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Abstract

About 4000 exoplanets have been discovered so far and among them about 200 are in
binary or multiple systems. It is also known that stars tend to form in binary or multiple
systems, which indicates that many planets would form in environments of binary or multiple
systems. Therefore, to understand planet formation, it is quite necessary to investigate planet
formation processes in binary systems.

Previous researches have made a big progress on planet formation in single star systems.
However, we still do not clearly understand the planet formation process in binary systems.
To understand this, we need to know the disk evolution process in binary systems. Some
theories of disk evolution process in binary systems have been developed in recent years, but
the observational evidence is still lacked due to the previous low spatial resolutions and low
contrasts of the instruments, especially for the disk evolution process in close (separation <
100 AU) binaries. To improve current theories, observational evidence is quite important.
Fortunately, as the development of high-contrast observation techniques, we can now observe
the protoplanetary disk structures in close binaries.

In this thesis, we aim at finding observational evidence of the disk evolution in young
binary systems by investigating the disk structures around them. To achieve this goal, we use
high-contrast imaging polarimetric observations in near-infrared wavelengths and investigate
the detailed disk structures around close binaries. We also used the Atacama Large Millimeter
Array (ALMA) high spatial resolution data at submillimeter wavelengths to complement the
near-infrared data.

We mainly investigated four young binaries. Firstly, we focused on the GG Tau A binary.
By performing non-masked polarimetry imaging with the High Contrast Instrument for
the Subaru Next Generation Adaptive Optics (HiCIAO) instrument mounted on the Subaru
Telescope, polarized scattered light from the inner region of the disk around the GG Tau
A system was successfully detected in the H-band (~1.6 um) with a spatial resolution of
approximately 0.07”, revealing the complicated inner disk structures around this young
binary. An arc-like structure to the north of GG Tau Ab and part of a circumstellar structure
that is noticeable around GG Tau Aa extending to approximately 28 AU from the primary

star is detected in the near-infrared band for the first time. The speckle noise around GG Tau



Ab constrains its disk radius to <13 AU. Based on the size of the circumbinary ring and the
circumstellar disk around GG Tau Aa, the semi-major axis of the binary’s orbit is likely to be
62 AU. A comparison of the present observations with previous ALMA and near-infrared H,
emission observations suggests that the north arc could be part of a large streamer flowing
from the circumbinary ring to sustain the circumstellar disks. According to the previous
studies, the circumstellar disk around GG Tau Aa has enough mass and can sustain itself for
a duration sufficient for planet formation; thus, this study indicates that planets can form
within close (separation < 100 AU) young binary systems.

Secondly, we observed the triple-star system T Tau. We conducted high-contrast polarime-
try observations in the direction of T Tau in the H-band, by using the HiICIAO instrument
mounted on the Subaru Telescope, revealing structures as near as 0.1” from the stars, T
Tau N and T Tau S. The whole T Tau system is discovered to be surrounded by nebula-like
envelopes, and there are several outflow-related structures detected in these envelopes. After
analyzing the detailed polarization patterns near each component of this triple young star
system, we suggest that the face-on circumstellar disk of T Tau N should not be larger than
0.8”,0or 117 AU. As for T Tau S, we suggest that it is surrounded by an inclined circumbinary
disk with a radius of about 44 AU which is quite misaligned with the binary orbit, and is
likely to trigger the famous E-W outflow, and a precessing southwest outflow. But we did
not detect any cavity in the disk around T Tau S, which may be due to that the gap opened in
a misaligned disk is smaller than a coplanar one, and it is hard to observe such a gap in such
an inclined disk. Our observations give a much more direct view of the disk structures in this
system than the previous researches; it could be quite helpful for the following researches.

Thirdly, we investigated the FS Tau A system. By analyzing the H-band image obtained
by HiCIAO as well as the archived CO 2-1 data obtained by ALMA, we found out that
the surrounding structures around FS Tau A can be classified as blue-shifted component 1
and red-shifted component 2. For component 1, we identify one structure representing a
56-AU nearly edge-on inner circumbinary disk which is quite misaligned with the binary
orbit, and a bar-like structure located at the southeast of the central stars. For component 2,
we identify a crescent-like structure in CO 2-1 image which is consistent with the structures
detected in near-infrared band, which may represent a ring or an arm. We notice that the
binary orbit, inner 56-AU circumbinary disk and the previous detected outer circumbinary
disk are misaligned with each other. For FS Tau A holds a low-eccentric orbit, it is hard to
explain this misalignment from the precession triggered by the binary. We also take a look at
H-band image of the binary system Coku Tau 4 obtained by Subaru/HiCIAQO, suggesting that
it may have a gap with radius about 23 AU in its 70-AU circumbinary disk.
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Based on the circumbinary disks we observed, as well as the results from other telescopes,
we made a brief analysis about the disk evolution in binary systems, mainly focusing
on gap opening and misalignment of circumbinary disks. We found out that current gap
opening and disk misalignment theory can explain most of the gaps and disk misalignment in
observed circumbinary disks. However, there still exist some circumbinary disks whose gap
size and misalignment cannot be explained well by the current theories, and this indicates
that improving circumbinary disk evolution is still necessary. Besides, although from our
observation results a detailed discussion about planet formation is hard, we can still suggest
that planet formation may be possible in the circumstellar disks around the stars in binary
systems and circumbinary disks, and the discovery of so many misaligned circumbinary disk
implies there should exists planet whose orbital plane is misaligned with the orbital plane of
its host binary.
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Chapter 1

Introduction

1.1 Planets and Their Formation in Binary Systems

1.1.1 Planets in Binary Systems

Extrasolar planets, or exoplanets for short, mean that planets located outside our Solar
System. Although y Cep Ab "Tadmor", an exoplanet in a binary system, was suggested in
1988 [18] (confirmed in 2003 [50]), the first confirmed discovery of exoplanet is in 1992:
Wolszczan and Frail [133] reported two exoplanets around PSR B1257+12 "Lich", a pulsar
locates about 710 pc from us [135]. The first confirmed exoplanet around a main sequence
star is 51 Peg b “Dimidium", a "hot-Jupiter" around the star 51 Peg [86]. Till now there have
been about 3700 confirmed exoplanet discoveries (http://www.openexoplanetcatalogue.com/,
retrieved on 2018/01/07).

Many exoplanets show different characteristics from the planets in our solar system. One
example is that some exoplanets are discovered in binary or multiple star systems. Despite y
Cep Ab, the first discovery of them is PSR B1620-26 (AB)b: it is an exoplanet first announced
in 1993, and confirmed in 2003, located in a pulsar-white dwarf system in the global cluster
M4 [124, 116]. The first confirmed exoplanets in main-sequence binary stars are T Bootis
Ab and 55 Cancri Ab "Galileo", discovered in 1997 [16]. Now there are about 185 planets
discovered in 133 binary or multiple star systems (http://www.openexoplanetcatalogue.com/,
retrieved on 2017/09/26). Roell et al. [111] suggested that at least 12% planet systems have
binary or multiple star hosts, by simply matching some exoplanet candidates discovered by
radial velocity and transit with online multiplicity catalog. In an earlier research, Raghavan
et al. [104] investigated the proper motions of 131 exoplanet candidates discovered by radial
velocity and concluded that about 23% planet-host stars are binary or multiple systems. And
Horch et al. [56] estimated that approximately 40-50% planet systems are binary or multiple
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systems, by using high-resolution imaging and statistical methods. In any case, there are
a lot of planets in binary or multiple systems, so it could be quite important to learn their
properties, like their orbits, habitability, and formation.

Now planets in binary systems can be classified into three types. S-type planets mean
that planets orbit around only one of the stars in the binary system, P-type planets mean that
planet orbits around the binary system. There is also one kind planets called Trojan planets,
or T-type planets, which means that planets locate at the Lagrangian points L4 or L5 of the
binary. Till now there are no discovery of T-type planets, so the discussion about planets in

binaries are mainly focused on S-type and P-type planets.

T-Type

Fig. 1.1 An illustration of S-type, P-type and T-type planets. Figure 1 in Schwarz et al. [115]

An additional star will obviously affect the planets’ orbit. One of the famous mechanisms

showing the planets affected by the stars is the Lidov-Kozai mechanism [71, 78]:

L,=+1—¢e%cosi (1.1)

here L, is a constant, indicating the specific z component of the planet’s angular momentum,
while e and i represent the eccentricity and inclination of the planets, respectively. This
mechanism will lead the planets in a binary system to change their orbits from a near-circular,
high-inclined one to an eccentric, low-inclined one. This will lead the periaston distances of
the orbits to become smaller. With some other mechanisms such as tidal dissipation it will

lead the gas giant planets to migrate inward and become hot Jupiters (e.g., Wu and Murray
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Table 1.1 An incomplete list of planets discovered in binary or multiple systems

Planet properties

Host star properties

Name Reference
My(My)  ap(AU) M;(Mo)  a;(AU) e

PSR B1620-26 (AB)b 2.5 23 1.35/0.34 0.775 0.025 [124, 6, 116]

y Cep Ab 1.6 2.14 0.12 140041 202 041 [50, 92]

7 Bootis Ab 5.95 0.048  0.023 1.35! 432 [16, 17, 15]

55 Cancri Ab 0.824  0.115 0.014  0.905°  1050* —  [16, 104, 42, 129]

Kepler-16(AB) b 0.333  0.7048 0.0069 0.69/0.20 0.224 0.159 [30]

M,,: planet mass in Jupiter mass; a,: semi-major axis of planet orbit; e,: eccentricity of planet orbit; M;: host stellar mass

in solar mass; a; semi-major axis of binary orbit; e;: eccentricity of binary orbit

I the mass of the primary star, the secondary star is a M2 target [14] and its mass is unknown;

2 The calculated projected separations of the binaries, based on Fabricius et al. [40], Butler et al. [17], Adelman-McCarthy

and et al. [1];

3 Only the mass of the primary star (55 Cancri A) is given, 55 Cancri B is a M4 star [104] and its mass is unknown;

4 The projected separation of the binaries;

[134]). If the planet reaches a critical inclination (Kozai angle, for circular binary orbit it is
given by i = arccos \/g ~ 39.2°), the orbit will oscillate around 90° or 270°.

Binarity is also believed to affect the habitability of the planets, because a companion
star will not only influence the orbits of planets, but also alter the habitable zone, whose
temperature is believed to be suitable for liquid water to exist. However, research like Eggl
et al. [38] has revealed that it is not so rare that a planet in binary system has a stable orbit
and is habitable. So it is still promising to find a habitable planet in binary systems.

Finally, binaries will significantly affect the planet formation and disk evolution processes.

A detailed discussion will be made in the next section.

1.1.2 Planet Formation in Binary Systems

Since we have discovered about 200 planets in binary or multiple systems by now, it is
necessary for astronomers to explain their formation. In addition, previous researches found
out that the binary fraction in young stars, e.g., T-Tauri stars, is significant higher than that
of the field stars [33]. This implies that planets in single stars may also be affected by a
companion star during their formation. Therefore, to understand planet formation processes,
it is quite important to investigate how the binaries affect planet formation and disk evolution
processes.

Some previous researches have shown that, for wide (separations >~100 AU) binaries,
planet formation is not so difficult and could be just the same as the planet formation around

single stars, but for close (separation <~100 AU) binary systems, planet formation could be
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Fig. 1.2 Binary fractions in different ages of stars. It can be seen that in young stars, like
Class I, T Tauri stars, binary fractions is significantly higher than field stars. Here blue
triangles stand for solar-type stars (~ 0.7 — 1.5M), red squares stand for low mass stars
(~0.1—-0.5M.) and orange diamonds stand for overall ranges of young stars (~ 0.1 —2M,)).
Gray symbols indicate results of individual surveys used in Duchéne and Kraus [33]. Black
dashed lines indicate the binary fractions of predicted behaviors of low-density associations
(top line) and dense clusters (bottom line). The hashed region indicates the predicted ranges
of binary fractions for stellar clusters in the embedded phases. Figure 5 in Duchéne and
Kraus [33]
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quite difficult, because the motion of the binary will make the disk dissipate quickly (e.g.,
Duchéne [31]). However, many planets in close binaries have been discovered, like y Cep
Ab and Kepler-16(AB) b [30]. These discoveries force astronomers to seek some theory to
explain their formation. Some theories include that the gravity due to the disk mass will help
reduce the orbital eccentricity excitation and velocities of the planetesimals so that they can
grow to planet size [102], and there exists non-turbulent midplane layer (dead zone) in the
disk where planets can form safely [46].

Obviously, to improve current planet formation theory in binary or multiple systems,
we need observation evidence, i.e., we need to observe the planet formation process using
telescopes. However, currently it is still very difficult to observe a forming planet, because
they are very far and faint. One capable way is to investigate the protoplanetary disks
where planets form. From how the binary systems alter the disk evolution process, we may
extrapolate the planet formation process in binary or multiple systems.

1.2 Disk Evolution in Binary Systems

Protoplanetary disks are pancake or ring-like structures often found around Young Stellar
Objects (YSOs), consisting of mainly gas and dust. They can be regarded as accretion disks
of YSOs, and are believed to be the birthplace of planets. Therefore, to learn the planet
formation process, it is quite important to learn the evolution process of protoplanetary disks.

Disk evolution is a quite complicated process, till now our understanding of it is still
quite limited. However, based on numerical simulations and observations, a typical evolution
process can still be summarized. A typical evolution of protoplanetary disk actually includes
many processes, like accretion, far ultraviolet (FUV) photoevaporation, and grain growth.
At the first stage massive flared disk (Figure 1.3a), the disk is full of gas and grains, and
the evaporation due to FUV photons and mass accretion onto the central star will cause the
disk to lose its mass. Then at the second stage settled disk (Figure 1.3b), grains begin to
settle in the midplane of the disk and grow larger and larger to become planetesimals, and
the decreasing of the scale height of the dust due to this process makes the disk flatter. As
the accretion rate decreases lower than the photoevaporation rate, the inner disk cannot get
enough supply from the outer disk. The FUV photoevaporation will starts to blow the gas
and dusts out from the most inner parts of the disk, making a central hole of radius about a
few AUs, then the disk generally enters its third stage photoevaporating disk (Figure 1.3c).
After that the inner disk edge will be exposed under the FUV and the gas and grains in the
disk will keep losing. When almost all the gas and small grains are blown out of the disk,
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the disk enters its final stage debris disk (Figure 1.3d), only large grains, planetesimals, and
planets, will be left.

Massive flared disk f Settled disk f

b

7\ a0 .....

Accretion

flow

Photoevaporating disk

C d Debris disk
° ° ° ° o o
@ @9l @ ® Q ® 0@-0:%0°00®0 ¢ .°
—>
\ Evaporation

flow

Fig. 1.3 An illustration of typical disk evolution process. The blue indicates the gas distri-
butions in the disk and the red dots indicate the dust size and distributions in the disk. a:
massive flared disk, the disk loses mass due to photoevaporation caused by the far ultraviolet
(FUV) light and accretion onto the central star; b: settled disk, grains start to growth and
settle down to the middle plane of the disk; c: photoevaproating disk, the accretion rate
decreases and gas is blown out by the extreme ultraviolet (EUV) light from the disk; d: debris
disk, all the gas is dissipated, only large grains, planetesimals and/or planets are left. Figure
6 in Williams and Cieza [131]

However, in binary and multiple systems, one or more additional companions will have
significant influence towards the disk. Compared to the typical disk evolution process in
single stars, previous theoretical researches have revealed that binary may affect the disk in
many ways.

The most obvious effect of the binary is that it will significant alter the appearance of the
disks around them. Firstly, they can open gaps in the circumbinary disk which will make
the disk structures in binary systems become 3 parts: a large circumbinary ring, with a inner
radius usually 2-3 times of the binary’s semi-major axis, around both stars, and a circumstellar
disk around each star, e.g., Artymowicz and Lubow [5] discussed a coplanar circumbinary
disk with different binary mass ratios and eccentricities, found that the binary will open a gap
with about 2-3 times of the binary semi-major axis, and the circumstellar disks around each
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star have radii about 0.2-0.4 times of the binary semi-major axis; secondly, the interaction
between the circumbinary disk and the binary will make the disk misaligned with the binary
orbit, e.g., Martin and Lubow [83] simulated a disk with initial inclination 60° and radius 2-5
times of the binary semi-major axis around an equal-mass binary with eccentricity 0.5 and
found out that the binary can trigger the disk to precess to polar-alignment, and Zanazzi and
Lai [136] used semi-analytic theory to study circumbinary disk with around eccentric binaries
implying that eccentric binaries are more possible to have highly misaligned circumbinary
disks; also, tidal forces from the binary will constrain the disk size, making the disk become
eccentric, e.g., Regdly et al. [108] simulated a circumstellar disk with initial radius 40 AU
and a companion with semi-major axis 40 AU under different parameters including binary
mass ratios and binary eccentricities, found out that the disk will become smaller and more
eccentric under the interactions with the companion star. In addition, since binaries will alter
the motion of the dusts and gas in the disks, it is foreseeable that the binary will affect the
grain growth process, and we can know this by investigating the dust size distributions in the
circumbinary disks. Finally, the disturbance to the motion of dusts and gas may also alter the
temperatures of the disks.

