£

%
iy
* 4

‘Dust in gal¥ies at 5-< z < 10

‘3 : Denis Burgarelld® Ambra Nanni2, Jana Bogdanos“’ 1 H|ro uk|
Va% Hlf‘ashlta3 Patricg Theule1 Akio Inou.e45 Tsutonfi- . Takeuch| )
AET ,
'4“1A|x I\/Iagsellle Univ, CNRS, Laborat0|re dAstrophysfque de Marsellle IVIarse|IIe Fran“te
2 N&Ional Centre for Nﬁclear Research Andrzeja So ltana 7, 05-400 Otwogk, PoIand
' 3 Academia Sinica,, Taipei 10617, Taiwan . - “
4 School of Advancegi Science and ngineering, Waseda University, Tokyo Japan

o N

fWaseda Resea.rch Inst"" ite for.Science and_;Englneenng, Tokyo Japan

Aix-+Marseille § ) |
universite * LABORATOIRE D'ASTROPHYSIQUE / \ _/ A'x Marse'“e Unwerst
|

Socialement engagée DE MARSEILLE

T TS A T S, VRN R o PR, 5.




3 published papers at the origin of this talk +1 in preparation

Observational and theoretical constraints on the formation and
early evolution of the first dust grains in galaxies at 5 <z < 10

D. Burgarella', A. Nanni', H. Hirashita’, P. Theulé', A. K. Inoue**, and T. T. Takeuchi®

! Aix Marseille Univ, CNRS, CNES, LAM, Marseille, France, e-mail: denis .burgarella@lam. fr

? Institute of Astronomy and Astrophysics, Academia Sinica, Astronomy-Mathematics Building, AS/NTU, No. 1, Sec. 4, Roosevelt
Road, Taipei 10617, Taiwan

3 Department of Physics, School of Advanced Science and Engineering, Faculty of Science and Engineering, Waseda University,
3-4-1 Okubo, Shinjuku, Tokyo 169-8555, Japan

* Waseda Research Institute for Science and Engineering, Faculty of Science and Engineering, Waseda University, 3-4-1 Okubo,
Shinjuku, Tokyo 169-8555, Japan

5 Division of Particle and Astrophysical Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan

Received November , 2019 accepted February 4, 2020 ZOZOA&A ..637A..32B

UV dust attenuation as a function of stellar mass

and its evolution with redshift
2020MNRAS.496.5341B

Jana Bogdanoska,'* Denis Burgarella,'t
! Aiz-Marseille Université, CNRS, LAM (Laboratoire d’Astrophysique de Marseille) UMR 7326, 13388, France

The gas, metal and dust evolution in
low-metallicity local and high-redshift galaxies

A. Nanni', D. Burgarella', P. Theulé!, B. C6té?, and H. Hirashita®

' Aix Marseille Univ, CNRS, CNES, LAM, Marseille, France
e-mail: ambra.nanni@lam. fr

2 Konkoly Observatory, Research Centre for Astronomy and Earth Sciences, Hungarian Academy
of Sciences, Konkoly Thege Miklos ut 15-17, H-1121 Budapest, Hungary

3 Institute of Astronomy and Astrophysics, Academia Sinica, Astronomy-Mathematics Build-

ing, AS/NTU, No. 1, Sec. 4, Roosevelt Road, Taipei 10617, Taiwan

2020A&A...641A.168N

denis.burgarella@lam.fr, IPhU Seminars, 8 April 2021



Dark Energy
Accelerated Expansion

T h e Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
Early
Universe

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Credit: NASA / WMAP Science Team,

denis.burgarella@lam.tr, IPhU Seminars, 8 April 2021



Dark Energy
Accelerated Expansion

Afterglow Light
T h e E a r I y s Ov;at;grn Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
Universe

... in between
the Dark Ages
and

the End of
Reionization

Inflation

Fluctuations

1st Stars
about 400 million yrs.
z=10
Big Bang Expansion

13.7 billion years

Credit: NASA / WMAP Science Team,
denis.burgarella@lam.fr, IPhU Seminars, 8 April 2021



Outline of the Talk

* Introduction

o Dust in the early Universe ... Why?

* The FIR + sub-mm Emission of High-zLBGs @ 5<z< 10

o Introduction

o Selection

o Method

o Results

o Discussion and Predictions

 The evolution of the relation stellar mass vs. dust attenuation with the
redshift

* Conclusions
e NECO & IPhU



Outline of the Talk

* Introduction

o Dust in the early Universe ... Why?



