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INTRODUCTION



The first galaxy formation

How did they form? What properties did they have?

24

/ distant galaxy

“bottom—up”

simulations observations ol
7 s ': " 1520 .'i-.,;,ms.'--‘:“ g -.r 1"‘"6. - "“
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“bottom-up” simulations of first galaxies

.f First stars \

Large—scale
structures

’ 2 7 9 k-
g x

o 4
% x G .
R g SR \

o .
we . L

First galaxy

Pop Il clusters BH growth/feedback

. N :
KS anﬁ\\\Ricof;i\ZO /

Fukushima, Yajima, KS+ 20

growing knowledge about
small—scale processes

\
Our goal is to reveal the formation of first galaxies from a

theoretical side by combining
and knowledge of small-scale processes

J




_ Various physical processes that affect
M) the formation of the first galaxies

/ \ / star—forming cIoud\
" BH seed
®
"
oy
\ First star / k First galaxy /

To understand first galaxy formation is to understand how the gas in

a halo is converted to stars through various physical processes .



B EUV/FUV feedback

EUV feedback: H + EUV — H + e~ FUV feedback: H, + FUV —> 2H

./

EUV. FUV no coolant
g . s at T < 104 K
T~ afew x 10* K
Ionization bubble Photodissociation region
blows away surrounding gas by suppress star formation by
pressure of hot ionization bubble dissociation of coolant (H,)

sometimes leads to supermassive
star formation

Purpose of this work <

To understand the role of FUV/EUV feedback in the first galaxy
formation using cosmological radiation hydrodynamics simulations)

7



METHODS



see also Garcia, Ricotti, Sugimura, Park (2023)

Simulation methods

Cosmological AMR (M)HD, Moment method
RAMSES-RT RT (M1 closure), DM particle, sink (BH)
(Teyssier 2002, Rosdahl & Teyssier 2015) particle, stellar radiation, SN feedback,
non-equil. chemistry/cooling/heating

Generate initial condition at z =

MUSIC (Hahn & Abel 201 ]) 127 w/ zoom technique

500 Myr sameasz ~ 10
0.3 h-! cMpc (zoom-region) 35 h-"cMpc (base-box)
800 Mg resolution (zoom-region) 10" Mg, (base-box)
100 Mg, resolution Internal Salpeter-like IMF
1)N,= 8 (Ax > 1 pc), 4 (Ax < 1 pc) 1) at least N, cells per Jeans

length

2) Lagrangian for DM and stars 2) to keep star clusters bound

Axmin = 0.15pc*[ (1 +z) / 10] AMR level = 25
Nge = 5% 104 cm-3*[(14+2)/10]2 Binary Pop Ill (M,=120M,,,) for Z < 10 Z,
*(T/100 K) Pop Il cluster (Mg ~10%° My,,) for Z > 10 Z,,




B Feedback models

We perform runs with different feedback models to clarify the
role of EUV/FUV radiative feedback separately

m Pop ||| Pop ||

fiducial

p2noFUV O O — O
p2noEUV O O O -
noFUV - @ - @

noEUV @) - O -



RESULTS
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First galaxy formation in fiducial run

fiducial
t = 346.16 Myr
7z = 12.86

0.1
0.0k
106 L
104 L
350 400 150 500 550
time [Myr]

Lusoo [erg 78 A~ pe?]
1033 1034 1035 1036
[ u U ]

[ 1(.)2 Hhuﬂ]]]]]]]Iﬂ]]l]ﬂ]Iﬂﬂ]ﬂ]]]IﬂmT
Zgas [NI(D p072}

100 pc



= Star-formation history in the
) zoom-in region of fiducial run

Pop IlI-to—Pop II transition

<
star—formation history in the 30 20 16 14 12 11 10
300 ckpc zoom—in region — 106 e L N | |
=
_ = 10°
first Pop Il star appears at =104
z=26 “':9; 103
s 102
Pop IlI-to—Pop II transition . ’ ' !
=107 (38M ) 1 7
occurs at z=13 2 yraverage -
z 1072 —
w0 _3 B B
Pop II stars form through %104
several burst events = X ” |
1075 " | ” . " |" -
_ 100 200 300 00 500
Pop III stars continue to form tuniv ML

until z~10

burst Pop Il star formation I3



star—formation history in the

O , , = 100
virial radius of main merger = 10
tree (using Rockstar halo =
finder; Berhoozi+ 2013) =0t
8
Pop llI-remnant BHs (~100 M_,) 10
hardly grow by gas accretion 107
(BHL accretion assumed) Z 10
- 10

feedback sometimes evacuates
gas from the halo

_

10*
103
102

20

16

14

Internal state of the galaxy
during its formation

-
A~

1 —

Pop Il feedback

Pop Il feedback|
. | T . 1
\ ‘O(y 300 400 500
Luniv [I\I\I]
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B Model dependence of SFH

