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The key to understanding an extrasolar giant planet's spectrum—and hence its detectability
and evolution-lies with its atmosphere. Now that direct observations of thermal emission from
extrasolar giant planets are in hand, atmosphere models can be used to constrain atmospheric
composition, thermal structure, and ultimately the formation and evolution of detected planets.
We review the important physical processes that influence the atmospheric structure and
evolution of extrasolar giant planets and consider what has already been learned from the first
generation of observations and modeling. We pay particular attention to the roles of cloud
structure, metallicity, and atmospheric chemistry in affecting detectable properties through
Spitzer Space Telescopbservations of the transiting giant planets. Our review stresses the
uncertainties that ultimately limit our ability to interpret EGP observations. Finally we will
conclude with a look to the future as characterization of multiple individual planets in a single
stellar system leads to the study of comparative planetary architectures.

1. INTRODUCTION explore what plausibly can be learned from the first genera-
tion of EGP observations and discuss likely degeneracies in

. Atmospheres. Of. planets SErve as gatekeep ers, contrl terpretation that may plague early efforts at characteriza-
ling the fate of incident radiation and regulating the los?ion

of thermal energy. Atmospheres are also archives, preserv-
ing gasses that reflect the formation and the evolution of
a pla_met. Thus a cqmplete charaqteri_zation of an extra_lsg_- OVERVIEW OF GIANT PLANET ATMOSPHERES
lar giant planet entails understanding its thermal evolution
through time, bulk and atmospheric composition, and atmo- The core accretion theory describing the formation of gi-
spheric structure. To date transit spectroscopy has probagt planets\(etherill and Steward1989; Lissauer 1993)
the chemistry of the upper atmosphere of one EGP, arfdlggests that any planet more massive than about 10 Earth
broad band measurements of the flux emitted by two expasses should have accreted a gaseous envelope from the
trasolar giant planets were reported in 2005. Many morgurrounding planetary nebula. This leads to the expecta-
such observations will follow as we await the directimagindgion that any massive planet will have a thick envelope of
and resultant characterization of many EGPs around nearfgughly nebular composition surrounding a denser core of
stars. rock and ice. For this review we implicitly adhere to this
This review focuses on the physics of giant planet atviewpoint. Because subsequent processes, such as bom-
mospheres and the models which describe them. We filggrdment by planetesimals, can lead to enhancements of the
approach these planets from a theoretical perspective, pigavier elements, we don't expect the composition of the
ing particular attention to those aspects of planetary modgManetary atmosphere to precisely mirror that of the nebula
that directly relate to understanding detectability, characte®r the parent star. Observed enhancements of carbon in so-
ization, and evolution. We stress the modeling uncertaintid&r system giant planets (Figure 1), for example, range from
that will ultimately limit our ability to interpret observa- a factor of about 3 at Jupiter to about 30 times solar abun-
tions. We will review the observations of the transiting gianglance at Uranus and Neptune.
planets and explore the constraints these observations placéPepartures from nebular abundance provide a window
on their atmospheric structure, composition, and evolutioft© the formation and evolution history of a planet. The near
Unlike purely radial velocity detections, direct imaging will uniform enrichment of heavy elements in the atmosphere
allow characterization of the atmosphere and bulk comp®f Jupiter Owen et al. 1999) has been interpreted as ev-
sition of extrasolar planets, and provide data that will sheifience that planetesimals bombarded the atmosphere over
light on their formation and evolution through time. We will time (e.g.,Atreya et al, 2003). Direct collapse of Jupiter
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Fig. 1.—Measured atmospheric composition of solar system giant planets (neglecting the noble gasses) expressed as a ratio to solar
abundancel(odders 2003). Jupiter and Saturn abundances are as discuskedders(2004),Visscher and Feglef2005), andFlasar
et al. (2005). Uranus and Neptune abundances are reviewleehiey et al.(1991) andGautier et al.(1995).

from nebular gas would not result in such a pattern of er2.1. Atmospheric Temperature and Evolution

richment. A major goal of future observations should be A key diagnostic of the thermal state of a giant planet at-

to det_ermine if most EGPs are sim_ilarly enriched in atmofnosphere is the effective temperatufe;. The total lumi-
spheric heavy elements above that in the atmosphere of thﬁgsity, L, of a planet with radius® arises from the combi-

primary stars. _ nation of emission of absorbed incident stellar energy
Other outstanding questions relate to the thermal StrUGH d the intrinsic internal heat flus

ture, evolution, cloud and haze properties, and photochem- e
istry of extrasolar giant planets. For discussion itis useful L =4rR?0T; = (1 — )7 R*(nF,) + Line. (1)
to distinguish between cooler, Jupiter-like planets and thOSﬁ1

iant planets that orbit very close to their primary stars, the. Bond albedoi, measures the fraction of incident en-
9 P y b y '~ ergy scattered back to space from the atmosphere. The rera-

hot Jupiters’. While the ultimate goals for CharaCte”Z'ngdiation of thermalized solar photons (the first term on the

e e ot ShnosEHhand sid) makes up bout 60% o e ot i
yp 9 ’ |t|)|{ of Jupiter and Saturn. For a hot Jupiter, 99.99% of the

the hot Jupiters, most research has focused on the horizg anet’s luminosity is due to reradiation of absorbed stellar
tal and vertical distribution of incident stellar radiation inP y

their atmospheres and the uncertain role of photochemic‘sjglrlwtonS (the first term on the right in the equation). As a.gi-

; . : o : ant planet ages, the contribution to the total luminosity from
processes in altering their equilibrium atmospheric Compotfooling of the interior L., falls as this energy is radiated
sition. The available data from the transiting hot Jupiters int» y

: . W
also challenges conventional atmospheric models as their
emergent flux seems to be grayer than expected.

For a remotely detected planet, Eq. (1) can be used to
Cooler, more Jupiter-like planets have yet to be directl constrain the planetary radius. Given independent measure-

ents of the total emitted infrared flux and the reflected
detected. Consequently most research focuses on predic

) L . visible flux—and assuming the internal flux is either negli-
ing the albedos and phase curves (variation of brightness .

