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The Next Decade+
• Demographics 

• Kepler has provided rich 
census of radius/semimajor-
axis space down to terrestrial 
planets 

• But at lower mass and larger 
separations picture is much 
less clear 

• Important for formation 
(condensation profiles) 

• Masses, densities, occurrence 
rates



The Next Decade+
• Atmospheric Characterization 

• Transmittance, reflectance, and 
thermal emission 

• Low-res IR absorption spectroscopy 
gives some window to H2O, CH4, 
CO, CO2, equilibrium chemistry 
status (though degeneracies exist) 

• Low-res visible absorption 
spectroscopy gives Na, K, TiO, 
clouds/hazes 

• high-resolution spectroscopy allows 
for more detailed characterization, 
C/O ratio, rotation, doppler imaging
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PERSPECTIVES

spheres, making the retrieval of atmospheric 
composition for these planets diffi cult and at 
times controversial. Because transiting plan-
ets in small orbits are the least diffi cult to 
characterize, questions of atmospheric com-
position and mixing and of planetary origin 
are unlikely to be systematically addressed 
solely by the known transiting planets.

Directly imaged planets, in contrast, 
are detected much farther from their pri-
mary stars, typically at a distance of tens 
of astronomical units with today’s technol-
ogy. Because they appear as distinct points 
of light, their spectra can be individually 
obtained, without need of a differential mea-
surement to pull a spectral line out of an 
overwhelmingly bright stellar spectrum. The 
best-studied directly imaged planets are the 
four young gas giants orbiting the nearby A 
star HR 8799 ( 10,  11). These planets have 
masses in the range of 5 to 10 Jupiters. 
But data for these objects have been lim-
ited mostly to broadband photometry and 
low-resolution spectra ( 12,  13). Konopacky 
et al. used adaptive optics and an integral 
fi eld spectrograph on the Keck II telescope, 
which records a near-infrared spectrum at 
each pixel, to obtain a high-quality spectrum 

of planet c, the brightest of the four. The 
spectrum is the best ever obtained for any 
exoplanet and rivals that typically acquired 
on solar system planets not long ago.

The spectrum of HR 8799c reveals indi-
vidual spectral features of both H2O and 
CO. Methane, which was expected at the 
atmospheric temperatures inferred for this 
planet, is not seen despite a strong spectral 
feature lying in this bandpass. With both 
H2O and CO detected, Konopacky et al. are 
able to estimate the bulk atmospheric car-
bon-to-oxygen ratio and fi nd that it differs 
from that of the primary star, which leads 
them to speculate that the planet was most 
likely formed by core accretion rather than 
gas instability. This interpretation is still 
somewhat uncertain, but similar direct mea-
surements for many such directly imaged 
planets will shed light on the planet forma-
tion process.

Furthermore, the lack of detectable CH4 
implies that vertical mixing must strongly 
affect the atmosphere of the young exoplanet 
by delivering CO to observable layers and 
removing methane (see the fi gure). There are 
also indications that iron and silicate cloud 
layers, which were widely expected to have 
dissipated by such temperatures, are none-
theless present in the planet’s atmosphere. 
Strong vertical mixing may thus both thicken 
and preserve the clouds ( 13) and alter the 
expected carbon chemistry ( 12).

These new observations herald the era 
of characterization of the atmospheres of 
directly imaged extrasolar planets. The 
Gemini Planet Imager destined for the 
Gemini telescope ( 14) and the SPHERE 

coronagraph headed to Europe’s Very Large 
Telescope ( 15) will obtain spectra for doz-
ens of young giant planets on a variety of 
orbits encircling stars of varying ages, com-
positions, and spectral types. NASA is cur-
rently studying space-based coronagraphs 
that will be capable of imaging and char-
acterizing older, colder, and more solar sys-
tem–like giant planets in refl ected light. By 
measuring atmospheric abundances for a 
diversity of planets other than those roast-
ing in the overpowering light of their pri-
mary stars, it will be possible to constrain 
atmospheric composition, vertical mixing, 
cloud dynamics, and, most important, for-
mation mechanisms for entire classes of 
extrasolar planets. 
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Atmospheric mixing. Conceptual views of the atmo-
spheres of HR 8799c, a more massive brown dwarf, 
and the colder Jupiter. The composition of major 
cloud layers and the principal C-bearing molecules 
are noted; CO serves as a tracer of atmospheric mix-
ing. Dotted lines denote approximate depth of the 
visible atmosphere. Vigorous vertical updrafts likely 
contribute to both the observed thicker cloud layers 
and the apparent overabundance of CO in the warm 
exoplanet atmosphere.
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The Next Decade+
• Atmospheric Characterization 

• Transmittance, reflectance, and 
thermal emission 

• Low-res IR absorption spectroscopy 
gives some window to H2O, CH4, 
CO, CO2, equilibrium chemistry 
status (though degeneracies exist) 

• Low-res visible absorption 
spectroscopy gives Na, K, TiO, 
clouds/hazes 

• high-resolution spectroscopy allows 
for more detailed characterization, 
C/O ratio, rotation, doppler imaging 2.0 2.1 2.2 2.3
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The Next Decade+

Crossfield+14

• Atmospheric Characterization 

• Transmittance, reflectance, and 
thermal emission 

• Low-res IR absorption spectroscopy 
gives some window to H2O, CH4, 
CO, CO2, equilibrium chemistry 
status (though degeneracies exist) 

