
Satoshi Ohashi (RIKEN) and Akimasa Kataoka (NAOJ)
submitted to ApJ

Grain size and dust scale height
distributions in HD 163296 studied 
by ALMA polarization observation



Main mechanisms of dust polarization

Scattering
at millimeter wave

In PPDs

Dust alignment
at millimeter wave

In PPDs

with 1. magnetic fields
or    2. radiation gradients
or    3. gas flows

in PPDs



Main mechanisms of dust polarization

Scattering
at millimeter wave

In PPDs

Dust alignment
at millimeter wave

In PPDs

with 1. magnetic fields
or    2. radiation gradients
or    3. gas flows

in PPDs

This talk





Self-scattering in disks

Akimasa Kataoka (NAOJ)

self-scattering in an inclined disk
2802

H
.Yang

etal.

based
m

ostly
on

C
A

R
M

A
observations

at1.3
and

2.7
m

m
.Itis

in
agreem

entw
ith

the
spatially

averaged
value

obtained
from

A
L

M
A

observations
from

0.87
to

2.9
m

m
(A

L
M

A
Partnership:

B
rogan

etal.2015).T
his

value
is

significantly
low

er
than

the
typicalISM

value
of

β
∼

1.5–2.
T

he
difference

is
usually

taken
as

evidence
for

grain
grow

th
to

m
illim

etre
size

or
larger

(Testietal.2014),al-
though

other
interpretations

are
possible.For

exam
ple,R

iccietal.
(2012)show

ed
thata

value
of

β
∼

1
orlow

ercan
be

obtained
w

ith-
outm

m
/cm

-sized
grains

if
partof

the
disc

is
optically

thick.Som
e

supportforthis
possibility

is
provided

by
the

spatially
resolved

dis-
tribution

of
β

derived
from

the
A

L
M

A
data,w

hich
show

s
β

∼
0

indicative
ofoptically

thick
em

ission
atthe

centralcontinuum
peak

and
tw

o
rings

(B
1

and
B

6,A
L

M
A

Partnership:B
rogan

etal.2015,
see

their
fig.

3).
A

nother
possibility

is
that

the
index

β
is

sensi-
tive

to
not

only
the

size
but

also
the

shape
of

the
grains.

Indeed,
V

erhoeff
et

al.
(2011)

w
ere

able
to

reproduce
the

spectral
energy

distribution
(SE

D
)

of
the

disc
of

H
D

142527
(w

ith
β

∼
1

in
the

m
illim

etre
regim

e)w
ith

irregulargrains
ofsizes

up
to

only
2.5

µ
m

;
the

grain
shape

w
as

treated
w

ith
the

distribution
of

hollow
spheres

(M
in,H

ovenier&
de

K
oter2005).T

he
grains

inferred
in

ourm
odel

of
dustscattering-induced

polarization
for

the
H

L
Tau

disc
have

a
significantly

largerm
axim

um
size

(ofthe
orderoftens

ofm
icrons).

T
hey

m
ay

stillbe
able

to
reproduce

the
observed

(averaged)opacity
spectralindex

of
β

∼
0.73

if
the

grains
are

irregular
and/or

partof
the

disc
is

optically
thick.D

etailed
exploration

ofthis
possibility

is
beyond

the
scope

ofthe
presentw

ork.
If

large,
m

m
/cm

-sized,
grains

are
responsible

for
the

relatively
low

value
of

β
observed

in
the

H
L

Tau
disc,

it
is

natural
to

ask
w

hether
they

can
produce

a
polarization

pattern
that

m
atches

the
observed

one
through

scattering.Itis
unlikely,because

the
key

to
producing

the
observed

pattern
is

the
polarization

degree
of

the
scattered

lightpeaking
near

90
◦

(as
in

the
R

ayleigh
lim

it),and
this

requirem
entis

notsatisfied
for

m
m

/cm
-sized

grains.For
exam

ple,
forthe

grain
m

odeladopted
by

K
ataoka

etal.(2015a),the
polariza-

tion
degree

(defined
asthe

ratio
ofthe

tw
o

elem
entsin

the
scattering

m
atrix,−

Z
12 /Z

11 ,w
hich

is
essentially

the
polarization

fraction
but

can
be

either
positive

or
negative)

is
nearly

zero
at0.87

m
m

for
all

scattering
angles

exceptaround
135

◦,w
here

itreaches
a

(negative)
‘peak’

value
of∼

−
0.2

for
a

m
ax

=
1

m
m

and
1

cm
(see

the
right

paneloftheirfig.2).T
he

negative
value

isknow
n

asthe
polarization

reversal(e.g.M
urakaw

a
2010;K

irchschlager&
W

olf2014)w
hich,

together
w

ith
the

shiftof
the

polarization
‘peak’

aw
ay

from
90

◦,is
expected

to
produce

a
polarization

pattern
very

differentfrom
the

R
ayleigh

scattering
case.

