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Abstract

Department of Astronomical Science

Doctor of Philosophy

by Daehyeon OH

During the last decades, remarkable progress of observational techniques has pio-

neered the new fields of circumstellar objects such as protoplanetary disks and planets.

The diverse structures of protoplanetary disks have been obtained by observations at

near-infrared to millimeter wavelengths. Especially, Infrared Astronomical Satellite had

revealed the presence of a transition phase between primordial disk and debris disk.

In the so-called transitional disks, evidence of a large inner hole has been discovered

through modeling analysis of the infrared spectral energy distributions and interferom-

etry at millimeter wavelengths. Subsequently, the presence of another transition phase

pre-transitional disks has been reported; evidence of a large gap and an optically thick

inner disk has been discovered. The most convincible cause of holes and gaps in (pre-

)transitional disks is disk-planet interaction, and thus the evolution of such disks are

eventually connected with the origin of planetary systems, such as our solar-system.

However, it is not clear whether the cause of structural diversity is disk evolution or dif-

ferent disk clearing mechanisms. Furthermore, there is no clear evidence showing that

a pre-transitional disk is the actual former phase of a transitional disk.

In this thesis, I embark on observational studies to reveal the cause of different disk

cavities in typical disks, whether disk evolution or disk clearing mechanisms, by high-

resolution near-infrared polarimetric imaging. At the same time, I also embark on the

property of planets inside and outside disks, because the presence of a planet is one of

the major factors in disk evolution and disk clearing. I chose three typical objects from

three disk categories; DoAr 25 from cavity-less full disks, LkCa 15 from pre-transitional

disks, and GM Aur for transitional disk to concentrate the disk structure.
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As results of observations, I have found that each of disks has individual physical

properties and that only DoAr 25 has a visible planetary-mass companion with wide

separation over 1430 AU. For DoAr 25, I have found a cavity-less full disk with a flared

surface and dust shell remnant which indicate the youth of the disk. Strong forward

scattering from the disk surface also suggests that this disk is still in early stage of dust

grain growth. A newly discovered planetary-mass companion around DoAr 25 is called

DoAr 25 b. On the basis of additional observations including common proper motion

test, I confirmed that DoAr 25 b is a co-moving 13 MJup companion with possible

circumplanetary disk, and its convincible origin is a molecular cloud core, not the disk

around DoAr 25. For LkCa 15, I have found a large gap whose radius is consistent

with the result of previous sub-mm interferometry imaging studies. I also have found

that the optically thick inner disk is significantly tilted with the outer disk. This is

the first direct detection of so-called warped disk associated with young T Tauri star.

Such morphological features indicate the presence of multiple planets less massive than

1 MJup in the LkCa 15 system. Furthermore, physical inconsistency, such as degrees of

flared surfaces of inner and outer disks, suggests that some possible unknown physical

mechanisms could be working on it. For GM Aur, I have found a large inner hole at

near-infrared wavelengths for the first time, which has a significantly smaller radius

than that of previous sub-mm interferometry images. This inconsistency may indicate

the presence of a few-MJup planet in the GM Aur disk cavity.

I have searched a possible connections between resolved disk structures and disk

evolution from comparative study of three disks, but there is no common chronological

sense in comparisons of physical parameters (cavities, mass accretion rates, and degrees

of flared surface) which could be interpreted as an evolutionary path. On the other

hand, I have discussed and suggested an alternative explanation; the more convincible

cause of diversity in structures is different clearing conditions (the presence of massive

planets, masses and orbital radii of planets). Furthermore, the presence of planetary-

mass companion outside the disk indicates that the range of planetary system is wider

than previous understanding, and that there are still unrevealed fields in the disk-planet

connection and the origin of planets.
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Chapter 1

General Introduction

1.1 Formation and Classification of YSOs

The current understanding of the low-mass star formation is standing on the remarkable

progresses of theoretical and observational works over the last few decades. The forma-

tion of young stellar objects (YSOs) begins with the collapse of molecular dense core.

Interstellar molecular clouds have local non-uniformity due to its own gravitational in-

stability, or external pressures such as stellar wind. When gravitational force overcomes

that of thermal expansion, the first step for low-mass star formation begins. When the

core density gets close to the stellar density, it is called a protostar or a protostellar

object. During the gravitational collapse, collapsing materials revolve around the center

of dense core because of angular momentum conservation. Those rotating and accreting

materials form flattened disk extending for tens to hundreds of astronomical units, which

is known as an accretion disk or a circumstellar disk.

The general evolutionary sequences of protostars and pre-main-sequence stars are

divided into distinct groups based on the spectral slope α (or spectral index) of the

spectral energy distribution (SED) at NIR and MIR wavelength; Class I, II, III (Lada,

1987), and Class FS (Greene et al., 1994), which are given as;

2



3

α =
d log λFλ
d log λ

,

α > 0.3 for Class I;

−0.3 < α < 0.3 for Class FS;

−1.6 < α < −0.3 for Class II;

α < −1.6 for Class III.

(1.1)

Figure 1.1 describes the current schematic of formation of low-mass star (Dauphas

and Chaussidon, 2011). Class I is the earliest evolutionary stage detected in the infrared

and characterised by α > 0.3. Class I YSOs are surrounded by a heavy (a few tenths of a

solar mass) circumstellar envelope, and powerful molecular outflows are associated with

it. Thus, they have strong mid-IR excess over the estimated blackbody emission of stellar

photosphere. When the evolutionary stage proceeds to next stage, known as Class II, a

notable IR excess still exists, but IR-SED slope is apparently declining with increasing

wavelengths (−1.6 < α < −0.3). This is due to the circumstellar envelope dissipating

and the growth of flatter accretion disk. Class FS is the intermediate stage between

Class I and II. When the accretion disk is dissipated, the evolutionary stage turns into

the final stage, Class III. In this pre-main-sequence stage, YSOs are not surrounded by

circumstellar envelope anymore, but only by the remnants of circumstellar disk. Thus

they have a steep spectral slope (α < −1.6).

In the optical observations, there is a T Tauri category for also young and low-mass

(0.2-2 M�) stars in pre-main-sequence. T Tauri stars were easily identified by their

strong emission lines, in particular Hα. They are classified as Classical T Tauri stars

(CTTSs, alias Class II YSOs) with stronger emission lines, and weak-line T Tauri stars

(WTTSs, alias Class III YSOs) with relatively weak emission lines. Their emission is

believed to come from the hot accreting circumstellar disk with the radii of a few hundred

AU and the mass of 0.001 to 0.1 M�. Thus the stronger emission lines of CTTSs indicate

an earlier stage of stellar evolutional phase than WTTSs

1.2 Circumstellar Disk

Circumstellar disks are considered as the birth-place of planets. Understanding the

physical processes that occurs through the disk evolution is crucial for understanding
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Figure 1.2: Schematic of typical evolution of circumstellar disk. The gas distribution
is shown in blue and the dust in red. (a): The disk loses mass through accretion
onto the star and FUV photoevaporation. (b): Dust grains grow into larger bodies
and settle down to the mid-plane of the disk. (c): As mass accretion rate decrease,
photoevaporation becomes more dominant, and the inner disk quickly dissipates from
the inside out. (d): After gas and small grains are disappeared by photoevaporation
and radiation pressure, the gas poor disk with larger grains and planetesimals/planets

is left behind. (Figure adapted from Williams and Cieza, 2011).

the origin and the formation of planets. The Infrared Astronomical Satellite (IRAS)

and ground-based observations (e.g., Skrutskie et al., 1990, Strom et al., 1989) opened

up the identification and statistical studies of circumstellar disks. Disks emit strong

radiations at a range of wavelengths from microns to millimeters, because they have

a range of surface temperatures, observations at a wide range of wavelengths allowed

detailed constructions of their physical models, even from unresolved photometry.

1.2.1 Typical Evolution of Circumstellar Disks

Circumstellar disks are believed to evolve through various processes, such as viscous ac-

cretion, dust grain growth, photoevaporation, and gravitational interaction with lower-

mass companions. Those physical processes are well constrained observationally, but

they explain only few parts from the entire disk evolution. Although the complex evo-

lution of circumstellar disks is still well not understood, there is a suggested coherent
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picture – typical evolution – based on observational trends and many models including

above physical processes.

In the early evolutionary stage, the disk loses mass through accretion onto star and

FUV photoevaporation (Massive flared disk; Figure 1.2a). At this phase, the object

would be classified as a CTTS based on its high accretion rate. At the same time,

dust grains start to settle down onto the mid-plane of the disk as they grow into lager

grains. This makes the flared dusty disk becomes sharper and flatter (Settled disk;

Figure 1.2b). Accretion rate may be variable on a short time scale, but it declines in

long-term trends. Once the accretion rate matches the photoevaporation rate at an inner

region, the resupply of material from the outer disk is prevented by photoevaporation

(Alexander et al., 2006a, Owen et al., 2010), and the inner disk drains onto the star

within a viscous timescale (. 105 year), leaving an inner hole with the radius of a few

AU surrounded by the low mass outer disk (Photoevaporating disk; Figure 1.2c). This

short timescale evolution is believed as the counterpart of the rapid transition between

the CTTS and the WTTS stage. After disappearing of optically thick inner disk, the

energetic photons impact the outer disk, increase the photoevaporation rate, and make

fast the mass dissipation of the disk. The WTTS objects in this disk dissipation stage

show a various SED curves at near to mid-infrared wavelengths, as expected for disks

with inner holes of different sizes (Cieza et al., 2008, Padgett et al., 2008, Wahhaj et al.,

2010). After remaining gas and small grains are blown out by photoevaporation and

radiation pressure, larger grains and planetesimals/planets are left behind in the gas

poor disk (Debris disk; Figure 1.2d).

1.2.2 Transitional Disks

The observed properties of some circumstellar disks are not consistent with the evolu-

tionary paths briefed in Section 1.2.1 and Figure 1.2. Among those outliers, the most

intriguing subgroup is the transitional disks : objects that have large inner cavities with

the size of tens AU, but still preserve massive outer disks with large accretion rates. By

IRAS and ground based observations, unique objects with little or no excess emission at

near-IR (λ < 10µm) but significant excess at mid- and far-IR (λ & 10µm) were identified

as transitional disks (Calvet et al., 2005, Espaillat et al., 2007a, Strom et al., 1989, Wolk

and Walter, 1996). Although the transitional disks represents a small percentage of the
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Pre-Transitional Disk

Transitional Disk

Figure 1.3: Schematic of pre-transitional (top), and transitional (bottom) disk struc-
tures with observed SED examples. SEDs are from LkCa 15; Espaillat et al. (2007a),
GM Aur; Calvet et al. (2005), respectively. Light gray represents the disk wall. Pre-
transitional disk is characterized by small but detectable near IR excesses (<10µm) and
significant mid- and far-IR excesses (& 10µm). Pre-transitional disk shows similar SED

but less or no near-IR excesses(Figure adapted from Espaillat et al., 2014a).

observed disk population, but they have been considered as crucial targets to under-

standing the disk evolution because the lack of near-IR excess could be interpreted as

a diagnostic of the disk clearing by planet formation. The Infrared Space Observations

(ISO) and the Spitzer Space Telescope (Spitzer) allowed to infer a large cavity such as

holes (e.g., Calvet et al., 2005, D’Alessio et al., 2005, Espaillat et al., 2007b, Uchida

et al., 2004) and annular gaps (e.g., Brown et al., 2007, Espaillat et al., 2007a) based

on disk SEDs. Espaillat et al. (2007a) additionally suggested the pre-transitional disks:

objects that have large gap rather than inner cavities, based on their small but still

detectable near-IR excess which indicate optically thick inner disks beyond large gaps

(See Figure 1.3).

Cieza et al. (2007) introduced SED morphologic two-parameter scheme, λturn-off and

αexcess, to define the transitional disk, and this definition is also applicable to the pre-

transitional disk (Figure 1.4 and Table 1.1; Also see Williams and Cieza, 2011). A

λturn-off represents the longest wavelength wavelength without significant infrared excess
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Williams and Cieza, 2011).

Table 1.1: Schematic classification of (pre-)transitional disks.

λturn-off αexcess Structure

FDa .1µm none. No significant inner hole.
PTDb 1µm<λturn-off<4.5µm >0 Inner disk, large gap, and massive outer disk.
TDc 4.5µm.λturn-off.8µm >0 Large inner cavity and massive outer disk.
a Full disk.
b Pre-transitional disk.
c Transitional disk.

on dereddened SED, and αexcess represents the slope of SED longward of λturn-off .

SED modeling is a powerful method and provides many evidences for the presence

of inner cavities in transitional disks. However, it is essentially indirect estimation, and

the results are strongly model-dependent. The more detailed direct studies of resolved

disk images became possible as high-contrast direct and/or polarimetric imaging at in-

frared wavelengths (e.g., Fukagawa et al., 2006, Hashimoto et al., 2015, Thalmann et al.,

2010) and interferometry at submillimeter wavelengths (Andrews and Williams, 2007b,

Andrews et al., 2011a,b, Piétu et al., 2005) became available. The submillimeter ob-

servations provide detailed information, in particular, the distribution of large dust (&

sub-mm) and its cavities (e.g., Andrews et al., 2011b). Infrared observations, on the

other hand, provide high spatial resolution images of smaller dust (. sub-µm) distri-

bution, and inner region including central cavity within inner disk edge to central star
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(e.g., Hashimoto et al., 2011, 2012).

Interestingly, it is revealed that the disk image at different wavelengths in some of

(pre-)transitional disks often shows different structures. In particular, some of inner

cavities detected at submillimeter wavelengths are missing at NIR wavelengths, even

though the inner working angle of the NIR images is significantly smaller than the

inferred cavity sizes from submillimeter observations (e.g., Dong et al., 2012a). This

differences in the observations can be explained by the spatial differentiation of the grain

sizes in the disk, since the observations with various techniques at different wavelengths

resolve different aspects of the dust distribution (e.g., de Juan Ovelar et al., 2013b).

The spatial differentiation of the grain sizes is considered as a result of pressure bumps

which arise from the presence of the planet. Moreover, the result of 2D two fluid (gas +

particles) hydrodynamical calculations with three-dimensional Monte Carlo Radiative

Transfer simulation provides that multiple planets can open up the wide detectable gap

at both of millimeter and NIR wavelengths, although a single planet (∼0.2MJup) only

produces a gap at millimeter wavelengths and almost no features at NIR wavelengths

(e.g., Dong et al., 2015). Therefore, the disk-planet interaction and the cavity-clearing

mechanisms are the closely connected, and also are the core part of the essential issues

to understand the origin and evolution of planetary system.

1.2.3 Veiled Disk Clearing Mechanisms

Many questions still exist in the physical transitions that occurs between transitional

disk and pre-transitional disk (earlier evolutionary phase). The formation of the cav-

ity in (pre-)transitional disk is not well understood currently. For example, in (pre-

)transitional disks, a typical photoevaporation rate is not high enough to sustain the

cavity against high mass accretion from the outer disk. Currently, several alternative

disk clearing mechanisms are under consideration to explain the formation of a large

cavity in transitional disks.

Grain growth models (e.g., Birnstiel et al., 2012, Dullemond and Dominik, 2005,

Strom et al., 1989) have predicted a rapid depletion of small grains in the inner disk

(e.g., Dullemond and Dominik, 2005, Tanaka et al., 2005). Birnstiel et al. (2012) showed

that grain growth models can explain the loss of near- and mid-IR excess in the SED of

transitional disks.
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Protoplanetary disk wind via magneto-rotational instability (MRI) is more appro-

priate to massive outer disks (Chiang and Murray-Clay, 2007, Suzuki et al., 2010b).

The MRI is driven by coupling between magnetic fields and disk rotation. Although it

is purely an evacuation mechanism, the MRI working on the inner disk edge predicts

substantial accretion rate and inner dust clearing by stellar radiation pressure.

Dynamical interactions between disks and companions are the most conceivable ex-

planation to date for clearing large cavity in the disk (e.g., Dong et al., 2015, Kley

and Nelson, 2012, Papaloizou et al., 2007). On the basis of two-dimensional disk-planet

hydrodynamical simulations performed by Zhu et al. (2011) and Dodson-Robinson and

Salyk (2011), a system of four or more planets may open wide a combined or com-

mon gap in the disks, whereas a single planet may open up a narrow gap. Dong et al.

(2015) demonstrated that multiple planets can produce a wide common gap with few

tens of AU at millimeter and near-infrared wavelengths, while a single low-mass planet

(∼0.2MJup) can carve a deep gap at millimeter wavelengths and almost no features (e.g.,

too narrow gap to be detected) at near-infrared. And a large gap may play a role as a

catalyst for inner disk clearing by inside-out MRI evaporation. At the outer edge of a

planet-induced gap, dust particles drift outward by the gas pressure gradient, then some

of particles are decoupled with infalling gas and stay at the gap edge. This dust filtra-

tion effect (Paardekooper and Mellema, 2006, Rice et al., 2006) leaves a dust-depleted

inner cavity with no large dust grain supply from outer disk (Pinilla et al., 2012a, Zhu

et al., 2012). After decoupled inner region diminished by some inside-out clearing, an

evacuated central hole surrounded by a massive outer disk remains.

These mechanisms partially explain the observational results; however, there is no

decisive observational evidence yet. At the moment, the only mechanism to sustain

a wide cavity in the disk is dynamical formation of wide gaps by disk-planet interac-

tion(Papaloizou et al., 2007). Therefore, the practical next pathway, and of particular

interest, is to distinguish the disk-planet interactions from other proposed cavity-clearing

mechanisms, by , e.g., detecting a planetary companion in the inner cavity region (e.g.,

Kraus and Ireland, 2012) or an annular gap between optically thick inner and outer

disks (e.g., Espaillat et al., 2007a, Thalmann et al., 2015).
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Figure 1.5: Observed images of AB Aurigae disk, (left): using submillimeter; (center):
using near-infrared; (right) using polarized near-infrared. At infrared wavelengths, po-
larimetry technique provides more detailed image. Figures are adapted from Fukagawa
et al. (2004), Piétu et al. (2005) and (Hashimoto et al., 2011), respectively. Even on

the same target, each observation capture different properties of the disk.

1.2.4 Incomplete Understanding of Disk Evolution

Previous studies using submillimeter interferometric imaging (e.g., Andrews et al., 2009,

2010, 2011b) have revealed various structures, including large inner holes in transitional

disks, from many of disk-host objects. The disk mass usually decided by the gas which is

observable at submillimeter wavelengths. Thus submillimeter interferometry is a power-

ful method to reveal disk structure. However, resolving detailed spatial gas distribution

is still difficult observational task. Although near-infrared observation cannot detect the

gas, it can trace small dust particles which are coupled with the gas. Therefore, we can

use a small dust particle distribution to derive a gas distribution in the disk. In gen-

eral, submillimeter interferometry traces large particles (mm-size) in the disk, and has

relatively low resolution in imaging (∼40 AU at the distance of 140 pc). Since the disk

evolution progresses in various dust particle sizes, a imaging-based studies must be com-

bined with different wavelengths observations. Especially, de Juan Ovelar et al. (2013a)

showed that planet-induced disk structures look different at different wavelengths, and

that the range of difference is dominantly decided by the physical properties of embed-

ded planet. Therefore, even though submillimeter interferometry is a powerful method

to reveal disk structure, its results could drive us incomplete understanding of disk

structures evolution without additional wavelengths observations, such as near-infrared

wavelengths which trace smaller (µm-size) particles in the disk (See Figure 1.5).

Although recent imaging observations at multiple wavelengths imaging observations

(micron to millimeter) have revealed the diversity of the disk structures over various ages,

it is yet unclear what evolutionary pathway they pass through in their lifetime, varying
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from .1 Myr to ∼ 10 Myr (Williams and Cieza, 2011). To construct a chronological

view of the disk evolution, a highly accurate age measurement must be done. Before

that, we can only estimate the position in schematic evolutionary tree of circumstellar

disks, on the basis of morphological history analysis, such as origin and forming process

of certain structures.

