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Dust properties in debris disks

Ryo Tazaki “

Astronomical Institute, Tohoku University

Introduction
Dust characterization by observations
Dust opacity in millimeter-wavelengths

. Summary
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What are debris disks?

-+ Dusty disks around main-sequence stars
- descendant of protoplanetary disks

- SED typically shows excess emission in infrared wavelengths.

- High-resolution imaging is now available

SED High-resolution imaging
o' AU Mic
; Matthews+15 ;
1005— E
/@;: 10 DISK—
10°F E
lo_f_ o N Fomalhaut, Hughes et al. (2018)
107! 10° 10! 107 10°

wavelength (Lm)

2 R. Tazaki ALMAT =2 ¥ a v 7 FI#&H 6 KR~ ietnily, 2018.11.21



PPDs and debris disks

Protoplanetary disks Debris disks

» Young (< 1-10 Myr) - Old (> 1-10 Myr)
— Host star: PMS — Host star: MS

- Optically thick - Optically thin

- Gas rich » Dust rich (& gas)

 Primordial dust - Secondly dust

(b) 1.3 mm (B6)
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Solar System and Debris disks

- The solar system contains debris disk components:
- Asteroid belt (e.g., zodiacal light)
- Kuiper belt

+ Debris disk structure indicates planetary architecture!

Debris disks
= analog of young Solar System

Jupiter — =
Saturn —_ Kuiper belt. ™

® Uranus

e Pluto

| - Asteroid belt

Although asteroid belt and Kuiper belt are much
fainter than those seen in debris disks:--
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What can we learn from debris dust?

+ Properties of Parent bodies

- dust composition

- dust shape, structure, and porosity

- Fragmentation process

- grain size distribution

- minimum/maximum grain radius

- System dependences

- stellar type” age”

- How does it differ from our Solar System?
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How can we know their properties?

Thermal emission (MIR - mm) & Scattered light (Opt - NIR)

Optically thin for all wavelengths!
— Much more simple than protoplanetary disks

Combined analysis of scattering and thermal is a powerful tool.

50 AU

Fomalhaut, Hughes et al. (2018)
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Dust characterization

§2.1 Dust Composition
§2.2 Grain size distribution
§2.3 Dust shape & structure

R. Tazaki ALMAY =2 ¥ a v 7 M&D o KGR~

Ietnlf, 2018.11.21



Dust characterization

§2.1 Dust Composition
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Dust composition
Lab.Sil.

Direct evidence of composition: solid-state feature a Amél;;,"ho'us
0.1 |

- silicate features: A =10 um, 20 um, 69 um

10 and/or 20 um silicate emission from debris disks
- 120 targets/571 sources = 20% (Chen+14, Mittal+15)
- biased for warm and small grains (<~10 pm/2 7 ~1.6 pm)

69 um feature can be seen in more lower temp.
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Crystallinity of silicate

Interstellar silicate: >99% amorphous (Kemper+04)

Crystallinity of silicate in debris disk (Mittal+15)
- show a wide variety : <1 - 95%

- no clear correlation with stellar age
L Stellar Age Vs Dust Crystalline Fraction (Continuous Disk Model)

Dust Crystallinity Fraction

Normalized flux

Lab.Sil.

M

L
amorphous
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Other material signature®?

- High SNR Spectral decomposition @ MIR
- Sulfide, amorphous carbon, water (Lisse+12)
- Still fitting is model dependent (Lebreton+16)

- Reddish NIR Scattered light

- Reddish colors due to organics (Debes+2008) - Reddish :
- Solution is not unique because colors can be 3 — '
affected by grain size & structure (Koehler+08) _ | Thoins only
(a) | Spltzer EtoCorvus Dlsk Spectrol Model 2.5F -
1.04 | || it "y [
g Spitzer IRS f“l,!;;“"'r'.i'«‘ ) gw 2.0F ;
5] -
. 1.0}
g _ ]
(f) 0.0 3 ;
L 1 i . Forsterite+10% Tholins |
E Sulfides 00 05 1.0 15 20 25
g -0.5F N . Wavelength (um)
- W LISSG+201 2
e HR 4796, Debes+2008

Wavelength (um)
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Dust characterization

§2.2 Grain size distribution
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Grain size distribution in debris disk

Assume single power-law

dn
da

Fragmentation 100s - 1000s km ()
planetesimals

a a

min max

Question: amin and q in debris disk?
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Grain size distribution power-law index q

- mm-wave flux (thermal) from debris dust (optically thin)

F, =« B(T)My, d* x /*? o p%m
Dust opacity: kK, VP

Observed flux slope amm depends on dust property S!

14
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Grain size distribution power-law index q

- mm-wave flux (thermal) from debris dust (optically thin)

F, =« B(T)My, d* x /*? o p%m
Dust opacity: kK, VP

Observed flux slope amm depends on dust property S!

