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Abstract

We conducted an imaging survey of extrasolar planets around stars in the
Pleiades (125 Myr, 135 pc) in the H and Kg bands using HiCIAO combined with
the adaptive optics, AO188, on the Subaru telescope. We found 15 companion
candidates around 10 stars, seven of which were confirmed as background stars
by measuring their proper motion. Among the remaining candidates, one was
absent in the second epoch observation, excluding it as a background or companion
object. Another appeared in multi-epoch images, but with insufficiently precise
proper motion to confirm it as a background object. One candidate might be a
stellar mass (~ 0.6 M) companion orbiting HD 23247 (F3). Two were confirmed
as 60 Mj brown dwarf companions orbiting around HD 23514 (GO0) and HII 1348
(K5), as reported in previous studies. The final two candidates were co-moving
companions around V1174 Tau. Their H magnitudes are 18.0 and 18.5consistent
with brown dwarf masses. If confirmed, these companions are the lowest-mass
companions yet identified in the Pleiades cluster. In our observations, the average
detection limit for a point source was 20.6 mag in the H band beyond 1”.5 from
the central star. On the basis of this detection limit, the detection efficiency
for a planet with 9-13 Jovian masses and a semi-major axis of 50-1000 AU was
colculated as 80%. We then extrapolated the distribution of planet masses and
semi-major axes derived from RV observations and adopted the planet evolution
model of Baraffe et al. (2003). Since no planets were detected, we estimated
the frequency of such planets as less than 17.5% (20) around single stars in the
Pleiades cluster.

This study was published in PUBLICATIONS OF THE ASTRONOMICAL
SOCIETY OF JAPAN, Vol. 65, No. 4 (Yamamoto et al. 2013).
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Chapter 1
Introduction

Since the discovery of an extrasolar planet around a main-sequence star in 1995
(Mayor & Queloz 1995), over 1000 extrasolar planets have been discovered by
various methods. The masses of planets discovered to date are plotted against
their semi-major axes in Figure 1.1.

As shown in the figure, different methods detect planets in different regions
of the planet mass versus semi-major axis diagram. These methods are detailed in
Section 1.1.1-1.1.4. The implications of this diagram for planet-forming theories
and the frequency of planet types are discussed in Section 1.2 and 1.3, respectively.

This study focuses on very low mass stars, such as brown dwarfs and ex-
trasolar planets. The minimum hydrogen-burning mass of such objects is 72 Mj
(Chabrier & Baraffe 2000) and their minimum deuterium-burning mass is 13.1 M
(Saumon et al. 1996). In this paper, brown dwarfs and planets are considered as
stars of deuterium-burning mass 13-72 Mj and companions of mass below 13 Mj,

respectively.

1.1 Detection methods of extrasolar planets

1.1.1 Radial velocity

The first planetary mass companion orbiting a main-sequence star, named 51 Peg b,
was detected by the radial velocity (RV) method in 1995 (Mayor & Queloz 1995).
In fact, the RV method has detected most of the 530 planets discovered to date’
(indicated by the green symbols in Figure 1.1).

1 Taken from the extrasolar planet catalogue by Rein (2012);
http://www.openexoplanetcatalogue.com/
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FIGURE 1.1: Mass of planets versus their semi-major axis,compliled from The

Open Exoplanet Catalogue

1. Discovery method is indicated by color. Details

are described in Sections 1.1.1-1.1.4. Planets in the solar system are indicated
by red symbols. The mass and semi-major axis of Earth is 3.14 x 1073M;
and 1.0AU, respectively, where 1M is Jupiter’s mass. The semi-major axis of
Jupiter is 5.2AU. By contrast, the mass and semi-major axis of Neptune is
5.40 x 1072 Mj and 30AU, respectively.

Planetary motions induce radial motion of their central star. The component

of stellar radial velocity in the line of sight can be precisely measured by Doppler

shift. The variation of radial velocities reveals the period, distance and shape of

the planetary orbit. From these parameters, the minimum mass (Mpsini) of the
orbiting planet is given by (Wright & Gaudi 2013)

2
3

PK3(1—¢€?%)
2nG

_ Mj}sin®i (1.1)
N (]\4134—]\4*)7 .
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where Mp and M, are the massesof planet and star, respectively, ¢ is orbit incli-
nation. P is the orbital period, K is the semi-amplitude of the signal in units of
velocity, e is the eccentricity, and G is Newton’s gravitational constant. According
to Equation 1.1, the signal amplitude decreases as P increases and Mp reduces.
When a Jupiter-mass planet circularly orbits a Solar-mass star over a period of
11.8 years, K is ~ 12.5sini m/s. To achieve K/c ~ 107, the RV measurement
must be extremely precise, limiting the maximum semi-major axis in Figure 1.1
to ~ 10 AU. On the other hand, close-in giant planets (hot Jupiters; semi-major
axis ~ 0.04 AU, period ~ a few days) are typically found at intermediate distances
(~ 0.1 AU) from their host stars. To ensure high accuracy spectroscopic measure-
ments, the host star is preferably a late-G to early-F type quiet main-sequence

star.

1.1.2 Transit

Planetary presence causes variations in the flux of a star system. The detection of
planets by flux variation is called transit. The first transit planet HD 209458 b was
detected by Charbonneau et al. (2000); Henry et al. (2000); Mazeh et al. (2000).
Planets discovered by the transit method are indicated by the blue triangles in
Figure 1.1 (~ 250 discovered!).

As the planet transits in front of its host star, the system flux decreases.
The depth of darkening is proportional to the ratio of the projected areas of star
and planet, equivalently, to the square of the ratio of the planet and star radii
(Rp/R.). The orbital period is inferred from the duration of the transit and
the time interval between the first and the next event. Combined with the RV
method, the transit method yields the Mp. Moreover, the planet density pp is
derivable from Mp and Rp. When the transiting planet disappears behind its host
star, the flux similarly decreases because the planet’s contribution is lost. This
passage, called the secondary eclipse, enables the planet flux to be measured from
the depth of the darkening. If the secondary eclipse is observed with sufficiently
sensitive, high resolution spectroscopy, the planet radius can be determined at each
wavelength. Radial variations among wavelengths are related to the constituents of
the planetary atmosphere (e.g., Bean et al. 2010; Narita et al. 2013). In addition,
by observing the Doppler shift during the transit, the projected stellar spin-obit
angle can be determined through the Rossiter—McLaughlin effect (e.g., Winn et al.
2005).
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The probability of transit occurrence P, is given by

P = (R*—i—Rp) 1+ esinw, (1.2)

a 1—e2 7’

where a is the semi-major axis and w, is the longitude of the periastron of the star.
When Rp/R, < 1, P, = R./a. The transit probability of a typical hot Jupiter
with P ~ 3 days (Rp ~ Rjy) is approximately 10%.

The occurrence rate of transit is low, and this method more sensitively de-
tects close-in planets as compared to the RV method. However, high-precision
photometry can simultaneously search multiple stars for planetary companions.
High-precision photometry is achievable by transit space missions, which are free
from fluctuations induced by the Earth’s atmosphere. The space telescope Kepler,
which searches for habitable planets, has detected over 2,300 planet candidates to
date (Batalha et al. 2013). As elaborated in Section 1.3, the RV combined with the
transit method is a powerful approach for investigating the frequency of close-in

planets (within a few AU of their host star).

1.1.3 Microlensing

When an object (lens) passes in front of another object (source) that is in the
same line of sight, the source geometry is transformed by the gravitational lensing
effect. Microlensing increase the brightness of the source at low resolution (for
example, when the source and lens lie far from the Earth and/or the lens is of
low mass). If the lens comprises a star—planet system, microlensing may detect
the signal caused by the planet. The 24 planets! detected by microlensing are
indicated by the magenta triangles in Figure 1.1.

The typical scale of microlensing events is evaluated by the Einstein ring

M, \'?( d z(1—x) 12
~ 2.854 i 1.
rp = 2.85 U<0.5M@) <8kpc>[ 0.25 ] ’ (1.3)

where d and d, are the distances from Earth to the lens and source, respectively,

radius rg

and x = d/d,. Microlensing is suitable for detecting planets near the Einstein ring
radius (Dong et al. 2006). As such, it detects planets around the snow line (ice
boundary a;.. = 2.7(M,/My)*AU; Ida & Lin 2005) with high efficiency. As shown
in Figure 1.1, microlensing planets have intermediate semi-major axes (~ 0.5-10

AU). This method is also sensitive to free floating planets(Sumi et al. 2011).
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However, microlensing events are rare, occurring at a rate [' ~ 107° event
per star per year (Kiraga & Paczynski 1994; Sumi et al. 2013). In addition,
planetary microlensing events are of short duration (duration time At, ~ 1 day
and At, ~ 1.5 hours for Jovian and Earth masses, respectively), and are observed
only once. Therefore, several dozen million target stars in the Galactic bulge are

currently being monitored for microlensing events 24 h every day.

1.1.4 Direct imaging

Planets are most simply and straightforwardly detected by thermal processes
and/or photon scattering from the planet surface. The black squares in Figure 1.1
indicate the 32 planets' discovered by direct imaging (DI).

