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Outline of the lecture

* introduction: constraints on the first Gyr
e first star formation

* the formation of second-generation stars
e stellar metal and dust yields

* chemical evolution with dust

* dust enrichmentin z > 6 galaxies

* summary and take-home messages
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Terra Incognita: the Universe @ cosmic dawn

first stars and black holes =S

first galaxies and quasars : - “Dark Ages

galaxies evolve t=100 Myr

Cosmic Dawn

Reionization completes
t=1Gyr

t=13.7 Gyr




global constraint: CMB measurement of t,

Planck 2015 CMB temperature map and power spectrum
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alaxy population at z< 9 and M, < - 17 seems to be sufficient to comply

with all the observational constraints without the need for high-redshift (z= 10-15) galaxies.”
Planck collaboration, 2016

“...the latest results from the final full mission Planck measurements...are consistent with

models in which reionization hapnened relatively fast and late.” 3
Planck collaboration, 2018



global constraint: EDGES measurement of 21cm
absorption at 78 MHz

Dark Ages

Z~200 Z~30

Collisionally No 21 cm
coupled regime signal

Age of the Universe (Myr)
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“The low-frequency edge of the observed profile indicates that stars existed and had produced a background

of Lyman-a photons by 180 million years after the Big Bang. The high-frequency edge indicates that the gas
was heated to above the radiation temperature less than 100 million years later.”
Bowman et al. (2018)



the most distant galaxy

Oesch et al. (2016)
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masses already existed at less than 500 Myr after the Big Bang and that galaxy build-up was well underway at z > 10.”

Oesch et al. (2016)



dust content of z > 7 normal star forming galaxies

_ — MACS0416 Y1
A1689-zD1 Watson et al. (2015) 'D ! r Tamura et al. (2018),

Bakx et al. (2020)

Mstar ~ 2 10° Mgy SFR ~ 10 Mgn/yr

Mstar ~2 109 Ivlsun SFR~ 20 'vlsun/yr IVlstalr ~ (0-3 - 1) 1010 Msun
Maust ™ (3 - 6) 107 Mgun

Mgust ~ 6 10° Mgyn SFR ~ 60 Mg,n/yr
Maust ~ (7.7 10° — 6 10%) Mgy,

B14-65666 Hashimoto et al. 2018 Bowler et al. 2018
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the most distant supermassive BHs

a subsample of high-z SMBHs
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building a coherent framework

photon emission: o
ionization radiative feedback

/ H2 photo-dissociation
\ SN explosions: )
gas removal from mechanical feedback

star forming regions

first star formation

stellar winds and
SN explosions: chemical feedback
metal and dust
enrichment

the complex interplay of radiative, mechanical and chemical feedback

effects determine the nature and properties of the first galaxies

7/22/21 introduction



600 h'tkpc

the formation of the first stars

the first star forming sites in a ACDM cosmology
A T e i d > s 3

mini-halos with M = 10— 10" M, @ z=20- 30
Tir < 104K

cooling rate of primordial gas
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the formation of the first stars relies on H, cooling

7/22/21 first stars formation 9



protostar formation in the early Universe

projected gas distribution around the protostar

(A) cosmological halo

300 parsec

(D) new=born protostar

~0.01 M,

25 solar—radii

(B) star—forming cloud

~ 1000 M,

5 parsec

(C) fully molecular part

10 astronomical unit

temperature : T (K)

Yoshida et al. 2008
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protostar

5 10 15 20

number density : log n (/cc)

Omukai 2000

H, cooling leads to the formation of dense cores at n = 10* cm™3, T = 200 K
with mass = 1000 M,

with metal cooling (Z=Z,,,) dense cores have a mass of mass =1 M,

7/22/21

first stars formation
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7/22/21

protostellar mass accretion

accretion envelope
~ 1000 M.,

initial protostar . - &%
0.01 M., :

Accretion rate:

dM/dt = M/t = (c tg)® p/ty = ¢ 3/G = T3/
Pop | (T =10 K): 10 M, /yr

Pop llI (T = 200 K): 103 M,./yr

= much higher accretion rate in Pop Il star formation

first stars formation

11



the final stellar mass is set by UV feedback

2D radiation hydrodynamic simulation of the accretion phase

o

N ¢

Hosokawa, KO +2011, 2012

0.01
K disk photo-evaporation limits
" No feedback | the final stellar mass to M« = 40 M,
but

M. depends on the

environmental conditions
(Hirano+14, 15; Susa+14)

1e4

Acc. Rate: M, (Mg/yr)

feedback

0 10 20 30 40 50 60
Stellar Mass: M, (M)

7/22/21 first stars formation 12



the mass spectrum of Pop lll stars

3D cosmological simulation
+ 2D radiation hydrodynamic simulation

1000 F [ -eeeeennens Total
III.1
I11.24 .
100 ¢
g
||||| Z i
10 )
no LW
background LW %
background
N | i
10 100 1000
Hirano et al. 2014, 2015 "' Mjiar [M,]

Pop Ill stars form within a wide mass range: few 10s - 100s up to few 1000s

7/22/21 first stars formation 13



multiplicity of Pop Il stars

1SFUMATO v high resolution (AMR) especially in the outer part of the disk, where
‘!“Selfgravitational Eluid-dynamics Ustilizing fragmentatlon is more active

s Ea S SRIEELSES] v multiple sources of UV radiation (ART)
Sugimura et al. (2020)

minihalo C

Time: -151617.0

.

