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locene features that have expanded and con- 
tracted in concert with the large-scale warm- 
ing and cooling phases of the Holocene in 
Africa. The ice core records from the SIF and 
FWG indicate that ice cover on Africa's high- 
est mountain has varied through the Holo- 
cene. The FWG appears to have formed only 
in the past few centuries, likely at the onset of 
the coldest part of the most recent Neoglacial 
or Little Ice Age period. We speculate that 
the FWG is an ephemeral feature, unlike the 
larger rim ice fields that have been more 
persistent through time. 

Model-derived dates, coupled with '4C ages 
for the bottom ice in the NIF, suggest that it 
began to grow - 11.7 ka and expanded during 
the African Humid Period. Clearly there was 
less ice on the summit of Kilimanjaro at -4 ka, 
coincident with the "First Dark Age," the peri- 
od of the greatest historically recorded drought 
in tropical Africa, which apparently extended to 
the Middle East and western Asia. The disap- 
pearance of Kilimanjaro's ice fields, expected 
between 2015 and 2020, will be unprecedented 
for the Holocene. This will be even more re- 
markable given that the NIF persisted through a 
severe -300-year drought that so disrupted the 
course of human endeavors that it is detectable 
from the historical and archaeological records 
throughout many areas of the world. A compar- 
ison of the chemical and physical properties 
preserved in the NIF with those in the water- 
saturated, rapidly shrinking FWG (36), coupled 
with the lack of melt features in the NIF and 
SIF cores, confirms that conditions similar to 
those of today have not existed in the past 11 
millennia. The loss of Kilimanjaro's permanent 
ice fields will have both climatological and 
hydrological implications for local popula- 
tions, who depend on the water generated 
from the ice fields during the dry seasons 
and monsoon failures. 
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A Primordial Origin of the 

Laplace Relation Among the 

Galilean Satellites 
S. J. Peale* and Man Hoi Lee 

Understanding the origin of the orbital resonances of the Galilean satellites of 
Jupiter will constrain the longevity of the extensive volcanism on lo, may 
explain a liquid ocean on Europa, and may guide studies of the dissipative 
properties of stars and Jupiter-like planets. The differential migration of the 
newly formed Galilean satellites due to interactions with a circumjovian disk 
can lead to the primordial formation of the Laplace relation nI - 3n2 + 2n3 = 

0, where the n, are the mean orbital angular velocities of lo, Europa, and 
Ganymede, respectively. This contrasts with the formation of the resonances 
by differential expansion of the orbits from tidal torques from Jupiter. 
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The orbital resonances among the Galilean sat- 
ellites of Jupiter have led to sustained dissipa- 
tion of tidal energy to produce astounding vol- 
canos on Io and, probably, to maintain a liquid 
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ocean on Europa. Understanding the origin of 
these resonances will constrain the history of 
the satellites and their formation scenarios. The 
two models proposed are an assembly of the 
resonances through differential tidal expansion 
of the orbits from tides raised on Jupiter (1, 2) 
and a primordial origin of unspecified assembly 
and subsequent evolution away from exact res- 
onance (3, 4). Here we discuss a means of 
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assembling the resonances during the formation 
process in support of a primordial origin. 

The currently observed orbital resonances at 
the 2:1 mean motion commensurabilities in- 
volving Io-Europa and Europa-Ganymede are 
such that the resonance variables 08 = Al - 

2X2 + ,I and 03 = X2 - 2X3 + X2 librate 
about 0? and 02 = 

AI - 2X2 + w2 librates about 
180?, all with small amplitude. Here the Xi are 
mean orbital longitudes and the o, are the lon- 
gitudes of periapse numbered consecutively for 
Io, Europa, and Ganymede, respectively. The 
simultaneous libration of 02 and 03 means the 
Laplace angle 05 = 02 - 03 = h\ - 3X2 + 

