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Blum & MUnCh 1993 Wada et al. 2013 ALMA Partnership 2015 Rosetta mission — TESS %Eﬁ%

Akimasa Kataoka (NAQOJ)
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Y AREERZRIRT DD CIHBILRE
(1/2) Nmo v2 = (fGE D) x (TS DET)

= N X Ebreak

=> v ~ 1 m/s x (ro/0.1 um)-5/% for silicate,
10 m/s x (ro/0.1 um)-5/% for ice

Dominik and Tielens 1997

HFUBSTE DISR

v =8 m/s x (ro/0.1 um)-5/6 for silicate,
80 m/s x (ro/0.1 um)-5/6 for ice

Wada et al. 2007, 2009, 2013
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FHZERME (BK) r

Scattered Light

(sub-)mm

Z Distance in AU

N | | 1 10 100

1 | Turbulent Mixing (radial or vertical)
2 | Vertical Settling ‘ 3.0 mm ALMA
3|Radial Drift VLTI/MATISSE
4 |a) Sticking

b) Bouncing 10 um FEELT

c) Fragmentation with mass transfer

d) Fragmentation ‘ JWST/MIRI ‘

Testi et al. 2015, for a review
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HL Tau (BIMA 2.7 mm)

100 AU

Mundy et al. 1996




HL Tau (CARMA 1.3 mm)

Kwon et al. 2011



HL Tau (ALMA 1.0 mm)

ALMA Partnership 2015
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Perez et al. 2016 Tomida et al. 2017
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ALMATTR A7

A R4S E ZE8IRS48

van der Marel et al. 2013

X| (van der Marel et al. 2013)



A Dec. (2000) [arcsec]

ALMATER Z 7= "mR-> 7=H%&,
SAO 206462

0.9-mm continuum

[>1] (1) 3oy
6Dec (arcsec)
[woaq /Ar]

2 I 0 -1 —2 1 0.5 0 —~0.5 —1
A R.A. (2000) [arcsec]

Fukagawa et al. 2013 Perez et al. 2014



ALMATER Z /- T Vo HEk,

Continuum flux density [Jy/beam]
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N .
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Isella et al. 2016
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ALMA Partnership 2015

1.0 05 00 05 10
Fedele et al. 2018
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Protoplanetary disks - birthplace of planets

MIR

Scattered Light

« TW Hya (Mstar= 0.6 Mo, Teff = 4000 K) @) 253G 1 -3 mm

(sub-)mm

SED - |
| | — Calvet02 :
- Calvet02: separated |[]
] — Ratzka07
1012 3 — Andrews12 3
. :
i N\ Y . X ===
107 y star I AN
/ N |
— \ ‘ Distance in AU
~, 107 F E >
g / \ § 1 10 100
= \ _
= N - ALMA
ET; 107%° 3 E VLTI/MATISSE
f EELT
1071° -/ __ JWST/MIRI
| disk 3 Tsukagoshi et al. 2016 Testi et al. 2014
1077 | \ _:
ﬂ ¥ | |- We observe midplane at millimeter wavelengths
10-18 ] 1 1 ] 1 1 e 1 P Y| 1 - ]
10° 10" 10’ 10° 10* |- Disks have sub-structures at ~10 au scales
wavelenath (um) Menu et al. 2014
- Physical origin is under discussion

Akimasa Kataoka (NAQOJ)



VLT/SPHERE (Avenhaus et al. 2018)

Infrared polarization

f
IR scattered light [ :
Infrared i?
(o) ]
- We observe scattered light with infrared Sl‘?a’“/ HICIAO il ) Gemini/GPI

polarization

- Infrared polarization traces the surface layer

- Full of structures (such as spiral arms) EZ\

a

1”=144AU E _‘ 20 AU

o o

(Muto et al. 2012, Hashimoto et al. 2011) (Rapson et al. 2015)




Scattering-induced polarization

Infrared

millimeter

IR scattered light
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radio scattered light ?
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dust opacity
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Polarization due to scattering

(A ~
observer



Polarization due to scattering

‘ thermal dust emission

...... of other dust grains

a dust grain

A J
*
*
*
*
*
*
*
*
*
*
*
*
*
‘0
*

. Horizontal Polarization
The observer is you.

(the line of sight is

perpendicular to the plane

of this slide)

Akimasa Kataoka (NAQOJ)



Polarization due to scattering

Horizontal Polarization



Polarization due to scattering

s

Unpolarized



Polarization due to scattering

¢

Unpolarized



Polarization due to scattering

4

Vertical Polarization




Akimasa Kataoka (NAQOJ)
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Theoretical prediction

Stokes | (continuum) Polarization fraction [%]

3.00

ring @ 170AU, d=140pc

2.50

2.00

1.50

[arcsec]
o

1.00

0.50

0.00

[arcsec] [arcsec]

Anisotropy — net polarization

Kataoka, et al., 2015

Akimasa Kataoka (NAOJ fellow)



BELIR DI Tl ALMA #1:H

Cycle 3 £1H|125Z (Pl:Kataoka) Kataoka, et al. 2016b

cf.) Kataoka et al. 2015




(disk, edge-on view)

Yang, Li, et al. 2016

See also Kataoka et al. 2016a

Akimasa Kataoka (NAQOJ)



Radiative transfer calculations

[arcsec]

I [mJy/arcsecz]