- Approximate relation exists (amax>> A ) (Draine 20006)

Observed mm-wave flux slope

Power-law index q of ﬁ s Opacity index at Rayleigh limit
(Intrinsic material property)

orain size distribution
Bs=1.7 @ ISM

15

R. Tazaki ALMAT =2 ¥ a v 7 FI#&H 6 KR~ ietnily, 2018.11.21



Opacity index in Rayleigh limit s

EFEE_I&“X ~ (amax~0.1lJm << mmeZ)

- DFHADEMT Bline of sight TR=1.66
(Planck Collaboration Int. XIV , 2014, A&A, 564, A45)
Bs := 3 In Rayleigh limit (x<<1)
(a) fERE OfEIRIK (5 & Esilicate/H20 ice’x &)
IR DI FIRE Ddamping winglc & % IRIX (Lorentz model)
(b) E&/FE 1K (graphite’/s &)
THEFIc K5I XI/ILF—F0UE (Drude model) Ps =2
(c) FEEE Dz (FEEEsilicate/H20 ice’d &)
ETIVERERRE L, EICERNEBETHNSNTLS (e.g., Demyk+17)
MHE) - #FREBE LD HKRELRNRE
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Opacity index in Rayleigh limit s

EFEE_I&“X ~ (amax~0.1lJm << mmeZ)

- DFHADEMT Bline of sight TR=1.66
(Planck Collaboration Int. XIV , 2014, A&A, 564, A45)
Bs := 3 In Rayleigh limit (x<<1)
(a) fERE OfEIRIK (5 & Esilicate/H20 ice’x &)
IR DI FIRE Ddamping winglc & % IRIX (Lorentz model)
(b) E&/FE 1K (graphite’/s &)
THEFIc K5I XI/ILF—F0UE (Drude model) Ps =2
(c) FEEE Dz (FEEEsilicate/H20 ice’d &)
ETIVERERRE L, EICERNEBETHNSNTLS (e.g., Demyk+17)
MHE) - #FREBE LD HKRELRNRE
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Grain size distribution power-law index

- Inferred power-law index q approximately coincides with
collisional cascade models, which predicts q = 3 - 4.
(q=3.5: Dohnanyi+69, Tanaka+96)

i ~ Cometary dust 4i_Outbursts i}

0.25 | " . -

i Zodiacal dust  Collisional; models -
— : i

0.20 -

(Slub)mm indlex

0.15 Silicates -

—

Observed distribution

0.10 -

Hughes et al. (2018)
references therein

0.05

Grain size distribution power-law index (g)
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Grain size distribution in debris disk

Assume single power-law

I q=3.5

da

Collisional
cascades

100s - 1000s km
planetesimals

Question: amin and q in debris disk?
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Minimum size:
blown-out size by stellar radiation pressure

»+ Specific orbital energy of a particle (circular orbit)

p? Fgrp
__(1_ﬂ)—>0 ﬂ—F > p>0.5

grav

unbound
+ Ratio of radiation pressure and stellar gravity (both o r-2)

-1
a L,/M,
~ (0.2
p=0 <Qpr>*(1/,tm) (L@/M@>
> 0.4 um(Qy), |~ ith f=0.5
Appip = V.5 4N pr/ % LQ/MG with ,5 = V.

3/4 :

Small grains are blown out from the system
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Example of the B-value
+ <Qpr> (and then B) drops in the Rayleigh domain

G -value depends on optical constant and dust structure
(e.g., Mukai et al. 1992)

0.01 ¢

0.001

Compact

a=(0.5 pm

- Astrosilicate

0.01

0.1 1 10
Grain radius (um)

* Blown-out

Bound
orbit

100
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Minimum size of dust: observations
MIR silicate feature constrains minimum dust grains
Derived minimum size: = 0.3 um - 40 um (Mittal+15)

Positive correlation between amin & stellar luminosity

But dependence is shallower than that of blown-out size
107

—_
()
—_

—_
-
=)

Blown-out

o Umin X Lim Mittal+2015

10° O 102
Stellar Luminosity (L.)

Minimum Dust Grain size (pzm)

Inconsistent with radiation pressure prediction!
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Blown-out small grains: halo component

+ QOuter debris disk show blue colors (Debes+08)
= “halo of small grains”

- Small grains (compared to A)

show blue colors (Rayleigh scatt.)

