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Giant Planet Formation by 
Gravitational Instability 

Alan P. Boss 

The recent discoveries of extrasolar giant planets, coupled with refined models of the 
compositions of Jupiter and Saturn, prompt a reexamination of theories of giant planet 
formation. An alternative to the favored core accretion hypothesis is examined here; 
gravitational instability in the outer solar nebula leading to giant planet formation. Three- 
dimensional hydrodynamic calculations of protoplanetary disks show that giant gaseous 
protoplanets can form with locally isothermal or adiabatic disk thermodynamics. Grav- 
itational instability appears to be capable of forming giant planets with modest cores of 
ice and rock faster than the core accretion mechanism can. 

T h e  iliscovery of extrasolar giant planets 
(1-5) presents theorists \\,it11 the  challe~lge 
of trying to ~ u ~ ~ d e r s t a n d  the for~nation of 
these planets n i th in  the  context of the  
generally accepteil core accretion model for 
the  formation of the  solar system's giant 
planets. T h e  core accretion rnodel envisions 
the  formation of cores of roughly 10 Me 
(ML = the  mass of Earth) through plane- 
tes~rnal coll~sions, follo\ved by r a p ~ d  accre- 
tion of gas from the  solar nebula (6) .  H o n -  
ever, the  core accretion lllodel suffers from 
the fact that the  time neeiied to  assemble 
the 10 M, cores, mhich is o n  the  order of 
10" years in  the rnosr optimistic scenario 
(3, lies in the  miilille of the  range of ages 
( -  10' t c ~  - 12' years) a t  \vhich young solar- 
type stars lose their gaseous iiisks (8). If the  
disk gas has already dissipated by the  time 
that 10 l ) I z  cores form, then Uranus-like 
planets nrould result, rather than Jupiter- 
like planers, a fate that led to some under- 
standable pessi~llisrn about the  frequency of 
occurrence of extrasolar giant planets (9) .  

T h e  detection of a mlmber of extrasolar 
planers \\-ith ~ n i n i ~ n ~ u ~ n  lnasses rangi~lg from 
?.i to 4 MI (M, = 318 = the  mass of 
Jupiter) has removed 111uch of the  concern 
that giant planers might be rare in our 

Decart l~ert of Ter*esrr~al Ivlagnet~sm, Carregie lnst~ta- 
:on cf Waslington. Vliaskrgton, DC 2001 5-1 305, LSA. 

galaxy. For iletection by the  radial 1-elocltj- 
technique! the  planet's lnass \\rill he consid- 
erably larger than the  m i n ~ m u m  ~f the plan- 
er's orbit is nearly in  the olane of the  sky. 
T h e  suspected giant planets orbiting 47 Ur- 
sae blajoris (2 ) )  Lalaniie 21 135 ( 3 ) )  and 16 
Cygni B (4)  have semimajor axes of 2 to i 
astronomical units ( A U )  ( 1  A U  = 1.5 X 
1013 cm = the  ilistance from Earth to  the  
sun),  and have lllllllrnurn masses of 1.5 to  
2.4 Mj; Lalande 21 185's asrrometrically Lie- 
tected planet is fixed in mass at 1.5 M,. T h e  
core accretion rnodel may be unable to 
produce giant planets more massive than 
about 1 MI if the gron.ing planer's gravlry 
induces a gap in the  s u r r o ~ u ~ ~ d m g  disk (1 0).  
In  addition, suspected bron-n d~varf stars 
istars nit11 M < 30 h1,) have also been 
found in orbit around ilearby stars ( I  1 ), 
n i t h  minimm~m Inasses as slnall as 6.6 MI 
(12) ,  possibly blurring any mass-based disl 
tinction betnreen planets and brown da.arf 
stars 113). 