[arcsec]
o

-2 -1 0 1 2
[arcsec]

I[J y/arcsecz]

08 -04 0 04 0.8

|[arcsec]

Akimasa Kataoka (NAOJ)

P [%]

08 -04 0 04 0.3

[arcsec]

— 3.00

E 2.50

— 2.00

— 1.50

— 1.00

0.50

0.00

Pol. vectors

Radial inside,

azimuthal outside

Kataoka, et al., 2015

Parallel to the
disk minor axis

Kataoka, et al., 2016a
see also Yang et al. 2016




Conditions of dust grains for polarization

d .. .
* For efficient scattering

(grain size) >~ A

* For efticient polarization

(grain size) <~ A

o

Polarization requires
(grain size) ~ A/2m

A=870 um (ALMA Band 7)

1.4
1.2 |

1

0.3

A 0.6
0.4
0.2

0
-0.2

Akimasa Kataoka (NAQOJ)

0.001

0.01

0.1

maximum grain size [cm]




Grain size constraints by polarization

Expected polarization fraction (scalable)
1.2 —————

3.1 mm

1 0.87 mm (Band 3)
(Band 7)

7 mm
(Band 1)

- 0.34
0.8 (Ban(rin?(l))

0.6

0.4 r

0.2 ‘
0

s

0.001 O:Ol o 0.1 1
Maximum grain size [cm] Kataoka, et al., 2015

Multi-wave polarization — constraints on the grain size

Akimasa Kataoka (NAQOJ)



Millimeter-wave polarization ot disks

870 um (ALMA Band 7) . . CW Tau Polarized intensity
- HL Tau * F

A
77 ST\

100 AU
| |

HD 142527; Kataoka et al. 2016, HL Tau; Stephens et al. 2017, IM Lup; Hull et al. 2018, CW Tau and DG Tau; Bacciotti et al.
2018, Cepheus AHW?2 ; Ferndndez-Lopez etal. 2016, HD 163296; Dent et al. 2019, HD100546; Pohl et al. in prep.

a lopsided disk: self-scattering at north and alignment at south



Polarization mechanisms

(alignment with B-fields)

Dec (J2000)

58.5"
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| 1%
- 100 AU I

38.50s  38.45s _ 38.40s 4h31m38.355

+18°13'56.0"

RA (J2000)

self-scattering

j| EX

Polarized 870 pm intensity (m)y beam™!)

©
>

o
o

Dec (J2000)

self-scattering alignment with radiation

3 mm (ALMA Band 3)

i 07 _ I HL Tau 1
58.5" 0 58.5" B
N E L R |
0.6 © E
(] ©
I ) I 012 @
58.0" - 58.0"} | o
I Hos E I =
| 3 3 | 10 €
57.5"+ "5; o 57.5"- i _,?
, 04 & o I 0
- (j\ L 10.08 CICJ
L C ~ L +~
57.0" pu @) 57.0"F i £
| {03 & Q | c
I E @) 0.06 £
56.5"; 102 — 56_5"; | g
L o r ()
O] 1k {0.04 N
I X 7 | I
{01 5 I 1 K
+18°13'56.0" 1% LOU +18°13'56.0"F 1% i g
— . - 1F0.02
| 7100 AU . - 100 AU :
e ]Eq00 S S S S S A SR RS |
38.50s 38.45s 38.40s 4h31m38.35s 38.50s 38.45s 38.40s 4h31m38.35s
RA (J2000) RA (J2000)

Stephens et al. 2017 (see also Kataoka et al. 2017)
alignment with radiation

Akimasa Kataoka (NAOJ fellow)



What can we learn? - grain size
10.0¢ - .
| — 50 micron
— 70 micron
— 100 micron

total polarization fraction [%]

o
-

10°
wavelength [pm]

Kataoka, et al., 2017

The maximum grain size is ~ 70 pym

Akimasa Kataoka (NAQOJ)



Effects of porosity on selt-scattering

Prediction on polarization fraction Modeling of HL Tau
f=1, 85=160 pm f=0.1, ap5=1.6 mMm f=0.01, a;,5=1.6 cm
I o o o . | | | NI | | | R | | | M 107
L N p— -
=010 o e
F=00] mm—— T T .
0.8 - 1
3
~ 06 | | )
= | S S T
3 arcsec arcsec arcsec
A, 0.4 | _
092 | _ - Porosity widen the window for
polarization to be detected
0 — =
103 101 102 - Extremely fluffy aggregates (f<0.01) is
not likely

Tazaki et al. 2019

Akimasa Kataoka (NAQOJ)
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tg A %= =
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Blum & MUnCh 1993 Wada et al. 2013 ALMA Partnership 2015 Rosetta mission — TESS %Eﬁ%
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Mass budget problem

-
-
o
I ||||||r|

1 IIIHIII
| IIIIIIII

=0 — = (Cores (single exoplanets)
Dust mass in disks
1 Cores (systems of exoplanets)

1071 10°
Stellar Mass [M 5 ]

Mass in dust or planetary cores [M/]
-
o
I

Fig. 3. Masses of the cores of single exoplanets and the sum of the
cores 1n exoplanetary systems, as well as disk masses, as a function of
the mass of their host star. The colored regions encompass the 10th and
90th percentile of the distributions, while the dashed lines represent the
median of the distributions, as labeled.

Manara et al. 2018
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