

netosphere are obtained during future orbits,

the insertion observations (Fig. 3) can essen-

tially be treated as a single flyby. In particular,

for the inversion of the internal field we used

only data within 8R
S

and assumed an axisym-

metric field configuration up to degree 3. Ex-

ternal terms were also included by adding an

axisymmetric ring current whose presence

was revealed by analysis of previous data. Pre-

vious analyses led to the SPV and Z3 models

(12, 13), which included terms corresponding

to a uniform external field in a source-free

region. However, we have found that such a

uniform field is not adequate for describing the

field in and near the ring current, and therefore

we have used the more realistic Connerney

model adapted to Saturn (14, 15).

Precise knowledge of the gain and point-

ing of the magnetometer is important for the

accurate inversion of the measurements to ob-

tain the internal magnetic field. We performed

extensive ground calibrations before launch,

checked the calibrations during the Earth flyby,

and monitored the calibrations since launch

with the magnetic field produced by coils both

remote from and near the sensors. We estimate

the uncertainty is presently 0.1% in gain and

0.1- in pointing. The magnetic field data were

analyzed by using a standard singular value

decomposition of the inversion matrix. Only

zonal terms up to degree 3 are included in

addition to the four disk parameters (namely,

total current, inner and outer radii, and thick-

ness). The internal field coefficients are shown

(Table 1) alongside those from past models.

The quantity g
20

/(2g
10

), where g
20

is the

quadrupole moment and g
10

the dipole moment,

can be interpreted as a northward displacement

of the dipole by 0.037R
S
. The comparable

results for the SPV, Z3, and GD (15) mod-

els are 0.037R
S
, 0.038R

S
, and 0.037R

S
, respec-

tively. The implication is that the magnetic

and rotational equators do not coincide. How-

ever, the relatively large octupole moment

cannot be explained by this offset. After ac-

counting for the uncertainties associated with

the estimated parameters, we were not able to

determine any secular change in the internal

field zonal coefficients. Also, we noticed that

the azimuthal field component was barely

visible near closest approach, which confirms

the near-axial symmetry of the field. Al-

though we have not considered the azimuthal

component in our analysis because of the

limited spatial sampling of the insertion tra-

jectory, a previous study (15) has revealed

the likely presence of a small azimuthal field
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Fig. 1. (A) The magnetic field (B) between 27 and 29 June 2004 as the
spacecraft approached Saturn. The top three sections show the three components
of the field, with the magnitude depicted in the bottom section in KSM
coordinates (24). Multiple bow shock (S1, S2, ...) and magnetopause (MP1,

MP2, ...) crossings are indicated by vertical lines and labels. Information detailing the
radial distance, latitude, and local time of the spacecraft with respect to Saturn are
given. Time is given in universal time coordinated (UTC). (B) The magnetic field
between 4 and 8 July 2004 on the outbound passage after Saturn orbit insertion.
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of internal origin, in accordance with theo-

retical constraints.

In the inner magnetosphere, the largest

contribution to the external field was from the

ring current, whose magnitude was as large as

È20 nT at the point where Cassini crossed the

inner boundary of the disk (r È 6R
S
). The

estimated inner radius and current density of

the disk are in very good agreement with our

previous estimates; however, there are indica-

tions that the disk is thinner (half-thickness G
2R

S
) as well as more elongated (outer radius 9

20R
S
) than in the past.

As in the case of the Earth and Jupiter, the

magnetic field at Saturn is generated by three

different current systems: in the core, in the

magnetospheric plasma, and from the solar

wind interaction with the planetary magnetic

field. Subtracting the planetary magnetic field

model allows us to examine the contribution

of the various currents flowing inside the

magnetosphere and on its boundaries. This

differenced field (DB 0 B
obs

– B
int

) shown at

radial distances greater than 4R
S

can be seen

in Fig. 4 in the black trace. Overlain on this

figure are two different models of the exter-

nal field in Saturn_s magnetosphere. The blue

trace is the best fit Connerney disk as de-

scribed above, and the red trace is a new

global magnetospheric model that models the

external field, i.e., considering the internal

field to be a fixed, known quantity.

In this global model, we retain the Con-

nerney current disk to model the equatorial

azimuthal current and used parameters obtained

from the Voyager 1 flyby. The model also in-

cludes fields to represent the effect of mag-

netopause currents, which are modeled by

the source-surface method (16) used in the

Tsyganenko models of the terrestrial magneto-

sphere (17–19). We shield the magnetic field

so that it is tangential to the magnetopause

boundary at all points over that surface, which

is represented by a prolate hemi-ellipsoid (20)

for the nose region and a cylinder for the tail.

The field due to the shielding of the dipole is

represented with use of cylindrical harmonics

and that due to the shielding of the disk with

use of Cartesian harmonics. These representa-

tions allow the model to have an analytical

dependence on the tilt angle between the di-

pole axis and the solar wind flow and on the

solar wind dynamic pressure. The magneto-

pause stand-off distance, a function of the

dynamic pressure, was set to be consistent

with the location of the final inbound magne-

topause crossing.

The global model does not fit the observed

data well, and the current disk model suggests

that the current disk field has changed com-

pared with that of the Voyager 1 epoch. The

magnitude of the azimuthal field in the outer

magnetosphere caused by magnetopause cur-

rents is larger than that estimated from the

model. This has also been seen in the previous

flyby data sets (21) and may hint at further

dynamical processes. At present, the model does

not include a magnetotail current, which means

we are underestimating the field in the tail

region. Neither model accurately accounts for

both the inbound and outbound observations

simultaneously. This feature of the Saturnian

magnetosphere has been noted in modeling

studies and indicates an equatorial current disk

that has local time structure and asymmetry.

However, the compression of the magneto-

sphere during the Cassini flyby probably also

altered the equatorial current distribution.

When Cassini was immersed within the

plasma sheet, changes in the magnetic field

Fig. 2. (A) Trajectories through Saturn’s magnetosphere for the Cassini Saturn orbit insertion flyby
(blue curve) and the previous encounters: Pioneer 11 (dotted curve), Voyager 1 (dashed curve), and
Voyager 2 (dashed-dotted curve). These are presented in noon-midnight meridional (left) and
equatorial projections (right) in KSM coordinates. Also overlain are nominal magnetopause (in
magenta) and bow shock (red) boundaries computed with use of the Slavin model (9). (B) The
trajectory of the Cassini spacecraft in KSM coordinates (cylindrical) with the projection of the
magnetic field vectors (between 27 June and 14 July 2004) overlain. The nominal positions of the bow
shock (red) and magnetopause (magenta) are shown for reference as are the actual Cassini crossings
(bow shock as red crosses and magnetopause as magenta triangles).
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Fig. 3. The fluxgate magnetometer data from
the closest approach (CA) period, with the
three components and magnetic field magni-
tude shown.

Table 1. Zonal harmonics from Saturn orbit
insertion compared with past models (25). All
coefficients are in reference to RS 0 60, 268 km.
The first three models are axially symmetric up to
degree 3; the fourth one includes also nonaxial
terms up to the same degree.

Multipole
term Cassini SPV Z3 GD

g10 21,084 21,225 21,248 21,232
g20 1544 1566 1613 1563
g30 2150 2332 2683 2821
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configuration occurred with an enhanced lev-

el of small-scale magnetic fluctuations. Out-

side of these regions, the Cassini spacecraft

was located in the outer higher-latitude mag-

netosphere, a region with less plasma that is

similar to the lobe regions of the Earth_s
magnetosphere. The plasma sheet crossings

occurred at planetocentric distances of 15R
S

inbound and 12R
S

outbound and are associ-

ated with sharp transitions in the azimuthal

field. The observed field fluctuations reveal a

dynamic region associated with plasma sources,

transport processes, and related wave gener-

ation. Closer to the planet the field is more

dominated by the internal source. Outbound

from about 16R
S

and coincident with the Titan

far encounter, the spacecraft may have again

crossed the plasma sheet at high latitude, pos-

sibly caused by a dynamic solar wind–driven

motion of the sheet. The field at these lati-

tudes and distances is also tail-like, with a

more stretched-out configuration.

On both the inbound and outbound legs

of the pass, near but inside the orbit of Dione

at 6.27R
S
, MAG encountered diamagnetic

depressions in which some of the magnetic

pressure was replaced by increased plasma

pressure. On each leg the innermost depres-

sion was the largest. Such diamagnetic cavi-

ties were not reported for the Voyager and

Pioneer flybys.

The largest of the depressions occurred at

21:05 UT on 30 June 2004 at a radial distance

of 5.93R
S
, a local time of 09:45 LT, and a

latitude of –9.5- (Fig. 5). Dione was at 15:08

LT. The maximum depth of the magnetic de-

pression in the 95-nT background field was

produced by a plasma with an energy density

of 500 eV cmj3. If produced by 1 keV elec-

trons, a plasma density of about 0.5 electrons

cm–3 would be required. On the outbound leg

at 08:02 UT, 5.5R
S
, 01:53 LT, and –9- lat-

itude, a similar depression was seen in a 115-nT

background field corresponding to a plasma

energy density of 300 eV cmj3. If this is the

outer boundary of a cold plasma torus, we

would expect that the source of the cold ions

would be the E ring and the hot electrons out-

side the cold torus region would be produced

close to the ionosphere, where the field-aligned

current system needed to enforce corotation

of the plasma closes. Surrounding the two

largest depressed field regions were relatively

strong waves polarized in the direction trans-

verse to the magnetic field. There was essen-

tially no compressional component above the

noise level of the instrument. Pioneer 11 (22)

also saw transverse waves but beyond the

orbit of Dione. The transverse Cassini waves

are accompanied by a narrow band of left-

hand cyclotron waves propagating very close

to the direction of the magnetic field at the

H
2
Oþ gyro-frequency. Although seen on both

sides of the depressions and on both legs, this

narrow band of ion cyclotron waves makes

very little contribution to the total wave power.

The water group ion cyclotron waves are

presumably associated with ion pickup from

the E ring, but we do not have an obvious

source for the strong linear transverse waves

that surround the cavity. These are associated

with the cavities because their amplitudes de-

crease with distance from the cavities.

At greater distances from the planet, the

ratio of depressed to enhanced flux tubes in-

creased until the field strength appeared to be

continually depressed. The phenomenon in

the Jovian magnetosphere that most nearly

resembles these diamagnetic depressions is at

the outer edge of the Io torus, at the boundary

between the cold dense torus plasma and

hotter magnetospheric plasma where flux tube

interchange appears to take place (23). Alter-

natively this region may be where corotation

of the magnetospheric plasma can no longer

Fig. 4. Differenced field (black) in spherical polar coordinates obtained by subtracting the
planetary field, as derived by the inversion of the Saturn orbit insertion data. This field represents
the effect of magnetospheric current systems, and two models of this external field are overlaid. In
blue is the best fit Connerney current disc (14) to the data, and in red is a new global model of
Saturn’s magnetospheric field. The last magnetopause crossing inbound and the first outbound
crossing and perikron are indicated by vertical green dashed lines. The vertical crimson lines
marked DIN and DOUT are crossings of Dione’s L-shell inbound and outbound, respectively. The
arrows indicate a quasi-periodic signature, which may also be plasma sheet–related. Shaded
regions indicate where Cassini was immersed in the plasma sheet. Distance from the equatorial
plane (zKG) and range (r) are given in units of Saturn radii.

Fig. 5. Magnetic field strength
through the largest and last
diamagnetic depression seen on
the inbound trajectory. Data
have been detrended and is in
KRTP, spherical polar Saturn cen-
tered coordinates, when R is
radial array from Saturn, P is
azimuthal, and T is meridional.
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be maintained by the ionosphere. The re-

sulting slippage in the ionosphere heats the

ionospheric electrons, producing high beta

conditions along the entire flux tube.

Quite distinct from the waves surrounding

the cavities was a 100-min-long burst of ion

cyclotron waves (from 06:10 to 07:50 UT on

30 June 2004) unlike any seen on Voyager

and Pioneer that appeared 5 hours after the

Cassini engine stopped firing. These waves

were limited to the frequency band expected

for the singly ionized products of the engine

exhaust H
2
O, N

2
, CO, and CO

2
. We do not

expect these waves to be present (except for

H
2
Oþ that may be associated with the icy

satellites_ environments) in the natural plas-

ma. We note that Cassini_s engine deposited

over 850 kg of fuel in the Saturnian mag-

netosphere and, as it ionized and traversed

the magnetosphere, it would produce a cloud

of ions with energy predominantly transverse

to the magnetic field, that is, a ring beam.

The energy of these pickup ions at the loca-

tions where the waves were seen is compa-

rable to that of the pickup ions in the Io

torus. This may be the first detection of

artificially induced plasma waves in a mag-

netosphere other than that of Earth.
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Dynamics of Saturn’s Magnetosphere from
MIMI During Cassini’s Orbital Insertion
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The Magnetospheric Imaging Instrument (MIMI) onboard the Cassini spacecraft ob-
served the saturnian magnetosphere from January 2004 until Saturn orbit insertion
(SOI) on 1 July 2004. The MIMI sensors observed frequent energetic particle activity
in interplanetary space for several months before SOI. When the imaging sensor was
switched to its energetic neutral atom (ENA) operating mode on 20 February 2004,
at È103 times Saturn’s radius RS (0.43 astronomical units), a weak but persistent
signal was observed from the magnetosphere. About 10 days before SOI, the mag-
netosphere exhibited a day-night asymmetry that varied with an È11-hour perio-
dicity. Once Cassini entered the magnetosphere, in situ measurements showed high
concentrations of Hþ, H2

þ, Oþ, OHþ, and H2Oþ and low concentrations of Nþ. The
radial dependence of ion intensity profiles implies neutral gas densities sufficient to
produce high loss rates of trapped ions from the middle and inner magnetosphere.
ENA imaging has revealed a radiation belt that resides inward of the D ring and is
probably the result of double charge exchange between the main radiation belt and
the upper layers of Saturn’s exosphere.

The magnetosphere of Saturn was discovered

by Pioneer 11 in 1979 (1, 2) and was in-

vestigated in detail by Voyager 1 in 1980 (3)

and Voyager 2 in 1981 (4). The primary

science objectives of MIMI (5) are to de-

termine the global configuration and dynam-

ics of hot plasma in the magnetosphere of

Saturn through energetic neutral particle

imaging of the ring current, radiation belts,

and neutral clouds; to study the sources of

plasmas and energetic ions through in situ

measurements of energetic ion composition,

spectra, charge state, and angular distribution;

to search for, monitor, and analyze mag-

netospheric spatial and time variations; to de-

termine through imaging and composition

studies the magnetosphere-satellite interac-

tions at Saturn; to understand the formation

of clouds of neutral hydrogen, nitrogen, and

water products; and to study Titan_s comet-

like interaction with Saturn_s magnetosphere

and the solar wind. The MIMI instrument (5)

comprises three sensors that measure particles

in specific energy ranges: (i) the Ion and Neu-

tral Camera (INCA), which measures ion and
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neutral species (È3 to 200 keV per nucleon);

(ii) the Charge Energy Mass Spectrometer

(CHEMS), which measures ions and their

charge states (3 to 230 keV per charge); and

(iii) the Low Energy Magnetospheric Mea-

surement System (LEMMS), which measures

ions (0.02 to 18 MeV) and electrons (0.015 to

1 MeV). LEMMS also measures high-energy

electrons (E 9 3 MeV) and protons (1.6 G E G
160 MeV) from the back end of the dual

field-of-view telescope.

The LEMMS ion and electron intensities

(Fig. 1) measured by MIMI in several mag-

netospheric regions during Cassini_s inbound

and outbound SOI pass (29 June to 4 July

2004) are similar to intensities measured by

the Voyager 1 and 2 spacecraft (3, 4). Mea-

surements of the intensities and the magnetic

field (6) allow us to define three different

regions of the magnetosphere: the radiation

belt, the plasma sheet, and the lobe. In gen-

eral, the ions and electrons exhibit the same

type of behavior. Essentially no energetic par-

ticles are detected above the rings, because

they are effectively absorbed by solid material.

The radiation belt consists of energetic

particles (tens to thousands of keV) with

intensities that are locally modulated via ab-

sorption by saturnian satellites. Otherwise,

ion and electron intensities generally exhibit

smooth histories, although there are identifi-

able nondispersive intensity increases and

decreases. The magnetic field strength and

direction are consistent with those of a dipole

(6). The highest ion and electron intensities

(outside of the inner magnetosphere) are con-

fined to the near-equatorial plasma sheet.

Relatively abrupt increases in intensity occur

as Cassini enters the plasma sheet region at

the beginning of the plasma sheet intervals.

Conversely, relatively abrupt decreases in inten-

sity occur as Cassini leaves the plasma sheet

region. Here the magnetic field is a stretched

dipole with considerable irregular Bnoise[ in

the components (6). The lobe consists of sig-

nificantly lower ion and electron intensities

than in the plasma sheet and fewer ion/electron

intensity variations (although these fluctuations

seem to increase as Cassini moves beyond

Titan_s orbit). The field has a nearly radial

orientation and less noise in field components,

with Bz being the smallest component (SZS

coordinates) (6). Frequent small nondispersive

changes in ion and electron intensities are

consistent with particle intensity gradients

(away from the center of the plasma sheet)

that are produced by small-scale plasma sheet

flapping, thickening, or thinning.

The LEMMS measurements of ion and

electron intensities are made in situ, so that

temporal and spatial variations cannot be un-

ambiguously distinguished from one another.

However, the discovery of ENA emissions from

Saturn by Voyager 1 (7) and at Earth (8) en-

abled a new approach. The INCA sensor is

designed to provide a spatially resolved map

of ENA emissions over a large region, similar

to the IMAGE mission at Earth (9). An image

taken at È2200 UT on 2 July 2004 during

Cassini_s outbound pass reveals a day-to-night

asymmetry in the emission of ENA (Fig. 2). In

this image, INCA pointed toward Saturn for

only a few hours, but during that time the

emitting region corotated from the dayside to

the nightside as it increased in brightness. The

emission region extends beyond the orbit of

Titan, as is also evident in the LEMMS mea-

surements (Fig. 1). The nightside source varies

with a time scale of È11 hours, whereas the

dayside seems relatively constant. Continuous

measurements over longer periods show that

an È11-hour periodicity characterizes ENA

emissions from the magnetosphere (10).

There are ENA emissions well off the limb

of Saturn, emanating from the main radiation

belt and extending tailward out to the edge of

the instrument_s field of view (Fig. 3A). There

Fig. 1. Dynamic spectrograms (energy versus time) of LEMMS ion and
electron intensities. Electron energy is plotted increasing downward for
comparison with the features in the ion population. Magnetospheric
regions are labeled and defined in the text. The general particle mor-

phology is that of a well-defined radiation belt outside the ABC rings, tran-
sitioning abruptly to an extended, highly dynamic plasma sheet that extends
outward to the magnetopause crossings (both inbound and outbound).
Notations for moons: Ti, Titan; Rh, Rhea; Di, Dione; En, Enceladus; Mi, Mimas.

C A S S I N I A T S A T U R NC A S S I N I A T S A T U R N

www.sciencemag.org SCIENCE VOL 307 25 FEBRUARY 2005 1271

S
P

E
C

IA
L

S
E

C
T

IO
N



is also a high-intensity emission on Saturn_s
disk from a low-altitude equatorial belt. The

ENA emission extends to a latitude 20- north

of Saturn_s equator. This equatorial emission

originates as a belt inward of the innermost D

ring, whereas the emission off the limb origi-

nates from the portion of the main radiation

belt on the opposite side of Saturn (Fig. 3B).

The CHEMS instrument performed con-

tinuous measurements of the composition

and charge state of ions throughout SOI,

providing unique information on the likely

origin of these accelerated ions in the

magnetosphere. CHEMS data (Fig. 4) show

that the principal constituents of the charged

particle population are molecular and atomic

ions, including H
2
þ, O2þ, Oþ, OHþ, H

2
Oþ,

and O
2
þ, most of which can originate as pro-

ducts of water dissociation. Hþ was abundant

and could also originate from the dissocia-

tion of water or from Saturn_s ionosphere or

Titan_s exosphere. Heþ, which is abundant

in interplanetary space (11), was also de-

tected and probably enters the magnetosphere

with relative ease. Most important, the rel-

atively low concentration (Nþ/Oþ G 0.05)

of Nþ—the most abundant element in Titan_s
atmosphere—suggests that little N

2
gas es-

capes from Titan_s atmosphere, contrary to

expectations (12, 13).

The overall features of the energetic

particle populations in the magnetosphere

are similar to those observed during the

Voyager 1 and 2 encounters more than two

decades ago. There is a low-energy ion

population associated with the dayside mag-

netopause extending inward to È15 R
S

Epreviously labeled Bmantle[ (3)^, a rapid

buildup in the intensity of ions and electrons

just outside Rhea_s L shell, a depletion of the

ions and some electrons between the L shells

of Dione and Enceladus inbound and

outbound, and a rapid increase in the inten-

sity of ions and electrons inside the orbit of

Enceladus and Mimas (Fig. 1). The depletion

of ions between the L shells of Dione and

Enceladus suggests that the neutral gas that

has been detected there for the past 6 months

(14) may be the source for energetic particle

loss through charge exchange. If so, a com-

parison of absolute fluxes between Cassini

and Voyager data may allow us to determine

the differences in neutral gas densities during

the different spacecraft encounters.

Superimposed on the general morphology

of the magnetosphere are some injections of

plasma such as the one seen in the electrons

on 2 July 2004, È2030 UT (Fig. 1). Such

injection events, characterized by energy

dispersion (different energies arriving at the

spacecraft at different times), have been

observed in Earth_s and Jupiter_s magneto-

spheres (15). Injections are sudden planetward

motions of hot plasma over a restricted range

of longitudes and are a consequence of

dynamical activity in planetary plasma envi-

ronments such as in the magnetospheric

substorm phenomenon. Conjectures about the

existence of such injections in Saturn_s
magnetosphere were considered because of

differences in intensities observed between

the two Voyagers after successive encounters

with Saturn in 1980 and 1981 (16).

The day-night asymmetry (Fig. 2) may be

due to a larger accumulation of neutral gas on

the nightside of Saturn. A maximum in parti-

cle intensity at some longitude corotating with

the planet would produce more ENA on the

nightside once per planetary rotation if the gas

density were also maximized there. However,

ENA production depends on the product of

neutral gas density and particle intensity, so

the excess emission could also be produced

by higher nightside ion intensities. Constant

particle intensity would result in bright ENA

emission on the nightside but would not re-

sult in an 11-hour intensity variation of the

nightside source (Fig. 2B). Hence, the inter-

pretation of the 11-hour variation is not un-

ambiguous at present.

Fig. 2. (A) ENA image of
Saturn’s magnetosphere ob-
tained by INCA on 2 July 2004,
21:55 UTC (20 to 50 keV H, 4-
hour integration). Cassini was
moving below the ring plane,
looking back and up at Saturn.
The bright emission moves
around the planet with the
corotational speed (dashed line).
(B) During the approach to
Saturn (20–21 June), INCA
revealed 11-hour variations in
the ENA emissions coming from
the magnetosphere of Saturn.
The rotational period of Saturn
is about 11 hours. The red and
black curves show temporal var-
iation of the summed ENA
counts (3 to 80 keV H, 1-hour
integration) on the dayside and
nightside intensities, respec-
tively. The differences in phase
and intensity in the red and
black curves imply that injected
plasma clouds corotate.
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The ENA-emitting region inward of the

innermost D ring (Fig. 3) is explained as

follows. The planet-directed ENAs from the

main radiation belt are stripped of electrons

when they enter Saturn_s exosphere and are

trapped as ions. However, the trapped ions

will subsequently undergo a charge-exchange

collision with exospheric atoms and be

transformed back into ENAs. This process

of stripping and charge exchange may be

repeated many times, but some of these par-

ticles will eventually escape the exosphere as

ENAs. Thus, a double charge-exchange

process forms a low-altitude ENA emission

region (Fig. 3B). A similar trapping belt was

identified and explained by charge exchange

in Earth_s radiation belt (17) by in situ mea-

surements at low altitudes. Although such a

process at other planets might have been

expected, none foresaw this happening at

Saturn. Energetic particles, with their ability

to pass back and forth between charged and

neutral states, are temporarily unconstrained

by (for instance) the Stoermer cutoff or ring

absorption and therefore populate regions of

space previously believed to be prohibited to

them. The longitudinal extent of the inner

belt has not been determined, but the ENA

emission does extend all the way to the sun-

ward edge of the INCA field of view. The

ENA reemission process must be quite ef-

ficient, because the peak intensity of the low-

altitude emission is about one-fifth of that

from the main radiation belt.

Finally, the presence of a host of ions

measured by CHEMS, apparently originating

from H
2
O, confirmed previous predictions

(16, 18) of abundant water products emanat-

ing from the rings and the icy satellites. The

underlying chemistry has been described in

the literature (19). The absence of significant

amounts of Nþ (|5% of Oþ) or N
2
þ is

perplexing because N
2
þ was expected to be

picked up by the magnetic field as it draped

itself around Titan_s exosphere (12, 20).

Molecular hydrogen could be a dissociation

product of CH
4

in Titan_s atmosphere, but the

absence of nitrogen makes it more likely that

the H
2
þ originated from water. H

2
at much

higher energies was detected by Voyager and

was thought to be escaping from Saturn_s iono-

sphere (3, 4). O
2
þ is not a direct dissociation

product of water and may result from surface-

gas reactions on ring particles.
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Fig. 3. ENA image obtained during Cassini’s passage over the rings and
interpretive schematic. (A) INCA image in 20 to 50 keV/nucleon ENAs.
The bright region above Saturn’s limb is caused by ENAs produced by
charge-exchange collisions between main radiation belt ions and near-
equatorial gas distributions. The band of emission above the equator on
the disk is produced by the same ENAs from the main belt being stripped

in Saturn’s exosphere between the inner edge of the D ring and the cloud
tops, trapped there temporarily as energetic ions, and then reemitted as
ENAs that INCA can image. Note that the image is bounded by the limits
of the INCA field of view (dotted arcs). (B) Schematic of the charge-
exchange/stripping process that begins as ENA emission from the main
belt and produces ENA emission from Saturn’s exosphere.

Fig. 4. Histogram of counts versus mass/
charge ratios from MIMI and CHEMS,
summed over the range 5.7 to 12.6 in
the magnetic shell parameter L, during
Cassini’s outbound traversal (2 July
2004, 0800 to 1800 UTC) of the
magnetosphere. The relative abundances
are qualitatively correct. Although Nþ is
not resolved in this display, fitting of the
data shows an upper limit of Nþ/Oþ ,
0.05. At a mass/charge ratio of 2, the
largest contribution is H2

þ with a small
amount (È5%) of He2þ.
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Composition of Saturnian
Stream Particles
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During Cassini’s approach to Saturn, the Cosmic Dust Analyser (CDA) discovered
streams of tiny (less than 20 nanometers) high-velocity (È100 kilometers per
second) dust particles escaping from the saturnian system. A fraction of these
impactors originated from the outskirts of Saturn’s dense A ring. The CDA time-of-
flight mass spectrometer recorded 584 mass spectra from the stream particles. The
particles consist predominantly of oxygen, silicon, and iron, with some evidence of
water ice, ammonium, and perhaps carbon. The stream particles primarily consist of
silicate materials, and this implies that the particles are impurities from the icy ring
material rather than the ice particles themselves.

Tiny, micrometer-sized dust particles are the

building blocks of Saturn_s diffuse E ring (the

largest planetary ring) and are also found

within Saturn_s main rings. These particles

provide information about the dynamics of

the E ring particles and about the composition

of the ring material and the surfaces of the icy

moons. The Cosmic Dust Analyser (CDA)

will map the composition and size distribu-

tion of the dust within the saturnian system

over the course of the 4-year Cassini mission.

These data will help to answer questions

about the interrelation of the diffuse rings

and embedded moons, ring dynamics, and the

interaction between the dust and Saturn_s
plasma environment.

Beginning in January 2004, when the

Cassini spacecraft was within 1200 R
S

(Saturn radius R
S
0 60,330 km), the CDA

sensor discovered a few streams of tiny high-

velocity dust particles (1) (Fig. 1). A detailed

analysis of the impact signals revealed that

the particles were expelled from within the

saturnian system at speeds exceeding 100 km

sj1 (1). The mechanism of accelerating the

particles inside Saturn_s magnetosphere is

similar to the process that generates jovian

stream particles (2–4): Positively charged

grains outside the synchronous radius at 1.86

R
S

will be driven outward by the electric

field produced by Saturn_s rotating magnetic

field.

Because of its field, Saturn_s magne-

tosphere acts like a mass spectrometer, al-

lowing only particles within a certain mass

and velocity range to escape. The dynami-

cal properties of the earliest detected par-

ticles (speed 9 100 km sj1 and radius 10 to

20 nm) suggested that the outskirts of Saturn_s
dense A ring were the most probable dust

source.

The CDA (5) consists of two independent

dust detection systems: the Dust Analyser

(DA), which is sensitive to particles within a

large mass (5 � 10j18 to 1 � 10j12 kg) and

velocity (1 to 100 km sj1) range, and a High

Rate Detector (HRD), which is a polyvinyl-

idene fluoride foil sensor for monitoring

high impact rates up to 104 sj1 in dust-rich

environments. The DA subsystem simul-

taneously measures the charge carried by

the dust grain, its mass, its impact speed, and

its elemental composition. This is accom-

plished by a combination of three sensors:

an impact ionization detector similar to the

instruments on the Galileo and Ulysses

spacecraft (6); a charge-sensing unit; and a

time-of-flight (TOF) mass spectrometer, the

Chemical Analyzer (CA).

The CA operates by separating the plas-

ma constituents (from the particle and the

Rh target on the instrument) into ions and

electrons in a strong electric field. Ions

are accelerated toward an electron multi-

plier, producing a TOF mass spectrum. In

the ideal case, the ion_s flight time ti is a
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Fig. 1. Stream particle impact rates registered by the CDA during Cassini’s approach to Saturn and
during the outbound leg of Cassini’s first orbit around Saturn (lower panel). Between 20 June 2004
(day 172) and 1 July 2004 (day 183), the CDA detector was powered off (marked by the outlined
area). Cassini entered Saturn’s magnetosphere on 28 June (day 180) and left the magnetosphere on
5 July 2004 (day 187). The CDA was not continuously geometrically sensitive to stream particles.
After Cassini’s SOI, most of them were detected during the daily 9-hour data transmission to Earth,
when Cassini slowly rotated about its antenna axis. The sequence of data transmissions was almost
evenly distributed, so that the monitored impacts reproduce the stream particle flux on time scales
longer than 12 hours. For Cassini’s approach phase, this was unfortunately not the case (1). The
upper panels display the percentage of spectra showing lines typical of alkali elements (A), ice (B),
nitrogen compounds (C), and silicates (D) as a function of time. The vertical bars indicate the
uncertainty associated with counting statistics.
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direct measure of its mass m, although for

this type of instrument, the resulting line

shapes are affected by the ions_ initial energy

distribution.

From the first detection of saturnian stream

particles in January 2004 until Cassini_s ar-

rival at Saturn at the end of June 2004, a total

of 76 mass spectra were recorded. In addi-

tion, during the outbound leg of Cassini_s
first orbit about Saturn, another 508 mass

spectra were registered.

The mass and speed of the saturnian

stream particles based on theoretical cal-

culations are outside the calibrated range

of the detector (1). Thus, these parameters

cannot be derived from the impact signals.

The amount of plasma generated by the im-

pact, however, should scale with the parti-

cle mass and impact speed. Particles detected

outside about 500 R
S

caused relatively large

impact charges, which supports an A-ring

origin, whereas particles registered after

Cassini_s Saturn orbit insertion (SOI) gen-

erally produced little impact plasma, which

is dynamically compatible with an E-ring

origin (1). With the exception of four parti-

cles detected soon after the SOI, all stream

particles were registered outside Saturn_s
magnetosphere, although their source lies

within. All mass spectra show distinct mass

lines of mostly atomic ions in the lower

mass range En G 150 atomic mass units

(amu)^, which is indicative of high impact

energies. The spectra are dominated by rock-

forming elements such as O and Si, by the

target element Rh, and by C of uncertain

origin. This is in contrast to spectra of jovian

stream particles registered by the CDA in

2000, which are dominated by Cþ, Naþ,

and Kþ but show little Oþ (bottom panel of

Fig. 2).

Most of the spectra are composed of less

than about 30,000 ions. For those impacts,

the recording of the event is not triggered by

the target signals but by the Hþ line exceed-

ing the multiplier threshold. In such a case,

the offset time t0 for assigning a mass scale

is larger than for events triggered by one of

the target signals. The Hþ comes from the

Rh target. Because it takes little energy to

release the Hþ into the impact plasma cloud,

even impacts by tiny particles will generate

an Hþ line strong enough to trigger the event

recording.

A reliable identification of mass lines

within the faint noisy spectra is a challenging

task. In some spectra, only a single well-

resolved line is apparent (Fig. 2). For that

reason, we used an iterative method to

magnify features too weak to be recognized

easily in some of the individual spectra. We

identified the most prevalent mass lines—

Cþ, Oþ, Naþ, Kþ, Feþ, SiOþ
2

, and Rhþ—by

adding spectra of similar strength and with

similar features. Then we scanned each in-

dividual spectrum for these lines to improve

the mass scale calibration. This procedure

was repeated until the resolution of the spec-

tral lines of the sum spectrum did not

improve. Finally, we obtained a consistent

data set of calibrated individual mass spec-

tra. Besides the aforementioned ions, we

found evidence for H
3
Oþ, which is charac-

teristic of water ice. There is no indication,

however, of water cluster ions (H
2
O)

x
H

3
Oþ,

with x 0 1, 2, . . ., typically found for im-

pacts by water ice grains at low impact

energies (7). About 25% of the spectra

also showed Nþ and a line at 18 amu,

which may be NHþ
4

. Likely candidates for

the frequent strong line at 28 amu are COþ

and Siþ. There is evidence of SiOþ
2

and

Feþ in our data, which are building blocks

of typical silicate minerals such as olivine

E(Mg,Fe)
2
SiO

4
^. Laser ionization experiments

with olivine, serpentine, and Murchison me-

teorite performed to simulate impacts at

speeds between 23 and 65 km sj1 yielded

Feþ and SiOþ
2

lines (8). There was also an

indication of a weak 28-amu line in the

laser experiments, which was attributed

to Siþ. At stream particle impact speeds

Q100 km sj1, the number of Siþ ions will

be larger than in the laser experiments. In ad-

dition, the 60-amu line attributed to SiOþ
2

correlates with the 28-amu line. Thus, assign-

ing the 28-amu line in our data to Siþ

seems to be the more natural assumption.

Low-energy impacts are known to often

form target-projectile clusters built up of the

target atom and the most abundant low-mass

projectile atom or molecule (9, 10). Even

target-projectile compounds that are difficult

to form, such as RhAlþ or RhFeþ, showed

up in mass spectra taken in impact exper-

iments (10). Thus, target-projectile ions are

indicators of prominent low-mass projectile

substances, provided that the correspond-

ing projectile ion shows up in the spectrum

as well. At higher impact energies, target-

projectile ions are less likely to form and will

produce only faint lines, if any. We found a

line at 28 amu above the Rh peak (Fig. 3),

which we identify as a target/projectile clus-

ter formed of Rh and Si. From this we

conclude that Siþ is a major stream particle

component.

All the spectra are dominated by a Cþ

line, although it is unclear how much C

originates in the particle. If all of the C is

due to the particle, it must constitute the

majority of the mass. This feature resembles

the CHON-component found in impact spec-

tra of dust particles from comet Halley (11).

However, C appears in all calibration spec-

tra, even when there is no C present in the

impactor.

