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Toward a More Complete Statistical Census of Exoplanets 

 
Determining the demographics of exoplanets is challenging for two reasons: First, knowing how 

the planet population varies as a function of a number of parameters, such as stellar mass, stellar 
metallicity, planet mass, and orbital period, is needed; and exploring each new dependency is resource 
intensive. Second, different detection methods are sensitive to different kinds of stars, planets, and orbital 
periods. Exacerbating the challenge, the ranges of sensitivities often do not overlap, requiring 
extrapolation to connect the populations inferred by different methods (Figure 3.1). 
 

 
FIGURE 3.1 The distribution of known exoplanets as a function of their orbital periods and mass (left 
panel) and radius (right panel). The method of discovery is shown in the legend by color and symbol. 
Most planets discovered by radial velocity do not transit, so they do not have measured radii. Most 
planets discovered by transit do not have measured masses. The exoplanet census does not yet include the 
full radius and mass range covered by the Solar System planets. SOURCE: A. Weinberger, using data 
from the NASA Exoplanet Archive, a service of the NASA Exoplanet Science Institute.1 

 
 
As described in Chapter 2, the radial velocity and transit methods have provided a statistical 

census of the planet population of close-in planets with separations of less than roughly one AU and 
masses or radii greater than that of Earth, and imaging has provided a first look at the population of young 
(and hence luminous) massive worlds far from their stars. However, other than the several dozen precious 
detections from microlensing, knowledge of the population of mature planets on long orbits is woefully 
incomplete. This leaves researchers unable to probe planets as a function of where ices such as water 
condense (snow lines), although these transitions appear important in the Solar System and in 
protoplanetary disks. Furthermore, the population of known planetary systems in the parameter space of 
planets mass (or radius) and semimajor axis (or period) is nearly completely disjoint from the parameter 
space covered by the planets in the Solar System. As discussed in Chapter 2, the detection methods that 
are best positioned to contribute to improving a statistical census of planets, particularly analogues of the 
planets in the Solar System, are astrometry, microlensing, and direct imaging.  

The Gaia astrometric mission (Perryman et al., 2011) is currently operating and, by the end of its 
mission, it will have an astrometric accuracy sufficient to discover roughly 20,000 planets with masses at 

                                                      
1 See https://exoplanetarchive.ipac.caltech.edu/. 
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FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 

 
 

correcting element. The challenge of the wavefront controller is to sense and correct the aberrations 
within the time scale associated with the change of the perturbation. This requirement sets another 
fundamental limit on the achievable contrast—the brightness of the host star used for sensing—and its 
corresponding photon shot noise over the time scale of the stability of the system (telescope and 
instrument). 

Most direct imaging detections of exoplanets so far have relied on the combination of adaptive 
optics and coronagraphs on ground-based telescopes. Due to the turbulent nature of Earth’s atmosphere, 
the main purpose of the wavefront controller is to correct for the large and rapidly evolving wavefront 
aberrations induced by the propagation of waves through the turbulent medium of the atmosphere. The 
most modern incarnations of adaptively corrected ground-based coronagraph instruments are currently 
limited to contrast ratios of about 10-6 (Figure 4.3), which is sufficient to detect the glow of young 
forming giant planets that are emitting thermal infrared due to their ongoing contraction from formation.  
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Table 1
Evaporation Temperatures and Abundances of O and C in Different Forms

with Respect to Hydrogen

Species Tevap
a nO nC

(K) (10−4×nH) (10−4×nH)

CO 18–22 (20) 0.9–2b (1.5) 0.9–2b (1.5)
CO2 42–52 (47) 0.6b 0.3b

H2O 120–150 (135) 0.9b

Carbon grains >150 (500) 0.6–1.2c (0.6)
Silicate ∼1500 (1500) 1.4c

Notes. Adopted model values are in parentheses.
a The range of temperatures for ices corresponds to gas densities 108–1012 cm−3

suitable for disk midplanes.
b From ice and gas observations toward the CBRR 2422.8-3423 disk (Pontop-
pidan 2006).
c The range corresponds to estimates of organic content (Draine 2003). The
lower value is adopted to obtain a solar C/O ratio. Silicate abundance is 1.2 from
Whittet (2010) and 1.4 takes into account the additional refractory component.

bodies, and on the importance of core dredging, i.e., how isolated
the atmosphere is from the core. In the simplest case, the core
and atmosphere are completely isolated from each other, and the
atmosphere is built up purely from gas. We therefore begin with
only considering gas accretion, and then show how the expected
atmosphere composition is modified by adding planetesimal ac-
cretion.

Once a core is massive enough to begin runaway accretion of
a gas envelope, this accretion most likely happens faster than the
planet can migrate due to interactions with the disk. D’Angelo &
Lubow (2008) estimate that a planet migrates inward by <20%
of its semi-major axis during runaway growth. We therefore
assume that the planetary envelope is accreted between the
same set of snowlines where accretion started. As a first step,
we further assume that grains contributing to the atmosphere
come from the same location as the gas (which need not be the
case) and that gas and grain compositions are constant between
each set of snowlines. Finally, we assume that the snowlines
are static, which is justified by the long timescales at which
disk midplane temperatures change in disks older than 106 years
(when gas giants are proposed to form) compared to the 105 year
timescales of runaway gas accretion (Lissauer et al. 2009;
Dodson-Robinson et al. 2009). Specifically, the temperature
structure is set by viscous dissipation in the inner disk and
irradiation by the central star in the outer disk (D’Alessio
et al. 1998), and both accretion and stellar luminosity decay on
106 year timescales at the time of planetary envelope accretion
(e.g., Hartmann et al. 1998; Siess et al. 2000). We return to these
considerations in Section 3.

