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ABSTRACT 
An evolutionary study of a 0.00095 MQ star, composed of a convective, adiabatic, homo- 

geneous fluid, has been performed using stellar structure methods. A new numerical technique 
is used to calculate model atmospheres in the form of time-average vertical temperature struc- 
tures, including all relevant opacity sources and a solar energy deposition component. Thermo- 
dynamic properties for pure hydrogen and a solar mixture {X = 0.74, Y = 0.24, Z = 0.02) 
are developed for -7 < log p (gem“3) < 1 and 1.78 < log T(K) < 4.78, utilizing recent 
high-pressure experimental results and new theoretical methods. The resultant gravitationally 
contracting evolutionary models exhibit two phases. An early stellar phase, behaving like a 
typical low-mass pre-main-sequence object, has high luminosities which have left a record in 
the structure of the Galilean satellites. This phase also has high internal temperatures, (rc)max 
reaching 51,400, which ensures along subsequent evolution as a fully mixed, convective structure. 
The second phase is an approach to a degenerate dwarf cooling curve, which gives excellent 
agreement with the observed radius and luminosity of Jupiter. A short time scale for the standard 
adiabatic fluid models (2.6 x 109 years) is extended by combinations of several factors influencing 
the planetary evolution. An analysis of the sensitivity of evolution to chemical composition, 
solar energy deposition, equation of state, model atmospheres, and superadiabaticity demon- 
strates that equation of state and superadiabaticity have the strongest influence over planetary 
timescales. 
Subject headings: interiors, planetary — Jupiter 

I. INTRODUCTION 

Efforts to understand the structure and evolution 
of the giant planets may be expected to increase sub- 
stantially under the influence of Pioneer space probe 
observations of Jupiter. Interest in these outer planets 
was strongly stimulated in 1969 by Aumann, Gillespie, 
and Low’s remarkable observation that Jupiter 
radiates 2.7 times more energy than it receives from the 
Sun. Prior studies have been primarily concerned with 
two questions about the giant planets. First, what is 
their present structure? A complete answer to this 
question involves knowledge of the internal tempera- 
ture distribution, the chemical composition (or 
hydrogen-to-helium ratio), the source of the excess 
flux, the source of the intense Jovian magnetic field, 
and the state of chemical fractionation in the interior. 
The second question concerns events 4.5 billion years 
ago, and asks, how did the giant planets form? In this 
study, we shall attempt to show that a quantitative 
answer to the first question must involve a complete 
evolutionary analysis of Jupiter, from early in its 
existence to the present day. The answer to the second 
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question is not sought, but its importance and relation 
to the study of the present planet is indicated. 

The seminal study of giant planet structure is that 
of DeMarcus (1958) who established a complete set 
of thermodynamic properties of cold hydrogen and 
helium, and then applied this theory to the construc- 
tion of static models of Jupiter and Saturn. The results 
established the nearly solar composition of both 
planets and gave good agreement with the observa- 
tional variables. A subsequent investigation by Peebles 
(1964) used solutions of the static structure equations 
together with warm adiabatic convective envelopes. 
The results of these two studies produced the accepted 
model of giant planet structure: a dense small core 
(metals or pure helium) surrounded by an extensive 
warm core of homogeneous solid hydrogen-helium, 
and an outer deep adiabatic envelope. The overall 
composition approximates the solar mixture. 

The discovery of the excess heat flux led Hubbard 
(1968, 1969) to propose a quite different structure for 
Jupiter. His proposed models are warm, fully mixed, 
adiabatic convecting fluids. The excess energy flux 
is due solely to gravitational contraction, the energy 
radiated from either a current epoch contraction or 
from stored internal energy derived from a prior 
contraction. This model for the present Jupiter has 
been studied in some detail (Hubbard 1969, 1970) and 
represents the most complete treatment of the planet 
to date. Several other mechanisms proposed to explain 
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the excess flux have been ruled out, as they are 
quantitatively inadequate by orders of magnitude. 
These include accretion of interplanetary debris 
(Newburn and Guilds 1971), natural radioactivity 
(Hubbard and Smoluchowski 1973), gradual change 
of the gravitational constant (Smoluchowski 1972), 
low-temperature nuclear fusion (Grossman et al. 1972), 
and secular albedo change (Hubbard and Smolu- 
chowski 1973). An evolutionary generalization of 
Hubbard’s static model of a convective fluid under- 
going gravitational contraction is the subject dis- 
cussed in this paper. We propose that such a system 
(with modifications, to be dealt with in detail) rep- 
resents the central stage of giant planet evolution, a 
stage that ensues early in the existence of the planet 
and lasts for a substantial fraction of its total lifetime. 
In this proposed evolutionary sequence, the fluid 
contraction stage has both prior and subsequent 
stages; some very difficult questions must be answered 
to understand these early and late phases. 

The early evolution problem concerns the 
“assembly” stage of planetary formation. The most 
obvious source of a fluid stellar configuration such as 
Hubbard proposes is a protostar, a gravitationally 
collapsing condensation in the outer solar nebula. 
This “hot” origin is reasonably well understood, and, 
in principle, a complete calculation could be carried 
out to describe the dynamic and quasi-static stabiliza- 
tion processes. However, a serious objection to this 
protostar origin for Jupiter has been made by Hills 
(1971), who cites the difficulty of forming a stable 
condensation in the primordial solar nebula in the 
presence of strong solar tidal forces. If this objection 
is valid, then a “cold” origin for the giant planets is 
indicated. Models for a cold origin have been pro- 
posed in the form of accretion of a cold solid (Hills 
1971) and condensation of a cold liquid (Horedt 
1972) . The resolution of this problem is not attempted 
here; the quantitative determination of the giant 
planet assembly or formation will be quite difficult. 
In spite of this present uncertainty, we propose (§ IV) 
that either origin—protostar or cold—will result at 
some early solar system epoch in a hot, fully mixed, 
fluid convective stellar configuration, with a radius 
substantially larger than that of Jupiter. Further, 
several observational features of the Jovian system 
will be cited to support this contention. 

The formation or assembly stage is succeeded by the 
fluid convective stage, an evolutionary sequence of 
initially stellar form which gravitationally contracts 
into the planetary configuration of present day 
Jupiter. All prior studies of Jupiter have used static 
models, nonevolving configurations constructed by 
fitting methods. These methods use the observed 
mass, radius, and surface temperature to fit model 
atmospheres to molecular-metallic interiors. The 
standard approach in studying an evolving star is to 
specify only the total mass and chemical composition; 
these two parameters then allow the determination 
of the entire evolutionary history of the star, pre- 
dicting internal structure and external (observable) 
characteristics at all times. In a previous paper 
(Grossman et al 1972) the evolution of a 0.001 AT© 

star composed of pure hydrogen was calculated to 
determine the feasibility of a stellar structure approach 
and to define the relevant details of an evolving very 
low mass object. The stellar configuration contracted 
gravitationally from 35 Jovian radii (Rj) for 109 

years, at which time it had a radius of 2.8 Rj and a 
luminosity 2.5 times Jupiter’s measured emission. Its 
behavior closely resembled the early evolution of 
low-mass stars in the range 0.01-0.05 M© (Grossman 
and Graboske 1973), exhibiting an initially increasing 
internal temperature which reaches a maximum 
central temperature dependent on total mass, followed 
by rapid cooling onto a degenerate “black” dwarf 
cooling curve. 

Our object in this paper is to determine, using 
improved model atmosphere calculations and sub- 
stantially improved thermodynamic properties for 
hydrogen and hydrogen-helium fluids, the complete 
evolution of a fluid contracting star of Jovian mass. 
This effort attempts to answer two key questions. 
First, can this type of model produce an object which 
agrees with all the large-scale observational charac- 
teristics of Jupiter? Second, if not, what modifications 
are required to produce such a model? It is at this 
point that the second problem area becomes relevant— 
i.e., the nature of the current stage of Jovian evolution. 
If the gravitational energy, both current and stored, 
of the fluid contraction stage is insufficient to explain 
the present Jovian flux, an additional energy source is 
required. Two sources have been proposed, which by 
their nature would naturally succeed the fluid con- 
traction stage. Smoluchowski (1970) has proposed 
that the present Jupiter contains a zone of solid 
hydrogen, having frozen from the fluid mixture as 
the planet cooled, and that neutral helium fluid is 
diffusing inward from the metallic hydrogen lattice 
under the influence of the gravitational field. Salpeter 
(1973) proposes a similar gravitational fractionation, 
the neutral helium fluid becoming immiscible with the 
metallic hydrogen fluid and diffusing toward the 
center, releasing a substantial amount of additional 
gravitational energy. Although the theoretical details 
required to substantiate these proposed mechanisms 
are not developed yet, they do represent feasible pro- 
cesses whose initiation would terminate the fluid 
contraction stage. These mechanisms can be tem- 
porarily defined as a post-fluid contraction stage of 
late evolution, whose actual existence depends on the 
demonstration that the fluid contraction stage is 
inadequate to describe the present state of Jupiter. 
They further depend on a careful determination 
of the structure and evolution of this prior stage 
to allow accurate estimates of energy and lifetime 
requirements. 