1 2 3 4 5
Time of flight (µs)

Jupiter

1471958602

1471853841

1470066931

1470082200

1469542899

)edutilp
ma(g ol

C O Na Si Rh

Fig. 2. Examples of mass spectra ordered with respect to the strength of the target electron’s signal.
The uppermost spectrum (1469542899) is composed of less than 18,000 ions, whereas about
180,000 ions contributed to the lowest saturnian spectrum shown (1471958602). The dotted lines
indicate the masses of C, O, Na, Si, and the target material Rh. The dominant ions are C and Rh. The
shift of the Rh peak mass with an increasing ion signal is a phenomenon also known from laboratory
experiments. For comparision, the bottom panel shows a typical spectrum of a jovian stream
particle, which is dominated by Cþ, Naþ, Kþ, and Rhþ.
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To characterize the spectra qualitatively,

we assigned to each individual spectrum,

according to its identified lines, up to four

Bcomposition types[: a silicate type to

spectra showing at least an Siþ, SiOþ
2

, or

Feþ line; an alkali type to spectra showing at

least an Naþ or Kþ line; a water ice type to

spectra showing an Oþ and H
3
Oþ line; and a

nitrogen type to spectra showing an Nþ and

NHþ
4

line. About 12% of the spectra could

not be associated with one of the com-

position types, and 74% of the spectra were

of the silicate type (32% of them simulta-

neously belonged to the ice type), but only

about 7% of the spectra were of the ice

type but showed no silicate lines. The pre-

ponderance of spectra with silicate lines

suggests that most of the detected grains

consist of a silicate material. If the water

ice lines were not due to target contami-

nation, then about a third of the silicate

grains had ice mantles, whereas solid ice

grains were rare.

The likelihood of finding a line in an

individual spectrum depends on the signal-to-

noise ratio, which itself is related to the

amount of plasma q
e

generated by the impact.

Fluctuations in the occurance of the less

abundant composition types (ice and nitro-

gen) correlate with periods during which

only faint impacts were registered. However,

the dominant silicate and alkali composition

types show no pronounced time dependence

(no variation with saturnian distance). This

suggests that the time dependence of the ice

and nitrogen types is at least partially due to

the data processing. Taking this into account,

we conclude that the source of the saturnian

stream particles needs to be fairly homoge-

neous. Particles originating from different

locations within the A ring and E ring are

made of similar material. About 50% of the

spectra show at least one alkali line. More-

over, there is a correlation between the de-

tection probabilities for Naþ and Kþ. A

TOF–secondary mass spectroscopy analysis

of the CDA Rh target sample shows that

there are stochastically distributed small

patches of Na and K impurities beyond the

surface, which total about 54% of the target

area (12). This implies that the alkali ele-

ments stem from the target.

Saturn_s main ring as well as its E ring

are thought to be primarily made of water

ice, possibly containing clathrate hydrates of

ammonia or methane and a minor amount of

impurities, most likely iron-bearing silicate

compounds (13). This idea is consistent with

our findings.

Although N
2

(42%), H
2
O (29%), CO

(17%), and CO
2

(9%) are the major combus-

tion products of the bipropellant fuel mono-

methylhydrazene and nitrogen tetroxide burnt

by Cassini_s main engine (14), there is no

evidence of contamination from this source.

First, there was no significant increase in the

share of icy and nitrogen spectra after the

1.5-hour main engine burn during SOI on

30 June 2004 (Fig. 1). Second, 8-hour heat-

ups of the CA target on 21 March 2004 and

10 October 2004 to remove possible con-

tamination did not alter the frequency of those

spectral lines.

Our findings indicate that most of the

stream particles detected by the CDA are

composed of a silicate mineral, at least 30%

of which give spectral signatures of water

ice and/or clathrate hydrates of ammonia

(which may be due to icy mantles). We

suggest that stream particles were formed

either by collisions between the parent ring

bodies (for grains originating from the main

rings) or by collisions of ring particles with

an icy moon (in the case of an E-ring ori-

gin). In both cases, small silicate impurities

embedded within the ice are likely to sur-

vive the collision, eventually forming the

stream particle reservoir. Our data do not

provide evidence of solid ice grains smaller

than about 20 nm. Furthermore, the mass

spectra imply that the composition at least

of the particles smaller than È20 nm is es-

sentially the same. Thus, the reservoir of

stream particles capable of escaping from the

saturnian system essentially consists of the

silicate impurities of the ring material. In situ

studies of stream particles allow investigation

of this material, which is not accessible by

other means. A likely source of these im-

purities is probably the continuous stream of

dust particles originating in the Kuiper belt,

as well as interstellar particles traversing the

solar system.
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Fig. 3. Co-added spectra of the four composition types, produced by selecting individual spectra
with qe G 15 femto-Coulomb (fC) and showing Siþ, SiOþ

2, or Feþ [(A), silicate]; Naþ or Kþ [(B), alkali];
Oþ and H3Oþ [(C), ice]; and Nþ and NHþ

4 [(D), nitrogen]. In each case, features of the other types
are still apparent. The inset in (D) shows the RhSi cluster-ion line obtained by summing up all
spectra with a clear Rhþ line and qe G 15 fC relative to the Rh peak position (in microseconds).
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Bacterial Injectisomes:
Needle Length Does Matter

Luı́s Jaime Mota, Laure Journet, Isabel Sorg,
Céline Agrain, Guy R. Cornelis*

Type III secretion (T3S) allows Gram-

negative pathogenic bacteria adhering to the

membrane of a eukaryotic cell to paralyze

or reprogram this cell by injecting

proteins into its cytosol (1). Many

T3S nanomachines (injectisomes) pos-

sess a stiff needlelike structure of a

defined length (2). The needle is

thought to function as the conduit

for protein translocation. In Yersinia

bacteria, including Y. pestis, the

needle length is defined by the pro-

tein ruler YscP (3), and the proteins

injected upon host cell contact, called

Yops, are involved in, among other

things, caspase activation and macro-

phage apoptosis (4).

To address the question of why the

needle length is controlled, we re-

placed yscP (515 codons) on the 70-kb

virulence plasmid of Y. enterocolitica

E40 by either a truncated (388 codons)

or an enlarged (680 codons) allele.

We incubated the modified bacteria

in conditions that artificially induce

Yersinia T3S (4) and observed no

clear difference in Yop secretion in

relation to wild-type bacteria (fig. S1).

We compared Yersinia that make

short (YscP
388

, needle length L 0
45 T 13 nm) and long (YscP

680
, L 0

88 T 23 nm) needles to wild-type

bacteria (L 0 55 T 11 nm) (fig. S2) for

their capacity to inject the apoptosis-

inducing YopP into J774A.1 macro-

phages, by assaying caspase activation

in infected cells. Bacteria making long

needles were as efficient as the wild

type, but those making short needles

were not (Fig. 1A). This suggested

that the needle must span a minimal

distance, presumably determined by

the Y. enterocolitica adhesins YadA

and invasin (Inv).

Although YadA protrudes È28 nm

from the bacterial outer membrane

(5), Inv is only 18 nm long (6). YadA

(455 amino acids) has a lollipop-

shaped structure with an oval head on

top of a coiled-coil rod (5). Variations

in coiled-coil domain length result

in longer or shorter YadAs (5),

modulating the distance between the bac-

terium and host-cell lipid membranes. We

altered YadA length by deletion or duplica-

tion of residues 230 to 319 within the coiled-

coil rod, yielding shorter (YadA
365

, esti-

mated length of 15 nm) and longer (YadA
545

,

È40 nm) adhesins. We disrupted inv and

yadA in Yersinia carrying yscP
388

, yscP
wt

,

and yscP
680

and introduced plasmids encod-

ing YadA
wt

, YadA
365

, and YadA
545

. The

YadA variants were as functional as YadA
wt

in promoting cell attachment (fig. S3).

Caspase activity in Yersinia-infected macro-

phages revealed that shortening YadA sup-

pressed the defect of short needles, whereas

lengthening YadA enhanced the deficiency

(Fig. 1A). Accordingly, lengthening YadA re-

duced the efficacy of wild-type needles but

not of long needles (Fig. 1A). We monitored

the translocation of YopO into J774A.1 by

using an adenylate cyclase (Cya) reporter

assay (Fig. 1B), confirming that short needles

lead to a defect in Yop injection.

Thus, increasing the distance between the

needle tip and the host cell by shortening

the needle or by lengthening YadA reduces

translocation; i.e., the needle needs to have a

minimal length to be fully functional. We

tested if bacteria with impaired translocation

efficiency secreted Yops into the medium

when incubated with J774A.1. Regardless of

the length of the needle or YadA, we could

not detect YopE in this fraction (Fig. 1C),

indicating that there was no leakage and

suggesting that contact between the nee-

dle tip and the host cell membrane is nec-

essary to trigger T3S. It is thus likely that

needle length has evolved to match specif-

ic structures at the bacterial and host cell

surfaces.
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Fig. 1. (A) Caspase activity (act.) on Y. enterocolitica
E40-infected macrophages. Results are the mean T SEM
from five independent experiments, each done in
triplicate. The numbers on top indicate how far the
needle sticks out (in nm) relative to YadA. NI, not
infected; wt, wild-type. (B) YopO143-Cya translocation
into macrophages. DHOPEMNB is a negative control,
not expressing the YopB translocator (4). Data are the
mean T SEM from three independent experiments, each
done in triplicate. cAMP, cyclic adenosine monophos-
phate. (C) Immunoblot of cultured supernatant proteins
from Y. enterocolitica E40–infected macrophages. YopN–

is a positive control; in a yopN mutant, Yop trans-
location is independent of contact (4).
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The Selective Cause of an
Ancient Adaptation

Guoping Zhu,1* G. Brian Golding,3 Antony M. Dean1,2.

Phylogenetic analysis reveals that the use of nicotinamide adenine dinucleotide
phosphate (NADP) by prokaryotic isocitrate dehydrogenase (IDH) arose around
the time eukaryotic mitochondria first appeared, about 3.5 billion years ago.
We replaced the wild-type gene that encodes the NADP-dependent IDH of
Escherichia coli with an engineered gene that possesses the ancestral NAD-
dependent phenotype. The engineered enzyme is disfavored during competition
for acetate. The selection intensifies in genetic backgrounds where other
sources of reduced NADP have been removed. A survey of sequenced
prokaryotic genomes reveals that those genomes that encode isocitrate lyase,
which is essential for growth on acetate, always have an NADP-dependent IDH.
Those with only an NAD-dependent IDH never have isocitrate lyase. Hence, the
NADP dependence of prokaryotic IDH is an ancient adaptation to anabolic
demand for reduced NADP during growth on acetate.

A central goal in evolutionary biology is the

understanding of the mechanisms underlying

ancient adaptive events (1). Guided by

phylogenetic analysis, genetic engineering

has been used to reconstruct ancestral genes,

allowing ancient phenotypes to be revealed

(2–5). Reconstruction can tell us what the

ancestral phenotype was like, but it does not

tell us why the modern phenotype evolved.

Were the changes adaptive or just due to

chance? If they were adaptive, what was the

basis of that adaptation? Rigorous tests of

hypotheses regarding adaptation are needed to

identify the mutations responsible for changes

in function and to demonstrate that they are

selectively advantageous under the conditions

specified (6). This has yet to be achieved for

any reconstructed gene. The isocitrate de-

hydrogenase (IDH) system offers an opportu-

nity to elucidate the adaptive basis of an

ancient functional change.

Phylogenetics. IDHs belong to a large,

ubiquitous, and very ancient family of enzymes

that play central roles in energy metabolism

(7, 8), amino acid biosynthesis (9, 10), and

vitamin production (11). Although most fam-

ily members use nicotinamide adenine di-

nucleotide (NAD) to oxidize their substrates,

some IDHs, including that of E. coli, use

NADP instead (7).

Phylogenetic analyses reveal that NAD use

is an ancestral trait and that NADP use by

prokaryotic IDH arose on or about the time

that eukaryotic mitochondria first appeared,

some 3.5 billion years ago (Fig. 1). Phyloge-

netic trees were constructed using maximum

parsimony and neighbor joining, with deep

branches swapped and assessed by maximum

likelihood (12). Different phylogenetic methods

often give slightly different trees, and others

produce sets of slightly different trees whose

likelihoods are indistinguishable. This is es-

pecially true when considering deep phy-

logenies whose sequences diverged from a

common ancestor billions of years ago. For the

ancient family of IDHs and isopropylmalate

dehydrogenases (IMDHs), short branches

among the deeper nodes lead to a large

number of trees with similar likelihoods.

Nevertheless, all trees contain three well-

supported monophyletic groups: type I IDHs,

the highly divergent type II IDHs, and the

NAD-IMDHs and related enzymes. There is

no suitable outgroup. Instead, we rooted the

phylogeny on the branch linking the IDHs to

the IMDHs because the common ancestor was

undoubtedly prototrophic, capable of synthe-

sizing glutamate and leucine, and hence must

have had both enzymatic functions (13). This

root implies that specificity toward NADP
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1BioTechnology Institute, 2Department of Ecology,
Evolution, and Behavior, University of Minnesota, St.
Paul, MN 55108, USA. 3Department of Biology,
McMaster University, Hamilton, Ontario L8S 4K1,
Canada.

*Present address: Department of Biology, Anhui
Normal University, Wuhu 241000, People’s Republic
of China.
.To whom correspondence should be addressed.
E-mail: adean@biosci.umn.edu

Fig. 1. A maximum like-
lihood phylogeny of the
IDH family. This tree,
like all others with sim-
ilar likelihoods, reveals
that NADP use evolved
independently several
times (red lineages) bil-
lions of years ago,
around the time eukary-
otic mitochondria first
appeared. The asterisk
represents the approx-
imate position of the root
based on biochemical
evidence (13).
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arose in prokaryotes several times, on or

about the time the eukaryotic mitochondria

first appeared, some 3.5 billion years ago.

Recent structural comparisons (14) confirm

that NADP use by type I IDHs evolved

independently from the use of NADP by type

II IDHs and that the monomeric type II IDHs

(lower cluster, eubacterial) are derived from

the dimeric enzymes (upper cluster, eubacterial

and eukaryotic). Specificity toward NADP

may have arisen twice within the type I IDHs,

because the same suite of amino acid replace-

ments for binding NADP are found in both the

eubacterial and archaeal lineages. Other trees

with similar likelihoods lead to similar

conclusions. We conclude that the use of

NADP is an ancient adaptation that arose on

at least three occasions in early prokaryotes.

Structural biology. To identify the ami-

no acids that are responsible for the change in

specificity from NAD to NADP, it would be

ideal to compare the structures of NADP-

using with NAD-using IDHs and contrast the

modes of coenzyme binding. Unfortunately,

no such structures of NAD-using IDHs are

available. Although divergent in sequence,

IMDHs are homologous to the IDHs (Fig. 1)

and structurally very similar to the IDHs, and

they use NAD (Fig. 2A). Amino acid residues

determining coenzyme use were identified

from high-resolution crystallographic struc-

tures of the binary complexes of NADP

bound to E. coli IDH (15) and of NAD bound

to Thermus thermophilus IMDH (16) (Fig. 2A).

Maximum likelihood reconstruction of an-

cestral sequences confirmed that all six con-

served residues binding NADP in prokaryotic

IDHs were introduced in very ancient times

(13). This analysis also revealed that the three

key residues conferring specificity toward

NAD are ancestral and that the others are

not conserved in NAD-specific family members,

because they have no role in binding NAD.

Protein engineering. Protein engineering

(Fig. 2B) was used to switch the coenzyme

specificity of E. coli IDHs from NADP to

NAD (17). That experiment showed that

amino acids in the active site, and no others,

determine specificity. Our engineered IDH has

five replacements in the active site. Three

[Lys344Asp (where Lys344 is replaced by

Asp), Tyr345Ile, and Val351Ala] are con-

served, ancestral, and confer specificity toward

NAD, and two (Tyr391Lys and Arg395Ser)

are not conserved and simply remove inter-

actions with the 2¶-phosphate of NADP. The

engineered IDH has two additional replace-

ments (Cys201Met and Cys332Tyr) outside

the active site that increase overall activity but

do not affect specificity. X-ray crystallography

(Fig. 2B) shows that the engineered IDH binds

NAD in precisely the same manner as wild-

type IMDH (18). Kinetic studies (17) show

that specificity was inverted by a factor of 1.4

million, from a 7000-fold preference for

NADP (k
cat
NADP/K

m
NADP 0 4.7 � 106 M–1 s–1,

k
cat
NAD/K

m
NAD 0 690 M–1 s–1, where k

cat
is the

catalytic rate constant and K
m

is the Michaelis

constant) to a 200-fold preference for NAD

(k
cat
NADP/K

m
NADP 0 810 M–1 s–1, k

cat
NAD/K

m
NAD 0

1.64 � 105 M–1 s–1). With a k
cat

0 16.2 sj1

and a K
m
0 99 mM, our engineered IDH is as

active as naturally occurring NAD-dependent

members of the family (17).

Metabolism. Previously (13), we hypoth-

esized that the use of NADP by prokaryotic

IDHs is an adaptation to growth on acetate.

When bacteria grow on highly reduced (energy-

rich) compounds such as glucose, NADPH

(the reduced form of NADP) for biosynthesis

is obtained by diverting energy-rich carbon

from glycolysis into the oxidative branch of

the pentose phosphate pathway (19). During

growth on acetate, which is a highly oxidized

(energy-poor) compound, there is no energy-

rich carbon to divert into the oxidative branch,

and therefore alternative sources of NADPH

are required. These are a transhydrogenase

(PntAB) encoded by the gene pntAB (20), an

NADP-dependent malic enzyme (MAEB)

encoded by maeB (21), and the NADP-

dependent IDH encoded by icd (22). Meta-

bolic flux analyses of E. coli consuming

acetate show that IDH provides about 90%

of the NADPH (21, 23–25).

Competition studies. Testing whether

the use of NADP by eubacterial type I IDH is

an adaptation to growth on acetate requires

competing strains that differ only at their

chromosomally located icd gene. Therefore,

the wild-type chromosomal copy of icd NADP

was replaced with the engineered icd NAD (26).

Chemostat competition experiments (27–29)

were conducted in a minimal salts medium with

either acetate or glucose as the sole limiting

nutrient. The engineered icd NAD was strong-

ly selected against during competition for

acetate, yet favored slightly over wild-type

icd NADP during competition for glucose

(Fig. 3). These results support our hypothesis

that the switch in coenzyme specificity by

IDH was driven by the need to supply

additional NADPH for biosynthesis during

growth on acetate.

Cause of selection. The selection on

acetate might be attributed to the engineered

IDH having altered kinetic characteristics

toward isocitrate and/or being less efficiently

regulated by IDH kinase/phosphatase (30),

rather than attributed to the switch in

coenzyme use. We reasoned that the selection

at icd, if caused by the change in coenzyme

use, should intensify as other sources of

NADPH are removed (MAEB and PntAB),

because IDH would now contribute propor-

tionally more reducing power to biosynthesis.

By contrast, selection at icd is not expected to

intensify if the change in coenzyme use is of

no functional consequence.

Fig. 2. Structural anal-
ysis reveals the modes
of binding of NADP
and NAD in the active
sites of IDH and IMDH.
Only key residues are
shown, with side chains
colored using the CPK
(Corey, Pauling, and
Kultun) convention
(gray, carbon; red, oxy-
gen; blue, nitrogen;
yellow, phosphorus).
Labels designate the
IDH amino acid, the
site number in E. coli
IDH, and the IMDH
amino acid. (A) Wild-
type E. coli IDH (main
chain red) with H bonds
(green dashes) to the
2¶-phosphate of NADP
(2¶P) superimposed on wild-type T. thermophilus IMDH (main chain blue) with NAD. (B) Engineered IDH (main chain yellow) reveals that NAD binds in
precisely the same manner as seen in T. thermophilus IMDH and that the same H bonds form to the ribose hydroxyls.
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Strains with deletions of maeB, pntAB,

and udhA (which encodes a soluble trans-

hydrogenase, UdhA) that are generated by

the method of Datsenko and Wanner (31)

grow so slowly on acetate relative to the wild

type (most simply wash out from the

chemostat) that fitnesses were best estimated

from growth rates in batch cultures (26).

Table 1 presents the growth rates of the

engineered icd NAD relative to icd NADP in

various genetic backgrounds. On acetate,

selection against the engineered icd NAD in

DpntAB and DmaeB backgrounds intensifies

as the number of NADPH-producing steps

declines. Selection against the engineered

icd NAD is much weaker in the control

experiments on glucose because other path-

ways provide the bulk of NADPH for growth.

In DudhA backgrounds, the engineered

icd NAD can be favored over the wild-type

allele (Table 1). UdhA is a soluble trans-

hydrogenase that, unlike PntAB, lacks a

source of energy to drive hydride transfer

from one coenzyme to another (25). Conse-

quently, the overall direction of the UdhA-

catalyzed reaction depends on the ratios of

NADH to NAD and of NADPH to NADP. In

wild-type cells growing on acetate, UdhA

usually favors production of NADH through

the oxidation (or reoxidation) of abundant

NADPH (25). Replacing icd NADP with the

engineered icd NAD in a DudhA genetic

background increases NADH production

and improves fitness (Table 1). Deleting

pntAB and/or maeB does nothing to restore

NADH levels, and fitness does not improve

(32). These results confirm that UdhA is an

important source of NADH during growth on

acetate, but not on glucose (Table 1). These

experiments demonstrate that the engineered

icd NAD can provide NADH for energy in

certain mutant genetic backgrounds.

These results are entirely in accord with

the hypothesis that selection on acetate is

caused by the change in coenzyme use and

not by changes in kinetics toward isocitrate

and/or changes in regulatory phosphorylation.

We speculate that evolutionary functional

reversals at icd might be possible if NADH

production becomes limited (if adaptive

changes in other steps reduce NADH produc-

tion as a correlated response) or if demand for

NADH increases because of some environ-

mental change (for example, growth at an

extreme ionic strength or extraction of scarce

resources from the environment, either of

which can make increased energetic demands

on membrane transporters).

Genomic comparisons. Complete ge-

nome sequences provide additional support

for our hypothesis. Isocitrate lyase (ICL) is

essential for growth on acetate and provides

carbon for biosynthesis by diverting isocitrate

into the glyoxylate bypass and away from the

two CO
2
-releasing steps in the Krebs cycle

(7, 19, 21, 23–25). Without exception, each

of the 46 prokaryotic genomes encoding an

ICL has an NADP-dependent IDH, and no

ICL is found in the 12 genomes encoding an

NAD-dependent IDH (table S1). Although

shared phylogenetic histories contribute to

this pattern (for example, four species of

Bacillus have ICLs and NADP-dependent

IDHs and two species of Rickettsia have only

NAD-dependent IDHs), they do not explain

it. Members of both groups are highly diverse

and include archaea, bacilli, and a- and g-

proteobacteria. Moreover, within each group

are species with varied metabolic life-styles

from diverse habitats. Each contains auto-,

hetero-, chemo-, and lithotrophs; intra- and

extracellular parasites; and organisms isolated

from environments that vary from aerobic to

anaerobic, from temperate to extremely hot,

and from acidic to basic (33). Because the

tight association between ICL and use of

NADP by IDH is independent of taxonomic

group, metabolic life-style, and physical

habitat, we argue that the benefit to IDH of

using NADP during growth on acetate is

general and not particular to our experiments.

Conclusions. Was the switch in specificity

from NAD to NADP by IDH adaptive or due to

chance? The finding that the use of NAD arose

on at least three independent occasions argues

that the switch was adaptive. What was the

basis of that adaptive switch? Physiological

analysis using an E. coli IDH engineered to use

NAD shows that use of NADP is strongly

favored during growth on acetate. The 4%

increase in growth rate in batch culture is a

huge selective advantage that could produce a

950-fold increase in the ratio of icd NADP to

icd NAD within just 100 generations. The 9%

increase seen when E. coli strains were starved

in chemostats could produce a 98000-fold en-

richment within the same number of gener-

ations. Because all 46 prokaryotes with the ICL

essential for growth on acetate also have an

NADP-dependent IDH, and all 12 prokaryotes

with only an NAD-dependent IDH have no

ICL, the selection on acetate is not a laboratory

artifact. Instead, it represents an adaptation to

acetate use; one that was very likely the basis

for the ancient recurrent switch to use of

NADP by IDH.

We have shown that it is possible to

reconstruct not only what occurred (the switch

to NADP use by IDH) in an ancient adaptive

event and how it occurred (changes at five

specific amino acids in IDH), but also why it

occurred (adaptation to growth on acetate or

other similar energy-poor resources). Our

studies provide a general approach to the

reconstruction of ancient adaptive events.

Fig. 3. Chemostat competition exper-
iments. The slopes of the lines, s, are
estimated selection coefficients per gen-
eration. The engineered icdNAD is much
less fit than the wild-type icdNADP on
acetate (solid circle), yet fitter on glucose
(open circles). Presented are the pooled
results from three chemostat competi-
tions on each carbon source.

Table 1. Growth rates of icdNAD relative to icdNADP in various genetic backgrounds.

Genetic background
Relative growth rate (icdNAD/icdNADP)*

Acetate Glucose

Wild type 0.96 T 0.02 0.998 T 0.008
DpntAB 0.73 T 0.04 0.991 T 0.007
DmaeB 0.63 T 0.04 0.991 T 0.006
DpntAB,DmaeB 0.44 T 0.03 0.963 T 0.008
DudhA 1.46 T 0.03 0.990 T 0.004
DudhA,DpntAB 1.65 T 0.09 0.992 T 0.005
DudhA,DmaeB 0.95 T 0.11 0.975 T 0.003
DudhA,DpntAB,DmaeB 0.16 T 0.05 0.974 T 0.003

*Growth rates were determined in minimal medium with either acetate or glucose as the sole source of carbon and
energy.

R E S E A R C H A R T I C L E S

www.sciencemag.org SCIENCE VOL 307 25 FEBRUARY 2005 1281



Phylogenetics provides molecular history.

Structural biology reveals key replacements

that are responsible for functional changes.

Protein engineering tests the relationships

between form and function. Studies of metab-

olism (physiology, development, and behavior

in higher organisms) identify selectable phe-

notypes. Competition studies provide a means

to explore the adaptive basis of any claim.

Genomic comparisons confirm the generality

of the results. By completing each of these

steps, it is possible to identify the most prob-

able cause of an ancient adaptive event that

occurred billions of years ago.
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Axonopathy and Transport
Deficits Early in the Pathogenesis

of Alzheimer’s Disease
Gorazd B. Stokin,1 Concepción Lillo,2 Tomás L. Falzone,1

Richard G. Brusch,1 Edward Rockenstein,3 Stephanie L. Mount,1

Rema Raman,5 Peter Davies,6 Eliezer Masliah,3,4

David S. Williams,2,3 Lawrence S. B. Goldstein1*

We identified axonal defects in mouse models of Alzheimer’s disease that
preceded known disease-related pathology by more than a year; we observed
similar axonal defects in the early stages of Alzheimer’s disease in humans.
Axonal defects consisted of swellings that accumulated abnormal amounts of
microtubule-associated and molecular motor proteins, organelles, and
vesicles. Impairing axonal transport by reducing the dosage of a kinesin mo-
lecular motor protein enhanced the frequency of axonal defects and increased
amyloid-b peptide levels and amyloid deposition. Reductions in microtubule-
dependent transport may stimulate proteolytic processing of b-amyloid pre-
cursor protein, resulting in the development of senile plaques and Alzheimer’s
disease.

Axons and axonal transport exhibit prominent

defects in a wide variety of neurological dis-

eases. These defects often manifest as axonal

swellings or spheroids, which correspond to

axonal enlargements and aberrant accumula-

tions of axonal cargos and cytoskeletal pro-

teins (1). Molecular motor proteins propel

axonal cargoes to and from presynaptic

terminals along microtubule tracks and are

thus crucial to understanding the role of im-

paired axonal transport in the pathogenesis of

neurological diseases. A number of observa-

tions suggest that axonal transport may fail

during the progression of Alzheimer_s disease

(AD) (2). We tested for axonal defects that

are diagnostic of transport deficits and that

might be related to early stages in the patho-

genesis of AD.

AD is a common neurodegenerative dis-

order characterized by progressive cognitive

deterioration and severe synaptic and neuronal

loss. Pathological hallmarks of this disease—

neurofibrillary tangles, neuropil threads, and

senile plaques—are potentially linked to al-

terations of the axonal compartment (3).

Neurofibrillary tangles and neuropil threads

are related to the abnormal phosphorylation of

the microtubule-associated protein tau and its

dislocation from axons to presynaptic termi-

nals and somatodendritic compartments.

Senile plaques are composed of dystrophic

neurites, some but not all of which are

embedded in a matrix of extracellular amy-

loid. Some dystrophic neurites correspond to

axonal swellings, which often contain abnormal

accumulations of axonal cargos and tau (4).

Familial AD (FAD) mutations in b-amyloid

precursor protein (bAPP) and in presenilin

genes (PS1 and PS2) alter the production of

amyloid-b peptides (Abs), the major constit-

uents of senile plaques, suggesting that

proteolytic processing of bAPP into Abs

plays a central role in AD pathogenesis (5).

In neurons, bAPP and its proteolytic machin-

ery, PS1 and b-site bAPP cleaving enzyme

(BACE), undergo kinesin-I–mediated fast

anterograde axonal transport (6–9), during

which bAPP may undergo proteolysis into Ab-

bearing intermediates (10) and Abs (7, 11).

Increased Ab levels (11, 12) and senile plaques

(13, 14) in the axon-enriched white matter of

mouse model and human AD brains suggest

aberrant Ab generation, or degradation, in

axons. Reduced brain white matter in bAPP-

deficient mice (15) also indicates that bAPP

plays a role in axonal structure and function.

Similar phenotypes have been found in a

mouse model of AD (16) and in human AD

(17), suggesting that axonal failure is an im-

portant part of AD. Overexpression of bAPP in

Drosophila causes axonal transport defects,

which are markedly enhanced by ordinarily
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benign reductions in the amount of kinesin

molecular motor proteins (18). Finally, bAPP

and Abs accumulate in axonal swellings that

resemble dystrophic neurites of senile plaques

but instead form during brain aging (19) or

after traumatic brain injury (20). These obser-

vations suggest a link between axonal transport

of bAPP, aberrant Ab generation, and AD

pathology but do not untangle cause and effect

relationships.

Early axonal defects in mouse AD
models and human AD. To test whether

FAD mutations of bAPP cause axonal de-

fects, we analyzed a well-studied mouse AD

model, Tg-swAPPPrp (21), in which aberrant

production of human Abs results in deposi-

tion of senile plaques (22, 23). Neuronal loss

in the nucleus basalis of Meynert (NBM) is

an invariable feature of AD (24), and alter-

ations of cortical NBM projections are doc-

umented in aged primates (25), mouse

models of AD (26, 27), and human AD

(28). We therefore examined fibers of the

NBM, which provide the major cholinergic

input to the cerebral cortex.

The organization of the NBM revealed by

choline acetyltransferase (ChAT) staining

was indistinguishable between 4- and 20-

month-old wild-type and Tg-swAPPPrp litter-

mates. Unexpectedly, axonal varicosities in

Tg-swAPPPrp exhibited substantial variation

in size and morphology. Generally, varicos-

ities correspond to en passant synaptic boutons,

are regularly spaced, and have relatively

constant diameters. In contrast, varicosities in

Tg-swAPPPrp mice were often unusually large

and irregularly spaced (Fig. 1A). Some

displayed bizarre morphologies or lacked

staining in their center, leaving only a ChAT-

immunoreactive (IR) silhouette of the varicos-

ity (Fig. 1B). Similar varicosities were

occasionally encountered in the NBM of

aged Tg-swAPPPrp mice stained for phospho-

rylated tau (phospho-tau). To assess the

microtubule-based transport machinery, we

stained ChAT-IR fibers for phosphorylated

high-molecular-weight neurofilament protein

(phospho-NF-H) and kinesin light-chain sub-

units of kinesin-I (KLC) (Fig. 1C). Unlike

varicosities, colocalization between ChAT,

phospho-NF-H, and KLC in axonal swellings

in Tg-swAPPPrp was almost complete and

very intense.

We quantified NBM ChAT-IR fibers by

scoring coded samples for varicosities with

diameters significantly larger than average in

4- and 20-month-old wild-type and Tg-

swAPPPrp mice (21). ChAT-IR varicosities

of diameters larger than 3.0 mm were found

almost exclusively in Tg-swAPPPrp mice

(Fig. 1D) and were paralleled by significant

decreases in ChAT-IR fiber density in the

NBM in 20-month-old Tg-swAPPPrp mice

compared with the wild type (Fig. 1E). To

test whether abnormal varicosities exist in

other mouse AD models, we examined Tg-

sw/lonAPPThy1 mice and found a significant

increase in ChAT-IR varicosities of diame-

ters larger than 3.0 mm in 2.5-month-old Tg-

sw/lonAPPThy1 mice compared with wild-type

littermates (fig. S1).

To explore whether comparable swellings

existed in other brain regions relevant to AD,

we scored coded (21) Bielschowsky’s silver-

stained brain sections from 19- to 21-month-

old wild-type and Tg-swAPPPrp mice. Cortices

and hippocampi of Tg-swAPPPrp, but not

wild-type, mice harbored frequent large

swellings that resembled the ChAT-IR swell-

ings in the NBM (Fig. 1F). Although mor-

phologically similar to dystrophic neurites,

È50% of all swellings were found in brain

areas devoid of amyloid (fig. S2).

To test for similar defects in AD, we probed

for changes in ChAT- and phospho-tau-IR

fibers in the human NBM. Brains were

grouped for analysis into Braak AD stages 0,

I–III, and IV–VI. We found a subset of

ChAT- and phospho-tau-immunoreactive

Fig. 1. Identification of axonal defects in mouse models and in human AD. (A) ChAT-IR fibers [(a) to
(e)] with varicosities (arrows) of unusual size and morphology [(d) and (e)] in Tg-swAPPPrp mouse
NBM (scale bar, 10 mm). (B) Some varicosities exhibited ChAT-IR only within their perimeter, giving
them a ‘‘ghost’’ appearance (normal varicosities, black arrows; ‘‘ghost’’ varicosities, green arrows;
perimeter of "ghost" viscosities in (a) is traced in red in (b); scale bar, 10 mm). (C) Projections of
stacks of optical sections of varicosities [(a) to (e)] and swellings [(f) to (j)] in the NBM,
demonstrating accumulation of phospho-NF-H (pNF-H) and KLC in ChAT-IR swellings (scale bar,
10 mm). WT, wild-type. (D) Increased number of ChAT-IR fibers with varicosities of diameter larger
than 3.0 mm (swellings) in the NBM of 4- (P G 0.005) and 20- (P G 0.05) month-old Tg-swAPPPrp

mice (100 fibers per NBM, n 0 4 and 5, respectively), compared with wild-type mice (100 fibers per
NBM, n 0 4 and 5, respectively). (E) Density of ChAT-IR fibers is reduced in the NBM of 20-month-
old Tg-swAPPPrp (n 0 5) but not wild-type (n 0 5) mice (P G 0.05). (F) Swellings [(a) and (b)] and
spheroids [(c) and (d)] in the cortex and hippocampus of 19- to 21-month-old Tg-swAPPPrp mice
(n 0 6) stained with Bielschowsky’s silver (scale bar, 10 mm). (G) ChAT- (a) and phospho-tau-IR (b)
swellings (arrows) in the NBM of Braak II human AD (scale bar, 10 mm). (H) Increased number of
ChAT-IR fibers with swellings in NBM in Braak group I–III (n 0 3, P G 0.05) but not Braak group
IV–VI (n 0 3), compared with Braak group 0 (n 0 3) human brains. Some error bars are too small to
be visible. (I) Increased number of phospho-tau-IR swellings in NBM in Braak groups I–III (n 0 6,
P 0 0.07) and IV–VI (n 0 3, P G 0.05) compared with Braak group 0 (n 0 3) human brains.
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(phospho-tau-IR) fibers with swellings of

morphology and diameters resembling those

observed in the mouse model of AD (Fig.

1G). Differences in ChAT- [Krustal-Wallis

(K-W) test, P 0 0.021] (21) and phospho-

tau-IR (K-W test, P 0 0.00021) swellings

between the Braak groups were significant.