S gible or precisely known from models—then the planetary

a planet orbits its star caused by the angular dependence™f,. . : e

. : ) ) . radius can be inferred with an accuracy limited only by that

atmospheric scattering) of these objects to aid their eventu

; o : of the optical and thermal IR photometry. However for
detection and characterization. As with the solar system %Gps th% internal flux will not %e well cgnstrained since

ants, most of the scattered light reflecting from extrasoIaH]iS quantity varies with the age and mass of the planet

EGPs will emerge their cloud decks. Thus developing a . . :
understanding of which species will be condensed at whic%Oth of which will not be known perfectly well. Further

. . o . Lo ore, for solar system planets, models only predict well
orbital distances and—critically—the vertical distribution otm y P yp

) : . : the internal luminosity of Jupiter. Standard cooling models
those condensates is required to facilitate their characteri- : . C
nder-predict the internal luminosity of Saturn and over-

zation. Finally, for both types of planets, second order ef-

fects, including photochemistry and non-equilibrium chempreCIICt that of Uranus by a sizeable margin. Realistic er-

. . . ors in remotely sensed EGP radii will be dominated by the
ical abundances can play surprisingly large roles in control- s . )

. uncertainty inL;,; and could easily exceed 25%, particu-
ling the observed planetary spectra.

larly for objects which have high internal luminosities com-
pared to absorbed incident radiation (e.g., planets somewhat



younger or more massive than Jupiter). Thus bulk compdeng, pressure-temperature profiles around the planet be-
sition inferred from the measured mass and radius will beome uniform with longitude and time, and match a single
highly uncertain. ‘mean’ profile computed using = 1/4. This clearly sug-

To aid in the interpretation of observations of a given obgests that model atmosphere grids computed yith 1/4
ject, modelers frequently compute a one-dimensional, glolare most nearly correct for use as boundary conditions for
ally averaged temperature profile (connecting temperatuexolution models. Models that uge= 1/2 (such asBur-
to pressure or depth vertically through the atmosphere). Rews et al, 2003; Baraffe et al, 2003; Chabrier et al,
flected and emitted spectra can be computed from such?2804), overestimate the effect of stellar irradiation on the
profile (Section 2.2). However since the fraction of the inevolution of giant planets, as they assuatieregions of the
cident stellar radiation varies over a globe, one must firgtmosphere receive the flux of the day side.
choose what fractiory;, of the normal incidence stellar con- A second difficulty with evolution models relates to the
stant should strike the upper layers of a one-dimensiondepth at which incident stellar energy is deposited. For
atmosphere model. Settirfg= 1 results in a model atmo- Jupiter-like atmospheres (Figure 2) the deep interior of the
sphere that is only correct for the planet’s substellar poinplanet is connected to the visible atmosphere by a continu-
Combined with an appropriate choice for the mean solayus adiabat. Thus absorbed stellar energy simply adds to the
incidence angle, settinfi = 1/2 gives a day side average internal energy budget of the planet and-with appropriate
while f = 1/4 gives a planet-wide average. The latter is théook keeping—atmosphere models appropriate for isolated,
usual choice for models of solar system atmospheres, singen-irradiated objects can be used to compute the evolu-
radiative time constants are typically long compared to raion. Evolution models computed in this limit indeed work
tation periods, allowing the atmosphere to come to equilibaell for Jupiter Hubbard 1977). For hot Jupiters, however,
rium with the mean incident flux. Such an ‘average’ profilehe deep adiabat is separated by a radiative, isothermal re-
may be less meaningful for tidally locked planets, dependgion from that part of the atmosphere that is in equilibrium
ing on the atmospheric temperature, radiative time constamtjth the incident radiation (Figures 2 and 3). As discussed
and circulation. by Guillot and Showmar{2002), using atmosphere mod-

The internal energy of a giant plandt;{.), a remnant of els suitable for isolated objects as the boundary conditions
its formation, is transported through the bulk of the planet'éor hot Jupiter evolution calculations (e.@urrows et al,
fluid interior by efficient convection, as first discussed by2000) significantly overestimates the temperature of the at-
Hubbard (1968). Whether a giant planet is at 0.05, 0.5mosphere at pressures6f1 bar, leading one to overesti-
or 5 AU from its parent star, the rate at which this intermate the effect of irradiation, and predict contraction that is
nal energy is lost is controlled by the planet’s atmospher#oo slow. In contrastBodenheimer et al(2001, 2003) and
In general, the closer a planet is to its parent star, or tHeaughlin et al. (2005) have computed hot Jupiter evolu-
smaller its flux from the interior, the deeper the boundartion models where contraction is likely too fast. For their
between the atmospheric radiative zone and the convectimgmospheric boundary calculation, the atmospheric pres-
deep interior will be (Figure 2). Models indicate that thesure at which the Rosseland mean optical depth reaches 2/3
radiative/convective boundary is&t0.5 bar in Jupiter and (~ 1 mbar in their models) is assigned the planetary effec-
can range from 10 te- 1 kbar in hot JupitersGuillotetal,  tive temperature, which itself is calculated after assuming a
1996; Barman et al. 2001; Sudarsky et al.2003). Cool- Bond albedo. This method assumes a very inefficient pene-
ing and contraction is slow for planets with deeper radiativiration of stellar flux into the planet’'s atmosphere, compared
zones because the flux carried by the atmosphere is propto-detailed atmosphere models. Temperatures at higher at-
tional to the atmosphere’s temperature gradient G@dot  mospheric pressures are underestimated, leading to an un-
and Showmar2002). derestimation of the effect of irradation. The ideal solution

Connecting planetary age to total luminosity or effectives to compute individualized atmosphere models to use as
temperature presents a number of challenges. First, eMmeundary conditions for many timesteps in the evolutionary
lution models depend upon average planetary atmosphedalculation.
conditions since the rate of cooling of the interior is gov- )
ermned by the mean energy loss of the entire planet. F8r2- Spectra of Giant Planets
hot Jupiters, ‘mean’ conditions may involve subtleties of The reflected and emitted spectra of giant planet atmo-
radiative transport, dynamics, and convecti@uillot and  spheres are controlled by Rayleigh and Mie scattering from
Showmar(2002) have shown that cooling and contractioratmospheric gases, aerosols, and cloud particles, and by
are hastened for models that include temperature inhomgbsorption and emission of gaseous absorbers. Scattering
geneities at deep levels, rather than a uniform atmosphees.incident light usually dominates in the blue, giving way
given the same incident flux. Recently et al. (2005) to absorption by the major molecular components at wave-
have computed time dependent radiative models for Higéngths greater than abows ym. The major absorbers in
209458b, including energy transport due to constant zongie optical are methane and, for warmer planets, water. Na
winds of up to2km/s. They find that at altitudes deeperand K are major optical absorbers in the atmospheres of

than the 5 bar pressure level, as the timescale for the ae hot Jupiters. Generally speaking, in strong molecular
mosphere to come into radiative equilibrium becomes very
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Fig. 2.— Model temperature-pressur@{P) profiles for cloudless atmospheres illustrating the giant planet classification scheme
proposed bySudarsky et al.(2003). Vertical dashed lines identify condensation curves for iron (Fe), forstafigeSiO.4), water
(H20), and ammonial{Hs) in a solar-composition atmosphere. The base of cloud for a given condensate is predicted to occur where

the atmospher&'- P profile crosses the species’ condensation curve. The Class V planets have high iron and silicate clouds, Class I
planets are relatively cloudless, and Class | planets have high ammonia clouds, like Jupiter.



bands photons are absorbed before they can scatter baclsthould allow for more accurate abundance retrieval.
space. In the continua between bands photons scatter be-

fore they are absorbed. The continuum flux from a given

object is thus controlled by Mie scattering from its clouds3. MODEL ATMOSPHERES

and hazes and Rayleigh scattering from the column of clear
gas above the clouds. Longward of about 3 fam for the
cooler planets and at shorter wavelengths for the warme
scattering gives way to thermal emission.