Previous observations have revealed some disks in binaries, like resolving the streaming
structures around the binary SR 24, a binary with separation about 800 AU, in near infrared
band [84], and the ~ 60 — 68° misaligned circumstellar disks around each star in HK Tau
system, a binary with separation about 386 AU (e.g., Jensen and Akeson [59]). These
researches are mainly focused on relatively wide binaries, i.e., binaries with separations
about hundreds of AU. There are also some researches focused on close binaries, like the
discovery of the famous circumbinary ring around GG Tau A, a binary with separation about
40 AU (e.g., Krist et al. [76]). However, for disk structures near the close binaries, previous
researches are quite limited. Previous researches ever showed that the peak of distribution of
physical separations for solar-type pre—main sequence binaries is expected to around 30 AU
in field stars (e.g., Duquennoy and Mayor [34], Raghavan et al. [105]). This indicates that
close binaries may be the majority of the binaries. Therefore, to learn disk evolution as well
as in binary systems, it is necessary to learn the disk structures in close binaries.

Considering the close binaries have separations about tens of AU, the disk structures, like
the circumstellar disk and the gap opened in the circumbinary disks, generally have sizes
about tens to hundreds of AU according to the simulation results by Artymowicz and Lubow
[5]. In this case, we expect spatial resolution near the diffraction limit (~ 0.”05 in H-band,
corresponding to 7 AU at 140 pc, which is the typical distance of young stellar objects, e.g.,
Kenyon et al. [64], and see Loinard et al. [80], Torres et al. [127, 128, 126]) of a 10-m class
telescope, and inner working angle 0.”1 (corresponding to 14 AU at 140 pc) to help reveal the
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Fig. 1.4 (a): one simulation showing the evolution of the disk surface density with a compan-
ion star at t = 0,50P, 150P,300P,450P,600P, showing how a companion star constrain the
disk size and make the disk become eccentric. The dashed white lines show the circular orbit
of the companion star, and the mass ratio of the binary in this simulation is 0.3. Figure 1 in
Regdly et al. [108]; (b): an simulation showing how a binary open gaps in the center of a
circumbinary disk, with mass ratio 0.3 and eccentricity 0.1. The four images, from top left to
bottom right, show the gaps after t = 0.5P, 3P, 10P,30P respectively, here P is the period of
the binary. Figure 9 in Artymowicz and Lubow [5].
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disk structures near the close binaries. Fortunately, with the development of high-spatial and
high-contrast resolution instruments, now it is possible to observe such small scale structures.
With the new Subaru Telescope instrument HiCIAO and AO 188, we can easily achieve a
spatial resolution about 0.”07 in H-band and inner working angle about 0.”1, this could be

enough for our study.

1.3 Motivation of this thesis

The motivation is to investigate the disk structures in close binary or multiple systems,
hoping to reveal how the binary affects the disk, then it will help understand the planet
formation process in binary systems in some future research.

Our research starts from GG Tau A. It is a typical young binary system with masses
similar to our Sun and has been studied a lot. It has a well-known circumbinary ring, but due
to the limitation of spatial resolution, previous researches did not discuss much about the
structures inside the circumbinary ring, and learning the structures near the binaries is crucial
for us to learn the planet formation process of S-type planet in close binaries, like ¥ Cep Ab.
Therefore, to learn planet formation process in binaries, GG Tau A is an ideal target.

The second target we choose is T Tau. It is the prototype of T Tauri star, and is a triple
system. Previous research suggested that the close binary T Tau S could hold a nearly edge-on
disk which is quite misaligned with its orbital plane from indirect method like analysis of
its extinction, but direct imaging of its disks lacks. So to understand disk misalignment in
binary systems, it is worth investigating.

The third target is FS Tau A. It is a low mass binary system with a total mass about
0.78M.,, and previous researches like Hioki et al. [53] suggested that the circumstellar disks
around the binaries could be misaligned with the outer circumbinary disk. So from it we
may be able to find out the clue about disk misalignment in binaries. And there is another
target: Coku Tau 4. Previous SED fitting results like D’ Alessio et al. [27] suggested that it
could have a central gap with a radius about 10 AU, but it lacks direct observation. Thus
investigating this target could help with understanding gap opening in binary systems.

Then, from these observation results we can compare with the theoretical predictions of
gap size and disk misalignment, to see if they can be explained well by current theories. This

can help to understand how disk evolution is affected by different masses of binaries.
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Fig. 1.5 Previous observations of disk in binary systems. (a): Near infrared Subaru/CIAO H-
band observations of the disk structure around the wide binary SR 24 (/eft), and corresponding
simulation (right), showing a binary with separation about 800 AU and surrounding disk and
stream structures. The dotted and dashed lines on the H-band and simulated image represent
the inner and outer Roche Lobes, and L1, L2, L3 represents the three Lagrangian points
in this binary system. Figure 1 in Mayama et al. [84]; (b): ALMA CO 3-2 emission line
observations of HK Tau, a binary with separation about 386 AU. The intensity map (left)
and velocity map (right) shows two misaligned circumstellar disks with misaligned angles
60-68°. Figure 1 in Jensen and Akeson [59].
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1.4 Observation Techniques

1.4.1 Adaptive Optics (AO)

Because protoplanetary disk host stars are quite far (about 140 pc) and faint, thus some
special techniques are needed to resolve the disk structures. For observation band we
choose the near-infrared band, because it is sensitive to young stars, and can give a high
spatial resolution. Our observations use the HiICIAO instrument mounted on the 8.2m Subaru
Telescope. Since planets and disks are very faint compared to their hosts star, some techniques
are needed to observe them.

One basic technique for high-contrast observations is called Adaptive Optics (AO). Since
we need to resolve the detailed structures in the disk to understand how the binary system
alters the disk, we need a high spatial resolution. However, for large ground-based telescopes
like Subaru Telescope, it is difficult to reach its theoretical spatial resolution because of the
atmosphere distortion of light. To help ground-based telescopes to reach their theoretical
spatial resolutions, the AO technology is developed.

In the AO system, firstly the telescope will observe a guide star. This guide star could be
a real star, or an artificial laser guide star. Then the light from this guide star will be received
by a wavefront sensor. Based on the signals got by the wavefront sensor, one computer will
calculate the atmosphere distortion, then controls a deformable mirror to change its shape
and to correct the distorted wavefront. After that, the atmosphere distortion will be largely

reduced and the telescope can reach its theoretical spatial resolution.

1.4.2 Polarimetry Differential Imaging (PDI)

Another basic technique used in disk imaging is called Polarimetry Differential Imaging
(PDI), which observes polarized light scattered by the dusts in the protoplanetary disk. The
light from the stars is not polarized, while the light scattered by the protoplanetary disks
is polarized. Therefore, by observing the polarized light we can easily resolve the disk
structures around the young stars. In addition, since the polarized light is scattered by the
aligned dusts in the disk, if we draw a vector map which shows the polarization position
angles, we will see the vectors on disk structures are generally centrosymmetric, this could
be helpful for us to distinguish the disk structures near the stars.

Polarization means that waves can oscillate more than one direction. It is the unique
property of the transverse waves, like the electromagnetic waves. For pure polarization
state, it can be classified as three types: linear polarization, circular polarization, elliptical

polarization.
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Fig. 1.6 left: an example of Adaptive Optics system. The light from telescope is split into two
beams by the beamsplitter, and one beam is received by the wavefront sensor. Based on the
signals from the wavefront sensor, the control system changes the shape of the deformable
adaptive mirror to correct the distorted wavefront. Source: http://lyot.org/img/AOfigure.gif;
right: the GG Tau A image before (top) and after (bottom) correction.
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Linear Circular Elliptical

Fig. 1.7 An illustration of different pure polarization types: left: linear polarization; middle:
circular polarization; right: elliptical polarization. Source: Wikimedia Commons

Light from the protoplanetary disks are considered as partially polarized, which means
that the light contains polarized part and non-polarized part. To describe partially polarized
light, we need to use Stokes parameters. Consider a transverse wave transferring along the

z-axis, the oscillations along the x-axis and y-axis, E, and Ey, should be like:

Ex(t) = Ex()cos(a)l‘ + (Pl)

(12)
E\(t) = Eyocos(@t + @)

Here Ey, E)o means the amplitudes of the oscillations along the x-axis and y-axis, @
means the angular frequency, and ¢ and ¢, means the phases of the oscillations along the

x-axis and y-axis, respectively. The Stokes parameters (I, Q,U,V) are defined as:

I=<E}>+<E}>
Q=<Ej>—<Ej> 13
U =< 2EEocos(Ap) > '

V=< 2Eony0sin(A(p) >
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Here:
Ap =2~ (1.4)

I is the intensity, Q stands for the difference of intensity between the x-axis and y-axis
linearly polarized light, U stands for the difference of intensity between the +45° and —45°
linear polarization, and V stands for the difference of intensity between left and right circular
polarization, "<>" here indicates that the value is time-averaged. \/Q? + U2+ V2 < I, where
the equality indicates the case of totally polarized light.

¥ ¥
.\'\Qﬁ- &Q/ [
¢ Q9 5
\ / -U +U
N #
+Q % +Q |y U-0
s ~
Py ~
s -Q N +U -U
/s ~
Sign of Q Sign of U
(a) (b}
\—I_V) lQ/ |
Counter-clockwise Rotation Clockwise Rotation
Left-handed Right-handed
Sign of V

(c)

Fig. 1.8 An illustration of Stokes parameters. (a) Stokes Q parameter, showing the difference
of intensity between the x-axis and y-axis linear polarization; (b) Stokes U parameter,
showing the difference of intensity between +45° and —45° linear polarization (c) Stokes V
parameter, showing the difference of intensity between left and right circular polarization
Source: Wikimedia Commons

Stokes parameters can describe all polarization patterns, including unpolarized, partially

polarized, totally polarized light, and can be calibrated by instruments. To calibrate the
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Stokes parameters, we need to use a polarimeter. A typical polarimeter consists of a retarder
and a polarizer.

reference retarder olarizer
direction P
. ] N
5N .-'f.// \ f'f// \\".I
[Ne, | [ Y detector
| | / | | |I .
| AT { ' d If—lf’“
e N ’ | transmission | \ /
b \ | \\ | axis
” /" fast axis \"x fﬁ
N/ N\ |/

Fig. 1.9 An illustration of Polarimeter. The light needs to pass a retarder and a polarizer to
reach a detector. Figure 1.9 in Degl’innocenti and Landolfi [28]

The signals passed a polarimeter will obey the following formula [28]:

D(e,B,6) = %[l—k (Qcos2oc+ Usin2a)cos2(p — «)

— (Qsin20 — Ucos2a)sin2(B — at)cosd (1.5)
+ Vsin2(B — a)sind]

here o@ means the angle between the fast axis of the retarder and the reference direction, 3
means the angle between the transmission axis of the polarizer and the reference direction,
and 0 is the phase retardance of the retarder.

Since the light scattered by the disk contains little circular polarization, we only need
to calibrate linear polarization, i.e., Stokes Q and U parameters. In this case, we just need
to use a half-wave plate (6 = 7) for the retarder. As for the polarizer, we use a Wollaston
prism. Wollaston prism consists of two orthogonal calcite prisms whose optical axes are
perpendicular with each other. In this case the incident light will be split into two beams,
the horizontal polarized "o" light and the vertical polarized "e" light, and we will see two
channels on the detector. This is the standard polarimetry differential imaging mode, or sPDI
mode. There is another PDI mode called quad-PDI mode, or gPDI mode. This mode uses a
double-Wollaston prism to split the light into four beams to help reduce the saturation radius.

When in PDI observations, the half wave plate will rotate to four different angles, i.e.,
a =0°,45°, 22.5°, 67.5°. And considering the properties of Wollaston prism, the light are

splitted into two beams of light whose oscillation directions are perpendicular, we can regard
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1~
\

Fig. 1.10 An illustration of Wollaston prism. It will split the light into o-light and e-light with
perpendicular polarization directions. Source: Wikimedia Commons

(a) sPDI (b) gPDI

Fig. 1.11 The field of view of PDI mode. (a): sPDI mode, consists of two 2048 x 1024-pixel
channels (about 20” x 10”); (b): qPDI mode, consists of four 512x512-pixel channels (about
479%4.9).
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Table 1.2 Stokes parameters in each channels during observations

o(°) 0 e 0-¢
0 ,(0+0) (-0 +0
45 ?(I—Q) %(HQ) -0
25 a+u) fag-v) +u
67.5 3(I-U) ;(I+U) -U

o-light as B = 0°, and e-light as B = 90°. Using the formula (1.5), we can calculate the
Stokes parameters for each channels when the half wave plate rotates to different angles
during the observation, as Table 1.2 shows.

From Table 1.2, we can see that by subtracting the e-light channel from o-light channel,
we can derive +Q, +U, —Q, and —U parameters. Then by using the formula Q = ((+Q) —
(—0))/2, U = ((+U) — (=U))/2, we can derive Stokes Q and Stokes U image, and the
difference between the two channels can also be eliminated. After that, we can derive the
polarized intensity (PI) image by PI = \/W .

The signal-noise ratio (SNR) of the Pl image can be calculated from Stokes Q and U
images. Since Pl = \/W, then the uncertainties Npy in PI image is:

oPI oPI \JO*NG +UN;
Npp = \/(ENQ)2 + (WNU)Z = 7l (1.6)

here Ny and Uy are the error/noise in Stokes Q and U images. Since Stokes Q and Stokes
U parameters generally follow a Poisson distribution, then the noise N = 4/|S|, here S| is

the absolute value of signal. Then equation (1.6) can be converted to:

3 3
Noy VIO +U| (1.7)

- PI

In polarimetry observations, anything with SNR below 4, i.e., 40 is suspicious.






Chapter 2

Near-Infrared Imaging Polarimetry of
Inner Region of GG Tau A Disk

Part of this chapter has been published as Yang, Y., Hashimoto J., Hayashi S., et al., 2017,
The Astronomical Journal, 152, 7.

2.1 Introduction

Many stars in our galaxy form binary or multiple systems. Duchéne and Kraus [33] noted
that for solar-type (0.7M—1.3M.)) main sequence stars, the multiple frequency can reach
44%. Furthermore, many planets have been found in binary or multiple systems such as 7
Bodtis Ab [16], Kepler-16 (AB) b [30], and ROXs 42Bb [23].

Roell et al. [111] estimated that at least 12% of planet-hosting stars may be binary or
multiple systems, whereas Raghavan et al. [104] estimated this value to be 23%, and Horch
et al. [56] very optimistically estimated that approximately 40—-50% planet-hosting stars are
binary stars. This begs the question of how planets form and evolve in binary or multiple
systems. In addition, the proportion of young stars in binary or multiple systems appears to
be two times higher that for solar-type field stars [33]. This may imply that stars tend to form
from binary or multiple systems. Furthermore, this indicates that even planets discovered
around single stars may have been affected by companion stars during their formation and
evolution. Therefore, to understand the early stages of the planet formation process, research
on planets and disks around binary or multiple systems is necessary.

Previous studies (e.g., Wang et al. [130]) have demonstrated that the efficiency of planet
formation in wide-separation (=100 AU) binaries is not very different from their single star

analogs. On the other hand, disks in smaller-separation binaries (<100 AU) may be too
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disturbed by the companion’s gravity and too short-lived to produce planets [31]. Despite
this fact, some planets have been discovered in close binaries. For example, S-type planets,
which are planets that orbit around one of the binary stars, have been found in binaries
with separations of approximately 20 AU (e.g., ¥ Cep Ab, Hatzes et al. [50]), and P-type
planets, which are planets that orbit around both binary stars, have been found in binaries
with separations of approximately 0.22 AU (e.g., Kepler-16 (AB)-b, Doyle et al. [30]). In a
census of a star formation region, Kraus et al. [74] determined that although approximately
2/3 of the close binaries with a separation of < 40 AU lose their disks within approximately
1 Myr, the remainder of approximately 1/3 of the disks appear to experience an evolutionary
timescale similar to that of disks around single stars; thus, planets may have opportunities to
form in binary systems. These results indicate that some mechanism may help planets form
in such close binaries. Some theories suggest that an additional star might have helped the
planet formation process, such as changing the orbit of a planet through the Kozai—Lidov
mechanism [71, 78], causing the protoplanetary disks to become eccentric by truncating them
(e.g., Regaly et al. [108]), or opening large gaps in circumbinary disks (e.g., Artymowicz
and Lubow [5]). Thus, the planet formation process around binaries could be quite different
from and more complicated than that around single stars. To obtain a better understanding of
this, it is necessary to investigate disk structures in binaries to determine how the disks in
binary systems evolve.

GG Tau is a well-known young multiple star system in the Taurus—Auriga molecular
cloud at a distance of approximately 140 pc from the Solar System [64, 80, 127, 128, 126].
This is a double binary system: GG Tau Aa/Ab and GG Tau Ba/Bb. GG Tau A is an eccentric
(e >~ 0.35, Beust and Dutrey [10]) T Tauri binary system with an age of approximately 2.3
Myr [96]. It consists of GG Tau Aa (0.73M) and GG Tau Ab (0.64M,)) with a separation of
approximately 0.25” (35 AU; Kraus and Hillenbrand [72]). In addition, Di Folco et al. [29]
reported that GG Tau Ab is a binary with a separation of approximately 0.03” (4.2 AU) and a
period of approximately 16 yr; thus, this system is actually a triple system, though it may
still be regarded as a binary system in observations with 0.07” resolution.

The GG Tau A system is noteworthy for its circumbinary ring, which was first discovered
by ground-based adaptive optics (AO) imaging [110] and has been observed many times in
various wavelengths, e.g., Guilloteau et al. [47] in the millimeter band, Krist et al. [75] in the
optical band, and Itoh et al. [58] in the NIR band. Millimeter and submillimeter observations
[47, 35] have shown that this ring rotates clockwise and the northern edge is nearest to us.
Additionally, a gap has been observed in the northwestern region of the ring; e.g., Silber et al.
[117] observed it in 1998 with the Near Infrared Camera and Multi-Object Spectrometer
installed on the Hubble Space Telescope (HST/NICMOS), and Kirist et al. [76] observed it in
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1997 with the Wide Field and Planetary Camera 2 installed on the Hubble Space Telescope
(HST/WFPC?2). This gap is believed to be a shadow cast by circumstellar materials [75, 58].