1.3 Planetary Mass Companions

1.3.1 Extrasolar Planet

The presence of planets orbiting stars other than the sun (extrasolar planets or exoplan-

ets), had been discussed, and many challenges were conducted. After the verification

of the first extrasolar planet around solar-like star (51 Pegasi b ; Mayor and Queloz,

1995), the significant progresses in the observation and data analysis techniques have

been achieved and provided magnificent results. Especially, NASA’s Kepler mission has

found incredibly many extrasolar planets (confirmed and candidate), even more than

the number of previously discovered planets. Currently, more than 1900 of confirmed

planets (See Figure 1.6), and more than a twice the number of planet candidates were

discovered. These discoveries have revealed an unexpected diversity in planet popula-

tion, such as hot Jupiters (e.g., Jackson et al., 2008), hot Neptunes (e.g., Butler et al.,

2004), and Super-Earths (e.g., Rivera et al., 2010). The presence of these exotic planets

indicates our immature understanding on the planet formation mechanisms.

Most of extrasolar planets have been detected using radial velocity (RV) or planetary

transits variations of the host star. One of the most powerful points of both methods is

an excellent feasibility on medium-to-small telescopes and space telescopes. The large

number of planet detection by both techniques has allowed the statistical studies. How-

ever, both methods usually require multiple observations over several orbital periods.

Moreover, the high level of intrinsic stellar activity of young stars, such as T Tauri stars,

makes the survey complicate on particular host stars. The RV method is also not suit-

able for planets around massive host stars due to the paucity of stellar absorption lines

which play the role of the measurement scale in the RV method. This is why the distri-

bution of the planets currently detected is strongly biased toward short-period planets

at small separations around old and quiet host stars.

On the contrary, the direct imaging requires 8-m class telescopes with adaptive optics,

and higher contrast imaging instruments. Thus, the current detection feasibility of
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Figure 1.6: The orbit-radius to mass distribution of confirmed exoplanets (From
exoplanet.eu). Different detecting methods have different detecting biases, thus there
are some crowds. The planets detected by direct imaging biased toward heavy planets
on wide orbit. The direct imaging became possible very recently and still not easy task,

thus counterpart is relatively empty in the diagram.

the direct imaging is not as good as that of two methods mentioned above. However,

the direct imaging can be applied to both young and old stars, and allows the direct

measurements of the light from the planet itself, such as color, luminosities and spectra.

Thus direct imaging is the essential and the ultimate method to study extrasolar planets.

The total number of planets directly imaged is growing up slowly, but steadily, since the

first direct detection of planets situated at the solar-system planetary orbit scale (e.g.,

Kalas et al., 2008, Marois et al., 2008).

1.3.2 Planets and Brown Dwarfs

Brown dwarfs are substellar objects that have mass lower than main-sequence stars.

The presence of brown dwarfs was theoretically predicted and discussed earlier (e.g.,

Hayashi and Nakano, 1963, Kumar, 1963a,b). Brown dwarfs are not massive enough

to sustain hydrogen fusion reaction in their interior. Due to that, the radiation from

brown dwarfs steadily fades out as time passes out. This makes the detection of a

brown dwarfs difficult and takes a long time. The first detection of cold brown dwarf
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was reported in 1995 (GI 299B, Nakajima et al., 1995, Oppenheimer et al., 1995), the

same year of the first extrasolar planet detection. On the other hand, the first detection

of L-dwarfs, a colder brown dwarf, had been reported 1992 (GD 165B Zuckerman and

Becklin, 1992). However, as the sensitivity of detections of substellar objects improved,

the lower limit of brown dwarfs’s mass decreased and approached to the mass of giant

gas planets. Nowadays, the mass ranges of low-mass brown dwarfs and massive giant gas

planets are partially overlapped. Various definitions have been suggested and strained

by the discoveries of objects of intermediate masses (10∼15 MJup). The Working Group

on Extrasolar Planets of the International Astronomical Union stated a definitions of

planets, brown dwarfs, and sub-brown dwarfs as follow (Boss et al., 2007):

1) Objects with true masses below the limiting mass for thermonuclear

fusion of deuterium (currently calculated to be 13 Jupiter masses for objects

of solar metallicity) that orbit stars or stellar remnants are ”planets” (no

matter how they formed). The minimum mass/size required for an extrasolar

object to be considered a planet should be the same as that used in our Solar

System.

2) Substellar objects with true masses above the limiting mass for ther-

monuclear fusion of deuterium are ”brown dwarfs”, no matter how they

formed nor where they are located.

3) Free-floating objects in young star clusters with masses below the

limiting mass for thermonuclear fusion of deuterium are not ”planets”, but

are ”sub-brown dwarfs” (or whatever name is most appropriate).

These statements are still working definitions and could be changed or updated,

hence not the final definitions. Moreover, the deuterium fusion mass depends on several

factors, such as the abundances of the helium and the initial deuterium, and on the

model metallicity. Also, the error range of the mass estimation of low-mass objects

is still significantly large. Thus, at the moment, it is difficult to clarify whether a

certain intermediate mass object is brown dwarf or giant gas planet. Most of directly

detected planets around solar-like stars are fall into this intermediate mass range. These

objects, include low-mass brown dwarfs orbiting main-sequence stars, are also termed

as planetary mass companions (PMCs) for convenience.
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Figure 1.7: The separation to mass diagram of imaged PMCs around YSOs. Upper
and bottom dashed line indicates the mass boundary of stellar object to brown dwarf,
and brown dwarf to gas giant planet, respectively. See Section 7.14 for detailed object

information.

1.3.3 Wide-orbit Planetary Mass Companions

The direct imaging technique revealed another unexpected distribution of extrasolar

planets. Aforementioned kind of exotic planets, discovered by indirect method such as

RV or planetary transit, are orbiting very close to their host stars, <1 AU, due to the

detection bias mentioned above. Neptune, the farthest planet in our solar system, is ∼
20 AU away from the sun. Conversely, some of the directly imaged planets are incredibly

far from their host star, from few tens to two thousands of AU (e.g., Kuzuhara et al.,

2011, Naud et al., 2014). These planets are generally termed wide-orbit planets, or

wide-orbit PMCs.

The extremely wide orbital radius (>100 AU) is a huge challenge to current planet

formation mechanisms. The conventional models for planet formation are the core-

accretion model (e.g., Ida and Lin, 2004a,b, Kokubo and Ida, 2002), and the disk gravi-

tational instability model (e.g., Boss, 1997, Cameron, 1978, Inutsuka et al., 2010). The

core-accretion model explains the formation of giant planets as a result of multistage

process; particle growth from dust grains into rocks, rocks into planetesimals, and fi-

nally planetesimals into protoplanetary cores (Williams and Cieza, 2011), but this model
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Stellar

Figure 1.8: The mass ratio to separation diagram from Bate (2009)’s results of the
hydrodynamical simulation of star cluster formation. (filled circles): Binaries; (open
triangle): Triples; (open squares): quadruples. A few extremely low-mass companion

(<5% of primary star) with extremely wide separation (&1000 AU) is formed.

shows a very steep increase in the formation time scale with increasing distance from

the host star, even Neptune has always been the difficult planet to form in the age of

solar system (e.g., Pollack et al., 1996). The gravitational instability model produce

giant planets via the gravitational collapse of perturbations (Williams and Cieza, 2011),

but the disk needs to be massive enough to be Toomre unstable (Q<1; Safronov, 1960,

Toomre, 1964) at planet forming location. However disks around young Class II stars

(e.g., Andrews and Williams, 2005, 2007b, Andrews et al., 2009, 2010) do not have

enough mass density to be Toomre unstable at a long orbital separations at hundreds

of AU (e.g., Dodson-Robinson et al., 2009, Meru and Bate, 2010).

The origin of wide-orbit PMCs is still not well understood; thus it will provide new

constraints to formation models for low mass objects. The first plausible scenario is that

wide orbit PMCs originated in a planetary disk but ejected to outer orbit due to dynamic

interaction with other massive companion such as binary star (e.g., Kuzuhara et al., 2011,

Reipurth and Clarke, 2001). But most of wide-orbit PMCs are orbiting around single
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stars and do not have other confirmed massive nearby objects. Thereby, this ejection

scenario is ruled out. The second one is that wide orbit PMCs and their primary stars

were both formed from molecular cloud core fragmentation (e.g., Bate, 2009, Bate et al.,

2003, See Figure 1.8). The planet formation makes complex asymmetric structures such

as gaps, spiral arms and holes in disk (e.g., Follette et al., 2015, Hashimoto et al., 2011,

2012, 2015, Pérez et al., 2014) and the planet-scattering from initial location within disk

also causes the disk disrupting (e.g., Jilkova and Zwart, 2015, Raymond et al., 2012).

Thus if wide orbit PMCs around young star are originated from stellar disk of primary

star and then migrated outward, stellar disk of host star would be disappeared or has

complex asymmetric structures. Besides, if wide-orbit-PMC-host star had significant

symmetric disk, it indicates that a wide orbit PMC has non-stellar-disk origin, such as

molecular cloud core fragmentation.



Chapter 2

Purpose and Approaching of This

Thesis

In this thesis, I discuss the diversity of (proto-)planetary systems in two different points

of view; protoplanetary disks and planetary objects beyond protoplanetary disk. I first

aim to constrain the morphologic diversity of protoplanetary disks by resolving detailed

spatial structures, and reveal the cause of the observed disk diversity; evolutionary phase

or different clearing mechanism. By studying high resolution near-infrared polarimetric

images, we have made possible to estimate the origin and connections of characteristic

disk structures on the basis of imaging diagnostics for transitional disks at different

wavelengths. Especially, disk cavities such as gaps and holes are the sign of disk-planet

interaction which is one of the major interests in this thesis. Additionally, the surface

radial profile of the disk may give us more hints about evolutionary phase. Typical

protoplanetary disks are flared (Williams and Cieza, 2011), but flaring angle of the disk

decreases as dust settling progresses in the disk. The slope of radial surface brightness

profile, or of the radial polarized intensity profile in case of polarimetry, can be used for

evaluating the flared disk (Dong et al., 2012a), because the flared disk surface scatters

light more efficiently than the flat disk surface due to the lower incident angle of light.

If other physical parameters of the disks are similar to each other, we can expect that

more-evolved disk has less-flared disk than that less-evolved disk have.

Since many of protoplanetary disks have already been resolved at (sub-)mm wave-

lengths and have been analysed with SED, we could choose candidate objects that are

suitable for our requirements: (1) they are in different disk categories; (2) they have

similar disk masses; (3) their mass accretion rates are known; (4) ages of their host

18
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Figure 2.1: Decision tree to determine the dominant physical process for transition
disks based on the study of Cieza et al. (2010). They suggested that diverse properties
of transitional disks can be understood as a result of different disk evolutionary process

and stages. Figure adapted from Williams and Cieza (2011).

stars are known; (5) cavity sizes in (sub-)mm disk images have been measured; and (6)

αexcess & 0. Cieza et al. (2010, 2012) and Romero et al. (2012) studied a large sample

of disks in many star forming molecular clouds, and categorized on the basis of the

dominant physical process (See Figure 2.1). To simplify the tree of possibility, we con-

centrated on dynamical clearing which is dominant in disks with α &0. Finally selected

targets are DoAr 25 full disk, LkCa 15 pre-transitional disk, and GM Aur transitional

disk. The number of observed disk-host objects is ∼1500, and that of transitional disks is

about ∼480 (Koepferl et al., 2013). Beside, the number of observationally and spatially

resolved disks is only ∼20 (Espaillat et al., 2014a). Thus, at the present, well-resolved

three disks could be a valuable statistical sample in transitional disk population.

Previous studies by Najita et al. (2007) and Espaillat et al. (2012) showed that mass

accretion rates of similar-mass disks tend to decrease from full disks to transitional

disks. Since the disk dispersing and the disk evolution are closely related to each other,

this could be an indicative of the transitional order of the disk. Thus we set mass

accretion rates as free parameter for comparison with the results based on our near-

infrared observations.

Secondly, I aim to reveal the circumstellar planetary system beyond the protoplane-

tary disk by confirming wide-orbit planetary mass companion and searching their origin.

Two faint objects were detected around DoAr 25 at the separations of ∼5′′ and ∼11′′.
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If they are wide-orbit PMCs associated with DoAr 25, it would be a great laboratory

for studying the possible origin of wide-orbit PMCs around young stars. Because if

wide-orbit PMCs are originated in protoplanetary disk and migrated outer orbit later,

there must be footprints in the disk. A typical companionship verification using com-

mon proper motion may not be enough, because some of nearby isolated objects share

similar proper motions in dense star forming region, such as ρ Ophiuchus where DoAr

25 is located in. Thus I attached importance to additional companionship verifications

by using multiple bands photometry. Furthermore, by combining with near-infrared

spectroscopy, I will discuss the properties of confirmed object and its alternative origin.

Although these two subjects—protoplanetary disks and planetary mass companions

beyond the disks— are related as diversity of circumstellar systems, I separated this

thesis into two parts, because each subject deserves to be discussed independently. This

thesis consists of the following parts and chapters:

In Part II

Chapter 3 introduces the observational results of the full disk associated with DoAr

25. This is the first near-infrared polarimetric imaging on this object. I report newly

discovered possible dust shell remnant (disk wing), which indicates the youth of the

system. On the basis of results from high resolution image, I suggest that the DoAr 25

disk is a young cavity-less disk in early grain growth progress with envelope remnant.

Chapter 4 presents the evidence of interaction between disk unseen multiple planets

by the near-infrared polarized intensity image of LkCa 15 pre-transitional disk. In this

chapter, I provide the estimation of possible properties of unseen planets on the basis

of planet-disk interaction scenarios and disk diagnostics with previous sub-mm observa-

tional studies. A part of this chapter has been accepted for publication in Publications

of the Astronomical Society of Japan (Oh et al., 2016, ; DOI:10.1093/pasj/psv133).

Chapter 5 reports the inconsistency of disk structures between the near-infrared

polarized intensity image in this work and previous imaging studies such as the sub-mm

interferometry image and the near-infrared intensity image. This inconsistency can be

interpreted as the important sign of current disk evolution processes in GM Aur disk

because different wavelengths and methods traces different properties of the disk.

Chapter 6 briefly summarises previous three chapters, and discusses possible mor-

phologic evolutionary pathways and alternative evolutionary indices. I found that dis-

cussed physical parameters cannot be major indices for a common disk evolution, and
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suggest that this an indicative of different formation histories for different disks.

In Part III

Chapter 7 reports the discovery of new wide-orbit PMC beyond the protoplanetary

disk. I searched around above three targets by using previous sky survey archives, and

found that only DoAr 25 has a nearby faint point source. Furthermore, by deep imaging

observation, I also found an additional point source around DoAr 25. This chapter

presents verifications of the companionship of two wide-orbit PMC candidates detected

around DoAr 25 by multiple methods, and discusses the properties of a confirmed wide-

orbit PMC by near-infrared spectroscopy. By considering DoAr 25 disk study in Chapter

3, we concluded that wide-orbit PMC around DoAr 25 can not be originated from the

young protoplanetary disk associated with DoAr 25. This result brings on the necessity

of an alternative formation scenario, and I suggest the simultaneous formation with

primary star by cloud core fragmentation as a convincible scenario.

In Thesis Summary

Chapter 8 provides short summary of discussions in this thesis and future works.
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Chapter 3

Structures of DoAr 25

Circumstellar Disk Revealed By

Near-IR Imaging Polarimetry

Abstract

We present the high resolution H-band polarized intensity image of the

circumstellar disk associated with the young T Tauri star DoAr 25. We

obtained the first spatially resolved disk image at 1.6 µm wavelengths with

the effective inner working angle of 0.28′′ (∼35 AU at 125 pc distance). We

discovered a mysterious disk wing structure along the minor axis of the disk.

Polarization vector map and radial polarization Qr image propose that this

structure is a circumstellar component associated with DoAr 25. We found

that DoAr 25 disk shows only near-half side of the surface which indicates an

extreme brightness asymmetry between near and far side of the disk possibly

due to forward scattering effect on micron-size particles. We extended cavity-

less surface radius into 18 AU on the basis of resolved images and simple

SED comparison. We discuss these results as the characteristic of a young

protoplanetary disk in early grain growth phase.

23
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3.1 Introduction

3.1.1 Background

Circumstellar disks are a natural post process of the star formation. When a molecular

cloud core collapses, a rotating and accreting circumstellar disk rises by angular momen-

tum conservation of falling gas and dust. The disk material dissipates over 1-10 Myr

of time through several processes such as mass accretion onto the central star, photoe-

vaporation, or the disk-planet interaction. The study on the dust dissipating in disks is

dramatically improved by detailed infrared spectral energy distributions (SEDs). Typi-

cal disk-host T Tauri stars have an optically thick full disk (i.e., a disk without significant

radial discontinuities in its dust distribution, Espaillat et al., 2014a). The near-infrared

excess of full disks is dominated by the wall or inner edge where high temperature subli-

mates dust in inner radius. The Spitzer Infrared Spectrograph (IRS; Houck et al., 2004)

and the Infrared Space Observation (ISO Kessler et al., 1996) have provided strong

evidence of dust dissipation in several disks, which is referred to as transitional disks.

Transitional disks have a significant deficit of flux in the near-infrared wavelengths (e.g.,

Espaillat et al., 2007a,b), which has been interpreted as optically thick disk with large

inner cavity by SED modeling (e.g., Calvet et al., 2005, D’Alessio et al., 2005, Uchida

et al., 2004). Subsequently, transitional disk is subdivided into the transitional disk and

pre-transitional disk that have large gaps and an optically thick inner disk (Espaillat

et al., 2007b). Najita et al. (2007) found that mass accretion rates of full disk are ∼ 10

times higher than those of (pre-)transitional disks at the same disk mass, and indicated

a possible connection to the evolutionary transition.

Millimeter interferometry observations revealed spatially resolved disk images, which

show the spatial distribution of mass (Andrews and Williams, 2007a, Andrews et al.,

2009, 2010). Recent high resolution direct imaging using optical to near-infrared po-

larimetry and interferometry have provided more detailed spatial structures including

inner cavities in (pre-)transitional disks (Hashimoto et al., 2012, 2015, Rich et al., 2015,

Thalmann et al., 2015), and have started playing a crucial role in understanding disk

evolution. However, even though high resolution observations have revealed that some of

inner holes in disks are induced by stellar companions (CoKu Tau 4 Ireland and Kraus,

2008), what physical mechanism(s) brings inner cavities to full disks and make it change

into transitional disks is not clearly understood yet.
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Studying physical characters of full and (pre-)transitional disks is of great interest

because planet formation and disk evolution may be excited by the inner material clear-

ing mechanism between full disks and (pre-)transitional disks, and their early process

is largely determined by the physical conditions of the disk (e.g., Casassus et al., 2012,

Cieza et al., 2012, Dodson-Robinson and Salyk, 2011, Matter et al., 2015, Williams and

Cieza, 2011, Zhu et al., 2011). Therefore, to study early disk evolution, at first, we

decided to figure out the structure of the disk in earlier phase on the basis of SED.

3.1.2 History of Study on DoAr 25

DoAr 25 (K5, 0.65M�; Wilking et al., 2005) is T Tauri star in the L1688 dark cloud

in the large ρ Ophiuchus cloud complex. The recent measured distance to the cloud is

∼125pc (Loinard et al., 2008, Lombardi et al., 2008, Mamajek, 2008), but DoAr 25 may

be somewhat closer because its low visual extinction value Av=2.9 indicates that it lies

at the surface of the cloud (Wilking et al., 2005). Although a median age of the cloud

surface population appears to have 2-5 Myr (Wilking et al., 2008), the estimated age of

DoAr 25 is .1 Myr, relatively younger than the others (Wilking et al., 2005).

