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ABSTRACT

We present an updated study of Uranus interior models using
current information about the planet's gravity field and rotation
rate. The most plausible model, both from the point of view of
recent data and cosmogony, has a central core of iron and magnesium
silicates, an outer envelope of liquid water, methane, and ammonia,
and a deep "atmosphere'" of almost four earth masses of hydrogen,
helium, and methane. The "atmosphere" contains a gravitationally
nonnegligible amount of methane -- about 40% by mass. All plausible
models are most consistent with a rotation period of ™15 to 16

hours.

T. INTRODUCTION

The goal of studies of the interior of Uranus is to achieve a
synthesis of data on the planet's gravitational and magnetic fields,
average density, atmospheric composition, heat flow, and various
cosmogonical considerations. Recent years have seen a reduction in
the number of possible interior models, although many uncertainties
still remain. The purpose of this paper is to summarize a number of
recent developments and to indicate the status of Uranus interior
models in the context of a number of observational constraints, as
of early 1981. A set of Uranus and Neptune models were presented by
Hubbard and MacFarlane.(1980; HM hereafter); this paper serves as an
update on several important results since that time. Due to space
limitations, this paper cannot also serve as a review paper and so
we will be unable to discuss in any detail such important studies of

Uranus' interior as Reynolds and Summers (1965), Podolak and Cameron
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(1974), Podolak (1976), and Podolak and Reynolds (1981).

Although preferably one should first derive an interior model
and then draw cosmogonical conclusions from it, the Uranus problem
is still so ill-constrained that it is preferable to limit interior
models to those consistent with a plausible cosmogony. Thus we
consider a scenario for formation of Uranus (and Neptune) roughly as
fo'lows. Cooling of an initially hot solar-composition gas to
temperatures below v 1400°K will result in the condensation of iron
and magnesium silicates ("rock"). At still lower temperatures, say

QISOOK, various abundant species such as H and CH,

2O and then NH3
will likewise form solid condensates ("ice"), leaving behind a gas

phase composed principally of H, and He in solar proportions. Now it

is unclear whether material fn Uranus' formation zone was ever
heated to temperatures high enough to vaporize silicates, although
H2 and He will of course never condense and thus would be expected
to be fractionated with respect to condensibles. It is assumed
(Mizuno 1980) that the condensed species in Uranus' formation zone
will aggregate to form planetesimals and then a planetary core with
a mass of at least several ME (one earth mass = ME). We would expect
this core to be made up of "rock" and "ice", with the ratio of "ice"
to "rock" (I/R) depending on the precise chemical state of the
condensibles and on whether CHA’ NH3, etc. have completely
condensed. For solar composition and complete condensation of "ice"
and "rock", I/R’\=l 3 (HM).

According to Mizuno's (1980) calculations, a small amount
proportionally of H

~-He, "V few M will then be captured by the

s
protoplanetary core fn Uranus' foriation zone. Cosmogonically then,
we expect that the hydrogen-rich atmosphere of Uranus is by mass
only a small fraction of the planet, although this result may have
benefited by hindsight from earlier interior models such as Reynolds

and Summers (1965)

Since "ice" will condense after '"rock', it seems most plausible
that T/R < 3 in Uranus' interior. Models with proportionally more
"ice'" than this limiting value would need to be produced by an

initially chemically inhomogeneous nebula. In any case, we would
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normally expect "ice'" and "rock” to be separated in the interior of
Uranus. For an adiabatic temperature distribution in the planet,
which seems most plausible because of the low thermal conductivity
of the planetary material (Zharkov and Trubitsyn, 1972), we have
typical interior temperatures “5000K at pressures of several
megabars (HM). According to estimates by Hubbard (1981), iron and
magnesium silicates will tend to be solid under these conditions but

"ice" will be liquid. 1In view of the great density contrast between

Ilicell

and "rock'", it seems inevitable that a "rock" core will be
formed.
The above considerations led HM to consider three-layer models

for Uranus and Neptune, consisting of a central "rock" core, a

"ice", and a deep atmosphere composed primarily

mantle composed of
of hydrogen and helium. These models were the most centrally
condensed ones which had been proposed, having dimensionless moment
of inertia factors C/Ma? < 0.20 (C = polar moment of inertia, M =
planetary mass, a = equatorial radius at 1 bar pressure). In
contrast, Jupiter has C/Ma2 % 0.26 and for Saturn C/Ma2 2 0.23. We
must stress that there is no "similarity law'" for the structure of
Jovian planets. In Jupiter and Saturn, C/Ma2 is basically determined
by the structure of the deep hydrogen-rich envelope and by a
relatively small core. The detailed structure of the core plays no
role. For Uranus and Neptune, however, the structure of the core is
as important as the structure of the hydrogen-rich envelope, and it
makes a significant difference whether or not the "ice" and "rock"
components are separated.

