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In this study, we aimed to constrain the growth process of dust, which forms

the basis of planets, using a new method of millimeter-wave polarization of protoplanetary disks
observed with ALMA. As a result, we demonstrated that the polarization in the submillimeter
wavelength can be explained by the self-scattering mechanism in many protoplanetary disks.
Furthermore, by advancing modeling to resolve inconsistencies with multi-wavelength polarization
observations and spectral analysis, we successfully showed that the solid material in protoplanetary

disks is composed of dust aggregates with many voids. This result supports the planet formation
scenario through highly porous dust aggregates, which had been theoretically suggested, and
successfully promotes planet formation research by exploring both theoretical and observational
aspects.



ALMATRIEAlC £ 2 REFBCBIEDHTER MFTRRERS

1. MEERIVOER

AL, 2015FICT VRRAERICE 25 X M1 XOF BB F L2 BmIICIRIBU oo
AN AZINEFAEREARETHZEE. BELENMRHIN S ZEPNBFINS, RIARE
FEABICEWTEF A NS OE CHBELZFBET ST S URRBENMEEHTES Z A D
Mo fz(Kataoka et al. 2015), WHFEMABYURE. 2KEICE W TERTFAED DRAENRT NILHE
A, UMY A NELBRORBADEIEICHKINIL & 2 2 TH - o (Kataoka et al.,
2016b, 2017) IS5 DFERIF. YA R XE70um-T00uMBBETH 22 EEZRLTH
D, EDARY NILEBFEHSDFHINDZIUA=RMNIOSEYFA—=—RNILTAXDT I K EKX
ELFBELTVW

2. MEDOEH

RHEAWCY A N A TAEFEEFELED AR NUVEBERBD, A NA XIHARENE
HICHEINZEW, KARTIE. CDODALMARKZEBWZFH UL WY X M TRIEFEZEL,
FRHRRERABOY AN A XZRDODET CEEZBHNE U,

3. MRDITE

AR TR BEBDECERBEORIBRERABOALMAIL LB LRREHENZITSETY
ARG AXZNET %, Fleo BRHICT A N DERBRRIAED SRS N BRI TABIT
S, INICE>T FAMERER - TROEREFBIEROFIRZITS> & Z2BE U,

4. WFERIR

ZEOREICENT, TYURRENERE Sz ; IM Lup (Hull et al. 2018), HD 163296
(Dent et al. 2019), CW Tau, DG Tau (Bacciotti et al. 2018), AS 209 (Mori, Kataoka et al.
2019, ®1)o INSDXREEFZL MY T I UK TIEESHEANEM T B/6H. 100umA—5—D
FANGA ZINEENICHEET DI &z2RB LTV,

ZFD—AHT, BCHELLUANDHEAN=ZXLE UTHRARICET T 2HMEBEERINTE
(Kataoka et al. 2019), FEAIIHL TauE WS RAKERABICEWTHARZI EHESHELD E
556N F5LTWBZEEFE LT (Mori and Kataoka 2021), ZD#ER. BCEELIEY T =
ENS3IMMOBERTICNT T, KK EHBUTWSZ ENHIBBLIE, COFERIZ. BOEHELDOT
DEwmEFBELTWS I EN D > (e.g., Katoaka et al. 2015),

AFEZBREENT LD, ET UV I ZEDIER. REROAVINI N AN ZRWEZETIL
TIRIBL, BERYZANTZZ7VTA M 2RAWCETIILTHNISERZHBETES 2 &N > T
ZOHER., HL Taulc® 1725 X M DR (FI0% U ETH D 2 EHHIBE L f=(Zhang et al.
2023, K2)o AERIE. BERY A N7 UTA M EREBLTE E#Hm T (e.g., Kataoka et al.
2013) & R—RLTHED., EmRZISICHUVEDIBHABRE B> T,



X1 RBHERABAS2090 = VKREEER. Mori, Kataoka et al. 2019& D, FMHTTHE

B ETRIEAERYZ MILDYEHBLTHE D, ChIZFBECEELLEH L TWE I EERT,

M2: FIBHERMABHL TauDET VU v/ fER(Zhang, -+ Katoaka, -+ et al. 2023), BH & AR

IRIA YTy AOMAZFHAYT 2 HITF. ROV MT AR ZRWIBEENR

SED
(Spectral Index)

