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Major	Categories	of	Questions	for	Exoplanets

1)	Planet	Demographics
What	is	the	frequency	of	planets	as	a	function	of	separation	and	mass?		What	
is	the	complete	set	of	possible	outcomes	from	the	planet	formation	process?

2)	Planetary	System	Architectures
What	correlations	exist	between	the	locations	and	properties	of	different	
planets	in	a	planetary	system?		

3)	Planet	Characterization
What	are	the	properties	of	individual	planets,	and	how	do	these	properties	vary	
among	the	full	set	of	new	and	diverse	worlds?
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Figure 6
Mass versus semimajor axis scaled to the location of the snow line for known exoplanets. Radial velocity (RV)
detections are indicated by red circles (blue for those also known to be transiting), transit detections are
indicated by light blue triangles if detected from the ground and as purple diamonds if detected from space,
microlensing detections are indicated by green pentagons, direct detections are indicated by magenta
squares, and detections from pulsar timing are indicated by yellow stars. The letters indicate the locations of
the Solar System planets. The blue vertical bar designates the snow line, which we have assumed to be
located at as l = 2.7 AU (M /M⊙). For the pulsar planets, we have assumed an arbitrary host star mass of
1 M⊙. The shaded regions show illustrative estimates of the planet discovery space for various methods and
experiments. This figure highlights the complementarity of the various planet detection techniques: Transit
and radial velocity surveys are generally sensitive to planets interior to the snow line, whereas microlensing
and direct imaging surveys are sensitive to more distant planets beyond the snow line.

or ρ ∼ q 1/2. For clump giant sources in the Bulge, finite source effects inhibit the detection of
planets with mass !5 M ⊕ (Bennett & Rhie 1996). For main-sequence sources (R ∼ R⊙), finite
source effects become important for planets with the mass of Earth, but do not completely render
them undetectable until masses of ∼0.02 M ⊕ ∼ 2 M Moon for main-sequence sources (Bennett &
Rhie 1996, Han et al. 2005). Thus, microlensing is sensitive to Mars mass planets and even planets
a few times the mass of the Moon, for sufficiently small source sizes.

2.6.1.3. Sensitivity to long-period and free-floating planets. Microlensing is most sensitive to
planets with projected (angular) separations at the time of the primary event that are close to θE.
Planets with separations substantially smaller than this are difficult to detect because the magnifi-
cations of the images that are being perturbed are quite small. However, planets with separation
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2)	Planetary	System	Architectures
What	correlations	exist	between	the	locations	and	properties	of	different	
planets	in	a	planetary	system?		



3)	Planet	Characterization
What	are	the	properties	of	individual	planets,	and	how	do	these	properties	vary	
among	the	full	set	of	new	and	diverse	worlds?
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Fig. 6.— Same as Figure 5 but with models that include non-equilibrium CO↔CH4

chemistry or parameterized CO/CH4 opacity. The Burrows models are from Skemer et al.

(2012) and have similar clouds properties as Figure 5 but with diminished CH4 and enhanced

CO opacity. The Barman model, which is from Barman et al. (2011b) also employs thick

clouds, and uses chemical reaction rates to self-consistently calculate CH4 and CO mixing

ratios assuming a vertical diffusion coefficient of Kzz = 108cm2/s.

The HR 8799 planets are not well-fit by the Burrows models, which predict a sharp

edge to the methane absorption feature, even with suppressed methane opacity. Our new

narrow-band 3-4µm photometry suggest a smoother slope. Note that analogous models

from Barman et al. (2011a) and Galicher et al. (2011) predict qualitatively similar behavior

(when considering models that have radii consistent with evolutionary tracks). However, the

Barman model fits 2M1207 b quite well, including our new [3.3µm] photometry. Combined

with Barman et al. (2011b)’s fit of the 2M1207 b near-infrared spectrum, it appears that

thick clouds and non-equilibrium chemistry can explain all of the existing data for 2M1207

b.
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Figure 3. OSIRIS H - and K-band fluxes of HR8799b (scaled to 10 pc) plotted with 1σ uncertainties. The location of prominent water, CH4, and CO absorption bands
are indicated. The fluxes extracted without the speckle-suppression algorithm are shown as dotted lines. The bottom two curves are the mean residuals of fake planets
with flat spectra extracted from the same data cubes (see the text for details). The Kn3 spectrum of Bowler et al. (2010) is shown as green pluses (scaled arbitrarily
down) overplotted with the broadband spectrum (black points) interpolated onto the Bowler et al. Kn3 wavelength points. The mean 1σ uncertainties across the Kn3
range are shown at either end for each data set. The larger red filled symbols are the NICI CH4 short/long (boxes), NIRC2 narrow (circles), and NIRC2 broadband
(stars) photometry taken from Table 3. Blue symbols are the corresponding photometry derived from the OSIRIS spectra.
(A color version of this figure is available in the online journal.)

