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ABSTRACT. High-contrast imaging can find and characterize gas giant planets around nearby young stars and
the closest M stars, complementing radial velocity and astrometric searches by exploring orbital separations in-
accessible to indirect methods. Ground-based coronagraphs are already probing within 25 AU of nearby young
stars to find objects as small as ~3 Mjy,,. This paper contrasts near-term and future ground-based capabilities with
high-contrast imaging modes of the James Webb Space Telescope (JWST). Monte Carlo modeling reveals that JWST
can detect planets with masses as small as 0.2 My,, across a broad range of orbital separations. We present new
calculations for planet brightness as a function of mass and age for specific JWST filters and extending to 0.1 My,,.

1. INTRODUCTION

As coronagraphic and adaptive optics (AO) technologies im-
prove, the number of directly imaged planets is increasing, most
recently with four companions being detected in orbit around two
nearby A stars. Because the three planets around HR8799 (Mar-
ois et al. 2008) and the single planet around Fomalhaut (Kalas
et al. 2008) are young, their internal reservoirs of gravitational
energy generate enough luminosity to make these objects visible
(Saumon et al. 1996). In addition, there is an as-yet-unconfirmed
planet seen once around [ Pic (Lagrange et al. 2009). These
young planets plus earlier discoveries, e.g., 2M1207-3932b
(Chauvin et al. 2005) and GQ Lup b (Neuhiuser et al. 2005),
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are confirmed to be companions via their common proper motion
with their host star and in a number of cases by orbital motion as
well. While it is possible to use estimated ages and evolutionary
tracks to distinguish in a gross sense between planets (<13 My,
the deuterium burning limit), brown dwarfs (13 < M <
70 My,,, the hydrogen-burning limit) and low-mass stars
(>70 My,p), it is difficult to assign a reliable mass to directly
imaged companions. In some cases, dynamical estimates based
on the configuration of the debris disk constrain the planet mass,
eg., <3 M Jup for Fomalhaut b (Kalas et al. 2008; Chiang
et al. 2009).

The relationships between near-IR brightness, age, and mass
are uncertain, and dynamical mass determinations are difficult
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for planets on long period orbits, particularly in the absence of a
dust disk. What is needed to anchor the models of young planets
are objects of known age with a combination of imaging (giving
luminosity and effective temperature) plus dynamical informa-
tion (giving mass). This combined information will come from
direct imaging and dynamical mass measurements from ground-
based radial velocity (RV) or astrometry from either the ground
(Van Belle et al. 2008; Pott et al. 2008) or space using the Space
Interferometry Mission Lite (SIM Lite, Beichman 2001; Tanner
etal. 2007) or GAIA (Sozzetti et al. 2008). Detections of transit-
ing young planets would be extremely valuable, but the variabil-
ity of young host stars may make these planets hard to detect, and
the extreme environment of “hot Jupiters” may make it difficult
to draw general conclusions.

Direct imaging has opened a new region of the mass-
semimajor axis (SMA) parameter space for planets (Fig. 1)
and has given rise to new theoretical challenges. The existence
of giant planets at separations larger than ~10 AU is difficult to
account for in standard core-accretion models (Pollack et al.
1996; Ida & Lin 2005; Dodson-Robinson et al. 2009) and a dif-
ferent formation mechanism, gravitational fragmentation in the
disk (Boss 2000), may be operating. Alternatively, a combina-
tion of the two mechanisms may be responsible for these distant
planets, with outward migration or planet-planet scattering
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FiG. 1.—Distribution of detected planets (as of mid-2009 as taken from the
Exoplanet Encyclopedia, Schneider 2009) in the mass-semimajor axis (SMA)
plane. Different techniques dominate in different parts of this parameter space:
transits in the upper left corner (circles); radial velocity detections between
0.01-5 AU and above 0.01 My, (circles); direct imaging detections in the upper
right hand corner (error bars); a few microlensing detections (circles) between
1-5 AU; and three pulsar timing planets (points). Sensitivity limits for various
techniques are shown as solid lines (RV, transit, and astrometry). The top shaded
area in the upper right shows the region that will be probed by ground-based
imaging in the coming decade (upper, >1 Mjy,,) and by JWST (lower,
<1 My,,). Figure courtesy of Peter Lawson (JPL). See the electronic edition
of the PASP for a color version of this figure.
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moving planets formed in dense inner regions onto orbits as dis-
tant as 100 AU (Veras et al. 2009).

There have been a number of investigations of coronagraphic
imaging of planets, particularly in the context of designs for the
Terrestrial Planet Finder-Coronagraph (TPF-C), including
Agol (2007), Beckwith (2009), and Brown (2009). These au-
thors have investigated the challenging task of finding planets,
both gas or ice giants and terrestrial planets, through their re-
flected light. The reflected light signal depends on the inverse
square of the star-planet separation, the planetary albedo, and
orbital phase function with resulting planet-star contrast ratios
as small as 1078 to 10~!! (Jupiters and Earths at 1 AU, respec-
tively). The goal of these authors has been to either optimize the
design of TPF in terms of aperture size (Beckwith 2009) or to
optimize search strategies for various TPF designs (Agol 2007).
This paper addresses a more near-term and far less challenging
problem, namely the detection of self-luminous gas giants using
telescopes and instruments that either are or will become opera-
tional in the next 5-10 yr. The contrast ratios for self-luminous
giant planets are far more favorable, 1076 to 1078, and the de-
tails of the calculations are very different from the reflected
light case.

In particular, we explore the prospects for imaging self-
luminous giant planets from the ground and from space using
the JWST (Gardner et al 2006). This application of JWST for
exoplanet research complements recent studies (Greene et al.
2007; Deming et al. 2009) discussing its role for transit spec-
troscopy. We investigate how imaging surveys might yield sta-
tistical information on the distribution of planets as functions of
mass and orbital location. In what follows we describe two sam-
ples of stars suitable for direct searches, nearby young stars and
nearby M stars (§ 2); introduce a number of instruments suitable
for planet surveys (§ 3); describe a plausible population of exo-
planets (§ 4); and utilize a Monte Carlo simulation to predict the
yield of surveys under different scenarios (§ 5). We explicitly
examine the prospects for finding planets for which both imag-
ing and dynamical observations might become available (§ 6).

2. THE STELLAR SAMPLE

The two most important factors from an observational stand-
point in searching for planets are star-planet contrast ratio and
angular resolution. Young gas giant planets generate enough lu-
minosity via gravitational contraction to be bright in the near-IR
(Saumon et al. 1996; Burrows et al. 2003), making ages less than
~1 Gyr an important characteristic of appropriate target stars.
Because the inner working angles (IWA)' of typical observing
systems are limited to a few tenths of an arcsecond (§ 3) or a
few tens of AU at the distance of typical young stars, proximity
of target stars is another important criterion. These astrophysical

"The term “inner working angle” is used to describe the off-axis angle (radius)
at which the transmission of the occulting mask drops below 50%.
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and observational factors, youth and proximity, lead to two nat-
ural populations for study: the closest stars with ages less than
1 Gyr, and the closest M stars for which a Jupiter-mass planet
of even a few Gyr would be detectable and for which the inner
few AU become accessible. The samples of stars discussed here
are meant to be representative enough to allow the detectability of
planets to be investigated as a function of distance and age, the
two most critical variables for all imaging investigations, for a
wide variety of instruments. Samples developed for individual
projects will have be made more rigorously in terms of age, mass,
metallicity, distance, binarity, cluster environment, etc. as appro-
priate to a specific set of scientific goals. For example, for sim-
plicity in the present study we exclude binary stars despite the
obvious interest in the question of planets in such systems.
For close binaries, it is beyond the scope of this article to calculate
properly the coronagraphic response interior to the IWA at the
1077 level relevant to some of the instruments. For more widely
separated binaries, the presence of an unobscured bright compa-
nion in the camera field of view (2"-15") can wreak havoc with
instrument performance. The results presented here represent
lower limits to the performance on binaries.

2.1. A Sample of Young Stars

Extremely young objects, 1-5 Myr old, are found in well-
known star-forming clusters associated with nearby molecular
clouds such as Taurus and Chameleon (Table 1). The closest
of these associations are 100—140 pc away, so that a classical co-
ronagraph on a 5-8 m telescope could probe only beyond
15-25 AU at 1.6 ym (80 AU at 4.4 pum). An improved view
of the inner parts of young planetary systems requires closer stars
(or eventually a larger telescope like the proposed 30—40 m
facilities). We have supplemented the youngest stars with
“adolescent” stars having ages between 10 and 1 Gyr. These have
been identified via X-ray emission, isochronal analysis, and com-
mon proper motion and can be as close to the Sun as 25 pc (Zuck-
erman & Song 2004). Depending on the wavelength and
instrument, these systems can be probed to within 5-10 AU
of their host stars.

We have utilized a number of compilations of infant and ado-
lescent stars to assemble a target sample. First, ~200 stars cho-
sen for an astrometric survey for gas giants with SIM Lite
(Beichman 2001; Tanner et al. 2007) encompass both classical
and weak-lined T Tauri stars with masses from 0.2-2 M, ages
from 1 Myr up to 100 Myr, and distances from 25-140 pc. Sec-
ond, the Spitzer FEPS survey (Meyer et al. 2006) includes over
300 stars of F, G, K spectral types with ages of roughly 10 Myr
to 1 Gyr (Hillenbrand et al. 2008). Third, a group of A stars
selected for debris disk observations with Spitzer (Rieke et al.
2005) includes clusters out to several hundred pc. We restricted
the A-star sample to 150 pc and added additional single AO—-A9
(IV/V or V) stars with credible ages to obtain a more complete
sample of almost 200 stars out to 50 pc. The properties of the
various samples are given in Tables 1 and 2 and illustrated in
Figures 2 and 3.

2.1.1. Influence of Stellar Properties on Incidence of
Planets

Various stellar properties may affect the likelihood of a star
developing and retaining a planetary system, including stellar
mass, metallicity, and the presence of disks.

High stellar mass may enhance the probability of a star hav-
ing one or more gas giant planets. There are theoretical grounds
for expecting this effect (Ida & Lin 2005; Dodson-Robinson
et al. 2009) as well as observational hints from observations
of subgiants with 1-2 M, precursors. Johnson (2007) shows
a factor of 3 increase in the incidence of RV-detected planets
between host stars with 0.5-1.5 M and those with masses
>1.5 M. Conversely, low-mass M stars appear to have a smal-
ler incidence of gas giant planets as determined from RV studies
(Butler et al. 2006) and initial coronagraphic surveys (McCarthy
& Zuckerman 2001; Oppenheimer et al. 2001; Oppenheimer &
Hinckley 2009; Metchev & Hillenbrand 2009). We have taken
these effects into account in our modeling (§ 4) by (a) increasing
the incidence of higher-mass planets around stars with mass
greater than 1.5 M, and (b) restricting the incidence of
high-mass planets around low-mass stars. It is well known that

TABLE 1
PROPERTIES OF NEARBY CLUSTERS

Age Distance Age Distance
Cluster (Myr) (pc) Cluster (Myr) (pc)
[ Pic (TO8, ZS04) 10-12 31+21 Pleiades (P04, MO1) 120 1352
Tucanae-Horologium (T08, ZS04) 30 48+7 Chamaeleon (TOS8) 6 108 +9
Taurus-Aurigae (E78) Range ~1-10 140+ 10
TW Hya (T08, ZS04) 8 4813  Upper Sco, Sco Cen (W08, PZ99) 2-5 13010

Note.—Characteristic distances to clusters can be misleading since clusters may have considerable depth along the line sight.
Ages are derived with respect to pre—-main-sequence evolutionary tracks (e.g., Siess et al. 2000), lithium abundances, and kine-
matics, and their absolute accuracy is probably no better than a factor of 2%, particularly for extremely young objects. However,

our knowledge of the relative ages of various clusters is considerably better.