T h e  core accretion ~ ~ l o d e l  n.on favor 
largely because of its ability to  explain the  
similarity of the  inasses of the  ice and rock 
cores lnierred for Jupiter,  Saturn, Uranus, 
and Keprune through the  preiliction ( 14)  
of the  exisre~lce of a single critical core 
mass (-10 M3) that  ~vould trigger gas 
accretion throughout the  solar nebula. 
Honever ,  recent inodels of the  lllrerlor 
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structure of Jupiter and Saturn (15)  have 
concluded that  their Ice and rock core 
masses are smaller t h a n  had pre\~iously 
heen thought likely: 3 to  10 M3 for Jupiter 
a n J  1 to  13 M3 for Saturn, as compared 
wit11 the  older estimates (16)  of 10  t o  30  
M, for Jupiter anii 15 to  25 M3 for Saturn.  
I f  t he  lower estimates are accurate, t h e n  
much of the  attraction of the  core accre- 
tic111 theory would be lost because lower 
Illass cores might 11or be able to  trigger gas 
accretion. 

For these and other reasons (i), it seems 
prudent to reevaluate the  possible mecha- 
nisms for giant planet formation. O n e  hy- 
13othesis is the  eravirational insrabilitv 

u 

mechanism (1 7), 111 \ \~hich the  solar nebula 
breaks up through ~ r s  O\\~II self-gra\~ity into 
clumps of gas and dust, rer~med giant gaseous 
prorol>lanets (GGPPs) ,  nh lch  then con- 
tract and collapse to  form giant planets 
( l a ) .  T h e  G G P P  mechanism Lvas discarded 
because of its failure to  explain the  large 
values and imilaritv of estimated core 
lnasses fo1 both the  glanr and the  outer 
planets ( 6 ,  16 ) )  but these p~ob lems  may n o  
longer exlst. 

Previous n-ork o n  oravirat~onal instabil- " 

ities in disks had suggested that marginally 
unstable d~sks  would evolve through the  
formation of spiral density naves (19) ,  
thereby avoiding G G P P  formation, and 
that GGPPs could only occur if the  disks 
\\-ere s t r o ~ l g l ~   unstable (2C). G G P P  forma- 
tion also seenled to  require that the  insta- 
hilit\- proceed at a fixed temperature a t  a 
gl\-en orbital radlus ( that  is, locally isother- 
mal),  in  order to  prevent thermal pressure 
from iiampmg the  gro~vth of the  perturba- 
tions (20). 

In  the  process of calcula t~ng axisym- 
metric models of t h e  tenlperature disrribu- 
t ion in  the  solar nebula 121 ), t he  general 
trend arose of relarlvelr hot  (miiiplane 
temperature T,., - 1000 K) regions inside 
a f e ~ v  A U ,  surroundeii by relatively cold 
(T,,, - 100 K)  outer regions. I n  disks nit11 
inasses of -100 h1, inside 10 AU, t he  
outer regions were 'iiense enough to  be 

1836 SCIENCE 4 \.dL. 176 ?;I JCNE 1997 * ~vn.\v.scicnce~~~ag.org 



maroinallv oravi ta t ional l~  unstable, ac- , - 
cording to  Toomre's stability criterion 
(22) .  Such a situation might pe r~n i t  a "best 
of bo th  ~vorlils" scenario, in  which the  
formation of the  terrestrial planets oc- 
curred through collisional accumulation of 
soliils i n  the  ho t  inner nebula (23) ,  while 
the  giant planets formed rapiilly ( - l a 3  
years once the  nebula becomes unstable) 
through the  growth of GGPPs  in  the  cool 
ourer nebula. T h e  outer planets (Uranus 
and  Neptune)  would still need to  form by 
the  slow process of collisional accumula- 
t ion,  completing their growth well after 
the  giant planets hail formed and the  neb- 
ular oas had been dissipated. - 

Because of their limitation to  axisymtne- 
try, the  previous two-dimensional (2D)  
models (21) could not  ilirectly aildress the  
question of the outcome of ally possible 
gravitational instability. Here a 3 D  hyilro- 
dynamics code is useil to study G G P P  for- 
mation in  protoplanetary disks defined by 
the  previous axisymmetric calculations. 
T h e  gravitational hydrodynam~cs code has 
been used to study a \.arlety of oroblems 111 , . 
protostellar collapse and protoplanetary 
disk evolution (24) .  T h e  coile solves the  
equations of hydrodynamics and the  Pois- 
son ecluarion o n  a spherical coordinate grid 
and is second-order-accurare in space anil 
time. 