Model atmospheres predict the appearance of EGPs.
They thus facilitate the design of optimal detection strate-
%ties and play a role in interpreting observations. A typi-

I | reci i ith i h -
The likelihood of absorption, and hence the depth oia model recipe begins with assumptions about the atmo

. band. d d th lecul v at heric elemental composition, the atmospheric chemistry,
a given band, depends upon the molecular opaclty aligy interna| heat flow of the planet, the incident stellar flux,

g'lve:w wavelengtg ang the column ?rt])undancg of tthe pgr.lind various radiative transfer assumptions (e.g., is the at-
clpa th][as.eouls a sqrrhers Ee.g., n';e (zj;me anf wa ebr) ab??{Ssphere in local thermodynamic equilibrium?). A cloud
a scattering fayer. The column abundance ol an absorbig, | for the treatment of atmospheric condensates and

T_hus the spe ctra, even "’?t low resolution, of EG.P.S are S€lbheric radiative and convective energy transport, the mod-
sitive to their atmospheric temperature, metallicity, clou i

truct d | inciple b . b éLng process yields the thermal structure of the atmosphere
structure, and mass. - principie by comparing ObSEIVeQ, e reflected and emitted spectrum. Of course as in any

spectra to n_10de|s one can infer these properties from trchipe, models of giant planet atmospheres are only as good
data. Experience with the giant planets of our solar syste s the quality of the ingredients and the assumptions. Ne-

however, has shown that degeneracies in cloud properti Rcted physical processes, including some that might ini-

ar_1t<:l mflt? culgrhe}bﬁ ndanlcet_s can b? d||ff|cult to disentan %Ily seem to be of only second order importance can in fact
without broad, high-resoiution spectral coverage. have first order effects and spoil the predictions, at least in

As with t_he_optlcal and r_1ear-|nfrared wavelengths, th(?:ertain spectral regions. In this section we summarize typi-
thermal emission of EGPs is sculpted by molecular opag;

o . . i _tal inputs into atmosphere models and discuss their relative
fties. In regions of low absorption, planets b.”ghtly eMiteontributions to the accuracy of the final product. Figure 3
from de_ep, warm layers c.)f the atmo;phere. Within strong| rovides a comparison of hot Jupiter profiles computed by
absorbing regions flux arises from higher, cooler layers (u hree different groups. The differences between the profiles
less there is a stratospheric temperature inversion). Brig

VR . fve an indication of the uncertainty in our understanding of
emission in the window aroun@luym was flagged byar- y g

. . ; these atmospheres just due to varying modeling techniques.
ley et al. (1996) as a diagnostic of the entire class of EGPs P : ying 9 d

(but see the caveat in Sect. 3.4 below). This opacity window

is responsible for the well-known ‘five-micron hot spots’ of3.1.  Chemistry

Jupiter (Westphal et a).1974). Solar system giant planets .

also exhibit true emission features arising from a temper%-] Zemaaﬁ the mrgstj elerrnnent;att: |nnpl]:|tthto a':?n atrr;}osrphe_lte

ture inversion above the tropopause, notably in&um Ci ems i ;,-]adsslu ?E(C?P ptorﬁ 0 hor ehav 0sp eme.d 0

methane band that plays an important role in the strat 3 Eomosositigne Is-k?wever tr?e bC;SSF: eest’iariatzl sf ilssgllr:lr”ehasso

spheric energy budget. Photochemically produced etha an eg over t.ime (seleodders 2003 for a review) and

and acetylene also exhibit emission in some giant planet atang . s . 4

mospheres. of course the composition of the primary star will vary
The Galileo atmosphere entry probe provided a test OPetween each planetary system. Notably the carbon and

the ability of remote observers to accurately measure ffRygen abundances of the solar atmosphere remain some-

abundance of gases in a giant planet atmosphere. Prior\'i'gat uncertain Asplung 2005) and vary widely between

Galileo's arrival at Jupiter the methane abundance was esﬁ:{ars. AIIende—Prl;atol et al.20|02t)). q hemical .
mated oo n e range o 201036 tmes sl a Jupiq, 11 S#L S enil rences 8 ot oot
and 2 to 6 times solar at Satur@alileo measured Jupiter’s . on p

methane abundance to Bé + 0.5 times solar (see review species at any given temperature and pressure. Several sub-

by Young 200Band recent observations igassinihave tleties enter such a calculation, particularly the treatment
pinned Saturn's methane abundance@t- 2 times solar of condensates. In an atmosphere subject to a gravitational

(Flasar et al, 2005;Lodders 2004). In both cases (at Ieastgelr?érzogggn:ithe: féﬁ(;ggc;\t/% ?] t|)2;./ SeTtt|$3 ZO": thﬁb?m:,'
some) remotely sensed value were accurate (Bugriez P v ' Vel. us “equitibriu

and de Bergh1981). Remotely determining the abundanc«ge"letlonS that might take place were the gas to be kept

. . I ntainer will n r in a realisti mo-
of condensed gases, such as ammonia or water, is mdPe? €2 ed containe ot proceed in a realistic atmo

P \
problematic and pr&alileo measurements were not as ac—Spehere' A canonical example (e.gegley and Lodders

curate. Fortunately, ammonia will not condense in planet]sgg4) Is that under pure equilibrium, sulfur-bearing gasses

just slightly warmer than Jupiter. In young or more mas\_/vould not appear in Jupiter's atmospheres since S reacts

sive planets, water will be in the vapor phase as well, whicWIth Fe grains at low temperature o form FeS. In fact,
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Fig. 3.— Comparison of model atmosphere profiles for hot Jupiter HD209458 computed by three groups (labeled). Each profile
assumes somewhat different intrinsic luminosity,;, so differences at depth are not significant. All three profiles assume global
redistribution of incident energy, of = 4. Differences at lower pressure presumably arise from different methods for computing
chemical equilibria, opacities, and radiative transfer assumptions. The spread in models provides an estimate of the current uncertainty
in modeling these objects. In addition to the internal luminosity the size of the deep isothermal layer depends upon the behaviors at high
pressure of the opacities of the major atmospheric constituents, which are poorly known.

when iron condenses near 1600 K in Jupiter's deep atm@003) for HD 209458 b. Despite the high escape flux, a
sphere, the grains fall out of the atmosphere allowing S toegligible fraction of the total mass of the planet escapes
remain ad,S at low temperature. The removal of conden-over time {rellg 2004).