Several groups have investigated the disk structure inside the circumbinary ring of GG
Tau A. Piétu et al. [99] suggested the possible (20) existence of a streamer extending from
the northeastern edge of the outer ring to the inner disk based on the observations from the
IRAM Plateau de Bure interferometer in a 1.1 mm continuum band. Beck et al. [8] observed
the Hy v =1—0 S(1) emission around the stars using the Gemini North Telescope, arguing
that the strong emissions around the disk are likely caused not by X-ray excitation but by
shock waves due to an accretion flow in the disk. Dutrey et al. [35] detected a feature in
their observations of the gas in CO J=6-5 transition by the Atacama Large Millimeter Array
(ALMA) implying the presence of streamers and speculated that the streamer may feed
material from the outer region of the disk to a planet, sustaining planet formation. These
studies strongly indicate that the region inside the circumbinary disk may not have been
cleared yet, but they have not revealed the detailed structure of this region because of their
low spatial resolution. Investigating the details inside the circumbinary ring will be quite
helpful in improving our understanding of planet formation in this system; thus, it is very
important to observe this region around GG Tau A with a higher spatial resolution in the
NIR band. In the past studies, high-spatial-resolution NIR observations have helped to reveal
the structures around the binary system SR24 [84], and it is thus a promising method for
improving our understanding of disk structures.

This chapter discusses the successful observation of the detailed structures inside the
circumbinary ring around GG Tau A, which shows a "north arc" structure in the H-band that
is believed to be part of a streamer flowing from the circumbinary ring to GG Tau Ab. In
Section 2.2, the observation and data reduction processes are introduced. Section 2.3 presents
the observation results of GG Tau A. In Section 2.4, we compare the observations made in

this study with theory and previous observations. Conclusions are given in Section 2.5.

2.2 Observations and Data reduction

The presently reported observation of GG Tau A was performed on 8 January 2015
Hawaii Standard Time using the Subaru 8.2 m Telescope with the High Contrast Instrument
for the Subaru Next Generation Adaptive Optics (HiCIAO [122]) and the adaptive optics
(AO) instrument AO188 [51]. This observation was part of the survey program Strategic
Explorations of Exoplanets and Disks with Subaru (SEEDS), which began in 2009. This
observation employed the quad-polarized differential imaging (qPDI) mode, which uses a
double-Wollaston prism to split the light into four 512 x 512 channels on the detector with
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pixel scale of 9.50 mas/pixel. To help reduce the saturated radius, two of these four channels
each corresponded to o- and e-polarizations. During this observation, the AO system limited
the full width at half maximum of the stellar point spread function to 0.07”, which is close
to the diffraction limit of 0.04”. In a previous observation of GG Tau A by Itoh et al. [58]
in 2011, a mask with a 0.6” diameter was used to obscure structures near the stars. To help
reveal the inner region of the disk, no mask was used in the present observation. A half-wave
plate was used in the observation, and it was rotated among position angles of 0°, 22.5°,
45°, and 67.5° to measure the Stokes parameters. This cycle was repeated 15 times during
observation. Ultimately, 60 frames were collected, each with an exposure time of 5 s and 4
coadds. The total integration time was 20 minutes.

The data reduction process was completed using the Image Reduction and Analysis
Facility (IRAF) pipeline. Flat field was corrected, and stripes, bad pixels, and distortions
were removed. After these steps, the images were first cross-correlated in different channels.
The Stokes parameters +Q, +U, —Q, and —U were then obtained by subtracting the e-
images from the o-images. Next, these Stokes images were aligned, and the Q and U images
were constructed as Q = ((+Q) — (—0))/2,U = ((+U) — (=U)) /2. The Stokes I image, or
intensity image, was derived by averaging the sum of the o- and e- images in all frames. After
the instrumental polarization was corrected, a polarized intensity (PI) image was constructed
as PI = \/WQ2 . Because the PSF reference star was not obtained during the observation,
it was difficult to remove the PSF from the Stokes / image, which is actually a mixture of the
total intensity image of the disk and the much brighter PSF of the binary. Therefore, the total
intensity image as well as the polarization degree image (P image) of the disk could not be

derived, and the present discussion will be mainly based on the P/ image rather than the P

image.
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Fig. 2.1 (a) Stokes I image of GG Tau A, taken by Subaru/HiCIAO in H-band. Radial profile
(purple) and fitting results (green) for (b) GG Tau Aa and (c) GG Tau Ab. The profiles were
fit from 15 to 140 pixels so that only the PSF halo part was fitted. The large uncertainties at
approximately 30 pixels were caused by the other star and did not affect the fitting results.
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Even with the AO system, residual seeing error still remains after correction. This type of
residual called a PSF halo, distorts the final image and its polarization directions, as shown in
Figure 2.3 (a). Therefore removal of PSF halo is necessary. The general process of removing
the polarized halo which was not fully corrected by the AO system involves rebuilding the
polarized halos for Stokes Q and U images then subtracting them from the original images.
After that, the corrected image can be used to produce a halo-corrected polarized intensity
image.

To create an artificial PSF halo around the binary, the radial brightness profile of the two
stars must first be calibrated in the Stokes / image Figure 2.1 (a). The radial profiles of the
two stars can be derived using IRAF and Python scripts, and the luminosity L and radius r
are then fit by the function

L=Aexp(—r?/C?), 2.1)

where A, B, and C are fitting parameters. The radial profile and fitting results are shown in
Figure 2.1 (b) and (c). Considering that only the polarized halos require fitting, the profiles
are fit from 15 to 140 pixels to exclude the disturbances from the central Airy disk PSF.

Stokes Q Stokes U

Fig. 2.2 Generated PSF halos for (a) Stokes Q and (b) U images.

After A, B, and C have been determined for each halo, the observed brightness ratio of
the halo in the Stokes Q and U images must be compared to that of the Stokes / image to
help regenerate the polarized halos in the Stokes Q and U images. For every Stokes image,
photometry is conducted by first calibrating the flux with apertures of 15 and 140 pixels for
GG Tau Aa and Ab, respectively. Then subtracting the flux within 15 pixels from the flux
calibrated within 140 pixels for each star. Thus, the flux of the PSF halo can be obtained for

each star in all Stokes images. The ratio of the halo brightness in the Stokes Q and U images
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to that of the Stokes I image is then obtained. Based on the fitting and photometry results,
the polarized halo for each star can be regenerated in the Stokes Q and U images in the end.

For the case of a single star, the next step is to subtract the generated PSF halo from the
original Stokes Q and U images. However, in the case of a binary, an extra step is required to
combine the halos of the two companion stars in the Stokes Q and U images. Considering
that the halos are generated from the observation results, the PSF halo from the star itself and
the effect of the other star are both included in the fitted halos. That is why the two halos
cannot be combined by simply adding them together. Here, the maximum values of the two
halos were mixed, i.e., for the halo H, around GG Tau Aa and that H;, around GG Tau Ab,
the final combined halo would be H, = max(H,, H,). The combined halos for the Stokes
Q and U images are shown in Figure 2.2. After these combined halos have been obtained,
they are subtracted from each of the corresponding original Stokes images to obtain the
halo-corrected PI images (Figure 2.3 (b)). In Figure 2.3 (b), it can be seen that the vectors
are generally centrosymmetric rather than aligned in one direction, which demonstrates that

the vectors were corrected successfully using this method.
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Fig. 2.3 Vector map (a) before and (b) after PSF halo subtraction, showing the 2" x 2" area
of GG Tau A and its disk.
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2.3 Results

The PI image tracing the light scattered by the dust grains of GG Tau A is shown
in Figure 2.4, which provides a wide view of GG Tau A and its disk. The field of view
is 512 x 512 pixels, corresponding to approximately 4.9” x 4.9”. This image shows the
circumbinary ring, the two companion stars GG Tau Aa/Ab and some disk structures near
them. Polarimetry observation is a powerful method of revealing circumstellar disk structures
because it traces the polarized light scattered from the disks. The nonpolarized light from
the central stars is subtracted during data reduction. However, it should also be noted that a
lack of polarized light does not necessarily mean that there is no scattered light or scattering
structures (e.g., Perrin et al. [98]). For the present discussion, the part of the disk inside the
circumbinary ring is defined as the "inner region" of the circumbinary disk around GG Tau
A.

The separation between the two companion stars was derived as 0.27+0.01”, which
corresponds to 3841 AU'. The position angle (PA) of GG Tau Aa/Ab binary is 327 + 1°
(measured from north to east). The GG Tau Ab binary reported by Di Folco et al. [29] could
not be resolved.

In the PI image, the circumbinary ring looks asymmetric. There seem to be offsets among
the center of the outer edge ellipse, that of the inner edge ellipse, and the barycenter of the
binary. To estimate the basic parameters of the circumbinary ring, we developed a toy model.
In this model, we assumed the outer edge of the ring to be circular, the inclination 37°,
and the PA 277°, as in the previous observations. In addition, we attributed the barycenter
of the binary to be near one of the foci of the inner edge ellipse. The result is shown in
Figure 2.4 (b). It was determined that the inner edge can be generally fitted by an ellipse
with an eccentricity of approximately 0.2 and there are offsets among the center of the inner
edge ellipse, that of the outer edge ellipse, and the barycenter of the GG Tau A binary. The
center of the inner edge (yellow cross) is located approximately 15 pixels (0.14” or 20 AU)
to the south of the barycenter, which should be near one of the foci of the inner edge (yellow
star), and that of the outer ring (red cross) is approximately 25 pixels (0.24” or 33 AU) to
the south of the center of the inner edge. This reveals the asymmetric characteristics of the
circumbinary ring and that the binary is much closer to the north side of the circumbinary
ring.

In addition, some have suggested that the gap in the northwestern edge of the circumbinary

ring, which can also be seen in Figure 2.4(a) and (b) as darker areas, is a shadow cast by

IThe sizes in AU are calculated by assuming that GG Tau A lies at a distance of 140 pc from the Solar
System.
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Fig. 2.4 (a): Polarized intensity image (Pl image) of GG Tau A (512 x 512 pixels, correspond-
ing to 4.9” x 4.9”), taken by Subaru/HiCIAO in H-band. The rectangle-like structure around
the image is an artifact caused by the data reduction process. (b): Comparison between the
modeled circumbinary ring and the present observation. The inner and outer edges are shown
in yellow and red, respectively. The yellow and red crosses represent the centers of the inner
and outer edges, respectively. The yellow star represents one of the foci of the inner edge.
Based on the theory, the barycenter of the binary should be near this focus.
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some circumstellar materials [75, 58]. However, none of the inner disk structures discovered
in this study appear to be responsible for it, and thus the origin of this gap remains unknown.

Both stars in the P/ image are surrounded by bright nebula-like structures with radii
of approximately 0.14” (20.0 AU) and 0.10” (13 AU) for GG Tau Aa and GG Tau Ab,
respectively. These nebula-like structures look like circumstellar disks around each stars,
but they could also be dominated by speckles. To help distinguish between speckles and
real disk structures in the inner region, a vector map of the PI image was constructed. The
fact that some vectors show centrosymmetric characteristics surrounding the central stars
implies the presence of real disk structures. It is much more difficult to judge what the
noncentrosymmetric vectors imply at this stage; thus, we will leave discussions on such

vectors to the future study.
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Fig. 2.5 Polarization vector maps of GG Tau A near the central region for the PI image with
fields of view of (a) 4” x 4" and (b) 1” x 1” centered on GG Tau A. (b) is an enlarged view of
the area outlined by a red square in (a). The polarization angles 6, were calculated using the
formula 6, = 0.5tan"! (U /Q) in bins of (a) 7 and (b) 3 pixels, and only areas brighter than
15 analog-to-digital unit (ADU) counts are drawn. The two bridges described by Itoh et al.
[58] are barely observable in this image. In the bright nebular-like structure around GG Tau
Aa and Ab, the vectors are clearly not centrosymmetric, implying the presence of speckles.
The north arc structure to the north of GG Tau Ab and the structures to the northeast of GG
Tau Aa show centrosymmetric characteristics, representing possible real structures.

The vector maps centered on GG Tau Aa with sizes of 4” x 4” and 1” x 1” are shown in
Figures 2.5 (a) and (b), respectively, where the white bars show the polarization angles (PAs).
We calculated PAs 6, using the formula 6, = 0.5tan~! (U /Q) with binned data of 7 and 3
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pixels for Figures 2.5(a) and (b), respectively. The errors of the PAs were estimated from the
noise of the Stokes Q and U images. The typical error of the PAs was approximately 5° for
the circumbinary ring, and that for the inner region of the disk was approximately 3°. The
vectors in the bright nebula-like structures around both stars do not show centrosymmetric
characteristics, which may indicate that these bright nebular appearances are dominated by
speckles.

However, the vectors to the north of GG Tau Ab show a region with obvious centrosymme-
try, extending approximately 0.40” (56 AU) to the north of GG Tau Ab with a signal-to-noise
ratio (SNR) of larger than approximately 5o. The brightest part in this region could have
an SNR of approximately 11c. Here, the SNRs of the PI image were calculated from the
SNRs of the Stokes Q and U images. Therefore, this area shows a real structure that may
correspond to the north arc reported by Krist et al. [76]. We refer it hereafter as "the north
arc". Its inner side appears to be close to 0.10” from GG Tau Ab and to connect the two
"bridges" mentioned by Itoh et al. [58], which are barely noticeable in this image. The
eastern bridge has an SNR of approximately 40, indicating it may be real. On the other hand,
the western bridge has an SNR of only approximately 30; therefore, the detection of this
bridge remains uncertain. In the southern part of the inner disk, such obvious disk structures
were not observed. This overall feature suggests that the inner region may be asymmetric.

The vectors outside the bright structures in GG Tau Aa, especially vectors to the northeast
of the star, tend to be centrosymmetric, which indicates that part of the disk structures
around GG Tau Aa were captured in this image. The outermost boundary appears to extend
to approximately 0.20” (28 AU) in projection. This is slightly larger than but still in fair
agreement with the radius of approximately 20 AU previously reported for the circumstellar
disk of GG Tau Aa (e.g., 35). No such circumstellar structures are discernible in the present
image of GG Tau Ab. Based on the speckle radius of GG Tau Ab, the radius of the disk
structure around the GG Tau Ab1/Ab2 binary is constrained to < 13 AU.

The bright structure between the two stars indicated in Figure 2.5 appears to be connected,
but the vectors are not centrosymmetric. Considering the possible complexity of the polar-
ization pattern between two stars, it is still unclear whether this structure is real or simply
speckles. Observations in other bands could be helpful in improving our understanding of

this potential structure.
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2.4 Discussions

2.4.1 Binary Orbit

According to Beust and Dutrey [10], the semi-major axis (SMA) of the GG Tau A binary
could be either 32 or 62 AU. Strict fitting of the astrometric data yielded an SMA of 32
AU. However, a binary with such a small SMA could not open such a large gap in the
circumbinary disk. Another attempt taking into larger error bars of the astrometric data
gave SMA = 62 AU that could fit the size of the ring but had a significance of only 30.
They concluded that the disk and the binary were likely to be coplanar but the astrometric
data errors were underestimated. Kohler [66] noted that not only the underestimation of
astrometric data errors but also the misalignment of the binary orbit plane and disk could be
responsible for the discrepancy between the astrometric data and the ring size.

We compared present binary position with the observation performed by Beck et al. [8]
in late 2009, approximately five years prior to the observation considered in this study. The
PA was found to have changed by approximately 7° over that time. In the study by Beust and
Dutrey [10], both the 32- and 62-AU models have a PA rate of approximately 1.4°/yr, which
is consistent with the present results. However, in this case, the SMA of the binary could not
be constrained using only astrometry. Thus, the binary orbit was constrained using the disk
structure model. Pelupessy and Zwart [97] developed a formula relating the radius of the
density peak in the circumbinary disk to the SMA and eccentricity of the binary orbit:

Apeak = (32 + 2-86binary)abinary7 (2.2)

where epinqry and apinary are the eccentricity and SMA of the binary, respectively, and ap,qx
is the radius of the density peak in the disk.

First, we attempted to constrain the SMA from the surface brightness peak and the
density peak locations. For both a4 = 32 AU and ap;ye = 62 AU (with an eccentricity
of e = 0.35) the locations of the surface density peak are 130 and 260 AU, respectvitly, using
the equation by Pelupessy and Zwart [97]. Both numbers did not coincide with that of the
surface brightness peak at 180 AU. The surface brightness and surface density are likely to
peak at different radii because the former is sensitive primarily to the disk shape and less
sensitive to the density. Therefore we concluded that the surface density peak lies outside the
peak of the surface brightness since scattering is likely dominated by the material closest to
the inner cavity where the illumination comes directly from the stars. This favors the a = 62
AU solution for the binary SMA.
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The binary orbit could also affect the circumstellar disk around both stars. In the
simulation performed by Regély et al. [108], they determined that for ay;n.-, = 40 AU and
e = 0.3, the circumstellar disks around the companion stars should be approximately 13 AU.
It is expected that if ap;yqr-y = 62 AU, the disk radius should be larger than 13 AU, whereas if
Apinary = 32 AU, the disk radius is much smaller than 13 AU. In the simulation performed by
Nelson and Marzari [91], they demonstrated that a binary with ap;,,-, = 62 AU and e = 0.3
should have a circumstellar disk radius equal to 10 AU, whereas this radius is only 4 AU for
apinary = 32 AU. In the present observation, a possible disk structure was detected around
GG Tau Aa extending to a projected distance of approximately 28 AU, and Dutrey et al. [35]
noted that the circumstellar disk should have a radius on the order of approximately 20 AU.
Both of these results suggest that GG Tau Aa has a relatively large disk. Although it has not
been definitively determined whether the circumbinary ring and the binary are misaligned,
the results of the present study indicate that ay;u, = 62 AU is more likely than ap;yqr, = 32
AU.