The observational properties of Jupiter used as 
standards of comparison for the theoretical results 
are taken from Newburn and Gulkis (1973): 

Mass: = 0.00095 Af© \</°j> = 
Radius: R¿ = 7.014 x 109cm / 1.314 g cm-3, 
Effective temperature: (T^j = 134 ± 4 K, 
Luminosity: Lj = 1.805 x 10“9L©(forT'© = 105 K), 
Age: tj = 4.5 x 109 years . 
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The basic assumptions of the evolution calculation 
are: (1) The interior is homogeneous at all times. 
(2) Energy transport is convective throughout the 
interior. (3) Effects of rotation and magnetic fields 
are neglected. (4) The models are spherically sym- 
metric. 

The validity of these assumptions will be examined 
in the final section of the paper. In § II, the construc- 
tion of the model atmospheres is described, followed 
by a summary of the thermodynamic properties and 
a brief description of the evolutionary stellar structure 
method. The results of the evolutionary calculations 
are presented in § III, and a discussion and conclusions 
are given in § IV. 

II. CONSTITUTIVE PHYSICS 

a) Model Atmospheres 

A series of-model atmospheres was calculated to 
determine one of the outer boundary conditions to 
which the interior solutions are matched. Below we 
describe the sources of opacity for our model atmos- 
pheres, the manner in which they were calculated, 
and the way they were used in the main calculation. 

Because the effective temperatures of interest are 
less than 2000 K, all the gases in the atmosphere for a 
system composed of a solar composition are in the 
form of molecules, and the principal sources of 
opacity are hydrogen, ammonia, water vapor, and 
methane. Hydrogen is the chief source of opacity for 
effective temperatures below 150 K; hydrogen and 
ammonia for values between 150 K and 300 K; and 
water vapor at higher temperatures. We divided the 
thermal infrared into 30 spectral regions and within 
each region used the transmission average opacity 
formulae given by Pollack (1969) to describe the 
opacity properties of each species. 

The hydrogen opacity, which arises from transla- 
tional, rotational, and vibrational pressure-induced 
transitions, was derived from Trafton’s (1967) 
formulae and Linsky’s (1969) calculations. The hydro- 
gen absorption is proportional to the square of the 
pressure. The remaining opacity sources involve 
permitted transitions. For this type of opacity to be 
important within a given spectral region implies that 
the centers of the individual rotational lines are 
saturated and that the absorption lies within the 
strong line region, where the transmission average 
opacity varies as the square root of gas amount and 
pressure. The absorption coefficients of water vapor 
were obtained from Ferriso, Ludwig, and Thomson 
(1966); those of methane from Burch et al. (1962); 
and those of ammonia from Gille and Lee (1969) 
and France and Williams (1969). In the case of hydro- 
gen and water vapor at all wavelengths and of am- 
monia longward of 7 n, allowance was made for the 
temperature dependence of the absorption coefficients. 

In regions where they were not frozen out, we used 
solar abundance values for the amounts of oxygen, 
carbon, and nitrogen relative to hydrogen and assumed 
that these elements were entirely in the form of water 
vapor, methane, and ammonia, respectively. At tem- 
peratures below the freezing point of a given species, 

the gas was assumed to follow its saturation vapor 
pressure curve and its latent heat was factored into 
the calculation of the adiabatic lapse rate. 

To determine the temperature structure of the upper 
atmosphere, i.e., the region which radiates to space, 
we used a local radiative-convective model. A numeri- 
cal procedure was used to determine the temperature 
profile, which was consistent with a specified net flux 
at those levels in the atmosphere which were in 
radiative equilibrium. At levels where the computed 
radiative temperature gradient exceeded the adiabatic 
values, the adiabatic value was used and these regions 
were in convective equilibrium. 

The numerical method used to compute the model 
atmospheres is described in detail by Pollack and 
Ohring (1973) and Grossman et al. (1972). Briefly, 
this procedure consists of making an initial guess as 
to the temperature structure and using a flux corrective 
method to determine the actual temperature structure. 
Each iterative cycle consists of calculating the net 
radiative fluxes implied by the present temperature 
structure and then obtaining an improved set of 
temperature values from the difference between the 
computed and desired fluxes. This cycle is repeated 
until the flux residuals are less than a few percent. The 
final computed temperature structure is accurate to 
better than a percent, if we exclude the errors attached 
to the input data, such as the opacity coefficients. 
All the computed atmospheres are characterized by a 
radiative zone at lower pressure levels and a con- 
vective zone beneath. 

In addition to the flux supplied at the top of the 
atmosphere from the interior, there is also a com- 
ponent of the flux due to absorption of sunlight. An 
interesting consequence of the presence of this solar 
flux component is that the surface temperature can 
never be less than the effective temperature due to the 
solar component. Thus, the later stages of evolution 
of a Jovian type planet may be quite different from 
that of an isolated, low-mass star. No explicit cal- 
culation of the solar energy deposition profile was 
made. We assumed that it was all deposited below the 
levels dealt with. The solar energy deposited in the 
surface layers and subsequently reradiated to space 
will be characterized by an effective blackbody 
temperature T©. The effective temperature due to the 
solar component has a range of uncertainty in value 
due to the current uncertainty in our knowledge of the 
bolometric albedo of Jupiter. In deriving Te, we 
assumed that the bolometric albedo has limiting 
values of 0.3 and 0.65. This range was based on the 
observed geometric albedos of Jupiter (Irvine et al. 
1968) and estimated values of the as yet unobserved 
phase integral of between 0.75 and 1.75. The time- 
average value of the solar constant, also required in 
the determination of insolation temperature, was 
set equal to 85 percent of its present value (Ezer and 
Cameron 1963). The resulting minimum, most 
probable, and maximum values of T0 corresponding 
to high, average, and low albedo limits are 89, 102, 
and 108 K. 

The result of each model atmosphere calculation 
is a determination of the temperature value at a 
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specified pressure level within the convection zone. 
The interior solutions are matched to these tem- 
perature-pressure pairs. The calculations were carried 
out over a two-dimensional grid involving the value 
of the surface gravity (and hence the radius) and 
effective temperature. Because at a fixed value of 
effective temperature the models change in a very 
simple manner with changing surface gravity, it was 
sufficient to perform the computation for only two 
values of surface gravity. To a very good approxi- 
mation the temperature structure remains the same 
when the pressure levels are scaled as the square root 
of the gravity. Table 1 summarizes the values of the 
temperature-pressure points as a function of effective 
temperature and gravity for models having solar 
proportions of hydrogen and helium. A similar set of 
model atmospheres was derived for the calculations 
of a pure hydrogen composition. The actual fitting 
point for a given contraction model calculation was 
found by interpolating within the grid of model 
atmosphere values. 