REFERENCES.—(T08) Torres et al. 2008; (ZS04) Zuckerman & Song 2004; (P04) Pan et al. 2004; (M01) Martin et al. 2001;
(WO08) Wilking et al. 2008; (E78) Elias 1978; (PZ99) Preibisch & Zinnecker 1999.
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TABLE 2
NUMBERS OF STARS IN STELLAR SAMPLES

SIM Lite Young Star Project ...................... 217
Spitzer FEPS Project ... 306
Spitzer plus nearby A stars ...................... 188
Nearby M stars (<15 PC)  cevvvvvviieiiiiiiiinnns 196

higher metallicity enhances the probability of mature stars to
have Jupiter-mass giant planets (Valenti & Fischer 2005), but
results for planets of lower mass suggest that this effect is
not important for Neptune-mass planets (Sousa et al. 2009). Al-
most nothing is known about whether or how these effects op-
erate at the larger orbital distances probed by imaging surveys.
Although Agol (2007) shows that biasing a survey to high me-
tallicity can improve a survey’s yield by 14%—-19%, we do not
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FiG. 2—(Top) Sample of young A, F, G, K, and M stars covers a range of
ages from under 1 Myr up to 1 Gyr and distances from 5 to 150 pc. The size of
the circle denotes spectral type from A stars (largest) to M stars (smallest). (Bot-
tom) The distribution of spectral types among the SIM + FEPS and A star sam-
ples (which together comprise the “young star” sample) and M star sample. See
the electronic edition of the PASP for a color version of this figure.
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include this effect in the models considered herein. If one sim-
ply wants to maximize the probability of finding (high-mass)
planets, then one might take these trends into account by focus-
ing on high-mass, high-metallicity stars. However, understand-
ing these dependencies (particularly if the population of distant
planets differs from interior planets) must be addressed via un-
biased surveys.

Debris or protostellar disks can present a challenge for planet
searches. They may serve as marker for the presence of planets,
e.g., Fomalhaut and possibly 3 Pic, but may also mask the pres-
ence of planets if the diffuse emission is bright enough. For
most of the coronagraphic targets considered here, we show that
the search for self-luminous planets is unaffected by diffuse
emission.

Target Selection. We excluded target stars with large
amounts of nebulosity and/or optically thick disks, i.e., high
values of disk to stellar luminosity (L;/L,). This restriction
excludes obscured or partially obscured objects which are typi-
cally the youngest protostars still possessing primordial, gas-
rich disks. For example, the detection of planets of even Jovian
mass would be extremely difficult within the disk of AB Aur,
which has a disk with L;/L, ~ 0.6 (Tannirkulam et al. 2008).
The SIM Lite sample was explicitly chosen to exclude objects
with nebulosity by inspection of imaging data (Tanner et al.
2007). The Spitzer data for the FEPS sample revealed only
six objects with high optical depth disks, i.e., L;/L, > 0.01
(Hillenbrand et al. 2008). The other 26 sources in the FEPS
sample with prominent Spitzer disks had an average value of log
(Lq/L,) = —3.8 with a dispersion of +0.5, comparable to the
range bounded by [ Pic and Fomalhaut.

Residual Diffuse Emission. We developed a very simple
model of diffuse emission appropriate to the stars and spatial
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FiG. 3.—Stars in the various samples cover a broad range of H magnitudes,
which can be an important parameter when considering the performance of
adaptive optics systems. See the electronic edition of the PASP for a color ver-
sion of this figure.
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scales examined in these simulations (~5-100 AU) and then
calculated the flux density of spurious point sources relative
to the brightness of the star. As will be discussed, the level
of spurious objects due to clumps in the local background is
well below the level of residual scattered starlight in the instru-
ments considered here for self-luminous planets and typical
disks, i.e., log(Ly/L,) = —3.8.

Finally, it is well known that stellar ages are difficult to es-
timate. We investigated this effect on the simulations by allow-
ing the age to vary with a log-normal distribution having a
dispersion of a factor of 2 around the nominal age. The average
properties of the detected planets were not appreciably affected
by this variation. Younger ages made some planets more easily
detectable, while older planets fell below detection limits. The
derived properties, especially the mass, of a planet detected
around any particular star will depend, of course, on the uncer-
tain age of the parent star.

2.2. A Sample of Nearby M Stars

The very closest stars to the Sun also offer the prospect of
finding self-luminous planets. Nearby M stars are advantageous
since the parent star is 5—10 mag fainter than higher-mass stars,
leading to a more favorable contrast ratio for self-luminous
planets, and because their proximity to the Sun can expose plan-
ets located within a few AU of the star. Unfortunately, field M
stars are typically older than 1 Gyr, implying that their planets
will be faint. Further, these visually faint stars are relatively poor
targets for ground-based adaptive optics systems relying on visi-
ble stellar photons for wavefront correction. Nevertheless, a
dozen objects of potentially planetary mass have been found
around M stars either via RV (GJ 876b) or imaging (Two
Micron All Sky Survey, 2MASS 1207b), so it is useful to con-
sider what objects might be detectable with imaging. We have
assembled a list of 196 M stars (M0-M9V) within 15 pc that
either are single or whose companions are at least 30" distant,
according to the SIMBAD and NStED databases. We added to
the sample AU Mic (GJ 803) and AT Mic which, although they
are in multiple systems, are young and therefore potential hosts
of bright planets. The AU Mic debris disk (Plavchan et al. 2009)
has a disk-to-star luminosity ratio of log(Ly/L,) = —3.4,
which is not enough to impede detection of most planets
(§ 3.3). We derived very approximate ages for the stars using
their X-ray luminosity (when available) and a X-ray—age rela-
tionship derived from Preibisch & Feigelson (2005; their Fig. 4).
For the 100 nearby M stars in our sample without this informa-
tion, we adopted a representative age of 5 Gyr (Zapatero Osorio
et al. 2007).

3. THE INSTRUMENTS

The key parameters of an instrument used for direct imaging
of planets are its inner and outer working angles (OWA), its star-
light rejection as a function of angular separation from a target

star, and its optical efficiency and sensitivity. We discuss these
parameters for a number of ground-based and space-based in-
struments. For ground-based instruments we include the cur-
rently operational Near-Infrared Infrared Coronagraph (NICI)
on the Gemini Telescope (Biller et al. 2009), which is compa-
rable in performance to the Subaru/HiCIAO instrument (Suzuki
et al. 2009), as well as next-generation coronagraphs in devel-
opment for the Palomar telescope (P1640), the Gemini Planet
Imager and SPHERE on the VLT, and an idealized coronagraph
on a 30 m telescope (TMT). We include a ground-based 5 ym
capability based on the Multiple Mirror Telescope (MMT).
These ground-based capabilities are contrasted with three JWST
instruments: a Lyot coronagraph on NIRCam (various wave-
lengths from 2.1-4.6 pum), a nonredundant mask on the Tunable
Filter Instrument (TFI/NRM), and a four-quadrant phase mask
on the Mid-Infrared Instrument (MIRI/FQPM). This informa-
tion is summarized in Tables 3 and 4 and Figure 4a.

The IWA of a telescope of diameter, D, equipped with a Lyot
coronagraph has a typical radial extent of ~2 — 5\/D, or typi-
cally a few tenths of an arcsec in the near-IR. For a classical
Lyot coronagraph, the IWA is defined unambiguously by a
hard-edged mask, while for a band-limited coronagraph, the
IWA is not a single number but can be defined as the angle
at which the off-axis transmission drops below 50%. The
OWA of an instrument depends on such parameters as the size
of the detector array in a simple imaging coronagraph, the num-
ber of actuators in a deformable mirror, or the size of a sub-
aperture in an interferometric system. Table 3 summarizes this
information and projects this angular scale out to different dis-
tances. It is clear from the table that probing the region interior
to 100 AU requires target systems within 150 pc and preferably
much closer.

3.1. Ground-based Coronagraphs

Coronagraphs on large ground-based telescopes are evolving
rapidly with advances in coronagraph design, extreme adaptive
optics, and postcoronagraph wavefront control. The current gen-
eration of coronagraphs are finding young gas giants, e.g.,
HR 8799, and new instruments such as Subaru/HiCIAO and
Gemini/NICI will push these searches to lower masses and smal-
ler orbits with contrast ratios of AMag = 13 — 15 mag (Biller
etal. 2009; Wahhaj et al. 2009). The next-generation instruments,
including P1640 at Palomar Mountain (Hinkley et al. 2008;
Sivaramakrishnan et al. 2009), the Gemini Planet Imager
(GPI) (Macintosh et al. 2006) and the SPHERE instrument (Beu-
zitet al. 2006; Boccaletti et al. 2008) on the Very Large Telescope
(VLT), will achieve contrast ratios of AMag ~ 18 mag at 1” and
thus probe masses ~ few Mjy,,. P1640 will be limited to northern
hemisphere targets whereas many of the nearest, young stars are
visible only from southern observatories. GPI and SPHERE with
observe southern targets with contrast limits comparable to
P1640’s but with improved angular resolution and magnitude
limits due to their larger apertures. We project the performance

2010 PASP, 122:162-200
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TABLE 3
INNER WORKING ANGLE AND PHYSICAL RESOLUTION

Telescope (m) 5.0 6.5 6.5 6.5 8.0 30.0

Wavelength (;:m) 1.65 22 44 11.4 1.65 1.65
Inner Working Angle (mas)
NIRCAM/Wedge (4A/D) .ouiiiiiii e — 280 560 — — —
NIRCAM/SOmbIero (6A/D)  ..uvuiiii e — 420 850 — — —
EMMT-HKE” (AX/ D) oot — — 560 — — —
TFI/Nonredundant Mask (0.5MA/D) .....ooiiiiiiiiiiiiiiiiiiiiins — 35 70 — — —
MIRI/FPQM (IA/D) oottt — — — 365 — —
Palomar/P1640 (2.50/ D) .ouviiiii i 170 — — — — —
GPI/SPHERE (2.50/D) <.ttt — — — — 105 —
TMT Coronagraph (2.50/D) ..ot — — — — — 30
Physical Resolution (AU) at 10 pc
NIRCAM/Wedge (AA/D) .ouiiiiiiiii e — 2.8 5.6 — — —
NIRCAM/Sombrero (6A/D) ...o.iuiiieiiiiiiiiii i — 42 8.5 — — —
EMMT-HKE (AN /D) e e — — 5.6 — — —
TFI/Nonredundant Mask (0.5MA/D) .....coiiiiiiiiiiiiiiiiiiiiins — 0.4 0.7 — — —
MIRI/FPQM (IA/D) oottt — — — 3.7 — —
Palomar/P1640 (2.50/D) ....oiuiiiiiiiiii i 1.7 — — — — —
GPI/SPHERE (2.50/D) <.ttt — — — — 1.1 —
TMT Coronagraph (2.50/D) ...ooiiiiiiiiiiiiiii i — — — — — 0.3
Physical Resolution (AU) at 50 pc
NIRCAM/Wedge (4A/D) .ouiiiiiiiiii e — 14 28 — — —
NIRCAM/SOombIero (6A/ D)  .oouieieiniae e — 21 42 — — —
SMMT-HKE” (AA/ D) oo — — 28 — — —
TFI/Nonredundant Mask (0.5MA/D) .....c.ooiiiiiiiiiiiiiiiiiins — 1.8 3.7 — — —
MIRI/FPQM (IA/D) oottt — — — 18 — —
Palomar/P1640 (2.50/D) ....oiuiiiiiiiiii 9 — — — — —
GPI/SPHERE (2.50/D) .ottt — — — — 5 —
TMT Coronagraph (2.50/D) ....ooiiiiiiiiiiiiiiiii i — — — — — 1.5
Physical Resolution (AU) at 140 pc
NIRCAM/Wedge (AA/D) .ouiiiii i — 40 80 — — —
NIRCAM/Sombrero (6A/D) ...ouiuiiininiiiiiiiiiii i — 60 120 — — —
EMMT-HKE” (AA/ D) oo — — 80 — — —
TFI/Nonredundant Mask (0.5MA/D) .....ooiiiiiiiiiiiiiiiiiiieias — 5 10 — — —
MIRI/FPQM (IA/D) oottt — — — 50 — —
Palomar/P1640 (2.50/ D) ..vriiiit i 24 — — —_ — —_
GPI/SPHERE (2.50/D) <.ttt — — — — 15 —
TMT Coronagraph (2.50/D) ..ot — — — — — 4

of future coronagraphs on the next generation of 30 + m tele-
scopes such as the TMT, GMT, and E-ELT, adopting a contrast
ratio floor of 10~% in the midrange of what has been discussed for
these highly segmented telescopes (Macintosh et al. 2006). It is
important to note that ground-based coronagraphs operating with
extreme adaptive optics systems require bright target stars for the
extreme wavefront control needed for contrast ratios of <1076,
Stars fainter than R ~ 8 mag (H ~ 57 mag for typical FGKM
stellar colors) will have poorer coronagraphic perfor-
mance (Fig. 3).