In addition, based on the calculation results of Miranda and Lai [88], they suggested
that the gap size in a near coplanar circumbinary disk around an equal mass binary is about
2.1-3 times of the binary SMA, considering the gap size of GG Tau A’s disk is about 140
AU, the SMA of GG Tau A is about 46-67 AU. Also in the results of Miranda and Lai
[88], they suggested that the coplanar circumstellar disks an equal-mass binary are generally
0.2-0.4 times of the binary SMA, considering the disk around GG Tau Aa is about 28 AU,
corresponding to SMA 70-140 AU. If combining these two results, the SMA of GG Tau A is
around 70 AU, and with a small eccentricity (near zero). This result also suggest that 62 AU
is a more possible SMA of GG Tau A.

2.4.2 Structure in the Inner Region

The observations made in this study provided the first high-resolution image of the inner
region around GG Tau A. Generally, it appears to be asymmetric. An arc structure was
detected north of GG Tau Ab; however, no such large disk-related feature was detected in the
southern part. One would expect a binary comprising two stars with almost the same mass
have a symmetric disk structures. To better understand the structure in the inner region, we
compare the present observations with theory and previous observations, especially regarding
CO gas and dust continuum emissions.

Farris et al. [41] calculated the accretion of binary black holes in circular orbits. Because
the GG Tau A binary has a mass ratio g of approximately 0.88, its accretion would be similar
to the ¢ = 0.82 case shown in Figure 3 of Farris et al. [41]. This figure shows that the

streamers are asymmetric even though the binary orbit was circular in their simulation. They
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Fig. 2.6 (a): GG Tau A PI image (color scale) with ALMA CO 6-5 intensity image (white
contour) taken by Dutrey et al. [35] overplotted. Contours are 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 of
the peak intensity 3.07 Jy/beam. (b): Gemini North Telescope H, emissions taken by Beck
et al. [8] with our GG Tau A PI image overplotted (red contour). The contours represent 13,
28, 87, 324, 1267, 5020 ADU. Blue contours were the United Kingdom Infrared Telescope
K, band image obtained by Beck et al. [8], representing 0.1, 0.4 and 0.7 times of the peak
intensity.

concluded that the asymmetry may be caused by the eccentric shape of the inner edge of
a circumbinary disk driven by the binary tides, which lead to the different distances from
the circumbinary disk to the binary in different directions. Such asymmetric streamers have
also been described by Nelson and Marzari [91], who made simulation of the GG Tau A
binary in an orbit with an eccentricity of 0.3. Considering that the north arc appears to
connect the northern side of the ring and GG Tau Ab, the north arc may be part of a large
streamer extending from the circumbinary ring to the inner disk. As mentioned in Section 3,
the circumbinary ring is asymmetric, and the binary is much closer to the north; thus, the
streamer from the north is larger than that in the south.

In previous CO J=6-5 observations by Dutrey et al. [35] with ALMA , two asymmetric
CO cores were detected in the inner disk; implying possible interfaces of the streamers from
the outer ring to the circumstellar disks around both stars. For a detailed comparison, the CO
6-5 image is superimposed on the present PI image in Figure 2.6(a). The north arc coincides
with the position of the northern CO core observed by Dutrey et al. [35], suggesting that the
north arc observed in this study could be part of a streamer observed in the NIR band.

For an advanced investigation, we checked the CO 6-5 velocity map in detail. The
analysis of the CO 6-5 velocity field near the northern part of the CO 6-5 core of the inner
region performed by Dutrey et al. [35] revealed a large velocity dispersion of approximately
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2-2.5 km/s, which is larger than the predicted Keplerian rotation velocity dispersion of 1.2
km/s. This could be further evidence of the existence of the streamer.

We also compared the present observations with the H, emission observations by Beck
et al. [8], which revealed the temperature distribution in the inner disk. Figure 2.6(b) shows
a peak in the H, emission represented by the darkest region that partly coincides with the
north arc on its southern boundary, indicating a high temperature (approximately 2000 K)
in this location. Such high temperatures tend to be the result of shockwaves in the inner
disk, which are likely caused by inflows as suggested by Beck et al. [8], whereas the north
arc observed in this study is slightly north of the peak of the H, emission. The peak of the
hydrogen emission is located between the north arc and GG Tau Ab. One simple explanation
for this is that the north arc observed in scattered light does not have a very high temperature
and the temperature increases only when material begins to drop rapidly to GG Tau Ab.

The CO 6-5 core near the circumstellar disk around GG Tau Aa coincides with the
possible disk structure. In the CO J=3-2 map presented by Tang et al. [123], there is one
structure extending from GG Tau Aa; thus, part of this possible disk structure could also be
part of a streamer feeding the circumstellar disk around GG Tau Aa. This may explain why it
is slightly larger than the previously reported disk size. However, the CO 3-2 velocity map
does not show clear sign of the material falling into GG Tau Aa, and the velocity field near
GG Tau Aa from the CO 6-5 velocity map is too complex to draw a conclusion. Because
the resolutions of the CO maps obtained by Tang et al. [123] and Dutrey et al. [35] are
relatively low (approximately 0.3” and 0.25” for the CO 3-2 and 6-5 maps, respectively), a

higher-resolution observation may aid the further analysis of the velocity field in this disk.

2.4.3 Planet Formation

Based on the parameters given in Table 3 of Andrews et al. [3] and assuming a gas-to-
dust ratio of 100:1, the Toomre Q parameter at disk radius 235 AU is ~ 5. Thus the ring is
gravitationally stable, and a planet cannot form here through gravitational instability.

Previous CO (J=6-5, 3-2, and 2—-1) images show a hotspot on the southwestern edge
of the ring at a radius of approximately 250-260 AU that has a temperature of about 40 K,
which is 20 K higher than those in other locations at the same distance from the GG Tau A
binary [35, 123]. It has been suggested that this hotspot is a signature of a potential planet.
However, we see no corresponding structure in the present PI image. The lack of such a
structure could be due to a low degree of polarization. The mass of this CO hotspot reported
by Tang et al. [123] was only approximately 2Myj, thus it could be too faint to detect even in
a NIR intensity image.
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For the circumstellar disks around the binaries, if the mass of the outer disk (0.15M);
36) and the total accretion rate of both stars (5.1 x 1078 M, /yr; 8) are taken in account,
the circumbinary gas reservoir can sustain the inner disk for at least 3 Myr. Because some
planets with similar ages have been discovered so far, such as LkCa 15 b with an age of 2
Myr [73, 113], a duration of 3 Myr could be sufficient for a planet to form.

Radio continuum observations (e.g., Dutrey et al. [35] and Tang et al. [123]) have revealed
the presence of large dust structures in the circumstellar disk around GG Tau Aa. Minimum
disk mass estimate of GG Tau Aa is approximately 1Mj[35], which may not be enough for
the formation of a Jupiter-like planet but may be feasible to form a Neptune-like or terrestrial
mass planet [103].

The direct detection of the circumstellar disk around GG Tau Ab has not been reported
yet. Some studies such as that by Skemer et al. [118], and the presence of streamer to GG Tau
Ab, give indirect evidence of the presence of the circumstellar disk. Moreover, because GG
Tau Ab itself is a binary, D1 Folco et al. [29] has noted that a putative disk associated with
Ab would have been tidally truncated. As a result, the disk size around either GG Tau Abl or
ADb2 must be less than 1/3 of the binary separation of GG Tau Ab, which is approximately 4.2
AU, and its circumbinary disk radius can be no larger than 13 AU. Therefore, the environment

around GG Tau Ab binary may be hostile to planet formation.

2.5 Conclusion

Using Subaru/HiCIAO with the AO188 system, a high-spatial-resolution (0.07”) image of
the circumbinary disk around the GG Tau A binary was successfully obtained. In comparison
with previous observations, the present polarimetry observations provide a much more
detailed view of the disk structure inside the circumbinary ring. The present results indicate
that the circumbinary disk around the binary is asymmetric and the binary is much closer
to the northern edge of the ring than to the southern edge. By analyzing the sizes of the
ring’s inner edge and the circumstellar disk around GG Tau Aa, it was determined that the
large semi major axis solution of 62 AU for the binary orbit is more likely than the small
semi major axis solution of 32 AU. An arc structure north of GG Tau Ab called the north arc
in this paper and a possible circumstellar disk structure around GG Tau Aa were observed
inside the circumbinary ring. A comparison of the present observation results with previous
observations and theoretical calculations suggests that the north arc may be part of a large
streamer extending from the circumbinary ring to GG Tau Ab. Based on previous estimates
of the accretion rate and the outer disk mass, the streamer to the circumstellar disk around

each star may provide enough material for sub-Jovian planets to form in the disk around GG
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Tau Aa. Considering the circumstellar disk around each star, it seems that GG Tau Aa has a
better chance to form a Neptune-like or terrestrial planet than GG Tau Ab. This discovery
may help reveal one aspect of the formation process of planets located in close binaries such
as 7 Cep Ab, and it may be helpful in improving our understanding of the planet formation

process in binary star systems.



Chapter 3

A High-contrast Polarimetry
Observation of T Tau Circumstellar

Environment

3.1 Introduction

As a prototype of the large class of T Tauri pre-main sequence stars, T Tau has attracted
considerable attention from astronomers studying star and planet formation processes. It is
located about 146.7+0.6 pc from us [80] and has an age of about 1-2 Myr [65]. It is actually
a triple system, consisting of the north single star T Tau N and the south binary T Tau Sa/Sb.
T Tau N, which has a mass of about 1.95 M, [67], is believed to be a Class II young stellar
object (YSO) [45, 81]. T Tau S, located about 0.7” south from T Tau N, was first discovered
by Dyck et al. [37] and could be a Class I YSO [45, 81]. Koresko [68] discovered that T
Tau S is actually a binary Sa/Sb with a separation about 0.1”, with masses of 2.12+0.10
M, for Sa and 0.53+0.06 M, for Sb [67]. The orbit of T Tau Sa/Sb has a semi-major axis
of 12.5‘:8:2 AU and an eccentricity of 0.56‘:8:8;, while the orbit of T Tau N-S system is not
well constrained; it is likely to have a semi-major axis of 430328 AU and an eccentricity of
0.7702 [67].

Although T Tau has been studied extensively for a long time, there are still some important
issues needed to be resolved in this system. First issue is the circumstellar disk structures in
this system. Akeson et al. [2] in their 3-mm continuum observations, estimated that T Tau N
might have a nearly face-on disk with an outer radius of about 41 AU, but their beam-size
(0.759 x 0.”39) was not sufficient to reveal the details. Other researches, like Gustafsson et al.
[49] gave an estimation of 85-100 AU, corresponding to about 0.”6-0."7, based on a spectral
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energy distribution (SED) simulation, and [100] derived 110-AU size based on their CN 5-4
line observations. T Tau S binary has extinction (Ay = 15, Duchéne et al. [32]) much higher
than that of T Tau N (Ay = 1.95, Kenyon and Hartmann [65]). This difference is attributed to
a compact edge-on circumbinary disk around T Tau S [32], or the blockage of the light due
to the circumstellar disk around T Tau N [54, 9]. Besides the possible edge-on circumbinary
disk, T Tau Sa may be surrounded by an edge-on disk of radius 2-3 AU [32], and oriented
north—south, while the circumstellar disk around T Tau Sb may not be far from face-on, based
on the middle infrared interferometry observations and SED simulations [106]. So far, the
discussion of the disk structures in this system are mainly based on the indirect measurement,
therefore, a direct view of the disks in this system with sufficiently high resolution is crucial
in the understandings of the disk system.

Second is about the sources of its outflows. Several outflows have been reported in
previous observations of this system. Bohm and Solf [13] observed T Tau with a spectrograph
mounted on the 2.2-m telescope at the Calar Alto Observatory and reported the discovery
of an east—west outflow (hereafter, the E-W outflow) and a southeast—northwest outflow
(hereafter, the northwest outflow) from this system. But it is still under debate which stars
trigger which outflow. Some research, e.g., Bohm and Solf [13] and Gustafsson et al. [48],
attributed T Tau N to the E-W outflow and T Tau S to the northwest outflow, but Ratzka
et al. [106] claimed that T Tau S should be responsible for the E-W outflow. In addition,
Gustafsson et al. [48] suggested another southwest outflow coming from T Tau Sb based on
near infrared hydrogen emission observations. Kasper et al. [61] also detected a coil-like
structure extending to the southwest of the T Tau system in their multi-band near-infrared
high-contrast imaging study. This structure can be attributed to a precessing outflow, but it
is still unknown whether this originates from T Tau N or S. Identification of these outflow
features will be beneficial for learning the evolution of the stars in the multiple system.

Near infrared high-contrast polarimetry imaging is sensitive to the disk and envelope
structures around the young binaries, and can reach a spatial resolution smaller than 0.”1. Tt
has helped resolved some protoplanetary disks (e.g., Oh et al. [94]), and Murakawa [89] ever
simulated the polarized image of young stellar objects with bipolar outflow cavities, showing
that for edge-on disks with outflow cavities, the vectors near the disk plane tend to be aligned
with the disk. Therefore, through polarimetry imaging it is possible to detect the outflow
cavity structures from the directions of the vectors, and distinguish the disk and envelope.

In this paper, we will introduce the results of near infrared high contrast polarimetry
observations of the T Tau system. Section 3.2 presents the observations and data reduction

methods. In Section 3.3, the observation results are introduced. Section 3.4 contains
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discussions of circumstellar disks and outflows based on the observation results. In Section

3.5, a conclusion is made.

3.2 Observations and Data reductions

Observations of T Tau, part of the Strategic Explorations of Exoplanets and Disks
with Subaru (SEEDS) survey started in 2009, was conducted on January 8th 2015, Hawaii
Standard Time, using the High Contrast Instrument for the Subaru Next Generation Adaptive
Optics (HICIAO, Tamura et al. [122]) and the Adaptive Optics (AO) system AO188 [51]
mounted on the 8.2-m Subaru Telescope. This observation was in H-band, and the quad-
polarized differential imaging (qQPDI) mode was used in this observation. In this mode, a
double-Wollaston prism is used to split the incident light into four 512 x512-pixel channels,
corresponding to two o-polarization and two e-polarization channels. The detector has a
pixel scale of 9.50 mas pixel !, and the AO system helps to limit the full width at half
maximum (FWHM) of the stellar point-spread function (PSF) to 0.07”. To calibrate the
Stokes parameters, a half-wave plate was rotated among four angles: 0°, 45°, 22.5°, and
67.5°. Finally 36 frames, each with an exposure time of 5 seconds and four coadds, were
collected, corresponding to a total integration time of 12 minutes.

The data were reduced using the Image Reduction and Analysis Facility (IRAF) pipeline.
Generally the reduction steps include correction of stripes and the flat field, removal of
bad pixels and distortions, and generation of a polarized intensity (PI) image. To obtain
the PI image, the Stokes +Q, +U, —Q, and —U images were first obtained by subtracting
the e-images from the o-images, and then the formulas Q = ((+Q) — (—Q)/2 and U =
((+U)—(—U))/2 were used to construct the Stokes Q and Stokes U images. After correcting
the instrumental polarization, the PI image could be obtained from the Stokes Q and U images
using PI = \/W . Through this reduction process the unpolarized light from the stars
is removed, leaving only the polarized light from the circumstellar disk or envelopes. The
Stokes I image, or intensity image, which contains both polarized and unpolarized light, was

obtained by averaging the sum of the o- and e-images in all frames.

3.3 Results

The PI image of T Tau is in Figure 3.1, which shows an area of about 4.”9 x 4.”9 around
this triple star system. This is one of the highest resolution polarization images of T Tau
ever made and has revealed a number of new structures not previously reported before. All

three stars in this system, T Tau N and T Tau Sa/Sb, as well as the nebula-like structures



38 A High-contrast Polarimetry Observation of T Tau Circumstellar Environment

surrounding them, can be seen in this PI image. We measured the distance between T Tau Sa
and Sb to be about 0.10+0.”01, and their position angle to be about 342° + 1° (measured
from north to east). These results are consistent with those obtained on December 2014
and January 2015 by Kohler et al. [67], which indicated that the T Tau Sa/Sb system has a
separation of 0.11” and a position angle of about 345° in the Bry and Ks bands. T Tau N is
saturated within about 0.1”. Even though the accurate determination of the stellar position is
not straightforward, the circular shape of the saturation allows us to have reasonable estimate
of its central location with a 0.”01. Using the center of the saturated circle as the position of
T Tau N with a 0.01” uncertainty, the distance between T Tau N and Sa is estimated to be
0.68 £0.01”, consistent with the result of Kohler et al. [67] on December 2014 (0.69”) in
the Bry band.

Since the light scattered by the dust around the stars is polarized, while the light directly
from the stars is non-polarized, polarimetry observations readily resolve the circumstellar
disks and envelopes near the stars. There are several petal-like nebular structures that appear
to extend from the T Tau stars, nearly filling the whole field of view. The polarization vector
maps of this system are shown in Figure 3.2. The vectors show the polarization position
angles 6, which are calculated using the formula 6, = 0.5tan™!(U/Q). It can be seen that
the vectors overplotted on these structures are centrosymmetric around either T Tau Sa/Sb
or T Tau N, implying that they are real structures associated with these point sources. After
comparing them with the results of previous observations, these surrounding structures are
believed to be the inner part of the envelopes surrounding the triple system, as suggested by
Mayama et al. [85], as well as the circumstellar disk around T Tau N and the circumbinary
disk around T Tau S. A detailed discussion will be presented in Section 3.4.1.

