Exoplanetary Atmospheres
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The study of exoplanetary atmospheres is one of the mogirexeind dynamic frontiers in
astronomy. Over the past two decades ongoing surveys haaalee an astonishing diversity in
the planetary masses, radii, temperatures, orbital paeasy@and host stellar properties of exo-
planetary systems. We are now moving into an era where weegin b address fundamental
questions concerning the diversity of exoplanetary coritipos, atmospheric and interior
processes, and formation histories, just as have beengulifsusolar system planets over the
past century. Exoplanetary atmospheres provide a direahs® address these questions via
their observable spectral signatures. In the last decadkparticularly in the last five years,
tremendous progress has been made in detecting atmospiggratures of exoplanets through
photometric and spectroscopic methods using a variety afesporne and/or ground-based
observational facilities. These observations are beg@o provide important constraints
on a wide gamut of atmospheric properties, including presgemperature profiles, chemical
compositions, energy circulation, presence of clouds, rmoatequilibrium processes. The
latest studies are also beginning to connect the inferrechidal compositions to exoplanetary
formation conditions. In the present chapter, we reviewrttost recent developments in the
area of exoplanetary atmospheres. Our review covers agsan®doth observations and theory
of exoplanetary atmospheres, and spans a broad range dae&btypes (gas giants, ice giants,
and super-Earths) and detection methods (transiting {gatieect imaging, and radial velocity).
A number of upcoming planet-finding surveys will focus onedting exoplanets orbiting
nearby bright stars, which are the best targets for detaitetbspheric characterization. We
close with a discussion of the bright prospects for futuoelists of exoplanetary atmospheres.

1. INTRODUCTION imaged planets. Starting with the first detections of atmo-

The study of exoplanetary atmospheres is at the Cem%phenc absorption from a transiting _exoplan@hérbor!—_

of the new era of exoplanet science. About 800 Conﬁrmeg(oplanetCharbonneau et al2005; Deming et al.2005)
exoplanets, and over 3000 candidates, are now know, ' : '

. : : ospheric observations have been reported for more than
The last two decades in exoplanet science have prowdﬁ‘;{;1

isite statisti th f lanets in th I transiting exoplanets and five directly imaged exoplan
exquisite stalistics on the Census ot exoplanets in € S0gg 1, yate. These observations, which are generally either
neighborhood and on their macroscopic properties whi

include orbital ¢ tricit o oadband photometry or low resolution spectra, have been
inciude orbital parameters (ecce_n ricrues, separaipes- obtained using a variety of space-borne and ground-based
ods, spin-orbit alignments, multiplicity, etc), bulk pare-

i dii brium t i d observational facilities. Despite the limited spectralaie-
ers (masges, radil, equilibrium temperatures), an POPGion of the data and the complexity of the atmospheric mod-
ties of their host stars. The sum total of current knowledgglfq major advances have been made in our understanding of

has taught us that exoplanets are extremely diverse in all gxoplanetary atmospheres in the past decade

these macroscopic physical parameters. We are now enter-When combined with their bulk parameters and host

lnfg ﬁ new Tra where_t_we befgm tolundtersttr?n_d t?e dlvirS'gfellar properties, atmospheric spectra of exoplanets can
Or(;:c:srgécsa 'g?erpnp;)lssltlrorclf (r)esexgr? dirc])?nfét'oe:rcir:g('i'sopnser&owde simultaneous constraints on their atmospheric and
P ! uctures, ' i interior properties and their formation histories. Figure

The discovery of transiting _exoplanets over a decade a90shows a schematic overview of exoplanet characteriza-
opened a new door for observing exoplanetary atmospher%h_ The possible observables for an exoplanet depend

The s_ubsequent years saw _tremendous grow_th in the atn?ﬂ)'on its detection method, but the maximal set of observ-
spheric observations of a wide range of transiting EXOplar%(bles which are possible for transiting exoplanets, com-

ets and also in the detection and characterization of d)yrectprise of the bulk parameters (mass and radius), atmospheric

spectra, and host-stellar spectra. Exoplanetary spentra o
their own place constraints on the chemical compositions,
temperature profiles, and energy distributions in their at-
mospheres, which in turn allow constraints on myriad at-
mospheric processes such as equilibrium/non-equilibrium
chemical processes, presence or absence of thermal inver-
sions (‘stratospheres’in a terrestrial sense), atmosptigr
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Fig. 1.— Schematic diagram of exoplanet characterizafidr top two rows show the observables. The third row shows
retrieval methods and/or derived parameters. The rentanoiws show the various aspects of exoplanetary atmospheres
interiors, and formation, that can, in principle, be coaisted using all the observables.

namics, aerosols, etc. By combining spectra with the masbaracterizing irradiated exoplanetary atmospheresdn s
and radius of the planet one can begin to constrain the bution 4, we review observational inferences for hot Jupiter
composition of its interior, including the core mass in gianatmospheres, which are the most observed class of exo-
planets and relative fractions of volatiles and rock in sock planets to date. In sections 5-7, we review the theory and
planets with implications to interior and surface processeobservational inferences for other prominent categories o
Furthermore, the elemental abundances of exoplanetary akoplanets: directly-imaged young giant planets, trargit
mospheres, when compared against those of their host stdrst Neptunes and super-Earths. We conclude with section
provide insights into their formation conditions, plarsite 8 where we discuss the future outlook for the field.
mal compositions, and their evolutionary histories.

In addition to revealing the diversity of exoplanetary en-2. OBSERVATIONAL METHODS AND FACILITIES
vironments, an improved understanding of exoplanetary at-
mospheres also places the solar system in a cosmic perspecObservational studies of exoplanetary atmospheres can
tive. The exoplanets for which atmospheric characteonmati generally be classified into one of two categories: first,imea
is possible now span a large range in mass and effectigarements of time-varying signals, which include transits
temperature, including highly irradiated hot JupitersT secondary eclipses, and phase curves, and second, gpatiall
1300 - 3000 K), warm distant gas giants {T500-1500 resolved imaging and spectroscopy. These techniques allow
K), hot Neptunes (T~ 700 - 1200 K), and temperate super-us to study the properties of the planet’'s atmosphere, in-
Earths (T~ 500 K). While the majority of these objects cluding the relative abundances of common elements such
have no direct analogues in the solar system in terms a6 C, H, O, and N, corresponding atmospheric chemistries,
orbital parameters, the distribution of primary chemidal e vertical pressure-temperature profiles, and global crcul
ements (e.g. H, C, O) in their atmospheres can be compargéoh patterns. The majority of these observations are made
with those of solar system planets. As an important exanat near-infrared wavelengths, although measurementsin th
ple, the O/H and C/O ratios are poorly known for the solatJV, optical, and mid-infrared wavelengths have also been
system giant planets, but could, in principle, be measureaibtained for a subset of planets. The types of planets avail-
more easily for hot Jupiters. Eventually, our knowledgeable for study with each technique directly reflect the kdase
of chemical abundances in exoplanetary atmospheres cowlfithe surveys used to detect these objects. Transit and ra-
enhance our understanding of how planets form and evolvéial velocity surveys are most sensitive to massive, short-

Inthe present chapter, we review the developments in theeriod planets; these planets also display the largest-atmo
area of exoplanetary atmospheres over the past decade. $gheric signatures, making them popular targets for time-
start with a review in section 2 of the observational methvarying characterization studies. Spatially resolvedgma
ods and available facilities for observing exoplanetary aing is currently limited to young, massive>{ M j.,) gas
mospheres. In section 3, we review the theoretical develogtant planets located at large (tens of AU) separations from
ments which aid in interpreting the observed spectra and their host stars, although this will change as a new gener-



ation of AO imaging surveys come online. These planetatmospheres of extrasolar planets, discussing their advan
still retain some of the residual heat from their formationtages and limitations as well as the types of planets that are
which makes them hot and bright enough to be detectabieest-suited for each technique.
at the near-infrared wavelengths of ground-based surveys.

2.1 Transmission Spectra

By measuring the depth of the transit when a planet
passes in front of its host star we can determine the size
of the planet relative to that of the star. A schematic dia-
gram of a planet in transit is shown in Fig. 2. If that planet

Star has an atmosphere it will appear opaque at some wave-
lengths and transparent at others, resulting in a waveiengt

P— _dependent transit dep_th._ This wavelength-dependent depth
is known as a “transmission spectrum”, because we are ob-
serving the absorption features imprinted on starlightsra

Atmosphere mitted through the planet's atmosphef&eager and Sas-

seloy 2000; Brown, 2001). This technique is primarily
sensitive to the composition of the planet’s atmosphere at
very low pressures~( 0.1 — 1000 mbar) along the day-

Fig. 2.— Schematic illustration of a planet transiting its' h . lthouah it i ibl in e |
host star. If the planet has an atmosphere (drawn here %1'% tterminator, although it IS possible FO copstra}m .
pressure and temperature in this region with high signal

a dark gray annulus) the measured transit depth will va se d ) 12012). T o
as a function of wavelength, as the atmosphere will appe -hoise _ata (e.gl.—lun_s_on eta : )I ransmission spec-
troscopy is also sensitive to high-altitude hazes, whieh ca

opaque at some wavelengths and transparent at others. > . .
mask atmospheric absorption features by acting as a grey
%Dacity source (e.gFortney2005). The expected depth of

In order to interpret these observational data we als . . :
need to know the mass and radius of the planet and its hdQe absorption features in a haze-free atmosphere is propor

star. For transiting systems the planet-star radius ratio Ctlonal to the atmospheric scale height:
be obtained from a simple fit to the transit light curve, and kT
for sufficiently bright stars the planet's mass can be deter- H=—, 1)

mined from the host star’s radial velocity semi-amplitude. . , 1 ]
In systems with multiple gravitationally interacting tsin ~ Where,k is Boltzmann's constant’ is the temperature of

ing planets, masses can also be estimated from the md€ planet's atmospherg.is the mean molecular weight of
sured transit timing variationsAgol et al. 2005; Holman ~ the atmosphere, anglis the surface’ gravity. The size of
and Murray 2005; Lithwick et al. 2012). For directly im- the absorbing annulus of the planet’s atmosphere can be ap-

aged planets, masses and radii are typically constrained j@ximated as —10 scale heights above the nominal planet
part of a global modeling fit to the planet's measured emid@dius, resulting in a corresponding change in the measured
sion spectrum, but the uncertain ages of these systems dfsit depth of:

the existence of multiple classes of models can resultin sub 5 5

stantial uncertainties in these fitted parameters. In some Sdepth ™ <RP + 10H> _ <ﬂ> 2)
systems dynamical sculpting of a nearby debris disk can R, R,

also provide an independent constraint on the planets.ma%v%ereRp and R, are the planetary and stellar radii. If we

In the cases where we have good estimates for ﬂ% ke HD 189733b, a typical hot Jupiter, as an example and

planet's mass and/or. .rad|us, we can predict the types. 85sume a globally-averaged temperature of 11081kut-

atmospheric compositions that would be consistent wit .

