
Temperature ( O C )  

Fig. 2. (A) Seasonal var~atons in skeletal Sr/Ca 
of three Hawailan Porites lobata specimens from 
Koko Head, Oahu (Koko-1 and Koko-2) and 
Kahe Pont, Oahu (Kahe-4). (B) Sr/Ca-tempera- 
ture relat~on establshed for each of the Porites 
lobata specimens on the bas~s  of the SST 
record at each sampl~ng site. The regresson 
lnes are [Sr/Ca],,,,., = 10.52 - 0.0569T (r = 

0.971, [Sr/Ca],,,,., = 10.96 - 0.0795T (r = 

0.99). and [Sr/Ca], ,,,,., = 11.36 - 0.0904T (r = 

0.95). 
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bolic activity of the  coral is subject not only 
to temperature but to changes in factors 
such as light intensity, sea level, turbidity, 
and nutrlent supply (17) .  Environmental 
stress resulting from a change in any of 
these factors may produce slower exte~lsion 
and calcificatioll rates (1 i ) ,  which would 
imply enriched skeletal Sr/Ca values or ap- 
parently colder LGM temperatures. If sub- 
optimal growth conditiolls prevailed during 
glacial-interglacial transitio~ls and resulted 
in enhanced skeletal Sr/Ca uptake, the Sr/ 
Ca  therinometer may overestimate the real 
SST change. Our  results suggest that unless 
these effects are understood to a n  extent 
that \vould allow a retrospective assesslnent 
of their ~nagnitude in fossil corals, coralline 
Sr/Ca values cannot be considered an abso- 
lute proxy of past SST variations. 
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Temperature Measurements of 
Shock-Compressed Liquid Hydrogen: 
Implications for the Interior of Jupiter 

W. J. Nellis,* M. Ross, N. C. Holmes 

Shock temperatures of hydrogen up to 5200 kelvin were measured optically at pressures 
up to 83 gigapascals (830 kilobars). At highest pressures, the measured temperatures are 
substantially lower than predicted. These lower temperatures are caused by a continuous 
dissociative phase transition above 20 gigapascals. Because hydrogen is in thermal 
equilibrium in shock-compression experiments, the theory derived from the shock data 
can be applied to Jupiter. The planet's molecular envelope is cooler and has much less 
temperature variation than previously believed. The continuous dissociative phase tran- 
sition suggests that there is no sharp boundary between Jupiter's molecular mantle and 
its metallic core. A possible convectively quiescent boundary layer might induce an 
additional layer in the molecular region, as has been predicted. 

Jupiter, the largest planet in the solar system, 
has lono been of considerable interest to as- 
tronomers. This planet is cornposed prinlarily 
of hydrogen with about 10 atomic % helium; 
the interior is at high pressures (P) and high 
temperatures (T) because of the large mass 
and low thermal conductivity (1 ). For exam- 
ple, the boundary between the molecular hy- 
drogen mantle and the metallic hydrogen core 
is e s t~~na ted  to be 300 GPa (3  Mbar) and 
10,000 K at 0.77 of Jupiter's radius (2).  Pres- 
sures and temperatures at the center range up 
to 4 TPa and 20,000 K. Co~lditions in plane- 

Lawrence Llverlnore Natlonal Laboratory Unlverslty of 
Caforna, nsttute of Geophyscs and Planetary Physscs 
and H D~vslon, Llvermore, CA 94550, USA. 

*To whom corresuondence should be addressed 

tary interiors are calculated from theoretical 
models that are consistent with the observed 
mass, radius, rotational rate, gravitational mo- 
ments, and surface chemical composition. 

b Density ( p )  distributions are cal'culated from 
the gravitational mornents, ,,which are very 
sensitive to the equation of state at very high 
pressures and teqlperatures (3). Because the 
internal temperatures are well above the cal- 
culated melting curve of hydrogen, Jupiter is 
in the fluid phase (4); the interior is assumed 
to be f~111y convective and adiabatic and to 
obey an isentropic equation of state. Here, we 
report shock temperature Ineasurelnents of 
liquid hydrogen and their i~nplications for the 
nature of the interior of Jupiter. 