We estimate the total abundances (grain + gas) of the major
O- and C-containing species in typical disks from a combination
of ice observations of a protoplanetary disk (Pontoppidan 2006)
and grain compositions in the dense interstellar medium (ISM;
Table 1). The main O carriers are H2O, CO2 and CO ices, CO
gas and silicates, and an additional refractory oxygen component
(Whittet 2010). The main C carriers are CO, CO2, and a range
of organics and carbon grains (Draine 2003). The evaporation
temperature of the latter carbon sources are unknown, and a
high evaporation temperature is adopted to prevent this unknown
carbon component from influencing the model outcome; if any
of this carbon is present in more volatile forms, it will enhance
the gas-phase C/O ratio further. The sublimation temperature
for silicate grains is set to 1500 K. For all other molecules,

Figure 1. C/O ratio in the gas and in grains, assuming the temperature structure
of a “typical” protoplanetary disk around a solar-type star (T0 is 200 K and
q = 0.62). The H2O, CO2, and CO snowline are marked for reference.

we calculate the density-dependent sublimation temperatures
following the prescription of Hollenbach et al. (2009) using
binding energies of H2O, CO2, and CO of 5800 K, 2000 K,
and 850 K (Collings et al. 2004; Fraser et al. 2001; Aikawa
et al. 1996). A complication is the observed ease with which
H2O can trap other molecules in its ice matrix. It is however
difficult to trap more than 5%–10% of the total CO abundance
in H2O ice (Fayolle et al. 2011) and we therefore ignore
this process.

The radii of different snowlines are set by the disk temperature
profile. Consistent with the temperature profile derived from
the compositions of solar system bodies (Lewis 1974) and
with observations of protoplanetary disks (Andrews & Williams
2005, 2007) we adopt a power-law profile,

T = T0 ×
( r

1 AU

)−q

, (1)

where T0 is the temperature at 1 AU and q is the power-law
index. In a large sample of protoplanetary disks, the average T0
is 200 K and q = 0.62 (Andrews & Williams 2007). Figure 1
displays the C/O in the gas and in grains in the disk midplane
as a function of distance from the young star for this average
disk profile. Between the H2O and CO snowlines, the gas-phase
C/O ratio increases as O-rich ices condense, with the maximum
C/O ∼ 1 reached between the CO2 and CO sublimation lines
at 10–40 AU. In the case of completely isolated core and
atmosphere accretion, the atmospheric C/O ratios will reflect
the gas-phase abundances, resulting in C enrichments beyond
the H2O snowline.

The size and position of the disk region where the C/O ratio
in the gas reaches unity depend on the disk temperature profile.
A more luminous star will heat the disk further, pushing the
various snowlines outward, while the steepness of the disk
temperature profile determines the spacing of the different
snowlines. Figure 2 compares protoplanetary disk thermal
profiles from Andrews & Williams (2005), which sample stars
with a range of spectral types, with the “typical” disk profile
from Figure 1. In all cases, the gas-phase C/O ratio is enhanced
in regions associated with gas-giant formation, i.e., a few to a
few tens of AU. Formation of C-rich atmospheres from oxygen-
depleted gas accretion can therefore operate in most planet-
forming disks

The high metallicity of giant planets in our own so-
lar system as well as planet formation models suggest that
the atmosphere can be significantly polluted by evaporating

2
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Figure 2: (a) Self-luminous exoplanets of all temperatures can be imaged at lower contrasts in the thermal infrared (3-5 μm) 

than in the near infrared (1-2 μm). This becomes more pronounced at lower temperatures.  (b) Exoplanets SEDs vary 

dramatically with wavelength so that a single standard filter (such as L’) is not optimal for a wide range of planets.  (c) Using 

an IFS, the optimal bandpass can be selected.  In the sky-background-limited regime, a 300 K can be detected with 40% more 

S/N by using a weighted average filter instead of a standard L’ filter.  In the contrast-limited regime, a 300 K planet can be 

detected with 200% more S/N by using a weighted average filter instead of a standard L’ filter.  This is independent of any 

speckle suppression, where in IFS also helps.  The combination of an optimal thermal infrared filter and speckle suppression 

from an IFS creates a ~4-5 magnitude boost in sensitivity compared to an H-band IFS and a ~2.2 magnitude boost in sensitivity 

compared to an L-band imager. 

3.1.2 Exoplanet Science 
The planets that we currently study with direct imaging are self-luminous gas-giant planets, and generally, most 
surveys have searched for young, warm planets, rather than older planets that are cold and faint.  While almost 
every type of exoplanet imaging survey would benefit from SCALES, some of the most exciting science would come 
from surveys to discover new classes of exoplanets:   
 

Accreting Protoplanets—By observing young planets that are still embedded in their nascent disks, it is possible 
to observe mass accretion directly.   Do planets grow continuously or stochastically?  What is the composition of 
material accreting onto exoplanets?  Is the population and location of exoplanets different around young stars 
than around mature stars?   SCALES will be able to image accreting protoplanets at the wavelengths where they 
are easiest to detect (Sallum et al. 2015), spectroscopically validate candidates instead of relying on non-
contemporaneous observations of variable sources and provide accurate luminosity estimates through the 
extinction of accretion streams. 
Cold Exoplanets—The coldest directly imaged planets are 600-700K (Kuzuhara et al. 2015; Macintosh et al. 2015), 
which is as hot as the day-side of Mercury.  What physical and chemical processes dominate the atmospheres of 
cold planets?  Did cold planets form through a different process than warm planets?  How do the atmospheres of 
cold planets compare to free-floating Y-dwarfs?  SCALES is optimized for imaging cold exoplanets because it 
operates in the thermal infrared where cold planets are visible.  While NIRC2 is also sensitive in this regime, 
SCALES’s IFS can search for planets using an optimal bandpass, which will increase the volume (and target list) 
suitable for a survey. 
Radial-Velocity Exoplanets—Radial-velocity surveys have now discovered exoplanets on long enough periods that 
they are detectable with direct imaging.  Are the luminosities of these planets consistent with evolutionary models 
at a fixed mass?  Are the surface gravities we derive from atmospheric modeling consistent with actual planet 
masses?  Radial velocity searches tend to target old, quiet stars, and thus long-period radial velocity planets are 

Image	Credit:	A.	Skemer
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Multiwavelength	spectroscopy:

• <970nm:	C	&	O	abundances	from	e.g.	
CH4 and	H2O	features

• L	&	M	bands:	C	&	O	abundances	from	e.g.
CH4,	CO,	CO2	features

• 10um regime:	nitrogen	abundances	from	
the	NH3 feature	

How	do	volatile	abundances	vary	with:

• Planet-star	separation?	

• Planet	mass?	

• Host	star	mass?