An additional set of model atmospheres was cal- 
culated based on a modification of the solar mix 
results. To test the sensitivity of our evolutionary 
calculations to possible errors and changes in the 
atmospheres, a modified model atmospheres (MATM) 
set was developed. Since the chemical equlibria and 
related molecular opacities for the radiative zone are 
believed to be fairly well known, the possible future 
modifications are small. Based on an analysis of the 
errors and uncertainties in the relevant variables and 
in the numerical procedures, the MATM atmos- 
pheres had pressures increased by a factor which 
increased from a minimum of 10 percent to a maxi- 
mum of 20 percent as a function of temperature over 
the standard results of Table 1. This modified set of 

MATM values was then used in the model calcula- 
tions in place of the standard values. 

b) Thermodynamic Properties 

The thermodynamic properties requires for the 
stellar structure calculation include the pressure and 
enthalpy equations of state, with their derivatives, 
combined to yield second-order thermal properties 
such as Vad, Cp, and {d In pjd In T)p. The range of 
density and temperature for which these quantities 
are needed must include all regions encountered by 
the evolving planetary model. From prior evolu- 
tionary studies of low-mass stars together with 
Hubbard’s static models of Jupiter, a range of 10“ 7 < 
p(gcm"3) < 101and60 < T(K) < 60,000 was chosen. 
Two chemical compositions were chosen : pure hydro- 
gen (H) consisting of six possible species (H2, H2 + , 
H", H, H+, e“) and a solar mixture (SI) composed of 
H, He, C, N, O, Ne with 20 species participating in 
the equilibrium. The SI solar mixture {X = 0.74, 
Y = 0.24, Z = 0.02) uses Allen’s (1963) solar metal 
composition. 

The detailed discussion of the thermodynamic 
theory is given by Graboske, Olness, and Grossman 
(1975), and the result is two sets of tables including 
pressure, enthalpy, Vad, and the other required 
properties for a skewed (p, r)-grid having the limits 
determined above. In addition to the H and SI thermo- 
dynamic properties, to further examine the quality 
of the physical models presented here, the thermo- 
dynamic properties of the SI solar mixture were 
perturbed away from the “best” values of the final 
model. This modified thermodynamic properties set 
(MTDP) with its known differences is then used in the 
evolutionary calculations, and the sensitivity of the 

TABLE 1 
Model Atmospheres 

Gravity = 40.39 cm s-2 (8 Rjf) Gravity = 2585 cm s“2 (1 Rj) 

Effective 
Temperature 

Pressure 
(atm) 

Temperature 
(K) 

Pressure 
(atm) 

Temperature 
(K) 

20.00. 
60.00. 

100.00. 
150.00. 
200.00. 
250.00. 
300.00. 
400.00. 
500.00. 
600.00. 
700.00. 
900.00. 

1100.00. 
1300.00. 
1500.00. 
1700.00. 
1900.00. 

0.2238 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 

25.22 
76.17 

142.9 
235.9 
338.4 
410.1 
486.8 
643.3 
807.6 
957.9 

1093.0 
1412.0 
1754.0 
2111.0 
2528.0 
2999.0 
3532.0 

1.79 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 
1.28 

25.02 
76.24 

141.3 
232.2 
332.3 
406.9 
486.4 
643.3 
807.6 
957.9 

1093.0 
1412.0 
1754.0 
2111.0 
2528.0 
2996.0 
3540.0 

* Contains both solar and interior contributions, 
t Gravity value when Jupiter was 8 times its present size. 
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model structure to known changes in the physics can 
be examined. 

From the analysis of Graboske et al. (1975), as 
well as fundamental theoretical considerations, it is 
possible to define a region of probable error for the 
physics. Specifically, the low-density model has been 
validated to densities approaching 0.1 gem-3 and 
asymptotically approaches the ideal gas at low density 
and the ideal plasma at high temperature. The high- 
density model asymptotically approaches the ideal 
Fermi gas at high density and is in good agreement 
with the Monte Carlo model at densities approaching 
1 gem-3. Obviously, there is no sense in perturbing 
an equation of state where it is known to be valid. 
Therefore the modification region was centered on the 
intermediate zone, which ranges from 0.1 to 1 g cm-3 

for 103 K < T ^ 20,000 K. 
The thermodynamic properties were modified in a 

manner which changes them in the direction of better 
agreement with Monte Carlo metallic fluid results. 
This was done by multiplying the pressures and ener- 
gies in the intermediate zone by a bivariate Gaussian 
in p and T: 

P = P(l + Fp) , E = E(l +Fe), 

Fi = Ki exp [- (log p/poßog pw)2] 

exp {—[T— T0ITW]2}, 

where p0 = 0.3162 g cm-3, pw = 5, T0 = 4000 K, 
Tw = 16,780 K. This gave a modified region ranging 
in density from the unperturbed values at 0.01 and 
10 g cm-3 to a maximum change ât 0.3162 g cm“3. 
The modified temperature range starts at the minimum 
T in the table (1000 K at 1 gem“3), maximizing at 
4000 K and decreasing to the unperturbed values 
at 40,000 K, where both high- and low-density 
theories are in good agreement. The size and mag- 
nitude of the perturbations, KP and KE, were set equal 
to —0.5 and +0.25, respectively, values chosen from 
the estimated errors found in the analysis of Graboske 
et al. (1975) and from considerations of the distor- 
tions required to give closer agreement between 
Hubbard’s pure Monte Carlo theory (Hubbard and 
Slattery 1971; Hubbard 1972) and the interpolated 
values. Thus, the maximum perturbations of the SI 
pressures and energies (multiplicative factors of 0.5 
and 1.25, respectively) occur at 0.3162 g cm“3 and 
4000 K. These modified equations of state were then 
used to develop the additional thermodynamic 
properties required, such as enthalpy and Vad, and 
this thermodynamic set was used to construct the 
MTDP sequence of models, as discussed in § III. 

c) Stellar Structure Calculations 

The interiors of the stellar models are calculated 
by the Henyey method as described by Kippenhahn, 
Weigert, and Hofmeister (1967) with the point 
Mr = 0.97 MTOt chosen as the point where the surface 
boundary condition is applied (hereinafter referred 
to as the core boundary or fitting point). The surface 

boundary condition for the interior solution con- 
sists of the values of p, T, R, and Lr at the fitting point 
as determined by an inward integration from the 
surface of the model. The surface boundary condition 
is fitted to interior models by the triangular method 
given by Kippenhahn et al. 

The surface boundary layer solution consists of 
two major zones. The outer zone solution, described 
in § II, provides the (temperature, pressure)-distri- 
bution down to approximately T = Te assuming 
constant g and net flux (oT*). This zone contains an 
outer radiative equilibrium part and an inner con- 
vective part. The inner zone of the surface boundary 
layer is a convective zone, starting with a (P, 7> 
point from the upper zone and the values for the 
total mass, radius, and luminosity. The stellar struc- 
ture equations, 

d\ogT¡d\ogP = V, 

d log rjd log P = - rP¡GMrp , 

d log Mr¡d log P = - Arrr^P¡GM2 , 

are then integrated inward at constant luminosity by 
the Runge-Kutta method to the fitting point. The 
choice of V for this convection zone is crucial to 
the structure and evolution of the configuration. The 
simpler choice, made in all studies of the giant planets, 
is that the transition from the radiative zone to a 
highly effective convective zone is very rapid. If this 
is assumed, then the energy transport is by adiabatic 
convection, and the appropriate temperature gradient 
is the adiabatic gradient, V = Vad. This choice is 
used for the major portion of our study; however, the 
alternative assumption of inefficient convection— 
that is, a superadiabatic convection zone—is in- 
vestigated in an approximate way. 

Since the temperature gradient throughout most 
of the mass of these fully convective objects will be 
close to the adiabatic gradient, the luminosity and 
effective temperature will be essentially determined 
by the thin surface layer. The outer part of the surface 
boundary layer above T = Te will be in radiative 
equilibrium. Within this radiative layer it will be 
both the opacity and insolation energy which are 
dominant factors controlling the amount of energy 
that can be radiated by the star. For a given radius, 
the higher the opacity and/or the lower the insolation, 
the smaller the amount of energy radiated, and thus 
the lower the luminosity and the slower the contrac- 
tion or cooling rate. 

III. RESULTS OF THE EVOLUTIONARY 
CALCULATIONS 

a) Structure and Evolution of the Standard 
Model 

Combining the constitutive physics with the star 
code, a series of evolutionary model sequences were 
calculated for a star of mass 0.00095 M0. The standard 
model, which will serve as a reference sequence for 
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Fig. 1.—The theoretical (log L, log re)-track for the SI 
standard sequence ( ) with J1© = 102 K. The value of 
log t in years is indicated by the horizontal bars, while model 
epochs 1-5 are shown ( + ), as is the observational value for 
Jupiter ©. The corresponding hydrogen sequence is given by 
the broken line ( ). 

comparison with observations and other theoretical 
models, is composed of a mixture based on the solar 
composition. The star is assumed to be fluid through- 
out, completely convective except for a thin radiative 
zone in the atmosphere, completely adiabatic, and 
fully mixed, and the solar energy deposition is given 
by r0 = 102 K. 