2X3 - 180? with small libration amplitude, 
leading to nI - 3n2 + 2n3 = 0, where ni = Xi 
are the mean angular velocities with the dot 
indicating time differentiation. This last libra- 
tion condition is called the Laplace relation 
because Laplace first understood its stability. 
The geometry is such that conjunctions of Io 
and Europa occur when Io is near the periapse 
of its orbit and Europa is near its apoapse, and 
conjunctions of Europa and Ganymede occur 
when Europa is near its periapse. Ganymede 
can be anywhere in its orbit at the conjunctions 
with Europa, because the resonance variable 
04 = X2 - 2X3 + w circulates through all 

angles. The existence of this group of resonanc- 
es with small amplitudes of libration implies an 
assembly of originally random orbits by dissi- 
pative processes. 

A currently popular means of resonance 
assembly is by differential orbital expansion 
due to gravitational tides raised on Jupiter, prin- 
cipally by Io, and damping of the libration 
amplitudes by tidal dissipation within the satel- 
lites, mostly in Io (1, 2). Io's orbit expands 
more rapidly than Europa's, and capture of Io 
and Europa into the 2:1 orbital resonances is 
certain for a reasonably wide range of initial 
orbital eccentricities. Continued orbital expan- 
sion tends to drive the pair deeper into the 
resonance (i.e., driving n1 - 2n2 to smaller 
values) and thereby to increase the orbital ec- 
centricities. But dissipation of tidal energy 
within the satellites tends to decrease the eccen- 
tricities, so an equilibrium can be reached 
where the eccentricities and the ratio of the 
mean motions are almost constant as the pair of 
satellites moves out together locked in the res- 
onances (1, 2). Europa eventually encounters 
the 2:1 mean motion commensurability with 
Ganymede, where capture into the Laplace re- 
lation as the resonance variable 03 is trapped 
into libration about 0? has a probability of about 
0.9 (1). 04 is circulating because the free eccen- 
tricity (5) of Ganymede's orbit exceeds the 
relatively small forced eccentricity in the reso- 
nance (6). The librations are damped by the 
tidal dissipation in Io. Variations of this scenar- 
io have been proposed by Malhotra and col- 
leagues (7-9). The creation of the Laplace re- 
lation by differential tidal expansion of the or- 
bits depends on the dissipation function Qj of 
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Jupiter being sufficiently small (- 106) for non- 
negligible expansion of the orbits to occur, and 
the maintenance of the current configuration in 
equilibrium would require an even smaller Qj 
(-2 X 104). 

Greenberg, motivated by the difficulty of 
accounting for a sufficiently small Qj necessary 
for the tidal origin or equilibrium described 
above and the observed positive rin, proposed a 
primordial origin of the Laplace relation (3, 4). 
He described evolution from much deeper in 
the resonances (i.e., with n1 - 2n2 approaching 
zero and thereby forcing much larger orbital 
eccentricities). The path from deep resonance 
as dissipation decreased the eccentricities is 
characterized by stable librations of the reso- 
nance angles about centers much different from 
the 0? or 180? currently observed here. The 
high dissipation rates at the high eccentricities 
imply rapid decay of the resonances (< 107 year 
time scale), and the only way to preserve them 
for 4.6 x 109 years was to have a sufficiently 
low Qj - 106 to allow at least an episodic 
heating and cooling of Io, albeit not as low as 
would be required by the equilibrium model. 
Now we would be observing the system on its 
way out of the resonance, which lowers the 
eccentricities and, hence, the heating rates. 
Eventually Io cools and the dissipation function 
QI of Io increases to the point at which the 
Jupiter torque "wins," pushing the system back 
to higher eccentricities to repeat the cycle (3, 
10). It is not certain that Io could cool rapidly 
enough in this scenario, but Qj - 106 could 
delay the evolution from deep resonance suffi- 
ciently to prevent its destruction (1). Major 
problems with this scenario were that (i) there 
was no mechanism for placing the system in the 
resonances at the time of satellite formation and 
(ii) evolution through the high-eccentricity 
phases could not be followed with the analytic 
theory. Here, we describe a mechanism that 
addresses both of these problems and adds sup- 
port to Greenberg's hypothesis. 