) : . son et al.2009a), a surface gravity of 2140 cmm?s(Bouchy

the planet's average density and with our current under- )
. . et al. 2005;Knutson et al2007), and an atmosphere of H

standing of planet formation processes. All of the di

rectly imaged planets detected to date are expected to hz}hies would correspond to a scale height of 210 km. This
Y gedp P M&net's nominal 2.5% transit depth would then increase

hydrogen-dominated atmospheres based on their large eﬁt"o.l% when observed at wavelengths with strong atmo-

mated masses, while transiting planets span a much wi . . .
. " sgherlc absorption features. At visible wavelengths we ex-
range of masses and potential compositions. Although th

majority of the transiting planets that have been charr';lcte'pr)ect o see sodium and potassium absorption in hot Jupiter

. . ; atmosphere, while in the near-infrared this techniqueiis pr
ized to date are also hydrogen-dominated gas giants, new. . S
. . : . . marily sensitive to HO, CH,;, CO, and CQ (e.g., Sea-
discoveries are extending these studies to smaller “super- . )
. . o er and Sasselo2000;Hubbard et al. 2001; Sudarsky et
Earth”-type planets that may be primarily icy or even rock

. . al. 2003). These observations constrain the planet's atmo-
in nature. In the sections below we focus on four com- . . :
: . L spheric chemistry and the presence of hazes, while obser-
monly used observational techniques for characterizieg th " .. . T

vations of hydrogen Lymaan absorption and ionized metal



lines at ultraviolet wavelengths probe the uppermost kyedos, as discussed in sections 2.4 and 4.5. For thermal emis-
of the planet’s atmosphere and provide estimates of the ca@ion, we can estimate the depth of the secondary eclipse in
responding mass loss rates for close-in hot Jupiters (e.the Rayleigh-Jeans limit as follows:
Lammer et al2003;Murray-Clay et al.2009). 5

This technique has resulted in the detection of multiple depth — (&) (&) 3)
molecular and atomic absorption features (see Section 4.3) R, T.

although there is an ongoing debate about the validity of whereR, and R, are the planetary and stellar radii, and

features detected using near-IR transmission spectr;ascoPp and T, are their corresponding temperatures. We can

with the NICMOS instrument otdST (e.g., Swain et al. ; - :
. ) i estimate an equilibrium temperature for the planet if we as-
2008b;Gibson et al.2011; Burke et al. 2010; Waldmann sume that it radiates uniformly as a blackbody across its

et al. 2Q13;Deming e? aI.20_13). This debate highl_ights entire surface:
an ongoing challenge in the field, namely that there is often
instrumental or telluric variability in the data on the same (1- AL 1/4 R
time scales (minutes to hours) as the time scales of interest T, = (7*) ~ T\ =
DN . i . 16mwod? 2d
for transmission spectroscopy. These time-varying sgnal
must be removed from the data, either by fitting with a func- where A is the planet's Bond albedo (fraction of inci-
tional form that provides a good approximation for the efdent light reflected across all wavelengths)s the Stefan-
fect (e.g.Knutson et al2007) or by assuming that the time- Boltzmann constant, andlis the planet-star distance. The
correlated signals are constant across all wavelengths afight-hand expression applies when we assume that the
calculating a differential transmission spectrum (eSgvain ~ planet's Bond albedo is zero (a reasonable approximation
et al. 2008b;Deming et al.2013). This naturally leads to for most hot JupitersRowe et al. 2008; Burrows et al.
debates about whether or not the choice of functional forid008; Cowan and AgoR011b;Kipping and Spiege2011;
was appropriate, whether the noise varies as a function Bemory et al. 2011a;Madhusudhan and Burrow2012)
wavelength, and how these assumptions affect both the ind treat the star as a blackbody; more generdllg,a free
ferred planetary transmission spectrum and the corresporgirameter, leading to some uncertaintyjn If the planet
ing uncertainties on that spectrum. This situation is farth instead absorbs and re-radiates all of the incident fluxson it
complicated when the planet is orbiting an active star, e#ayside alone (see Section 2.3), the predicted temperature
occulted spots or a time-varying total flux from the star duwill increase by a factor /4.
to rotational spot modulation can both cause wavelength- The first secondary eclipse detections were reported in
dependent variations in the measured transit depth (e.gQ05 for the hot Jupiters TrES-Clarbonneau et a005)
Pont et al. 2008, 2013:Sing et al. 2011). Errors in the and HD 209458bleming et al. 2005). More than fifty
stellar limb-darkening models used for the fits may also aPlanets have now been detected in secondary eclipse, of
fect the shape of the transmission spectrum; this problem\hich the majority of observations have come from the
particularly acute for M stars such as GJ 12Bé4n et al. Spitzer Space TelescofseeKnutson et al.2010 andSea-
2010, 2011 Berta et al. 2012a). General practice in theseger and Deming2010 for recent reviews) and span wave-
cases is to use the model limb-darkening profiles where thégngths of3.6 — 24 um. There is also a growing body
provide a good fit to the data, and otherwise to fit for emof ground-based near-infrared measurements, im0

(4)

pirical limb-darkening parameters. - 2.1um range §ing and lbpez-Morale2009;Anderson et
al. 2010;Croll et al. 2010,2011Gillon et al. 2012;Bean
2.2 Thermal Spectra et al, 2013;Mancini et al.2013;Wang et al.2013).

Most of our understanding of the dayside emission spec-

We can characterize the thermal emission spectra of traffa of hot Jupiters comes from the combination of broad-
siting exoplanets by measuring the wavelength-dependdi@ndSpitzerand ground-based secondary eclipse photome-
decrease in light when the planet passes behind its host st The challenge with these observations is that we are of-
in an event known as a secondary eclipse. Unlike transmiten in the position of inferring atmospheric propertiesiiro
sion spectroscopy, which probe the properties of the atmiyst a few broadband measurements; this can lead to de-
sphere near the day-night terminator, these emissionrspedgeneracies in our interpretation of the dataflhusudhan
tell us about the global properties of the planet’s dayside aand Seage2009, 2010). One solution is to focus on solar-
mosphere. They are sensitive to both the dayside compo§Pmposition models that assume equilibrium chemistry, but
tion and the vertical pressure-temperature profile, whesh dthis is only a good solution if these assumptions largely
termine if the molecular absorption features are seen in abold for this class of planets (see sections 3.3 and 4.3). We
sorption or emission. Most secondary eclipse observatioggn test our assumptions using few well-studied benchmark
are made in the near- and mid-infrared, where the planetgses, such as HD 189733bharbonneau et ak008) and
are bright and the star is correspondingly faint. It must belD 209458b Knutson et al.2008). For these planets we
noted that secondary eclipse spectra at shorter wavelgngthave enough data to resolve most degeneracies in the model
e.g. in the visible, could also contain contributions due téts, while the larger sample of more sparsely sampled plan-
reflected or scattered light depending on the planetary albeéts allows us to fill in the statistical big-picture view as



to whether particular atmospheric properties are common 10005
or rare. We can also search for correlations between the %%t ]
planet’s atmospheric properties and other propertiesef th 0.890F E
system, such as the incident UV flux received by the planet
(Knutson et al.2010), which tells us about the processes
that shape planetary atmospheres.

It is also possible to measure emission spectra for non- : E
transiting planets by searching for the RV-shifted sigrfal o e gyl
the planet’s emission in high resolution near-infrareccspe P i i
tra obtained using large<(10 m) ground-based telescopes

Secondary Secondary
Eclipse Eclipse
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(Crossfield et al.2012b;Brogi et al. 2013;de Kok et al. i e S T S
2013), although to date this technique has only been applied ~ ®*®f E
successfully to a handful of bright, nearby systems. In or- 0997¢ T

der to overcome the low signal-to-noise ratios of individua Orbital Phase

spectral features, this technique relies on fits using tatepl e (OOQ@ .(.C.OQ

model atmospheric spectra in order to detect the RV-shifted
features in the planet’s emission spectrum. This approaqzrilg_ 3.— Phase curve of hot Jupiter HD 189733b measured

is highly complementary to secondary eclipse observation, ihe spitzer.5,m IRAC band. The transit and secondary
which are usually obtained at very low spectral resolutionec“pses are labeled on the upper panel. The lower panel
, . shows the same data as the upper panel, but with a reduced
2.3 Thermal Phase Curves and Atmospheric Dynamics y, 4yis range in order to better illustrate the change in flux
as a function of orbital phase. The horizontal dashed line

indicates the measured flux level during secondary eclipse,

A majority of the transiting exoplanets known {0 dat&yhen only the star is visible. The flux from the planet at any
have short orbital periods where the timescale for Orb'tadiven time can be calculated as the difference between the
synchronization is much shorter than the age of the systefyia| measured flux and the dashed line. Beneath the plot we
As a result, we expect these planets to be tidally lockedy,o\y 5 schematic diagram indicating the part of the planet
with permanent day and night sides. One question we migh,; is visible at different orbital phases, with the plaet

ask for such planets is what fraction of the flux incident ORyay side shown in white and the night side shown in black.
the dayside is transported to the night side. If this fracitio

large the planet will have a small day-nighttemperature gra
dient, whereas if the fraction is small the planet may haveefore the transit and secondary eclipse, respectively.
large thermal and chemical gradients between the two hemi- If we only have a phase curve observation in a single
spheres (se8howman, Menou, and CRO08 for a review). wavelength, we can treat the planet as a blackbody and in-
We can estimate the temperature as a function of lorvert our phase curve to make a map of atmospheric tem-
gitude on these planets and constrain their atmospheperature vs. longitudeGQowan and AgoR008, 2011a).
circulation patterns by measuring the changes in the itdowever, we know that planetary emission spectra are not
frared brightness of the planet as a function of orbital phadlackbodies, and if we are able to obtain phase curve obser-
(Cowan and AgoR008, 2011a). An example of a thermalvations at multiple wavelengths we can map the planetary
phase curve is shown in Fig. 3. The amplitude of the fluemission spectrum as a function of longitude on the planet
variations relative to the secondary eclipse tells us the si (Knutson et al.2009a, 2012). If we assume that there are
of the day-night temperature gradient, while the locatmins no compositional gradients in the planet's atmosphere, the
flux maxima and minima indicate the locations of hotter anevavelength-dependence of the phase curve shape reflects
colder regions in the planet’s atmosphere. If we assume theltanges in the atmospheric circulation pattern as a func-
the hottest region of the planet is near the center of its dayien of depth in the atmosphere, with different wavelengths
side, then we would expect that the amplitude of the megrobing different pressures depending on the atmospheric
sured thermal phase curve should never exceed the deptlopfcity at that wavelength.
the secondary eclipse. In the absence of winds we would There are two additional observational techniques that
expect the hottest and coldest regions of the atmospheredan be used to place constraints on the atmospheric circu-
lie at the substellar and anti-stellar points, respectjar-  lation patterns and wind speeds of transiting planets. By
responding to a flux maximum centered on the secondamgeasuring the wavelength shift of the atmospheric trans-
eclipse and a flux minimum centered on the transit. Atmomission spectrum during ingress, when the leading edge of
spheric circulation models predict that hot Jupiters stioulthe planet’s atmosphere occults the star, and during egress
develop a super-rotating equatorial band of wisHgwman when the trailing edge occults the star, it is possible to es-
and Polvani2011); such a wind would shift the locations oftimate the wind speeds near the dawn and dusk terminators
these hot and cold regions eastward of their original locaf the planet Kempton and Rausch&012; Showman et
tions, causing the flux minima and maxima to occur jusal. 2012). A marginal detection of this effect has been re-



ported for HD 209458b3nellen et al.2010b), but it is a 2.6 Direct Imaging

challenging measurement requiring both high spectral res-

olution and a high signal-to-noise ratio for the spectra. We Finding low-mass companions (planets or brown dwarfs)
can also obtain a map of the dayside brightness distribsitiot? stars by direct imaging is extremely challenging and
on these planets by searching for deviations in the shape®fny factors come into play. First and foremost, at the ages
the secondary eclipse ingress and egress as compared to@hg&ost field stars, even massive planets are prohibitively
predictions for the occultation of a uniform disW/liams ~faint compared to main-sequence host stars. Even at the
et al. 2006;Agol et al. 2010; Majeau et al.2012;de Wit diffraction limit, planets at separations of less than afdw

et al. 2012). This effect has been successfully measuratll be buried in the point spread function of the star. Fertu
for HD 189733b at &:m and gives a temperature map con-nately, by taking advantage of planetary evolution and-care
sistent with that derived from the phase curve observation®!lly selecting the target stars, direct imaging is not only
Unlike phase curves, which only probe brightness as a funpossible but provides an exquisite means for atmospheric
tion of longitude, eclipse maps also provide some latitatlin characterization of the planets.

information on the dayside brightness distribution. The bolometric luminosity of gas-giant planets is a
smoothly varying function of time, is a strong function

2.4 Reflected Light of mass, and is well approximated by

Measurements of the reflected light from transiting ex- Lol () 1\
i i x (=] MPrY, (5)
trasolar planets are extremely challenging, as the visible Lo 1
“ght. planet-star contrast ratio Is much smaller t_han thgvheret is time, M is mass and is the photospheric Rosse-
equivalent value in the infrared. The best detections ar]d .
. L . : and mean opacity. The exponentss3, andy are approx-
upper limits on visible-light secondary eclipses to datesha imately 5/4, 5/2, and 2/5, respectivelgtévensan1991)
all come from space missions, including MOSRofve et al. y oI, ' ' P o :

2008), CoRoT Alonso et al.2009a, bSnellen et al2009; This equation is derived under several simplifying assump-
Snellén et al. 2010a) and' Ke Ie’raorucki ot al 2009’ tions for the interior equations of state and boundary condi
, ) L P S ' tions but, for masses below10 M,,,,, closely matches the

Désert et al.2011a,bKipping and Bako2011;Demory et - . P . .
al. 2011a, 2013Coughlin and bpez-Morale012;Mor- predictions of more_de'Falled num_erlcal S|mulat|qns (FDg_. 4
ris et al. 2013; Sanchis-Ojeda et al2013; Esteves et al. The mean opacity in eq. 5 is also a function of time