Finally, we note that ground-based imaging searches at 3 and
5 pm are already underway, trading increased planet brightness
against higher thermal backgrounds (Heinze et al. 2008;

2010 PASP, 122:162-200

Kenworthy et al. 2009). With L’ and M-band sensitivities of
~16 mag and 14 mag (50), respectively, on the MMT (Heinze
et al. 2008), surveys with instruments like Clio should be able to
probe the 5-10 My, range within 10-100 AU. In the longer
term, interferometry with the Large Binocular Telescope Inter-
ferometer (LBTI) offers the prospect of examining nearby
young stars with <50 mas resolution. However, the 8—10 mag-
nitudes of difference in sensitivity between JWST (Table 4) and
ground-based telescopes will gave JWST a substantial advantage
for the imaging surveys considered here. We approximate the
performance of a ground-based 5 pm coronagraph on a large
telescope by adopting the characteristics of NIRCam’s corona-
graph but with a magnitude floor of M = 14 mag.
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TABLE 4
ILLUSTRATIVE PROPERTIES OF CORONAGRAPHS USED IN SIMULATIONS

Wavelength Sens. Limit®
(pm) AMag* at 0 (50, 1 hr mag)
Instrument 0.5" 1" 2" 4"
NICT oo 1.65 pym 12 14 14.5 20
P1O40 ... 1.65 pm 16 18 18 18 20
GPL 1.65 pm 17.5 18 18 18 21
“MMT-like” .o 4.3 pm 9.9 11.7 14.3 16.2 14
TMT 1.65 pm 17.5 17.5 17.5 17.5 22.5
NIRCam Spot .......ooviiiiiiiiiiiiiii ... 3.35 pm 9.9 12.4 15.1 17.8 24.8
NIRCam Spot ........ocoviiiiiiiiiiiiinn.. 4.4 pm 9.9 11.7 14.3 16.2 23.6
TFI/NRM w. Cal. ..o, 4.70 pm 12.5 — — — 20.6
TFI/NRM w/o Cal. .........ccoociiiiiiiin... 4.70 pm 10.0 — — — 20.6
MIRI/AQPM ... 11.4 pm 9.0 9.5 12 13 17.6

“Rejection ratios are S0 See test for references for individual instruments.

® Sensitivity limits are 50 in the difference of two 3600 s exposures and include a degradation for lower coronagraphic throughput.

3.2. High-Contrast Imaging with the James Webb Space
Telescope (JWST)

Three of the instruments on JWST have capabilities for high-
contrast imaging. We present performance information on the
coronagraphs planned for the Near-IR camera (NIRCam), the
Tunable Filter Instrument (TFI), and the Mid-Infrared Instrument
(MIRI). The calculations of contrast performance combine
diffraction-based estimates of telescope performance including
131 nm of total wavefront error (Stahl 2007) with instrument
performance models provided by the instrument team members
(coauthors on this article) responsible for those modes. The read-
er is referred to the references quoted in each section for details.
Since the JWST mirror is still being fabricated, estimates of
telescope performance are subject to change. While the wave-
front error is relatively large compared to standards of advanced
AO systems (50 nm) or future coronagraphs designed to search
for earths (1 nm for TPF-C; Trauger and Traub 2007), JWST
will operate under extremely stable conditions (perhaps 10—
20 nm variations over a few hours) and with extremely low back-
grounds in the near- and mid-infrared where young exoplanets
are bright. JWST achieves its (modest) imaging quality without
reference to a bright target star, making it well suited to searching
for planets around faint stars inaccessible to ground-based
telescopes.

We do not examine the performance of JWST at wavelengths
<2 pum for two reasons. First, JWST s coronagraphic perfor-
mance at short wavelengths will depend critically on the (as yet)
poorly known wavefront errors of the mirror, making such pre-
dictions premature. Second, at short wavelengths, 8-30 m
ground-based telescopes with extreme AO will have significant
advantages over JWST for bright stars in imaging situations
where scattered starlight dominates the noise and where large
collecting areas can overcome modest sky backgrounds.

3.2.1. NIRCam

The NIRCam instrument (Rieke et al. 2005) includes a coro-
nagraph with five focal plane masks (Fig. 5). Three round spots
or “Sombrero”-shaped masks and two wedge-shaped masks are
optimized for design wavelengths of 2.1, 3.35, 4.3, and 4.6 ym
(Table 4; Green et al. 2005; Krist et al. 2007). The occulting
spots are apodized, but only quasi-band limited (Kuchner &
Traub 2002) since the wavefront error in the JWST telescope
is sufficiently large that the coronagraphic performance is domi-
nated by the telescope scattering not by diffraction. The perfor-
mance of the five masks is predicted on the basis of a full
diffraction calculation assuming nominal performance of the
segmented JWST primary and using appropriate Lyot stops
and occulting spots (Krist 2007). Figure 6 shows contrast ratios
after speckle suppression has been carried out using roll subtrac-
tion (£5deg is allowed during JWST operations) and assuming
a random position offset error of 10 mas between rolls and ran-
dom wavefront variations of 10 nm. At 1” from the central star,
JWST should achieve almost 12 magnitudes of suppression
while at 4” the suppression will approach 18 mag. For the survey
simulations described here we have used the predicted perfor-
mance of the 4.3 pm (design wavelength) spot with an inner
working angle of 6/ D ~ 850 mas. Comparable results are ob-
tained for the 4.6 pm wedge occulter. Examination of Figure 6
suggests that the spot occulter performs better at larger separa-
tions while the wedge works better at smaller angles. As dis-
cussed in § 3.2.2, this expectation is confirmed in the
simulations, although the differences are small. We examine
NIRCam performance in two filters, F444W and F356W, using
sensitivity limits appropriate to the difference of two 1 hr ex-
posures (Rieke et al 2005%), degraded by a factor of 2 for the

* At http://ircamera.as.arizona.edu/nircam/features.html.
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FIG. 4.—(Top) Performance (50) of 7 high contrast imaging systems is shown
in terms of contrast ratio as a function of off-axis angle: MIRI with 4 Quadrant
Phase Mask at 11.4 um (fop curve); NIRCam Lyot coronagraph at 4.4 pm
(black); Gemini NICI instrument (dashed); P1640 at 1.65 ym with an extension
to smaller inner working angles for GPI operating n an 8 m telescope (dotted); an
idealized coronagraph on a 30 m telescope (TMT) operating at 1.65 pum (dashed
curve). Inside of 1” we show two curves for the nonredundant mask (NRM) at
4.4 pm with and without visibility calibration (solid and dotted curves). (Bot-
tom) The NIRCam, P1640, and TFI/NRM curves are repeated along with curves
showing the brightness of potential spurious sources from diffuse scattered emis-
sion associated with debris disks as observed with JWST at 4.4 ;ym and 1.65 ym
with P1640. Noise from disks with L;/L, = 1073 and 10738 shown as solid
and dashed, respectively. The details are described in the text. See the electronic
edition of the PASP for a color version of this figure.

lower throughput of NIRCam (20% vs. >80%) with the coro-
nagraphic pupil mask.

3.2.2. The JWST Nonredundant Mask (NRM)

The Fine Guidance System on JWST incorporates a near-IR
science camera equipped with a tunable filter instrument (TFI,;
Doyon et al. 2008). In addition to standard coronagraphic imag-
ing modes, the TFI provides an important complement to the
NIRCam coronagraph. The nonredundant mask (NRM) is a true

2010 PASP, 122:162-200

interferometer which will take advantage of JWSTs extreme sta-
bility to make high-contrast images at high angular resolution
(Sivaramakrishnan et al. 2009). By masking out all but 7 sub-
apertures, each with projected size of D, ~1 m across JWST’s
6.5 m pupil, it is possible to create 21 independent baselines
(Fig. 7) to observe with resolution ~0.5\/ D ~ 0.07" over a field
of view (radius) of ~0.6\/ D, ~ 0.55" (Table 3). Careful calibra-
tion of fringe visibilities with respect to reference stars should
result in contrast ratios of AMag ~ 12.5 mag (Sivaramakrishnan
et al. 2009), a major improvement over typical ground-based va-
lues of 4-5 mag (Lloyd et al. 2006). If visibility calibration
proves impractical, the contrast performance will be a factor
of ~10 worse, i.e., AMag ~ 10 mag. An important problem still
to be addressed is the effect of detector stability on NRM perfor-
mance in the presence of the unattenuated photon fluxes from
bright central stars. Shot noise and possible flat-field noise
due to pixel-to-pixel variations of >10~° will limit contrast ratios
for stars with 4.4 ym magnitudes of ~5 mag or brighter.

3.2.3. The JWST Mid-Infrared Imager (MIRI)

The Mid-Infrared instrument (MIRI) on JWST is equipped
with three four-quadrant phase masks (FQPM) operating in nar-
row bands (R ~ 20) at 10.65, 11.4, and 15.5 pm as well as with
a conventional coronagraph operating at 23 pym (Rouan et al.
2007; Boccaletti et al. 2005). The latter will predominantly
be used for the study of disks since its IWA will be relatively
coarse (>2.2"). With contrast ratios in the range of AMag =
8-12.5 mag at an IWA (radius) of 1A\/D ~0.36" at 11.4 pum,
the MIRI FQPM will be able to probe within 10-20 AU of
the closest young host stars. The IWA for this instrument does
not have a sharp edge so that companions interior to the nominal
IWA would be visible but highly attenuated at <1A/D. The
MIRI/FQPM offers angular resolution between that of NIRCam
and TFI/NRM, but with the advantage of a much wider field of
view than TFI/NRM, up to 13". The contrast curve shown in
Figure 4 assumes subtraction of a point-spread function
(PSF) reference star for speckle suppression, pointing jitter
of 7 mas and a 20 nm variation in wavefront error between ob-
servations. A version of the FQPM has been in operation on the
NACO instrument on the VLT since 2003 (Boccaletti et al.
2004) and the MIRI prototype has been tested in the laboratory
(Baudoz et al. 2006), giving confidence that the contrast goals
described here can be achieved.

