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INTRODUCTION



The first stars: starting point of the

formation history of astronomical object

(First star = Pop Il star)
Stellar light

First(—gen.) star
formation@z~ 30

© NASA/WMAP Science Team
* The properties of the first stars determines the future of the Universe

< supernovae, stellar radiation, seeding BHs, etc.
* Also, their properties is getting more reachable by observations

<— direct obs., binary BH mergers, low—mass survivors, PISNe, GRBs, etc.

—KJISA—=7 !




Uniqueness of the first stars: possible
(] target for first-principle understanding

chemical/thermal processes
initial condition,

‘minihalo  collapsing cloud protostan
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CMB fluctuations 10L&, . M oshida™ cULS.
from WMAP/Planck 10° 10° 100 10" 107

thermal state of gas at protostar formation

Both initial condition and evolution equations are well established

All we need is comp. power (and/or smart modelling
that reduces the comp. cost without sacrificing realism) s




B Big goal of first star studies

Determining the properties of the first
stars from the first principle

X,

mass, spin, magnetization, multiplicity, number of stars,
mass—ratio, orbital separation, eccentricity, etc.

Note: these properties are not unique due to birth—site
individualities and chaotic nature of star formation

» parent halo’ s mass, size, shape, formation history
* background field (FUV, EUV, X-ray, CR)
* turbulence, fragmentation, 3—body interactions



Pop Ill mass is of particular interest

Wise+12 based on Heger&Woosley02, Nomoto+06

Schaerer02
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Pop Ill mass determines the strength of the feedback

(while there is a room for improving the Pop Il SN model)
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Simulations from big bang to completion of first star formation

OVERALL PICTURE



— Pop Ill formation in simulations 1:
M From Big Bang to first protostar

1 Cosmological hydro simulations
* starting from cosmological initial condition

*  DM-+gas simulation w/ all relevant chemical & thermal processes

* tiny (~0.01 Msun) protostar forms at the center of small DM
halo with My~ 10°-108 M__,, (= minihalo) at 10 < z < 30

cosmological
initial condition

Yoshida, Omukai, Hernquist 2008 (Science) 9



A movie for the birth of first protostar

https://youtu.be/2C0Ot_ OTAENg 10
Hirano et al. (2014) movie credit: Takeda



B Pop lll formation in simulations 2:
[ From first protostar to first star

1 Zoom—in radiation hydro simulations
Hosokawa, Omukai, Yoshida, Yorke 2011 (Science)

new-| born p ostar

X

* tiny protostar grows to massive star (>10M
by accreting surrounding gas

0.01

sun)

0.001 No feedback

* gas accretion is quenched by stellar
radiation feedback

le-4 |

Acc. Rate: M, (Mg/yr )

feedback

* final mass of star is ~40 M_,, in this case

0 10 20 %0 20 50 50
) Stellar Mass: M, ( M)
(see McKee&Tan 2008 for analytical argument) 11



B Pop lll formation in simulations 3:

[] Formation as binary/multiple stars

Zoom—in radiation hydro simulations with 3D AMR
KS, Matsumoto, Hosokawa, Omukai, Hirano (2020,2023)

2D simulations in Hosokawa+ (2012) cannot deal with binary/multiple systems

3D simulations existed but with some problems
SPH (Stacy+12,16, Susa+14) < hard to follow EUV feedback (Susal3)
spherical—grid (Hosokawa+16) < low off—center res., central-star FB only

3D AMR simulations have found that the first stars form as massive

binaries/multiples (KS+20,23) 12



¢ = 11219 yr A movie for the growth of first prolfscii’(c)azrgs

Mstar [Msun]
39.4,39.4 8 13

(https://www.youtube.com/watch?v=79400yGWGp0)




simulation set—up

code: SFUMATO-RT (Matsumoto0Q7, KS+20)

N =10""em™3, Ax_ . =4au, r,, = 64au

minimum # of cells/Jeans length : 16

t..q = 10° yr since protostar formation

Final product

@ o

Protostar (sink) evolution

(©)

10° au
104 au
70 M, 60+10+10 M. o
1 2 34 6 81012
t [10%y1]