It is difficult to decide which planet was the first to be detected by direct
imaging. The first planetary mass object detected by direct imaging, 2M1207 b
(4-10 Mjy; Chauvin et al. 2004; Mohanty et al. 2007), exhibited common proper
motion with its host star, a brown dwarf of spectral type M8. A planetary mass
object (6-13 Mj; Lagrange et al. 2009, 2010) orbiting main-sequence star (A6)
[ Pic was predicted by analyzing the debris disk structure (e.g., Freistetter et al.
2007; Mouillet et al. 1997; Okamoto et al. 2004) . Four planetary mass companions
have been identified around the main-sequence star HR 8799 (A5) (Marois et al.
2008, 2010; Metchev et al. 2009). However, direct imaging of planets is limited
by two difficulties. First is determining when a planet has been discovered. Sec-
ond, the masses of planets discovered by direct imaging are estimated from their
luminosities, some of which are based on luminosity evolution theories (detailed
in Section 2.1.1). Briefly, more luminous planets are assumed to be younger and
massive than their non-luminous counterparts. In addition, the accuracy of the
estimated mass depends on the precision of the photometry and age estimation,
because different evolution theories predict different results. The mass of most
planetary objects is < 13Mj, while that of brown dwarfs is 13-72 Mj.

Direct imaging detects plants that have a relatively larger (projected) semi-
major axis (> 10 AU), as compared with those detected by other methods (Sec-
tion 1.1.1-1.1.3), but with small separation between the planet and its host star
(< 1”). Planets around a stars can be detected in three main ways: (1) resolving
images of a planet and its host star, (2) detecting planetary flux, and (3) distin-
guishing the flux of a planet from that of its host star. Regarding (1), the spatial
resolution of an image 6 is given by 6 ~ A/D, where D is the diameter of the

telescope. The resolution of the Subaru telescope in the H-band (1.6 ym) is about
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0”.05. Regarding (3), the flux ratio of reflected light between the planet and its

host star f,.s is calculated as

Rp\”
Jrepar = Agn e Depa(a), (1.4)

where A; 5 is the monochromatic geometric albedo, and @,y is the reflected light
phase curve, which depends on the planetary phase angle o and the wavelangth
A. The reflected flux ratio of a 1 Ry planet at 10 AU is about 107%. Assuming
that the planet behaves as a blackbody, the flux ratio of thermal light fiperm a is

given by
Rp\* BA(Tp)
erm = ) erm
fth A (R*> BA(T*) th ,,\(Oé)
Rp\> Tp , he
— f —_— 1.
(R*> T* therm,)\(a)l A > kBTa ( 5)

where ®yperm () is the monochromatic thermal phase curve. If the effective
temperatures of the young (< 1Gyr) planet and its host star are 1000-2000 K and
6000 K, respectively, the thermal light flux ratio is about 107%-107% at near-IR
wavelengths. Thus, the brightness of the planet and star differ by Am ~ 10-15
magnitudes. For instance, according to the evolutionary model, the estimated H
magnitude of a 100-Myr-old planet with mass 10 Mj located 100 pc away is ~ 19
mag (Baraffe et al. 2003).

Wavefronts of light emitted by star/planet systems are disturbed by turbu-
lence in the atmosphere and telescopic aberrations. To improve the star image,
perturbed wavefronts are corrected by adaptive optics (AO), which contains a de-
formable mirror and other apparatus. AO improves the Strehl ratio, the ratio of
the peaks of the point spread function (PSF) obtained by perfect and real op-
tics. By increasing the signal-to-noise ratio (S/N) of the planet, smaller planets
can be detected. Coronagraphy blocks the light from bright sources (stars) to
reveal surrounding faint sources (planets and other low-luminosity objects). This
filtering improves contrast between the planet and its host star. Nonetheless,
planetary detection is limited by residual noise, including quasi-static noise, after
AO processing. A high-contrast imaging technique can be realized by differential
imaging, which reduces these noises by subtracting the reference image from all

images. In some methods, the reference image is constructed by image rotation
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(notably, angular differential imaging: ADI), difference wavelength (spectral dif-
ferential imaging: SDI), polarization (polarization difference imaging: PDI) and

others. ADI will be discussed in Section 2.2.

1.2 Planet formation and their orbital evolution

Understanding planet-building and its evolutionary process is among the most
challenging problems in astrophysics. The main competing theories for gas-giant
planets formation are core accretion (e.g., Mizuno 1980; Pollack et al. 1996) and
disk instability (e.g., Cameron 1978; Kuiper 1951). Planet formation theories have
been continuously updated or newly proposed (e.g., Inutsuka et al. 2010), but these
two hypotheses have been retained in most studies.

In the core accretion model, planetesimals grow to planetary cores that sub-
sequently accrete disk gas. In this model, relatively small giant planets such as
Jupiter and Saturn are thought to form at distances 10 AU or less from a solar-
type host star within several Myr (Ida & Lin 2004; Pollack et al. 1996). This
model explains why more gas-giant planets surround stars with higher metallic-
ity (Fischer & Valenti 2005; Matsuo et al. 2007) and also explains the formation of
rocky planets such as the Earth.

In the disk instability model, a cold and dense region of the gaseous disk
becomes gravitationally unstable, and collapses into fragments that eventually
form gas-giant planets. In this model, planets of a few to 10 Mj can be created
within a few 10-100 AUs from the central star on a dynamic timescale of several
thousand years (Janson et al. 2012; Kratter et al. 2010; Marois et al. 2008; Rafikov
2007, 2011). These formation models therefore predict two populations of giant
planets segregated by orbital distance, with the closer and more distant planets
formed by core accretion and disk instability, respectively.

However, planets may subsequently migrate inwards via interaction with the
parent disk, or outward in the case of type III migration (Masset & Papaloizou
2003). Furthermore, in a multiple-planet system, a planet can be ejected be-
yond the outer radius of the disk via gravitational interaction between formed
or embryonic planets (e.g., Basu & Vorobyov 2012; Ida & Lin 2004; Veras et al.
2009). In addition, free-floating planets may be captured at wide orbits, although
such widely separated planets are likely rare (of the order of a few percent, e.g.,

Kouwenhoven et al. 2010). Thus, the formation and evolution of planets has been
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theoretically explored, and a number of plausible mechanisms proposed, but ex-
perimental observations of planet frequency over a wide range of orbital distances

are important to verify or refute these theories.

1.3 Planet frequency

Determining planet frequency is another important and interesting problem. In
1967, Frank Donald Drake estimated the number of extraterrestrial civilizations

N currently existing in the Galaxy as
N = Ng- fp-ne- fl-fi-fc- fL. (1.6)

In Equation 1.6 (later revised by Sagan 1983), fp is the fraction of stars with plan-
etary systems (Maccone 2012, p.8)%. In addition, to explore the planet formation
and evolution theories, the fractions of planets occupying different regions of the
mass versus semi-major axis must be evaluated.

To date, over 1000 extrasolar planets have been found by observation, of which
approximately 90% were detected by radial velocity (RV) and transit observations
(e.g., Fressin et al. 2013; Howard et al. 2012; Mayor et al. 2011). This rapidly
growing sample allows a statistical discussion of planet frequency based on the
properties of the planets and their host stars. Hot Jupiters (P < 10 days) are
considered to be rare (< 1.5%; Cumming et al. 2008; Howard et al. 2012; Wright
et al. 2012). However, these observing methods have a limitation: it is difficult
to detect planets that are far from their host stars, i.e., more than about 10 AU.
Direct imaging, which is sensitive to such distant regions, can provide critical
and complementary information to that obtained by indirect detection methods
(Carson et al. 2013a; Currie et al. 2011; Lagrange et al. 2010; Marois et al. 2008,
2010). Given its importance and the development of instruments and observing
techniques, direct imaging has been extensively performed in recent years with
large-aperture telescopes. Based on Gemini observations of 85 stars, Lafreniere
et al. (2007) calculated the frequency of planets around single stars as less than 10%
(for separations in the range 50-250 AU and planet masses 0.5-13 Mj). In Nielsen

2 Ng, denotes the number of stars in the Milky Way Galaxy;
ne, the number of planets in a given system that are ecologically suitable for life;
f1, the fraction of otherwise suitable planets on which life actually arises;
fi, the fraction of inhabited planets on which an intelligent form of life evolves;
fe, the fraction of planets inhabited by intelligent beings who develop a communicative technical
civilization; and
fL, the fraction of planetary lifetime graced by a technical civilization.
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& Close (2010), estimated that less than 0.2% of single stars were surrounded by
planets (8.9-911 AU, > 4 Mj). This figure was obtained by compiling data of
118 stars (Biller et al. 2007; Lafreniere et al. 2007; Liu 2004; Marois et al. 2006;
Masciadri et al. 2005). Moreover, Chauvin et al. (2010) analyzed VLT observations
of 88 targets (10-500 AU, > 1 Mj) and obtained a frequency below 10%. Vigan
et al. (2012) reported the frequency of planets around early type stars (A-F) as
8.713%" (10). The frequencies of stars hosting planets, obtained by direct imaging
surveys, are summarized in Table 1.1. The problem with direct imaging is the
much smaller sample size than is available from indirect observation.