3.3. Noise from Diffuse Emission

As was noted, bright nebulosity and/or a disk around a young
star is a potential source of noise for planet searches. Thermal
emission from dust will be negligible at the angular separations
(>1 AU at 10 s of pc), stellar luminosities, and short wave-
lengths (<5 pum) considered here; only MIRI observations
for the closest, most luminous A stars might be affected by ther-
mal emission. We thus focus on the effects of scattered light
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FiG. 5.—Layout of the coronagraphic focal plane masks in the NIRCam instrument includes 3 occulting spots plus 2 occulting wedges. Neutral density squares are

placed across the top and bottom for source acquisition.

using observations of Fomalhaut (Kalas et al. 2008) and [ Pic
(Golimiski et al. 1993) to develop a simple model for the bright-
ness of possible sources produced in clumps in diffuse scattered
light at large radii. Let the radial dependence of surface bright-
ness be modeled as I(r) = Iy(ro) () *() ™" where the 7~
term comes from the increased stellar illumination and the
r~% term is due to the increasing surface density of dust as
one moves closer to the star. We derived similar values of V ~
R band surface brightness of I,(100 AU) = 20.6 mag arcsec 2
and 8 = 2 for Fomalhaut (face-on) to 13(100 AU) = 19.2 mag
arcsec 2 and 3 = 1 for 3 Pic (edge-on), both normalized to L,/
L, = 10738 which is the average disk luminosity for sources in
the FEPS sample (Hillenbrand et al. 2008). The brightness of a
spurious point source (5¢) from a clump in the disk emission,
relative to the brightness of the star, F,, can be written Flgigy /
F,=5nI(r)Q/F, where Q~(\/D)? is the solid angle of a
diffraction-limited beam and 7 = 10% is the fraction of the dif-
fuse emission in a clump (as opposed to smooth emission,
which could be subtracted out). Figure 4b includes curves based
on the Fomalhaut profile for a star at 50 pc with L;/L, = 1073
and 102 for two instrumental cases: 1.65 pm and D =5 m;
and 44 pm and D = 6.5 m. The figure suggests that, for
appropriately selected stars, spurious sources from scattered
light will not be a significant problem beyond 0.5” and only
a marginal problem at smaller separations for JWST/NRM or
ground-based telescopes. Note that we have made the conser-
vative assumption that the scattering efficiency of the dust
grains is flat rather than falling off at wavelengths >1 pm.

4. A POPULATION OF PLANETS

The combination of RV studies and transit observations has
given us a good understanding of the incidence of gas and icy
giant planets with masses of a few Jupiter masses down to a few
tens of Earth masses located from a few stellar radii out to 5 AU
(Cumming et al. 2008). Within this orbital range approximately

10%—-15% of solar-type stars have gas giants (M > 0.3 My,,)
and perhaps double that fraction if one extends the mass range
t0 0.01 My, (Lovis et al. 2009). The exact fraction of stars with
(hot) Neptune-sized planets remains in dispute, but transit data
from the CoRoT and Kepler satellites will soon resolve this is-
sue. Very little is known about the incidence of planets in the
outer reaches of planetary systems because of small RV ampli-
tudes, vanishing transit probabilities, and long orbital time-
scales. Imaging and microlensing (Gould & Loeb 1992;
Bennett et al. 2007) provide probes of these systems with imag-
ing offering the prospect of detailed follow-up observations.
Previous imaging surveys on 8 m class telescopes provide
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F1G. 6.—Contrast ratio (50) as a function of off-axis angle is shown for the
various NIRCam coronagraph masks assuming subtraction of two rolls (+5° and
—5°) for speckle suppression. A position offset error of 10 mas and a wavefront
error of 10 nm between rolls has been assumed. The two wedges are shown as
solid lines and the three spots as dash-dotted, dashed, and dotted lines respec-
tively are F430, F335, and F210. See the electronic edition of the PASP for a
color version of this figure.
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AND

F1G. 7.—Layout of the subapertures, projected onto the JWST primary mirror
for the nonredundant mask (NRM) interferometer (Sivaramakrishnan et al.
2009).

statistical constraints of <25% for the incidence of relatively
massive planets (>2 My,,) on relatively large separations,
40-200 AU (Lafreniere et al. 2007; Biller et al. 2007).

For our simulation we have adopted a simplified model for
the distribution of planets in the mass-SMA plane. We assume
that every star has (only) one planet drawn from a distribution
with an incidence dN/dM o< M~ between 0.1 and 10 M Jup-
The maximum mass for M stars is capped at 2 My, to reflect
the underabundance of massive planets for these stars (Johnson
et al. 2007). Reflecting the growing evidence for an increased
incidence of planets orbiting massive stars (Johnson 2008),
we enhance the number of massive planets around stars with
M > 1.5 M, over the simple M ! power law. For these stars
we added a log-normal distribution of planets with a mean of
2 My, and a factor of 2 dispersion in mass. The exact nature of
this enhancement did not make a large difference in the simula-
tion results. Based on the current census of exoplanets, we al-
lowed 1 = 20% of the trials to place a planet between 0.1 and
5 AU. For the remaining 1 — n = 80% of stars, we drew from a
distribution in SMA (denoted by a) with dN /da « a~! between
5 and 200 AU which favors closer-in planets and thus represents
a more difficult case for direct imaging. Figure 8 shows the dis-
tribution of planets in the mass-SMA plane and is similar to
those adopted by Lafreniere et al (2007). We also investigated
dN/da x a” to examine what range in orbital distributions
might be detectable for comparison with alternative formation
and/or migration mechanisms. Orbital eccentricities were drawn
from a probability distribution function between 0 < e < 0.8
derived from the observed distribution of eccentricities for
269 radial velocity planets with periods greater than 4 days
(Cumming 2004; Schneider 2009 and references therein).

2010 PASP, 122:162-200
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FiG. 8.—Distribution of planet masses and semimajor axes for a typical
Monte Carlo run for the young stellar sample assuming dN /da o a™'. As dis-
cussed in the text, the masses of planets orbiting M stars are capped at 2 My,,
compared with 10 My, and an enhanced population of ~2 Mj,, planets has
been adopted for stars more massive than 1.5 M . The contours represent loga-
rithmic intervals with arbitrary normalization. See the electronic edition of the
PASP for a color version of this figure.

Our calculations require predictions of the brightness of plan-
ets at various wavelengths as functions of mass and age. One
widely used group of models is the CONDO3/DUSTY models
(Baraffe et al. 2003) which follow the evolution of a contracting
planet. These models combine the evolution of effective tempera-
ture (T.) and radius with a detailed atmospheric model to
predict the appearance of planets across a wide range of wave-
lengths. Baraffe (2009, private communication) extended these
models to include planets with masses as low as 0.1 My, for this
article. We used filter profiles for JWST/NIRCam and JWST/
MIRI to produce magnitudes for planets in these passbands to
augment what was already available for ground-based filters
(Appendix A, Tables 10—19). As the color-magnitude diagrams
indicate (Fig. 9), the predominant effect governing the appear-
ance of a planet is its 7T, with considerable overlap in colors
as objects of different mass pass through a particular temperature.
The [4.4]-[11.4] color-magnitude diagram spreads out the ef-
fects between mass and age on T and luminosity and may
be useful in breaking these otherwise degenerate parameters.

There are, however, a number of caveats that should be con-
sidered when using these models. First, the physics underlying
these models becomes unreliable at effective temperatures be-
low 100 K. While this is not an issue for the young planets con-
sidered in § 6.1, the lack of good models for ~1 Mjy,, planets
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F1G. 9.—Color-magnitude diagrams for young planets using Baraffe (2003)
models calculated for masses as low as 0.1 My, with effective temperatures as
low as 100 K. (Top) models in to near-IR bands observable with NIRCam or
TFI/NRM; (bottom) models in bands observable with either NIRCam or TFI/
NRM and MIRI. The combination of 5 and 11 um colors appears to break
the degeneracy between age and mass and may be valuable in assessing the
evolutionary state of different planets. See the electronic edition of the PASP
for a color version of this figure.

older than a few Gyr is a problem for the analysis of planets
orbiting older M stars (§ 6.2). As will be discussed, the JWST
instruments have the sensitivity needed to observe 1 My, plan-
ets orbiting the nearest M stars at separations of a few AU. The
lack of good models at the low temperatures of these objects
makes these results qualitative.

Second, the Baraffe calculations are based on a so-called
“hot-start” evolution which ignores the effects of core accretion.
These effects have recently been identified as important for the
earliest evolutionary phases of these planets (Marley et al.
2007). There can be significant differences between the lumi-
nosity and effective temperature between a planet forming

through core accretion with an associated accretion shock ver-
sus simply following the gravitational contraction of a preexist-
ing ball of gas of the same mass (the “hot-start” model). At very
young ages, the core accretion systems can be 5-100 times
fainter than simple hot-start model prediction. This effect is
illustrated in Figure 10 for planets of 2 and 10 My, in the
5 pm M band for the CONDO3 models used in this article (Bar-
affe et al. 2003) and for the core-accretion models (Fortney et al.
2008). The differences can be significant for young, massive
planets: up to 3-5 magnitudes in M ([4.4 pm]) brightness at
an age of 1 Myr for a 10 My, planet. The differences are more
modest, 1-2 magnitudes, for older, lower-mass planets, e.g.,
1-2 My, at ages of 10 Myr. We discuss a limited comparison
between hot-start and core accretion models in § 6.1.1.
Irradiation by a central star can greatly modify a planet’s ap-
pearance (Burrows et al. 2003; Baraffe et al. 2003), but is of
limited importance for the systems considered here because of
the large planet-star separations detectable with direct imaging.
Furthermore, for young stars, the effect of irradiation at separa-
tions larger than a few AU is small in comparison to the planet’s
internal energy. In the case of NRM or FQPM imaging or obser-
vations with a 30-40 m telescope, the planets are close enough to
their host stars (<5 AU) that stellar irradiation can become mod-
estly important. In this case we combined planet’s intrinsic effec-
tive temperature, T'ggr jn(, With the additional energy from the star
of luminosity L at a separation, a, assuming an albedo = 0.1 and
complete redistribution of the absorbed radiation to arrive at a
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FiG. 10.—Comparison of two sets of evolutionary tracks for 1 My, and 10
My, planets. Solid curves represent the M [4.5 pm] brightness from the CON-
DO3 models (Baraffe et al. 2003) used in this article. Dashed curves represent
the core-accretion models (Fortney et al. 2008), which are generally fainter at
any given time. Thus a “core-accretion” planet of a certain brightness will be
more massive by a factor of 2 or more than a planet following the “hot-start”
contraction tracks. See the electronic edition of the PASP for a color version of
this figure.
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new, higher T’ .y for the planet. We then selected as our model
for the planet’s emission the model with the same mass but for a
younger object having the newly calculated, elevated T'ggf pew:

Tkt exe = 270(1 — albedo)*# LIZa " K, (1)

Tettnew = (Thsgine + Thir.ext)” ™ (2)

5. THE MONTE CARLO SIMULATION

For a given instrument configuration (telescope, instrument,
wavelength, contrast ratio as a function of off-axis angle) we
selected a particular stellar sample: young stars (comprising
the SIM YSO, FEPS, and A-star lists, § 2.1) or the nearby
M stars (§ 2.2). We drew planets of random mass, semimajor
axis and eccentricity according to the distributions described
above. The planet’s separation from its host star was weighted
according to the time spent in the appropriate Keplerian orbit

and randomized over all possible starting points and orienta-
tions. It should be noted that highly eccentric planets spend
much of their time near apoastron and may thus peek outside
the inner working angle of an instrument and be detectable
for a fraction of their orbital period (Agol 2007; Brown
2009). For the large orbital separations of relevance here, the
orbital periods are typically so long so that this effect is a static
one over the duration of an individual survey, in contrast with
the planets considered by Agol (2007) and Brown (2009),
which investigate the changing effects of orbital motion on
the changing visibility of habitable zone planets (~1-3 AU) or-
biting stars within 10-15 pc.