2013). Some of these same observations have also deteckféjt has a smaller impact on the _bqu evp!utlon compared
to the effect of the monochromatic opacities on the spec-

visible-light phase curves for these planets, which previd o : .
. : , : - “tral energy distribution, especially as photospheric dku
information on the planet’s albedo as a function of view- o

ome and go as a planet cools with time. Moreover, the

ing angle. Many of the planets ob;eryed are hot.e.noug.h ?Oeak dependence ansuggests that predictions fogJ. are
have some detectable thermal emission in the visible-light. ) T AR
o . L . Zfairly robust against uncertainties in atmospheric opesit
bands, and it is therefore useful to combine the visiblatlig - .7 . o
. o . : This simple model for planet evolution is often referred to
eclipse with infrared observations in order to separate out Y . . .
. - as “hot start” evolution and is very close to an upper limit on
the thermal and reflected-light componen@h(jstiansen o L . .
L . Lpor- However, it ignores the initial conditions established
et al. 2010; Désert et al. 2011b). One challenge is that . : : .
" ; - .~ by the formation process. Fig. 4 illustrates the evolution
many of the transiting planets with measured visible-ligh L . T
. . . : = of a planet with initial conditions inspired by core accre-
secondary eclipses orbit relatively faint stars, making in

frared eclipse measurements challenging for these target%gztgrg::g: Fortney et al, 2008b), resulting in a much

2.5 Polarimetry The ideal stars for direct imaging are those that provide
maximum contrast between planet light and scattered star
There have been some theoretical investigations of ptight. Equation 5 immediately reveals a key aspect of gi-
larized light scattered from hot Jupite&gager, Whitney, & ant planet evolution relevant for direct imaging searches —
Sasselo000,Stam et al2004,Madhusudhan & Burrows young planets are significantly more luminous than older
2012) as well as thermally emitted light from young gianplanets of equal mass. Furthermore, effective tempera-
planets Marley & Sengupt2011,de Kok et al.2011). In ture can be approximated by a similar equation as 5 (albeit
principle detecting polarized light can constrain the scatwith different exponents and a slightly weaker mass depen-
tering phase function and particle sizes of condensates dience), indicating that the peak of young planet SEDs shifts
a planetary atmosphere, but the data so far for hot Jupiteis shorter wavelengths with youth. These two characteris-
is unclear. Berdyugina et al.(2008) detected a high am- tics strongly suggest that the odds of imaging a planet are
plitude polarization signal in B band for the hot Jupitergreatly improved for planets around young stars. ldea$star
HD 189733b. HowevelViktorowicz(2009) was unable to are also nearby (for favorable angular separation) and have
confirm this result. Since the information supplied from pohigh proper motion (to easily distinguish bound compan-
larization measurements would be unique and complemeions from back/foreground stars).
tary compared to any other observational technique, furthe Even with carefully selected target stars, direct imaging
observational work is important. requires extreme high-contrast observations typicaliggis



oplanetary atmospheres and interpretation of exoplanetar
spectra. Models have been reported for exoplanetary at-
mospheres over a wide range of, (1) physical conditions,
from highly irradiated giant planets (e.g. hot Jupiters and
hot Neptunes) and super-Earths that dominate the transit-
ing planet population to young giant planets on wide or-
bital separations that have been detected by direct imaging
(2) computational complexity, from one-dimensional (1-D)
plane-parallel models to three-dimensional (3-D) general
circulation models (GCMs), and (3) thermochemical con-
ditions, including models assuming solar-composition in
_ 1 thermochemical equilibrium as well as those with non-solar
6 F 70 figseeia stor) e TS abundances and non-equilibrium compositions.
: The complexity of models used depend on the nature
of data at hand. For low resolution disk-integrated spectra
T that are typically observed, 1-D models provide adequate
60 65 70 75 80 85 90 means to derive surface-averaged atmospheric temperature
log (oge) [yr] and chemical profiles which are generally consistent with
those from 3D models. But, when orbital phase curves are
Fig. 4.— Evolution of bolometric luminosity for giant plan- observed, 3D models are necessary to accurately model and
ets. Solid lines are hot-start models frddaraffe et al. constrain the atmospheric dynamics.
(2003) and dotted lines are based on eq. 5 for the same . I
masses (see labels). Large changes in the equation of srt%t%'l Self-consistent Equilibrium Models
make eq. 5 invalid above 8 Mjyp. The dashed curveisa  Traditionally models of exoplanetary atmospheres have
cold-start model fronfrortney et al.(2008b) and illustrates been based on equilibrium considerations. Given the plane-
the impact of different initial conditions. tary properties (incident stellar irradiation, planeteagtius,
and gravity) and an assumed set of elemental abundances,

: . egpilibrium models compute the emergent stellar spectrum
adaptive optics and large aperture telescopes on the groun . e . o

e . —under the assumptions of radiative-convective equiliitiu
(e.g., at Keck, VLT, Subaru, and Gemini) or observations

from space (e.g., Hubble). In practice, candidates are COcr_wemical equilibrium, hydrostatic equilibrium, and local
. P 9 b - 1N practice, phermodynamic equilibrium (LTE) in a plane-parallel at-
firmed as companions by establishing common proper m?ﬁosphere geager and Sasselo998; Sudarsky et al
tion with the host star over two or more observing Seasong, . Seager et a).2005; Barman et ’aI 2005 Fortney.
Generally, d_ire_ct Imaging SUIVEYS as yet have had MoiG al., 2006; BurroWs et a,l 2007 2008as. The’constraint
to say about limits than revealing large sample_s (.)f p_Iandf radiative-convective equilibrium allows the determina
ets. For example, using the power-law planet distributions

of Curnming et al(2008) Nielsen et al.(2010) find that 0 2B S8 SR EPma MRS O A TSt e
less than 20% of FGKM-type stars have planetst M ; P

in orbits between 60 and 180 AU (depending on the masgﬁectlon 3.2_). The constra|_nt of chemical equilibrium alkow
L . s e determination of atomic and molecular abundances that
luminosity-age models used). Examples of discoveries are;

2M1207b Chauvin et al, 2005), Fomalhaut ialas et al provide the source of opacity in the atmosphere (see sec-

2008), Beta Pic bl(agrange et al, 2010), IRXS J1609 b tlgn 3:3) and hydrqstatlc equilibrium relates pressureto r _

" dial distance. Typically, solar abundances are assumed in
(Lafreniere et al., 2010) and the quadruple-planetary sysy, ., 1o qels- Additional assumptions in the models include
tem HR 8799 b, ¢, d, and eM@arois et al, 2008, 2010). ' P

; ; arametric flux from the interior, parameters represent-
There have been several other recent detections of direc
. ) " Mg unknown absorbers (e.d®urrows et al, 2007, 2008),
imaged planetary/substellar objects orbiting young stars

e...x And (Carson et al, 2013), GJ 504Kuzuhara et al, and prescriptions for energy redistribution from the ddgsi

. to the nightside (e.gFortney et al, 2006;Burrows et al,
20.13)’ HD 106_906$a|ley et al, 20.14)’ but we noFe that 2007). Yet other models adopt-T' profiles from equilib-
reliable age estimates are needed in order to obtain aecurat

i . fium models, or ‘gray’ solutions (e.dgdansen 2008;Guil-
masses for these objects (eldinkley et al, 2013). lot et al, 2010;Heng et al, 2012), but allow the chemical

3. THEORY OF IRRADIATED ATMOSPHERES compositions to vary from solar abundances and chemical
equilibrium (Tinetti et al, 2007;Miller-Ricci et al, 2009).
Equilibrium models are expected to accurately represent
3.1 Atmospheric Models exoplanetary atmospheres in regimes where atmospheric
dynamics and non-equilibrium processes do not signifi-
In parallel to the observational advances, the last decadantly influence the temperature structure and chemical
has also seen substantial progress in the modeling of esemposition, respectively. Perhaps mostly readily under-
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stood are cases where radiative equilibrium is not expected _ 4q-

. .. - . = o

in the visible atmosphere. Such a case is likely found in the § 10~

atmospheres of hot Jupiters, where extreme dayside forcingz 1072 T :g: ]
a

and advection should strongly alter the temperature struc-
ture from radiative equilibrium (e.gSeager et aJ.2005).
When prescribed abundances are used, it can also be dif-

1073

rgs/cm

ficult to diagnose abundance ratios that are different than . e
assumed, unless a large number of models are run. o 10k
3.1.2 Parametric Models and Atmospheric Retrieval g

L 107

Recent advances in multi-band photometry and/or spec-
troscopy have motivated the development of parametric 8
models of exoplanetary atmospheres. Parametric models
compute radiative transfer in a plane-parallel atmosphere
with constraints of LTE and hydrostatic equilibrium, sim-
ilar to equilibrium models, but do not assume radiative-
convective equilibrium and chemical equilibrium that are
assumed in equilibrium models. Instead, in parametric
models theP-T profile and chemical abundances are free
parameters of the models. For example, in the original

HST WFC3

Fplnnel/Falar (1 0_5)

Spitzer IRAC 1

models ofMadhusudhan and Seagé2009) the temper- 0 [a [ [36\a5Y 58 80 \]
ature profile and molecular abundances constitute 10 free 1 10
parameters; six parameters for the temperature profile and Wovelength (um)

four for the molecular abundances o0$®l, CO, CH,, and ) ) o
COy, and the models are constrained by the requirement bt9- 2— Models of dayside thermal emission from a typ-

global energy balance. On the other harek et al.(2012) c@l hot Jupiter atmosphere (see section 3.I0p Emer-
andLine et al. (2012) consider ‘level-by-levelP-T pro- gent spectra for two models with and without a thermal in-

files where the temperature in each pressure level(H0 version in the atmosphere (corresponding P-T profiles are

levels) can be treated as a free parameter. Newer modelsSHPWN in inset, along with the TiO condensation curve).
carbon-rich atmospheres include additional molecules, e.! e model without (with) a temperature inversion shows

HCN and GH., as free parametersiadhusudha2012). molecular bands in absorption (emissioBottom Spec-
Parametric models are used in conjunction with stdfum of the planet-to-star flux ratio. The circles show the
tistical algorithms to simultaneously retrieve the tengper M0del binnedin the various photometric bandpasses shown.

ture profile and chemical composition of a planetary atmo-

sphere from the observed spectral and/or photometric datgres 0f~300-2400 K, temperatures found in hot Jupiters,
Whereas early retrieval results used grid-based optimizgirecﬂy imaged planets, and cooler gas giants as well.
tion schemesNladhusudhan & Seag@009), recentresults patapbases for pD, CO, CQ and NH; have recently im-
have utilized more sophisticated statistical methods SU(ﬁ?oved dramatically (e.gRothman et a).2010; Tennyson
as Bayesian Markov chain Monte Carlo methot#ad- g vurchenko2012). A remaining requirement among the
husudhan et al2011;Benneke and Seag@012; Line et gominant molecules is a revised database for methane. Re-
al. 2013) and gradient-descent search methbes €t al,  cent reviews of opacities used in modeling giant planet and
2012, 2013}ine et al, 2012). brown dwarf atmospheres can be foun&marp & Burrows
3.1.3 Opacities (2007) andreedman et al(2008). For molecules expected
to be common in terrestrial exoplanet atmospheres, there is
For any atom, molecule, or ion found in a planetary atzonsiderable laboratory work done for Earth’s atmospheric

mosphere it is important to understand the wavelength dgpnditions. However, for very hot rocky planets, databases
pendent opacity as a function of pressure and temperatugge |acking at higher temperatures.

Similarly for materials that condense to form solid or lidjui

droplets, one needs tabulated optical properties such tt&p Theory of Thermal Inversions

cloud opacity can be calculated from Mie scattering theory.

Opacity databases are generally built up from laboratory The atmospheric temperature structure involves the bal-

work and from first-principles quantum mechanical simulaance of the depth-dependent deposition of stellar energy

tion. The rise of modern high-performance computing hasito the atmosphere, the depth dependent cooling of the

allowed for accurate calculations for many molecules oveatmosphere back to space, along with any additional non-

a wide pressure and temperature range. radiative energy sources, such as breaking waves. In terms
These databases have generally also been well-testfttadiative transport only, the emergence of thermal inver

against the spectra of brown dwarfs, which span temperaions can be understood as being controlled by the ratio of



opacity at visible wavelengths (which controls the depth to
which incident flux penetrates) to the opacity at thermal in-
frared wavelength, which controls the cooling of the heat- 1074h
ing planetary atmosphere. Generally, if the optical opacit
is high at low pressure, leading to absorption of stellar flux
high in the atmosphere, and the corresponding thermal in- ;-
frared opacity is low, the upper atmosphere will have slower
cooling, leading to elevated temperatures at low pressure.
Temperature inversions are common in the solar system,
due, for instance, to £in the Earth, and absorption by pho-
tochemical hazes in the giant planets and Titan. 107
Early models of hot Jupiters did not feature inversions,
because early models had no strong optical absorbers at lows
pressures.Hubeny et al. (2003) pointed out that for the =X 10
hottest hot Jupiters, TiO and VO gas could lead to absorp-
tion of incident flux high in the atmosphere, and drive tem-
perature inversions, as shown in Fig. 5. This was confirmed 107" p - oo . o o
by Fortney et al. (2006) and further refinedrortney et al. ’ c/0 ’ ’ ¢/0 ’
(2008a)andBurrows et al.(2008).