• Low-res visible absorption 
spectroscopy gives Na, K, TiO, 
clouds/hazes 

• high-resolution spectroscopy allows 
for more detailed characterization, 
C/O ratio, rotation, doppler imaging



The Next Decade+

Snellen+14

• Atmospheric Characterization 

• Transmittance, reflectance, and 
thermal emission 

• Low-res IR absorption spectroscopy 
gives some window to H2O, CH4, 
CO, CO2, equilibrium chemistry 
status (though degeneracies exist) 

• Low-res visible absorption 
spectroscopy gives Na, K, TiO, 
clouds/hazes 

• high-resolution spectroscopy allows 
for more detailed characterization, 
C/O ratio, rotation, doppler imaging



More Characterization
• Direct imaging results 

• Thermal emission spectroscopy of young giants 

• Comparisons with brown dwarfs

3  100  30  10 300  1000  3000 AU  

HR#8799#

β#Pic#
GSC#06214#

RXJ#1609#

WD#0806#AB#Pic#

Jupiter#

51#Eri#

RV & transits direct imaging 

M. Liu



The Next Decade+
• Formation Pathways

C. Mordasini 



The Next Decade+
• Formation Pathways 

• Orbital dynamics 

• Chemistry gradients

Mordasini, Alibert, Benz (2009)



The Next Decade+
• Formation Pathways 

• Orbital dynamics 

• Chemistry gradients

H2O!
snowline!
(~140 K) 

CO2 !
snowline!
(~50 K) 

CO!
snowline 
(~20 K) 

Oberg+11



Astrometry with GAIA
• GAIA expects to find >>10,000 Jupiters orbiting 

FGKM and WDs <100 pc, many with orbits 
• ~2,600 detections of Jupiter mass planets incl. ~500 

accurate orbits (assuming ηJup~3% from RV) 
• Some detectable with ELTs @  10-8 contrast 

• Astrometric trends from 1-70 MJup companions. BDs 
detectable with current ExAO

Sozzetti	  et	  al	  2015,	  	  2015arXiv150203575S
0.8M⊙	  at	  300	  pc	  
0.2M⊙ 	  at	  30	  pc	  
0.05M⊙ 	  at	  2	  pc

GAIA	  2.5	  and	  5	  yr	  limits

http://adsabs.harvard.edu/abs/2015arXiv150203575S
http://adsabs.harvard.edu/abs/2015arXiv150203575S


TESS

• >2017 

• All-sky transit mission 

• More exoplanet demographics 

• Will detect a few super-Earths 
in 100-day orbits around 
nearby stars

Ricker et al.



JWST

• transit spectroscopy of short-
period planets 

• high-contrast imaging of self-
luminous planets at larger 
separations 

• limited low-resolution 
spectroscopy

!
!

JWST%Transits% JWST%Imaging%%
&%Spectroscopy%



WFIRST-AFTA
• >2024 

• Visible light 

• R~70 spectroscopy 

• Inner working angle 0.2” 

• Discovery and 
characterization of nearby 
giant planets, several 
Neptunes

W. Traub



WFIRST-AFTA
• Microlensing survey 

• Galactic bulge monitoring 

• Detection and demographics 

• Characterize mass function 
for >1 ME at a>1 AU to 
better than 10%/dex 

• Expected 2,800 detections 

• With 300 ~1 ME planets 

• But no spectroscopy

Completing the Exoplanet Census. 

•  ~2600 detections.  
•  Some sensitivity to “outer” 

habitable zone planets. 
•  Sensitive to analogs of all 

the solar systems planets 
except Mercury. 

•  Hundreds of free-floating 
planets. 

•  Characterize the majority 
of host systems. 

•  Galactic distribution of 
planets. 

•  Sensitive to lunar-mass 
satellites. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary systems 

in the Galaxy. 

(Penny et al. in prep) 



Long-Term Complementarity

• e.g. HabEx, LUVOIR 

• Deeper contrast, reflected-light terrestrial 
exoplanets at visible wavelengths 

• (Perhaps) longer term than first wave of TMT 2nd-
generation instrumentation 

• Smaller aperture than TMT (larger inner-working 
angle)



Early ELT Instruments
• For TMT/NFIRAOS/IRIS 

• Moderate contrast, 
moderate spectral 
resolution, 0.8-2.5 µm 

• 3x10-6 contrast at 400 mas, 
R=4,000-8,000 (no 
coronagraph) 

• Comparable to GPI, but 
higher spectral resolution

Keck 30s

Keck 1h

IRIS 1min

IRIS 1min ADI

IRIS 2h ADI

GPI 1h R~40

Beta Pic b

HR 8799cHR 8799d
HR 8799e

IRIS vs a GPI simulated survey (600 stars, 50 planets) 

GPI simulated exoplanet sample by D. Savransky

R~5000 now!
(OSIRIS@Keck)

IRIS  
spectroscopy

NFIRAOS control radius

51 Eri b

HD95086 b

•  All currently known DI exoplanets are outside IRIS well sampled FOV (off-axis)!
•  And outside NFIRAOS’ control radius (no dark hole to better see them)

IRIS 
On-axis 

FOV

GPI methane

C. Marois



Early ELT Instruments
• For E-ELT/METIS 

• Also a first-light instrument 

• 3-19 µm coronagraphy 

• 3-5 µm IFS 

• characterizing luminosity, 
equilibrium temperature 

• complementary to 
scattered-light imaging

Quanz+14



Where can TMT make 
an impact?