100 o g | — Z 845 AU ;
. ompact (V.1 pum | i o *x O m—E—Ewest E
L Combact (10 1) o v F 4L aAAEes ]
[ Commpact (5.0 pm) £ | > o :
_ p Ui N ‘I .O Um | 1.25_ : ' " ' : ' _
- — N 10F E
10 L | % osf E
7 r3.0um ; _5
B —& ] & 04f E
0 - 290 AU _;
N% L N 3_0g +— t t t t t
-5.0 um 0.1 um - el
102 L __ :g15_
'PPD scat. color ; g;f;;‘] 35 A
:Tazla'kl + |S U b m Itteld | | : 0(())4 I6 0i8 1:0 1:2 1:4 1:6 1-.8
1 12 14 16 18 2 22 s
A (pm) Debes+2008
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Dust characterization

§2.3 Dust shape & structure

24
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Probing dust structure: linear polarization
Graham+2007

fluffy aggregate (df=1.9)
21IR/A\~ 23, P(6=90°) ~ 80%

Tazaki+2016

C
0.8 | °)
— =
il
) : S
g 0.6 b
N ‘ g
; 04 o
il
A :
\c\] 0.2 F g
™ .—
N C ©
T, 8
A=1.0 pum O
A =1.6 um O -
A= 2 6 pm =—— (a) BCCA (N ]024) Q - @ Porous Aggregrate

0.2 —1.0F
0 20 40 60 80 100 120 140 160 180 )

Scattering angle 6 [°]

0 20 100 150
Scattering angle [degrees]

High polarization fraction of AU Mic indicates
the presence of flufty aggregates
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Phase function (a.u.)

Phase function of debris dust

Most disk show similar phase function

Phase function becomes almost flat at side and back scattering.
- Henyey-Greenstein function cannot reproduce this trend.

Hughes et al. (2018)

100.0 |

10.0 |

—
o
LILELIL

0.1k

I ! I

Zodiacal dust (Leinert et al. 1976)
e Zodiacal dust (Hong 1985)

— — — — HGg=0.2

s HGg=0.7

--------------- HGg=-05

I

® HR 4796A =

® HD 61005

® HD 181327

® Fomalhaut

® GGTau
Solar System

Near-infrared 7
Optical

Scattering angle (degree)
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Phase function of debris dust

- Most disk show similar phase function

- Phase function becomes almost flat at side and back scattering.
- Henyey-Greenstein function cannot reproduce this trend.

Hughes et al. (2018) 7 Tazaki+2016
10 —m™™—Mm—mm——————————
A A N = 1024 (S 11 X 100) e
100.0 k= Zodiacal dust (Leinert et al. 1976) ® HR 4796A = 106 L (a) BCCA N =512(511 X 10)  —
. —t— Zodiacal dust (Hong 1985) ® HD 61005 : N =256 (511 x1)  —
— ——— HGg=0. ® HD 181327 10° N =128 (S11 X 0.1)
————— HGg=0.7 ® Fomalhaut 1
|\ HGg=-05 ® GGTau 4
3 100 Solar System 3 10
G - ;
e L 100 F N Smumncceesssssssssssenns
2 \.\ Near-infrared C\D‘:
[¥] N . 1
c . Optical — 2
E 1.0k y \. _O) 10 SN anyppypuueEEEAEEEEEEESEEEEERSEEEE]
5 : ] 1
£ 10
a . ooelEwrt BN Ny aa s
10°
0.1F
: ol wwsnsnmsnsnsnsmssnnunssssssusuy
10—2 .................
0 20 40 60 80 100 120 140 160 180
Scattering angle (degree) Scattering angle 6 [O]

- Flufly aggregates show flat phase function! ;3



Exception: HR 4796A

Milli+2017

- = Micro-asteroids 10um
— Micro-asteroids 30um
----- Micro-asteroids 100m

2 _
— Dbest XSPF, ¢ < 45°
F Measurements

Phase functi

1 arcsec

0 20 40 60 80 100 120 140 160 180
Scattering angle in °

- Phase function with strong forward scattering AND continuous
Increase at side- and back-scattering are detected.
— consistent with phase function of 30 um-sized grains
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Enhanced backscattering: Fomalhaut

Le Bouquin+2009 Min+2010

b
e
.
1 1

0.05

0 30 60 90 120 150 180

156+/-0.3deg

The bright side might be the far side of Fomalhaut (Le Bouquin+2009)

- Suppose this is true, large grains (>100 nm) can explain a
continuous increase of phase function at side- and
back-scattering region (Min+2010) (like lunar phase!).
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Phase function of dust coma of comet 67P:

Rosetta/OSIRIS observations
Moreno et al. 2018

(@)
5 3 I .
04:4) |:
O N
o---o-- OSIRIS MTP020/071 ,7
= Optlcal ;
J__'j =10 um j
O ————r =100 um i
% ---------- req=1000 um ,'§
':Q‘ 9 3 m= 1 6+O '] | /’—;— (b) gg‘lass%;-zog'/.'?21:45:34.419
o) — €=[0.25,4.0] '/" ]
O |
N
o puy
prm—
CU phase=158.6
E 2015-07-07T19:55:02.630
P X,
S ~F =
z 0 50 100 150
<