In these imaging studies, the targets belong to moving groups and local as-
sociations such as the g Pictoris moving group, TW Hya Association, Tucana—
Horologium Association, and AB Doradus group (Chauvin et al. 2010; Lafreniere
et al. 2007). Because these associations are nearby (20-100 pc) and young (several
to several hundred Myr), their planets are relatively bright and should be easily
detectable. In addition, stars in the same cluster are similarly aged and approx-
imately the same distance from Earth. This similarity statistically improves the
accuracy of the age and luminosity estimates and, in turn, the derived planetary
mass. However, the number of group members is relatively small. Such sparse
moving groups contain only several dozen members each, and only a dozen stars
have been observed in previous studies (Chauvin et al. 2010). In contrast, open
clusters usually contain many more members, a factor that assists in determin-
ing the frequency of planets at specific ages and accurately estimating planetary
masses.

For this reason, we have started an imaging survey of planets in an open clus-
ter, Pleiades, in which the frequency of gas-giant planets is constrained beyond
>50 AU of the member stars. Imaging is performed using the near-infrared in-
strument HiCIAO installed with AO188 adaptive optics on the Subaru telescope
(Hodapp et al. 2008; Suzuki et al. 2010). Here we report the imaging results of 20

stars surveyed in the Pleiades cluster.



Chapter 1. Introduction 10
TABLE 1.1: Summary of previous planet frequency observations.
Author Sp. Type Target Age Distance ~ Number Investigated range Planet
(median)  cluster ! (Myr) (pc) Mass Separation?  frequency
(median)  (median) (My) (AU) (%)
Direct imaging
Lafreniére et al. (2007) F2-M4 1,2,3,5, 10-300 3.2-34.9 85 0.5-13 50-250 <9.3
(K0) 8,09, 10, (100) (22) (sma)
11, 14
Chauvin et al. (2010) B7-M8  2,3,4,5, 8-100 10-130 88 0.5-15 10-500 < 10
6,7, 12, 14 (30) (42) (pro)
Heinze et al. (2010) FO-M6 - 100-5000  3.27-43.3 54 5 30-94 < 50
(K2) (300) (11.2) 10 22-100 <15
Nielsen & Close (2010) A5-M5  1,2,3,5,8, 2-8800 3.2-77.0 118 >4 8.9-911 <20
(K1) 9,10, 11,12,  (160) (24) (sma)
12,13, 14
Vigan et al. (2012) AO-F5 - 8-400 19-84 42 3-14 5-320 877101
(A3) (100) (50) (sma)
Rameau et al. (2013) B-M 23,8, 12 5-300  3.29-150 59 1-13 1-1000 22,0137
(F) (50) (50.58) (sma)
Frequency of brown dwarf mass companion by direct imaging
Metchev & Hillenbrand (2009)  F5-K5 1, 15, 16, 17 3-500 10-190 266 12-72 28-1590 3.2757
(G5) the Pleiades (200) (46) (sma)
Leconte et al. (2010) AO-K5 - 100-11000  3.48-49 58 > 40 10-50 <20
(GO) (2400) (17.5)
Lodieu et al. (2012a) BD?®  the Pleiades 125 +8 120 514137 30-75 <100-200  24.3+74
(systems) (pro)
Microlensing
Cassan et al. (2012) - - - - - 0.3-10 0.5-10 1755
(pro)
Radial velocity
Cumming et al. (2008) F-M - - - 585 0.3-10 0.03-3.1 10.5
(sma)
Mayor et al. (2011) F-K - - - 822 >0.3 <5 14
(sma)
Bonfils et al. (2013) MO-M6 - - - 102 <3 <1 1-5
(M3) (sma)
Transit
Howard et al. (2012) - - - - - Giant < 50days  1.3+0.2
(SRe-34Rs)
Fressin et al. (2013) M - - - - Giant < 1.06 3.6+1.7
G-K (6Re 22R.)  (sma)  6.14+09
F 43£1.0

T Moving groups: (1) a Persei; (2) AB Doradus; (3) 3 Picoris; (4) Carina; (5) Carina-Near; (6) Columba;
(7) n Cha; (8) Hercules-Lyra; (9) 1C2391; (10) Local association; (11) Local association subgroup B4;
(12) Tucana-Horologium; (13) TW Hydrae association; (14) Ursa Major; (15) Sco-Cen; (16) Upper-Sco;
(17
2

) Hyades.

Separation: sma: semi-major axis; pro: projected separation * K1 ~ 14.32-16.27 mag.
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Observation

2.1 Target selection

2.1.1 Selection of open clusters

In selecting the open clusters, the sensitivity for detecting gas-giant planets of
<10 Mj. The luminosity of a planet depends on its age and mass.

The formation process itself may also be related to the luminosity evolution
of the planet. Two types of planetary luminosity evolutionary models have been
proposed; hot-start and cold-start. Since the hot-start model assumes higher en-
tropy of giant planets, it may correspond to planet formation by the collapse of a
gaseous disk (Allard et al. 2000; Baraffe et al. 1998, 2002, 2003; Chabrier & Baraffe
2000), while the cold-start condition may represent core accretion process (Fortney
et al. 2005, 2008; Marley et al. 2007). In addition, higher initial entropy causes
brightening of a planet (Spiegel & Burrows 2012). Thus, the brightness of a planet
at a certain age is upper-limited by the result derived from the hot-start model
and lower-limited by the result of the cold-start model. Examples of hot-stars and
cold-start models are the models of Baraffe et al. (2003) and Spiegel & Burrows
(2012), respectively. The latter model predicts an H magnitude of 22.6 mag for a
planet of mass 12 Mj, below the sensitivity limits of our equipment. Since planet
mass estimates depend on the assumed evolutionary model, we should be aware
of such uncertainties.

The relationships between planet age and its H magnitude predicted by vari-
ous evolutionary models are shown in Figure 2.1. Also shown are the apparent H

magnitudes transformed from the absolute magnitudes in each of nine nearby open

11
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FI1GURE 2.1: Absolute H magnitude as a function of age predicted by different
evolutionary model. The green, red and blue lines present the result of the
DUSTY00 model (Allard et al. 2000; Baraffe et al. 2002; Chabrier & Baraffe
2000), the CONDO03 model (Baraffe et al. 2003) and the FORT08 model (Fortney
et al. 2005, 2008; Marley et al. 2007), respectively. Vertical gray lines present the
detectable magnitudes (20.5, 21.5 and 22.5 in the H band) on open clusters, and
their ages (see Table 2.1 for details). The apparent magnitude change depends
on the distance to the cluster.

clusters. The properties of each cluster are summarized in Table 2.1. Four clus-
ters contained no planet detections fitting any of the evolutional models (Blanco 1,
Coma Ber, Hyades, and Praesepe cluster). The members of four of the remaining
clusters (IC 2602, IC 2391, NGC 2451 A, and « Per) are smaller than the Pleiades
members.

Therefore, we selected the Pleiades, a nearby young star cluster observable
from the northern hemisphere. The Pleiades cluster is significantly populous and

thus provides a better probe for determining planetary frequency of a given age
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TABLE 2.1: Open clusters within 250 pc

Name Distance!  Age! Metallicity” Member
(pc) (Myr) [Fe/H]
IC 2602 148.6 46.2 +0.00 & 0.01° > 251
IC 2391 144.9 50.3 —0.01 £0.02¢  ~ 130"
NGC 2451 A 1835 60.* —0.067 > 70"
« Per 172.4 90.5 —0.05£0.06 ~ 140"
Pleiades 120.2 120. +0.03 £0.04% ~ 1300
Blanco 1 207.0 210. +0.04 £0.02°  ~ 380%°
Coma Ber 86.7 600. —0.05+0.06 ~ 150
Hyades 46.5 790.4 +0.13 £0.06*  ~ 200'7
Praesepe 181.5 800. +0.04 £ 0.06 ~ 105016

T'van Leeuwen (2009).

2 Dobbie et al. (2010). 3 Barrado y Navascués et al. (2004). * Pohnl &
Paunzen (2010). 3 Lodieu et al. (2012b).

® Gratton (2000). ¢ D’Orazi & Randich (2009). 7 Netopil & Paunzen (2013).
8 Soderblom et al. (2009). © Ford et al. (2005).

10 Garcia et al. (1988). ! Barrado Y Navascues et al. (2001). 12 Balog et al.
(2009). '3 Makarov (2006). '* Lodieu et al. (2012a). '® Moraux et al. (2007).
16 Kraus & Hillenbrand (2007). 17 Perryman et al. (1998).

and for a common star-formation history. The Pleiades cluster is located at 133.5
+1.2 pc from Earth (An et al. 2007; Soderblom et al. 2005) and is 125 +8 Myr old
(Stauffer et al. 1998). van Leeuwen (2009) reported a closer distance of 120.2 4+ 1.9
pc. However, the difference in distance modulus between these two results is small
(~ 0.2 mag: 5.66 at 133 pc and 5.49 at 120 pc), and similar to the photometric
error. The typical metallicity of the cluster members is similar to that of the Sun;
[Fe/H]= +0.03 £ 0.04(Soderblom et al. 2009).

To ensure consistent planet brightness between our results and those of previ-
ous studies, we adopted the evolutionary model of CONDO03 (Baraffe et al. 2003).
In this model, the H-band magnitudes of a 125 Myr are estimated as 27.9, 22.5,
and 20.4 mag for masses of 1, 5, and 10 Mj, respectively. The typical integration
time in our HICIAO/AO188 observations is approximately 30 min, as described
later, yielding a detection limit (50) of 21.5 mag. Hence, we can detect planets

less massive than 8 Mj indicated in Figure 2.1.