Reflected Light
Planets within 30 pc
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Main sequence non binary stars

• Detection and 
Characterization 

• Enabled by angular 
resolution and inner-working 
angle 

• Opportunity for first 
reflectance spectroscopy of 
Super-Earths in NIR 

• Opportunity for first 
reflectance spectroscopy of 
cooler Earth-size planets



Reflected Light
Exoplanets and ELTs 3

measurements of these phenomena for the most observa-
tionally favorable systems.
Spectroscopy in the infrared is an even more powerful

diagnostic of short-period exoplanet atmospheres than
are optical observations. The planet/star contrast ra-
tio is more favorable at longer wavelengths and because
these wavelengths host many more (and deeper) molec-
ular lines than do shorter wavelengths. As a result, this
technique has rapidly progressed from mere detection of
molecules (Snellen et al. 2010) and constraints on cloud
properties (Crossfield et al. 2011) to measurements or
upper limits on atmospheric abundances of CO, H2O,
CH4, and C/O ratios; orbital inclinations (and so abso-
lute masses) of non-transiting planets; thermal structure;
and global rotation and winds (Fig. 1b; (Brogi et al. 2012,
2013, 2014, 2016; Rodler et al. 2012, 2013; Birkby et al.
2013; de Kok et al. 2013; Lockwood et al. 2014)).
ELT high-resolution infrared spectroscopy will push

these studies to larger numbers of smaller, cooler plan-
ets (to date, nearly all such studies have focused on hot
Jupiters). The one exception was a non-detection consis-
tent with GJ 1214b’s cloud-covered atmosphere (Cross-
field et al. 2011; Kreidberg et al. 2014). Fortunately
some sub-Jovian, sub-1000 K planets have at least par-
tially cloud-free atmospheres (Fraine et al. 2014) and
so new types of planets will certainly be amenable to
high-resolution spectroscopy. Furthermore, the impact of
clouds is greatly reduced when studying a planet’s ther-
mal emission (rather than transmission) spectrum (Mor-
ley et al. 2015), providing an alternative avenue for study.
With broader wavelength coverage and greater collecting
area than existing instruments, the improved capabili-
ties of these new instruments (see Fig. 1a) will allow fu-
ture studies to measure precise atmospheric abundances,
measure global wind patterns and energy recirculation
(Miller-Ricci Kempton & Rauscher 2012; Kempton et al.
2014; Rauscher & Kempton 2014), and (by observing at
multiple orbital phases) create longitudinally-averaged
global maps of composition, clouds, and thermal struc-
ture (e.g., de Kok et al. 2014).

4. YOUNG, HOT GIANT PLANETS

The process of planet formation is a violent and, above
all, energetic process. After accretion of rocky solids into
planetary cores, considerable energy is liberated during
the runaway accretion experienced by gas giants; mod-
els of planet formation predict that for a young, giant
protoplanet achieves a luminosity as great as ⇠ 10�4L�
(Mordasini et al. 2012) for a few Myr. During this time
the system exhibits an exceedingly favorable planet/star
contrast ratio. Furthermore, if gas accretion is ongoing
then traditional stellar activity indicators (e.g., H↵ emis-
sion) may be detectable as well. Indeed, young accreting
planets have been imaged around a few nearby systems
(Kraus et al. 2011; Close et al. 2014; Quanz et al. 2015;
Sallum et al. 2015). However, such targets are near the
limit of what can be studied using current facilities –
with a main limitation being the < 0.1” separations of
these objects from their host stars. The high angular

resolution of a di↵raction-limited ELT is essential to
to study a large, representative sample of these young,
accreting objects. For example, the study of young, gi-
ant protoplanets during formation was one of the key
science drivers behind the original instrument concept

Fig. 2.— Known RV planets potentially accessible to high-
contrast observations in reflected light. Data are taken from the
NASA Exoplanet Archive. The only assumptions are an albedo
of 0.1, Rp/R� = (Mp/M�)0.485, and the radii of all planets with
RP /RJ > 1.8 and Mp/MJ > 1.8 set to 1.2RJ . The solid line is the
approximate NIR contrast performance predicted for ELT instru-
ments, and the color scale indicates Te↵. The accessible systems
are mostly Jovian-size planets orbiting beyond 1 AU.

study for the TMT’s Planet Formation Instrument (Mac-
intosh et al. 2006).
Although giant planets at later ages (up to 100 Myr)

are somewhat fainter, observations (mostly photometry)
have revealed considerably more about their atmospheric
composition, non-equilibrium chemistry, luminosity &
thermal evolution, and even bulk angular momentum
(Konopacky et al. 2013; Bonnefoy et al. 2014; Snellen
et al. 2014; Barman et al. 2015; Morzinski et al. 2015;
Skemer et al. 2016). All these studies would benefit from
the high angular resolution and increased sensitivity
that an ELT’s larger apertures would provide, and many
more such systems should be discovered by GAIA and on-
going ground-based surveys by the time the ELTs begin
operations. Recent observations reveal the even greater
power of medium- to high-resolution spectroscopy (as op-
posed to photometry) when determining these planets’
atmospheric properties (Konopacky et al. 2013; Snellen
et al. 2014; Barman et al. 2015). Instruments that com-
bine both high spatial resolution and medium-to-high
spectral resolution may therefore provide especially ex-
citing opportunities to expand the range of planets ac-
cessible to studies of composition, chemistry, and clouds.
Such instruments also raise the possibility of photometric
and/or spectroscopic monitoring of intrinsic variability
(weather) on these objects (e.g., Kostov & Apai 2013).
The ELTs will also provide exciting opportunities to