T h e  G G P P  instability depends o n  disk 
self-gravity overwhelming the  thermal 
pressure inside the  disk, so the  ass~lmeil 
disk thermodvnamics is critical. T h e  3 D  
models start with the  thermal structure of 
a n  axisvtnmerric disk ~ v i t h  a mass of - 140 
bIJ orbiting a star of one  solar mass, as 
iletertnineil by the  previous radiative hy- 

Radius (AU) 

Fig. 1. Toomre Q stablllty parameter a s  a function 
of dlstance from the protostar in the locally ISO- 

thermal model LI (filled symbols) and the locally 
adabatic model LA (open symbols) at the start of 
the calculations. The horizontal Ine shows the crlt- 
ical value (Q = 1) for instability to the growth of 
nonaxsymmetr~c perturbations. 

d rodvnam~c  calculariona (21 ). Because ra- 
diative transfer is prohibitively s lo~v  for 
these 3 D  moilels, the  effects of disk rher- 
moilrna~nics were investigated by arbi- 
trarily varying the  ourer disk temperature 
profile and bv varvino the  effective adia- , " 

batic exponent  (pressure P ilepenils o n  
density p as P pY) f r ~ m  y = 1 (isother- 
mal) to  Y = 715 (adiabatic for molecular , ~ 

hydrogen'). These two values of y should 
span the  appropriate range for the  solar 
nebula, with the  larger value of y implying 
higher temperatures and pressures and in- 
creased resistance to G G P P  formation. 

T h e  active computational \.olume 
(number of grid points in  each direction: N, 
= 51, N ,  = 23 in 712 2 8 r 3,  Nc,, = 64) 
extends from 1 to  10 AU, with boundary 
conilitions a t  both 1 AU and 10 AU chosen 
to absorb velocity perturbations and at 10 
AU to maintain constant density. T h e  ini- 
tial disk density is seeiled with a ionaxisym- 
~ne t r i c  cos24 perturbation ( a n  m = 2 mode 
of amplitude a2 = 0.01) and with random 
noise (modes m = 1, 2 , .  . . 16 with a,, - 
0.001), b ~ a s i ~ l g  the  disks toward the  forma- 
tion of two-armed sp~ra l  structures. T h e  
rotation period at the  Inner edge of the  disk 
is P, ;=. 1 year! and at the  outer edge the  
rotation period is Po == 25 years. Wi th  the  
locally isothermal or adiabatic assumptions, 
the  disk models can be computeil for tnany 
rotation periods of the outer disk, - 15 Po, 
as is needed to  follow the  growth of non-  
axisymmetry in marginally unstable disks. 

T h e  results of two moilels are ~resente i l  
here, one with locally isothermal (y  = 1; 
  nod el LI) and one with locally adiabatic (y 
= 715; model LA)  thermodynamics. Model 
LI useil the  temperature profile computeil 

for the  135 MI disk in  (21))  n h i c h  ap- 
proached T", = 100 +- 50 K in the  ourer 
disk. Model LA used the  same temperature 
profile as model LI, except that the  outer 
disk remperature (beyonil 7.4 AU) was as- 
sumed to approach 50 K instead of 100 K. 
T h e  outer disk temperatures are not as well 
constraineil by the  previous modeling as the  
inner disk temperatures are, and so this 
seemingly arbitrary change from 100 K t o  
50 K is roughly within the  uncertainty of 
the  previous models (21 ). 

T h e  initial ilisk models are character- 
ized by their Toomre Q parameters (22) .  
T h e  inner regions of bo th  disks are stable, 
with Q >> 1, but Q drops to  close to  1 
arounil 7.5 AU in  both  models (Fig. 1 ) .  I n  
model LI, Q hovers around the  critical 
value of 1 beyonil 7.5 AU, whereas in 
model L A  Q drops below 1 to  about 0.8 
(Fig. 1 ) .  O t h e r  inodels (25)  demonstrate 
that  disks are unstable for a range of values 
of Q - 1, including Q values slightly 
higher than  those of models LI and LA,  so 
the  precise values of Q chosen here are 
not  crucial to  the  general outcome of the  
instability. 