Compared to Braak group 0 (Fig. 1H),

ChAT-IR swellings were common in Braak

group I–III (up to 40 to 50% of all ChAT-IR

fibers) but not in Braak group IV–VI. In

contrast, the increase in phospho-tau-IR

swellings observed in Braak group I–III

became significant only in Braak group IV–

VI, compared with Braak group 0 (Fig. 1I).

The density of phospho-tau-IR fibers was

also significantly increased in Braak group

IV–VI but not in Braak group I–III, com-

pared with Braak group 0 (fig. S3). Thus,

axonal swellings occurred long before detect-

able amyloid deposition and, unexpectedly,

accumulated excessive amounts of neurofila-

ments and kinesin-I. Formation of ChAT-IR

swellings may represent an early event in AD

pathogenesis, preceding or triggering the on-

set of known pathological changes such as

aberrant tau phosphorylation.

Axonal swellings contain abnormal ac-
cumulations of organelles and vesicles. To

evaluate the contents of axonal swellings, we

stained NBM samples for ChAT and pro-

cessed them for electron microscopy (Fig.

2A). We observed 5 to 7 ChAT-IR swollen

profiles per section from 4-month-old Tg-

swAPPPrp mice and none from wild-type

mice. Swellings contained large numbers of

organelles and vesicles, were not myelinated,

were not associated with postsynaptic den-

sities, and frequently exhibited diameters

larger than 3 mm (Fig. 2B). Similar profiles

devoid of ChAT-IR were also observed (Fig.

2C). Tg-swAPPPrp mice averaged 8 to 10 such

profiles per section, in contrast to wild-type

mice in which 2 to 3 were found per section at

most. Swellings consisted of haphazardly ar-

ranged vesicles, mitochondria, sporadic multi-

lamellar bodies, and vacuoles. Some were

entirely filled by mitochondria, and most con-

tained dense bodies that resembled those

found in axons in early stages of Wallerian

degeneration (29) and in dystrophic neurites

embedded in amyloid in AD (30). A subset of

swellings encountered exclusively in the Tg-

swAPPPrp mice displayed characteristics of

axonal degeneration, including electron-dense

granular axoplasm and a considerable amount

of axoplasmic debris of tubular appearance

(Fig. 2D).

Formation of axonal swellings is en-
hanced by reduction in kinesin-I. Aberrant

accumulation of kinesin-I, organelles, and

vesicles within axonal swellings is suggestive

of impaired axonal transport. To test whether

impairing anterograde axonal transport en-

hances the formation of axonal swellings, as

is seen in Drosophila models of AD (18, 31),

we reduced the genetic dosage of KLC1 by

50% in Tg-swAPPPrp mice (figs. S4 and S5).

Axonal swellings that were independent of

amyloid deposits exhibited a significant

increase in average number per brain in Tg-

swAPPPrp;KLC1wt/KLC1null compared to Tg-

swAPPPrp;KLC1wt/KLC1wt mice (Fig. 3, A and

B). This increase appeared region-specific and

was most prominent in select cortical regions

(Fig. 3C). There was no significant difference in

the average number of axonal swellings per

amyloid deposit between Tg-swAPPPrp;KLC1wt/

KLC1wt and Tg-swAPPPrp;KLC1wt/KLC1null

mice (fig. S6).

We directly tested and confirmed that a

relatively benign reduction in kinesin-I is

sufficient to impair axonal transport of bAPP.

We transiently transfected neuronal cul-

tures harvested from KLC1wt/KLC1wt and

KLC1wt/KLC1null mouse hippocampi with

wild-type bAPP linked to yellow fluorescent

protein (APPYFP). In KLC1wt/KLC1null, we

observed a significant reduction in the per-

centage of APPYFP particles undergoing an-

terograde transport and an increase in the

percentage of APPYFP particles undergoing

retrograde transport compared with KLC1wt/

KLC1wt primary hippocampal cultures (Fig.

3, D and E, and movies S1 and S2). There

was no difference in the percentage of

BChAT + Toluidine blueaA

b cChAT ChAT

a b

c d Tg-swAPPPrp

Tg-swAPPPrpWT

Tg-swAPPPrp

C

D

a

b

a b

Fig. 2. Ultrastructure of axonal swellings in a
mouse model of AD. (A) ChAT-IR cell bodies
(b) and fibers [arrow in (a); the cell body and
fiber boundaries are emphasized with red
dotted lines in (c)] in the NBM. Scale bar, (a)
25 mm, (b) and (c) 1 mm. (B) ChAT-IR fibers
in 4-month-old Tg-swAPPPrp [(b) to (d), n 0
3] but not wild-type [(a), n 0 3] mice had
large diameters and contained conspicuous
amounts of organelles and vesicles (scale bar,
1 mm). (C) Fibers of large diameters display-
ing an abnormal accumulation of vesicles,
organelles, and dense bodies (arrows), but
lacking ChAT-IR, in Tg-swAPPPrp mice [(a)
and (b); scale bar, 0.5 mm]. (D) Degenerative
changes in fibers of Tg-swAPPPrp but not
wild-type NBM [(a) and (b); scale bar, 1 mm].
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stalled APPYFP particles. Similar results

were obtained in Drosophila (figs. S7 and

S8 and movies S3 to S5). Thus, a phenotyp-

ically benign 50% reduction in kinesin-I

subunits was sufficient to produce marked

impairment in anterograde transport of

bAPP accompanied by enhanced formation

of axonal swellings, independently of amy-

loid deposition.

Reduction in kinesin-I increases Ab
generation and its intraneuronal accumu-
lation. Although full-length bAPP levels

were indistinguishable between Tg-swAPPPrp;

KLC1wt/KLCwt and Tg-swAPPPrp;KLC1wt/

KLCnull mice (Fig. 4, A and B), levels of Abs

as well as Ab42/Ab40 ratios were consistently

elevated in Tg-swAPPPrp;KLC1wt/KLCnull

mice (Fig. 4, C and D). These increases in

the Ab42/Ab40 ratio were not a result of

genetic background effects and were compa-

rable in magnitude to well-established Ab42/

Ab40 ratio increases caused by an FAD mu-

tant PS1 transgene (fig. S9). General effects

of axonal structure and microtubule organiza-

tion on Ab42/Ab40 ratios were ruled out by

analyzing a deletion of the low-molecular-

weight neurofilament subunit (NF-L) (fig. S9).

Abs may accumulate intracellularly in

AD brains, possibly before extracellular am-

yloid deposition (32). We asked if this fea-

ture was present in Tg-swAPPPrp and whether

it could be enhanced by KLC1 reduction.

Antibodies against the C terminus of bAPP

and against the N terminus of the Ab se-

quence of bAPP primarily stained the somato-

dendritic compartment throughout the brain,

with the latter showing a discrete staining of

the corpus callosum (fig. S10). The staining

pattern with an antibody against the C

terminus of Ab40 corresponded to that

observed for bAPP and was indistinguishable

between 17- to 22-month-old Tg-swAPPPrp;

KLC1wt/KLC1wt mice and Tg-swAPPPrp;

KLC1wt/KLC1null mice. However, an antibody

directed against the C terminus of Ab42

exhibited significantly increased staining with-

in cell bodies in the sensory and entorhinal

cortices, but not in the hippocampi or dentate

gyri, of 17- to 22-month-old Tg-swAPPPrp;

KLC1wt/KLC1null mice compared with Tg-

swAPPPrp;KLC1wt/KLC1wt mice (Fig. 5, A

and B). Evidence that KLC1 reduction caused

accumulation of Ab42 in axons came from the

finding that human Ab42 and Ab42/Ab40

ratios were increased in the sciatic nerves of

11- to 17-month-old Tg-swAPPPrp;KLC1wt/

KLC1null compared with Tg-swAPPPrp;

KLC1wt/KLC1wt mice. Ab42/Ab40 ratios were

also significantly higher in the sciatic nerves

than in the brains of Tg-swAPPPrp;KLC1wt/

KLC1null but not Tg-swAPPPrp;KLC1wt/

KLC1wt mice (Fig. 5C). Thus, Ab42 forma-

tion could be enhanced by the reduction of

KLC1, such that it accumulates intraneuro-

nally in Tg-swAPPPrp mice at an age that

precedes or coincides with the onset of

amyloid deposition (23).

Reduction of kinesin-I enhances amy-
loid deposition. To determine whether the
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Fig. 3. Reduction in kinesin-I promotes for-
mation of axonal swellings. (A) Swellings and
spheroids (arrows) in Bielschowsky’s silver
stained sensory cortices of 19-month-old Tg-
swAPPPrp;KLC1wt/KLC1wt (c) and Tg-swAPPPrp;
KLC1wt/KLC1null (d) but not WT;KLC1wt/
KLC1wt (a) or WT;KLC1wt/KLC1null (b) mice
(scale bar, 25 mm). (B) Quantification of axonal
defects. Nineteen- to 21-month-old Tg-
swAPPPrp;KLC1wt/KLC1null mice (n 0 6) had
significantly increased numbers of swellings per brain (P G 0.05) compared
with Tg-swAPPPrp;KLC1wt/KLC1wt mice (n 0 7). Swellings in 19- to 21-
month-old WT;KLC1wt/KLC1wt (n 0 4) or WT;KLC1wt/KLC1null (n 0 3)
brains were rare. (C) Increased numbers of swellings upon deletion of one
copy of KLC1 was region specific: Sensory, visual, and entorhinal cortex,
but not cingulate cortex or dentate gyrus, had significant increases in the

number of swellings (P G 0.05). (D) Kymographs representative of in vivo
transport of APPYFP in KLC1wt/KLC1wt [(a), n 0 9] and KLC1wt/KLCnull [(b),
n 0 14] hippocampal cultures (scale bar, 10 mm). (E) Altered percentage of
APPYFP particles traveling in anterograde and retrograde directions in
KLC1wt/KLCnull (n 0 292, P G 0.005) compared to KLC1wt/KLC1wt (n 0 193,
P G 0.005) hippocampal cultures.
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increased Ab42/Ab40 ratio observed upon re-

duction of KLC1 correlated with accelerated

or enhanced amyloid deposition, we examined

senile plaques in 18- to 24-month-old Tg-

swAPPPrp;KLC1wt/KLCwt and Tg-swAPPPrp;

KLC1wt/KLCnull mice (21) (Fig. 6A). The

average number of amyloid plaques visualized

with thioflavine S and Bielschowsky’s silver

was significantly increased in Tg-swAPPPrp;

KLC1wt/KLCnul l compared with Tg-

swAPPPrp;KLC1wt/KLC1wt brains (Fig. 6, B

and C). Average diameters and volumes of

Bielschowsky’s silver-stained senile plaques

were also significantly increased in Tg-

swAPPPrp;KLC1wt/KLCnull compared with

the Tg-swAPPPrp;KLC1wt/KLCwt mice (fig.

S11). The most marked increase in the

number of plaques was visualized by staining

for C termini of Ab40 and Ab42. Diffuse ex-

tracellular Ab immunoreactivity was found

almost exclusively in Tg-swAPPPrp;KLC1wt/

KLCnull brains (fig. S12), suggesting that

reduction in KLC1 also promotes the forma-

tion of noncongophilic and nonfibrillar de-

posits. The average number of thioflavine-S–

positive senile plaques in 11- to 12-month-old

Tg-swAPPPrp;KLC1wt/KLCnull mice was com-

parable to that in 17- to 19- or 20- to 24-

month-old Tg-swAPPPrp;KLC1wt/KLCwt

controls (Fig. 6D and fig. S13). This number

increased in aged mice and far exceeded the

number of amyloid deposits in older Tg-

swAPPPrp;KLC1wt/KLCwt mice. Enhanced

amyloid deposition in Tg-swAPPPrp;KLC1wt/

KLC1null mice was most prominent in the

same cortical regions as the swellings not as-

sociated with amyloid (Fig. 6E). Moreover, a

significant correlation between the number of

swellings not associated with amyloid and the

number of senile plaques was observed in all

transgenic mice examined (fig. S14), suggest-

ing that swellings precede and participate in

the formation of amyloid plaques.
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Discussion. Our findings suggest that

axonal blockages that interfere with axonal

transport occur early in the course of AD and

in mouse models of AD. Morphologically,

these blockages resembled axonal swellings,

a hallmark of axonal injury, and dystrophic

neurites embedded in amyloid within senile

plaques of AD (4, 30). Unlike dystrophic

neurites, which are primarily associated with

amyloid deposits in AD (33), axonal swell-

ings preceded amyloid and other disease-

related pathology in a mouse AD model by

at least a year and were found in brain areas

lacking amyloid deposition in the early

stages of human AD. Thus, axonal swellings

do not form in response to amyloid deposi-

tion. Rather, axonal swellings may represent

precursors of some form of dystrophic

neurites. Reports of gross white matter

changes in mice transgenic (16) or deficient

(15) for bAPP and in human AD (17) are

consistent with this proposal.

Axonal transport deficits were previously

found during late stages of AD (34). Our

data suggest that axonal transport deficits

also play an early, and potentially causative,

role in AD. For example, direct relevance to

AD of axonal phenotypes caused by mutant

bAPP overexpression in Drosophila and

mice comes from human studies suggesting

that overexpression of bAPP is responsible

for the AD pathology observed in Down

syndrome (35). Similarly, our samples of

early-stage human AD brains exhibited

swellings in cholinergic axons of the NBM

akin to those observed in mouse AD models.

The observation that reduction of kinesin-I

dosage causes an increase in the proportion

of bAPP undergoing retrograde transport

directly correlates with the accumulation of

Abs in cell bodies and amyloid deposition in

the vicinity of cell bodies of the entorhinal

cortex within the perforant pathway. These

findings also suggest that enhanced amyloi-

dogenesis in the entorhinal cortex is not the

result of amyloid deposition by afferents

terminating in this region.

Together, the chronological and genetic

relationships between reduced axonal trans-

port, axonal swellings, Ab generation, and

amyloid deposition suggest strong mechanis-

tic ties among these events. Axonal swell-

ings could form because of impaired axonal

transport and promote aberrant Ab genera-

tion. If aberrant Ab generation occurs locally

at sites of blockage, then amyloid deposition

may occur as a result of focally increased

secretion of Abs or lysis of Ab-enriched

axonal swellings. Either, or both, of these

processes may provide an appropriate sub-

strate for the formation of senile plaques.

Indeed, accumulation of Abs is observed at

sites of axonal damage after traumatic brain

injury in the central nervous system (20, 36).

Alternatively, upon encountering an axonal

swelling or blockage, vesicles containing

bAPP or Abs might undergo retrograde

transport to the somatodendritic compart-

ment, where aberrant Ab generation and/or

amyloid deposition could occur. This process

could be enhanced by genetic reduction of

kinesin-I, which we found increased the

probability that an APP vesicle entered the

retrograde transport pathway. bAPP is also

proposed to play a critical role in linking
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Fig. 6. Reduction in kinesin-I accelerates and enhances amyloid deposition. (A) Brain sections from
Tg-swAPPPrp (b), but not wild-type (a), mice showed thioflavine S–positive (TS) senile plaques
(Nissl-stained visual cortex in blue; scale bar, 50 mm) surrounded by a corona of dystrophic
neurites (arrows; scale bar, 25 mm) when stained with Bielschowsky’s silver (c). Plaques were also
stained for the C terminus of Ab40 and Ab42 or against its N terminus, 6E10 [(d) and (e); scale bar,
10 mm); Ab40 immunoreactivity is visible in the projection (arrow) from the CA1 layer (d).
(B) Enhanced senile plaque deposition in sensory cortices (scale bar, 100 mm) of 21-month-old Tg-
swAPPPrp;KLC1wt/KLC1null [(e) to (h)] compared with Tg-swAPPPrp;KLC1wt/KLC1wt [(a) to (d)] mice.
(C) Increase in average number of senile plaques visualized by four independent stainings in 18- to
24-month-old Tg-swAPPPrp;KLC1wt/KLC1null (n 0 8) compared with Tg-swAPPPrp;KLC1wt/KLC1wt

mice (n 0 7, P G 0.05). (D) Significant overall difference (P G 0.05) in age of onset and progression
of amyloid deposition in 11- to 24-month-old Tg-swAPPPrp;KLC1wt/KLC1wt (n 0 10) and Tg-
swAPPPrp;KLC1wt/KLC1null (n 0 13) mice assayed by thioflavine S. (E) Regional differences in
amyloid deposition between 18- to 24-month-old Tg-swAPPPrp;KLC1wt/KLC1wt (n 0 7) and Tg-
swAPPPrp;KLC1wt/KLC1null (n 0 8, P G 0.05) mice.
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kinesin-I to axonal vesicles (6, 7). If bAPP

processing to Abs occurs at axonal (or dendrit-

ic) blockages and causes kinesin-I release from

vesicles and reduction of axonal transport (7),

then blockages may lead to local stimulation

of bAPP processing, which in turn would

cause additional vesicle stalling and further

local stimulation of bAPP processing. This

proposed sequence of events would generate

an autocatalytic spiral in which processes

leading to axonal blockages and Ab produc-

tion become mutually stimulatory. A vicious

cycle of axonal blockages and aberrant Ab
generation also provides a rational explana-

tion for early synaptic loss in AD. Such a

mechanism would be critical in AD linked to

polymorphisms in KLC1 (37) as well as in

sporadic AD, which could potentially be ini-

tiated by likely differences in age-dependent

declines in axonal transport among humans.
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The Use of Transit Timing to
Detect Terrestrial-Mass

Extrasolar Planets
Matthew J. Holman1* and Norman W. Murray2

Future surveys for transiting extrasolar planets are expected to detect hun-
dreds of jovian-mass planets and tens of terrestrial-mass planets. For many of
these newly discovered planets, the intervals between successive transits will
be measured with an accuracy of 0.1 to 100 minutes. We show that these
timing measurements will allow for the detection of additional planets in the
system (not necessarily transiting) by their gravitational interaction with
the transiting planet. The transit-time variations depend on the mass of the
additional planet, and in some cases terrestrial-mass planets will produce a
measurable effect. In systems where two planets are seen to transit, the
density of both planets can be determined without radial-velocity observations.

About 130 extrasolar planets (1) have been

detected by (i) short-duration brightness anom-

alies in gravitational microlensing events

caused by planets near the lens star (2), (ii)

reflex motions of the central star (as revealed

by radial-velocity variations in the stellar

spectrum or radio pulse arrival times) (3–6),

and (iii) variations in the apparent stellar

brightness caused by a planetary transit

(passage of the planet in front of the star)

(7–11). These approaches provide comple-

mentary information. Gravitational microlens-

ing measurements primarily constrain the ratio

of planet mass to stellar mass. Radial-velocity

measurements lead to estimates of the orbital

period, eccentricity, and minimum mass of

the planet. With present technology, radial-

velocity surveys can only detect planets with

masses greater than about 10 MR (orbiting

low-mass stars) (12–14). Transit observations

provide estimates of the orbital period and

planetary radius. Transit surveys, particularly

if space based, will be sensitive to planets as

small as Mercury for the smallest radius stars

observed (15). Barring major improvements

in the precision of radial-velocity measure-

ments, the measurement of the mass and

radius (and thus the average density) of a

terrestrial-sized extrasolar planet would ap-

pear to be out of reach.

Here, we point out that variations in the

time interval between transits, produced by

gravitational interactions with additional

planets, allow for the orbital period and mass

of the additional planet to be determined

from transit observations alone.

The time interval between successive tran-

sits of an unperturbed planet is always the

same Easide from small corrections due to

orbital precession (16) or to the decay of the

transiting planet_s orbital semimajor axis as a

result of tidal interaction with the star (17)^.
However, for stellar systems, the presence of a

third star orbiting a stellar binary can produce

short-term variations, in addition to the more

familiar long-term variations, of the period of

the binary (18, 19). The same is true for plan-

etary systems. The interval between succes-

sive transits of the extrasolar planet HD
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209458b would vary by T3 s if a second planet

(of mass 10j4 MR, period 80 days, and ec-

centricity e È 0.4) existed in that system (20).

Over the course of their orbits, the tran-

siting planet and a second planet exchange

energy and angular momentum as a result of

their mutual gravitational interaction. This

interaction, greatest at each planetary con-

junction, results in short-term oscillations of

the semimajor axes and eccentricities of the

planets, which in turn alter the interval be-

tween successive transits. We illustrate this

effect by considering our solar system (Fig.

1). The gravitational perturbations among the

planets in the solar system lead to transit-

interval variations ranging from tens of sec-

onds for Mercury to thousands of seconds for

Mars. The variations for Earth and Venus

show oscillations with the 583-day Earth-

Venus synodic period. For an exterior tran-

siting planet, the transit interval can be

altered by an inner planet_s indirect influence

on the position of the star, even if the grav-

itational interaction between the planets is

negligible (21).

Next, we investigate the influence of an

additional Jupiter-mass planet on the transit

interval of HD 209458b. We integrate the

heliocentric equations of motion of the hypo-

thetical two-planet system (22). We assume

that the two planets are coplanar, have orbits

that are perpendicular to the sky plane, and

have initially aligned orbital apsides. We

include the mutual gravitational interactions

of the planets and terms that account for the

general relativistic (GR) influence of the

central star (23) but neglect the terms for

the GR influence of the planetary masses,

terms for the oblateness of the star, and terms

for the tidal interaction with the star. During

the course of each integration, we iteratively

solve for the time at which the centers of star

and planet reach their minimum projected

separation.

Sharp increases in the transit interval occur

near the times when the outer planet reaches

its periastron (Fig. 2). Hence, the orbital pe-

riods of both planets in each of the examples

can be determined directly. We chose the pe-

riod and eccentricity of the hypothetical per-

turbing planets such that their pericenter

distances are roughly the same. As a result,

the largest transit-interval variations have

comparable magnitude. For clarity, we ignore

the light-time effect (21) (due to the varying

distance between the star and the observer as

the star moves with respect to the center of

mass of the star and planets) from the dynam-

ical effects. The magnitude of the light-time

effect due to a Jupiter-mass perturber with a

1-AU (astronomical unit) semimajor axis

orbiting a solar-mass star is 0.5 s.

Whether the presence of a companion

planet can be detected from short-term transit

interval variations depends on the difference

between the minimum and maximum transit

interval. We consider jovian-mass (10j3 MR)

and terrestrial-mass (3 � 10j6 MR) per-

turbers. A range of perturber periods is tested,

in increments of 0.1 day, starting with the

minimum perturber period that ensures that

the orbits of the two planets do not initially

cross. We follow the same numerical proce-

dure described earlier. During each integra-

tion, simulating 104 days, we recorded the

times of transit, from which the minimum

and maximum intervals between transits were

determined. For a given perturber ec-

centricity, the period variation decreases as

the perturber period and semimajor axis in-

crease. Likewise, for a given perturber pe-

riod, the variation is greater for larger

perturber eccentricity. The transit-interval

variation is primarily a function of the peri-

astron distance of the perturber, and a com-

Fig. 1. The variations
of the interval between
successive transits of
terrestrial planets, in-
duced by the other plan-
ets in the solar system.
(A to D) The variations
for Mars, Earth, Venus,
and Mercury, respec-
tively. To guide the
eye, the solid line con-
nects the times of each
transit. The transit in-
tervals result from nu-
merically integrating
the equations of mo-
tion of the planets in
our solar system and
calculating the transit
times as seen by dis-
tant observers located
in the present-day or-
bital planes of the var-
ious planets.
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Fig. 2. Transit times of
HD 209458b. The nu-
merically determined
variation of the inter-
val between successive
transit centers of HD
209458b as a function
of time, with each pan-
el showing the results
for a different set of
orbital parameters for
a hypothetical second
planet with a mass of
M2 0 10j3 MR. In the
simulations, HD 209458b
has an initial orbital
period P1 0 3.5248
days and eccentricity
e1 0 0.025. The planets
are assumed to be co-
planar, with the system
viewed edge-on. (A)
The results for a per-
turbing planet with or-
bital period P2 0 99.8
days and eccentricity
e2 0 0.7. (B to D) The
results for perturbing
planets with orbital
periods P2 of 46.4,

28.0, and 19.2 days and eccentricities e2 of 0.5, 0.3, and 0.1, respectively. Radial-velocity mea-
surements have ruled out the presence of such planets in the actual HD 209458b system (20).

D

0 200 400 600

-20

-10

0

10

20

Time (days)

C

-20

-10

0

10

20

30

B

-10

0

10

20

30

A

-10

0

10

20

30

V
ar

ia
ti

o
n

 in
 t

ra
n

si
t 

in
te

rv
al

 (
se

c)

R E P O R T S

www.sciencemag.org SCIENCE VOL 307 25 FEBRUARY 2005 1289



parison of our different perturber simulations

(Figs. 3 and 4) confirms that the magnitude of

the effect is proportional to the perturber mass.

For time spans shorter than the orbital period

of the transiting planet, the magnitude of the

effect is independent of the mass of the tran-

siting planet (a result that follows from the

equivalence of inertial and gravitational mass).

We estimate the variation in transit inter-

vals for an inner transiting planet by integra-

tion of Lagrange_s equations of planetary

motion (24). Given a transiting planet with

semimajor axis a
1

and period P
1
, and a per-

turbing planet with semimajor axis a
2

(where

a
2
9 a

1
), period P

2
, and mass M

2
, we find

Dt Ê
45p
16

M2

M�

� �
P1a3

eð1 j
ffiffiffi
2

p
a3=2

e Þj2 ð1Þ

where Dt is the magnitude of the typical varia-

tion of the interval between successive transit

and a
e
0 A(a

1
)/Ea

2
(1 j e

2
)^Z. Equation 1 was

derived by assuming that the perturber follows

a parabolic orbit with a periastron distance

of a
2

(1 j e
2
). It underestimates the actual

variation in transit period for small period

ratios and best matches the numerical results

for e
2
Q 0.3. The transit-interval variations

increase with P
1

when the period ratio of

the two planets is held fixed. Thus, for a fixed

timing accuracy, the detection of companions

is easier for systems where the transiting

planet is farther from the star. For a given

perturbing planet mass, the timing varia-

tions are also larger for planets orbiting less

massive stars.

The eccentricity of the outer planet can

be estimated from the relative magnitudes of

the variations Dt
max

/Dt
min

. If the period of

the perturbing planet is much greater than

that of the transiting planet, the final factor

of Eq. 1 can be ignored. The resulting equa-

tion can be rearranged to provide an estimate

of the mass of the perturbing planet

M2 Ê
16

45p
M�

Dtmax

P1

P2

P1

� �2

ð1 j e2Þ3 ð2Þ

given an estimate of e
2
.

Large excursions in transit-interval varia-

tion (Figs. 3 and 4) occur near small integer

ratios of the orbital periods of the two planets,

the locations of mean-motion resonances be-

tween the planets. In and near mean-motion

resonances, the planets undergo larger oscilla-

tions of semimajor axis and eccentricity (24).

The width in semimajor axis of each reso-

nance region is proportional to a
2
(M

*
/M

2
)1/2

and grows rapidly with increasing eccentricity

(24). The ranges of perturber periods (Figs. 3

and 4) in which the transit-interval variations

are irregular correspond to dynamical chaos

that results from the overlap of adjacent mean-

motion resonances (25). We have excluded

the ranges of perturber period in which this

chaos results in short-term dynamical in-

stability because such planetary configurations

are unlikely to be found.

The two planets of the GJ 876 system pro-

vide an excellent example of a 2:1 mean-

motion resonance in an extrasolar planetary

system. Because of the resonant gravitational

interaction between the two planets, the orbital

periods of the inner and outer planet vary from

30.1 days to 31.1 days and from 60.0 days to

59.1 days, respectively, over a libration period

of 550 days (26). Although careful photomet-

ric monitoring has excluded the possibility of

transits of the inner planet of the GJ 876

system (27), such transit-interval variations

would be seen if the inner planet transited.

In some cases, the libration period of a

resonant system can be much longer than

the interval of observation. Thus, the transit-

interval variations due to the resonance

cannot be easily discerned, even if the ampli-

tude of the variation is large. GJ 876_s short

libration period, P
lib

, results from the com-

bination of its low-mass star (M* 0 0.4 MR)

and massive planets (M
1
0 2 M

jup
, M

2
0 4

M
jup

), because P
lib

º P
1
(M*/M

2
)1/2 (26, 24)

(and depends on the order of the resonance).

The 104 day integrations used for Figs. 3 and

4 are long enough to sample a full libration

period for the low-order resonances. A

corresponding system with a solar-mass star,

a 1-year orbital period for the inner planet,

and Jupiter-mass planets in the 2:1 resonance

would have a libration period of È50 years.

For Earth-mass planets, the libration period

would be nearly 1000 years. These long-term

effects would not be observable. However, the

smaller transit-interval variations that occur on

the time scale of the orbital periods of the two

planets could be observed.

The feasibility of using this technique to

detect additional planets in transiting systems

Fig. 3. Variations in the interval
between successive transits of a
planet with orbital period P1 0 3
days, eccentricity e1 0 0.01, and
mass M1 0 10j3 MR, induced by
a second planet with mass M2 0
10j3 MR. The planets are as-
sumed to be coplanar. The black
lines show the maximum transit-
time variation as a function of
orbital period (or semimajor axis)
and eccentricity of the outer
planet. The star has mass M* 0
MR. The red dashed lines show
the estimate given by Eq. 1.

20

e = 0.0 0.2 0.4

0.6

0.8

104

103

102

101

100

10-1
1 2 4 6 8 10 20 40 60 80 100

10-2

10-3

10-4

10-5

10-6

1 2 3 4 5 6 7 8 9 10

∆t
 [s

ec
]

a/a1

∆t
 /P

1

P/P1

Fig. 4. Variations in the interval
between successive transits of a
planet with orbital period P1 0 3
days, eccentricity e1 0 0.01, and
mass M1 0 10j3 MR, induced by
a second planet with mass M2 0
3 � 10j6 MR. The black lines
show the maximum transit-time
variation as a function of orbital
period (or semimajor axis) and
eccentricity of the outer planet.
The star has mass M* 0 MR. The
red dashed lines show the esti-
mate given by Eq. 1.

e = 0.0

0.2 0.4
0.6

0.8

20

101

100

10-1

10-2

1 2 4 6 8 10 20 40 60 80 100

10-4

10-5

10-6

10-7

10-8

1 2 3 4 5 6 7 8 9 10

∆t
 [s

ec
]

a/a1

∆t
 /P

1

P/P1

10-3

R E P O R T S

25 FEBRUARY 2005 VOL 307 SCIENCE www.sciencemag.org1290



depends on the physical and orbital properties

of the multiple planet systems, the accuracy

with which the times of transit can be mea-

sured, and the time span of the observations.

Our expectations for systems with multiple

Neptune-mass to Jupiter-mass planets are

guided by recent discoveries, as well as by

the giant planets in our solar system. Fourteen

of 117 systems are known to have two or

more planets. These have period ratios ranging

from 2 to 150, and three are known or thought

to be in mean-motion resonances. In the solar

system, neighboring giant planets have period

ratios of two to three. The eccentricities of the

planets in the solar system are small, but in

many of the extrasolar planetary systems the

eccentricities are large, ranging up to e 0 0.9.

Both the theory of terrestrial-planet forma-

tion and available observations suggest that the

typical terrestrial-planet system will have a

configuration that results in variations in the

transit interval of hundreds of seconds over time

spans of months to years. Because the escape

velocity from the surface of a terrestrial planet

is smaller than the escape velocity from a solar-

mass star at È1 AU, all the solid material in the

region from a few tenths to one or two AU

must either accrete into planets or fall onto the

star. The resulting planets are as closely spaced

as dynamical stability permits (28, 29). As ob-

served in the solar system and in the pulsar

planet system, the period ratios are of order two.

Assuming that the observations during the

ingress and egress of a transit are well sam-

pled, the error s
tc

(due to photon statistics

alone) associated with the measured time of

the center of a transit of duration t
T

is given by

stc

tT
È ðGtT Þj1=2rj3=2 ð3Þ

where G is the photon count rate of the star

and r 0 R
p
/R

*
is the ratio of the planet radius

to the stellar radius. Kepler (15), a NASA Dis-

covery mission, will monitor 100,000 A-M

dwarf stars brighter than apparent magnitude

V 0 14, looking for transits of terrestrial-

sized planets in the habitable zone (30). The

smaller mission, COROT, will monitor 12,000

dwarf stars with apparent magnitudes of V 0
11 to V 0 16, also searching for terrestrial-

mass planets (31). For Kepler, with its 0.95-m-

diameter aperture, G 0 7.8 � 108 10j0.4(Vj12)

hj1, for a star of apparent magnitude V. For

a Jupiter-sized planet in a 1-year orbit about a

solar-mass star with V 0 12, we find s
tc
È 20 s

(r È 0.1, t
T
È 13 h). For a terrestrial-sized

planet, s
tc
È 500 s (r È 0.01). These accu-

racies suggest that the transit-period variations

due to the gravitational influence on each

other of Earth-mass planets with small period

ratios can be detected by Kepler. The observ-

ing cadence for Kepler will be limited by the

rate at which the data are transmitted to Earth.

This will nominally be 15 min but will be re-

duced to 1 min for likely transit candidates.

For brighter stars observed with large-aperture

ground-based telescopes, the presence of more

distant additional planets can be detected. For

example, observing a V 0 9 star with a 6.5-m-

aperture telescope, s
tc
È 0.2 s. For such a star,

the photon noise exceeds the errors due to

atmospheric scintillation after È30 s of accu-

mulated integration (32). Also, microvariabil-

ity at the level of 10 to 50 parts per million is

expected from p-mode oscillations such as those

seen in the sun, with characteristic periods of

300 s. This noise source is competitive with shot

noise in 8-m-class telescopes for V 0 14 stars.

One would like to measure the density of

a transiting planet to determine whether it is a

rocky terrestrial planet such as Earth, an ice/

water giant such as Neptune, or a gas giant

planet such as Jupiter. Unfortunately, when a

transiting planet is perturbed by a nontransit-

ing planet, photometry yields the radius of

the transiting planet but not its mass, whereas

the transit times yield the mass of the per-

turbing planet but not its radius. Thus, neither

planet_s density can be determined.

In cases in which two or more planets

transit their star, the masses and radii of each

planet can be estimated, allowing density de-

terminations for all. For such systems, radial-

velocity observations will not be necessary to

determine their masses and densities. Many of

the target stars in future surveys will be too

faint to allow for radial-velocity detections of

terrestrial-mass planets, even with technical

improvements to the accuracy of such mea-

surements. Thus, the transit-timing technique

may be the only means to estimate the mass

and density of terrestrial-mass planets. If one

sees transits of one planet in a multiple-planet

system, what is the probability of seeing

transits of a second planet? Assuming that

the orbits of the two planets are coplanar, the

probability that the second planet also transits

is a
1
/a

2
if a

2
9 a

1
(if a

2
G a

1
, transits of the

second planet are assured in the case of

coplanar orbits). If the orbits of the two

planets are mutually inclined and one planet

transits the center of the star, the probability

that the second planet also transits is

Pt2
0

2

p
arcsin

R�

a2 sin i ¶

� �
ð4Þ

where i ¶ is the mutual inclination between the

orbits of the two planets rather than the sky-

plane inclination. This assumes sin i ¶ 9 R
*
/a

2
;

otherwise, transits of the second planet are

certain. For a solar-radius star, a mutual

inclination of a few degrees, and a semimajor

axis a
2
È 1 AU, the probability is roughly

10%. Thus, such double-transiting systems are

likely to be found.

The Kepler team plans to search for transits

with a consistent period, depth, and duration

(15). We caution that any detection algorithm

that looks for evidence of periodic transits in

the photometry must allow for variations in the

transit period due to the perturbations from

unseen planets. An overly restrictive test for

periodicity might reject some of the most inter-

esting and informative planetary systems. The

GJ 876 system discussed above, an extreme

case, might be rejected as only quasiperiodic.