2.1.2 Selection of stars in the Pleiades

The target stars in the Pleiades were selected to satisfy three criteria.

1. The star is brighter than 12 mag in the R band.
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AO imaging requires a guide star to measure and correct the atmospheric
distortion in optical, thus the star should be bright in the R band to obtain
near diffraction-limited performance. The Subaru/AO188 configuration re-
quires the guide star to be located within 30" of the target; thus, the target
star itself is used as the AO guide star.

2. The membership probability is high.

Cluster membership of the target star is confirmed by three sub-criteria.
First, the membership probability should be higher than 80%, based on the
proper motion measurements of Belikov et al. (1998), and the target star
should not be classified as a non-member by the alternative proper motion
tests of Lodieu et al. (2007). Second, if the star fails the first sub-criterion,
its membership probability (Belikov et al. 1998) must exceed 50%. The star
must also be classified as a member by the test described in Lodieu et al.
(2007). Third, if the star satisfies neither of the above sub-criteria, it should
be classified as a Pleiades member by the proper motion and photometry of
Stauffer et al. (2007).

3. The star has no binary companion that might gravitationally influence its

planet formation.

The target star should not be identified as a binary in the literature (Bouvier
et al. 1997; Lodieu et al. 2007; Raboud & Mermilliod 1998). In addition,
there should be no other bright (<15 mag in the H band) object in the field
of view (FoV) of 20” x 20” by 2MASS observation.

Finally, we selected 20 targets out of 455 stars in the Pleiades (Belikov et al. 1998;
Micela et al. 1996; Pinfield et al. 2003; Raboud & Mermilliod 1998).

2.2 Observation

The twenty selected target stars were observed between October 2009 and De-
cember 2012 (Table 2.2). The imaging observations were carried out as part of
the Strategic Explorations of Exoplanets and Disks with Subaru (SEEDS; Tamura
2009) using HiCIAO, a high-contrast instrument installed on the Subaru telescope
(Hodapp et al. 2008; Suzuki et al. 2010). HiCIAO is equipped with a 2048x2048
HgCdTe/HAWAII 2 detector array and its pixel scale is 9.5 mas/pixel, yielding a
field of view (FoV) of ~ 20” x 20”. The targets were observed with the H or Ky

filter, and coronagraphic masks were not used.
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TABLE 2.2: Summary of the Pleiades observations.

Name Sp. Type Date Obs. mode/ H/Kg* R Texp Nexp  Tiotal  Ang. mov
Filter  (mag) (mag) (sec) (min) (®)
BD +22 574 F8! 2009-10-31 ADI / H 8.854 10.02 10 207 34.5 116.9
HD 23912 F3V! 2009-10-31 ADI / H 8.097 8.88 10 30 5 4.1
2010-01-23 ADI / H 10 175 29.2 72.8
2011-01-27 DI/ H 10 30 5 -
V1171 Tau G8? 2009-11-01 ADI / H 9.270  10.58 10 30 5 28.1
2012-12-31 DI/ H 30 15 7.5 -
HIT 2462 G2? 2009-12-22 ADI / H 9.699 10.87 10 60 10 592.8
HD 23863 ATV! 2009-12-23 ADI / H 7.599 798 10 93 155 46.3
HD 282954 Go? 2010-01-24 ADI / H 8.851 9.98 10 223 37.2 90.9
2012-09-12 DI/ H 2.5 36 1.5 -
HD 23514 Go! 2010-12-01 ADI / H 8.291 8.96 10 204 34 147.6
HD 23247 F3Vv! 2011-01-27 ADI / H 7.811 8.85 10 83 13.8 79.7
2011-12-23 ADI / H 10 65 10.8 -
V855 Tau F8? 2011-01-28 ADI / H 8.337 9.37 10 160  26.7 114.8
2012-01-01 DI/ H 10 270 45 -
HD 24132 Fav! 2011-01-29 ADI / H 7.930 8.59 10 134 223 107.9
HD 23061 F5V1 2011-01-30 ADI / H 8.325 9.28 10 149 248 103.5
TYC 1800-2144-1 GoV? 2011-01-31 ADI / Ky 8.868 10.37 10 o8 9.7 72.5
HIT 1348 K52 2011-12-23 ADI / H 9.831 11.92 10 141 23.5 90.4
Melotte 22 SSHJ G214 G2? 2011-12-23 ADI / H 9.634 11.17 10 180 30 59.1
BD +23 514 G52 2011-12-24 ADI / H 9.528 1090 5 37 3.1 97.3
Melotte 22 SSHJ G213 G2? 2011-12-24 ADI / H 9.543 1091 5 410 34.2 314
Melotte 22 SSHJ G221 G21V3 2011-12-25 ADI / H 9.311 10.76 10 221  36.8 41.9
V1054 Tau 2011-12-30 ADI / H 9.921 11.35 10 150 25 105.2
- 2012-09-12 DI/ H 10 20 3.3 -
V1174 Tau - 2011-12-30 ADI / H 10.197 11.61 10 170  28.3 21.3
- 2012-09-12 DI/ H 10 50 8.3 -
Melotte 22 SSHJ K101 - 2011-12-31 ADI / H 9.959 11.69 10 80 13.3 58.4

DI; direct imaging. ADI; angular differential imaging. Tip; integration time of each exposure. Neyp; total number of exposures.

Tiotal; total exposure time. Ang. gov; rotation angle of field of view during observation.

U Wright et al. (2003)
2 Skiff (2009)
3 Belikov et al. (2002)

4 Hmag; Currie et al. (2011), Rmag; Zacharias et al. (2004)
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To obtain the required high contrast for probing the close vicinity of the host
star, HICIAO was combined with AO188 (Hayano et al. 2010). The AO achieved a
FWHM of 6-10 pixels (0”.05-0".10) for a point source. Angular differential imag-
ing (ADI; Marois et al. 2006) was also implemented. The ADI imaging method
rotates the FoV over time but fixes the detector plane relative to the pupil plane by
an image-rotator. Consequently, this method can effectively reduce quasi-static
noise, including star halos and speckles produced by the telescope, because the
noise pattern is fixed on the detector. Effective noise reduction requires a large
field rotation; therefore, the period of the target stars over the meridian was cov-
ered by imaging, giving a rotation angle of 25°-150°. In addition, the target star
was placed in the center of the FoV to provide a wide area for planet searching.

Our observational procedure proceeded in three steps. First, 5—10 unsaturated
frames were taken as a reference for the PSF of the central star. To prevent
saturation, the exposure time was 1.5 to 2.5 s. Second, the ADI observations were
performed on individual frames over an integration time of 5 or 10 s to obtain
high sensitivity, while avoiding smearing caused by the field rotation. The central
star was saturated at the peak after this integration time, with a saturated area
radius of 3-6 pixels. Third, several unsaturated frames were retaken. Table 2.2
summarizes the information on the observed stars, observing mode, filters, and
exposure times of saturated images.

Any sources detected around a target star were considered as planetary candi-
date companions (CCs). For HD 23247, a bright (H < 14.5) companion candidate
was detected at 3”.7 from the central star. However, we do not focus on the stellar
regime; we are interested in CCs fainter than 14.5 mag, corresponding to masses
of approximately 100 M; (brown dwarf mass). CC positions relative to the tar-
get star were measured in follow-up observations to determine whether they were
co-moving. In the follow-up observations, direct imaging (DI) mode without field
rotation was employed since the CCs have wide angular separations (exceeding
3 arcsec). In addition, V1171 Tau, BD+22 574, and HD 282954 were observed
with a different camera, Subaru/CIAO, in 2005, which detected the same CCs were
detected (Itoh et al. 2011). Thus, we could measure the proper motions by com-
bining our HiCIAO observations with the CIAO results. HD 23912 was observed
three times (in October 2009, January 2010, and January 2011) by HiCIAO. Since
the field rotation by ADI was too small (~ 10°) for the first imaging in October
2009, it was revisited in January 2010.



Chapter 3

Companion candidates in the
Pleiades

3.1 Data reduction

The first step of the image processing was to remove the striped pattern caused
by fluctuating bias levels in the individual raw images. The stripes consist of two
components: 32 horizontal stripes each with a height of 64 pixels, and thin vertical
stripes each 2048 pixels high, randomly distributed over the image. These patterns
vary with time and are independent among images. We created the striped pattern
for the whole FoV from the sky region in each frame, and subtracted it from the raw
frame, a process known as sky subtraction. Next, bad pixels and their clusters
were corrected by subtracting the de-striped dark image. We then performed
flat-fielding using dome flats. Bad pixels randomly occurring in arbitrary pixel
positions were interpolated from the surrounding pixels. These calibrations were
conducted using our own reduction tool for HICIAO data.

The image processing described below was performed with IRAF!. Sub-pixel
shifts are inevitably introduced during distortion correction and ADI reductions,
since pixel values are smeared interpolation of adjacent pixels. Such shifting re-
duces the noise level in the image. Moreover, the amount of sub-pixel shift differed
from frame to frame, and we confirmed that the degree of noise reduction can vary
among multiple images. Such a non-uniform process, as well as artificial noise re-
duction, may affect our discussion of detection limits. Thus, before correcting for

distortion, all images were smoothed with a 2-D Gaussian filter with a FWHM of

'TRAF is distributed by the National Optical Astronomy Observatories, which are operated
by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.

