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The Annual Review of Astvonomy and Astropbysics is

, : cosmology, first and second stellar population, galactic archeolo
online at astro.annualreviews.org BY Pop s 8 gY,

high-redshift Universe, Population III and 11, star formation
https://doi.org/10.1146/annurev-astro-071221-

053453 Abstract

Copyright © 2023 by the author(s).

All rights reserved The first generation of stars, often called Population III (or Pop III), form

from metal-free primordial gas at redshitts z ~ 30 and below. They domi-
nate the cosmic star-formation history until z ~ 15-20, at which point the
formation of metal-enriched Population I stars takes over. We review cur-
rent theoretical models for the formation, properties, and impact of Pop III
stars and discuss existing and future observational constraints. Key takeaways
from this review include the following:

m Primordial gas is highly susceptble to fragmentation and Pop I1I stars
form as members of small clusters with a logarithmically flat mass
function.

m Feedback from massive Pop TIT stars plays a central role in regulating
subsequent star formation, but major uncertainties remain regarding
its immy  Screenshot
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cover onset of primordial star formation to early reionization

Dark Energy
Accelerated Expansion

Afterglow Light -\
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation

Quantum
Fluctuations \

15t Stars o '\‘Y'! \\
about 400 million yrs.

Big Bang Expansion
image credit: NASA | =
13.7 billion years




some very simple theory

criteria for onset of

star formation

criteria for primordia

DM halos need to d

star formation

gas needs to decou
—> Jeans criterion:

in addition, gas needs to cool away compression heat
—> Rees-Ostriker criterion: 7., < 74,

both depend on thermodynamic response of the gas
—> competition between heating and cooling processes

Tgnn7

< 7,

—> importance of chemistry

collapse needs to proceed to stellar densities

DM potential well

DM potential well

ound

, e
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M ]
+*

ecouple from cosmic expansion and start to contract
ole and go into run-away collapse

star formation sets in

DM potential well

Jeans (1902, PTRS A, 199,1), Rees & Ostriker (1977, MNRAS,179, 541), Silk (1977, ApJ, 211, 638)



maore theory
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criteria for collapse and star formation
e look at competition between gravity (density p) and gas pressure

(sound speed ¢, or temperature 1): Jeans mass
e critical mass:

5/2 3/2 5/2 3/2 2
T 1 T k 1
MJ — - (G) p—l/ZCS3 — - (G) (Ium ) n—1/2T3/2
H

©
o T T T T
~
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e can be extended by considering effective sound speed

2 _ 24 2 _ —
Coeff = Cs + 07 Witho = oy, and/or ¢ = Ve

e in standard LCDM a low redshift this translates to s
~1/2 _3/5 :
Q )2 Q, h? 74+ 1\
My~ 5x10°M,, [ == °
0.14 0.022 10

100

50 20

Redshift

Jeans (1902, PTRS A, 199,1), Barkana & Loeb (2001, Phys. Rep. 349, 125), Glover (2013, ASSL, 396, 103)




maore theory
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criteria for collapse and star formation

e this is not sufficient, gas als needs to cool away access heat: cooling mass

e efficient cooling often due to molecular hydrogen; with H, we reach T ~ 500 K
and with HD down to T ~ 100 K (but typically not important)

e H, typically needs free electrons as catalyst:
H+e - H +yand H+H —> H,+e"
e lessimportant: H+ H" - H; +y and H; + H - H, + H”
e and at high densities (n < 10°cm™) via the 3-body path:
H+H+H->H,+H

108

e as result:

u —3/2 7+ 1 —3/2
M, ~ 6% 10°Mgh~1Q 12 <—> ( )

Mass (Mg)

1.22 10

100 50 20 10
Redshift

Glover (2005, SSRv.,117, 445), Glover (2013, ASSL, 396, 103)
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primordial chemistry networks largely focus on H; as primary coolants

Bovino & Galli (2019, in Formation of the First Black Holes, eds. Latif M. and Schleicher D.R.G),
using KROME, see Grassi et al. (2014, MNRAS, 439, 2386)
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effective EOS constitutes a relation 4.0
between temperature and density 35l
3.0t

