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1. General introduction



What is a dust grain?

Dust grains are
*formed by condensation of heavy elements.

O Heavy » ‘ Dust grain
elements

Heavy elements are supphed only by stars.

* tightly connected to the galaxy evolution

There are many important physical quantities
affected by dust.



Star formation

Surface of dust grains

molecular molecular
formation

atom cooling
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dust PS ’ dust cooling

These processes depend strongly on the amount
and size distribution of dust grains.




Star formation

Surface of dust grains
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Dust grains drive the star formation.



Spectral energy distribution (SED)

Dust Dust

extinction [ >8r [ E“St " 1Re-emission

l’ 7\ 1 Large
£ \
/4

Small

absorption \ | emission |

B | [ HH\l\ I'::'. :
_3 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 ll'
-1 0 1 2 3

wavelength
Noll et al. (2009)



Extinction curve

Wavelength dependence of extinction by dust
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Dust circulation in galaxies

Galaxy
ol destruction grain
mokc:lles (SN shocks) growth

AGB stars,

coagulation ®©

astration



Dust supply
AGB star

*log-normal distribution

*large size grains are produced

Winters et al. (1997)
Yasuda & Kozasa (2012)

Dust mass data
Zhukovska et al. (2008)

Type II Supernovae (SNe II)

*broken power-law
*biased to large grains

Nozawa et al. (2007)

Dust mass data
Nozawa et al. (2007)

Grain size distribution

grain size distribution

— —_— —_— —
< 9 9 9
o] L] -IL n

—
o
|

—

o

10“2;

10|
108 1077 10°® 10°® 10* 10°°

1010

—
1 o
=)

grain size (cm)

 ——C =--.=FeS

S10,
Fe — — MgSi0g —— MgO

10H 10 10" 105 104 103

grain size (cm)



Dust destruction and grain growth
Dust destruction by SN shocks
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Shattering and coagulation

Shattering

Coagulation

Smaller grains are produced
by larger grains

Larger grains are produced
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Aim of this study

We investigate the evolutions of dust amount,
grain size distribution, and extinction curve in
galaxies using an evolution model of dust
consistent with the chemical evolution of galaxies.




2. Evolution of the Total Dust
Amount in Galaxies

Asano et al. 2013, EPS, 65, 213



Total dust amount in galaxies

The evolution of the total dust mass in galaxies is essential factor
to resolve the evolution of the galactic SED.

Galaxies at high redshift Galaxies at low redshift

Arast (A)
3,000 2,500 2,000 1,500 1,200

Maiolino et al. (2004)

Injection of dust from
stars (~ a few Gyr)

_ VS.

] Dust destruction by SN
; shocks (<1 Gyr)

r = _Z=1D'LZ;\'::|
25 ... z=0

7= 10424

SN origin? Grain growth in the ISM?
How about AGB stars?



Star Formation Rate (SFR) and Initial

Star Formation Rate (SFR)
Schmidt law (Schmidt 1959)

We assume n = 1 for simplicity.

Initial Mass Function (IMF)
Larson IMF (Larson 1998)

—(a+ M}
d(m) o< m™ " exp (-—=)
mn 100 Mo
Normalization. f me(m)dm = 1
0.1 Mo,

We adopt a =1.35 and m, = 0.35 M, in our study.



Model of galaxy evolution

Evolution of the total stellar mass, M.., ISM mass, M\,
metal mass, M,, dust mass, M in a galaxy

dM,(t) SFR(t) — R(t),
dt
df\"flds?i(t) — _SFR(t) + R(1).
AM (1
di() = —Z()SFR() + Rz(t) + Y2(1).
oy My Ma(1-9)
T = ~DOSFR() +Ya(t) - — Tacc
Z(t) = My /Msu |
)= Mz/M . Mg (t)
5 = My/M; SERIE) = =
D = My / Mism -




Model of galaxy evolution

Evolution of the total stellar mass, M.., ISM mass, M\,
metal mass, M,, dust mass, M in a galaxy

df\/g*t D _ SFR() - RO),
dA-fﬁds?[(t) — —SFR(t) + R(t).
dflézt(t) = —Z(t)SFR(t) + Rz(t) + Yz (1),
dﬂﬁ U _p)SFR() + Valt) - gj i ”Mdgcc_ :