produce global, two-dimensional maps via Doppler Imag-
ing. Fig. 1d shows the first 2D map of a brown dwarf pro-
duced using this technique (Crossfield et al. 2014). ELT-
based high-resolution infrared spectrographs should have
the sensitivity to conduct such observations for at least
a small number of the brightest directly imaged exoplan-
ets (Snellen et al. 2014; Crossfield 2014). These studies
will produce global Doppler maps and weather movies
of exoplanets (and many brown dwarfs). By tracking
the atmospheric dynamics and the formation, evolution,
and dissipation of clouds in these atmospheres, Doppler
imaging could provide exciting and unique insights into
the atmospheric properties of these bodies.

5. MATURE, COLD GAS GIANTS

Crossfield (2016)

Known RV planets• Detection and 
Characterization 

• Enabled by angular 
resolution and inner-working 
angle 

• Opportunity for first 
reflectance spectroscopy of 
Super-Earths in NIR 

• Opportunity for first 
reflectance spectroscopy of 
cooler Earth-size planets



Reflected Light

Crossfield (2016)

4 Crossfield

Most high-contrast, direct imaging instruments oper-
ate in the near-infrared and are sensitive only to the
young, hot, self-luminous giant planets on wide orbits
described above. The increased performance (in both
sensitivity and achievable planet/star contrast) of ELT-
based high-contrast instruments should allow the detec-
tion of many old, cold, mature giants in reflected starlight
around nearby stars (Males et al. 2014). The large num-
bers of ice-line gas giants detected by radial velocity sur-
veys (Mayor et al. 2011; Hasegawa & Pudritz 2012) in-
dicate that there should be substantial numbers of gi-
ant planets accessible to high-contrast characterization
in reflected light, as shown in Fig. 2. For the first time,
these observations will allow the detailed comparison of
significant numbers of albedos, cloud and haze proper-
ties, and atmospheric abundances and chemistry of gas
giants only marginally warmer than Jupiter and Saturn.
Such studies will directly complement characterization
of smaller numbers of somewhat cooler giants with the
WFIRST/AFTA coronagraph (Marley et al. 2014; Bur-
rows 2014; Robinson et al. 2016).

6. SMALL PLANETS AND EARTH ANALOGS

Cooler, smaller, and more nearly Earth-like planets
will remain inaccessible to WFIRST/AFTA. Yet at-
mospheric characterization of small, rocky planets lies
within reach of the ELTs through high angular and/or

spectral resolution. When orbiting the nearest stars to
the Sun, such planets will be accessible via high-contrast
imaging observations. Using the measured occurrence
rates of small planets around main-sequence stars mea-
sured by Kepler (Howard et al. 2012), Monte Carlo sim-
ulations show that 10–20 short-period, sub-Jovian plan-
ets should be detectable with future ELT instruments
(Crossfield 2013). A few of the known, potentially acces-
sible systems plotted in Fig. 2 are already smaller than
Neptune, so a preliminary target list already exists. A
fraction of these small, short-period planets could be ob-
served in both reflected light (< 2.5µm) and thermal
emission (⇠3–10µm), with the former measuring albe-
dos and cloud properties and the latter measuring radio-
metric radii via energy balanace considerations for these
planets (Crossfield 2013). Radial velocities will measure
planet masses, and will also predict the most favorable
times to observe these systems (at quadrature for direct
imaging, near opposition for Doppler-based techniques).
One of the most exciting and challenging long-term

goals of exoplanet studies is the atmospheric character-
ization of Earth analogs: temperate, rocky planets with
secondary atmospheres. The high-contrast instruments
described above should be able to detect such planets
orbiting early-to-mid M dwarfs within 20 pc, as shown
in Fig. 3. Earth analogs orbiting earlier-type stars are
too faint relative to their host star; those around later-
type stars orbit too close to be resolved for all but the
nearest systems. Based on predicted instrument perfor-
mance, Fig. 3 shows that roughly 50 such systems could
be detected if every star hosted such a planet. Since only
one in six M dwarfs hosts a rocky planet in its Habitable
Zone (Dressing & Charbonneau 2015), we should expect
5–10 temperate, rocky planets within reach of ELT high

angular resolution instruments.
Alternatively, the atmospheres of small, rocky planets

may be studied in transit using the same high spec-

Fig. 3.— Accessibility of hypothetical temperate, rocky planets
to NIR-contrast observations in reflected light. Each point rep-
resents a 1.25R� planet receiving Earth-like irradiation, with one
such planet for each star within 20 pc. The solid line is the approx-
imate NIR contrast performance predicted for ELT instruments.
The color scale indicates Te↵, and point size scales inversely with
distance from Earth. The most accessible temperate planets will
orbit M1–M4 dwarfs.