Dust in the early Universe ... Why?

1. Understand the dust cycle in galaxies in the Epoch of
Reionization and in the first galaxies.

2. Understand the formation of the first low-mass stars.

3. Follow the universe’s star formation history to the first
galaxie(s).

e Keywords: , First Dust Grains, First Galaxies
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How to form so much dust in the early universe?

Dust yield per star (M®)

Dust yield per star (MO)
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Dust in the early Universe ... Why?

2. Understand the formation of the first low-mass stars.

e Keywords: , First Dust Grains, First Galaxies
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Dust and star formation

at very low metallicity

104 ks 7
 When gas collapses to form stars, gravitational energy g
is transformed to thermal energy that can halt the < 108 [
collapse. Thermal energy needs to be dissipated by : | ¢ ¢
* atomic fine structure line emission, 'g Jiga :\,\
* molecular rotational or vibrational line emission, E E _p'rimo,dial’
* heating of dust grains. - e 1076 2
\\?\‘v:‘ —-IO_SZO
* After pop. lll stars become supernovae, they seed the S -
cosmic gas with the first metals (time-scales < 50 Myr). N R
A significant fraction (25 — 50%) of these heavy log,, (n [em™] )

elements could be in the form of dust grains (Kozasa,
Hasegawa & Nomoto 1989; Schneider, Ferrara & Salvaterra 2004).

* This has important implications for the formation of
the first low-mass and long-lived stars.
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Dust in the early Universe ... Why?

3. Follow the universe’s star formation history to the first
galaxie(s).

e Keywords: , First Dust Grains, First Galaxies
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I\/Iadau Plot (1996)

Using results of the Canada-France
Redshift Survey (CFRS: Lilly et al. 1995)
over the redshift range0<z<1

* HST results from the Hubble Deep Field

Lower limits
(due to dust attenuation)
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Estimating the Total Star Formation Rate Density (SFRD)

Burgarella et al. (2013) from VLT + Herschel
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3
. Detections in IR

1

Faisst et al. 2017
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Faisst et al.

* We do not understand
the dust emission of
high-redshift Lyman
break galaxies (LBGs)
atz=5-6(~1billion
year after Big Bang)

* Their dust attenuation is
too low compared to
what is expected from
their UV slope B.

Figure 11, IRX -3 diagram at z ~ 5.5 for a maximally warm IR SED prior with luminosity-weighted temperature 7' = 60-90 K (7., ~ 35-50 K). We show the
z = 5-6 galaxics from Bari3i¢ et al. (2017) with FIR detection (red filled circles) and without FIR detection (empty circles, upper limits), as well as the FIR-detected
subcomponents as described in their paper (empty circles). The position of the galaxies with a cooler IR SED prior (T'= 2545 K, 1.e., T, ~ 18-28 K) as assumed
previously (e.g., Capak ct al. 2015) is indicated by faint red dots. The arrow indicates the change in IRX for A7 = 40 K. Our three z ~ 0.3 analogues is shown in blue
and are consistent with the location of the high-redshift galaxies. Common [RX— 3 relations for local starbursts (Meurer et al. 1999, with scatter; Takeuchi et al. 2012;
and galaxies with SMC-like dust, Prevot et al. 1984; Pettini et al. 1998) are indicated by solid, dotted—-dashed, and long-dashed gray lines, respectively. Note that the
upper limits of the FIR-undetected z = 5-6 galaxies are mostly consistent with the [RX— 3 relation expected for SMC-like dust using the maximally warm IR SED
prior. However, some galaxies still show a deficit in IRX compared to the SMC relation and cannot be explained by common analytical models of dust attenuations in

galaxies (see Section 4.5).
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Hi-z LBGs in EOR

18 Lyman Break galaxies
(LBGs) with zgpe.

All have been observed in
submm with ALMA

Low-M,, and probably low-Z
Simple galaxies (simple SFH)