* Injection/ejection from stars

* Destruction by SN shocks
* Grain growth in the ISM



Model of galaxy evolution

Evolution of the total stellar mass, M.., ISM mass, M\,
metal mass, M,, dust mass, M in a galaxy

dz\é; D _ SFR() - RO),
dMﬁ{(tJ = —SFR(t) + R(¢),
dﬂézt(t) = —Z(t)SFR(t) + Rz(t) + Yz (1),
dﬂéi(t) = —D(t)SFR(t) + Ya(t) — iij T ”Mﬁcc— :

Closed-box model is assumed (the infall/outflow changes the star
formation timescale but does not change the conclusion in this
study).



Timescales of dust destruction and grain

growth
Dust destruction by SN shocks in the ISM

Misn (Yf) ¢ : dust destruction efficiency
TN = — mg,.. : ISM mass swept by a SN shock
EMlswept VSN (t) Psn - SN rate

(e.g., McKee 1989)

a : mean grain size
Toce == 2.0 X 107 ny : number density of the ISM
T : ISM temperature

a ( ny )—1 T 3 A _[1 |
— I‘
0.1pm / \100 cm—3 50 K 0.02)




Contribution of each physical process to
the total dust mass
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Contribution of each physical process to

the total dust mass

Parameter setting :
Total baryon mass : 101° M_

Star formation timescale : 5 Gyr

Cloud mass fraction : 0.5
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Contribution of each physical process to
the total dust mass
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Critical metallicity for grain growth




Critical metallicity for grain growth
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Critical metallicity for grain growth
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crit®

dust evolution.

t

; 10-5 ?/ , - E

107 : L] L
0.1 1.0 10.0
metallicity/critical metallicity




Application to observational data

Herschel observation
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3. Evolution of the grain size
distribution in galaxies

Asano et al. 2013, MNRAS, 432, 637



Dust evolution model

Summary of model setting

* Closed-box model
(total baryon mass is a constant)

* Two-phase ISM (WNM and CNM)
* Schmidt law : SFR(?) = M \(0)/Tgp

* Dust formation by SNe II and AGB stars
* Dust reduction through the astration
* Dust destruction by SN shocks in the ISM
* Grain growth in the CNM
* Grain-grain collisions

(shattering and coagulation) in the ISM




Formulation of the grain-size R =

Mism(1)

dependent evolution of dust mass

M, (a,t) = m(a)f(a,f)da : dust mass with a grain radius [a, a+da] at

a galactic age ¢
dMa(a,t) Ma(a,t)

dt - Mism (?f)

SFR(t)+Y,(a,1)

M. swept

_ﬂ-i’[sm(t)qJSN(t) [ﬂ[d(a.t) —m(a)/ﬂ S(a.a!)f(a}.t)da]

Olm(a) fm(m,t)]
ot
AMq(a,t) dMq(a,t)
I + 1NCeNM T
¢ 1 shat, WNM ¢ shat,CNM
AMg(a,t) dMq(a,t)
T + T)JCNM T
¢ J coag, WNM at coag,CNM

+1cNM [d’m

+TWNM

+TTWNM




: . SFR(p) = ism(®
Formulation of the grain-size TSk

dependent evolution of dust mass

M, (a,t) = m(a)f(a,f)da : dust mass with a grain radius [a, a+da] at

a galactic age ¢
dMa(a,t) Ma(a,t)

dt - Mism (?f)

SFR(t)+Y,(a,t) Stellar effects

M. swept

_ﬂ-i’[srvi[(t)?SN(t) [ﬂ[d(a.t) —m(a)/ﬂ S(a,a!)f(a}.t)da]
Olm(a) fm(m,t)] }

ot
AMq(a,t) dMq(a,t)
I + NCNM T
¢ 1 shat, WNM ¢ shat,CNM
AMg(a,t) dMq(a,t)
T + T)JCNM T
¢ J coag, WNM at coag,CNM

+1cNM [d’m

+TWNM

+TTWNM




: . SFR(p) = ism(®
Formulation of the grain-size TSk

dependent evolution of dust mass

M, (a,t) = m(a)f(a,f)da : dust mass with a grain radius [a, a+da] at

a galactic age ¢
dMa(a,t) Ma(a,t)

dt - Mism (?f)