50 M,,— 50 M, binary

log(nH)
-6.000e+00

Fs 625
5.5
£4.875
4.500e+00

Hirano et al. (2015) Hosokawa et al. (2016) minihalo D

Time: -314583.0

multiple stellar systems with massive
binaries are common among Pop Il stars

30 M., — 60 M., binary

log(nH)
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25 25
4,875

7/22/21 first stars formation “45000+00
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Final fate of the first stars: SN explosion or direct BH

formation?
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fact sheet on the first stars

v form at 20 < z < 30 in H, cooling mini-halos

v wide range of possible masses 10s — 1000s M.,

v’ poorly constrained mass distribution
v’ binary/multiple massive stellar systems

v' BH remnants with masses = 40 — 80 M, and > 250 M,

v" Enrichment with heavy elements from core-collapse, PPISN
and PISN explosions

5, 7w SN | R

'
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second-generation stars

the renaissance simulation (Xu et al. 2016)

Emission of UV photons in the Lyman Werner band [11.2 — 13.6] eV = H, photo-dissociation

Supernova explosions pollute the gas with metals and dust

— the cooling properties of the gas change = the stellar mass spectrum changes

7/22/21 second generation stars
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Cooling rate of low-metallicity gas

10-%
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Cooling rate of low-metallicity gas

molecular cooling — primordial gas metal cooling — enriched gas
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in the first mini-halos (T,; < 10* K) the gas cools via H, and Ol / ClI

7/21/21 Second generation stars



Evolution of star forming clouds

The gas cools when: t.oo = 3NKT/2A o (N,T) <<t = (31/32Gp)Y?

and the energy deposited by gravitational contraction can not balance radiative losses

The cloud cools and fragments. Fragments form on a scale that ensures pressure equilibrium:
Ri = Njeans = Gt = 721 where ¢, = (YkT/umy)¥2 and T=zn"!

Mg = n RN = nn¥/2+1n) (n =2 for filaments and = 3 for spherical fragments)

The conditions to stop fragmentation and start gravitational contraction are:
1) cooling becomes inefficient: t,,; > ti
2) the Jeans mass does not decrease: nY/2+(1-n) >0 -2 Y > 1 for filaments

Y> 4/3 for spherical fragments



H,, metal and dust-driven fragmentation:

three different mass-scales

dN/dlog M« 4
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10 15
Log (ny/cm—3)

second generation stars

dust cooling:

Z> 10_6 Zsun
|Vljeans <1 Ivlsun

RS et al. (2002,2003,2006),
Omukai et al. (2005)

21



The formation of the first low-mass stars: critical
metallicity or dust-to-gas ratio?

RS, Omukai, Bianchi, Valiante (2011)
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dust cooling depends on the absolute metallicity AND dust depletion factor = dust-to-gas ratio



low mass star formation: critical dust-to-gas ratio
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RS, Omukai, Bianchi, Valiante (2011)
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simulating the birth of a second generation star

numerical simulations of the entire formation sequence of a 2"d-generation star through the
feedback effects of photo-ionization and metal-enrichment by a Pop IIl SN

a) Before star formation (z = 12.14)

. In‘a minihalo with M;, = 1.77 108 M, a 13 M,
~ Pop lll star forms atz=12.1

(b) 10.55 Myr from star formation (z = 11.87)
< >
»
(c) 1.28 Myr from SN explosion (z = 11.81)

\j after = 11 Myr, the star explodes as a core-collapse SN
9 »

(d) 10.58 Myr from SN explosion (z = 11.61)

e) 83.67 Myr from SN explosjon &= -

after = 84 Myr, the gas falls back into the central region of the mini-halo,
enriching it with Z = 2.6 10 Z,, ([Fe/H] = -3.42)

y(H2)

Chiaki & Wise (2019), see also Chiaki et al. (2020)
7/21/21 25



simulating the birth of a second generation star

numerical simulations of the entire formation sequence of a 2"d-generation star through the
feedback effects of photo-ionization and metal-enrichment by a Pop IIl SN

The recollapsing cloud undergoes molecular coolung (HD, CO, OH) |- »
and H, reformation : ‘
-

10-1410-171;

1077 107" 10° 10" 10° 10 107 10’ 0°7710°14107° 10°* 10°7%10°V710°1¢10"1*10" 410" 10°%10°10"*10"710" "1
Density (cm~?) Temperature (K) y(Si) y(SiO) y(Mg;Si0s)

b) Filamentary structur@Siby molectlans
\.
A
dust grains grow by accreting gas-phase metals and trigger T e
Density (cm~) Temperature (K) y(Si) y(SiO) y(Mg;Si0s)

dust cooling

10° 10' 10* 10" 10% 10" 107 100 2x10 3%107 4x10° 10 107 2x10
Density (cm~?) Temperature (K) y(Si) y(SiO) y(Mg;Si0s)

knotty filaments appear in the central 100 AU region, leading to
the formation of low-mass metal poor 2nd generation star

10" 10% 10" 10" 10" 6x10° 10" 2x10° o’ 107" 107 3Ix10"* 4x107 107%°
Density (cm~) Temperature (K) y(Si) y(SiO) y(Mg;SiOa)

7/21/21 Chiaki & Wise (2019), see also Chiaki et al. (2020) 26



galactic archaeology

How can we test these ideas? By looking at the most metal poor stars in the local
neighbourhood

star formation

Supernova Explosion ISM metal enrichment

>@

Example of comparing theoretical yields with elemental abundances in extremely metal-poor stars

0.5 —[c] ?’ v‘l Nr ) 3 Coyrel et ol. (2064)_ 08l ] /M ’ Coyrel et ol, (200'4)_
¥ o . 4 : 4
H ® $ Ne S
4 L /He N '| A 4
! N 4 L 1 c] M T 4
0,0 0.0 \ f I Cr
Lo b — - o p
g ¥ | & b ]
~ ~ L | AR v J
b A > I K C -
— " Li i + i <
0.5 Bely -0.5 : | l A
I i Ber F %
~10f- (A) ol @ | |
il A fal A A Lo A
0 5 0 5 10 15 20
atomic number

otomic number

ASSUMPTION: observed metal-poor stars are mono-enriched (i.e. enriched by 1 SN)

7/22/21 second generation stars 27



A metallicity dependent IMF?

3D simulations of a turbulent core with different initial metallicities, to predict the stellar IMF

log n [cm?3]

I ]
100 3 103 3
-
B X
g 10 E —
= E E
Z
1 E I —
100 E _]
g 10° 3
8|
g 10 E % 3
Z 1
1 b r;l-l-n |

log Mass Mg log Mass Mg] log Mass M

—

2000 au

7/21/21 Chon, Omukai, RS (2021) 28



fact sheet on second generation stars

v’ form at z< 30 in H, cooling mini-halos and/or Lyman-«a cooling halos

v' metallicity-dependent mass distribution: when Z < Z_, the mass function is
still top-heavy, when Z > Z_, the IMF is Chabrier-like.

v When Z.,= 10> Z,,, dust-driven fragmentation appears but the IMF may still be
top-heavy up to Z.,,= 102 Z,,,, due to inefficient cooling and turbulence decay

b “s .
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do we reliably track the metal and dust content of
galaxies at various redshifts?