17
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FIGURE 3.1: Image obtained in the H band. The white cross indicates the
position of the central star. A point source was detected at an angular separation
of 3738. North and east are directed toward the top and left edges, respectively.
Left panel: The field of view is 19”.5 x 19”.5. The pixel value ranges from -
3.0 to +3.0 ADU. The four corners cannot be discussed since these regions are
outside the FoV in many frames. Right panel: Zoom-in image of the companion
candidate. The field of view is 5”.8 x 5”.8. The pixel value ranges from +2.0 to
+10.0 ADU.

three pixels to obtain the same level of noise reduction for all pixels and images. To
measure the distortion, images of the globular clusters M5 and M15 captured by
HiCIAO were compared with those of HST/STIS (van der Marel et al. 2002). The
distortion was then corrected to obtain a pixel scale of 9.500 + 0.005 mas/pixel.
The precision of the distortion correction is described below.

Next, to prepare the images for ADI reduction, the stellar position was mea-
sured and matched to the image center in all frames. The target stars were sat-
urated in areas of radius 3-6 pixels. To remove the stellar halo introduced by
ADI reductions, we adopted the centroid position of the halo measured at 10-50
pixels radii as the stellar position. The ADI processing was performed using the
standard ADI procedures described by Marois et al. (2006). First, the median of
all images was calculated at each pixel position to form a reference image. This
reference was then subtracted from each individual frame. The resulting image
was de-rotated to align the field so that the top edge indicated north. Finally,
the de-rotated images were median-combined with 50 clipping to ensure sufficient
sensitivity for planetary-mass object detection.

An example of a final reduced image is presented in Figure 3.1. This image
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was obtained from HD 23912 in the H band data taken in January 2010. The
rotation angle of the FoV was 73° and the total integration time was 29.2 min.
At the center of the left image, the residual pattern of the subtraction of the
stellar halo is visible. A point source is detected at 3”.388 + 0”.028 from the star
at a position angle (P.A.) of 14°.92 £+ 0°.48. If the rotation is slow, additional
images are taken at similar P.A. of the field during ADI. The emission from point
sources in such images cannot be completely eliminated in the reference image;
consequently, self-subtraction occurs in the faint outskirts of the point source. This
phenomenon is consistent with sculpting along the azimuthal direction. Images of

all target stars are presented in the Section 3.3.

3.1.1 Astrometry

When a CC was detected, its position relative to the central star was measured.
The centroid position of the CC was determined by an aperture of radius 1 FWHM.
Position was measured in each frame, or frames were combined, depending on the
brightness of the CC. To locate the central star in saturated images, we first
processed unsaturated images as follows: we determined the offset between the
center derived by Gaussian fitting and that derived from a centroiding algorithm
with a mask size equal to the saturated area in saturated images. Assuming
that the same offset occurs in the saturated images, we corrected the images
by this measurement derived by the masked centroiding algorithm. To measure
the uncertainty in the position, we verified the deviation from the circular orbit
that should result from the FoV rotation under ADI. Once the relative positions
were measured in each (combined) image, the rotation center was defined as the
center of the fitted circular orbit of the CC in multiple rotated images. Moreover,
the position of the CC deviated from its fitted circular path generated by the
ADI observation by less than 0.7 pixels. The deviation encompasses possible
distortions remaining after the distortion correction (since the fitted path is not
perfectly circular), but is small relative to any measurable effects. The results of

the astrometry measurements are summarized in Table 3.1.

3.1.2 Photometry

The magnitudes of the central stars and the CCs were measured by aperture
photometry, with the target star as the flux calibrator in the case of the CCs.

Photometry of the central star was performed on the unsaturated frames taken
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TABLE 3.1: Astrometry and photometry of companion candidates.
Name Separation Angle P.A. H Mass! UT Date Status
) CEOfN)  (mag) (My)
V1171 Tau CC1 12.770 + 0.025 135.50 + 0.40 18.3 2 - 2005-11-173 -
12.631 + 0.033  134.75 £ 0.13 17.8 £ 0.1 22 2009-11-01 -
12.520 £ 0.023 134.64 £ 0.16 17.8 £ 0.3 22 2012-12-31 B
V1171 Tau CC2 12.880 4+ 0.027  136.77 + 0.40 18.32 - 2005-11-173 -
12.744 £ 0.020 136.15 £ 0.10 18.5 + 0.6 19 2009-11-01 -
12.628 + 0.031 135.51 £ 0.21 18.5 £ 0.6 19 2012-12-31 B
V1171 Tau CC3 9.075 £+ 0.023 125.94 + 0.22 19.0 +£ 0.9 15 2009-11-01 -
8.938 + 0.022 125.35 £ 0.23 19.0 +£ 0.9 15 2012-12-31 B
HD 23912 CC1 3.388 4+ 0.028 14.92 £ 048 174 £ 0.1 26 2010-01-23 -
3.436 4+ 0.008 1452 £ 0.28 172 £0.2 28 2011-01-27 B
BD +22 574 CC1 3.405 £+ 0.025 95.70 £ 0.20 -4 - 2005-11-17 -
3.288 4+ 0.033 9257 £0.20 19.2 £0.2 13 2009-10-31 PB
BD +22 574 CC2 8.440 4+ 0.030 51.82 £0.10 18.6° 14 2005-11-17 -
8.501 4 0.033 50.01 +£0.10 174 + 0.2 26 2009-10-31
HD 282954 CC1 9.006 £ 0.030 103.82 + 0.50 16.4° 33 2005-11-17 -
9.031 £+ 0.014 103.23 + 0.18 14.6 + 0.1 87 2010-01-23 -
8.943 4+ 0.014 103.28 £ 0.20 144 £ 0.2 99 2012-09-12 B
HD 23247 CC1 3.858 + 0.017 267.24 £ 0.17 11.0 £ 0.2 > 100 2011-01-27 -
3.832 4+ 0.020 267.01 +£0.20 11.1 £0.2 > 100 2011-12-24 C
V855 Tau CC1 8.05 + 0.03 19.46 + 0.21 172+ 04 27 2011-01-28 -
- - - - 2012-01-016 ?
HD23514 CC1 2.64 4+ 0.02 2287 £ 1.0 - - 2006-12-10" -
2.64 £+ 0.01 227.8 £ 0.3 - - 2007-10-257 -
2.62 £ 0.04 2272 £ 0.5 - - 2008-11-047 -
2.642 £+ 0.040 227.51 £ 0.04 15.61 + 0.08 52 2009-11-017 -
2.644 £+ 0.002 227.48 + 0.05 15.39 + 0.06 58 2010-10-307 -
2.646 + 0.033 227.59 + 0.72 15.37 £ 0.05 58 2010-12-01 C
HII 1348 CC1 1.09 £ 0.02 347.9 £ 0.7 - - 1996-09-25 - 10-018 -
1.097 + 0.005 346.8 £ 0.2 15.30 + 0.09 60 2004-10-03° -
1.12 + 0.02 346.8 £ 0.6 - - 2005-11-2110 -
1.12 + 0.03 346.1 £ 0.9 15,7+ 04 48 2011-12-23 C
V1054 Tau CC1 7.082 £+ 0.014 110.22 £ 0.11 181+ 0.4 20 2011-12-30 -
7.046 £+ 0.022 110.13 £ 0.05 18.1 = 0.4 20 2012-09-12 B
V1054 Tau CC2 7.361 £+ 0.028 76.48 + 0.22  15.97 £ 0.09 44 2011-12-30 -
7.329 4+ 0.021 75.93 £ 0.10 15.97 £ 0.09 44 2012-09-12 B
V1174 Tau CC1 6.473 + 0.033 63.68 £0.28 18.0 £0.4 21 2011-12-30 -
6.458 4+ 0.012 63.67 £0.12 18.0+ 0.4 21 2012-09-12 PC
V1174 Tau CC2 9.24 4+ 0.03 374+ 0.2 185+ 0.3 17 2011-12-30 -
9.23 £+ 0.02 375+ 0.1 18.5 + 0.3 17 2012-09-12 pPC

Status sign U denotes "undefined” because of uncertainty in the proper motion measurement. B denotes background object. C
and PC indicate a co-moving object and probable co-moving object, respectively. PB denotes a likely background object.

! When the CC is a companion, the masses are linearly interpolated as described in Baraffe et al. (2003). 2 The individual
brightness of CC1 and CC2 could not be measured, because their spatial separated aperture photometry. In addition, the error
was difficult to determine because viewing was poor, leading to fluctuating PSF. 3 Subaru/CIAQ, Subaru/IRCS (Itoh et al. 2011).
4 The brightness of the CC was obscured by stellar halo. ® K magnitude. The error could not be estimated because inclement
weather perturbed the PSF. ¢ No companion candidates were found in the field of view. 7 Keck/NIRC2 (Rodriguez et al. 2012).
8 CFHT/PUEO (Bouvier et al. 1997). 9 Palomar Hale telescope/PHARO (GeiBler et al. 2012). 19 Keck/OSIRIS (Geifler et al.
2012)
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before and after the ADI observations, as mentioned in Section 2.2. The back-
ground level was estimated as the centroid of the histogram of the pixel values in
an annulus with inner and outer radii 50 pixels and 70 pixels, respectively. The
aperture radius varied from two to 40 pixels, and its magnitude was taken as the
converged magnitude at a radius of about 20 pixels, depending on the targets. As-
suming that the star is not variable, the obtained magnitude was compared with
that of the 2MASS measurement, enabling conversion from ADU to real magni-
tude. The photometry of the CCs was performed at the aperture size used for
the central star. The flux lost by image processing, including the ADI reductions,
was ~ 5%. This loss was estimated by embedding an artificial point source at
equally-spaced angles and distances (1” intervals) in the raw image and applying
the same reduction procedures. The flux loss was independent of the separation
beyond 1”. The photometry result for the CCs was corrected by the flux loss. Fi-
nally, the magnitude of the CCs was calculated using the conversion from ADU to
the magnitude derived from the central star photometry. To improve S/N; the CC
photometry was performed on combined images of 20-40 frames and the results

were averaged. The H magnitudes of the CCs are shown in Table 3.1.