sates from the atmosphere by sedimentation is sometimes

termed ‘rainout, but this term can be confusing since rigor- N

ously ‘rain’ refers only to the sedimentation of liquid water.3-2. Opacities

Some early brown dwarf models did not properly account For the temperature-pressure regimes found in the atmo-
for sedimentation, but most recent modeling efforts do inspheres of all but the hottest extrasolar giant planets, the
clude this effect (se#larley et al, 2002 for a more com- mostimportant gaseous absorbersts®, CH,, NH;, Na,
plete discussion). For a recent, detailed review of the atmec. In addition the pressure-induced continuum opacity aris-
spheric chemistry of EGPs and brown dwarfs kedders ing from collisions ofH, with H, and He is particularly
and Fegley(2006). important in the thermal infrared. Other species found in
Finally photochemistry, discussed further below, can albrown dwarf atmospheres play a role in the hottest planets
ter atmospheric composition. Trace gasses produced by t#iting close to their primary starsfreedman and Lod-
photolysis of methane in Jupiter's atmosphere, for exantters (2006) review the current state of the various opacity
ple, are both important UV absorbers and emitters in th@atabases used in atmospheric modeling. For the cool at-
thermal infrared. As such they play important roles in theénospheres most likely to be directly imaged, the opacities
stratospheric energy balance. Photochemical products maye fairly well known. The greatest shortcomings of the
include important absorbers or hazes that may substantialiyirrent opacities are the lack of a hot molecular line list for
alter the the spectra of EGPs and cloud their interpretatioq:H, and the highly uncertain treatment of the far wings of
Yelle (2004) thoroughly discusses the photochemistry dfollisionally-broadened lines. Neither is a major limitation
the upper atmosphere of EGPs and predicts thermosphefésmost EGP modeling applications.
heated to over 10,000 K by the extreme ultraviolet flux im-
pinging on the top of these planets’ atmospheres. The high
temperatures drive vigorous atmospheric escape by hydr@d3. Clouds and Hazes
gen, producing an extended cloud surrounding the planet cjoyds and hazes play a crucial role in controlling gi-
that has been observed in transit Wylal-Madjar et al.  ant planet spectra. In the absence of such scattering layers,



red photons would penetrate to deep layers of an EGP dhe ultraviolet photolysis of methane. Figure 4 compares
mosphere and generally be absorbed before they could the incident stellar fluxes at two transiting planets with that
scattered Nlarley et al, 1999), leading to very low reflec- received by Jupiter. The maximum wavelengths at which
tivity in the red and near-infrared. Planets with bright highultraviolet photons can photolyze various molecules are
water clouds, for example, tend to exhibit a bright continshown. At Jupiter, solar Lymaan-is an important contri-
uum from scattered starlight punctuated by a few absorfpution of the far UV flux. Although the primary stars of
tion bands. Likewise silicate and iron clouds in the atmothe hot Jupiters may lack substantial Lymaritux, given
spheres of the close-in planets play major roles in controthe proximity of the planets the integrated continuum radi-
ling their spectra%eager and Sasseldl998). Furthermore ation capable of photolyzing major molecules is compara-
for a given cloudy planet, reflected and emitted spectra abde to or greater than that received by Jupiter. At Jupiter
sensitive to the vertical distribution, fractional global covermethane photolysis is the main driver of photochemistry
age, size distribution, and column number density of cloudince water andi,S are trapped in clouds far below the
particles. upper atmosphere. In the atmospheres of hot Jupiters, this
Unfortunately clouds are notoriously difficult to model,will not be the case and these molecules will be rapidly
even in Earth’s atmosphere where the representation photolyzed, perhaps providing important sources for pho-
clouds is a leading source of uncertainty in terrestrial globabchemical haze production. Ultimately haze optical depths
atmospheric circulation models. Real clouds are a produdepend upon production rates, condensation temperatures,
of upward, downward, and horizontal transport of condermicrophysical processes, and mixing rates in the nominally
sible vapor and solid or liquid condensate. Their detailedtable stratosphere that in turn depend upon the atmospheric
structure depends on a number of highly local factors irstructure and poorly understood dynamical processes. To
cluding the availability of condensation nuclei and the deeate onlyLiang et al.(2004) have considered this issue and
gree of supersaturation as well as a host of microphysictiien only in the context of hot Jupiter atmospheres, which
properties of the condensate. Approaches applying a fhey found to be too warm for condensation of photochem-
dimensional atmosphere model to what is intrinsically a 3ical hydrocarbon compounds. They did not consider O-
dimensional problem are certainly overly simplistic. Neveror S-derived photochemical products. Since optically thick
theless, given the paucity of information, simple 1-D modhazes can substantially alter the idealized EGP spectra and
els currently provide the most workable approach. phase functions computed to date, much more work on their
A number of cloud models have been developed for sg@roduction is needed. In any case, disentangling the effects
lar system studies. Perhaps the most widely used has be#rclouds, hazes, and uncertain atmospheric abundances in
an approach focusing on microphysical time constants déie atmospheres of EGPs will likely require high quality
veloped byRossow(1978). An important shortcoming of spectra obtained over a large spectral range.
such an approach is that the time constants sensitively de-
pend upon a variety of highly uncertain factors, particularly ) .
the degree of supersaturatiokckerman and Marlege0o1)  S-4-  Dynamics and Mixing
andMarley et al. (2003) review the physics employed by  An important limitation to conventional 1-dimensional
the most popular cloud modelsAckerman and Marley models of mean atmospheric structure is the neglect of ver-
(2001) proposed a simple 1-dimensional cloud model thaical mixing. Vertical transport plays an important role
accounts for vertical transport of condensate and condewhen the dynamical time scale is short compared to a par-
sible gas including a variable describing the efficiency oficular chemical equilibrium timescale, as is the case for
particle sedimentation. This model has had success fitti©O in the atmosphere of Jupitd?rinn and Barshay1977;
the cloudy atmospheres of L-type brown dwarfs, but is ndtegley and Prinn 1988; Yung et al. 1988) and cool T-
able to predict such quantities as fractional global cloudidwarfs Fegley and Lodders1996;Griffith and Yelle 1999;
ness or account for the rapidity of the L- to T-type brownSaumon et al. 2003; Golimowski et al. 2004). While
dwarf transition. Other modeling approaches are discussetkthane is most abundant in the visible atmospheres, in the
by Tsuji (2005), Helling et al. (2004), andCooper et al. deep atmosphere, where temperatures are higher, the abun-
(2003) which range from purely phenomenological effortslance of CO is substantially larger. Since the C-O bond is
to detailed numerical microphysical models of dust nuclevery strong, the conversion time from CO@&1, in a par-
ation. Given the strong influence of clouds on EGP speael of rising gas is correspondingly long. This allows ver-
tra, Sudarsky et al.(2000, 2003) have suggested classifytical mixing through the atmosphere to transport CO from
ing EGPs on the basis of which cloud layers are presettie deep atmosphere to the visible atmosphere. CO absorbs
or absent from the visible atmosphere (see Sect. 3.7). Te&ongly in theM photometric band and excess CO in T
suggestion is appealing but might be difficult to apply indwarf atmospheres depresses the flux in this window region
practice for transitional cases, hazey planets, or for objedy up to a magnitude below that predicted by pure chemical
with only limited spectral data. equilibrium models $aumon et a].2003). If this mecha-
Perhaps an even more challenging problem is atmaism also depresses the flux of cool extrasolar giant planets
spheric photochemical hazes. All of the solar system gihe utility of this spectral region for planet detection may
ant planets are strongly influenced by hazes produced byt be as great as predicted (eBurrows et al, 2001).
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Fig. 4.—Incident flux at the top of the atmospheres of several transiting planets compared to that received by Jupiter. Vertical lines
denote the approximate maximum wavelengths at which various molecules can be dissociated. Incident spectra at HD 149026 b and
TrES-1 are similar to HD 209458 b and HD 189733 b (G4.5V), respectively, and are not shown for clarity. Model stellar spectra from
Kurucz (1993).