Dwek+98, Hirashita+02; Inoue 03; Morgan & Edmunds 03; Calura+08; Zhukovska+08; Valiante+09, +11,+14; Asano+13; Calura +14;
Zhukovska 2014; Feldmann+15; Pipino+11; Calura+13; Rowlands+14; Michatowski+15; Shimizu+14; Mancini+15, 16; de Bennassuti+16;
Khakaleva-Li & Gnedin 16; Grassi+2016, Zhukovska+16; Aoyama+17,18, Popping+17, McKinnon+17, Ginolfi+18, Vogelsberger+18,
Wilkins+18, Gall & Hjorth 18, Kimm+18, Katz+18, De Rossi & Bromm 2019; Lesniewska & Michalowski 2019; Graziani+ 2020

gas and dust star formation

AY

LA
<~ grain growth R e
(dust size, dust species, DtG, Ty, Nismdiy ™« ’

-

Y T

<> dust destruction in shocks * L e ' ISM (re-)cycling
(dust size, dust species, DtG, E,,, R, Nigm) \\

<> AGB metal/dust yields (m+, Z«)

evolution




metal yields and stellar lifetimes

The mass of a given element produced by a star depends on the stellar mass and metallicity
mmet,i(ml Z)

withi=C, N, O, Mg, Si, Fe, etc.

In a similar way, the mass of a given grain species is:

Mgyst,;j(M,Z)

W|thj = AC, SiOz, Mg25i04, MgS|O3, Fe304, etc.

Stellar evolution models allow us to compute stellar yields for the main metal/dust factories:
Intermediate mass stars during their Asymptotic Giant Branch (AGB) phase and

supernova explosions (core-collapse SN, PISN, SNla,...)



Cosmic stellar yields

Given a star formation history, {(t), and a stellar IMF, ¢(m), the mass of metals and dust returned to

the ISM per unit time can be computed as:
mup

Vet = | A Mipey(m,2) () (&~ T

My

Yause(t) = f " dm magse(m, Z) D(m) Wt — )

Mpet(M,Z) = meet’i(m, Z) Myyst(M, Z) = Zmdust,j(m: Z)
J

is the total mass in heavy elements (i=C, N, O...) and dust grains (i = AC, SiO,, Mg,SiO,, MgSiO3, Fe;0,, ...)
and the intergral accounts for the contribution of all stars with a mass m > m, and a lifetime:

T = T(M, Z)

7122/21 32
second generation stars



stellar lifetimes & timing arguments
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core-collapse SNe enrich on very short timescales: < 40 Myr
massive AGB stars (> 2 M) can contribute to enrichmentatz > 6

7122/21
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Pop Il stellar yields

Chemical evolution for a single stellar population (SSP): all stars form in a single burst att =0

dN ~ Mgy
Larson IMF with a = -1.35 O(m) = — oc m* 16’-*‘17( = “)
dm m
de Bennassuti+2017
PISN +faint PISN+cc faint

Mep = 32 I\/Isun M, = 32 Msun Mep = 22 I\/Isun

2 3
5 gl
o 1074 =
S 2 E
= - 3
£ L — 2
10-¢ E =
: L1
T | b ]
101 L_ === P =
: T e \E :
1072 = ’.""'. I s e s e s e et st -\.\ “_;1 """" _.‘- ‘ =
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§ -_ ________ \‘ -.4| \°\ 1. e \‘-;'._‘ I
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Pop Il stellar yields

Chemical evolution for a single stellar population (SSP): all stars form in a single burst att =0

0
Larson IMF with m,, =0.35 M, and a=-1.35 e
E 10t
dN Mgy -
O(m) = — « m"'lexp( = C') % 10
dm m s
g 1078
g
" 10 ¢
Stars with m < 8 M, 10-s |
metal yields from van den Hoek & Groenewegen (1997)
dust yields from Zhukovska et al. (2008)
10-¢ £
Stars with 12 M, <m <40 M,,,:
metal yields from Woosley & Weaver (1995) E'
S
dust yields from Bianchi & Schneider (2007) 10-°
Coloured regions show variations of the cosmic yield
when the stellar metallicity varies in the range - S -
1047, <2<1 2, 0.1 1 il 10 100
7122/21 second generation stars 0

de Bennassuti+2017
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physical conditions for dust formation

Classical nucleation theory: condensation occurs under super-saturation conditions

two-steps process:
1. formation of stable seed clusters
2. accretion of seed clusters to form grains

the gas must be metal-rich with physical conditions allowing condensation
T < T.ng = 1000 —2000 K
n>10°cm?3

[\

winds of Asymptotic Giant Branch stars supernova ejecta
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Asymptotic Giant Branch (AGB) stars

stars with masses < 8 M., at the end

Schematic view of an AGB star

nukleo- mixing molecule formation dust formation photochemical reactions

6
synthesis sidvi 10
I
10-1000 days  yausr H;0 Maser OH Maser
; 1010 M, fyear
OH—-O+H
VO, H;0, CO; H0 5 OH +H A 104
TiO, SI0  VomSewOMOEEAN T guxmusmannee® —~
et -
1 thermal CO interstellar
:‘ y radiation field ]
= pulsating . =1
degenerate convective Y it circumstellar envelop =
CO core envelope . atmosphere with stellar wind @ 102
£
Cl0>1 CN.Ca, 2
“© HCN, Cs, CoH2 HCN — CN +H =}
o CN—C+N S
i o 0
= "y, g 10
H/He-burning 2-30 kmis G, 2-20 km/s =
shell a
10° 10" o 10'° 10" 2
} } } r [em] } 10
1.03 3(.)00 1 OIOO 100 20
} } } TK| ——mmm
10%° 10" 10%° 10%° 0.1-10
4 L } n [em™?] =—f—
1Rgn~7-10", 1AU~1.5-10", 1pc~3-10"® 10—
sun , 5 , 1pc~3-10"cm

3. Hion, e, for Astronermy, U

1.

of He-burning

stellar tracks in the H-R diagram

LBV

5

Star TLAs in the Diagram:
Asymptotic Giant Branch

— R{E Blue SuperGiant
LBV  Luminous Blue Variable
MS Main Sequence
RC Red Clump
0 RG Red Giant
RSG Red SuperGiant
SubG SubGiant
. WR Wolf-Rayet star
YSG Yellow SuperGiant