The resulting evolutionary sequence is started from 
an initial position at 16 Rj and is evolved until a 
lifetime of approximately 1010 years is reached. The 
evolution can be characterized as two separate 
phases, the first being that of a typical low-mass star 
evolving along the Hayashi track followed by a rapid 
transition to the cooling curve of a degenerate cold 
object. These phases will be discussed separately and 
for simplicity will be referred to as the stellar phase 
and the degenerate phase. At the beginning of the 
stellar phase, the models are large-radius R, high- 
luminosity L, high-Te objects. They evolve down the 
Hayashi track rapidly at first, with almost constant 
Te and strongly decreasing L and R. The stellar phase 
is identical to that observed for low-mass stars 
(M/Mq < 0.20); during this phase the interior is hot 

Fig. 2.—Time dependence of radius for the SI standard 
sequence, with epochs 1-5 (+) and Jupiter (©) indicated. The 
broken line ( ) gives the radius of the hydrogen sequence. 

(15,000-50,000 K), with hydrogen, and at one point 
helium, substantially ionized through the interior. 

The behavior of the observable model variables, 
R, L, and Te are shown in Figures 1,2, and 3. Anotable 
feature of the stellar phase is the substantial period 
of high luminosity and effective temperature. As 
shown in Figure 1, for times of 106 years, the model 
has 1050 < 7;(K) < 1600 and -4.6 < logL/L0 < 

Fig. 3.—Time dependence of luminosity for the SI stan- 
dard sequence, with epochs 1 to 5, the Jovian luminosity and 
the hydrogen sequence shown as in Fig. 2. 
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— 2.2. The mean luminosity from 0.1 x 106 to 
1 x 106 years is 10"4 LG, and the value of log L at the 
top of the track is equal to that of a 0.15 M0 main 
sequence M dwarf. This high-luminosity phase 
exists even if model evolution is started at a much 
smaller initial radius. With an initial model of only 
3.5 Rj the initial luminosity would be log L¡L0 = 
— 3.1 and log Te = 1600 K. In these figures, there are 
five specific epochs defined which span the entire 
evolutionary sequence and represent special features. 
Epochs 1 and 2 are stellar phase models, correspond- 
ing respectively to the initial model at the top of the 
Hayashi track and to the central temperature maxi- 
mum. Epoch 3 is a transition model at log f(years) = 
6.21 where the stellar phase has been succeeded by the 
degenerate phase. Epochs 4 and 5 are advanced 
degenerate phase models, epoch 4 at 2.6 x 109 years 
corresponding most closely to the observational values 
for Jupiter, and epoch 5 at 1 x 1010 years being the 
end of the standard SI sequence. In Figures 2 and 3, 
the time variation of R and L are illustrated. The 
transition from stellar phase to degenerate phase 
produces evident changes in the time dependence of 
both variables, occurring just subsequent to epoch 2. 

The internal structure of the standard SI model is 
illustrated in Figures 4 and 5. The most notable feature 
of the stellar phase interiors is the high temperatures 
reached. As shown in Figure 4, the central tempera- 
ture of the model increases steadily from an initial 
value of 15,600 K until at log t = 5.08 a maximum 
value of 51,400 K is reached. An abrupt and ac- 
celerating decrease following this maximum produces 
a temperature-time history identical to that found in 
low-mass stars in the range 0.01 < M/M© < 0.20. 
This high temperatures extends throughout the entire 

Fig. 4.—Variation of central temperature and density for 
the SI standard sequence, with epochs 1-5 and the hydrogen 
sequence shown as in Fig. 2. The time to Tmax is 1.22 x 105 

years for the SI sequence, and 7.76 x 105 years for the H 
sequence. 

Fig. 5.—Structure lines for the SI standard sequence 
(To = 102 K) at five evolutionary stages. The run of density 
and temperature is shown for each epoch, with the center 
( + ), core boundary ( x ) and surface (©) indicated. 

interior, the mean temperature at epoch 2 being about 
37,500 K, and the high internal temperature phase 
is very long, Tc not falling below 20,000 K for 109 

years. Note also that starting the model evolution 
at a much smaller radius (for example, R = 3.5 Rj) 
results in a Tc = 50,100, only 300 K cooler than rmax. 
This spatially extensive and long high-temperature 
phase could produce a fully mixed, homogeneous 
object regardless of the inhomogeneities or fractiona- 
tion occurring in the assembly of the protostar. The 
strong thermal gradients and resultant strong con- 
vective flow will vaporize and fully mix any primordial 
solid components. A more detailed picture of the 
structure of the model sequence is exhibited by the 
structure lines for the five epochs shown in Figure 5. 
The stellar phase models (epochs 1 and 2) show a 
typical completely convective structure, with a diffuse 
extended envelope and a hot expanded core. The 
temperature gradient in the central regions at epoch 1 
is noticeably steeper than at epochs 2 and 3; it is in 
this early period where maximum temperatures may 
be expected to induce strong convective flow over the 
entire interior that complete interior mixing will 
probably occur. The central and core boundary 
(Mr/M = 0 and MrjM = 0.97, respectively) densities 
increase markedly between epochs 1 and 2, while the 
outer layers are only slightly affected. Epoch 3 is a 
transition to the beginning of the degenerate phase 
and has a different structure: the interior (center to 
core boundary) has condensed considerably, having 
only half the density range of the epoch 2 model. The 
temperature gradient has also steepened, presaging the 
metallic fluid temperature gradients in the interiors 
of the degenerate phase models. The surface layers 
at epoch 3 have begun their cooling and are an order 
of magnitude denser than at epoch 2. 

The second evolutionary phase, the contracting 
degenerate fluid, covers the time period 6.20 < log t < 
10, which is 0.9975 of the total lifetime. Both the 
internal structure and the external observable variables 
behave very differently in this phase. Starting from 
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the epoch 3 values logL/L© = -4.84, log Æ = 10.017, 
and log Te = 2.964, the model sequence cools and 
contracts along a line asymptotically approaching the 
zero-temperature cooling curve for SI composition 
and a 0.00095 M© mass. In Figure 1, the slope of the 
track in the (log L, log re)-plane is —4.15 in the 
1 x 109 to 1 x 1010 year period. As seen in Figure 2, 
the radius drops steeply near epoch 3, and by epoch 
4 the rate of contraction is much slower. For example, 
at epoch 4 the rate of contraction is dR/dt = 0.761 mm 
year-1; this rate occurs near the epoch where the 
model radius and luminosity closely approach the 
observed Jovian values. 

The luminosity decreases with time, as shown in 
Figure 3, where log L/L© is roughly linear in log t over 
the period 5 < log i < 8.5, with an approximate 
slope of —1.3. The most interesting feature of the 
theoretical H-R diagram (Fig. 1) is that the evolu- 
tionary track passes almost exactly through the point 
representing (Te)j and Lj. This striking agreement is 
achieved by specifying only the mass and chemical 
composition. The best match of the theoretical model 
to Jupiter’s observed values is at log Te = 2.083 
(this is re = 121 K, which when combined with a 
solar contribution of T© = 102 K yields an observed 
Te of 134 K) and log L¡Lq = —8.705, higher by 2 
percent than the observed luminosity. 

In addition to these quantities, three other ob- 
servational variables should be compared. The first 
two gravitational moments are presently considered 
the most sensitive tests of model accuracy for Jupiter. 
Since the spherical model used here cannot be tested 
in this way, these moments are not useful here. A 
subsequent study will contain an analysis of a ro- 
tating, oblate model utilizing the structure and con- 
stitutive physics of this study. It is perhaps relevant 
that the structure and physics used here are quali- 
tatively similar to those used by Hubbard (1970). 
In both cases there is a fully fluid object, with an 80 
percent (by radius) metallic-hydrogen fluid core, so 
it is not unlikely that the moments for rotating non- 
spherical models based on our physics will be reason- 
ably close to Hubbard’s values, which are in good 
agreement with the observations. 