Each star served as a seed for 1000 Monte Carlo runs. A
planet was scored as a detection if it: (1) lay between the inner
and outer working angles; (2) was above the 50 sensitivity limit
for an observation consisting of the difference between two 1 hr
long integrations to account for a differential technique for
speckle suppression, e.g., roll or PSF subtraction; and (3)
was brighter than the 5o floor set by the contrast ratio appro-

TABLE 5
YOUNG PLANET SIMULATIONS (ALL STARS)

(1 () (3) (4) %) (6) (7 (3) )] (10) (11) (12)
A Num Avg. Score Mass. Min SMA Min Age RV* Astr."
Inst. (pm) Num. Det (>25%) (%) (Myp) (Myyp) (AU) (AU) (Myr) (%) (%)
641 Young Stars, Orbit a = —1
NICT .....ococvviiiiieannn. 1.65 349 0 7.0 59+24 3.28 80+31 30 15 0.03 0.68
P1640 ..., 1.65 428 12 10.0 57+25 3.42 59+28 16 26 0.21 2.31
GPL ... 1.65 535 57 12.9 5.0+£3.0 2.88 55+26 13 31 0.39 3.09
TMT i 1.65 602 334 28.4 4124 1.53 43+12 3 44 2.86 12.32
NIRCAM Spot ............ 3.56 632 58 11.8 26+1.6 0.38 13522 65 53 0.00 0.26
MMT® ... 4.44 85 1 4.3 7.7+2.6 6.25 80+36 39 17 0.05 1.70
NIRCAM Spot ............ 4.44 640 173 16.1 1.7£0.9 0.18 130 +30 64 54 0.00 0.40
TFI/NRM .................. 4.44 612 286 22.5 2.7+2.1 0.67 22+13 5 49 241 9.20
TFI/NRM NoCal® ......... 4.44 419 15 10.1 5.0+29 2.75 29+13 8 17 0.55 3.36
MIRI .......ccooeviiieenn. 11.40 633 240 24.4 3.1%1.9 0.57 93+26 24 53 0.73 3.73
641 Young Stars, Orbit « = —1, Randomized Ages
P1640 .......ccceiiiiill. 1.65 412 15 11.0 55+24 3.16 61+27 16 25 0.20 2.40
NIRCAM ............o.... 4.44 640 189 18.4 1.9+1.0 0.18 12127 50 54 0.01 0.60
641 Young Stars, Orbit o =0
NICT ..., 1.65 388 27 10.7 52+29 3.03 95+32 32 14 0.01 0.20
P1640 ......cccceviiiii... 1.65 421 45 12.0 5.6*25 3.39 82+35 20 25 0.08 0.76
GPL ... 1.65 504 101 14.1 54+2.6 3.09 81+35 17 35 0.15 1.04
TMT i 1.65 600 306 27.0 4.1+24 1.51 81+24 3 43 1.88 5.22
MMT® . 4.44 84 0 4.6 7.7+24 6.16 105+36 43 15 0.01 0.68
NIRCAM Spot ............ 4.44 640 354 34.0 1.6+0.8 0.14 14025 62 54 0.00 0.17
TFI/NRM .........cooo... 4.44 609 53 12.7 26+2.0 0.70 31+21 6 48 1.38 3.29
MIRI .......ccoovvieiiinn. 11.40 637 465 37.0 27+1.8 0.53 122+18 27 53 0.41 1.28

Note.—Columns (1) and (2) identify the instrument; column (3) gives number of stars with at least one planet detection; column (4) gives number of stars with at
least a >25% probability of detecting a planet; column (5) gives the average detectability averaged over all stars with at least one detection; columns (6) and (7) give
average and minimum values of detected planet mass; columns (8) and (9) give average and minimum values of detected semimajor axes; column (10) gives average
age of detected planets; columns (11) and (12) present detectability scores for imaged planets that were also detectable using either RV or SIM Lite astrometry.

“ Percentage of sources detected via imaging also detectable with RV or astrometry.

" Without visibility calibration.

¢ Approximates the performance of a coronagraph on a telescope like the MMT as similar to that of NIRCam but with a magnitude floor of M = 14 mag.

2010 PASP, 122:162-200

This content downloaded on Fri, 15 Feb 2013 13:24:10 PM

All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

174 BEICHMAN ET AL.

priate to the apparent star-planet separation and stellar magni-
tude. Scores were kept for each star and for each mass-SMA bin.
The simulations were run for different instrument configura-
tions and for planet distributions with dN /da  a° and a~! (Ta-
ble 5 et seq.).

Detection of a companion to a bright star in a single sighting
is not, of course, adequate to claim that a faint adjacent source is
a planet. Verification of the planetary nature of the object re-
quires observations at different epochs to detect common proper
motion, orbital motion, or differential parallactic motion relative
to nearby reference stars (Zimmerman 2010). This step will be a
critical part of any realistic survey.

6. DISCUSSION
6.1. Results For Young Stars

Table 5 summarizes how the different instruments probe the
planet mass-SMA parameter space with results given for two dif-
ferent assumptions about the distribution of planets, dN /da
a~! and a°. In what follows we concentrate on the v = —1 case.
The effect of uncertain ages (x2 dispersion around the nominal
age) was investigated for one ground-based and one space-based
instrument, but did not make a significant difference to the out-
come so long as the average value is preserved.

Table 5 presents Monte Carlo results averaged over the entire
sample of 641 “young stars” as well as for the 25 stars achieving
the highest detectability scores, i.e., the fraction of Monte Carlo
draws resulting in a detected planet. Logarithmic averages of the
mass and true SMA (not the apparent orbital separation) of the
detected planets, as well as the average of the minimum detect-
able mass and SMA for each star, were calculated for each sim-
ulation. Average values of mass and semimajor axis for all
detected planets are summarized by instrument in Figure 11
where the symbol size is proportional to the fractional detection
rate and the “error bars” give the 1o dispersion in mass and
semimajor axis of the detected planets. Symbols are shown
for the average over all stars in the young star sample and
for the best 25 stars detected by each instrument.

Detailed information for each instrument and planet popula-
tion is given in Tables 5 et seq. Columns (1)—(2) identify the
sample and instrument; columns (3) and (4) give the number
of stars with any detection of a planet and the number of stars
with planets detected more than >25% of the time; column (5)
gives the fraction of times a planet was detected, averaged over
all stars having at least 1 detection; columns (6) and (7) give
average and minimum values of detected planet mass; columns
(8) and (9) give average and minimum values of detected planet
semimajor axes; column (10) gives average age of detected pla-
nets; columns (11) and (12) present detectability scores for im-
aged planets that were also detectable using either RV or SIM-
Lite astrometry (§ 6.2). The average values of mass and SMA
include estimates of the dispersion in these quantities. Table 6
repeats this information but averages over only the <25 stars

MMT (4%)

4 I
MMT —f—>+ P1640 NICI

/il

R, W—
P1640

/‘ GPI /

R
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&
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Planet Mass (MJup)
=

.\ /"
. (69%) NIRCam
0 - i ) ) 4.4 um I ] .
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FIG. 11.—Average values of planet mass and semimajor axis for planets de-
tected with each instrument as presented in Table 5. The size of the symbol is
proportional the fraction of stars around which at least 1 planet was detected; the
percentages corresponding to two representative symbol sizes are indicated. Ver-
tical and horizontal bars denote the 1o dispersion in these quantities. Open cir-
cles with error bars are for the samples averaged over all stars with detections
with the error bars denoting the 1o dispersion in the planetary properties. Filled
circles, with the error bars omitted for clarity, denote the planet parameters aver-
aged over the best 25 stars in each run. See the electronic edition of the PASP for
a color version of this figure.

with the highest fraction of detections. Listings of the stars with
the highest scores are presented in Appendix B (Tables 20-23)
for reference. It should be noted that two recently imaged
A stars with planets, Fomalhaut and HR 8799, both finished
high in the rankings, e.g., with scores ~30% for NIRCam
and ~5% for GPI, but were not among the top 25 targets in
the simulations.

Figure 11 and Tables 5-6 suggest that ground-based corona-
graphy with the next generation of instruments (P1640, GPI,
SPHERE) should routinely detect planets larger than about
3-5 My,, within 20-50 AU with favorable cases yielding
planets as small as 1 My, or close as 15 AU. This information
is shown graphically in Figure 12 et seq. for a number of instru-
ments. In these and subsequent plots, the contours represent
probability of detection of a planet in a specific mass-SMA
bin, i.e., the number of planets detected in that bin divided
by the total number of planets generated in that bin (Fig. 8).
The initial discoveries of the planets orbiting HR 8799 and
Fomalhaut (50-100 AU) are encouraging and suggest that with
instrumental improvements, detections of planets much closer
to the stars should become possible in this mass range. These
results are consistent with predictions for GPI (Macintosh et al.
2006). M-band observations from the ground suffer from high
thermal backgrounds, making such surveys somewhat unfavor-
able despite the brightness of young planets at this wavelength.
In the longer term, interferometry with the Large Binocular
Telescope Interferometer (LBTI) offers the prospect of
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TABLE 6
YOUNG PLANET SIMULATIONS (BEST 25 STARS)

(1 (2) (3) @) Q)] ©) @) (8) ©) 1o an a1z
A Num Mass Min SMA Min Age RV Astr.
Instr. (um)  Num. Det  (>25%)  Avg. Score (%) (Myyp) (Myyp) (AU) (AU)  Myr) (%) (%)
641 Young Stars, Orbit « = —1 .....
NICT oo 1.65 349 0 15.9 40+24 0.93 89+31 24 2 0.00 0.17
P1640 .. o 1.65 428 12 26.1 33+£25 1.41 46+28 9 8 0.22  10.18
GPL . 1.65 535 57 354 2.7+3.0 0.92 47+26 8 5 045 12.51
TMT e 1.65 602 334 69.7 24+24 0.45 39+12 1 13 2.10 35.62
NIRCAM Spot ...evvvviviiiiiiinnnn 3.56 632 58 36.5 14+1.6 0.11 83+22 15 39 0.03 3.28
MMT? 4.44 85 1 11.1 53+26 3.20 51+36 12 42 0.16 542
NIRCAM Spot ...oovvviiiiiiinnnnn. 4.44 640 173 37.8 1.1£0.9 0.10 75+30 18 37 0.00 2.16
TE/NRM ...t 4.44 612 286 43.1 0.8+2.1 0.12 28+13 6 3 0.61 9.30
TFI/NRM NoCal®> .................... 4.44 419 15 259 24+29 0.56 35+13 7 2 0.17 4.08
MIRIL ..o 11.40 633 240 68.8 1.3+19 0.10 57+26 2 22 434 2093
641 Young Stars, Orbit &« = —1, Randomized Ages
P1640 ..o 1.65 412 15 29.8 3.0+24 1.02 49 +£27 9 10 0.29 9.49
NIRCAM ... 4.44 640 189 41.8 1.1£1.0 0.10 71+27 13 36 0.26 5.04
641 Young Stars, Orbit o« =0
NICL oo 1.65 388 27 29.0 34+29 0.73  115%+32 25 1 0.00 0.00
P1640 ... 1.65 421 45 32.8 33+£25 0.85 113%£35 22 2 0.00 0.13
GPI ... 1.65 504 101 40.7 2.7+2.6 0.70 108 +35 17 2 0.00 0.29
TMT o 1.65 600 306 63.8 23+24 0.47 83+24 2 9 046 13.63
MMT? 4.44 84 0 9.6 6.2+24 3.86 88+36 21 24 0.00 1.69
NIRCAM Spot ...oocvvvviiiiiinnnn. 4.44 640 354 62.7 0.9+0.8 0.10 119%25 30 39 0.00 0.08
TFIU/NRM ..o 4.44 609 53 29.4 09+2.0 0.15 55+21 10 2 0.00 0.50
MIRI ..o 11.40 637 465 79.8 1.1£1.8 0.10 101+18 2 25 3.11 7.54

NoTE.—Same as Table 5, but for an average over only those stars with the highest detection fraction (up to the 25 highest ranked targets).

examining nearby young stars with <50 mas resolution. Perfor-
mance improvements possible with the LBTI will enhance the
number of planets relative to the MMT values.

Given our assumptions about the planetary systems and the
optimization of the survey, success rates for the next generation
of ground-based surveys (GPI and P1640) could be as high as
25%-35% for an optimized H-band survey and 10% for an op-
timized M-band survey. Eventually, an advanced coronagraph
on TMT (Fig. 13) could push this detection threshold up to
~T70% at lower masses (~1-2 M,;) and with minimum separa-
tions as small as a few AU for the most favorable stars.