Another interesting effect is that of atmospheric dynameefinition. Yet different albedo varieties can differ from
ics. At lower pressures the radiative timescales are shorteach other by several tenths or more. For example the com-
than at higher pressures. For a tidally locked hot Jupitemonly referenced Lambert sphere has a geometric albedo of
this will likely mean that that the upper atmosphere quickl2/3 while an infinitely deep Rayleigh scattering atmosphere
adjusts to the flux it receives from the parent star, but deepaould have a wavelength-independent geometric albedo of
layers ® > 1bar) will adjust much more sluggishly, and 3/4, yet both have. = 1. The two differ in the angular de-
the dynamic transport of energy will be important. This igpendence of their scattered radiation. For absorbing atmo-
only beginning to be studied in detaijowman and Guil- spheres the Bond albedo depends upon the incident spec-
lot, 2002; Cho et al, 2003; Burkert et al, 2005; Cooper trum. Since proportionately more red photons are absorbed
and Showmar005). Infrared observations as a function othan blue photons (which tend to scatter before absorption),
planetary phase, with th@pitzer Space Telescopad per- an identical planet will have a different Bond albedo under
haps other platforms, will enable constraints to be placed dhe light of a red star rather than a blue one even though the
atmospheric dynamics of HD 209458b and other planets.geometric albedos are identicdérley et al, 1999).

In any case more information is needed to fully predict or
interpret the flux observed by a distant observer of an extra-
3.5. Albedos and Phase Curves solar planet. Geometry dictates that extrasolar planets are
Albedos are often of interest as they allow for a simmost detectable near quadrature and not detectable at true

ple parameterization of the expected brightness of a plan@pposition since they would be hidden by their star, thus
Spectra of outer solar system planets with atmospheres @&@eneral description of the phase dependence of the scat-
commonly reported as geometric albedo’ spectra, which téred and emitted radiation is required. Phase information
simply the reflectivity of a planet measured at oppositiordn solar system giant planets has long been used to con-
Other albedo definitions include the wavelength averagegirain cloud particle sizes and atmospheric structure. For
geometric albedo and the Bond albeddn Eq. (1), which exampleVoyagerl, which did not visit Uranus but instead
measures the ratio of scattered to incident light. Unfortumaged it from afar, observed the planet at high phase an-
nately the extrasolar planet literature on albedos has bgles not reachable from Earth to help constrain the scatter-
come somewhat muddled and terms are not always cai8g phase function of its clouds and Bond albe&ollack

fully defined. Generic “albedos” are often cited with noét al, 1986). Dyudina et al. (2005) recently relied upon



Voyagerobservations to derive phase curves of Jupiter aral. (2001),Iro et al. (2005), Burrows et al. (2005), and
Saturn. Marley et al. (1999) computed phase curves forFortney et al.(2005, 2006). As with the cooler planets, the
model EGPs by relying upon scattering tables computed byain conclusion of this body of work is that the spectra of
Dlugach and Yanovitskij1974). More recenthSudarsky the hot Jupiters depends sensitively on the vertical distribu-
et al. (2005) presented a suite of model phase curves fdion and properties of condensates. Models that either pos-
EGPs. The differences between their model calculationtalate or predict high altitude iron and silicate cloud decks
and the observed phase curve Jupiter (compare their figutesd to be warmer and more Planckian in thermal emission
4 and 6) demonstrates that interpretation of specific platlhan models with deeper cloud decks. Hot Jupiter models
ets will always be challenging since the specifics of particland observations are considered in detail in Sections 3.4 and
size and composition, hazes, and overall atmospheric strut-
ture will likely make each giant planet discovered unique.  The most systematic surveys of model EGP spectra in-
clude the work ofSudarsky et al.(2000, 2003, 2005) and
Barman et al.(2001, 2005) who have studied model plan-
ets of a variety of masses, ages, and orbital radii (Figure

Although pioneered b¥uiper (1952), giant planetary 2). Burrows(2005) reviews and recasts much of the former
atmosphere modeling entered the modern era with the wowkork with an eye towards detectability of EGPs. The uni-
of Trafton (1967) andHogan et al. (1969). Following versal conclusion of this body of work remains that molec-
the Voyager land 2 traverses of the outer solar systemular absorption bands and atmospheric condensates are the
substantially more complex models were developed to ekey diagnostics of giant planet effective temperature since
plore the atmospheric energy budgets, the thermal structuggant planets cool as they age. For those planets distant
and the reflected and emitted spect#gfleby and Hogan enough from their stars that atmospheric temperature is pri-
1984; Appleby 1986; Marley and McKay 1999) of each marily controlled by the loss of internal energy, not inci-
giant planet. (Note that these dogward models that com- dent flux, the progression to lower atmospheric temperature
bine first principle information about planetary atmospherewith age results in a diagnostic sequence of spectroscopic
to reproduce the observed atmospheric thermal structuhanges discussed in the next section.
There is also a very rich literature of inverse models that Planets more massive thani; may be as warm as 2000
aid in the interpretation of specific data sets). These al& shortly after formation, with temperatures falling well be-
thors modeled the equilibrium one-dimensional radiativelow 1000 K by a few hundred million years. By a few bil-
convective thermal profiles of these atmospheres, includlon years all planet mass objects (13 Mjypiter (Burrows
ing deposition of incident radiation, by modeling the atmoet al,, 1997)) are cooler than 500 K. The important chemical
spheric radiative transfer given observed atmospheric abueguilibrium and condensation boundaries are shown in Fig-
dances and cloud properties. The models generally well rares 2 and 3. As the atmosphere cools chemical equilibrium
produced observed spectra and thermal structure. This siegins to favor firsCH, over CO and thetNH3 over Ns.
cess provides an important reality check that 1-D modeling/ater is present throughout this temperature range, but the
of giant planet atmospheres, given appropriate input, sanolecular bands become deeper with falling temperature.
isfactorily reproduces observed properties of giant planets. The early part of this sequence has already been well
Modeling extrasolar planets, however, will be more chalsampled by observed L and T type brown dwarfs, the
lenging: only the incident radiation is known with certainty.coolest of which is about 700 K.
Atmospheric composition, cloud properties, and thermal
structure and perhaps mass and radius will all have to be i
inferred from comparison of models to data. 3.7. Spectral Signatures of EGPs

Burrows et al.(2000) reviewed the scant early work on  No one discussion or figure can hope to capture the
atmospheric modeling of the cooler irradiated EGPs. Mosange of temperature, metallicities, and cloud structures that
pre-1995 investigations focused on studying the evolutiolikely define the entire suite of possible giant planets. Nev-
of isolated objects or assumed gray atmospheres to estimat¢heless Figures 5 and 6 help illustrate the important phys-
EGP detectability. Marley (1998) computed exploratory ical processes that control EGP spectra and give an indi-
spectra of irradiated giant planets and found that the presation of the major spectral signatures expected in atmo-
ence or absence of water clouds is an important spectral asgheres with roughly solar composition. These spectra are
albedo marker in EGP atmospheres. Particularly in the rgaurposefully presented at moderate spectral resolution that
and infrared the presence or absence of scattering cloudsl likely typify early direct detection spectra.
can change the scattered flux by a factor of two or more, Figure 2 presents a set of five cloudless temperature-
with cloudless planets being darker. pressureT-P) profiles. Also shown are the condensation