tral resolution techniques currently applied to hot
Jupiters. The application of this approach to seeking
potential biosignature gases (e.g., O2) has been studied
many times over the past two decades (Schneider 1994;
Webb & Wormleaton 2001; Snellen et al. 2013; Rodler
& López-Morales 2014). The latest (and most complete)
treatment of such observations indicates that if all vis-
ible transits are observed over a long period, one could
build up the S/N necessary for a confident detection. The
timescale involved would be of order 10 years, but only
of order 45 transits would be optimally observable and
so the required observing time would be quite manage-
able (⇠10 hr/yr). By geometric arguments, the nearest
temperate, rocky planets to the Solar System are non-
transiting; high-resolution optical spectroscopy of the
type used to measure 51 Peg b’s albedo (Martins et al.
2015) could be used to characterize smaller, cooler plan-
etary atmospheres using only tens of hours of observing
time (Martins et al. 2016). Though these studies focus on
detecting O2, the same approach could also likely charac-
terize the abundances of other species such as CO2, CH4,
H2O, etc. on small planets of all types and temperatures.
Finally, small and temperate exoplanets may also be

studied using a combination of both high spectral

and high angular resolution. This approach may be
best-suited for integral field spectrographs, though if a
planet’s location is well-known then AO-fed, slit-based
spectrographs may also su�ce. The success of both types
of instruments when applied to known directly imaged
planets (Konopacky et al. 2013; Snellen et al. 2014; Bar-
man et al. 2015) indicates the promise of this technique,
and several studies have already considered the applica-
bility of this approach — again, in the specific context
of seeking potential biosignature gases (Kawahara et al.
2012; Snellen et al. 2015).

7. CONCLUSIONS

The approaching era of extremely large ground-based
telescopes will be an exciting time for exoplanet science,
and for atmospheric studies in particular. In the inter-
vening years great strides will be made with JWST at
low and medium spectral resolution, and at wavelengths

• Detection and 
Characterization 

• Enabled by angular 
resolution and inner-working 
angle 

• Opportunity for first 
reflectance spectroscopy of 
Super-Earths in NIR 

• Opportunity for first 
reflectance spectroscopy of 
cooler Earth-size planets

Hypothetical rocky HZ planets



Reflected Light
• Detection and 

Characterization 

• Enabled by angular 
resolution and inner-working 
angle 

• Opportunity for first 
reflectance spectroscopy of 
Super-Earths in NIR 

• Opportunity for first 
reflectance spectroscopy of 
cooler Earth-size planets

water is the most accessible, abundant, and com-
mon liquid in terms of planetary material (13).

For illustration and review, we consider water
on the terrestrial planets in our own solar system.
Earth is touted as the “Goldilocks planet”—not
too hot, not too cold, but just right for surface li-
quidwater (14). Venus, 30% closer to the Sun than
Earth and receiving 90% more radiation from the
Sun, may have had liquid water oceans billions
of years ago, as possibly implied by the elevated
deuterium/hydrogen (D/H) ratio in the venusian
atmosphere (15). Because ofwarm surface temper-
atures, water evaporated to saturate the upper at-
mosphere where solar extreme ultraviolet (EUV)
radiation photodissociated the H2O, enabling H
to escape to space. The increasing atmospheric wa-
ter vapor further warmed the surface, creating a
positive feedback loop that led to a “runaway green-
house effect,” which caused Venus to rapidly lose
its oceans [but compare (16)]. Mars, at 1.5 AU
from the Sun, is thought to have had at least epi-
sodic surface liquid water in the past, based pre-
dominantly on geomorphological features [e.g.,
(17)]. Mars was too small to hold onto a warming
atmosphere and is now so cold there is no place
on theMartian surface where water could be liquid.
The habitable zone for terrestrial-type exoplanets
with terrestrial-like atmospheres of various masses
and CO2 concentration are described in (10) and
result in a habitable zone of 0.99 to 1.7AU (Fig. 2).
The inner edge of the habitable zone is determined
by loss of water via the runaway greenhouse ef-
fect (18) and the outer edge by CO2 condensation.

For exoplanets, we cannot directly observe liq-
uid surface water (19). Atmospheric water vapor
may be used as a proxy; as long as a temperate
planet is small or of low enough mass, water va-
por should not be present because water will be
photodissociated with H escaping to space. At-
mospheric water vapor has been detected on hot
giant transiting exoplanets [e.g., (20)] and is high-
ly sought after for theminiNeptuneGJ 1214b [e.g.,
(21)]. Both of these types of planets are too hot
for surface liquid water [for a discussion of
GJ 1214b, see (22)]; notably, water vapor will be
naturally occurring on planets that are massive
enough or cold enough to hold on to water vapor
molecules. The detection of water vapor in the
atmosphere of smaller, more terrestrial-like planets
is currently out of reach.

Given the observational inaccessibility of
the key habitability indicator water vapor on
terrestrial-like exoplanets, the habitable zone
around a star is a powerful guide for astronomers
because it tells us where to focus future efforts
of exoplanet discovery. We must redefine the
habitable-zone concept, however, given the ex-
pected and observed diversity of exoplanets.

The Diversity of Exoplanets and the Controlling
Factors of Habitability
Taking surface liquid water as a requirement,
what types of planets are habitable? Water is in

the liquid phase for a range of temperatures and
pressures. Planets should also have a wide range
of surface temperatures and pressures, expected
from their diversity in mass and size and likely
atmospheres. If we could connect the liquid
water phase diagram with planet surface con-
ditions, broadly speaking, we would know to
first order which planets may be habitable.