Polarization
Fraction [%]

1072

50

(a) Stokes /

A DEC [arcsec]

Imjy/beam |

100 150

20 15 1.0 05 0.0 -0.5-1.0-15-2.0
A RA [arcsec]

[%]

A DEC [arcsec]

Imjy/beam]
0.00 0.05 0.10 0.15 0.20 0.25 0.30

[

(b) polarized intensity

- — ~ N

Sl =N N\

//l\\
\ /!
VNN N~ 2/

NS=—-/

20 15 1.0 05 0.0 -0.5-1.0-15-2.0
A RA [arcsec]

[degree]

0.0 0.3 0.6 0.9 1.2 1.5 o 1 2 3 4 5 6 7 8
2.0 . ] 2.0 .
(c) polarization fraction (d) polarization angle error
15 1.5
1.0 1.0
g 05 g o5
3 2
Y 4
S 0.0 S 0.0
9] O
& 8
2-05 2-05
-1.0 -1.0
s - @
-2.0 -2.0

20 15 1.0 05 0.0 -0.5-1.0-15-2.0

A RA [arcsec]

f=1 (compact)

Amaxf<300 um

Amax>300 um

20 15 1.0 05 0.0 -05-1.0-15-2.0
A RA [arcsec]

f=0.1 (porous)
Amaxf<100 um Amax100 um

wavelength [mm]

wavelength [mm]

100} 1k 1t 1k -
4 H+ S & [ %+
B7,B6 B1,ng\LA
i | (Obs.)  (predictjon)
107"k 3 El E 3 E FDetection Limit| §
100 101! 100 10! 10° 101 100 10!

wavelength [mm] wavelength [mm]



We ZD—AT. EHREREZE LGS, MAZRET @NH 5, COBRIE. XEFRICH
WTHRARNEEGEKRIIEERIANTITUTA NEeRZEEZRLTWVNS,



14 11 4 3

Ueda Takahiro Kataoka Akimasa Tsukagoshi Takashi 930

Massive Compact Dust Disk with a Gap around CW Tau Revealed by ALMA Multiband Observations 2022

The Astrophysical Journal 56 56
DOl

10.3847/1538-4357/ac634d

Doi Kiyoaki Kataoka Akimasa 912

Estimate on Dust Scale Height from the ALMA Dust Continuum Image of the HD 163296 2021

Protoplanetary Disk

The Astrophysical Journal 164 164
DOl

10.3847/1538-4357/abe5a6

Ueda Takahiro Kataoka Akimasa Zhang Shangjia Zhu Zhaohuan Carrasco-Gonzalez Carlos Sierra 913

Anibal

Impact of Differential Dust Settling on the SED and Polarization: Application to the Inner 2021

Region of the HL Tau Disk

The Astrophysical Journal 117 117
DOl

10.3847/1538-4357/abf7b8

Tatsuuma Misako Kataoka Akimasa 913

Rotational Disruption of Porous Dust Aggregates due to Gas Flow in Protoplanetary Disks 2021

The Astrophysical Journal 132 132

DOl
10.3847/1538-4357/abt5d9




Ohashi, Satoshi; Kataoka, Akimasa; van der Marel, Nienke; Hull, Charles L. H.; Dent, William R. 900

F.; Pohl, Adriana; Pinilla, Paola; van Dishoeck, Ewine F.; Henning, Thomas

Solving Grain Size Inconsistency between ALMA Polarization and VLA Continuum in the Ophiuchus 2020

IRS 48 Protoplanetary Disk

The Astrophysical Journal 81
DOl

10.3847/1538-4357/abaab4

Ueda, Takahiro; Kataoka, Akimasa; Tsukagoshi, Takashi 893

Scattering-induced Intensity Reduction: Large Mass Content with Small Grains in the Inner 2020

Region of the TW Hya disk

The Astrophysical Journal 125
DOl

10.3847/1538-4357/ah8223

Harrison, Rachel E.; Looney, Leslie W.; Stephens, lan W.; Li, Zhi-Yun; Yang, Haifeng; Kataoka, 877