A
s

an
illustration,w

e
repeat

the
com

putation
of

the
scattering-

induced
polarization

at
λ

=
1.3

m
m

in
Section

3,butw
ith

an
M

R
N

-
type

pow
er-law

size
distribution

up
to

a
m

ax =
4

m
m

(instead
of

72
µ

m
),using

the
dustm

odelofK
ataoka

etal.(2015a)and
M

ie
theory.

T
he

m
axim

um
grain

size
is

chosen
such

that
a

m
ax

≈
3
λ,w

hich
is

roughly
the

m
inim

um
value

required
to

yield
an

opacity
spectral

index
of

β
∼

1
according

to
D

raine
(2006).

T
he

distribution
of

the
polarization

degree
w

ith
scattering

angle
in

this
case

is
show

n
in

Fig.
6.

It
is

very
sim

ilar
to

that
obtained

by
K

ataoka
et

al.
at

0.87
m

m
,

except
that

the
‘peak’

is
slightly

low
er

(−
0.17)

and
is

shifted
to

a
slightly

sm
allerangle

of∼
130

◦.
In

Fig.
7,

w
e

plot
the

distribution
of

the
polarized

intensity
together

w
ith

polarization
vectors

for
the

large
grain

case
of

a
m

ax
=

4
m

m
.

T
here

are
several

features
that

are
w

orth
noting.

First,
unlike

the
R

ayleigh
scattering

case,
the

polarized
intensity

is
no

longer
sym

m
etric

w
ith

respectto
the

m
ajor

axis.T
his

is
be-

cause
large,m

m
/cm

-sized,grains
preferentially

scatter
lightin

the
forw

ard
direction

(e.g.B
ohren

&
H

uffm
an

1983),m
aking

the
side

F
igure

7.
Scattering-induced

polarization
by

large
grains.

A
s

in
Fig.

5,
plotted

are
the

polarized
intensity

(colour
m

ap)
and

polarization
vectors

(line
segm

ents,w
ith

length
proportionalto

the
polarization

fraction).N
ote

the
strong

asym
m

etry
w

ith
respect

to
the

m
ajor

axis
in

both
the

polarized
intensity

and
the

polarization
vectors.T

he
polarization

along
the

m
ajoraxis

in
the

centralregion
is

due
to

polarization
reversal,w

hich
m

ay
be

a
robust

indicator
of

scattering
by

large,m
m

/cm
-sized,grains.T

he
near

side
of

the
disc

is
on

the
right.

of
the

disc
closer

to
the

observer
(the

righthalf)
brighter.T

he
po-

larization
fraction

is,
how

ever,
higher

on
the

far
side

(especially
tow

ards
the

outer
partof

the
disc)

because
the

polarization
degree

of
the

scattered
light

is
higher

for
backw

ard
scattering

than
for

forw
ard

scattering
(see

Fig.
6).

T
he

m
ost

striking
difference

be-
tw

een
this

case
and

the
R

ayleigh
scattering

case
show

n
in

Fig.
5

lies
in

the
polarization

direction.
T

he
difference

com
es

from
the

polarization
reversalin

the
large

grain
case,w

hich
yields

an
intrin-

sic
(or

face-on)
polarization

direction
in

the
radial

(as
opposed

to
azim

uthal)
direction

and
an

inclination-induced
polarization

along
the

m
ajor

(rather
than

m
inor)

axis.T
he

interplay
betw

een
the

in-
trinsic

and
inclination-induced

polarization
leads

to
polarization

directions
in

the
region

of
high

polarized
intensity

(the
m

osteasily
observable

part)
com

pletely
different

from
those

observed
in

H
L

Tau
(see

Fig.1).
W

e
are

therefore
left

w
ith

an
interesting

conundrum
.

T
he

po-
larization

pattern
in

the
H

L
Tau

disc
is

suggestive
of

R
ayleigh

scattering
by

relatively
sm

alldustgrains
(although

stillm
uch

larger
than

the
typical

ISM
grains),

but
such

grains
m

ay
have

difficulty
reproducing

the
observed

opacity
spectralindex

β
(!