The water phase diagram can be used as a
qualitative guide to show that pressures thousands
of times higher than Earth’s 1-bar surface pressure
can maintain liquid water at high temperatures
(23). A suitable temperature for life can be con-
sidered to be between the freezing point of water
and the upper temperature limits for life, about
395 K (24). A notable inaccuracy in the phase
diagram is that the water phase boundaries at
high pressures have not been studied for a variety
of gas mixtures relevant for exoplanets (25).

The surface temperature on an exoplanet is
governed by the atmosphere’s greenhouse gases
(or lack thereof ). Specifically, the greenhouse
gases absorb and reradiate energy from the host
star, in the form of upwelling infrared (IR) radi-
ation from the planet’s surface. Whereas on Earth
we are concernedwith, e.g., parts-per-million rise
in the greenhouse gas CO2 concentrations, for
potentially habitable exoplanets we do not know
a priori and cannot yet measure what gases are
in the atmosphere even to the tens of percent lev-
el. The atmospheric mass and composition of any
specific small exoplanet is not predictable (26).

Nevertheless, it is worth summarizing some

key factors controlling a planet atmosphere’s
greenhouse gas inventory. A planet’s atmosphere
forms from outgassing during planet formation or
is gravitationally captured from the surrounding
proto-planetary nebula. For terrestrial planets, the
primordial atmospheremay be completely changed
by escape of light gases to space, continuous
outgassing from an active young interior, and
bombardment by asteroids and comets. At a later
stage, the physical processes operating at the
top or bottom of the atmosphere still sculpt the
atmosphere. These physical processes are well
studied by exoplanet theorists but often with con-
troversy or no conclusion. For example, atmo-
spheric escape is induced by the host star’s EUV
flux and carried out by a number of thermal or
nonthermal escape mechanisms. But the star’s
past EUV flux, which of the escape mechanisms
was at play, and whether or not the planet has a
protective magnetic field are not known [e.g.,
(27)]. As a second example, at the bottom of
the atmosphere, plate tectonics and volcanic out-
gassing contribute to burial and recycling of at-
mospheric gases, but arguments as to whether
or not plate tectonics will occur in a super-Earth
planet more massive than Earth are still under
debate (28, 29). A long list of other surface and
interior processes affect the atmospheric com-
position, including but not limited to the ocean
fraction for dissolution of CO2 and for atmo-
spheric relative humidity, redox state of the plan-
etary surface and interior, acidity levels of the
oceans planetary albedo, and surface gravity [for
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Fig. 2. The habitable zone. The light blue region depicts the “conventional” habitable zone for
planets with N2-CO2-H2O atmospheres (9, 10). The yellow region shows the habitable zone as extended
inward for dry planets (36, 37), as dry as 1% relative humidity (37). The outer darker blue region shows
the outer extension of the habitable zone for hydrogen-rich atmospheres (34) and can extend even out
to free-floating planets with no host star (35). The solar system planets are shown with images. Known
exoplanets are shown with symbols [here, planets with a mass or minimum mass less than 10 Earth
masses or a radius less than 2.5 Earth radii taken from (66)].
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High Spectral Resolution
• Detection and detailed characterization 

• With improved R and raw contrast 

• more ability to detect molecular 
species via cross-correlation  

• down to Earth-size planets 

• O2 and H2O can only be detected 
with R > 10,000 with the cross-
correlation method at very high levels 
of raw contrast 

• can detect of CO2 and CH4 at more 
modest raw contrast of 10-5  

• characterize variability (rotation, 
cloud patchiness, moons)

courtesy of Ji Wang, Renyu Hu, Dimitri Mawet
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Technical Challenges
• 10-8 detection contrast at ~2 λ/D 

• Extremely low wavefront error 

• High-order wavefront corrector 

• Fast sensing 

• Low-noise high-frame-rate sensors 

• Elimination of non-common-path error 

• Sensing in science focal-plane
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measurements of these phenomena for the most observa-
tionally favorable systems.
Spectroscopy in the infrared is an even more powerful

diagnostic of short-period exoplanet atmospheres than
are optical observations. The planet/star contrast ra-
tio is more favorable at longer wavelengths and because
these wavelengths host many more (and deeper) molec-
ular lines than do shorter wavelengths. As a result, this
technique has rapidly progressed from mere detection of
molecules (Snellen et al. 2010) and constraints on cloud
properties (Crossfield et al. 2011) to measurements or
upper limits on atmospheric abundances of CO, H2O,
CH4, and C/O ratios; orbital inclinations (and so abso-
lute masses) of non-transiting planets; thermal structure;
and global rotation and winds (Fig. 1b; (Brogi et al. 2012,
2013, 2014, 2016; Rodler et al. 2012, 2013; Birkby et al.
2013; de Kok et al. 2013; Lockwood et al. 2014)).
ELT high-resolution infrared spectroscopy will push