Burgarella, Nanni et al.: First Dust Grains in Galaxies

Source Number of Selection redshift Note
objects
Bouwens et al. 3 uv 5<z<10 | * ALMA 6 upper limits
(2016) *S/Npst > 1.5.
* LBGs with > 5 data points in UV-optical only
Capak etal. (2015) | 9 (HZ1-HZ4 & Uv z~56 * [CII]158u m for all Hi-z LBGs
& HZ6 - HZ10) * ALMA 7 detections: HZ4, HZ6 (3) HZ9 & HZ10 (5)
Faisst et al. (2017) * ALMA 7 upper limits for the others
* HZS detected in Chandra and not included in the sample
* Additional data from Pavesi et al. (2016)
Scoville et al. 1 (566428) uv z=15.89 * ALMA 6 detection
(2016) * [CII] 158 m measurement
Willott et al. 2 (CLM1 & uv z~ 6.1 * ALMA 6 detections
(2015) WMHS) * [CII]158 m measurement
Aravena et al. 2 (ID27, ID31) Uuv z~175 * ALMA 6 detections
(2016) * [CII]158u m measurement
Hashimoto et al. 1 (MACSJD1149) uv z=9:1 * ALMA 7 upper limit
(2018) * [OIII]88u m measurement

Table 1. Origins of data used in this paper. The Hi-z LBG sample contains 18 objects, while the Low-zZ sample contains 31 objects for which the

final fits are adequate, i.e. y’

reduced

only 11 measurements with S/N,p,» > 3 are used to build the IR template.
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> < 5.9 Hi-z LBGs are detected in ALMA in Band 6 or Band 7, they provide 15 detected measurements, but
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_ Moving to higher redshifts = moving to lower|rest-frame wavelength
10! ; |

‘v/’?»"q, AS Q
A e

I
RIS
Ly

|
|
|
oo, |
|

Flux
®

1011 A N
10! 102 103
Rest-frame Wavelength [micron]

denis.burgarella@lam.fr, IPhU Seminars, 8 April 2021



Flux [m]y]

Stellar attenuated
rrrrr Stellar unattenuated

100 4 Nebular emission
— Dust emission
Radio nonthermal
Model spectrum
10714 o Model fiuxe
M observed fiyxef
1072 4
1073 4
104 o
5 /
s g _—
© — (Obs-Mod)/Obs
=
hsd CIGALE
n 4
Y V1% NS B N
] -
>
2
© -1 + T T T
2 10° 10t 102 103 104

Observed wavelength [um]

IR template from

FIR-detected LBGs>

101 B
=
E
X 10°4
w

o
|

L

Stellar attenuated
- Stellar unattenuated
Nebular emission
—— Dust emission
—— Radio nonthermal
—— Model spectrum
o Model fluxes
[ Observed fluxes

e

== (Obs-Mod)/Obs

Relative residual flux
>I—- o
F

-
<

Observed wavelength [um]

10°

denis.burgarella@lam.fr, IPhU Seminars, 8 April 2021




10°

107t

Flux [m]y]
-

Relative residual flux

1072

Stellar attenuated

- Stellar unattenuated
Nebular emission

— Dust emission

—— Radio nonthermal

—— Model spectrum

@ Model fluxe

M observed fiyxef

= (Obs-Mod)/Obs

10°

10t

102
Observed wavelength [um]

104

IR template from

FIR-detected LBGs

Stellar attenuated
- Stellar unattenuated
10 4 Nebular emission
—— Dust emission
—— Radio nonthermal
— Model spectrum
@ Model fluxes
[M Observed fluxes
=
£
x 0 |
El 10
i
3 1
a0 134
= = (Obs-Mod)/Obs
=3
b=l
n
L e e 1 2 i i Attt
g
o
2
& -1 .
g 10! 102 103
Observed wavelength [um]

10° 4

101 4

1072 4

Flux [m])y]

1073 4

2
L

.
m

Stellar attenuated
Stellar unattenuated
Nebular emission
Dust emission

Radio nonthermal
Model spectrum
Model fluxes
Observed fixes
Observed upef limits

—

== (Obs-Mod)/Obs

Relative residual flux .
o

Observed wavelength [um]

104

denis.burgarella@lam.fr, IPhU Seminars, 8 April 2021




We densify the IR SED
We fit all LBG SEDs
using this template
We tried both with
modified blackbodies
and Draine & Li
models in CIGALE. We
used Draine & Li.