• Host	star	metallicity?	
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• Constrain	phase	angles	via	imaging

• Measure	Teff via	thermal	imaging	
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clouds’	scattering	phase	functions
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Overlap	with	non-
imaging	techniques

• Exoplanet	masses	via	RV,	astrometry,	
and	imaging

• Bulk	density	constraints	from	radii	
estimates	and	masses	

• Are	planets’	luminosities	consistent	
with	evolutionary	models?

• Are	the	surface	gravities	derived	from	
atm.	models	consistent	with	masses?	

0.2 0.5 1.0
Separation [00]

1.0

5.0

10.0

50.0

M
as

s
[M

J
] Brown Dwarf
Exoplanet

300 K

500 K

700 K

1000 K

1500 K

2000 K

Figure	credit:	Briemeister,	Skemer,	Brandt,	Savransky,					
cccccccccccc Wang,	Millar-Blanchaer

Predicted	population	of	GAIA	planets	
detectable	by	TMT/PSI



22

each segment and none of the segments can be described as
residing in a poorly constrained region. Given that the
transition points are defined as the intercept of the slopes, they
too are well constrained by virtue of the construction of our
model. Critically, then, a paucity of data at the actual transition
point locations (as is true for T(1)) has little influence on our
inference of their locations. In order for the results of this work
to be significantly affected by the exclusion of these low S/N
data then, these points would have to have modified the
inference of the slope parameters.

To demonstrate this effect is negligible, we consider the
Neptunian segment in isolation, since it strongly affects the critical
transition T(1) and features the largest fraction of excluded points
(24%). Since the excluded data were due to lossy mass
measurements, we ignore the radius errors and perform a simple
weighted linear least-squares regression with and without the
excluded data, where we approximate the observations to be
normally distributed. We find that the slope parameter, S(2),
changes from 0.782±0.058 to 0.784±0.050 by re-introducing
the excluded data, illustrating the negligible impact of these data.

3.4. Injection/Recovery Tests

In order to verify the robustness of our algorithm, we created
10 fake data sets and blindly ran our algorithm again on each.
The data sets are generated by making a random, fair draw
from our joint posteriors (both the local and hyper parameters),
ensuring that each draw is from a different effective chain. We
then re-ran our original algorithm as before, except the number
of steps in the final chain is reduced by a factor of 10 for
computational expedience.

We computed the 1σ and 2σ credible intervals on each
hyper-parameter and compare them to the injected truth in
Figure 4. As evident from this figure, we are able to easily
recover all of the inputs to within the expected range, validating
the robustness of the main results presented in this work.

4. CLASSIFICATION

4.1. Classification with an MR Relation

A unique aspect of this work was to use freely fitted
transitional points in our MR relation. As discussed earlier,
these transitional points essentially classify the data between
distinct categories, where the class boundaries occur in mass
and are defined using the feature of * %d d . Such classes are
evident even from visual inspection of the MR data (see
Figure 3), but our Bayesian inference of a self-consistent
probabilistic broken power law provides statistically rigorous
estimates of these class boundaries. In what follows, we discuss
the implications of the inferred locations of the class
boudnaries ( ( )T 1 , ( )T 2 , and ( )T 3 ).

4.2. Naming the Classes

Rather than refer to each class as segments 1, 2, 3, and 4, we
here define a name for each class to facilitate a more physically
intuitive discussion of the observed properties. A naming
scheme based on the physical processes operating is appealing
but ultimately disingenuous since our model is deliberately
chosen to be a data-driven inference, free of physical
assumptions about the mechanics and evolution sculpting these
worlds. We consider it more appropriate, then, to name each
class based on a typical and well-known member.
For segment 2, Neptune and Uranus are typical members and

are of course very similar to one another in basic properties.
We therefore consider this class to define a sub-sample of
Neptune-like worlds, or “Neptunian” worlds more succinctly.
Similarly, we identify Jupiter as a typical member of segment
3, unlike Saturn which lies close to a transitional point.
Accordingly, we define this sub-sample to be representative of
Jupiter-like worlds, or “Jovian” worlds.
For the hydrogen-burning late-type stars of segment 4, these

objects can be already classified by their spectral types
spanning M, K, and late-type G dwarfs. Rather than refer to
them as M/K/late-G class stars, we simply label them as stars
for the sake of this work and for consistency with the “worlds”
taxonomy dub them “Stellar” worlds.
Finally, we turn to segment 1, which is comprised largely of

solar system members and thus all of which are relatively well-
known. The objects span dwarf planets to terrestrial planets,
silicate worlds to icy worlds, making naming this broad class
quite challenging. Additionally, calling this class Earth-like
worlds would be confusing given the usual association of this
phrase with habitable, Earth analogs. For consistency with the
naming scheme used thus far, we decided that dubbing these
objects as “Terran” worlds to be the most appropriate.

4.3. ( )T 1 : The Terran–Neptunian Worlds Divide

From masses of ∼10−4 M⊕ to a couple of Earth masses, we
find that a continuous power law of ~ oR M 0.279 0.009 provides an
excellent description of these Terran worlds. No break is observed
between “dwarf planets” and “planets.” If the Terrans displayed a
constant mean density, then we would expect ~R M1 3, and so
the slightly depressed measured index indicates modest compres-
sion with increasing mass (r ~ oM 0.16 0.03). Our result is in close
agreement with theoretical models, which typically predict

~R M 0.27 for Earth-like compositions (e.g., see Valencia
et al. 2006).

Figure 3. Mass–radius relation from dwarf planets to late-type stars. Points
represent the 316 data points against which our model is conditioned, with the
data key in the top left. Although we do not plot the error bars, both radius and
mass uncertainties are accounted for. The red line shows the mean of our
probabilistic model and the surrounding light and dark gray regions represent
the associated 68% and 95% confidence intervals, respectively. The plotted
model corresponds to the spatial median of our hyper-parameter posterior
samples.

8

The Astrophysical Journal, 834:17 (13pp), 2017 January 1 Chen & Kipping

Chen	&	Kipping	2017

each segment and none of the segments can be described as
residing in a poorly constrained region. Given that the
transition points are defined as the intercept of the slopes, they
too are well constrained by virtue of the construction of our
model. Critically, then, a paucity of data at the actual transition
point locations (as is true for T(1)) has little influence on our
inference of their locations. In order for the results of this work
to be significantly affected by the exclusion of these low S/N
data then, these points would have to have modified the
inference of the slope parameters.

