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The observed properties of giant planets, models of their evolution and observations of pro-
toplanetary disks provide constraints on the formation of gas giant planets. The four largest
planets in our Solar System contain considerable quantities of hydrogen and helium; these gasses
could not have condensed into solid planetesimals within the protoplanetary disk. Jupiter and
Saturn are mostly hydrogen and helium, but have larger abundances of heavier elements than
does the Sun. Neptune and Uranus are primarily composed of heavier elements. The transit-
ing extrasolar planet HD 149026 b, which is slightly more massive than is Saturn, appears to
have comparable amounts of light gases and heavy elements. The other observed transiting ex-
oplanets are primarily hydrogen and helium, but may contain supersolar abundances of heavy
elements. Spacecraft flybys and observations of satellite orbits provide estimates of the grav-
itational moments of the giant planets in our Solar System, which in turn provide information
on the internal distribution of matter within Jupiter, Saturn, Uranus and Neptune. Atmospheric
thermal structure and heat flow measurements constrain the interior temperatures of these plan-
ets. Internal processes may cause giant planets to become more compositionally differentiated
or alternatively more homogeneous; high-pressure laboratory experiments provide data useful
for modeling these processes.

The preponderance of evidence supports the core nucleated gas accretion model. According
to this model, giant planets begin their growth by the accumulation of small solid bodies, as
do terrestrial planets. However, unlike terrestrial planets, the giant planet cores grow massive
enough to accumulate substantial amounts of gas before the protoplanetary disk dissipates.
The primary question regarding the core nucleated growth model is under what conditions
can planets develop cores sufficiently massive to accrete gas envelopes within the lifetimes of
gaseous protoplanetary disks.

1. INTRODUCTION such as HO, CH,, H,S and NH that models suggest make

the majority of their massHubbard et al, 1995) are

luid rather than solid form. Note that whereas H and

le mustmake up the bulk of Jupiter and Saturn because
other elements can have such low densities at plausible

%peratures, itis possible that Uranus and Neptune are pri-

arily composed of a mixture of ‘rock’ and H/He.

Giant planets dominate our planetary system in mass,

The two largest planets in our Solar System, Jupiter aqlﬁ)f
Saturn, are composed predominantly of hydrogen and h
lium; these two lightest elements also comprise more th
10% of the masses of Uranus and Neptune. Moreover, mq
extrasolar planets thus far detected are believed (or know
to be gas giants. Helium and molecular hydrogen do not

condense under conQitions fou_nd in star forming regiongnoI our entire Solar System in angular momentum (con-
and protoplanetary disks, so giant planets must have 9%ined in their orbits). Thus, understanding giant planet for-

cumulated them as gasses. Therefore, giant planets mH?étion is essential for theories of the origins of terrestrial

form prior to the (_j|55|pat|_on of protpplanetary disks. O!Ot"planets, and important within the understanding of the gen-
cally thick dust disks typically survive for only a few mil-

X . eral process of star formation.
lion years (see chapters by Briceno et al. and by Wadhwa The giant planets within our Solar System also sup-

et 6.“')’ and protoplanetary S”S"S have lost essentially all %fortedin situ formation of satellite systems. The Galilean
their gases by the age af 10" years (see chapter by IVleyersatellite system is particularly impressive and may contain

et al.), implying that giant planets formed on this timescal?mportant clues to the last stages of giant planet forma-

or less. tion (Pollack and Reynoldsl974;Canup and Ward2002;

Jupiter and Sgturn are generally referred tga&giants Mosqueira and Estrada2003a, b). Ganymede and Cal-
even though their constituents aren’t gasses at the high pr 810 are roughly half water ice, and Callisto has most of
sures that most of the material in Jupiter and Saturn is su Ss ice mixed with rock. It foll,ows that conditions must

jected to. Analogously, Uranus and Neptune are frequent e appropriate for the condensation of water ice at the lo-

referred to asce glants even though the astrophysical IC€Scation where Ganymede formed, and conditions at Callisto



must have allowed formation of that body on a time scal® detect any transiting inner giant planets, even thosgh
exceeding about 0.1 million years, so that water ice wouldl7 such transiting objects would be expected were the fre-
not melt and lead to a fully differentiated structure. Theguency of such planets in this low metallicity cluster the
more distant irregular satellite systems of the giant planetame as that for sunlike stars in the solar neighborhood
may provide constraints on gas in the outer reaches of tf§&illiland et al., 2000).
atmospheres of giant planeRoflack et al, 1979). Various classes of models have been proposed to explain
The extrasolar planet discoveries of the past decade habe formation of giant planets and brown dwarfs. Following
vastly expanded our database by increasing the numberldgsauern(2004) and consistent with current AU nomencla-
planets known by more than an order of magnitude. Thirre, these definitions are used in this chapter:
distribution of known extrasolar planets is highly biased to-
wards those planets that are most easily detectable using the
Doppler radial velocity technique, which has been by far the
most effective method of discovering exoplanets. These ex- o Stellar remnantdead star - no more fusion, i.e., ther-

trasolar planetary Sys-tems are quite different from our Solar mal pressure sustained against radiative losses by en-
System; however, it is not yet known whether our plane-  ergy produced from fusion is no longer sufficient to
tary system is the norm, quite atypical, or somewhere in balance gravitational contraction.

between.

Nonetheless, some unbiased statistical information can ® Brown dwarf substellar object with substantial deu-
be distilled from available exoplanet datildgrcy et al, terium fusion - more than half of the object’s original
2004, 2005; chapter by Udry et al.): RougHl§ of sun- ir}ventory of deuterium is ultimately destroyed by fu-
like stars (late F, G and early K spectral class main se-  SIoOn.
guence stars that are chromospherically-quiet, i.e., have in-
active photospheres) have planets more massive than Sat-
urn within 0.1 AU. Approximatelyr% of sunlike stars have
planets more massive than Jupiter within 3 AU. Planets or-
biting interior to~ 0.1 AU, a region where tidal circular- The mass function of young compact objects in star-
ization timescales are less than stellar ages, have small éwrming regions extends down through the brown dwarf
bital eccentricities. The median eccentricity observed famass range to below the deuterium burning lirdiaatero
planets on more distant orbits is 0.25, and some of the§&sorio et al, 2000; chapter by Luhman et al.). This obser-
planets travel on very eccentric orbits. Within 5 AU ofvation, together with the lack of any convincing theoretical
sunlike stars, Jupiter-mass planets are more common thagason to believe that the collapse process that leads to
planets of several Jupiter masses, and substellar compatars cannot also produce substellar objedtadhterl and
ions that are more than ten times as massive as Jupiter &ischarnutey 2003; chapter by Whitworth et al.), strongly
rare. Stars with higher metallicity are much more likelyimplies that most isolated (or distant companion) brown
to host detectable planets than are metal-poor sGos{ dwarfs and isolated high planetary mass objects form via
zalez 2003; Santos et al.2003), with the probability of the same collapse process as do stars.
hosting an observable planet varying as the square of stellar By similar reasoning, the ‘brown dwarf desert’, a pro-
metallicity (Fischer and Valenti2005). Low mass main se- found dip over the range 5 — 50 Mj in the mass func-
quence stars (M dwarfs) are significantly less likely to hogion of companions orbiting within several AU of sunlike
one or more giant planets with orbital period(s) of less thastars Marcy et al, 2004; chapter by Udry et al.), strongly
a decade than are sunlike stars. Multiple planet systems angggests that the vast majority of extrasolar giant planets
more common than if detectable planets were randomly afrmed via a mechanism different from that of stars. Within
signed to stars (i.e., than if the presence of a planet aroundr Solar System, bodies up to the mass of Earth consist
a given star was not correlated with the presence of othaimost entirely of condensable material, and even bodies
planets around that same star). Most transiting extrasolaf mass~ 15 Mg, (Earth masses) consist mostly of con-
giant planets are predominantly hydrog@nérbonneau et densable material. (The definition of ‘condensable’ is best
al., 2000; Burrows et al, 2003; Alonso et al. 2004), as thought of as the value of the specific entropy of the con-
are Jupiter and Saturn. However HD 149026 b, which istituent relative to that for which the material can form a
slightly more massive than Saturn, appears to have comgaguid or solid. Hydrogen and helium within protoplanetary
rable amounts of hydrogen + helium vs. heavy elementdisks have entropies far in excess of that required for con-
(Sato et al. 2005), making its bulk composition intermedi- densation, even if they are compressed isothermally to pres-
ate between Saturn and Uranus, but more richly endowedsaires of order one bar, even for a temperature of only a few
terms of total amount of ‘metals’ than is any planet in outens of degrees. Thusptdnd He remain in a gaseous state.)
Solar System. The fraction of highly volatile gasses increases with planet

Transit observations have also yielded an important negrass through Uranus/Neptune, to Saturn and finally Jupiter,
ative result: Hubble Space Telescope photometry of a largehich is still enriched in condensables at least threefold
number of stars in the globular cluster 47 Tucanae failedompared to the Sur¥oung 2003). This gradual, nearly

e Star: self-sustaining fusion is sufficient for thermal
pressure to balance gravity.

e Planet: negligible fusion & 13 Jupiter masses, M,
plus it orbits one or more stars and/or stellar rem-
nants.