Atthis time there is no compelling evidence for TIO/VOFjg. 6. — Dependance of molecular mixing ratios in chemi-

gas in the atmospheres of hot JupiterBurrows et al. ca| equilibrium on C/O ratio and temperatuf® ( Adapted
(2008) in particular has often modeled atmospheres with 8fbm Madhusudhai(2012).

ad hoc dayside absorber, rather than TiO/VO in particular.

Cloud formation is also a ubiquitous process in planetary

atmospheres, and cloud formation may actually remove $ponsible for the dominant features of giant planet spectra

and V from the gas phase, locking these atoms in Ca-Tand are the primary probes of physico-chemical processes

O bearing condensates below the visible atmosphere. Thistheir atmospheres and their formation histories.

could keep even the upper atmospheres of the hott_est plapy 4 Equilibrium Chemistry

ets free of TiO/VO gasSpiegel et al.2009). Cold night

sides could also lead to Ti and V condensing dbitgw- It is customary in exoplanet models to assume that the

man et al.2009) and being lost from the day side. It mayatmospheres are in chemical equilibrium, and to investigat

also be possible that high chromospheric emission from tieviations from equilibrium when data necessitates. The

host star could dissociate inversion-causing compounds @emical composition of a gas in chemical equilibrium at

the planetary atmosphere, thereby precluding the formati@ given temperaturel() and pressureKX), and elemental

of thermal inversionsnutson et al2010). abundances, is governed by the partitioning of species that
Another possibility is that the chemistry in some atmominimizes the Gibbs free energy of the chemical system

spheres allows for TiO gas to form in abundance, but ife.g. Burrows & Sharp 1999; Lodders & Fegley 2002;

other atmospheres it does not, because there is little-avafleager et a).2005). Temperatures in atmospheres of cur-

able oxygenMadhusudhan et al(2011b) showed that the rently known irradiated giant exoplanets span a wide range

atmospheric C/O ratio can control the abundance of Tid;~500-3000 K). For the elemental abundances, it is custom-

C/O > 1 can cause substantial depletion of TiO and VO. ary to adopt solar composition, whereby oxygen is the most

dominant element, after H and He, followed by C; the C/O

3.3 Chenmistry in Giant Planetary Atmospheres ratio being 0.5 (e.gAsplund et al.2009).

Considering solar abundances and chemical equilibrium,

As discussed in section 3.1, the chemical composition20 is the dominant carrier of oxygen at all temperatures,

of a planetary atmosphere strongly influences its temperghereas carbon is contained in CO and/or,Gtépend-
ture structure and spectral signatures, and, hence, formég on the temperaturd); at a nominal pressure of 1 bar,
critical component of atmosphere models. Extrasolar giFHs dominates for TS 1300 K, whereas CO dominates for
ant planets, similar to Jupiter and Saturn in our solar sy&igherZ'. Molecules such as GONHs, and hydrocarbons
tem, are expected to host primary atmospheres compodegsides Cll, also become prominent depending on the tem-
largely of hydrogen (H) and helium (He), as evident fronrperature Burrows and Sharp1999; Lodders and Fegley
their masses and radii (e@rtney et al, 2007; Seager et 2002;Madhusudhan and Seag2011;Visscher & Moses
al., 2007). In addition, the atmospheres are also expect@®11; Moses et al. 2011). For higher metallicities than
to contain a number of less abundant molecular and atorrfige solar, the molar fractions (or ‘mixing ratios’) of alleth
species comprising of heavier elements (e.g. O, C, N) ifolecules are systematically enhanced. While solar abun-

proportions governed by the primordial abundandasr{ dances form a reasonable starting point for atmospheric
rows & Sharp 1999). It is these ‘trace species’ that are remodels, recent studies have shown that the molecular com-
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positions in H-rich atmospheres can be drastically difiere 3.4 Atmospheric Dynamics
for different C/O ratios, as shown in Fig. 6. While@ is
abundant in solar composition atmospheres, it can be sig- Understanding atmospheric dynamics goes hand in hand
nificantly depleted for C/Q> 1, where C-rich compounds with understanding the radiative and chemical properties
dominate the compositiolseager et aJ.2005;Helling and  of atmospheres. For strongly irradiated planets, advectio
Lucas, 2009; Madhusudhan et gl.2011b; Kopparapu et moves energy from day to night and from equator to pole.
al., 2012;Madhusudhan2012;Moses et al.2013). Additionally, vertical mixing can drive atmospheres away
from chemical equilibrium (see section 3.3.2). Several re-
cent studies have reported three-dimensional General Cir-
The interplay of various physical processes can driveulation Models (3D GCMs) of exoplanets, particularly for
planetary atmospheres out of chemical equilibrium, resultrradiated giant planets for which phase curve data is avail
ing in deviations in molecular abundances from those disble to constrain the model€liio et al, 2008; Showman
cussed above. Non-equilibrium chemistry in exoplaneet al., 2008,2009;Dobbs-Dixon et al.2010; Heng et al,
tary atmospheres have been studied in the context of (2)11;Rauscher and Meng2012). A full review of atmo-
vertical mixing of species due to turbulent processes aspheric dynamics is beyond the scope of this chapter, but re-
timescales shorter than the equilibrium reaction timeescal cent reviews for hot Jupiters can be foundimowman et al.
(also known as ‘eddy diffusion’), (b) photochemical reac{2008), for exoplanets in general8howman et al(2009),
tions of species driven by strong incident irradiation, anénd for terrestrial exoplanets 8howman et al(2013).
(c) molecular diffusion or gravitational settling of spesi Here, we will focus on a small number of relatively sim-
Non-equilibrium chemistry is prevalent in the atmospheregle parameters which to first order help us understand the
of all solar system giant planetsyng and Demorel999) dynamics. The first is the dynamical or advective timescale
and several brown dwarfs (e.dNoll et al,, 1997), and is (7aqv), the characteristic time to move a parcel of gas,
similarly expected to be prevalent in the atmospheres of ex-
oplanetsZahnle et al.2009;Moses et al.2011, 2013). Bp (6)

Tadv — )
Several recent studies have reported investigations of U

non-equilibrium chemistry in exoplanetary atmospheregneret is the characteristic wind speed aRg the planet
over a wide range of temperatures, metallicities, and C/Q,gius GShowman & GuilloR002,Seager et al2005).

ratios (Cooper and Showmar2006; Zahnle et al, 2009; What effect this may have on the dynamical redistribu-
Line et al.,2010; Vischer and Mose=010;Madhusudhan jon, of energy in a planetary atmosphere can be considered
and Seager2011;Moses et al.2011,2013Kopparapu et after estimating the radiative timescalgaq. Assuming

al., 2012;venot et al. 2012). A general conclusion of thesenewtonian cooling, a temperature disturbance relaxes ex-
studies is that non-equilibrium chemistry is most preveler,onentially toward radiative equilibrium with a charadser

in cooler atmospheresl{q < 1300), whereas very hot e time constantyaq (€.g.,Goody & Yungl989). At pho-

atmospheresleq < 2000) tend to be in chemical equilib- 4spheric pressures this value can be approximated by
rium in steady state in regions of exoplanetary atmospheres

that are accessible to infrared observations, i.e. pressur P cp
between~1 mbar and-1 bar. Trad ™ 4T
One of the most commonly detectable effects of non- _
equilibrium chemistry is the CO-CHtlisequilibrium due to  Whereo is the Stefan-Boltzmann constant ards the spe-
vertical mixing in low-temperature atmospheres. As dis¢ific heat capacityghowman & Guillo2002).
cussed above, in regions of a planetary atmosphere where!t iS the ratio ofrraq 10 7aqv that helps to understand how
T < 1300 K, chemical equilibrium predicts CHto be the efficient temperature homogenization will be |n.the atmo—
dominant carbon-bearing species whereas CO is expect@Ri€re. Ifrrad << 7aqv, then the atmosphere will readily
to be less abundant. However, vertical fluid motions due tg°0! before dynamics can move energy. One would expect
avariety of processes can dredge up CO from the lower hgtlarge day-night contrast beMeen the hottest part_of 'ehe_ at
ter regions of the atmosphere into the upper regions whef@osphere at the substellar point and the cqolgr m_ght s.|de.
it becomes accessible to spectroscopic observations: Sirfi Trad << 7adv, then temperature homogenization is quite
lar disequilibrium can also take place for the-NH; pair ~ efficientand one wc_)uld expect comparable temperatures on
in low temperature atmospherés & 600 — 800 K). the qlay and nlght sides. A toy model demonstrating this ef-
Models of non-equilibrium chemistry described abovd&ct in hot Jupiters can be found@owan & Agol(2011a).
span a wide range in complexity, including photochemistry, For hot Jupiters, which are often assumed to be tidally
kinetics, and eddy diffusion, albeit limited to only the ma-0cked, we are actually in a beneficial position for being
jor chemical species as necessitated by available data. THle to understand the dynamics observationally. This is
most extensive non-equilibrium models reported to date féfue to the flow length scales being planetary-wide in na-
H,-rich atmospheres still consider reaction networks inturé. Tidally locked hot Jupiters rotate with periods of siay
cluding only the major elements H, He, O, C, Nigses while Juplte_r itself rotate§ in 10 hours. Th|s significantly
etal, 2011,2013), and S (e.gahnle et al, 2009). slower rotation leads to wider bands of windsl(3 for hot

3.3.2 Non-equilibrium Chemistry

(7)
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Jupiters, rather than-20 for Jupiter). These flow scales are unpublished observations for several additional péane
can be understood via the characteristic Rhines length athlike previous single-wavelength observations, the mult
Rossby deformation radiuShowman et al2009). Both wavelength phase curve data for HD 189733b are not well-
predict that faster rotation will lead to narrower bands anchatched by current atmospheric circulation models, which
smaller vortices. Furthermore, as discussed in section 218ay reflect some combination of excess drag at the bottom
the resulting winds in hot Jupiters cause an eastward shdf the atmosphere and chemistry that is not in equilibrium.
of the dayside hot spot away from the substellar point. Snellen et al(2009) published the first visible-light mea-
The study of the atmospheric dynamics of young selfsurement of a phase curve usi@gRoTobservations of the
luminous planets (such as Jupiter at a young age) is sthbt Jupiter CoRoT-1b. This was followed by a much higher
in its infancy. Showman & Kasp{2013) stress that the signal-to-noise visible-light phase curve usikgpler ob-
faster rotation periods of these planets (which are nollyida servations of the hot Jupiter HAT-P-7b. At these visible
locked due to their young ages and large distances fromavelengths the measured phase curve is the sum of the
their parent stars) will lead to flow that is rotationally dom thermal and reflected light components, and infrared ob-
inated. The forcing of these atmospheres is dominated Isgrvations are generally required to distinguish betwien t
the internal heat flux, rather than incident stellar flux. Théwo. Most recentlyDemory et al.(2013) reported &Eepler
radiative-convective boundary in such planets is esdfntia phase curve of the hot Jupiter Kepler-7b and inferred a high
coincident with the visible atmosphere, rather than beingeometric albedo (0.35 0.02) and the presence of spa-
down at hundreds of bars as in typical hot Jupiters. Futut&lly inhomogeneous clouds in the planetary atmosphere.
work will likely aim to better understand time variability o We can compare the statistics of atmospheric circulation
surface fluxes, surface heterogeneity, and vertical mixing patterns over the current sample of hot Jupiters. Although
our sample of phase curves is limited, it is possible to obtai