Atmosphere models specifically of the hot Jupiters wereurves for iron, silicate, water, and ammonia. The conden-
first developed byseager and Sassel¢1998). Subsequent sates expected in a given atmosphere depend upon the par-
work focusing on either specific objects or the class in gericular atmospheric temperature structufeudarsky et al.
eral includes that bGoukenleuque et a(2000),Seager et  (2003) used this atmospheric characteristic to suggest that
al. (2000, 2005)Sudarsky et al(2000, 2003)Barman et planets be categorized by which clouds form in their atmo-

3.6. Atmosphere Models
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Fig. 5.—Model atmosphere spectra (computed by authors JF and MM) for giant planets roughly corresponding to the atmosphere
classes shown in Figure 2. Numbers give orbital distanfrem a solar type star in AU. The top model is for a hot Jupiter< 0.04

AU; T, = 1440K; Class V). The atmosphere is very hot with high refractory clouds. In the second model the atmosphere is cooler
(a = 0.1 AU; T = 870K Class IV), the clouds are deeper, and the absorption bands are correspondingly more prominent3 At

AU (T.g¢ = 375 K; Class Ill) the atmosphere is cooler and relatively cloud free. Remaining two curves illustrate atmosphere with water
clouds @ = 0.5 AU; Class Il) and ammonia clouds & 5 AU; Class ).

sphere. While this proposal has some drawbacks, discusgadlecular bands. Like Class IV and V thermal emission is
below, it does nicely frame the discussion of EGP atmamportant beyond aboutum.
spheres and spectra. For somewhat more distant planets, water and then am-
The hottest EGPs orbiting most closely to their parentonia condense resulting in Class Il and Class | atmo-
stars are expected to exhibit iron and silicate clouds high spheres, respectively. Continuum flux levels are controlled
their atmosphere since the atmospheric profile crosses thésethe bright cloud decks and the ‘giant planet bands’ of
condensation curves at low pressurBadarsky et alterm  methane are apparent throughout the optical, particularly
such planets Class V. As seen in T-type brown dwarfs, Nee strong band di.889 um. An ammonia absorption fea-
and K are expected to be present in gaseous form and doture is detectable at.5 um in Class Il atmospheres, but
inate the optical spectra, with water bands appearing in tltisappears in the colder Class | since the ammonia has con-
near-infrared (Figure 4). Thermal emission is an importardensed into clouds.
contributor to the near-infrared flux, particularly between Figure 5 illustrates how sensitive such predictions are to
the strong water bands. Cloud scattering, however, limiagtmospheric metallicity. Recall (Figure 1) that Jupiter’s at-
the band depths. mosphere is enhanced by a factor of 3 in carbon and Uranus
In somewhat cooler atmospheres (Class 1V) the cloudsnd Neptune by a factor of 30. The optical and near-infrared
form at higher pressures in the atmosphere which results inethane bands are highly sensitive to the methane abun-
deeper absorption band depths. In addition carbon is nadance. Continuum levels, however, vary much less since
found asCH, rather than CO; thus methane features begithey are controlled by the cloud structure which is not as
to appear in the near infrared. sensitive to abundance variations (the clouds are already op-
Somewhat cooler still, the effective temperature of dically thick). A cloud-free atmosphere, however, is much
planet orbiting a G star at 0.5 AU would be about 375 Kdarker, again illustrating the importance of clouds.
Absorption of stellar radiation keeps the atmosphere warm ]
enough that water clouds would not form, yet the iron and-8- Atmospheres of the Hot Jupiters
silicate clouds lie far below the visible atmosphere. Al- Despite their nickname, “Hot Jupiters” likely bear little
though low abundance species liKa,S could form low resemblance to a hotter version of our own Jupiter. Further-
optical depth hazes, these atmospheres (Class Ill) will kfiore, given their extremely small orbital separations, these
relatively clear with a steep blue spectral slope and degflanets have undoubtedly experienced a very different up-
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Fig. 6.— Sensitivity of model Jupiter-like spectra (computed by authors JF and MM) to changes in model assumptions. Labeled
curves illustrate reflected fluxes froM; planets assuming, from top to bottom, 0.1 times solar abundance of heavy elements, solar
abundance, 3 times solar, 5 times solar, and 1 times solar with no cloud opacity. Note that while the continuum levels are generally
unaffected by composition changes, the depths of the methane bands are highly sensitive. The cloud-free model is much darker in the
red and infrared since incident photons are far more likely to be absorbed at these wavelengths than Rayleigh scattered.

bringing than their frosty jovian cousins. levels of the atmosphere allowing only a relatively thin haze
Early exploratory studies into the nature of hot-Jupiterto remain at high altitudes.
revealed that stellar heating leads to much shallower T- Hot-Jupiter temperature profiles can also enter a high
P profiles than present in isolated brown dwadedger temperature, low pressure domain in which the molecules
and Sasselqv1998;Goukenleuque et al2000) (Figure 3). TiO and VO that have strong optical absorption bands do
Such reductions of the temperature gradient dramaticallyot condense deeper in the atmosphere. This leads to very
weaken the strength of otherwise prominent molecular alstrong heating by incident radiation and the formation of ex-
sorption bands (e.g., due to water). Also, temperatures aceptionally hot stratospheres akin to, but much hotter than,
high enough that the dominant carbon based molecule tise stratospheres driven by near-infrared methane absorp-
CO, unlike cooler giant planet atmospheres which have higion in the solar system giant planetdubeny et al.2003;
concentrations of ClH Hot-Jupiter models also indicate Fortney et al, 2006).
that, even though significant amounts of reflected optical
light will be present due to Rayleigh and/or Mie scattering4. OBSERVATIONS OF HOT JUPITERS
Bond albedos may be well below 0.3ydarsky et al2000,
2003;Barman et al.2001).
Even though hot-Jupiters are hot, their atmospheres
still cool enough that molecules, liquids and even solid

may form and many of the issues mentioned _above are s Eau et al. fully explores this topic. Here we focus on the
relevant. As always the expected atmospheric Condensa[ﬁgoretical interpretation of the direct detections.

depend on the detailed thermal strucutre of the atmosphere,

which still varies a great deal within the hot Jupiter class4.1. Transmission Spectra

Equilibrium chemistry suggests that high altitude € 0.1

bar) Fe and silicate clouds may be present on the day-side ofA.S extrasolar planets transit their Paf?”t star, a small
f%actlon of the stellar flux passes tangentially through the

hot-Jupiters. In general, cloud formation tends to increas anet's imb and er atmosphere. The absorbing bro
the amount of scattered light and smooth out many of tHe s upp sphere. sorbing prop-

spectral features. However at these altitudes the atmosphgt[gestﬁft;he plﬁrlﬁtaryl atrrt1,o slphzre (alor(;g(]j a dstlartla geiomet-
is purely radiative and likely fairly quiescent which would"'¢ P& rough the planet's limb) are added to the trans-

allow condensate particles to quickly rain down to deeperp'm:fd stellar absqrptlon sp.ec'Frum. There have beeq many
published synthetic transmission spectra for hot-Jupiters —