There are some dark regions in the PI image, indicating these areas lack reflected polarized
light, but it does not necessarily mean that there are no scattered light or scattering structures
(e.g., Perrin et al. [98]). There is a clear large hole in the northwest with an opening angle of
about 40° from T Tau N. In a J-band T Tau image obtained by the Canada France Hawaii
Telescope (CFHT) [109]!, there is also a dark region located in the northwest of the nebular
structure, but considering this data is too old, we hope future observations can bring more
evidence about it. Also, in the eastern area there are two clear dark lines at position angles
of 50° and 100°, which have never been reported in any previous observations. There are
also dark regions in the southern and western areas, the south area is about 1.”8 from T Tau
N, while the western one is about 2.”2 from T Tau N. A comparison with the H-band image
by Mayama et al. [85], the southern and western boundaries of the nebular structures they

'A false color image is viewable at: http://www.cfht.hawaii.edu/Science/Astros/Imageofweek/ciw290500.html
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Fig. 3.1 a: Pl image of T Tau, taken by Subaru/HiCIAO in H-band; b: same as (a) but with
outflow-related structures labeled.
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Table 3.1 Comparison of outflow structures

This paper Herbst et al. [52] Gustafsson et al. [48] Kasper et al. [61]

N1 Cc4 la/b, 2 R1
N2 - - R2
N3 C3 3 R3
N4 Cl1,C2 5,6 R4

detected in H-band are about 2” from T Tau N, generally consistent with our results. This
suggest that these dark regions could represent the boundaries of the envelope.

In the nebular structures, especially the southwestern area, there are some complicated
structures shown in red. For clarification, they are labeled N1-N5 and “coil" in Figure 3.1
(b). To help understand what these structures are, we made detailed comparisons with
previous observations, including the multi-band (J, H, K, and several hydrogen emission
lines) observations in 2014 and 2015 using VLT/SPHERE-IRDIS, IRDIFS [61], the H, v =
1 —0 S(1) emission line observations performed in 2004 using VLT/SINFONI [48], and
the H, v =1—0 S(1) emission line observations using VLT/NACO with a Fabry—Perot
interferometer [52]. The comparisons are done by carefully overlapping their images on
our image, matching the positions of stars (for T Tau S, we use the barycenter of them
as reference) and scales, to see the differences of the structures. A brief summary of the
comparison results is given in Table 3.1.

In our PI image, the N1 structure is associated with T Tau S, and extending to about 0.”5
southeast from T Tau Sa. Its position is near the R1 structure reported by Kasper et al. [61],
the 1 and 2 structure reported by Gustafsson et al. [48], and the C4 structure reported by
Herbst et al. [52].

The position of the N2 structure appears to match the position of the R2 structure reported
by Kasper et al. [61], but in our H-band image it looks much shorter (about 0.”1) than the R2
in the J band image of Kasper et al. [61] (about 0.”25). N3 structure is about 0.”4 from T
Tau Sa, and has a length of about 0.”4. Its position also overlaps well with the position of the
R3 structure in the J-band data of Kasper et al. [61]. It is just about 0.”2 below structure 3
reported by Gustafsson et al. [48] and the C3 structure reported by Herbst et al. [52].

For the N4 structure, in our image it is more extended: its brightest part (shown in dashed
line) has a length of about 0.”5, and width of about 0.”2. This feature covers the positions of
the R4 structure reported by Kasper et al. [61], structures 5 and 6 reported by Gustafsson
et al. [48], the C1 and C2 structures reported by Herbst et al. [52], and the “N1" knot-like
structure (hereafter “knot") reported by Saucedo et al. [114] based on their HST/STIS Ly

observation. Also, it seems to be connected with N3, N5 and the coil in our image.
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N5 appears to start at T Tau N and extends to about 0.”4, or 59 AU and PA ~220°
from the star T Tau N. This structure does not have any counterparts reported in previous
observations, hence it is a newly detected structure. Although it looks like to be connected
with N4, the polarization vectors overplotted on N5 are centrosymmetric with respect to T
Tau N, while the vectors for N4 are centrosymmetric with respect to T Tau S. This implies
that N5 and N4 are illuminated by different sources, and could be different structures. Ray
et al. [107] suggested a structure T Tau R near T Tau N, and Csépény et al. [22] reported a
tentative object 144 milliarcseconds south of T Tau N. The position of N5 does not fit the
object reported by Csépany et al. [22]. If T Tau R is an object orbiting T Tau N, its position
angle should have changed from about 44° to about 240° over the past 22 years, considering
its location to be 0”.3 or 44 AU from T Tau N. As a result, N5 is also unlikely to be related to
T Tau R. In addition, the vectors overplotted on N5 surround only T Tau N, and thus another
luminous object near it can be excluded. Therefore, we conclude that N5 could be part of the
circumstellar disk around T Tau N.

The colil structure, first reported by Kasper et al. [61], is clearly seen in our PI image. Its
appearance is similar to the J-band structure observed by Kasper et al. [61]. In our image, it
looks like to connect with N4 structure, and extends to about 2.”1, or 294 AU, with position
angle about 230° from T Tau N. The T Tau NW structure, which was reported by Herbst
et al. [52] and could be related to the southeast-northwest outflow, is not found in our image.
After comparing the results of Kasper et al. [61], it is likely that this structure is just at the
northwestern edge of our field of view so that it cannot be seen in our image.

3.4 Discussions

3.4.1 Circumstellar Disks

In this section, we focus on the circumstellar disks in the T Tau system. Akeson et al. [2]
reported that T Tau N might have a nearly face-on disk with an outer radius of about 41 AU,
and previous SED fitting [49] and CN line observations (e.g., Podio et al. [100]) suggested
that it has a circumstellar disk of about 100 AU. The disk of this scale should be able to be
detected within the field view of our observation, although it is not easy to distinguish from
the envelope. For the structures around T Tau N, the structures close to 0.11” (16 AU) may
correspond to the previously reported circumstellar disks.

Considering the inner boundary of the “hole" to the northwest of T Tau N is about 0.”8,
or 117 AU, its circumstellar disk should not exceed it. However, for the south, from the

vector map in Figure 3.2 it can be seen that only the vectors with distances smaller than
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~0."27 or 40 AU are centrosymmetric with respect to T Tau N. As described in Section 3.3,
N4 and NS5 could be independent structures, and structure N5 could be related to T Tau N,
because the vectors on it is centrosymmetric with respect to T Tau N. Even if N5 is part of its
disk, its outer size will be only about 59 AU. It could be a little strange that the disk is such
asymmetric. One possible explanation is that the light from T Tau S and its surroundings
is strong enough to penetrate the disk around T Tau N, and T Tau N contributes part of the
extinctions of T Tau S.

In addition, considering the best orbital parameters derived by Kohler et al. [67], namely
that the N-S orbit has a semi-major axis of about 430 AU and an eccentricity about 0.7, its
periastron distance is about 130 AU. Regaly et al. [108] simulated a binary system with a
semi-major axis of 40 AU and an eccentricity of 0.5, and found that the circumprimary disk
around one of the stars is about 10 AU, just half of its orbit periastron distance. In this case,
a disk with about 117 AU seems too large for this periastron distance. The most possible
explanation is that the orbital parameter Kohler et al. [67] derived is still not accurate, like
the semi-major axis of T Tau N-S orbit is 4301“;28 AU and eccentricity of O.7f8:i, 430 AU
and 0.7 may not be the best solution, in this case the periastron distance will be at a range
of 18 (for semi-major axis 180 AU and eccentricity 0.9) to 854 AU (for semi-major axis
1220 AU and eccentricity 0.3), corresponding to possible disk size about 9-427 AU. Future
observations are still needed to constrain the orbit of T Tau N-S. While the projected distance
of T Tau N and S is about 0.”64, or 91 AU, and we expect that a periastron distance suitable
for the protoplanetary disk should be 2 times more larger than the disk size, thus the orbit
plane of T Tau N-S should be very inclined (> 60°) relative to the sky plane.

For T Tau S, some vectors in the southeast and northwest show centrosymmetric charac-
teristics, whereas others such as those in the northeast appear to be aligned in one direction
with position angles about 210° but still have some centrosymmetric characteristics, like
the white arrow in Figure 3.2 (b) shows. This aligned centrosymmetry is consistent with
the presence of a “polarization disk" (e.g., Tamura et al. [121], Murakawa [89]), and is
considered to be a result of multiple scattering in dense regions of the disk. The light is
scattered multiple times in the optically thick disk, but it is scattered less in the optically thin
region, like the bipolar outflow cavities. According to the simulation results of Murakawa
[89], the vectors near the disk plane seem to be aligned with the disk’s orientation, but the
vectors in other areas, such as the outflow cavities, will still be centrosymmetric, as the light
in those regions may only be scattered once. Considering that T Tau S itself is a Class I object,
this gives a reasonable explanation. Also, an optically thick inclined disk will cause a large
extinction, which is consistent with previous findings that T Tau S has a very large extinction.

The rough range of the “polarization disk" is consistent with the real disk size as Murakawa
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[89] suggested, so based on this we estimate that the disk should have a radius of about 0.3”,
or 44 AU. The actual inclination of this circumbinary disk is a little hard to estimate from just
the vector map, while from the simulation derived by Murakawa [89], the aligned vectors
near the disk plane first appeared in their result of H=0.3, ,,,=0.25um, 6;,,=60°, in which
they used a small maximum dust size 0,,,. Considering the actual maximum dust size in the
disk around T Tau S could be larger, in this case its inclination should also be larger to make
the vectors aligned with the disk. Therefore, it seems that its inclination should at least larger
than 60°. We hope future ALMA observation of the gas velocity around it could give a more
accurate result.

Considering that T Tau S is a binary with a semi-major axis of about 13 AU, as Kohler
et al. [67] suggested, it should open a central gap in the circumbinary disk. From the
simulation results of Artymowicz and Lubow [5] (Table 3 in their paper), a binary with mass
ratio of 3:7 and an orbital eccentricity of 0.7 should open a gap with a size about 3.1 times of
its semi-major axis. Therefore, for T Tau S whose mass ratio is about 1:4, the gap size is
estimated to be about 30—40 AU, which would not allow much space for the circumbinary
disk. While our observations shows that material surrounds the binary, there is no evidence of
gap clearance. It could be the case that this Class I object has not had enough time to clear its
surroundings or inflow has delayed its clearance. But it can be simply explained by the theory
that the gap opened in an inclined disk is smaller than a coplanar one (e.g., Miranda and
Lai [88]). We will make a discussion in Chapter 5. In addition, Kohler et al. [67] suggested
that the inclination of T Tau Sa-Sb orbit is about 20°, so it is nearly face-on, but this binary
system holds a nearly edge-on circumbinary disk, which means that the circumbinary disk is
largely misaligned with the binary’s orbit (at least 40°). This leaves the problem that how this
kind of circumbinary disk forms. Some research (e.g., Martin and Lubow [83]) suggested
that binary can truncate the disk, make the inner disk become misaligned with the outer disk.
This made us think that maybe T Tau S also did the same thing to its surroundings. However,
the simulation of Martin and Lubow [83] is focused on normal protoplanetary disks, i.e.,
Class II objects, it is still unknown that if this effect will happen on Class I object like T Tau
S. Future theory and simulation work may help solve this problem.

3.4.2 Outflow

In this section, we briefly analysis the structures associated with the outflows. As
mentioned in Section 3.4.1, N5 looks like to be part of the circumstellar disk around T Tau
N. The other structures, N1-N4, as well as the coil, could be related to the outflows in this

system. For the T Tau S system, as discussed in Section 3.4.1, it has a nearly edge-on disk
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Table 3.2 Summary of the outflows

Star Structure Outflow
T Tau S N1,N4 E-W

T Tau S N2,N3 South

T Tau S Coil Southwest

TTauN e.g., Herbstetal. [52] Northwest

oriented about 210°, and N1 and N4 just locate at its opposite sides. Therefore, N1 and N4
are likely to represent two opposite outflow cavities of T Tau S.

Based on the simulation results reported by Murakawa [89], the direction of the aligned
vectors should be generally perpendicular to the direction of the bipolar outflow cavity.
Therefore, from the vector map, we can estimate the position angles of the outflow cavities
as about 120° and 300°. Eisloffel and Mundt [39] derived the tangential velocity position
angle for HH 155, an object located ~30” west of T Tau and believed to be caused by the
E-W outflow, to be about 305°. Therefore, T Tau S is the most likely source responsible
for the E-W outflow. In addition, Kasper et al. [61] reported a “T Tau SE" structure in their
H, image pointing from T Tau S to southeast with position angle of 119° (Figure 8 in their
paper), even though the signal-to-noise ratio was too low to confirm its presence. We notice
that the position angle of T Tau SE is close to the position angle of the outflow cavities we
derived, so this structure could be related to the outflow from the binary and it could be
another evidence of our interpretation.

Gustafsson et al. [48] suggested that their structure 3 could represent a southwest outflow,
which we here refer to as a “south" outflow, to distinguish the southwest outflow correspond-
ing to the coil. Since our N2 and N3 structures are located near it, their connection to the
outflow is readily implied. For the coil, as Kasper et al. [61] suggested, it is likely to be
a precessing outflow, but its origin remains a mystery. There have been no reports about
this structure before Kasper et al. [61]. One possible related report was a “bow" structure
mentioned by Gustafsson et al. [48]. Since it is located in the envelope around T Tau S, we
suggest that the coil is more likely to be related to the T Tau S system. There are then three
outflows that could be related to T Tau S; however, up till now only two stars have been
detected in this system. A simple hypothesis is that there is yet another companion star that
has not been detected. Another possibility is that some structures, such as N2 and N3, are
not caused by the outflow but by an inflow. Future observations, especially high-resolution
spectroscopy observations, as well as the high resolution CO gas emission line observations
like ALMA, will help address this problem. In addition, the T Tau NW structure is possibly

located at the northwest edge of the field of view near the big hole, so we suggest that this
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hole is much likely to be caused by the northwest outflow. Since the polarization vectors for
the envelope structures near the hole are generally centrosymmetric with respect to T Tau N,
the remaining northwest outflow is likely to be related to T Tau N.

Fig. 3.3 Illustration of suggested T Tau surrounding structures. The three stars are believed
to be surrounded by envelopes (gray), and there are some possible outflows from this system
(blue). In addition, both the T Tau N and T Tau S systems may contain disks (light blue).

3.5 Conclusion

Using the HICIAO instrument mounted on the Subaru Telescope, we successfully resolved
nearby structures around the T Tau triple star system, and give new insights about the disks
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and outflows in this system. From the PI image, we found out that this triple system is
surrounded by petal-like envelopes, and some structures found in these envelopes could be
associated to outflows from the stars. Based on the vector map, we suggest that the disk of T
Tau N is no larger than 0.”8, or 117 AU in the north and east, and at least has size of about
0.”27 or 40 AU in the south, also a new structure N5 extends to about 59 AU from T Tau
N is discovered, and could be part of the disk around T Tau N. As for T Tau S, the vector
map implies that it holds a highly inclined disk with radius about 44 AU with position angle
about 30°. Considering the semi-major axis and eccentricity of T Tau Sa-Sb orbit, there
is not much room for the disk if the possible gap size of 30-40 AU is considered. It could
be explained that the gap opened in the inclined disk is smaller than a coplanar one, and
observing gap in an inclined disk like T Tau S could be hard.

We also try to find out the sources of previously discovered outflows. We believe
that T Tau S should trigger the famous E-W outflow, because it has a nearly north-south
circumbinary disk, and the outflow related structures N1 and N4 just locate at the opposite
places of it. Since the coil is found in the envelope around T Tau S, we suggest that it is more
likely to be triggered by T Tau S rather than T Tau N. The N2 and N3 structures look like to
represent an outflow extending to the south, but in this case there should be one more star
undetected in T Tau S system. Finally, since the existence of the large hole to the northwest
of T Tau N, we suggest that the SE-NW outflow could be related to it.






Chapter 4

Subaru/HiCIAO Observations of FS Tau
A and Coku Tau 4

4.1 Introduction

In Chapter 2 and Chapter 3, we have introduced two young binary systems with disk
structures. In this Chapter, we will briefly introduce two more binary targets observed in
SEEDS survey: FS Tau A and Coku Tau 4, both targets locates at about 140 pc from us in
the Taurus star formation region[64, 80, 127, 128, 126].

FS Tau is a young multiple T-Tauri star system with age about 2.8 Myr [96]. It consists
of FS Tau A and FS Tau B. FS Tau A is a binary system with total mass about 0.784+0.25M,,
semi-major axis about 0.275”, eccentricity 0.168 [120]. while FS Tau B, also called Haro
6-5B, is a single star and famous for its bipolar outflows which has been studied a lot(e.g.,
Liu et al. [79]). However, the research towards FS Tau A is still limited. Hioki et al. [53]
suggested that it has a large circumbinary disk extending to about 630 AU, and is inclined by
30° to 40° based on Subaru Telescope/CIAO observations, and the southeast side is likely to
be closer to us if the southeast side is brighter than the northwest side in the H-band due to
the forward scattering of dust. They also discovered two cavities with position angle 220°
to 250° and suggested that they could represent outflow cavities. This is inconsistent with
their circumbinary disk model, which indicates that the position angle of the circumbinary
disk is 105° to 135°, or 285° to 315°, so the outflow direction should be generally 195° to
225°. Therefore, they suggested that their circumstellar disks could be misaligned with the
circumbinary disk. As for the structures near the binaries, like the possible circumstellar
disks misaligned with the circumbinary disk, we still know little about it. With HICIAO
instrument mounted on Subaru Telescope, we are able to resolve structures close to ~0.”1
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from the star. So by executing observations with HiCIAO instrument, we may be able to
resolve these misaligned circumstellar disks for the first time.