monotonic relationship between mass and composition atisk as a consequence of the tidal effect of the planet, accu-
gues for a unified formation scenario for all of the planetsnulation of all nearby gas, or by dissipation of the nebula.
and smaller bodies. Moreover, the continuum of observednce accretion stops, the planet entersitoétion stage.
extrasolar planetary properties, which stretches to systerihe planet then contracts and cools to the present state at
not very dissimilar to our own, suggests that extrasolar plamonstant mass.
ets formed in a similar way to the planets within our Solar Aside from core nucleated accretion, the only giant
System. planet formation scenario receiving significant attention is
Models for the formation of gas giant planets were rethe gas instability modelin which a giant planet forms di-
viewed byWuchterl et al. (2000). Star-like direct quasi- rectly from the contraction of a clump that was produced via
spherical collapse is not considered viable, both becauaegravitational instability in the protoplanetary disk. Nu-
of the observed brown dwarf desert mentioned above amderical calculations show that 1 jclumps can form in
theoretical arguments against the formation of Jupiter-massfficiently gravitationally unstable disks (e.Boss 2000;
objects via fragmentatiorBpdenheimer et 312000a). The Mayer et al, 2002). However, weak gravitational instabili-
theory of giant planet formation that is favored by most reties excite spiral density waves; density waves transport an-
searchers is theore nucleated accretion modeh which  gular momentum that leads to spreading of a disk, lower-
the planet’s initial phase of growth resembles that of &g its surface density and making it more gravitationally
terrestrial planet, but the planet becomes sufficiently mastable. Rapid cooling and/or mass accretion is required to
sive (several M) that it is able to accumulate substantialmake a disk highly unstable. Thus, long-lived clumps can
amounts of gas from the surrounding protoplanetary disk.only be produced in protoplanetary disks with highly atyp-
According to the variant of the core nucleated accretioital physical propertiesRafikoy 2005). Additionally, gas
model Pollack et al, (1996);Bodenheimer et gl(2000b); instabilities would yield massive stellar-composition plan-
Hubickyj et al, (2005)), the formation and evolution of a gi- ets, requiring a separate process to explain the smaller bod-
ant planet is viewed to occur in the following sequence: (lies in our Solar System and the heavy element enhance-
Dust particles in the solar nebula form planetesimals thaments in Jupiter and Saturn. The existence of intermedi-
accrete one another, resulting in a solid core surrounded bye objects like Uranus and Neptune is particularly difficult
a low mass gaseous envelope. Initially, runaway accretido account for in such a scenario. Furthermore, metal-rich
of solids occurs, and the accretion rate of gas is very slowtars are more likely to host observable extrasolar planets
As the solid material in the planet's feeding zone is dethan are metal poor starsigcher and Valenti2005; chapter
pleted, the rate of solids accretion tapers off. The gas accigy Udry et al.); this trend is consistent with the requirement
tion rate steadily increases and eventually exceeds the ad-having sufficient condensables to form a massive core,
cretion rate of solids. (2) The protoplanet continues to growwut runs contrary to the requirement of rapid disk cooling
as the gas accretes at a relatively constant rate. The mas®ded to form long-lived clumps via gravitational instabil-
of the solid core also increases, but at a slower rate. (Tligees (Cai et al, 2006). See the chapter Byrisen et al for
term ‘solids’ is conventionally used to refer to the entirea more extensive discussion of the gas instability model.
condensed (solid + liquid) portion of the planet. Accretion We review the constraints on formation provided by the
energy (and radioactive decay) heats a growing planet, amdernal structure of giant planets in Section 2. In Section
can cause material that was accreted in solid form to me3t we summarize recent models of giant planet growth via
and vaporize. Vaporization of ices and other heavy coneore nucleated accretion. These models have some impor-
pounds can significantly affect the properties of the planettant shortcomings, and the issues remaining to be resolved
atmosphere, and its ability to radiate energy and to accretge highlighted in Section 4. We conclude this chapter with
more gas. In contrast, meltinger sehas little effect on a brief summary.
the overall growth of the planet, apart from the capacity
of the melt to release or trap gasses.) Eventually, the core 2. MODELS OF GIANT PLANETS
and envelope masses become equal. (3) Near this point, the
rate of gas accretion increases in runaway fashion, and the The central issues for giant planet models are these: Do
protoplanet grows at a rapidly accelerating rate. The firéhey have cores (of heavy elements) and, if so, what do
three parts of the evolutionary sequence are referred to dmse cores tell us about how the planet formed? The ex-
thenebular stage, because the outer boundary of the protéstence of heavy element enrichments in the Solar System’s
planetary envelope is in contact with the solar nebula, arfdur giant planets is not in doubt, because the mean densi-
the density and temperature at this interface are those of tties of these planets are higher than the expected value for
nebula. (4) The gas accretion rate reaches a limiting valiliabatic bodies of solar composition. However, the exis-
defined by the rate at which the nebula can transport gésnce of a core is less easily established, especially if the
to the vicinity of the planet. After this point, the equilib- core is small fraction of the total mass, as is likely in the
rium region of the protoplanet contracts, and gas accretease of Jupiter (Figure 1).
hydrodynamically into this equilibrium region. This part of Moreover, the presence or absence of a core does not au-
the evolution is considered to be thensition stage. (5) tomatically tell us whether or not a core existed at the time
Accretion is stopped by either the opening of a gap in thef planet formation. It is possible that the current core is an
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molecular hydrogen & helium
with minor constituents enriched
by late infall (and core erosion?)

“metallic” hydrogen
may have same composition as outer envelope
well mixed (?) convective region of
magnetic field generation
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(and other constituents?)
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probably gradual
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putative primordial rock & ice core
(~5 - 10 Mg)
could be liquid or solid & partially
mixed with overlying hydrogen

eroded remnant (less massive than the primordial core) or
even enhanced because of rain-out of heavy elements from
the planet’s envelope.

Seismology is by far the best method for establishing the
existence and nature of a core, but we lack this approach for
the giant planets since (unlike the Sun) the normal mode
excitation is expected to be too small to be detectable at
present. Dynamical approaches exist (e.g., measurement
of the precession constant, as used to get Earth’'s moment
of inertia to high precision), but have not yet been imple-
mented, since they require close-in, long-lived orbiters. We
rely mostly on the old and very non-unique approach of in-
terpreting the gravitational response of the planet to its own
rotation (see, e.gRodolak et al. 1993). In the tradition of
Radau-Darwin, the change in gravity field arising from ro-
tation of a hydrostatic body can be related to the moment of
inertia of the body, and this in turn can be related to the de-
gree of central concentration of matter within the planet. In
the more rigorous approach used for giant planets, there is
no possibility of deriving a moment of inertia, but the grav-
itational moments are nonetheless constraints on moments
of the density structure derived from models of planetary
internal structure, provided the body is hydrostatic and uni-
formly rotating. Hydrostaticity is confirmed to a high de-
gree of accuracy by comparing the actual shape of the planet
to that predicted by potential theory, and the expected level
of differential rotation is unlikely to be sufficiently large to
affect the determination of the presence or absenceof a core.

A major uncertainty of this approach lies in the high
pressure behavior of hydrogen. This uncertainty has per-
sisted for decades and may even have become worse in the
sense that there was unfounded optimism in our understand-
ing a few decades ago. In both Jupiter and Saturn, most
of the mass resides in the region of greatest uncertainty,
roughly in the pressure range between 0.5 and 10 megabars
(5 x 10'° to 10'? Pascals). At lower pressures, hydrogen is
a simple molecular fluid with no significant dissociation or
ionization. Above ten megabars, hydrogen approaches the
behavior of a nearly ideal Coulomb plasma (protons and de-
generate electrons). At intermediate pressures, hydrogen is

. 1.— Schematic cross-sectional view of the interior ofnighly non-ideal and relevant experiments are difficult. We
Jupiter. A S|mlla_r str.ucture applies for Saturn, except that thetill do not know whether hydrogen undergoes a first order
molecular region is thicker and the presence of a core is more Cefp o g6 transition (the so-called molecular to metallic transi-

tion, although if it exists it cannot be described in such sim-
ple language). However, the shape of the pressure-density
relationship remains uncertain even if one accepts (as most
experts do) that there is no first order phase transition at the
temperatures relevant to the giant planets. One way to ap-
preciate this difficulty is to ask: What error in the equation
of state for hydrogen corresponds to a % Mrror in heavy
elements? Roughly speaking, this is in proportion to the
corresponding fraction of the planet’s total mass, which is
only 0.3% in the case of Jupiter and abdit in the case of
Saturn. Since the uncertainty in the equation of state is as
much as several percent in the least well understood pres-
sure range, the corresponding error in the estimated abun-
dance of heavy elements may be as large as5-40 M