A system of wide massive multiple stars

(t: time after 1st sink formation)
14



B Pop lll formation in simulations 4:
from single case to statistics

(see also Sus§+14,Stacy+j6)

1000 F | eavennnnanas Total (leano+14’15) i

100 ¢

! Nstar

star formation in

10 100 1000
Mstar [Mo]

many minihalos in RHD sims.

cosmological sims. (cf. Hosokawa+2011)

Pop III Initial Mass Function

« Pop IIl stars tend to be massive (~100M_,.) initial = birth—time
< Milky-Way ordinary stars (~1M_,,) )
- This Pop IIl IMF is based on 2D simulations final time in simulations:

15



10°- -
1 Y 3D AMR (this work) 1
¢ 3D spherical (Hosokawa+16) i’,/'
2D (Hirano+14) 'S ’,,/’
=
= ,/’, *
- 10%4 P
1 oe KS+23
10 A
1074 103 10-2

M1oua [MQ/ yr]

Fitting formula from 2D simulations (Hirano+15)
seems valid for the total mass of multiple Pop III stars

Mcloud

Mtot - 250 M@ (

«— confirmation of this conjecture with large sample is future work

0.7
2.8 x 10-3 M yr1>

Pop lll formation in simulations 5:
statistics based on 3D simulations

1000 | eevennnnanas Total (leano+14,15),

III.1
100 ¢
s
Z
10
N | ]
10 100 1000
Mstar [Mo]

mass of a single star (2D)

o

total mass of multiple stars (3D)

16



recent progress and open questions

RECENT TOPICS (2021-)

(orange reference: publication since 2021)

2021 FELIFDRXICEALTREZEELAH -6 A TFEELY !

BRITDHRELE 21— Klessen & Glover (2023) .
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.. (orange reference: publication since 2021)
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. Tegmark+97, Schauer+21, Kulkarni+21, Correa Magnus+23, Lenoble+23

Correa Magnus+23
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. (Truelove+97), Federrath+11, Turk+12, Higashi+21,22

Key parameter: “Jeans number” N, =A ;/ Ax

Turk+12

* Truelovesd N, =4 [LE 1
Wiz I 5DICERTT7

Higashi+21, 22
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Omukai&Nishi98, Yoshida+08, Greif+12, Luo+18,

Greif+12

AREPO (moving mesh), Ax~10"* au Loop
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SFUMATO-RT + new M1 RT module X
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Kirihara+23
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McKee&Tan08, Hosokawa+12,16, Stacy+13,16, Susal13, Susa+14, KS+20,23, Latif+22,
Jaura+22, Park+23, Toyouchi+23, Sharda&Menon24, Chon+24
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Jaura+22
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. Machida+06,08, McKee+20, Sadanari+21,24, Sharda+21, Stacy+22, Prole+22, Saad+22,
. Hirano&Machida22, Latif+23, Higashi+24, Diaz+24
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Sadanari+24
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Omukait01, Brom&Loeb03, KS+14, Wise+19, Chon&Omukai20, Woods+21,23, Latif+22, Kiyuna+23,24,
Chiaki+23, Reinoso+23, Regan23, Patrick+23, Toyouchi+23, Prole24a,b, Regan&Volonteri24, Ventura+24
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ONE MORE TOPIC:
FIRST STARS IN FIRST GALAXY
SIMULATIONS
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First—-galaxies as frontiers for
observations and simulations

/ Observations

Simulations

l a‘“HHﬂW

XC50@NAOJ

Simulations of first galaxy formation can be
directly tested by observations in the JWST era



<{pc—scale

“Bottom-up” simulations of first galaxies

kpc—scale >Mpc—scale

[ First stars

b
N A

E

N
L
S

KS+ 20,23
Pop II clusters

Fukushima, Yajima, KS+ 20

o

\
. Large—scale
FII"St galaxy structurs
/—> i

knowledge on small-scale

Processes

(not phenomenological models)

Reveal the first galaxy formation by combining

and knowledge on small-scale processes
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ny: 1.350312e+08 yr/1378 step

1.0

0.5

Y [pc]

0.0

—0.5

-1.0

—-1.5

—2.0

— 3.0 km/s

(data provided by Matsuda—kun)