Coku Tau 4 is a young binary system with age about 4 Myr [96]. Ireland and Kraus
[57] discovered that it is a binary system with projected separation about 8 AU. For its
circumbinary disk, our knowledge is still limited, only D’ Alessio et al. [27] and Nagel
et al. [90] suggested that it should have an inner hole ~10 AU based on spectrum and SED
modeling. Therefore, it is also a good target for near-infrared band observations.

In this chapter, we will show that based on Subaru/HiCIAO near-infrared data as well as
ALMA CO 2-1 data, we successfully revealed that FS Tau has a nearly face-on outer disk,
and a inclined inner disk. As for Coku Tau 4, our observations catch a dark structure in the

center of the disk, possibly representing a gap.

4.2 Observations and Data reduction

The H-band near infrared observations of FS Tau A was performed on Dec. 26th,
2011, using the the High Contrast Instrument for the Subaru Next Generation Adaptive
Optics (HiCIAO, Tamura et al. [122]) and the adaptive optics (AO) instrument AO188 [51]
mounted on the Subaru Telescope. This observation was part of the survey program Strategic
Explorations of Exoplanets and Disks with Subaru (SEEDS), which began in 2009. This
observation employed the standard-polarized differential imaging (sPDI) mode, which uses
a Wollaston prism to split the light into two 2048 x 1024 channels on the detector, each
corresponded to o- and e-polarizations, with pixel scale of 9.50 mas/pixel. The AO system
helped limit the full width at half maximum of the stellar point spread function to 0.07”,
which is close to the diffraction limit of 0.04”. A half-wave plate was used in the observation,
and it was rotated among position angles of 0°, 22.5°, 45°, and 67.5° to measure the Stokes
parameters. This cycle was repeated 13 times during observation. Finally 52 frames were
collected, each with an exposure time of 50s, making the total integration time about 43
minutes.

As for the Coku Tau 4 data, it was taken on Dec. 30th, 2011, with Subaru Telscope and
HiCIAO instrument. The observation consists of 20 cycles, 80 frames, each with an exposure
time of 20s. The total integration time was about 27 minutes.

The data reduction of FS Tau A and Coku Tau 4 data is similar with the reduction of GG
Tau A and T Tau S. Firstly we corrected flat field, then stripes, bad pixels, and distortions were
removed. After these steps, the images were first cross-correlated in different channels then
we derived the Stokes parameters +Q, +U, —Q, and —U by subtracting the e-images from the
o-images. In the next step, the Q and U images were constructed as Q = ((+0) — (—0Q))/2,
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U= ((+U)—(=U))/2. The Stokes I image, or intensity image, was derived by averaging
the sum of the o- and e- images in all frames. After the instrumental polarization was
corrected, a polarized intensity (PI) image can be constructed as PI = /U2 + Q2.

The CO 2-1 ALMA observation data of FS Tau is downloaded from ALMA data archive.
It was observed with ALMA Band 6 receiver (project "2013.1.00105.S"), on Sep. 19, 2015,
with 36 antennas. The beam size of it is about 0.”22x0.”16, with position angle about 26.24°.
Also the 1.3 mm continuum image was taken to show the position of the stars.

4.3 Results

From the stokes I image, Figure 4.1, we can see the star is a binary, although not resolved
well. The primary star looks much brighter than the secondary star. The separations between
them is estimated to be about 0.”28, or 40 AU, with a position angle about 120°. The
secondary star’s position angle looks consistent with the orbit derived by Tamazian et al.
[120].

For the Stokes PI image of FS Tau A in Figure 4.2a, the vectors on its vector map,
Figure 4.2b, the vectors near the central star are generally centrosymmetric, indicating real
structures. While some vectors near the central stars are aligned with one direction with
position angle about 60°, generally consistent with the position angles of the symmetric
dark regions. This could be a result of “polarization disk" suggested by Murakawa [89],
which indicates a highly inclined optically thick disk. However, it could also be a result of
uncorrected PSF halo like we have shown in Chapter 2. To clarify this we tried the PSF
halo correction process on this PI image, by creating an artificial PSF halo for Stokes Q
and U images based on Stokes / image, subtracting them from the original Stokes O and
Stokes U images, and generating PSF halo corrected PI image. The PI image and its vector
map after correction is shown in Figure 4.3, from the vector map Figure 4.3b we can see
that the vectors near the central star have become cenntrosymmetric. This indicates that the
aligned vectors are should be a result of PSF halo. The following analysis will be based on
the corrected PI image, e.g., Figure 4.3.

On the vector map, Figure 4.3b, the yellow vectors indicate the area where the signal
noise ratio (SNR) is larger than 4, suggesting that their signal is strong enough to be regarded
as a discovery in polarimetry observations. However, the 4-¢ area around FS Tau A is too
small, and there are still some structures can be seen in the right of the image, so we try to
lower the acceptable SNR to 30, and these area are shown in red vectors. From the vector
map, it can be seen that generally all the structures seen in the P/ image are covered with
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vectors, indicating that they generally have SNR larger than 3. While of course for the area
whose SNR is larger 3 but smaller than 4, other observation is still necessary for confirmation.

From the corrected Pl image of FS Tau A in Figure 4.3a, one structure in the east and
southeast extends to about 1.2, or 168 AU in 40 level, if we consider the 30 structures are
real, then it extends to about 1.”6, or 224 AU from the stars. One arm extends from the star
first to the north, to about 1.”6, or 226 AU, and then it seems to turn to the southwest of
FS Tau A, its end is at a distance of about 0.”8 or 112 AU from the central star. However,
its signal noise ratio is only about 3, so it remains doubt that if it is real. There is one dark
region on the northeast of the stars, with position angles about 30-60°. On the opposite side

there seems to be also one dark region between the southwest arm and the star.
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Fig. 4.1 Stokes I image of FS Tau A, taken by Subaru/HiCIAO in H-band.
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Fig. 4.2 (a): PI image of FS Tau A before PSF halo subtraction, taken by Subaru/HiCIAO
in H-band; (b): vector map of FS Tau A before PSF halo subtraction. The yellow vectors
indicate the area where signal noise ratio (SNR) o is larger than 4, while the red vectors
indicate the area where ¢ is larger than 3 but smaller than 4.
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Fig. 4.3 (a): PI image of FS Tau A after PSF halo subtraction, taken by Subaru/HiCIAO in
H-band; (b): vector map of FS Tau A after PSF halo subtraction. The yellow vectors indicate
the area where signal noise ratio (SNR) o is larger than 4, while the red vectors indicate the
area where o is larger than 3 but smaller than 4.
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In the channel map of FS Tau A CO 2-1 image shown in Figure 4.4, we can see that no
emission is detected in channel 6.27km/s, 6.90km/s and 7.54km/s, which may indicate that
two independent components are detected in ALMA CO 2-1 image. In this case, we integrate
these two independent components individually.

Component 1 is integrated from channel 1-8 (1.19-5.64 km/s), and its moment 0, 1 and
2 images are shown in Figure 4.5. In the moment 0 image, two obvious structures can be
seen. One structure which we label as structure A extends from the star to about 0.”4 or
56 AU with position angle about 10°, in the central part of this structure there is a velocity
dispersion of about 1.6 km/s. While another structure, a bar-like structure which we label as
structure B, locates at about 0.”5 or 70 AU from the star, it has two peaks in the moment 0
image, with separation about 0.”7 or 98 AU and position angle about 40°. In the moment 1
map, this “bar” has a nearly-same velocity about 5 km/s, and it seems to have two velocity
dispersion peaks in moment 2 map, just corresponding to the two peaks in moment O map.

As for component 2, it is integrated from channel 12-25 (8.17-16.43km/s) and its moment
0, 1, 2 images are shown in Figure 4.6. From the moment O intensity image and moment 1
velocity image, we can see that some structures extend to about 1”7 (140 AU) to the south
and southeast, and in the center there is clearly a bright “arm" extending from the star to
~0."25 (35 AU) with position angle ~110°, and there is also a secondary arm extending to
the north to about 1” (140 AU), and turning to southwest to about 1.”1 (154 AU) from the
turning point.

We also give the ALMA CO 2-1 images of FS Tau A with both component 1 and 2
included. These images are given in Figure 4.7. From the moment 1 image, we can see that
the structure B, the “bar” of component 1 coincides with the southeast structure of component
2, while for the structure A, its south part does not coincide with component 2 well while the
central part near the star seems to be consistent with some structures in component 2.

As for Coku Tau 4, our Subaru/HiCIAO observations show a inclined disk, with projected
semi-major axis 0.”5 (70 AU), and semi-minor axis 0.”3 (42 AU), shown in Figure 4.8. If
the disk is circular, its inclination is about 53°. These is a dark structure which can be seen
in the center of the disk, with projected radius about 0.”1 (14 AU) from the central star and
position angle -45°. If the circumbinary disk is generally circular, this dark structure has a
radius of about 23 AU.
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Fig. 4.4 ALMA CO 2-1 channel map of FS Tau A.
of the peak intensity 2.08 mJy/beam.
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Fig. 4.5 ALMA CO 2-1 component 1 images, corresponding to velocity 1.19-5.64 km/s. (a):
ALMA CO 2-1 moment 0 image of FS Tau A component 1; (b): ALMA moment 1 image of
FS Tau A component 1; (c) ALMA moment 2 image of FS Tau A component 1. The white
contour in moment 0 and 1 images is the continuum emission image showing the position of
the central stars, showing 0.2, 0.4, 0.6 and 0.8 of the peak intensity 2.08 mJy/beam.
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Fig. 4.6 ALMA CO 2-1 component 2 images, corresponding to velocity 8.17-16.43km/s.
(a): ALMA CO 2-1 moment 0 image of FS Tau A component 2; (b): ALMA moment 1
image of FS Tau A component 2; (¢) ALMA moment 2 image of FS Tau A component 2.
Contours represent ALMA 1.3 mm continuum image, showing 0.2, 0.4, 0.6 and 0.8 of the
peak intensity 2.08 mJy/beam.
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Fig. 4.7 ALMA CO 2-1 images of FS Tau A, including component 1 and component 2. (a):
ALMA CO 2-1 moment 0 image of FS Tau A; (b): ALMA moment 1 image of FS Tau A; (c)
ALMA moment 2 image of FS Tau A. Contours represent ALMA 1.3 mm continuum image,
showing 0.2, 0.4, 0.6 and 0.8 of the peak intensity 2.08 mJy/beam.
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Fig. 4.8 (a): PI image of Coku Tau 4, taken by Subaru/HiCIAO in H-band; (b)
of Coku Tau 4.
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4.4 Discussion

4.4.1 Component 1

To understand the structure A in Component 1, we draw a position-velocity (P-V) map
of FS Tau A’s central region for all the channels (Figure 4.9). The P-V map is drawn along
with position angle 10°, radius 0.”6 and width 1 pixel from the central stars. From the P-V
map, we can see that there exists two different velocity components: one is at the bottom
left of the P-V map, with average velocity about 4 km/s while the other is at the top right
of the map, with average velocity about 11 km/s. The 10 km/s component should belong to
component 2, but the two components seem to be symmetric respect to 7.5 km/s, which is
the general velocity of Taurus star formation region, so they could be related.

One possible reason causing these opposite velocities is the bipolar outflows from the
central stars. However, previous observations did not report any outflows of this system.
Woitas et al. [132] did not find any evidence of high-velocity jets from the stars in their
optical emission line observations, like [Sill] and Ha, and the possible outflow suggested
by Hioki et al. [53] is with position angle about 220-250°, which is inconsistent with our
observations.

Another possible explanation is the disk in the binary. Since the outer boundary of
structure A is about 0.”4 or 56 AU, while the semi-major axis of the binary is about 0.”258
or 36 AU, so if it is a disk, it should be a circumbinary one. Considering a Keplerian disk
with velocity 3.5 km/s at 0.”4 or 56 AU, the central stellar mass should be about 0.77M,
just consistent with the previous mass estimation 0.78+0.25M, by Tamazian et al. [120]. So
this explanation seems to be more reasonable and this disk should be a nearly edge-on one,
generally consistent with its appearance. However, we should point out that the possibility of
outflow cannot be totally excluded, and hope following observations from other bands can
bring better results to help make a judgement of this.

To distinguish the nearly edge-on circumbinary disk in ALMA CO 2-1 image from the
large circumbinary disk suggested by Hioki et al. [53], I name this circumbinary ring as
“inner circumbinary disk” of FS Tau A, while the circumbinary disk suggested by Hioki et al.
[53] is named as “outer circumbinary disk". Tamazian et al. [120] suggested that the binary
orbital plane of FS Tau A is about 19.7£5°, while this circumbinary disk around FS Tau A is
nearly edge-on, this indicates that its orbital plane is highly misaligned (~ 70°) with the inner
circumbinary disk. The outer circumbinary disk has an inclination about 30° to 40°, thus
the binary orbital plane is also misaligned with the outer circumbinary disk, and the inner
circumbinary disk is misaligned with the outer circumbinary disk. A detailed discussion of

this topic will be made in Chapter 5.
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Fig. 4.9 PV map of FS Tau A ALMA CO 2-1 image central region. The image is drawn
along a slit with position angle 10°, radius 0.”6 and width 1 pixel.
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For structure B, the “bar" structure to the southeast of FS Tau A, from Figure 4.10a we
can see that it is consistent with the southeast bright structure in H-band, but just from our
observations it is hard to tell what it is. It could be a hot region heated by accretion, and the
two peaks in this structure seen in moment 0 map may represent some embedded objects, to
confirm this firstly we need to know its temperature. Future observations of some special

emission lines, like observations from near infrared hydrogen emission line may be helpful.

4.4.2 Component 2

The velocity of component 2 is larger than ~7.5 km/s, in this case the structures of
component 2 are all “red-shifted". No “blue-shifted” structures with the same size as
component 2 are detected around FS Tau A in ALMA CO 2-1 image, or our near-infrared H-
band image. To understand what the structures of component 2 we detected in near-infrared
H-band and CO 2-1 emission image are, we make a comparison of CO 2-1 image and H-band
image, by overplotting the component 2 CO 2-1 image on H-band image. This image is
shown in Figure 4.10b.

From Figure 4.10b, we can see that, the southeast structures of component 2 are generally
consistent with the southeast structures in near-infrared band, and for the structures in the
north and northwest, the near-infrared data and CO 2-1 emission data are quite consistent.
This result indicates that the dust grains are generally couple with the gas.

Based on current observation data, it is still not easy to tell what component 2 is. But we
give some hypotheses here, and hope future observational and theoretical work can help solve
that. One hypothesis of these structures is that component 2 corresponds to a circumbinary
ring. while the velocity of component 2 is all red-shifted, not consistent with the systemic
velocity, this could be a little strange for a circumbinary ring. One possible explanation to
this is that the blue-shifted part of the ring is almost lost due to some mechanisms like the
interactions with the binary.

Another hypothesis is that, component 2, especially the arm in the northwest, is an arm
triggered by an undetected object. Because this undetected object interacts with component
2, it may influence the velocities of the materials in this arm, which may lead their velocities
different from the systematic velocity. However, we do not detect such a kind of object with
the similar distance of this arm from the star, previous observations also did not report any
objects at this distance. Some theoretical work needs to be done to give an estimation of the
orbit and mass of this possible object.

In addition, in the Subaru/HiCIAO as well as ALMA observation results, we do not
find out any structure that could be related to the outflow Hioki et al. [53] suggested, so the
outflow cavities they suggested could just be areas where dust surface density is low.
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Fig. 4.10 (a): FS Tau A PI image (color scale) with ALMA CO 2-1 component 1 image
(contour) overplotted. Contours are 0.5, 0.6, 0.7, 0.8, 0.9 of the peak intensity 0.149 Jy/beam;
(b): FS Tau A PI image (color scale) with ALMA CO 2-1 component 2 image (contour)
overplotted. Contours are 0.4, 0.5, 0.6, 0.7, 0.8 of the peak intensity 0.314 Jy/beam.
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4.4.3 Coku Tau 4

As for Coku Tau 4, the Subaru/HiCIAO H-band shows a dark structure in the center of
the circumbinary disk. If it is a gap structure, its real size could reach 23 AU, larger than the
previous SED fitting results. However, considering the binary has a separation about 8 AU, if
it is its semi-major axis, the gap size is not far from 3 times of its semi-major axis, which is
the usual gap size as Artymowicz and Lubow [5] suggested. However, it is still necessary
to point out that this gap could still be a result of backscattering light, like Perrin et al. [98]
shows.

4.5 Conclusion

Our Subaru/HiCIAO observations successfully resolved the disk structures near the young
binary FS Tau A and Coku Tau 4. For FS Tau A, we detect some structures extend to about
200 AU from the stars, and from the CO 2-1 emission image got by ALMA, we find out that
these structures can be divided into blue-shifted component 1 and red-shifted component
2. For component 1, we detect two structures A and B, and suggest that the structure A
could represent the blue-shifted part of a nearly edge-on inner circumbinary disk with size
about 0.”4 (56 AU) from the central binary. As for component 2, the structures in ALMA
CO 2-1 image are generally consistent with the structures detected in near-infrared band,
indicating that the gas and dusts are couple well. We suggest that component 2 could be a
circumbinary ring, or an arm triggered by an undetected object, however future observational
and theoretical works are needed to clarify this.