(A) gas flows into potential well

AV4

and is compressionally heated :o 2.5}
(B) H, formation and run-away cooling E?’
(C) gas accumulates and collapse resumes 0
(D) 3-body H; formation sets in 1.5¢

and gas becomes fully molecular Lo
(E) gas becomes optically thick 0

and temperature rises further Y 2.
(F) collision-induced emission (CIE) Bl

becomes important coolant —2t
(G) at T~ 2000 K H; dissociation

sets in

log1g H>
| | |
Ul ~ w

Klessen & Glover (2023, ARAA, 61, 65) . .
inspired by Yoshida et al. (2006, ApJ, 652, 6) -5 0 5 10 15 20
using data of Lewis Prole and Anna Schauer l0g10 N [cm™]
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equation or state

Pop lll stars
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® slope of EOS in the density range 5 /i /
cm3<sn< |6 cm3isy=|.06 X 4 ,

\\ //"'!: ///
 with non-zero angular momentum, T e
disk forms Iy
yb" //
e disk is unstable against frag- 4 T=1"1 ()'4|\/|Sun

mentation at high density £ € L 0

10 15

Omukai et al. (2005, ApJ 626, 627) number density log (ny (Cm'3))



disk Tragmentation

Pop lll stars
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multiple Pop lll stars form by disk fragmentation

First star forms (tg)

density [cm™]
1012 1013 1014 1015 1016
[ T |

t¢g + 91 years

Formation of second star

tsg + 27 years tee + 62 years

e @

t¢g + 995 years tsg + 110 years

Third star forms Fourth star forms

Clark et la. (2011, Science, 331, 1040)
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Pop lll stars

uonejuswbeds ysip Aq w.oj
sJels ||| dod s|dnjhw

temperature

density

Greif et al. (2012, MNRAS, 424, 399)
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simulations suggest IMF of metal-free stars is log flat
(with hint for top-heaviness)
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Greif et al. (2011, ApdJ, 737, 75), Clark et al. (2011, Science, 331, 1040), Smith et al. (2011, MNRAS, 414, 3633),
Dopcke et al. (2013, ApdJ, 766, 103), Hirano et al. (2014, ApdJ, 781, 60), Tanaka & Omukai (2014, MNRAS, 439, 1884),
Nakauchi et al. (2014, MNRAS, 442, 2667), Wollenberg et al. (2020, MNRAS, 494, 1871), Prole et al. (2022, MNRAS,
510, 4019), Prole et al. (2022, MNRAS, 516, 2223), and many more
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IMF of Pop lll stars

simulations suggest IMF of
metal-free stars is log flat
(meaning it is top heavy)

no rad. feedback

—1.0

log;¢ differential IMF

with rad. feedback

_05F — Prole+22 = Jaura+22
' Wollenberg+20 = Hirano+15
- Stacy+13 Hirano+14

) —

stellar mass spectrum

e -qTFK

log10 M [Me]

Klessen, & Glover (2023, ARAA, 61, 65)

cummulative IMF

Y

P —

=

<> == \
—Q_

UNIVERSITAT

. 'r'/'!Nl HEIDELBERG
i ZUKUNFT
el SEIT 1386

BUT: result depends strongly on numerical
resolution, and on the physics involved, and on
the way feedback is taken into account.