Both tnoilels e\mlveil in  a similar fash- 
ion despite their different adiabatic expo- 
nents.  T h e  initial bar-shaped perturbation 
rapidly n ~ o u n d  up into  a trailing tnJo-arm 
spiral pattern, n h i c h  uniler~vent a pro- 
longed period of steailr growth. For the  
first several hunilreil years, t h e  amplitude 
of the  m = 2 mode grew roughly linearly 
with time. By the  enil of the  simulations, 
the  amplitudes of the  m = 1 ,  2, 3, anil 4 
modes hail all grown from -0.001 (from 
0.01 for m = 2)  to  the  range 1.4 to  1.6, 
nearing saturation, with most of the  

Fig. 2. Equatorial denslty contours (factors of 2) showlng the outcome of the locally sothermal model LI 
(A) after 430 years and of the locally adiabatic model LA (B) after 550 years. Each dsk forms two giant 
gaseous protoplanets (arrows denote their centers and directions of motion), though of unequal mass 
In both cases. Each GGPP IS trailed by a low-denslty regon and thin spiral arms. Asolar-mass protostar 
Ies at the center (diamond) of the dlsks. The region shown is 20 AU In diameter; jagged outer contours 
mark the outer edge of the sphercal coordinate computational grd. The maximum density In both plots 
IS 1 x lo-* g ~ m - ~ .  
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growth of the m =£ 2 modes occurring in 
the last 200 years of the evolution. 

The self-gravitational forces of the grow­
ing spiral density waves overwhelmed the 
thermal pressure in the disks, resulting in 
each disk breaking up into two GGPPs (Fig. 
2). The maximum density in each GGPP 
was still increasing at the time when the 
calculations were stopped because the out­
come was obvious—in model LI, the max­
imum GGPP density nearly doubled in the 
last 30 years. In both models, the GGPPs 
form in the outer disk, as expected, at dis­
tances of about 8 AU. The disks were ini­
tially seeded with m = 2 perturbations, so 
the occurrence of two GGPPs may be an 
artifact of this assumption; in an unbiased 
disk, it may be that a single GGPP would 
form at a given radius. Forming two GGPPs 
at the same orbital distance might eventu­
ally result in a merger or in a close encoun­
ter, leaving both GGPPs with eccentric 
orbits. 

Because of the strong growth of odd m 
modes, both models produce GGPPs with 
unequal masses. In model LI, one GGPP 
increased in mass from 4.5 to 6.2 Mj in the 
last 30 years, whereas the other GGPP de­
creased in mass from 1.3 to 0.36 Mj in the 
same time period. This trend suggests that 
the second GGPP might even disappear 
altogether at the expense of its more mas­
sive sibling. In model LA, a similar asym­
metry results, with two GGPPs with masses 
of 7-8 and 3.7 Mj forming by 550 years and 
with the smaller GGPP losing mass as its 
sibling gains mass. The Jeans mass (26) is 
about 0.2 Mj for model LI and 1.2 Mj for 
model LA; because of the adiabatic assump­
tion, the GGPPs have T « 300 K in the 
latter case and T «* 100 K in the former. 
The larger mass GGPPs are above the Jeans 
mass and so are gravitationally bound, but 
the smaller mass GGPPs may not survive. 
The larger GGPPs also are stable with re­
spect to tidal disruption by the gravitational 
force of the central protostar; at an orbital 
distance of 8 AU, the critical tidal radius or 
inner Lagrangian point (27) is about 1 AU 
from the center of the GGPPs, which is 
slightly larger than the radius of the GGPPs 
in the radial direction. 

Model LA shows that a GGPP can 
form in a moderately massive ( — 140 M-.) 
disk even if the perturbation behaves adi-
abatically, that is, even if the GGPP is 
unable to cool by radiation during its 
growth phase. Coupled with the GGPP 
formation in model LI, it appears that 
GGPP formation can occur in protoplan-
etary disks regardless of the exact thermo­
dynamics of the instability. 

Because only two models are presented 
here, the final masses and distances of these 
GGPPs should be considered only as rough 

indicators of the type of outcome to be 
expected. The intent here is not to try to 
match the characteristics of any specific 
giant planet but merely to demonstrate the 
feasibility of the gravitational instability 
theory of their formation. 