To demonstrate this effect is negligible, we consider the
Neptunian segment in isolation, since it strongly affects the critical
transition T(1) and features the largest fraction of excluded points
(24%). Since the excluded data were due to lossy mass
measurements, we ignore the radius errors and perform a simple
weighted linear least-squares regression with and without the
excluded data, where we approximate the observations to be
normally distributed. We find that the slope parameter, S(2),
changes from 0.782±0.058 to 0.784±0.050 by re-introducing
the excluded data, illustrating the negligible impact of these data.

3.4. Injection/Recovery Tests

In order to verify the robustness of our algorithm, we created
10 fake data sets and blindly ran our algorithm again on each.
The data sets are generated by making a random, fair draw
from our joint posteriors (both the local and hyper parameters),
ensuring that each draw is from a different effective chain. We
then re-ran our original algorithm as before, except the number
of steps in the final chain is reduced by a factor of 10 for
computational expedience.

We computed the 1σ and 2σ credible intervals on each
hyper-parameter and compare them to the injected truth in
Figure 4. As evident from this figure, we are able to easily
recover all of the inputs to within the expected range, validating
the robustness of the main results presented in this work.

4. CLASSIFICATION

4.1. Classification with an MR Relation

A unique aspect of this work was to use freely fitted
transitional points in our MR relation. As discussed earlier,
these transitional points essentially classify the data between
distinct categories, where the class boundaries occur in mass
and are defined using the feature of * %d d . Such classes are
evident even from visual inspection of the MR data (see
Figure 3), but our Bayesian inference of a self-consistent
probabilistic broken power law provides statistically rigorous
estimates of these class boundaries. In what follows, we discuss
the implications of the inferred locations of the class
boudnaries ( ( )T 1 , ( )T 2 , and ( )T 3 ).

4.2. Naming the Classes

Rather than refer to each class as segments 1, 2, 3, and 4, we
here define a name for each class to facilitate a more physically
intuitive discussion of the observed properties. A naming
scheme based on the physical processes operating is appealing
but ultimately disingenuous since our model is deliberately
chosen to be a data-driven inference, free of physical
assumptions about the mechanics and evolution sculpting these
worlds. We consider it more appropriate, then, to name each
class based on a typical and well-known member.
For segment 2, Neptune and Uranus are typical members and

are of course very similar to one another in basic properties.
We therefore consider this class to define a sub-sample of
Neptune-like worlds, or “Neptunian” worlds more succinctly.
Similarly, we identify Jupiter as a typical member of segment
3, unlike Saturn which lies close to a transitional point.
Accordingly, we define this sub-sample to be representative of
Jupiter-like worlds, or “Jovian” worlds.
For the hydrogen-burning late-type stars of segment 4, these

objects can be already classified by their spectral types
spanning M, K, and late-type G dwarfs. Rather than refer to
them as M/K/late-G class stars, we simply label them as stars
for the sake of this work and for consistency with the “worlds”
taxonomy dub them “Stellar” worlds.
Finally, we turn to segment 1, which is comprised largely of

solar system members and thus all of which are relatively well-
known. The objects span dwarf planets to terrestrial planets,
silicate worlds to icy worlds, making naming this broad class
quite challenging. Additionally, calling this class Earth-like
worlds would be confusing given the usual association of this
phrase with habitable, Earth analogs. For consistency with the
naming scheme used thus far, we decided that dubbing these
objects as “Terran” worlds to be the most appropriate.

4.3. ( )T 1 : The Terran–Neptunian Worlds Divide

From masses of ∼10−4 M⊕ to a couple of Earth masses, we
find that a continuous power law of ~ oR M 0.279 0.009 provides an
excellent description of these Terran worlds. No break is observed
between “dwarf planets” and “planets.” If the Terrans displayed a
constant mean density, then we would expect ~R M1 3, and so
the slightly depressed measured index indicates modest compres-
sion with increasing mass (r ~ oM 0.16 0.03). Our result is in close
agreement with theoretical models, which typically predict

~R M 0.27 for Earth-like compositions (e.g., see Valencia
et al. 2006).

Figure 3. Mass–radius relation from dwarf planets to late-type stars. Points
represent the 316 data points against which our model is conditioned, with the
data key in the top left. Although we do not plot the error bars, both radius and
mass uncertainties are accounted for. The red line shows the mean of our
probabilistic model and the surrounding light and dark gray regions represent
the associated 68% and 95% confidence intervals, respectively. The plotted
model corresponds to the spatial median of our hyper-parameter posterior
samples.

8

The Astrophysical Journal, 834:17 (13pp), 2017 January 1 Chen & Kipping



23Caltech/Fulton+17



Imaging	&	Spectroscopy	of	
Temperate	Rocky	Exoplanets

24



• Transit	signals	are	deeper
• RV	signals	are	larger
• Planet	occurrence	rate	of	small	

planets	favorable
• Planet-to-star	contrasts	more	

favorable	in	M-dwarf	HZs



26

Exoplanet Science Strategy

Copyright National Academy of Sciences. All rights reserved.

 

PREPUBLICATION COPY – SUBJECT TO FURTHER EDITORIAL CORRECTION 
4-5 

 
FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
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al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
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warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
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diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 

 
 

correcting element. The challenge of the wavefront controller is to sense and correct the aberrations 
within the time scale associated with the change of the perturbation. This requirement sets another 
fundamental limit on the achievable contrast—the brightness of the host star used for sensing—and its 
corresponding photon shot noise over the time scale of the stability of the system (telescope and 
instrument). 