Zero-age main sequence
(ZAMS)

Evolutionary tracks:

60 solar masses
15 solar masses
2 solar masses
0.4 solar masses

IIIIlIl |

50000 20000 10000
Temperature (Kelvin)

5000

convection dredges up elements from the CO core

2. pulsations “lift” the gas in the atmosphere, dust forms and accelerates the wind
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dust formation in AGB stars

Ferrarotti & Gail 01; 02; 06; Zhukovska+08; Nanni+13,14,15; Ventura+12a,b, 14; Di Criscienzo+13; Dell’Agli+14,19

1. model for the time-dependent physical and chemical conditions of the stellar surface
2. model for the physical conditions in the stellar winds

3. grain nucleation

Two fundamental processes affect the chemical composition of the stellar surface:

- Third Dredge Up (TDU) : occurs following each thermal pulse, penetration of the bottom of the

external mantle in a region enriched by He-burning - surface C enrichment

- Hot Bottom Burning (HBB): occurs in the inter-pulse phase, the outer region of the CNO burning
layer of the core is coupled to the bottom of the external mantle = C (and O) surface depletion

grid of AGB/SAGB stars with 1 M ,, <M <8 M,,,and 3x10%#<Z<0.02
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dust vields from AGB stars: stellar

mass dependence

transition from carbon dust to silicate production at M =3 M,

Z=0.001
Age (Myr) Age (Myr)
955 340 170 100 70 50 40 955 340 170 100 70 50
T 1 L R A T 1 ' ™ 1 T ' ' T '
- e -2 & ‘.
Ferrarotti & Gail 06
- A A A
]
e e
-4 |- Ventura+12a - -4 |- -
- =
A ~ HBB
= -8 — = -6 -
a0 , )
S 8
Ventura+12a
Ferrarotti & Gail 06
_8 - A - _8 - =t
¢ 4 A
-10 | | A | 1 -10 ! 1
2 4 6 8 4 6
Mln“lnl/M(-) Minlllal/M(-)
7/21/21
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dust yields from AGB stars: metallicity
dependence

Ventura+12b; Di Criscienzo+13

-2 . T T T ' T T T T T I |
88—t
Silicates [ \_N\C
! : A
-2.5 |- -
_3 -
“®
=
S
2
% !
3-35 | o
- ,/'
//
/
// |
4 X /
\ ¢ 0 Z=8x10-% |
N /
N 4 @ 2=10"3
A Z=3x10"%
-45 |
| i | | I
2 4 6 8
M/M,
7/21/21

Silicates are produced by >3 M, stars

Silicate dust production increases with Z

No silicates are produced when Z < 0.001

Carbon dust is produced by < 3 M, stars
and does not depend on Z

When Z < 10 HBB is present even
at M < 2 M, 2 no AGB dust
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dust formation in Supernovae (SNe)

dust has been observed to form in the ejecta of SN1987A since 450 days after the explosion

(Wooden et al. 1993, Bouchet et al. 2006, Matsuura et al. 2011, Indebetouw et al. in prep)

FIR emission: dust condensed
in the ejecta
|Vldust = [04 - 07] I\/Isun
TdUSt = 20 K

\ Matsuura et al. 2011

i | T Y T y T

- Ring dust
100

Ejecta dust (@) 7
Bouchet et al. 2006

T-ReCS 11.7 pym + HST F625W

-

10}

MIR emission: dust in the ring
ejected by the progenitor 1
lvldust = 10-6 Ivlsun 1 2 3 4
Tyust = 160 K 10 10 10 10 10




models for dust formation in SNe

Kozasa & Hasegawa 1987; Todini & Ferrara 2001; Nozawa et al 2003; Schneider, Ferrara & Salvaterra 2004;
Bianchi & Schneider 2007; Chercheneff & Dwek 2010; Fallest et al. 2011; Sarangi & Cherchneff 2013; Marassi+2014, 2015, 2016; Schneider+2021

1. model for the evolution of the progenitor star (mass, metallicity, rotation)
2. model for the explosion (explosion energy, mass cut/fallback, mixing of the ejecta)

3. grain nucleation

sequence of events in a supernova explosion

Pre-supernova star

Collapse of the core p .o . ”
Models use “artifical explosions”:
Interaction of shock energy’ maSS'CUt, MNi56

; with collapsing envelope
neutrinos emitted | 4

R ) i i
Explosive ejection of envelope EXp.IOS|0nS @ flxed energy
2 e Calibrated models

" light emitted

Star brightens byru 108 times




log mass fraction

models for dust formation in SNe

Kozasa & Hasegawa 1987; Todini & Ferrara 2001; Nozawa et al 2003; Schneider, Ferrara & Salvaterra 2004;
Bianchi & Schneider 2007; Chercheneff & Dwek 2010; Fallest et al. 2011; Sarangi & Cherchneff 2013; Marassi+2014, 2015, 2016; Schneider+2021

[ERY

model for the evolution of the progenitor star (mass, metallicity, rotation)
2. model for the explosion (explosion energy, mass cut/fallback, mixing of the ejecta)
3. grain nucleation

pre-supernova structure

T Y T T T Y I T T T | — T T y
l AB C A B C B C
B ‘ ‘“\ ‘ -!
' | ‘4' ] ‘ } [
0.1 Iy , y ' 1
# \ ' 3
| { 4
i 1N | | ]
F F F
0.01 ‘ '} 5 # \ r ‘ { e — | c 'i
’ Ne ‘ Ne \ Ne :
| ) | |
‘ He ‘ \ He He ]
0.0001
| ?
l 15M, | J0M, 50M,
lo_a A 4 A A A A l A A A A l A A A A l A A A A AL A l A L.-‘ A A l A l A A ‘AA l A A A A l A A A A
1 2 3 4 5 6 ] 10 10 20 30 40
interior maas [M,] interior mass [M,] interior mass [M,]
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models for dust formation in SNe

Kozasa & Hasegawa 1987; Todini & Ferrara 2001; Nozawa et al 2003; Schneider, Ferrara & Salvaterra 2004;
Bianchi & Schneider 2007; Chercheneff & Dwek 2010; Fallest et al. 2011; Sarangi & Cherchneff 2013; Marassi+2014, 2015, 2016; Schneider+2021