SFR (t) = t/72 e/T with
short T ~100 Myrs
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Hi-z LBGs

id
HZ1
HZ2
HZ3
HZ4
Hz6
HZ7
HZ8

566428
HZ9
HZ10
CLM1
WMH5
A1689z1
ID27
ID31
MACSJD1149

Me
logM_star
10,32
10,10
10,15
9,98
10,50
10,13
10,13
10,15
10,04
10,25
10,41
10,38
10,08
8,91
8,73
10,03

logM_star_er|
P

0,04
0,08
0,04
0,08
0,04
0,04
0,04
0,06
0,11
0,13
0,05
0,08
0,16
0,28
0,34
0,09

Me
logM_dust
6,77
6,85
6,99
7,92
8,10
6,82
6,72
7,75
8,36
8,80
6,62
8,27
8,68
7,26
7,33
6,25

Lo
logM_dust_err L_IR
0,26 10,20
0,22 10,28
0,24 10,42
0,10 11,35
0,02 11,54
0,25 10,25
0,26 10,15
0,24 11,18
0,05 11,79
0,04 12,24
0,22 10,06
0,06 11,70
0,05 12,11
0,19 10,69
0,17 10,76
0,28 11,72

logL_IR_err
0,26
0,22
0,24
0,10
0,02
0,25
0,26
0,24
0,05
0,04
0,22
0,05
0,05
0,19
0,17
0,14

Me yr_l
SFR
6,06
9,03
5,51

29,94

29,13
6,67
7,94

14,70

56,65

142,74
9,82

35,96

124,38
10,18
16,26
16,85

SFR_err
0,84
3,91
1,13
7,25
2,15
0,89
0,36
8,25

10,21
26,33
1,44
9,75
20,96
3,23
4,40
10,25

A_FUV A _FUV_ern

0,1 0,1
0,1 0,1
0,2 0,1
0,6 0,1
0,7 0,0
0,1 0,1
0,1 0,1
0,6 0,4
1,8 0,1
2,5 0,1
0,0 0,0
1,2 0,1
2,0 0,2
0,6 0,3
0,5 0,2
0,0 0,0

Myr
Age
231,5
212,7
216,9
138,6
172,6
204,2
195,2
177,0
191,7
99,4
217,8
169,7
95,1
109,3
49,8
178,3

Age_err
11,2
55,8
14,1
61,6
8,4
10,3
9,3
36,1
93,8
49,6
14,2
57,5
56,8
107,5
76,6
39,5

We estimate: sSFR = SFR / Mcrar, SMpust = Mpyst / Merar and Age
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Update with respect to Burgarella et al. (2020):
we add the ALPINE sample (Béthermin et al. 2020)

* Burgarella et al. 2020
* Stacking galaxiesat5.5<z<5.9

* Burgarella et al. 2020 » ALPINE detected sample

* ALPINE detected sample
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Dust Formation Rate Diagram (DFRD)
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Dust Formation Rate Diagram (DFRD)
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Dust Formation Rate Diagram (DFRD)
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Dust Formation Rate Diagram (DFRD)

U.1l :
5 - To populate this S
17 s area, we need
2 001} _lrgermetlicties
g . Eim o
2 . I 1
0.001 oy = ]
I riLlow to-normal llleta”lCIt)(
i | !
- \ Y, /
21le—4+ 7~ - 4 =
E_U Very low metallicity
n | Low-zZ
le — 11 le — 10 le—9 le — 8 le—7
sSFR [yr]

den

is.burgarella@lam.fr, IPhU Seminars,

8 April 2021

r 8.4

8.2
8.0
7.8
7.6

(.4
= 7.2

12 —+ |Og10 (O/H)



Growth in ISM,

{Dust destruction

by astrati

|

. 2
Dust/formation

Dust formation

L 4

Growth in ISM,
Dust destruction by
astration

S Hi-z

LBGsS

10_4':
Dust ¢ estfuction Dust destructio
by SNae (720%) by SNae (~20%
and removal in and removal i
10-5 [t||| the IGM (~80%) 1 _ | 't'h'e|IGM (~80%
107° 108 10~7 101 102
sSFR Age [Myr]




to form so much dust in the early universe?
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The evolution of the relation stellar mass vs.

dust attenuation with the redshift
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The evolution of the relation stellar mass vs.
dust attenuation with the redshift
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Conclusions and perspectives

We have constrained the very first phases of dust formation
and destruction / removal in the universe and probably the
first dust grains formed in the universe.

We developed a model consistent with UV and IR
observations that assumes no grain growth in the ISM.