We also caution that experiments looking

for gradual transit-period variations due to

slow secular trends must allow for the pos-

sibility of substantial short-term variations in

the transit period. Transit-period variations

due to orbital precession (16) or to tidal in-

teraction with a star (17) require many years

to elapse before they can be detected; without

careful monitoring in the interim to determine

the short-term variations, the results of such

experiments could easily be misinterpreted.
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Unveiling Extensive
Clouds of Dark Gas in the

Solar Neighborhood
Isabelle A. Grenier,1* Jean-Marc Casandjian,1,2 Régis Terrier3

From the comparison of interstellar gas tracers in the solar neighborhood (HI
and CO lines from the atomic and molecular gas, dust thermal emission, and g
rays from cosmic-ray interactions with gas), we unveil vast clouds of cold
dust and dark gas, invisible in HI and CO but detected in g rays. They surround
all the nearby CO clouds and bridge the dense cores to broader atomic clouds,
thus providing a key link in the evolution of interstellar clouds. The rela-
tion between the masses in the molecular, dark, and atomic phases in the
local clouds implies a dark gas mass in the Milky Way comparable to the mo-
lecular one.

The census of atomic and molecular gas in

the Milky Way mainly comes from the sur-

veys of the 21-cm-HI and 2.6-mm-CO lines.

H
2

molecules are not directly observed in the

cold molecular clouds, but the velocity-

integrated CO intensity, W(CO), empirically

scales to the N(H
2
) column density by the X 0

N(H
2
)/W(CO) factor. Cold dust, near 16 to

20 K, is mixed in both gas phases, and its

thermal emission dominates near 3000 GHz.

Colder dust, around 10 K, is seen down to

94 GHz. Dust column densities are traced by

optical extinction and reddening measure-

ments. g rays with energies above 100 MeV

are produced by cosmic rays interacting with

interstellar gas and radiation, so they can ef-

fectively trace the gas mass independent of

its chemical or thermodynamic state through-

out the Galaxy. These tracers have different

limitations and comparing them is essential

to map and weigh the main gas reserves of the

Milky Way. We have compared them over the

whole sky at 5- e kbk e 80-, where local

clouds dominate and can be mapped in detail.

The HI column-density map, N(HI), com-

bines the 0.5--resolution Leiden/Dwingeloo

survey (1) for declinations 9–30- with the

1--resolution data farther south (2). The HI

lines were assumed to be optically thin. The

W(CO) map comes from the Center for

Astrophysics compilation at kbk e 32- (3).

The regions outside the survey should be free

of bright CO emission (3, 4). The dust

intensity map at 3000 GHz, I
3000

, comes from

InfraRed Astronomical Satellite (IRAS) maps

calibrated with Diffuse InfraRed Background

Experiment (DIRBE) data, with the zodiacal

light and point sources removed (5). Correct-

ing I
3000

for color temperature variations

yields dust column densities. The reddening

EE(B-V)^ map (5), in magnitudes (mag.),

comes from I
3000

corrected to a temperature of

18.2 K with the use of DIRBE 100- to 240-mm

ratios and calibrated to the reddening of

elliptical galaxies with a 16% precision. It is

consistent with star estimates from the Sloan

Digital Sky Survey for E(B-V) G 0.5 (6).

Only 6% of the region under study exhibits

larger reddening. The dust intensity map at

94 GHz, I
94

, was constructed (7) with two

modified Planck n1.67 Bn (9.4 K) and n2.70 Bn
(16.2 K) emissivities to match the Cosmic Back-

ground Explorer (COBE) Differential Micro-

wave Radiometers (DMR) and Far InfraRed

Absolute Spectrophotometer (FIRAS) data. It

was successfully compared with the Wilkinson

Microwave Anisotropy Probe (WMAP) data at

94 GHz (8).

In g rays, the Energetic Gamma Ray

Experiment Telescope (EGRET) archival

database provides a 9-year photon count map

and an exposure map, e, for events above

100 MeV and within 30- of the telescope axis.

The inverse-Compton (IC) intensity map, I
IC

,

integrated above 100 MeV, comes from the

GALPROP 45-600202 model for cosmic-ray

propagation in the Galaxy (9), and its estimate

of the radiation field, which includes the

cosmological microwave background (CMB),

stellar radiation, and dust radiation with peaks

near 100 and 10 mm. Given the EGRET

exposure and point-spread function (PSF)

above 100 MeV, we produced a map, N
sou

(SOU), of the photon count contribution

from the 138 persistent point sources of the

third EGRET catalog (10) with a detection

significance 95s at kbk G 30- and 94s at

higher latitudes. We used their 4-year

average fluxes. Flaring sources not detected

in the 4-year data were not included. The

mid-latitude threshold was raised from 4s
to 5s because the addition of substantial

interstellar emission may cast doubts on the

importance of the faint sources spatially

correlated with gas tracers (11). We dis-

carded 24 such sources.

Because energetic cosmic rays can pene-

trate all gas phases and the g rays radiate

easily away, the g-ray intensity can be mod-

eled as a linear combination of gas tracers,

the IC map, the extragalactic background in-

tensity (I
E
), and the point sources. The contribu-

tion from the ionized hydrogen is neglected.

The modeled photon counts in 0.5- � 0.5- bins,

N
p
(l,b) 0 Eq

HI
N(HI)(l,b) þ q

CO
W(CO)(l,b) þ

q
dust

I
dust

(l,b) þ q
IC

IIC(l,b) þ I
E
^ e(l,b) þ

q
SOU

N
sou

(l,b), are convolved with the PSF

for an input Ej2.1 spectrum. I
dust

refers to any

of the dust maps. The emissivities, q, were

fitted to the g-ray data for different sets of

tracers by means of a maximum-likelihood

test with Poisson statistics (12) (Table 1). Con-

sistent results were obtained at kbk Q 5- and

10-, indicating that the derived emissivities

are local-medium averages. We checked that

they are not biased by the lack of cosmic-ray

gradient in the Galactic disk. Different point-

source data sets yield G10% variations in q
dust

and G1% variations in the other parameters.

We used complete and residual dust maps;

the latter were obtained by removing the part

linearly correlated with N(HI) and W(CO)

from a c2 fit using equal area pixels (13).

Both give the same maximum-likelihood

values and q
dust

. The residual maps (I
3000res

,

E(B-V)
res

, and I
94res

) were used to evaluate

Bdust-free[ q
HI

and q
CO

g-ray emissivities.

Compared with earlier studies that used

only N(HI) (5, 14), both the I
94res

and E(B-V)
res

maps confirm the existence of extensive

coherent regions with apparently large dust-

to-gas excesses. Additional gas, seen in + rays

but not in radio, complements the dust. The

excesses form large halos systematically

surrounding all nearby CO clouds (Fig. 1).

By filtering out the large-scale HI contribu-

tion from the Galactic disk, we have isolated

nearby HI clouds that are closely associated

with the excess clouds (Fig. 2). The latter

bridge the CO cores to the diffuse HI clouds.

They are much more prominent at low

frequency than at 3000 GHz, confirming

the cold temperatures indicated by the DIRBE,

FIRAS, and WMAP data, and they largely con-

tribute to the Banomalous microwave emission[
(5, 7, 8, 14, 15). They do not spatially cor-

relate with free-free emission.

Even though dust is mixed in the atomic

and molecular phases, the maximum-likelihood

tests to the g-ray data reject the I
3000

dust

map as a single tracer of the whole gas.

The N(HI)þW(CO) model yields a much

better fit [2ln(l) 9 13,530]. The maximum-

likelihood increase from the N(HI)þW(CO)
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to the N(HI)þW(CO)þI
3000

model mostly

comes from the Cygnus, Ophiuchus, and Orion

A and B clouds. Little g-ray emission is as-

sociated with the I
3000

map on larger scales.

The g-ray fit largely improves (Fig. 3 and

fig. S1) when using the colder dust tracer I
94

and the dust column densities as traced by the

E(B-V) reddening Esee the 2ln(l) values in

Table 1^.
The q

HI
emissivity found at 5- e kbk e 80-

is consistent with the solar circle average

(TSD) of (1.60 T 0.02) � 10j26 sj1 srj1 (16)

and 15% lower than those obtained near

major local clouds when neglecting the IC

emission (17). The extragalactic intensity agrees

with that measured with the EGRET inter-

stellar model: (14.5 T 0.5) � 10j6 cmj2 sj1

srj1 (18, 19). It is larger than the (11.10 T
0.12 T 2.2) � 10j6 cmj2 sj1 srj1 GALPROP

estimate (20) because of the 30% lower IC

intensity than that in GALPROP (9). Provided

cosmic rays uniformly pervade the HI and H
2

phases, the N(HI)þW(CO) model yields an

average Xg 0 q
CO

/(2q
HI

) 0 (1.74 T 0.03) � 1020

molecules (mol.) cmj2 Kj1 kmj1 s in the

solar neighborhood, fully consistent with the

factor X 0 (1.8 T 0.3) � 1020 mol. cmj2 Kj1

kmj1 s obtained with the temperature-corrected

I¶
3000

map and a smoothed I¶
3000

/N(HI) ratio

to measure the total gas (3). It is close to the

Galactic averages of (1.9 T 0.2) � 1020 mol.

cmj2 Kj1 kmj1 s (16) and (1.56 T 0.05) �
1020 mol. cmj2 Kj1 kmj1 s (19) derived

from g rays and different gas models.

The considerable improvement in the g-

ray fits when adding the I
94

or E(B-V) dust

tracers demonstrates that g rays are produced

in the cold dust halos, in excess of those born

in the HI and CO gas or in the warmer dust

in these directions. Splitting the sky in three

longitude intervals did not change the result,

so one particular region does not drive the fit.

This bright emission, comparable to the entire

I
IC

map, is not due to IC emission from the

colder dust in the cloud halos. It contributes

only 0.6 and 0.9% of the CMB and warmer

dust emissions Efor a local electron spectrum

I
e
0 708 (E/1 GeV)j3.3 mj2 sj1 srj1 GeVj1

(21) and two dust components with n1.67 Bn
(9.4 K) and n2.70 Bn (16.2 K) emissivities

scaled to match typical fluxes of 1.5 MJy/sr at

500 GHz (FIRAS) and 15 MJy/sr at 3000 GHz

(IRAS)^. The lack of correlation with the

408 MHz synchrotron map shows that GeV

cosmic rays are not efficiently trapped in these

cloud halos. Their distribution couples to gas

density (19) and spiral arms (17), but their dif-

fusion properties imply coupling lengths much

larger than the cloud sizes: 1.76 T 0.20 kpc for

nuclei (19) and several hundred parsecs for

the highest energy electrons with large radi-

ative losses (22). Measurements of q
HI

in-

deed yield equivalent cosmic-ray densities

within 1 kpc from the Sun (17). Because the

local dust mass is only 1% of the gas one,

hadronic interactions with grains are negli-

gible. The g rays therefore trace the dark gas

forming these cloud halos, a gas invisible in

HI, CO, and free-free emission.

Assuming the same cosmic-ray flux in the

diffuse dark and HI gas, the g-ray intensities

give dark-gas column densities, NH
dark

(Fig. 4

and fig. S2). The E(B-V) and I
94

tracers, total

and residual maps, give consistent NH
dark

col-

umn densities within 30% over most regions.

Fitting cloud complexes individually may lead

Fig. 1. Map, in Galactic coordinates centered on l 0 70-, of the excess dust reddening found above that
linearly correlated with the integrated HI and CO line intensities. The 94-GHz emission map shows the
same excesses. CO intensities above 4 K km sj1 are overlaid in cyan. The dust excesses form extended
halos around all CO clouds, the bright ones as well as the fainter CO cloudlets that are not overlaid.
This dust spreads in a dark gas, not seen in HI and CO but detected in g rays.

Table 1. Best fits to the g-ray data at 5- e kbk e 80- and 10- e kbk e 80-, for
the complete and residual (in bold and italics) dust maps. The log-likelihood
ratios 2.ln(l), measuring the fit improvement, are given with respect to the
N(HI)þW(CO) gas model and are distributed as a c2 with one degree of

freedom (12). The errors are statistical, not including systematic uncertainties
[10% in the EGRET exposure (10), 20% in the true N(HI) (32) and dust maps
(5), and 20% in the ‘‘dust-free’’ qCO because of cloud-to-cloud variations in
the dust residuals toward the CO clouds].

2.ln(l)
qHI

(10j26 sj1

srj1)

qCO

(10j6 cmj2 srj1

Kj1 kmj1)

qEBV

(10j6 magj1

cmj2 sj1 srj1)

qI94

(10j4 mKj1

cmj2 sj1 srj1)

qI3000

(10j7 MJyj1

cmj2 sj1)
qIC (10j1) qSOU

IE
(10j6 cmj2

sj1 srj1)

5- e kbk e 80-
0 1.62 T 0.01 5.65 T 0.10 7.46 T 0.06 1.01 T 0.01 13.21 T 0.09
241.8 1.63 T 0.01 5.54 T 0.09 2.83 T 0.20 6.54 T 0.09 1.00 T 0.01 13.93 T 0.10
1298.0 1.64 T 0.01 5.82 T 0.09 4.27 T 0.12 6.39 T 0.07 0.96 T 0.01 13.96 T 0.09
1556.7 1.65 T 0.01 5.91 T 0.09 57.5 T 1.5 6.43 T 0.07 0.96 T 0.01 13.91 T 0.09
241.8 1.49 T 0.02 4.84 T 0.11 2.83 T 0.21 6.54 T 0.09 1.00 T 0.01 13.74 T 0.10
1298.0 0.77 T 0.02 1.63 T 0.15 4.27 T 0.10 6.39 T 0.07 0.96 T 0.01 14.30 T 0.09
1556.7 0.71 T 0.04 0.53 T 0.54 57.5 T 3.7 6.43 T 0.07 0.96 T 0.01 14.45 T 0.09

10- e kbk e 80-
0 1.74 T 0.02 5.31 T 0.12 7.90 T 0.09 0.98 T 0.01 12.40 T 0.10
284.4 1.74 T 0.02 5.28 T 0.12 4.04 T 0.25 7.07 T 0.10 0.97 T 0.01 13.03 T 0.10
957.9 1.75 T 0.02 5.70 T 0.12 4.32 T 0.14 7.25 T 0.09 0.91 T 0.01 12.84 T 0.10
1048.6 1.76 T 0.02 5.60 T 0.12 54.4 T 1.7 7.17 T 0.09 0.91 T 0.01 12.83 T 0.10
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to 20% variations, but it first requires a care-

ful reanalysis of the point-source fluxes. The

gas-to-dust ratio deduced from the amount

of dark gas is consistent with the average

ratio found in the local CO clouds in (13):

ENH/E(B-V)^
dark

0 (3.5 T 0.2) � 1021 cmj2

magj1 and ENH/E(B-V)^
CO

0 (3.72 T 0.28) �
1021 cmj2 magj1. Both are lower than the

average of (6.17 T 0.22) � 1021 cmj2 magj1

found in the local HI gas, close to the canonical

5.8 � 1021 cmj2 magj1 value (23), but

reflect a metallicity close to normal.

We calculated the masses in the molecu-

lar, dark, and atomic phases in seven regions

from 140 to 450 pc from the Sun (Table 2),

with the use of Xg, a mean weight per atom

of 1.4 times the hydrogen mass, and the CO

and HI data in Figs. 1 and 2. We added the

masses of CO clouds in the MBM 53-54-55

and Chamaeleon complexes (24, 25) that are

not covered by our data (4). Because the

three phases are spatially connected, their

relative masses are independent of distance.

The dark-gas mass increases similarly with

the independent H
2

and HI mass estimates,

approximately as M0.4 and M0.5, so its relative

contribution decreases from small to massive

clouds (Table 2 and fig. S3). The sample is

small but spans the mass range most typical

of Galactic clouds, from translucent 103–solar

mass (MR) clouds to giant complexes 9105

MR. In smaller cirrus clouds, there are also com-

parable masses of HI and dark gas (inferred

from dust 3000 GHz emission) without CO

detection (26). For a uniform X factor, the

mass spectrum of Galactic CO clouds

follows a power-law dN/dM
H2

º M
H2

–a,

where a 0 1.6 to 1.9 Ea 0 1.67 T 0.25 in the

first quadrant in the range of 104.5 to 106.5 MR
(27) and a 0 1.80 T 0.03 from 600 to 106 MR
in the outer Galaxy (28)^. The best c2 power-

law fit of M
dark

with M
H2

in the local regions,

which matches the lowest dark masses and

underestimates those in both Aquila regions

by a factor of 4, is M
dark

0 (457 T 68) �
(M

H2
0.36 T 0.03) in solar masses (fig. S3). To-

gether with the CO mass spectrum, it implies

a minimum dark-to-molecular mass fraction

in the Galaxy of 50 to 100% in the interval of

103 to 106 MR, for a 0 1.6 to 1.9, respec-

tively. Locally, M
dark

/M
H2

, 30% , M
dark

/M
HI

,

which should be taken as lower limits be-

cause the local sample is strongly biased to

high masses with less dark gas (27). So the

dark-cloud mass in the Galaxy should com-

pare with the molecular one. It strengthens

the possibility that cold H
2

substantially con-

tribute to the dark baryonic matter (29).

Whether the dark gas is gravitationally

bound and dominated by cold HI or H
2

is un-

clear. H
2

number fractions of 49 to 76% have

been found in ultraviolet absorption lines

toward three stars in the Chamaeleon clouds,

with an H
2

formation time scale of 20 million

years less than the photodissociation one (30).

Larger scales are probed in CO (0.3 pc) and

g rays (1.4 pc). In the direction with no CO

detection, the dark gas could contribute half

of the H
2

seen in absorption (table S1). The

low ENH/E(B-V)^
dark

ratio, close to the CO

one, also supports a high H
2

abundance. There

could be a sharp threshold in extinction (A
v
9

0.25 mag) before CO is detectable (31), but

the 0.2- to 1.5-magnitude extinction in the

dark clouds provides enough shielding for the

molecules. Assuming pure H
2

halos, we find

potential CO intensities of 0.5 to 1.5 K km sj1

Fig. 2. Map, in Galactic coordinates centered on l 0 70-, of the HI column densities in nearby
atomic clouds isolated by subtracting the Galactic disk emission from the best-fit cosecant law
about the warped plane. The outer contour of the dust excesses of Fig. 1 is overlaid in cyan,
showing a remarkable association with the atomic clouds.

Fig. 3. Longitude (top) and latitude (bottom) profiles of the observed g-ray intensity in the Aquila-
Ophiuchus-Libra region versus the N(HI)þW(CO) gas model (blue) and the N(HI)þW(CO)þE(B-V)
model (red). The dashed and dotted curves (bottom) outline the IC and extragalactic background
intensities, respectively. Error bars show mean T SD.
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in most places, close to the sensitivity of the

large-scale surveys for small-size cloudlets,

and higher values in the Aquila-Ophiuchus-

Libra (2 to 4 K km sj1) and Taurus-Perseus-

Triangulum (2 K km sj1) regions where only

faint scattered CO cloudlets were detected.

On the other hand, the dark clouds may be

remnants of the atomic clouds that condensed

to form the CO cores or they may be rich in

photodissociated gas torn away in the ambi-

ent turmoil. Cold HI, not properly accounted

for in emission because of its mixing with

warm HI lines, has been observed with and

without CO. It shows abundant structure in

self-absorption, but its extent at medium lat-

itude is unknown. NHI
warm

and NHI
cold

col-

umn densities have been measured against

65 radio sources (32), 22 of which are seen

through dark clouds. A weak correlation was

found between NH
halo

/sinkbk and NHI
cold

/sinkbk,
with a correlation coefficient of 0.67 T 0.09.

None was found with NHI
warm

. So, whereas

the dark gas provides a key link in the evo-

lution between the atomic and molecular

clouds, the nature of its major constituent is

unknown.

The addition of substantial mass to the

interstellar g-ray emission implies that the

cosmic-ray densities estimates are currently

overestimated in regions rich in dark gas,

away from the giant molecular complexes.

This should steepen the cosmic-ray gradient

with Galactocentric radius and enhance the

arm-interarm contrast in cosmic rays. Yet,

resolving the dark clouds in the Galactic disk,

with dust temperature gradients near bright OB

associations along crowded lines of sight and

poor angular resolution in g rays, is a difficult

but important challenge. The presence of dark

clouds to high latitudes also implies significant

revisions of the EGRET catalog of g-ray

sources.
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Fig. 4. Map, in Galactic coordinates centered on l 0 70-, of the column densities of dark gas found
in the dust halos, as measured from their g-ray intensity with the reddening map. This gas
complements that visible in HI and CO. The two dust tracers [E(B-V) and 94-GHz emission] yield
consistent values within 30% over most regions.

Table 2. Total mass and H2:dark:HI mass proportions in the CO, dark, and atomic phases in nearby
regions.

Region Longitudes, latitudes
Distance

(pc)
Total mass
(105 MR)

H2:dark:HI

Cepheus-Cassiopeia-Polaris [80,165] [5, 50] 300 5.4 7.5:1:7.3
Orion [–163, –134] [–40, –5] 450 4.8 8.6:1:7.3
Aquila-Ophiuchus-Libra [–70, 50] [5, 60] 140 1.6 0.8:1:1.0
Taurus-Perseus-Triangulum [140, 197] [–60, –5] 140 1.4 2.3:1:3.1
Aquila-Sagittarius [–36, 50] [–50, –5] 140 0.43 0.2:1:0.5
Chamaeleon [–90, –35] [–50, –8] 160 0.40 0.9:1:3.7
Pegasus [50, 140] [–60, –26] 150 0.16 0.7:1:3.4
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Heat Capacity of a Strongly
Interacting Fermi Gas

Joseph Kinast,1 Andrey Turlapov,1 John E. Thomas,1* Qijin Chen,2

Jelena Stajic,2 Kathryn Levin2

We have measured the heat capacity of an optically trapped, strongly inter-
acting Fermi gas of atoms. A precise addition of energy to the gas is followed
by single-parameter thermometry, which determines the empirical tempera-
ture parameter of the gas cloud. Our measurements reveal a clear transition
in the heat capacity. The energy and the spatial profile of the gas are
computed using a theory of the crossover from Fermi to Bose superfluids at
finite temperatures. The theory calibrates the empirical temperature
parameter, yields excellent agreement with the data, and predicts the onset
of superfluidity at the observed transition point.

Strongly interacting, degenerate atomic Fermi

gases (1) provide a paradigm for strong in-

teractions in nature (2). In all strongly in-

teracting Fermi systems, the zero-energy

scattering length is large compared with the

interparticle spacing, a property that produces

universal behavior (3, 4). Predictions of

universal interactions and effective field

theories in nuclear matter (3, 5–7) are test-

ed by measurements of the interaction en-

ergy (1, 8–10). Anisotropic expansion of

strongly interacting Fermi gases (1) is anal-

ogous to the Belliptic flow[ of a quark-gluon

plasma (2). High-temperature superfluidity

has been predicted (11–16) in strongly inter-

acting Fermi gases, which can be used to test

theories of high-temperature superconduc-

tivity (17). Microscopic evidence for super-

fluidity has been obtained by observing the

pairing of fermionic atoms (18–20). Macro-

scopic evidence arises in anisotropic expan-

sion (1) and in collective excitations (21–23).

In superconductivity and superfluidity,

measurements of the heat capacity have

played an important role in determining

phase transitions (24) and in characterizing

the nature of bosonic and fermionic excita-

tions. We report on the measurement of the

heat capacity for a strongly interacting Fermi

gas of 6Li atoms that are confined in an

optical trap. Our experiments (25) examine

the fundamental thermodynamics of the gas.

Thermodynamic properties of the Bardeen-

Cooper-Schrieffer–Bose-Einstein conden-

sation (BCS-BEC) crossover system are

computed (26) using a consistent many-body

theory (27, 28) based on the conventional

mean-field state (29). BCS-BEC crossover

refers to the smooth change from the BCS

superfluidity of fermions to the BEC of

dimers, by varying the strength of the pairing

interaction (for example, by tuning a

magnetic field). The formalism of (16, 17,

28) was applied recently (30) to explain

radio-frequency measurements of the gap

(20). The theory contains two contributions

to the entropy and energy arising from

fermionic and bosonic excitations. The latter

are associated principally with excited pairs of

fermions (Cooper pairs at finite momentum).

In this model, there is no direct boson-boson

coupling, and fermion-boson interactions are

responsible for the vanishing of the pair

chemical potential m
pair

in the superfluid re-

gions. The vanishing of m
pair

implies that,

within a trap, the associated low-temperature

power laws in the entropy and energy are the

same as those of the homogeneous system

(31). This is to be contrasted with models that

involve noninteracting bosons and fermions

(32). Our BCS-like ground state ansatz will be

inapplicable at some point when the fer-

mionic degrees of freedom have completely

disappeared and the gas is deep in the BEC

regime, where the power laws associated

with true interacting bosons are expected (31).

In that case, direct interboson interactions

must be accounted for, and they will alter

the collective-mode behavior (33). However,

on the basis of collective-mode experiments

(21–23) and their theoretical interpretation

(34, 35), one can argue that the BCS-like

ground state appears to be appropriate in the

near-resonance, unitary regime. The thermo-

dynamic quantities within the trap are com-

puted by using previously calculated profiles

(36) of the various energy gaps and the

particle density as a function of the radius.

Unlike the pairing gap in the weak-

coupling BCS limit, the pairing gap in the

unitary regime is very large. Well below the

superfluid transition temperature T
c
, fer-

mions are paired over much of the trap, and

unpaired fermions are present only at the

edges of the trap. These unpaired fermions

tend to dominate the thermodynamics asso-

ciated with the fermionic degrees of free-

dom, and lead to a power law that is higher

than linear in the temperature (T) depen-

dence of the entropy. The contribution from

finite-momentum Cooper pairs leads to a T3/2

dependence of the entropy on temperature.

Both bosonic and fermionic contributions are

important at low T.

An important feature of these fermionic

superfluids is that pair formation occurs at a

higher temperature, T*, than T
c
, where pairs

condense. At temperatures T 9 T*, the en-

tropy approaches that of the noninteracting

gas. For T
c
G T G T*, the attraction is strong

enough to form quasi-bound (or preformed)

pairs, which are reflected in the thermo-

dynamics. At these intermediate temperatures,

a finite energy (i.e., the pseudogap) is needed

to create single fermion excitations (16, 17, 28).

In the unitary regime, both T* and T
c

are

large fractions of the Fermi temperature T
F
,

signifying high-temperature pair formation

and very high-temperature superfluidity.

We prepared a degenerate unitary Fermi

gas composed of a 50:50 mixture of the

two lowest spin states of 6Li atoms near a

Feshbach resonance. To cool the gas, we

used forced evaporation at a bias magnetic

field of 840 G in an ultrastable CO
2

laser

trap (1, 2, 26). After cooling the atoms well

into the degenerate regime, energy was

precisely added to the trapped gas at fixed

atom number. The gas was then allowed to

thermalize for 0.1 s, and was released from

the trap and imaged at 840 G after 1 ms of

expansion to determine the number of atoms

and the empirical temperature parameter T̃.

For our trap, the total number of atoms was

N 0 2.2 (0.3) � 105. The corresponding

noninteracting gas Fermi temperature was

TF 0 ð3NÞ1=3Iw=kB , 2:5 mK, where I is

Planck_s constant divided by 2p, w is the

geometric mean of the trap oscillation

frequencies, k
B

is Boltzmann_s constant, and

T
F

is small compared U
0
/k

B
0 35 mK, where

U
0

is the final trap depth.

Energy was precisely added to the trapped

gas at fixed atom number by releasing the

cloud from the trap and permitting it to

expand for a short time 0 e t
heat

e 460 ms,

after which the gas was recaptured. Even for

a strongly interacting gas, the energy input is

well defined for very low initial temper-

atures, where both the equation of state and

the expansion dynamics are known. During

the times t
heat

used in these experiments, the

axial size of the gas changed negligibly,

whereas transverse dimensions expanded by

a factor b
±

(t
heat

). Therefore, the mean

harmonic-trapping potential energy bU
HO

À in

each of the two transverse directions in-

creased by a factor b
±
2 (t

heat
).

The initial potential energy was readily

determined at zero temperature from the
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equation of state of the gas, (1 þ b)e
F
(x) þ

U
HO

0 m
0

(1, 8), where e
F
(x) is the local

Fermi energy as a function of position, b is

the unitary gas parameter (1, 3, 6–8), and m
0

is

the global chemical potential. This equation of

state is supported by low-temperature studies

of the breathing mode (21, 23, 33, 35) and the

spatial profiles (1, 6, 36). It is equivalent to

that of a harmonically trapped noninteracting

gas of particles with an effective mass (5),

which in our notation is m* 0 m/(1 þ b),

where m is the bare-fermion mass. The mean

potential energy is half of the total energy,

because the gas behaves as a harmonic os-

cillator. Because b G 0 (6, 7), m* 9 m, so that

the effective oscillation frequencies and the

chemical potential are simply scaled down,

yielding m0 0 kBTF

ffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b

p
(1, 8). The total

energy at zero temperature, which determines

the energy scale, is therefore

E0 0
3

4
Nm0 0

3

4
NkBTF

ffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b

p
ð1Þ

For each direction, the initial potential

energy at zero temperature is E
0

/6. Then, the

total energy of the gas after heating is given

by

EðtheatÞ 0 hE0

2

3
þ 1

3
b2
±ðtheatÞ

� �
ð2Þ

neglecting trap anharmonicity (26). Here, h
is a correction factor arising from the finite

temperature of the gas before the energy

input. For the strongly interacting gas, the

initial reduced temperature is very low. We

assume that it is T̃ , 0:04, where T̃ is mea-

sured and calibrated as described below. As-

suming a Sommerfeld correction then yields

hint , 1 þ 2p2 T̃ 2=3 , 1:01, which hardly af-

fects the energy scale.

A zero-temperature strongly interacting

gas expands by a hydrodynamic scale factor

b
±
H (t

heat
), when released from a harmonic

trap (1, 37). Heating arises after recapture

and subsequent equilibration, but not dur-

ing expansion. This follows from the lowest

T̃ 0 0:04, which is obtained by imaging the

gas 1 ms after release from the trap. Hence,

the temperature change during t
heat

e 460 ms G
1 ms must be very small.

Thermometry of strongly interacting

Fermi gases is not well understood. In con-

trast, thermometry of noninteracting Fermi

gases can be simply accomplished by fitting

the spatial distribution of the cloud (after

release and ballistic expansion) with a

Thomas-Fermi (T-F) profile, which is a

function of two parameters. We choose the

two parameters to be the Fermi radius s
x

and

the reduced temperature T/T
F
. However, this

method is only precise at temperatures well

below 0.5 T
F
, where s

x
and T/T

F
are

determined independently. At higher temper-

atures, where the Maxwell-Boltzmann limit

is approached, such a fit determines only the

product s
x
2 � T/T

F
. We circumvent this

problem by determining s
x

from a low-

temperature fit, and then hold it constant in

the fits at all higher temperatures, which

enables a one-parameter determination of the

reduced temperature.

Spatial profiles of strongly interacting

Fermi gases closely resemble T-F distribu-

tions, which were observed experimentally

(1, 10) and were predicted (36). The profiles

of the trapped and released gas are related by

hydrodynamic scaling to a good approxima-

tion. Over a wide temperature range, this

scaling is consistent to T2% with the ob-

served cloud size and is further supported by

measurements of the breathing frequency,

which are within T1% of the unitary hydro-

dynamic value (21). Analogous to the non-

interacting case, we define an experimental

dimensionless temperature parameter T̃,

which is determined by fitting the cloud

profiles with a T-F distribution holding

constant the Fermi radius of the interacting

gas, s
x
¶. This method is inspired by the ideas

presented in (38). We find experimentally

that T̃ increases monotonically from the highly

degenerate regime to the Maxwell-Boltzmann

limit. This fitting procedure also leads us to

define a natural reduced-temperature scale in

terms of the zero-temperature parameters

b and T
F
,

T̃Tnat K
kBT

m0

0
T

TF

ffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b

p ð3Þ

Equation 3 is consistent with our choice

of fixed Fermi radius s
x
¶, that is, mw

x
2 s

x
¶2 / 2 0

m
0
, where w

x
is the trap oscillation frequency

in the x direction. At high temperatures, we

must interpret T̃ 0 T̃nat to obtain the correct

Maxwell-Boltzmann limit. At low temper-

atures, T̃ , T̃nat yields an estimate of T/T
F

that can be further calibrated to the theo-

retical reduced temperature T/T
F

by perform-

ing the experimental fitting procedure on

the theoretically generated density profiles

(26, 27).

Preliminary data processing yields nor-

malized, one-dimensional spatial profiles of

the atomic cloud (26). To determine T̃ over

the full temperature range of interest, we used

a fixed expansion time of 1 ms. We first

measured sx¶ from our lowest temperature

data. Then, T̃ was determined using the one-

parameter T-F fit method. This yielded

T̃ from 0:04 to 2:15 for the strongly inter-

acting gas.

The experimental energy scale Eq. 1 and

the natural temperature scale Eq. 3 were

determined by measuring the value of b. This

was accomplished by comparing the mea-

sured radius of the strongly interacting gas,

s
x
¶, to the radius for a noninteracting gas

(26). We found that b 0 – 0.49 (0.04)

(statistical error only), which is in reasonable

agreement with the best current predictions,

where b 0 – 0.56 (6) and b 0 – 0.545 (7).

We next applied our energy input and

thermometry methods to measure the heat

capacity of our optically trapped Fermi gas.

For different values of theat, we measured the

temperature parameter T̃ and calculated the

total energy E(t
heat

)/E
0

by using Eq. 2. The

time t
heat

determines the energy accurately

because the trap intensity switches in less

than 1 ms. We believe that shot-to-shot fluc-

tuations in the energy are negligible, based

on the small fractional fluctuations in T̃ at

low temperatures, where the heat capacity is

expected to be very small. To obtain high-

resolution data, 30 to 40 different heating

times t
heat

were chosen. The data for each of

these heating times were acquired in a ran-

dom order to minimize systematic error. Ten

complete runs were taken through the entire

random sequence.

We first measured the heat capacity for a

noninteracting Fermi gas (21, 26), where the

scattering length a was zero. This occurred near

526 G. Figure 1 shows the data (green dots) that

represent the calculated E(t
heat

)/E
0

versus the

measured value of T̃, for each t
heat

. For

comparison, predictions for a noninteracting

trapped Fermi gas, where E
ideal

(T )/E
ideal

(0), are

shown as the black curve, where T̃ 0 T=TF in

this case. Here, the chemical potential and energy

were calculated using a finite temperature Fermi

distribution and the density of states for the

trapped gas. Throughout, we used the density-

of-states for a realistic Gaussian potential

wel l , UðrÞ 0 U0E1jexpðjmw2r2 = 2U0Þ^,
where U

0
0 14.6k

B
T

F
and r is the radial

coordinate, rather than the harmonic oscillator

approximation. This model is in very good

agreement with the noninteracting gas data at

all temperatures.

For the strongly interacting gas at 840 G

EFig. 1 (blue diamonds)^, the gas was cooled to

T̃ 0 0:04 and then heated. The temperature

parameter T̃ varies by a factor of 50, and the

total energy varies by a factor of 10. For

comparison, we show the theoretical results for

the unitary case as the red curve. Here, the

horizontal axis for the theory was obtained

using the approximation T̃ , T̃nat via Eq. 3. On

a large-scale plot, the data for the strongly

interacting and noninteracting gases appear to

be quite similar, although there are important

differences at low temperature.

A noticeable result is observed by plotting

the low-temperature data of Fig. 1 on an

expanded scale (25, 26). This reveals a tran-

sition in the heat capacity, which is made

evident by plotting the data for the strongly

interacting gas on a log-log scale, as in Fig.

2. The transition is apparent in the raw

temperature data (25, 26) and is strongly
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suggestive of the onset of superfluidity. The

observed spatial profiles of the gas vary

smoothly and are closely approximated by T-F

shapes in the transition region. Figure 2 shows

the transition after converting the empirical

temperature T̃ to theoretical T/T
F

units.