A major difficulty in determining whether the 
standard SI model sequence of fluid convective con- 
tracting models actually represents the true model of 
the planet Jupiter lies in the ages or lifetimes of the 
models. The theoretical model which gives best 
agreement with Rj and L3 has an age of 2.6 x 109 

years, far less than the accepted value of 4.5 x 109. 
There are numerous explanations to account for such 
a difference, but we shall defer these to § IV and re- 
mark here that the sensitivity analysis of § IIIZ> will 
provide more information about the time scale 
problem. The standard SI model then gives excellent 
agreement with Jupiter at a 2.6 x 109 year epoch. 
At 4.5 x 109 years, the sequence has a radius exactly 
equal to R3 and a luminosity 2.4 times smaller than 
At. 

The internal structure of the degenerate phase 
models corresponding to the above evolutionary 

period is illustrated in Figures 4 and 5. The track of 
the model centers (Fig. 4) shows a continuing and 
substantial cooling, Tc decreasing from 41,800 K at 
epoch 3 to 16,500 K at epoch 4 and 13,500 K at the 
end of the track. The central density during the 
degenerate phase increases from 2.4 gem-3 (epoch 3) 
to 3.7 gem-3 (epoch 4) and 3.8 g cm-3 at 1010 years. 
The behavior of the entire interior in this phase can 
be described as steady slow cooling (3000 K in 7.5 
x 109 years from epoch 4 to epoch 5) at nearly 
constant density. The small density increase is a 
direct reflection of the very slow rate of contraction 
mentioned above. The detailed model structure during 
the degenerate phase is seen in Figure 5. By epoch 4 
the model has reached its limiting fluid contraction 
structure; all interior points follow the behavior of 
the center, even the core boundary. The envelope ex- 
hibits little structure, with the surface density and 
temperature varying only slightly over the 2 to 8 x 109 

year period. The values for a 2.6 x 109 year model, 
Tc = 16,500 K, pc = 3.7 g cm-3, are somewhat hotter 
than early models obtained by Hubbard (1970), 
TC = 7300K, />c = 4.23 gem-3, for a static-fluid 
adiabatic nonspherical model having a different 
composition {X = 0.66) and different interior physics. 

The distribution of the thermodynamic variables as 
a function of mass for a degenerate phase model 
(epoch 4) is given in Figure 6. The behavior shown 
here is representative of the entire degenerate phase, 
specifically from 108 to 1010 years. The main point is 
the relatively small decrease in the temperature from 
center to core boundary; the temperature at Mr¡M = 
0.97 is 0.3 times Tc. The density and pressure fall off 
relatively slowly also. 

An additional feature distinguishing the stellar and 
degenerate phases of the evolutionary sequence is the 

Fig. 6.—Radial variation of temperature, density, and 
pressure as a function of mass. These curves for SI standard 
sequence epoch 4 are typical of the interior structure during 
the entire degenerate phase. The center ( + ) and surface (O) 
points are indicated. 
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relative contribution of gravitational and internal 
energy in supplying the luminous energy radiated. 
The early stellar phase is characterized by steadily 
increasing EEVBiV and ^internai» as shown in Figure 7 
for the Sl(r0 = 102 K) standard sequence. Both 
jEgrav and Esternal increase monotonically until rmax 
is reached; with a small time lag (at log / ^ 5.18) 
internai reaches a maximum, then starts to decrease. 
At the same epoch, the increase in EST&tV changes to a 
less rapid rate, correlating with the previous demon- 
strated change in dRjdt (see Fig. 2). The gravitational 
energy source is dominant until epoch 2, then E’intemai 
is called upon to supply an increasing proportion of 
the radiated energy. Over the period 6 < log / < 8, 

Log age (years) 
Fig. 7.—The gravitational and internal energy for the SI, 

T® = 102 K model sequence. 

^internai supplies twice the energy that the gravitational 
source provides. As the planetary radius changes over 
to its late-time asymptotic behavior, Eintemai also 
flattens out. 

b) Sensitivity Analysis 

A number of separate factors must be considered in 
assessing the validity of a stellar structure calculation. 
Five specific factors that affect the evolutionary 
sequence will be investigated in this section to deter- 
mine the sensitivity of our results to changes or errors 
in any of these factors. The first and most obvious 
variable is the chemical composition, since it is the 
key parameter (together with the mass) that determines 
the entire evolutionary behavior of a star. A special 
feature, not encountered in usual stellar structure 
studies, is the exact value of the solar energy de- 
position, which requires a knowledge of the solar 
energy as a function of time as well as the time, angle, 
and wavelength variation of the planetary albedo. The 
third factor is the thermodynamic properties (equa- 
tions of state and their derivatives), where errors or 
inadequate approximations can have a large influence 
on stellar structure. The fourth factor, the structure 
of the model atmospheres, enters into the surface 
boundary layer condition since the behavior of 
gravitationally contracting systems is completely 
controlled by the surface boundary layer. The fifth 
source of model variation is a different part of the 
surface condition, the structure and extent of the super- 
adiabatic zone. These five elements are analyzed by 
calculating evolutionary model sequences that start 
from epoch 2 (rmax) values and continue to 1010 

years. All test sequences were calculated with the SI 
solar mixture composition (except for the pure 
hydrogen sequence) and with TQ = 102 K (except the 
study of Tq variations). 

The effect of varying the chemical composition is the 
most difficult to analyze because each composition 
requires construction of a complete set of thermo- 
dynamic properties and a complete set of model 
atmospheres. This was done for a system of pure 
hydrogen, and a sequence of pure H models calcu- 
lated from 6.6 Rj to 1010 years. The results of this 
different composition are shown in Figures 1-4. The 
H sequence is essentially similar to the SI sequence; 
it differs from the pure hydrogen model sequence 
described by Grossman et al. (1972) due to improve- 
ments in the hydrogen equations of state. As shown 
in Figure 1, the H sequence lies at lower L and lower 
T? than the SI sequence at the same epoch, the largest 
differences occurring during the period 4 ^ log / ^ 7. 
The observable variables R and L shown in Figures 
2 and 3 are similar to the SI case, with the H sequence 
radius being some 18 percent larger than Rj at 2.5 x 
109 years but the luminosity being almost identical 
to the SI value. The moderate differences in the ob- 
servables also occur in the internal structure. In 
Figure 4 the H sequence exhibits low-mass-star and 
degenerate behavior, but is cooler and less dense than 
SI at all times. The temperature maximum is only 
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30,600 K at log p = -0.03, and this occurs at a later 
time, log t = 5.9. 

A more detailed picture of the effect of chemical 
composition differences is presented in Figures 8, 9, 
and 10. Figure 8 is an expanded diagram of the 
(log L, log re)-plane in the vicinity of Lj and (Te)j. 
The two observational points shown correspond to 
the values of Lj and (T^j for the values Te = 89 K 
and 108 K. The rectangular boxes surrounding these 
points represent the observational error limits 
assigned by Aumann et al. (1969). The (log L, log Te)- 
track for the SI standard sequence (T© = 102 K) is 
indistinguishable from the T© = 89 K and 108 K 
tracks. The slight offset of the observational values 

from the SI track is shown, being but a small fraction 
of the indicated observational error limits. The H 
sequence in Figure 8 lies at similar L but lower Te than 
the SI sequence at equal epochs, and is outside the 
error limits for both T© values. As seen here, the 
position of the (L, re)-track is relatively sensitive to 
composition, more so than any other physical param- 
eter; this sensitivity will prove valuable in later studies 
in determining an accurate H/He ratio. The time de- 
pendence of radius illustrated in Figure 9 demonstrates 
that a pure or nearly pure hydrogen fluid model 
clearly cannot produce a model with the observed 
radius R3. The first major study of Jupiter by De- 
Marcus demonstrated that a cold model composed 

2.20 2.15 2.10 2.05 

LogTe 

Fig. 8.—An expanded diagram of the (logL, log re)-plane in the vicinity of the observational values of Lj and {Te)j for Jupiter. 
The observational values (®) for Jupiter (T© = 89 and 108 K) are shown along with the observational error limits given by the 
surrounding rectangular boxes. The solid curves (—) represent the SI standard sequence with the insolation variations (T© = 89 K, 
102,108 K) coinciding. The (log L, log re)-tracks are illustrated for the hydrogen sequence ( ), the modified thermodynamic 
properties sequence (—I—), and the superadiabatic sequences ( ). The modified model atmospheres (MATM) sequence coin- 
cides with the SI standard sequence. The inset shows the change from SI standard sequence for each variation at / = 4.5 x 109 

years. 
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 i I L_ 1 ,,,1 I i L 
0 2 4 6 8 