1.0F

0.8¢

0.6

0.4}

0.2

0.0

—

—1

0

1

log10 M [Mo]




stellar mass spectrum
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e our best guess for the IMF of Pop Il stars is a log-flat distribution ranging from masses
of < 1 Mg up few 100 Mg

e in the context of Pop Il

- radiation
- magnetic fields
- DM annihilation

will reduce degree of fragmentation
- relative streaming velocity between DM and baryons
will increase level of turbulence and may lead to more fragmentation

e extreme conditions (huge mass reservoir, high density, high accretion rates) lead to
formation of supermassive stars, which can collapse into supermassive black holes

IMF of primordial stars not well understood.
For time being: treat as poorly constraint parameter.
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Pop Ul stars
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8 9.5 8
9.0t 17
— ‘ | "‘—679
A s8s5r @ -
mass [Mo ] ‘/___—-— E 8.0 1°%
‘ 500 /: g 75} | _4-2
i N - | {33
6r @ 300 2 E | -
250 —~ g 70 ' 128
180 / 6.5 @ 1
KR 120 &G 6.0 .
>, 85
o 60 é * Lhe: 1N
o 4l lag¥
= 40 €< o8] 8 N
5 30 P g | 14.6 §
8 3} 20 <§ . ) laa g
% 15 505— / E;
5 12 L +23
° ot 9 00| @M 14.0
7 0 1 2 0 1 2
5 log1g mass [Mg ] log190 mass [Mg ]
1r 4
® 3 Pop Il stars are typically more compact and
® 25 .
0F o 2 hotter than their Pop Il/l counterparts. But
® 1.7 they have similar bolometric luminosity.
5.50 5.25 5.00 4.75 4.50 4.25 4.00 3.75 Klessen, & Glover (2023, ARAA, 61, 65)

log,o effective surface temperature [K]



Pop Ul stars

BUT: spectra are more complex than simple
blackbodies, and so this consideration may
be wrong by a factor of a few

Frequency v [eV]

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

6 solar mass Pop Il
star, at ~90% of its main
. sequence lifetime

101 10V 101 107

1010 -

107 -

104 -

101 -
g2 | — TLUSTY

Black-body
| L gl L gl L gl
1015 10t 101° 1016

Frequency v |[Hz]

Gessey-Jones et al. (2022, MNRAS, 516, 841)



Pop Ul stars

1
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T

Frequency v [eV]
10—1 109 10
—— —— T -
T - —— TLUSTY
1013 L Black-body
|N -
I .
|E |
PERETICE S
=
[
P4
=
m 1011 Laal I I L a1 1 aal
1013 1014 1015

BUT: spectra are more complex than simple
blackbodies, and so this consideration may
be wrong by a factor of a few

Frequency v [eV]
10?

101 109

Frequency v [eV]

102

L B S
—T Y —— TLUSTY
w10 Black-body
|N
am
B
El
S
T,
v
=
h{ ]

=

Frequency v |Hz]

1016

Gessey-Jones et al. (2022, MNRAS, 516, 841)

Frequency v [Hz

I1016

6 solar mass Pop Il
star, at ~90% of its main
sequence lifetime




pathway to
supermassive
stars
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some images
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criteria for collapse and star formation
e look at competition between gravity (density p) and gas pressure

(sound speed ¢, or temperature 7): Jeans mass
e critical mass:

5/2 3/2 5/2 3/2 2
T 1 - T k 1 _
MJ — - ( G) 0 1/26‘3 — . < G) (Ium ) n 1/2T3/2
H

e Mygoesupif T~ orp
—> larger mass reservoir available in atomic cooling halos (as needed for SMS)

e note: can be extended by considering effective sound speed

2 _ 2 2 _ _
Coeff = Cs T O witho = 06,4, OF 6 = Vaifven

—> higher masses favored in magnetized halos and in presence of high streaming velocity

Jeans (1902, PTRS A, 199,1), Barkana & Loeb (2001, Phys. Rep. 349, 125), Glover (2013, ASSL, 396, 103),
Klessen & Glover (2023, ARAA, 61, 65)
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atomic cooling halos

for illustration purposes only, not to scale

Agarwal et al. (2016, MNRAS 470, 4034)
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e halos come In groups

e some form Pop lll stars early

o their LW/UV radiation keeps
neighboring halos in atomic
phase —> delayed SF

e need well tunes conditions:
“goldilock” scenario

e these sit there and accumulate

mass until they collapse in atomic

phase

e large gas reservoir and large
inflow rates —> enhanced SF

e remark: similar conditions are
found in gas-rich high-z mergers



ragmentation

atomic cooling halos
—> even more fragmentation!
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e halos come in groups
e some form Pop lll stars early

e their LW/UV radiation keeps neighboring
halos in atomic phase —> delayed SF

e these sit there and accumulate mass

until they collapse in atomic phase —>
rapid SF

e BUT: now rapid Hz formation, and lots of
fragmentation
—> cluster of stars

e again not a good environment for direct
collapse BH



some more theory
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what is the resulting accretion rate?

