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Before 2015 - what had been expected and achieved?

Theory Observations
Radiative T A=\850 Mr,n , Non-detection on HD 163296, TW Hya.
adiative forque m GM Aur and DG Tau (Hughes et al. 2009, 2013).

Alignment

0y ] ,

. . 7 b

. ”~ - -
A Y d -

’ ~

4

. . ~

L] ) A

inferred B vectors (rotated by 90 degrees)

|
[
|
|
/
' 59.0” ¢
|
|
|
|

B-fields o0 LYo |®0.00165
I A A | | W W W |
;o R 58.5 1™ 0.00150
| |\ ] E
— 1™ 0.00135 &
6=60° 10% >80 ; S
_ 1M 0.00120
o 5
A=850 um S 575 ’ o)
N M 0.00105 @
\ / > 2
\ / g =70 1 0.00090 ©
\ / ; ] 0
AN 7 56.5 __.-310.00075 <
i ()]
e ) ~ - 1 Q
Polarization ) _ ; I 10.00060 3
j N 56.0” [ ]
11 10.00045
/ \ '
; \ +18° 13 55.5”
] \ 38.55 s 38.45 s 4 h31 min385s
RA (J2000)

6=10° 10%

2 sigma detection by CARMA and SMA

e.g., Draine and Weingartner 1997, Lazarian 2007,
(Stephens et al. 2014)

Cho and Lazarian 2007...



After 2015 - ALMA polarization and progress of theory

ALMA polarization (Class Il disks)

HD 142527

Dramatic progress in 5 years

o o
J 7 A 7S 7=\
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 ALMA observations - many
polarimetric detections at 870,

NN

1.3, and 3.1 mm wavelengths

 Self-scattering - a new idea of
origin of polarization

 Direction of the aligned
grains - grains may be aligned,
but not with the direction of B-
fields

Kataoka et al. 2016, Hull et al. 2018, Bacciotti et al. 2018, Dent et al.
2019, Stephens et al. 2017, cf. Kataoka et al. 2017, Ohashi et al. 2018



Motivation 1: polarization morphologies

ALMA polarization of smooth and inclined disks, around a low-mass stars, with scales less than 100 au

Mixture

Parallel to the minor axis Azimuthal
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Dent et al. 2019, Stephens et al. 2017,
Hull et al. 2018, Bacciotti et al. 2018...

Kataoka et al. 2017, Harrison et al. 2019... Bacciotti et al. 2018, Mori et al. 2019...



Motivation 2: wavelength dependence

0.87 mm

Polarized flux (mJy beam ™)
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What | would like to discuss today is ...

® Introduction (~5 min., done)

® Pre-ALMA era and ALMA discovery of
diverse morphologies of polarization.

® Theories/models (~20 min.)

o Self-scattering polarization

¢ Grain alignment in protoplanetary disks
® Basic interpretations (~5 min.)

® |mplications to planet formation? What can
oe and cannot be explained by the theories?
Recent progress? (~15 min.)

Parallel to the minor axis
HD 163296 (0.9 mm)

Azimuthal Mixture
HL Tau (3 mm) DG Tau (0.9 mm)

100 AU




Polarization mechanisms
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/ Grain alignment

Linear polarization

Directions
-B-fields

\

-radiation

-gas flow

e.g., Cho and Lazarian 2007, Tazaki et al. 2017,
Lazarian and Hoang 2007, Kataoka et al. 2019
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Note: dust grains at midplane do

not receive stellar photons




Polarization due to scattering

‘ thermal dust emission

...... of other dust grains

a dust grain
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. Horizontal Polarization
The observer is you.

(the line of sight is

perpendicular to the plane

of this slide)

Akimasa Kataoka (NAOJ)



Polarization due to scattering

Horizontal Polarization



Polarization due to scattering

¢

Unpolarized



Polarization due to scattering

4

Vertical Polarization




Polarization due to scattering

Polarization is perpendicular
to a tube-like structure

Ring (face-on)

edge-on view inclined disk

radial radial vertical parallel to minor axis

Akimasa Kataoka (NAOJ)



Radiative transfer calculations
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Radial inside,

azimuthal outside

Kataoka, et al., 2015, Ohashi et al. 2020,...

Parallel to the
disk minor axis

Kataoka, et al., 201643, Yang et al. 2016,
Dent et al. 2019, Okuzumi and Tazaki 2019,
Ohashi and Kataoka 2019, Lin et al. 2020,
Brunngraber and Wolf 2020 ...



what can we learn from self-scattering?