In the following, we will consider some new observational

constraints and some resulting variations on the HM models.

TI. CONSTRAINTS ON MODELS

The principle constraints on interior models are M, a, and the
dimensionless zonal harmonics of the gravity field J

- m 2n? defined by
v(r,e) = — [1 -

51 Jzn(a/r)zann(cose)]) (1)

where V is the planet's external gravitational potential as a

function of distance r from the center of mass and angle 8 from the
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rotation axis, G is the gravitational constant, and P o are Legendre

polynomials. The best available value of a is 252,900 + 300 km
(Danielson, et al. 1972) obtained from an analysis of Stratoscope
images. Occultation measurements give a' = 26,200 + 100 km (Elliot,
et al. 1981) for the equatorial radius at the occultation level
which is much higher than the l-bar level. 1In fact the above values
of a and a' are consistent. The error bar in a' has been increased
above the formal value of 30 km to allow for possible systematic

errors. Although it is customary to define the J by using the

l-bar equatorial radius a in Eq. (1), much of recentzr;ork on Uranus'
gravity field uses a' instead. We will conform to this usage in
this paper, so that all calculated and observed J2n are normalized
to a' = 26,200 km.

The J, provide integral constraints on the structure of Uranus

via the foi?owing relationships:

Jon = /\ann + A'znqn+1 + ..., (2)
where

q = mzaB/GM 3)
is a dimensionless parameter and w is the angular rotation velocity
of the planet. The dimensionless response coefficients A2n’
together with the higher-order corrections A'Zn" . . are functions

of the planetary interior structure and serve as additional integral
constraints (Zharkov and Trubitsyn 1978). For consistency in the
following we will replace a with a' in Eq. (3), so that for Uranus
and a rotation period of 15.5 hours we have q = 0.03935. Without

knowledge of q, the J n themselves provide little or no information

2
about interior structure.

From an analysis of the precession of the e-ring, Nicholson,

et al. (1978) found J, = 3.4 x 1073, This result was made more
precise by Elliot, et al. (1981) who found J, = (3.354 + 0.005) x
1073, They also obtained J, = (~2.9 + 1.3) x 10 °.

4
Some disagreement still exists about the correct rotation

period for Uranus. Brown and Goody (1977) obtained 15.6 hours,
Trauger, et al. (1978) obtained 13.0 hours, Elliot, et al. (1981)
obtained 15.5 hours, and Franklin, et al. (1980) obtained 16.6
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hours. On the other hand, Trafton (1977) found 23 hours and Hayes
and Belton (1977) found 24 hours. Our preliminary conclusion, based
on considerations presented below, is that more plausible interior
models are associated with a rotation period of 15 hours, but that
a 24-hour period cannot be absolutely ruled out.

If the density of the H,-He atmosphere is increased by
enrichment of other constituents beyond their solar proportions,
this density increase can become gravitationally significant.
Therefore it is important to obtain bounds on such possible
enhancements. A thorough discussion of this problem is given by
Wallace (1980). From an analysis of Uranus §pectra at wavelengths
from the visible to the microwave region, he concludes that the
number ratio of CH4 to H, in the deep atmosphere is greater than

2
0.01 and probably less than 0.10. If CH4 is the only species
enhanced above solar abundance, then these limits correspond to 0.06
< fCHu < 0.4, where fCHq is the ratio of the mass of CH, in the deep

atmosphere to the total mass.

ITI. VARTANTS ON THE HM MODEL

As initiated by Podolak (1976), it is useful to plot the
optical oblateness € versus J2 for various interior models. Here €
is the difference between the equatorial and polar radii in units of
the equatorial radius. We have, to lowest order in q,

e = q(3A2 + 1)/2, (4
so that a given interior model plots as a straight line with slope
(3 + Az_l)/Z. When allowance is made for higher-order terms in Eq.
(2), the lines are actually curved, but the curvature is negligible
to the present order of accuracy.

