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Supermassive star (X 1&FIT5DH ?




Supermassive star [ SMBH®M %

T

Quasars & AGNs host supermassive black holes

MEEA(FEOIICEHS. HIAIE
@z=7.5, J1342+0928 (Banados et al. 2018,

l BH mass ~ 7.8 x 108 M)

@z=7.1, J1120-0641 (Mortlock et al. 2011,
BH mass ~ 2.0 x 10° M)

EHT collaboration (2019)




A Question: How these SMIBH were formed?
(Kormendy & Ho, 13)

It is not so easy to make Libuige/Lxo !

l0g1o Mg / Mg,

~— such massive BHs in a

short period.
redshift
8 i 6
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Onoue+2019
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« Ellipticals
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Seed BH and growth

*Eddington Accretion

When the radiation pressure balances with the gravity,

- GMBHTTL
P
Radiation pressure 01h Praqd = f
R2
Then, we can define the critical luminosity
gravity 47rcGMBHmp
Lgqq =
OTh

Assuming fraction ¢ of the energy of

the accreting matter is liberated (L = ¢ Mcz) .
By S. Chon (Tohoku Univ.)

1 — e4drGMpum,
€ OTHC

Mgqaq = - Mpy




Seed BH and growth

redshift
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10 | T
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s | seed
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8 4 [ Massive Super Eddington®
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By S. Chon cosmic age [Gyr]




Formation of Protostars (Seed BHZ 3 E DR BE)

M Recent computer power make it possible to calculate the
protostellar formation in the early universe which starts from
cosmological initial condition.

» The mass of protostar core is about 0.01 [M.].

Fu
Large Scale  Virial Halo  Star-Forming Moleculyr Protostar
Core

Structure Cloud Region

c Tuily mlecular par

S

1] :n‘ﬁﬂn‘ﬁ'i'rm o 20 sl i

> € > € >
~ 20 [kpc] 300 [pc] 5 [pc] 10 [Au] 25 [R.]

naw-hom prolosiar

M The protostar which enclosed by the collapsing material grow up

_ its mass by the gas accretion. —_



Thermal Evolution (Metallicity Effect)

B Thermal evolution of clouds with different metallicity (2)
» Primordial cloud ([Z/H] = — ©0) go through the highest temperature
path =» Massive M
» Clouds with some metallicity cools down via metal- and/or dust-

Jeans

coolings = Low M

Jeans Omukai et al. (2005) .
1 : II\/I 1l06[‘|v| ] e 1.04.[|v|.]' ‘162[IM '] i[ ‘ ]A | *I”tglj:(IE'EJ:U:B)
- V= ® ' ® ® Me Sepe
o 10%F [7,) B SV o= BEVWENTEPTLY,
5 : l____»-"-'[Z/H]=-'6. -4, -2, 0 : A
= )00 E E ~100M,
V) - 3
w X - |
g 100 ] ;
= 0B y
F T e ST :
E 1 102[M.,)] 10°4[M.] : y
1 | s | - ! 1 - | — £ I 11
0 5 10 15 20

Log,,(Hydrogen Number Density (em)



UV Radiative Feedback

B Ultra-Violet (UV; hv > 13.6 [eV]) radiation from protostars

> lonizeinfalling neutral gas and create Hll region
» Thermal pressure of the ionized region (high temperature) is
much greater than that in neutral gas of the same density.

McKee & Tan (2008)

N

HIl region
breakout

0 et

Accreting star emits Growth of HIT region ~ Gas on the circumstellar disk 1s

the ionizing UV photons =>» Breakout & Expansion photo-ionized & heated




Initial Mass of First Star (Zh TIESMSHATEELY)

102 ' | ' ' ' -
Hosokawa et al. (2011) Lower |
T Rotation |
;D 103 | No feedback Model 1
Sl 0 -
= 60%)
E TN o =0.6 i
T 10° -~ 00=0.3 ]
feedback
0 10 20 30 40\J 50 60 0 20 40 60 8
|Vlstar [Me] Mstar [Me]
B UV feedback ceases the mass B The star formation greatly
accretion onto the protostar depends on the quantities of
> M =43 [Mg)] the star-forming cloud