Constraints on the formation of the Galilean 
satellites of Jupiter have been established by 
theoretical analysis and the Galileo spacecraft 
observations. The nearly coplanar and nearly 
circular orbits of the four large satellites imply 
formation within a dissipative, equatorial disk 
of gas and solid particles formed, perhaps, by 
one of several processes during the formation of 
Jupiter (12). Ganymede and Callisto are about 
50% ice and 50% rock by mass (13). Europa 
has a layer of water and ice 80 to 170 km thick 
(14). The large amount of relatively volatile 
material in Ganymede and Callisto implies that 
the disk temperature remained sufficiently cool 
during the accretion process that icy particles 
could persist. Callisto may not be fully differ- 
entiated (15, 16), a state that requires an accre- 
tion time scale ~106 years to keep interior 
temperatures below 273 K (17, 18). 

Accretion models for the Galilean satellites 
have typically assumed an initial disk with suf- 

ficient solid material to form the satellites and 
with gas added to bring the mixture up to solar 
composition-the so-called minimum mass sub 
nebula (MMSN) (12). But a careful evaluation 
of the processes in such a massive disk (19) 
indicate that temperatures would generally be 
too high and accretion rates too fast to allow 
formation of the satellites with their observed 
properties. In particular, it would be difficult if 
not impossible to keep Callisto only partially 
differentiated. Therefore, it is likely that the 
satellites formed near the end of Jupiter's for- 
mation when the flux of material into Jupiter 
through an accretion disk was greatly reduced 
(18). Theoretical calculations (20) show that 
Jupiter would limit this flux by opening a gap in 
the disk of material surrounding the Sun when 
the planet's mass approached its current value. 
Hydrodynamical simulations (21-24) show 
that gas and particles continue to trickle through 
the gap in two streams entering at the inner and 
outer Lagrange points to form an accretion disk 
around Jupiter. The surface mass density of the 
accretion disk resulting from this scenario is 
sufficiently less than the MMSN to allow the 
slow accumulation of the satellites in a cool 
environment. 

By modeling processes in this disk, Canup 
and Ward (19) have found a scenario of 
satellite accretion that appears to satisfy all of 
the observational and theoretical constraints 
imposed by the satellites' current properties. 
The important characteristics of the model, 
for our purposes, are that the formation time 
scales of the individual Galilean satellites are 
similar and that the satellites migrate toward 
Jupiter while the disk persists. The migration 
is the result of the gravitational interaction of 
the satellites with spiral density waves gen- 
erated in the disk material at mean motion 
commensurabilities with the satellites (Lind- 
blad and corotation resonances). The satel- 
lites are not sufficiently massive to open gaps 
in the disk and, thus, they execute the so- 
called Type I drift (25), whose time scale is 
inversely proportional to both the disk sur- 
face mass density and the satellite mass. 

The key ingredient of the Canup-Ward mod- 
el that allows an alternative history of the Ga- 
lilean satellite resonant system is that 
Ganymede's orbit converges on those of Europa 
and Io because of its faster Type I migration 
induced by its greater mass. Callisto is left be- 
hind because of its smaller mass. Various choic- 
es of the viscosity parameter ao and opacity of 
the disk lead to many different migration rates 
for the satellites, but all reasonable choices lead 
to converging orbits of the inner three satellites 
[figs. 7c, 8c, and 9c of (19)] because of 
Ganymede's more rapid migration. Any other 
model of formation will also suffice for our 
purposes here, provided that the formation time 
scales of all the satellites are comparable and 
that the disk persists long enough for differential 
migration to lead to converging orbits (26). 
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We demonstrate (Fig. 1) that the Laplace 
relation can be established primordially during 
the final stages of satellite accretion by allowing 
Ganymede's orbit to migrate inward on the 105 
year time scale of the Canup-Ward model (19), 
whereas Europa and Io initially migrate more 
slowly on a 2 X 105 year time scale. (The very 
rapid migration rates implied for disk densities 
corresponding to the MMSN would most likely 
preclude the capture of the satellites in any 
resonances during differential migration.) The 
satellites start in an initial configuration where 
the orbits are separated by distances greater 
than those appropriate to the 2:1 mean motion 
commensurability. The numerical calculations 
are done both by the Wisdom-Holman (27) 
symplectic integrator contained in the SWIFT 
package (28) and in a center-of-mass cartesian 
coordinate system with a Bulirsch-Stoer algo- 
rithm. The algorithms are modified as described 
in (29) to accommodate the migration and ec- 
centricity damping, and both algorithms yield 
similar results. Europa is first captured into the 
2:1 mean motion resonances with Ganymede 
and Io is subsequently picked up in the 2:1 
resonances with Europa, simultaneously estab- 
lishing the Laplace relation (30). 