Shock-compression measurements of the 
equations of state of hydrogen and heli~lln 
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15-8) achieve thermodvnamic states that are GPa to 5210 K at 82.8 GPa. Tem~eratures  ~, 

representative of those iound in planetary in- 
teriors (4). Hugoniot data are P-p measure- 
ments along the Hugoniot or shock-compres- 
sion curve. Tem~eratures must be calculated 
from theoretical models, which use intermo- 
lecular potentials fitted to the P-p shock- 
compression data, or measured in separate 
experiments such as reported here. Earlier 
models of jovian isentropes were calculated 
from equations of state that were based on 
Hugoniot P-p data. All the recent modeling 
shows that H2 begins to dissociate above 20 
GPa and 4500 K and that the dissociation 
process is continuous to higher pressures and 
teinueratures. The  same models indicate that 
at room temperature hydrogen becomes mo11- 
atolllic at nressures of 300 to 500 GPa, whlch 
occur deep within Jupiter. Our temperature 
data show that molecular dissociatio~l occurs 
collt i~luo~~sly above 20 GPa. 

Temnerature measurements are more sen- 
sitive to dissociatio~l than are P-p data, es- 
pecially near the onset of dissociatio~~. Dis- 
sociation causes the absorption of a few elec- 
tron volts per molecule, which results in a 
considerable drop in temperature when the 
dissociatio~l fraction is more than a few per- 
cent (9). However, detection of the pressure 
change caused by dissociatio~l in doubly 
shocked hydrogen requires higher accuracy 
than can be achieved by the P-p method. 
Over the past few years, we have developed 
sophisticated optical methods for the mea- 
surement of shock temperatures ( 10).  These 
temperature data provide an important con- 
straint on the equation of state. 

W e  generated high pressures and temper- 
atures in liquid deuterium samples with the 
use of a two-stage light-gas gun that acceler- 
ated a tantalum or aluminum llnpactor to- 
ward the sample holder (5, 1 1 ); the deuten- 
um temperatures were measured optically 
(Fig. 1)  (12).  T h e  impactor reached veloci- 
ties up to 7 km/s, and the resulting shock 
temperatures ranged from 2820 K at 12.0 

Impactor 

\ 

-+ 

Liquid sample 

Baseplate 

Fig. 1. Schematic of the experiments. The Impac- 
tor IS accelerated to velocities up to 7 km/s and 
generates a strong shock wave on Impact w~th the 
baseplate [see (1211. 

measured for pairs of first shocks and seco~ld 
shoclcs in deuterium are plotted versus molar 
density in Fig. 2. The  solid lines connect the 
first-shock and second-shock temneratures 
measured in each experiment, described in 
detail elsewhere i 13). 

T h e  first-shock temperatures a t  pressures 
up to 22 GPa  agree well with predictions 
that neglect dissociation ( 7 ,  13).  However, 
the second-shock temperatures a t  highest 
pressures (-80 GPa) ,  densities, and t e n -  
peratures are substantially lower than pre- 
dicted for a purely molecular fluid. These 
lower temperatures are caused by the  partial 
and continuous dissociation of hydrogen 
into monatomic hydrogen, as observed in 
nitrogen (14) .  Because the hydrogen theo- 
ries of Ross et al. (RRY) (7)  and Saulno~l  
and Chabrier (SC)  (15) considerably over- 
estimate these shock temperatures, we de- 
veloped a model to agree with these mea- 
sured hydrogen temperatures. Our  model in- 
troduces a softer equation of state for the 
dissociated species relative to the molec~llar 
specles, which lowers the dissociatio~l ener- 
gy and allows for the absorption of Inore 
kinetic energy than is predicted without dis- 
sociation. Temneratures calculated with our 
nlodel (1 6 )  are in excellent agreement with 
the measured shock temperatures in Fig. 2. 

Hydrogen in shock experiments is in ther- 
mal equilibrium. The time of one vibrational 
period of a free H, molecule is 0.8 X s; 
this value changes by only a few percent at 

0- 
0 0.1 0.2 0.3 0.4 

Density (mollcm3) 