Z
30 20 16 14 12 11 10
Elll L I I | I | I I | | ] I I |-:
- . /
« | PoplllPopll P 2]
10 3 —— ~~~- (Fiducial Ia"-_—,' _______ r———:?
i —— === [no-EUV Lo P
— 5 —— ~==° no-FUV D] R -
EQ 10 ; —— === 10-Popll-EUV i ! E':r-’*‘-\
? E T T no—PopII—FUV]‘ i____i__.,"','
210tk i ¥ _?I_-" Continuous
E* -[Early Pop IlI-to—Pop Il] smmm - ; i’“ll"'l Pop II formation
 [transition | N
103 3 \ .: AE:: . ._,_'—"_,_L_!:
B i- IJ_H_‘_‘ | I-I-*I ]
: |
102 = | [ | | : | =
100 200 300 400 500
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Gas distribution during star formation
with and without FUV feedback

Fiducial 2noFUV

ny [cm ™

* large star—forming cloud collapses * star formation proceeds in small
as a whole with weak fragmentation fragmented star—forming clouds

(similar to SMS formation site) 16



w/ and w/o

FUV feedback ﬁ

Fewer but bigger clusters formed
in the run w/ FUV

Metallicity generally follow the

average gas metallicity inside virial

radius with ~0.5 dex scatter

Metallicity evolution can be
reproduced by a simple model
based on My, and M, ,,

MPopII,form
Mvir

ZpopH [Z@] = 0.47 X (

)
)

MPopIII,forrn
Mvir

ZPopIII [Z@] =7.0x (

Stellar clusters

Z

14 13 12 11 10
T T T T T
_ M, [M:) . .
20 cloud O] ]
o 10 -
® 10 _id
Fr—e_ o ¢
| il
5| -
N 10-% ® i |
N N I y
~
! \.\‘\ % l
\'\ Q I
101k i ==~ Model (Pop II) -
i ~e] ——- Model (Pop III) ]
| | L | | |
T T T T T
_ M, (M) E
21 cloud O] ]
10 - e 103 p2nOFUV | T
e 104 1
o 1 3
§1073L O
N ®
< e
1074 -
r gas ]
L | | | | | | | ]
300 325 350 375 400 425 450 475 50
tuniv [Myr]

(depends on underlying IMF, metal escape fraction and gas mass fraction)

110°

M, cluster
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Snapshot of a star forming
cloud in the run with FUV

ny [em ™3] T K] Z 7]
10°1 100 10! 102 103 10* 106 1076 1074 1072

z = 10.5
t = 449 Myr

100 pc

=10°%cm?3

n

photo,ion

10°

10 102 102 0.00 025 050 0.75 1.00 10°¢ 1d_3
Egas [M@ pC_Q] Le YH,

100
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107 |

[u—

103 |

10°

104

1000

temperature T(K)

100

Phase diagram of a star forming

105 |

cloud in the run with FUV

number density log n, (cm™3)

104
T~10%K — 107t 10!
. . 2(n<108em™3 = g
T 5 10-? =

i 2 N %

t o 10° = 102 =

) W 105 L :
~ SF threshold =/ -
107 1072 10° 10> 10% ”
ny [cm 3 100}
E T T T T T T | | T T T | T T T | | T T | T | = 103 .
u 108M, -~ 10%M, -~ 10°M, .~ 1M, .~ - ©
[ i = 101t =
I " 7 . . | 102 i at . 101
: / S T)F:1'm'"51( E - self-shielding —
- . ]
- N SN |3 =3%10°] - - - -
Lf TN N e e 10- 102 10° 102 10!
: * A e A ni [em ]
: 1 v| [ l"’,l [ 1 r'lr,ryl \|L’|/ IIOImeklaII+I(2IOp8I)I : . . ' . . .
0 5 10 15 0 < Similar condition realized during >0

the formation of first galaxy



EUV pre-SN feedback changes
the fate of the first SN bubble

pre-SN Reng ~ Ryi; Pop II formation (noEUV)
10 kin/s JEREPA - 40 ln/s JEREREN I

At =5 Myr At = 57 Myr

600 pc

EUV also enhances the efficiency of Pop II SN feedback — higher SFE



B Model dependence of SFH (again)

Z
30 20 16 14 12 11 10
Elll L I I | I | I I | | ] I I |-:
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CONCLUSION
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