The empirical temperature was calibrated

to enable precise comparison between the

theory and the experimental data. For the cal-

ibration, we subjected the theoretically de-

rived density profiles (27, 36) to the same

one-dimensional T-F fitting procedure that

was used in the experiments. One-dimensional

density distributions were obtained by inte-

grating over two of the three dimensions of

the predicted spatial profiles, which were

determined for a spherically symmetric trap.

Our results for this temperature calibration

are shown in the inset to Fig. 2. This cali-

bration provides a mapping between the

experimental reduced temperature
ffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b

p
T̃,

and the theoretical temperature T/T
F
. We

found that T̃ 0 T̃nat is a very good approxi-

mation above T
c
. Such scaling may be a

manifestation of universal thermodynamics

(4). The difference between T̃ and T̃
nat

is

significant only below the superfluid transi-

tion T
c

and is therefore negligible in the

large-scale plot of Fig. 1 over a broad

temperature range. However, below T
c
, the

fits to the theoretical profiles yield a value

of
ffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b

p
T̃, which is lower than the theo-

retical value of T/T
F
. This is a consequence

of condensate effects (26).

Figure 2 shows that above a certain

temperature T
c
, the strongly interacting data

nearly overlap that of the noninteracting gas,

and exhibit a power law fit E/E
0

– 1 0 4.98

(T/T
F
)1.43. Below T

c
, the data deviate greatly

from noninteracting Fermi gas behavior, and

are well fit by E/E
0

– 1 0 97.3 (T/T
F
)3.73

(dashed curve). From the intersection point of

these power law fits, we estimate T
c
/T

F
0 0.27

(0.02) (statistical error only). This is very

close to our theoretical value T
c
/T

F
0 0.29.

The fractional change in the heat capacity

C is estimated from the slope change in the

fits to the calibrated data. We find the

relative specific heat jump (CG – C9)/C9 ,

1.51 (0.05) (statistical error only), where 9
denotes above T

c
and G denotes below T

c
.

This is close to the value (1.43) for an s-wave

BCS superconductor in a homogeneous case,

although one expects preformed pairs, i.e.,

pseudogap effects, to slight modify the dis-

continuity (28).

In Figs. 2 and 3, the theory is compared

to the calibrated data after a very slight

detuning of the magnetic field in the model

away from resonance, so that the predicted

unitary gas parameter b has the same value as

measured. This small detuning, (k
F

a)j1 0 0.11,

where kF 0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mkBTF=I

2
q

, is reasonable given

the broad Feshbach resonance (39) in 6Li.

Fig. 2. Energy input
versus temperature from
Fig. 1 after temperature
calibration on a log-log
scale. The strongly in-
teracting Fermi gas
shows a transition in be-
havior near T/TF 0 0.27.
Green circles indicate
noninteracting Fermi
gas data and blue dia-
monds indicate strong-
ly interacting Fermi gas
data. The red curve
shows the prediction
for a unitary Fermi gas
in a Gaussian trap and
the black curve shows
the prediction for a
noninteracting Fermi
gas in a Gaussian trap,
as in experiment. The
black dashed line shows
the best-fit power law
[97.3 (T/TF)

3.73] to the unitary data for T/TF e 0.27. The inset shows the calibration curve, which has
been applied to the unitary data (blue diamonds). The red dashed line in the inset represents the
diagonal, T=TF 0

ffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b

p
T̃. Here, E0 K E(T 0 0).

Fig. 1. Total energy ver-
sus temperature. For each
heating time theat, the
temperature param-
eter T̃ is measured from
the cloud profile, and
the total energy E(theat)
is calculated from Eq. 2
in units of the ground
state energy E0. Green
circles indicate nonin-
teracting Fermi gas da-
ta and blue diamonds
indicate strongly inter-
acting Fermi gas data.
The black curve shows
the predicted energy
versus reduced temper-
ature for a noninteracting trapped Fermi gas, Eideal(T̃ )=Eideal(0). The red curve shows the predicted
energy versus T̃ for the unitary case. No temperature calibration is applied because T̃ , T̃nat over the
broad temperature range shown. Note that the lowest temperature point (blue square) is constrained
to lie on the black curve.

Fig. 3. Low-temperature
comparison of present
theory (red, black curves)
and experiments (sym-
bols) in terms of E/EF
(EF 0 kBTF) per atom as
a function of T/TF , for
both unitary and non-
interacting gases in a
Gaussian trap. The two
experimental (and the
two theoretical) curves
do not merge until high-
er T* 9 Tc, which is con-
sistent with the presence
of a pseudogap.
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Finally, Fig. 3 presents an expanded view

of the low-temperature region. Here, the

experimental unitary data are calibrated and

replotted in the more conventional theoreti-

cal units, E
F
0 k

B
T

F
and T

F
. The agreement

between theory and experiment is very good.

In the presence of a pseudogap, a more

elaborate treatment (28) of the pseudogap

self energy, which takes into account spectral

broadening, will be needed in order to

calculate accurately the jump in specific heat.

By extending the temperature range in

Fig. 3 to high T, we find that both the unitary

and noninteracting cases coincide above a

characteristic temperature, T*, although be-

low T
c

they start out with different power

laws (as shown in Fig. 2). In general, we find

that agreement between theory and experi-

ment is very good over the full temperature

range for which the data were taken. The

observation that the interacting and non-

interacting curves do not precisely coincide

until temperatures rise substantially above T
c

is consistent with (although it does not

prove) the existence of a pseudogap and

with onset temperature from the figure T , 2

T
c
. Related signatures of pseudogap effects

are also seen in the thermodynamics of high-

temperature superconductors (17).
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Simultaneous State Measurement
of Coupled Josephson

Phase Qubits
R. McDermott,1,2 R. W. Simmonds,2 Matthias Steffen,1

K. B. Cooper,1 K. Cicak,2 K. D. Osborn,2 Seongshik Oh,2

D. P. Pappas,2 John M. Martinis1*

One of the many challenges of building a scalable quantum computer is single-
shot measurement of all the quantum bits (qubits). We have used simultaneous
single-shot measurement of coupled Josephson phase qubits to directly probe
interaction of the qubits in the time domain. The concept of measurement
crosstalk is introduced, and we show that its effects are minimized by careful
adjustment of the timing of the measurements. We observe the antiphase
oscillation of the two-qubit k01À and k10À states, consistent with quantum
mechanical entanglement of these states, thereby opening the possibility for
full characterization of multiqubit gates and elementary quantum algorithms.

Considerable progress has been made toward

the implementation of a quantum computer (1)

based on superconductors. Coherent single-

qubit operations have been shown in Joseph-

son flux (2) and phase (3) qubits, and the time

domain interaction of coupled qubits (4) and a

controlled-NOT logic gate (5) have been

demonstrated in the Josephson charge qubit

(6, 7). Previous studies of coupled supercon-

ducting qubits have relied on separate mea-

surements of the individual qubits (bitwise

readout). Such an approach does not yield

complete information about the system and

fails, for example, to directly establish corre-

lations between the qubits in the case of an

entangled state. To test quantum algorithms

efficiently or to perform quantum state

tomography and thereby definitively prove

entanglement, it is necessary to measure all

the qubits simultaneously (wordwise readout)

and with high fidelity. For multiqubit circuits

with fixed coupling—a common architecture

for superconducting qubits—the realization of

this goal is complicated by measurement

crosstalk: Measurement of the state of one

qubit may perturb the state of other qubits,

destroying information about quantum correla-

tions. Although continued progress toward the

realization of quantum gates in superconduct-

ing circuits requires a thorough understanding

of measurement crosstalk, this issue has

received little attention to date.

We describe simultaneous single-shot

state measurements to probe the interaction

of coupled Josephson phase qubits in the time

domain. The observed antiphase oscillation of

the occupation probabilities of the two-qubit

basis states k01À and k10À is consistent with

quantum mechanical entanglement of these
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Santa Barbara, CA 93106, USA. 2National Institute
of Standards and Technology, 325 Broadway, Boul-
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*To whom correspondence should be addressed.
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states. Moreover, the free evolution between

the k01À and k10À states contains the essential

ingredient of the two-qubit imaginary-SWAP

(i-SWAP) operation, which, taken together

with single-qubit rotations, forms a universal

set of quantum gates (8). Our results depend

crucially on a scheme for fast (È1 ns) state

measurement and accurate adjustment of the

timing of the measurements of the two qubits

in order to circumvent measurement crosstalk

in the circuit. The characteristic decay time

for the two-qubit oscillations is consistent

with the longitudinal relaxation time of the

single-qubit circuit, which suggests that little

additional dissipation is introduced by cou-

pling the qubits. This bodes well for future

tests of multiqubit gates and for more

rigorous demonstrations of quantum correla-

tions in multiqubit circuits.

The Josephson qubit can be thought of as

a manufactured electrical Batom[ having

discrete energy levels that exist in a potential

energy landscape determined by the circuit

design parameters and bias (Fig. 1, A and B).

We previously demonstrated high-resolution

spectroscopy and coherent oscillations in the

time domain in a single-qubit circuit (9, 10).

To implement a coupled qubit circuit, we

connected two flux-biased phase qubits via a

thin-film capacitor (11) (Fig. 1C). We label

the qubits A and B. The interaction Hamil-

tonian can be written

Hint 0 S=2 ðk01À b10k þ k10À b01kÞ ð1Þ

where k01À K k0
A

1
BÀ. In terms of the circuit

parameters, the coupling strength is S ,

(C
x
/C

j
)Iw

10
, where C

x
is the coupling ca-

pacitance, C
j
is the junction self-capacitance,

I is Planck_s constant divided by 2p, and

w
10

is the resonance frequency of the qubits.

The interaction can be controlled by adjusting

the flux bias of the qubits to change w
10

, bring-

ing the qubits in and out of resonance. When

the qubits are tuned to resonance (Fig. 2A,

inset), the eigenstates are the (entangled) sym-

metric and antisymmetric combinations of k01À
and k10À, with eigenenergies –S/2 and S/2,

respectively. Far from resonance, the system

behaves as two independent qubits.

Because our circuit is a manufactured quan-

tum system, the energy levels are not known

a priori; therefore, we must use spectroscopy

to map out the qubit resonance frequencies

versus bias (12). In the frequency domain,

the interaction is manifested as an avoided

level crossing at the point where the resonance

frequencies of the two qubits are matched (13).

We biased qubit A to yield a resonance fre-

quency w
10A

/2p of 8.65 GHz (14). Subsequent

spectroscopy of qubit B revealed a splitting

S/h 0 80 MHz centered at 8.65 GHz (15).

The measured splitting is consistent with

the estimated coupling capacitance and junc-

tion self-capacitance of 6 fF and 700 fF,

respectively, which are close to the design

values.

We next investigated the interaction of the

two qubits in the time domain. The qubits

were tuned into resonance and initialized in

the ground state k00À. We then applied an

8.65-GHz microwave p pulse to qubit A to

prepare the state k10À (Fig. 2A, inset). Because

this state is not an eigenstate of the two-qubit

Hamiltonian, it undergoes free evolution in

the subspace spanned by the vectors k01À and
k10À, according to the relation

kYðtÞÀ 0 ½ðk10À þ k01ÀÞexpEðiS=2IÞt^ þ
½ðk10À j k01ÀÞexpEjðiS=2IÞt^

0 cos EðS=2IÞt^k10À þ i sin EðS=2IÞt^k01À

ð2Þ

Fig. 1. (A and B) Potential energy
landscape for the flux-biased
Josephson phase qubit. During
operation, the qubit is biased so
that the junction phase d is
trapped in a metastable mini-
mum of the potential U(d), which
contains several discrete energy
levels. Measurement is accom-
plished by a fast flux pulse that
adiabatically lowers the potential
barrier, inducing a tunneling tran-
sition from the k1À state to the
right-hand well of the potential,
which contains around 150
states, resulting in a flux change
of È1F0 K h/2e. (C) Circuit
diagram of the coupled phase
qubit circuit. The qubit junctions,
with self-capacitance Cj , 700 fF,
are coupled via the capacitance
Cx , 6 fF; the junction critical
currents are 1.7 mA, and the qubit
loop inductances are 720 pH. The
qubits are capacitively coupled to
the microwave control lines; each
qubit loop is inductively coupled to a coil that provides both the flux bias and the measurement
pulse, as well as to a dc superconducting quantum interference device (SQUID; not shown) that is
used to read out the flux state of the qubit loop. The devices are fabricated from Al/AlOx/Al
trilayers by means of conventional thin-film techniques and optical lithography.

Fig. 2. Interaction of coupled
qubits in the time domain. (A)
With the qubits tuned to res-
onance w10A/2p 0 w10B/2p 0
8.65 GHz, a microwave p pulse
on qubit A prepares the state
k10À. This state subsequently
undergoes free precession in
the subspace spanned by k10À
and k01À before being mea-
sured, yielding the state k00À,
k10À, k01À, or k11À. Repeated
measurements give probabil-
ities 1 – P00, P10, P01, and P11,
which are plotted (points)
versus free precession time
tfree. The solid lines are from
numerical simulations that
assume a gating time of 5 ns
for the p pulse and take into
account microwave cross-
coupling of –10 dB, measure-
ment fidelity of 70%, and a
single-qubit T1 of 25 ns, all
determined experimentally
from separate measurements.
Inset shows the qubit energy
levels and depicts schemati-
cally the coupling between
the states k10À and k01À. (B
and C) Oscillations of P10 and P01 (color scale) as qubit B is
detuned from the resonance of qubit A (dashed line).
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Therefore, measurements of the two qubits

should be anticorrelated, with a k0À for qubit

A yielding a measurement of k1À for qubit B

and a k1À for qubit A yielding a measurement

of k0À for qubit B. After a variable period of

free evolution t
free

, we applied simultaneous

measurement pulses to the two qubits, yield-

ing four possible measurement outcomes. By

repeated trials (100,000 events per data point),

we obtained the occupation probabilities P
00

,

P
01

, P
10

, and P
11

. These probabilities (points)

are plotted in Fig. 2A versus t
free

.

The occupation probabilities P
01

and P
10

oscillate out of phase, in agreement with the

expected anticorrelation of the states of the

two qubits. Moreover, the oscillation period

is consistent with the 80-MHz splitting

observed in the spectroscopy of the coupled

qubits. The reduced amplitude of the oscil-

lations is consistent with simulations (solid

lines) that account for a gating time of 5 ns

for the p pulse, a measured microwave cross-

coupling from qubit A to qubit B of –10 dB,

a measured 70% fidelity of the qubit state

measurement (10), and a measured energy

relaxation time T
1

of 25 ns for the individual

qubits.

We next repeated the above experiment

for a range of qubit detunings by adjusting

the flux bias of qubit B. The occupation

probabilities P
01

and P
10

as functions of both

t
free

and w
10B

/2p are shown in Fig. 2, B and

C. The oscillation frequency increases and

visibility decreases with detuning, resulting

in a characteristic Bchevron[ pattern for the

damped oscillations, in agreement with

theoretical predictions (10).

We emphasize that the antiphase oscilla-

tion of the occupations of the k01À and k10À
states is most clearly seen when the timing of

the measurement pulses is adjusted to ensure

simultaneity. As the relative delay t
delay

of

the measurement pulses is increased beyond

È2 ns, we observe a striking change in the

character of the evolution of the occupation

probabilities (Fig. 3). In the case of sequen-

tial measurements of the two qubits, mea-

surement of the k0À state in the first qubit has

no effect on the outcome of measurement of

the second qubit. On the other hand, mea-

surement of the k1À state in the first qubit

results in an enhancement of the probability

of measuring the k1À state in the second

qubit. We refer to this phenomenon as mea-

surement crosstalk.

The physical mechanism for measure-

ment crosstalk in our circuit can be described

as follows. The measurement of a k1À state in

the first qubit implies a tunneling event to

the right-hand well of the qubit potential.

The resulting oscillation in the right-hand

well produces a microwave voltage pulse

(from the ac Josephson relation). This

voltage drives a transient current I
x
(t) to the

second qubit and induces transitions from the

ground state. Because the qubits are weakly

coupled (C
x
¡ C

j
), the effect of the current

I
x
(t) can be understood by treating it as a

classical drive to the second qubit. Numeri-

cal simulations indicate that the ring up of

the second qubit can be separated into three

segments in time (Fig. 4, A and B). In

segment I, the initial oscillation in the right-

hand well of the measured qubit samples the

region near the turning point at the top of the

well, corresponding to frequencies below

Fig. 3. Measurement crosstalk in the
phase qubit, determined by sequen-
tial measurement of the states of the
qubits. (A) Qubit A was measured 4 ns
before qubit B; the data are plotted as
in Fig. 2. (B) Same as (A) but with
qubit A measured 4 ns after qubit B.
The insets represent the currents
applied to each of the qubit junc-
tions; the microwave p pulse prepares
the state k10À and Gaussian pulses
(labeled M) measure the qubit states.
When qubit A is measured before
qubit B, the oscillations in P11 are
correlated with the oscillations in P10;
when qubit A is measured after qubit
B, the oscillations in P11 are correlated
with the oscillations in P01. From the
relative amplitude of the oscillations,
we conclude that measurement of k1À
in the first qubit results in false
measurement of k1À in the second
qubit with È70% probability.

Fig. 4. Description of simultaneous measurement. (A) Numerical simulation of the energy transfer to qubit B induced by a tunneling event in qubit A. (B) The
three stages of energy transfer correspond to energy decay through regions I to III in the potential diagram. (C) P11 versus free evolution time tfree and relative
delay tdelay of the measurements of the two qubits.
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the resonance frequency of the second qubit.

The resulting drive current is off resonance

with the second qubit; therefore, no appre-

ciable coupling occurs for a time È0.1T
1
. In

segment II, as the oscillations damp and

come into resonance with the second qubit,

the energy transferred to the second qubit is

roughly quadratic in time and can be para-

meterized as E
x
/Iw

10
È 10(C

x
/C

j
)2Ew

10
(t

delay
–

0.1T
1
)^2. In segment III, as the measured

qubit continues to decay and begins to

sample the deepest harmonic regions of the

right-hand well, the oscillation frequency

moves above the resonance frequency of

the second qubit. No additional energy is

added, and the energy transferred to the

second qubit levels out at a value E
x
/Iw

10
È

100(C
x
/C

j
)2w

10
T

1
. Taking the probability for

an k0À Y k1À transition to be P
1
, E

x
/Iw

10
for

E
x
/Iw

10
¡ 1, we predict minimal mea-

surement crosstalk for our circuit for kt
delay

k G
2 ns. Moreover, we note that the constraint on

measurement timing becomes less stringent

for qubits with longer T
1
.

We investigated the dependence of mea-

surement crosstalk on the timing of the

measurements by repeating the experiment

of Fig. 2 while varying t
delay

to cover a total

range of T4 ns (Fig. 4C). When t
delay

9 2 ns,

the probability P
11

is correlated with P
10

;

when t
delay

G 2 ns, P
11

is correlated with P
01

.

It is only when the relative delay of the

measurements is optimally adjusted (kt
delay

k G
2 ns) that P

11
is small and the oscillations in

P
11

disappear. Separate experiments indicate

that when the timing of the measurement

pulses is optimized, a tunneling event in one

qubit results in a false measurement of k1À in

the second qubit with only 15% probability.

This residual measurement crosstalk can be

attributed to the finite duration of the mea-

surement pulse.

Our results suggest that it is possible in

principle to perform high-fidelity measure-

ments of multiple qubits. Such a technique

may lead to scalable quantum information

processing based on Josephson junctions.
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Evidence for a Great Medieval
Earthquake (È1100 A.D.) in the

Central Himalayas, Nepal
J. Lavé,1*. D. Yule,2* S. Sapkota,3 K. Basant,3

C. Madden,4 M. Attal,1 R. Pandey3

The Himalayan orogen has produced three thrust earthquakes with moment
magnitude (Mw) 7.8 to 8.5 during the past century, yet no surface ruptures
associated with these great earthquakes have been documented. Here, we
present paleoseismic evidence from east central Nepal that, since È700 A.D.,
a single earthquake ruptured the Frontal Thrust fault at È1100 A.D., with a
surface displacement of È17 (þ5/–3) meters and a lateral extent and size that
could have exceeded 240 kilometers and ÈMw 8.8, respectively. Ruptures
associated with Mw G8.2 events would contribute to the frontal Himalayas
folding but would stop before reaching the surface. These findings could
require substantial modifications to current regional seismic hazard models.

The primary features of the Himalayan

orogen are now understood, but the details

of its seismotectonic behavior and maximum

earthquake magnitudes are mostly unknown,

despite their important implications re-

garding the seismic hazards facing densely

populated regions. During the past century,

the Himalayan arc has experienced three

major thrust earthquakes of moment magni-

tude (M
w

) 97.8. Growth folding (1, 2) and

surface faulting (3–5) have been reported in

Holocene strata and terraces; paradoxically,

none of these recent events reportedly pro-

duced coseismic surface ruptures, including

the 1934 Bihar Nepal M
w

8.1 earthquake (6),

which produced high-intensity shaking that

was experienced throughout east Nepal and

bordering regions of India (Fig. 1). To

confirm the absence of rupture associated

with this event and determine which events

have led to the tectonic scarps, we conducted

a paleoseismic study across the Himalayan

front in the Marha Khola region, southeast of

Kathmandu, in an area close to the inferred

1934 rupture zone.

Since È20 million years ago, the defor-

mation front resulting from the India/Asia

collision has been expressed through the ac-

tivation of two major thrust zones that are

presumed to branch upward from a major

midcrustal decollement: the Main Himalayan

Thrust (7–10) (Fig. 1). In front of the rising

Himalayas, thin-skinned thrust faulting has

incorporated Cenozoic molasse deposits

(Siwalik Formations) into the hanging walls

of thrust faults, now expressed as the low-

relief Siwalik Hills at the southern edge of

the range. Geomorphic evidence of active

tectonics indicates that 50 to 100% of the

shortening across the Himalayas is trans-

ferred toward the southernmost of these

faults, the Main Frontal Thrust fault (2, 5,

11). However, geodetic observations (12, 13)

indicate that current interseismic deforma-

tion is centered on a belt of microseismicity

(9) that follows the southern edge of the

Tibetan Plateau, È100 km north of the

frontal structure (Fig. 1). One explanation

of this apparent paradox proposes that the

current deformation mostly accumulates

elastically at the transition along the decolle-

ment from steady creep beneath southern

Tibet to locked beneath the High Himalaya,

and that this elastic deformation releases and

transfers to the front during large earth-

quakes (2, 9), possibly like the 1934 M
w

8.1 earthquake.
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The study area at Marha Khola is well suit-

ed to test the above seismotectonic model: It

is located west of the maximum intensity felt

during this 1934 event (Fig. 1) but within the

hypothetical 200- to 300-km-wide rupture

segment (14) and also across the active

Bagmati/Ratu anticline (fig. S1) (15), where

numerous folded fluvial Holocene terraces

indicate a full transfer of the convergence to

the frontal structure (2). Along the Marha

Khola, fluvial strath terraces (Fig. 2) have

been uplifted 5 to 40 m above its present

channel. A tectonic scarp marks the southern

extent of these terraces (fig. S1) (15). The

scarp is È4 m high across the youngest

uplifted terrace (HT
4
) and exhibits a sinuous

geometry (Fig. 2).

Trenches 1 and 2, excavated across this

scarp, and trench 3, a riverbank exposure

cleaned and extended to depth (Fig. 2),

expose four stratigraphic units (Fig. 3). Unit

1, deposited above the HT
4

strath at È700

A.D. (samples MA-4 or M-2-29), consists of

a near-uniform, 3-m-thick sequence of fluvi-

al gravel (Fig. 2B). Unit 2 overlies this

sequence and varies laterally from a 20-cm-

thick, organic-rich soil (trench 3) dated at

1000 to 1200 A.D. (samples M-3-5 and M-2-

9) to 92.5 m of fine to coarse-grained fan

material, with interlayered thin soil horizons

(trench 1). Fluvial incision has truncated

units 1 and 2 along a major unconformity,

U
2–3

. In trench 2, the unconformity is

overlain in its western part by a sequence

of fluvial gravels (unit 3) that bury the

footwall and deposit a thin veneer on top of

the frontal fold. Subsequently, unit 4 de-

posits (interlayered weak soil, slope wash,

overbank, and fluvial materials capped by

the present-day 40-cm-thick cultivated soil)

were deposited between 1000 and 1900 A.D.

(Fig. 4).

The tectonic scarp consists of several

main fault zones (F1, F2, and F3) and related

folds. All faults in trenches 1 and 2 and F3

in trench 3 have ruptured the fluvial se-

quence (units 1 and 2) and are sealed by

units 3 and 4. The upper ruptures F1 and F2

in trench 3 break units 1 and 2, but no

dateable constraint in the form of an intact

overlying horizon exists (Fig. 3). According

to the charcoal ages (Fig. 4 and table S1)

(15), the faults ruptured the surface between

1020 and 1160 A.D. Although a complex

scenario with two large ruptures spanning

È150 years could be envisaged, the simplest

explanation of our observations, supported

by a careful analysis of relationships in T2

(discussion S1) (15), is to conclude that

faults F1, F2, and F3 are coeval and the

timing of their rupture is constrained by the

age of formation of the major U
2–3

un-

conformity at È1100 A.D. (Fig. 4).

Along the right bank of Marha Khola and

northwest of the scarp, the HT
4

strath level

and overlying unit 1 gravels exhibit a near-

uniform uplift relative to the present Marha

Khola floodplain (Fig. 2), consistent with a

rigid-body translation above a thrust ramp at

depth (2). Assuming an ÈS20-W slip direc-

tion (Fig. 1) and uniform rigid-body uplift

above a ÈN70-W-striking 25- T 5- dipping

ramp (fig. S1) (15), the 7- to 7.5-m vertical

separation of HT
4

would result from a slip

event of 17 (þ6/–4) m. In the trenches, a

similar amount of slip, 17 (þ5/–3) m, can be

estimated from the strike and dip of the

different fault segments and from the vertical

separation, at some distance from the fault,

of either the HT
4

strath level or the top of the

fluvial sequence (unit 1) (table S2 and

discussion S2) (15).

According to the classical view on scaling

between slip value, rupture area, and magni-

tude (16), we would expect that the È1100

A.D. earthquake ruptured a large segment of

the Himalayan arc. Unfortunately, published

scaling theories are inappropriate to estimate

the extent and magnitude of large shallow

thrust earthquakes (16). Consequently, the

surface rupture observed at Marha Khola

suggests two possible end-member hypothe-

ses: a large earthquake (7.6 e M
w
e 8.1) with

slip enhancement close to the surface or a

great earthquake (8.4 e M
w
e 8.8) activating

a large fault plane with an average rupture

slip similar to the value observed at Marha

Khola.

A possible analog to the first hypothesis,

the recent M
w

7.6 Chi-Chi thrust earthquake

(17, 18) in the western foothills of Central

Taiwan, locally produced surface slip of 910 m,

Fig. 1. (A) Map of eastern
Nepal, including Global
Positioning System (GPS)
velocities relative to GPS
stations in the Gangetic
Plain (23), the focal mech-
anisms of the major earth-
quakes (Mw 9 5) since
1965 [International Seis-
mological Centre; Harvard
solution (24)], and the epi-
center of the Mw 8.1 1934
thrust earthquake (star)
(25). The Marha Khola
trench site (A) is located
west of the most heavily
shaken area (isoseismal
MSK intensity contour 0
VIII) (26), È240 km from
a previous paleoseismic
trenching study (C) in far
east Nepal (1). At B, the
Main Frontal Thrust fault
slips at 21 T 1.5 mm/year
during the Holocene (2).
(B) Simplified structural
cross section across the
central Himalayas of Ne-
pal, with the major instru-
mental thrust earthquakes
since 1965 (circles) and the cluster of microseismicity (9) (gray shading). MCT, Main Central Thrust;
MBT, Main Boundary Thrust; MFT, Main Frontal Thrust; MHT, Main Himalayan Thrust.
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Fig. 2. (A) Topographic map of the trench site
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yet activated a relatively small rupture plane

(30 � 80 km). Here, a Chi-Chi–type earth-

quake, of magnitude M
w
e 7.8 (same rupture

area but doubling slip), would release

tectonic loading accumulated below the

Siwaliks Hills or the southern part of the

Lesser Himalayas.

A major conclusion of this study is the

absence of surface rupture during the M
w

8.1

1934 Bihar Nepal earthquake, confirming

previous reports (3, 14). The rupture could

have broken the vertical northern branch of

the fault propagation fold (fig. S1) (15), but

we did not observe a tectonic scarp across

this northern fault, and subsidence in the

Gangetic plain detected by leveling mea-

surements (19) contradicts the hypothesis

that the 1934 rupture propagated south of the

Main Frontal Thrust fault (7). We suspect

that earthquakes such as the 1934 event

therefore could break the locked segment of

the Main Himalayan Thrust (2, 12) but die

out before reaching the surface and deliver

elastic strain at the southern tip of their

rupture to active folding in the Siwalik Hills.

This deformation, if elastically stored, could

then be released during a Chi-Chi–type

earthquake that activates the ramp and

ruptures to the surface trace of the Main

Frontal Thrust. Alternatively, a subsequent

1934-type event could activate the elastical-

ly stored energy and finally deliver slip to

the surface, resulting in an unusually large

surface displacement (maximized near the

surface).

Two observations do not seem, however,

to support these views. First, a summation

of the seismic moment for the Himalayan

arc reveals that the frequency of M
w
; 8.1

earthquakes during the past three centuries

is insufficient (19) to explain the transfer

of most of the South Tibet/India conver-

gence toward the frontal fold (2). Second,

the absence of a surface rupture since the

È1100 A.D. event requires that elastic

strain has been accumulating for È830 years

Fig. 3. Logs of the
northwest walls of
trenches 1 and 2 (top)
and photograph of the
northwest wall of
trench 3 (bottom).
Unconformity U2–3

(heavy green line)
separates deformed
from undeformed
units, separating un-
derlying pre-rupture
from overlying post-
rupture units, respec-
tively. Triangles show
locations of charcoal
samples (see Fig. 4
for age data).
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beneath the Siwaliks Hills. However, the

uplift profiles of the youngest Holocene

terraces across the Bagmati/Ratu anticline

(fig. S1) (15) do not exhibit the expected

component of elastic deformation (discus-

sion S3 and fig. S2) (15). Rather, terrace

profiles suggest that the ruptures associated

with blind M
w

G8.2 events contribute by

permanent postseismic deformation to the

long-term folding of the most frontal Hima-

layan structures.

In the second hypothesis, the large slip

value observed at Marha Khola would

have been produced by a great earthquake

that ruptured a large segment of the

Himalayan arc. In contrast with the M
w
0

8.1 1934-type events, its seismic energy

would have been sufficient for the rupture

to propagate up to the surface. In this

hypothesis, the È1100 A.D. earthquake

may have nucleated below the High Hima-

layas, as is suspected for the 1934 event,

and broken through to the surface trace of

the Main Frontal Thrust fault, a cross-strike

distance of about 100 km (Fig. 1). Its lateral

extent could have therefore reached or

overcome the 200- to 300-km length that

has been ascribed to the 1934 M
w

8.1

earthquake (14). A trench across the Main

Frontal Thrust fault in far east Nepal (3, 4)

exposed a rupture with 94 to 8 m of slip that

occurred between 1050 and 1300 A.D. (Fig.

4). If this surface rupture is synchronous to

the È1100 A.D. event, its lateral extent

would reach at minimum 240 km. The

magnitude of this earthquake would range

from M
w

8.4 up to M
w

8.8 (20), assuming that

the respective slip values observed in far east

Nepal and Marha Khola trenches are repre-

sentative of the average slip on the fault

plane.

Additional paleoseismic studies are re-

quired to test the above hypotheses and to

ascribe a more precise rupture length, mean

slip, and magnitude to the inferred great

medieval earthquake. For the moment, ac-

cording to the worst scenario and to magni-

tude distribution law for thrust earthquakes in

Nepal (21), the return period for a ÈM
w

8.8

and 17-m mean slip event would range

between 1800 and 3000 years at Marha

Khola (with large uncertainties, given that

the magnitude distribution law can not

easily be extrapolated to large earthquakes).

Such very large events would thus accom-

modate 25 to 50% of the shortening across

the Himalayas, and if generalized to the

whole Himalayan arc, would help to bring

the seismic moment summation to closure

(19). Between two such great earthquakes,

the Main Himalayan Thrust can generate, in

addition, several 7.5 G M
w
G 8.2 events, but

in the absence of surface ruptures, estimat-

ing the recurrence and slip for this type

of Himalayan thrust earthquake is not possi-

ble using conventional paleoseismic trench

studies.

References and Notes
1. T. Nakata, Spec. Pap. Geol. Soc. Am. 232, 243

(1989).
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How Science Survived: Medieval
Manuscripts’ ‘‘Demography’’
and Classic Texts’ Extinction

John L. Cisne

Determining what fraction of texts and manuscripts have survived from
Antiquity and the Middle Ages has been highly problematic. Analyzing the
transmission of texts as the ‘‘paleodemography’’ of their manuscripts yields
definite and surprisingly high estimates. Parchment copies of the foremost
medieval textbooks on arithmetical and calendrical calculation closely fit age
distributions expected for populations with logistic growth and manuscripts
with exponential survivorship. The estimated half-lives of copies agree with
Bischoff’s paleographically based suggestion that roughly one in seven man-
uscripts survive in some form from ninth-century Carolingian workshops. On
this basis, many if not most of the leading technical titles circulating in Latin
probably survived, even from late Antiquity.

Every student learns that the germ of his or

her science barely made it through the Mid-

dle Ages. Just how likely were individual

handwritten books to survive, or entire works

to be lost? So far, the best evidence has

come from the histories of individual manu-

scripts, libraries, and texts as reconstructed by

paleographers, and it is overwhelmingly

anecdotal.

Because manuscripts, unlike printed ma-

terial, must be copied individually from

antecedents, like organisms, their multi-

plication likewise should be inherently ex-

ponential. By treating the manuscripts of a
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text as if they were fossils from an extinct

population (1, 2), and by drawing on cen-

turies of paleographic scholarship for demo-

graphic data, it becomes possible to roughly

characterize the dynamics of the transmis-

sion process.

The Markov birth-and-death process is

perhaps the simplest and most generally ap-

plicable stochastic model for any such

statistical population_s growth (3). Suppose

that, in any given instant, each manuscript of

a text has a certain probability l of Bgiving

birth[ (being copied) and a certain probabil-

ity m of Bdeath[ (being destroyed). The

population_s expected per capita birthrate

will be l, and its expected per capita death

rate will be m. Individuals will die off

exponentially with half-life (ln 2)/m. If l 9
m, a population of size M

t
at time t will

increase exponentially with doubling time

(ln 2)/(l – m) and will suffer chance

extinction with probability (m/l)M0 (3).

Of course, any real population_s per

capita growth rate will decrease as M
t

increases toward some limit M
V

. Suppose

that the per capita birth rate l
M

decreases

linearly with the difference between the

population_s actual and limiting sizes: l
M
0

l – (l – m)(M
t
/M

V
). The rationale is that new

copies, being very expensive, were produced

individually to order, as librarians_ book lists

and correspondence suggest (4), not by the

batch on speculation, like printed books.

Suppose also that the actual per capita

death rate m is constant, the rationale being

that manuscripts_ destruction generally was

unintentional and hence tended to proceed

at a more or less constant per capita rate,

barring proscription or obsolescence of the

text.

What emerges is the Verhulst-Pearl lo-

gistic equation for population growth, which

Price suggested might apply to growth of the

scientific literature (5), and a somewhat dif-

ferent expression for the surviving number of

manuscripts m
t

(as opposed to the generally

unknown M
t
): m

t
/m

T
0 Ee–l(T – t) þ e–m(T – t)^/

Ee–l(t – t) þ e–m(t – t)^, where t is the expected

time for a population to grow from M
0
0 1

to Mt 0 M
V

/2, and T 0 t
T

– t
0

is a reference

time interval (1) (Fig. 1A). The Bfossil[
population_s age distribution (m

t
) should be

very sensitive to the probability ratio m/l
(1). If m/l G 3 – 81/2 , 0.17, the cumulative

age distribution (m
t
) will have an inflection

point, and the corresponding age-frequency

curve (dm
t
/dt) will preserve a distinct maxi-

mum corresponding to the maximum in the

growth-rate curve (dM
t
/dt). Otherwise, if

m/l 9 3 – 81/2, both curves will be concave

upward.