these studies to larger numbers of smaller, cooler plan-
ets (to date, nearly all such studies have focused on hot
Jupiters). The one exception was a non-detection consis-
tent with GJ 1214b’s cloud-covered atmosphere (Cross-
field et al. 2011; Kreidberg et al. 2014). Fortunately
some sub-Jovian, sub-1000 K planets have at least par-
tially cloud-free atmospheres (Fraine et al. 2014) and
so new types of planets will certainly be amenable to
high-resolution spectroscopy. Furthermore, the impact of
clouds is greatly reduced when studying a planet’s ther-
mal emission (rather than transmission) spectrum (Mor-
ley et al. 2015), providing an alternative avenue for study.
With broader wavelength coverage and greater collecting
area than existing instruments, the improved capabili-
ties of these new instruments (see Fig. 1a) will allow fu-
ture studies to measure precise atmospheric abundances,
measure global wind patterns and energy recirculation
(Miller-Ricci Kempton & Rauscher 2012; Kempton et al.
2014; Rauscher & Kempton 2014), and (by observing at
multiple orbital phases) create longitudinally-averaged
global maps of composition, clouds, and thermal struc-
ture (e.g., de Kok et al. 2014).

4. YOUNG, HOT GIANT PLANETS

The process of planet formation is a violent and, above
all, energetic process. After accretion of rocky solids into
planetary cores, considerable energy is liberated during
the runaway accretion experienced by gas giants; mod-
els of planet formation predict that for a young, giant
protoplanet achieves a luminosity as great as ⇠ 10�4L�
(Mordasini et al. 2012) for a few Myr. During this time
the system exhibits an exceedingly favorable planet/star
contrast ratio. Furthermore, if gas accretion is ongoing
then traditional stellar activity indicators (e.g., H↵ emis-
sion) may be detectable as well. Indeed, young accreting
planets have been imaged around a few nearby systems
(Kraus et al. 2011; Close et al. 2014; Quanz et al. 2015;
Sallum et al. 2015). However, such targets are near the
limit of what can be studied using current facilities –
with a main limitation being the < 0.1” separations of
these objects from their host stars. The high angular

resolution of a di↵raction-limited ELT is essential to
to study a large, representative sample of these young,
accreting objects. For example, the study of young, gi-
ant protoplanets during formation was one of the key
science drivers behind the original instrument concept

Fig. 2.— Known RV planets potentially accessible to high-
contrast observations in reflected light. Data are taken from the
NASA Exoplanet Archive. The only assumptions are an albedo
of 0.1, Rp/R� = (Mp/M�)0.485, and the radii of all planets with
RP /RJ > 1.8 and Mp/MJ > 1.8 set to 1.2RJ . The solid line is the
approximate NIR contrast performance predicted for ELT instru-
ments, and the color scale indicates Te↵. The accessible systems
are mostly Jovian-size planets orbiting beyond 1 AU.

study for the TMT’s Planet Formation Instrument (Mac-
intosh et al. 2006).
Although giant planets at later ages (up to 100 Myr)

are somewhat fainter, observations (mostly photometry)
have revealed considerably more about their atmospheric
composition, non-equilibrium chemistry, luminosity &
thermal evolution, and even bulk angular momentum
(Konopacky et al. 2013; Bonnefoy et al. 2014; Snellen
et al. 2014; Barman et al. 2015; Morzinski et al. 2015;
Skemer et al. 2016). All these studies would benefit from
the high angular resolution and increased sensitivity
that an ELT’s larger apertures would provide, and many
more such systems should be discovered by GAIA and on-
going ground-based surveys by the time the ELTs begin
operations. Recent observations reveal the even greater
power of medium- to high-resolution spectroscopy (as op-
posed to photometry) when determining these planets’
atmospheric properties (Konopacky et al. 2013; Snellen
et al. 2014; Barman et al. 2015). Instruments that com-
bine both high spatial resolution and medium-to-high
spectral resolution may therefore provide especially ex-
citing opportunities to expand the range of planets ac-
cessible to studies of composition, chemistry, and clouds.
Such instruments also raise the possibility of photometric
and/or spectroscopic monitoring of intrinsic variability
(weather) on these objects (e.g., Kostov & Apai 2013).
The ELTs will also provide exciting opportunities to

produce global, two-dimensional maps via Doppler Imag-
ing. Fig. 1d shows the first 2D map of a brown dwarf pro-
duced using this technique (Crossfield et al. 2014). ELT-
based high-resolution infrared spectrographs should have
the sensitivity to conduct such observations for at least
a small number of the brightest directly imaged exoplan-
ets (Snellen et al. 2014; Crossfield 2014). These studies
will produce global Doppler maps and weather movies
of exoplanets (and many brown dwarfs). By tracking
the atmospheric dynamics and the formation, evolution,
and dissipation of clouds in these atmospheres, Doppler
imaging could provide exciting and unique insights into
the atmospheric properties of these bodies.