Detailed reviews of giant planet structure includab- and ammonia), and this is marginally close to the hydrogen
bard et al, (2002) andGuillot (2005). The most complete mass required by interior models. Moreover, there is the
modeling effort is the work of Guillot and collaborators. possibility that methane would decompose into carbon and
Simple coreless models of Jupiter are marginally capable bfydrogen at extreme pressures. However, the atmospheres
satisfying all of the data. These models have a primordiaf Uranus and Neptune are highly enriched in methane (thus
solar hydrogen/helium ratio, but are enriched in heavy eléimiting the possibility of massive decomposition of this
ments to the extent of about 10JM The most likely value compound to very deep regions), and there is no experi-
for the mass of Jupiter’s core is in the range of 5 — 19.M mental or theoretical evidence for extensive decomposition
To a first approximation, it does not matter (for explainingof water or ammonia under the conditions encountered in-
the mean density) whether the heavy elements are in a caiee these bodies. Consequently, it is not plausible to de-
or distributed internally. This heavy element enrichment isive even 1 M, of predominantly hydrogen gas from the
possibly greater than the observed threefold enrichment breakdown of hydrogen-bearing ice or rock, even leaving
some heavy elements in the atmosphere. However, thereaside the dubious proposition that such decomposed hydro-
no reliable determination of oxygen (as water) and no diregten would rise to the outer regions of the planet. This gas
way of detecting the rocky component remotely, since thossppears to have come from ldnd He within the solar neb-
elements condense and form a cloud deck far below the obla. Uranus and Neptune (or precursor components mas-
servable atmosphere. It is common practice in models &ve enough to capture adequate amounts of gas) must have
assume a uniform mixing of the heavy elements outsidefarmed largely in the presence of the solar nebula, a very
core. In some models, a jump in composition is assumed siringent constraint on the formation of solid bodies. While
the hypothesized molecular-metallic hydrogen phase traiee-rich embryos as small as 0.1 Mg could conceivably
sition. The heat flow and convection-generated magnetiave captured such gas mixed with steam within high mean
field suggest a well mixed region that extends down to aholecular weight atmosphereStévensonl982, 1984Lis-
least about the megabar region. However, there is no obauer et al. 1995), there remain many open questions about
servational or theoretical requirement that the planet be hthis process, and most models suggest that Uranus and Nep-
mogeneous outside of the hypothetical high density (rodkine reached a substantial fraction of their current masses
and ice) core. It is also important to realize that the comprior to the dispersal of the solar nebula.
mon practice of placing a separate core of heavy elements atlt is often supposed that the presence or absence of a
the centers of these planets is governed by simplicity, ratheore in Jupiter (for example) can be placed in one-to-one
than by observation. To varying degrees, the “core” couldorrespondence with the presence or absence of a nucleat-
have a fuzzy boundary with the overlying hydrogen-rich ening body that caused the inflow of gas to form the much
velope. more massive envelope. However, there is no neat cor-

The heavy element fraction of Saturn is larger than thaespondence between mode of giant planet formation and
of Jupiter and as a consequence we have a more confidentrent presence of a core. One could imagine core nucle-
conclusion despite somewhat less accurate data. The maded accretion even if there is no core remaining, because
els indicate that there is indeed a core, several to twentiie core might become mixed into the overlying envelope
Mg, with a preferred value of 10 Mg,. The latest gravity by convective processes. One could also imagine making
data results from Cassini are consistent with this. There &core in the low-density protoplanet phase by rainout. We
an uncertainty for Saturn that does not arise for Jupiter: Waow discuss each of these processes in more detail.
do not know the rotation rate with high accuracy. Saturn Core mix-up (or erosion) can be thought of as analogous
kilometric radiation (SKR) emissions have changed theito the following simple fluid dynamical experiment. Sup-
period by six minutes between Voyager (1980) and nowpose one took a pot that has a layer of salt at the bottom, and
and there is currently no generally accepted understanditigen gently (or not so gently) added water. One then heats
of the connection between this period and the rotation péhe pot from below to stimulate convection. Under what cir-
riod of the deep interior. The claimed detection of a tilteccumstances will the salt end up fully mixed with the water
dipole with the periodicity of the current SKR does, how-(assuming saturation is not reached)? In analogy with giant
ever, suggest that the true period is closer to the current SKanets, one must ignore diffusion across the depth of the
period Giampieri and Dougherty2004). pot, since the diffusion time within a planet is longer than

Uranus and Neptune are far less well understood thahe age of the universe. Under these circumstances, the rele-
are Jupiter and Saturn. However, there is no doubt that thegnt consideration is the work done by convection (or initial
are mostly ice and rock, yet also posses® Mg of gas stirring) compared to the work that must be done to mix the
each. Their atmospheres are estimated to have solar hydneaterial. The work done by convection is determined by the
gen to helium ratios, but the uncertainty is large becaudmioyancy flux integrated through time. In giant planets, this
this determination is based on the pressure-induced absoip-dominated by cooling. (In terrestrial planets it is domi-
tion features of hydrogen, a method that has been unreliabiated by radiogenic heating.) In accordance with the virial
for Jupiter and Saturn. The amount of hydrogen extractabteeorem, the contraction of the planet changes the gravita-
from the ices is in principle about 20% of the total massional energy by about the same amount as the change in
(assuming the hydrogen was delivered as water, methaimternal energy (work done against gravity); degbbard



(1984). However, the buoyancy production is directly retions for quantitative assessment of the mixing. The reason
lated to the amount by which the planet has cooled, sindsthat the mixing involves Rayleigh-Taylor instabilities that
that cooling is expressed in luminosity and the luminositgrow most rapidly at length scales smaller than the resolu-
comes mainly from convective transport of buoyant fluidion scale of these simulations. A similar problem will arise

elements. in the consideration of large ice and rock bodies hitting par-
If the relevant part of the planet cools by an amountially assembled giant planets.
AT and the coefficient of thermal expansionds then It is possible that Uranus and Neptune provide the great-

the total available work is of orde¥/ga AT H, whereg  estinsight into these issues of core formation and structure.
is gravity andH is the height through which the buoyantThis might seem surprising given our relatively poor under-
elements rise. Since the salt (or ice and rock, in the castanding of their internal structur&gillot, 2005). How-
of the planets) has a very different density from the baclkever, the ice and rock components of these planets are dom-
ground fluid (hydrogen for the planets), the work done liftinant relative to the hydrogen component, and plausible
ing a high density masAM is ~ AMgH. Accordingly, models that fit the gravity field clearly require some mix-
AM < MaAT. The temperature drop over the age of théng of the constituents. End-member models consisting of
Solar System is roughly comparable to the actual tempera-discrete rock core, ice mantle and a hydrogen/helium en-
ture now (e.g., the deep interior of Jupiter may have coolegtlope are not permitted. To the extent that the formation
from 40,000 K to 20,000 K). Deep within giant planets,of these planets is similar to that for Jupiter and Saturn (ex-
aT ~ 0.05. Consequently it is possible in principle to mix cept of course for the lack of a late stage large addition of
up of order 5% of the mass of the planet (15 ¥br Jupiter, gas), this would seem to suggest that there was considerable
5 Mg for Saturn). In practice, the real amount is likely to bemixing even during the early stages.
less than this by as much as an order of magnitude, for three Turning to the opposite problem of core rain-out, mak-
reasons. First, the heat flow (or equivalently, the buoyandpg a core this way once the material is dense and degen-
production) at the top of the core is far less than that asserate is unlikely because the high temperatures and dilution
ciated with the cooling of the overlying hydrogen (the mairmake it thermodynamically implausible. Suppose we have
source of luminosity in these planets). For example, tha constituent of atomic (or molar) abundanceelative to
heat content of a rock and ice mixture is about an order @he overwhelmingly predominant hydrogen. Let the Gibbs
magnitude less than the heat content of the same mass of eypergy cost of mixing this constituent to the atomic level
drogen at the same temperature, because the latter has munchydrogen beAG,. The physical origin of this energy
lower molecular weight and hence much higher heat capais- primarily quantum mechanical and arises from the mis-
ity. If one relied instead on radioactive heat, then the availmatch of the electronic environments of the host and the
able heat flow would be only a few times the terrestrial valusserted atom or molecule (including the work done in cre-
(per unit area), whereas the intrinsic heat flux of Jupiteating the cavity within the host). In the plausible situation of
(per unit area) is thirty times greater. The second reas@pproximately ideal mixing, the solubility limit of this con-
for lowering the expected erosion comes from consideratituent is thenv e=2%=/*T wherek is Boltzmann’s con-
tion of the actual fluid dynamics of mixing. It is well estab-stant Stevenson1998). In the case of water (or oxygen),
lished from laboratory experiments that this is typically arthe expected average concentration relative to hydrogen is
order of magnitude less efficient than the highest efficiencgbout 0.001. At 10,000 KyT' ~ 1 eV, and rainout could
permitted from purely energetic argumentsi(ner, 1973). begin (starting from a higher temperature, undersaturated
Third, convective upward mixing of heavy molecules mighstate) forAG, (in eV) ~ —In 0.001~ 7. This is a large en-
be strongly inhibited by a compositional gradient. In thosergy, especially when one considers that an electronically
circumstances, the mixing will certainly be slower becausenfavorable choice (helium) has smalle¢z,. of perhaps a
of the lower diffusivity of the heavy atoms relative to theonly a few eV and even neon (depleted by a factor of ten in
diffusivity of heat. This is the regime of “double diffusive the atmosphere of Jupiter) apparently has a lower insertion
convection” Turner, 1973). energy than 7 eV. The basic physical point is that the least
This discussion omits consideration of the difficult quessoluble constituents in the deep interior are expected to be
tion of what happens when there are impacts of large emtoms with very tightly bound electrons (the noble gases),
bryos during the formation of the planet. The mixing thaiand the insolubility of helium is aided by its higher abun-
occurs during that early phase is not so readily analyzed lmiance. In fact, the observed inferred rainout of helium is
the arguments presented above and has been inadequasehall for Jupiter, corresponding to 10% of the helium
explored. The material is less degenerate, so that thernmahss, which is in turn about a quarter of the total mass of
differences have a potentially greater ability to cause condupiter. The total helium rainout is accordingly about 5 —
positional mixing. But the complexity of the fluid dynam-10 Mg. (This is unlikely to form a discrete core and is in
ics and shock processes make quantitative analysis diffiny event not what is meant when one talks of a high den-
cult. In the corresponding problem of giant impacts dursity core in these planets, since the density of helium is only
ing formation of terrestrial planets (and formation of theroughly twice that of hydrogen.) Rainout of material suit-
Moon), it has become apparent that one cannot rely on lovable for a rock and ice core is less favorable both because
resolution SPH (smoothed particle hydrodynamics) simulat is much less abundant by atomic number and because it