Although the long-term evolution of 
marginally unstable disks is uncertain 
(19), the GGPP instability is likely to 
occur if a means exists for suddenly driving 
Q below 1. Clumpy accretion of molecular 
cloud gas by the disk may be sufficient to 
increase the disk's surface mass density, 
driving Q < 1 over a short time scale and 
triggering the GGPP instability in a mar­
ginally stable disk. Observations of infall-
ing gas in the B335 protostellar system 
(28) reveal the presence of 0.01 pc-sized, 
multiple-Mj clumps that may lead to epi­
sodic disk accretion. These non-self-grav­
itating clumps will be focused by the con­
verging trajectories of the collapsing gas 
and will impact an annulus of the disk. A 
focused clump with a length of 0.01 pc, 
moving at 14 km/s (infall velocity at 10 
AU), will enter the disk within 600 years, 
which is possibly quick enough to trigger 
the GGPP instability. 

With solar composition, a 1 Mj GGPP 
contains about 6 M e of elements heavier 
than H and He. If this ice and rock material 
exists in the form of dust grains, it could 
settle to the center of the GGPP and form 
an ice and rock core with a mass in the 
middle of the range presently inferred for 
Jupiter (3 to 10 M e ) . After the phase of 
evolution depicted in the present models, 
the GGPP should slowly contract for a pe­
riod of ~10 5 years (18) before central tem­
peratures become high enough (about 1000 
K) to vaporize rocky dust grains or for water 
to become soluble in hydrogen (29). While 
the GGPP's gas is supported against col­
lapse by the gas pressure gradient during 
this phase, the dust grains can grow by 
collisional coagulation and sediment down 
toward the center of the GGPP. Use of the 
same formalism used to model the coagula­
tion and sedimentation of dust grains to the 
midplane of the solar nebula (30) produces 
a dust growth time (time for growth by a 
factor of e « 2.7) on the order of 10 years. 
Centimeter-sized grains could then coagu­
late in about 100 years, and these would 
sediment to the center of the GGPP within 
about 1000 years. Because these time esti­
mates are shorter than the 105 years the 
GGPP requires to heat up enough to disso­
ciate its molecular hydrogen and undergo a 
collapse to planetary densities, it appears 
that a substantial ice and rock core should 
form in a GGPP, with a mass determined by 
the initial metal abundance. 

The new giant planet models (15) have 
global metal abundances that are in agree­

ment with those inferred from atmospheric 
observations: Z = 0.02 to 0.06 for Jupiter 
and Z = 0.04 to 0.12 for Saturn. The solar 
abundance is Z = 0.02, which implies that 
at least Saturn has a substantially nonsolar 
abundance. However, the presence of a ra­
diative zone in the outermost layers (15) 
implies a barrier to whole planet mixing, so 
that atmospheric abundances may not apply 
to the entire planet. In addition, because of 
the uncertainties in the hydrogen equation 
of state at high pressure (15), future work 
might well yield global models that are even 
closer to solar composition. In any case, 
nonsolar envelope abundances will result 
from subsequent accretion of planetesimals 
in both the core accretion (7) and GGPP 
scenarios—Comet Shoemaker-Levy 9 was a 
striking example. 
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dlsslpaton provdes the heatlng source, the tem- 
peratures n these models are derlved from a bal- 
ance between radiative losses and compressional 
heating caused by gas nfallng onto the disk and 
movlng Inward toward the protostar. The dlsks 
have a surface denslty profe CT ,: rr1.' (from 1 to 
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Oxygen on Ganymede: Laboratory Studies 
R. A. Vidal," D. Bahr, R. A. Baragiola,? M. Peters 

To test proposals for the origin of oxygen absorption bands in the visible reflectance 
spectrum of Ganymede, the reflectance of condensed films of pure oxygen (0,) and 
0,-water mixtures and the evolution of 0, from the films as a function of temperature 
were determined. Absorption band shapes and positions for oxygen at 26 kelvin were 
similar to those reported for Ganymede, whereas those for the mixtures were slightly 
shifted. The band intensity dropped by more than two orders of magnitude when the ice 
mixture was warmed to 100 kelvin, although about 20 percent of the 0, remained trapped 
in the ice, which suggested that at these temperatures 0, molecules dissolve in the ice 
rather than aggregate in clusters or bubbles. The experiments suggest that the absorp- 
tion bands in Ganymede's spectrum were not produced in the relatively warm surface 
of the satellite but in a much colder source. Solid 0, may exist in a cold subsurface layer 
or in an atmos~heric haze. 