Most direct imaging detections of exoplanets so far have relied on the combination of adaptive 
optics and coronagraphs on ground-based telescopes. Due to the turbulent nature of Earth’s atmosphere, 
the main purpose of the wavefront controller is to correct for the large and rapidly evolving wavefront 
aberrations induced by the propagation of waves through the turbulent medium of the atmosphere. The 
most modern incarnations of adaptively corrected ground-based coronagraph instruments are currently 
limited to contrast ratios of about 10-6 (Figure 4.3), which is sufficient to detect the glow of young 
forming giant planets that are emitting thermal infrared due to their ongoing contraction from formation.  
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Direct Imaging in Reflected Light: Characterization of Older, Temperate Exoplanets With 30-m Telescopes — 2/5
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Figure 1. The detectability of currently known planets (primarily detected through radial velocities) with GMT (left panel) and
TMT (right panel) in a survey spanning 28 nights of integration. The top panels assume the pessimistic case of a 3l/D IWA
coronagraph, and a residual stellar halo of 10⇥ the limits of Males & Guyon (2017). The residual speckles are assumed to be
long lived, so the high-dispersion coronagraphy (HDC) technique is used to cross-correlate the reflected stellar spectrum.
Spectral-type specific templates were used to derive the cross-correlation signal boost. Even with degraded instrument
performance, several dozen known planets will be characterized in reflected light. The bottom panels assume a 1 l/D inner
working angle (IWA), photon noise, and residual short-lived speckle noise after on-line control of quasi-static aberrations and
predictive control of the atmosphere. Now aperture photometry (AP) is more efficient (§4.3.4). An empirical planetary
mass-radius relationship is used to derive planet radii. Significant samples of both giant (Rjup=11 Rearth) and rocky planets are
detected across a range of equilibrium temperatures, probing regions where condensates like H2O, NH3, and CH4 are expected
to play a major role in regulating planet formation. These plots bound the potential of the coming GSMTs for

reflected-light characterization of exoplanets, and should motivate significant efforts toward optimizing ground-based

instruments for direct imaging.

ased towards planets with high effective temperatures and/or
planets orbiting low-mass stars). GSMTs, however, will di-
rectly image cooler planets and planets orbiting earlier-type
stars. This will probe different regimes of atmospheric chem-
istry and is subject to fewer model-dependent biases. To-
gether, transit and direct imaging missions will provide the

spectroscopy of the diverse array of planetary targets that are
needed to complete our understanding of planet formation.

Looking past the exoplanets that are already known,
GSMTs should be able to detect starlight reflected by rocky,
habitable-zone exoplanets. These observations will be among
the first opportunities to detect biosignatures in the atmo-
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Figure 1. The detectability of currently known planets (primarily detected through radial velocities) with GMT (left panel) and
TMT (right panel) in a survey spanning 28 nights of integration. The top panels assume the pessimistic case of a 3l/D IWA
coronagraph, and a residual stellar halo of 10⇥ the limits of Males & Guyon (2017). The residual speckles are assumed to be
long lived, so the high-dispersion coronagraphy (HDC) technique is used to cross-correlate the reflected stellar spectrum.
Spectral-type specific templates were used to derive the cross-correlation signal boost. Even with degraded instrument
performance, several dozen known planets will be characterized in reflected light. The bottom panels assume a 1 l/D inner
working angle (IWA), photon noise, and residual short-lived speckle noise after on-line control of quasi-static aberrations and
predictive control of the atmosphere. Now aperture photometry (AP) is more efficient (§4.3.4). An empirical planetary
mass-radius relationship is used to derive planet radii. Significant samples of both giant (Rjup=11 Rearth) and rocky planets are
detected across a range of equilibrium temperatures, probing regions where condensates like H2O, NH3, and CH4 are expected
to play a major role in regulating planet formation. These plots bound the potential of the coming GSMTs for

reflected-light characterization of exoplanets, and should motivate significant efforts toward optimizing ground-based

instruments for direct imaging.

ased towards planets with high effective temperatures and/or
planets orbiting low-mass stars). GSMTs, however, will di-
rectly image cooler planets and planets orbiting earlier-type
stars. This will probe different regimes of atmospheric chem-
istry and is subject to fewer model-dependent biases. To-
gether, transit and direct imaging missions will provide the

spectroscopy of the diverse array of planetary targets that are
needed to complete our understanding of planet formation.

Looking past the exoplanets that are already known,
GSMTs should be able to detect starlight reflected by rocky,
habitable-zone exoplanets. These observations will be among
the first opportunities to detect biosignatures in the atmo-
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• The	TMT	resolves	the	HZ	at	
10	μm	out	to	5	pc	for	G	stars

• At	10	μm,	contrast	is	>100X	
more	favorable	than	in	vis.

• Low	res.	spectra	at	10	μm	
could	enable	biomarker	
detection	(e.g.	O3,	H2O,	O2,	
CH4 and	CO2)
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Imaging	Exo-Earths	at	10um
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Instrumentation	for	Exoplanet	
Imaging	&	Spectroscopy
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• IRIS	
• PSI
• MICHI
• MODHIS
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NFIRAOS

IRIS
IFS,	imager
0.95-2.5	um	

R=4,000	– 10,000

Fiber	Injection	
Unit	(FIU)

MODHIS
High-Res	Spec.
0.95-2.5	um	
R=100,000

Port	3

Port	1 Fiber	bundle



Diffraction-limited	High-resolution	Spectroscopy
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FIUAO / WFC Coronagraph
High Contrast Instrument

10 Wang &Mawet

Figure 9. Albedo spectrum of an Earth-like planet. We consider the average albedo between an high cloud case (high albedo)
and no cloud case (low albedo). Shaded regions are wavelength regions we consider to simulate observations for detecting
molecular species.

Figure 10. Q factors normalized by their maximum values
for CO2, O2, and H2O for wavelengths ranging from 0.5 to
1.7 µm.

Figure 11. Q factors normalized by their maximum values
for CH4, CO2, O2, and H2O for wavelengths ranging from
0.5 to 2.175 µm.

ther would (1) potentially make the angular sepa-
ration fall below the inner working angle of certain
coronagraphs (2) reduce the absolute flux from the
planet.

5.2.1. Simulating LUVOIR Observation

A Large ultraviolet, optical and infrared (LU-
VOIR) telescope is a candidate for next-generation
space telescope (10-m class). Exoplanet study will
be one of its major scientific objectives. Based on
calculations in §5.1, we consider a filter centered at
0.7 µm for O2 detection and a filter centered at 1.5
µm for CO2 and H2O detection. Both filters have
a bandwidth of 20%. We consider an optimistic
case in which detector noise (both readout noise and
dark current) is set to zeros, and an baseline case
in which detector noise is set to values that can be
currently achieved. Table 4 and 5 summarize the
parameters used in simulation.