is electronically more compatible with the metallic state ofccretion of planetesimals and envelope contraction; this
hydrogen deep within the planet. Indeed, water is expecteshergy loss is hecessary for the envelope to further contract
to be a metal at conditions not far removed from the metaknd allow more gas to reach the region in which the planet’s
lization of hydrogen and is certainly ionic at lower pressuregravity dominates. The size of the planet’s gravitational do-
within Jupiter. main is typically a large fraction of the planet’s Hill sphere,
As with erosion, this discussion does not cover the powvhose radiusR, is given by:
tentially important case of very early non-degenerate con-
ditions. In the early work on giant gaseous protoplanets, it M\'V3
was proposed that cores could rain out, much in the same Ry = (3M*> " 1)
way as rock or ice can condense and settle to the midplane
of the solar nebula, i.e., under very low density condition¥here A/ and M, are the masses of the planet and star,
(Decampli and Camerqri979). This is the process still ad- respectively, and is the distance between these two bodies.
vocated in some more recent work (e@qss 2002) The Eventually, increases in the planet’s mass and radiation of
difficulty of this picture lies in the fact that as the mate-€nergy allow the envelope to shrink rapidly. At this point,
rial settles deeper and the protoplanet contracts, the coffie factor limiting the planet's growth rate is the flow of gas
bination of adiabatic heating and gravitational energy reffom the surrounding protoplanetary disk.
lease is likely to cause the solid and liquid iron/silicates to The rate and manner in which a forming giant planet ac-
undergo evaporation_ This can be avoided 0n|y for rathé}retes solids SUbStantia”y affect the planet’s ablllty to attract
low mass prot0p|anets_ This nonetheless remains the m®&ss- |n|t|a.”y accreted solids form the planet’s core, around
plausible way of forming a core in a planet that formed vigvhich gas is able to accumulate. Calculated gas accretion
gaseous instability. Note, however, that this will not profates are very strongly increasing functions of the total mass
duce a core that is more massive than that predicted by softhe planet, implying that rapid growth of the core is a key
abundances, unless the appropriate amount of gas is losfagtor in enabling a planet to accumulate substantial quanti-
a later stage. Models of this kind have the appearance 8s of gas prior to dissipation of the protoplanetary disk.
special pleading if they are to explain the entire set of giarﬁ,ontinued accretion of solids acts to reduce the planet’s
planets (including Uranus and Neptune). growth time by increasing the depth of its gravitational po-
It seems likely that whatever model one favors for gitential well, but has counteracting affects by providing ad-
ant planet formation, it should allow for the formation of aditional thermal energy to the envelope (from solids which
core, since Saturn probably has a core and one must in afifik to or near the core) and increased atmospheric opacity
event explain Uranus and Neptune. It would be contrived tom grains that are released in the upper parts of the en-
attribute a different origin for Jupiter than for the other gi-velope. Major questions remain to be answered regarding
ant planets. It seems likely, therefore, that the formation dfolid body accretion in the giant planet region of a proto-
giant planets is closest to a “bottom up” scenario that prd2lanetary disk, with state-of-the-art models providing a di-
ceeded through formation of a solid embryo followed by th&¥erse set of predictions.

accumulation of gas. Because of the complexity of the physics and chemistry
involved in giant planet formation, the large range of dis-
3. GIANT PLANET FORMATION MODELS tance scales, the long time (compared to orbital and local

thermal times) required for accumulation and the uncer-

The core nucleated accretion model relies on a combinginties in initial conditions provided by the protoplanetary
tion of planetesimal accretion and gravitational accumuladisks, detailed planet growth models have focused on spe-
tion of gas. According to this scenario, the initial stages ofific aspects of the problem, and ignored or provided greatly
growth of a gas giant planet are identical to those of a terregimplified treatments of other processes. The solids accre-
trial planet. Dust settles towards the midplane of the protdion scenarios incorporated into envelope models to date
planetary disk, agglomerates into (at least) kilometer-siztpve been quite simplified, and in some cases completely
planetesimals, which continue to grow into larger solid bodad hoc These issues are discussed in Section 3.1.
ies via pairwise inelastic collisions. As the planet grows, its A planet of order one to several dis able to capture
gravitational potential well gets deeper, and when its egh atmosphere from the protoplanetary disk because the es-
cape speed exceeds the thermal velocity of gas in the sgape speed from its surface is large compared to the ther-
rounding disk, it begins to accumulate a gaseous envelogBal velocity of gas in the disk. However, such an atmo-
The gaseous envelope is initially optically thin and isothersphere is very tenuous and distended, with thermal pressure
mal with the surrounding protoplanetary disk, but as it gainBushing outwards to the limits of the planet’s gravitational
mass it becomes optically thick and hotter with increasinggach and thereby limiting further accretion of gas. The
depth. While the planet's gravity pulls gas from the surkey factor governing the planet's evolution at this stage is
rounding disk towards it, thermal pressure from the existin§§s ability to radiate energy so that its envelope can shrink
envelope limits accretion. For much of the planet's growtt@nd allow more gas to enter the planet's gravitational do-
epoch, the primary limit on its accumulation of gas is itgnain. Evolution occurs slowly, and hydrostatic structure is
ability to radiate away the gravitational energy provided bg@enerally a good approximation. However, the stability of



the planet’s atmosphere against hydrodynamically-inducqiane of the disk. If the disk is laminar, then the solids
ejection must be calculated. The basic physical mechaan collapse into a layer that is thin enough for collec-
nisms operating during this stage of growth appear to hi#ve gravitational instabilities to occuEfigeworth 1949,
qualitatively understood, but serious questions remain r&afronoy 1960, Goldreich and Ward 1973); such insta-
garding the ability of planets to pass through this stage sulfilities would have produced planetesimals~ofl km ra-
ficiently rapidly to complete their growth while adequatedius at 1 AU from the Sun. If the disk is turbulent, then
gas remains in the protoplanetary disk. This timescale issggavitational instabilities are suppressed because the dusty
is being addressed by numerical simulations. Models of thlayer remains too thick. Under such circumstances, contin-
phase of a giant planet’s growth are reviewed in Section 3.8ed growth via pairwise agglomeration depends upon (cur-
Once a planet has enough mass for its self-gravity tently unknown) sticking and disruption probabilities for
compress the envelope substantially, its ability to accretllisions among larger grain®¥eidenschilling and Cuzzi
additional gas is limited only by the amount of gas avail1993). The mechanism for growth from centimeter to kilo-
able. Hydrodynamic limits allow quite rapid gas flow tometer sizes remains one of the major controversies in ter-
the planet in an unperturbed disk. But the planet alters thestrial planet growthYoudin and Shu2002; chapter by
disk by accreting material from it and by exerting gravitaDominik et al.). Nonetheless, theoretical models suggest
tional torques on it. Both of these processes can lead to gyt gravitational instabilities are more likely to occur far-
formation and isolation of the planet from the surroundingher from the star and that ices are stickier than rock. More-
gas. Hydrodynamic simulations lend insight into these prosver, many small to moderate sized bodies are observed in
cesses, and are discussed briefly in Section 3.3. the Kuiper belt beyond the orbit of Neptune (chapter by
Radial motion of the planet and disk material can affec€ruickshank et al.) and probably smaller but still macro-
both the planet’'s growth and its ultimate orbit. Much of ascopic bodies are inferred as parents to the observed dust
protoplanetary disk is ultimately accreted by the central staeen in second-generation debris disks around Vega, Beta
(chapter byBouvier et al). Small dust grains are carried Pictoris and many other stars (chapter by Meyer et al.).
along with the gas, but mm and larger particles can sufferhus, growth of solid bodies to multi-kilometer sizes in at
secular drag if they orbit within a gaseous disk that rotatdeast the inner portions of the ice condensation region of
slower than the Keplerian velocity because the gas is pamost protoplanetary disks seems virtually inevitable.
tially supported against stellar gravity by a radial pressure Once solid bodies reach kilometer-size (using param-
gradient Adachi et al, 1976). Such gas drag can causeeters that are appropriate for the terrestrial region of the
substantial orbital decay for bodies up to kilometer sizeproto-solar disk), gravitational interactions between pairs
(Weidenschilling1977). Once growing planets reach lunarf solid planetesimals provide the dominant perturbation of
to Mars size, theigravitational interactions with the sur- their basic Keplerian orbits. Electromagnetic forces, col-
rounding disk can lead to substantial radial migration. Rdective gravitational effects, and in most circumstances gas
dial migration of a planet can have major consequences fdrag, play minor roles. These planetesimals continue to ag-
its growth, ultimate orbit, and even survival. This procesglomerate via pairwise mergers. The rate of solid body ac-
is reviewed in depth in the chapter Pgpaloizou et al but  cretion by a planetesimal or planetary embryo (basically a
its relationship with planetary growth is briefly commentedarge planetesimal) is determined by the size and mass of