For Coku Tau 4, our near-infrared observation shows that it has a cirucmbinary disk with
size about 70 AU, and inclination about 53° if it is circular. There is also one dark structure
discovered in the center of the disk, with projected size 14 AU and position angle about -45°.
If it is a gap caused by the binary, its real size should be about 23 AU, which is significant
larger than the previous SED fitting results, but considering the separations of the binary, it is
still consistent with the predicted gap size in circumbinary disks.






Chapter 5
Overall Discussion

In this chapter, we will discuss the disk evolutions in binary/multiple systems based on
the appearance of the disks around binaries we have observed. We will mainly discuss the
disk gap opening and disk misalignment in circumbinary disks, and a brief interpretation of
the planet formation process in binary systems.

During the SEEDS survey, we have investigated 4 young binary/multiple stars with
disks: GG Tau A, T Tau, FS Tau A, and Coku Tau 4. For GG Tau A, our near-infrared
high-contrast observations show that its circumbinary ring has an inner edge of about 140 AU
and is asymmetric, mostly like to be truncated by the binary; and one streamer is discovered
connecting the circumbinary ring and the possible disk structure around GG Tau Ab, bringing
materials from the ring to the disk. For T Tau S binary system, our observations show that it
is surrounded by a nearly edge-on disk with radius about 44 AU, which is highly misaligned
(>40°) with its binary orbit. In our investigations of FS Tau A, we found that the component
1 in ALMA CO 2-1 image could represent a nearly edge-on circumbinary disk with size
about 0.”4, and highly misaligned (~ 70°) with the binary’s orbit. For Coku Tau 4, it has a
possible central gap structure with a size of about 23 AU. In summary, we find out gaps in
the circumbinary disk around GG Tau A and Coku Tau 4, and misaligned circumbinary disks
in T Tau S and FS Tau A. A summary of the observed binary parameters has been given in
Table 5.1.

5.1 Disk Gap Opening

In this section, we mainly discuss the gaps opened in the circumbinary disk, based on
HiCIAO observation results. According to the simulation like Artymowicz and Lubow [5],
the binaries open gaps in the circumbinary disks, it can be seen in GG Tau A, as well as in

Coku Tau 4. However, we do not see this kind of gaps in young binaries like T Tau S or FS
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Table 5.1 A summary of the binary/multiple systems with disks observed by Subaru/HiCIAO

Star M t, a e Te Ig ry Reference
T Tau S 2.12/0.53 1.2 125 0.56 ~39 — 44 [67, 96]
FS Tau A 0.78* 2.8 385 0.168 >80 — ~56 [120, 96]
Coku Tau4 0.6/0.5 4 ~8 unknown >14 ~23 - [57, 90, 96]
GG Tau A 0.73/0.64 2.7 62 <0.35 124-186 ~140 - [10, 96]

M;: stellar mass in solar mass; f,: age of binary in Myr, given by Palla and Stahler [96]; a, semi-major
axis of binary orbit in AU; e: eccentricity of binary orbit; r.: expected gap size in AU, estimated from
Artymowicz and Lubow [5]; 7, observed circumbinary disk gap size in AU, derived by this work; r;:
observed misaligned disk size in AU, derived by this work; M, a and e are given by Kohler et al. [67] (T
Tau S), Tamazian et al. [120] (FS Tau A), Ireland and Kraus [57], Nagel et al. [90] (Coku Tau 4), and Beust

and Dutrey [11] (GG Tau A)
*: total mass of this binary system;

Tau A. Instead, we see circumbinary disk highly misaligned with the binary’s orbit in T Tau
S, and FS Tau A system.

From these results, we wonder why we do not see gaps in T Tau S and FS Tau A systems.
To help analysis, we estimated the gap sizes which the four binaries should open based on
the simulation results of Artymowicz and Lubow [5].

For GG Tau A system, its mass ratio 4 = M/ (M, + Mj) is about 0.47, here M,, is the
mass of the secondary star, while M, is the mass of the primary star. From the simulation
results summarized in Table 3 of Artymowicz and Lubow [5], a binary system with u = 0.3
and e = 0.3 will open a gap with size about 2.72 times of their semi-major axis, and in their
table it can be seen that a higher p will lead to a larger gap size. Since the eccentricity of GG
Tau A binary orbit is smaller than 0.35, it seems reasonable to suggest that the tidal radius
of GG Tau A is about 3 times of their semi-major axis if its binary orbit has an eccentricity
of about 0.3. For small orbital eccentricity case, Artymowicz and Lubow [5] suggested that
for 4 = 0.3 and e = 0 the binary will open a gap about 1.8 times of the orbital semi-major
axis. Since GG Tau A’s mass parameter is larger, it should open a little larger gap. Therefore,
we suggest that if GG Tau A has a low eccentric orbit, its tidal radius should be around 2
times of the semi-major axis. In summary, the tidal radius of GG Tau A should be about 2-3
times of the binary orbital semi-major axis. In Chapter 2 we have suggested that 62 AU is a
more reasonable semi-major axis than 32 AU, so the expected gap size of GG Tau A is about
124-186 AU.

For T Tau S system, its mass ratio u is about 0.2 and eccentricity is about 0.6, so in this
case the expected gap size should also near 3 times of its semi-major axis, or 39 AU.

For FS Tau A system, we do not actually know the primary and secondary star masses,

but from the Stokes / image of FS Tau A it seems that the secondary star is much fainter than
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the primary star. So it is reasonable to suggest that the secondary star is much less massive
than the primary star. Its orbital eccentricity is about 0.168. In the case of mass ratio u = 0.1
and orbital eccentricity e = 0.1 in the simulation of Artymowicz and Lubow [5], it should
open a gap with size about 2.1 times of the orbital semi-major axis. So for FS Tau A, its
expected gap size should be at least larger than about 2.1 times, i.e., about 80 AU.

Finally, for Coku Tau 4 system, its mass ratio i is about 0.45, while orbital eccentricity
remains unknown. However, considering that in the case of g = 0.3 and e = 0 the binary can
open gaps about 1.8 times of the orbital semi-major axis, thus the gap size opened by Coku
Tau 4 should at least larger than 1.8 times, 1.e., about 14 AU.

Then, we compared the expected gap sizes with observation results. For GG Tau A, the
observed gap size is about 140 AU, consistent with the expected gap size we estimate. So it
shows that truncation from the binary could explain the formation of the gaps.

For Coku Tau 4, the observed dark structure has a projected size of about 14 AU from the
stars, if the disk has an inclination of ~ 53°, the real size of the dark structure is about 23
AU. If it is a gap opened by this binary, it is larger than the minimum expected gap size we
estimate. It is foreseeable that if this binary has an eccentric orbit, they will open larger gaps
to ~3 times of its semi-major axis. This gap radius is just about 3 times of the semi-major
axis, so this result is acceptable.

The problem is T Tau S and FS Tau A. Based on the expected gap sizes we estimate,
they should open gaps with sizes about 39 AU and 80 AU, which are observable with the
Subaru Telescope. However, we do not see any gap-like structures around them, while our
observations suggest that they hold inclined, nearly edge-on disks. For T Tau S, its expected
gap size is comparable with the observed disk size, while for FS Tau A, its expected gap
size is significantly larger than the observed disk size. This raises the problem that why the
circumbinary disk around T Tau S and FS Tau A could exist.

One possible explanation is that in misaligned circumbinary disks, the opened gap sizes
are smaller than coplanar circumbinary disks. The simulation of Artymowicz and Lubow
[5] is based on coplanar circumbinary disk. Miranda and Lai [88] discussed the opened
gap sizes in circumbinary disks with different inclinations based on the calculations of
Lindblad torques. In the work of Miranda and Lai [88], they has shown that for misaligned
circumbinary disks, the gaps binaries open are significantly smaller than coplanar disks. In
their calculation, Miranda and Lai [88] suggested that for a binary with mass ratio about
0.3 and misaligned inclination 45° and 90°, the cleared gap size is generally around 2-2.5
times of binary’s semi-major axis. Considering T Tau S systems is a binary with mass ratio
about 0.2, and misaligned inclination at least 40°, the opened gap size should be smaller

than 2-2.5 times of its semi-major axis, i1.e., 26-33.5 AU. This will bring much room for the
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circumbinary disk. In addition, it could be hard to observe cleared gaps in inclined disks
even in near-infrared band. For example, considering a 30-AU gap in a circumbinary disk
with inclination 60° relative to the sky plane, its projected “semi-minor axis" is 15 AU, quite
near the inner working angle (~14 AU) of HiCIAO, and the disk itself could have thickness,
which will make the gap harder to observe. This can explain why we do not see gaps in the
circumbinary disk of T Tau S.

As for FS Tau A, a gap size with twice of its semi-major axis is still too large for its inner
circumbinary disk to exist. However, Miranda and Lai [88] showed that for some special
cases, like mass ratio 0.1 and a disk with misaligned angle 90°, the opened gap size could
be as small as 1.3 times of binary’s semi-major axis when orbital eccentricity is around 0.2.
This result indicates that for highly-misaligned disk-binary systems, the opened gap size
could be extremely small under some special binary parameters. Considering FS Tau A has
an orbit with eccentricity about 0.168, and should be a low mass-ratio binary, the opened gap
size could just be about 1.3 times of its orbital semi-major axis, i.e., 50 AU, smaller than the
disk size I observed. And the inner circumbinary disk around FS Tau is generally edge-on,
so observing gap in the disk could be really hard.

Gap opening can be finished in a few binary orbital periods. Like the simulation result
shown in Figure 9 of Artymowicz and Lubow [5], a binary can open a gap with radius twice
of its semi-major axis in 30 orbital periods. As for T Tau S and FS Tau A, 30 orbital periods
are very short time (810 and 8100 year, respectively). In this case, it can be said that their
cirumbinary disks are born with gaps, so circumbinary disks with sizes comparable with 2-3
times of their semi-major axes, like the disks around T Tau S and FS Tau A, may be still
difficult to form. But considering the disk could have initial misalignment due to accretions,
it may be explained by assuming that these systems hold proper misaligned angles (even a
retrograde one, in this case it will be hard to open gaps in the disk [93]) at the very beginning,
then they evolve to current misaligned angles in a few Myrs. In summary, the circumbinary
disks of T Tau S and FS Tau A can exist, but to understand how they forms, theoretical and
observational works are still needed to be done in the future.

Similar gap structures are also observed in other binaries. One example is L1551 NE.
L1551 NE is a Class I object. This binary has a projected separation ~70 AU. In ALMA 0.9
mm dust-continuum image, this binary holds a misaligned (~ 12° and ~ 21° relative to the
circumstellar disks) circumbinary ring with radius about 300 AU [119]. The inner radius of
the circumbinary ring, or the gap radius, is about 140 AU, and the radii of circumstellar disks
around the binaries are about 20 AU. Considering the gap radii for misaligned angles 0° and
22.5° are nearly the same [88], the radii of the gap and the circumstellar disks in L1551 NE
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Fig. 5.1 (a): Figure 1 in Takakuwa et al. [119]. left: ALMA 0.9-mm continuum image of
L1551NE; middle: simulated ALMA observation image of L1551NE; right: theoretical
predicted image of L1551NE, based on the calculations of radiative transfer and 3D hydro-
dynamical model; (b): Figure 2 in Takakuwa et al. [119]. A simple fitting model of the
circumbinary disk around L1551NE.
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seem to be consistent with theoretical predictions, if the semi-major axis of this binary is
~70 AU. In any case, L1551 NE looks like a younger version of GG Tau A.

There is another gap discovered in the circumbinary disk around HD 142527A. The binary
HD 142527 A has a semi-major axis ~20 AU, and eccentricity about 0.5; its circumbinary
disk has a gap about 90 AU, and ~ 70° misaligned [7, 77]. Considering its disk is highly
misaligned with the binary orbital plane, and the secondary star is a low mass (0.13M,) star, it
is unexpected that its gap radius can reach about 4.5 times of the binary semi-major axis. Even
considering the uncertainties of the semi-major axis (14Of%0 milli-arcsecond, corresponding
to about 20ﬂ8 AU), the gap radius is still a little large. One possible explanation is that
the initial separation between the binary is larger than the current separation, and other
explanations include mechanisms like photo-evaporation, or one more (sub-) stellar object
in the gap can also contribute to its gap opening scenario. Anyway, future research is still

needed to understand the gap opening scenario like HD 142527A.

5.2 Disk Misalignment

In this section, we focus on the disk misalignment in young binary systems. Based on the
targets observed during SEEDS survey, at least T Tau S and FS Tau A hold circumbinary
disks misaligned with their binary orbital planes. For GG Tau A, Cazzoletti et al. [20]
suggested that the disk around GG Tau A could also be misaligned with an angle of about
30°, although our observations suggest that the gap size can be explained by a coplanar
binary orbit, and the simulation work of Nelson and Marzari [91] also suggest coplanar disk
and binary orbit could be possible. Future astrometric calibration is needed to clarify this.
For Coku Tau 4, till now no calibration about its binary orbital inclination has been made, we
hope some future work can help reveal it.

For circumbinary disk misalignment with the binary orbit, it is usually believed that for
very close (sub-AU) binaries, circumbinary disks tend to align the binary orbits, while for
binaries a little wider (e.g., tens of AUs), their circumbinary disks can be misaligned. Some
mechanisms have been suggested to explain the misalignment in binary systems. Accretion
from different directions can lead the evolution of the angular momentum of the circumbinary
disk and make the disk misaligned with the binary orbit, but the binary will usually drag the
disk to its orbital plane, resulting in small inclinations (< ~ 4°) within a few Myrs [43, 44].
The interactions between the disk and binary will cause the misalignment, and this kind of
mechanisms has been studied a lot and can explain large misaligned angles (e.g., Martin and
Lubow [83], Zanazzi and Lai [136]), while most of the simulations of these mechanisms

started with a relatively large initial misalignment (tens of degrees). Zanazzi and Lai [136]
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suggested that, to make a disk precess to a polar one rather than a coplanar one, the system

requires to reach a critical misaligned angle /., between the disk and binary orbital plane:
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In addition, a companion out of the circumbinary disk can also make the disk become
misaligned. Owen and Lai [95] suggested that the interactions between a circumstellar disk
and an outer companion can cause "precession resonance" to make the circumstellar disk
misaligned with the binary orbit. Their calculations show that this mechanism can start from
a very small misaligned angles, and can lead to large misalignment between the circumstellar
disk and the binary orbit. It is foreseeable that if there is one small object just outside of a
circumbinary disk, the same mechanism will be triggered. Therefore, it looks like to be a
promising mechanism.

As mentioned in the previous section, the sizes of the circumbinary disks around FS Tau
A and T Tau S are comparable with their expected gap sizes, i.e., 2-3 times of the binary
orbital semi-major axis. In the simulation work of Martin and Lubow [83], the radius of the
misaligned circumbinary disk is 2-5 times of the binary orbital semi-major axis. Therefore,
it is reasonable to doubt that interaction between the circumbinary disk and the binary is
responsible for the misalignment. It is believed that disk-binary interaction will make the
disk precess, then the disk will become misaligned with the binary orbital plane. In details, T
Tau S has an eccentric orbit (e ~ 0.56), and its circumbinary disk is at least 40° misaligned
with the binary orbit, this result is consistent with the expectation that eccentric close binary
can have misaligned circumbinary disk. The disk-binary interaction suggested by Martin and
Lubow [83] and Zanazzi and Lai [136] is likely to be responsible for its misalignment. Of
course one initial misaligned angle (33°) is necessary to make the disk become misaligned,
which could be caused by the accretion when the disk is formed.

For FS Tau A, its orbital eccentricity is relatively low (0.168). As Zanazzi and Lai
[136] suggested, the critical inclination of an eccentricity 0.168 orbit can reach to about 69°.
However, the observations of us and Hioki et al. [5S3] suggest that it has an outer circumbinary
disk with misaligned angle ~ 10°, and an inner circumbinary disk with misaligned angle
~ 70°. It seems hard to explain the misalignment just from the disk-binary interactions.
For the misalignment of the outer circumbinary disk, maybe the disk has an initial angle
tens of degrees, and the binary still needs time to drag it to be coplanar, but for the inner
circumbinary disk, neither initial misaligned angle nor the precession triggered by the binary

can explain well about its misaligned angle. So it could have other mechanisms, like a



74 Overall Discussion

planetary mass object just outside of the inner circumbinary disk, to make the disk become
misaligned.

Considering that four targets is still a small number, to have a better understanding
of circumbinary disk evolution, more targets are necessary. In this case, we check other
observations of binaries and their circumbinary disks. For my PhD study focuses on the disk
evolution in close binary systems, i.e., binaries with separations smaller than ~100 AU, so
this time we just investigate young close binary systems.

The first kind of binaries we investigate is very close binaries. This kind of binaries
have very short orbital periods, typically only a few days, which indicates that their orbital
semi-major axes are quite small. Now protoplanetary disks have been found around some
very close binaries like, DQ Tau, UZ Tau E, AK Sco and V4046 Sgr.

DQ Tau is a very close binary with orbital period only about 15.8 days. Czekala et al.
[25] showed that it has a circumbinary disk about 100 AU, and the angle between its binary
orbital plane and its disk is smaller than 3°.

UZ Tau E is also a very close binary with orbital period about 19 days. Prato et al. [101]
found out that its orbit has an inclination of about 59.8°, consistent with its surrounding
circumbinary disk.

AK Sco has a orbital period about 13.6 days. Czekala et al. [24] showed that its orbital
plane is coplanar (< 2°) with its circumbinary disk observed by ALMA.