3.2 Detection limits of our observations

The detection limit of our observations is S/N = 5. The noise was determined as
the standard deviation of the background level in the azimuthal direction measured
at the same distance from the target star. The background level was obtained with
an aperture size of approximately 2 x FWHM on the median-combined image
after ADI reduction. The standard deviation (S/N = 1) is plotted as a function
of angular separation from the central star in Figure 3.2.

Beyond 1”.5 from the central star, the median detection limit in all ADI ob-
servations tends to 21.0 mag at S/N = 3 and 20.5 mag at S/N = 5. Within ~ 1”.5,
the detection limit is determined by subtracting the residual of the stellar halo. At
separations of 0”.5 and 1”.0, the detection limit is 17.7 and 19.7 mag,respectively.

The stellar halo can be better suppressed by techniques other than classical
ADI reductions, such as locally optimized combination of images (LOCI: Lafreniere
et al. 2007). The LOCI algorithm identifies spatial correlations in the stellar
halo and speckle noise from reference images. However, our primary focus is the

relatively distant region from the star (exceeding ~100 AU) where uncorrelated,
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FIGURE 3.2: Noise level (1) as a function of angular separation. Dotted lines
indicate individual ADI observations obtained from October 2009 to January
2012. The total integration time in each observation ranges from 5-45 min.

random noise dominates. Under these conditions, classical ADI is more effective

than LOCI, and is hence adopted in this work.

3.3 Images

All images are shown in Figure 3.3. Details of the images and their reduction are
described in Table 2.2 and Section 3.1. All images were obtained by ADI reduction
in the H and Kg bands (the exception is Figure 3.3(1); TYC 1800-2144-1). The
FoV of all images was 19”.5 x 19”.5. The position of the companion candidates

(CCs) is indicated by a circle in each image.
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(a) BD+22 574 (Oct. 2009) (b) HD 23912 (Jan. 2010)
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-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
(c) V1171 Tau (Oct. 2009) (d) HII 2462 (Dec. 2009)
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F1GURE 3.3:  Top left panel: BD+22 574. Top right panel: HD 23912. Lower
left panel: V1171 Tau. The circle in the bottom left corner contains two CCs.
Lower right panel: HII 2462. The unit of the color bar is ADU per exposure
time.
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(e) HD 23863 (Dec. 2009) (f) HD 282954 (Jan. 2010)
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(g) HD 23514 (Dec. 2010) (h) HD 23247 (Jan. 2011)

FIGURE 3.3: Continued. Top left panel: HD 23863. Top right panel:
HD 282954. Lower left panel: HD 23514. Lower right panel: HD 23247 (2011).
The unit of the color bar is ADU per exposure time.
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(i) V855 Tau (Jan. 2011) (j) HD 24132 (Jan. 2011)
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(k) HD 23061 (Jan. 2011) (1) TYC 1800-2144-1 (Jan. 2011)

FIGURE 3.3:  Continued. Top left panel: V855 Tau (2011). Top right panel:
HD 24132. Lower left panel: HD 23061. Lower right panel:TYC 1800-2144-1.
The unit of the color bar is ADU per exposure time.
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FIGURE 3.3: Continued. Top left panel: HII 1348. Top right panel:
Melotte 22 SSHJ G214. Lower left panel: BD+23 514. Lower right panel:
Melotte 22 SSHJ G213. The unit of the color bar is ADU per exposure time.
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FIGURE 3.3: Continued. Top left panel: Melotte 22 SSHJ G221. Top

right panel: V1054 Tau. Lower left panel: V1174 Tau. Lower right panel:
Melotte 22 SSHJ K101. The unit of the color bar is ADU per exposure time.
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3.4 Astrometry and photometry of companion

candidates

Among 15 companion candidates, five CCs for HD 23912, V1054 Tau and V1174 Tau
were detected in our follow-up imaging with HiCIAO. The CC of V855 Tau was
absent in the follow-up. One CC around HD 23247 proved to be a stellar mass com-
panion. Another eight CCs around five stars (BD+22 574, V1171 Tau, HD 282954,
HD 23514, and HII 1348) had been previously observed with Subaru/CIAO, Sub-
aru/IRCS, Keck/NIRC2, CFHT/PUEQ, Palomar Hale telescope/PHARO, and
Keck/OSIRIS (Bouvier et al. 1997; Geifiler et al. 2012; Itoh et al. 2011; Rodriguez
et al. 2012). The relative distances of these CCs to their central stars are shown

in Figure 3.4.

3.4.1 Confirmed companions in HD 23514, and HII 1348

HD 23514 and HII 1348 are both associated with a co-moving object, most likely
a gravitationally-bound companion (Figure 3.4(i) and 3.4(j)). The companion
object of HD 23514 was first identified by Rodriguez et al. (2012), while that of
HIT 1348 was first reported by Geifller et al. (2012). The H magnitudes of the
HD 23514 and HII 1348 companions were measured as 15.39+0.06 mag in October
2010 and 15.30 4+ 0.09 mag in October 2004, respectively. Their estimated masses
are 60 Mj, placing them in the brown dwarf regime.

Rodriguez et al. (2012) measured the separation and the P.A. of HD 23514
as 2”.642 + 0”.003 and 227°.51 4+ 0°.04, respectively, in November 2009. In Oc-
tober 2010 these parameters had altered to 2”.644 + 0”.002 and 227°.48 & 0°.05,
respectively. In our December 2010 observation, the separation of HD 23514 was
2".646 £+ 0”7.033 and the P.A. was 227°.6 + 0°.7. The H magnitude of this CC in
December 2010 was 15.37 £ 0.05. Our measurements are therefore consistent with
those of Rodriguez et al. (2012).

Geifller et al. (2012) measured the separation and the P.A. of the HII 1348
companion as 1”7.097 + 0”7.005 and 346°.8 + 0D.2, respectively, in October 2004.
In November 2005, these were 1”7.12 + 0”.02 and 346°.8 + 0°.6, respectively. In
our December 2011 observation, the separation of the HII 1348 companion was
17.12 £ 0”.03 and its P.A. was 346°.1 4+ 0°.9. The H magnitude of this CC in
December 2011 was 15.7 + 0.4. Thus, our measurements are also consistent with
those of Geifller et al. (2012).
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3.4.2 Background stars on FoV in V1171 Tau, HD 23912,
HD 282954 and V1054 Tau

To measure their proper motions with HiCIAO, we made two observations of
V1171 Tau, HD 23912, HD 282954 and V1054 Tau. We confirmed that all six CCs

were background stars by comparing the astrometry between the two epochs.

3.4.3 BD+422 574

Two CCs of BD+22 574 altered their relative distances to the central star between
the two epochs, and are likely to be background stars. The distortion correction
is probably imperfect for CIAO data because the distortion map could not be
properly generated from the limited number of field stars in Trapezium, the area
observed for the distortion correction. However, because the distortion is small
at narrow separations, we could confirm that the CC1 of BD+22 574 (separation
~ 3".3) is confirmed as a background star. Whether CC2 of BD+22 574 is also a

background star is not clear.
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3.4.4 V855 Tau

Although one CC was detected for V855 Tau in January 2011, this candidate was
absent in the January 2012 observation. We cannot conclude that the candidate
was falsely detected in 2011 because it is not a known artifact, appears in all of
the combined images, and the PSF exhibits no unusual shape. Thus, we suggest

that this candidate is a foreground object.

3.4.5 The stellar mass companion around HD 23247

A very bright companion candidate was detected within 3”.8 of HD 23247. The H
magnitude of this CC was 11.0 & 0.2 in January 2011, and 11.1 £ 0.2 in December
2011. As evidenced by astrometry (see Figure 3.4(h)), this CC co-moves with
HD 23247. Following Baraffe et al. (1998), the estimated mass of this object is
0.5-0.6 Mg at 120 Myr.

3.4.6 V1174 Tau

V1174 Tau was observed in December 2011 and September 2012. Two CCs were
detected and their proper motions were measured by their relative positions to
the host star. The separation and P.A. of CC1 was measured as 6”.473 4+ 0”.033
and 63°.68 + 0°.028 in December 2011, and as 6”.458 + 0”.012 and 63°.67 £ 0°.12
in September 2012. The separation and P.A. of CC2 was respectively measured
as 9”7.24 + 0”7.03 and 37°.4 + 0°.2 in December 2011, and as 9”.23 + 0”.02 and
37°.5 £ 0°.1 in September 2012. The probability that both objects are co-moving
with their host star is high, as shown in Figure 3.4(m)-3.4(n).