0 10 20

Pop Il (total) mass can be estimated with
the Hirano15 formula (see also KS+23)

Mtot - 250 M@

. 0.7
Mcloud

2.8 x 10~3 Mg yr—!

ny [em ™3

= Pop Ill star formation site
in a first galaxy simulatio
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.. Test run with the new Pop Il model

new model (Mdot—dep M,,,)

halo 1:
M,ir=3.4e + 03 Mo, i = 0.0 kpc

previous model (M,,,=120M_,,.)

halo 1:
M,;r=3.4e + 03 Mo, rir = 0.0 kpc

#5: nstep_coarse = 49
16 x 1072 width=1.0 kpc 16x1072
cen=[0.5026217, 0.5096385, 0.5171773]

#5: nstep_coarse = 49
width=1.0 kpc

cen=[0.5026217, 0.5096385, 0.5171773]
z=39.765189406, tUniv=6.615447e+07 y

z=39.765189406, tUniv=6.615447e+07 y

particle # (DM, Pop2, Pop3, BH, SFC, PSC)
60176,0,0,0,0,0

— particle # (DM, Pop2, Pop3, BH, SFC, PSC)
4%1072 |

TN
60176,0,0,0,0,0 4x1077 —

cm

cm

particle mass [Msun] (DM, Pop2, Pop3, BH) b particle mass [Msun] (DM, Pop2, Pop3, BH) e
6.22e+06, 0.00e+00, 0.00e+00, 0.00e+00 > 6.22e+06, 0.00e+00, 0.00e+00, 0.00e+00 >
-~ +~
B =
3x107? 5 1()0 3x107? 5
C
a p A
ord ot
=) =
Z. Z.
2x1072 I 2x1072 [T
> 2P
= =
-2
107 1072

The new run follows a different history due to higher Pop IIl mass
37



.= For instance, second Pop Il
M) formation proceeds differently

previous model (M,,,=120M_,,,) new model (Mdot—dep M,,)

sun

"
10 10*
halo 1: halo 1:
ir=27e+ i =0. r=3. Fir=1.
second Pop I11 Myir=2.7€ +06 Mo, rir = 0.8 kpc second Pop II1 Myir=3.2e + 06 Mo, ryir = 1.0 kpc
#24: nstep_coarse = 280 1103 #55: nstep_coarse = 880 1103
width=1.0 kpc width=1.0 kpc
cen=[0.4994358, 0.5069420, 0.5295973] | | cen=[0.4987543, 0.5065792, 0.5306815] "
7z=22.059848345, tUniv=1.555253e+08 y 2=21.504639525, tUniv=1.613177e+08 y! 5
10? 10-
particle # (DM, Pop2, Pop3, BH, SFC, PSC) Z=N particle # (DM, Pop2, Pop3, BH, SFC, PSC) A
53782, 0,2,0,0,0 *E 56311,0,8,1,0,0 ~[g
< <
. particle mass [Msun] (DM, Pop2, Pop3, BH) = particle mass [Msun] (DM, Pop2, Pop3, BH) |
'FI FSt POp III 5.56e+06, 0.00e+00, 2.40e+02, 0.00e+00 10 = 5.83e+06, 0.00e+00, 4.19e+02, 1.46e+02 10 g
-~ -~
100 pc & L
PG A 100 A
100 = 2
-1
o 107
10"£§ 5?
1072
1072
1073
1073

1074

Pop Il 74—k \vODEE={&KFHE — HSAND

PR ERRFIROETHNRAT—ILIIEOBRFHET HE
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CONCLUSIONS
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Conclusions: studies of first stars

Big goal

determining the properties of the first stars from the first principle

Current understanding

First stars form via H, cooling in minihalos at 10 < z < 30
B—field is amplified with turbulence during cloud collapse
Multiple protostars are seeded by gas fragmentation

First stars form as massive multiple—star systems

Future topics

diversity in Pop Il forming environment

long—term evolution with small-scale fragmentation/merger
protostar—scale dynamics with radiative transfer

origin, amplification and role of B—field

first—galaxy studies based on first—star understanding
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