e simple isothermal models give M = m CS?’/G (see e.g. Shu 1977)
® SO again M~ ifT~

e BUT: recall there is also the multiplication factor my o A with A o N%B so that my o< N,with N,
number of Jeans masses (Girichidis et al. 2011)

6 -

1000 = I I L |

e also: M »~ in collisions of two halos " num. integration : E num. integration
. - Shu values X -  fit mo = 0.82 AL52
or two proto galaxies 5 F Atme= A2 5

(e.g. Zwick 2023, MNRAS, 518, 2076)

100 |

mo

¢ again high degree of turbulence
will lead to fragmentation

’/
'I
10 b .o
s ,'
e

Shu (1977, ApJ, 214, 488), 2 2.5 3 3.5 4 - I10
Girichidis et al. (2011, MNRAS, 413, 2741), A A
Mayer et al. (2010, Nature, 466, 108)

100



role of accretion and
mass growth

(a) spherical aceretion

cocoon

= . TR light

accretion [low / S

light

prolostar

dust

destruction front

-
A O = = WPl U= V.

madel accretion Photosphere
with shock
shock boundary

Hosokawa et al. (2010, ApJ, 721, 478)
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(b) cold disk accretion

dust
cocoon

Y

dust
destruction front

S
g v

UV, optical
light

protostar

accretion disk

model photosphere
with
photospheric boundary



some more theory

role of accretion and
mass growth

0.1

Hosokawa et al. (2010, Apd, 721, 478), Reinoso et al. (2023, MNRAS, 521, 3553)
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* depending on accretion rate, the star

may never go through Kelvin-Helmholtz
contraction phase!

star remains puffy and red as long as the
accretion flow is maintained.

surface temperatures remain low, even
for high-mass stars:

T ~ 3000 — 4000 K

important consequences
for early star formation
and cosmic reionizatin!
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How do stars evolve for different accretion rates?
. 1 ] 1 1 1 1 1 1 1 1 1 ] 1 1 1 1
o for M > 0.1M/yr stars evolve with oL ]
bloated radii : -
8 - —
> | i
= - i
9
4 - | = 10M,yr-! —
- — 1 Mg yr-! i
- — 0.1 Mg yr-! .
- — 0.01 Mg yr-! P i
2 0.001 Mg yr-! —
I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
5 4.5 4 3.5
log(Tu[K])
Haemmerlé et al. (2018, MNRAS 474, 2757) Figure 1. Evolutionary tracks on the HR diagram for the models at the
see also Hosokawa et a’l (2012, ApJ ,756 93) indicated accretion rates. The grey straight lines indicate the stellar radius,

and the black dotted curve 1s the ZAMS of Schaerer (2002).



some maore theory
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stellar evolution with ,
different dM/dt

& & 4

0 F 10
4 ;_ —; 4
. . 3 F 43
How do stars evolve for different accretion rates? > E 3,
- j ) 1 E 3 1
o for M > 0.1M/yr stars evolve with bloated radi oF [
e different stellar structure for different M ~ 4 = 3 4
o = =
N 3 F 43
5 | . & = 3 H and He
i 2\ 10® - ap 2 E 5 2 burni
- 200 - o : - urning
_ e\a\‘\ - - 1 = = 1
4 oV\a\Na — = =
: v : 0F 10
~ _F i 4 = 4
o 3 [ i B - =
N [ i 3 F EE L
B - 5 E 35 radiative
g2 F ~ oM vt " = 1. regions
- [ e T T 1 E : 3 1
; — 1Moyr ] : E
1_ ~.[) —— 0.1 Mgyrt - 0 E 3 0
- ——0.01 Mg yr-! ] = =
0.00IM:;r": 4 F 0.001 Mg yr-! 3 4 -
0 — S E ‘ 13  convective
log(M/M,) 2 F | | ‘ 12 regions
1 E Wi L ERL
- 0 I L7700 I I T
Haemmerlé et al. (2018, MNRAS 474, 2757) 0 ~ - 0
0 2 4 6

see also Hosokawa et al. (2012, Apd, 756, 93),
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& & 4