DoAr 25 has a significant excess over the stellar photosphere emission from µm to

mm wavelengths (Andrews and Williams, 2007a, McClure et al., 2010, Olofsson et al.,

(a) (b)

Figure 3.1: (a): The SED of DoAr 25. Empty red squares and dotted lines represent
the original and extinguished data, while filled circles and solid lines are the extinction-
corrected data (AV = 3.4, SpT = K5). There is a significant infrared excess over
the stellar emission. A deficit at mid-infrared is relatively shallower than other (pre-
)transitional disks (e.g., LkCa15 and GM Aur; See Chapter 4 and 5). Figure adapted
from McClure et al. (2010). (b): The 865 µm SMA disk image of the DoAr 25. A
inner cavity has not seen in any (sub-)millimeter interferometry images, including this.

Figure adapted from Andrews et al. (2008).
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2009), which indicates the presence of circumstellar disk associated with it. Andrews

et al. (2008) pointed out that a low mass accretion rate (Ṁ ∼ 10−10-10−9M�yr−1;

Greene and Lada, 1996, Luhman and Rieke, 1999, Natta et al., 2006) may indicate the

inner disk is in an advanced state of evolution, and proposed that DoAr 25 disk can be

considered less-evolved version of transitional disk based on the submillimeter visibilities

and the SED. The observed SED (Figure 3.1a) shows deficit at mid-infrared wavelengths,

but it is very shallow (αexcess ∼0, See Section 1.2.2). At the present, an inner cavity such

as hole or gap is not seen in the (sub-)millimeter interferometry observations (Andrews

and Williams, 2007a, Andrews et al., 2008, 2009, 2010, Pérez et al., 2015). Consequently,

DoAr 25 disk might be in the boundary between the full disk and (pre-)transitional disk.

To constrict the presence of an inner cavity and to explore early evolutionary structures

of the DoAr25 disk, higher angular resolution of observations are required.

3.1.3 In this work

We present the first spatially resolved H-band (1.6µm) polarized scattered light image

of the DoAr 25 circumstellar disk. By using the 8.2-m Subaru Telescope with HiCIAO

(High Contrast Instrument for the Subaru Next Generation Adaptive Optics; Tamura

et al., 2006)+AO188 (Hayano et al., 2010), we succeed in resolving the disk with higher

resolution and deeper inner working angle than previous works. We report the butterfly-

like distribution of disk brightness and the discovery of strange pillar-like structure. We

discuss the youth and the evolutionary phase of the DoAr 25 disk, and the possibility

of the presence of planets embedded in the disk.

3.2 Observation and Data Reduction

The H-band direct imaging observations were conducted in 2012 May 16 with HiCIAO

installed on the Subaru Telescope. To detect polarized scattered light from the disk

surface, we adopted PDI (Polarimetric Differential Imaging; See Figure 3.2) technique,

which uses the half-wave plate at four angular positions for four serial images to effi-

ciently obtain full polarization angle coverage. Since the stellar emission is incomparably

brighter than the scattered light from the disk, combining multiple short exposures may

not possible to reduce saturated radius sufficiently. To obtain the minimum inner work-

ing angle, we utilized double Wollaston prism to split light into four channels: two sets

of ordinary and extraordinary rays. Consequently, one data set consists of four serial
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images obtained through four different half-wave plate angle, and each image consists

of four independent channels with 5′′×5′′ field of view. We obtained 25 data sets with

20 s exposure for each image. The total integration time of the resultant polarization

intensity image was 2000 s.

To reduce the polarimetric data, we adopted the standard approach for differential

polarimetry (e.g., Hinkley et al., 2009). Scattered light from the circumstellar disk

is polarized perpendicular to the disk surface. In PDI mode, one data set consist of

four frames obtained through the half-waveplate at different angles (0◦, 45◦, 22.5◦, and

67.5◦). Then, Wollaston prism split polarized light into two perpendicular components

(qPDI mode uses double Wollaston prism for taking longer exposure time with a smaller

saturation radius). In data reduction, we first calculate Stokes parameters Q and U, then

evaluate polarized intensity (PI), polarization angle (θ), and degree of polarization (P)

as follow;

P =

√(
Q

I

)2

+

(
U

I

)2

,

θ =
1

2
arctan

(
U

Q

)
,

PI =
√
Q2 + U2.

(3.1)

Target

(Star and disk)

Simultaneous

Differential
Observed

Polarimetry Stokes Q

Stokes U

Half-wave

plate

Polarized intensity

image of disk

Figure 3.2: Schematic of simultaneous polarimetric differential imaging. Figure pro-
vided by J.Hashimoto and reproduced with permission.
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Constructed Halo Halo Stokes Q Halo Stokes U

Stokes Q Stokes U

Stokes Qsub Stokes Usub

I image

Degree of Polarization 

Polarization angle
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＝ ＝

Halo Vectors

Disk Vectors

Disk+Halo Vectors

Figure 3.3: Schematic of halo subtraction process. Blue color represents polarized
halo components, and gray color represents disk polarization components. Color gra-
dient is only used for distinction of components, and is not represents any physical

features.

PI represents the intensity of scattered light, thus the geometry and the signal inten-

sity of the resultant PI image are interpreted as a scattering disk surface and a density

of µm-size dust in the disk, respectively.

The reduction was made using the IRAF (Image Reduction and Analysis Facility)1

software and the custom script pipeline optimized for HiCIAO polarimetric data (de-

signed and provided by Hashimoto et al., 2011). Figure 3.4a and b show the resultant

PI image and polarization vector map, respectively, obtained from the Stokes Q and U

images.

1The IRAF software is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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In ideal condition, the stellar emission must be subtracted by above procedure. How-

ever calculated polarization vectors are showing a tendency to align toward a certain

direction, not a circular symmetry as expected from Fresnel reflection on circular disk

surface. This polarization tendency arises from a residual stellar emission in reduced

images. Because the convolved PSF might contain contributions from the polarized flux

by seeing, a standard differential polarimetry procedure cannot perfectly remove the ef-

fect of polarized stellar halo. In order to solve this problem, we first conduct halo based

on average radial profile of I image, and derived the average polarization strength P and

average polarization angle θ from unsaturated frames by using aperture polarimetry.

Then we builded a simple polarization halo model (halo Q and halo U) of DoAr 25 by

using its derived polarization of P=1.57%±0.01% with θ=13.7±0.5◦. By subtracting

this halo model from the Stokes Q and U images, we finally obtained halo-subtracted

PI image. Schematic of this process is shown in Figure 3.3.

Simultaneously, we calculated and conducted the radial polarization images, the

Stokes Qr and Ur given by

1 arcsec

125 AU

1 arcsec

125 AU

(a) (b)

N

E

N

E

Figure 3.4: The PI image of DoAr 25 disk and its polarization vector map. The
saturated region is occulted by a software mask (r∼0.15′′). The vectors are binned
with spatial resolution, and the lengths are arbitrary for presentation purpose. The

polarization vectors are strongly aligned along a certain direction.
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Qr = +Q cos 2φ+ U sin 2φ,

Ur = −Q sin 2φ+ U cos 2φ,

φ = arctan
x− x0

y − y0
.

(3.2)

where x0 and y0 are the coordinates of the apparent disk center. Qr indicates a

radial plarization perpendicular to the azimuthal direction, while Ur corresponds to the

polarization ±45◦ with respect to the radial direction (Schmid et al., 2006). Thus, the Qr

image must show the scattering polarization which should similar to PIsub image, while

the Ur image would contains less or no scattered light from the disk (Avenhaus et al.,

2014). The Qr and PI images contain basically similar informations in ideal situation,

thus it is available as comparative verification of the results.

Additionally, we also reduced same data by using classical ADI (Angular Differential

Imaging Marois et al., 2006) and LOCI (Locally Optimized Combination of Images

Lafrenière et al., 2007) to verify the presence of planets which potentially can contribute

to the disk evolution. Figure 3.8 shows the results of that. Because we are focussing on

the disk in this section, we only check the presence of detectable planets at here. See

Chapter 7 for detailed descriptions about ADI/LOCI and more discussions focused on

planetary companions.

3.3 Results

3.3.1 Polarimetric Imaging of DoAr 25 disk

The resultant H-band PI image is presented in Figure 3.5a. Despite the strong effect

of polarized stellar halo in highly inclined disk, post procedure for halo subtracting

allowed us to remove polarized stellar halo over the radius of 0.28′′ effectively and find a

large and flared butterfly-like disk around DoAr 25. Figure 3.5b presents a polarization

vector map. Some vectors close around the star (r . 0.28′′) still look like to have

some tendency induced by possible stellar halo remnant, but generally it shows a clear

circular symmetry on the bright disk surface. Thus we choose to use the regions over

r & 0.28′′ for discussion to prevent possible effect of unsubtracted stellar halo. A least-

squares estimation elliptical fit with five free parameters to the bright surfaces indicates

an inclination (i) of 83±2◦ at a position angle (PA) of 114±3◦. A position angle is
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Figure 3.5: The halo-subtracted PI image of DoAr 25 disk and its polarization vector
map. The saturated region is occulted by a software mask (r∼0.15′′), and the halo
remnant region is marked with yellow dotted circle. The DoAr 25 disk finally unveiled
from the strong effect of polarized stellar halo. A significant difference in PI images
before and after halo subtraction is due to a high inclination of the disk. A mysterious
perpendicular component is founded (northeast side of the disk). The vectors are
binned with spatial resolution, and the lengths are arbitrary for presentation purpose.

The polarization vectors are clearly circular symmetric on the disk surface.

1 arcsec

125 AU

(a) (b)

1 arcsec

125 AU
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Figure 3.6: The radial polarization Stokes Q and U images (a and b, respectively).
The saturated region is occulted by a software mask (r∼0.15′′), and the halo remnant
region is marked with blue dotted circle. The Qr image shows similar disk compo-
nents including perpendicular component. This consistency may indicates that this
perpendicular structure is real disk component. Beside, Ur image shows no disk-like
component. Signals around masked region in Ur image may be due to incompleteness

in stellar halo subtraction.
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Figure 3.7: Radial surface brightness profiles of DoAr 25 disk along the major axis
(a) and minor axis (b), with simple power-law fit on each slope between breakpoints.
Vertical dashed lines indicate the boundary (∼0.28′′) between halo-clear regions (right)

and possible halo-remnant regions (left).

consistent with the previous sub-mm observation, but an inclination is significantly

higher than that (PA=111±3◦; i=62±3◦, Andrews et al., 2008). It should be noted that

a high inclination of the disk brings large uncertainties in polarimetric and geometric

calculation, especially along the minor axis in the vicinity of disk center.

Interestingly, we also found a elongated perpendicular component along the northeast

minor axis of the disk (hereafter, a disk wing). The polarization vector map (Figure 3.5b)

and the radial Stokes Qr image (Figure 3.6a) are showing similar structures. Beside,

the radial Stokes Ur image is not showing any similar structures, but showing possible

stellar halo remnant signals around saturation mask. This suggests that a disk wing is

a possible circumstellar component associated with DoAr 25, even though it is faint.

The radial surface brightness profiles (Figure 3.7) shows generally symmetric disk sur-

face along the major axis. However, the brightness of southeast surface is slightly brighter

than minor axis (σ.2), and there are some breakpoints on the brightness slopes (Figure

3.7a). On the other hand, that of minor axis shows no significant surface brightness

slope. The brightness of northwest side, in which a disk wing was found, is constantly

brighter than that of southwest side, although the flux differences are similar to the

range of error, (Figure 3.7b).
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Figure 3.8: Classical ADI image, LOCI image of DoAr 25, and upper mass limit
of detection (a, b, and c, respectively). We couldn’t find any significant evidence of
planetary companion around DoAr 25. A planet-like point source exist in ADI image
(yellow arrow), but it is not detected in LOCI image. Thus it is a pseudo-signal which
may be induced by speckle noises. We ruled out the presence of planets massive than

5-10MJup on the basis of detection limit.

3.3.2 Constraints on the presence of planets

The LOCI image provides upper detection limit on the possible point sources in around

DoAr 25. By using the DUSTY evolutionary models (Chabrier et al., 2000), we calcu-

lated that excludable masses of unseen planets at 5σ level as a function of separation

from the star (Figure 3.8c). We couldn’t find any statistically significant point source

signals that could be considerable as planet candidates, thus we concluded that there is

no planet massive than 8-10 MJup nearby the disk, and no close substellar companion

massive than 20 MJup and 10 MJup beyond 0.5′′ (∼60 AU) and 1′′ (∼120 AU) separation,

respectively. A planet-like point source seen in the classical ADI image (yellow arrow in

Figure 3.8a) is considered as a pseudo-signal accidentally induced by speckle noises.

From the wide FOV imaging observations using IRCS (the Infrared Camera and

Spectrograp; Kobayashi et al., 2000, Tokunaga et al., 1998), we found two possible

companion candidates with planetary-mass beyond the disk of DoAr 25. We will discuss

their companionship and non-disk origin in Part III.

3.4 Discussion

3.4.1 Young cavity-less dust disk

It is interesting whether DoAr 25 disk has small inner cavity or not, because of a very

low mass accretion rate for its massive disk (Espaillat et al., 2014a). However any of

high resolution imaging observations couldn’t resolved the inner disk or hole from this
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system (Andrews et al., 2008, 2009, 2010, Pérez et al., 2015, , and this work). From

radial brightness profile (Figure 3.7a), we also couldn’t find a decreasing brightness slope

toward inner side which indicates inner cavity, over the radius of 0.28′′ (∼ 35 AU). MIR

deficit of DoAr 25 disk is significantly weaker than that of GM Aur disk which has similar

disk mass and a large inner hole with the radius of 18 AU (See Section 5). Moreover,

a shallow radial brightness slope (power indices of r ∼ −1.9) indicates flared scattering

surface because a that of typical flat scattering surface is ∼ −3 (Dong et al., 2012a).

A flared disk can be interpreted as a youth of the disk because opening angle of disk

surface decreases as dust settling to the midplane progresses. However, it also should

be noted that fast dust settling on inner disk can produce flared disk even in relatively

evolved disk (e.g., Akiyama et al., 2015). If we assume dust settling is generally constant

with the radius, we can conclude that DoAr 25 disk is very young and flared, and has

no cavity at least beyond the radius of ∼ 18 AU.

3.4.2 Disk Wing

We have detected faint (3-4σ) wing-like structure which is elongated diffuse component

lying along the northeast minor axis of the DoAr 25 disk. The validity of the result has

been confirmed by comparative verifications; vector map, the Stokes Qr image. Hence,

we concluded that this wing structure is possible disk component in DoAr 25 system.

Although, there is no clear counterparts in other observational features yet, several

similar elongate structures have been reported. Using Hubble Space Telescope (HST)

and near-infrared camera NICMOS, Schneider et al. (2003) reported centrally condensed

but diffuse polar lobes along the minor axis in opposite directions around GM Aurigae

disk, and noted that polar lobes are much brighter in F160W filter (∼ 1.6 µm), which

is similar to the H-band, than in F110W filter (∼ 1.1 µm). They proposed that polar

lobe features are primarily due to shocked emission from jets of outflow material. Jet

and/or outflows are accompanied by a large fraction of young stellar objects, including

disk-host T Tauri stars (e.g., RY Tau, St-Onge and Bastien, 2008). Sako et al. (2005)

also showed the complex circumstellar envelope surrounding M17-S01, and noted that

the presence of antennae features which may be induced by a collimated jet.

Most recently, de Leon et al. (2015) reported a pair of narrow bipolar tail structures

extending east and west from the disk associated with the T Tauri star SU Aur. Figure

3.9 shows the comparison of DoAr 25 disk and SU Aur disk with overlaid contour and
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Figure 3.9: DoAr 25 disk (top) and SU Aur disk (bottom) with overlaid contour and
polarization vector maps. Wing structure of DoAr 25 is extending northeast from the

disk, tail structures of SU Aur are extending east and west from the disk.

polarization vector maps. They suggested three possible explanations; outflow cavities,

collimated jets, and tidal interaction with a brown dwarf. The wide orbit planetary-

mass companion DoAr 25 b at ∼1430 AU away (See Part III) would affect the DoAr

25 disk structure. However, gravitational effect from the DoAr 25 b is unlikely because

a narrow elongated structure on a symmetric cavity-less surface of the DoAr 25 disk

can be indicative of the presence of local dynamic effect on the wing, not the global

gravitational effect from extremely far away planetary-mass companion. Thus the ohter

two, outflow cavities and collimated jets, are more suitable for the DoAr 25 system.

Since observations at different wavelengths trace different grain sizes, an infrared-

only detection may indicate that the main material in the disk wing is dust particles with

sizes of 1-10 µm in general. This may propose that those dust particles had previously

underwent the grain growth to µm-size after accretion onto the disk, and then swept

up by jet or outflow. Given measurable properties in infrared-only detection are very

limited, thus additional observations might lead us to a clearer answer. In the case of

GM Aurigae, 13CO molecular emission line was detected from just beyond the location
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of the polar lobe, at the same position angle, suggesting the presence of a jet-like outflow

phenomenon (Schneider et al., 2003). However, there are no published literatures report-

ing molecular observational results on DoAr 25. Furthermore, 12CO and 13CO emission

map of L1688 in ρ Ophiuchus, in which DoAr 25 is located, indicates that extended and

diffused molecular cloud may inhabit that direction (Ridge et al., 2006), suggesting that

the observed line emission from the direction of DoAr 25 could be substantially confused

by the extend molecular cloud (Andrews et al., 2008). Therefore, by the line emission

observation, it is difficult to verify that the jet or outflow inducing a disk wing are still

exist in DoAr 25 system. At present, the most conceivable candidate of the disk wing

is a dust shell remnant which consisted of outflow-entrained material from circumstellar

disk or a primeval envelope.

3.4.3 Disk geometry: Extreme brightness asymmetry

In previous (sub-)millimeter observations (Andrews et al., 2008, 2009, Pérez et al., 2015),

measured inclinations and position angles were well consistent with each others, as i =

62±3◦ and PA = 110±3◦. Figures 3.10a and b show NIR contour maps overlaid on

optical and model image adapted from Andrews et al. (2008). HST image is partially

saturated, but the position angle consistence with NIR image (114±3◦) is obviously

confirmable (Figure 3.10a). Besides, NIR image only covers a near-half of the model

image (Figure 3.10b). On large dust grain disk, the forward scattered light from the

near-side surface is several times brighter than the backward scattered light from the

far-side surface (Mie scattering). Therefore, the comparison with disk models indicates

that NIR scattered emission from the DoAr 25 disk is dominated by forward scattering,

and that we are watching the near-half side of the DoAr25 disk surface. This extreme

brightness asymmetry of near- and far-side surfaces suggests that micron-size particles

are still dominant in the disk (Min et al., 2007), thus we can conclude that DoAr 25

disk still has young dust composition.

In general, a disk inclination is calculated from the estimated ellipticity of the ob-

served disk image. But in this case, it is difficult determine the disk inclination from

observed disk geometry due to the strong forward scattering effect mentioned above.
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(a)

(b)

Figure 3.10: NIR contour maps of DoAr 25 disk overlaid on optical image (top; HST;
0.6µm) and model image (bottom). HST and model images are adapted from Andrews
et al. (2008). Star symbols indicate the stellar position, and gray line indicate the
position angle of the disk. The comparison with the HST image show good agreement
in general disk geometry. Besides, the comparison with the model image indicates that

the forward scattering effect is strong and dominant in NIR scattered light.
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3.5 Conclusion

We have presented the first near-infrared scattered light image DoAr 25 in high resolu-

tion. We found a new disk wing component which is considered as a dust shell remnant

induced by outflow or jet. A significantly strong forward scattering effect on disk surface

suggests a less-evolved grain-growth phase. Therefore, the DoAr 25 disk may serve an

excellent laboratory for studying the circumstellar disk evolution in early stage.