Table 2
OSIRIS H and K Spectra (Scaled to 10 pc)

λ Fν (mJy) Error (1σ ) λ Fν (mJy) Error (1σ )

1.48 0.25 0.08 1.97 0.47 0.10
1.49 0.44 0.04 1.99 0.52 0.07
1.50 0.42 0.06 2.00 0.69 0.12
1.52 0.36 0.03 2.02 0.69 0.11
1.53 0.33 0.08 2.04 0.83 0.10
1.54 0.47 0.05 2.05 1.15 0.12
1.56 0.53 0.08 2.07 1.32 0.13
1.57 0.57 0.06 2.08 1.31 0.12
1.58 0.63 0.06 2.10 1.39 0.12
1.59 0.73 0.04 2.12 1.49 0.13
1.61 0.76 0.04 2.13 1.60 0.15
1.62 0.83 0.05 2.15 1.66 0.15
1.63 0.89 0.03 2.16 1.69 0.15
1.65 0.85 0.05 2.18 1.58 0.15
1.66 0.85 0.07 2.20 1.42 0.14
1.67 0.90 0.04 2.21 1.48 0.14
1.68 1.05 0.04 2.23 1.42 0.14
1.70 1.02 0.06 2.24 1.31 0.13
1.71 1.00 0.04 2.26 1.25 0.12
1.72 0.89 0.04 2.28 1.33 0.12
1.74 0.74 0.04 2.29 1.00 0.10
1.75 0.60 0.06 2.31 0.83 0.08
1.76 0.58 0.05 2.32 0.58 0.06
1.77 0.43 0.05 2.34 0.67 0.08
1.79 0.37 0.05 2.36 0.60 0.07

flux to possible weak CH4 absorption. The broadband spectrum,
which encompasses much more of the CH4 absorption band, in-
dicates an even weaker CH4 signature than indicated by the Kn3
spectrum.

3. EMPIRICAL COMPARISONS

The H - and K-band spectra of HR8799b show several
interesting features. In the H band, a pronounced triangular
shape indicative of weak collision-induced absorption (CIA)
and low surface gravity is seen. The spectrum also shows no
evidence of strong methane absorption (consistent with CH4
on/off photometry) as would otherwise be expected in cold
T-type BDs. At the K band, the spectrum shows very deep water
absorption bands. As in the H band, there is no evidence of
strong methane absorption or very strong CO absorption.

HR8799b occupies sparsely populated regions of near-IR
color–magnitude diagrams (CMDs). Despite this fact, it is still
useful to compare the observed spectra of HR8799b to those
of known BDs. Figure 4 compares the H - and K-band spectra
to a sequence of L and T dwarf spectra from type T6 to L1.
The near-IR spectrum of HR8799b is fairly distinct from these
typical field BDs, which generally have weaker water absorption
and, for the T dwarfs, have deeper CH4 absorption than seen in
HR8799b. The fact that none of the hotter, L-type BDs provide
a good match to HR8799b is consistent with the low effective
temperature deduced from cooling track models (Marois et al.
2008).

BD near-IR colors exhibit considerable spread within a given
spectral type and a number of peculiar (anomalously red or
blue) L and T dwarfs are turning up (Kirkpatrick et al. 2008;
Burningham et al. 2010). Consequently, while standard BDs
do not match HR8799b very well, perhaps some of the more
peculiar BDs might. The SpeX Prism spectral library5 provides
over 300 low-resolution L and T dwarf spectra from ∼0.65 to

5 http://web.mit.edu/ajb/www/browndwarfs/spexprism
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The	Promise	of	Direct	Imaging

Characterization

• Long-period	planets
• Cold	and	temperate	planets
• Self-luminous	planets
• Planet	surfaces
• Thin	atmospheres
• Planets	with	high	clouds/hazes



OK,	but	why	haven’t	we	imaged	more	planets?