The Venerable Bede_s De Temporum

Ratione (725 A.D.) (6–8) is nearly ideal for

studying the dissemination of technical in-

formation: It was the standard textbook on

arithmetical and calendrical calculation from

the eighth to sixteenth centuries (9, 10): Its

first chapter, on finger counting, was the

standard instruction manual for the Bpocket

calculator[ of the time, and so found a

readership in commercial as well as learned

circles (11); it was ideologically neutral; it is

relatively common; and its manuscript tradi-

tion is well known (Fig. 1B). Much the same

can be said of Bede_s three other technical

works (1), which are included for compari-

son (Fig. 1, B and C).

Despite many potential complications,

the model evidently applies well to all four

cases, the iteratively fitted least-squares

curves in Fig. 1, B and C, accounting for

96 to 99% of the variance in m
t
(R2, Table 1)

(1). Figures indicate that a title_s manuscripts

were about 15 to 30 times more likely to be

copied as to be destroyed and had a half-life

of four to nine centuries, and that pop-

ulation_s doubling time was on the order of

two to three decades (Table 1). Modest

escalations (5) in M
V

took place during the

ninth-century Carolingian renaissance Ewhen

Bede_s textbooks began to be mass produced

as part of the program to promote and

standardize education and administration

throughout the nascent Holy Roman Empire

(11, 12)^, during the 12th-century renais-

sance, and again during the Renaissance of

the 15th century (Fig. 1, B and C)—

correspondingly modest violations of the

model_s assumption of constant M
V

, but also

evidence that manuscripts_ age distribution

reflects an ongoing balance between supply

and demand, as assumed.

For manuscripts in general, the fraction

that escaped destruction during social up-

heavals such as the Viking wars or French

Revolution, or through simple neglect after

printed editions appeared, has attracted

widely varying guesses but hardly any

reasoned estimates. The one most generally

accepted for titles of Bede_s vintage has

been that of Bischoff, who suggested that

about one in seven manuscripts have

survived from ninth-century Carolingian

workshops (13, 14). If a roughly six-century

half-life is typical of the Bede manuscripts,

as Table 1 suggests, that number would be

closer to two in seven—remarkably good

agreement, considering the uncertainties (1).

Fig. 1. Age distributions for manuscript popu-
lations. (A) Age distributions predicted from the
model developed for populations with differing
‘‘birth’’ (l) and ‘‘death’’ (m) probabilities. Shown
are cumulative curves for the number of man-
uscripts mt surviving from time t out of a total
mT 0 150 at a time tT 0 3t, and each of these
curve’s time derivatives dmt/dt, which corre-
spond to the manuscripts’ age-frequency curves
(1). The graph is scaled for comparison with the
four cases in (B) and (C). (B and C) Age dis-
tributions for parchment manuscripts of the
Venerable Bede’s four technical works showing
the numbers of manuscripts known from each
century and the least-squares curves for mt up to
tT 0 1500 A.D. fitted according to the model in
(A) (Table 1). The manuscripts themselves range
from isolated pages to complete copies. Ages
are given to the nearest century because that is
how precisely most manuscripts have been
dated. The endpoint tT 0 1500 A.D. represents
the end of the last full century during which
copies were produced entirely by hand. The num-
ber of copies surviving from each century is
given below the age axis for each text and is
plotted in the background, tone screens dis-
tinguishing the texts (1). To alleviate the prob-
lems of aliasing, a borderline case dated ‘‘ca.
800’’ or ‘‘saec. VIII/IX,’’ for instance, is counted
as half a manuscript in the eighth century and
half in the ninth. MSS, manuscripts.

Table 1. Estimated values and standard errors of population parameters for the Venerable Bede’s four
technical works (1). cent, centuries; DTR, De Temporum Ratione; DT, De Temporibus; DNR, De Natura
Rerum, DAM, De Arte Metrica.

Text l (cent–1) m (cent–1) m/l t (cent) R2

DTR 3.6 T 0.2 0.11 T 0.00 0.032 T 0.002 È1.6 0.98
DT 2.4 T 0.1 0.08 T 0.01 0.033 T 0.004 È2.0 0.98
DNR 2.5 T 0.2 0.10 T 0.01 0.040 T 0.006 È2.0 0.96
DAM 2.6 T 0.0 0.18 T 0.00 0.070 T 0.006 È1.9 0.99
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The fraction of titles that have survived

from Antiquity has been even more un-

certain. Present results suggest that a sub-

stantial proportion of the more popular texts

circulating in the early Middle Ages probably

has survived. If a dozen parchment copies of

any one of the four Bede texts existed in

Carolingian times, and if each copy has had a

one-in-seven chance of surviving to the

present, the likelihood is greater than 80%

that at least one of these would survive

today, and thus that the text itself would

survive. If a population of a potentially

popular text such as those in Table 1

started with M
0
0 1, so that the unlimited

birth-and-death process would apply as an

approximation, the text would have roughly

a m/l e 0.07 chance of ultimate extinction

(3). Thus, if all 35 of the mostly non-

technical works that Bede lists in his

Historia Ecclesiastica Gentis Anglorum

(731 A.D.) (15) likewise had an extinction

probability of m/l e 0.07, one might expect

no more than two or three to be extinct. In

fact, three are extinct (16), suggesting that

present results apply as an approximation

to Bede_s nontechnical as well as technical

works, and quite possibly to contemporary

textbooks in general.

Taken together, present results suggest

that many if not most scientific and

technical works that circulated in Latin on

parchment in the early Middle Ages or

even in late Antiquity survive in some

form. But why then have so few actually

survived from Antiquity? For instance, only

one of seven works by Pliny the Elder and

only a small fraction of the approximately

2000 works on which he based his

Naturalis Historia (77 A.D.) (17), the fore-

most scientific encyclopedia of the Middle

Ages, have survived. The answer may lie in

copyists_ changeover from papyrus to parch-

ment during the third and fourth centuries

(18). Surviving texts may be mostly those

similar to Pliny_s (19), which happened to

have been in demand during and soon after

the transition to the new and more durable

medium.

Only further research will tell how accu-

rate or how representative present estimates

are. The important point is the apparent

feasibility of quantitatively investigating the

dynamics of knowledge transmission in an-

cient and medieval times by demographically

analyzing centuries_ worth of accumulated

paleographic data.
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The Restoration Potential of the
Mesopotamian Marshes of Iraq

Curtis J. Richardson,1* Peter Reiss,2 Najah A. Hussain,3

Azzam J. Alwash,4 Douglas J. Pool5

Uncontrolled releases of Tigris and Euphrates River waters after the 2003 war
have partially restored some former marsh areas in southern Iraq, but
restoration is failing in others because of high soil and water salinities. Nearly
20% of the original 15,000-square-kilometer marsh area was reflooded by
March 2004, but the extent of marsh restoration is unknown. High-quality
water, nonsaline soils, and the densest native vegetation were found in the
only remaining natural marsh, the Al-Hawizeh, located on the Iranian border.
Although substantially reduced in area and under current threat of an Iranian
dike, it has the potential to be a native repopulation center for the region.
Rapid reestablishment, high productivity, and reproduction of native flora and
fauna in reflooded former marsh areas indicate a high probability for
successful restoration, provided the restored wetlands are hydraulically
designed to allow sufficient flow of noncontaminated water and flushing of
salts through the ecosystem.

The Mesopotamian marshes of southern

Iraq (30- to 33-N, 45- to 48-E) are

considered by many to be the Bcradle of

western civilization[ and are often referred

to as the Garden of Eden (1, 2). Their eco-

logical and cultural value derive from their

large expanse of wetland habitat in south-

west Asia, once covering nearly 15,000 km2

(3, 4) (Fig. 1A). Unique to the Mesopota-

mian marshes is the indigenous population

of marsh dwellers, commonly called the

Marsh Arabs, who already have a special

place in the anthropological and cultural

literature for their alluring way of life, living

in harmony in relative isolation within the

marsh environment for the past 5000 years

on man-made reed islands and along the

periphery of the marshes (1, 5, 6). Notably,

the marshes were once the permanent habitat

for millions of birds and a flyway for

millions more migrating between Siberia and

Africa (7, 8).
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Today, less than 10% of the marshes in

Iraq remain as fully functioning wetlands

because of extensive drainage and upstream

agricultural irrigation programs on the Tigris

and Euphrates rivers implemented during

Saddam Hussein_s regime, particularly from

1985 to 2000 (3, 7). Remnant marshes are

located mainly in the northern portion of Al-

Hawizeh, which straddles the Iran-Iraq bor-

der (Fig. 1A, site 1). Two other marshes, the

Central and Al-Hammar located to the west

and south, respectively (Fig. 1A, sites 2 and

3), were almost totally desiccated by 2000

(Fig. 1B) (9). This environmental disaster

has been compared in scale to the drying up

of the Aral Sea in Central Asia and to the

deforestation of the Amazon (3). If substan-

tial portions of the marshes are not restored

quickly, 66 bird species may now be at risk

(3, 8). Coastal fisheries in the Persian Gulf,

which used the marshlands for spawning

migrations and nursery grounds for penaeid

shrimp (Metapenaeus affinis), have drasti-

cally declined in numbers (9). The marsh-

lands also once served as a natural filter for

waste and other pollutants in the Tigris and

Euphrates rivers, protecting the Persian

Gulf, which is now noticeably degraded

along the coast of Kuwait (3, 7, 10).

Because of limited access until 2003, little

is known about the current water quality of

river discharges, the ecological conditions of

remaining marsh areas, or the potential for the

restoration of the drained marshes. This prob-

lem was compounded by a loss of historic

hydrologic flow data during the looting of

local offices of the Ministry of Water Re-

sources. It has been postulated that only 15 to

20% of the drained marshes can be restored as

a result of excessive salt buildup, pollution,

the dumping of toxic wastes and poisonings

during the war, a severe reduction in available

water, and a loss of the seed bank of native

plant species (3, 11, 12). Moreover, the long-

term quantity of water and sediment avail-

able to restore the marshes is uncertain

because construction of 32 dams on the Tigris

and Euphrates, mainly since the 1960s,

substantially altered the marsh hydrology

even before Hussein_s massive drainage

program of the 1990s (3). Complicating the

marsh restoration are projects such as the

massive Ataturk Dam built in Turkey in 1998,

which has a reservoir capacity greater than the

Euphrates annual flow of 30.7 billion cubic

meters at the Turkish border (3). A massive

dike project observed in the field in February

of 2004 along the Iran-Iraq border will add to

the problem by cutting off the main water

supply to the only natural remaining marsh,

the Al-Hawizeh.

Here, we present an analysis, beginning in

June 2003, of soils, water, and ecological

conditions for the remaining natural, re-

flooded, and the totally drained marshes along

with an assessment of water constituents in

the Tigris and Euphrates upstream and the

Shatt Al-Arab downstream of the marshes.

The effects of extensive drainage and uncon-

trolled reflooding on water quality, soil

conditions, and ecological recovery are the

focus of this study.

Major differences occur in the physical and

chemical characteristics (13) of the natural

(Fig. 2A), drained (Fig. 2B), and reflooded

(fig. S1, A and B) marsh soils, as shown by

principal component analysis (PCA) in Fig.

Fig. 2. (A) Marsh Arab fishermen collecting reeds (P. australis) in the natural Al-Hawizeh marsh
(lat 31-38¶583µN, long 47-35¶203µE) near the Iranian border in June of 2003. (B) A view of the
totally drained Central marsh near Chibayish (lat 30-58¶102µN, long 47-09¶033µE) in June of
2003. An Iraqi engineer from the Ministry of Water Resources is viewing the cracked and
desiccated marsh soil adjacent to a dried out streambed.

Fig. 1. (A) A composite satellite view of the Mesopotamian
marshlands from Earth observation Landsat scenes taken in
1973 to 1976 from a mosaic of 4 Landsat 1 and 2 false-
color, near-infrared images (3). Dense marsh vegetation
[mainly P. australis based on field observations in 1970s
(29)] appears in dark red, seasonal lakes in blue, agriculture
in pink, and permanent lakes in black. The red elongated
patches along riverbanks are date palms. The three main
marsh areas are the Al-Hawizeh, Central marsh, and Al-
Hammar, labeled on the map as 1, 2, and 3, respectively.
(B) In this Landsat 7 Enhanced Thematic Mapper (3) mosaic
taken in 2000, most of the drained marshes appear as
grayish brown patches indicating dead marsh vegetation or
low shrub desert plants and dry ground. The very light to
gray patches are bare areas with no vegetation and in some
areas indicate salt evaporites or shells covering the bottoms
of former lakes as we discovered in 2003. The drained
former marsh area (shown in brown, gray, and white)
indicates that 85% of the 8926 km2 of permanent marsh
shown in 1973 marshlands (A) had been destroyed by 2000.
Only 3% of the Central marsh and 14.5% of the Al-Hammar remained in
2000 (3). The largest expanse (;1025 km2) of the remaining natural marsh
Al-Hawizeh near the Iranian border is shown in dark red. To complete this
destruction the Glory River, shown as a straight line canal across the top and
down the east side of the Central marsh, was constructed by the Hussein
Regime in 1993 to completely dry up the Central marsh by stopping water
inflow from the Tigris River. (C) February 2004 false-color image of the
remaining Mesopotamian marshlands show the areas newly reflooded since
the war in black (courtesy of Moderate-Resolution Imaging Spectro-
radiometer Rapid Response Project at NASA). Reflooded areas adjacent to
the Al-Hawizeh, the western area of the Al-Hammar, and waterways in the

northern and southern parts of the Central marshes are also clearly visible in
black. The Al-Hawizeh (called Hawr Al-Azim by Iran) is the best remaining
natural marsh in the region (site A). It straddles the Iraq-Iran border (yellow
line). During a field survey in February of 2004, we discovered an Iranian
dike under construction that, if completed, will traverse directly through the
Al-Hawizeh marsh, along the Iraq/Iranian border and, as a result, will notably
reduce the water input from the Karkheh and Karun rivers to the marsh. The
ecological affects of this massive water diversion are unknown, but it will
substantially impact the last remaining natural marsh system in Iraq. Our
sampling sites A to F are indicated on (C) with matching ground photos
shown in Fig. 2, A and B, and fig. S1, A to D.
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3. PCA on axis 1 separated the reflooded Al-

Sanaf marsh (fig. S1B), a diked wetland with

no outflow and dominated by stands of the

halophyte glasswort (Salicornia spp.), from

the totally drained Central marsh (Fig. 2B),

which was barren of wetland species, primar-

ily on higher soil salinities (26.0 T 18.6 dS/m

versus 10.6 T 0.9 dS/m, where errors are the

standard deviation), lower percentage of

carbon (3.5% T 0.2 versus 7.6% T 0.6), and

soil organic matter (SOM) (7.5 T 2.2% versus

15.1 T 1.1%) (Fig. 3). The higher SOM con-

tent in the Central marshes (Fig. 2B) supports

earlier reports (1, 14) that this area with deeper

lakes historically had high plant productivity,

with reeds growing up to 8 m in height. Sur-

prisingly, the soil organic matter has not

been completely oxidized after nearly a dec-

ade of drainage. The highest microbial bio-

mass carbon (MBC) (842 T 185 mg C/kg

soil) was also found in the drained Central

marsh, whereas the MBC values of the natu-

ral and reflooded marshes were 50% lower.

The Central marsh had the highest total soil

N and second highest P content (0.53 T
0.04% N, 794 T 86 mg/g P) as compared to

the Al-Hawizeh (0.30 T 0.10% N, 935 T
388 mg/g P), the Al-Hammar (0.27 T 0.15% N,

618 T 104 mg/g P), and the Al-Sanaf (0.06 T
0.03% N, 507 T 58 mg/g P). We encountered the

most vigorous and vast monocultures of

native reed (Phragmites australis) commu-

nities in the Al-Hawizeh (Fig. 2A). This marsh

had the highest levels of readily available

bicarbonate extractable phosphorus (130 T
57 mg/g) and soil moisture (41.7 T 0.3%) and

the lowest salinity (1.8 dS/m). The natural

marsh was separated on PCA axis 2 from the

disturbed marshes along a gradient correlated

with Al, Mg, P sulfate (SO
4
), and moisture

(Fig. 3). These baseline soil chemistry differ-

ences support a different geological parent

material for the Al-Hawizeh, as suggested by

Buringh (15). The eastern Al-Hammar marsh

(fig. S1A) has high residual soil salinities

(17.5 T 18.8 dS/m) and high sulfur content

(extractable SO
4
-S, 1.0 T 0.9 mg/g), which

may be responsible for the lack of reestablish-

ment of native vegetation in reflooded areas

as of March 2004.

As a second step, we analyzed for the

presence of pesticides, polychlorinated bi-

phenyls, polycyclic aromatic hydrocarbons,

and potentially toxic metals and assessed sa-

linity of the soils in all four marshes (13) to

evaluate constraints on future marsh resto-

ration. We found no detectable concentra-

tions of any organic xenobiotics in the marsh

soils, which was similar to a study on down-

stream sediments in 1997 to 1998 (10) but in

contrast to reports of serious pesticide pollu-

tion in the 1980s (12). Metal concentrations

(13) were within normal ranges reported

earlier for the marsh soils of Iraq (14, 15).

Soil salinity, however, exceeded 16 dS/m in

both the Al-Sanaf and eastern portion of Al-

Hammar marshes. These levels are severe

and suitable only for plants highly tolerant

of saline or sodic conditions (16, 17). The

presence of main species like halophytic

saltbush (Atriplex spp.), Athel tree (Tamarix

aphylla), and glasswort in these two former

marshes (fig. S1, A and B) also suggests a

soil salinity problem and indicates that these

areas will not be easily restored to native

marsh vegetation unless saline conditions can

be reduced. Only the natural Al-Hawizeh

marsh displayed healthy reed vegetation

(Fig. 2A) and had salinity concentrations

consistently below 2 dS/m, which can be

classified as nonsaline. The Central marsh

has a wide range (6 to 17 dS/m) of salinities.

Salinities ranging from 5 to 10 dS/m will

stimulate Phragmites seed germination but

salinities Q25 dS/m will inhibit germination

(18), as well as plant productivity. The yield

of most crops such as rice and wheat, which

are traditionally grown at the edge of the

marshes by the Marsh Arabs (19), could

also be severely reduced at salinities 98 dS/m

(20, 21).

We sampled surface water quality at a

number of upstream locations on the Tigris

and Euphrates rivers to examine whether

concentrations of inorganic and organic

chemicals would be detrimental to marsh

restoration as well as to determine compati-

bility with marsh and downstream waters

in the Shatt Al-Arab (table S1) (13, 22)

Esupporting online material (SOM) text^.
All upstream and marsh surface waters were

highly oxygenated, but O
2

was significantly

(P G 0.05) reduced in the Shatt Al-Arab,

where untreated wastewater is being released

from cities, including Basra. Salinity, con-

ductivity, and total dissolved solids (TDS)

values were low, and pH was above 7.5 at all

sites except for the enclosed Al-Sanaf, where

these variables were significantly higher (P G
0.05). These findings suggest that the

restricted water outflows in the Al-Sanaf

coupled with regional evapotranspiration

rates in excess of 245 cm/year (15) have

resulted in extremely high ion concentra-

tions, pH, and TDS values (table S1), similar

to those found on highly salinized portions

of the Jordan River (23). Similar salinity

trends in the soils data (Fig. 3) provide

strong evidence that even the release of

high-quality waters into former marshlands

with existing saline soils and without ade-

quate flow will result in failed marsh

restoration because of the creation of a

highly toxic saline-sodic environment.

Concentrations of most minor constitu-

ents (such as Cu, Fe, Ni, and Al) and trace

metals (such as As, Cd, Pb, and Rb) (13)

were low except in the enclosed Al-Sanaf. Of

major concern was our finding of high

concentrations of Se (12.3 T 6.4 mg/liter) in

Al-Sanaf and in upstream waters, which were

more than twice the recommended U.S.

national water quality criterion of 5 mg/liter

(24, 25). The source of Se is agricultural soil

waters drainage, which is then concentrated

by evapotranspiration in confined marshes.

Water quality standards for Se in both fresh

and marine water have been set at 2 mg/liter

in many parts of the world to prevent

Fig. 3. A PCA of the
marsh soils of southern
Iraq. Axis 1 accounted
for 33.9%, axis 2
accounted for 25.4%,
and axis 3 accounted
for 13.0% of the total
variance. A number of
soil properties, includ-
ing salinity (0.31) and
exchangeable calcium
(Ca) (0.31), had strong
positive loadings on
axis 1 and showed dis-
tinct differences among
marsh sites. Soil prop-
erties with strong neg-
ative loadings on axis 1
included percentage C
(–0.40) and soil organic
matter (–0.33) as well
as extractable Fe (Fe)
(–0.32). Soil moisture
(0.33) had a strong
positive loading on axis
2. Strong negative load-
ings on axis 2 occurred
for soil organic matter
(SOM) (–0.43), MBC
(–0.42), NH4-N (–0.35),
and Nox-N (–0.35).
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reproductive failures in fish and birds caused

by higher food-chain bioaccumulation (26).

Our findings of high Se in Al-Sanaf and

other marsh waters suggest that the place-

ment of waters into fully diked areas may set

in motion an insidious mode of toxicity that

could have serious consequences for marsh

restoration, migratory bird populations, and

future agriculture unless prudent manage-

ment actions are taken in the years ahead to

avoid the total containment of waters into

holding areas, which concentrate ions un-

der the extremely high evaporative desert

conditions.

In February 2004, we established mon-

itoring stations (13) in the reflooded marshes

of Abu Zarag (western Central marsh, site E

in Fig. 1C, and fig. S1C) and Suq Al-

Shuyukh (western part of Al-Hammar, site

F in Fig. 1C, and fig. S1D) to assess the

ecological recovery and restoration status of

two former wetlands reflooded in 2003. With

Iraqi scientists, we analyzed water quality

and surveyed the dominant flora and fauna in

the natural Al-Hawizeh to compare with the

two reflooded marshes (13). Salinity and

conductivity values closely followed the

dominant cation concentrations (Naþ1 9
Caþ2 9 Mgþ2 9 Kþ1), which were signifi-

cantly lower (P G 0.05) in Abu Zarag than in

Al-Hawizeh (except for Caþ2 and Mgþ2) and

Suq Al-Shuyukh (table S2). Suq Al-Shuyukh

had the highest concentrations of most

constituents, which indicates that this re-

flooded site is more saline and chemically

enriched compared with the other two sites

(table S2). Notably, Se concentrations were

extremely low in both Abu Zarag and Al-

Hawizeh and were within recommended

standards (24–26) at Suq Al-Shuyukh. Over-

all water quality at Abu Zarag and Al-

Hawizeh was similar because both now

receive higher quality Tigris waters. How-

ever, our current water chemistry values

(table S2), when compared with a historical

survey completed before drainage in the Al-

Hammar marsh (14, 27), revealed an in-

crease in conductivity (240%), TDS (140%),

Naþ1 (170%), Mgþ2 (158%), Caþ2 (240%),

Cl–1 (160%), and HCO
3
– (180%) in the Suq

Al-Shuyukh region during the past 20 years.

In contrast, measured salinities in 1981 (14)

from seven locations in the Central marsh

averaged 0.6 (T0.4) mS/cm, values very

similar to our current measurements at Abu

Zarag (table S2). Collectively, our studies

indicate that the reflooded portions of the

western Al-Hammar at Suq Al-Shuyukh

(table S2) and eastern Al-Hammar (Fig. 3)

have experienced substantial increases in

saline conditions. The long-term effects of

this level of salinity increase are unknown,

but present levels are within the normal

variation between wet season and dry sea-

son found with the marshes (28, 29). The

cause for this marked increase is unknown

but probably relates to a rise in salinity in

the Euphrates as well as increased flux

into the water column of ions concentrated

in the soil after 10 years of drainage and

evaporation. In the case of eastern Al-

Hammar, an increased influence of tidal

seawater flowing from the Shatt Al-Arab

into the marsh has also occurred from breach-

es in dikes in 2003 and may be preventing

reestablishment of freshwater marsh species

(fig. S1A).

Our summer ecological survey (13) (SOM

text) completed one year after reflooding

indicates that water flowing into the marshes

from the Euphrates and especially the Tigris

is of higher quality than we originally

hypothesized, and as a result, early suc-

cessional stages of marsh restoration are

occurring in a number of drained former

marshes (Fig. 1C, sites E and F, and fig. S1,

C and D). The reflooding of Abu Zarag

with Tigris water has resulted in better

water quality, higher algal productivity, and

more diversity of plant and bird species than

at Suq Al-Shuyukh, which receives higher

salinity Euphrates water (tables S2 and S3).

Both marshes show partial reestablishment

of many of the dominant plant species, but

biomass and species numbers are low com-

pared with historical records at Suq Al-

Shuyukh (29). Chlorophyll a concentrations

reveal mesotrophic conditions (table S3) at

all sites, which are within historic values

except for Suq Al-Shuyukh (14). Abu Zarag,

the site with the lowest salinity, Naþ1, Cl–1,

and TDS has the highest chlorophyll a

concentrations and concomitantly the highest

O
2

production (tables S2 and S3). Our mac-

rophyte analysis indicates that P. australis,

as in the past, is the dominant macrophyte

species. Many key amphibian, fish, bird, and

mammal species are not yet present or, if

present, are in lower numbers, especially at

Suq Al-Shuyukh (table S3).

We conclude that restoration is pro-

ceeding in the two marshes but at different

rates and species composition. Unknown is

the fate of the many highly threatened

species (2, 3) of the marshlands and the

future of these restored marshes as a major

flyway for Asia_s wintering wildfowl. Here,

the quality of water and food supplies as well

as the diversity of communities, including

mature habitats, will be critical to the return

of many of these species. For example, our

main observations of otter (Lutra lutra) were

only from the natural Al-Hawizeh. The high

water quality, low salinity, and the presence

of permanent lakes and dense vegetation in

the remaining natural Al-Hawizeh marsh

give hope that this area can function both

as a refugium and native repopulation center

for the region, provided it is not desiccated

by Iran_s dike construction activities.

Because future water supplies for marsh

restoration may be limited by upstream dams,

soil conditions need to be carefully monitored

before reflooding new areas to prevent the

establishment of saline-sodic soil conditions

that will impede marsh revegetation, as seen

at eastern Al-Hammar (fig. S1A) and Al-

Sanaf (fig. S1B). Severe water quality degra-

dation may be avoided in some reflooded

marsh areas if they are hydraulically designed

to allow enough high-quality water to flush

salts from the ecosystem. Of concern from

our study is the potential for the bioaccu-

mulation of Se up the food chain, which could

result in severe toxic effects in the marshes

for higher trophic levels (24). Finally, it is

unknown if sufficient water supplies can be

made available, especially in drought years,

to maintain long-term successful marsh

restoration over large areas. However, the

high quality of water, the existing soil con-

ditions, and the presence of stocks of native

species in some regions indicate that the

restoration potential for a substantial portion

of the Mesopotamian marshes is high. The

stakes are also high: The future of the 5000-

year-old Marsh Arab culture and the eco-

nomic stability of large portions of southern

Iraq are dependent on the success of this

restoration effort.
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Genotypic Diversity
Within a Natural Coastal

Bacterioplankton Population
Janelle R. Thompson,1,2 Sarah Pacocha,1,2 Chanathip Pharino,1

Vanja Klepac-Ceraj,1,2 Dana E. Hunt,1 Jennifer Benoit,1,2

Ramahi Sarma-Rupavtarm,1 Daniel L. Distel,3 Martin F. Polz1*

The genomic diversity and relative importance of distinct genotypes within
natural bacterial populations have remained largely unknown. Here, we analyze
the diversity and annual dynamics of a group of coastal bacterioplankton
(greater than 99% 16S ribosomal RNA identity to Vibrio splendidus). We show
that this group consists of at least a thousand distinct genotypes, each oc-
curring at extremely low environmental concentrations (on average less than
one cell per milliliter). Overall, the genomes show extensive allelic diversity and
size variation. Individual genotypes rarely recurred in samples, and allelic
distribution did not show spatial or temporal substructure. Ecological
considerations suggest that much genotypic and possibly phenotypic variation
within natural populations should be considered neutral.

Molecular evidence increasingly demon-

strates the remarkable genetic diversity of

the microbial world (1, 2), yet ecological in-

terpretation of this diversity remains elusive.

This is largely because microbiologists rely

on studies of clonal isolates or environmental

gene libraries to infer biogeochemical and

pathogenic functions of natural bacterial

populations. What is missing, however, is

quantitative information regarding the envi-

ronmental prevalence of individual geno-

types that would allow inference of their

ecological importance or competitive suc-

cess. It may be expected that ecologically

distinct populations display relatively high

clonality, because bacterial genomes have a

high potential for adaptive mutations, which

may lead to purging of genotypic diversity

from within the population by selective

sweeps (3, 4). However, this view is increas-

ingly difficult to reconcile with recent

observations of high levels of differentiation

among closely related genomes Ee.g., (5, 6)^
and the recovery of vast numbers of similar

but nonidentical homologous genes from en-

vironmental samples (microdiversity) (7–9).

Therefore, questions include whether com-

petition among individual strains is strong

enough to result in frequent selective sweeps

or instead whether natural populations ac-

cumulate large neutral allelic and perhaps

even genomic variation (8). However, the

diversity and prevalence of individual var-

iants within environmental bacterial popu-

lations has not been extensively explored,

and so questions regarding the ecological

importance of genotypic variation remain

unanswered.

To analyze genotypic diversity and over-

all population size quantitatively, we com-

bined culture-dependent and -independent

methods to assess the number, extent of

variation, and relative frequency of geno-

types within a well-defined natural bacterial

population. We chose a coastal assemblage

of Vibrio splendidus, previously identified as

a phylogenetically discrete cluster denoted

by nearly identical (G1% divergent) 16S

rRNA sequences in an analysis of bacte-

rioplankton community structure (8). We

have proposed that such ribotype clusters

represent ecologically differentiated units,

i.e., ecotypes or populations (8). Thus, we

defined the V. splendidus cluster as a

population of naturally co-occurring ge-

nomes that can be tracked quantitatively in

the environment and identified in strain

collections by their distinct rRNA genes.

Quantification of the V. splendidus pop-

ulation over an annual cycle by quantitative

polymerase chain reaction (QPCR) (10)

revealed that it is consistently present as a

member of the coastal bacterioplankton com-

munity and displays seasonal variation in

abundance (Fig. 1A). Concomitant with

quantification, we isolated strains from five

temporal samples on Vibrio-selective media

and identified strains by 16S rRNA sequence

analysis (Fig. 1B) (11). Overall, 20 distinct

Vibrio (and closely related Photobacterium)

taxa grew on the media (Fig. 1, B and C), but

the majority of isolates (232 of 333) were

identified as members of the V. splendidus

population (red sectors in Fig. 1B). This

dominance in all collections, except the cold-

water sample (March 2003) (Fig. 1B), roughly

parallels the culture-independent quantifica-

tion by QPCR (Fig. 1A).

Determination of sequence diversity of a

universally distributed protein-coding gene

(Hsp60) among all 333 Vibrio isolates showed

high heterogeneity but confirmed the mono-

phyly of the V. splendidus population detected

by the rRNA sequence analysis (12). We ob-

served 141 different Hsp60 alleles among the

232 V. splendidus isolates (Fig. 2), and ex-

trapolation using the Chao-1 richness estima-

tor (13) suggests a minimum of 436 alleles in
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the total sampled volume (31.5 ml). Despite

these high numbers, the Hsp60 sequences

collapse into a single group at 95% nucleotide

consensus (Fig. 2 and fig. S1), with variation

primarily limited to neutral third-codon posi-

tions [average ratio of nonsynonymous (K
A

)

to synonymous (K
S
) substitutions, K

A
/K

S
0

0.04]. No single allele showed clear domi-

nance among the isolates, suggesting a

relatively even abundance of the strains

(fig. S1), and analysis of molecular variance

did not reveal evidence for population

structure associated with temporal (1 month

to 1 year) and spatial (100 ml to 2 ml) scales.

Still greater heterogeneity was revealed

within the V. splendidus population when the

number of distinguishable genotypes among

the cultured strains was assayed by pulse

field gel electrophoresis (PFGE). PFGE anal-

ysis detected 180 different genome patterns

among the 206 strains tested, demonstrating

that the majority of isolates possess distinct

genomes (fig. S1). The Chao-1 estimator

(13) yielded a total of 1287 genotypes in the

samples, considerably exceeding the esti-

mated allelic diversity of the Hsp60 gene.

Moreover, the PFGE analysis provides evi-

dence that, in addition to accumulation of

point mutations as observed for the Hsp60

alleles, a large proportion of genotypes are

differentiated by insertions and deletions of

large genome fragments. This was suggested

by variation among strains in the sum of

genome-fragment sizes in the PFGE gels and

was explored in detail for a set of 12 strains.

Pairs of isolates with identical Hsp60 alleles

were chosen so that sequence identities be-

tween pairs reflected overall divergence in

these genes (Fig. 3). Among these 12 iso-

lates, genome sizes ranged from 4.5 to 5.6 Mb

with only weak correlation of genome size

difference to Hsp60 sequence divergence (r 0
0.37) and only minor contribution to size

estimates by plasmids (12). Even when

comparing strains with identical Hsp60 alleles,

most (four of the six pairwise comparisons)

showed significant genome size differences

(Student_s t test, P G 0.01; È170 to 800 kb

variation), indicating that specific alleles may

be poor markers for distinct genomes.

The high degree of heterogeneity ob-

served among the V. splendidus genomes

suggests that the average concentration of

individual genotypes is small in the sampled

environment. To illustrate this, we divided

the QPCR-based estimates of population size

of V. splendidus in samples taken in August,

September, and October 2003 (1890, 600,

and 640 cells/ml, respectively) (Fig. 1A) by

the Chao-1 estimates for the number of

Hsp60 alleles (125, 94, and 279, respec-

tively) and genotypes (465, 553, and 901,

respectively) in those same samples. The

result suggests that distinct Hsp60 alleles

occurred in the monthly samples at average

concentrations of 2 to 15 cells per ml (or at a

frequency of 0.3 to 1%), whereas distinct

genotypes were present at È10-fold lower

frequency (average concentration for all

samples estimated at G1 cell per ml). If the

possibility of isolation bias is taken into

account, the estimated concentrations (pop-

ulation size/richness) would be even lower,

because isolation bias would lead to an

underestimation of richness but would not

affect population size estimates by QPCR.

What could explain such high diversity of

V. splendidus genotypes in this environment?

The observed pattern suggests that purging

of genotypes from within the population

(operationally defined as a ribotype cluster)

is rare compared with processes introducing

variation and that variation persists because

it is either favored by selection (e.g., by bal-

ancing selection or niche differentiation) or

is neutral. Indeed, some proportion of the

observed genotypic diversity may reflect the

differentiation of (sub)populations that are

specialized to particular environmental con-

Fig. 1. Diversity and abundance of
coastal vibrioplankton (Plum Island
Sound, MA) in monthly samples taken
over an entire year. (A) Quanti-
fication of V. splendidus (red) and
total vibrio (black) populations by
culture-independent QPCR. (B) Rel-
ative proportion of Vibrio and Photo-
bacterium isolates by phylogenetic
association. Color codes correspond
to those in (C). (C) Phylogenetic re-
lationships among representative
Vibrio and Photobacterium isolates
inferred from distance analysis of
partial 16S rRNA sequences (boot-
strap proportions 950% are indi-
cated above nodes).
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Fig. 2. Number of distinct Hsp60 clusters among
V. splendidus isolates observed as cluster cutoff
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Fig. 3. Genome size estimates and phyloge-
netic relationships of Hsp60 sequences for 12
V. splendidus isolates chosen as pairs with
identical Hsp60 alleles, encompassing all levels
of Hsp60 variation observed in the strain
collection. (A) Genome sizes determined by
PFGE as averages of six independent estimates,
each obtained from single enzyme digests run
to resolve large-, medium-, and small-sized
bands, respectively, and repeated three times
for each of two enzymes (NotI/SfiI or NotI/AscI)
per isolate. (B) Phylogenetic relationships of
Hsp60 alleles inferred from maximum likeli-
hood analysis with assumption of molecular
clock from partial gene sequences. Isolate iden-
tifiers correspond to month (12 indicates 12
August 2003; 13, 10 September 2003; 14, 11
October 2003) of isolation and strain name.
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ditions in the complex life-style of vibrios

(including free-living and animal- or particle-

associated states). However, ecological con-

siderations suggest that much of the observed

genotypic diversity has little adaptive im-

portance in the context of the water column.