High angular resolution observations by ALMA (the Atacama Large Millimeter Ar-

ray) can play a key role in the studies on more detailed disk structures including un-

resolved inner regions in previous imaging studies. Ground-based instruments with the

Extreme Adaptive Optics (ExAO) system such as the Subaru Coronagraphic ExAO

(SCExAO; Jovanovic et al., 2015) are also required. The combination of these ad-

vanced imaging observations at different wavelengths will be the most efficient route to

reach the understanding of disk evolution.



Chapter 4

Near-Infrared Imaging

Polarimetry of LkCa 15:

A Possible Warped Inner Disk

A letter version of this chapter has been accepted for publication to

the Publications of the Astronomical Society of Japan (Oh et al., 2016,

;DOI:10.1093/pasj/psv133).

Abstract

We present high-contrast H-band polarized intensity images of the pre-

transitional disk around the young solar-like star LkCa 15. By utilizing Sub-

aru/HiCIAO for polarimetric differential imaging (PDI), both the angular

resolution and the inner working angle reach 0.07′′ and r=0.1′′, respectively.

We obtained a clearly resolved gap (width . 27 AU) at 47 AU from the

central star. This gap is consistent with images reported in previous studies.

We also confirmed the existence of a bright and optically thick inner disk

with a large misaligned position angle of 13±4◦ with respect to that of the

outer disk, i.e., the inner disk is possibly warped. The large gap and the

warped inner disk both point to the existence of a multiple planetary system

with a mass of .1MJup.
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4.1 Introduction

4.1.1 Background

The circumstellar disks around young stars are the main birthplace of giant gas planets.

In the typical disk evolution, a mass accretion onto the star tends to decrease as disk

evolves. When accretion rate become lower than photoevaporation rate, photoevapora-

tion clears inner disk, and change it to small inner cavity. However, recent analysis of

spectral energy distribution (SED) and the results at infrared to millimeter wavelengths

reveal the evidence of large cavity and gap structures in circumstellar disks which have a

high accretion rate. Such disks have been called (pre-)transitional disks, and are thought

to be an intermediate phase between gas-rich primordial disks and gas-poor debris disks

with planetesimals/planets (e.g., Andrews and Williams, 2007b, Espaillat et al., 2014a,

Williams and Cieza, 2011). Especially, when newly formed planet(s) are embedded in

the disks, a gap structure (i.e., optically thick inner and outer disks separated by an

optically thin gap; pre-transitional disks) instead of a cavity (i.e., a complete lack of

an inner disk; transitional disks) is predicted to form by disk-planet interactions (Kley

and Nelson, 2012). Therefore, disks with a gap structure could indicate the birth of the

giant gas planets. Hence, understanding the detailed structures of the pre-transitional

disks with large gap could unveil the origin of our planetary system.

The remarkable progress of high-contrast imaging in the last decade allows us to

see more details in the transitional disks. By direct imaging, the incredible diversity of

the disk morphology, such as inner hole, spiral and gap structures, has been revealed

(e.g., Currie et al., 2014, Fukagawa et al., 2006, Hashimoto et al., 2012, Muto et al.,

2012). Thus, direct imaging of the pre-transitional disks could provides essential hints

to understanding its detailed structure.

4.1.2 History of Study on LkCa 15 Disk

LkCa 15 (K5, 0.97 M�, 2−5 Myr old; Simon et al., 2000), a young solar-like star located

in the Taurus-Auriga region ∼140 pc away from the solar system, is one of the most

intensively studied (pre-)transitional disk systems around the T Tauri star.

Espaillat et al. (2007a, 2008b) conducted a detailed analysis of SED in LkCa 15

and suggested the existence of a large gap structure at ∼ 46AU, and categorized this

disk system as possible pre-transitional disk. Such a gap structure has been confirmed
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Figure 1. Aperture synthesis image of the 870 µm continuum emission from the
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Figure 4.1: Schematic and imaging results from previous studies. Left: Schematic of
LkCa 15 on the basis of SED analysis (Espaillat et al., 2008b). center: Direct imaging
result at NIR wavelengths (Thalmann et al., 2010). right: Result of Interferometry at
mm wavelengths (Andrews et al., 2011a). The inner disk in LkCa 15 system has been
expected from SED analysis (a), but had not resolved at NIR and mm wavelengths
(b and c) until Thalmann et al. (2015) (See Figure 4.2). But large cavity was clearly

resolved. Figures adopted from each article.

by millimeter (mm) interferometry (Piétu et al., 2006) and near-infrared (NIR) high-

contrast direct imaging (Thalmann et al., 2010) (Figure 4.1), but optically thick inner

disk was not resolved. It is challenging to determine which of side of the disk is near

to us. Mulders et al. (2010) provided modeling results of two possible disk orientations

with forward scattering (southeast is near) and illuminated wall scenarios (northwest is

near), and Thalmann et al. (2010) supported illuminated wall scenario as the more likely

explanation of the observed bright nebulosity. This means that the bright northwest

side is the illuminated inner wall of far side of the outer disk, and forward-scattering is

suppressed by high inner wall (See Figure 4.1 a and b).

Subsequently, Thalmann et al. (2014) concluded that the bright arc region (north-

west) is a result of strong forward scattering of the near side of the disk on the basis of

additional observations and extensive forward modeling results. The inner disk, which is

predicted by SED analysis, was finally resolved just recently by Thalmann et al. (2015)

using direct polarimetric imaging at optical wavelengths (590-890 nm). Furthermore,

protoplanet candidates LkCa 15 b and c (.5∼10MJup) were discovered (Kraus and

Ireland, 2012, Sallum et al., 2015)
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Figure 4.2: The first resolved inner disk image (Qr, or Qφ image) by direct polari-
metric imaging at optical wavelengths (590-890 nm) (left) and schematic the proposed

architecture (right). Figures adopted from Thalmann et al. (2015).

Therefore, LkCa 15 disk system may serve an excellent laboratory for studying the

interaction between infant planets and the protoplanetary disk structure they sculp.

4.1.3 In This Work

Here, we present the results of new high-contrast NIR (1.6µm) polarization imaging

carried out on the LkCa15 disk system by Subaru Telescope at Mauna Kea, Hawaii.

We set our goals as the quantitative analysis of the gap and inner disk and finding the

sign of disk evolution mechanism, such as unseen planets. The combination of the High

Contrast Instrument for the Subaru Next Generation Adaptive Optics (HiCIAO; Tamura

et al., 2006), AO188 (Hayano et al., 2010) and Polarimetric Differential Imaging (PDI)

provides a high-contrast image that is unprecedented in quality at infrared wavelengths

and enables us to both clearly confirm and quantitatively analyze the wide gap structure

and the inner disk. We report the warped inner disk and discuss the potential origin of

a gapped and warped disk around LkCa 15. The gapped and warped disk suggests the

existence of a multiple planetary system.

4.2 Observation and Data Reduction

The PDI observations of LkCa 15 were performed in the H-band on 2013 November

22 with HiCIAO on the Subaru Telescope combined with AO188. In PDI mode, we

used a double Wollaston prism to split incident light into four images, two o- and e-rays

sets, to reduce the saturated radius (quad-PDI). Each image has a 5′′×5′′ field of view
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Figure 4.3: PI and overlapped polarization vector map images (2.0′′×2.0′′) before (a)
and after (b) halo subtraction. The saturated region is occulted by a software mask
(r∼0.1′′), the vectors are binned with spatial resolution, and the lengths are arbitrary
for presentation purposes. (a): The effect of a polarized halo appears to have a tendency
toward the minor axis of the disk. (b): The polarization tendency to the minor axis

was removed, and the disk-origin polarization along the disk surface was revealed.

(FOV) with a pixel scale of 9.5 mas/pixel. We obtained 17 data sets with 30 s exposure.

The total integration time on the source of the polarization intensity image was 2040

s. All of our observations were conducted under the program of the SEEDS (Strategic

Explorations of Exoplanets and Disks with Subaru; Tamura, 2009) project.

The polarimetric data were reduced in the standard manner of infrared image re-

duction that uses the custom IRAF1 pipeline designed by Hashimoto et al. (2011).

The Stokes Q and U images were obtained by the standard method for differential po-

larimetry (Hinkley et al., 2009). The polarized intensity (PI) image was obtained as

(Q2 + U 2)1/2. Because the convolved point spread function (PSF) cannot be perfectly

removed by standard procedures, a residual stellar halo was sometimes observed in the

obtained PI images. From the PI image (Figure 4.3a), the effect of the polarized stellar

halo along the minor axis axis of the disk is confirmable from overlapped vector map.

To remove the effect of this polarized halo, we constructed the polarization halo model

by using the average polarization strength (0.67±0.03%) and average polarization angle

(149.1±0.5◦) derived from Stokes I image and unsaturated frames, and subtracted this

from the Stokes Q and U images. From the halo-subtracted Stokes Qsub and Usub images,

1The IRAF software is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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Figure 4.4: The radial Stokes Qr (c) and Ur (d) images of LkCa 15 disk. The
saturated region is occulted by a software mask (r∼0.1◦). In the Qr image, both the
outer and inner disks are significantly detected as expected from the PI image. On the

other hand, the Ur image shows no disk-like component.

the final halo-subtracted PIsub image was generated. Figure 4.3b shows the final PIsub

image and overlapped halo-subtracted vector map which is clearly circular symmetric,

unlikely that of the previous PI image.

To verify this result, we converted the coordinate system of the Stokes parameters

from the celestial coordinate system (the Stokes Q and U ) to the radial coordinate

system originate from disk center (the Stokes Qr and Ur ), and compared the results.

Because the Stokes Qr and Ur describe the polarization in tangential and radial direc-

tion, respectively, the Stokes Qr image must show scattering polarization similar to the

PIsub image, while the Stokes Ur image should contain less or no scattered light from the

disk (Avenhaus et al., 2014, Schmid et al., 2006). In our results (Figure 4.4a and b), the

disk components are clearly visible in the Stokes Qr image, whereas the Stokes Ur image

does not show any circular structures and its signals are faint and noisy. Therefore, we

concluded that the final PIsub image is robust.

4.3 Results

The final H-band PIsub image of the LkCA 15 disk with a software mask (r∼0.1′′) is

shown in the right panel of Figure 4.3b) and 4.5, and two elliptical disk structures are

clearly resolved. Both the angular resolution and the inner working angle reach 0.07′′ and

r=0.1′′, respectively. The brightness of the northwest side is significantly brighter than
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Figure 4.5: Elliptical fitting results of the inner disk (purple), the gap (yellow), and
the outer disk (red). The image has been smoothed by a gaussian with r=2 pixels to
reduce the effects of speckles on the inferred structure of the disk. The central region is
also shown in the right top panel. White star indicates the location of LkCa 15. Green
and orange stars indicate where the planet candidates LkCa 15 b and c were detected
in 2014, respectively (Sallum et al., 2015). Open green and orange circles indicate the
locations of two infrared sources seen in 2009-2010 (Kraus and Ireland, 2012), which

are assumed as LkCa 15 b and c, respectively.

Table 4.1: Elliptical fitting results of two disks and gapa.

Parameter Outer Disk Gap Inner Disk

Radius of semi-major axis (AU) 59.0±1.4 48.3±0.7 29.8±2.0
PA of semi-major axis (◦)b 59±2 67±3 72±2

Inclination (◦)c 44±1 51±2 44±2
Geometric center offset (mas)d (-37±4,-83±6) (-24±6,-42±6) (-13±2,-8±2)
a The peak, bottom, and half maximum positions (for the outer disk, gap, and inner disk, re-

spectively) were obtained first from the radial profile at position angles every 10◦. Then we
conducted an elliptical fit by using the non-leaner least-squares Gauss-Newton algorithm with
five free geometric parameters.

b Counterclockwise from north axis.
c Derived from the ellipticity. The inclination of a face-on disk is 0◦, and that of an edge-on disk

is 90◦.
d (∆R.A., ∆Dec.). The origin of the coordinate corresponds to the position of the central star.
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Figure 4.6: Radial surface brightness profiles with 1σ error bars at major and minor
axes. The values were measured at each axis within the range of ±10◦ , and were
binned with a width of dr=4 pixels. The typical error of of power index is ∼0.05. The

gap and inner disk slopes are confirmable along the major axis (left pannel).

that of the southeast side, this characteristic crescent-shape of scattered light brightness

is consistent with the optical imaging results of Thalmann et al. (2015).

The elliptical shape could be due to the system’s inclination (i). Thus, we fitted

elliptical isophotes on a resulting image in order to measure the inclinations and position

angles (PAs) of each disk. The elliptical fitting results are shown in Table 4.1 and

Figure 4.5. We newly discovered significant misalignment from major axis PAs of the

two disks (13±4◦ ), which indicate the strongly warped disk. The center of all three disk

components appear on southeast side from the central star (See right top panel of Figure

4.3). The inclinations of the two disks are similar (∼44◦), but that of the gap shows

larger angle (∼51◦). Note that Thalmann et al. (2014) reported eccentricities from the

shape of the gap edge associated with LkCa 15, therefore the inclination estimated from

the elliptical fitting could be biased.

Figure 4.6 shows the radial surface brightness profiles on the major and minor axes

with a power-law fit at each slope. In the profiles of major axes (left panel of Figure

4.6), the gap appears as a depletion in the middle of each profile. The slopes of the

gap regions in profiles show a significant change between northeast and southwest axes

(power indices of r=2.0 and 1.2, respectively), and the slopes of the disk regions also

show a change between inner and outer disks (r=-2.5 for inner disks, r=-3.1 and -3.6 for

outer disks).
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4.4 Discussion

4.4.1 Disk Geometry: Which side is near to us?

We revisited the question of which side of the disk faces us, northwest or southeast. The

brightness asymmetry of the disk could be a clue, but Mulders et al. (2010) proposed

that both orientations can explain well the SED of LkCa 15. The first interpretation

— southeast is near-side — corresponds to the scenario of the backward illumination

of the gap wall; backward illumination indicates that the bright side is the wall of

the far side of the gap (Quanz et al., 2011). The second interpretation — northwest

is near-side — corresponds to the scenario of the forward scattering, which indicates

that the bright side is the surface of the disk’s near side (e.g., Fukagawa et al., 2006).

If backward illumination is the true explanation, the outer disk’s inner wall would be

optically thick and vertically high enough to conceal and reflect back the light from the

star. Therefore, we can detect illuminated inner wall of outer disk more efficiently than

forward scattering from near-side disk surface. On the other hand, if forward scattering

is the true explanation for this asymmetry, the inner wall of the outer disk would have a

relatively low vertical height; therefore, more star light would arrive on the disk surface

over the gap wall and more forward-scattered light would come toward the observer. On

large grains of µm to mm, forward scattering can be several times efficient than backward

scattering. Beside, the optically inner disk casts shadow on inner wall of outer disk, and

make it hard to detect. Therefore, both explanations are still under debate.

To try to elucidate which side faces us, we utilized the star-disk offset along the

minor axis. On the projection of inclined disk, the central star comes to near side of

the disk’s minor axis (Dong et al., 2012b). In Figure 4.5, the central star is roughly on

the northwest minor axes of three disk components, therefore we can conclude that the

northwest side of the disk of LkCa 15 could be the one facing us. This supports forward

scattering as the explanation of the brightness asymmetry and is also consistent with

3D radiative transfer modeling (Thalmann et al., 2014).

The warped disk is also can be a hint for this discussion; if there is the shadow of the

warped inner disk on the outer disk’s surface, and it makes asymmetric brightness in

the outer disk along the southeast side of major axis. However, in the surface brightness

profiles on possible shadow regions (Figure 4.7), we found no significant asymmetry over

the range of the error. Therefore, the shadow of optically thick inner disk may cast only



48

 1

 10

 100

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

N
o

rm
a

lis
e

d
 F

lu
x

Radius(arcsec)

1 arcsec

Figure 4.7: Radial surface brightness profiles of possible shadowed regions (left). Yel-
low triangles in right panel are represent the regions where radial profiles are obtained.

over the inner wall not the surface of outer disk. This is also reconcile with forward

scattering scenario.

4.4.2 Surface brightness behavior

We found the slope of the brightness changes between northeast and southwest gaps,

and between inner and outer disks. Furthermore, our measured slopes are not consistent

with those of SPHERE/ZIMPOL results (power indices of inner disk, gap, and outer disk

∼ -2.4, 3.2 and -3.5 for northeast axis, -1.9, 2.1, and -4.1 for southwest axis, respectively,

with typical error ∼ 0.1; Thalmann et al., 2015, private communication)

A number of reasons have been suggested to explain the change in brightness slopes,

such as different extinction levels, surface densities, flaring angles or dust properties.

The geometrical properties of inner disk could change the extinction level between the

star and outer region and affect the brightness of outer disk (e.g., Krist et al., 2000); an

actual change in the surface density slope can be translated into a change in the surface

brightness slope, and a change of the flaring angle cause a change in the scattering

of the disk’s surface (Apai et al., 2004); a radial distribution of small dust particles

and dust properties can affect the brightness slope (Akiyama et al., 2015). Although

the brightness behavior could provide some physical properties of the disks, a detailed

analysis of the reason of the brightness behavior is beyond the scope of this letter, and

it will be discussed elsewhere.
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4.4.3 The large gapped disk

In the PIsub image and radial profiles, LkCa 15 has a large gapped (width ∼27 AU) disk.

Among some mechanisms (e.g., grain growth, photoevaporation, disk-planet interaction;

see Espaillat et al., 2014a) that have been proposed to explain the clearing of the gaps

in transitional disks, only gravitational interaction between disks and orbiting multiple

planets (at least four) can clear a large inner gap of & 15 AU or more (Dodson-Robinson

and Salyk, 2011, Zhu et al., 2011) and preserve optically thick inner disk around high-

accretion T Tauri star. Dust grain growth fails to reproduce the large emission cavity

(Birnstiel et al., 2012) observed by mm interferometric image (Andrews et al., 2011a).

Photoevaporation can not make large cavity with the radius of 20 AU or more, and is

difficult to reconcile with both massive outer disk and high accretion rate.

Furthermore, de Juan Ovelar et al. (2013a) simulated observations of various planet-

hosting disk models, and suggested a 1 MJup planet would create a similar size of outer

gap edge at NIR and (sub-)mm wavelengths; conversely planets more massive than 1

MJup would make different radial grain-size distribution in the dusty disk, and obser-

vations at different wavelengths capture different parts of this grain-size distribution.

Since the sizes of the outer gap edge of LkCa 15 are ∼50 AU at sub-mm (50 AU and

46±3 AU; Andrews et al., 2011a, Piétu et al., 2006, respectively) and 48.3±0.7 AU at

NIR (this work), a 1 MJup planet might create a gap around LkCa 15. By combining the

upper mass limits of LkCa 15 companions, as Thalmann et al. (2010) suggested on the

basis of their NIR imaging result and COND evolutionary model by Baraffe et al. (2003),

we concluded that assuming multiple planets with a mass of .1MJup could account for

LkCa 15’s large gapped disk with an outer gap edge similar in size at both NIR and

(sub-)mm wavelengths.

4.4.4 The warped disk

We found a significant misalignment between two position angles of inner and outer disks

(=13±4◦) which indicates that the inner disk is possibly warped along the disk major

axis. If inner disk was also warped along the minor axis, we would see a misaligned

inclination. However, the inclination of the inner disk is consistent with that of outer

disk (∼44◦). Currently, the disk system of LkCa 15 is the first observed warped disk

associated with young T Tauri star. Warped disks, such as β Pictoris (e.g., Mouillet

et al., 1997), AB Aurigae (e.g., Hashimoto et al., 2011), and HD 142527 (e.g., Marino
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et al., 2015) have been reported on several old or heavy stars surrounded by transitional

disks and debris disks. These warped inner disks may be explained by the gravitational

perturbation from planets (e.g., Mouillet et al., 1997). β Pictoris, whose planetary mass

companion β Pictoris b has a similar inclination to and possibly responsible for the

inner warped disk (e.g., Lagrange et al., 2012), is a possible evidence for this scenario.