This model should be implemented in galaxy evolution
models to provide a better agreement with observations.
We showed that the M, vs Ag,y relation evolves in redshift.

star

More information from JWST (approved CEERS and Cycle 1) +
ALMA/NOEMA data (?)
More modelling...
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Final note: CNRS International Research Network for

Extragalactic astrophysics and Cosmology (NECO)

https://collaborations.lam.fr/neco/

NECO Jt

International

Date
24 April 2020
24 April 2020

18 May 2020

18 May 2020

18 Jun 2020
18 Jun 2020
22July 2020

22 July 2020

23 September 2020

23 September 2020

17 November 2020

17 November 2020

29 January 2021

29 January 2021

29 March 2021

29 March 2021

NECO teletalk #9: Late April
2021, France: 10h00 / Japan:
17h00

Name
BUAT, Veronique
BURGARELLA, Denis

COX, Pierre

TAKEUCHI, Tsutomu T.

OSATO, Ken
BARRET, Didier
BAKX, Tom

YAMADA, Toru

BOGDANOSKA, Jana

ZHOU, Yu

DMYTRIIEV, Anton

SAGA, Shohei

MARIN, Frederic

SUZUKI, Tomoko

INOUE, Akio

Ol, Nagisa

1) Jonathan Biteau, Paris-Saclay University, |JCLab,
France: "Stellar Mass and Star Formation Rate within a
Billion Light-Years"
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2) Yusei KOYAMA, SUBARU Telescope, Japan: "Panoramic
H-alpha views of early stages of galaxy cluster formation
with Subaru”

Short title
X-CIGALE
First dust grainsat5<z<10
RAM/NOEMA Large Program z-GAL

New SED model (chemical evolution + non-
linear dust)

Perturbation theory challenge for Cosmology
Athena X-IFU (current status)
[Cll] and warm dust in an LBG at z = 8.31
Deep Variability Survey by Subaru HSV

UV dust attenuation as a function of stellar
mass and its evolution with redshift

Can Warm-hot IGM Account for the Spatial
Fluctuation of the Soft Diffuse X-ray
Background?

Connecting steady emission and Very High
Energy flaring states in blazars: the case of Mrk
421

Relativistic effects on redshift-space distortions
at quasi-linear scales

Probing Active Galactic Nuclei with X and
gamma-ray polarimetry

Dust, gas, and metal content in star-forming
galaxies at z~3.3 revealed with ALMA and NIR
spectroscopy

Exploring the galaxy formation at z>10: Recent
progresses and a future direction

Dependence of AGN fraction for AKARI NEPW
galaxies on redshift and infrared luminosity

Click to connect

Research Network
Extragalactic Astrophysics and
Cosmology

Student (Master and PhD)
& researcher exchanges

NECO organized (Dec. 2020) a workshop
entitled: Probing the Extragalactic Universe with
High Energy and Very High Energy Sources

SCIENTIFIC TOPICS: three main domains:

* AGN cycle and galaxy clusters: feedback from AGNs,
UFO, extragalactic cosmic rays, galaxy clusters and
related AGN physics, HITOMI/XRISM and Athena
sciences

* Multi-messenger astrophysics: GRB host galaxies,
UHECR and nearby extragalactic populations, short and
long GRB and associated gravitational events,
constraining stellar populations in galaxies and the Hubble
constant, revealing the black hole population with
gravitational waves

 Probing extragalactic lines of sight: Extragalactic
background light, InterGalactic Magnetic Field, search for
LIV signatures in signals from AGN and GRB, contraints
deduced for cosmology and fundamental physics, CTA
sciences
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Final note: CNRS International Research Network for
Extragalactic astrophysics and Cosmology (NECO) —

https://collaborations.lam.fr/neco/ Extragalactic Astroppysics and

Cosmology

From https://www.univ-amu.fr/index.php/en/public/institute-physics-universe-iphu:

IPhU is a leading collaborative scientific research and education environment, with a strong
attractiveness and international influence, dedicated to the Physics of the Universe and
associated technologies, from the infinitely small scales of particle physics to the infinitely
large ones of cosmology, with high-energy astrophysics in between. Its goal is to provide
answers to the key questions of the field that defy our imagination: which fundamental laws
govern the Universe? What is it made of? How did it form and how does it evolve? Do we
understand the Universe in its extreme states?

Questions:
1. Are IPhU members (LAM but not only) interested to contribute?
2. How Can IPhU help funding NECO and its activities?


https://www.univ-amu.fr/index.php/en/public/institute-physics-universe-iphu

Mercl
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