JWST will detect lower mass planets that cannot be detected
from the ground, with success rates of up to 40% for the best
stars (Table 5). Operating at 3.6 or 4.4 pym (Fig. 14), NIRCam
will have a broad plateau of >30% detection probability outside
of 50 AU and >50% outside of 100 AU for masses down to
0.2 My, . Interior to 50 AU, the probability of detection drops
rapidly except for the most massive planets. The NIRCam per-
formance is similar at 3.6 pm and 4.4 pm, with the decrease in
brightness of the planets offsetting the improved resolution at
the shorter wavelength. The table confirms that the performance
differences between NIRCam’s Spot and Wedge-shaped masks
are small, with a slight advantage for the Wedge to find closer-in
planets. For the most favorable 25 stars, i.e., the closest and/or

2010 PASP, 122:162-200

youngest, NIRCam can detect planets as small as 0.1 My, or as
close in as 15 AU. However, as a Lyot coronagraph operating on
a telescope of modest size, NIRCam is not sensitive to the inner
reaches of planetary systems.

The NRM imager (Fig. 15) operates with a small inner work-
ing angle and may find planets with an average orbital separa-
tion for the 25 best stars of 30 AU for masses as low as
0.8 My, Planets as small as 0.1 My, and orbital separations
as small as 5-10 AU could be detected in the most favorable
cases. This performance is limited to a small outer working an-
gle and relies critically on achieving a stable visibility calibra-
tion. Without this calibration the predicted contrast ratio is
~10x worse and the TFI/NRM success ratio drops by a factor
of 2~ 3.

MIRI coronagraphy, as illustrated by the performance of the
11.4 pm FQPM (Fig. 16), will complement NIRCam and NRM
imaging with its small inner working angle (1\/D) coupled
with a large field of view (13"). For the 25 best stars, MIRI will
have a 70% success rate in finding planets with average masses
of 1-2 My,, at average separations of 60 AU; planets as small
as 0.10 My, and separations as small as <5 AU are possible.

It must be emphasized that these “success rates” depend on
each telescope and instrument combination achieving its nom-
inal performance (contrast ratio and sensitivity) and on the as-
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FIG. 12.—Fractional detectability of planets orbiting nearby young stars
(o = —1) for the P1640 coronagraph operating at 1.65 pm. The vertical axis
represents orbital semimajor axis (AU) and the horizontal axis Log(planet mass)
(in My,,). A comparable instrument operating on an 8 m telescope (GPI/
SPHERE) would find planets at 5/8x smaller separations. The contours (dis-
played in white boxes) represent the probability of detection of a planet, aver-
aged over all stars, in a specific Mass-SMA bin, i.e., the number of planets
detected in that bin divided by the number of planets generated in the simulation.
See the electronic edition of the PASP for a color version of this figure.

sumptions implicit in the population of planets, e.g., at least 1
planet per system with a particular distribution of masses and
orbits. Until each instrument is brought into operation, these re-
sults must be considered highly preliminary. This is particularly
the case for the innovative modes on JWST, e.g., TFI/NRM and
MIRI FQPM, where large extrapolations in performance are
being made compared with the current state of the art.

These results, summarized by stellar host properties (Figs. 17
and 18) reveal interesting differences between the instruments.
The top portion of Figure 17 compares the performance of NIR-
Cam and TFI/NRM at 4.4 ym. The NIRCam coronagraph does
the best job on the closest stars whose more mature planets
require the highest contrast ratio. Some of the best targets
for TFI/NRM are relatively distant young stars where NRM’s
high angular resolution brings luminous 10 Myr old planets into
view that are hidden from other instruments. The bottom panel
of this figure adds MIRI into the comparison which largely dis-
places TFI/NRM by doing a good job of finding the youngest
planets at all stellar distances. Figure 17 shows only the highest-
scoring instrument for each star. In fact, there is good overlap in
instrument scores in most cases, suggesting that it will be pos-
sible to characterize these planets at many wavelengths leading,
possibly, to determinations of 7T'. and radius (Fig. 9).

The distributions of spectral types with high detection frac-
tions are shown for representative ground-based (P1640 at

Samp =All Stars TMT lam=L65 Alpha=-1 AstarBoost

00
Log Mass (MJup)

F1G. 13.—Fractional detectability of planets orbiting nearby young stars for a
coronagraph operating at 1.65 ym on a 30 m telescope (TMT). The vertical axis
represents orbital semimajor axis (AU) and the horizontal axis Log(planet mass)
(in My,p). The contours represent the probability of detection of a planet, aver-
aged over all stars, in a specific Mass-SMA bin, i.e., the number of planets de-
tected in that bin divided by the number of planets generated in the simulation.
See the electronic edition of the PASP for a color version of this figure.

Samp=All Stars NIRCAM lam =444 Alpha=-1

200

Orbit (AU)
2
-
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Log Mass (MJup)

F1G. 14.—Fractional detectability of planets orbiting nearby young stars
(o = —1) for the NIRCam coronagraph at 4.4 um. The vertical axis represents
orbital semimajor axis (AU) and the horizontal axis Log(planet mass) (in M)
The contours represent the probability of detection of a planet, averaged over all
stars, in a specific Mass-SMA bin, i.e., the number of planets detected in that bin
divided by the number of planets generated in the simulation. See the electronic
edition of the PASP for a color version of this figure.
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Samp=All Stars TF/NRM lam=4.44 Alpha= - | AstarBoost
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FiG. 15.—Fractional detectability of planets orbiting nearby young stars
(a = —1) for the TFI/NRM imager at 4.4 m. The vertical axis represents orbital
semimajor axis (AU) and the horizontal axis Log(planet mass) in (My,,). The
contours represent the probability of detection of a planet, averaged over all
stars, in a specific Mass-SMA bin, i.e., the number of planets detected in that
bin divided by the number of planets generated in the simulation. The restriction
to small separations is due to the restricted field of view of the NRM imager. See
the electronic edition of the PASP for a color version of this figure.

180 Samp=AT1 Stars MIRT lam =114 Alpha=-1 AstarBosst

Orbit (AU)
-
H

-1.0 -85 0.¢ 1.0
Log Mass (MJup)

FiG. 16.—Fractional detectability of planets orbiting nearby young stars
(a = —1) for the MIRI/FQPM interferometer at 11.4 pm. The vertical axis re-
presents orbital semimajor axis (AU) and the horizontal axis Log(planet mass) in
(My,p). The contours represent the probability of detection of a planet, averaged
over all stars, in a specific Mass-SMA bin, i.e., the number of planets detected in
that bin divided by the number of planets generated in the simulation. See the
electronic edition of the PASP for a color version of this figure.
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1.65 pm) and space-based instruments (NIRCam at 4.4 pm).
The spectral types of the entire young star sample are shown
in the wide bins. The top ranked 100 stars in the Monte Carlo
simulations are shown in the narrow bins for NIRCam with a
fractional detectability score of >29% and for P1640, with a
score of >16%). Highly-ranked NIRCam targets span the full
range of input spectral types with an average age of 10° yr,
whereas young (105% yr) K and M stars at the low-mass end
and high-mass A stars dominate the P1640 rankings.

The top panel of Figure 19 compares the planetary detections
for the three JWST instruments and shows that NIRCam does
best for planets more distant than 40 AU with average masses
as low as <1 My,,. MIRI operates over a comparable range of
orbital distances and mass limit. TFI/NRM operates uniquely in
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FiG. 17.—(Top) The instrument achieving the highest detectability score for
the young stars sample (o« = —1) is shown on a star-by-star basis in the distance-
age plane for JWST’s NIRCam and TFI/NRM at 4.4 pym. (Bottom) Comparable
plot but for with the addition of MIRI at 11.4 um. See the electronic edition of
the PASP for a color version of this figure.
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FIG. 18.—Left hand scale, histogram bins denote the distribution of spectral
types for the 641 stars in the young star sample. Right hand scale, bins give the
distribution of the top 100 ranked stars detected by NIRCam and P1640, respec-
tively, for the & = —1 planet distribution. See the electronic edition of the PASP
for a color version of this figure.

the 10-20 AU range for the closest stars and overlaps with MIRI
in the 40-50 AU range for younger, more distant stars. The two
vertical bands of NRM detections highlight the two subsamples
of young stars, i.e., 25-50 pc and 100140 pc. The bottom panel
compares present and future capabilities from the ground
(P1640/GPI/SPHERE vs. TMT). While P1640/GPI will find
planets >3-5 My, and SMA >25-50 AU, an eventual TMT
coronagraph will be able to probe to within 20 AU for consid-
erably lower masses. JWST’s TFI/NRM and MIRI/FQPM per-
form well compared with TMT because they operate at
0.5-1.0\/D, in comparison with 2.5-4\/ D for a classical coro-
nagraph. The change in inner working angle cancels much of
the advantage of shorter wavelength and larger telescope
diameter. The increased brightness of planets at 4 ym compared
to 1.65 um also contributes to JWST’s performance despite its
smaller size.

The high success fractions for the JWST instruments suggests
that at the completion of modest sized surveys, 25 ~ 50 stars, it
should be possible to test some of the assumptions made in this
simulation: overall fraction of young stars with planets exterior
to 5 AU, “hot-start” vs. “core accretion” evolutionary tracks,
and orbital distribution with particular emphasis on the exis-
tence of planets on distant orbits. For example, the data obtained
with JWST should suffice to distinguish between dN /da o a°
and a~! with a significant difference in the predicted average
SMA between the two cases (Table 6). Figure 20 shows the cu-
mulative yield of planets from different instruments in surveys
of the most highly ranked stars. A survey of 50 stars with
P1640, JWST/NIRCam, TFI/NRM, MIRI, and TMT would
yield 12, 18, 21, 31, and 31 planets, respectively, for a = —1
model and the assumption that there is one planet per star. In the
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F1G. 19.—(Top) Average mass and semimajor axis (SMA) detected for each
star in the young star sample (v = —1) is shown with the size of the point pro-
portional the fractional detectability of planets around that star (the percentages
in boxes denote the achieved success rate corresponding to the adjacent symbol
size). Results for three JWST instruments are shown: NIRCam and TFI/NRM at
4.4 pm, MIRI at 11.4 pm. (Bottom) Comparable plot for P1640 and TMT at
1.65 pm. For GPI and SPHERE on 8 m telescopes, the black dots would shift
inward by roughly a factor of 5/8 in orbital radius. The detections below ~1
My, correspond to planets orbiting young M stars for which the contrast ratio is
particularly favorable. See the electronic edition of the PASP for a color version
of this figure.

case of JWST/NIRCam, the difference in the average value of
the semimajor axis between the o = —1 and O cases is highly
significant, 81 +£3 AU versus 120 =1 AU. For JWST and
TMT, this result would remain significant, with only half the
stars having planets instead of the assumed 100%. While this
is not a definitive examination of parameter extraction from
the simulations, this result suggests that surveys that can be ac-
complished in reasonable amounts of telescope time will
address some of the key questions about the populations of
planets in the outer reaches of these planetary systems.
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FI1G. 20.—Cumulative number of planets detected as a function of the number
of stars surveyed for the & = —1 young star sample for different instruments.
The stars are rank ordered according to the score in the Monte Carlo simulation
(Appendix B). See the electronic edition of the PASP for a color version of this
figure.

The addition of spectroscopic follow-up observations will
provide insights into the physical properties of individual ob-
jects, while the addition of dynamical measurements will make
these tests of theory much more stringent (§ 6.3).