4. INFERENCES FOR HOT JUPITERS a rough estimate of the amount of energy that is transported
to the planet’s night side by fitting the dayside spectrum
4.1 Brightness Maps and Atmospheric Dynamics with a blackbody and then asking how the estimated tem-

perature compares with the range of expected temperatures

In order to detect the phase curve of an extrasolar planebrresponding to either no recirculation or full recircula
we must measure changes in infrared flux with amplitudgson. Cowan and Ago{2011b) published an analysis of the
less than a few tenths of a percent on time scales of seexisting body of secondary eclipse data and found that there
eral days. This is challenging for ground-based telesgopesas a large scatter in the inferred amount of recirculation
and the only successful phase curve measurements to dieplanets with predicted dayside temperatures cooler tha
have come from theSpitzer CoRoT and Kepler Space approximately 2300 K, but that planets hotter than this tem-
TelescopesThe firstSpitzerphase curve measurements inperature appeared to have consistently weak recirculation
the published literature were for the non-transiting ptane of energy between the two hemispheres. Existing full-orbit
v And (Harrington et al. 2006) and HD 179949Cowan phase curve data support this picture, although WASP-12b
et al. 2007), but without a radius estimate from the transitmay be an exceptiorCowan et al.2012).
and a measurement of the dayside flux from the secondary
eclipse depth these sparsely sampled phase curves are di2 Thermal Inversions
ficult to interpret. Knutson et al.(2007) reported the first
continuous phase curve measurement for the transiting hjl)
Jupiter HD 189733b at 8m usingSpitzer This measure-
ment indicated that the planet had a dayside temperature of The diagnosis of temperature inversions has always been
~1200 K and a nightside temperature-01000 K, along recognized to be a model dependent process. A clear indi-
with a peak flux that occurred just before secondary eclipsgtion of an inversion would be molecular features seen in
indicating that strong super-rotating winds were redisiii ~ emission, rather than absorption, for multiple speciessxr
ing energy from the day side to the night side, consistemt wide wavelength range. At present low-resolution emis-
with predictions of GCM modelsshowman et al2009). sion spectra are available for only a handful of hot Jupiters

To date infraredSpitzerphase curves have been pub<e.g., Grillmair et al., 2008; Swain et al.,2008a,2009),
lished for six additional planets, including HD 149206bhowever with no definitive evidence of a thermal inversion.
(Knutson et al. 2009b), HD 209458b(rossfield et al. Progress, instead, had to rely on wide photometric band-
2012a), HD 80606bl@ughlin et al. 2009), HAT-P-2b passes, mostly frorspitzerIRAC from 3-10um as well
(Lewis et al. 2013), WASP-12bCowan et al. 2012, and as some ground-based measurements, mostly imand.
WASP-18b Maxted et al. 2012). Two of these plan- These bandpasses average over molecular features, mak-
ets, HD 80606b and HAT-P-2b, have eccentric orbits anithg unique identifications difficult. If the atmosphere is as
phase curve shapes that reflect the time-varying heatisgmed to be in chemical and radiative equilibrium it be-
of their atmospheres. HD 189733b is currently the onlgomes easier to identify planets with inversioBsirows et
planet with published multi-wavelength phase curve obal., 2008;Knutson et al.2008,2009b), but this assumption
servations Knutson et al. 2009b, 2012), although there may not be accurate for many exoplanetary atmospheres.

t2.1 Inferences of Thermal Inversions in Hot Jupiters
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Even if one assumes a solar C to O ratio it is still usuallyhat everywhere on the day and night sides temperatures are
possible to find equally good solutions with and withouhot enough to avoid Ti condensation. Recefidymentier
temperature inversions for the cases where molecular abiet-al. (2013) examined 3D simulations with an eye towards
dances are allowed to vary as free parameters in the fiugderstanding if Ti-rich grains could be kept aloft by verti
Madhusudhan and Seag&010). cal motion. They suggest that temperature inversions could
It has long been suggested that there should be a connée- a transient phenomenon depending on whether a given
tion between the presence of inversions and a very stromigyside updraft were rich or poor in Ti-bearing material,
absorber in the optical or near UV, such as TiO or VQhat could then vaporize to form TiO.
(Hubeny et al.2003, Fortney et al. 2006a,Burrows et al. Knutson et al.(2010) demonstrated that the presence or
2008,Zahnle et al.2009). However, to date the is no com-absence of thermal inversions in several systems are cor-
pelling observational evidence for such an absorber. Thelated with the chromospheric activity of their host stars
difficulty occurs for at least two reasons. The first is that alin particular, there seems to be a modest correlation be-
occultation, the planet-to-star flux ratio is often inctdgi tween high stellar activity and the absence of thermal inver
small, on the order af0—*—10~2in the near-infrared, such sions. This could mean that high stellar UV fluxes destroy
that obtaining useful data on the dayside emission/reflecti the molecules responsible for the formation of temperature
of hot Jupiters is technically quite difficult. A seeminglyinversions Knutson et al2010).
easier alternative would be to observe optical absorbers in Madhusudharf2012) have suggested that the C/O ratio
transmission during the transit. However, here we are harim hot Jupiter atmospheres could play an important role in
pered by the fact that the transmission observations probentrolling the presence or absence of atmospheric TiO, and
the terminator region, rather than the dayside. Since th®nce the presence or absence of temperature inversions. In
terminator can be appreciably cooler and receive much leptanets with C/O> 1, CO takes up most available oxygen
incident flux, the chemical composition of the terminatoteaving essentially no oxygen for TiO gas. In this frame-
and daysides can be different. Alternatively, it has beework, the strongly irradiated planets that are hot enough
suggested that temperature inversions may also arise frahat TiO gas would be expected, but observationally lack
non-radiative processes (eldenoy 2012). temperature inversions, would be carbon-rich gas giants.

4.2.2 Non-detections of Thermal Inversions and Possible

. 4.3 Molecular Detections and Elemental Abundances
Interpretations

For a number of planets there is no compelling evidence Early inferences of molecules in exoplanetary atmo-
for a temperature inversion. This essentially means thespheres were based on few channels of broadband photom-
is no heating source at low pressure that cannot have thetry obtained usin@pitzerandHST. Deming et al.(2005)
excess energy effectively radiated to space. This likedg al andSeager et al(2005) reported non-detection o£8 in
negates the possibility of a high altitude optical absqgrbethe dayside of hot Jupiter HD 209458b, observed in thermal
unless this absorber also was opaque in the thermal infrarenission. On the other harBlarman(2007) reported an in-

There have been several discussions of how the “TiO hyerence of HO at the day-night terminator of HD 209458b.
pothesis” could be incorrect. It was originally pointed oufTinetti et al. (2007) inferred the presence ot 8 at the
by Hubeny et al.(2003) that a cold trap could remove TiO day-night terminator of another hot Jupiter, HD 189733b,
gas from the visible atmosphere. If the planet@AT pro- although the observations have been a subject of debate (see
file crosses the condensation curve of a Ti-bearing solid atg.Beaulieu et al.2008;Désert et al. 2009).
high pressures{ 100 — 1000) bars in the deep atmosphere, Early attempts have also been made to infer molecules
this condensation would effectively remove TiO gas fronusing space-based spectroscopy. H&T NICMOS in-
the upper atmosphereSpiegel et al. (2009) investigated strument (1.8 — 2.3im) was used to report inferences of
this scenario in some detail and found that vigorous vdrtic&l, O, CH,, and/or CQ in the atmospheres of hot Jupiters
mixing would be required to “break” the cold trap and transHD 189733b, HD 209458b, and XO-lis\ain et al.
port Ti-bearing grains into the visible atmospheres, wher2008a;Swain et al. 2009a,b;Tinetti et al, 2010). How-
they would then have to be vaporized. They also pointed oever, there is ongoing debate on the validity of the spec-
that TiO itself is a relatively heavy molecule, ah@z val- tral features derived in these studigzilfson et al. 2011;
ues of10” cmPs~* are required to even keep the moleculéBurke et al, 2010; Crouzet et al. 2012), and in the inter-
aloft at millibar pressures. pretation of the dataWadhusudhan & Seage2009;Fort-

Showman et al(2009) discuss the related phenomenomey et al, 2011). Grillmair et al. (2008) inferred HO in
of the night side code trap, which could also be problematithe dayside atmosphere of HD 189733b us8mitzerIRS
for TiO gas remaining on the day side. Super-rotation ocspectroscopy (also s&arman 2008), but Madhusudhan &
curs in hot Jupiters, such that gas is transported around tBeager (2009) suggest only an upper-limit gi-based on
planet from day to night and night to day. On the coolea broader exploration of the model space.
night side, Ti could condense into refractory grains, and Recent advances in multi-channel photometry and con-
sediment down, thereby leaving the gas that returns to tleemitant theoretical efforts are leading to statisticah-co
day side Ti-free. One might then need a planet hot enougitraints on molecular compositions. Observations of ther-
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mal emission from hot Jupiters in four or more channelwith respect to the various ice lines in the protoplanetary
of Spitzerphotometry, obtained duringpitzer'scryogenic  disks. Alternately, inherent inhomogeneities in the C/O ra
lifetime, are now known for20 exoplanets (e.gChar- tios of the disk itself may also contribute to high C/O ratios
bonneau et a).2008;Knutson et al.2008, 2012Machalek in the giant planets\adhusudhan et g12011b).

et al, 2008; Stevenson et al2010; Campo et al. 2011; We are also beginning to witness early successes in
Todorov et al. 2011; Anderson et a).2013). Parallel ef- transit spectroscopy using tHeST WFC3 spectrograph
forts in developing inverse modeling, or ‘retrieval meth-and ground-based instrument®eming et al. (2013) re-
ods’, are leading to statistical constraints on moleculgsorted high S/N noise transmission spectroscopy of hot
abundances and temperature profiles from limited photdupiters HD 209458b and XO-1b, and a detection ¢®H
metric/spectroscopic data (see section 3.1). Using this aipm HD 209458b. WFC3 spectra have been reported recently
proach, Madhusudhan and Seagé2009) reported con- for several other hot Jupiter&ibson et al.2012;Swain et
straints on HO, CO, CH,, and CQ in the atmospheres of al., 2012;Huitson et al, 2013;Mandell et al, 2013). Low

HD 198733b and HD 209458b (also 9dadhusudhan and resolution near-infrared spectra of hot Jupiters are aéso b
Seager2010,2011t ee et al, 2012;Line et al, 2012). ing observed from ground (e.Bean et al.2013).

Constraints on molecular compositions of moderately Recent efforts have also demonstrated the feasibility of
irradiated exoplanets are beginning to indicate depastureonstraining molecular abundance ratios of atmospheres of
from chemical equilibrium. As discussed in section 3.3fransiting as well as non-transiting hot Jupiters usindnhig
low temperature atmospheres provide good probes of noresolution infrared spectroscopy (see section 2.2). Tdte te
equilibrium chemistry, especially of CO — GHlisequi- nique has now been successfully used to infer the presence
librium. Stevenson et al(2010) andMadhusudhan and of CO and/or HO in the non-transiting hot JupiterBootis
Seager(2011) reported significant non-equilibrium chem-(e.g. Brogi et al, 2012;Rodler et al, 2012) and the tran-
istry in the dayside atmosphere of hot Neptune GJ 436iting hot Jupiter HD 189733b (e.gde Kok et al. 2013;

(but see section 6). Non-equilibrium chemistry could als&odler et al, 2013); also se€rossfield et al.(2012c).

be potentially operating in the atmosphere of hot Jupiter

HD 189733b Visscher and Mose011; Knutson et al. 4.4 Atomic Detections

2012). FurthermoreSwain et al.(2010) reported a detec-

tion of non-Local Thermodynamic Equilibrium (non-LTE)  One of the early predictions of models of hot Jupiters

fluorescent Cll emission from the hot Jupiter HD 189733bwas the presence of atomic alkali absorption in their atmo-
(also se&Valdmann et al2012; but cfiMandell et al.2011; spheres. Spectral features of Na and K, with strong reso-
Birkby et al.2013). nance line doublets at 589 and 770 nm, respectively, were

Nominal constraints have also been reported on the elpredicted to be observable in optical transmission spectra
mental abundance ratios in exoplanetary atmospheres. #&hot Jupiters $eager and Sassel®000). The strong
discussed in section 2, it has now become routinely pogressure broadened lines of these alkalis are well-known
sible to detect thermal emission from hot Jupiters usingn brown dwarf atmospheres at these sdfpgvalues. To
ground-based near-infrared facilities. The combinatibn adate Na has been detected in several planets including HD
space-borne and ground-based observations provide a 1a2@0458b Charbonneau et a002), HD 189733bRedfield
spectral baseline (0.8m - 10 um) facilitating simulta- et al. 2008), WASP-17b\(ood et al. 2010), and others,
neous constraints on the temperature structure, multipkehile K has been detected in XO-28i(ig et al.2011). Itis
molecules, and on quantities such as the C/O ratio. Useot yet clear if the lack of many K detections is significant.
ing such a dataset (e.d@Croll et al., 2011; Campo et al. Detailed observations of the well studied pressure-
2011),Madhusudhan et al(2011a) reported the first sta- broadened wings of the Na absorption feature can allow for
tistical constraint on the C/O ratio in a giant planet atmoadditional constraints on the planetary temperature struc
sphere, inferring a C/G 1 (i.e. carbon-rich) in the dayside ture. Since the line cores of the absorption features are
atmosphere of hot Jupiter WASP-12b. However, the olfermed at low pressure, and the pressure-broadened wings
servations are currently a subject of active debate (see eaj higher pressure, models of temperature as a function of
Cowan et al. 2012;Crossfield et al.2012c;Fohringet al., height can be tuned to yield the temperature-pressuregrofil
2013). More recentlyMadhusudharf2012) suggested the at the terminator of the planet (elduitson et al.2012).
possibility of both oxygen-rich as well as carbon-richatmo  The escaping exosphere that has been observed around
spheres in several other hot Jupiters. several hot Jupiters is another area where atomic detsction

Robust constraints on the elemental abundance ratibave been made. Most clearly, neutral atomic hydrogen has
such as C/O could help constrain the formation conditionseen observed as a large radius cloud beyond the Roche
of exoplanetsLodders(2004) suggested the possibility of lobe from two well-studied hot Jupiters, HD 209458b and
Jupiter forming by accreting planetesimals dominated by tadD 189733b Yidal-Madjar et al, 2003; Lecavelier des
rather than water-ice (but 8ousis et al.2012). Following Etangs et al. 2010;Linsky et al, 2010). A recent review
the inference of C/O> 1 in WASP-12b Madhusudhan et of the theory of exospheres and atmospheric escape from
al., 2011a)Oberg et al(2011) suggested that C/O ratios inhot Jupiters can be found irelle, Lammer, & Wing-Huen
envelopes of giant planets depend on their formation zon€2008). Neutral and ionized metals have been directly ob-
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served or inferred in the escaping exospheres of seve@mposition of the cloud material. The clouds may orig-
planets Vidal-Madjar et al. 2004, Fossati et al. 2010, inate from condensation of silicates or other refractory
Astudillo-Defru & R0jo2013). “rocky” materials, or from photochemical processes.