Macintosh	PFI	Study,	2006



Massive	Planets	on	Wide	Orbits	are	
Rarer		than	we	Thought

exclude lower-mass planets at wide separations are not taken
into account. The dominant formation channel for this
population of close-in giant planets is thought to be core
accretion plus gas capture, in which growing cores reach a
critical mass and undergo runaway gas accretion (e.g., Helled
et al. 2013).

The totality of evidence indicates that the decreasing brown
dwarf companion mass function almost certainly overlaps with
the the rising giant planet mass function in the 5–20MJup mass
range. No strict mass cutoff can therefore unambiguously divide
giant planets from brown dwarfs, and many of the imaged
companions below 13MJup listed in Table 1 probably originate
from the dwindling brown dwarf companion mass function.

Another approach to separate these populations is to consider
formation channel: planets originate in disks while brown
dwarfs form like stars from the gravitational collapse of
molecular cloud cores. However, not only are the relic
signatures of formation difficult to discern for individual
discoveries, but objects spanning the planetary up to the stellar
mass regimes may also form in large Toomre-unstable
circumstellar disks at separations of tens to hundreds of au
(e.g., Durisen et al. 2007; Kratter & Lodato 2016). Any binary
narrative based on origin in a disk versus a cloud core is
therefore also problematic. Furthermore, both giant planets and
brown dwarf companions may migrate, dynamically scatter, or

undergo periodic Kozai–Lidov orbital oscillations if a third
body is present, further mixing these populations and
complicating the interpretation of very low-mass companions
uncovered with direct imaging.
The deuterium-burning limit at ≈13MJup is generally

acknowledged as a nebulous, imperfect, and ultimately
artificial division between brown dwarfs and giant planets.
Moreover, this boundary is not fixed and may depend on planet
composition, core mass, and accretion history (Spiegel
et al. 2011; Bodenheimer et al. 2013; Mordasini 2013).
Uncertainties in planet luminosities, evolutionary histories,
metallicities, and ages can also produce large systematic errors
in inferred planet masses (see Section 3), rendering incon-
sequential any sharp boundary set by mass. However, despite
these shortcomings, this border lies in the planet/brown dwarf
“mass valley” and may still serve as a pragmatic (if flawed)
qualitative division between two populations formed predomi-
nantly with their host stars and predominantly in protoplanetary
disks.
Observational tests of formation routes will eventually

provide the necessary tools to understand the relationship
between these populations. This can be carried out at an
individual level with environmental clues such as coplanarity
of multi-planet systems or orbital alignment within a debris
disk; enhanced metallicities or abundance ratios relative to host
stars (Oberg et al. 2011); or overall system orbital architecture.

Figure 12. Probability distributions for the occurrence rate giant planets from a
meta-analysis of direct imaging surveys in the literature. �

�2.8 %2.3
3.7 of BA stars,

<4.1% of FGK stars, and <3.9% of M dwarfs harbor giant planets between
5–13 MJup and 30–300 au. The correlation between stellar host mass and giant
planet frequency at small separations (<2.5 au) from Johnson et al. (2010) is
shown in blue. Larger sample sizes are needed to discern any such correlation
on wide orbits. �

�0.6 %0.5
0.7 of stars of any mass host giant planets over the same

mass and separation range.
(A color version of this figure is available in the online journal.)

Figure 13. The demographics of exoplanets from direct imaging (dark blue),
radial velocity (light blue), transit (orange), and microlensing (green) surveys.
Planets detected with radial velocities are minimum masses. It remains unclear
whether imaged planets and brown dwarfs represent distinct populations or
whether they form a continuous distribution down to the fragmentation limit.
Directly imaged substellar companions are compiled from the literature, while
planets found with other methods are from exoplanets.eu as of 2016 April
(Schneider et al. 2011).
(A color version of this figure is available in the online journal.)
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Planets	are	Colder	than	we	Thought

Marley	et	al.	(2007)
Fortney	et	al.	(2008)

Young Jupiter Atmospheres 11

FIG. 1.— Planetary thermal evolution models, updated fromMarley et al. (2007b). Dotted lines indicate “hot start” planets with an arbitrary initial condition. Solid
lines indicate planets with an initial model from the Hubickyj et al. (2005) core accretion formation model. The model atmosphere grid is 1× solar and includes
the opacity of refractory cloud species. As in Marley et al. (2007b), times on the x-axis are years since formation, which takes no time (by definition) for hot start
planets, and ∼2.3-3.0 Myr for core accretion planets.