How do stars evolve for different accretion rates?

o for M > 0.1Mg/yr stars evolve with bloated radii
o different stellar structure for different M

o for large M starts evolve untiI@R instabilit@sets in
Chandrasekhar (1964, ApJ, 140, 417),
Haemmerlé (2021a, A&A, 647, A83),
Haemmerlé (2021b. A&A 650, A204)

pathway to supermassive stars,
easily reaching several IOSMQ!

log(R/Ry)
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see also Hosokawa et al. (2012, Apd, 756, 93),

H and He
burning

radiative
regions

convective
regions



super massive stars

what is the maximum
stellar mass possible?

log1o final mass [Mg]

GR instability region
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— for accretion rate above 0.1 Me/yr,
stars can easily reach several 105> Mg
before GR instability kicks in

—then they collapse directly into a black
hole of the same mass

— while accreting the stars are extremely
puffed up and cold
(3000 - 4000 K)

— no ionizing radiation: hard to see, little
Impact

= - SF y
i Ul6 ,;Q' “?/,
W17 0 y
H18 NS NEVE
H19 7 /M > free fall
1 1 . 1 ' 4 | ] 1
~1 0 1 2 3 4 5

logqo accretion rate [Mg/yr]

Umeda et al. (2016, ApJ, 830, L34),
Woods et al. (2017. Apd, 842, L6),
Haemmerlé et al. (2018. MNRAS, 474, 2757)

Haemmerlé (2020, A&A 644, A154)
Haemmerlé (2021a. A&A 647, A83)
Haemmerlé (2021b. A&A 650, A204)

image from Klessen, & Glover (2023, ARAA, 61, 65)




dilemma

we face a dilemmal!
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to form SMS, we need

~ 10°M,,)

(1) a sufficiently large mass reservoir (M,

(2) maintain M > 0.1M/yr for a sufficiently long time

then can reach masses above IOSMQ before the GR instability kicks in an
they collapse into a BH...

BUT:

(3) gas under this conditions will fragment!

WHAT IS THE WAY OoUT?



A
A - 0
\ [ o
§° =t %
> AT e
(proto)stellar clusters !! Al ¥ A
= (Y Yan\2\ | UNIVERSITAT
p A oo ’ o
2 2 HEIDELBERG
’ J
A , bt ZUKUNFT
AA SEIT 1386
~1 M. MAIN SEQUENCE SoEYEEaEt0E __::,r; 100 M supernova CLUSTER OF COMPACT "'Q—"l%#
STARS explosions STELLAR-NASS REMNANTS
disruptive \
collisions coalescence
Gas settles into \
disc, which eventually N-Body evolution
becomes self-gravitating R A BASSTYE &b SOGBEADE Nzll\
N f 3‘;},:;;:‘::,‘,1 Ppp— 5 DENSE STAR  Jstetlar CLUSTER OF
D S ol atizs 1n & saris / sttt CLUSTER ™ Joalestence™ 3 |00 M, STARS
gz::::z:;n\smz:"l’az::trsxoml ly- formation L contraction of +
liberated lumnosxty reaches I. conizaoEion and starlclu:t:r New stars
) infall to centre :::; Z:egasy form supernovu
Fur ther :ur formation is ‘?.'hz?h radiates conkraction % +
] then impossible indiog energy)
I mgmen:mon mssm OBJECT l coflisional CLUSTER OF
— into 23 pieces RELATIVISTICALLY-BOUND | disruption
bifurcation xnto STAR CLUSTER f of stars NEUTRON STARS
- l Binasy / / OR STELLAR-MASS
ﬁ slingshot ejection nuclear post-Newtonian B BLACK HO‘-ES
explosion instabilit
—_— ’ SUPERMASSIVE !
B / STA R horle black
MASSIVE BLACK HOLE collapse sp:c[.:ng;t:rsly N-body
N UV/Metals Qnd, or bS accrebion evolution
> g A ncerebion ’
% nuctmr- {
T txploswn
5 | ety B
SYSTEM OF
0 UV/Metals pti;tsgg::ﬁotgmn ' FEW BODIES
o s Y / wim
= |/ BLACK-HOLE 23 MASSIVE | peites e
g o
—. | se}e ?:ioorf RECLLAJSI}{JESE C
—) — il { h
k& Accreﬂon/l :&tr;i&t:lg :;:lt;PmL relakivistic instadility
. \ radiation or gravitationat rodiotion
= j |
D Begelman & Rees (1978, MNRAS, 185, 847), Rees (1984, ARA&A, 22, 471),