4.5 Hazes, Clouds, and Albedos 5. INFERENCES FOR DIRECTLY IMAGED PLANETS

In the absence of Rayleigh scattering or scattering fromrL Connections with Brown Dwarfs

;Ioulds, E‘” incide_nt flux frolml?parent star Wri'rlils be absorbed. The search for giant planets and brown dwarfs by di-
ayleigh scattering, mainly from gaseous, kb important . ¢ imaging have gone hand-in-hand over the decades in

in the relatively cloud-free visible atmogpheres of Uranurﬁart because they have overlapping criteria for good stel-
agd l\(ljepttune.IHov;/ever, warm planet_f will have mtECh molﬁr targets. In fact, the earliest examples of L and T brown
abundant molecu ‘:"I_L gasiouslbo%am yf sour<|:es ar_lnso 8lvarfs, GD165B and GI229B respectively, were discovered
system ice glant_s. us, the & edos of exop anets wi geBS/ imaging surveys of white dwarfs and nearby field stars
erally be determined by the relative importance of clouds.(Becklin et al, 1988: Nakajima et al, 1995). Numerous

Much of the early theoretical work on giant exoplanebrown dwarfs are now known, along with many that are
atmospheres focused on albedos and scattered light Sig%’mpanions to nearby stars '

tures Marley et al. 1999,Seager et al.2000,Sudarsky et The atmospheres of brown dwarfs, of all ages, pro-

al. 2000). hIn W?rm pl_anets z_;\(k))ove 3000 K’_CIOll\J/IdSS(_)f SiIi'vide the best analogues to the atmospheres of directly im-
catesf(sucd az orste.rlteli IY@ 4 an ﬁ)nsdtatltfe, ﬁ 1) | ged planets with the first major similarity being tempera-
were found to dramatically increase albedos forwhatwoulf), . ‘the coldest brown dwarfs currently known h@ye~

otherwise be quite dark planets. 300K while the youngest, most massive, brown dwarfs have

Evidence to date shows that indeed most hot Juplteﬁsém 2500K. As illustrated in Figure 7, this range is ex-

are quite dark at optical wavelengths. Ge_ometric_ alb&se cted to encompass the majority of directly imaged plan-
dos have been measured for several hot Jupiters using daf2  The masses of directly imaged planets also overlap
from MOST, CoRoT, and especially KepleRowe et al. with the low-mass end of brown dwarfs, suggesting simi-

(2008) used MOST data to derive a geometric aledg)( » SUgY g

lar surface gravities (Fig. 7), and convective interiorghwi
of 0.038 & 0.045 for HD 209458D.Snellen et al.(2010a) thin radiative H+He envelopes. Thus, combinations of ra-

measuredig — 0'16.4 + 0.032 for CORO.T'Zb’ but noteo_l diative, convective, hydrostatic, and chemical equilibri
that most of this flux I_|kely arose from optical thermal_em|s-are likely to be equally as useful baseline assumptions for
sion, no(;[ Ssca_ltteregoliglhtBarglalz/ eT al. d(2012) dedK'g' the atmospheres of directly imaged planets as they are for
ping and Spiege( ) used Kepler data to findg = brown dwarfs. Of course, deviations from equilibrium will

'(I)'r? 1?;)6 Ijlt( 0%0?]27 folrdTrES-IZb,hthe fur(rjen(‘; “darkﬁst" plaget. occur, just as they do in some brown dwarfs, the planets in
e bulkcof the evidence Is that clouds do not have a domp, . g5y System and short-period exoplanets.

nant role in the absorption/scattering of stel_lar light,tfas _ Having characteristics that overlap with brown dwarfs

;:IaT(s Olf pI;\QetS. Powgverhtr\zre Ere outliers. IPkpI"j‘rt'CLéilIows us to leverage nearly two decades of observations
lar Kepler-7b was found to havés = 0.35£0.02, likely 5.4 modeling that have built detailed understanding of the
indicating high silicate cloud€emory et al2011a, 2013). important opacity sources, how temperature and surface

I Its at t_het;ame of za{;ws';’ vlvhe; the plalnetstranstm|SS||o ravity alter spectral energy distributions, and how bulk
spectrum is observed, that clouds may piay a greater rofe operties (e.g. radius) evolve with time and mass. Brown

altering the stellar flux. It was originally noted Beager & . arfs have also been a major impetus for improvements
SassgIO\(ZOOO) .th"?‘t clouds could weaken the spectral feag, 1,100 1ar line data for prominent carbon, nitrogen and
tures in transmissionFortney (2005) suggested that most

equally important role in understanding directly imaged
The first detection of a hot Jupiter atmosphere was tl'gjv y imp 9 y g

d . FN in th h t 1D 209458 anets. Of course, having significant overlap with brown
etection of Na atoms in the atmosphere o arfs also implies that directly imaged planets will inher

(Charbonneau et al2002) but the feature was weaker thar}nost of the uncertainty with brown dwarf atmospheres.
expected, perhaps due to cloud material. Recent work oin

the near infraredfeming et al 2013) finds weakened water 5 2 Atmospheric Chemistry
vapor features for both HD 209458b and XO-1b.

The poster child for clouds is HD 189733b, which has an Observationally, the type of data available for brown
optical spectrum indicating Rayleigh scattering quitehhigdwarfs are also available for directly imaged planets —
in the planet’'s atmospherBdgnt et al, 08;Sing et al, 2011; namely traditional spectra and photometry. Directly inthge
Evans et al.2013).Lecavelier des Etang2008) suggest a planets can be compared, side-by-side, with brown dwarfs
cloud dominated by small Rayleigh scattering silicates. in color-color and color-magnitude diagrams and within se-

In no planet is there a definitive determination of thequences of near-IR spectra. Such comparisons can provide
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5 5[ @ HRB799 bede | e . R longer wavelengths, almost certainly influencing the IR col
@ 1RXS J1609b*  .¢ M ors across- 3 to 5um. RecentlyJanson et al.(2013) re-
{8\ 5.0 — oy . T AT M f ported a detection of methane in the young planet GJ 504b.
oo ] As discussed in section 3.3, non-equilibrium chemistry
£ *o0 ’ T o, o ] is known to be prevalent in low-temperature planetary at-
= 4.of— ° . o . 7 mospheres. Among directly imaged planets and planet-
R . T e 9o i ] mass companions, HR8799b, HR8799c, and 2M1207b
> 3.5¢ . o Nl B Yo ] stand out as potentially extreme cases of non-equilibrium
g 3ok .. .Zi .2 jgg‘fﬁ%’ P chemistry. All three objects have effective temperatures
T ° o oo o 8° ] below 1200K but show only CO absorption and little to
250 ° A no CH, in their near-IR spectraBpwler et al, 2010;Bar-
1000 2000 3000 man et al, 2011;Konopacky et a).2013). The HR8799b,c
Temperature (K) planets are also very cloudy, as inferred from their near-

IR broad-band colors (as discussed below), and the above
Fig. 7.— Surface gravities and temperatures for hotaverage cloud cover may also be evidence for strong mix-
Jupiters (open circles), brown dwarfs (filled grey circles)ng. This situation may very well be common in all young
and approximate locations for five planet-mass companioft§y-mass planets with low surface gravities and suggests

found by direct imaging (gray regions). Hot-Jupiters arghat direct imaging may uncover many cloudy, CO-rich,
plotted with equilibrium temperatures assuming #dis-  planetary atmospheres.

tribution and brown dwarfs are plotted using values from
Rice et al.(2010),Burgasser et al(2006),Cushing et al.

(2011) andStephens et al(2009). Transiting exoplanets E e e e T "]
GJ 436b, HD189733b, HD209458b and WASP-12b are in- sof ]
dicated with unnumbered filled symbols, from left to right. I

robust identifications of absorption properties and, insom __20F ]
cases, reliable estimates of temperature and gravity. 3 ]

Directly imaged planets, because of their youth and % 1.5F 3
masses, will have effective temperatures comparable to s wasre
those of many close-in transiting planets (Fig. 7). Howgver ror ]
unlike hot Jupiters, most directly-imaged giant planets ar . ]
far enough from their host-star to have minimal stellar ir- oS voses1 5.7y ]

radiation and to not have temperature inversions spanning

their near-IR photospheres. The expectation, therefere, i :
2.0 2.1 2.2 2.3 2.4

that, for most of the atmosphere, temperature decreases out Wavelength (um)

ward, resulting in deep molecular absorption features com-

parable to those seen in brown dwarf spectra. Fig. 8.— K-band spectra for 2M1207Pgtience et al.

Figure 8 compares low-resolutioR -band spectra of
2012), HR8799cKonopacky et al2013), HR8799bRar-
two young planets HR8799b and HR8798a(man et al. man et al. 2011a) and HD3651B, all binned to the same

2011;Konpacky et al2013) to the young- 5 Maup brown resolution & ~ 100). Approximate locations of strong ab-

dwarf companion 2M1207Patience et al.2010) and the . A
old T dwarf HD3651B. Even at low resolution, water ab-SOrptIon bands are indicated fop#, CO, and Chj.

sorption can be identified as responsible for the slope acros
the blue side of thé{ band. The spectra of 2M1207b and
HR8799c have the CO absorption band-heas &3 pum,
charactertistic of much hotter brown dwarfs. Individual CO
and RO lines have been resolved in spectra of HR8799

1RXS J1609, 2M1207b, and many low mass young brow ing around T — 2500K with the condensation of Fe. For

dwarfs. Methane bangls blanket mu<_:h of the near-IR/l cooler and less massive field L dwarfs, the impact of photo-
and, for example, contributes (along with water) to the Vel¥bheric dust increases as abundant magnesium-silicate con
g‘)

5.3 Cloud Formation

A major feature of brown dwarf atmospheres is the for-
ation of thick clouds of dust at photospheric depths begin-

strong absorption seen in spectrum of HD3651b startin . :
around 2.1um (Fig. 8). So far, methane absorption has no ensates are added (efgeliing et al, 2008). The impact

b bi v identified i ‘ Ant ol dust opacity is seen as a steady reddening of the spectral
put cely contibuted to the sope across the rod wing ofC'2Y. dstiouton by about 0.5 mags inif — K. Mie
the K-band spectrum of HR8799tB&rman et al, 2011 cattering by small grains dominates the opacityXot 1

o m and is capable of smoothing over all but the strongest
Bowler et al, 2010). Methane absorption is stronger agbsorptionfe:lacl)tures. Field browrsJ dwarfs with Ty 1400Kg
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eventually become bluer as the location of atmospheric dust
shifts to deeper layers and, eventually, the dust is mostly
below the photosphere. Low photospheric dust content is

a
.