Additionally, Ahmic et al. (2009) also suggested the possibility of multiple planets/plan-

etesimals in β Pictoris to explain two separate inclined disks, although the mechanism

they used is different — the collisional dynamics of bodies in the disks.

To summarise, since LkCa 15 may possess multiple planets with a mass of .1MJup

in the large gap, the warped inner disk could be the result of potential planets around

LkCa 15.

4.5 Conclusion

We have presented a warped inner component beyond the large gap from the LkCa

15 disk system revealed by angular differential imaging in the H-band with HiCIAO

installed on a Subaru Telescope. We derived 13±4◦ as the PA offset between the outer

disk and the warped inner disk. This unique gap plus the warped disk configuration

of the LkCa 15 system combined with the previous observations at mm and optical

wavelengths indicates the existence of a multiple planetary system possibly composed

of .1MJup planets on the solar system scale. To directly observe and reveal the origin

and evolution of possible multiple planetary systems, future ground-based observations

with the Extreme Adaptive Optics (ExAO) system such as the Subaru Coronagraphic

ExAO (SCExAO; Jovanovic et al., 2015) are required.



Chapter 5

Resolved Near-IR Image of Inner

hole in GM Aur Transitional Disk

Abstract

We present high-contrast H-band polarized intensity images of the transi-

tional disk around the young solar-like star GM Aur. The polarimetric direct

imaging of the disk was derived by polarimetric differential imaging (PDI)

using 8.2-m Subaru Telescope and HiCIAO, and its angular resolution and

inner working angle reach 0.07′′ and r∼0.05′′, respectively. We obtained a

clearly resolved large inner hole, and the radius of hole (∼18 AU) is smaller

than that of sub-mm interferometric image. This inconsistency of the hole

radii at NIR and sub-mm wavelengths may induced by a 3-4 MJup planet.

The presence of near-infrared inner hole could be strong constraint on the

hypotheses of inner hole formation in a transitional disk. Especially, dust

filtration mechanism have been proposed to explain the large hole in sub-

mm image, but our results suggest that it must be combined with additional

process. We found that the polarized intensity slope of outer disk is signifi-

cantly different with the intensity slope obtained from HST/NICMOS, and

this difference may be a sign of grain growth progress in the disk.
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5.1 Introduction

5.1.1 Background

The presence of the circumstellar disks had been predicted as an inevitable consequence

of angular momentum conservation during gravitational collapse in the star formation,

and now it is considered as the initial phase of the planet evolution. Typical circumstellar

disks have nearly photometric emission at infrared wavelengths, but some disks have sub-

stantial mid- and far-infrared (>10µm) excesses above the stellar emission (Strom et al.,

1989). Spectral energy distribution (SED) modeling studies of the Spitzer Infrared Spec-

trograph (IRS; Houck et al., 2004) and the Infrared Space Observations (ISO: Kessler

et al., 1996) proposed that the spectral dent at near-infrared (<10µm) can be explained

by optically thin inner cavities with the radius of 10 AU or more in optically thick disks

(Calvet et al., 2005, D’Alessio et al., 2005, Espaillat et al., 2007b, Uchida et al., 2004).

Such disks are referred to as transitional disks (Espaillat et al., 2007a, Strom et al.,

1989), and now have become central to understanding of the evolutionary transition

between dusty protoplanetary disk and cold debris disk. The inside-out disk clearing

in transitional disk must occur in very short time scale (< 10 Myr), since transitional

disks appear around only young stellar objects with ages of 1-10 Myr. Also the small

frequency of transitional disks may reflect that not all disks actually experience an inner

disk clearing at young ages (Muzerolle et al., 2010). However it is not well understood

which physical mechanism(s) drives disk clearing process.

One of the promising mechanisms is dust filtration by the outer edge of a planet-

induced gap (Paardekooper and Mellema, 2006, Rice et al., 2006, Zhu et al., 2012). This

mechanism was proposed to explain the both of the dust dynamics and the gas dynamics

in the disk. Because the radial density and pressure gradient of the gas is negative at

the outer edge of a planet-induced gap, dust particles drift outward by gain of angular

momentum from the gas. When drifted dust particles overcome the coupling with the

gas, they will stay at the gap outer edge while the gas fall into the star through the gap.

This process works like dust filter, and it depletes the inner dust disk to the radius of

the planet-induced gap, producing a dustless inner hole. It should be noted that this

mechanism is effective only if dust particles are large enough to have significant drift

velocities. Zhu et al. (2012) showed that 0.01-0.1 mm particles and above can be filtered

by a reasonable gap. Consequently, dust filtration can explain the large-dust-depleted
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inner hole seen in sub-mm observations, but it cannot explain the small-dust-depleted

inner hole seen in near-infrared observations.

Thus, even though modeling analysis on the basis of SED is indispensable, the spatial

distribution of gas and various-size dust in the disk must be evaluated by high resolution

imaging observations at multiple wavelengths (de Juan Ovelar et al., 2013a) to constraint

physical mechanisms occur at transitional phases.

5.1.2 History of Study on GM Aur Disk

GM Auriga (K5, 0.84 M� Simon et al., 2000) is a T Tauri star located in Taurus-Auriga

molecular cloud ∼140 pc away from us, initially revealed to have a rotating gaseous disk

with inner hole(Koerner et al., 1993). Estimates for the age of GM Aur vary from 3 to

10 Myr (e.g., Hartmann, 2003, Simon et al., 2000).

Since the discovery of GM Aur disk, the inner hole in the disk have been studied

intensively by SED analysis. Koerner et al. (1993) used simple flared accretion disk

model, and proposed a deficiency of dust at ∼0.4 AU from the star. Chiang and Goldre-

ich (1999) conducted a hydrostatic radiative equilibrium model of SED, and suggested

4.8 AU as the radius of inner hole. Calvet et al. (2005) raised up the estimated radius to

24 AU on the basis of Spitzer IRS spectrum and the radiative transfer model (D’Alessio

et al., 2005).

A (sub-)millimeter interferometry allowed more direct analysis using spatially re-

solved images (See Figure 5.1). Hughes et al. (2009) resolved the inner hole by the

Submillimeter Array (SMA) at a wavelength of 860 µm and the Plateau de Bure Inter-

ferometer (PdBI) at a wavelength of 1.3 mm, and suggested the hole radius as 20 AU.

They also suggested dust filtration effect by planet-induced gap edge as the convincible

explanation for inner disk clearing. Andrews et al. (2011b) revisited this with 2D Monte-

Carlo radiative transfer calculation and new high angular resolution SMA observations

at a wavelength of 880 µm, and derived 28 AU.

The spatial resolution of near-infrared imaging (∼10 AU) is higher than that of

typical (sub-)mm interferometry observations (∼40 AU), and observations with vari-

ous techniques at different wavelengths (µm to mm) resolve different aspects of the

dust distribution (de Juan Ovelar et al., 2013b). Schneider et al. (2003) provided non-

polarimetric scattered light observations using HST/NICMOS with near-infrared spec-

tral bands (1.1 µm and 1.6 µm), but they conducted coronagraphic imaging with hole
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Figure 5.1: Continuum emission images of GM Aur disk by (sub-)mm interferome-
try. left top: 860 µm SMA, left bottom: 1.3 mm PdBI, and right: 880 µm SMA. The
synthesized beam dimensions are marked in the lower left corner. The 880 µm observa-
tion (right) provides more accurate location for visibility null (i.e., dust hole). Figures

adopted from Hughes et al. (2009) and Andrews et al. (2011b)

radius of 0.3′′, which is too large to verify inner hole with the radius of . 28 AU (∼
0.2′′). Beside, the polarimetric direct imaging with high resolution on GM Aur disk at

near-infrared wavelengths has not been challenged yet. Therefore, resolving inner hole

in GM Aur with near-infrared imaging polarimetry may serve a further understanding

for disk clearing in transitional disks.

5.1.3 In This Work

We present the results of the first high-contrast NIR (1.6µm) polarization imaging con-

ducted on the transition disk associated with young T Tauri star GM Aur by 8.2-m

Subaru Telescope at Mauna Kea, Hawaii. The priority goal is the quantitative analy-

sis of spatial structure including inner hole to discuss the dust distribution at different

aspects with previous works. The High Contrast Instrument for the Subaru Next Gen-

eration Adaptive Optics (HiCIAO; Tamura et al., 2006) combined with AO188 (Hayano

et al., 2010) provides high-resolution and -contrast image, and resolved more inner side

of the disk, where previous near-infrared HST/NICMOS observation couldn’t resolve.
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Figure 5.2: PI and overlapped polarization vector map images (2.0′′×2.0′′) before (a)
and after (b) halo subtraction. The saturated region is occulted by a software mask
(r = 5 pixel ∼ 0.05′′), the vectors are binned with spatial resolution, and the lengths
are arbitrary for presentation purposes. (a): The effect of a polarized halo appears to
have a tendency toward the minor axis of the disk. (b): The polarization tendency to
the minor axis was removed, and the disk-origin polarization along the disk surface was

revealed.

The results show inconsistent results with sub-mm observation regarding the hole ra-

dius, and this morphologic inconsistency at different wavelengths may be interpreted to

a result of the physical interaction between disk and an unseen (proto-)planet.

5.2 Observation and Data Reduction

Near-infrared (1.6µm) linear polarimetric differential images (PDI) of GM Aur disk were

obtained using the HiCIAO on the Subaru Telescope on the night of 2010 December 2.

We used a double Wollaston prism to split incident light into four 5′′×5′′ channels, two

each of o- and e-rays sets (qPDI) to reduce the saturated radius under the expected inner

hole size (r∼0.14 arcsec, 20 AU at 140 pc). The imaging scale of HiCIAO in qPDI mode

is 9.5 mas per pixel. We obtained 21 data sets (four angular positions of the half-wave

plate; 0◦, 45◦, 22.5◦ and 67.5◦ for one data set to obtain full polarization coverage with

minimal artifacts) with 8 s exposure for each frame. We strictly removed low quality

data from among them to obtain the best quality. The total integration time of the

resultant polarization intensity image was 576 s using 18 data sets. This observation

was a part of the program of the SEEDS (Strategic Explorations of Exoplanets and

Disks with Subaru; Tamura, 2009) project.
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The Image Reduction and Analysis Facility (IRAF)1 software with the custom script

pipeline designed by Hashimoto et al. (2011) was used for the polarimetric data reduction

in the standard manner of infrared image reduction. After bias subtraction and bad pixel

correction, we obtained +Q, −Q, +U , and −U images by subtracting two images of e-

and o-ray images at each angular position of the half-wave plate, then 2Q and 2U images

were made by (+Q) − (−Q) and (+U) − (−U) (Hinkley et al., 2009). The polarized

intensity (PI) was given by PI =
√
Q2 + U2.

Although a disk-like elliptical structure is visible in PI image, the polarization vec-

tors shows a tendency to align toward the minor axis of the disk (See Figure 5.2), not

a circular symmetry as expected from the Fresnel reflection. This is considered as a

residual stellar halo in the obtained images, because the standard polarimetry reduction

procedure cannot perfectly remove the convolved stellar PSF. To obtain more authentic

disk-origin PI, we first compute the polarization halo by calculating the average polar-

ization strength P (1.27±0.05%) and the average polarization angle θ (150.5±0.5◦) from

the unsaturated Stokes I, Q, and U images. By subtracting polarization halo model

from the Stokes Q and U images, we obtained the halo-subtracted Stokes parameters,

Qsub and Usub. The final halo-subtracted polarized intensity (PIsub) is computed via

PIsub=
√
Q2

sub + U2
sub. Figure 5.2b is the resultant PIsub image with polarization vectors

which show circular symmetric tendency.

We also computed the radial Stokes parameters which are given as Qr = +Q cos 2φ+

U sin 2φ and Ur = −Q sin 2φ+ U cos 2φ. Where φ is the position angle of the line from

the star to the location of certain point. Qr is represents the polarization in tangential

direction, thus it must show a similar image with PIsub image. Besides, Ur is represent

the polarization in radial direction, and thus it should contain less or no polarized light

from the disk surface (Avenhaus et al., 2014, Schmid et al., 2006). Therefore, we can use

the radial Stokes Qr and Ur images for verifying our resultant image. Qr image (Figure

5.3a) shows the elliptical disk structure just as PIsub image, whereas Ur contains no

elliptical our circular structure, but faint and noisy signals. Accordingly, we concluded

that the final PIsub image is robust.
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Figure 5.3: The radial Stokes Qr (left) and Ur (right) images of LkCa 15 disk. The
saturated region is occulted by a software mask (r∼0.1◦). In the Qr image, both the
outer and inner disks are significantly detected as expected from the PI image. On the

other hand, the Ur image shows no disk-like component.

1arcsec 1arcsec

Figure 5.4: left: Elliptical fitting results of the outer edge of the disk. The image has
been smoothed by a gaussian with r=2 pixels to reduce the effects of speckles on the
inferred structure of the disk. right: The inner peaks of the disk (red regions) and the
central inner hole (between red regions and software mask) are more clear in contour
map of the disk. The image has been smoothed by a gaussian with r=3 pixels and the

contrast is adjusted to emphasis contour edges.
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5.3 Results

The final H-band PI image of the GM Aur disk with a software mask (r∼40 mas) is shown

in Figure 5.2b. The symmetric and elliptical disk structure is resolved. The elliptical

shape of the disk could be due to the systems. Thus, we fitted elliptical isophotes on a

resulting images in order to measure the inclinations and position angles (PAs) of the

disk. The elliptical fitting results are shown in Table 5.1, and overlaid on Figure 5.4.

We found significant offset between the disk center and the location of central star

as ∼0.37 mas at position angle of 252◦, which is roughly along the minor axis. This

offset indicates that the southeast side is inclined toward us (i.e., Dong et al., 2012b).

Figure 5.5 show the radial surface brightness profiles along the major and minor axes.

We fitted a power-law at each slope, and found possible inner hole with the radius of

18±2AU. This is the first detection of the hole at NIR wavelengths, and the hole radius

is smaller than the results of observations at sub-mm wavelengths (28AU; Andrews

et al., 2011b). Generally, disk shows symmetric surface profiles in the range of the error.
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Figure 5.5: Radial surface brightness profiles with 1σ error bars at major and minor
axes. The values were measured at each axis within the range of ±10◦, and were binned
with a width of dr=4 pixels. The typical error of of power index is ∼0.05. The gap and

inner disk slopes are confirmable along the major axis (left panel).

1The IRAF software is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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Table 5.1: Geometric Measurements of GM Aur disk

Parameter Outer edgea Inner edgeb

Radius of semi-major axis (AU) 70±4 18±2
Position angle of semi-major axis (◦)c 59±2 53±2

Inclination (◦)d 64±2 .
Geometric center offset (mas)e (-12±5,-36±6) (-8±1,-4±1)

a The positions where flux becomes noise level were obtained first from the radial
profiles at postion angles every 10◦. Then the least-squares estimation elliptical
fitting with five free geometric parameters was conducted using IRAF package
stsdas.analysis.

b On the basis of flux peaks in radial profiles. The elliptical fitting was not available
at inner edge because the number of peak points was not enough to fit with small
error.

c Counterclockwise from north axis.
d Derived from the ellipticity. The inclination of a face-on disk is 0◦, and that of

an edge-on disk is 90◦.
e (∆R.A., ∆Dec.). The origin of the coordinate corresponds to the position of the

central star.

5.4 Discussion

5.4.1 Different Brightness Slope: Polarization and Non-polarization

The radial polarized intensity (PI) profiles of the outer disk along the two major axes

(Figure 5.5) are well fitted to a power law with power indices of -1.7 and -1.9 for northeast

and southwest axes, respectively, which indicate flared disk surface. We found that the

power indices of minor axis, ∼-1.0 is not consistent with that of the radial intensity (I)

profiles from HST/NICMOS observations (Schneider et al., 2003), power index of -3.5

for F160W band filter. Since wavelengths difference between HiCIAO H-band filter (1.3-

1.9 µm) and NICMOS F160W band filter (1.4-1.8 µm) is negligible in surface brightness

comparison, the power index difference between PI and I profiles may indicate the change

of polarization efficiency at different radii. The ratio of polarized light to entire scattered

light is expected to be of the order of 50% in ideal situation, 100% scattering of zero-

polarized light by spherical grains (Follette et al., 2013). However, in real, polarization

efficiency is determined by many variables such as composition of particle shape and size,

multiple scattering, and scattering angle change by flared surface (e.g., Perrin et al.,

2009, Simpson et al., 2009, Whitney and Wolff, 2002). Therefore, some of physical

parameters mentioned above make polarization efficiency higher as radius increases. We

are concentrating on polarization efficiency change on overall disk surface, and thus

multiple scattering effect by local topology is not considered at here. One explanation

is highly flared disk, as indicated by the major axis profiles. However, if scattering
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angle of flared surface significantly changes polarization efficiency, the brightness slope

near and far side of minor axis should be asymmetric, which is not reconciled with

almost symmetric brightness slope of northwest and southeast minor axis (r= -0.9 and

-1.1, respectively). Furthermore, a steep brightness decreasing slope seen in I profile

(∝ r−3.5, Schneider et al., 2003) suggests that outer disk is not highly flared, thus the

effect of scattering angle change by flared surface may be small. Another explanation is

the change of dust particle structure, such as size, porosity and oblateness. Therefore,

the power index difference between PI and I profiles may be a sign of various grain

growth progresses at different radii. Multiple radio wavelengths analysis must be done

to reveal detailed dust grain properties (e.g., Pérez et al., 2012, 2015).

5.4.2 Imaging diagnostics: Cavity radius and planet mass

Recent imaging observations on disks have revealed the presence of spatial differentia-

tion of the grain sizes in transitional disks, since observations at different wavelengths

trace different grain sizes, showing different spatial structures of the disks (e.g., missing

cavity at near-infrared imaging; Dong et al., 2012a). Zhu et al. (2012) and Pinilla et al.

(2012a) suggested that the dust filtration effect by planet-induced cavity edge may al-

low dust particles at different radii to have different grain sizes. de Juan Ovelar et al.

(2013a) performed 2-dimensional hydrodynamical and dust evolution models combined

with instrument simulations, and provided the predictions on on emitted/scattered light

spatial images at different wavelengths with several cases of planet masses/locations (See

Figure 5.6).

To estimate possible planet mass in GM Aur disk by using f(Mp) fitting results

(See Figure 5.6 bottom panel and de Juan Ovelar et al., 2013a) with hole sizes at near-

infrared (this work) and sub-millimeter wavelengths (28AU; Andrews et al., 2011b), we

assumed that (1) a 18 AU radius hole seen in HiCIAO infrared polarized intensity image

is induced by a planet at 20 AU separation from the central star, and that (2) hole size

seen in ZIMPOL can be replaced with that seen in HiCIAO, since ZIMPOL and HiCIAO

polarized intensity images trace similar dust particle sizes (1-10µm in general) and their

main differences are resolution and sharpness. Thus it should be noted that this is only

a rough estimation. Consequently, we obtained 3-4 MJup as the mass of possible planet

at 20 AU separation.
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Figure 5.6: Adapted from de Juan Ovelar et al. (2013a). top: Simulated images of the
disc-planet models at different wavelengths instruments, in the case of an embedded
planet at 20 AU separation (white dot). The cases of 9 and 15 MJup in R and H
polarised-intensity have been multiplied by a small factor to enhance the contrast.
bottom: SPHERE ZIMPOL R-band cavity edge to ALMA Band 7 peak ratio (f(Mp) =
Rwall SPHERE−ZIMPOL/Rpeak ALMA) versus planet mass (Mp) for the three planet orbit

radii (Rp).
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5.4.3 The origin of the inner hole

To explain formation of sub-mm inner cavities transitional disks, a number of physical

mechanisms have been suggested, such as photoevaporation, grain growth, disk wind

by magnetorotational instability (MRI), and gravitational interaction between disk and

planet(s). However, unfortunately at present, none of suggested mechanisms has clearly

explained the formation of an infrared inner hole in transitional disks, including GM

Aur disk.