Hot-Start
Cold-Start

1.1. The Early Evolution of Giant Planets

Over the past decade only a small number of workers have at-
tempted the difficult task of coupling nongray radiative-convective
atmosphere models to thermal evolution models to enable an un-
derstanding of interior structure, atmospheric structure, atmo-
spheric chemistry, and emitted spectra for giant planets and brown
dwarfs (e.g., Burrows et al. 1997; Chabrier et al. 2000; Baraffe
et al. 2003; Saumon &Marley 2008). It has perhaps only recently
become appreciated by the wider community that these models
do not include a mechanism for the formation of the objects that
they aim to understand. The starting point for these models is an
arbitrarily large and hot, nonrotating, adiabatic sphere. These
model objects are then allowed to cool and contract from this
arbitrary state. The initial model is soon unimportant, as the cool-
ing and contraction are initially very fast, since the Kelvin-
Helmholtz time, tKH, is inversely proportional to both luminosity
and radius. Although it is true that the models forget their initial
conditions eventually, it is not immediately obvious how long
this may take. In the past, a common thought was that after ‘‘a
few million years’’ the initial conditions are forgotten and these
standard hot start evolution models are reliable. Although this
type of model has been successfully applied to Jupiter for de-
cades (e.g., Graboske et al. 1975; Hubbard 1977; Guillot et al.
1995; Fortney & Hubbard 2003), their application to planets at
very young ages could potentially be suspect (Stevenson 1982).
More recently, Baraffe et al. (2002) have investigated similar
issues for brown dwarfs.

In order to better understand the properties of gas giant planets
at young ages, in Marley et al. (2007a) we undertook an inves-
tigation of the early evolution of giant planets, with initial prop-
erties given by a state-of-the-art model of planet formation by
core accretion (Hubickyj et al. 2005), rather than the traditional
(but arbitrary) initial condition, which we termed a hot start. As
shown in Figure 1, the postformation properties of these planets
are surprising. The model planets started their lives smaller and
colder than their hot start brethren. The core accretion start mod-
els were less luminous by factors of a few to 100, and the initial
conditions were not forgotten for timescales of tens of millions to
one billion years. The reason for the significant difference lies in
the treatment of gas accretion (see Marley et al. 2007a). In the
Hubickyj et al. (2005) models the accreting gas arrives at nearly
free-fall velocity to a shock interface at the protoplanet. The shock
radiation transfer is not followed directly, but a shock jump con-
dition from Stahler et al. (1980) is employed; this accretion lu-
minosity is entirely radiated away, leading to the prominent
luminosity spike in these models during gas accretion. The gas
that finally accretes onto the planet is therefore relatively cold,
low-entropy gas.

It is therefore enticing to imagine that one could use the early
luminosity, TeA, and surface gravity to determine the formation
mechanism of a faint planetary-mass companion. This may be
possible, but we caution that the current generation of core ac-
cretion formation models (Hubickyj et al. 2005; Alibert et al.
2005a; Ikoma et al. 2000) are still only one-dimensional repre-
sentations of a three-dimensional process. A detailed look at

Fig. 1.—Planetary thermal evolutionmodels, updated fromMarley et al. (2007a). Dotted lines indicate ‘‘hot start’’ planets with an arbitrary initial condition. Solid lines
indicate planets with an initial model from the Hubickyj et al. (2005) core accretion formation model. The model atmosphere grid is 1; solar and includes the opacity of
refractory cloud species. As in Marley et al. (2007a), times on the x-axis are years since formation, which takes no time (by definition) for hot start planets, and !2.3–
3.0 Myr for core accretion planets.
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The	TMT	Solves	Both	Problems
Not	enough	planets	at	wide	separations…

-Look	at	smaller	separations	where	they	are	more	common
-Overlap	with	RV	so	we	know	where	to	look