L
T

[ ®HR8799b
< HRB799¢
| ©HR8799d

Dwarfs

a major characteristic of T-type brown dwarfs. Eventually, LT s
for very low masses and effective temperatures below . .
500K, water-ice clouds should form, producing significant I . '
changes in the near-IR colors. | A
The reddening of the spectral energy distribution is of-
ten measured in color-color and color-magnitude diagrams =
(CMD). Figure 9 compares near-IR colors of field brown
dwarfs to several young, directly imaged, companions. Ob-
jects on the reddest part of the CMD{(— K > 0.5)
have cloudy photospheres while bluer objects likely hav-
ing cloud-free or very thin clouds mostly below the photo-
sphere. Interestingly the first planet-mass companiondoun
by direct imaging, 2M1207b, is one of the reddest objects ro
in near-IR CMDs, indicating that its photosphere is heavily L1
impacted by clouds. The HR8799 planets are also red and, -0.5
thus, similarly impacted by photospheric dust. The physica
mechanism that causes the photospherg to transition frcigpg' 9.— AbsoluteH-band magnitudes versis-K color
cloudy to cloud-free is poorly understood; however, rece%r field brown dwarfs Dupuy and Liy 2012) and the
observations of young brown dwarfs suggest that the effec- puy Y
: " : oung planet-mass companions HR8799bcd and 2M1207b.
tive temperature at the transition decreases with decrea}é- - : :
. . . . rrows indicate the basic color and magnitude trends
ing surface gravity. Directly imaged planets are not 0n|¥or increasing photospheric cloud coverage/thickness and
lower in mass than brown dwarfs but their surface gravi- gp P . g
ties are also lower because of their youth. That the firdl assftemperature, respectively.
set of directly imaged planets are all cloudy is further evi-
dence that the transition temperature decreases withceurfaluces the parameter space one must search (especially if
gravity and that many young giant planets will have cloudyertical mixing and cloud properties are important). This
photospheres even though their effective temperatures ar@thod is fairly robust for old brown dwarfs because the
comparable to the much bluer T dwarfs. evolution is well described by “hot start” models with solar
or near-solar abundances (eBRpraffe et al, 2003). How-
ever, the initial conditions set by the formation proced$ wi
be important at young ages, making it difficult to uniquely
Low to moderate resolution spectroscopy has been obennectZy, and age to a narrow range of Teff and logg
tained for most planets found so far by direct imaging ange.g. Marley et al. 2007);Spiegel and Burrow2012;Bon-
discoveries made with the new instruments, GPI, SPHERRefoy et al.2013). Furthermore, it is possible that planets
and P1640, will be accompanied by low resolution neaformed by core-accretion may not have stellar/solar abun-
IR spectra. The interpretation of these spectra follows thg¢ancesadhusudhan et aR011b;Oberg et al.2011).
same techniques used for brown dwarfs. Comparisons canA second approach is to rely exclusively on model atmo-
be made to empirical templates spanning the various brovgphere fits using a large model grid that finely samples the
dwarf spectral types to roughly estimate temperature aritbe parameters that define each mo@zlrtie et al, 2011;
gravity. However, this method is unreliable for the faimtesMadhusudhan et al2011c). This method has the advan-
(lowest mass) and reddest objects in Fig. 9 because “naage of being completely independent of the evolution cal-
mal” brown dwarfs do not populate the same region of theulations and initial conditions and would allow a mapping
CMDs. In fact, for 2M1207b, such a comparison wouldof T, —andlog(g) as function of age for giant planets. In
yield a high effective temperature and unphysical radiugractice, however, atmosphere-only fitting can be difficult
(Mohanty et al.2007). In the absence of a large set of wellbecause the number of free parameters is fairly large (es-
characterized empirical templates, one is left fitting synpecially if basic composition is allowed to vary) and local
thetic model spectra to the observed spectra to infer tempeninima are easily found when minimizing?. Combin-
ature, gravity, cloud properties and chemical compositioning photometry across many band passes and higher SNR
When analyzing spectra (or broad photometric covedata and higher spectral resolution are often needed to find
age) of mature brown dwarfs (with known distances), it i@ reliable match. Of course, giant planet atmospheres are
common to use the measured bolometric luminosify,()  complex and model inadequacies also contribute to the poor
and evolutionary models to establish a plausible range feihd/or often misleading fits.
both effective temperature and surface gravity, thenioéstr
model atmosphere fits to within this range. This greatly re5.5 The HR 8799 System
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The four planets orbiting the young star HR 8799, betion matching the observed spectra, and the right ovérall
tween 14 and 70 AU (0.3 to 1.7 arcseconds), are the bemtd K band shapes. When minimizing’, local minima
examples yet of what direct imaging can yieMdrois et are often found because more than one physical property
al. 2008, 2010). This system is providing new insights int@an redden the spectrum, in addition to clouds. As grav-
the formation and evolution of giant planets and currenthty decreases so does collision inducegl diacity (which
serves as the best system for testing planetary models asdtrongestin théd-band), allowing more flux to escape at
new instruments. The HR 8799 system is also an excellelunger wavelengths. Also, uniform increases in metals-pref
early test of our ability to infer basic properties of planet erentially increases the opacities at shorter wavelen§is
discovered by direct imaging. Unlike transits, when directar, the best approach for dealing with potential degenera-
imaging is possible, at least one flux measurement is immeies has been to combine photometry covering as much of
diately obtained. Thus, planets found in this way immedithe SED as possible (influenced mostly By; ;) with as
ately lend themselves to atmospheric characterization. much spectral information as possible (influenced mostly

The HR8799 bcd discovery included photometry coverby gravity and non-equilibrium chemistry). Additional con
ing J through L’ wavelengths and indicated that all threestraints on radius from evolution models are also useful to
planets have red IR colors and, therefore, traditionaldou keep the overall parameter space within acceptable/pdilysic
free atmosphere models are inappropridiarpis et al, boundaries. As atmosphere models and observations im-
2008). Marois et al. found that model atmospheres inclugsrove, some constraints will hopefully be unnecessary.
ing condensates suspended at pressures determined onlyHR8799c is nearly a magnitude brighter than HR8799Db,
by chemical equilibrium systematically over prediciBg; allowing moderate spectral resolution observatioRs~
implying radii too small for the well-determinekl,, and 4000) and has revealed hundreds of molecular lines from
our current understanding of giant planet formation. MaroiH,O and CO Konopacky et a).2013). These data pro-
et al. also concluded that intermediate cloud models (corided additional evidence for low surface gravity and non-
strained vertically) could simultaneously match the phoequilibrium chemistry.Konopacky et aldetected no Chl
tometry and match expectations from giant planet evolutiolnes which strongly supports the non-equilibrium CO/CH
tracks. The photometric quality and wavelength coverageinted at by the photometry and low-resolution spectra.
continues to improveHinz et al, 2010; Galicher et al, More importantly, access to individual lines allowed the
2011;Currie etal, 2011;Skemer et a]2012) and the basic C and O abundances to be estimated, with the best-fitting
conclusions from these data are that all four planets ha¥®O being larger than the host star, hinting at formation by
800 < T, — 1200K, have cloud coverage that is compara-core-accretionfonopacky et aJ.2013;Madhusudhan et al.
ble to the reddest L dwarfs (or even thickitadhusudhan 2011b:Oberg et al, 2011).
et al, 2011c), and that atmosphere models can easily over-

estimate effective temperature unless additional, sesognd 6. ATMOSPHERES OF HOT NEPTUNES
model parameters are allowed to vary (dderley et al,
2012 for a summary). Most studies agree that CQ/@bh- Exo-Neptunes are loosely defined here as planets with

equilibrium chemistry is necessary to fit the photometrymasses and radii similar to those of the ice giants in the so-
Observations at 3.8m, overlapping a broad Cfband, are  lar system {/,, between 10 and 30/¢; R, between 1 and

particularly sensitive to non-equilibrium chemistBdwler 5 Rg). Masses and radii have been measured for six tran-
et al, 2010;Hinz et al, 2010;Skemer et a/2012). siting exo-Neptunes to date. Since all these objects have

In addition to photometry, the HR8799 planets have beesquilibrium temperatures of 600 - 1200 K, compared to
studied spectroscopically. Measurements have been madeé0 K for Neptune, they are referred to as ‘hot Neptunes’.
across two narrow bands, from 3.9 — 4ufin (HR8799c: While the interiors of ice giant planets are expected to be
Janson et al.2010) and 2.12 — 2.23m (HR8799b:Bowler  substantially enriched in ices and heavy elements, their at
et al, 2010), as well as across the ful] H and K bands mospheres are generally expected to berieh. Their ex-
(HR8799b: Barman et al. 2011; HR8799bcd:Oppen- pected low mean-molecular weight together with their high
heimer et al. 2013; HR8799c:Konopacky et a).2013). temperatures make hot Neptunes conducive to atmospheric
The H-band spectrum of HR8799b has a shape indicative @bservations via transit spectroscopy just like hot Jupite
low surface gravity, consistent with its low mass and youthOn the other hand, their temperatures are significantlylowe
Low-resolution spectra for HR8799b and ¢ show only weakhan those of hot Jupiters-(1300 — 3300 K), making them
or no evidence for Cllabsorption; best explained by non-particularly conducive to study non-equilibrium processe
equilibrium chemistry, as already suggested by photometrip their atmospheres (see section 3.3).

Unless initially constrained by evolution model predic- Atmospheric observations over multiple spectral bands
tions, model atmosphere fits to the low-resolution spectrdrave been reported for only one hot Neptune, GJ 436b, to
scopic data (e.g. for HR8799b) can easily overestirigte; date.Stevenson et a{2010) reported planet-star flux con-
This situation is identical to the one encountered when fitrasts of the day-side atmosphere of GJ 436b in six chan-
ting the photometry. The challenge is to produce a coalels ofSpitzerbroadband photometry, explaining which re-
model atmospheré/{ —< 1000K) that simultaneously has quired a substantial depletion of Gldnd overabundance of
red near-IR colors, has weak ¢ldnd strong HO absorp- CO and CQ compared to equilibrium predictions assum-
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ing solar abundanceS{evenson et al2010;Madhusudhan be observed with existing and upcoming instruments, un-
and Seager2011; also se&piegel et al.2010). Knutson  derstanding super-Earths is a major frontier in exoplageta
et al. (2011) reported multiple photometric observationscience today. In the present section, we focus on the atmo-
of GJ 436b in transit in each of the 3.6 & 4.Bn Spitzer spheres of volatile-rich super-Earths, such as GJ 1214b.
channels, which indicated variability in the transit depth
between the different epochs. For the same set of observai Theory
tions asStevenson et a[2010) andKnutson et al.(2011),
Beaulieu et al. (2010) used a subset of the data and/or Planetary atmospheres can be classified as either “pri-
adopted higher uncertainties, to suggest the possibiliy o mary” or “secondary.” Primary atmospheres are those that
methane-rich atmosphere consistent with equilibrium preare accreted directly from the nebula, and are therefore
dictions. On the other han8habram et al(2011) reported dominated by hydrogen and helium gas. Secondary atmo-
models fits to the transit data and found their models to bepheres are those that are made up of volatiles outgassed
inconsistent with those used Beaulieu et al(2010). from the planet’s interior. Within the solar system, Jupite
The inferences of low Cldand high CO in GJ 436b sug- Saturn, Uranus, and Neptune have primary atmospheres,
gest extreme departures from equilibrium chemistry. Awhile the atmospheres of the smaller bodies (rocky plan-
discussed in section 3.3, in low temperature atmospherets and moons) are secondary atmospheres. It is possible
CH,; and H,O are expected to be abundant whereas CO that Uranus and Neptune, which are only 10-20% H-He by
expected to be negligibldadhusudhan and Seag@011) mass, could have some minor secondary component.
suggested that the inferred CO enhancement in GJ 436b There is a strong expectation that planets along the con-
can be explained by a combination of super-solar metaiinuum from 1-15Mg, will posses diverse atmospheres that
licity (> 10x solar) and non-equilibrium chemistry, via could either be predominantly primary or predominantly
vertical eddy mixing of CO from the hotter lower regionssecondary or mixed. The accretion of primary atmospheres
of the atmosphere. The required eddy mixing coefficiertias long been modeled within the framework of the core-
(K..) of ~ 107 cn?/s Madhusudhan and Seag2011) is accretion theory for planet formation (see the chapter by
also consistent with that observed in 3D General Circuladelled et al.). The outgassing of secondary atmospheres has
tion Models of GJ 436blewis et al.2010). However, even long been modeled in the solar system, but relatively little
though CH can be photochemically depleted by factors ofvork has occurred for exoplanetsikins-Tanton and Sea-
a few in the upper atmospheres of irradiated giant planetger 2008,Rogers and Seag@010). One particular finding
(e.g. Moses et al.2011), the drastic depletion required inof note is that hydrogen atmospheres up to a few percent
the observable lower atmosphere (at the 100 mbar pressafethe planet’s mass could be outgassed. Unlike primary
level) of GJ 436b has no explanation to date. Furthermoratmospheres, these would be helium free. A primary fu-
Shabram et al.(2011) suggested that at the low temperature goal of characterizing the atmospheres of planetsin th
tures of GJ 436b, other higher-order hydrocarbons such asper-Earth mass range is to understand the extremely com-
HCN and GH, can also be abundant in the atmospherglex problem of the relative importance of primary and sec-
and contribute spectral features overlapping with those @hdary atmospheric origin for planets in this mass range.
CH,. RecentlyMoses et al(2013) suggested an alternate The tools to observe super-Earth atmospheres will be the
explanation that a CiHpoor and CO-rich composition in same used for gas giants: initially transmission and emis-
GJ 436b could potentially be explained by an extremelgion spectroscopy, and eventually direct imaging. A num-
high atmospheric metallicity~( 1000x solar). Future ob- ber of recent studies have reported atmospheric models of
servations with better spectral resolution and wider wavesuper-Earths to aid in the interpretation of observed spect
length coverage would be needed to refine the moleculdihese studies investigated theoretical spectra andvairie
abundances and constrain between the different hypothese®thods Killer-Ricci et al. 2009; Miller-Ricci and Fort-
ney, 2010;Benneke and Seag@012;Howe and Burrows
7. ATMOSPHERES OF SUPER-EARTHS 2012), atmospheric chemistry (e.gemptonet al. 2011),
clouds and hazedHpwe and Burrow2012; Morley et al
“Super-Earths” are nominally defined as planets witt2013), for super-Earth atmospheres.
masses between 1 and A0;,. Super-Earths have no ana- Spectroscopic identification of abundant gases in the
logues in the solar system, their masses being intermedigtlanetary atmosphere would be the clearest and most di-
between those of terrestrial planets and ice giants. As,sualect path to assessing bulk atmospheric composition. A
it is presently unknown if super-Earths are mini-Neptunemore indirect route would come from measurements of the
with H/He-rich atmospheres, or are scaled up terrestrigtale height of a transiting super-Earth atmosphere in any
planets with atmospheres dominated by heavy moleculesie molecular bandMiller-Ricci et al. (2009) pointed out
(H20, CQ,, etc.). Itis also unclear if the heavier elementghat a measurement of the atmospheric scale height from a
beneath the atmospheres are predominantly rock/iron, ortifansmission spectrum would be a direct probe of the atmo-
they possess a large mass fraction of volatile ices, as hgigheric mean molecular weight (MMW) and hence the bulk
long been suggested for Uranus and Neptune. Their beicgmposition of a super-Earth. Atmospheres with larger
the lowest mass planets whose atmospheres can potenti@bale heights yield more dramatic variation in the transit
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Fig. 10.— Model transmission spectra and observationseo$tiper-Earth GJ1214b. In dotted light gray is a transnissio
model with a metallicity 5& solar. In dashed dark gray is 100% steam atmosphere. InislackOx solar model that also
includes a hydrocarbon haze layer frdforley et al. (2013). The cloud-free 50 model is clearly ruled out by the data,
but with current data the steam and hazy model give very aimiliality fits. Future high S/N data in the near infrared, or
especially the mid-infrared, with help to distiguish beémemodels.