Time (10^ years) 

Fig. 9.—Variation of radius with time for various sequences. The SI standard sequence (T© = 120 K) is shown together with T© 
variations, modified thermodynamics, modified atmospheres, hydrogen and superadiabatic zones. The value of Rj (®) is shown at 
4.5 x 109 years. 

mainly of solid hydrogen must have a content of 
X = 0.78 to agree with the observations. From this 
study, a hot adiabatic fluid planet with X = 0.74 is 
found to give the best agreement with observations. 
The luminosity of the H sequence shown in Figure 10 
is little different from the SI sequence L(t) curve; it 

is also lower by a factor of 2.85 than Lj at 4.5 x 109 

years. Increasing the helium content of the models 
decreases R and increases Te. The SI solar mixture 
gives Rj and (Te)j for a convective, fully mixed, 
adiabatic fluid model. Since other important factors 
as discussed below also have an influence on the 
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t (109 yr) 

Fig. 10.—Variation of luminosity with time for various sequences. The 89 K, 108 K, and MATM sequences lie very close to the 
SI standard sequence. The two values of Lj correspond to T© = 89 K and 108 K. 

models, we cannot state that Jupiter’s composition 
is SI; it is probable that SI is an upper limit (Xj < 
0.74) and is close to the correct value. 

The second parameter to be studied is the insolation 
temperature, that is, the effective solar energy de- 
position. The limiting values for Jupiter as discussed 
in § II are 89 and 108 K. In addition to these, an 
evolutionary sequence was calculated for T© = 3 K, 
the temperature of the cosmic background, in order 
to represent a 0.00095 M© object evolving as a single 
star with no dominant companion such as the Sun. 
The effects of varying T© are interesting, as seen from 
Figure 8, 9, and 10. As shown in Figure 8, the change 
of Tq has no effect on the location of the (logL, 
Log Te)-track. The 3 K track (not shown) is closer 
to the 108 K track than to the observational values. 
The Tq factor does have a large effect on the lifetimes 
of these models, however; smaller T0 gives signifi- 
cantly longer contraction times. Variations in T© 
cause the (log L, log T^-track to be displaced parallel 
to its own direction, while the shift perpendicular to 

the track is very small. The effects on the observa- 
tional variables R and L shown in Figures 9 and 10 
are that for larger T© the models have a larger R and 
a smaller L at a given epoch. The changes only 
become substantial for times of the order of 109 years. 
Since Te for log ¿ < 9 is sufficiently larger than T7©, 
the solar contribution has no effect on the early 
evolution but begins to influence the sequence when 
the models have cooled so that (T©/^)4 is not negli- 
gible. The sensitivity of the radius to T0 given in 
Figure 9 becomes very large for ¿ ^ 2 x 109 years 
even though the absolute difference in radius is small. 
The sensitivity of model luminosity is more ob- 
servable. The luminosity achieved at 4.5 x 109 years 
on the SI standard sequence is reached in 4.3 x 109 

years (108 K) and 5.13 x 109 years (89 K), giving 
an age variation of —4 percent to +14 percent. At 
L = Lj on the SI sequence, the corresponding times 
to this luminosity for the 108 K and 89 K sequence 
are 2 percent lower and 7.5 percent higher. Two 
conclusions are evident from this behavior: first, any 
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reasonable value of T0 used with the present model 
physics fails to give a lifetime approaching 4.5 x 109 

years; second, in any study of Jupiter, or other 
contracting giant planet where {TQ¡T^ is non- 
negligible, the exact value of TQ is quite important 
in determining accurate time scale for late evolu- 
tionary stages. A final feature of the sensitivity of the 
model sequence to TQ is illustrated in Figure 11 where 
the time dependence of Tc and pc are plotted for the 
various T© sequences. The approach to Tm2iV the 
subsequent cooling, and the steady increase in pc, 
occur for all three values of T0. Differences in internal 
structure only appear at log t ~ 9.3, remaining small 
till log t ~ 10. At all times pc differs only by a percent, 
while only near the end of the track do the different 
T© tracks differ in Tc by as much as 17 percent. The 
shorter tracks for larger T© values are due to these 
model sequences evolving off the equation-of-state 
tables at earlier times. 

The third sensitivity study involves the thermo- 
dynamic properties. As discussed in § 116, a set of SI 
thermodynamic properties was constructed by intro- 
ducing a perturbation function which added a pre- 
determined factor to the nominally correct SI results. 
This variation, the modified thermodynamic prop- 
erties (MTDP), was used to calculate an evolutionary 
sequence from rmax to 1010 years, with T0 = 102 K. 
These results are also given in Figure 8, where they 
produce significant modifications in model behavior. 
The MTDP (log L, log 7;)-track is shifted toward 
larger L and larger Te at the same epoch as SI, the 
shift being 21 percent in luminosity and 5 percent in 
Te. The MTDP track lies farther away from the best 
observational values, yet is well within the observa- 
tional error limits. Note that if this altered equation 
of state were accepted as the best model, a composition 
with less helium than SI would be required to match 

the Lj, (Te)j values. The major influence of the 
MTDP modification lies in its effect on the time scale 
of evolution. This can be seen from the time de- 
pendence of R and L, shown in Figures 9 and 10. The 
radius is smaller than Rj at 4.5 x 109 years by about 
8 percent (it could be increased by a slight decrease 
in the He content) ; the luminosity, however, is much 
closer to the observational values, being only 27 per- 
cent below the observed current value. In terms of 
lifetime, a time of 3.95 x 109 years is required for the 
MTPD model to reach Lj. Another view of the relative 
effect of the MTDP is seen in the insert in Figure 8, 
where the change in predicted L, Te at 4.5 x 109 years 
is illustrated. The large shift of MTDP relative to SI 
is easily seen in this form; it not only shifts the 
position of the track, but has a much more pronounced 
shift along the track. 

Clearly, the improved agreement with observation 
resulting from the MTDP calculation demonstrates 
the great sensitivity of the planetary evolution calcu- 
lation to changes in the equation of state. This equa- 
tion-of-state sensitivity also indicates that the 
thermodynamics of the interpolation region need to 
be reevaluated, with a stronger bias toward the 
metallic fluid result—or better yet, elimination of 
interpolated values and their replacement by an 
accurate treatment of the molecular metallic interface. 

A similar estimate of errors and uncertainties was 
carried out for the model atmospheres used in this 
study, as discussed in § II. The resulting modified 
model atmospheres (MATM) were used to calculate 
an evolutionary sequence as for the MTDP case. The 
results of the MATM sequence differ negligibly from 
the SI standard sequence; the sensitivity of the SI 
sequence to errors or changes in the model atmos- 
pheres are by far the smallest of the five factors 
studied here. The MATM (log L, log Te)-track in 

Log t (years) 

Fig. 11.—Variation of SI sequence central temperature and density with time. The effects produced by varying T© are noticeable 
only for log t ^ 9.3. 
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Figure 8 coincides with the standard sequence, while 
the slight difference in the time dependence of the 
radius is shown in Figure 9. The luminosity (Fig. 10) 
drops 15 percent below SI at most; usually the differ- 
ence is 1 percent or less. Unless errors which are far 
larger than we have estimated are present, the current 
set of model atmospheres is sufficient for accurate 
analysis of the Jovian system. 

The final sensitivity study concerns the incorpora- 
tion of a superadiabatic zone in the surface boundary 
layer of the models. All prior studies of Jupiter (in- 
cluding this study up to this point) have proceeded on 
the assumption that completely adiabatic models are 
sufficient to treat the problem of giant planet struc- 
ture. A recent paper (Hubbard 1973) suggests that an 
accurate representation of the internal temperature 
distribution of Jupiter can be obtained by a careful 
determination of the entropy of the outer layers of the 
planet. The accuracy of prior Jovian models and the 
feasibility of Hubbard’s experiment depend alike on 
the assumption of complete adiabaticity of the giant 
planets. This assumption is open to serious question. 
It is well known that main-sequence stars contain 
superadiabatic regions in their outer envelopes, and 
for the fully convective stars of the lower main 
sequence which constitute the closest stellar con- 
figuration to these planetary models, this super- 
adiabatic zone is the key structural feature in 
determining the luminosity or energy release rate of 
the object. For example, a recent study of the lowest 
mass thermonuclear stars (Grossman and Graboske 
1973), including masses as small as 0.008 M© ( ~ 9 Mj), 
significant superadiabatic zones were found through- 
out the entire gravitational contraction phase. 