Given their low estimated concentration

(G1 cell/ml), individual genotypes would

occupy much less than a trillionth of the

volume of a ml of seawater. Because resources

are thought to arise in small patches that are

unpredictable relative to the location of any

given cell (14), access by distinct genotypes

to conditions allowing rapid growth may be

largely stochastic, relegating strong compet-

itive interactions between genotypes to

ephemeral microzones. In addition, top-down

interactions like predation (15) may quickly

erase any localized dominance of genotypes.

Thus, although individual genotypes may

achieve rapid growth in microzones or

microcolonies, averaged over the water col-

umn their differences do not result in lasting

growth advantage (i.e., they are effectively

neutral) and so the observed vast genotypic

diversity can coexist.

Previous studies have shown that sub-

stantial variation in gene content and ge-

nome size may occur among closely related

genomes (albeit drawn from separate envi-

ronments) (6, 16–18). Such variation can

arise via gene duplication, insertion, and

deletion or by horizontal gene transfer

(HGT) mediated by phages, plasmid-borne

transposons, and integrons (19). In fact,

HGT is now regarded as a major source of

innovation in bacterial evolution (20–22),

and several cases of environmental differen-

tiation have been linked to specific gene

addition or loss (23–25). However, it has

also been suggested that most acquired

sequences do not confer a selective advan-

tage on their host and can be neutral targets

for deletion and mutational events, leading to

a dynamic genome (26, 27). Indeed, model

results indicate that such neutral genome

segments are likely to be transient elements

represented in only a small fraction of a

population (28). Our results expand such

previous considerations to indicate that large

genome modifications, possibly including

HGT, are observed with high frequency in

genomes that contain identical rRNA and

Hsp60 sequences and coexist within the

same natural population.

It will be important to ask whether such

extensive genomic variation is a general

feature of natural bacterial populations. We

have recently observed that two microbial

communities are composed of hundreds of

microdiverse ribotype clusters (8, 9) and

have proposed that these denote bacterial

populations that arise by rare selective

sweeps followed by effectively neutral diver-

sification (8). Consistent with this hypothe-

sis, we show that one such cluster occurs

predictably in the bacterioplankton commu-

nity and contains extensive diversity, much

of which may be neutral in the ecological

context of the water column. If similar

patterns of diversity are common to bacterial

communities, caution should be exercised in

interpreting the extent to which gene com-

plements or even metabolic traits of individ-

ual isolates may reflect the overall properties

of populations (29–31). Indeed our results

suggest that not only the gene content but

also quantitative abundance and dynamics of

individual traits should be considered when

evaluating the ecological importance of

differences among coexisting genotypes.
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Optimization of Virulence
Functions Through Glucosylation

of Shigella LPS
Nicholas P. West,1*. Philippe Sansonetti,2* Joëlle Mounier,2

Rachel M. Exley,1 Claude Parsot,2 Stéphanie Guadagnini,3

Marie-Christine Prévost,3 Ada Prochnicka-Chalufour,4
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Shigella, the leading cause of bacillary dysentery, uses a type III secretion
system (TTSS) to inject proteins into human cells, leading to bacterial invasion
and a vigorous inflammatory response. The bacterium is protected against the
response by the O antigen of lipopolysaccharide (LPS) on its surface. We show
that bacteriophage-encoded glucosylation of Shigella O antigen, the basis of
different serotypes, shortens the LPS molecule by around half. This enhances
TTSS function without compromising the protective properties of the LPS.
Thus, LPS glucosylation promotes bacterial invasion and evasion of innate
immunity, which may have contributed to the emergence of serotype diver-
sity in Shigella.

Pathogenic bacteria have evolved mecha-

nisms to occupy specific niches within

hosts while avoiding elimination by innate

immune killing. Shigella is one of several

pathogens that express a type III secretion

system (TTSS), a needle-like structure
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through which effector molecules are trans-

located from the bacterium directly into

human cells (1). This molecular syringe is

required by Shigella for entry into epithe-

lial cells (2–4). Bacterial invasion is critical

for gastrointestinal (GI) disease because it

elicits an intense inflammatory response with

subsequent disruption of the epithelial barrier

and formation of abscesses in the mucosa.

Thus, Shigella both inflicts damage to host

tissues and survives the vigorous innate im-

mune response. We used signature-tagged

mutagenesis (5) to understand the genetic

basis of GI infection by the Shigella flexneri

serotype 5 strain, M90T. Out of 2900 mu-

tants analyzed in the rabbit ligated ileal loop

model of shigellosis (6, 7), 15 colonization-

defective mutants were identified, with 7

resulting from loss of genes involved in lipo-

polysaccharide (LPS) biosynthesis (Fig. 1,

A and B).

LPS of enteric bacteria consists of three

regions: lipid A, an inner core, and repeating

O-antigen subunits. The Shigella O-antigen

subunit is a tri-rhamnose (rha)-N-acetyl

glucosamine (N-ag) tetrasaccharide (8), mod-

ified by the addition of glucose and/or ace-

tate, depending on the serotype (Fig. 1C).

The modal number of subunits is about 15

(mode A, Fig. 1B), with another prevalent

population of around 100 repeats (mode

B). The waaJ, waaD, and waaL mutants,

which cannot synthesize the inner core or

ligate the O antigen to the inner core, were

markedly attenuated (Fig. 1A), which proba-

bly reflects their failure to resist being killed

by antimicrobial peptides expressed in the GI

tract (9) (Fig. 1D; fig. S1). This probably also

accounts for the attenuation of the rfbA

mutant, which fails to convert glucose-1-

phosphate to deoxythymidine diphosphate–

rhamnose (dTDP-rha), a step required for

the efficient synthesis of O antigen. Like-

wise the cld mutant has a truncated LPS

molecule lacking mode B of the O antigen

(Fig. 1B) (10). The colonization capacity

of these mutants was restored by comple-

mentation with the corresponding wild-type

allele (table S1 and fig. S2).

Two mutants were isolated with inser-

tions in the O-antigen glucosylation operon.

This operon consists of gtrA, gtrB, and gtrV

present on a resident bacteriophage (11, 12),

and confers serotype-specific glucosylation

of LPS. The gtrA and gtrB mutants had

subtle alterations in their LPS profile and

expressed a number of O-antigen subunits

equivalent to the wild-type strain. However,

each subunit had a slightly reduced molecular

mass (Fig. 1, B and C) through lack of

glucosylation on the second rhamnose residue

(rhaII) of the O antigen (13). To confirm the

role of the gtr operon in colonization, we

constructed a gtrV deletion mutant. gtrV is

predicted to encode the glucosyltransferase,

which adds glucose to the O antigen in a

serotype-specific manner (14). The strain

lacking gtrV (M90DgtrV) had a substantial

disadvantage for survival in the GI tract (Fig.

2A). Complementation of each gtr mutant

with pNW83, which contains all gtr genes

(Fig. 2), demonstrated that expression of

serotype 5a LPS confers a marked survival

advantage compared with isogenic strains

expressing unglucosylated LPS.

To establish whether O-antigen modifica-

tions of other Shigella serotypes also confer

a competitive advantage, we constructed

isogenic strains expressing LPS from differ-

ent serotypes (Fig. 2B). The gtr operon was

deleted from M90T (generating M90TDgtr),

then the gtr operons from S. flexneri 1a, 2a,

and 5a (13) were introduced on plasmids

resulting in M90TDgtrp1a, M90TDgtrp2a,

and M90TDgtrp5a, respectively (Fig. 2B).

Furthermore, the entire gtr operon from S.

flexneri 2a was introduced chromosomally

into M90TDgtr, resulting in M90T2a. The

serotype replacements were confirmed by

agglutination assays and LPS profiling (table

S2 and Fig. 2C). The O-antigen subunits of

M90TDgtrp5a were more extensively gluco-

sylated than those in M90T, probably because

of a gene dosage effect. Glucosylation of the O

antigen restored the virulence of S. flexneri in

the GI tract (competitive index of 0.88, 0.92,

and 1.1 for M90TDgtrp1a, M90TDgtrp2a, and

M90TDgtrp5a, respectively), which demon-

strates that LPS glucosylation promotes the

fitness of Shigella in vivo, irrespective of

serotype.

One potential explanation for the attenu-

ation of the gtr mutants is that they are de-

Fig. 1. (A) Genes disrupted in
colonization-defective mutants.
The competitive index (C.I.) as-
sesses the ability of each mu-
tant to colonize the rabbit ileal
loop in direct comparison with
the wild-type strain. A C.I. of 1
indicates no attenuation. (B)
Tricine-SDS–polyacrylamide gel
electrophoresis (TSDS-PAGE) of
LPS from the mutants. Mode A
and mode B LPS (indicated) con-
tain around 15 and 100 subunits
of O antigen, respectively. (C)
Representation of S. flexneri 5a
LPS (N-ag, N-acetylglucosamine).
(D) Sensitivity of the colonization-
defective mutants to the anti-
microbial peptide, HBD-1; the
percent survival relative to
M90T after a 1-hour incubation
is shown. Error bars indicate SEM.
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fective in avoiding host clearance by innate

immune mechanisms. However, the gtr mu-

tants were fully able to withstand the adverse

effects of bile salts, hyperosmolarity Eto 300

mosmol (15)^, complement-mediated lysis

(fig. S3), and antimicrobial peptides (Fig. 1D;

fig. S1). Furthermore, the survival dis-

advantage resulting from loss of gtrA was not

evident in a noninvasive strain of S. flexneri,

BS176, which lacks the TTSS (Fig. 2A).

Thus, the decreased fitness of the gtr mutants

was only manifest after mucosal invasion.

We next investigated whether LPS glu-

cosylation contributes to the proinflamma-

tory host response, the hallmark of shig-

ellosis. Infection of ileal loops with M90T

led to dramatic alterations of mucosal tissues

with rupture and destruction of the intestinal

epithelium (Fig. 2D). The lesions, typical of

acute shigellosis, included extensive zones

of epithelial detachment and loss of villi. A

massive polymorphonuclear leukocyte

(PMN) response was present within the

lamina propria and in the edematous sub-

mucosal tissues. Numerous invasive bacteria

were seen in abscesses and in the lamina

propria. Infection with the noninvasive

isolate, BS176, did not result in significant

alteration of the mucosa, and M90TDcld

(which expresses a truncated O antigen)

also had attenuated virulence (Fig. 2D).

M90TDgtr caused consistently less patholog-

ical damage than M90T. Intestinal villi

were only shortened and swollen, and zones

of epithelial destruction were restricted,

with abscesses limited to the base of villi

(Fig. 2D). The number of bacteria and in-

filtrating PMNs was much lower than ob-

served in M90T-infected tissues. Total

restoration of the virulent phenotype was

observed after infection with M90TDgtr

expressing a glucosyltransferase operon,

irrespective of serotype (Fig. 2D).

We hypothesized that LPS glucosylation

contributes to the virulence of S. flexneri

through an effect on its invasive potential.

Consistent with this, each gtr mutant had a

substantially reduced ability to invade epithe-

lial cells when compared with M90T (Fig.

2E); this defect was entirely corrected by

reintroducing the gtr operon from any sero-

type. Furthermore, strains with increased LPS

glucosylation (e.g., M90TDgtrp5a) showed

enhanced invasion compared with M90T

(Fig. 2E). We considered whether changes in

surface hydrophobicity of the strains could

explain this finding. The increased hydropho-

bicity of M90TDgalU, which expresses a

truncated LPS, might be responsible for the

increased adherence of bacteria to eukaryotic

cells (table S3). However, the slight variations

in hydrophobicity among M90T, M90TDcld,

M90TDgtr, and the complemented strain

could not account for the differences in in-

vasion (table S3). Furthermore, the initial

adhesion of the gtr strains to epithelial cells

was not affected (table S4), which indicated

that loss of O-antigen glucosylation did not

affect exposure of any tissue-specific adhesin.

Three-dimensional molecular models of

serotype 5a of the O antigen based on nu-

clear magnetic resonance (NMR) data give

structures adopting a right-handed, threefold

helix with the branched glucosyl residues

pointing outward (16). Glucosylation of sero-

type 5a LPS is predicted to induce a transition

from a linear to helical conformation with the

glucosyl residue exposed on the exterior of

the helix, forming a more compact structure

(Fig. 3A) than unglucosylated LPS (17). This

would dramatically shorten the O antigen,

halving the distance it extends beyond the

outer membrane. In the mode A LPS, the O

antigen would extend around 21 nm from the

outer membrane in the absence of glucosyla-
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Fig. 2. (A) Competitive index of mutants with defects in genes of the gtr operon. (B)
Construction of strains expressing LPS from different serotypes. (C) TSDS-PAGE analysis of LPS
from various strains. The arrow indicates enhanced glucosylation of M90TDgtrp5a compared
with M90T. (D) Histological analysis of infected ileal loops stained with hematoxylin, eosin, and
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serotypes. The average number of invasive bacteria per epithelial cell is indicated (SD in
parentheses).
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tion, but only 11 nm for a glucosylated O

antigen. To test these predictions, bacteria were

visualized by transmission electron microscopy

(Fig. 3). M90T had a dense surface material

extending about 35 nm beyond the outer mem-

brane (between the two arrowheads, Fig. 3B).

In contrast, the exterior of M90TDgtr was com-

posed of more diffuse, filamentous material that

extended around 70 nm from the outer mem-

brane (Fig. 3B). The surface of M90TDgtrp5a,

which displays enhanced glucosylation, was

even more compact than M90T. As the aver-

age length of protruding needles of the Shigella

TTSS is 60 nm (18), LPS glucosylation might

affect TTSS function, which would account

for the changes in cell invasion (Fig. 2E).

To establish whether LPS glucosylation af-

fects the exposure of TTSS on the cell surface,

we examined bacteria by scanning electron

microscopy (Fig. 4A). TTSS needles were

seen clearly on M90T but were absent in

M90TDmxiD. A significantly lower number of

TTSS needles were detected on M90TDgtr

compared with M90T, and the defect was

entirely restored when the gtr operon was

introduced (Fig. 4B). To confirm that these

structures are TTSS needles, we performed

immunolabeling with a monoclonal antibody

against IpaB, which is both secreted and ex-

posed at the TTSS tip (19–21). This revealed

surface structures on M90T that were much

less frequently seen in M90TDgtr and were

absent in the TTSS-null mutant. This reduced

staining was not due to impaired secretion,

because secretion of IpaB and IpaC was

identical in M90T and M90TDgtr (Fig. 4D).

Furthermore with negative-staining electron

microscopy, similar numbers of TTSS needles

were observed emerging from the outer mem-

brane of M90T and M90TDgtr (Fig. 4E),

which shows that glucosylation does not affect

the assembly of TTSS in the outer membrane.

Our results show that LPS dictates the key

function of the Shigella TTSS of mediating

bacterial invasion into host cells. Strains

with truncated LPS are highly proficient at

invading cells in vitro, possibly through

enhanced access of the TTSS to host cells

and altered hydrophobicity (Fig. 4E). How-

ever, this advantage is entirely offset in vivo

where the bacterium is more susceptible to

innate immune factors. In strains expressing

full-length LPS in the absence of gluco-

sylation, although Shigella is fully able to

resist innate immune killing, the extended

LPS isoform impairs TTSS function, which

leads to reduced virulence within the GI

tract. In both instances, the bacterium is at a

competitive disadvantage through a trade-

off between its invasive capacity and its

ability to survive innate immune effectors.

Evidently, glucosylation of LPS facili-

tates invasion of target cells by altering the

conformation of LPS to optimize the expo-

sure of TTSS needles while retaining

resistance against host defences. The rela-

tionship between LPS and the function of

the TTSS can be considered similar to a

sword and shield, in which there is a

balance between the length of LPS O side

chains to protect the bacterium against

innate immune effectors (Bthe shield[), and

the influence on the function of the TTSS

needle (Bthe sword[): both are essential for

Shigella virulence.

References and Notes
1. B. B. Finlay, P. Cossart, Science 276, 718 (1997).
2. P. J. Sansonetti, D. J. Kopecko, S. B. Formal, Infect.

Immun. 35, 852 (1982).
3. A. T. Maurelli, B. Baudry, H. d’Hauteville, T. L. Hale, P. J.

Sansonetti, Infect. Immun. 49, 164 (1985).
4. C. Buchrieser et al., Mol. Microbiol. 38, 760

(2000).
5. M. Hensel et al., Science 269, 400 (1995).
6. P. J. Sansonetti, J. Arondel, J. M. Cavaillon, M. Huerre,

J. Clin. Invest. 96, 884 (1995).
7. Materials and Methods are available as supporting

online material.
8. L. Kenne, B. Lindberg, K. Petersson, E. Katzenellenbogen,

E. Romanowska, Eur. J. Biochem. 91, 279 (1978).
9. R. N. Cunliffe, Y. R. Mahida, J. Leukoc. Biol. 75, 49

(2003).
10. M. Hong, S. M. Payne, Mol. Microbiol. 24, 779 (1997).

11. P. T. Huan, D. A. Bastin, B. L. Whittle, A. A. Lindberg,
N. K. Verma, Gene 195, 217 (1997).

12. D. A. Simmons, Biochem. Soc. Trans. 18, 1271
(1990).

13. G. E. Allison, N. K. Verma, Trends Microbiol. 8, 17 (2000).
14. S. Guan, D. A. Bastin, N. K. Verma, Microbiology 145,

1263 (1999).
15. N. P. West, P. Sansonetti, C. M. Tang, unpublished

observations.
16. M.-J. Clément et al., J. Biol. Chem. 278, 47928 (2003).
17. K. Bock et al., J. Chem. Soc., Perkin Trans. 2, 59 (1982).
18. A. Blocker et al., J. Cell Biol. 147, 683 (1999).
19. K. Ito, T. Nakajima, T. Sasaki, H. Watanabe, Microbiol.

Immunol. 35, 335 (1991).
20. M. M. Venkatesan, J. M. Buysse, E. V. Oaks, J. Bacteriol.

174, 1990 (1992).
21. A. Skoudy et al., Cell. Microbiol. 2, 19 (2000).
22. The work was supported by the European Union

(QLRT-1999-00938), and an International Scholarship
from the Howard Hughes Medical Institute to P.S. We
thank D. W. Holden, S. Marshall, E. R. Moxon, S. Keshav,
and H. Smith for their invaluable contributions.

Supporting Online Material
www.sciencemag.org/cgi/content/full/307/5713/1313/
DC1
Materials and Methods
Figs. S1 to S3
Tables S1 to S6
References and Notes

8 December 2004; accepted 14 January 2005
10.1126/science.1108472

Fig. 3. (A) Models of S. flexneri unglucosylated (a) and glucosylated (b) O antigens formed by
15 repeating units depicted with branched glucosyl residues colored in magenta. The distances
between the C1 atoms of the first and last subunits are 21.2 nm and 11.3 nm, for
unglucosylated and glucosylated O antigens, respectively. View of space-filling models, a¶ and
b¶ (shades of green, rhamnopyranosyl residues; yellow, glucopyranosyl). (B) Surface topology of
strains revealed by transmission electron microscopy after cryofixation or treatment with
ruthenium red. The electron-dense material at the bacterial surface is indicated between the
arrows. In M90TDgtr, the surface material is less compact (reaching about 70 nm beyond the
outer membrane) than M90T (extending around 35 nm). Surface staining is more intense and
condensed on M90TDgtrp5a than on M90T. The regions within boxes have been expanded.
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NMR Structure of Mistic, a
Membrane-Integrating Protein

for Membrane Protein Expression
Tarmo P. Roosild, Jason Greenwald, Mark Vega,

Samantha Castronovo, Roland Riek,* Senyon Choe*

Although structure determination of soluble proteins has become routine, our
understanding of membrane proteins has been limited by experimental
bottlenecks in obtaining both sufficient yields of protein and ordered crystals.
Mistic is an unusual Bacillus subtilis integral membrane protein that folds
autonomously into the membrane, bypassing the cellular translocon ma-
chinery. Using paramagnetic probes, we determined by nuclear magnetic
resonance (NMR) spectroscopy that the protein forms a helical bundle with a
surprisingly polar lipid-facing surface. Additional experiments suggest that
Mistic can be used for high-level production of other membrane proteins in
their native conformations, including many eukaryotic proteins that have
previously been intractable to bacterial expression.

Integral membrane (IM) proteins, constituting

nearly 30% of eukaryotic genomes, play cen-

tral roles in cellular transport processes, inter-

cellular signaling, and growth regulation.

However, of the more than 28,000 high-

resolution protein structures known, only some

25 unique families of IM proteins are rep-

resented. This disparity is accounted for by two

bottlenecks in membrane protein structural

analysis: high-yield protein production and crys-

tallization. Recombinant expression of IM pro-

teins in Escherichia coli, the primary protein

source for biophysical studies, has met with

limited success (1). Two complications likely

account for this difficulty. First, IM proteins

must be trafficked to the membrane, requiring

targeting signals that may not be recognized by

the bacterial host. Second, high-level expression

of membrane proteins that can use E. coli trans-

locon machinery will competitively exclude pro-

duction of other vital host membrane proteins,

leading to toxicity. Most successful attempts at

expression of IM proteins in bacteria have

used low-copy-number plasmids with weak

promoters to produce low levels of protein,

compensated by large culture volumes (2).
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Fig. 4. (A) Scanning electron microscopy of
bacteria demonstrating the abundance of
TTSS secretions (arrowed) on the cell
surface; scale bars and strains are shown.
(B) Number of visible secretions per bacteri-
um (error bars show SD). (C) Immunogold
labeling of IpaB at the bacterial surface, and
(D) secretion of IpaB and IpaC into culture
supernatants detected by Coommassie are
not affected by LPS glucosylation; secretion
was induced by the addition of Congo Red
(þ). (E) Negative-staining electron micros-
copy showed that the number of TTSS
emerging from the bacterial outer membrane was not altered in the
strain lacking the gtr operon. (F) The interaction between LPS and TTSS.
Hyperinvasive strains that have truncated LPS molecules are susceptible
to being killed by the innate immune response in vivo. Bacteria

expressing unglucosylated LPS are compromised for invasion and
therefore attenuated. Glucosylation of the O antigen halves the length
of the LPS molecule, which allows efficient function of the TTSS while it
retains resistance to antimicrobial factors in vivo.
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Alternatively, one can target IM proteins to

inclusion bodies (3), but this requires subse-

quent renaturation of the desired protein

from these insoluble deposits, a process with

limited success rates.

The established procedure of using fusion

partner proteins to aid production of recom-

binant proteins has also had limited utility

in the production of eukaryotic IM proteins

(4), because the fusion proteins currently avail-

able do not target the construct to the mem-

brane or facilitate membrane insertion. An

ideal fusion partner for IM protein produc-

tion would autonomously traffic its cargo to

the membrane, bypassing the translocon and

associated toxicity issues while retaining the

characteristics of other successful fusion part-

ner proteins, including relatively small size, in

vivo folding, and high stability. Several

proteins (particularly bacterial toxins) and

some synthetic peptides (5) have many of

these characteristics, which suggests that an

ideal fusion partner specialized for recom-

binant IM protein production in E. coli is likely

to exist.

Crystallization is another obstacle in the

determination of IM protein structures, because

such proteins must be solubilized in detergent

micelles that are inherently resistant to forming

ordered crystal lattices. Nuclear magnetic reso-

nance (NMR) spectroscopy offers an alterna-

tive method for determining atomic resolution

structures of proteins (6, 7). To date, however,

protocols for NMR structure determination of

IM proteins have been established only for

very small, structurally simplistic IM proteins

(8, 9) and for outer membrane bacterial porins

(10–12), whose b-barrel fold allows collection

of ample interstrand long-range backbone-

backbone nuclear Overhauser effects (NOEs)

that are sufficient to determine the fold of the

protein. The development of new techniques

to specifically address the inherent char-

acteristics of a-helical IM proteins is neces-

sary to bring the powerful tools of NMR to

bear on this class of molecules.

We have isolated a 110–amino acid (13 kD)

B. subtilis protein called Mistic (an acronym

for Bmembrane-integrating sequence for

translation of IM protein constructs[). Mistic

associates tightly with the bacterial mem-

brane when expressed recombinantly in E. coli

(Fig. 1A) (13). Surprisingly, however, Mistic

is highly hydrophilic, lacking a recognizable

signal sequence. Detergent-solubilized Mistic

binds tightly to micelles and aggregates rap-

idly when stripped of surfactant. Mistic solu-

bilized in lauryl dimethylamine oxide (LDAO)

was found to be monomeric by static light

scattering analysis in combination with de-

tection of ultraviolet absorption (fig. S1), form-

ing a protein-detergent complex (PDC) of

È25 kD containing È50 molecules of LDAO

(relative molecular mass 0 229.4) per mole-

cule of Mistic.

The in vivo topology of this protein in

E. coli was analyzed by evaluating the ac-

cessibility of an array of monocysteine mutants

to the membrane-impermeable thiol biotinylat-

ing reagent 3-(N-maleimido-propinyl) biocytin

(MPB) (14). In addition to the single naturally

occurring cysteine (residue 3), cysteine muta-

tions were introduced individually at the C

terminus (residue 110) and in predicted loop

regions at positions 30, 58, and 88 (Fig. 2A),

with the naturally occurring cysteine mutated

to valine. This experiment revealed a well-

exposed periplasmic C terminus (Fig. 1B) (fig.

S2). The lack of reactivity of the other loca-

tions indicates that they are either intracellu-

lar or membrane-embedded in Mistic_s native

conformation.

NMR de novo structure determination be-

gan with sequential backbone assignment,

including the use of transverse relaxation op-

timized spectroscopy (TROSY)–HNCA (15, 16),

TROSY-HNCAcodedCO (17), and TROSY-

based 15N-resolved E1H,1H^–nuclear Overhauser

effect spectroscopy (NOESY) (mixing time

200 ms) of a 2H, 15N, and 13C-labeled sample

(fig. S3). The 13Ca chemical shift deviation

from Brandom coil[ values, the observed NOE

pattern, and slow 1H
N

exchange with solvent

strongly indicate the presence of four helices

comprising residues 8 to 22, 32 to 55, 67 to 81,

and 89 to 102 (Fig. 2A). Although intraresidue,

sequential, and medium-range NOEs and angle

restraints enabled the assignment of secondary

structure, without long-range restraints the fold

of the protein could not be determined. We

thus used the monocysteine mutant library

described in the topology assay (see above) to

incorporate site-directed spin labels within

Mistic that produce distance-dependent line-

broadening perturbations in the NMR spectra

(18) that could be translated into distances for

structure determination (19). E15N,1H^-TROSY

experiments were measured on Mistic samples

modified with the thiol-reactive nitroxide label

(1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-

methyl) methanethiosulfonate (MTSL) (Fig.

2B). The signal changes observed for the

five spin-labeled samples were transformed into

197 long-range upper-distance and 290 lower-

distance restraints (fig. S4).

Initial structure calculation was performed

with CYANA (20) using the collected NOE

data, chemical shift–derived angle restraints, and

restraints derived from spin labeling. In addition,

a-helical hydrogen bond restraints were imple-

mented for residues that show all of the three

following properties: slow HN exchange, a heli-

cal 13C chemical shift, and helical backbone

NOEs (Fig. 2A). In an iterative process, the

derived scaffold was used to collect long-range

and medium-range NOEs and to refine cali-

bration of the spin-label restraints. In the end,

29 long-range NOEs between methyl or aromat-

ic protons and amide protons were identified.

Because these distances are intrinsically large in

a helical bundle and concomitantly result in

weak NOEs, the use of a cryoprobe and long

mixing times of 200 ms were essential.

The final structure calculation was performed

with 573 NOE distance restraints, 346 angle

restraints from chemical shifts and NOEs, and

478 distance restraints from the spin-label ex-

periments (table S1). A total of 100 conformers

were initially generated by CYANA; in Fig. 2C,

the bundle of 10 conformers with the lowest

target function is used to represent the three-

dimensional NMR structure. The resulting struc-

ture is a four-helix bundle (Fig. 3A). Although

all helices except a2 are slightly shorter (È14

amino acids) than expected for a bilayer-

traversing helix, this is likely due to partial

unraveling of the ends of the helices in the de-

tergent micelle environment, especially at the N

and C termini (a1 and a4). Helix a2 has a kink,

Fig. 1. Mistic characterization. (A) SDS–polyacrylamide gel electrophoresis (PAGE) results for Ni–
nitrilotriacetic acid (NTA) elutions from fractionation of a culture recombinantly expressing
octahistidine-tagged Mistic. Mistic is found abundantly only in the bacterial membrane. (B) Topology
analysis of Mistic as assessed by biotinylation of monocysteine variations of Mistic by the membrane-
impermeable, thiol-reactive probe MPB. Only Glu110 at the C terminus is well exposed periplasmi-
cally. Cys3 at the N terminus of the protein and the centrally located Ser58, both also putatively on
the extracellular side of the membrane, are nonreactive with MPB in right-side-out (RSO) membrane
vesicle preparations, consistent with these side chains being embedded in the membrane. In support
of this hypothesis, Cys3 mutation to Ser is functionally disruptive, whereas mutation to hydrophobic
Val, Leu, or Ile is well tolerated. Mistic constructs were expressed as a fusion to a bacterial potassium
channel (KvPae) and subsequently separated by cleavage with thrombin. The channel, identical in all
constructs, serves as an internal control for calibrating expression, extraction, biotinylation, and
detection efficiency among the samples.

R E P O R T S

25 FEBRUARY 2005 VOL 307 SCIENCE www.sciencemag.org1318



centrally positioned and putatively within the

membrane. Most surprising, Mistic retains an

unexpectedly hydrophilic surface for an IM pro-

tein even though it is assembled internally with

a typical hydrophobic core (Fig. 3, B and C).

Given the membrane-traversing topology

demonstrated by the MPB labeling experi-

ment (Fig. 1B), this unusual surface property

is very intriguing. To confirm the orientation

of Mistic with respect to the membrane, we

measured and assigned NOEs between Mistic

and its solubilizing LDAO detergent micelle.

When sites with NOE signals are mapped to

the surface of the Mistic structure, a concentric

ring of detergent interactions around the

helical bundle is observed, as expected for a

membrane-integrated protein (Fig. 4, A to C).

Additionally, we perturbed Mistic spectra with

paramagnetic probes that selectively partition

to hydrophilic or hydrophobic environments

(fig. S5) (21). The results from this study are

also consistent with Mistic being embedded

within the LDAO micelle.

We hypothesized that Mistic might be

exploited to target another protein to the bac-

terial membrane, when fused to Mistic_s C ter-

minus, such that it too could readily fold into its

native, lipid bilayer–inserted conformation. We

tested the Mistic-assisted expression of three

topologically and structurally distinct classes of

eukaryotic IM proteins: voltage-gated Kþ chan-

Fig. 2. Secondary struc-
ture and long-range in-
teractions of Mistic. (A)
Primary sequence of Mis-
tic displaying location of
monocysteine probing
residues (orange), struc-
tural disruption mutants
(green), and cloning ar-
tifact residues (gray)
with secondary structur-
al boundaries above the
sequence. (First line) 1HN
protection from solvent
exchange indicative for
hydrogen bond forma-
tion (stars). The solvent
protection is determined
by the absence of a cross-
peak between the chemi-
cal shifts of 1HN and
water in the 15N-resolved
TROSY-[1H,1H]-NOESY
spectrum. (Second and
third lines) NOEs observed
in the 15N-resolved
TROSY-[1H,1H]-NOESY.
Thin, medium, and thick
bars represent weak (4.5
to 5.5 Å), medium (3 to
4.5 Å), and strong (G 3 Å)
sequential NOEs [dNN(i,
i þ 1)]. The medium-range
NOEs [dNN(i, i þ 2)] are
shown by lines starting
and ending at the po-
sitions of the residues
related by the NOE.
(Fourth and fifth lines)
Deviation of the 13Ca

chemical shifts from corresponding ‘‘random coil’’ chemical shifts in
0 mM Kþ (blue) and 100 mM Kþ (green), as independently assigned. Values
larger than 1.5 ppm are indicative of an a-helical secondary structure;
values smaller than –1.5 ppm are indicative of b-sheet secondary
structure. (B) The 2D [15N,1H]-TROSY spectrum of Mistic is shown
along with parts of the 2D [15N,1H]-TROSY spectra in the presence of
paramagnetic spin labels at positions Cys3, Thr30Cys, Ser58Cys,
Asn88Cys, and Glu110Cys. Comparison of peaks’ heights between
perturbed spectra and multiple reference spectra was used to obtain
long-range distance restraints. (C) Superposition of 10 conformers

representing the final NMR structure. The bundle is obtained by super-
imposing the backbone Ca carbons of residues 13 to 62 and 67 to 102.
The bundle is colored by 15N{1H}NOE data by the following color code:
black, 1 to 0.8; navy, 0.8 to 0.6; blue, 0.6 to 0.4; red, 0.4 to 0.2.
15N{1H}NOE as well as T1 (15N) and T2 (15N) relaxation data indicate
that the dynamics of the structure is generally reflected in the variance
of the conformers. In particular, the loop connecting a2 and a3, as well
as the C terminus of Mistic, are more mobile. The T1/T2 ratio of 15N was
used to estimate the effective global rotational correlation time at 11 ns.
This value corresponds to a spherical molecule of È22 kD.

Fig. 3. Mistic structure. (A) Ribbon diagram of the lowest energy conformer highlighting the four
a-helix bundle. (B) Surface representation of Mistic, oriented as in (A), mapping electrostatic
potential. Color code is blue for positive charges, red for negative charges, and white for neutral
surface. (C) Electrostatic potential of Mistic, viewed from the opposite face from that shown in (B).
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nels, receptor serine kinases of the trans-

forming growth factor–b (TGF-b) superfam-

ily, and G protein–coupled receptors (GPCRs)

(Fig. 5A). Although expression success varied

according to induction conditions, proteolytic

susceptibility of the target gene, and the

length of the amino acid linker from Mistic

to the fusion protein, in most cases (15 of 22

tested constructs, table S2) the desired product

could be isolated from the membrane frac-

tion of recombinant bacteria at yields ex-

ceeding 1 mg per liter of culture (Fig. 5B).

The Aplysia potassium channel, aKv1.1, was

extracted and purified in LDAO to verify

that the expressed proteins resemble their

native conformations; size exclusion chroma-

tography (Fig. 5C) showed that it retains a

tetrameric assembly. Additionally, several

TGF-b receptors were found to retain native

ligand-binding affinity and specificity (22).

Taken in combination with the fact that all of

these proteins partition to the membrane frac-

tion of cell extracts, we conclude that there

exists a high propensity for this system to pro-

duce IM proteins fully folded in their native

conformations.