Photoevaporation plays a dominant role when the mass accretion rate is sufficiently

low. However the high mass accretion rate of GM Aur disk (4×10−9-1×10−8M�; Es-

paillat et al., 2007a, Ingleby et al., 2015) requires a substantial supply of material from

massive outer disk (∼0.16M�; Hughes et al., 2009). Grain growth models (e.g., Dulle-

mond and Dominik, 2005, Strom et al., 1989, Tanaka et al., 2005) should mainly affect

the large dust grains and proceed without reducing the gas density. However, the ob-

servations of CO emission lines indicate the presence of inner gas hole in GM Aur disk

(Dutrey et al., 2008, Salyk et al., 2007). Protoplanetary disk winds model (Chiang and

Murray-Clay, 2007, Suzuki et al., 2010b) is not reconciled with the silicate emission

at 10µm in the IRS spectrum of GM Aur (Calvet et al., 2005), which indicates the

existence of micron-size interstellar medium grains in wall atmosphere. Disk-planet in-

teraction produces only a wide gap in the disk even with a system of 4 our more planets

(Dodson-Robinson and Salyk, 2011, Zhu et al., 2011). More recently, Rosenfeld et al.

(2014) proposed that radial flow of gas with near free-fall velocity can explain both the

dust depletion at inner cavities that survive even in the relatively high mass accretion

rate from outer disk (fast radial flows model). However, at present, this scenario needs

more observational verifications such as twisted velocity isophotes and hot H2 that is

induced by shocks from fast accretion flows.

In previous studies, dust filtration effect by planet-induced gap had been the most

conceivable mechanism to explain the inner hole in GM Aur transitional disk (Hughes

et al., 2009). However, dust filtration effect may not be reconciled with a near-infrared

inner hole we discovered in this work, because a near-infrared inner hole indicates the

absence of micron-size particles in the inner region, while dust filtration effect works on

only sub-mm size particles and can not prevent infalling of micron-size paticles which

easily couples and flow with accreting gas. (Rice et al., 2006, Zhu et al., 2012). In other
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words, dust filtration effect can explain sub-mm hole, but has difficulty in make near-

infrared hole in the disk. Dong et al. (2012a) also reported about cavity-less near-infrared

polarized scattered light images of several transitional disks which have sub-mm emission

cavities. Therefore, even though dust filtration may play a key role in inner disk clearing,

to produce near-infrared holes in transitional disks, there must be additional process such

as grain growth (Zhu et al., 2012). Consequently, the newly discovered near-infrared

inner hole makes the GM Aur disk more mysterious than before. If other transitional

disks with sub-mm emission cavities have a similar near-infrared hole, the presence of

the near-infrared central cavities in transitional disks will become an important issue in

the future studies of disk evolution.

5.5 Conclusion

We have presented a spatially resolved image of a transitional disk associated with young

T Tauri star GM Aur at near-infrared wavelengths, obtained using Subaru/HiCIAO, and

have revealed a large inner hole, which is seen for the first time at this wavelengths. The

measured hole radius (18 AU) is significantly smaller than that from the latest measure-

ment at sub-millimeter wavelengths (28 AU, Andrews et al., 2011b). This inconsistency

in hole sizes may be induced by a possible few MJup planet embedded in the hole; an

estimated mass is 3-4 MJup with some assumptions (See Section 5.4.2).

The physical mechanisms of a large inner hole surrounded by massive outer disk

are still not well understood. Especially clearing mechanism of a near-infrared hole in

a transitional disk is not yet unveiled. With submillimeter inner hole, dust filtration

mechanism is the most conceivable hypothesis. However our discovery of the near-

infrared inner hole suggests that the dust filtration effect should be combined with

some additional disk clearing processes, or that micron-size particles should not be

coupled well with accreting gas for some reason. The future high resolution imaging

observations by ALMA (the Atacama Large Millimeter Array) will play an important

role in verification of the dust filtration scenario by tracing the gas flow in the near-

infrared hole in the GM Aur disk.

The known physical characters of the GM Aur transitional disk is very similar to

those of the LkCa 15 pre-transitional disk in; possible planet(s) and a large cavity (this

work); high accretion rates (2.4×10−9M� for LkCa 15, 4×10−9∼1×10−8M� for GM Aur;

Espaillat et al., 2007a, Ingleby et al., 2015, respecively); surface density and temperature
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of the disk (Hughes et al., 2009). The difference is mainly the presence of inner disk in

the LkCa 15 system. Therefore, these two (pre-)transitional disks of GM Aur and LkCa

15 may be on the similar evolutionary path in different phases, before and after inner

disk clearing process. To directly observe the evidence of multiple planetary system and

to reveal the location in evolutionary timeline toward a mature planetary system, future

ground-based observations with the Extreme Adaptive Optics (ExAO) system such as

the Subaru Coronagraphic ExAO (SCExAO, Jovanovic et al., 2015) are required.



Chapter 6

Summary and Overview of DoAr

25, LkCa 15, and GM Aur disks

6.1 Summary of DoAr 25, LkCa 15, and GM Aur disks

In previous chapters, we reported and discussed the structures of three different disks

around young T Tauri stars, DoAr 25 , LkCa 15, and GM Aur (Chapter 3, 4, and 5,

respectively). We discovered different characteristic structures from each of disks; disk

wing as dust shell remnant, warped inner disk from LkCa 15, and inner cavity from GM

Aur. As part of the project SEEDS, which is one of the largest near-infrared polarimetry

disk surveys around T Tauri stars to date and have revealed various disk structures (e.g.,

Follette et al., 2015, Hashimoto et al., 2011, Mayama et al., 2012, Muto et al., 2012),

those characteristic strucutres show that the circumstellar disk morphology has wider

diversity than we thought.

DoAr 25 full disk in early inner-clearing process? — No cavity was resolved in high

resolution imaging polarimetry. The disk wing, which is a possible outflow-entrained

dust shell remnant (e.g., Sako et al., 2005, Schneider et al., 2003), may be a sign of

the extreme youth of circumstellar system of DoAr 25. It is also predictable that there

is no massive planet in the DoAr 25 disk within radius of 18 AU, because massive

planets embedded in the disk will produce large cavity in very short timescale, only a

few orbital-period (Kley and Nelson, 2012).

65
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LkCa 15 pre-transitional disk with warped inner disk — Consistency in large gap size

between infrared (∼ 48 AU) and sub-millimeter observations (Piétu et al., 2006) proposes

the presence of multiple planets less massive than 1 MJup carving and filtrating the disk

edges (de Juan Ovelar et al., 2013a, Zhu et al., 2011). A bright inner disk with a

misaligned position angle respect to that of the outer disk can be interpreted as warped

inner disk, which can be caused by the gravitational perturbation from planets (e.g.,

Mouillet et al., 1997).

GM Aur transitional disk with near-infrared inner hole — The inner hole is resolved

first for the first time at near-infrared wavelengths, and the radius of near-infrared hole

(∼ 18 AU) is significantly smaller than that of sub-millimeter hole (∼ 28 AU; Andrews

et al., 2011b). This cavity radius inconsistency between two different wavelengths obser-

vations has been expected to be caused by a planet massive than 1 MJup (de Juan Ovelar

et al., 2013a). With considering high mass accretion rate, the feasible history of the disk

is as follow; there was planet-induced gap between inner and outer disk, then inner disk

diminished by some inside-out clearing mechanism. However, dust filtration effect by

outer gap edge only work on large dust particles, and thus planet-induced gap cannot

Table 6.1: Summary of studies on three targets.

Host star DoAr 25 LkCa 15 GM Aur

M∗ (M�)a ∼ 0.64 ∼ 0.97 ∼ 0.84
Sp.Ta K5 K5 K3

Age (Myr)a ∼ 1 ∼ 2 - 3 ∼ 2 - 3
Distance (pc) ∼ 123 ∼ 140 ∼ 140
Association ρ Ophiuchus Taurus-Auriga Taurus-Auriga

Disk Full disk Pre-transitional Disk Transitional Disk

Cavity Cavity-less Gap (r=47 AU) Hole (r=18AU)
Flared Disk (p1) Yes (-1.8±0.1) No (-3.4±0.3) Yes (-2.0±0.1)
Md (M�)a ∼ 0.2 ∼ 0.2 ∼ 0.2

Ṁ (M�/yr)a 10−10 - 10−9 2.4× 10−9 4× 10−9 - 1× 10−8

Note Dust shell remnant Warped inner disk Sub-mm hole (r=28 AU)b

Companion DoAr 25 b LkCa 15 b, c (Not discovered)

Mass (MJup) ∼13c <0.5d .

1 Power indices of power law fit on the radial profile slopes.
a Calvet et al. (2005), Espaillat et al. (2007a), Greene and Lada (1996), Ingleby et al. (2015),
Kraus and Hillenbrand (2009), Luhman and Rieke (1999), Najita et al. (2015), Natta et al.
(2006), Simon et al. (2000), Wilking et al. (2005); b Andrews et al. (2011b); c Part III in this
thesis; d Sallum et al. (2015).
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prevent resupply of gas and small dust. At present, it is still unknown what kind of

inside-out clearing mechanism can disrupt both gas and small dust of inner region.
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Figure 6.1: Morphologic evolutionary pathways of accretion disks. Blue represents
disk structures, and green represents physical process in the disk. Yellow region in-
dicates where we discussed in our studies of DoAr 25, LkCa 15, and GM Aur disks.
LkCa 15 and GM Aur disks are possibly in similar pathway at different phases. Beside,
DoAr 25 disk is different with other two disks, and could be in different pathway at
more earlier phase. The peculiar structures in DoAr 25 disk such as disk wing and
tilted secondary disk is not dominantly considered in the diagram because they have

no counterparts in other observations.
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6.2 Morphologic Evolutionary Pathways

It has been reported that GM Aur and LkCa 15 have similar physical parameters, such

as high mass accretion rates, surface densities, and the effective temperature of the disks

(Espaillat et al., 2007a, Hughes et al., 2009, Ingleby et al., 2015), and our work revealed

that LKCa 15 has planet-induced large gap with warped inner disk and that GM Aur

has large inner hole which is the possible result of dust filtration by planet-induced gap.

Thus we can assume that GM Aur disk is in the earlier phase than LkCa 15 disk in the

similar evolutionary pathway.

While the LkCa 15 and GM Aur disks can be categorized into pre-transitional disk

and transitional disks, respectively, it is difficult to apply usual disk categorization to

the DoAr 25 disk. It doesn’t have overall infrared excess from near to far infrared

wavelengths which represents full disk, and its mid-infrared deficit is not enough to make

deep valley in SED which represents (pre-)transitional disk. However, it is expected that

inner disk clearing and grain growth are in early/intermediate phase, on the basis of SED

and radial brightness profiles. As mentioned above, massive enough planets can make

clear cavity within timescale of a few orbital-period, thus it is more conceivable to assume

that photoevaporating is dominant mechanism, instead of planet-disk interaction, on

the possible inner clearing in Doar 25 disk. Therefore, DoAr 25 disk may be following

a different evolutionary sequences from that of other young disks such as LkCa 15

and GM Aur disks. Three disks have similar massive disk (∼ 0.2 M�; Andrews and

Williams, 2007a, Andrews et al., 2011b, Najita et al., 2015), hence, at present, the one

of the possible physical quantities that separate point of LkCa-15-like/GM-Aur-like disk

and DoAr-25-like disk is mass accretion rate. Figure 6.1 is present the morphologic

evolutionary diagram as discussed at here.

6.3 Finding Evolutionary Indices

Figure 6.2 shows schematic history of three disks. Although the estimated ages of GM

Aur and LkCa 15 is similar (2-3 Myr, Kraus and Ireland, 2012, Simon et al., 2000),

their evolutionary phases are different; large inner hole for GM Aur and planet-induced

gap for LkCa 15. Moreover, even though GM Aur disk may have had a planet-induced

gap in the past, current highly flared disk (power index of r ∼ −2, Section 5 and Table

6.1) indicates that more highly flared outer disk may have been existed with the gap.
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Besides, the outer disk of LkCa 15 is almost flat with a constant opening angle (power

index of r . −3.4, Section 4 and Table 6.1; also see Dong et al., 2012a, for review of flat

and flared disks). In general, more-evolved disks have less flaring angle than less-evolved

disks due to dust settling (Dullemond and Dominik, 2004). This significant flaring angle

difference between GM Aur disk and LkCa 15 disk may indicate that a possible gap with

flared disk of GM Aur in the previous phase should be distinguished from a gap with

less-flared disk of current LkCa 15 disk. Considering estimated ages in the literature, the

inner disk of GM Aur had already been cleared while that of LkCa 15 is still optically

thick. Thus the different speed of evolution may be connected with flaring angles of

outer disks. Or alternatively, highly flared disk with large inner hole similar to GM Aur

may have different inner hole clearing mechanism other than planet-induced gap.

Interestingly, the mass accretion rate of GM Aur disk is also higher than that of

LkCa 15 in an order of magnitude (2.4×10−9M� for LkCa 15, 4×10−9-1×10−8M� for

GM Aur; Espaillat et al., 2007a, Ingleby et al., 2015, respecively). This is not reconcile

with expectation, because, typically, mass accretion rate onto the star are known to

decrease as evolution progresses (Espaillat et al., 2012, Najita et al., 2007, Williams and

Large Inner Hole

Envelope + Full Disk

Gap-less process?

Higher Accretion

Planet-induced gap

Envelope + Full Disk

High Accretion

More Flared Less Flared

Full Disk

Low Accretion

Flared

~ 1-3 Myr

Planet-induced gap

Dust Filtration
+

Inside-out clearing ?

High Accretion ?

Flared ?

D
if

fe
re

n
t 

k
in

d
 o

f 
g

a
p

?

Protoplanet

Protoplanet

GM Aur LkCa 15 DoAr 25

Envelope + Full Disk

Suppositions

Figure 6.2: Schematic history of three disks. Blue represents disk structures, and
green represents physical processes or factors in the disk.
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Expected Evolutionary Transition

Higher Accretion High Accretion Low Accretion

More Flared Less FlaredFlared

Full Disk Planet-induced gap Large Inner Hole

GM Aur LkCa 15 DoAr 25

DoAr 25GM Aur LkCa 15

GM AurLkCa 15DoAr 25

Accretion Rate

Flared Disk

Morphology

Figure 6.3: Expected evolutionary transitions based on different disk features. Orders
of disks based on expected physical transition are not consistent with each other.

Cieza, 2011). Moreover, DoAr 25 disk has very low mass accretion rate even though it is

less evolved than the others and has very young estimated age less then 1 Myr (Wilking

et al., 2005). This may indicate that DoAr 25 disk has have low mass accretion rate

since its initial stage. Najita et al. (2007) and Espaillat et al. (2012) assumed that

more-evolved disks have less mass accretion rates than less-evolved disks if they have

similar disk masses, and proposed evolutionary order as full disk—pre-transitional disk—

transitional disk.

Figure 6.3 shows expected evolutionary transitions based on different disk properties;

morphology (Espaillat et al., 2007a, 2010, 2012, 2014a), mass accretion rate (Espaillat

et al., 2012, Najita et al., 2007), and flared disk (e.g., Dullemond and Dominik, 2004,

Williams and Cieza, 2011). Although these three disks have similar disk masses, dif-

ferences in physical properties does not represent evolutionary stage only. From our

morphologic studies, we propose the evolutionary order of three target objects as DoAr

25 (full disk)–LkCa 15 (pre-transitional disk)–GM Aur (transitional disk). However, as

mentioned above, the mass accretion rate is does not decrease in this order as expected

in previous works (See Ṁ in Table 6.1); descending order of mass accretion rate is GM

Aur (transitional disk)–LkCa 15 (pre-transitional disk)–DoAr 25 (full disk). Moreover,

the order of power indices of radial scattered light brightness profile slopes is not rec-

onciled with the other orders (See Flared Disk in Table 6.1); descending order of power

index is GM Aur (transitional disk)–DoAr 25 (full disk)–LkCa 15 (pre-transitional disk).
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Consequently, the evolution of protoplanetary disk—from full disk to transitional

disk—may have more various pathways than current expectations, and may experience

more various physical transitions. A certain physical property, such as mass accretion

rate or flaring angle, may serve as a key parameter in evolutionary pathway, but they

can not be a dominant index for tracing the evolutionary pathway.

The alternative suggestion is as follow: each different kind of protoplanetary disks—

full disk, pre-transitional disk, and transitional disk—has a different dynamical forma-

tion history, and therefore they represent not a certain stage in a common evolutionary

history, but different evolutionary histories for each of disks. In this case, large inner

hole in transitional disks such as the GM Aur disk may have to be explained without

dust filtration effect by planet-induced gap edge. In other words, the observed diversity

of protoplanetary disks may be dominantly influenced by different clearing processes,

more than evolutionary phases.

6.4 Expected Advanced Studies

Although high resolution imaging observations have revealed many various structures

in transitional disks, our theoretical understanding on morphologic evolution of tran-

sitional disk is still far from perfect. To approach better understanding, both of gas

and various-size dust distributions have to be resolved in same high resolution image to

trace morphologic changes of protoplnaetary disks. Especially, newly discovered large

µm-size dust deficit (near-infrared hole) in GM Aur disk is not completely explained by

dust filtration which had been the most convincible mechanism in previous studies, and

it is necessary to trace detailed gas distribution in the hole for advanced understand-

ing. However, currently, technical gap between different wavelengths observations is still

large, especially in resolution. Therefore, the future ground-based imaging observations

with higher resolution, such as ALMA (the Atacama Large Millimeter Array) may lead

us to promising insight, because ALMA will provide higher resolution than that of cur-

rent near-infrared observations, and will resolve detailed distribution and flow of gas

in the disk. Moreover, also in near-infrared observations, the next generation ExAO

(the Extreme Adaptive Optics), such as SCExAO (the Subaru Coronagraphic ExAO,

Jovanovic et al., 2015) will present more detailed structure of the disks.
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Many disk diagnostic studies, including this work, simplify disk structures, and

mainly discuss gapped, holed, or warped disks. However, there are many kind of charac-

teristic structures like thin debris ring (e.g., Thalmann et al., 2011), asymmetric spiral

arms (e.g., Muto et al., 2012), and arc structure in the cavity (Mayama et al., 2012). For

advanced discussion on morphologic evolution including these structures, detailed struc-

tural categorization must be conducted in the first place. However, at present, most of

high resolution direct imaging of circumstellar disks is obtained from the project SEEDS

dominantly, and current resolved disk catalogue is not big enough to statistically discuss

all complex disk structures. More additional disk observations are required in the future.
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Chapter 7

Planetary-Mass Companions on

Wide Orbit Around Disk-host

Star

Abstract

We report the discovery of a planetary-mass companion with a wide sep-

aration of ∼ 11.6′′ (∼1430 AU at 123 pc distance) from its primary, young

T Tauri star DoAr 25. We initially detected two companion candidates from

multi-epoch imaging observations using three different instruments (IRCS

and HiCIAO on Subaru Telescope, and NICMOS2 on Hubble Space Tele-

scope), then we ruled out one of companion candidates by using multiple

companionship verifications; common proper motions, photometric model

comparisons, and statistical probabilities. The confirmed companion has

registered in VizieR database as BKLT J162623-244308, but has not been

discussed for its properties yet. Follow-up IRCS near-infrared spectroscopy

observation on the companion shows peculiar continuum, which may be in-

dicative of an edge-on disk associated with the companion. We also con-

strained the upper mass limit of a possible darker unseen planet by con-

ducting high contrast imaging reduction techniques, such as ADI and LOCI.