6.1.1. “Core-Accretion” versus “Hot-Start” Models

An important consideration for young planets is that the as-
sumed “hot-start” evolutionary models (Baraffe et al. 2003) may
not be correct. As mentioned in § 4, planets formed by “core
accretion” may be considerably fainter (Marley et al. 2007;
Fortney et al. 2008) than the “hot-start” models used here.
We investigated these differences for planets between 1-10
M;,, and ages from 1-100 Myr (Table 2 in Fortney et al.
2008) for which comparable magnitudes are available for both
sets of evolutionary tracks. We calculated Monte Carlo simula-
tions for three cases (Table 7, Fig. 21): two ground-based sys-
tems, P1640 and TMT at 1.65 pm, and JWST/NIRCAM at
4.4 pm. The drop-off in the number of stars with planets is most
marked with P1640 at 1.65 pym. The lower temperature at each
age-mass point in the Fortney models affects the planet magni-
tudes dramatically, lowering the number of stars with at least
one planet detection from 324 to 7 out of a total sample of
364 stars. For the more sensitive TMT observations, the
drop-off is not so severe, from 362 to 103 stars with planets.
NIRCAM at 4.4 um is not affected by the change in planet
brightness for two reasons. First, as mentioned, the differences
are muted at longer wavelengths. Second, NIRCam’s sensitivity
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FIG. 21.—Auverage values of planet mass and semimajor axis for planets de-
tected with P1640, TMT and NIRcam (Table 7) for the “hot-start” (Baraffe et al.
2003) and “core accretion” (Fortney et al. 2008; Marley et al. 2007) evolutionary
scenarios. Stellar ages are less than 100 Myr and planet masses restricted to
1-10 My,,. The most dramatic change comes for P1640 class instruments
for which detectability drops to very small numbers. TMT and NIRCam have
sensitivity to detect planets in this age-mass range with some independence of
the evolutionary model; lower mass planets would start to become hard to detect
however. The size of the symbol is proportional the fraction of stars around
which at least 1 planet was detected. The vertical and horizontal bars denote
the 1o dispersion in these quantities. See the electronic edition of the PASP
for a color version of this figure.

is such that it can detect planets at 1 My, for either evolution-
ary model. NIRCam would lose the ability to detect core-accre-
tion planets of still lower mass or orbiting older stars, but the
lack of Fortney models for these cases prevents us from discuss-
ing this quantitatively.

Another effect may mitigate the “hot start” versus “core ac-
cretion” problem. Planets located beyond 10 AU (the majority
of those detectable via direct imaging) may not form via core
accretion, but rather (at least in part) by gravitational fragmenta-
tion in the disk (Boss 2000). These planets may in fact be well
represented by the “hot-start” models. Slight evidence for this
hypothesis comes from fact that Fomalhaut b cannot have a
mass much greater than 3 My, lest it perturb the Fomalhaut
ring (Kalas et al. 2008; Chiang et al. 2009). A core-accretion
planet would have to be considerably more massive than this
to have the observed brightness at the assumed age of Fomal-
haut. The “hot-start” model may not prove to be a bad repre-
sentation for the planets on the distant orbits that direct
imaging will detect.

6.2. Results For Nearby M Stars

Our Monte Carlo simulations (Table 8) suggest that JWST
(and to a lesser extent TMT) will be sensitive to self-luminous
planets orbiting the nearest M stars at orbital distances beyond
10-20 AU. These results are unfortunately tentative due to the
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TABLE 7
YOUNG PLANET SIMULATIONS: HOT-START VERSUS CORE-ACCRETION MODELS

@) () 3) “ ® ©) O] ® © 10)
A Num Avg. Score Mass Min SMA Min Age
Instr. (pom) Num. Det (>25%) (%) (Myyp) (Myyp) (AU) (AU) (Myr)

P1640-Hot Start ......................... 1.65 324 152 40.9 3719 1.51 42+23 7 9
P1640-Core Accretion .................. 1.65 7 2 16.9 35+13 2.18 15+6 4 33
TMT-Hot Start ...............ooooeee. 1.65 362 353 93.0 25+14 1.00 44x7 1 15
TMT-Core Accretion .................... 1.65 103 87 76.0 34+12 1.33 3610 1 17
NIRCAM-Hot Start ..................... 4.44 364 110 47.9 26=1.0 1.01 69 +£24 14 24
NIRCAM-Core Accretion .............. 4.44 364 111 48.4 2.7+0.8 1.01 7027 13 30

Note.—Columns are the same as in Table 5 but for systems with ages less than <100 Myr and planets with masses between 1-10 My,

inadequacy of the coldest, lowest mass models with effective
temperatures below 100 K. Although we bounded the upper
end of the mass range for M star planets at 2 Mjy,, due to
the apparent dearth of high-mass planets around low-mass stars,
high-mass planets (5-10 Mj,;,) would be easy to detect.
NIRCam is sensitive to planets orbiting nearby M stars hav-
ing masses as low as 0.5 My, and located at an average separa-
tion of 30 ~ 40 AU (Fig. 22 and Tables 8-9), with considerably
closer and smaller-mass planets being detectable for the most
favorable stars (0.5 My, and ~4 AU). TFI/NRM should be
able to detect planets of comparable mass, but on orbits as prox-
imate as 1-5 AU for younger, more distant M stars with X-ray

derived ages <10°® yr. MIRI/FQPM should detect planets as
small as 0.5 My, and ~40 AU with detections of higher mass
objects possible at distances as close in as 3-5 AU (Fig. 23).
With such small orbits, these planets might also be detectable
with RV or astrometric measurements. A 0.5 My, planet in a
5 AU orbit (22 yr period) around a 0.25 M, star at a distance of
10 pc would have radial velocity and astrometric amplitudes of
13 ms~! and 100 pas, respectively. The combined imaging and
dynamical observations would anchor planetary evolutionary
models for ages of ~1 Gyr or more (§ 6.3).

From the ground at 1.65 pum, the sensitivity of the current
(NICI) or even next generation of ground-based coronagraphs

TABLE 8
M STAR SIMULATIONS (ALL STARS)

@ (@) 3 “ () ©) (O] ®) (©)] (10) an 12)
A Num Avg. Score Mass Min Min Min Age RV* Astr*
Instr. (pm) Num. Det (>25%) (%) (Myyp) (Myyp) (AU) (AU) (Myr) (%) (%)
196 M Stars, Orbit o = —1
NICT ... 1.65 7 0 3.8 1.6+0.4 1.22 15+7 11 20 0.09 2.57
P1640 ... 1.65 15 1 6.8 1.6+04 1.21 9+3 3 38 1.27 5.49
GPL ...l 1.65 17 1 9.7 1.4+0.5 0.96 11+4 2 43 2.00 7.48
MMT® ... 4.44 11 1 9.2 1.5+0.3 1.17 21+9 4 65 0.67 4.49
TMT ... 1.65 29 10 16.6 0.8+0.7 0.50 10£7 1 160 4.02 11.17
NIRCAM Spot ......... 4.44 196 196 37.3 0.5+0.1 0.10 34+12 8 2,044 0.92 10.82
TF/NRM ............... 4.44 196 12 14.7 0.6+£0.2 0.14 4+1 1 2,044 11.66 14.64
MIRI ... 11.40 196 67 25.6 0.8+0.2 0.32 48+ 18 4 2,044 291 10.15
196 M Stars, Orbit o = 0
NICT ... 1.65 4 0 2.1 1.4+03 0.93 19+9 7 13 0.10 1.50
P1640 ... 1.65 12 0 4.2 1.5+x04 1.10 106 2 33 1.68 3.50
GPI ... 1.65 17 0 4.7 1.4£0.5 0.97 8x5 2 43 221 3.85
TMT ... 1.65 29 1 9.4 1.0£0.6 0.60 12+10 0 162 3.85 5.96
MMT® .. 4.44 11 0 4.6 1.5+03 1.18 3016 6 65 0.65 1.45
NIRCAM Spot ......... 4.44 196 97 24.0 0.5+0.1 0.10 4616 9 2,044 0.56 3.10
TFI/NRM ............... 4.44 196 0 11.5 0.6+0.2 0.13 3+1 1 2,044 10.41 11.45
MIRI ... 11.40 196 39 22.1 0.8+0.2 0.31 74 £25 6 2,044 2.50 4.69

NoTE.—Columns (1) and (2) identifies the instrument; column (3) gives number of stars with at least one planet detection; column (4) gives number of stars with at
least a >25% probability of detecting a planet; column (5) gives the average detectability averaged over all stars with at least one detection; columns (6) and (7) give
average and minimum values of detected planet mass; columns (8) and (9) give average and minimum values of detected semimajor axes; column (10) gives average
age of detected planets; columns (11) and (12) present detectability scores for imaged planets that were also detectable using either RV or SIM Lite astrometry.

* Percentage of sources detected via imaging also detectable with RV or astrometry.

" Approximates the performance of a coronagraph on a telescope like the MMT as similar to that of NIRCam but with a magnitude floor of M = 14 mag.
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FiG. 22.—Ability for NIRCam to detect planets orbiting nearby M stars at
4.4 pm. The vertical axis represents orbital semimajor axis (AU) and the hor-
izontal axis Log(planet mass) in (M),,). The contours represent the probability
of detection of a planet, averaged over all stars, in a specific Mass-SMA bin, i.e.,
the number of planets detected in that bin divided by the number of planets
generated in the simulation. NIRCam can detect planets uniformly across the
mass range 0.1-2 My, assumed in the simulation but their detectability drops
off at distances beyond 50 AU which falls outside the 10" field of view for stars
beyond 5-10 pc. See the electronic edition of the PASP for a color version of this
figure.

(P1640, GPI, SPHERE) is probably inadequate to find mature
planets around nearby M stars. The average score for these ob-
serving systems ranges from 3%—10% for the few of the young-
est M stars with any detections at all. The greater collecting area
and angular resolution of the TMT improves the prospects for
success (up 20% in the most favorable cases), but the intrinsic
faintness of older planets at short wavelengths will be difficult to
overcome.

As indicated in the tables, we investigated both & = —1 and
o = 0 power-law distributions of orbits. In contrast with the
case of young stars, there is relatively little effect of the chang-
ing orbital separation, suggesting that angular resolution is not
the dominant factor preventing detection of these planets, but
rather that sensitivity is the bigger problem. In fact, the broader
distribution (o = 0) led to a modest decrease in the number of
planets detected for the simple reason of running out of field of
view in the instruments considered in the simulations; e.g., a 10"
field at 10 pc corresponds to 100 AU, which is only half of the
200 AU outer limit considered herein.

Finally, we note that the nearest M stars offer an alternative
prospect for imaging planets, i.e., detection using reflected star-
light. Depending on the ultimate performance of the JWST tele-
scope at short wavelengths (<2 pm), the NIRCam coronagraph
might be able to find such planets around the few M stars within
5 pc, e.g., GJ 411 (Lalande 21185) at 2.5 pc where JWST/NIR-
Cam’s inner working angle of 0.28” at 2.1 ym corresponds to
0.7 AU (Table 3). The brightness of a Jupiter at separation a in
reflected light corresponds to a contrast ratio of 1077 ~ 10~%a,3
(depending on albedo and phase function) which will be

TABLE 9
M STAR SIMULATIONS (BEST 25 STARS)

Instr. A Num Num Avg. Score Mass Min SMA Min Age RV Astr.
(pm) Det (>25%) (%) (Myyp) (Myyp) (AU) (AU) (Myr) (%) (%)
(1) (2) (3) 4) (5) (6) )] ®) ) (10) (11) (12)

196 M Stars, Orbit o« = —1
NICT ......covvviiennn. 1.65 7 0 3.8 1.6+0.4 1.22 15+7 11 20 0.09 2.57
P1640 ........coooilll. 1.65 15 1 6.8 1.6+04 1.21 9+3 3 38 1.27 549
GPL ... 1.65 17 1 9.7 14+05 0.96 11+4 2 43 2.00 7.48
MMT ... 4.44 11 1 9.2 1.5+0.3 1.17 21+9 4 65 0.67 4.49
TMT i 1.65 29 10 19.2 1.0£0.7 0.59 12+7 1 106 4.63 12.92
NIRCAMSpot ........... 4.44 196 196 433 0.5+0.1 0.10 29+12 6 478 1.00 14.24
TF/NRM ............... 4.44 196 12 24.7 0.5+0.2 0.11 5+1 1 923 15.58 24.37
MIRI .........coooeena. 11.40 196 67 79.0 0.5+0.2 0.11 35+18 1 93 9.02 32.97