Phase angle (°) o
Back scattering Bertini et al. 2017

Large (>10 um) elongated particles
aligned their long axes perpendicular to the
solar radiation can reproduce OSIRIS obs.
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§3.millimeter-wave dust opacity

31
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“Standard value” of mm-wave opacity

Beckwith et al. (1990)
e MMIEICHITDIRIBRERABEE DS X MEKEH — N1 #HIGH
« SXANNEHEEUTUTOEZRRR (“ERIREE")

Kk, = 2 cm? _1( A )_ﬁ =]
) g 9ﬁ_
1.3 mm

o FUAIN(CIIRERFEIFIRVN(EERDOND, e.g., SED, disk mass)
o IRABHDEMRNIZST RS « EFILICEDWZETIEIRLY
cf.) Beckwith+90Mopacityl&(F2fES5 X FDIEK DB 1 HTRAE 0N

P P
k, =021 cm* g~} (1 3 mm) , B=1.68 Li&Draine (2001)
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Opacity: Amorphous silicate

Skp S10em? g ' @A =1 mm
. Beckwith+90: k. =2.6 cm* g '@ =1 mm

. Lab. measurement: 0.2 cm? g~!

B90 opacity: Within the range of Lab. measured opacity
Draine 2006

Demyk et al. 2017

5 3 2 A= 1lmm 500 nm 200 100
102 - I T I T T I I T I L T I I I T I T T I I L -
r '/‘/"/// ] ‘ ‘I T T N T T T T T T T
N P ] I /2 N <MAC.. >
[ Mennella ctal. 1998 ] ] 1000 \ \ S
amorph. Fe,Si - Pigte — —
T=205K, AR w7 = Y \ R oo <MACgr> 3
T=100K L % - R .
- /'/' L < % .- B
10 - T=24K //‘/ i R — | R — <MAC311>
C Bosch (1978) e 7 Q)/ ] — 7 10 K
| am. Na,0-38i02 _\{’ 7 _,6;’\' . {0 B
-~ T=300K 7 4 AN T i
T 30K . « 100 300 K -
o0 20K ~" \WDO1 model E o
g1 14K - 3) .
o ¥ ;2% Agladze et al. 1996 — "
Q ~ a ’ amorphous Mg0-SiQ, O \\
- T=14K = \
\ N\ T=23K = t i1; t
/ 7 Agladze et al. 1996 B aSlirosilicales N
oalp LT mgemose, ‘°F sphere 01um 90 =
ey T=23K - spheres g
o "~ CDE N
0'01 | | | P'l[‘ Dr 5? ]_ [ | P |
10? 103
v (GHz) 10 100 1000
A(pm)
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Opacity: Carbonaceous material

- Lab. measurement: k.. ~ 25 — 30 cm?* g~!

- =10 times larger larger than Beckwith’s opacity value

. Presumably due to connection eflect (Tazaki & Tanaka 18, references therein).
Draine 2006

jgp Lt o 3 % A= tmm 5004m 200 100 .
- e Tazaki & Tanaka 2018
- ol —~7 |
22 ||
Q_
1 - o)
o =
« o —
) N _
2 =
-2
0.1
0.01 R ! ! . .\ . | BT Draine 2005.09.16.1353 y/RO

102 108
v (GHz)
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Effect of aggregation: silicate feature

Tamanai, --

-, Tazaki et al. 2018, A&A, 619, A110

- Lorentz-model : dielectric

function becomes large at A>Ac

- Connection (proximity) effect

makes “shoulder” in the feature

| | | | | vuor———+—t——+— 1 i
- 1.0 - _(c) T-matrix (4 linear) |
S | -
© ke
'é 0.8 E 08 L 1
W o6 N _
© - .
N 4l g
= 0.4 c_éi 04 E, (9.14) -
£ = E, (8.93)
§ 0.2 < 02} Unpolarized (8.99) -
Single (Mie) (8.95)
0.0 : : : 0.0 P I N B N
75 80 85 90 95 100 75 84 86 88 90 92 94 96 8«
Wavelength (um) Wavelength (um)
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Summary

- Dust grains in debris disks contain amo/cry silicate, although

constraints on other species are still weak.

+ (Grain size distribution power-law index seems to be

consistent with collisional cascade models (q=3-4)

- Minimum grain size in debris disk 1s not determined

only by stellar radiation pressure. Importance of gas??

+ Scattering phase function looks similar for some debris disks,

indicating that porous structure of debris dust might be common.

- Beckwith+90’s millimeter-wave opacity (“standard value”) seems

to be comparable to the opacity of amorphous silicate,
but roughly 10 times smaller for carbonaceous composition.
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