Unlike the case for HR 8799 e and 51 Eri b, we
consider only photon noise limited case. At low SNR
regime, which is the case for Earth-like planet obser-
vation, CCF SNR is unlikely to be limited by CCF
fluctuation, which can only be seen at high SNR
regime. At low SNR regime, LSD is not likely to
be e�ective because decomposition tends to intro-
duce noise and further decrease the SNR. Since we
use the same albedo spectrum for the input planet
spectrum and the template spectrum for cross corre-
lation, there is no mismatch spectrum case. There-
fore, the results shown below should be interpreted
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Data

cross-
correlation

Cross-Correlation
Function (CCF)

- Improved dynamic range
- Molecular characterization
- Spin measurement
- Doppler imaging

SNR, profile, f(t)

Figure 2: Illustration of the high-dispersion coronagraphy (HDC) concept. A high-
contrast imager, with an adaptive optics (AO) or wavefront control (WFC) system followed
by a coronagraph, is linked to a high-resolution spectrograph by a fiber injection unit
(FIU). The raw data (planet+residual starlight unfiltered by the high-contrast imager, and
various noise contributors such as photon shot noise, readout noise, background noise,
etc.) is cross-correlated with a theoretical template yielding a new observable, the cross-
correlation function (CCF). The CCF profile provides a means for molecular characteri-
zation. Its broadening with respect to the instrument line profile is a direct measure of
the planet’s spin rotation. The variation of the line profile morphology over the rotation
period enables Doppler imaging. (Figure: Mawet et al., 2017b).

out targeted comparative exoplanetology surveys by characterizing planets discov-
ered through direct imaging, radial velocity measurements, and Gaia astrometry
without the need for the planet to transit its host star.

Despite considerable recent progress in ground-based AO, characterizing Earth-
like planets orbiting sun-like stars (flux ratios of ⇠10�10) will require an ultra-
stable space telescope, such as the Habitable Exoplanet Imaging Mission (HabEx;
Mennesson et al., 2016) and the Large UV/Optical/IR Surveyor (LUVOIR; Bolcar
et al., 2016; Pueyo et al., 2017). HDC methods will also extend the capability and
science yield of HabEx and LUVOIR by enabling the detection of key biomarkers
(Wang et al., 2017).

HDC observations have additional potential beyond improving an instrument’s
dynamic range to detect molecules in exoplanet atmospheres. At more modest
contrasts than exoEarths, the broadening of the CCF with respect to the instru-
ment line profile will give a direct measure of the planet’s spin rotation (e.g. Bryan
et al., 2018) and the variation of the line profile morphology over the rotation pe-
riod enables Doppler imaging (e.g. Crossfield et al., 2014). Thus, the science case
for HDC capabilities on future instruments is multi-faceted and its applications
are complementary on ground- and space-based telescopes.

HDC Concept
Figure 2 illustrates the HDC technique, wherein an AO system and corona-

graph extinguish the light from the host star while the desired planet light is
directed to a high-resolution spectrograph. The measured spectrum is a summa-
tion of the light reflected from the planet, which carries the spectral signatures
of interest, and residual light directly from the star, whose photon noise contri-
bution typically dominates the error budget. Minimizing the stellar photon noise
is critical for detailed characterization of light from the planet. To reduce light

2
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Slide	credit:	Nem Jovanovic

Tech development roadmap part 1
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1. Deformable	mirror	technology	development
2. Focal	plane	wavefront sensing
3. Predictive	wavefront control
4. Sensor	fusion
5. Understanding	the	atmosphere
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Key	Technology	Milestones

1. Deformable	mirror	technology	development
2. Focal	plane	wavefront sensing
3. Predictive	wavefront control
4. Sensor	Fusion
5. Improving	our	understanding	the	atmosphere
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The	TMT	will	revolutionize	
exoplanet	science	by	imaging	&	

characterizing	the	atmospheres	of	
large	samples	of	diverse	exoplanets
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Starshade actively matches transverse velocity and 
acceleration of observatory; no radial constraints 
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Key	Technology	Milestones

1. Deformable	mirror	technology	development
2. Focal	plane	wavefront sensing
3. Predictive	wavefront control
4. Sensor	Fusion
5. Improving	our	understanding	the	atmosphere
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The	TMT	will	revolutionize	
exoplanet	science	by	imaging	&	

characterizing	the	atmospheres	of	
large	samples	of	diverse	exoplanets
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fractional illuminated area (i.e., phase function). We use the
BT-Settl spectrum with =T 3500 Keff and log(g)=4.5 as the
input M-dwarf spectrum. For Proxima Cen, we use the BT-Settl
spectrum with =T 3000 Keff and log(g)=5.0. The metallicity
[Fe/H] is set to zero for all cases. The telescope and instrument
parameters used in simulation can be found in Table 4. Further
information about the planet and star can be found in Tables 5
and 6.

5.2. Results for J, H, and KS Bands

5.2.1. An Interplay Between HCI and HRS

Figures 9–11 show the CCF S/N contours as a function
of spectral resolution and star light suppression level for J-,
H-, and KS-band observations. The general trend is that the
CCF S/N increases with higher spectral resolution and deeper
levels of star light suppression. As a result, high spectral
resolution relaxes the star light suppression requirements by
several orders of magnitude. This has significant implications
for HDC observations: insufficient star light suppression may
be compensated for by increasing spectral resolution.

The planet/star contrast is ∼10−8–10−7 for the M-dwarf
planet and Proxima Cen b systems. However, it is extremely
challenging to achieve a star light suppression level of ∼10−8

from the ground. With the help of HRS, the star light
suppression requirement can be relaxed by about 2–3 orders of
magnitude. While there is no clear pathway to achieve ∼10−8

star light suppression levels with ground-based telescopes,
10−5–10−6 is a much more attainable goal, which is within
reach of mainstream extreme AO systems currently operating
on most 8–10 m class telescopes.