Fig. 1 shows a plot of several interior models together with
rotation periods of 15.5 hours and 24.0 hours. The three-layer H+M
model is taken from HM (1980), while the Z+T model is taken from
Zharkov and Trubitsyn (1978). 1t is similar to the H+M model except
that it has only two layers: the "ice" and "rock" are homogeneously

mixed in the interior below the HZ_He atmosphere. Also, the Z+T

model uses an older H20 equation of state which is significantly
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"harder" (i.e., has a higher pressure at a given density) than the
one which we now use and which is favored by shock data on H20
(Mitchell and Nellis 1979, Ree 1976). The dramatic effect of this
revision in the HZO equation of state is shown by the line marked
"2-layer" in Fig. 1. This model is essentially identical to the Z+T

model except that the new H, 0 equation of state is used. Since

Uranus is about one-half watei, there is a major change due to the
revision; the water is more compressed, the model is therefore more
centrally condensed, and 1\2 is smaller. For comparison, we have
plotted observational data points for J2 and € from Elliot, et al.
(1981) and Franklin, et al. (1980). These data seem to favor the
revised "2-layer'" model, i.e., the Z+T model with the updated Hzo

equation of state. However, for reasons given above, this model

Fig. 1. Optical oblateness € as a function of J2 for various
Uranus models.
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seems cosmogonically less plausible since it assumes that the 'rock"

and "ice" can remain uniformly mixed. Therefore it is important to

note that this model does not give a unique fit to the data. We can
also bring the H+M three-layer model into agreement by increasing
I/R, as shown. This has the effect of increasing the moment of
inertia because of the smaller rock core and smaller H,-He envelope

2
and therefore increasing A . One needs I/R "~ 6 in order to bring

the three-layer model intozagreement with the data points. Since
this exceeds the cosmic I/R ratio, what has become of the missing
"rock" during formation of the planet?

The most cosmogonically plausible way to adapt the three-layer
model to fit the data points is to assume that the Hz—He envelope
contains a non-negligible amount of denser material such as CH&'
Increasing the density of the deep atmosphere has a significant

effect on the moment of inertia, leading to a larger AZ' This
requires fcu; ~v0.4 to 0.5.

Is there any way to distinguish between the three models
outlined above? For this purpose, we have computed the higher-order

response coefficient A4 using techniques which we will now describe.

IV. HIGHER-ORDER GRAVITY FIELD OF URANUS

Current data are not yet sufficiently accurate to permit Uranus

2n(n > ).

Nevertheless, there are prospects for improvement based on study of

models to be well-constrained by the higher J

the motions of the Uranian rings and an eventual flyby by the
Voyager 2 spacecrdaft. Therefore we have begun a study of the higher
gravity components of Uranus models with the goal of determining how
well these can discriminate between different models with
essentially identical Az's.

Our calculation makes use of an approach which is described by
Hubbard, et al. (1975), Slattery (1977), and Hubbard, et al. (1980).
In this approach, we carry out a multipole expansion of the mass
density p(r,8) in the form

p = nj% p2n(r)P2n(cose) (4)

https://doi.org/10.1017/50252921100082385 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100082385

J.J. MacFarlane and W.B. Hubbard 118

over all spherical regions of the planet which do not contain
discontinuities of p or singular points where derivatives of p do
not exist. In Fig. 2, which schematically shows a rotating
two-layer planet, expansion (5) may be used in the innermost region
enclosed by a dashed line and it may also be used in the region
between the outermost dashed line and the next dashed line. 1In the
spherical region which contains the oblate surface of discontinuity
between the core and the mantle, we use a set of shell integrals
(defined by Hubbard, et al., 1975) to determine the contribution to
the various A, from this region. 1In the region where expansion (5)

2n

is valid, the contribution to each A2n is produced only by the

corresponding pzn(r).

Fig. 2. Division of a rotating, oblate planet into various
interior zones for calculation of gravitational
harmonics.

_ - Muttipole density >
expansion
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The surface (the l-bar surface, say) requires special
treatment. For an adiabatic variation of temperature and near-solar
composition, the pressure-density relation resembles a polytrope of
index 2.5 as the density approaches zero. As is well known, various
derivatives of the density with radius hecome infinite as p > 0, and
thus it is not possible to accurately locate the surface by means of
a Maclaurin series expansion from any interior point. To avoid this
problem, we place a grid of quadrature points in r and 6 in the
outer region of the planet which includes the ¢ = 0 surface. This
approach was employed by James (1964) and does not make use of any
assumed analyticity of the density distribution. For Uranus, our
2,

%, and J4 to

n0.4%. Values for J6 and J8 are also calculated but currently play

no role in constraining interior models.

theory typically yields J2 to an accuracy of ~10~

Most interior models of Uranus were calculated for a rotation
period of leS. For each model we then calculated effective
response coefficients by the relations

A, = J?_/q,2 (6)

by = Iy fa o
Comparing with Eq. (2), we see that this result is valid in the
limit q =+ 0. For finite q, Eqs. (6) and (7) thus include a very
weak q-dependence in A2 and A4’ but for our purposes this 1is
negligible. The advantage of this representation for models is that
the response coefficients are essentially independent of the adopted
rotation period. Fig. 3 shows a plot of AA versus A2 for a variety
of Uranus interior models; all of these models were described above.