SFR(t)+Y,(a,1)

M. swept

_ﬂ-i’[srvi[(t)?SN(t) [ﬂ[d(a.t) —m(a)/ﬂ I&'(a,a.!)f(a-!,t)da
Olm(a) fm(m,t)] }

ot
AMq(a,t) dMq(a,t)
I + NCNM T
¢ 1 shat, WNM ¢ shat,CNM
AMg(a,t) dMq(a,t)
T + T)JCNM T
¢ J coag, WNM at coag,CNM

Destruction
by SN shocks

+1cNM [d’m

+TWNM

+TTWNM




: . SFR(p) = ism(®
Formulation of the grain-size TSk

dependent evolution of dust mass

M, (a,t) = m(a)f(a,f)da : dust mass with a grain radius [a, a+da] at

a galactic age ¢
dMa(a,t) Ma(a,t)

dt - Mism (?f)

SFR(t)+Y,(a,1)

M. swept

_ﬂ-i’[srvi[(t)?SN(t) [ﬂ[d(a.t) —m(a)/ﬂ S(a,a!)f(a}.t)da]
Olm(a) fm(m,t)] }

ot
AMq(a,t) dMq(a,t)
I + NCNM T
¢ 1 shat, WNM ¢ shat,CNM
AMg(a,t) dMq(a,t)
T + T)JCNM T
¢ J coag, WNM at coag,CNM

TTCNM [dm Grain growth

+TWNM

+TTWNM




: . SFR(p) = ism(®
Formulation of the grain-size TSk

dependent evolution of dust mass

M, (a,t) = m(a)f(a,f)da : dust mass with a grain radius [a, a+da] at

a galactic age ¢
dMa(a,t) Ma(a,t)

dt - Mism (?f)

SFR(t)+Y,(a,1)

M. swept

_ﬂ-i’[srvi[(t)?SN(t) [ﬂ[d(a.t) —m(a)/ﬂ S(a,a!)f(a}.t)da]
Olm(a) fm(m,t)] }

ot
AMq(a,t) dMq(a,t)
I + NCNM T
¢ 1 shat, WNM ¢ shat,CNM
AMg(a,t) dMq(a,t)
T + T)JCNM T
¢ J coag, WNM at coag,CNM

+1cNM [d’m

+1WNM Shattering

+TTWNM




: . SFR(p) = ism(®
Formulation of the grain-size TSk

dependent evolution of dust mass

M, (a,t) = m(a)f(a,f)da : dust mass with a grain radius [a, a+da] at

a galactic age ¢
dMa(a,t) Ma(a,t)

dt - Mism (?f)

SFR(t)+Y,(a,1)

M. swept

_ﬂ-i’[srvi[(t)?SN(t) [ﬂ[d(a.t) —m(a)/ﬂ S(a,a!)f(a}.t)da]
Olm(a) fm(m,t)] }

ot
AMq(a,t) dMq(a,t)
I + NCNM T
¢ 1 shat, WNM ¢ shat,CNM
AMg(a,t) dMq(a,t)
T + T)JCNM T
¢ J coag, WNM at coag,CNM

+1cNM [d’m

+TWNM

+1WNM Coagulation




Evolution of the grain size distribution

Parameter setting : 10°
Total baryon mass : 10’ M
Star formation timescale : 5 Gyr
CNM mass fraction : 0.5

WNM mass fraction : 0.5
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Evolution of the grain size distribution

Parameter setting : 10°
Total baryon mass : 101° M_
Star formation timescale : 5 Gyr —_ 4
CNM mass fraction : 0.5 b 10
WNM mass fraction : 0.5 o
Ei 10°
E
5 10°
Early stage : stars
107°
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Evolution of the grain size distribution

Parameter setting : 10° ' rorTT '
Total baryon mass : 101° M_
Star formation timescale : 5 Gyr ~ 1otl L= ]
CNM mass fraction : 0.5 b AN
WNM mass fraction : 0.5 "~ pt
E 10%+
E ,E}
Small scale goes up by
accretion & shattering
]_D_d | Ll Lol Ll L1
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Evolution of the grain size distribution