V1174 Tau was also observed by the UKIRT Infrared Deep Sky Survey (UKIDSS)
in August 2005. CC1 can be detected by the JH K-Band, as shown in Figure 3.5,
although CC2 is not visible in this image. Referenced to the star J035035.69+243014.7
(Lawrence et al. 2013), the J, H, and K photometry yields 18.4 £ 0.5, 17.9 + 0.5,
and 18.4 4+ 0.5 mag, respectively.

Figure 3.6 is a color-magnitude diagram of V1174 Tau CC1. Although the
error in the photometry is large, CC1 of V1174 Tau is similar in color to field L
dwarfs (Leggett et al. 2010). If the CC1 is co-moving with V1174 Tau, its likely
mass is 17M; based on CONDO3 (Baraffe et al. 2003). Thus, CC1 presents as the

smallest mass companion around a star in the Pleiades cluster.
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F1cURE 3.5: This image was taken by UKIDSS in October 2005. The central
star is V1174 Tau. The black circle delineates a 10 arcsec radius from the central
star. CC1 of V1174 Tau and the photometry reference star are also shown. The
field of view is 60”.8 x 60”.8. The pixel value ranges from +4700 to +4900 ADU.
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Chapter 4
Planet occurrence in the Pleiades

In this section, our observations are used to constrain the frequency of planets
around a star. First, we define and calculate the detection efficiency e, as the

probability of detecting a planet when star n hosts one gas-giant planet.

4.1 Method

We consider the separation range of planet detection in our HICIAO/AO188 ob-
servations. The detection limit of a point source distant from the central star is
determined solely from the total integration time, and is not affected by the stellar
halo. As mentioned in Section 3.2, the detection limit of our observations (50) was
20.5 magnitudes with an integration time of 5-45 min beyond 1”.5. However, the
inner region (< 1”.5) contains residuals of the stellar halo, as seen in Figure 3.2
and Table 4.1. In this area, only brighter planets, brown dwarfs, and stars can
be detected, but we are interested in the region where existing planets can be
detected. The minimum separation for planet detection, which we define as the
inner working angle (IWA), can depend not only on the sensitivity but also on
the field rotation of ADI. By evaluating the suppression of the stellar halo in each
target (Figure 3.2), we determined the IWA directly from the data as 0”.6-1".0.
Nevertheless, the following discussion focuses on the outer region (> 1”.5), which
is free from stellar halo effects. In the following calculation, F}.;, is defined as the
minimum angular separation that permits detection of a planet with mass Mp.
The H magnitude can be converted to planetary mass using the evolutionary
model of Baraffe et al. (2003), assuming that Pleiades stars are 125 Myr old
and 135 pc distant from Earth. This relationship gives the minimum detectable

planetary mass M,,;, at each separation.

36
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Next, we calculate the detection efficiency, which defines the probability that
planets lie in the detectable parameter space of the observation. The detection
efficiency ¢(Mp,a,e) of finding a planet with a certain orbit in the Pleiades is
derived from the planet mass Mp, semi-major axis a, and eccentricity e. Here,
we assume that a host star always supports one planet with the required orbital
elements; a, e, inclination ¢ (angle between line of sight and the orbital plane
normal), and azimuth ¢ (angle between line of sight and periapsis). As the planet
moves along its orbit, the separation angle F' from the central star to the planet

varies with the true anomaly 6 as follows:

F = a(l—_e2)\/C082 (6 — @) cos?i + sin® (0 — @) (4.1)

D (1+ ecosb) ’
where D is the distance to the Pleiades cluster (D =135 pc). We then introduce
Ty, the time per orbital period Tp for which a planet of Mp is found within the
range of F' 2 Fu,. In terms of Ty, the detection efficiency of a certain orbit is
given by g(Mp,a,e,i,¢) = Tq/Tp. Considering that the line of sight is randomly
distributed and independent of planetary orbit, the detection efficiency of one orbit

is

f;;/_27r/2 sini sz() g(MP7 a, e, ia ¢)d¢dl
JI2 s [27 dodi '

Accordingly, the detection efficiency €, of a host star n is obtained from the

e(Mp,a,e) = (4.2)

distribution of planet masses, the semi-major axis, and eccentricity by

Mmax dN amax dN 1 dN
_mem avte Jar < Jo ~e(Mp, a,e)dMpdade

n — Mmax dN Amax dN 1 dN
mein dMP Amin E«]‘O EdMPdade

(4.3)

Here, the important quantities are the number distribution of planet masses, the
semi-major axis, and eccentricity, expressed as dN/dMp, dN/da and dN/de, re-
spectively. The distribution of planet mass was derived as dN/dMp x Mg, o =
—1.2 to —1.9, from an RV survey of planets with orbital periods exceeding 100
days (Cumming et al. 2008). The same RV survey of planets with long orbital
periods (shorter than 2000 days: Cumming et al. 2008) yielded distribution of the
semi-major axis as dN/da o< a®, 3 = —0.61 or -1.0. Finally, the eccentricity dis-
tribution was derived as dN/de o exp(—4.2¢), based on data in The Extrasolar
Planet Encyclopedia *. These distributions are assumed in our following calcula-

tions.

thttp://exoplanet.eu/
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TABLE 4.1: Detection limits of observations

Name N ol Detection limit? Efficiency

H/Ks Mass (Mj) %

mean mean min

BD +22 574 2 20.8 9.5 8.4 83.4
HD 23912 1 21.0 8.9 7.9 92.8
V1171 Tau 3 20.1 9.5 9.4 81.7
HII 2462 - 19.6 10.7 9.4 35.2
HD 23863 - 20.6 9.7 8.9 57.5
HD 282954 1 21.1 8.7 7.8 90.1
HD 23514 1 21.2 8.4 7.3 94.0
HD 23247 1 20.4 9.7 9.4 76.7
V855 Tau 1 20.9 9.1 8.1 87.4
HD 24132 - 20.6 9.9 9.2 95.2
HD 23061 - 20.8 94 8.0 84.5
TYC 1800-2411-1 - 20.3 9.5 9.4 79.6
HII 1348 1 20.9 9.3 7.8 79.3
Melotte 22 SSHJ G214 - 21.1 8.8 7.6 96.7
BD 423 514 - 18.9 14.2  11.2 1.82
Melotte 22 SSHJ G213 - 21.6 7.5 6.2 99.1
Melotte 22 SSHJ G221 - 20.3 9.5 9.4 78.1
V1054 Tau 2 20.9 9.3 7.8 75.5
V1174 Tau 2 21.2 8.6 7.2 98.5
Melotte 22 SSHJ K101 - 20.4 9.5 9.1 95.6
Total 15 20.6 9.0 8.5 81.1°

I Number of companion candidates. 2 Magnitudes of detection limit are mean
/ minimum value beyond 1”5 in H/Kg band. Masses are linear interpolated
based on CONDO3 (Baraffe et al. 2003) at 120 Myr. 3 BD +22 574 is excluded
from mean.

Adopting Baraffe et al. (2003), the minimum detectable mass in our obser-
vations was 6-10 Mj at separations exceeding 1”.5 (Table 4.1). As shown in Fig-
ure 3.2, the IWAs of circular (e = 0.0) and eccentric orbits (e = 0.9) are 100 AU
and 50 AU, respectively. Inserting this result into Equation (4.3), we find that
the detection efficiency &, ranges from 50-99% for planets of mass of 9-13 Mj and
semi-major axis of 50-1000 AU.

In the above discussion, we calculated the detection efficiency for one planet
orbiting a single star, £,. We now consider the probability of detecting at least
one planet, p,, around a star n (n = 1...N). p, is calculated from the detection

efficiency €, and the number frequency of planets around a host star 7, since

Pn =1 X & (4.4)
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As noted above, &, is uniquely determined by the orbital distribution of the planet
and the detection separation range in the observations. On the other hand, p, can
be constrained by our imaging results for 20 stars. Therefore, we can constrain
the planet frequency n around a host star.

In the following analysis, we employ Bayes’ theorem as described by Vigan
et al. (2012) and Lafreniere et al. (2007). The probability of detecting at least one
planet is 7 x £, while that of non-detection is (1 —7 X &,). Given &, the likelihood

of the data is given by

L({dn}In) = H L—nea) ™" - (nen)™, (4.5)

where d, is a binary value that equals 1 if at least one planet is detected around
a star n and 0 if no planet is detected. The set {d,} on the left-hand side of
Equation (4.5) contains the results of N observations. If no results are detected,

the likelihood function follows a Poisson distribution:

N

L({d}n) = ]]exp(—nen) (4.6)

= exp (—77an> . (4.7)

From this likelihood function, the conditional probability distribution of a set of

events {d,} occuring with frequency 7 is

L({dn}|n)p(n)
dy}) = — : 4.8
plh)) Jo LUHdn}n)p(n)dn “8)

where p(n) is the prior probability of 7. Since 1 is unknown a priori, p(n) = 1.
We define the cumulative distribution function CDF () of n as the probability
of H <n,

CDF(r) = P(H <7)= /0"p<H|{dn}>dH (4.9)
CDF(0) = 0 (4.10)
CDF(1) = 1. (4.11)

The CDF's of two cases, no planet detected and one brown dwarf detected around

a star, are plotted in Figure 4.1. The range of n can be formulated as a confidence
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FIGURE 4.1: Cumulative distribution function of planet frequency CDF (7).
Red and green line plot the CDF in the case of “no planet mass companion
detected” and “one brown dwarf mass companion detected”, respectively. The
blue dotted lines indicate the upper and lower confidence limit at 20(95%),
and the magenta dotted line indicates the upper 2sigma confidence limit. The
planet frequency ranges from 0-1.
interval (CI) on a given confidence level (CL) a,
Mmax
a= [ bl dn (112

Tlmin

where Nmae and N, are the maximum and minimum values of 7 respectively, in
the set {d,}. The confidence level can also be described in terms of the CDF. For
a two-sided 2 o test (o = 0.95), CDF (n)in) = 0.025, andCDF (nmax) =0.975; for a
one-sided 2 o test (a = 0.95) , and CDF (nmax) = 0.95. If no planet is detected,
the upper limit of the planet frequency nmax can be analytically computed from
Equation 4.6 and 4.12,

Jo™ exp (=N (g)) dn

a = CDF (Mimaz)

In(1 — «)
e = TN

Jo exp (=nN ()

(4.13)
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where N () = 2

n=1

(en) and N (g) > 1.