Since a superadiabatic zone could conceivably 
exist for the 0.00095 M0 model, we have attempted to 
assess its importance. An exact calculation using 
mixing-length theory with the necessary theoretical 
physical details is a major undertaking, so a rough 
approximation was used to determine if the evolu- 
tionary sequence is indeed sensitive to this feature. 
From the mixing-length theory of convective trans- 
port with specific structural details taken from the 
closest stellar analogs (the low-mass deuterium main- 
sequence models, M ~ 0.01 M0) a pseudo-super- 
adiabatic zone was created. This zone was restricted 
to the range -5.5 < logp < -3, a density range 
which incorporates only 10 “4 of the total stellar mass 
for the Jovian model. In this zone, the effective 
superadiabatic temperature gradient V' was approxi- 
mated by equating it to where n was estimated 
from the low-mass star analogs to be 1.3. An evolu- 
tionary sequence was calculated for this superadiabatic 
case, and the results are shown in Figure 8. The 
(log L, log re)-track is shifted significantly for V' = 
1.3Vad toward higher L and higher R at the same 
epoch relative to the SI standard sequence. The 
V' = 1.3Vad sequence lies close to the SI sequence, 
in the H-R diagram lying well within the observa- 
tional error limits. The sensitivity of the sequence to 
superadiabatic effects is shown more clearly in the 
inset to Figure 8, Figures 9 and 10. In Figure 9, the 

V' = 1.3Vad sequence approaches Rj at 4.5 x 109 

years (3 percent too high) and appears to approach 
Rj as a limit. These substantial effects on the radius 
are surpassed by the sensitivity of the luminosity 
to V', illustrated in Figure 10. The V' = 1.3Vad has 
L = 0.88jLj at 4.5 x 109 years, much closer than the 
SI sequence. Another interpretation is that L = Lj 
at i = 4.35 x 109 years, a 65 percent increase in the 
lifetime. The interior structure of the superadiabatic 
sequence is equally sensitive to V'. The V' = 1.3Vad 
sequence has a central temperature at 4.5 x 109 

years of 18,900 K, about 27 percent higher than the SI 
standard model at the same epoch. This increased 
internal temperature would decrease the onset of 
gravitational separation and reduce the possibility of 
solidification, so that onset of solid phases in these 
models would be delayed, for example, to i > 1010 

years for the case studied here. In conclusion, the 
extreme sensitivity of the fluid models to the presence 
of a superadiabatic zone is a significant effect; its 
real contribution should be determined by a careful 
quantitative study, if only to eliminate it from further 
consideration. 

In summary, the evolutionary calculations for 
models composed of fully mixed, convective, adiabatic 
fluid undergoing quasi-static gravitational contraction 
yield a standard sequence in agreement with the ob- 
served luminosity and radius of Jupiter. Reasonable 
variations in chemical composition, thermodynamic 
properties, atmosphere structure, and solar energy 
deposition produce different perturbations of the 
standard sequence, all lying within the observational 
error limits. The major problem is that the adiabatic 
homogeneous fluid models have a short time scale 
for contraction to Lj, approximately 3 to 4 x 109 

years. The great sensitivity of the fluid models to the 
equation of state and to the presence of a super- 
adiabatic zone could alter this situation, and clari- 
fication of these factors must be included before a 
final evaluation of the fluid contraction stage is 
possible. 

The energy source for the luminosity for all models 
subsequent to the occurrence of the central tempera- 
ture maximum is a combination of gravitational energy 
and internal energy. The steady cooling of the interior 
demonstrates that a substantial fraction of the lumin- 
osity arises from the internal heat stored during the 
early stellar phase, prior to the temperature maximum. 
From the behavior of the radius-time curves (Fig. 9, 
also Fig. 7) the gravitational energy contribution for 
the standard model becomes relatively small for the 
period 106-109 years. A definitive measure of the 
internal and gravitational energy contributions must 
await the improved thermodynamics and complete 
superadiabatic treatment of the fluid model. 

At this point, a brief assessment of the consistency 
and validity of the basic assumptions can be made. 
The internal temperatures existing throughout the 
standard evolutionary sequence clearly support the 
concept of a hot convective fluid which remains fully 
mixed from center to surface at all times. Kieffer 
(1967) has investigated the differences between 
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spherical and rotating (nonspherical) planetary models, 
and finds that the effect of including rotation in 
models of present-day Jupiter is a 1.38 percent in- 
crease in radius. This indicates that the assumptions of 
negligible rotation and spherical symmetry will not 
alter the observational predictions by more than 1 or 
2 percent. 

IV. DISCUSSIONS AND CONCLUSIONS 

The most interesting result of the early evolution 
is the existence of a high-luminosity phase ( —2 < 
logL/Lo < — 4) during the fluid contraction. This 
high luminosity would have a very strong influence 
on the formation of the Jovian satellites, as well as 
perhaps on the formation of outer solar system 
planets. The expected consequence of a high-lumin- 
osity phase would be depletion of the volatile (low Z) 
materials in the surrounding nebula, just as is postu- 
lated for the inner solar nebula. This depletion would 
be apparent in the structure of the Jovian satellites, 
in the form of higher mean densities for the inner 
satellites formed from the most depleted material. In 
fact, just such a decreasing mean density dependence 
is observed in Galilean satellites, from 2.8 g cm-3 

to 1.5 g cm“3 (Cameron 1973). This radial mean 
density gradient in the Jovian satellites is a very 
convincing observational indicator of the occurrence 
of a high-luminosity phase of the central object. This 
subject will be examined in detail elsewhere (Pollack 
and Reynolds 1974). An additional consideration 
for early solar system evolution is that the occurrence 
of this phase for both Jupiter and Saturn at early 
times would produce two radiation sources in the 
outer solar nebula with luminosities equivalent to late 
M dwarf stars. 

A second interesting aspect of the early evolution 
is the high internal temperatures which exist through- 
out the model interiors for substantial periods 
corresponding partially to the high-luminosity stellar 
phase. As noted earlier, high internal temperatures 
(Tc > 20,000 K) exist even for a fluid system as small 
as 1.14 Rj. In such an environment, fluidization and 
mixing of inhomogeneous solids accreted during the 
planetary assembly phase would be complete. The 
relatively high temperature, convective, metallic fluid 
interior present for times approaching 1010 years is 
consistent with a second observational feature of 
Jupiter, the strong magnetic field. The results obtained 
here support Hubbard’s (1968) conclusions concerning 
the temperature-driven dynamo model for field genera- 
tion. 

The extent of the high internal temperature phase 
(as well as the associated but shorter high-luminosity 
phase) depends on the mode of formation of the 
protoplanet. A typical protostar formation, from a 
collapsing diffuse cloud of gas and dust, would pro- 
duce exactly the results described in § III. Objections 
to such a protostar collapse origin for Jupiter (Hills 
1971) arise from considerations of tidal instabilities 
in the condensing protoplanetary nebula, induced 
by the solar gravitational field. Alternative formation 

mechanisms proposed are cold accretion (Hills 1971) 
and cold condensation (Horedt 1972). A possible 
problem with the instability arguments is that assump- 
tions must be made about the mean density and 
temperature of the outer solar nebula. The timing of 
the high-luminosity phase of solar formation which 
could produce much higher temperatures throughout 
the solar system, as well as the possible presence of a 
hot protoplanet (unless Jupiter and Saturn are coeval, 
one of these objects passed through a high-luminosity 
phase while the other was still forming) both would 
produce (p, T)-conditions significantly different from 
those postulated assuming that a main-sequence Sun 
existed at the time of planetary formation. Another 
feature of the Jupiter and Saturn systems which would 
be a natural consequence of a protostar origin, but 
not necessarily of a cold origin, is the presence of a 
large number of satellites. Just as the planets formed 
from the nebular disk left by the contracting proto- 
Sun, so the planetary nebulae of Jupiter and Saturn 
would produce a number of compact remnants. We 
feel that a protostar collapse origin, while subject 
to serious difficulties as discussed by Hills, is not ruled 
out given the uncertainties concerning the actual 
densities and temperatures present in the early solar 
nebula. A recent study which supports this conclusion 
(Bodenheimer 1974) performs a hydrodynamic cal- 
culation for the early evolution of Jupiter. This 
dynamic model sequence includes details of a realistic 
protostar collapse, terminating in a quasi-static model 
with a radius of 4-5 R¿ and a temperature of approxi- 
mately 30,000 K. The agreement with the model 
sequence in this study, near epoch 2, is reasonable, 
given the differences in composition and physics. 