upon in Section 3.4. the planetesimal/planetary embryo, the surface density of
planetesimals, and the distribution of planetesimal veloci-
3.1 Growth of the Core ties relative to the accreting body. Assuming perfect accre-

tion, i.e., that all physical collisions are completely inelas-
Models of solid planet growth do a fairly good job of tic, this stage of growth is initially quite rapid, especially in
explaining the origin of terrestrial planets in our Solar Systhe inner regions of a protoplanetary disk, and large bodies
tem (e.g. Agnor et al, 1999;Chambers2001), and can be form quickly. The planetesimal accretion ralé, is given
applied with modification to the growth of planetary bodiedy:
at greater distances from the Sun and other s@uinfana My = nR*0,0F,, (2)

et al, 2002;Barbieri et al, 2002;Quintana and Lissauer \ynhereR is the radius of the accreting body; is the sur-
2006). Most models of terrestrial planet growth start with, e density of solid planetesimals in the solar netlis

a ‘minimum mass’ disk, containing the observed heavy ey orhital frequency, and, is the gravitational enhance-
ement components in the planets spread out smoothly infQent factor, which is the ratio of the total effective accretion
a disk, plus enough gas to make the disk's composition thg,ss section to the geometric cross-section. If the velocity
same as that of the protosun. The disk is assumed 0 BRpersion of the bodies is large compared to the Keplerian

relatively quiescent, with the Sun already largely formeda5r of the disk across the body’s accretion zone, the 2-
and close to its current masSdfronoy 1969). Micron- body approximation yields:

sized dust, composed of surviving interstellar grains and

condensates formed within the protoplanetary disk, moves F,=1+ (“1)2 7 3)
mostly with the dominant gaseous component of the disk. v

But it gradually agglomerates and settles towards the midvhereu is the velocity dispersion and is the escape veloc-



ity from the body’s surface. The evolution of the planetesplanet zone $afronoy 1969). This is far longer than any
imal size distribution is determined by the gravitationallymodern estimates of the lifetimes of gas within protoplan-
enhanced collision cross-section, which favors collisionstary disks, implying that giant planet cores must form via
between bodies having larger masses and smaller relatikggpid runaway/oligarchic growth (chapter by Meyer et al.).
velocities. Moreover, particles far from their stars are physically small
Planetesimal growth regimes are sometimes charact@empared to the size of their gravitational domains (Hill
ized as either orderly or runaway. In orderly growth, parspheres), and giant planets eventually grow large enough
ticles containing most of the mass double their masses that escape speeds from accreting planets exceed the escape
about the same amount of time as the largest particle. Whealocity from stellar orbit at their locations.
the relative velocity between planetesimals is comparable For shear-dominated accretion, the mass at which an em-
to or larger than the escape velocity;>~ v., the growth bryo becomes isolated from the surrounding disk is given
rate is approximately proportional t82, and there is an by:
orderly growth of the entire size distribution. When the (87320 7)3/2
relative velocity is smally <« v,., the growth rate is pro- Miso = T (BMH)Y2

4)
) 4 R
portional to 7. In this situation, the planetary embryo.wherer is the distance from the stari§sauer 1993). In

_rapldly grows much Iarger than any other p!an_ete5|mal Iﬂ1e inner part of protoplanetary disks, Kepler shear is too
its accretion zone. By virtue of its large, gravitationally en- . .
reat to allow the accretion of solid planets larger than a

hanced cross-section, this runaway particle doubles its m e\S/v M.. on anv timescale unless surface densities are con-
faster than the smaller bodies do, and detaches itself from B y

the mass distributior{etherill and Stewart1989;0Ohtsuki siderably above that Of. the minimum mass solar nebulaior
etal, 2002). a large amount of radial migration occurs. Larger solid

.planets are permitted farther from stars, but the duration of
Eventually a runaway body can grow so large that i

transitions from dispersion-dominated growth to shear-h e final, high-velocity, stages of growtSgfronoy 1969)

dominated growth Lissauer 1987). Dynamical friction, are far longer than the observed lifetimes of protoplanetary

which drives the distribution of planetesimal velocities to—d'SkS' .T.he epoch of runaway/rapid oligarchic growth lasts
nly millions of years or less near 5 AU, and can prodtice

wards a state of equipartition of kinetic energy of rando 2 ; -
quip 9y 0 Mg cores in disks only a few times the minimum mass

motion (e.g. Stewart and Wetherill1988), reduces the ran- solar nebulal(issauer 1987). The masses at which planets

dom motions of the more massive bodies, so proximate erB- . : S
b : . ecome isolated from the disk thereby terminating the run-
ryos collide and merge. At this stage, larger embryos take

longer to double in mass than do smaller ones, although el%\{vay/rapld oligarchic grovyth epoch are likely to be com-
. garably large at greater distances from the star. However,

to surrounding planetesimals. This phase of rapid accr&r these large distances, random velocities of planetesimals
. : : . must remain quite small for accretion rates to be sufficiently
tion of planetary embryos is known as oligarchic growthra id for embryos to approach isolation mass within the
(Kokubo and 1da1998). P y PP

The self-limiting nature of runaway/oligarchic groWthln‘eUmes of gaseous disks. Indeed, if planetesimal veloc-

implies that massive planetary embryos form at regular ij.yes become too large, material is more likely to be ejected

tervals in semimajor axis. The agglomeration of these e 0 interstellar space than accreted by the planetary embryos.

. . . The fact that Uranus and Neptune contain much less H
bryos into a small number of widely spaced terrestrial plan- .
) . . and He than Jupiter and Saturn suggests that Uranus and
ets necessarily requires a stage characterized by large Qr-

. o L . Neptune never quite reached runaway gas accretion condi-
bital eccentricities. The large velocities imply small colh-tionS ossiblv due to a slower accretion of planetesimals
sion cross-sections (Eq. 3) and hence long accretion tim P y P

Growth via binary collisions proceeds until the spacing 0?IS-’ollack et al, 1996). Theoretical difficulties with forming

planetary orbits become dynamically isolated from one arp_lanets at Uranus/Neptune distances have been discussed

other, i.e., sufficient for the configuration to be stable td" greater detail byLissauer et al. (1995) andThommes

S ) . . . _etal, (2003). New models are being proposed to address
gravitational interactions among the planets for the I|fet|m(t=hese roblems by allowing rapid runaway accretion of a
of the system $afronoy 1969; Wetherill 1990; Lissauer P y g rap y

] . i very small number of planetary embryos (cores) beyond 10
;ggg) 1995Agnor et al, 1999; Chambers2001; Laskar AU. In the model presented BiYeidenschilling(2005), an

. . .embryo is scattered from the Jupiter-Saturn region into a
The early phases of growth from planetesimals are likel ) . . .

2R . . assive disk of small planetesimals. The embryo is sev-
to be similar in the more distant regions of protoplanetar

. . , : gral orders of magnitude more massive than are the individ-
disks. However, the rate at which accretion of solids takes . . . .
planetesimals surrounding it, but still far less massive

. I
lace depends upon the surface density of condensates 3Ad . . ;
Fhe orbita?l frequeelcy (Eq. 2), both of w}rlﬂch decrease with'an the aggregate of the surrounding disk of planetesimals.

: e . L ynamical friction is thus able to circularize the orbit of
heliocentric distance. Thus, the high-velocity final grOWtr1he embryo without substantially exciting planetesimal ec-
stage which takes O(2p years in the terrestrial planet Y y gp

zone Gafonoy 1969 Wethril 1960;Agnor et 1909; PSS CoWreh o b (004, ) popose ot (o
Chambers 2001) would require Q(°) years in the giant P 9 P