The locus of points between the dashed lines is consistent with the

results of Elliot, et al. (1981); their preferred rotation period is

15?5. If the adopted rotation period is allowed to change, the
observational constraints move as shown while the model values
remain essentially fixed.

On the left we have three sequences of models of the H+M type,
i.e., with "rock” cores, "ice" envelopes, and HZ_He atmospheres.
For any given value of I/R, there is a range of models produced by

varying the thickness of the HZ-He atmosphere. The range shown
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corresponds to a reasonable range in a about the observed value of
25,900 km.

The models indicated with short dashed lines are of the

two-layer Z+T type, i.e., with H_-He atmospheres and homogeneous

2

"-"rock" interiors. The updated H

"ice 20 equation of state is used,

however.

Interestingly, the addition of substantial amounts of methane
to the Hz—He atmosphere of an H+M model (models with heavier lines)
can produce a substantial decrease in A4 for fixed AZ' Since models
of this type are the most cosmogonically plausible, it 1is
interesting to see that they are also consistent with the
observations. Note that Wallace sets a limit fCH+ < 0.4 for the

deep Uranus atmosphere. There is still a great variety of possible

models.

Fig. 3. The response coefficient A, as a function of A, for
various Uranus models. Current observational “con-
straints on the gravity field limit models to the
region between the dashed lines.
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Finally, we have considered the possibility of a Uranus model
with a solid or liquid "surface" that is directly observationally

accessible. Such a model would require an extremely thin
hydrogen-rich atmosphere, extending only up to pressures "“50 bar.
Such an atmosphere would be gravitationally negligible, and the
planet would basically have to consist of '"rock" and "ice" alone.
With this composition, the model turns out to be too dense; the best
fit to the observed mean density is achieved with pure "ice'" and no
"rock" core at all, but such a model still ends up with a radius a

% 23,000 km, i.e., about 10-15% too small. One may argue that the

" "

equation of state of the "ice'" component is sufficiently uncertain
that such a model cannot be excluded. Allowing for such
uncertainties, we estimate that suitable "all-ice" models would be

found in the location indicated in Fig. 3.

V. CONCLUSIONS

Recent observations of parameters relevant to Uranus' interior
are beginning to point toward a particular type of interior model.
This model has a "rock" core, an "ice" layer, and an H,~-He

2
atmosphere with copious amounts (f v 0.4) of methane. The

overall value of I/R is about 2.5. Apézﬁgntly methane is soluble in
the atmosphere although ammonia may not be because it is observed to
be depleted (Wallace, 1980). Perhaps there is some stirring between
the atmosphere and the "ice" layer since molecular diffusion times
are very long. It is difficult to think of an alternative,
cosmogonic way of producing the large methane enrichment.

On the other hand, before such a model is too enthusiastically
adopted, we should mention two troublesome observational
constraints. The first comes from spectroscopic studies of Uranus'
atmosphere, which show that the deuterium to hydrogen ratio (D/H)
there is approximately the same as that in Jupiter and Saturn and
approximately primordial (Hubbard and MacFarlane, 1980). When
methane or water condenses from a primordial solar nebula,
temperatures are low enough to cause substantial fractionation of

deuterium into H,0 and CH,. Thus we would expect D/H to be at least
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four times larger than the primordial ratio in Uranus' atmosphere.
The observations seem to imply that Uranus' atmosphere is not
stirred with the interior. But in this case, why is methane so
enriched in the atmosphere? .

The second problem arises from the fact that there is evidence
that CH4 tends to dissociate at pressures above 200 kbar and
temperatures above 2000 K, i.e., probable conditions within the
"ice" layer (Ross and Ree, 1980). Apparently the methane decomposes
into hydrogen and elemental carbon. If the carbon sinks and the
hydrogen rises, this would tend to deplete methane in the
atmosphere, contrary to observation. Therefore the decomposition of
methane, if it occurs, either plays no role because there is no
communication between the atmosphere and the interior, or else it
occurs in a highly reversible manner.

It should also be pointed out that the interior temperature
profile of Uranus (in an adiabatic model) can be significantly
altered if H, 0 is significantly enhanced in the deep atmosphere as

2

well as CHQ. Calculations by Hunten (1981) indicate that internal

temperatures are reduced by 107 if HZO has a number abundance of 3%

relative to HZ' This effect has not been included in models
discussed here.

As discussed by HM and by Hubbard (1978), the structure of the
Uranian atmosphere may play an important role in the heat balance of
Uranus as well. A measurement of the actual intrinsic heat flow
rather than the upper limit which is currently available, may play

an important role in helping to understand the cosmogony of Uranus

and its present fluid circulation patterns.
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