Regan & Haehnelt (2009, MNRAS, 396, 343), Woods et al. (2019, PASA, 36, e027)
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run-away coll

how to form seeds of
supermassive BHs?
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clusters that form in massive and very dense gas clouds have

~ 10°M,)

(1) a sufficiently large mass reservoir (Mgas

(2) individual stars have high accretion rates and evolve

along large-R tracks (b)

result is

(3) combination of high stellar density and large stellar radii .
results in large collision rates \ (d)

(4) together this results in run-away mass growth of
1 or 2 objects to build SMS

(2619 ‘Z1LS ‘SYHUNI ‘2202) ‘Ie 18 JaydIs|yds

Reinoso et al. (2018, A&A, 614, A14), Boekhold et al. (2018, MNRAS, 476, 366), Alister Seguel et al. (2020, MNRAS, 493, 2352), Reinoso et al.
(2020, A&A, 639, A92), Vergara et al. (2021, A&A, 649, A160), Schleicher et al. (2022, MNRAS, 512, 6192), Reinoso et al. (2023, MNRAS, 521,
3553), Schleicher et al. (2023, MNRAS, 521, 3972), Nandal & Cho (2026, ApJ, 999, 100)
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10* MSun cloud
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run-away coll

combination of collisions

and accretion
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In this specific case, 60% of the mass
comes from collisions

run-away collisions occur, as long as
stars remain in puffed-up configuration

requires collision cadence shorter than
Kelvin-Helmholtz time, otherwise stars
contract & collision cross section drops

puffy stars are like super luminous red
giants, with Test ~ 3500...4000 K

model for Little Red Dots ?77?

Nandal & Loeb (2026, ApJ, 998, 124),
also Roman-Garza et al. (in prep.)
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SMS ana LBDs

SMSs as model for LRDs?
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- heavily accreting SMSs are very luminous:
L~10°%...10"L,

- due to large radii they have low surface
temperatures: T ~ 4000 K

- no ionizing photons, spectra similar to red
supergiants

- this may be a model for Little Red Dots ...
Nandal & Loeb (2026, ApJ, 998, 124)



SMSs as model for LRDs?
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SMSs as model for LRDs"
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Figure 2. The intrinsic luminosity spectrum (L)) of Population IIT SMSs as a
function of stellar mass. The overall luminosity increases steeply with mass, as
expected for stars shining near their Eddington limit. While lower-mass
models (10°M, 10°M_,, and 5 x 10°M_,) are orders of magnitude too faint to
malch the observed brightness of luminous LRDs, the 10°M,, model (blue
curve) produces a luminosity that closely matches the observational
requircments for both “The Cliff” and “MoM-BH™-1.”
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early star formation is equally complex than present-day star formation

typical Pop lll stars probably had masses 20 - 40 Me

supermassive stars can easily reach 10> Mg If subject to high accretion rates (link to ‘little red dots’?)
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