1. model for the evolution of the progenitor star (mass, metallicity, rotation)

2. model for the explosion (explosion energy, mass cut/fallback, mixing of the ejecta)

3. grain nucleation

turbulence mixing during ejecta expansion

SN1987a: observations of Y-rays from Co°® decay
6 months before expected <> mixing of heavy
elements from innermost to the outer layers

* fully mixed models
* unmixed/stratified models
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models for dust formation in SNe

Kozasa & Hasegawa 1987; Todini & Ferrara 2001; Nozawa et al 2003; Schneider, Ferrara & Salvaterra 2004;
Bianchi & Schneider 2007; Chercheneff & Dwek 2010; Fallest et al. 2011; Sarangi & Cherchneff 2013; Marassi+2014, 2015, 2016; Schneider+2021

1. model for the evolution of the progenitor star (mass, metallicity, rotation)
2. model for the explosion (explosion energy, mass cut/fallback, mixing of the ejecta)

3. grain nucleation

AG; Solid compound Chemical reaction
InS RT ZVI In Pn
; AC C(g)— C(s)
nucleation current: Al,O4 2A1+30—Al,04
2 0 Yl 4 Fe Fe(g)—Fe(s)
J = al) p— CieXp|— 27(In 5)? Fe;0,4 3Fe+40—Fe;04
MgSiO; Mg+Si0O+20—MgSiO;
i i 2 Mg,Si04 2Mg+Si0+30—Mg,Si0O,4
{}=3ma, p=4na.0/ksT Si0, Si0 +0 2 SiO,

critical cluster size:
201}
r0)=ry, = : .
ksTInS Two critical parameters:
sticking coefficient «

grain accretion rate:
number of monomers in a critical cluster /= r.3/a 3

dr
il afdvc (1),
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SN dust yields

Kozasa & Hasegawa 1987; Todini & Ferrara 2001; Nozawa et al 2003; Schneider, Ferrara & Salvaterra 2004;
Bianchi & Schneider 2007; Chercheneff & Dwek 2010; Fallest et al. 2011; Sarangi & Cherchneff 2013; Marassi+2014, 2015; Schneider+2021

fixed energy explosion models (1.2 10°! erg) and fully mixed ejecta

dependence on mass and parameters
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Population Il SN dust vields

13 — 80 M,,,, SN models from Chieffi & Limongi (2002)

calibrated explosion models and fully mixed ejecta

metals and dust yields for Z = 0 non-rotating core-collapse SN models

loo : L ] 1 L4 I L] Ll T ] L T L T : lo 3 L4 T 14 i T
Al 102 I - s ! v
= e : : _ 70T
| : * [ telT
n I = s o =
. 1 .- | 3
[ o 1 ! 44 :
= ! - 4 o ! I
& | ] ‘s P !
w 1 ' x w O.1F - =
0 1 3 n = | p 1 .
o I s ] - :
}-: I ___————’-__‘ R z = I 3
| ___'___-0—‘--— A - - : .
(R oo | . :
0.1 i - 0.01 | : .
: : - I :
I R o I
: 1 - 1
1 ] 1
1 : : _
0.01 g 4 g y- -~y Y s g ¥ o~y g g 0.001 L— L 1 1 : :
20 40 60 80 20 40 60 80
Marassi et al. (2015) Progenitor Mass [M,] Progenitor Mass [M,]

explosion models calibrated to reproduce the “average” elemental abundances of metal-poor
stars in the Galactic halo
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SN dust yields: dependence on rotation

13 — 80 M,,, SN models from Chieffi & Limongi (2013)

fixed energy explosion models (1.2 10°! erg) and fully mixed ejecta

Mass [Mgy]

non-rotating models rotating models (v, = 300 km/s)
10 E T T T T | T T T | T T T | T T T | T T T E 10 E T | T T T | T T T | T T T | T T T | T T T | E
- T - set B FE ROT [Fe/H]=-1 1
i i} i set C FE ROT [Fe/H]=-2 ]
L L /’\ a | Lo set D FE ROT [Fe/H]=-3 _|
I ] — - ]
i ‘/\\ i E, - _
- i i
0.1 — % 0.1 _
f ] = ]
i set B FE NR [Fe/H]=—-1" - .
0.01 b set C FE NR [Fe/H]=-2_ 0.01 L |
- set D FE NR [Fe/H]=-31] U E
B | | | | | | | | | | | | | | | | | | | | | | ] : . | . . | . . . | . . | | | | | | | | | | :
<0 43 E?f y 80 " ]100 120 20 40 60 80 100 120

rogeniior ass .
Marassi et al. (2016) ° Progenitor Mass [M,]

rotating pre-SN models are more compact: stronger fallback and less dust produced
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distance (pc)

100.0

10.0

0.1

SN dust yields: reverse shock destruction

Nozawa et al 2006, 2007; Bianchi & Schneider 2007; Silvia et al. 2010, 2012; .Marassi et al. 2014, 2015; Bocchio et al. 2016

—
o
J T 7

evolution of the SN forward and reverse shock

L | Al ™ LA |

| freeexpansion : ST PDS
FRes & (141,72 t%) % R x t*28:

Different physical processes:

* Sputtering due to grain-gas interaction

e Sublimation due to collisional heating

reverse shockl & * Shattering due to grain-grain collisions

* Vapourisation

10* 10* 10°

time since SN explosion (yr)

the passage of the reverse shock has a strong effect on the SN dust size distribution and mass
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SN dust yields: reverse shock destruction

Nozawa et al 2006, 2007; Bianchi & Schneider 2007; Silvia et al. 2010, 2012; .Marassi et al. 2014, 2015; Bocchio et al. 2016

modification of grain size distribution SN dust mass surviving the reverse shock

10
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Marassi et al. 2015
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SN dust yields: comparison with observations

