Millimeter-wave polarization of
protoplanetary disks: alignment or scattering?
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Star and disk formation
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Polarization of star-disk system
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e The millimeter emission is thermal dust emission from the disk.

 How can we polarize the thermal dust emission?
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Polarization mechanisms

1. Alignment of elongated dust grains with magnetic fields

Magnetic Field

4
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k
polarization «—>
e.g., Lazarian and Hoang 2007

2. The self-scattering of thermal dust emission

Kataoka et al. 2015

3. Alignment of elongated dust grains with radiation fields

Tazaki, Lazarian et al. 2017
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Dust is big in disks
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Light source of scattering

IR scattered light 4
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Polarization due to scattering

observer
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Polarization due to scattering

thermal dust emission
of other dust grains

The observer is you.

(the line of sight is

perpendicular to the plane
of this slide)
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Polarization due to scattering
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Polarization due to scattering
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Polarization due to scattering
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Polarization due to scattering
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Anisotropic thermal emission at mm wavelengths
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selt-scattering in a protoplanetary disk
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selt-scattering in a protoplanetary disk

Akimasa Kataoka (NAQOJ)



[arcsec]

Theoretical prediction

Stokes | (continuum)

10°

ring @ 170AU, d=140pc

[arcsec]

Anisotropy — net polarization

Polarization fraction [%]

[arcsec]
o

[arcsec]

Kataoka, et al., 2015

Akimasa Kataoka (NAQOJ)

3.00

2.50

2.00

1.50

1.00

0.50

0.00



ADEC [arcsec]

ALMA observation of HD 142527
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* Flip of polarization vectors

« Change of the direction of radiative flux - evidence of the self-
scattering (Kataoka et al. 2015)

Kataoka, et al., 2016b
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Conditions of dust grains for polarization
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Grain size constraints by polarization

Expected polarization degree (scalable)
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Multi-wave polarization — constraints on the grain size
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selt-scattering in an inclined disk

(disk, edge-on view) Yang, Li, et al. 2016

See also Kataoka et al. 2016a
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HL Tau pol. - prediction
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* The polarization vectors are parallel to the minor axis

Kataoka, et al., 2016a (see also Yang et al. 2016)
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HL Tau polarization with ALMA
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* We find the azimuthal polarization vectors at 3.1 mm wavelength

Kataoka, et al., 2017
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HL Tau polarization
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* The polarization vectors at 1.3 mm are parallel to the minor axis

* The polarization vectors at 3.1 mm are in the azimuthal direction

wavelength-dependent polarization in mm range
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Polarization mechanisms

1. Alignment of elongated dust grains with magnetic fields
Magnetic Field

Thermal emission

4
l

Linear

polarization (_)
e.g., Lazarian and Hoang 2007

2. The self-scattering of thermal dust emission
Kataoka et al. 2015

3. Alignment of elongated dust grains with radiation fields

Tazaki, Lazarian et al. 2017
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Alignment with radiation fields
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Polarization mechanisms

alignment with B-fields self-scattering alignment with radiation

e Grains are needed to
be big (~>100um)

e Radiation gradient is
in the radial direction.

e Toroidal magnetic * |nclination-induced

fields are assumed scattering -> parallel
to the minor axis

 Grain size is a ~N/2n:
strong wavelength
dependence
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Total polarization fraction
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The maximum grain size is ~ 70 pm
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Star and disk formation

Molecular
cloud cores

Timescale ~104¢years

~0.1 pc

Spatial scale =20,000 AU

~ 200 arcsec

. magnetic fields
Key physics
or turbulence?

Protostar and
protoplanetary disk

~106-7 years

~100 AU

~1 arcsec

grain growth

Akimasa Kataoka (NAQOJ)

{CILASS ()
> -1
l%( LI
i R R
- 4 \
ol |
- (LLASS |1
\
- '/ \\n
” /\1,4».- \
l; ,.H\ 0 \
gl -8 ’ &
Ra / P
9 ‘ hlL',lu \
CLASS I
o AN
i~ I
28 b \
-9 £
CLASS I
q
- S N
i~ /o
gu -B /
’-3 Barmsre / \
-0t m////W k
17T 12 13 14 15
Leg villz)
A.lsella
/




10pm polarization
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Inner part - grains are aligned
with poloidal B-fields at
surface
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Current understandings
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What's missing in theory?

« Alignment - What's the condition for the transition from the
alignment with B-fields to that with rad. fields. Grain size? Is
the iron inclusion necessary? Conditions for the gas
turbulence?

» Scattering - Scattering properties of porous dust aggregates
is missing. Is the grain growth significant even at Class O

stages?
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Conclusions

® \We propose that the self-scattering of thermal dust emission can produce
millimeter-wave polarization. The conditions are:
1. The intensity has anisotropic radiation fields

2. The maximum grain size is comparable to the wavelengths
(Kataoka et al., 2015, ApJ)

® \We have detected the polarization of HD 142527 with ALMA
® The orientations of polarization vectors are consistent with the self-scattering

model.
(Kataoka et al. 2016b, ApJL)

® \We have observed polarization of HL Tau with ALMA
® 3.1 mm polarization vectors are dominated by explained by the grain
alignment, while 1.3 mm pol. vectors by the self-scattering.

® The maximum grain size is constrained to be ~70 um

(Kataoka et al. 2016a ApJ, Kataoka et al. 2017 ApJL)
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