radius as a function of wavelength. In principle, H-rich atrich envelopes for low-mass5-10 Mg planets may com-
mospheres could be easily separated from those dominatadnly reach values of from 0.6-0.9. Such atmospheres
by heavier molecules like steam or carbon dioxide. Howwould naturally appear more featureless in transmission
ever, it is important to keep in mind that clouds, which arespectra due to a smaller scale height and would have abun-
generally gray absorbers or scatterers, could also obscwant material to form clouds and hazes.

transmission spectrum featurd(tney 2005; Howe and With only one example yet probed, we are not yet sure if
Burrows2012;Morley et al2013). However, transmission the difficulty in obtaining the transmission spectrum of GJ
spectrum observations with a high enough signal-to-nois214b will be normal, or will be the exception. Photometric
should readily be able to recover a wealth of atmospherietections of transits, and an eclipse, in S@tzerband-

information Benneke & Seageér012). passes have also been reported for another super-Earth 55
Cancri e Pemory et al. 2012;Gillon et al,, 2012), but the
7.2 GJ 1214b as Prototype planet-star radius ratio in this case is significantly serall

compared to GJ 1214b making spectral observations chal-

The super-Earth GJ 1214b has been the target of mamhging. Recently another transiting planet, HD 97658b,
observational campaigns to better understand the transmés a similar mass and radius to GJ 1214b, was discovered
sion spectrum from the blue to the mid infrared. From @round a bright K-stafragomir et al, 2013), presenting a
mass and radius measurement alone, the composition is @eomising candidate for spectroscopic follow up and com-
generateRRogers & SeageR010,Nettelmann et al2011, parison to GJ 1214b. The ubiquity of 2/, planets on
Valencia et al.2013). If the outer layer of the planet, in- relatively short periods orbits around M stars and Sun-like
cluding the visible atmosphere, can be probed we will havetars suggests we will eventually have a large comparison

a much better understanding of the planet's bulk compgample of these volatile-rich low-mass planets.
sition (Miller-Ricci & Fortney, 2010). A cloud-free atmo-

sphere of solar composition, with a relatively large scale 8. FUTURE OUTLOOK
height, was quickly ruled out bBean et al.(2010). Sub-
sequent data frorpitzer(Désert et al. 2011c) andHST Observations with existing and upcoming facilities

WFC3 (Berta et al.2012a), along with ground-based datapromise a bright outlook for the characterization of exo-
concurred with this view. With these data, the transmisplanetary atmospheres. Currently, low resolution datanfro
sion spectrum was essentially flat (Fig. 10), and was consispace-borneHST and Spitzej and ground-based instru-
tent with either a high-MMW atmosphere or an atmosphemnents are already leading to nominal inferences of vari-
blanketed by opaque clouds. Most recently, very high S/Mus atmospheric properties of exoplanets. Future progress
data withHSTWFC3 still show a flat spectrum ruling out a in atmospheric observations and theory can advance exo-
cloud-free high MMW atmosphere (Kriedberg et al. 2014)planetary characterization in three distinct directiotes;

As has been suggested for GJ 436b, it may be that tipécted in Fig. 1. Firstly, robust inferences of chemical and
atmosphere istrongly super-solar in abundances, perhapghermal properties will enhance our understanding of the
hundreds of times solar, or even higheFortney et al. various physico-chemical processes in giant exoplanetary
(2013) suggest from population synthesis models that metaimospheres discussed in this chapter. Secondly, better
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constraints on the elemental abundance ratios in such atnswnall, nearby stars. The reason for this can be easily under-
spheres could begin to inform us about their formation erstood in light of Equations 2 and 3. As the size and tem-
vironments. Finally, high precision observations coulgbhe perature of the planet decrease the corresponding transmis
constrain the atmospheric compositions of super-Earthsion spectrum amplitude and secondary eclipse depth will
which, in turn, could constrain their interior compositson also drop rapidly. If we evaluate Equation 2 for the earth-
Several new observational facilities on the horizon widl ai sun system, we find that the earth’s atmosphere has a scale
in these various aspects of exoplanetary characterization height of approximately 8.5 km at a temperature of 290 K
and assuming a mean molecular weightddgfl x 10~28
8.1 Next-generation Atmospheric Observations of Tran- kg, The corresponding depth of the absorption features in

siting Giant Planets earth’s transmission spectrum is then 10~8, or a fac-

Over the next decade the development of Iarge—apertutr%r of ~1000 smaller than the signal from the transiting

telescopes such as the European Extremely Large Telesc hoé Jupiter HD 189733b. If we carry out the same calcu-
P . b y-arg Ron for a secondary eclipse observation using Equation 3
(E-ELT), the Giant Magellan Telescope (GMT), and the

. . “Wwe find a predicted depth of approximately 1076, also
T_h_|rty Meter TEIGSCOPG (TMT) .W'” Open up new opportu a factor of~1000 smaller than for HD 189733b. Rather
nities for studies of both transiting and non-transitingrpl

ets. The increased aperture of these telescopes will prtc:rJ]—an building a space telescope with a collecting area a mil-

. . i o lion times larger than existing facilities, we can mitigtie
vide an immediate advantage for transmission spectrosco . . . S
L : . Iy . allenges inherentin measuring such tiny signals by focus
and phase variation studies using visible and near-irdrare . i
ing on observations of small planets transiting small stars

echelle spectroscopy, which are currently photon-noise- If we instead place our transiting earth in front of a late-

limited even for the brightest stars (e.dredfield et al. : . i
2008; Jensen et al. 2011, 2012;Snellen et al. 2010b; t_ype M5 dwarf with a radius of 0.'27 &and an effec
tive temperature of 3400 K, we gain a factor of 10 for the

Brogi et al. 2013; de Kok et al. 2013). Such facilities o
. ) . transmission spectrum and a factor of 25 for the secondary
could also make it feasible to characterize the atmospheres;. : .
L . ecClipse depth. These kinds of signals, although more favor-
of terrestrial-size exoplanetSiiellen et al.2013; Rodler .
and Lopez-Morale2014). It is less clear whether or not able, may still be beyond the reach of JWST(Greene et
P ) al. 2007;Kaltenegger and TrauB009;Seager et al2009).

such large telescopes will provide good opportunities folrf we are instead willing to consider super-earth-sizedipla

broadband photometry and low-resolution spectroscopy ce)fts, with lower surface gravities and larger scale heights

transits and secondary eclipses, as this technique requItEan Earth, it may be possible to measure transmission spec-

a large field of view containing multiple comparison Star?ra for these more favorable targets. Similarly, if we exten

in order to correct for time-varying telluric absorptiondan our secondary eclipse observations to super-Earths, which

instrumental effects (e.gCroll et al. 2010, 2011). Most o .
; . . . . . have larger radii and hence deeper secondary eclipses, such
broadband studies using this technique achieve signal-to; g .
X . .Observations could be achievable witW/ST

noise ratios that are a factor of 2-3 above the photon noise .
T . : There are currently three small ground-based transiting
limit, implying that increased aperture may not lead to a . X

. o . . Do planet surveys that are focused exclusively on searchig th
corresponding reduction in noise until the limiting system

atics are better understood. closest, brightest M dwarfaNutzman and Charbonneau

2008; Berta et al. 2012b;Kovacs et al.2013; Sozzetti et
The James Webb Space Telescop&/§T Garder et al. 2013). To date only one survey, MEarth, has detected a
aI._, 2006) _currently offers the bes future prospects -for deﬁew transiting super-EartiCharbonneau et al2009), but
tailed studies of exoplanetary atmos_pheres. Given |tselar%s these surveys mature it is likely that additional systems
aperture and spectral coverag®/STwill be capable of ob-

taining very high S/N and high resolution spectra of tran\_N|II be discovered. Another promising avenue is to search

. ) . L for transits of known low-mass planets detected by radial
siting giant planets, thereby rigorously constrainingirthe . ) o
. . . velocity surveys; two transiting super-earths to date have
chemical and thermal properties. In particular, the spectr

scopic capabilities of the NIRSpec (0.6-5:) and MIRI been detected this wayMinn et al. 2011; Demory et al.

. . ! . 2011b;Dragomir et al. 2013). However, neither of these
(5-28 jim) mstruments_ aboa_rd\NSTwHI provide a wide surveys are expected to yield large numbers of low-mass
wavelength coverage including spectral features of all thIEr'\ansiting planets orbiting M stars, due to a combination of
prominent molecules in gas giant atmospheres (see section. : oL .
3.3). On the other hand. the possibility of dedicated spaci'émwd sample sizes and sensitivity limits that are todhhig

o : . o 0 detect very small planets. If we wish to detect large num-
missions like EChO for atmospheric characterization of % ars of transiting planets it will require a new space mis-
oplanets (Barstow et al. 2013; Tinetti et al. 2013) will sig-_. gp q P

o : : .. > sion that will survey all the brightest stars in the sky with
nificantly increase the sample of giant exoplanets with hig o o
. a sensitivity high enough to detect transiting super-Earth
quality spectral data.

The Transiting Exoplanet Survey Satellite (TESS) mission
8.2 The Small Star Opportunity was recently approved by NASA for launch in 2017, and
currently represents our best hope for building up a large
If we wish to study the properties of smaller and moresample of small transiting planets suitable for characteri
earth-like planets, it is crucial to find these objects ampit zation with JWST In addition, the CHaracterizing ExO-
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Planet Satellite (CHEOPS) was recently selected by ES¥ale University through the YCAA fellowship. TB ac-
for launch in 2017, which will search for transits of smallknowledges support from NASA awards NNX10AH31G,
planets around bright stars that are already known to hostNH10AO071 and NSF award AST-1405505. JJF ac-
planets via radial velocity searches. knowledges support from NASA awards NNX09AC22G,
NNX12AI43A and NSF award AST-1312545.
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