Since their first, surprising detection a decade ago
Mayor and Queloz1995) the hot Jupiters have received
fibstantial attention, leading to the detection of the planets
th during transit and eclipse. The chapter by Charbon-
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sometimes presented as the wavelength-dependent plap@05;Burrows et al, 2005;Fortney et al, 2005;Seager et
radius that would be observed during a transit event. Sona, 2005) have already been published! Some of the pub-
of these models assume plane-parallel slab geom&&g-( lished models have conflicting interpretations. For exam-
ger and Sasselg2000;Hubbard et al, 2001;Brown 2001) ple, Burrows et al.(2005) claim that the model interpreta-
while others assume spherical geometBarman et al. tion of TrES-1 suggests that the planet is presently reradi-
2001, 2002). All of these models have adopted a singlating on the dayside, while the best fit modelsFoftney
one-dimensional thermal profile intended to represent @t al. are those for which the incident stellar radiation is
average of the planet’s limb. evenly redistributed.

Seager and Sassel@2000) predicted strong transmis-  Given such conflicting conclusions one might ask if the
sion absorption features due to Na and K alkali lifdgb-  current data set is adequate to say anything concrete about
bard et al. (2001) extended the modeling of transmissiorthe planetary atmospheres? Below we briefly summarize
spectra to near-IR wavelengths. Their models showed thalhe currently published interpretations, and then provide
similar to the Na and K alkali lines, 40 bands can also our perspective on this question. The intense interest in
imprint strong absorption feature onto the transmitted spe&tD 209458b, however, does permit comparisons between
trum. Hubbard et al. also emphasized that while the emigtroups modeling the same object with different approaches.
sion spectrum of the planet may have molecular bands dihe range of a subset of the published models (Figure 4)
minished by a reduced temperature gradient, the transmigovides a measure of the uncertainty at the current state of
sion spectrum is unaltered by such affects. of the art.

Modeling the transmission spectrum includes many Burrows et al.(2005) find that their predictions for the
potential difficulties. Transmission spectroscopy probeglanet-to-star flux density ratios of both planets to be robust
the low pressure layers of the atmosphere where nogiven the uncertainties in the planets’ and primary stars’
equilibrium conditions are most likely to occur. Also, thephysical properties. They inferred the presence of CO and
limb (or the terminator) is the transition zone between thperhapsH,O, and have determined that the atmospheres
night side and the irradiated day side. Consequently, ttege hot. They suggest that the difference between the theo-
stellar radiation passes through a region that could havetical models and all three new measurements may be ex-
a steephorizontaltemperature gradient and a correspondplained by an infrared-brighter hot dayside.
ingly steep gradient in the chemical composition along tan- Fortney et al.(2005) find that while standard solar metal-
gent path lengths (sdeo et al., 2005 andBarman et al.  licity models can fit the single datapoint for HD 209458b,
2005). Such complications would be difficult to representhey do not for TrES-1, as the planetary spectral slope im-
accurately using a single one-dimensional modelttney  plied by the 4.5- an@-um observations is redder than ex-
(2005) has also pointed out that, due to the relatively longected. Model atmospheres that include a 3 to 5 times
tangential path lengths, trace condensates (negligible to theetal enhancement, or energy deposition into the atmo-
emission spectrum) may have a column density significasphere from 1-10 mbar, lead to a redder spectral slope. With
enough to impact the predicted transmission spectrum. these models they find they can match the TrES-1 observa-

o tions at4.5 ym to 1 sigma, and & pm to 2 sigma.Fortney
4.2. Thermal Emission et al. find that the best-fit models for both planets assume

Impressive new datasets appeared in 2005 that placttfit reradiation of absorbed stellar flux occurs over the en-
new constraints on hot-Jupiter atmospheres and stre¢ée planet. They also note the to-date excellent agreement
tested existing hot-Jupiter atmosphere models. Tho$&tweenSpitzerultracool dwarf infrared spectral data and
planets which transit their primary stars are eclipsed bfpodels Roellig et al, 2004).
them half an orbital period later, during which time only In addition to standard solar abundante= 1/4 and
starlight—not planetary thermal emission—is detectable. THé2 modelsBarman et al.(2005) compute the 2-D vertical
resulting light curve yields the ratio of planet to stellarandhorizontal temperature gradient over the entire day side
flux. Observations wittBpitzer Space Telescopave con- in the static no-redistributionf( = 1) case. For TrES-1,
strained this ratio for both HD 209458b (&t um; Deming they find that all three models are consistent with the 8-
et al. 2005) and for TrES-1 (at 4.5 ars:m; Charbonneau pm observations at the 2 sigma level. However, only their
etal. 2005). For HD 209458b, the known stellar flux can byf = 1/4 model agrees with the 4 mm observation. More
multiplied by the flux ratio at the same wavelength to yieldmportantly, agreement between tifie= 1 model and the
the planetary flux55 & 10 1Jy, which can be expressed 4.5:m observation would require an unrealistic change to
equivalently as a brightness temperaturd 150 + 150 K.  the atmospheric abundances. Consequently, some process
The distance to, and hence flux of, the TrES-1 star is ndfust be redistributing the absorbed stellar flux at a level
known. Hence only a brightness temperature can be quotgtpre comparable to afi = 1/2 or 1/4 scenario. This is in
with some certainty. The TrES-1 temperaturetatym is ~ agreement with the findings 8arman et al.and Fortney et
1010 + 60K and at8 pm is 1230 4+ 60 K. al. (2005) for HD209458b where #n= 1/4 model shows

Despite only three thermal emission data points for twéhe best agreement with the 24 MIPS observations. Fig-
different planets, four model interpretatiom@agman et al,  ure 7 also illustrates just how red TrES-1 is compared to an

typical brown dwarf spectrum of the same luminosity.
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Fig. 7.—The ratio of the model flux from the day side of TrES-1 to that of its parent star, Bamman et al.(2005), assuming no
redistribution orf = 1 (top curve) and redistribution models with= 0.5 (middle solid curve) ang’ = 0.25 (bottom solid curve).

IRAC band fluxes for each model (found by convolving with the IRAC response curves) are indicated with open squares and filled circles
show theSpitzerdata with b error bars. The 4.xm IRAC value for a 1& solar, f = 0.5, model is also shown (solid square). The

lower dotted line corresponds to an isolated brown dwarf model With= 1150 K. Note the much redder slope of the planet. Major
absorption bands are indicated.