The orbital eccentricities of the satellites 
are damped by interactions with the gas disk 
[e.g., (31)] and eventually by tidal dissipation 
in the satellites [e.g., (2)]. In the case of disk 
interactions, the ratio of the inverse time 
scales is given by (31) 

1/Te, I/el Ce /H\ 2 

1/Ta al 9 C (a) - 30 (1) 

where Hla is the ratio of the scale height of the 
disk H to the semimajor axis of the orbit a. 
Hla - 0.1 is assumed constant in the disk, 
where the numerical value follows from the 
conditions in the Canup-Ward model (19). Ca 

3 is the coefficient of the expression for a/a 
(31, 32), and Ce, 0.1 is the coefficient in the 
expression for e/e (31). For the integrations, we 
assumed that the time scales for migration in a 
and in eccentricity damping are constant and, 
hence, the ratio of the inverse time scales is 
fixed, with /el|/|a/al = 30 from Eq. 1 assumed 
for all three satellites. The eccentricity damping 
causes the eccentricities to reach constant as- 
ymptotic values (Fig. 1), which are reduced if 
the ratio of the inverse time scales in Eq. 1 is 
increased. The evolution is reasonably indepen- 
dent of the rate of migration up to a certain 
point. An example where the satellite migration 
rates were 30 times larger led to a very similar 
evolution. 

Although all of the resonance variables, in- 
cluding the Laplace angle 05, are librating in the 
primordial configuration of the satellites (Fig. 
1), the geometry of the system differs from the 
current configuration, where all resonance vari- 
ables, except 04, librate about either 0? or 180?, 
as described above. The centers of libration of 
05 and 02 are near 80? instead of 180? and that 

of 01 is near -30? instead of 0? (Fig. 2). 04 
would normally librate about 180? for smaller 
eccentricities, but here it is near -10?. Only 03 
has the same libration center near 0? that it has 
now. Conjunctions would no longer occur near 
the lines of apsides of the orbits. This is con- 
sistent with the locus of stable libration centers 
for 05 branching symmetrically from 180? as 
the system is driven deeper into the resonances 
than the current configuration (4). The occur- 
rence of libration centers of both 02 and 05 near 
-80? in some of our calculations is verification 
of the symmetric branches. 

As the satellites move closer to Jupiter and 
the disk dissipates, tidal dissipation in the satel- 
lites eventually dominates the eccentricity 
damping. At the same time, the dissipation of 
tidal energy in Jupiter from tides raised by the 
satellites results in the torques that tend to push 
the satellites outward, thereby tending to in- 
crease the eccentricities [e.g. (2)]. Because the 
current orbital eccentricities are smaller than the 
primordial asymptotic values (Fig. 1), the ten- 
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dency for the eccentricities to decrease due to 
dissipation in the satellites must dominate the 
effect of the tides raised on Jupiter that tend to 
increase the eccentricities-at least at the end of 
migration. The tidal time scale for eccentricity 
damping is le/el 6.5 x 104Ql/f years for lo, 
which is derived from expressions given in (33). 
Here Qi, 30 to 100 for rocky material andfis 
a factor to account for an inhomogeneous struc- 
ture of Io, which can be as high as 13 for a 
two-layer model consisting of a solid mantle 
over a molten interior (34). The tidal time scale 
for eccentricity damping is probably more than 
6 times as long as the migration time scale of the 
Canup-Ward model, and possibly 100 times as 
long as the disk eccentricity damping time scale 
if Eq. 1 is correct. This means that tides will not 
take over the eccentricity damping until after the 
migration has essentially stopped. 