Parameter setting :
Total baryon mass : 101° M_

Star formation timescale : 5 Gyr

CNM mass fraction : 0.5
WNM mass fraction : 0.5

l DE [ [ T I I
o 10 T
> J, |
The peak shifts to larger scale | Gyt
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Evolution of the grain size distribution
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Effect of the evolution of the grain size

distribution in galaxies

10.000 ¢ o o
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Small grains production by shattering
activates grain growth




4. Evolution of the extinction
curve in galaxies

Agann of al )
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Extinction curve and dust properties

‘ Nearby galaxies ,
By fitting:
5 ! ' ! T ! ! ! ! T T ! ! T ! ! [ ] [ ] [ ) [ ) [ ]
| | | | | i Grain size distribution
o Milky Way | fla)da < a3 da
2r e Silicates. -] _
1:— - :_’;_N;f‘h{’_‘::;c':phue ] amin _ 0'005 um
j,_ a,.. = 0.25 pm
~ 3 (Mathis et al., 1977)
% ot
if Feature
i 2175A bump
3 UV slope
2_
t L Component
° ? o8 ° " Carbonaceous
1/ (um™) -
Silicate

Pei (1992)



Extinction curve and dust properties

‘ High-z quasars

5

3-O||||||||||||||||||||||||||||||||||||||||||||||||||||||||.|“|I
-
25 bar = 3
sdss1048 (z=6.20) sz277 T
2.0 eFEEE0 =

sdss0852 (z=4.22)
apm0827 (z=3.90)

A;\/ABDUD
w

-

2 3 4 5 6 7 8
1/N [pm]

Gallerani et al. (2010)

Different from
nearby galaxies
(no bump, flat)

¥

Different origin
of dust grains
and processing
mechanism




How to construct

‘ Extinction = absorption + scattering by dust grains

Extinction in unit of magnitude at a wavelength: 4,

4,=1.086 X1,

o0
0 A: wavelength
T = f Ta” Qext, j(A, a) Cfj(a)da 5
0

a : radius of a grain
J : grain species
Optical constant:
graphite and astronomical silicate (Mg, Fe,, SiO,)

Draine & Lee (1984)
Grain size distribution:

Evolution model of grain size distribution

Asano et al. (2013)



Evolution of the extinction curve in galaxies

Parameter setting : 1077 R
1 \ ff
Total baryon mass : 101 M_ [ R
L  — 0.1Gyr o -
Star formation timescale : 5 Gyr BT e 1Gyr % S T
o _\‘ ] o

CNM mass fraction : 0.5
WNM mass fraction : 0.5




Evolution of the extinction curve in galaxies




Evolution of the extinction curve in galaxies
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Size distribution
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Evolution of the extinction curve in galaxies

Size distribution Extinction curve
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o' | Flat shape due to large grains
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Evolution of the extinction curve in galaxies

a*f(a) (relative)

Size distribution
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Evolution of the extinction curve in galaxies

a*f(a) (relative)
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Evolution of the extinction curve in galaxies

Size distribution Extinction curve
108 [T o SR T .

The extinction curve drastically changes
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through the galaxy evolution!
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5. Conclusions and Future
Prospects



Conclusion

1. Dust amount:
Dust supply alters from stars to grain growth in the ISM when

the metallicity exceeds the critical metallicity.

2. Grain size distribution:
The grain size changes from large grains (stars) to small grains
(processes in the ISM)

3. Extinction curve:

Tl‘l U “'I“t\““t\“ AT WY T N ‘-vn“nft\vmn -'-‘vn [ ) {I nnnnnnnnnn \ "
1 ¢ LXUNCUON CUrve traisiorins irom iiat uarg g1 aula) L

steep (small grains)

3
%

~
(V)

This model can predict the dust evolution of galaxies at high-z
Universe, which have recently been observed by Herschel and
ALMA as well as next generation facilities like SPICA, SKA
as well as optical facilities.



Future works

This work can be extended to various directions.

(1) Evolution of the multi-phase considering
dust evolution

(2) Evolution of the spectral energy distribution

(3) Evolution of the attenuation curves