5. MATURE, COLD GAS GIANTS

Crossfield (2016)



Technical Challenges
• 10-8 detection contrast at ~2 λ/D 

• Extremely low wavefront error 

• High-order wavefront corrector 

• Fast sensing 

• Low-noise high-frame-rate sensors 

• Elimination of non-common-path error 

• Sensing in science focal-plane

Significant challenges, but instruments 
can address these in the near term

Exoplanets and ELTs 3

measurements of these phenomena for the most observa-
tionally favorable systems.
Spectroscopy in the infrared is an even more powerful

diagnostic of short-period exoplanet atmospheres than
are optical observations. The planet/star contrast ra-
tio is more favorable at longer wavelengths and because
these wavelengths host many more (and deeper) molec-
ular lines than do shorter wavelengths. As a result, this
technique has rapidly progressed from mere detection of
molecules (Snellen et al. 2010) and constraints on cloud
properties (Crossfield et al. 2011) to measurements or
upper limits on atmospheric abundances of CO, H2O,
CH4, and C/O ratios; orbital inclinations (and so abso-
lute masses) of non-transiting planets; thermal structure;
and global rotation and winds (Fig. 1b; (Brogi et al. 2012,
2013, 2014, 2016; Rodler et al. 2012, 2013; Birkby et al.
2013; de Kok et al. 2013; Lockwood et al. 2014)).
ELT high-resolution infrared spectroscopy will push

these studies to larger numbers of smaller, cooler plan-
ets (to date, nearly all such studies have focused on hot
Jupiters). The one exception was a non-detection consis-
tent with GJ 1214b’s cloud-covered atmosphere (Cross-
field et al. 2011; Kreidberg et al. 2014). Fortunately
some sub-Jovian, sub-1000 K planets have at least par-
tially cloud-free atmospheres (Fraine et al. 2014) and
so new types of planets will certainly be amenable to
high-resolution spectroscopy. Furthermore, the impact of
clouds is greatly reduced when studying a planet’s ther-
mal emission (rather than transmission) spectrum (Mor-
ley et al. 2015), providing an alternative avenue for study.
With broader wavelength coverage and greater collecting
area than existing instruments, the improved capabili-
ties of these new instruments (see Fig. 1a) will allow fu-
ture studies to measure precise atmospheric abundances,
measure global wind patterns and energy recirculation
(Miller-Ricci Kempton & Rauscher 2012; Kempton et al.
2014; Rauscher & Kempton 2014), and (by observing at
multiple orbital phases) create longitudinally-averaged
global maps of composition, clouds, and thermal struc-
ture (e.g., de Kok et al. 2014).

4. YOUNG, HOT GIANT PLANETS

The process of planet formation is a violent and, above
all, energetic process. After accretion of rocky solids into
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study for the TMT’s Planet Formation Instrument (Mac-
intosh et al. 2006).
Although giant planets at later ages (up to 100 Myr)

are somewhat fainter, observations (mostly photometry)
have revealed considerably more about their atmospheric
composition, non-equilibrium chemistry, luminosity &
thermal evolution, and even bulk angular momentum
(Konopacky et al. 2013; Bonnefoy et al. 2014; Snellen
et al. 2014; Barman et al. 2015; Morzinski et al. 2015;
Skemer et al. 2016). All these studies would benefit from
the high angular resolution and increased sensitivity
that an ELT’s larger apertures would provide, and many
more such systems should be discovered by GAIA and on-
going ground-based surveys by the time the ELTs begin
operations. Recent observations reveal the even greater
power of medium- to high-resolution spectroscopy (as op-
posed to photometry) when determining these planets’
atmospheric properties (Konopacky et al. 2013; Snellen
et al. 2014; Barman et al. 2015). Instruments that com-
bine both high spatial resolution and medium-to-high
spectral resolution may therefore provide especially ex-
citing opportunities to expand the range of planets ac-
cessible to studies of composition, chemistry, and clouds.
Such instruments also raise the possibility of photometric
and/or spectroscopic monitoring of intrinsic variability
(weather) on these objects (e.g., Kostov & Apai 2013).
The ELTs will also provide exciting opportunities to

produce global, two-dimensional maps via Doppler Imag-
ing. Fig. 1d shows the first 2D map of a brown dwarf pro-
duced using this technique (Crossfield et al. 2014). ELT-
based high-resolution infrared spectrographs should have
the sensitivity to conduct such observations for at least
a small number of the brightest directly imaged exoplan-
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ExAO precursor  @ TMT 

Why consider deploying a precursor ? 

High impact science at first light: habitable planets reflected light spectroscopy around the 
nearest stars 
 Focusing on a single goal, small number of targets to meet schedule  

Risk mitigation for 2nd generation instrument 
 Learn what works… what needs fixing (instrument/algorithms AND telescope) 

Opens up opportunities for a more incremental approach: 
 Test subsystems / components on precursor 
 Develop and validate ON SKY : hardware, algorithms 
  
TMT precursor starts NOW on 8m telescope(s)  
… see for example SCExAO approach 
Extensive testing on 8m telescope(s) + modeling for jump to larger aperture will mitigate 
risks and avoid lengthy engineering/learning on TMT.  
Fully characterized instruments + algorithms (& yrs of experience) would be deployed on 
TMT

courtesy of Olivier Guyon



Science Along the Way
• Demographics will be largely characterized, e.g. WFIRST 

• Will also have samples of planets around nearby stars (e.g. 
GAIA, TESS) 

• Characterization  

• JWST transit spectroscopy of short-period planets (relatively low 
spectral resolution) 

• Thermal emission spectroscopy of longer-period planets — still 
unique from the ground 

• Post-JWST direct detection of planets around nearby stars in space 
is done in visible light



Science Along the Way
• Clear advantage is in spectral resolution 

• Atmospheric characterization, rotation vs. age for 
census of self-luminous giant planets 

• Thermal emission of giant planets will continue to be 
interesting from now through TMT era 

• Technology continues to press on inner working angle 

• Discovery space in context of condensation profiles