After migration has stopped, we assumed 
that the dissipation in Io is reducing its eccen- 
tricity on the same time scale as disk interaction 
did during the migration (-6.7 X 103 years) 
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(Figs. 3 and 4). We maintained this time scale 
for the damping calculation to keep the com- 
puter time within reasonable bounds. The algo- 
rithm is such that forces are applied to Io that 
would cause the assumed eccentricity damping 
if Io were isolated but, because it must drag 
down the eccentricities of all the satellites 
locked in the resonances, the actual time scale is 
much longer. The system naturally relaxes to 
the current configuration through a series of 
states with offset libration centers, much like 
Greenberg described (4). The eccentricities at 
the end of the calculation have almost reached 
the values observed currently, and the libration 
centers have migrated to the current geometry 
from their positions at the end of migration 
(Fig. 2)-even to the detail that 04 has ended up 
circulating just as we observe now. 

The eccentricity of Ganymede, e3, evolves in 
an interesting way in conjunction with the be- 
havior of 04 (Figs. 3 and 4). Initially, the center 
of libration of 04 shifts from near -10? to near 
180? in about 104 years while e3 decreases. At 
1.5 x 104 years, a sudden jump in e3, perhaps 
from an encounter with a secondary resonance 
(35), results in 04 changing to circulation (angle 
increasing or decreasing without bound) where 
it remains until t = 5 X 104 years. Here e3 
suddenly becomes smaller, perhaps from anoth- 
er change in the effect of the secondary reso- 
nance, and 04 again librates about 180?. After 
-104 years, 04 switches from libration to per- 
manent circulation due to the slow reduction in 
the forced eccentricity while the free eccentric- 
ity remains near 0.0016. In another calculation 
with a different migration rate, the resonance 
variable 04 shows similar behavior but without 
the sudden changes in e3 and with different 
timing of events. In both cases, 04 ends up 
circulating with e3 0.0016. This is about the 
current value of Ganymede's free eccentrici- 
ty, but there may be circumstances where less 
excitation of the free eccentricity leaves 04 
librating. 
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Changing assumptions will change details of 
this scenario such as the asymptotic values of 
the eccentricities during the migration; a differ- 
ent damping rate may change the circulation of 

04. But as long as the satellites exist simulta- 
neously in the disk and the more rapid migra- 
tion of Ganymede forces the inner-three orbits 
to converge and capture into the Laplace reso- 
nance results (41), the qualitative features of 
this alternative early history will persist. 
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"Stemness": Transcriptional 
Profiling of Embryonic and 

Adult Stem Cells 
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Richard C. Mulligan,2 Douglas A. Meltonl* 

The transcriptional profiles of mouse embryonic, neural, and hematopoietic 
stem cells were compared to define a genetic program for stem cells. A total 
of 216 genes are enriched in all three types of stem cells, and several of these 
genes are clustered in the genome. When compared to differentiated cell types, 
stem cells express a significantly higher number of genes (represented by 
expressed sequence tags) whose functions are unknown. Embryonic and neural 
stem cells have many similarities at the transcriptional level. These results 
provide a foundation for a more detailed understanding of stem cell biology. 
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Stem cells (SCs) have the capacity to self- 
renew as well as the ability to generate dif- 
ferentiated cells. Recently, the field of SC 
biology has attracted increasing attention be- 
cause of the isolation of human embryonic 
SCs (1, 2) and the suggestion that adult SCs 
may have a broader potential or plasticity 
than was previously thought [(3), reviewed in 
(4), but see (5, 6)]. Understanding the genes 
that govern the special properties of SCs has 
implications for both embryology and basic 
cell biology. Despite this interest and the 
potential for use of SCs in cell replacement 
therapy, relatively little is known about the 
genetic programs for SCs. 