Rec e n t  optical reflectance measurements 
of Ganymede revealed the presence of ox- 
ygen. Spencer et al. (1) found two weak 
absorp~ion bands in the visible (at 5773 and 
6275 A )  spectrum of Ganymede (but not of 
other icy satellites) that are signatures of 
interacting pairs of O2 molecules (double 
transitions in adjacent molecules). In addi- 
tion, No11 et al. (2 )  found a strong absorp- 
tion band in the near ultraviolet (UV), 
which suggested the presence of condensed -. 
ozone. I hese oxygen signatures were prom- 
inent on Ganymede's trailing side, the side 
that is more subject to bombardment by 
ions from Jupiter's magnetosphere. This 
hemispheral difference led to suggestions 
that oxygen or ozone molecules originate 
either from direct implantation of oxygen 
ions into the surface or from radiolysis of 
ice, which accumulates beneath the surface 
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(1-3). However, the oxygen features were 
not seen in Europa's spectrum even though 
it is more heavily bombarded with ions and 
has been thought to have a denser oxygen 
atmosphere (4). 

Ganvmede's band Dositions were close to 
those p~eviously measured for solid oxygen 
(5). To  determine whether similar band 
positions result from condensed oxygen em- 
bedded in ice or other materials that may be 
wresent on Ganvmede's surface, we mea- 
sured optical reflLctance spectra o f  pure sol- 
id oxygen, condensed 0 2 - H 2 0  mixtures, 
and irradiated ice. The experiments were 
made in a cryopumped ultrahigh-vacuum 
chamber (with a base pressure of -lop" 
t2rr). We  grew condensed gas films at -13 
A/s by dosing degassed, pure water vapor or 
a 1:  1 0 2 - H 2 0  mixture onto the optically 
flat gold surface of a cooled quartz crystal 
microbalance. A quadrupole mass spec- 
trometer measured the gas evolving from 
the films as thev warmed uw. The bidirec- 
tional reflectande was meaiured at a 90' 
phase angle and divided by the reflectance 
of a pure water ice film to remove the shape 
of the lamp spectrum and spectrometer ef- 
ficiency function (6,  7). 

The reflectance spectra of Ganymede 

( I )  are compared with the spectra of pure 
oxygen taken at the growth temperature 26 
K (Fig. 1)  (the films disappear in seconds if 
heated above 33 K). The absorption spec- 
tra, normalized for each band, obtained 
from Fig. 1 after the subtraction of the 
smooth continuum baselines are shown in 
Fig. 2. The position and shape of the bands 
for pure oxygen are similar to  those ob- 
served on Ganylnede and similar to those 
obtained in transmission experiments (5) 
for P-oxygen but are slightly shifted. T o  
make a quantitative comparison, we esti- 
mated the optical path length L in our films 
as 2.4 times the film thickness, considering 
only single scattering events in the film and 
s~ecular  reflection at the substrate, because 
both absorption and scattering were weak. 
We  obtained the absorution coefficient 
a(X) at a wavelength X from the decrease in 
reflectance R(X) due to absorption R(X) = 
1 - exp [-La(X)]. The integrated absorp- 
tion coefficients A = J" a(X)dX, given in 
Table 1 in mass units, agreed with previ- 
ous reports (5)  that used a density of 1.4 
e/cin3. ", 

Spencer et al. (1)  suggested that the 
oxygen on Ganymede is trapped in the ice, 
because at the minimum recorded daytime 
temperature on Ganymede, oxygen is liquid 
or gaseous with a vapor pressure (-75 
mbar) that is orders of magnitude larger 
than the surface pressure upper limit im- 
plied by stellar occultation experiments (8, 
9) .  Oxygen from a tenuous atmosphere 
could slowlv accumulate in Ganvmede's 
surface ice. klthough it is known that mi- 
croporous amorphous ice can trap gases ef- 
ficiently below 110 K ( l o ) ,  the state of the 
trapped gas is not known; it can be in the 
form of gas bubbles in micropores or it may 
become dispersed into forms such as clath- 
rate hydrates (1 I ) .  This question can be 
addressed by looking at the optical bands 
due to O2 pairs because their absorption 
strength depends on intermolecular dis- 
tance (12). 

We  exposed a 17- ym-thick amorphous 
H 2 0  ice film to a flow of O 2  for 16 hours at 
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