Fig. 2. Measured f~rst-shock (sold c~rcles) and sec- 
ond-shock (open c~rces) temperatures of deuterl- 
um. Solid lines join pairs of first-shock and second- 
shock temperatures measured in each experiment 
(Fig. 1) .  The h~ghest first-shock pressure IS 22.6 
GPa, and the highest second-shock pressure is 
82.8 GPa. The first-shock temperat~~res are in 
good agreement with predictions based on the 
molecular phase (7). The highest second-shock 
temperatures are lower than predicted because H, 
is undergoing pariia dissociation at highest densi- 
ties and pressures The present model was devel- 
oped to agree wth all the shock-temperature data. 
The dashed curve is the hydrogen isentrope cacu- 
lated with the present model from the surface con- 
ditions of Jupiter (1 65 K and 1 bar), Because the 
calculated sentrope passes through the reglon of 
the shock data, these shock-temperature data 
probe temperatures and densities in Jupiter. 

high pressures (17). A t  the density (0.25 moll 
cm3) and temperature (5000 K)  associated 
with our highest pressure (83 GPa),  the time 
between molecular collisiolls is -4 x 10-l4 s. 
Thus. within our time resol~~tioll of 3 X lo-" 
s, hydrogen undergoes 10' collisions and vi- 
brations, which is more than sufficient to 
achieve thermal equilibrium. Our results are 
thus independent of whether we make our 
measurements in 100 11s or in a billion years. 
For this reason, the theoretical equation of 
state derived from our shock data is applicable 
to the interior of Jupiter. 

The nresent lnodel n7as used to calculate 
the isentrope of hydrogen starting from the 
surface conditions of Jupiter, 165 K and 1 bar 
(Fig. 2). This isentrope was calculated up to 
200 GPa, which requires an extrapolation 
from our maximum experimental density of 
0.26 11101/c1n3 up to 0.4 mol/cmi. A t  200 GPa 
the calculated dissociatioll fraction is l5%, 
which is a modest perturbation of the molec- 
ular equation of state. The  measured first- and 
second-shock temperatures are in the same 
region as this calculated isentrope, which il- 
lustrates that our shock-temperature data 
probe the pressures and temperatures in Jupi- 
ter (4).  The maximum in T(p) in Fig. 2 might 
be an artifact because the telnuerature de- 
crease at higher densities is small and the 
model has been extrapolated to higher densi- 
ties than were achieved in our experiments. 
Also, in Jupiter the -10 atomic Oh helium 
causes temperature to increase monotonically 
with density and pressure because helium has 
no  internal energy absorption mechanism, 
such as dissociation or electronic excitation, 
at the temperatures involved. 

The present isentrope of hydrogen is plot- 
ted as 7 versus P in Fig. 3, together wit11 the 
RRY result for pure H2 and the S C  result, 
which incl~ldes some calculated dissociation. 
Our model in Fig. 3 shows that the continuous 
dissociation of H, keeps the isentropic tem- 
peratures relatively constant near 4000 K over 

' 4 b 1  80 I 120 I I 160 ' 
Pressure (GPa) 

Fig. 3. sentropes of hydrogen (calculated from 
165 K and 1 bar) plotted as temperature versus 
pressure for the present model, the RRY result (7), 
and the SC result (15). Dissociation fractons cal- 
culated with the present and SC models are indi- 
cated A calculated melting curve (4) is also 
shown. 
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a wide range of pressures (and thus depth) 
from 30 to 180 GPa. Our model also predicts 
that at 180 GPa, dissociation of 13% of the 
H2 yields an isentropic temperature of hydro
gen that is about 25% lower than the RRY 
and SC results at highest pressures. Thus, the 
jovian isentrope in the molecular layer is cool
er and has substantially smaller temperature 
variation than previously thought. 

The continuous dissociative phase transi
tion in hydrogen suggests that no sharp 
boundary exists at what is now called the 
core-mantle boundary. That is, as H2 disso
ciates continuously to the monatomic phase 
and eventually metallizes, there probably is 
no sharp discontinuity in the relative com
position of the molecular and metallic phas
es nor in density. 

Figure 3 indicates that the spatial gradient 
in the equilibrium temperature distribution is 
small. In addition to this equilibrium temper
ature distribution, there is also a small non-
equilibrium "excess" temperature distribution 
caused by gravitational energy deposited dur
ing formation of the planet. This "excess" 
energy is slowly radiated by Jupiter, and the 
resulting slow cooling causes the radius of 
Jupiter (7 X 1010 mm) to decrease by ~1 
mm/year (18). The radial gradient of this 
excess temperature drives convection and is a 
relatively large fraction of the total thermal 
gradient because the equilibrium thermal gra
dient is small in the phase-transition region 
(Fig. 3). Thus, our results provide strong evi
dence for the assumption that the molecular 
layer is fully convective. As the dominant 
heat conduction mechanism, convection 
causes the temperature distribution to ap
proach the isentropic distribution (18). Con
vection also generates the planetary magnetic 
field by dynamo action (19). Magnetic effects 
are important in the molecular layer (20), and 
a portion of the magnetic field might be gen
erated there. 