The three best characterized types of SCs in 
vertebrates are embryonic (ESC), neural 
(NSC), and hematopoietic (HSC) stem cells. 
There is indirect evidence for SCs in intestine, 
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skin, muscle, and liver, but their isolation has 
remained elusive (4, 7). Few genes are known 
to play roles in SCs or to be useful for SC 
isolation (4, 7). Genes expressed in ESCs have 
been identified with cDNA arrays containing 
-600 genes (8), and genes enriched in NSCs 
(9) or HSCs (10, 11) have been identified by 
subtractive hybridization. However, many 
genes expected to be enriched in SCs were not 
identified by these methods (12), and the use of 
different methods precludes a direct compari- 
son of results from different stem cells (8-11). 

We established transcriptional profiles for 
ESCs, NSCs, HSCs, and the differentiated cells 
from lateral ventricles of the brain and from the 
main cell population of the bone marrow (Fig. 
1). This protocol is intended to first identify 
genes enriched in each individual stem cell 
population and then compare those sets of 
genes to one another. The methodological de- 
tails (12) can be summarized as follows. Rep- 
licates of mouse stem and differentiated cell 
samples were isolated, and amplified probes 
were prepared by in vitro transcription and then 
hybridized to DNA microarrays (Affymetrix 
U74Av2) containing about 12,000 genes. 
Scanned arrays were analyzed with Affymetrix 
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licates of mouse stem and differentiated cell 
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were prepared by in vitro transcription and then 
hybridized to DNA microarrays (Affymetrix 
U74Av2) containing about 12,000 genes. 
Scanned arrays were analyzed with Affymetrix 

MAS 4.0 software to identify transcripts absent 
in differentiated cells but present in SCs, and 
with dChip software, a statistical method for 
model-based expression analysis (13), to obtain 
expression indices that identify transcripts en- 
riched in SCs. In each comparison, a 90% 
confidence interval was calculated for the fold 
change in gene expression, and the lower limit 
of this interval-the lower confidence bound 
(LCB)-was used as a measure of enrichment 
in gene expression. Li and Wong (14) have 
shown that the LCB is more reliable than fold 
change as a ranking statistic for changes in gene 
expression. Yuen et al. (15) compared data 
from Affymetrix chips and real-time polymer- 
ase chain reaction and concluded that chip anal- 
yses are accurate, reliable, and underestimate 
differences in gene expression. In view of their 
work, our criterion of selecting genes with 
LCBs above 1.2 (which corresponds to an es- 
timated fold change of 1.9 in gene expression) 
most likely corresponds to a fold change of at 
least 3 in gene expression. The reproducibility 
of our results is underscored by the high corre- 
lation coefficients of the replicates (which have 
a mean of 0.98 and a range of 0.96 to 1.00); 
7786 genes, 63% of the array, were reproduc- 
ibly detected (called "present"), indicating that 
a substantial portion of the mouse genome was 
assayed. 

Lateral ventricles of the brain and the main 
cell population of the bone marrow were used as 
baselines for NSCs and HSCs, respectively, as 
they correspond to differentiated cell types for 
these SCs. For ESCs, which give rise to all 
mouse cell types, we compared them to lateral 
ventricles of the brain and the main cell popu- 
lation of the bone marrow and then intersected 
the comparisons (i.e., we selected only genes 
that showed a significant enrichment in both 
comparisons). This method proved to be effec- 
tive for detecting genes expected from the liter- 
ature to be enriched in ESCs (Fig. 1). Genes 
enriched in ESCs, NSCs, and HSCs were as- 
signed to functional categories with the use of 
NetAffx.com and National Center for Biotech- 
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