Assumption: spherical dust grains

Albedo = efficiency of scattering Polarization at single scattering

a=)\/27T grain size Ny grain size

Scattering-induced polarization is detectable only when a=A\/2n



what can we learn from self-scattering?

Anisotropies of
radiation field at the X
observed wavelengths.

1.2

Prediction of polarization fraction

— Polarization
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(grain size) ~ N/2n



Polarization mechanisms
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e.g., Cho and Lazarian 2007, Tazaki et al. 2017,
Lazarian and Hoang 2007, Kataoka et al. 2019

/

Note: dust grains at midplane do
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If grains are aligned with B-fields:-:

Toroidal magnetic fields Synthetic polarimetric observations
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w ; : Cho and Lazarian 2007 Bertrang et al. 2014

Suzuki et al. 2014



Dust alignment at disk midplane

Dominant alignment mechanisms
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Mechanical alignment?

Gold mechanism Helical grains
— <

— gl T Laboratory frame

f “
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(gas flow) // (polarization) (gas flow) L (polarization)
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Rest frame of the dust grain
4 )
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(central star)

Kataoka et al. 2019

(See Gold 1952, Hoang 2018 for the microphysics of mechanical alignment)



Summary of polarization morphologies

Gignment with B-fiech clignment with radiatic}

self-scattering

* toroidal B-field case j
alignment with gas flow \

(a) St=0 (d) St=1.0

N

wavelength

independent | dependent
Kataoka et al. 2017, 2019, Ohashi et al. 2018

wavelength

Akimasa Kataoka (NAOJ)



What | would like to discuss today is ...

Parallel to the minor axis Azimuthal Mixture

® [ntroduction (~5 min., done) D162 05 e oo

® Pre-ALMA era and ALMA discovery of
diverse morphologies of polarization.

100 AU

® Theories/models (~20 min.,done)

// \\ ,/’, \\\ é
( alignment with B-fields | [ alignment with radiation |

® Self-scattering polarization T SN

e Grain alignment in protoplanetary disks D rr— L Yy
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® |mplications to planet formation? What can
oe and cannot be explained by the theories?
Recent progress? (~15 min.)




Motivation 1: the polarization morphologies

ALMA polarization of smooth and inclined disks, around a low-mass stars, with scales less than 100 au

Parallel to the minor axis Azimuthal Mixture
HD 163296 (0.9 mm) HL Tau (3 mm) DG Tau (0.9 mm)

SRR |\
See the talk by Francesca Bacciotti
for DG Tau and CW Tau

.
" \ ‘!}\J ~ ;

100 AU
Dent et al. 2019 Kataoka et al. 2017 Bacciotti et al. 2018
: : Center: self-scattering
Alignment with

outer part: self-scattering?
Alignment?

Self-scatterin 7
9 radiation? gas flow?



Motivation 2: wavelength dependence

0.87 mm

Polarized flux (mJy beam™)
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What | would like to discuss today is ...

Parallel to the minor axis Azimuthal Mixture
HD 163296 (0.9 mm) HL Tau (3 mm) DG Tau (0.9 mm)

® Introduction (~5 min., done)

® Pre-ALMA era and ALMA discovery of
diverse morphologies of polarization.

® Theories/models (~20 min.,done) : : ',

® Self-scattering polarization

self-scattering

® Grain alignment in protoplanetary disks

® Basic interpretations (~5 min., done)

f alignment with gas flow \

(a) St=0 (d) St=1.0

¢ Implications to planet formation? What
can be and cannot be explained by the
theories? Recent progress? (~15 min.)




~100 pm sized grains?
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~100 pm sized grains?
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Many disks show self-scattering at 0.9 mm
— Do disks have dust grains with size of ~ 100 pm?

Kataoka et al. 2016, Hull et al. 2018, Bacciotti et al. 2018, Dent et al. 2019, Stephens et al. 2017, Kataoka et al. 2017,
Ohashi et al. 2018, Sadavoy et al. 2019

Akimasa Kataoka (NAOJ)




Log x,._/(cm'g’)

Spectral index vs. grain size

a1 - 3mm

10°

10° 10" 10° 10 10
a_. (cm) F1mm (MJy) [scaled at 140pc]

Ricci et al. 2010a Tazzari et al. 2020a

(cf. Miyake and Nakagawa 1993, Pollack etl. 1994...)

Akimasa Kataoka (NAOJ)



Prediction from grain growth theory

20 40 60 80 100 120
r [au]

Pohl et al. 2016

If grains has radial size distribution, P[%] is too weak to be detected

Akimasa Kataoka (NAOJ)



One idea: flat gas surtace density

model
w/ CO, mantle, y=0

[ [ [ [

HL Tau Band 7

ALMA Observation
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* How can we achieve 100 um grain size
for the entire region?