Need	bigger	telescope	for	better	resolution

Planets	are	colder	than	we	thought…
-Look	at	longer	wavelengths	where	planets	are	more	luminous
-Look	at	shorter	wavelengths,	where	lambda/D	gives	access	to	reflected	
light	planets

Need	bigger	telescope	for	better	sensitivity
Need	bigger	telescope	for	better	resolution



Direct	Imaging	has	the	Most	to	Gain	
from	the	ELTs

Observing Method Integration	time	for	a	fixed	S/N	
(background-limited)

Seeing-Limited D2

Diffraction-Limited D4

Direct	Imaging	at Small	Separations D∞

TMT	doesn’t	just	speed	up	exoplanet	observations,	it	allows	us	to	
study	whole	new	classes	of	exoplanets



Classes	of	Exoplanets

Stellar	Type
• A
• F
• G
• K
• M

Radius
• Earth	(1	Rearth)
• Super-Earth	(2-3	Rearth)
• Neptune	(3-8	Rearth)
• Jupiter	(>8	Rearth)

Temperature
• Hot	(>500	K)
• Temperate	(250-500	K)
• Cold	(<250	K)

Age
• Infant	(0-5	Myr)
• Young	(5-500	Myr)
• Old	(>500	Myr)

Abundances
• High	[Fe/H]
• Low	[Fe/H]
• High	[C/O]
• Low	[C/O]

System	Properties
• Multiple	planets
• Planets	and	disks
• Resonances
• Tidally	locked

Energy	Source
• Heated	by	Star
• Self-luminous

Formation	History
• Binary	Fragmentation
• Disk	Instability
• Core-Accretion
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Image	accreting	proto-Jupiters with	2-5	micron	spectroscopy
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Image	Earth’s	around	the	nearest	~5	stars	with	10	micron	imaging
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Stellar	Type
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Image	tidally-locked	Earth-sized	planets	with	visible	reflected	light	imaging



Classes	of	Exoplanets

Stellar	Type
• A
• F
• G
• K
• M

Radius
• Earth	(1	Rearth)
• Super-Earth	(2-3	Rearth)
• Neptune	(3-8	Rearth)
• Jupiter	(>8	Rearth)

Temperature
• Hot	(>500	K)
• Temperate	(250-500	K)
• Cold	(<250	K)

Age
• Infant	(0-5	Myr)
• Young	(5-500	Myr)
• Old	(>500	Myr)

Abundances
• High	[Fe/H]
• Low	[Fe/H]
• High	[C/O]
• Low	[C/O]

System	Properties
• Multiple	planets
• Planets	and	disks
• Resonances
• Tidally	locked

Energy	Source
• Heated	by	Star
• Self-luminous

Formation	History
• Binary	Fragmentation
• Disk	Instability
• Core-Accretion

Image	Super-Earth’s	around	K-stars	in	reflected	light	and	thermal	light	to	study	
energy	balance.



Ways	to	Characterize	Exoplanets

Wavelength
• Reflected	Light
• Thermal	Emission

Spectral	Resolution
• Low
• Medium
• High

Time	Domain
• Photometry
• Doppler	Imaging



Ways	to	Characterize	Exoplanets

Wavelength
• Reflected	Light
• Thermal	Emission

Spectral	Resolution
• Low
• Medium
• High

Time	Domain
• Photometry
• Doppler	Imaging

Combinations	help:	
• Low	+	high	resolution	gives	bulk	properties	and	molecules
• Reflected	+	Thermal	gives	energy	balance



Planetary	Systems	Imager



Phase	I:	2-5	micron	IFS	+	High	Res	
Spectrograph

• 7x7”	Imager
• 1.2x1.2”	IFS	with	R~200
• 0.1x0.1”	IFS	with	R~5000
• Fiber-injection	to	

R~100,000

• Follows	established	best	
practices	for	imaging	
exoplanets	
(coronagraphs,	lenslet-
based	IFS,	single-mode	
fiber	for	speckle-
suppression,	etc.)



Conclusions
• There	is	an	extraordinary	diversity	of	exoplanets	
that	can	be	imaged	by	TMT.

• The	biggest	exoplanet	science	cases	for	TMT	
involve	characterization.		We	need	instruments	
that	won’t	just	find	exoplanets,	but	will	also	
characterize	them.

• No	other	instrument	can	do	this	first.		Not	JWST.		
Not	GPI.


