K %

AL (B 243 )

¥R & T

paill

AL GO B A

EINVE I AL R T

LA S H

im X wEAEELZA

)

p={Y]

B 3%

it ()

FaME R H 2 1982 5

TRk 30 4 3 23 H

WEL R A SER R CR A
AL HR I EE 6 % 5 1 THR% Y

Near-Infrared High—Resolution Polarimetry Observations

towards Protoplanetary Disks in Binary/Multiple Systems
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Summary (Abstract) of doctoral thesis contents

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
pm) 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
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near-infrared H2 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
polarimetry observations in the direction of T Tau in the H-band, by using the
HiCIAO 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”, or 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/HiCIAO,
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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