Marassi+14,15; Bocchio+16
updated from Schneider+14 y ' T

1 < =
:I UL I 1T 17T I T 1 17T [ 11T I L B B I 11T l 1T l | B l: N49 E
C ] 198‘7A Cas A :
1 | R _ .
3 Bianchi & RS 07 3 10
- 1987A (4 E
E : CasA no reverse shock ]
[ Crab/ N49EH ] s
0.1 F + E N 3 § 1°
- CasA Bianchi & RS 07 1 E
= - P i with reverse shock .
x i » A
— -2 | ]
E10 E / § 10. =
o - . .
g N 2 3
10-3 E'_ —'E 10‘ P T | Pa———— | Al b PR
- ] 10' 10’ 10° 10" 10° 10"
- 1 tme (yr)
10 F E
- | Nozawa et al 2006, 2007; Bianchi & Schneider 2007; Silvia et al. 2010,
i ] 2012; Marassi et al. 2014, 2015; Bocchio et al. 2016; Micelotta+2016;
) I T [ D TN, U DN B Martinez-Gonzalez et al. 2019; Slavin et al. 2020
5 10 15 20 25 30 35 40 45
mgy [M,]

, Gomez+12, Dunne+09, Barlow+10, Matsuura+11,
Otsuka+10, de Looze+17,

theoretical SN dust yields are in broad agreement with available data

the mass of SN dust that will enrich the ISM << than observed in SN remnants with t,, < 10* yr
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the contribution of AGB and SN to early
dust enrichment

all stars are formed in a single burst at t = 0 with a Salpeter IMF:
AGB dust yields from ATON code (Ventura+12,13)
SN vields from Bianchi & Schneider (2007)

1 T T 7 LA B S B H B B F: 10-2 ;\ T T T T T T T [ T Tgr 1 T T T F: 10-2 ;\ LA L B I B B T T T T T T F:

102 F 7 E
0.057Z,,, : - 027,

107 300 Myr - E 109 £ 300 Myr - 3 10°E

1078 £

cosmic dust yield

10-8 E

Log t,g. [yr]

when Z2<0.2 Z,,,, AGB dust is always sub-dominant wrt to SN dust

AGB contribution to the total dust budget becomes >30% only whentheZ>0.2 Z,,
and starts to dominate at > 500 Myr
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the contribution of AGB stars to early dust
enrichment

all stars are formed in a single burst at t = 0 with a Salpeter IMF:

AGB dust yields from ATON code (Ventura+12,13)
SN vields from Bianchi & Schneider (2007)

1072 [T T T ‘ T T T FE 10,2 ?\ T T T ‘ T T T T T T .\ T T T T T FE 10,2 ?\ T T T T E
i 0.052,,, ] 022, . - 042,
1072 & 300 Myr - E 1072 & 300 Myr = 3 107F 300 Myr - E
-~ "carbon ]
104 10-4 | L -
g 3 70% 3
n n . ‘e ///
5° 52 glice 7 .

1075 10-5 | L ,’/ 35% - -

1

1

1

|
10-8 | 10-6 L | .
- | =

|

|
o l l
7 8 9 10

Log t,g. [yr] Log t,. [yr]

if SN at low Z produce mostly silicate dust, we expect to see
only silicate features in young (< 300 Myr) starbursts and the
presence of carbon features (PAHs) may be an indication of the growing AGB

contribution to the total dust mass at > 300 Myr
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chemical enrichment in a cosmological context

GAMESH: semi-analytical galaxy formation model +
dark matter simulation coupled to the radiative transfer code CRASH

500
5 B 2.1
300
200

100 -71

4] a7

Dark matter simulation of the Milky Way galaxy‘if’ Planck cosmology GCD+ code with multi-resolution technique
(Kawata & Gibson 2003):

Low-res spherical region of R, ~ 20 h"* Mpc taken from a low-res cosmological simulation
High-res spherical region of R, ~ 2 h"* Mpc with M, = 3.4 x 10° M,



where does Galactic dust come from?

stellar dust production along the build-up of the MW dust-to-gas mass ratio vs metallicity: stellar dust sources

lookback time [Gyr]

10

12 + log(O/H)

Ginolfi, Graziani, RS et al. 2018
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1o || SN model: Marassi et al. (2017) SN model: Bianchi & Schneider (2007) || + + DGS, Madden etal. (2013) X
3 AGB + SN with reverse shock = = AGB + SN without reverse shock - Best broken power-law fit (Remy-Ruyer et al., 2014)
effective dust in the ISM: 1-8% = = AGB + SN with reverse shock X
(Bocchio et al, 2016) - = AGB only 5 AGB model: ATON vyields X
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- the injected and surviving dust mass is a factor 4-5 smaller than observed in the MW (unless no reverse shock)

- models with stellar dust only can not reproduce the observed scaling relations between the dust-to-gas mass and Z

these conclusions are independent of the adopted dust yields

Remy-Ruyer et al. 2014; Asano+2013; Zhukovska+2014; Schneider+14; Feldman+15; Popping+16, Galliano+18



grain destruction by interstellar shocks

increasing gas velocity

>

DEPLETIONS AND DUST DESTRUCTION

Element Ax*  GalacticWarm/Cold® 23 Ori HV/WLV/SLV® ¢ Ori HV/A/DE® Percent Destroyed?

o FA— 8.55 —0.4/—0.4 >-0.2/-0.31/-0.31 5 60-67
)\ (R 7.97 ~0.17/=0.1 .../]—0.15/-0.15 0.08/.../...
Al.......... 6.48 ~1.1/424 —0.5/—1.36/—1.71 —0.82/—1.43/—1.84 9-13
Stadeiog, 7.55 —0.4/-1.3 —0.1/—0.52/—0.89 —0.39/—0.59/—0.72 0-20
BEewiiiai. 7.51 <1420 .../—1.49/-1.92 —0.97/—1.46/—1.85 6-8

Welty et al. 2002

vy = — "sNMism to=1/Ryy  Rey=SNrate M.(v,) = 6800 M., Es;/(v./100 km/s)?
fe(vs)dMs(Us)

\ grain destruction efficiency:

depends on grain properties and v,

In the Milky Way:
Ty =125yr Mgy =4.510° M, _ {(6.2 +5.6) x 10’ yr for carbonaceous grains

KN (3.1 +£2.7) x 10®yr forsilicate grains
Bocchio+2014

— Grains have a short lifetime (< 60 - 300 Myr) in the MW ISM
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grain growth in dense metal-enriched gas

Asano+12; Hirashita & Kuo 2011

(%) - 77N7r<a2>ap%as (v) =Ma/Tacc

spherical grains approximation:

4m(a®)o _Mq _ 3Mq g8 — pell Z(1—6) 6=My/M
my = 3 N = ma _ 4n{ad)o pz = PismZ( ) d/ Viz

a=1 o=3gr/cm3® (silicates)

4(a%)o

Toce = =20 Myr (3/0.1 um) (ny/100 cm=3)1(T/50K)Y2(Z/Z,,.)*"
3(a2>angMZ (v)

tacc = tacc,o (Z/Zsun)-1

In the MW galaxy:
Cold Neutral Medium (CNM): n=50-100cm3 and T=50-100K =2 T,.0=20-30 Myr
Molecular gas (MC): n=102-10*cm™ and T=10-20K > T,0=0.4-30 Myr
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chemical evolution with dust

dM.(1) dR(t) stellar mass
T e
dM::A(t) = _SFR(+ dljft) " dM;,,:r(t) " dbf;:-(t) gas mass
~(1 - ) el
dM dY. dM,,
di(t) = s e (SER0) Z(t) * Zuelt) f(t) metal mass
~Zisu® Dzt - )% st

dt

dust mass
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M/M,

the lifecycle of dust in the Milky Way

average over 50 independent merger trees

- 1-0 de Bennassuti et al 2014
global properties of the MW 2-phase structure of the ISM Pop Il and Pop Il SFRs
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E 3 E diffuse 3 E ]
101t ;_ gas - 101 ;_ ——— - MC _; i Pop II 1
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10° E 10° E M 1 b =
E E > E
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10° E 10° E =
F 2 = - ]
107 ¢ 107 & n O1F E
: \ 3
108 ; 108 ; - 8
£ F 0.01 E
10° 108 E : :
104 :I I 111 I 111 I 111 I 111 I 111 I 11 IIIIIIIIIIIIIIII: 104 :I I 111 I 111 I 111 I 111 I 1 I\III IIIIIIIIIIIIII\I\I: 0.001 -I I 111 I 11 1 I 111 I 111 I 111 I 111 I 111 I 111 I 11l I 111
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z V4 V4

the existing dust mass is well reproduced and the predicted depletion factors are
1 for the MC phase and 0.3 for the diffuse phase = consistent with observed depletion (Jenkins 2009)
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the MW and its dusty progenitors

de Bennassuti et al 2014

dust-to-gas ratio versus metallicity dust mass evolution
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Local dwarfs Galametz et al. (2011)
Madden et al. (2013),
Remy-Ruyer et al. (2014)

grain growth provides the dominant contribution to the existing dust mass in the MW
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summary and take-home messages

e dust grains form at the end of stellar evolution: AGB stars and SNe

* dustyields depend on poorly constrained parameters
(stellar evolution and nucleation theory)

* the relative importance of AGB stars and SNe as dust factories depends on:
the stellar initial mass function, the star formation history and metallicity

* the dust content is different in different phases of the ISM as a consequence
of grain processing by SN-shocked gas and grain growth in dense metal-enriched clouds

* due to the short destruction timescales, grain growth is a fundamental source of dust in
the MW and it is required to reproduce observed dust-to-gas scaling relations
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the spectral energy distribution of a dusty star
forming galaxy

Arp 220: a proto-typical Ultra Luminous Infrared Galaxy (ULIRG)

1000,00F T T T Ty
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Dbserved Flux [Jy)

1.00F

0.10}

HST Image 0.01 1 L1 1 1 L L L1111
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S, = (1 —e™™)B,(Ty,)/41D,?(2) where 1t(v) =k, 24, and k, = kg (v/vo)P

at rest-frame FIR wavelengths: optically thin emission t(v) << 1:

S, =k, B,(Tyust)/4mD,%(z) € -2 single temperature modified black body approximation
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inferring dust masses from rest-frame FIR flux

Ref. o [em?/gr] Ao [um] B
Mgy = S0 &) a 15 2350 L5
(1 +2)ka(v) B(», To) b 30 125 20
¢ 04 1200 16
Lpr = 4nMgus f ka(v) B(v, Tq) dv d 347 o 22
e 40 100 14

SDSS J1148 |
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Flux density [mJy]

observed dust masses are uncertain

with one/two data-points there is a strong degeneracy between dust temperature and emissivity
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observed dust masses are uncertain

with one/two data-points there is a strong degeneracy between dust temperature and emissivity

ALMA observations of MACS0416_Y1 (z=8.3) Observed wavelength [mm]
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log Ly (Ly)

the dust mass in “extreme” galaxies at z

6:

dusty SF galaxies and quasar hosts

Age of Universe (Gyr)

14 0 T T T T T T T T I T T T T ] T T T I T T T 1 10 1-2 1-1 1-0 0_9 0-8 07 0-6
I vk Quasars, z>6.5 (this work) o W— . . . . . ;

_ @ Quasars, z>5.5 xS : : DSFG

[ o Quasars, z<5.5 o [ f Qso
135 SMGs . (0] i /, - 10¢ E 09-3047 o B HFLS3 E

- MIPS galaxies o 2 . - ~ by ]I SPT0311-58W |

-+ Color selected galaxies § L bl 1 < | SPT0311-58E

o . . 7 I .~ F +

[ 0 Radio galaxies o o z ] . '

[ v Star-forming radio sources  ® % N My Josds 150 J1342-0928 5
sl e 09-3047 ] = |

i o % A 6.5 ] [ J2348 3054

L 02\ 3 v ..S)Z | 107 L 1

- ; 0 Q4 Ivg v - - ] E
125 L8 Tjﬁzos 3150 - | | | | | | | |

E . ~ 6.6 1 T T T T T T T T

= A% 4

i o © A v |
120 12348- 3054 Tr8 1920828 ] 100 ++ : E

B o4 o~ | - ¢

s 2" 6.9 gozm754 1 5 t J0109-3047

: ¢ 4 ] g t ’d #

B i b ] i 30p 150
115 ’

= ] o0 | f 2585 3054$J1342-0928 ;
1 1 _0 B /I/ 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 ]

109 1 1 | 1 1 | | 1
9.0 9.5 10.0 .110.52 11.0 11.5 50 T = = = = i 7
L'cog (Kkms pc’) Z
Venemans et al. 2017a,b Marrone et al. 2017
Valiante et al. 2014, 2015

7/22/21 dust in the first galaxies 72



dust content of z > 7 normal star forming galaxies

MACS0416 Y1
Tamura et al. (2018),
Bakx et al. (2020)