The p-P isentropes corresponding to the 
T-P curves in Fig. 3 are plotted in Fig. 4. 
The p-P curve is much less affected than 
the T-P curve by the change in the equa
tion of state, and p increases monotonically 

40 160 80 120 
Pressure (GPa) 

Fig. 4. Plot of density versus pressure for the 
three isentropes in Fig. 3. 

with P. At 180 GPa, the density calculated 
by the present model is only 8% higher 
than the SC result, with the RRY result 
halfway between. Our results have a weak 
effect on the calculated density variation 
and thus exert a relatively weak effect on 
modeling the density distribution to match 
flyby data of the gravitational field. 

The possible existence of a maximum in 
temperature (Fig. 3) depends on the actual 
details of this curve and the presence of He 
and planetary ices and rocks (2). However, if 
a maximum in T(P) were to exist, such a 
temperature distribution might have impor
tant effects on convection. If, for example, 
convection were to depend only on the radial 
temperature gradient, then this gradient 
would change sign on either side of the max
imum in T(P). In this case, convection would 
be upward toward the surface on one side and 
downward toward the center on the other side 
of the maximum. As a result, a quiescent 
boundary layer might be expected at depths 
corresponding to pressures of 30 to 180 GPa. 
A quiescent boundary layer over a long period 
of time might facilitate separation of ice and 
rock and cause an abrupt density change. A 
boundary has been proposed at 42 GPa on the 
basis of an analysis of gravitational field data 
(2). At greater depths, the pressure becomes 
sufficient to completely dissociate and metal
lize hydrogen, and a further increase in depth 
causes the temperature to increase monoton
ically with pressure. Hence, there might be a 
local minimum in temperature near the radius 
of what is now called the molecular mantle-
metallic core boundary. In this case, convec
tion would be driven toward the temperature 
minimum from both larger and smaller radii, 
causing a convectively turbulent region. 

Recently, the first observations of global 
free oscillations of Jupiter have been report
ed (21). Their frequency is —20% less than 
expected for current models. This frequency 
is determined by the velocity of sound and 
thus depends on the equation of state. If 
these oscillations are, in fact, seismic oscilla
tions, then sound velocities —20% less than 
currently calculated over the entire planet 
must be explained (21, 22). 

The velocity of sound c is given by c = 
(dP/dp)s, where S is entropy. All the P-p 
isentropes in Fig. 4 have nearly the same 
slopes; hence, the value of c calculated with 
our model is only a few percent less than was 
previously calculated. Although the change 
is in the appropriate direction, it is too small 
to explain the —20% reduction required in c. 
However, our calculations to 200 GPa probe 
only the outermost 15 to 20% of the radius 
of Jupiter. Increasing the percentage of He or 
the ices would reduce c but would also result 
in a larger density than Jupiter is known to 
have. Because hydrogen is metallic in the 
inner —75% of the radius of Jupiter, any 
relatively large correction of c must occur in 

the metallic phase, at still higher pressures 
and temperatures than reported here. Nei
ther laboratory experiments nor theoretical 
calculations have been performed in this 
extremely complex region. A proper evalua
tion of the reported seismic data awaits a 
recalculation of Jupiter's internal structure 
based on an equation of state that includes 
our temperature data, as well as future mea
surements and their theoretical analysis in 
the metallic liquid phase. 
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Ab lnitio Calculation of the Sound Velocity of 
Dense Hydrogen: Implications for 

Models of Jupiter 
Ali Alavi,* Michele Parrinello, Daan Fren kel 

First-principles molecular dynamics simulations were used to calculate the sound velocity 
of dense hydrogen, and the results were compared with extrapolations of experimental 
data that currently conflict with either astrophysical models or data obtained from recent 
global oscillation measurements of Jupiter. Excellent agreement with the extrapolated 
experimental data was obtained. These results strongly support the notion that the 
existing models for the jovian interior need to be revised. 