5.2.2. Star Light Suppression versus Planet Signal

Having a larger telescope aperture not only improves angular
resolution, but is also critical for gathering sufficient signal.
The improved signal increases the CCF S/N, thereby relaxing
the requirements for star light suppression. Likewise, star light
suppression requirements may be further relaxed by increasing
signal via longer exposure times or improving instrument
throughput. In all cases, the boost in sensitivity provided by an
HDC instrument depends on how much signal the instrument
receives and how it compares with the relevant noise sources.
Figure 12 shows the noise sources for the case of a 30 m

telescope observing an M-dwarf planet in the KS band. The plot

Figure 8. Albedo spectrum of an Earth-like planet. We consider the average albedo between a high-cloud case (high albedo) and cloud-free case (low albedo). Shaded
regions are wavelength regions we consider to simulate observations for detecting molecular species with ground-based telescopes. For space-based observation, we
consider a wavelength region from 0.5 to 1.7 μm.

Table 4
Telescope and Instrument Parameters for M-dwarf Planets (Proxima Cen b and

an M-dwarf Planet System at 5 pc)

Parameter Value Unit

Telescope aperture 30.0 m
Telescope+instrument throughput 10% L
Wavefront correction error floor 200 nm
Spectral resolution varied L
J-band spectral range 1.143–1.375 μm
H-band spectral range 1.413–1.808 μm
K-band spectral range 1.996–2.382 μm
Exposure time 100 hour
Fiber angular diameter 1.0 λ/D
Readout noise 0.0 or 2.0 -e a

Dark current 0.0 or 0.002 -e s−1a

Note.
a Based on the H2RG detector specification(Blank et al. 2012).

11
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Figure 5. Minimum detectable planet mass in units of MJup for stars at 25 pc (left) and 10 pc (right), in the H, L′, and M bands, as a function of increase over
current sensitivity. We have taken current sensitivities to be H = 23.0, L′ = 16.5, and M = 13.5. While the H band will likely remain the wavelength of choice for
planet-search observations of stars at 25 pc and beyond, an increase of only 2.4 mag over current sensitivities, even though paralleled by an equal increase in H-band
sensitivity, will render the M band more sensitive than H for planets around all stars nearer than 10 pc. The relative effectiveness of different wavelengths depends
sensitively on the distance to a star system, but it is essentially independent of the stellar age, as explained in the text.

observations tend to do better than those at shorter wavelengths
at small separations from bright stars.

The L′ and M bands are most useful, however, for detecting
the lowest-temperature planets, which have the reddest H − L′

and H − M colors. Such very low temperature planets can only
be detected around the nearest stars, so it is for very nearby
stars that L′- and M-band observations are most useful. For
distant stars, around which only relatively high Teff planets
can be detected, the H and KS bands are much better. We
will now quantitatively describe the advantage of L′- and M-
band observations over shorter wavelengths for planet-search
observations of nearby stars.

Most AO planet searches to date have used the H and KS
bands, or specialized filters in the same wavelength regime.
While the KS band has been used extensively to search for
planets around young stars (Masciadri et al. 2005; Chauvin
et al. 2010), our comparison here will focus on the H-band
regime. Models indicate that it offers better sensitivity than the
KS band except for planets younger than 100 Myr (Burrows et al.
2003; Baraffe et al. 2003), and most of the stars we will suggest
the L′ and the M bands are useful for will be older than this.
The most sensitive H-regime planet-search observations made
to date are those of Lafrenière et al. (2007), in part because
of their optimized narrowband filter. They attained an effective
background-limited point-source sensitivity of about H = 23.0.
Based on the models of Burrows et al. (2003), Lafrenière et al.
(2007) would have set better planetary mass limits than our
observations around all of our own survey targets except the
very nearest objects, such as ϵ Eri and 61 Cyg. Thus, at present,
the H-regime delivers far better planet detection prospects than
the L′ and M bands for most stars.

However, as detector technology improves, larger telescopes
are built, and longer planet detection exposures are attempted,
the sensitivity at all wavelengths will increase. This means
that low-temperature planets, with their red IR colors, will
be detectable at larger distances, and the utility of the L′ and
especially the M bands will increase. In Figure 5, we show
the minimum detectable planet mass for hypothetical stars
at 10 and 25 pc distance as a function of the increase over
current sensitivity in the H, L′, and M bands, and in Figure 6

Figure 6. Minimum detectable planet mass in units of MJup for stars at 5 pc, in
the H, L′, and M bands, as a function of increase over current sensitivity. We have
taken current sensitivities to be H = 23.0, L′ = 16.5, and M = 13.5. Given
only a 1 mag increase in M-band sensitivity, paralleled by an equal increase
at the H band, the M band would be the best wavelength for planet-search
observations around all stars nearer than 5 pc. While the sensitivity increases
required to render M preferable in Figure 5 require substantial improvements to
existing instruments and telescopes, the 1 mag increase required at 5 pc could
be obtained by simply increasing the exposure time. As with Figure 5, this result
concerning the relative effectiveness of different wavelengths is independent of
stellar age, to first order.

we present the same comparison for a star at 5 pc. We have
taken current sensitivity to be H = 23.0 (i.e., Lafrenière et al.
2007), L′ = 16.5, and M = 13.5 (i.e., the present work,
scaled to an 8 m telescope such as Lafrenière et al. 2007
used). These are background limits, not applicable close to
bright stars. Based on Heinze et al. (2008), we believe the
L′ and M bands will do even better relative to H closer to
the star where observations are no longer background limited.
Of course, H-band observations with next-generation extreme
AO systems such as the Gemini Planet Imager (GPI) and
SPHERE will offer improved performance close to the star, but
advances in M-band AO coronography (e.g., Kenworthy et al.
2007), will also improve the longer-wavelength results. In any

Heinze+10



Exoplanet Science Strategy

Copyright National Academy of Sciences. All rights reserved.

 

PREPUBLICATION COPY – SUBJECT TO FURTHER EDITORIAL CORRECTION 
4-5 

 
FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 

 
 

correcting element. The challenge of the wavefront controller is to sense and correct the aberrations 
within the time scale associated with the change of the perturbation. This requirement sets another 
fundamental limit on the achievable contrast—the brightness of the host star used for sensing—and its 
corresponding photon shot noise over the time scale of the stability of the system (telescope and 
instrument). 