growing embryos are ground down to very small sizes ancbmpeting embryos.
are forced into low inclination, nearly circular orbits by  Alibert et al, (2004, 2005) incorporated planetary mi-
frequent mutual collisions. Planetary embryos can accretgation, thereby allowing the planet to move into regions
rapidly because of their large, gravitationally-enhanced cobf the disk with undepleted reservoirs of planetesimals. In
lision cross-sections in a dynamically cold disks such asome cases, they follow the simultaneous accumulation of
those in the models of Weidenschilling and of Goldreichmultiple planets, and in these simulations one planet can
et al. Alternatively,Thommes et gl(2003) suggest that the migrate into a region already depleted of planetesimals as a
cores and possibly also the gaseous envelopes of Urareensequence of accretion by another core. However, plan-
and Neptune accreted between or just exterior to the oetary orbits rapidly decay into the Sun in those simulations
bits of Jupiter and Saturn, and were subsequently scatterdwht include migration at rates predicted by theoretical mod-
out to their current locations by gravitational perturbationgls of interactions of planets with a minimum-mass solar
of these two giant planets (see alBsiganis et al. 2005). nebula. ThusAlibert et al, arbitrarily reduce planetary mi-
Alternatively/additionally, Uranus and Neptune may hav@ration rates by a factor of 30; it isn’t clear that this is a
avoided gas runaway as a result of the removal of gas frobetter approximation than that of completely ignoring mi-
the outer regions of the disk via photoevaporatidolien-  gration, as done bidubickyj et al.(2005) and others.
bach et al, 2000). In order for cores to reach the required masses prior to
Published simulations of the accumulation of giantsolation from their planetesimal supplies (Eq. 4), mod-
planet atmospheresuse simplified prescriptions for the els that do not incorporate migration (e.Hubickyj et al,
planet’'s accretion o$olids In some cases, the solids ac-2005) need to assume that the surface mass density of solids
cretion rate is assumed to be constaBbdenheimer and in Jupiter’s region was at least 2 — 3 times as large as the
Pollack 1986;lkoma et al, 2000). In others, an isolated value predicted by ‘classical’ minimum mass models of
planetary embryo grows by runaway accretion in a disk ahe protoplanetary diskWeidenschilling 1977, Hayashj
much smaller planetesimals, as discussed in the followintP81). This is fully consistent with disk observations, and
paragraph. The actual accretion of solids by a planet is mowgth models suggesting both that the giant planets in our
complex, variable in time and highly stochastic, and mos$olar System formed closer to one another than they are
likely including the occasional impact of a large body. Butat presentFernandez and 1p1984; Hahn and Malhotra
as discussed above, there are many open questions regd@99; Thommes et g11999; chapter by Levison et al.) and
ing the growth of solid cores at the locations of the gianthat a large number of icy planetesimals were ejected from
planets within our Solar System. Thus, more sophisticatdtie giant planet region to the Oort cloud as well as to in-
models do not necessarily provide better approximations térstellar space (e.gdones et al.2004). Models in which
actual core growth rates. Moreover, these simplified modores migrate relative to the planetesimal disk (eAdih-
els illuminate several key aspects of how accretion of solidsrt et al, 2005), or in which solids can be concentrated
controls the rate of envelope (gas) accumulation. by diffusive redistribution of water vapoiS{evenson and
The most sophisticated thermal models of the accumi:uning 1988), baroclinic instabilitiesklahr and Boden-
lation of massive gaseous envelopes by plaretdigck et  heimer 2006) or gravitational instabilitieDirisen et al,
al., 1996;Bodenheimer et gl2000b;Alibert et al, 2004, 2005) can form planets in lower mass disks. But all mod-
2005; Hubickyj et al, 2005) assume runaway growth ofels are subject to the stronger constraints of heavy element
an isolated (or nearly isolated) planet. An updated versiaabundances in giant planets and disk lifetime.
(Greenzweig and Lissauet992) of the classical theory of  Inaba et al, (2003) have performed simulations of giant
planetary growth$afronoy 1969) is used, employing Eqgs. planet growth which incorporate a more sophisticated treat-
(2) and (3) withR replaced byR..,¢, the effective (geomet- ment of solid body accretion. In their model, multiple plan-
ric) capture radius of the protoplanet for a planetesimal aftary embryos that stir smaller planetesimals to high enough
a given size (including regions of the envelope sufficientlyelocities that planetesimal collisions are highly disruptive.
dense to capture planetesimals). These models begin wittaba et al, include envelope thermal evolution (albeit us-
the growing protoplanet embedded in a disk of monodisng a more simplified treatment than that employed by the
perse planetesimal size and uniform surface density. Tlaove mentioned groups) and planetesimal accretion cross-
protoplanet’s feeding zone is assumed to be an annulus eections that are enhanced by the presence of the envelope
tending to a radial distance of abouf; on either side of (Inaba and lkoma2003). As a result of the competition be-
its orbit (Kary and Lissauerl994). The feeding zone grows tween nearby growing cores, they require an initial surface
as the planet gains mass, and random scattering spreadsitiass density at 5 AU of about twice thattdfibickyj et al,
unaccreted planetesimals uniformly over the feeding zon&005) for core growth to occur on timescales consistent
Radial migration of planetesimals into and out of the feedwith observational constraints on disk lifetimes. Specifi-
ing zone is not considered in the modelsRaflack et al,  cally, with a solid surface density 25 g crhat 5 AU and
(1996), Bodenheimer et al.(2000b) andHubickyj et al, assuming full interstellar grain opacity within the proto-
(2005). However, some of the simulations by these authomanet's atmosphere, they can form Jupiter possessing a
terminate solids accretion at a pre-determined core masX) Mg core in< 4 Myr . If they reduce the grain opacity
thereby mimicing the effects of planetesimal accretion by a factor of 100, they get a Jupiter with a ZNh 5 Myr
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in a disk with surface density 12.5 g cth They are not
able to form Saturn in either of these cases.

3.2 Gas Accretion: Tenuous Extended Envelope Phase

The escape velocity from a planetary embryo with>
0.1 Mg is larger than the sound speed in the surround-
ing gaseous protoplanetary disk at temperatures where ice
can condense, so such an embryo can begin to accumu-
late a quasi-static atmosphere. As the atmosphere/envelope
grows, it becomes optically thick to outgoing thermal ra-
diation, and its lower reaches can get much warmer and 40
denser than the gas in the surrounding protoplanetary disk. I
It undergoes Kelvin-Helmholtz contraction as the energy re-
leased by the accretion of planetesimals and gas is radiated
away at the photosphere. A thick atmosphere expands the
accretion cross-section of the planet, especially for small I &
solid bodies. At this stage, the key processes are the ac- L _,.*"’
cretion of solids and the radiation of thermal energy. Most oL e ‘ ‘ ‘
detailed models of this phase are spherically symmetric (1- 0 1 2 3 4 5
D). The energy released by accretion of planetesimals and Time (My)
envelope contraction heats the envelope and regulates the
rate of contraction. This in turn controls how rapidly addi-
tional gas can enter the domain of the planet’s gravitational
reach and be accreted. Because the opacity is sufficiently
high, much of the growing planet’s envelope transports en-
ergy via convection. However, the distended very low den-
sity outer region of the envelope has thermal gradients that
are too small for convection, but is so large that it acts as ,
an efficient thermal blanket if it is sufficiently dusty to be -10 ‘ ‘ ‘
moderately opague to outgoing radiation. 0 1 2 3 4 5

During the runaway planetesimal accretion epoch, the Time (My)
protoplanet’s mass increases rapidly (Figure 2). The inter-
nal temperature and thermal pressure increase as well, pre-
venting substantial amounts of nebular gas from falling ontpig. 2.— Evolution of a giant protoplanet witkr;,.;; z = 10
the protoplanet. When the rate of planetesimal accretion dgfcn? and grain opacity at 2% interstellar value. Details of the
creases, gas falls onto the protoplanet more rapidly. calculation are presented idubickyj et al. (2005). a) The

As a planet grows, its envelope mass is a sensitive fungiass is plotted as a function of time, with the solid lines refer-
tion of the total mass, with the gaseous fraction increasin§d to the solids component of the planet, the dotted lines to the
rapidly as the planet accreteRoflack et al, 1996). Accre- gaseous _component and the dpt-dashepl lines reprgsent the total
tion initially proceeds slowly, governed by the growth of themass.Thlc_k black curvesno solid accretion cutoff.Th_ln black
mass of the solid core and release of thermal energy froﬁirves:solld accretion cutoff at 10 M. Gray curves:solid accre-

n cutoff at 5 My. b) The luminosity is plotted on a logarithmic
the envelope. When the envelope reaches a mass COMPABiie as a function of ime.

ble to that of the core, the self-gravity of the gas becomeﬁfote that the cutoff runs are halted when the gas accretion rate
substantial, and the envelope contracts when more gaségches a limiting value defined by the rate at which the solar
added, so further accretion is governed by the availability gfebula can transport gas to the vicinity of the planet, whereas the
gas rather than thermal considerations. The time requiredjtanet in the run with no cutoff stops growing whé#}, = 1 M;.
reach this epoch of rapid gas accretion is governed primarhe existence of a sharp peak in planetary luminosity during the
ily by three factors: the mass of the solid core (larger corghase of rapid gas accretion is physically plausible, but is likely to
mass implies more rapid accretion); the rate of energy inpgp somewhat lower and broader than shown in the plot because gas
from continued accretion of solids (such energy keeps theg_cretion almost certainly tapers fole_ss abruptly than assumed for
envelope large and slows further accretion of gas); and S calculation. Courtesy O. Hubickyj.