* Non-sticky (=fragile) dust grains, such
as covered by CO;, mantle

» Radially flat gas surface density, that
makes radially flat grain size

Okuzumi and Tazaki 2019



-20

1.5

05 g

ADEC [arcsec]

| &

ADEC |arcsec]
o
W
|

Another idea: optically thick disk

Intensity (mJy beam™!)
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Observations

* |IRS 48 - lopsided disk

* How can we explain both
polarization at 0.9mm bright
emission at 8.8 mm (VLA)?

* Best model: very optically
thick dust(r ~ 7.3) at 0.9 mm

Ohashi et al. 2020
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Polarization and su bstructures
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HD 163296 —— Convolved
Observation
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Dent et al. 2019

* Even if assuming100 pm grains, beam convolution of

optically thick rings (a~2) and thin gaps (a~4) can
explain both spectral index and polarization.

Lin et al. 2020
(See also Ohashi and Kataoka 2019)

Akimasa Kataoka (NAOJ)



Scattering makes disk continuum fainter

— with scattering

* |t the emission is very optically thick,
the continuum emission becomes
fainter due to dust scattering (Miyake

10 2 10 1 1 00 1 (:)1 and Nakagawa 1993, Birnstiel et al.

. . 2018, Liu 2019, Zhu et al. 2019, Sierra
Optical thickness 2nd Lizano 2020)

Emergent intensity

Miyake and Nakagawa 1993

Akimasa Kataoka (NAOJ)



Full modeling on radial protile - HL Tau
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Carrasco-Gonzalez et al. 2019
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(See Ueda et al. 2020 for TW Hya)
See the talks by Anibal Sierra for the similar analysis on several

targets with MAPS data and Enrique Macias for TW Hya

Akimasa Kataoka (NAOJ)



s the alignment-induced polarization
wavelength dependent?

870 ym (ALMA Band 7)

HL Tau

Self-scattering

| EE:

N

Polarized 870 pm inOEensity (mry beam-1)

1 {o0.0

1.3 mm (ALMA Band 6) | 3.1 mm (ALMA Band 3)

Polarized 1.3 mm intensity (mJy beam™!)

JE 0.0

Alignment with radiation?

Akimasa Kataoka (NAOJ)



Wavelength dependence in alignment

If size << wavelength If size ~ wavelength If size >> wavelength

<>

o o
!

no polarization

See next page for more details.



p = P/l [%]

Wavelength dependence in alignment
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* |f a<A: polarization parallel to the major axis

( ) e |fa~A: polarization reversal

e |fa>A\:no polarization

Guillet et al. 2020

(See also Brunngraber and Wolf 2019,
Kirchschlager et al. 2019)



azimuthal polarization: mechanical alignment?

HL Tau (3 mm) Elliptical Pattern Circular Pattern

‘ 100 AU

Kataoka et al. 2017

AS 209 (0.9 mm) ® [f grains are aligned with radiation gradients, polarization
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Mori et al. 2019 (See Mori and Kataoka 2021 for radiative transfer simulations)

Akimasa Kataoka (NAQOJ)



non-spherical grains?

Symmetry axis perpendicular Sphere
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Kirchschlager and Bertrang et al. 2020
 |f grains are porous, polarization can be  |f grains are non-spherical, even large
detectable in a wider size range, but the grains can emit polarization at 870 micron
fraction gets smaller. wavelengths.

(See also Bertrang and Wolt 2017)

See the talks by Ryo Tazaki and Florian Kirchschlager



Line polarization
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shaded area shown in Figure 12. The spectra in Figure 12 is the average spectra taken at the location of the white circle.
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Non-detection (?) of CO linear polarization
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Figure 15. IM Lup IQUYV moment 0 maps over the velocity range shown in the bottom left of the panel, which is the pink
shaded area shown in Figure 13. The spectra in Figure 13 is the average spectra taken at the location of the white circle.

See the talks by Rachel Harrison for upper limit on

Boy Lankh icti
AS 209 and Boy Lankhaar for more prediction Stephens et al. 2020
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Summary

* Millimeter polarization of protoplanetary disks

* Disks show combination/superposition of self-scattering

and alignment-induced polarization.

* Grain size inconsistency

* Many disks show selt-scattering polarization at 0.9 mm,

which indicates 100 um grains.

* Radially-

thick dis

al

at gas surface density and fragile grains? Optically

<s? Optically thick substructures?

* Grain microphysics

* Porosity? Mie regime? Fundamental discussion on

alignment physics is missing.

 Line polarization - no robust detection so far
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