No planetary mass companion candidates (< 13 Mj) were detected in our
observations. Since no planets were found around our 20 target stars, the Mpax
was estimated at approximately 17.5% (CL = 95%) for planets in the 9-13 M;
mass range with semi-major axes of 50-1000 AU. The minimum 7,,;, is always 0 in
this case. If all parameters have been observed, or the stellar efficiencies of the 20

stars are 100%, Equation 4.13 gives the upper limit of frequency 7., as 14.98%.

4.2 Discussion

From observations of 20 stars, the upper limit (20) of the frequency of planets of
masses 9-13 Mj orbiting at distances of 50-1000 AU from their host stars in the
Pleiades (125 Myr, 135 pc) was estimated as 17.5%. Such a constraint has not
previously been reported for star systems of a certain age (~125 Myr).

In a previous direct imaging survey conducted by Lafreniere et al. (2007), the
frequency of planets at mass and separation ranges of 0.5-13 Mj and 50-250 AU,
respectively, was below 10%. These results were derived from observations of
85 stars by the Gemini North telescope. Similarly, the frequency of planets of
mass > 1 M; separated at 40-500 AU was not greater than 9.3% (20) in VLT
observations of 88 stars within 100 pc (Chauvin et al. 2010). Our estimate is
consistent with these previous results, indicating that the planet frequency in the
Pleiades is similar to that in other moving groups and around field stars.

According to these results, giant planets are very rare at larger separations
(beyond approximately 50 AU), although a few candidate systems have been re-
ported (e.g., Itoh et al. 2005; Marois et al. 2008). Current formation theory pre-
dicts that heavy giant planets in distant regions can form only by disk instability.
Thus, we speculate that such instabilities are not a major in-situ formation process
for giant planets. Furthermore, our observations cover a wide area, extending be-
yond the typical size of protoplanetary disks (a few 100 AU; Andrews & Williams
2007). Planets are not expected to form in situ at such distances from their host
star. However, it has been suggested that giant planets or their natal fragments
in multiple planetary systems can be ejected into very wide orbits (10?-10° AU)
through gravitational interaction (Basu & Vorobyov 2012; Veras et al. 2009). At
present, the observed rareness is consistent with theoretically predicted planet—

planet scattering rates.
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FIGURE 4.2: Planet frequency 7 as a function of semi-major axis (left panel) and
planet mass (right panel). Circles indicate result from our work (50-1000 AU,
9-13 Mj), while squares are the results of direct imaging (50-250 AU, 0.5-13
My; Lafreniere et al. (2007)). The star symbols, triangles and pentagons indicate
the results of other direct imaging studies; (10-500 AU, 0.5-15 My; Chauvin
et al. 2010), (8.9-911 AU, >4 Mj; Nielsen & Close 2010) and (5-320 AU, 3-14
My; Vigan et al. 2012), respectively. Green triangles denote the radial velocity
(0.03-3 AU, 0.3-10 My; Cumming et al. 2008), and magenta diamonds show
microlensing results (0.5-10AU, 0.3-10 Mj; Cassan et al. 2012). The dotted
lines in both panels indicate the distribution of planet frequencies derived from
our observations. The slopes of the lines in the left and right panels are —1.31
and —0.61, respectively.

In microlensing planetary surveys of the regions near host stars (OGLE:
Beaulieu et al. (2006); Kubas et al. (2008), MOA: Sumi et al. (2010)), the fre-
quency of planets of mass 0.3-10 M; separated by 0.5-10 AU was 1775% (Cassan
et al. 2012). In addition, RV survey identified the frequency of planets more
massive than 0.3-10 M; over 0.03-3 AU as 10.5 £1.7% (Cumming et al. 2008).
Though the detectable separations in these other surveys differed from that in di-
rect imaging, the frequency of planets derived from our survey appears similar to
the frequencies derived from microlensing and RV surveys (Figure 4.2, Table 4.2).

We can also place limits on the frequency of brown dwarf mass companions in
the Pleiades. The frequency of brown dwarfs (12-72Mj, 28-1590 AU, dN/dM
M=) in 266 FGK was calculated as 3.2753% by Metchev & Hillenbrand (2009).
In our study, we found brown dwarf companions around HIIT 1348, HD 23514 and
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TABLE 4.2: Comparison of planet frequency observations.

Observation Ref. Distribution index Planet frequency
method Mass («) Semi-major axis () (n)
dN/dMp o (Mp)* dN/da x a® (%)
Direct Imaging Present work -1.31 -0.61 <175
-1.31 -1.0 <20.5
Direct Imaging Lafreniere et al. (2007) -1.2 -1.0 <9.3
Direct Imaging  Chauvin et al. (2010) -1.31 -0.61 <10
Direct Imaging Nielsen & Close (2010) -1.31 -0.61 <20
Direct Imaging ~ Vigan et al. (2012) -1.31 -0.61 8. 74301
Radial velocity Cumming et al. (2008) -1.31 -0.61 10.5+ 1.7
Microlensing Cassan et al. (2012) -1.68 -1.0 1778

B 1is used as described in Cumming et al. (2008). In direct imaging by Lafreniere et al. (2007), o and 3 were extrapolated
from RV observations. Lafreniere et al. (2007) and Cassan et al. (2012) assumed a flat distribution in logarithmic
semi-major axis space.

V1174 Tau. The companions around HD 23514 and V1174 Tau were not previous
known at our target selection. However, the companion of HII 1348 was known
at selection. Thus, using our result on two companions of the 19 stars (excluding
HII 1348), we derived a companion brown dwarf frequency of 10.972%* (12-72Mj,
50-500 AU, 20) in the Pleiades cluster, consistent with the result of Metchev &
Hillenbrand (2009). On the other hands, Lodieu et al. (2012a) reported a substellar
binary frequency of 25.6 +4.5 for stars of mass 30-75 M, smaller than ~ 100-200
AU in the Pleiades. This suggests that the substellar companion frequency is lower
than the substellar binary frequency in the Pleiades.

We detected point sources fainter than 14.5 mag around nine of the 20 target
stars (40%), but whether these sources are real companion objects is unclear. At
separations of 1”7.5-10", the detection limit is 20.5 mag in the H band. The pos-
sibility of finding other point sources is consistent with previous direct imaging
studies with similar survey depth and FoV size. For instance, CCs were detected
around 32 stars (44%) at a galactic latitude of > |10°| in imaging study by Chau-
vin et al. (2010). Among these, five stars were confirmed as background objects
while the proper motions of the remaining stars (78% of the sample) have yet
to be observed. Most of them are probably background stars, but we would like
to emphasize the potential utility of deep direct imaging in galactic modeling.

Investigating this potential, however, is beyond the scope of this study.



Chapter 5
Summary

We conducted a SEEDS imaging survey for detection of extrasolar gas-giant plan-
ets in the Pleiades with the near-infrared imaging instrument HiCIAO and the
adaptive optics instrument AO188 on the Subaru telescope between October 2009
and December 2012. ADI observations identified 15 companion candidates around
10 host stars in the H and Kg bands. The detection limit of our observations (50)
was 20.6 magnitudes beyond 1”.5 with an integration time of 5-45 min. HD 23514
and HII 1348 were each accompanied by a brown dwarf companion, consistent
with previously reported analyses of proper motion measurements (Geifler et al.
2012; Rodriguez et al. 2012). A stellar mass (> 100M;) companion might accom-
pany HD 23247. Eight of the 15 candidates were confirmed as background stars
based on their of proper motions. One candidate was absent in the second epoch
observation; thus, was unlikely to be a background or companion object. Another
candidate could not be confirmed or otherwise as a background star, on account of
its imprecise proper motion. The remaining two candidates are most likely to be
co-moving companions around V1174 Tau. With H magnitudes of 18.0 and 18.5
respectively, both candidates may have brown dwarf mass. If confirmed, these
companions would be the lowest mass companions reported in the Pleiades.
Based on the detection limit of our equipment, we determined the detection
efficiency, defined as the probability of finding a 9-13 Jovian-mass planet at 50—
1000 AU from its host star in the Pleiades, as about 80%. Since no such planets
were detected, we estimated the frequency of stars supporting gas-giant planets in
the Pleiades is less than 17.5%. This result is consistent with previous direct imag-
ing studies, indicating that planet frequency in the Pleiades is not considerably

higher than the frequency in moving groups and field stars.
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