opacity of the envelope (low opacity allows the radiation of

energy that enables the envelope to cool and shrink, making

room for more gas to be accreted). These three factors ap-

pear to be key in determining whether giant planets are able

to form within the lifetimes of protoplanetary disks. For ex-
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ample, in a disk with initiab; = 10 g/cn? at 5.2 AU from As discussed in Section 3.2, a protoplanet accumulates
a 1 M, star, a planet whose atmosphere has 2% interstellgas at a gradually increasing rate until its gas component is
opacity forms with a 16 M core in 2.3 Myr; in the same comparable to its heavy element mass. The rate of gas ac-
disk, a planet whose atmosphere has full interstellar opacityetion then accelerates rapidly, and a gas runaway occurs
forms with a 17 M, core in 6.3 Myr; a planet whose atmo- (Pollack et al, 1996;Hubickyj et al, 2005). The gas run-
sphere has 2% interstellar opacity but stops accreting solidsvay continues as long as there is gas in the vicinity of the
at 10 Mg, forms in 0.9 Myr, whereas if solids accretion isprotoplanet’s orbit.
halted at 3 M, accretion of a massive envelope requires 12 The protoplanet may cut off its own supply of gas by
Myr (Hubickyj et al, 2005). Thus, if Jupiter's core mass isgravitationally clearing a gap within the diskif and Pa-
significantly less than 10 M, then it presents a problem for paloizoy 1979). Such gaps have been observed around
formation models. small moons within Saturn’s ringShowaltey 1991;Porco
As estimates of the lifetimes of protoplanetary disk®t al., 2005). D’Angelo et al, (2003) used a 3-D adaptive
have decreased, a major concern has been whether or notrgesh refinement code to follow the flow of gas onto ac-
ant planets can form faster than typical disks are disperseztgting giant planets of various masses embedded within a
~ 2 — 5 x 10% years. Planets can indeed form rapidlygaseous protoplanetary disRate et al, (2003) performed
if they have sufficiently massive cores which accrete earl$-D simulations of this problem using tlEUS hydrody-
and then stop growing and/or if the outer regions of theinamics code. In unperturbed disks, flows would increase
envelopes are transparent to outgoing radiation (have lowith planet mass indefinitely. Using parameters appropriate
opacities). But what are realistic values for these paramér a moderately viscous minimum mass solar nebula pro-
ters? Observational constraints are quite weak. Limits updoplanetary disk at 5 AU, both groups found tkatlO Mg,
the masses and locations of the heavy element componeptanets don't perturb the protoplanetary disk enough to sig-
of the giant planets within our Solar System were discussedficantly affect the amount of gas that flows towards them.
in Section 2. Atmospheric opacities and how the rate dBravitational torques on the disk by larger planets drive
solids accretion depends with time are quantities deriveglvay gas. Hydrodynamic limits on gas accretion reach to
from planet formation models, and at present their values few x 10~2 Mg, per year for planets in the 50 — 100
are quite ill-constrained. Mg range, and then decline as the planet continues to grow.
The ability of a planetary core to accrete gas does nétn example of gas flow around/to a 1JMblanet is shown
depend strongly on the outer boundary conditions (tempeinr Figure 3. These calculations do not include the thermal
ature and pressure) of the surrounding disk, as long as thgmeessure on the nebula from the hot planet, which is found
is adequate gas to be accretddiZung 1980, Stevensan to be the major accretion-limiting factor for planets up to a
1982, Pollack et al, 1996). The primary reason why giantfew tens of M, by the simulations discussed in Section 3.2.
planet formation is believed not to occur within a few AU  Calculations incorporating both hydrodynamic flows of
of a star is the difficulty of forming a sufficiently massivegas in the disk and thermal physics of the planet are needed
core in the high Kepler shear environment of this regiomo fully understand the gas accretion rate by a growing
(Lissauer 1987;Bodenheimer et gl2000b). planet. But it appears that the primary factor limiting
The composition of the atmosphere of a giant planet igrowth of a planet smaller than a few dozen Earth masses is
largely determined by how much heavy material was mixeils ability to radiate energy allowing its envelope to shrink
with the lightweight material in the planet’'s envelope. Ac-so that more gas can flow into the planet’s gravitational do-
cretion energy can lead to evaporation of planetary icemain. For planets larger than 100 Mg, thermal pres-
and their mixing into the atmosphere can increase its meaure from the envelope does not limit growth, but gravita-
molecular weight, allowing it to shrink and more gas to beional torques limit the flow of gas from the disiBate et
trapped Stevensonl982). As the envelope becomes moral. (2003) find that gas accretion rates decline precipitously
massive, late-accreting planetesimals sublimate before thigy planets more than a few times the mass of Jupiter, but
can reach the core, thereby enhancing the heavy eleménat planets up te- 5 M can double in mass within a mil-
content of the envelope considerably. lion years for nominal disk parameters. Thus, disks must be
In the detailed thermal calculations of giant planet enlargely dispersed within- 10* — 10° years after the onset
velope accumulation performed to date, the accumulatiosf rapid accretion of gaseous envelopes by giant planets in
of solids governs the accretion of gas. Yet apart from inerder to explain the observed distribution (chapter by Udry
creasing the planet’s total mass, the effect of the extended al.) of planetary masses.
gaseous envelope on the accretion rate of solids is minimal.
But this would not be the case for very small solid bodies3.4 Migration
if the planet migrated relative to solids in the disafy et
al., 1993), if dissolved solids did not sink to the planet's A major uncertainty associated with the emergence of
core, or if the dustiness of the atmosphere was substantiafijanets is their predicted orbital migration as a consequence

altered. of the gravitational torque between the disk and the planet
(Goldreich and Tremainel980; Ward 1986; Bate et al,
3.3 Gas Accretion: Hydrodynamic Phase 2003). Planets that are more massive than Mars may be
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able to migrate substantial distances prior to the dispersal
of the gaseous disk. Planets which are not massive enough
to clear gaps around their orbits undergo Type 1 migration
as a consequence of the difference between the repulsive
torques that they exert on material interior and exterior to
their orbits; in the linear regime these torques vary quadrat-
ically with planet mass, so migration rates are proportional
to planetary mass. Planets which clear gaps around their
orbits are subjected to Type 2 migration, by which they are
dragged along with the evolving disk. Thus, it is quite pos-
sible that giant planets form several AU from their star and
then migrate inwards to the locations at which most extra-
solar planets have been observed. Disk-induced migration
is considered to be the most likely explanation for the ‘gi-
ant vulcan’ planets with orbital periods of less than a week,
because the Keplerian shear close to a star meksgu
formation of such objects quite unlikelBédenheimer et
al., 2000b).Livio and Pringle (2003) find no basis to sug-
gest that planetary migration is sensitive to disk metallicity,
7.66-03 4.1E-04 82E-04 126-03 1.6E-03 and conclude that the correlations between the presence of
observable planets and stellar metallicity probably results
from a higher likelihood of giant planet formation in metal-
rich disks.

The difficulty with the migration models is that they pre-
dict that planets migrateo rapidly, especially Type 1 mi-
gration in the Earth to Neptune mass range that planetary
cores grow through in the core nucleated accretion sce-
nario. (Planets formed directly via gravitational instabilities
would avoid the danger of Type 1 migration, but would be
subject to a greater amount of Type 2 migration as a con-
sequence of their early formation within a massive disk.)

] : Moreover, because predicted migration rates increase as a

3] : planet moves inwards, most migrating planets should be

1 5 3 consumed by their star. However, a planet may end up in
very close 51 Peg-like orbits if stellar tides can counteract

. the migration or if the disk has a large inner holén(et

Fig. 3.—The surface mass density of a gaseous disk containinéq_, 2000). Resolution of this rapid migration dilemma may

a Jupiter-mass planet on a circular orbit located 5.2 AU from a : ; ; ;
ire th mpl nd nonlinear analysis of the disk re-
Mg star. The ratio of the scale height of the disk to the distanciequ e the complete and nonlinear analysis of the disk re

from the star is 1/20, and the dimensionless viscosity at the loczPONSe o the p_rotoplan_et. Alternatlvely/addItlo_nally, plan-
tion of the planet isy = 4 x 1073. The distance scale is in units ets may st_op mlgra_ltlng '_f they_ approac_h a density _e_nhance-
of the planet's orbital distance, and surface density of“i¢orre- ~ Mentinterior to their orbits which equalizes the positive and
sponds to 33 g/ch The inset shows a close-up of the disk region€gative torques upon them in either a quasi-equilibrium
around the planet, plotted in cylindrical coordinates. The two sedf in @ stochastic manner that allows some ‘lucky’ planets
ries of white dots indicate actual trajectories (real particle path$p survive (aughlin et al, 2004), corotation torques might
not streamlines) of material that is captured in the gravitationdde able to slow down the migration ef 10 Mg, objects
well of the planet and eventually accreted by the planet. Courteg)’Angelo et al, 2003), and the small amounts of gas that
G. D’Angelo. SeeD’Angelo et al, (2005) for a description of the |eak into almost clear gaps may slow the migration of more
code used. massive planets. Sa#ard and Hahn(2000); Masset and
Papaloizou 2003 Thommes and Lissau¢2005) and the
chapter by Papaloizou et al. for more extensive discussions
of planetary migration.