DoAr 25 has a young cavity-less protoplanetary disk, and thus it is clear

that this wide-orbit planetary mass companion is not originated from the

protoplanetary disk associated with DoAr 25. Its formation process is may

74
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be different with typical planets originated from a protoplanetary disk, even

though it has similar masses of massive planets.

7.1 Introduction

7.1.1 Background

Over the past two decades, nearly two thousands of extrasolar planets have been dis-

covered. About five dozens of those objects were detected through the direct imaging

method, about a dozen of them has very wide orbital separations over 100 AU1. Recent

discoveries of wide orbit planetary-mass companions (PMCs, e.g., GU Psc b, HD106906

b, SR 12 C, FW Tau b; Bailey et al., 2014, Kraus et al., 2014, Kuzuhara et al., 2011, Naud

et al., 2014, respectively.) around young stars are a significant challenge to conventional

planet formation models.

The conventional models for planet formation are the core-accretion model (e.g., Ida

and Lin, 2004a, Kokubo and Ida, 2002) and the disk gravitational instability model (e.g.,

Boss, 1997, Cameron, 1978). However, the core accretion model requires a very steep

increase in the planet formation timescale with increasing distance from the host star;

even Neptune, separated ∼30 AU from the sun, is regarded as a difficult planet to form in

the age of the solar system (Pollack et al., 1996). In the gravitational instability model,

the disk needs massive surface density to be Toomre unstable at the planet forming

location (Safronov, 1960, Toomre, 1964), but the disks around young Class II stars

(Andrews and Williams, 2005, 2007b, Andrews et al., 2009) have not enough surface

density to be Toomre unstable at a large separation beyond 100 AU (e.g., Dodson-

Robinson et al., 2009, Meru and Bate, 2010).

The origin of wide orbit PMCs is still not well understood, although several formation

scenarios have been proposed so far. The first plausible scenario is that wide orbit PMCs

initially formed in a protoplanetary disk, then ejected to outer orbit due to a dynamical

interaction with other massive companions such as binary stars (e.g., Reipurth and

Clarke, 2001). However most of wide orbit PMCs are orbiting around single stars and

do not have any other reported nearby massive objects. Thereby, the ejection scenario

would be ruled out. The second one is that wide orbit PMCs and their primary stars

were both formed via molecular cloud core fragmentation (e.g., Bate, 2009, Bate et al.,

1The Extrasolar Planets Encyclopedia:http://exoplanet.eu/ ;Schneider et al. (2011)
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2003). In this scenario, wide orbit PMCs are formed as the case of the extreme mass-

ratio between a primary star and a secondary, or moreover. However, the obvious

observational evidence of this scenario has not been reported yet. This non-disk-origin

scenario may expand the spatial scale of protoplanetary system into a thousand au,

beyond the typical protoplanetary disk.

7.1.2 Wide orbit PMCs around disk-host stars: DoAr 25, LkCa 15,

and GM Aur

T Tauri stars have very young ages, typically less than 10 Myr, thus even planetary-mass

companions could be bright enough to be detected by sky surveys. From the infrared

sky surveys (UKIDSS, 2MASS, and WISE; Lawrence et al., 2007, Skrutskie et al., 2006,

Wright et al., 2010, respectively), we searched the nearest possible stellar objects in the

separation of 15′′, and it was found that only DoAr 25 has on dark object at ∼ 10′′

separation. There has been no published detailed studies on this object, thus in this

part, the companionship and the physical properties of companion candidate will be

discussed.

7.1.3 In This Work

In this work, we had conducted multiple observations on around DoAr 25 using 8.2m

Subaru Telescope and appropriate instruments on each target. We present the results of

the direct imaging of two wide orbit PMC candidates around the T Tauri star DoAr 25

(K5V, 0.64 M�, ∼0.93 Myr-old, Wilking et al., 2005), in L1688 cloud of the ρ Ophiuchi

star-forming region(ρ Oph). One of the companion candidates is in fact confirmed as a

planetary-mass companion associated with DoAr 25, while the other is considered as a

background object in L1688 cloud (hereafter, the former is DoAr 25 b and the latter is

DoAr 25 PC. PC stands for pseudo-companion). We also report the result of the high-

contrast imaging survey around DoAr 25. We effectively removed the effect of stellar

halo, and revealed closer region from DoAr 25 where ordinary imaging observations are

not available. Finally, we discuss the origin of wide orbit PMCs around young stars

while referring to the study of DoAr 25 disk from Chapter 3
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7.2 Observation and Data Reduction

7.2.1 Near-Infrared Imaging

We observed DoAr 25 b and DoAr 25 PC, with the Infrared Camera and Spectrograph

(IRCS; Kobayashi et al., 2000, Tokunaga et al., 1998), and the high-contrast imaging

instrument HiCIAO (Tamura et al., 2006) mounted on the 8.2 m Subaru Telescope with

the adaptive optics system AO188 (Hayano et al., 2008, 2010). The first observations

were operated with IRCS on 2009 October 12 in K band, and the exposure time was

15s × 7. The second observations were carried out also with IRCS on 2013 May 11

in J and K band with 6 s × 54 exposures. The third observations carried out with

HiCIAO on 2014 Jun 7 in H-band with 10s × 15 exposures in DI (Direct Imaging)

Mode. FS140 (Hawarden et al., 2001) was observed in each band as the photometric

standard star during the same nights. IRCS data were reduced in standard procedures

with the Imaging Reduction and Analysis Facility (IRAF). The Hubble Space Telescope

(HST) archive data were also obtained. DoAr 25 b and DoAr 25 PC were imaged by

the NICMOS Camera 2 with F160W filter in 2005 May 8, but they have not been

discussed as substellars object yet. To obtain infrared CIT system magnitude, we used

a bandpass averaged flux density for the F160W filter using a model reference spectra of

Vega (Bohlin, 2007) from the photometric keyword tables in NICMOS Data Handbook,

Version 8.0.

The distortions of IRCS and HiCIAO installed on the Subaru Telescope are very small

and stable, but the change of the internal environments such as a replacement of cold

or mirrors could affect the the optical alignment between AO188 and instruments. For

precise astrometry, we corrected distortions on each imaging datum. To make distortion

maps for IRCS and HiCIAO data, we additionally observed the globular cluster M15, and

compared the astrometric results to distortion-corrected images taken from the HST with

the Advanced Camera for Surveys (ACS). The pixel scales are changed after distortion

corrections. The calibrated pixel scales are 20.0, 20.6, and 9.5 mas/pixel for the first,

second IRCS observations, and HiCIAO observation, respectively. All measurements

were operated on sky-subtracted, flat-normalized and uncombined images separately,

then averaged. The geometric distortions of the NICMOS data were corrected with the

NICMOS geometric distortion coefficients and equations described in the NICMOS Data

Handbook, and calibrated science frames were used.
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7.2.2 JH-band Spectroscopy

J and H-band spectra of DoAr 25 b were obtained on 2014 June 21 with 240s × 8

exposures. The spectroscopic observations were taken in ABBA sequence, where A and

B stand for the first and second positions on the slit. The slit width was 0.15′′, and the

resolutions were about 955λ at J-band and 764λ at H-band. The spectra were extracted

by using APALL task in IRAF, and reduced in standard procedures. Cosmic rays in raw

data were removed by using IRAF task L.A.Cosmic which was created by van Dokkum

(2001). Wavelength calibrations were carried out by Argon emission lines. The effect

of the telluric absorption was removed by dividing by the spectra of nearby G9 star

FS140, and multiplying by a blackbody spectrum of the effective temperature of G9

star. The intrinsic absorption lines from G9 star were removed manually beforehand by

using SPLOT task in IRAF.

7.2.3 High contrast H-band imaging Reduction

The qPDI (Quad-polarized differential imaging) with Angular Differential Imaging (ADI,

see Section 7.2.3.1) observations of DoAr 25 were done in the H-band on 2012 May 16

with HiCIAO on the Subaru Telescope combined with AO188.

In qPDI+ADI mode, we used a double Wollaston prism to split incident light into

four images, two o- and e-rays sets, to reduce the saturated radius. Each of split im-

ages has a 5′′×5′′ field of view with a pixel scale of 9.5 mas/pixel. The half-waveplate

was rotated to four different angular positions for the polarization measurements. We

obtained 100 data sets with 20 s exposure per half-waveplate position each cycle. The

total integration time of the polarization intensity image was 2000 s. Although this po-

larimetric observation is basically purposed to detect polarized scattered light from the

disk associated with DoAr 25 (See Chapter 3), we converted polarization images into

non-polarization images by combining different polarization angle images, and reduced

as ordinary ADI data.

We used LOCI (Locally Optimized Combination of Images, see Section 7.2.3.2)

method for data reduction to obtain high contrast and to suppress stellar halo and

speckle noise. Each of initial images are divided into concentric ring subsection, then

the optimized background reference is calculated for each subsection separately based

on the counterpart subsection of the other images. The individual reference image is
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constructed from these locally optimized data for each individual initial image. By sub-

tracting the series of locally optimized reference images from the series of initial images,

instead of subtracting single median reference image from that, the the final combined

image obtains better contrast and higher signal-to-noise ratio than the result of classical

ADI data reduction described in Marois et al. (2006).

7.2.3.1 Angular Differential Imaging

For most large telescopes using azimuthal mount, the top of pupil always remains toward

zenith due to its platform construction. Thus, in the conventional observations, the field

orientation on the camera is fixed to be kept constant by camera rotation. However, in

Angular Differential Imaging (ADI; Marois et al., 2006) observations, the pupil orien-

tation is kept constant instead by turning off camera rotator or by additional rotation,

thus the field will rotate around the image center where the target star is located.

Figure 7.1 illustrates how the images taken in ADI are then processed. In the series

of initial images (Ai), although the stellar halo and speckle noise appear almost consis-

tently throughout the series of images, the separated faint point source P moves around

the central star. Thus, the median combined image (B) contains only the stellar halo

and speckle noise, and no significant signal of moving point source. Then image B is

subtracted from each initial image, leaving a series of halo-speckle subtracted images

(Ci) containing only the point source P and some time-variable noise. The Ci images

are then derotated into the coordinate system of the sky field (Di) and median-combined

into the final image (E) which will contain more significant point source signal and less

background noise.

7.2.3.2 Locally Optimized Combination of Images

The above reduction method, hereafter classic ADI, is the simplest way to handling ADI

data, and the time-variable noise that changes shot-by-shot is not completely removed.

The fundamental idea of Locally Optimized Combination of Images (LOCI; Lafrenière

et al., 2007) resembles that of classic ADI method, but is more advanced and sophis-

ticated method to perform the angular differential data reduction. In LOCI methods,

each of initial images are divided into concentric ring subsection (See Figure 7.2), then

the optimized background reference is calculated for each subsection separately based
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: Median (Di)

Di 

: Derotate (Ci)
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: Median (Ai)
Ci=Ai-B

Point source P

 
Ordinary Observations ADI Observations

Figure 7.1: Schematic of ADI data reduction procedure. Top figures are showing
difference between ordinary observation and ADI observations. Middle and bottom

figures are showing schematic of ADI data reduction procedure
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on the counterpart subsection of the other images. The individual reference image is

constructed from these locally optimized data for each individual initial image.

By subtracting the series of locally optimized reference images from the series of

initial images, instead of subtracting single median reference image from that, the the

final combined image obtain better contrast and higher signal-to-noise ratio than the

result of classic ADI method.

7.3 Results and Discussion

The resultant images of companion candidates are shown in Figure 7.3.

7.3.1 Common Proper Motion

To distinguish DoAr 25 b and DoAr 25 PC from background objects on similar line-

of-sight, we investigated the separations from DoAr 25 A with four-epoch astrometry.

Young stellar objects(YSOs) in a star-forming region have large proper motions, thus if

a nearby object is a background object, it would have a negligible proper motion and

changes in separation due to the large proper motion of DoAr25. There are three individ-

ual measurements of the proper motion of DoAr25 (Ducourant et al., 2005, Roeser et al.,

Figure 7.2: Example of concentric ring division (the 1st and 13th subtraction annuli,
respectively) in LOCI method. Subtraction subsection is shaded in gray, and optimiza-
tion subsection is delimited by thick lines. The cross-hatched region in central circle

represents the saturated region. (Figure adapted from Lafrenière et al., 2007).
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Figure 7.3: NIR imaging results of DoAr25. (a): J-band image by Subaru/IRCS. (b):
K-band image by Subaru/IRCS. (c): H-band image by Subaru/HiCIAO in DI mode.

(d): H-band image by HST/NICMOS2.

2010, Zacharias et al., 2013, see Table 7.2). At first, we adopted all three measurements,

then compared the results.

Figure 7.4 shows the measured separations of DoAR 25 b and PC from DoAR 25 at

each epoch, with three expected background trajectories based on Table 7.2. DoAR 25

b is keeping the almost same location in 9 years, we can easily confirmed that they have

common proper motion. On the other hand, DoAr 25 PC shows unexpected movement.

Interestingly, it dose not even follow any of three expected background trajectories. To

verify the association of DoAr 25 PC, we considered the third case; an isolated member

in ρ Oph. Combining the average proper motion of ρ Oph members (-5.53 ± 0.89 mas/yr



84

 2.6

 2.7

 2.8

 2.9

 3

 3.1

 11  11.1  11.2  11.3  11.4  11.5  11.6

D
E

C
 S

e
p

a
ra

ti
o

n
 (

a
rc

s
e

c
)

RA Separation (arcsec)

Background(Ducourant et al. 2005)
2013 Background
2009 Background
2005 Background

2014 Subaru/HiCIAO
2013 Subaru/IRCS
2009 Subaru/IRCS

2005 HST/NIC2

 2.6

 2.7

 2.8

 2.9

 3

 3.1

 11  11.1  11.2  11.3  11.4  11.5  11.6

D
E

C
 S

e
p

a
ra

ti
o

n
 (

a
rc

s
e

c
)

RA Separation (arcsec)

Background(Roeser et al. 2010)
2013 Background
2009 Background
2005 Background

2014 Subaru/HiCIAO
2013 Subaru/IRCS
2009 Subaru/IRCS

2005 HST/NIC2

 2.6

 2.7

 2.8

 2.9

 3

 3.1

 11  11.1  11.2  11.3  11.4  11.5  11.6

D
E

C
 S

e
p

a
ra

ti
o

n
 (

a
rc

s
e

c
)

RA Separation (arcsec)

Background(Zacharias et al. 2013)
2013 Background
2009 Background
2005 Background

2014 Subaru/HiCIAO
2013 Subaru/IRCS
2009 Subaru/IRCS

2005 HST/NIC2

 3.2

 3.3

 3.4

 3.5

 3.6

 2.4  2.5  2.6  2.7  2.8

D
E

C
 S

e
p

a
ra

ti
o

n
 (

a
rc

s
e

c
)

RA Separation (arcsec)

Background(Ducourant et al. 2005)
2013 Background
2009 Background
2005 Background

2014 Subaru/HiCIAO
2013 Subaru/IRCS
2009 Subaru/IRCS

2005 HST/NIC2

 3.2

 3.3

 3.4

 3.5

 3.6

 2.4  2.5  2.6  2.7  2.8

D
E

C
 S

e
p

a
ra

ti
o

n
 (

a
rc

s
e

c
)

RA Separation (arcsec)

Background(Roeser et al. 2010)
2013 Background
2009 Background
2005 Background

2014 Subaru/HiCIAO
2013 Subaru/IRCS
2009 Subaru/IRCS

2005 HST/NIC2

 3.2

 3.3

 3.4

 3.5

 3.6

 2.4  2.5  2.6  2.7  2.8

D
E

C
 S

e
p

a
ra

ti
o

n
 (

a
rc

s
e

c
)

RA Separation (arcsec)

Background(Zacharias et al. 2013)
2013 Background
2009 Background
2005 Background

2014 Subaru/HiCIAO
2013 Subaru/IRCS
2009 Subaru/IRCS

2005 HST/NIC2

Figure 7.4: The relative astrometry of the DoAr 25 b (left) and PC (right) to DoAr
25. DoAr 25 b stays at almost same place in 9 years, and thus it shares the same proper
motion of DoAr 25. DoAr 25 PC shows unexpected movement, and thus it is necessary

to consider it is not associated with DoAr 25 (See Section 7.3.1).
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Oph members. (See Section 7.3.1)
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in RA, -21.74 ± 0.93 mas/yr in DEC; van Leeuwen, 2007) with the proper motions of

DoAr 25, we estimated the trajectories of the average movement of ρ Oph member

relative to DoAr 25 (Figure 7.5). When PPMXL (Roeser et al., 2010) is adopted as the

proper motion of DoAr25, DoAr 25 PC falls in to the trajectory of average movement of

ρ Oph member with good agreement at all four epochs (Top of Figure 7.5). Beside, other

trajectories are not match at all, both of speed and direction. If we adopt PPMXL as

the proper motion of DoAr 25, the movement of DoAr 25 PC is explained as individual

low-mass object in ρ Oph region with less contradictions. However, consequently, the

association of DoAr 25 PC is not clearly decidable at here.

7.3.2 Photometry

Table 7.3 shows the summary of photometry of DoAr 25 b and DoAr 25 PC. The

estimated spectral types based on the evolutionary model (See below) are also shown

in the same table. We adopted the stellar extinction value of DoAr 25 (AV =2.9 mag,

Wilking et al., 2005) for calculating the dereddened luminosities of DoAR 25 b and

PC. The full extinction value of L1688 cloud on this line-of-sight is AV = 8.1 mag

(COMPLETEteam, 2012), the low stellar extinction indicates that DoAR 25 is lies at

the surface of the cloud (Wilking et al., 2005). AV = 0 and 8.1 are also used for

comparison.

Mass Estimation

Table 7.2: The proper motions of DoAr 25 from individual catalogues.

Roeser et al. (2010) Zacharias et al. (2013) Ducourant et al. (2005)
(PPMXL) (UCAC3)

RA 3.9± 5.3mas/yr −1.2± 3.3 mas/yr −6± 9 mas/yr
DEC −40.3± 5.3 mas/yr −20.6± 2.2 mas/yr −31± 9 mas/yr

Table 7.3: Photometry Results of DoAr 25 b and PC.

Object Jmag Hmag
a Kmag JSpT HSpT KSpT

DoAr25 b 16.8± 0.5 15.7± 0.1 14.7± 0.2 L3±1 L3±1 L2±1
DoAr25 PC 18.3± 0.9 17.0± 0.9 16.1± 0.3 L5±2 L5±2 L5±2

a F150W magnitude was converted to CIT system H-band magnitude.
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We have estimated the masses of DoAR 25 b and PC by using two evolutionary

models for brown dwarfs, DUSTY model (dusty atmosphere; Chabrier et al., 2000) and

COND model (dust-free atmosphere; Baraffe et al., 2003). DUSTY model takes into

account the effects of scattering and absorption occurring by dust in atmosphere. On

the other hand, COND model neglects dust opacity since all grains are gravitationally

settled down bellow the photosphere with a very-low effective temperature Teff < 1300

K, such as T-dwarfs (e.g., Baraffe et al., 2003). The both models estimate the effective

temperatures higher than 1300K for DoAR 25 b and PC, thus we adopted DUSTY

model for our final decisions. The distance to the L1688 cloud has a range of estimates,

but is most likely between 120 pc and 145 pc (Wilking et al., 2008). As mentioned

above, DoAr 25 lies on the surface of the cloud, we adopted 123 ± 11 pc (The average

of three recent measurements; 131 ± 3 pc, 119 ± 6 pc, and 120+4.5
−4.2 pc; respectively

Loinard et al., 2008, Lombardi et al., 2008, Mamajek, 2008) as the distance to DoAr25.