196 M Stars, Orbit o« = 0

NICT ... 1.65 4 0 2.1 14+0.3 0.93 19+9 7 13 0.10 1.50
P1640 ...l 1.65 12 0 4.2 1.5+04 1.10 10+6 2 33 1.68 3.50
GPL ... 1.65 17 0 4.7 14+05 0.97 8+5 2 43 2.21 3.85
TMT ... 1.65 29 1 10.8 1.1+0.6 0.58 14+10 1 114 4.43 6.88
MMT 4.44 11 0 4.6 1.5+£03 1.18 3016 6 65 0.65 1.45
NIRCAMSpot ........... 4.44 196 97 34.0 0.5+0.1 0.10 6316 13 2,630 0.00 0.91
TF/NRM ............... 4.44 196 0 18.0 0.4+0.2 0.10 3+1 1 500 14.16 17.93
MIRI .........coeeeena. 11.40 196 39 67.7 0.5+0.2 0.12 65+25 1 78 9.04 17.42

NoTE.—Same as Table 5, but for an average over only those stars with the highest detection fraction (up to the 25 highest ranked targets).
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FiG. 23.—Ability for MIRI to detect planets orbiting nearby M stars at
11.4 pm. The vertical axis represents orbital semimajor axis (AU) and the hor-
izontal axis Log(planet mass) in (Mjy,,). The contours represent the probability
of detection of a planet, averaged over all stars, in a specific Mass-SMA bin, i.e.,
the number of planets detected in that bin divided by the number of planets
generated in the simulation. The vertical locus at of contours represent M stars
younger than 100 Myr for which <1 My, planets can be detected while the
second locus (log(M) ~ +0.2) represents older stars for which only more mas-
sive planets can be detected. The detectability of planets drops off at distances
beyond 50 AU due to the 13" field of view for stars beyond 5-10 pc. See the
electronic edition of the PASP for a color version of this figure.

difficult to achieve at 1” (Fig. 6). More probably, it will take an
extremely capable AO coronagraph; e.g., a 10~° system on a
30 m telescope on the ground or a TPF-C telescope in space
will be able to push into the domain of reflected light systems.
A discussion of these prospects is beyond the scope of this
article. The reader is referred to Agol (2007) or Brown
(2009) for a detailed examination of detection of planets via
reflected light.

6.3. Obtaining Masses via Dynamical Measurements

A dynamical technique is needed to determine the masses of
planets detected via imaging. Estimates based on interactions
with dust disks provide an indication of planet mass, e.g.
Fomalhaut (Chiang et al. 2009), but radial velocity or astrome-
try can provide more definitive information, particularly if a
near-complete orbit can be monitored. But both techniques
are challenging and no young planets on even the closest
<0.1 AU orbits, i.e., “hot Jupiters,” have yet been found defin-
itively via RV. Setiawan et al. (2008) have claimed an RV de-
tection of a planet orbiting TW Hya, but this claim has been

called into question as being due to large-scale photospheric
variations (Huélamo et al. 2008). The result remains controver-
sial. Similarly, Prato et al. (2008) identified potential “hot
Jupiters” orbiting DN Tau and V836 Tau based on visible spec-
troscopy, but used follow-up IR spectroscopy to demonstrate
that the variations were due to photospheric variability, not
planets. Astrometry can find young gas giant planets; e.g., a
Saturn-mass planet in a 5 AU orbit at 140 pc would have an
astrometric amplitude of 12 pas and would be readily detectable
with SIM Lite (Beichman 2001; Tanner et al. 2007; Unwin et al.
2008) and larger planets orbiting more nearby stars would be
detectable with GAIA (Sozzetti et al. 2008) or ground-based
interferometry at the 100 pas level (Van Belle et al. 2008; Pott
et al. 2008).

We investigated the prospects for indirect detection by posit-
ing single measurement capabilities of 1 ms~! and 4 pas as ap-
propriate to ground-based RV studies and for SIM. In both
cases, we assumed 250 observations spread over 10 yr and re-
quired a final signal-to-noise ratio of 5.8 relative to the ampli-
tude of the reflex motion (Traub et al. 2009). For planet periods
greater than the observational duration, we degraded the noise
performance according to (period/10 yr)3. To account for
photospheric variability, rotation, and other deleterious effects,
we parameterized the stellar RV and astrometric jitter between
1 Myr and 5 Gyr as power laws between 100 ms~! and 1 s~!
and 4 x (140 pc/Dist) uas to 1 x (140 pc/Dist) pas (Makarov
et al. 2009). Radial velocity measurements were not considered
for stellar types earlier than FO due to the difficulty of finding
suitable spectral lines.

Columns (11) and (12) of Table 5 and Table 6 give the frac-
tion of planets detected by imaging that might also be detected
via RV or astrometric measurements. The most favorable sys-
tems are those found at the smallest separations, i.e., those im-
aged using TFI/NRM, MIRI/FQPM, or TMT. Up to 30% of
TMT imaging detections could, in the most favorable cases, also
be detected via SIM astrometry. The majority of the mass mea-
surements will have to be obtained with precision astrometry,
because of the competing selection effects of improved imaging
and astrometric detectability with orbital radius on the one hand,
and of decreasing RV amplitude with increasing radius on
the other.

Precise mass measurements will not be possible for the plan-
ets located at 10 s of AU from their host stars. While the abso-
lute astrometric shifts are large (hundreds of pas), the orbital
time scales (tens to hundreds of years) are too long to cover
a significant portion of an orbit during SIM’s mission lifetime.
However, measurements of orbital accelerations over a 5-10 yr
baseline can give a useful indicator of planet mass. While the
linear terms of the stellar reflex motion are absorbed into the
host’s proper motion, the first (quadratic) term in the deviation
from stellar proper motion due a long period orbit is given ap-
proximately by
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where A = 500 pas, a is the semimajor axis, and t,ps << Tperiod
is the measurement duration, or roughly 38 pas for a 5 My,,
planet in a 50 AU orbit at 25 pc. This deviation from stellar
proper motion and parallax would be detectable by SIM Lite.
The interpretation of the measurements would be complicated
by the unknown eccentricity and orientation, but the results
would help to constrain the masses of distant planets detected
with imaging, particularly in the absence of a visible dust disk.
A full discussion of recovery of planet parameters from incom-
plete orbits is beyond the scope of this article. The reader is
referred to Traub et al (2009) for more information.

7. CONCLUSIONS

This article has combined estimates of the performance of a
number of instruments, evolutionary tracks of planets, and pos-
sible populations of planets to assess the potential for the direct
detection of planets using high-contrast imaging. The results are
necessarily speculative given the considerable uncertainties in
each area: projections of instrument and telescope performance
tend to be optimistic, some of the fundamental physics under-
lying the evolutionary tracks remains in question, and the num-
ber of planets on distant orbits and the mechanisms for getting
them there are largely unknown. Nevertheless, we can draw
some robust conclusions from this analysis:

1. The early successes of imaging of planets around HR 8799
and Fomalhaut are harbingers of many results to come. Our
Monte Carlo results confirm other predictions that coronagraphs
with extreme adaptive optics and postcoronagraph wavefront
control, e.g., P1640, GPI, and SPHERE, will be able to detect
young planets with average masses of 5 My, within <50 AU
of young stars and, in favorable cases, find planets as close in as
5-10 AU and with masses as small 1-2 Mjy,,. The requirement
for extreme AO systems to have bright host stars will limit these
searches to closer stars and earlier spectral types. The success
rates for these instruments will improve with the technology,
from 15% for the current generation (NICI, et alia) to 30%
for the next generation (P1640, GPI, SPHERE), and perhaps
70% for an optimized TMT instrument. These results depend,
of course, on our assumptions of instrument and planet proper-
ties. At longer wavelengths, 3—5 pm, ground-based telescopes
like the MMT and LBT will similarly be able to detect ~5 My,
planets with the intrinsic planetary brightness offsetting the
higher thermal background at these wavelengths.

2. The Monte Carlo results show that JWST’s NIRCam cor-
onagraph can find planets with an average mass of 1.5 Mpy,, at

2010 PASP, 122:162-200

separations of ~80 AU with masses of a few tenths of a Jupiter
mass and separations of 50 AU possible in the most favorable
cases. The TFI’s nonredundant mask imager will probe a com-
parable mass range in the inner portions of young stars in the
regions like Taurus, while MIRI’s four-quadrant phase mask
coronagraph will complement NIRCam and TFI/NRM over a
broad range of planet masses and separation yielding informa-
tion on planet radius and temperature. The performance of these
instruments depends critically on JWST meeting its perfor-
mance goals (wavefront error, etc.) and are of necessity spec-
ulative until the telescope is on orbit. However, these results
will be of interest to those planning various instrument
campaigns.

3. JWST’s sensitivity will allow it to search for 1-2 My,
objects orbiting nearby M stars (<2 Gyr) at orbits of a few
to a few tens of AU. The intrinsic faintness of these few Gyr
old objects will make this a very challenging experiment for
ground-based telescopes operating at 1-2 pm, particularly given
the faintness of many of their host stars and the demands of
extreme AO imaging.

4. An extreme AO coronagraph operating at 1.65 pm on a
3040 m telescope could find ~1 My, planets within
<5 AU of young parent stars, as well as provide high spectral
observations in the near-IR for objects initially detected by
JWST at longer wavelengths.

5. In addition to studying the physical conditions of these
planets, there is a special premium for discovery and character-
ization of the closest-in systems using JWST/NRM, MIRI, and
TMT since these objects might also be detected by dynamical
techniques using RV, or astrometry with ground-based interfer-
ometers GAIA or SIM Lite. Combined imaging and dynamical
data will anchor evolutionary models of young planets and
thereby help to put models for the formation and subsequent
evolution of planets on a more sound theoretical footing.

This work used archive information drawn from the NSTeD,
2MASS, and SIMBAD archives. Some of the research de-
scribed in this publication was carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under a contract
with the National Aeronautics and Space Administration. The
work of A. Sivaramakrishnan is supported in part by the Na-
tional Science Foundation grant AST-0804417. We gratefully
acknowledge I. Baraffe in extending the CONDO3 models to
lower masses. C. A. B. is extremely grateful to Ben Oppenhei-
mer, Dave Latham, and Dimitar Sasselov for their hospitality
during sabbatical sojourns at the American Museum of Natural
History and the Center for Astrophysics. We thank Peter Law-
son for providing Figure 1 and Dr. Sally Dodson-Robinson for
useful discussions. Finally, we acknowledge the extensive ef-
forts of an anonymous referee whose careful reading and numer-
ous suggestions greatly improved the content and presentation
of this article.
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APPENDIX A
BROADBAND COLORS FOR PLANETS

Tables 10-19 list absolute magnitudes (10 pc) for planets as
observed through standard ground-based filters (J, H, K, L, M),
four JWST/NIRCAM broadband filters, and three JWST/MIRI
narrowband filters; one table each for selected ages ranging
from 1 Myr to 10 Gyr. For the NIRCam filters we have used
measured transmission curves, while for the MIRI filters we
have taken a square (I = 20) passband centered on 10.65,
11.4, and 15.5 um as a reasonable approximation for these nar-
rowband filters. The evolutionary tracks represent an extension

of CONDO3 models (Baraffe et al. 2003) for planetary masses
down to 0.1 My, and for ages up to 10 Gyr. Tracks are dropped
as the effective temperature for a given mass-age combination
drops below 100 K, at which point the model atmosphere cal-
culations become unreliable. The synthetic spectra utilize an up-
dated grid (the GAIA grid) which includes minor corrections to
the older “AMES” spectra. The changes to the colors are modest
and are too small to impact the cooling tracks in any notice-
able way.

APPENDIX B
SELECTED SAMPLES OF STARS

Tables 20-23 present information on the stars with highest
fraction of Monte Carlo runs resulting in a detected planet. Up
to 25 stars are presented for each instrument configuration. The
columns include: (1)-(5) characterize the spectral type, dis-
tance, age (Myr), and H magnitude (typically from 2MASS)

of the star; (6) and (7) give the average mass of the detected
planets; and (8) gives the fraction of runs on which a planet
was detected. Columns (8)—(16) repeat this information for a
different instrument.

2010 PASP, 122:162-200
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