Many of the known extrasolar giant planets move on
quite eccentric (0.2 e < 0.7) orbits. These orbital eccen-
tricities may be the result of stochastic gravitational scat-
terings among massive planets, some of which have subse-
guently merged or been ejected to interstellar spédei-(
denschilling and Marzari1996;Levison et al. 1998;Ford

a0 1.05 1.10 [

<o 4
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et al, 2001), by perturbations of a binary companiétol-  of gas, especially if the solids sink deeply into the gravita-
man et al, 1997), or by past stellar companions if the nowtional potential well, down to or near the coRo{lack et al,
single stars were once members of unstable multiple std896). Additionally, if continued accretion of solids pro-
systems l(aughlin and Adams1998). However, as nei- vide a substantial amount of small grains that persist in the
ther scattering nor migration offer a simple explanation foplanet’s radiative atmosphere, the resulting thermal blanket
those planets with nearly circular orbits and periods fromeduces planetary luminosity.
a few weeks to a few years, the possibility of giant planet Are the atmospheres of growing giant planets good
formation quite close to stars should not be dismis&d ( thermal blankets (high optical depth to outgoing radiation
denheimer et a].2000b). caused by the presence of abundant small grains) or nearly
Most of the observed extrasolar giant planets orbit baransparent? Models suggest that the ability to radiate en-
tween a few tenths of an AU and a few AU from theirergy is a key factor in determining how rapidly an atmo-
star, i.e., they are located much closer to their stars th@phere contracts, thereby allowing the planet to continue
Jupiter is from our Sun. These planets may have formad grow. Low opacity atmospheres allow giant planets to
farther from their star and migrated inwards, but without dorm much more rapidly and/or with significantly smaller
stopping mechanism, which isn’t known at these distancespres than do high opacity atmospheres. Small grains are
they would have fallen into the statissauer (2001) sug- provided to the planet both from the disruption and abla-
gested that the orbits could be explained if disks cleardibn of accreted planetesimals and entrained in the accreted
from the inside outwards, leaving the planets stranded ongas, but the amounts and residence times are quite uncer-
they were too far interior to the disk for strong gravitationatain. Such grains are not present in large quantities in the
coupling to persist. Observations of the 2:1 resonant planedsmospheres of giant planets in our Solar System, nor are
orbiting GJ 876 byMarcy et al, (2001; see als®ivera et they detected in cool brown dwarfs (chapter by Marley et
al., 2005) support such a model, as do data which imply thatl.), but do they settle downwards fast enough to allow the
the star CoKu Tau/4 has a disk with an inner hdferfest atmosphere to be transparent during the formation epoch

et al, 2004). (Podolak 2003)?
How does a (growing or fully formed) giant planet in-
4, OUTSTANDING QUESTIONS teract with the surrounding protoplanetary disk? Models

of a planet gravitationally clearing a gap around itself and

What are the data on giant planet composition and strueccretion of material through a partially-formed gap give
ture telling us? Are the enhancements in heavy elements‘ireasonable’ results. But predicted migration rates are sim-
the atmospheres of the giant planets within our Solar Sygly too rapid for the survival of as many giant planets as
tem the result of mixing of material throughout the planetare observed within our Solar System and around nearby
and thereby reflective of the planets’ bulk compositions, asunlike stars. Either giant planets form much more readily
were they produced by a late veneer of planetesimal accrran predicted by models (perhaps because disks are signif-
tion or accretion of gas from a nebula depleted inahd icantly more massive) and the survivors that we see are a
He (Guillot and Huesp2006)? And why are they appear totiny fraction of the bodies formed, or migration rates have
be dominated by very low condensation temperature plabveen substantially overestimated.
etesimals, which seem required to produce the comparable
enrichments of gasses of different volatiliti€dvwen et al. 5. SUMMARY
1999)? What are the masses of the planetary cores, and
are these reflective of core masses during the accretionary The smoothness of the distribution of masses of young M
epoch, or have they been increased by settling or reducstérs, free-floating brown dwarfs, and even free-floating ob-
by convective mixing? Progress on answering this questigacts somewhat below the deuterium burning limit, argues
depends mainly on improvements in our understanding strongly that these bodies formed in the same manner, i.e.,
the high pressure behavior of hydrogen. via collapse, in some cases augmented by fragmentation. In

The core nucleated accretion model provides a sourmbntrast, the mass gap in nearby companions to sunlike stars
general framework for understanding the formation of gi{the brown dwarf desert) is convincing evidence that most
ant planets. According to this scenario, giant planets begifinot all of the known giant planets formed in a different
their growth as do terrestrial planets and smaller bodies, batanner.
they become massive enough to gravitationally accrete sub- Various models for giant planet formation have been pro-
stantial amounts of the abundant light gasses prior to tlmwsed. According to the prevailing core nucleated accre-
dispersal of the protoplanetary disk. However, many firstion model, giant planets begin their growth by the accu-
order questions remain: mulation of small solid bodies, as do terrestrial planets.

How rapid do solid cores accrete in the giant planet forHowever, unlike terrestrial planets, the growing giant planet
mation region? The solid core provides a gravitational pccores become massive enough that they are able to accu-
tential well for the gas to fall into. Counteracting this ten-mulate substantial amounts of gas before the protoplane-
dency, ongoing accretion of solids provides additional heatary disk dissipates. The primary question regarding the
ing which expands the planet’s envelope, limiting accretionore accretion model is whether planets can accrete very
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massive gaseous envelopes within the lifetimes of typicallibert Y., Mousis O., Mordasini C., and Benz W. (200&3tro-
gaseous protoplanetary disks. Another important question phys. J., 626L57-L60.
is whether or not proto-Jupiter’s core was sufficiently masAlonso R., Brown T. M., Torres, G., Latham, D. W., Sozzetti, A.,
sive to capture large quantities of hydrogen and helium. etal. (2004)Astrophys. J., 613.153-156.

The main alternative giant planet formation scenario i§2rPieri M., Marzari F., and Scholl H. (2002stron. Astrophys.,
the disk instability model, in which gaseous planets forné 396, 219-224.

. . Lo . e L ate M. R., Lubow S. H., Ogilvie G. I., and Miller K. A. (2003)
directly via gravitational instabilities within protoplanetary Mon. Not. R. Astron. Soc.. 34213-229

disks. The formation of giant planets via gas instabilitys ) jennheimer P. and Pollack J. B. (198€rus, 67 391-408.
has never been demonstrated for realistic disk conditiongogenheimer P., Hubickyj O., and Lissauer J. J. (20004ajus,

Moreover, this model has difficulty explaining the super- 143 2-14.

solar abundances of heavy elements in Jupiter and SatuBsdenheimer P., Burket A., Klein R., and Boss, A. P. (2000a) In
and it does not explain the origin of planets like Uranus Protostars and Planets V. Mannings, A. P. Boss, and S. S.
and Neptune. Nonetheless, it is possible that some giant Russell, eds.), pp. 675-701. Univ. of Arizona Press, Tucson.
planets form via disk instability, most likely in the regionsBoss A. P. (2000Astrophys. J., 536.101-L104.

of protoplanetary disks distant from the central star, wher@0ss A. P. (2002Farth Planet. Sci. Lett., 20513-523.

Keplerian shear is small and orbital timescales are lon§u™ows A., Sudarsky D., and Hubbard W. B. (20Gtrophys.
Additionally, a few planets probably form via fragmenta- J., 594 545-551,

. . Cai K., Durisen R. H., Michael S., Boley A. C., MajA. C., et al.
tion of molecular cloud cores during collapse or are cap- (2006)Astrophys. J., 636.149-L 152

tured via _exchange reactions involving (usually young) biCanup R. M. and Ward W. R. (200&5tron. J., 1243404-3423,
nary/multiple stars. Chambers J. E. (20013arus, 152 205-224.

Most models for extrasolar giant planets suggest th@harbonneau B., Brown T. M., Latham D. W., and Mayor M.
they formed as Jupiter and Saturn are believed to have (in (2000)Astrophys. J., 529.45-L48.
nearly circular orbits, far enough from the star that ice coul®'Angelo G., Kley W., and Henning T. (2003strophys. J., 586
condense), and subsequently migrated to their current posi- 540-561.
tions, although some models allow for situ formation. D’Angelo G., Bate M. R, and Lubow S. H. (2008)on. Not. R.
Gas giant planet formation may or may not be common, Astron. Soc., 35816-332.
because the gas within most of protoplanetary disks coufdec@mpli W. M. and Cameron A. G. W. (197Rprus, 3§ 367-
be depleted before solid planetary cores grow large enou%rfgl'

to gravitationally trap substantial quantities of gas. Addi- nes L., Weissman P. R., Levison H. F., and Duncan M. J.
9 y trap q gas. (2004). InComets II(M. C. Festou, H. U. Keller, and H. A.

tion_ally, an unknown fraction of giant pl_anets r_nigrqte into Weaver, eds.), pp. 153-174. Univ. of Arizona Press, Tucson.
their star and are consumed, or are ejected into interstedyisen R. H., Cai K., Meijia A. C., and Pickett M. K. (2005)
lar space via perturbations of neighboring giant planets, So |carus, 173 417-424.
even if giant planet formation is common, these planets mastgeworth K. E. (1949Mon. Not. R. Astron. Soc., 10800-609.
be scarce. Fernandez J. A. and Ip W. H. (198kprus, 58 109-120.

While considerable progress towards understanding ttf@rd E. B., Havlickova M., and Rasio F. A. (200Eprus, 150
internal structure and formation of giant planets has been 303-313.
made recently, major questions remain. As we continue feprrest WL J., Sargent B., Furlan E., D'Alessio P., Calvet N., et al.
place new data and simulation results into the jigsaw puzzle, (2004)Astrophys. J., 15443-447.
some present pieces will surely need to be repositioned EFChe.r D. A.and Valenti J. (2008strophys. J., 6221102-1117.
discarded. With the wealth of new information being pro- lampieri G. and Dougherty M. K. (200Geophys. Res. Lett.

. . . 31,L16701-L16701.
vided, we expect the picture to become clearer in the Ne&fililand R. L., Brown T. M., Guhathakurta P., Sarajedini A.,

future. Milone E. F., et al. (2000Qstrophys. J., 548.47-L51.
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