Mstar ~ 2 10° Msyn SFR ™ 10 Myyn/yr Mar ~ 2 10% Mgy SFR ~ 20 Mgyn/yr Magar ~ (0.3 = 1) 10%° Mg,
Maust ~ (3 — 6) 107 Mgyn Mgust ~ 6 108 Mgy SFR ~ 60 Mgun/yr
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B14-65666 Hashimoto et al. 2018 Bowler et al. 2018
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III

the dust mass in “normal” SF galaxies at z= 6

Shimizu+14; Mancini, RS+2015, 2016; Khakaleva-Li & Gnedin 2016; Zhukowska+ 2016; Grassi+ 2016; McKinnon+ 2016
Aoyama+2016; Graziani+ 2020

|II

the dust mass in some “normal” galaxies at 5 < z < 8.4 compared to local galaxies
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star forming galaxies at z > 6 have a dust-to-stellar mass relation consistent
with local galaxies
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dust mass budget

dust yield per SN and AGB stars required to explain the observed dust masses
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“the observed amounts of dust in the galaxies in the early universe were formed either by efficient

supernovae or by a non-stellar mechanism, for instance the grain growth in the interstellar medium”



the dust mass in “extreme” galaxies at z = 6:
guasar hosts

are stellar sources enough to produce ~ 10 M., of dust in < 1 Gyr?

Valiante et al. 2009, 2011, 2014; Gall et al. 2010, 2011; Dwek & Cherchneff 2011; Mattsson 2011; Pipino et al 2011; Calura et al. 2013

M, does not correlate with M,

Mdusl (MO)
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M, does correlate with M,,,

stellar dust is not enough to reproduce

the observed My,

the observed My, require super-solar

Valiante et al. 2014, 2015

metallicities and very efficient
grain growth in dense gas



|II

the origin of dust in z > 6 “normal” SF galaxies

semi-numerical approach: SFR, metal and gas masses from a cosmological simulation
dust mass evolution in post-processing

dust vs stellar mass:

simulation results vs observations dust evolution of the most massive galaxies
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the origin of dustin z > 6 “norma

|II

semi-numerical approach: SFR, metal and gas masses from a cosmological simulation

dust mass evolution in post-processing

dust vs stellar mass:

simulation results vs observations

SF galaxies

dust evolution of the most massive galaxies
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dust in the first galaxies

efficient grain growth is required to
account for the observed dust masses
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implications for the origin of dust

* the dust massin M, > 108 — 10° M, galaxies is dominated by grain growth in the ISM

* grain growth depends on local conditions: metallicity and density/temperature of dense gas

a n =ha O s g ) 7\ —1
e o) (2] e (2)
d T2\0.1mm/\100em=/ \50k/) \z) =0\ 7

In the MW galaxy:
Cold Neutral Medium (CNM): n=50-100cm® and T=50-100K =2 T,.0=20-30Myr
Molecular gas (MC): n=102-10*cm3 and T=10-20K =2 T, 0=0.4-30Myr

In QSO host galaxies at z > 6:
Molecular gas (MC): n=10%36-10*3cm= and T=40-60K 2 T, 0=0.1-0.4Myr

In normal SF galaxies atz > 67?
Tacco = Tacc oMW (142)72 21, (MW /103 - 0.02 —0.03 Myr in the CNM!
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the dust mass depends on ISM conditions

7/22/21

dust-to-gas ratio

vs metallicity
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the dust mass depends on ISM conditions

dust-to-gas ratio vs metallicit e
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the difference in the observed dust masses could be due to different

grain growth times scales
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dustyGADGET: a full numerical approach

same simulation adopted in Mancini et al. (2015) but dust evolution is computed self-consistently
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see also Aoyama+17,18; McKinnon+17; Vogelsberger+18
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dustyGADGET:

a full numerical approach

Graziani, RS et al. 2020
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our simulated systems are in good agreement with the variety of high redshift galaxies observed with ALMA
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GTEEELS

Reionization Era Bright Emission Line Search

REIONIZATION ERA BRIGHT EMISSION LINE SURVEY: SELECTION AND CHARACTERIZATION OF
LUMINOUS INTERSTELLAR MEDIUM RESERVOIRS IN THE Z > 6.5 UNIVERSE

R.J. BouweNs!, R. SMIT?, S. ScHoUws!, M. STEFANON!, R. BowLER?, R. ENDSLEY?, V. GoNzALEZ>®, H. INaMI”, D.
STARK?, P. Oescu®®, J. HonDGE!, M. ARAVENA!?, E. DA CunHA!!, P. DavaL!?, I. DE Looze!®!4 A. FERRARA!S, Y.
FupaMoTo®1617 L. GrRazIaANI®1? C. L1?2%?!, T. NANAYAKKARA??, A. PALLOTINI'®, R. SCHNEIDER'®??. L. SoMmMmovico!®,
M. ToPPING?, P. VAN DER WERF!, L. BARRUFET®, A. HyGATE!, I. LABBE??, D. RIECHERS??, J. WITSTOK?®

arXiv:2106.13719v1

e Targeted survey of 40 sources

* Photo-z>6.5

* Massive Lyman-break galaxies

* Spectral scans for [CllI] and [Olll]
* In total 60.6 hours observations

« = 85% completed (33 out of 40)
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GPEEELS

Reionization Era Bright Emission Line Search

Dust continuum detections

16 with = 3.30 out of 33 (7 to be observed)

7/23/21 dust in the first galaxies Inami et al. in prep 85



Summary and take-home messages

observations at mm wavelengths show that the host galaxies of z> 6 SMBHs are highly
dust-enriched

“normal” star forming galaxies at z > 6 have a dust-to-stellar mass relation consistent
with local galaxies

stellar dust is dominant at M., < 10% M., and grain growth is efficient at larger masses

The vastly different dust content of local metal-poor dwarfs at comparable Z suggests that
density plays an important role in the grain growth timescale

The chemical maturity of z > 6 galaxies suggests that early metal and dust enrichment may
have been more efficient than previously thought, possibly requiring favorable ISM
conditions for SN productions and grain growth
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understanding the rapid metal and dust build-up atz>6
will provide important indications on
the star formation history, stellar populations

and interstellar medium properties

in the first galaxies
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