Most direct imaging detections of exoplanets so far have relied on the combination of adaptive 
optics and coronagraphs on ground-based telescopes. Due to the turbulent nature of Earth’s atmosphere, 
the main purpose of the wavefront controller is to correct for the large and rapidly evolving wavefront 
aberrations induced by the propagation of waves through the turbulent medium of the atmosphere. The 
most modern incarnations of adaptively corrected ground-based coronagraph instruments are currently 
limited to contrast ratios of about 10-6 (Figure 4.3), which is sufficient to detect the glow of young 
forming giant planets that are emitting thermal infrared due to their ongoing contraction from formation.  
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FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 
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FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 
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FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 
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FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 
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FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 
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FIGURE 4.3 (Left) Reflected light flux ratio versus angular separation showing measured, estimated, and required 
contrast capabilities for current and future ground-based and space-based coronagraphs. (Right) Thermal emission 
flux ratio versus angular separation diagram showing measured, estimated, and required contrast capabilities for 
current and future ground-based coronagraphs. Note that in both panels, the large uncertainties pertaining to the 
giant segmented mirror telescope (GSMT) contrast curves range from a pessimistic case based on current facilities 
to an optimistic case that represents the promising high-contrast techniques currently under development. The 
various markers denote simulated planet populations within 27 pc using the SAG13 occurrence rates (Kopparapu et 
al., 2018) extrapolated up to a semimajor axis of 30 AU using an exponential cutoff. Another cutoff was applied to 
host star V magnitudes to reflect limitations in wavefront sensing capabilities from the ground and from space: V < 
13 for cool stars observed from the ground (Teff < 4000 K); V < 8 for warm stars observed with a space-based 
coronagraph (Teff > 4000 K, left panel); V < 10 for warm stars observed in thermal emission from the ground (Teff > 
4000 K, right panel). In the left panel, a final cutoff was applied requiring cool-star planet magnitudes to be <32, and 
warm-star planet magnitudes to be <35, which represents the optimistic photon noise limits for a GSMT in J band in 
100 hours, and a 9-meter space telescope in V band in 300 hours. In the right panel, a final cutoff was applied 
requiring planet magnitudes to be <22 at N band (10.5 microns), which represents the optimistic photon noise limits 
for a GSMT in N band in 30 hours. In both panels, the marker size is proportional to the planet size: red for giant 
planets (radius > 6 RE); orange for Neptunes (6 > RE > 3.5); yellow for mini-Neptunes (3.5 > RE > 1.75); dark green 
for super-Earth and Earth-size planets (1.75 > RE > 0.5); and light green for temperate ([0.7*sqrt(L/LSun), 
1.5*sqrt(L/LSun)] AU) super-Earth and Earth-size planets. The round markers are for planets around cool stars (Teff < 
4000 K), while the square markers denote planets around warmer stars (Teff > 4000 K). In the right plot, the 
diamonds denote young giant planets discovered by current ground-based adaptive optics facilities. Caveat: Being 
above a contrast curve does not necessarily mean detection as a single plot cannot capture the very diverse detection 
capabilities of all coronagraphic instruments illustrated here. SOURCE: D. Mawet (Caltech), B. Macintosh 
(Stanford), T. Meshkat (IPAC/Caltech), V. Bailey (JPL/Caltech), D. Savransky (Cornell). 
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Figure 3. Discovery and characterization of temperate exoplanets in near-infrared reflected light around low-mass stars. (Left) Planet
density vs. radius from Weiss & Marcy (2014) showing a) a transition from rocky to icy beyond R

p

⇠ 1.5 R�, beyond which planets show a
wide range of densities implying diverse bulk compositions. The vertical bars show the minimum planet size (assuming an Earth-like albedo)
detectable around an M3V star at 3 pc and 6 pc receiving an Earth-like insolation. Here, we assume a planet-to-star contrast of 10�7 at 2 l /D
and 10�8 at 4 l /D: planned systems like TMT/PSI and GMTAOx are designed to achieve 10�8 contrasts at 2 l /D (e.g. Guyon et al. 2018).
(Right) Near-infrared reflected light spectrum of Uranus and Neptune (R

p

⇡ 4 R�) from the IRTF Spectral Library, normalized to the
continuum and resampled to R ⇠ 100. The spectra for both are dominated by methane. Fine details in the full resolution spectra (R ⇠ 2000) –
e.g. absorption at 1.57 µm for both and the overall sharper peaks for Uranus/broader methane bands for Neptune – are detectable at low
resolution for temperate Uranus/Neptune-sized planets with an integral field spectrograph + extreme AO system on TMT and GMT.

3.2 Discovering and Characterizing Temperate Planets Around Nearby M stars in Reflected Light
Although the RV technique is generally powerful, its sensitivity for detecting temperate planets is greatly limited

for many chromospherically active M stars as well as those that are rapid rotators. Similarly, while the transit method
has detected multiple temperate planets around M dwarfs (e.g., Trappist-1 efg, LHS 1140 b), the low detection
probability for a given system (owing to the transit geometry) means that these closest transiting (super-)Earth-sized
temperate planets are further than 10 pc and may not be the optimal targets to further characterize because of low
star and planet flux due to their distances.

In comparison, direct imaging in reflected light with TMT/GMT has multiple key advantages. First, it will open
up new discovery space, targeting the many active/rapidly rotating stars ill-suited for discovery from RV campaigns.
Since stellar activity is also well correlated with youth, direct imaging helps increase the temporal discovery space
for small, temperature planets and may provide an improved probe of the time evolution of exoplanet atmospheres.
Second, it will significantly expand the discovery space for temperate planets, by being able to identify them and
characterize their atmospheres around the most nearby stars.

The discovery space opened up by reflected-light imaging of 1–4 R� exoplanets around M dwarfs probes a
wide diversity of atmospheric properties, including for exoplanets without analogues in our own solar system. For
example, despite comparable masses, radii, and internal compositions, the two 4 R� solar system planets Uranus
and Neptune show different near-infrared reflected light spectra indicative of their methane chemistry and scattering
properties (Figure 3, left panel) (see Fink & Larson 1979, and later studies). Extreme AO systems like PSI on TMT
and GMTAOx coupled with near-infrared integral field spectrographs can likewise identify a diversity of spectral
properties for similar-sized exoplanets tied to different chemical compositions. As shown in Figure 3 (right panel),
the new exoplanet discovery space enabled from this program covers a transition from rocky to icy planets, where
planets intermediate in radius between the Earth and Neptune can have a range of bulk compositions (Weiss &
Marcy 2014). Our program will provide reflected-light spectra for this diverse population which presents the greatest
challenges to formation theory.