To validate Mistic_s direct role in assisting

in the production of these recombinant IM pro-

teins, we introduced mutations at three poten-

tially structurally disruptive sites within the core

of the protein (Figs. 2A and 6A). Expression

tests of these Mistic variants, alone and fused to

aKv1.1, indicate that the integrity of Mistic_s
structure is essential to its ability to chaper-

one cargo proteins to the bacterial lipid bi-

layer (Fig. 6B). The single mutation of a core

methionine (Met75) to alanine, in particular,

sufficiently destabilized Mistic_s structure

such that it partitioned between the mem-

brane and the cytoplasm. This same mutant

yielded no protein expression when fused to

aKv1.1, confirming that Mistic_s structure and

resulting membrane affinity are critical for its

ability to facilitate the production of target IM

proteins.

Given the highly acidic surface of Mistic

(Fig. 3, B and C), it is still conceivable that the

conformation of Mistic in the cell membrane

differs from the structure observed in the Mistic-

detergent complex. Recently, charged transmem-

brane helices have been shown to play dynamic

roles within the lipid bilayer in ion channels and

transporters (23, 24). Conformational flexibil-

ity, such as rotation of the four helices about

their helical axes or even partial unraveling of

the helical bundle, may allow Mistic to adapt

Fig. 4. Mistic-detergent interactions. (A) Surface representation of Mistic
indicating observed NOE interactions between detergent molecules and
the protein. Observed interactions are coded blue between the head
methyl (CH3) groups of LDAO and backbone amides (1HN) of the protein,
yellow between the hydrophobic CH3 end of LDAO and 1HN, and green
between the LDAO chain (CH2) and 1HN. NOEs were never observed from
the same residue to both the head-group methyl and the aliphatic chain tail
methyl of LDAO for the same residue. (B) A selection of intermolecular
NOEs between LDAO and residues 37 to 43 and 58 to 67 of Mistic; [15N,1H]

strips from the 15N-resolved TROSY [1H,1H]-NOESY are shown. The
detergent-protein NOEs are marked by a bar colored as in (A), pointing
to the appropriate portion of the chemical structure of LDAO. (C) For the
differentiation between intramolecular and intermolecular NOEs, a second
NOESY experiment was measured without decoupling on 13C during 1H
evolution, yielding doublets for protein-protein NOEs but single peaks for
detergent-protein NOEs. Arg43 for this measurement is shown in
comparison with Arg43 in (B), showing the presence of a protein-protein
NOE at 0.8 ppm and the presence of a detergent-protein NOE at 1.2 ppm.

Fig. 5. Mistic-assisted eukaryotic IM protein expression. (A) Topological depictions of the three
protein classes studied in this report: GPCRs, TGF-b family receptors, and voltage-gated Kþ channels
(Kv). (B) SDS-PAGE results for various eukaryotic IM proteins. Lane pairs reveal expression of the
desired protein from LDAO-solubilized membrane fractions after purification by Ni-NTA affinity
chromatography. The Mistic-fused protein is shown on the left (open arrow); the final product after
removal of Mistic by thrombin digestion is on the right (solid arrow). Protein identities were verified
for select samples [including retinoic acid–induced protein 3 (RAI3), bone morphogenetic protein
receptor type II (BMPR II), and aKv1.1] by N-terminal Edman degradation sequencing of at least 14
residues of the target protein after separation from Mistic. The additional bands in the sample of
aKv1.1 before digestion (bracket) were determined to be truncated products containing fragments
of the N-terminal T1 domain of this channel. The region between T1 and the membrane-spanning
domains of this channel is known to be flexible and proteolytically susceptible. (C) Gel filtration
profile of thrombin-digested aKv1.1 run in 3 mM LDAO on a Superose-6 column. aKv1.1 elutes as a
detergent solubilized tetramer subsequent to Mistic removal. (Inset) Baseline separation between
aKv1.1 (lane 1) and Mistic (lane 2) allows two-step purification of aKv1.1 to near-homogeneity.
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to the lipid environment in a fashion analogous

to the mechanisms of membrane integration

for the chloride channel CLIC1 (25) or diph-

theria toxin (26), both of which exist alternately

in soluble and membrane-integrated forms. Mo-

lecular interplay between lipid composition and

membrane insertion of IM protein structures is

another intriguing possibility (27). Although

complete understanding of the integration

dynamics of Mistic requires further study, all

available data suggest that it must autono-

mously associate with the bacterial membrane

and that this property alone accounts for its

high efficiency in chaperoning the production

and integration of downstream cargo proteins

(fig. S6). Taken together with the NMR tech-

niques and protocols developed and used for

Mistic structure determination, Mistic_s unique

ability to assist in the production of IM proteins

opens new avenues around traditional obstacles

in the study of IM proteins, particularly those

of eukaryotic origin.
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Cryptococcus neoformans is a basidiomycetous yeast ubiquitous in the
environment, a model for fungal pathogenesis, and an opportunistic human
pathogen of global importance. We have sequenced its È20-megabase
genome, which contains È6500 intron-rich gene structures and encodes a
transcriptome abundant in alternatively spliced and antisense messages. The
genome is rich in transposons, many of which cluster at candidate centro-
meric regions. The presence of these transposons may drive karyotype
instability and phenotypic variation. C. neoformans encodes unique genes
that may contribute to its unusual virulence properties, and comparison of
two phenotypically distinct strains reveals variation in gene content in
addition to sequence polymorphisms between the genomes.

With an increased immunocompromised

population as a result of AIDS and wide-

spread immunosuppressive therapy, Crypto-

coccus neoformans has emerged as a major

pathogenic microbe in patients with impaired

immunity (1). C. neoformans elaborates two

Fig. 6. Mutational dis-
ruption of Mistic’s struc-
ture and function. (A)
Residues forming the
core of Mistic, with
those mutated in struc-
tural disruption studies
highlighted with arrows.
(B) Mistic mutated sin-
gly at three core resi-
dues displays varying
structural stability and
functionality. Mutation
of Trp13 to Ala (W13A)
reduces the overall yield
of fused aKv1.1 by a
factor of 2 to 3. More important, mutation of Met75 to Ala (M75A) destabilizes the structure of
Mistic sufficiently such that, when expressed by itself, it partitions substantially into the cytoplasm
(fourth lane from left), in stark contrast to wild-type Mistic or any of the other mutants analyzed.
This results in a functionally disabled protein; thus, when M75A is fused to aKv1.1, there is no
detectable yield of this protein (rightmost lane).
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specialized virulence factors, a polysaccharide

capsule (2) and the antioxidant pigment

melanin (3), which enhance human infection

and central nervous system colonization. Here,

we report the genome sequence of two related

strains of C. neoformans serotype D (JEC21

and B-3501A) as an important step in the

elucidation of the genomic basis for virulence

in this pathogenic yeast.

The 19-Mb genome sequence of C. neo-

formans JEC21 Eexcluding the ribosomal

RNA (rDNA) repeats region constituting

È5% of the genome^ spans 14 chromosomes

from 762 kb to 2.3 Mb (table S1), whereas

the 18.5-Mb sequence of the B-3501A strain

consists of 14 linked assemblies (scaffolds).

Unlike S. cerevisiae, the genome of C.

neoformans shows no evidence for a whole-

genome duplication (4). However, a chro-

mosomal translocation and an exact È60-kb

segmental duplication are present in JEC21

compared with B-3501A (5). Almost 5% of

the genome consists of transposons, the

majority clustered on each chromosome in

single blocks that span 40 to 100 kb that may

represent sequence-independent regional

centromeres, similar to those in S. pombe

and N. crassa (6) (Fig. 1). Each block is

unique but all contain at least one copy of

the Tcn5 or Tcn6 transposons, which may

represent functional elements or target the

centromeres. Transposons are also clustered

adjacent to the rDNA repeats and within the

mating-type (MAT) locus (Fig. 1). In con-

trast to the other transposons, the long inter-

spersed nuclear element–like (LINE-like)

retroelement Cnl1 shows a marked prefer-

ence for telomeric regions.

To ensure accurate gene structure annota-

tion, sequence data were obtained from both

ends of more than 23,000 cDNA clones of a

full-length normalized cDNA library from C.

neoformans JEC21 cells grown under various

conditions (7). A total of 6572 protein-

encoding genes were identified, which contain

an average of 6.3 exons of 255 base pairs (bp)

and 5.3 introns of 67 bp (table S2). The mean

transcript size of 1.9 kb contains an average

of 15% noncoding sequence from both the 5¶

and 3¶ ends. The gene organization in C.

neoformans is thus considerably more com-

plex than that of ascomycetes for which ge-

nome sequence (table S2) is available and is

comparable to that observed in Arabadopsis

thaliana or Caenorhabditis elegans.

A conspicuous feature to emerge from

comparing cDNA and genome sequence data

is evidence for alternative splicing and en-

dogenous antisense transcripts, in some cases

emanating from the same gene locus (Fig. 2).

Alternative splicing and natural antisense

RNA transcribed in cis were identified in

genes encoding diverse functions distributed

genome-wide, which suggests that both are

widespread genetic regulatory mechanisms

in C. neoformans (tables S3 to S5). Alterna-

tive splice forms were predicted for 277

genes, or 4.2% of the transcriptome (table

S4), and a variety of mechanisms could be

identified (e.g., exon skipping, truncation,

and extension at both 5¶ and 3¶ ends).

Antisense transcripts were identified for 53

genes; however, they appear to have no ap-

preciable coding potential and are usually

completely overlapped by their sense coun-

terparts (table S5). The presence and fre-

quency of these antisense transcripts and the

presence of the molecular components nec-

essary for RNA interference extend previous

studies (8) and indicate that regulation by

double-stranded RNA is likely a general reg-

ulatory mechanism in this organism.

JEC21 and B-3501A are highly related

inbred strains of the alpha mating type, the

most prevalent mating type in environmental
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Fig. 1. The C. neoformans JEC21 genome with each chromosome
represented as a colored bar. Specific features are pseudocolored, from
red (high density) to deep blue (low density) and plotted on a log
scale. These include the density of genes, transposons, expressed

sequence tags (ESTs), and predicted SNPs and indels. Candidate
centromeric regions and the MAT locus are represented as red bars and
a blue bar, respectively. The location of the rDNA repeat is represented by
a green bar.
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and clinical isolates (9). As a result of back-

crossing during strain construction, the se-

quence differences that distinguish these

strains are restricted to 50% of their ge-

nomes, which overall are 99.5% identical at

the sequence level. The predicted single-

nucleotide polymorphisms (SNPs) and inser-

tion and deletion polymorphisms (indels) are

distributed in blocks of high and low se-

quence polymorphism, reflecting the recombi-

nation events that occurred during production

of these sibling strains (Fig. 1). The pheno-

types of JEC21 and B-3501 differ markedly,

with B-3501A being more thermotolerant

and more virulent in animal models than

JEC21. To investigate the genetic basis for

these differences, genomic regions en-

compassing JEC21 genes were compared

directly with the B-3501A assembly. The

vast majority (99.7%) of genes share 998%

nucleotide identity (fig. S1). Strain-specific

genes were experimentally verified by poly-

merase chain reaction and included a Ras

guanosine triphosphatase–activating protein

and two proteins of unknown function

specific to B-3501A, whereas four proteins

of unknown function were specific to

JEC21. These genes, in addition to 22

duplicated genes in JEC21 located on the

È60-kb segmental duplication, delineate the

strains.

A remarkable feature of C. neoformans is

the link between virulence and mating type,

which is governed by a specialized genomic

region, the MAT locus (10). Genome analysis

revealed several additional genes in MAT.

Numerous other genes involved in mating are

not in MAT or on the MAT chromosome and

are scattered throughout the genome. Con-

sistent with classification as a heterothallic

fungus that does not switch mating type,

there are no silent mating-type cassettes.

The major virulence factor of C. neoformans

is its extensive polysaccharide capsule, an

elaborate and dynamic structure that surrounds

the fungal cell wall that is unique among fungi

that affect humans (2). Genome analysis

identified more than 30 new genes likely

involved in capsule biosynthesis, including a

family containing seven members of the

capsule-associated (CAP64) gene. The CAP64

family appears to be restricted to basidiomy-

cetes, and two members encode alternatively

spliced forms (table S5). A second family of six

capsule-associated (CAP10) genes appears

restricted to a subset of fungi and is absent

from other yeasts.

The cell wall is an essential and unique

component of fungi, and most of the genes

involved in the biosynthesis of cell-wall

polysaccharides are conserved between the

ascomycetes and C. neoformans, making

them attractive targets for broad-spectrum

antifungal drugs. However, S. cerevisiae and

C. neoformans manifest notable differences

in their mechanisms of cell-wall protein as-

sociation. In S. cerevisiae, two major classes

of proteins are covalently bound to the cell

wall: the Pir proteins and a set of proteins

that are covalently attached to the cell wall

by a glycosylphosphatidylinositol (GPI) an-

chor. C. neoformans lacks both Pir-related

genes and several genes that have been

implicated in attachment of the GPI anchors

to the b-1,6-glucan in the cell wall (11).

Genome analysis also predicts more than 50

extracellular mannoproteins that may be

associated with the cell wall, most of which

are unique to C. neoformans.

The phylum Basidiomycota last shared a

common ancestor with the ascomycetes È900

million years ago, and the two phyla have

diverged considerably (12). Overall, 65% of

C. neoformans genes have conserved se-

quence homologs in a sampling of completed

fungal genomes (table S2), and of these 12%

are restricted to the basidiomycete genome

Phanerochaete chrysosporium. Another 10%

appear to be unique to C. neoformans, based

on the absence of identifiable homologs in the

current public databases, whereas the remain-

ing 25% match nonfungal sequences (7).

Lineage-specific gene family expansions do

not represent the most abundant protein

domains within the C. neoformans genome,

which are similar to those of ascomycetous

fungi (tables S6 and S7). Two of the 11 gene

families that appear unique to C. neoformans

are involved in capsule formation, and

another encodes nucleotide sugar epimerases

associated with cell-wall formation. About

60% of the C. neoformans genes could be

assigned gene ontology terms for molecular

function (7), and comparison with S. cerevisiae

reveals a similar distribution of genes across

nearly all functional categories (fig. S2). One

exception is an expansion of the drug-efflux

transporters of the major facilitator superfamily

in C. neoformans, which suggests enhanced

transport capability in this environmental

yeast.

Recently, the Candida albicans genome

was reported (13), enabling a comparison

between these divergent pathogenic fungi. C.

neoformans is an environmental organism that

infects through inhalation, whereas C. albicans

is part of normal human microbiota and infects

by bloodstream invasion. Myriad cell-surface

proteins implicated in C. albicans adhesion to

epithelial cells are absent in C. neoformans,

which suggests that C. neoformans binds host

cells by distinct mechanisms. C. neoformans

elaborates both capsule and melanin; C.

albicans makes neither and lacks genes for

their production.

The C. neoformans genome sequence

provides new insights into this important

fungal human pathogen. The genome encodes

a core complement of genes common to other

fungi and, despite a large divergence time, the

functional distribution of many C. neoformans

genes mirrors that of S. cerevisiae. By

contrast with S. cerevisiae, however, the C.

neoformans genome displays an intron-rich

gene tapestry and a transcriptome rife with

alternative splicing and antisense transcripts.

These genome sequence data, together

with those from another basidiomycete, P.

chrysosporium (14), suggest that more com-

plex gene structures may be a general feature

of basidiomycetes (table S2). The genome

sequence data described herein from two

closely related strains of C. neoformans provide

a foundation to explore the molecular basis of

virulence in this pathogen and reveal differ-

ences in virulence strategies between C.

neoformans and other pathogenic fungi.
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Control of Excitatory and
Inhibitory Synapse Formation

by Neuroligins
Ben Chih, Holly Engelman, Peter Scheiffele*

The normal function of neural networks depends on a delicate balance
between excitatory and inhibitory synaptic inputs. Synapse formation is
thought to be regulated by bidirectional signaling between pre- and
postsynaptic cells. We demonstrate that members of the Neuroligin family
promote postsynaptic differentiation in cultured rat hippocampal neurons.
Down-regulation of neuroligin isoform expression by RNA interference results
in a loss of excitatory and inhibitory synapses. Electrophysiological analysis
revealed a predominant reduction of inhibitory synaptic function. Thus,
neuroligins control the formation and functional balance of excitatory and
inhibitory synapses in hippocampal neurons.

Adhesion molecules bridge the pre- and

postsynaptic compartments of synapses in

the central nervous system. Neuroligin-1

(NL-1), a member of the Neuroligin family

of postsynaptic adhesion molecules, can

trigger formation of functional presynaptic

terminals in axons through interaction with

its axonal receptor b-neurexin E(1–3), re-

viewed in (4–6)^. To explore whether the

b-neurexin–neuroligin complex acts bidirec-

tionally and controls postsynaptic differenti-

ation, we overexpressed NL-1 in cultured

hippocampal neurons (7). Analysis of den-

dritic morphology, postsynaptic scaffolding

molecules, and postsynaptic glutamate recep-

tor distribution revealed that NL-1 promotes

assembly of the postsynaptic apparatus (Fig. 1).

NL-1–overexpressing neurons showed a 68 T
7% increase in the density of dendritic spine–

like protrusions. Spines in NL-1–expressing

cells frequently exhibited irregular, hand-

shaped heads with multiple presynaptic ter-

minals labeled for the vesicular glutamate

transporter 1 (vGlut1), a marker of excitatory

synapses (Fig. 1A; fig. S1). The density of

synaptic puncta containing the scaffolding

proteins PSD-95 and Homer was increased

significantly (Fig. 1B). Moreover, staining for

the NR1 subunit of N-methyl-D-aspartate

(NMDA) receptors revealed that NL-1 strong-

ly promotes NMDA receptor recruitment (Fig.

1D). We also observed recruitment of AMPA-

type glutamate receptors, as indicated by

clustering of GluR2/3 subunits in some NL-

1–expressing cells. However, high NL-1 levels
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Fig. 1. NL-1 promotes postsynaptic differentiation.
Hippocampal neurons were cotransfected with
expression vectors for hemagglutinin (HA)–tagged
NL-1 and EGFP or with EGFP vectors only. (A)
Immunostaining for vGlut1 and EGFP in control
cells expressing EGFP (left column) and cells
coexpressing EGFP and NL-1 (right column). NL-
1–induced spine structures contacting multiple
presynaptic terminals (right). (B) Immunostaining
for PSD-95 and EGFP (left) or HA epitope to detect
NL-1 (right). (C) Immunostaining for Homer and
EGFP (left) or HA epitope to detect NL-1 (right).
(D) Immunostaining for NMDA-receptor subunit 1
(NR1) and EGFP (left) or HA epitope to detect NL-
1 (right). Scale bar, 5 mm. (E) Quantification of
postsynaptic protein recruitment, dendritic spine
induction, and synapse formation in cells express-
ing NL-1 and EGFP-transfected control cells.
vGlut1/PSD-95 shows density of puncta with
colocalizing pre- and postsynaptic markers (SEM,
n 0 10, ***P G 0.001).
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led to dispersion of GluR2/3, likely due to the

depletion of cytoplasmic binding partners for

NL-1 (8). In summary, these experiments

show that NL-1 is a potent inducer of

excitatory postsynaptic differentiation.

NL-1–induced postsynaptic differentiation

may be entirely mediated through scaffolding

proteins interacting with the intracellular tail of

NL-1 or may require extracellular interactions

with the b-neurexin–NL-1 complex. To inves-

tigate the respective contributions of the NL-1

extracellular and intracellular domains to

postsynaptic differentiation, we analyzed two

NL-1 mutants. In the mutant NL-swap, the

extracellular cholinesterase domain of NL-1

was exchanged with the homologous sequence

from acetylcholinesterase to yield a mutant NL

protein in which the b-neurexin–binding site

was inactivated (1). In the intracellular mutant

NLDC, the cytoplasmic tail of NL-1 was

truncated, which removed the PDZ-binding

motif that interacts with postsynaptic scaf-

folding molecules such as PSD-95 (9). When

overexpressed in hippocampal neurons, the

extracellular mutant NL-swap could still

stimulate the recruitment of PSD-95 into

clusters at the cell membrane. However, these

PSD-95 clusters were largely extrasynaptic

and did not align with the presynaptic marker

vGlut1 (Fig. 2A). This result suggests that this

NL swap acts as a dominant-negative mutant

that uncouples nucleation of the postsynaptic

scaffold from the presynaptic terminal. Ex-

pression of the intracellular mutant NLDC did

not stimulate PSD-95 clustering, which con-

firmed that the cytoplasmic tail of NL-1 is

essential for PSD-95 recruitment (Fig. 2A).

Despite the inability to recruit PSD-95, NLDC

increased NMDA-receptor cluster density at

synapses, albeit less efficiently than did the

wild-type protein (Fig. 2, B and C). These

findings suggest that NMDA receptors are

primarily recruited to NL-1–induced synapses

independently of PSD-95 and that synaptic

recruitment requires the ability of NL-1 to

interact with b-neurexin or additional extra-

cellular ligands. Therefore, the b-neurexin–

neuroligin complex provides a nucleation site

for the assembly of postsynaptic scaffolding

molecules and NMDA receptors opposite the

presynaptic terminal through intracellular and

extracellular interactions.

To evaluate the consequences of reduced

neuroligin function, we used RNA interfer-

ence (10, 11). We generated small-hairpin

RNAs (shRNAs) directed against the rodent

neuroligin isoforms NL-1, NL-2, and NL-3 and

tested their efficiency and specificity by

cotransfection with neuroligin expression vec-

tors into HEK293 cells (Fig. 3A). Knockdown

of neuroligin expression was strictly isoform-

specific, e.g., NL-1–directed shRNAs did not

alter NL-2 and NL-3 expression. Introduction

of the shRNAs into hippocampal neurons in

culture confirmed the suppression of endoge-

nous neuroligins individually and in combi-

nation (Fig. 3B; fig. S2). Expression of other

neuronal proteins such as PSD-95 or class III

b-tubulin was not altered, and introduction of

the shRNA vector lacking an insert or

containing a control shRNA had no effect on

any of the proteins analyzed.

Suppression of single or multiple neuro-

ligin isoforms reduced excitatory synapse

formation. When the shRNAs were trans-

fected into hippocampal neurons, we observed

fewer vGlut1-positive excitatory presynaptic

terminals (Fig. 3, C and D). Introduction of an

expression vector lacking the shRNA insert

or targeting an unrelated mRNA did not alter

the density of vGlut1 puncta. Knockdown of

each of the neuroligin isoforms also inhibited

postsynaptic maturation, as indicated by a

significant reduction in the density of den-

dritic spines, although this was less severe for

suppression of NL-3. Simultaneous knock-

down of all three rodent neuroligin isoforms

resulted in a 70% reduction in the number of

morphologically recognizable excitatory

synapses as detected by colocalization of

vGlut1 and the glutamate receptor subunit

GluR1 (Fig. 3E). The number of synapses in

triple-neuroligin-knockdown cells was also

Fig. 2. Perturbation of postsynaptic assembly by NL-1 mutants. Hippocampal neurons expressing
EGFP, HA-NL-1 [wild type (wt)], extracellular mutant (swap), or a C-terminally deleted mutant
(DC). (A) Immunostaining for vGlut1, PSD-95, and EGFP or the HA epitope. Boxed area was
enlarged in third column. Scale bar, 5 mm. (B) Immunostaining for vGlut1, NR1, and EGFP or the
HA epitope. (C and D) Quantification of clustering (C) and synaptic localization (D) of PSD-95 and
NR1 in cells expressing wild-type or mutant NL as compared with EGFP-expressing control cells
(SEM, n 0 10, **P G 0.01).
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reduced when cultures were maintained in

tetrodotoxin (TTX) to block all sodium

channel–dependent action potentials (Fig.

3E). Synapse loss is therefore not a secondary

consequence of an essential function of

neuroligins in action potential–dependent

neurotransmission.

It was interesting that the reduction of ex-

citatory terminal density in triple-knockdown

cells was not more severe than in the single-

knockdown cells (Fig. 3, C and D). This

indicated that the function of all three neuro-

ligin isoforms might be coupled or that a

critical level of total neuroligin proteins might

be required for normal function. To further

investigate this, we tested whether the triple-

neuroligin-knockdown phenotype could be

rescued by cotransfection of a human NL-3

cDNA, which is resistant to sh-NL3–directed

cleavage. Simultaneous transfection of human

NL-3 with shRNAs against NL-1, -2, and -3

restored dendritic spine density and vGlut1

clustering, whereas cotransfection of an in-

active NL mutant (NL-swap) did not rescue

the knockdown phenotype (Fig. 3, C and D).

Similarly, defects caused by knockdown of

only NL-3 could be suppressed by over-

expression of NL-1 (8). Increasing expression

of single neuroligin isoforms can, therefore,

compensate for defects caused by the loss of

other neuroligins. In summary, these experi-

ments demonstrate that neuroligin isoforms are

critical for normal excitatory synapse forma-

tion and have partially overlapping functions.

Recent studies suggested a potential role

for neuroligins at inhibitory synapses (12, 13).

Immunostaining for endogenous NL-2 and

the vesicular g-aminobutyric acid transporter

(VGAT) confirmed that the NL-2 isoform is

concentrated at inhibitory synapses (Fig. 4A).

By contrast, NL-1 is concentrated at mature

excitatory synapses (14). When transfected

into hippocampal neurons, all NL isoforms

stimulated the formation of both excitatory

and inhibitory terminals (Fig. 4B; fig. S3).

NL-2 was more effective than NL-1 or NL-3

with respect to inhibitory terminal induction

(Fig. 4, C and D) and might, therefore,

preferentially contribute to inhibitory synapse

formation. However, each of the three neuro-

ligin isoforms is capable of inducing both

excitatory and inhibitory terminals when

expressed at a sufficiently high level.

Using shRNA-mediated knockdown

revealed an essential function for neuroligins

in inhibitory synapse formation. Suppres-

sion of any single neuroligin isoform resulted

in a reduction in the density of VGAT-

positive presynaptic terminals (Fig. 5, A

and B). Among the individual isoforms,

this effect was most significant for suppres-

sion of NL-2. Simultaneous knockdown of all

three neuroligin isoforms resulted in the most

robust reduction of inhibitory terminals. In a

way similar to excitatory synapses, we found

that some inhibitory terminals could form,

even when all neuroligin isoforms were

suppressed. We cannot exclude residual neu-

roligin levels (G10%) that escaped the shRNA-

directed down-regulation as the cause, but

we consider it more likely that there are

other synapse-inducing proteins that promote

Fig. 3. Suppression of NL isoforms leads to excitatory synapse loss. (A)
HEK293 cells cotransfected with HA-tagged NL-1, -2, or -3 and NL
shRNAs (sh-NL1, sh-NL2, sh-NL3). Cell lysates were probed with
antibodies against HA and tubulin. The control shRNA (sh-con.) targets
p53. (B) Hippocampal neurons were triple-infected with lentiviruses
encoding shRNAs that are targeting NL1, NL2, and NL3. Total protein
levels of NL-1, -2, and -3, as well as PSD-95 and b3-tubulin, were
analyzed by Western blotting. No suppression is observed with a shRNA
vector without hairpin insert (sh-vec.) and a control shRNA (sh-con.,
targeting p53). This experiment underestimates the efficiency of NL
protein suppression, because the viruses only infect 90% of all neurons in
the culture. (C) Hippocampal neurons were transfected with shRNAs
directed against individual NL isoforms or triple-transfected with shRNAs
for all three NL isoforms (sh-NL1,2,3) and immunostained with antibodies

to vGlut1. Loss of vGlut-1–positive puncta and dendritic spines can be
rescued by cotransfection of HA-NL-3 (sh-NL1-1 þ HA-NL-3) but not by
cotransfection of the inactive mutant NL-swap (sh-NL1,2,3 þ NL-swap).
Scale bar, 5 mm. (D) Quantification of vGlut1 (left) and dendritic spine
density (right) in hippocampal neurons with reduced NL expression (SEM,
n 0 10, ***P G 0.001). To avoid including cells with NL-3 overexpression,
we focused on the 20% of all HA-NL-3–positive cells with lowest HA-NL-3
expression levels. (E) Quantification of vGlut1 puncta that are also positive
for the postsynaptic AMPA-receptor subunit GluR1 (GluR1-pos.) in control
(sh-con.) and triple-neuroligin-knockdown cells (sh-NL1,2,3) and the effect
of triple-neuroligin knockdown on vGlut1 clustering in the presence of 2
mM TTX (SEM, n 0 10, ***P G 0.001). (F) Total GluR1 puncta density in
hippocampal neurons transfected with control shRNA (sh-con.) or shRNAs
targeting NL-1,2,3 (sh-NL1,2,3) (SEM, n 0 10, ***P G 0.001).
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neuroligin-independent synapse formation

(15). However, acute suppression of neuro-

ligins does result in a substantial reduction of

excitatory and inhibitory synapse numbers,

demonstrating that they are important regu-

lators of synaptogenesis.

Because the knockdown of neuroligins

affected the numbers of morphologically rec-

ognizable excitatory and inhibitory terminals,

we investigated whether synaptic trans-

mission was altered. We recorded mIPSCs

(miniature inhibitory postsynaptic currents)

and mEPSCs (miniature excitatory post-

synaptic currents) in triple-neuroligin-

knockdown (sh-NL1,2,3) hippocampal neurons

(Fig. 5C). In knockdown cells, mIPSC am-

plitudes and frequency were 52 T 21% and

93 T 30% reduced, respectively (Fig. 5D). In

comparison, mEPSCs were only slightly

affected (Fig. 5D). These selective functional

defects resulted in a shift in the balance of

excitatory and inhibitory events in the NL-1,

-2, and -3 knockdown cells: mEPSCs

represented 36.0 T 3.1% of the total number

of synaptic events in control cells and 83.0 T
3.6% of events in the neuroligin-knockdown

cells (Fig. 5D). Combined with the data

described above, these results lead to three

main conclusions: (i) Neuroligins are potent

inducers of postsynaptic differentiation; (ii)

The neuroligin isoforms support both excit-

atory and inhibitory synapse formation; and

(iii) Loss of neuroligin isoforms alters the

normal excitatory/inhibitory balance in hippo-

campal neurons.

NL-2 preferentially localizes to inhibitory

synapses (13). Our overexpression and knock-

down experiments revealed effects of NL-2

on both excitatory and inhibitory synapses,

although effects on inhibitory synapses were

more prominent. Most likely, initial interac-

tions with excitatory and inhibitory axons are

somewhat promiscuous, because mismatched

excitatory and inhibitory pre- and post-

synaptic components are observed frequently

in developing neurons (16–18). The prefer-

ence of individual neuroligin isoforms for

excitatory or inhibitory synapses might then

be reinforced during synaptic maturation.

Loss of neuroligins had a selective effect on

inhibitory synapse function. Despite a 70%

decrease in the density of morphologically

recognizable excitatory synapses in triple-

neuroligin-knockdown cells (Fig. 3E), we did

not observe an equivalent reduction in mEPSC

frequency. This suggests the preferential loss

of inactive and/or silent excitatory synapses or

that the remaining excitatory synapses may

exhibit increased activity. In either case, the

selective reduction of inhibitory synapse func-

tion resulted in a significant imbalance of

excitatory and inhibitory transmission. This

observation is notable, because the excitatory

to inhibitory (E/I) input ratio is critical for

normal computation of neuronal excitation (19,

20) and is generally kept constant by a

homeostatic feedback mechanism (20, 21).

A recent study reported a similar alteration

of the E/I ratio in cells in which expression

of PSD-95 had been suppressed by RNA

interference (12). The selective decrease in

inhibitory synapse function in neuroligin-

knockdown cells may indicate that formation

or stabilization of functional inhibitory syn-

apses relies more heavily on neuroligins than

does the function of excitatory synapses. An

alternative hypothesis is that neuroligins

contribute to the homeostatic mechanism that

maintains the E/I balance.

Inactivating mutations in human neuroligins

are associated with autism spectrum disorders

(22–25), as are perturbations in the E/I ratio

and morphological aberrations in dendritic

spines (26–28). Our work links neuroligin

function with these two phenotypes in hippo-

campal neurons. Further analysis of the cel-

lular defects caused by reduced neuroligin

expression in vitro may, therefore, provide a

useful framework for understanding the cel-

lular defects of autism spectrum disorders.
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Fig. 5. Loss of neuroligins leads to imbalance of
excitatory and inhibitory transmission. (A) Hippo-
campal neurons transfected with control shRNAs
(sh-con.), shRNAs against individual NL isoforms
(sh-NL1, sh-NL2, sh-NL3) or cotransfected with
shRNAs for all three NL isoforms (sh-NL1,2,3)
were immunostained for EGFP (green) and VGAT
(red). Scale bar, 5 mm. (B) Quantification of VGAT
puncta density in neuroligin-knockdown cells
(SEM, n 0 10 cells, *P G 0.05; **P G 0.01). (C)
Representative recordings of mIPSCs and mEPSCs
from hippocampal neurons transfected with con-
trol (sh-con.) or NL-1, -2, and -3 shRNA vectors
(sh-NL1,2,3). Examples of mIPSCs (arrowheads)
and mEPSCs (arrows) are marked. (D) Amplitudes
and frequencies of mEPSCs and mIPSCs in neuroligin-
knockdown cells (sh-NL1,2,3; black columns) as
compared with control cells (sh-con.; white
columns, n Q 5, *P G 0.05; **P G 0.01; ***P G
0.001). Neuroligin-knockdown cells show an
increased percentage of mEPSCs among the total
number of PSCs and a corresponding decrease in
the percentage of mIPSCs as compared with
control cells.
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productivity through the use of disposable cartridges and a one-
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phatase for 15 minutes at 37° C. The enzyme is then quickly and
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mity across the entire film plane without modified processing agi-
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easy exchange of the pipetting modules,this flexible pipetting platform
offers a powerful and versatile solution for a range of applications.
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High-Speed Camera
The TM-6740CL captures up to 200 frames per second at full resolu-
tion and generates up to 3205 frames per second in partial scan and
binning modes.This 1/3-inch VGA-format progressive-scan camera is

based on the state-of-the-art Kodak KAI-0340 charge-coupled device
imager.The camera’s 640 × 480 resolution imager has 7.4 µm square
pixels. It also features both analog and digital camera link dual-tap
output that is 8-bit or 10-bit software selectable.All this high perfor-
mance is available in a miniature 50.8 × 50.8 × 85.1 mm housing.
Jai Pulnix For information 408-747-0300 www.jaipulnix.com

Pre-Poured Agar Plates
A new line of pre-poured agar
plates provides researchers the
benefits of sterile packaging, lot-
to-lot consistency,and time-saving
convenience. In addition to LB and
LB Ampicillin Agar, Sigma-Aldrich
will offer custom plates covering a
wide range of media formulations
and antibiotics. Pre-poured agar
plates eliminate the need for mix-
ing various components, autoclav-
ing, pouring, and cooling the plates. Each lot of plates is tested with
several E. coli strains to insure high quality and performance.
Sigma-Aldrich For information 800-521-5052 www.sigma-aldrich.com

Vacuum Tool
Offering state-of-the-art liquid aspiration, filtration, and waste
disposal in a compact benchtop unit the Vacusafe comfort is a
proven tool for optimizing column-based purification methods.
Commonly such methods are based on loading nucleic acids or
proteins onto a matrix packed in a column using a vacuum source.
Subsequent steps in these procedures also involve vacuum-based
washing of the matrix with buffers. Incorporating the latest ultra-
low-noise pump technology, the Vacusafe comfort offers variable,
gentle vacuum control. The Vacusafe comfort is user-friendly;
color-coded quick connectors facilitate easy handling and help
eliminate the chances of incorrect setup.

Integra Biosciences For information +41 81 286 9530
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Literature
HDA-GT12 System for RNA Analysis is an 
application note that describes and illustrates
the use of this cost-effective, multi-channel
capillary electrophoresis system to determine
the quality and quantity of RNA as an essen-
tial step for gene expression analysis. This
affordable system can be used in research lab-
oratories as an alternative to other methods
of RNA analysis. Its consumable multi-chan-
nel capillary gel cartridge automatically
injects and analyzes 12 strip samples simulta-

neously for 430 seconds or 96 samples for about 1 hour. It makes use
of a fluorescence mechanism for nucleic acid detection.
eGene For information 949-250-8686 www.eGeneInc.com
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