Only 1-10 Myr assumption we can obtain consistent mass estimates for observed JHK

luminosities. Besides, for 100 Myr - 1 Gyr, we cannot obtain consistent results from

JHK luminosities. This supports a similar youth with central star DoAr 25 ( 1 Myr).

Consequently, from DUSTY model, we obtained 13+2
−8 MJup for DoAr 25 b with the age

of 1-10 Myr (See below). The properties of DoAR 25 PC strongly depend on its age

(1-100 Myr) and stellar extinction; 12∼39 MJup with AV =2.9 mag, 15-100 MJup with

AV =8.1 mag.

Luminosity-Age Diagram

DoAr 25 is a very young stellar object, and thus it is reasonable to assume that its

companion would share a similar age with the primary star. We estimated the ages of

DoAR 25 b and PC on the basis of DUSTY model. Figure 7.6, a luminosity-age diagram,

shows evolutionary tracks with JHK photometries in absolute magnitudes. If the age

and the distance are convincible, the estimated masses from the absolute luminosity on

each photometric band should be consistent with each other. Both of DoAR 25 b and

PC shows good agreements in younger evolutionary tracks. Considering large model

uncertainties in young age, we adopted 1-10 Myr and 1-100 Myr as the ages of DoAR

25 b and PC, respectively.

(H-Ks)-(J-H) and (J-K)-J Diagrams
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Figure 7.6: The luminosity-age diagrams of DoAr 25 b (right) and PC (left) based
on the evolutionary model. red : J-band, blue : H-band, purple : K-band. bold solid
line : 1 Myr, solid line : 10 Myr, broken line : 100 Myr, dotted line : 1 Gyr. filled :

dereddened with AV = 2.9, opened : dereddened with AV = 8.1.

Figure 7.7 shows the color-color and color-magnitude diagrams. For context, DUSTY

and COND evolutionary tracks and reference populations of dereddened young brown

dwarfs 2 3 and FW Tau b (will be discussed in Section 7.3.4) are also plotted.

On (H-Ks)-(J-H) diagram, DoAR 25 b falls in younger(< 1 Myr) and later sequence

than late-M type dwarfs of ρ Oph (blue pentagon), and roughly lies on the line of very

young dwarfs (.1 Myr). Especially, similar peculiar object FW Tau b (open green circle)

is close to DoAr 25 b with the extinction correction of AV = 2.9 mag. On the other

hand, DoAR 25 PC lies on the 1 Myr DUSTY track. On the (J-K)-J diagram, DoAr 25

b shows similar trend, younger, late, and close to FW Tau b at AV = 2.9 mag. Besides,

DoAr 25 PC lies on the 10 Myr DUSTY track.

7.3.3 Statistical Probabilities

Since many objects in star-forming regions share their proper motions, the co-moving

confirmation may be not enough to conclude that DA25 b is a gravitationally bounded

companion to DoAR 25 on the basis of co-moving only. Therefore, we carried out

additional confirmation to rule out chance of coincidence.

2Late-M and early-L dwarfs from ρ Oph (de Oliveira et al., 2012), late-M dwarfs from USco (Lodieu
et al., 2008), early-L dwarfs from ONC (Weights et al., 2009), and field dwarfs (McLean et al., 2003),
and references therein.

3de Oliveira et al. (2012) photometries are Ks-band, which is typically ∼0.1 mag less bright than
K-band for low-mass objects
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Using following procedure (based on description in Kuzuhara et al., 2011), we com-

puted the probability that isolated late-type dwarfs fall in a field-of-view of our obser-

vations. The ratio R = N(0.02 . M/M� . 0.08)/N(0.08 < M/M� . 10), meaning

the relative numbers of late-type dwarfs (later than M6) to normal YSOs in ρ Oph, was

estimated to be 0.20+0.04
−0.03 (de Oliveira et al., 2012), which agrees with general Rs of other

star-forming regions, Taurus(0.18 ± 0.04), IC348(0.12 ± 0.12) and Trapezium(0.26 ±
0.04) derived by (Luhman et al., 2007). The number of ordinary YSOs in L1688 was es-

timated to be 12 Class Is, 33 flat types, 100 class IIs, and 2 class IIIs by the Spitzer C2D

survey results (Evans et al., 2003, Padgett et al., 2008). Since the Spitzer is insensitive

to Class III objects, we adopted the abundance ratio of Class III/Class II ∼ 0.91 based

on X-ray survey combined with IR study of ρ Oph (Grosso et al., 2000). Thus, we can

estimate the number of late-type YSOs to be 44 in L1688 region (3600′′ × 4597.5′′), and

the probability that late-type dwarfs fall in a IRCS field of view around DoAR 25 (21′′ ×
21′′) by chance is less than 0.13%. Our observations detected two late-type dwarfs, and

the probability that both of them are chance alignment is even lower, ∼ 1.4 × 10−4%.

The next closest confirmed ρ Oph member to DoAR 25 is GY92 3 (M8; Alves de Oliveira

and Casali, 2008) 89 arcsec away from DoAR 25, and the above probability in this area

is ∼ 9.3%, which is close to general Rs in star-forming region.
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Therefore, comprehensively, we concluded that DoAr 25 b is a physically associated

companion to its primary star DoAr25. The true character of DoAr 25 PC is still in

debate, but it is clear that DoAr 25 PC is associated with DoAr 25, thus it is out of the

scope of this study.

7.3.4 Spectral Type of DoAr 25 b

From follow-up spectroscopic observations, we have found that DoAr 25 has weird spec-

tral continuum. Figures 7.8 and 7.9 show comparisons of DoAr 25 b’s spectra and

other known late-type dwarfs’ spectra. The J-band continuum is close to that of late-M

dwarfs, while H-band continuum is mostly weaken and no significant features expected

from a late-M or later dwarf. Although the smooth decreasing at H-band resembles

that of early-M, the luminosity of DoAr 25 b is too faint as that earlier type at this

distance (∼123 pc). This J-H spectral continuum of DoAr 25 b is somewhat irregular, it

is difficult to figure out the spectral type by typical comparative method. To ensure this

results, we verified our data procedure by applying the same procedure to the data of the

well-known late-type object KPNO-Tau 4 observed by same telescope and instrument.

As a result, we obtained a clear triangle shape in H-band continuum as expected from

a young M9 dwarf, hence, we concluded that the peculiar spectra of DoAr 25 b is an

intrinsic feature of the object, or at least, of the circumstellar environment.

Current feasible explanations for peculiar spectra are a brown dwarf or massive planet

with an edge-on disk, or with infrared veiling effect from a warm inner disk (e.g., FW Tau

b in Bowler et al., 2014, Kraus et al., 2014, 2015). An edge-on disk can cause the strong

extinction that make stellar luminosity decrease noticeably, and can make the color of

objects become redder than that of ordinary objects due to the additional emission from

the disk at longer wavelengths. Infrared veiling around young Class I object makes the

absorption weaker than expectation due to the stellar continuum is superimposed by

the components of warm-inner-disk continuum (Basri and Batalha, 1990, Batalha and

Basri, 1993, Hartigan et al., 1990). If the disk behaves like a blackbody of Teff.1000

K (e.g., Liu et al., 2003, Shu et al., 1994), the disk emission superimposing the stellar

emission would have the peak around K-band, and would have relatively weak emission

at J-band. Thus, we first conducted reduced χ2 fitting between dereddened J-band

spectra of DoAR 25 b, late-M YSOs in ρ Ophiuchi (from Muzic et al., 2012) and field

M dwarfs (from The IRTF Spectral Library) with the range of extinction level AV=0-12
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mag (Figure 7.10). The best fitting results are GY141 (M6.3) with AV=2 mag from

late-M YSOs, and Gl406 (M6) with AV=6 mag from field dwarfs.

Figure 7.11 shows comparison between dereddend DoAR 25 b spectra and the best-fit

reference spectra. In the case of the young brown dwarf GY141 (M6.3) with AV=2, the

H-band flux of DoAR 25 b is significantly higher then that of GY141. On the contrary,

in the case of the field brown dwarf Gl406 (M6) with AV=6 mag, the H-band flux of

DoAr 25 b is weaker then that of Gl406. As mentioned above, the blackbody emission

from the disk contribute to the flux of H-band where disk emission is more dominant.

Therefore, the spectra of DoAR 25 b is more reconciled with being a young late-M

(∼M6) brown dwarf than being a field brown dwarf, if there is an effect of the edge-on

disk.

The actual extinction value of the edge-on disk is unmeasurable at the moment, and

unknown stellar environments could influence on spectra since DoAR 25 b is located in

ongoing star forming region. The intrinsic spectral type of DoAR 25 b is still contro-

versial, edge-on disk and infrared veiling are the most conceivable scenarios for peculiar

spectra at the present.

7.3.5 Constraints On Inner-orbit Planets

In LOCI algorithm, a planet FWHM parameter must be decided for best subsection

dividing to prevent partial self-subtraction effect (See Section 7.2.3.2 and Lafrenière

et al., 2007). Typically, we start with FWHM of a central star for initial LOCI image,

then update it with FWHM of a detected point-like source to obtain best resultant

image. Unfortunately, no significant point source was confirmed in the initial LOCI

image (left panel of Figure 7.12). While not described here in detail, we had conducted

classical ADI analysis (See Chapter 7.2.3.1 and Marois et al., 2006), and had found a

point-like source around central star (right top panel of Figure 7.12). We measured and

used FWHM of this point-like source, conducted additional LOCI analysis (right panel

of Figure 7.12), consequently, no statistically significant signal was detected, including

point-like source seen in the resultant image of classical ADI analysis.

The HiCIAO result image using the LOCI algorithm has variable contrasts as a

function of separation from image center since partial self-subtraction effects in the

algorithm (See Figure 7.13a, b and Lafrenière et al., 2007). To constraint possible
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Figure 7.11: The spectra comparisons with the best fitting results, ρ Oph M6.3 with
AV =2 (top) and field M6 with AV =6 (bottom). The edge-on disk may be explainable

the H-band excess in top panel (See Section 7.3.4).

planet mass around the central star, we first calculated 5 sigma contrast and magnitude

as follow;

Contrast =
5σ × π(FWHM/2)2∫

S F∗dS
,

Magnitude =m∗ − 2.5log(Contrast).

(7.1)

Where F∗ is flux of the central star, S is radius over FWHM, and M∗ is magnitude

of the central star. After self-subtraction correction, we converted this to mass by using
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2 arcsec

250 AU

2 arcsec

250 AU

2.5 arcsec

313 AU

Figure 7.12: The resultant LOCI images. left: Using stellar FWHM (∼10 pixel) as
possible planet FWHM. right: Using point-like signal FWHM (∼5 pixel) as possible
planet FWHM parameter. top left panel shows the resultant image of classical ADI

method which planet-like signal was found (yellow arrow).

DUSTY model as the detectable companion mass limit. The result is shown in Figure

7.13c. We concluded that there is no planet with more massive than 10 MJup in the

vicinity of DoAr 25 and its disk(r = 2.5′′ ∼ 313 AU). On the region over 2.5′′ distance

from the central star, IRCS observations achieves the better detection limit ∼2MJup.

7.4 General Discussion

7.4.1 DoAr 25 b : a wide orbit PMC with peculiar NIR spectrum

From the multiple verifications, we concluded that DoAR 25 b is a planetary-mass

companion orbiting >1400 AU away from DoAr 25. Its peculiar NIR spectrum is an

unsolved problem at the moment, but its NIR colors resemble a extremely young and

late-type dwarfs, including the similar peculiar object FW Tau b. FW Tau b is also

wide orbit PMC (r∼ 330±30 AU; Kraus et al., 2014). If this peculiarity is a common or

more frequent feature of wide orbit PMCs, it could be one of the key clues to understand

their formation and evolution.

7.4.2 Non-disk-origin of wide orbit PMCs

The category of wide-orbit planetary-mass objects is growing rapidly, and DoAR 25 b

is one of the extremely separated and lightest objects in the category (See Figure 7.14
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Figure 7.13: (a1) and (a2) show partial self-subtraction effect in our LOCI analysis
with stellar FWHM and point like signal FWHM as possible planet FWHM parameter,
respectively, by implanted artificial point sources. (b) and (c) present self-subtraction
rates and detectable mass limit at 5σ, with using stellar FWHM (red) and point-like

source FWHM (purple) as possible planet FWHM parameter.

and Table 7.4). The formation mechanisms are poorly understood. There are trials to

explain the formation of wide-orbit planets with the gravitational instability model (e.g.,

Dodson-Robinson et al., 2009, Meru and Bate, 2010), but the origin of PMCs over 100

AU separations are still not well explained.

Planet formation is expected to make characteristic disk structures such as gaps,

spiral arms and holes (e.g., Follette et al., 2015, Hashimoto et al., 2011, 2012, 2015)

and the planet-scattering from the initial location within a disk also causes the disk

disrupting effect (Jilkova and Zwart, 2015, Raymond et al., 2012). Thus if DoAr 25 b

were originated from the protoplanetary disk associated with DoAr 25 and subsequently
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Figure 7.14: The separation-mass distributions of young wide orbit PMCs in Table
7.4. lower dashed line : the mass boundary between massive gas planets and low-mass
brown dwarfs, upper dashed line : the mass boundary between massive brown dwarfs

and normal stars.

Table 7.4: Masses and Separations of wide orbit PMCs around young primary stars
( < 10Myr).

Object Mass (MJup) Separation (AU) Reference

DoAr 25 b 13+2
−8 1433±130 (1) This Work

SR 12 C 13±7 1083±217 (2) Kuzuhara et al. (2011)

CT Cha B 25+45
−15 435±25 (3) Schmidt and Neuhäuser (2008)

DH Tau B 11+14
−3 333±33 (4) Itoh et al. (2005)

CHXR73 B 13+7
−6 212±13 (5) Luhman et al. (2006)

GQ Lup B 15+25
−5 102±37 (6) McElwain et al. (2007)

1RXSJ160089 B 8+5
−3 322±13 (7) Lafrenière et al. (2008)

FW Tau b 10±4 330±30 (8) Kraus et al. (2014)
ROXs 12 b 16±4 201±20 (9) Kraus et al. (2014)

ROXs 42B b 10±4 140±10 (10) Kraus et al. (2014)
HD 106906 b 13±2 ∼650 (11) Bailey et al. (2014)

GU Psc b 9-13 ∼2000 (12) Naud et al. (2014)



99

5 arcsec

E

N

Figure 7.15: DoAr 25 system; Protoplanetary disk and DoAr 25 b associated with
DoAr 25. Polarized intensity image of disk and LOCI image of DoAr 25 b are combined

in same scale and coordinate (HiCIAO at H-band).

migrated outward, the disk would be disrupted or would have complex structures. In

other words, a young cavity-less symmetric disk around DoAr 25 can be indicative of

the non-protoplanetary-disk origin of DoAr 25 b. If wide orbit PMCs such as DoAr

25 b have a non-disk-origin and their evolutionary process is different from ordinary

inner-orbit planets, the most plausible formation mechanism for wide-orbit PMCs is the

cloud core fragmentation model. The largest numerical simulations of star formation

with cloud core fragmentation, carried out by Bate (2009), Bate et al. (2003), show

that the extreme mass ratio system(1:<0.05) with wide separation(>1000 AU) can be

formed. This means that a very wide-orbit PMCs and ordinary near-orbit planets could

have different origins (disk-origin and non-disk-origin), and they must distinguished from

each other even though they have similar mass. The presence of non-disk-origin PMCs

at outside of the disk is also indicative of a wide expansion of our view on the scale of

a planetary system.

The number of currently known wide-orbit PMCs is only a few 10s, and their gen-

eral properties are still not well revealed. Furthermore precise and robust measurement

of masses of planetary-mass objects (PMOs) is very difficult at the present, because

many uncertainties exist in the evolutionary models for substellar objects. In order to

understand their detailed features, the statistically enough number of direct detections

of young wide-orbit PMC system and floating PMOs is necessary to compare with the
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theoretical predictions. Moreover, comprehensive observations on systems consisting of

young protoplanetary disk and wide orbit PMCs such as DoAr 25 system (See Figure

7.15) are required for tracing simultaneous evolution of various circumstellar compo-

nents.
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Chapter 8

Thesis Summary

In this thesis, I have attempted to reveal the diversity of protoplanetary systems in

two points of view; protoplanetary disk and planetary mass companions beyond the

disk, especially, disk structures and non-disk-origin planetary objects. The observational

results and discussions are provided in the previous chapters. In this chapter I wish

summarise previous parts and propose future works.

In Chapter 3-6, I conducted the morphologic studies on protoplanetary disks, from

full disk to transitional disk, on the basis of the results of high-resolution direct imaging

observations. Consequently, I suggested that the disk diversity is not showing a certain

phase in a common disk evolutionary path, but an individual clearing process by different

dynamical environments such as physical properties of planets in the disks. In Chapter 7,

I reported the discovery and the physical verification of DoAr 25 b, which is a possible

disk-host planetary mass object orbiting DoAr 25. Based on the results of imaging

observation on DoAr 25 disk from Chapter 3, I proposed that DoAr 25 b is not originated

from the protoplanetary disk around DoAr 25 even it has a planetary mass.

These results and discussions commonly suggest that it is necessary to expand our

traditional understanding on the planetary systems. Pre-transitional disks may be not

a former phase of transitional disks. Planetary objects around stars may have various

origins from protoplanetary disks to interstellar molecular clouds, and have more wider

orbital ranges, from < 1 au to > 1, 000 au. Planetary systems have more various

histories and more larger scales than our current understanding. To probe into the

actual scales and details of the planetary systems, a large number of samples of highly

resolved protoplanetary disks and high-contrast planet surveys are strongly required.

102
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Furthermore, disk radiation transfer models (e.g., HOCHUNK3D; Whitney et al., 2013)

also have to be conduct to understanding observed radiation features from the disks.

ALMA recently starts to provide the sub-mm interferometry imaging results of disks

in unprecedented high spatial resolution (ALMA Partnership et al., 2015) and opened the

advanced field of observational studies on protoplanetary disks. SCExAO, the Subaru

Coronagraphic Extreme Adaptive Optics, is expected to find out unseen planets around

young stars and to resolve the details of the disks in infrared wavelengths in future

ground based observations. The high resolution imaging diagnostics using infrared direct

imaging by Subaru Telescope with SCExAO and sub-mm interferometry by ALMA will

allow us trace various-size dust distribution in detail. With resolving the details of LkCa

15 and GM Aur disks, the verification of the presence of planets in disk cavities of LkCa

15 and GM Aur may provide essential hints for studying the disk-planet interaction.
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C Gräfe, S Wolf, V Roccatagliata, J Sauter, and S Ertel. Mid-infrared observations of the transitional
disks around dh tauri, dm tauri, and gm aurigae. Astronomy and Astrophysics, 533:A89, September
2011.

Thomas P Greene and Charles J Lada. Near-infrared spectra and the evolutionary status of young
stellar objects: Results of a 1.1-2.4 micron survey. Astronomical Journal v.112, 112:2184, November
1996.

Thomas P Greene, Bruce A Wilking, Philippe Andre, Erick T Young, and Charles J Lada. Further
mid-infrared study of the rho ophiuchi cloud young stellar population: Luminosities and masses of
pre-main-sequence stars. Astrophysical Journal, 434:614–626, October 1994.
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and J Woillez. The subaru coronagraphic extreme adaptive optics system: Enabling high-contrast
imaging on solar-system scales. Publications of the Astronomical Society of the Pacific, 127(955):
890–910, September 2015.

Paul Kalas, James R Graham, Eugene Chiang, Michael P Fitzgerald, Mark Clampin, Edwin S Kite, Karl
Stapelfeldt, Christian Marois, and John Krist. Optical images of an exosolar planet 25 light-years
from earth. Science, 322(5):1345–1348, November 2008.

M F Kessler, J A Steinz, M E Anderegg, J Clavel, G Drechsel, P Estaria, J Faelker, J R Riedinger,
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