However, if a cold origin—accretion or con- 
densation—is accepted for Jupiter, does this rule out 
the existence of a high-luminosity phase ? As the core 
object accumulates mass so that M -> Mj, the large 
amount of gravitational energy released would, 
following the virial theorem, be converted into internal 
heat. This heat would soon increase internal tempera- 
tures beyond the 1000-1500 K range currently esti- 
mated to cover the melting temperature of metallic 
solid hydrogen. Once the hydrogen lattice begins to 
melt, the protoplanet would rapidly relax into a fully 
fluid structure, and from its point of initial relaxation 
onto the fluid quasi-static contraction track it would 
again follow exactly the evolution of § III. While it 
seems evident that an accretion-condensation object 
will relax to a fluid system as M -> Mj, the actual 
details of this process will be complex, and will 
require a more difficult evolutionary calculation than 
the fluid contraction models studied in this paper. A 
subsequent paper will report on a detailed study of 
the accretion-condensation-relaxation process in an 
attempt to understand better the formation of the 
giant planets. 

The third stage of Jovian evolution, post-fluid 
contraction, is equally complex and equally unknown 
at present. Its actual relevance to the study of Jupiter 
and Saturn cannot be determined until an accurate 
model of the fluid contraction stage is completed. This 
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final determination requires an unambiguous model 
calculation with minimal uncertainty in the fluid 
constitutive physics. The results of § III yield an SI 
evolutionary time for fluid contraction to Rj, Lj of 
t = 2.6 x 109 years, with a range of 2.6 to 4.35 x 109 

years’ variation produced by changes in chemical 
composition, model atmospheres, superadiabaticity, 
thermodynamics, and solar energy deposition. Since 
the time scale for either theory of the formation 
stage, accretion (106 years) or collapse (102 years), 
has a negligible influence on the time scale, there are 
various explanations for this short fluid time scale. 
Either Jupiter is less than 4.5 x 109 years old (very 
unlikely), the fluid contraction stage is superadiabatic 
(possible), the thermodynamic properties are suffi- 
ciently different from those of the SI model (very 
probable), or there is a substantial post-fluid con- 
traction stage (possible). 

At least three physical mechanisms have been 
proposed which would explain a post-fluid contraction 
phase. Smoluchowski (1967) has pointed out that 
solidification of hydrogen, with consequent release of 
the latent heat of crystallization, would provide a 
major energy source. In addition, he suggests that 
following solidification of the hydrogen, the inter- 
stitial neutral helium fluid would be gravitationally 
differentiated, producing a primarily fluid helium 
region adjacent to a primarily solid hydrogen region, 
with the gravitational energy from the segregated 
materials providing an additional energy source. A 
related hypothesis, recently proposed by Salpeter 
(1973), proposes that the neutral helium fluid becomes 
immiscible with the metallic hydrogen fluid. The 
subsequent gravitational differentiation again un- 
mixes the two materials and releases a large amount 
of gravitational energy. All these late-stage hypotheses 
would provide sufficient energy release to explain 
Lj with greatly reduced or even zero contraction 
required, hence the description “post-fluid contrac- 
tion.” 

Although the third stage must eventually occur at 
some late epoch (solidification of the mixture will 
occur as T approaches the freezing temperature), it 
is not necessarily required to explain the structure of 
the current epoch planet. To demonstrate the pres- 
ence of a post-fully mixed fluid structure requires, 
first, that a realistic physical theory of the material 
behavior be developed, and second, that the planetary 
fluid contraction phase proceeds to the point in time 
and (/o, T)-space where these solidification or separa- 
tion processes occur. Thus the presence of this post- 
fluid contraction stage will depend crucially on the 
exact structure and time scale of the fluid contraction 
stage. For example, if the fluid phase lasts for 5 x 
109 years before solidification or separation ensues, 
the immediate need to physically model this process 

is reduced. The internal structure and time scale of the 
fluid contraction phase were shown, in § IIIÔ, to 
be sensitively dependent on the equation of state and 
on the existence and structure of a planetary super- 
adiabatic zone. According to the sensitivity analysis, 
inclusion of improved thermodynamics (in better 
agreement with Monte Carlo results) will increase the 
time scale at all epochs of the fluid sequence, and will 
increase the temperature throughout the interior. 
Both these effects will delay the onset of a post-fluid 
contraction stage, possibly for very long times. 

A consideration of the time required to reach a 
given luminosity can lead to a demonstration that 
improved thermodynamics and superadiabaticity are 
each capable of extending the age of the fluid con- 
traction phase. From the derivation given in the 
Appendix, the time to reach a specified luminosity L 
for a spherical system of mass M and radius R is 

_ /PA » iCy)M fr«(2) dTa 
tL \paJ 47tR2g Jra(1) ra

4 - V5 

where tL is dependent on the mean specific heat 
<Cy>, the ratio of mean interior pressure Pi to the 
pressure at optical depth unity Pa, raised to the power 
rj, a mean value of the gradient. The only quantities 
affecting tL are PJPa, y, and <C7>; and the value for 
tLj obtained for the standard sequence is 0.58 times the 
observed value. The ratio PJPa changes very little 
between epochs 3 and 5 (log t = 6.18 to 10), as can be 
seen from the (p, ^-structure lines in Figure 5. Both 
<CV> and (Pi/Pa) can be strongly influenced by 
changes in the equation of state, so changes such as 
MTDP can have a strong effect on tL. Clearly, if the 
interior has substantial subadiabatic (radiative or 
conductive) regions, the value of y would be lower 
and the fluid contraction would be even shorter. The 
values of <C7> and (PilPa) are mass averages, but y 
is weighted more toward the outer envelope where 
most of the change in temperature occurs. To increase 
tL by 2 or more, y must be increased by about 50 per- 
cent in the outer envelope. This effect would be 
produced by the introduction of an outer-envelope 
superadiabatic zone. In conclusion, the most impor- 
tant task in the continuing evolutionary study of giant 
planets is a careful revision of the equation of state and 
an investigation of the existence of a superadiabatic 
zone. Once these modifications have been included in 
an evolutionary calculation, it will be possible to 
assess the need for, and the occurrence of, post-fluid 
contraction stages of planetary evolution. 

One of the authors (A. S. G.) would like to ac- 
knowledge support for this work from NSF grant GP- 
25949. This work was supported in part by the Office 
of Planetology Programs, NASA. 

APPENDIX 
The degenerate phase composes the majority of the planetary lifetime, and the internal energy is an important 

energy source throughout this phase. Let us equate the luminosity due to the self-energy to the rate of change of 
internal energy, 

L = -dUldt (Al) 
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where L is related to the total effective temperature Te and the solar component r0 by 

L = 47TR2a(Te* - Tq*) , (A2) 

where a is the Stefan-Boltzmann constant and R the planetary radius. For late epochs, R and Te are considered 
time-independent, and Te is set equal to the atmospheric temperature near optical depth unity. Furthermore, the 
internal energy is written as 

U = (CyyTiM (A3) 

where <CV> is a mean specific heat for the planetary interior, ^ is a mean interior temperature, and M is the total 
mass. 

Combining (1), (2), and (3), the time to cool from state 1 to state 2 is 

<Cy>M f2 dTi 
L ArrR2a J, (T,* - V) ’ 

(A4) 

where we have neglected the variation of <Cy> with time. The quantities Ta and 71 are related by a mean gradient rj. 

T, = (PjPaTTa , (A5) 

where Pi and Pa are the pressures at temperatures 7; and 7a. Combining equations (A4) and (A5), we find that 
tL is given approximately by 

/P* WCV>M fT“<2) dTa 

W 4^P2a )Tail) (Ta* - V) ‘ 
(A6) 

For Ta(l) much larger than Ta(2), as is the case for the degenerate phase, the integral will be a function of Ta(2) 
only. Thus the time to reach a specific luminosity is only a function of the quantities appearing outside the integral 
in Equation (A6). 
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