The orbital period of V4046 Sgr is only 2.4 days. Rosenfeld et al. [112] showed that its
orbital plane is well consistent (< 1°) with its circumbinary disk observed by SMA.

From these results, we can see that, for very close binaries, like DQ Tau, UZ Tau E, AK
Sco, V4046 Sgr, whose orbital periods are only a few days, their circumbinary disks seem
to be general coplanar with their orbital planes. Although no observational reports about
the gap structures they opened, it is foreseeable that the gaps they open, or the misaligned
disk they truncated, if exist, are too small to be observed, because they all have very short
semi-major axes. Their disk plane are generally coplanar with their orbital plane, and the
small misaligned angle can be explained by the accretion mechanism suggested by Foucart
and Lai [43, 44].

The binary system KH 15D has a stellar mass 1.3M, orbital period about (48 days),
corresponding to semi-major axis about 0.28 AU and orbital eccentricity 0.68-0.8 [60]. Its
circumbinary disk has a mean radius about 3 AU and misaligned about 10-20° [21, 19].
Considering that it has a very eccentric orbit, its critical inclination could be very small, thus
disk-binary interaction can still make its circumbinary disk misaligned. And it could be an
evidence of why we did not see disk misalignment in very close binaries like DQ Tau; it is

Jjust because that they are too far for their truncated, misaligned inner disk to be observed.
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There is one possible exception, TWA 3A. TWA 3 is a triple star system, consists of a
very close binary TWA 3A, and a single star TWA 3B, locates at about 34 =4 pc from us
[82]. The orbit of TWA 3A has an orbital period about 35 days with eccentricity about 0.63,
its semi-major axis is estimated to be ~0.19 AU [62]. while TWA 3B is located at a projected
separation about 1.”55 [125], or ~50 AU from TWA 3A. Andrews et al. [4] suggested that
its circumbinary disk has an inner radius at ~1 AU, and outer radius of 15-25 AU. Kellogg
et al. [62] suggested that its disk plane is misaligned with either TWA 3A orbital plane or
TWA 3A-B orbital plane: these 3 planes, disk plane, TWA 3A orbital plane and TWA 3A-B,
are likely misaligned with at least ~ 30°. This misalignment may be related to the truncation
from TWA 3B. However, HD 98800B, a similar binary system also located in the TW Hya
association with a semi-major axis about 0.”023 [12] (0.92 AU for a distance of ~40 pc
[82]) and eccentricity about 0.78, has a circumbinary disk generally coplanar with its orbital
plane, despite the existence of HD 98800A 0.”8 (32 AU) far away from it [4]. So it seems
that future research is still needed to find out the reason of disk misalignment in the TWA 3
system.

Next we investigate some binaries with semi-major axis about tens of AU, just the same
semi-major axis scale as our targets observed in SEEDS survey. The targets we investigate
include L1551 NE, HD 142527A, 99 Her, and GW Oiri.

For L1551 NE, as we have mentioned in Section 5.1, misaligned (~ 25°) circumbinary
ring with radius about 300 AU [119]. If the semi-major axis of this binary is ~70 AU,
the disk size is comparable with the gap size the binary should open. The binary also has
circumstellar disks around each star with size ~20 AU and ~10 AU, both are misaligned
with the circumbinary ring . Therefore, the disk misalignment in L1551 NE system is likely
to be a result of disk-binary interaction or precession resonance.

As for HD 142527A, its circumbinary disk has an inclination of ~ 70° relative to the inner
circumstellar disk. As mentioned before, the precession resonance mechanism suggested by
Owen and Lai [95] seems to be able to explain it.

99 Her is a binary system with total mass about 1.4M,, and semi-major axis about 16 AU.
Kennedy et al. [63] observed it using PACS and SPIRE instruments mounted on Herschel
Telescope, suggesting that it holds a debris ring with a radius about 120 AU. It could be
near-polar, or have 30° misalignment relative to the binary orbit. Although the ring size is a
little large compared to the binary orbital semi-major axis, Kennedy et al. [63] still suggested
one precession model that could explain the misalignment. This result seems to suggest that
the precession triggered by the binary can affect as far as ~8 times of the binary orbital

semi-major axis.
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Fig. 5.2 (a): 99 Her orbit seen in the sky. Figure 1 in Kennedy et al. [63]; (b): 99 Her and
its circumbinary disk. fop: from left to right: 99 Her image in Hershcel/PACS 70um band,
simulated observation of a near-polar circumbinary ring, the appearance of the circumbinary
ring, and the residuals between observation and simulations; bottom: generally the same but
for the case of a circumbinary ring with 30° misalignment relative to the binary orbital plane.
Figure 9 and 10 in Kennedy et al. [63].
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GW Ori is a hierarchical triple system with total mass about 5.3M,, and GW Ori A/BC
has a semi-major axis of about 10 AU [26]. It is located at about 388 pc from us [70]. Its
circumtriple disk, has a radius of about 800 AU in 226 GHz continuum and CO lines emission
observed by ALMA, and is misaligned about 45° with its orbital plane [26]. Considering that
the disk size is about 80 times of the binary orbital semi-major axis, it looks hard for (only)
disk-binary interaction to contribute to the disk misalignment. Some other mechanisms may
contribute to it, like an undetected (sub-)stellar object near the disk truncates the disk from
outside, or the binary orbit changes its orbital plane during its evolution. Future theoretical
and observational work could help solve this problem.

In summary, for binaries with separations a little larger, like tens of AUs, it seems to be
common that their circumbinary disks are not coplanar with their orbital planes. Based on
the analyses of these binary systems, it can be seen that disk-binary interaction combined
with procession resonance between the circumbinary disk, circumstellar disk and the binary
suggested by Owen and Lai [95] can help explain much disk misalignment in binary systems.
However, some of them cannot be explained by these mechanisms well, like TWA 3A, GW
Ori, and the circumbinary disks of FS Tau A. Other mechanisms, like truncation from an outer
object, or the binary changes the orbit plane itself during evolution, can be responsible for
them. Future theoretical and observational work is still necessary to have a better understand

of the mechanism triggered disk misalignment.

5.3 Planet formation in binary systems

It is inevitable to talk about planet formation process when we talk about disk evolution.
Based on near infrared observation results, it is still not enough to describe the whole planet
formation process in binary systems. However, some discussions can still be made, like what
kind of binaries can have planets, or which area in the circumbinary disk where planet can
form.

For wide (separation > ~100 AU) binaries, researches like Duchéne [31] have shown that
their disk evolutions do not have much difference from single stars, so planet formation in
wide binaries could be just the same as in single star systems. And for very close (separation <
~ 1 AU) binaries like DQ Tau with large circumbinary disks, it seems that their circumbinary
disks are not affected much by the binaries, so planet formation in this kind of disks could be
the same as it in disks around single stars.

The most complicated system is close binary, i.e., binary with separation about tens of
AU. From our SEEDS observations, as well as observations from other telescopes, the disks

in this kind of binaries are affected much by their host stars. The truncations from the binary
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Table 5.2 A summary of the binary/multiple systems with disks we discussed from other
observations

Star M; t, a e rg Al Reference

L1551 NE 0.68/unknown unknown ~70 unknown ~140 ~12/21* [119]
HD 142527A 2.0/0.13 5.0/1.0%*  ~20 0.5 ~90 70* [7, 87, 77]

DQ Tau 1.3%%* 1-2 0.13 0.57 - <2 [25]
UZ Tau E 1.3%* 1-2 0.15 0.33 - <5 [101]
AK Sco 2.5 18 0.15 0.47 - <2 [24]
V4046 Sgr 1.8%%* 10 0.04 ~0 - <1 [112]
KH 15D 1.3%%* ~3 0.28  0.68-0.8 - 10-20  [21, 60, 19]
TWA 3A ~0.12/0.10 ~10 0.19 0.63 - >~30 [4, 62]
HD 98800B ~0.70/0.58 ~10 ~0.92  ~0.78 - <~3 [12, 4]
99 Her 1.47* 6-10 Gyr 16 0.766 - 300r90 [55, 63]
GW Ori 2.7/1.7/0.9 ~1 ~10  unknown - ~45 [26]

M;: stellar mass in solar mass; #,: age of binary in Myr; a, semi-major axis of binary orbit in AU; e: eccentricity of
binary orbit; 7, observed circumbinary disk gap size in AU; Ai: observed misaligned angles between the circumbinary
disk and the binary orbital plane;

*: misaligned angle between the circumbinary disk and the circumstellar disks;

*%: according to Lacour et al. [77], the ages of the two companions are different

*%%: the total mass of the binary

significantly changes the disk appearance. A typical disk system in close binary, like GG
Tau A, includes a large circumbinary ring with inner edge about 2-3 times of binary orbital
semi-major axis, and circumstellar disk around each star, usually one third to one half of
binary orbital semi-major axis.

The area between the circumstellar disks and the circumbinary ring is a kind of gap
with little materials, cleared by the binary. Although materials in the circumbinary ring can
penetrate this kind of gap to go to the circumstellar disks around the stars, as we show in GG
Tau A system, it seems hard for materials to have stable orbits in the gap area, and planet
formation is also not likely to happen. And since materials can penetrate the gap to reach the
circumstellar disks, the circumstellar disks will not dissipate soon, so planet will have the
opportunity to form in them, as we have discussed in Chapter 2. As for the circumbinary
ring, for GG Tau A system it seems that it is gravitational stable so that at least now it is not
suitable for planet formation through gravitational instability, but for other binary systems, it
could be gravitational instable for planet to form. And of course, planet formation process
like core accretion, is still possible to happen in circumbinary disks. In summary, for a binary
system with coplanar circumbinary and circumstellar disks, planet formation can happen
in the circumbinary ring, usually farther than 2-3 times of the binary orbital semi-major
axis from the binary, or the circumstellar disks, with sizes usually one third to one half of
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the binary orbital semi-major axis. For the other areas, planet formation process could be
difficult, or it could be hard to detect a planet whose orbital semi-major axis is smaller than

twice and larger than half of the binary orbital semi-major axis.
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Fig. 5.3 Orbits of the circumbinary planet Kepler-413b and its host binary. left: the orbits
from top view; right: the orbits from side view, it can be seen that there is a small angle
between the binary orbital plane and the planet orbital plane. Figure 11 in Kostov et al. [69].

Our observations have shown that, binaries are not only to clear gaps in the disk, but
also make the disk misaligned with the binary orbital plane. This rises the problem that if
planet can form in these misaligned disks. Although the disk is precessing, dust grain growth
can still happen, even if the actual grain growth process could be different from the disks
in single star systems. But till now we have not discovered planet whose orbital plane is
largely misaligned with the binary orbital plane yet. The only discovery is Kepler-413b,
whose orbital plane has an inclination about 2.5° relative to the binary orbital plane, and it
could be a result of misaligned circumbinary disk [69]. However, the misaligned angle of
Kepler-413b orbital plane is too small, smaller than the possible misaligned angle ranges of
the generally coplanar circumbinary disks, like DQ Tau. So in our criteria it can be regarded
as generally "coplanar”.

However, it does not mean that planet formation in misaligned disks is difficult. The non-
detection of planets misaligned with their binary orbital plane is more likely to be a selection
effect, because it is not easy to detect planet whose orbital plane is highly misaligned with
binary orbital plane through transit. One promising method is eclipsing time variation, which
keeps an eye on the variation of binary eclipsing time. Anyway, to detect planet with highly

misaligned orbit, we still have many things to do.






Chapter 6
Future scope

In my PhD research, we have observed 4 young binary targets, analyzed the disks around
them, showed that how disk evolution is disturbed by the binary. As the binary systems like
GG Tau A shows, binary can open gaps in the circumbinary disk, and streamers triggered
by the binary can penetrate the gap to sustain the circumstellar disks around each star in
the binary system. And in the binary systems like T Tau S, the circumbinary disk becomes
misaligned with its host binary orbital plane due to disk-binary interactions. These results
can be explained well by current theories.

Of course, as mentioned in Section 5, some structures in some circumbinary disks cannot
be explained well by current theory, like the gap size in the circumbinary disk around HD
142527A, and the disk misalignment in binary system like TWA 3A and GW Ori. To solve
them, new circumbinary disk evolution theory should be developed.

For observations, we still need to observe more targets to help improve current disk evolu-
tion theory. This can be classified into two aspects. One is the observations of circumbinary
disks, in this study, we mainly discuss the disk morphology in near-infrared H-band, it is still
unknown that if the influence from the binary is wavelength-independent, or if the influence
from the binary is the same towards all kinds of materials in the disk. To understand this,
we need to observe more disks in different bands. With the help of Subaru Telescope and
instrument SCExAO/CHARIS/VAMPIRES we can easily get the disk image in different near
infrared bands (J, H, K), and from the ALMA observation data we can get the disk image in
sub-millimeter bands, then based on these data we can make a discussion about this topic.

Another is the observations of the binary itself. As my PhD study has shown that, the
binary parameters, like the binary mass, orbital semi-major axis and eccentricity, are very
important in determining the disk morphology, and it is foreseeable that these parameters can
also be related to the grain growth and temperature distributions in the disk. However, from

our studies we found out that the parameters of many binaries, especially young binaries,
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have not been determined well. In this case, we need observe more young binaries, especially
the binary with known circumbinary disks in different methods like radial velocity and
direct imaging to get a better constrain of their orbital parameters, then we can have a better
discussion of the disk evolutions in these systems.

One more problem we hope to understand is the planet formation process in the disks
around binary systems. As we have pointed out in Chapter 5, planet formation can happen in
the circumbinary disks around the two stars, and since materials in the circumbinary disks can
penetrate the gap between the circumbinary disks and the circumstellar disks around the stars,
the circumstellar disks around each star will not dissipate so quickly, this gives the chance
for planet formation. This can help explain some planets discovered in close binary systems,
like ¥ Cep Ab. However, just from the disk structures observed in near-infrared band, it is not
enough to learn the detailed planet formation process in binary systems. To learn the details,
we need to know more parameters of the circumbinary disks, like the distributions of gas,
large dusts and temperature.

As planet formation starts from grain growth, to learn it we need to know the grain
growth in the disk, so it is necessary for us to investigate the distributions of large dust in
the disk. Optical/Near infrared band observation by large ground-based telescope, like Keck
telescopes, Subaru Telescope have given us a good view of the distribution of small dusts
~ um in circumbinary disks. For dusts with sizes ~1 mm, now ALMA has given us a good
spatial resolution, like Takakuwa et al. [119]. Besides large dusts distributions, ALMA can
also give us the gas distributions in the disk with a good spatial resolution. I hope in the
future we can learn more from ALMA observations. In addition, for gas giant formation via
core accretion, the environmental temperature around the core should not be too high. This
indicates that, disk temperature is also one of the important parameters for planet formation.
In binary systems, the binary will affect the disk temperature by affecting the motion of
the dusts and gas in the disk, so to understand planet formation in binary systems, it is
important to know the temperature distributions in the disks. To investigate temperature, we
can use some special molecule emission lines, like the molecule hydrogen emission line in
near-infrared band (e.g., Beck et al. [8]), or the CO 6-5 emission line (e.g., Dutrey et al. [35]).
In summary, to learn the details of planet formation process in binary systems, it is important
to combine observational data in different wavelengths and different methods.

It could be better if we can catch a forming planet directly. Currently there is only one
forming planet candidate discovered, LkCa 15 b [74, 113]. We still need more surveys
to discover more forming planet, especially in binary systems. Also, the accretion in the

circumplanetary disk will significantly raise the temperature, this makes it possible to find



83

out planets in the disk by investigating some high temperature area via some special molecule
emission lines.

In addition, our observations show that as least T Tau S and FS Tau hold misaligned
circumbinary disks relative to their host stars’ orbital plane, but till now we have not detected
any planets with highly-misaligned orbits. As I have pointed out in Chapter 5, this is more
likely to be a selection effect, so there should exist planets whose orbital plane is misaligned
with their host binaries. For transit method, as I have mentioned in Chapter 5, the binary
eclipse time variation could be a promising method. With the help of transit observing
satellite like Kepler Telescope, and TESS telescope which will be launched in 2018, we may
be able to do it.

Direct imaging on large telescopes should also be one method in detecting planets in
binary systems and constraining their orbital parameters. The next-generation telescopes like
the future 30-m telescope Thirty Meter Telescope (TMT), will have a much better spatial
resolution and sensitivity. With its help, we will be able to detect faint planets in binary
systems, observe disks in more faint binaries, to resolve the detailed structures in the disks
around the binaries, especially with the next generation coronagraph we will be able to
observe disks closer than ~1 AU in the binary systems, which will be crucial for us to learn
the disk evolution as well as planet formation in binary systems. Middle infrared observations
from space telescopes like James Webb Space Telescope (JWST), a 6.5m telescope which
will be launched in 2019 and work at the second Lagrangian point, will bring us a good view
of the distributions of colder, and larger dusts than those traced at near-infrared in the disk.
Now some young binaries, like DQ Tau, are too faint to observe with current instruments,
but with the next generation telescopes like TMT, we will be able to get their high-resolution
images, which will be good supplement for ALMA observations.

Stars tend to form in binary or multiple systems, so planet formation usually occurs
in binary or multiple systems. Therefore, to learn the planet formation process, it is quite
important for us to investigate the protoplanetary disks in young binaries. The research of
disks in young binaries has developed rapidly in the recent years, and in the upcoming future,
with extensive observations with ALMA as well as the commission of the next generation
telescopes like JWST and TMT, we will be able to combine excellent observation results in
different wavelengths, to learn more about the disk evolution, as well as planet formation, in

binary systems.
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