Akimasa; Harris, Robert J.; Kwon, Woojin; Muto, Takayuki; Momose, Munetake

Dust Polarization in Four Protoplanetary Disks at 3 mm: Further Evidence of Multiple Origins 2019

The Astrophysical Journal Letters L2
DOl

10.3847/2041-8213/able46

Zhu, Zhaohuan; Zhang, Shangjia; Jiang, Yan-Fei; Kataoka, Akimasa; Birnstiel, Tilman; Dullemond, 877

Cornelis P.; Andrews, Sean M.; Huang, Jane; Perez, Laura M.; Carpenter, John M.; Bai, Xue-Ning;

Wilner, David J.; Ricci, Luca

One Solution to the Mass Budget Problem for Planet Formation: Optically Thick Disks with Dust 2019

Scattering

The Astrophysical Journal Letters L18

DOl
10.3847/2041-8213/ab1f8c




Tazaki, Ryo; Tanaka, H.; Muto, T.; Kataoka, A.; Okuzumi, S. 485

Effect of dust size and structure on scattered-light images of protoplanetary discs 2019

Monthly Notices of the Royal Astronomical Society 4951
DOl

10.1093/mnras/stz662

Tazaki, Ryo; Tanaka, Hidekazu; Kataoka, Akimasa; Okuzumi, Satoshi; Muto, Takayuki 885

Unveiling Dust Aggregate Structure in Protoplanetary Disks by Millimeter-wave Scattering 2019

Polarization

The Astrophysical Journal 52
DOl

10.3847/1538-4357/ab45f0

Ohashi, Satoshi; Kataoka, Akimasa 886

Radial Variations in Grain Sizes and Dust Scale Heights in the Protoplanetary Disk around HD 2019

163296 Revealed by ALMA Polarization Observations

The Astrophysical Journal 103
DOl

10.3847/1538-4357/ab5107

Akimasa Kataoka, Satoshi Okuzumi, Ryo Tazaki 874

Millimeter-wave Polarization Due to Grain Alignment by the Gas Flow in Protoplanetary Disks 2019

The Astrophysical Journal Letters L6

DOl
10.3847/2041-8213/ab0c9%a




Yang, Haifeng; Li, Zhi-Yun; Stephens, lan W.; Kataoka, Akimasa; Looney, Leslie 483

Does HL Tau disc polarization in ALMA band 3 come from radiatively aligned grains? 2019
Monthly Notices of the Royal Astronomical Society 2371
DOl

10.1093/mnras/sty3263

Ohashi, Satoshi; Kataoka, Akimasa; Nagai, Hiroshi; Momose, Munetake; Muto, Takayuki; Hanawa, 864
Tomoyuki; Fukagawa, Misato; Tsukagoshi, Takashi; Murakawa, Kohji; Shibai, Hiroshi

Two Different Grain Size Distributions within the Protoplanetary Disk around HD 142527 Revealed 2018
by ALMA Polarization Observation

The Astrophysical Journal 81

DOl
10.3847/1538-4357/aad632

Akimasa Kataoka

disk polarization

Five years after HL Tau: a new era in planet formation

2020

Akimasa Kataoka

Polarized dust emission in protoplanetary disks

Workshop on Polarization in Protoplanetary Disks and Jets

2019




Akimasa Kataoka

Millimeter-wave polarization in protoplanetary disks

Ringberg Workshop: Turbulence and Structure Formation in Protoplanetary Disks 2019: Observation, Theory, and Experiments

2019

Akimasa Kataoka

Exploring grain growth, radial drift, and magnetic fields by mmwave polarization

Great Barriers in Planet Formation

2019

Akimasa Kataoka

ALMA polarization observations towards protoplanetary disks

Polarimetry in the ALMA era: a new crossroads of astrophysics

2019

Akimasa Kataoka

Measuring the grain size and finding the magnetic fields by ALMA polarization

Planet-Forming Disks

2019




Akimasa Kataoka

mm-wave polarization of protoplanetary disks: alignment of scattering?

Cosmic Dust and Magnetism 2018

2018