1).T
he

index
can

be
reproduced

m
ore

easily
w

ith
larger,

m
m

/cm
-sized,

grains,
butitis

difficultto
generate

the
observed

polarization
pattern

w
ith

such
grains

through
scattering.Itis

conceivable
thatthere

are
tw

o
populations

of
dust

grains,
w

ith
one

responsible
for

polarization,
the

other
for

β
.T

he
tw

o
populations

do
nothave

to
be

located
co-

spatially
in

the
disc;

for
exam

ple,large
grains

responsible
for

the
bulk

of
the

unpolarized
continuum

(and
thus

β
)

m
ay

have
settled

close
to

the
m

id-plane,
w

hereas
sm

aller
grains

that
dom

inate
the

polarized
m

illim
etre

radiation
m

ay
rem

ain
floating

higherup
above

the
m

id-plane
(e.g.D

ullem
ond

&
D

om
inik

2004;Tanaka,H
im

eno
&

Ida
2005;B

alsara
etal.2009).Ifthisspeculation

turnsoutcorrect,
polarized

em
ission

in
m

illim
etre

w
ould

provide
a

pow
erful

probe
ofnotonly

grain
grow

th,butalso
the

expected
verticalstratification

of
grain

sizes,especially
in

conjunction
w

ith
observations

of
opti-

cal/IR
polarization,w

hich
probe

even
sm

aller,m
icron-sized,grains

thatare
higherup

stillabove
the

disc
m

id-plane.

M
N

R
A

S
456,2794–2805

(2016)
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See also Kataoka et al. 2016a

(disk, edge-on view)



Dent et al. (2019) have shown the polarization 
morphology within the disk

Can we model these observed features?

The ideal target of HD 163296
reported by Dent et al. 2019



Radiative transfer calculations (RADMC-3D)

� Dependence on grain size

� Dependence on scale height

� Best model

Polarization fraction depends on a size of grains, 
but polarization patterns are independent

Azimuthal variation is enhanced by scale height
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self-scattering



Radiative transfer calculations (RADMC-3)

� Dependence on grain size

� Dependence on scale height

� Best model

Polarization fraction depends on a size of grains, 
but polarization patterns are independent

Azimuthal variation is enhanced by scale height



Effect of dust settling



Scale height is also important for scattering

Incoming flux along the radial direction increases with scale height
→ Azimuthal polarization is produced, 



Radiative transfer calculations (RADMC-3)

� Dependence on grain size

� Dependence on scale height

� Best model

Polarization fraction depends on a size of grains, 
but polarization patterns are independent

Azimuthal variation is enhanced by scale height



Comparisons with observation

� polarization vectors may be difficult to compare between 
model and observation.

� We discuss Stokes Q and U images.

Note: grain sizes set to be 1 mm at the rings and 
140 micron at the gaps to match the observed polarization 

B68 ring B68 B68



Radial variations of scale height

Stokes Q is increased by increasing scale height
The observation shows no Stoke Q emission r < 70 au, 

indicating the scale height is low r < 70 au and high r > 70 au

B68

B68



Best model
140um and 1mm model: scale height Hd=0.1 Hgas (r < 68 au) and 0.7 Hgas (r > 68 au)



Dust scale height

turbulence α will be different 
between 50 and 90 au

Hdust ⇠
r

↵

St
Hgas

<latexit sha1_base64="LHGO3Nd6B7xKZEwh/Hi36d7gC6U="></latexit><latexit sha1_base64="LHGO3Nd6B7xKZEwh/Hi36d7gC6U="></latexit><latexit sha1_base64="LHGO3Nd6B7xKZEwh/Hi36d7gC6U="></latexit><latexit sha1_base64="LHGO3Nd6B7xKZEwh/Hi36d7gC6U="></latexit>

Scattering allow us to investigate not only 
grain size but also dust scale height

Radial variations of grains and scale height

↵ . 1.5⇥ 10�3 at 50 au
<latexit sha1_base64="aFfiKmBA2jCbsoYIAwZs4XM8LgQ="></latexit>

↵ ⇠ 0.015� 0.3 at 90 au
<latexit sha1_base64="GpdbtYrPXAKkizOHqjKL01HGjfk="></latexit>

St =
⇡⇢a

2⌃gas
<latexit sha1_base64="xKzRPErooDb8341QsiNks0FP2EU="></latexit>