Finally Seager et al.(2005) also conclude that a wide Consequently, potentially important effects like photo-
range of models fit the observational error bars. Startinignization and non-Boltzmann-like level populations are
with this philosophy, and including22-um observational ignored. Given that a large fraction of the radiation field
upper limit Richardson et a).2003) neglected by the other in a hot-Jupiter atmosphere is a non-local phenomena, LTE
groups, they rule out some models for HD 209458b at themay be a rather risky assumptiorielle (2004) reviews
hot and cold end of the plausible temperature range. Thelyese and other issues related to understanding the likely
show that models witlC/O > 1 can fit the HD 209458b very hot upper atmospheres of the hot Jupiters.
data, including a paucity dfi;O (Figure 8) and describe  Shortly after the detection of Na D absorption in the at-
how the same models could fit TrES-1. They suggest thatosphere of HD209458IlCharbonneau et al2002),Bar-
the models show an atmospheric circulation regime inteman et al. (2002) andFortney et al. (2003) explored the
mediate between puia situ reradiation and very efficient possibility that non-LTE effects could alter the predicted
heat redistribution. strength of Na absorption in hot-Jupiter atmospheres. One

All modelers agree on one point: hot Jupiters are inpossibility is that Na is ionized to pressures less than about
deed hot. (Because the brightness temperatures of batid1 bar. Also, the relevant level populations of Na may be
HD 209458b and TrES-1 are over 1000 K, this conclusionnderpopulated, thereby reducing Na D line strengths.
does not, in fact, require a model interpretation at all.) The ] )
second point that all four modelers agree upon is that tfe4- Horizontal Gradients
TrES-1 4.5- and §:m data are not fit by a basic model with  Unlike the atmospheres of isolated brown dwarfs, which
solar abundances: the model flux is too high in then8- are heated entirely from the inside out, hot Jupiters ex-
band compared to observations. These two points are prqkerience significant heating by both internal (heat leftover
ably the only concrete inferences that can be made froffom formation) and external (heat from the star) sources
the observations. The detailed arguments for validity off energy. The presence of this external source of energy
specific atmosphere conditions (stratosphere, clouds, phsreaks the spherical symmetry implicitly assumed when
tochemistry, etc.) must await furth@pitzerdata at other one-dimensional model atmospheres are compared to ob-
wavelengths. servations of brown dwarfs and stars, for example. A lack
of symmetry and dual heating sources bring a number of
challenging issues to the forefront of the hot-Jupiter model

So far nearly all hot-Jupiter models have assumed locatmosphere problem. Indeed the day-night asymmetry and
thermodynamic equilibrium (LTE) when solving the radia-the need for more sophisticated modeling was recognized
tive transfer equation. Assuming LTE is tantamount to asrery early on, as discussed in Section 2.1.
suming that all species have level populations given by the Barman et al.(2005) have made approximate 2-D static
Saha-Boltzmann distribution and that the frequency- andhdiative-convective equilibrium models for the day-side at-
depth-dependent source function is simply a black bodymosphere for HD209458b and TrES-1. These models esti-

4.3. Non-equilibrium Effects
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Fig. 8.—Thermal emission spectrum for HD209458b with C/O = 1.01 (and other elements in solar abundance). Hat &Yhis
planet’s temperature, the water abundance is low and&tdndance is increased, compared to a solar abundance spectrum (e.g., Figure
6). For C/O greater than solar (0.5) but less than 1, the spectrum would still show redi@ehtliincreased CHout to a lesser extent.

The SpitzerlRAC bandpasses are shown as dotted lines.

mate the horizontal temperature gradients—in the absenalso move about the poles with 25-day periods.Menou

of winds—to be quite steep( 1000 K at P = 1 bar) and etal. (2003) applied the results @ho et al.(2003) to other

can lead to a complex chemistry gradient over the day sidshort-period EGPs and concluded that these kinds of circu-

For example, near the terminator, CO can potentially be réation patterns are likely to be common among hot Jupiters.

placed as the dominate carbon bearing molecule by.CHDespite predicting very different atmospheric flows, all of

Na condensation may also become important in this regigdhese simulations agree that circulation currents will most

(see alsdro et al., 2005). likely reposition the atmospheric hot spot(s) away from the
As they are likely unstable, the steep horizontal gradisubstellar point. Consequently, maximum and minimum IR

ents in theBarman et al.(2005) model strengthen the casefluxes would not necessarily coincide with orbital phases

for modeling the effects of global circulation. How signif- that align the substellar and antistellar points with Earth, a

icant the impact of such circulations would be on the atresult that can be tested by infrared light curves or, more

mospheric structure (and thus on the emergent spectruegsily, by secondary eclipse diagnostivgillams et al,

depends largely on the depth at which the stellar flux is al2006).

sorb and the radiative and advective time-scales in this re- While the various hydrodynamic simulations differ sig-

gion (Seager et a).2005). nificantly in details, there appears to be agreement that vari-
The strong day-side irradiation has motivated severaitions on the order of 300 to 500 K may be present at

groups to model the global atmospheric circulation cur<photospheric” pressures. The studies Stiowman and

rents in hot-Jupiter atmospheres. Three-dimensional sirfsuillot (2001) and more recentl€ooper and Showman

ulations for HD209458b suggest the possibility of strond2005) predict steady eastward supersonic winds producing

zonal winds approaching or surpassing the sound spead atmospheric hot spot that may be displa@@&dfrom the

(~ 1 km s~! winds) and a significant displacement of theplanet's substellar point.

atmospheric hot spoShowman and Guillp2000;Cooper

and Showmar2005). Additionally, Showman and Cooper>. THE FUTURE

(2005) demonstrated the impact global winds could poten-

star system without direct imaging. Although ground-based

servations will surely continue, the stable conditions of
pace make it the best place for the requisite high-precision
bservations.

al. (2003), assuming a characteristic wind speed of 400
s~! for HD209458b, found localized jets and vortices pro-
ducing hot and cold regions differing by as much as 300
These localized “hot spots” in thého et al. simulations
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The transiting planets orbiting the brightest stars, particAllende Prieto C., Lambert, D. L., and Asplund M. (200%tro-
ularly HD209458b (the touch stone for hot Jupiters) as well phys. J., 573,.137-L140.
as the newly discoved HD189733b, will certainly continueAppleby J. F. (1986)carus, 65 383-405.
to receive great attentiorSpitzerphotometric and spectral APpleby J. F. and Hogan J. S. (198éprus, 59 336-366.
observations will determine if there are phase variations i’ﬁSp'““‘éM' (2005h)A”“' Rev. Astron. Astrophys., 481-530. d
the thermal emission and will search for spectral signaturéd'®¥ S K., Mahaffy, P. R., Niemann H. B., Won, M. H., an

. . Owen T. C. (2003planet. Space Sci., 5105-112.

of the atmosphere. At visible wavelengths, the Canadlalgla

. raffe |., Chabrier, G., Barman T. S., Allard F., and Hauschildt
MOST space telescope will observe HD 209458b during p (2003)Astron. Astrophys., 40701-712.

secondary eclipse in scattered light and will reach a ge@arman T. s., Hauschildt P. H., and Allard F. (20@&}rophys. J.,

metric albedo of 0.15. HST data will add to the variety of 556 885-895.

data on the same planet. Barman T. S., Hauschildt, P. H., Schweitzer A., Stancil, P. C.,
Other non-transiting hot Jupiters will likely be moni-  Baron E., and Allard F. (2002 strophys. J., 569.51-L54.

tored with Spitzerfor phase variation with both IRAC and Barman T. S., Hauschildt P. H., and Allard F. (20@&}rophys. J.,
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