Although hydrogen is the simplest of all 
elements, its properties at high pressures (in 
the 100-GPa regime) and temperatures (sev- 
eral thousand kelvin) are not well under- 
stood. Hydrogen in such physical regimes 
occurs in abundance in astrophysical bodies 
such as stars and the giant   la nets, and thus 
its properties are of fundamental importance 
in understanding the physical properties of 
these bodies. A number of recent exnerimen- 
tal and observational breakthroughs may 
lead to a much better understandine of the - 
properties of hydrogen at these conditions. 
In particular, Duffy et al. ( I )  have measured 
the sound velocity of dense hydrogen up to 
pressures of 24 GPa. These measurements 
were preceded by observations of global os- 
cillations of Jupiter (2), from which the 
planet's "equidistance" has been inferred. 
The equidistance is the inverse of twice the 
time it takes for a rav to travel from the 
planet's center to the slrface. In the context 
of a model for the pressure profile of Jup~ter 
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(3), this equidistance can be used to obtain 
an estimate of the sound velocity of hydro- 
gen under the conditions prevailing in the 
interior of the planet ( 1  ). 

The global oscillation data, combined with 
a reliable interior model, may provide a con- 
venient way to probe the interesting interme- 
diate temperature regime in which the elec- 
tron gas is partially degenerate. However, the 
sound velocities that have been obtained in 
this way are in substantial disagreement with 
the measured sound velocities ( 1  ). At present, 
the source of disagreement is not clear. To 
make meaningful comparisons, researchers 
have extrapolated experimental data (by 
means of fitting the data to empirical poten- 
tials) from 25 to 300 GPa, but this procedure 
is fraught with uncertainty because in this 
high-pressure regime hydrogen is expected to 
undergo a variety of transitions (both first- 
order and continuous), including a molecular- 
to-atomic transition (3) and a metal-insulator 
transition. Empirical potentials for Hz, fitted 
to lower density data, tend to overestimate 
the repulsive wall of the molecules ( I  ). The 
result is an underestimate of the compressibil- 
ity of dense hydrogen or, equivalently, an 
overestimate of the sound velocity. Indeed, 
the extrapolated "low-pressure" experimental 
data predict sound velocities in dense hydro- 
gen that are much greater than those inferred 
from the global oscillation data. However, it 
cannot be concluded that the extrapolation 
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procedure to estimate the high-pressure sound 
velocity is in error; the assignment of the 
global oscillation spectra in (2) has been con- 
troversial. and the results of the data analvsis 
depend s;rongly on the choice of the mddel 
for the interior of Jupiter. Thus, the apparent 
disagreement between the jovian global oscil- 
lation data and the extraoolated terrestrial 
results may also signal the need for a revision 
of the existing models of Jupiter ( 1 ,  2). A 
completely independent measurement of the 
sound velocity in dense, hot hydrogen would 
help to clarify these issues. Here, we present 
ab initio calculations of the sound velocity of 
hydrogen and compare our results with the 
above findings. 

The prediction of sound velocities over 
such a broad range of pressures presents a 
formidable theoretical oroblem for a number 
of reasons. First, in this pressure regime the 
nature of the effective interaction between 
the protons changes from a completely mo- 
lecular state to an increasingly dissociated 
one. A parameter-free model that can con- 
sistently descr~be hydrogen throughout this 
regime necessitates a proper quantum me- 
chanical treatment of the electrons. In addi- 
tion, the thermal fluctuations of fluid hydro- 
gen must be properly sampled, which re- 
quires a statistical treatment of the protons, 
and, furthermore, dynamical information is 
necessary to compute sound velocities. An 
approach that combines quantum and statis- 
tical mechanics is the method of ab initio 
molecular dynamics (Car-Parrinello meth- 
od) (4), which has recently been successfully 
applied to the hydrogen plasma (5). 

The method we used is different in one 
basic respect from the usual Car-Parrinello 
method, namely, that it is based on finite 
temperature density functional theory, as de- 
veloped in (6), rather than ground state (T = 

0) density functional theory; this enabled us 
to check the effect of electronic temperature 
on the approach to the metallic phase. In our 
calculations two approximations remain, 
namelv the electronic exchange-correlation 
functi;nal, which we treat in the local density 
approximation (LDA) ( 7 ) ,  and the neglect of 
the zero-point motion (ZPM) of the protons. 
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