New Branch at high accretion rate
Hosokawa et al. (2012)

10000 - - —
A~ —’—— ’¢’
® Ty T
o 0.06 gma==="" -
— 1000
) -/
2 100 o 0.03
§s
= 0.006
5 10} -~
g 0.001 Msun/yr
1 [ ] [ ]
1 10 100 1000

stellar mass: M. ( M)

» New evolutionary branch with higher rates of > 0.01 M /yr
» The star continues to expand, never contracting to the ZAMS
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(e.g.) H, photo-dissociation by

FUV photons with 11.2 < hv/eV < 13.6in
the Lyman-Werner (LW) bands

Solomon process

Hs +v— H; —» 2H

Atomic H cooling halo, with
massive M ,,q = 10° [M.],
appears with ] > J .

J ... intensity in the
LW bands
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Figure 13. Final masses as a function of the accretion rate. The black curves
show the results of the present work: the solid line corresponds to the final
mass of our runs, and the dotted line to the mass at which the polytropic
criterion indicates instability for n = 3. The grey curves are the final masses
according to previous studies (Umeda et al. 2016: Woods et al. 2017).
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Nagele, HU +2020, MNRAS 496

The final fate of supermassive M ~5 X 10* M, Pop lll stars: explosion or collapse?

L1l

B BJ: Chen+2014, 5.55AM, ME (RO TIELNE EEH) HVIEF
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Stability analysis of supermassive primordial stars: a new mass range for
general relativistic instability supernovae.
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Consider an infinitesimal, radial, Lagrangian perturbation which
varies in time (7) as & « ¢! ! for w? € R. In Newtonian gravity, this
perturbation obeys the equation (Shapiro & Teukolsky 1983)

d Pd 4 dP
& [r 153 (r f)] ———§+w 2po =0 (2)

be exponential. Sturm-Liouville equations have the property that a
sequence of solutions exist

2 Z 2
wy < W] < w5 < .. 4)

corresponding to &;s where i is the number of nodes in the per-
turbation. Because of the above property, a necessary condition for
instability is

w(z) 2% (5)




The corresponding equation in GR is (Chandrasekhar 1964)

g d Pd 6 _ 4dP . _,,_ .
2a- bdr [e3a+brlr2d (e 2§)]__ £+¢720726 2 (Pypc?) e
871G 4 5 1 (dP\°

¢ P(P+p)é P+pcz(dr) £=0 (6)

where a, b are the metric coefficients as in Haemmerlé (2021) and
the density is defined in Eq. 1.




B General relativistic

10°F m Newtonian
: 33 X X X X X X X X XXOO0000000003MN %(
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Figure 4. GR stability analysis (Sec. 2.2) applied to the results of the 3
x10* Mo model in HOSHI. Upper panel — amplitude of the fundamental



-5k
10°F x  w?> 0 (stable) o
e wj <0 (unstable) o
- =
° Lo
X X xxxxxxxxxm?
s ®m GR (Eq.5) x
3 -6 x X
3 10%F ®m N(Eq.2) § %
XX x X
® 5% MR x ’5‘(
iy T %% X X
@ ° X ® X ]
o W
X< -
10_7 L il i L i
8.675
8.650 |
8.625|
2
~ 8.600 |
o
S
8.575}
8.550 |
8.525
10! 102 10° 104 10°

t [s]

Figure 5. Stability analysis performed on the results of the HY Dnuc calcu-
lation for the first unstable model of 2 x10* Mo. Upper panel — stability
analysis. Lower panel — central temperature.




Table 1. Summary table for all models. The columns are total mass, outcome of HYDnuc, mass of the isentropic core, central helium mass fraction at the start
of HYDnuc, change in helium mass fraction, explosion energy, maximum central temperature, and maximum velocity of the outermost mesh point, denoted vg.

M[10*Mep] Outcome  Mcore [Mo] Xc(*He) A Xc(*He)  Eexp [ergs] max T [K] max vg/c

2 Collapse 10926 1.37e-3 — — — —
2.1 Collapse 11368 2.23e-4 — — — —
2.2 Collapse 11729 1.22e-4 — — — —
23 Collapse 12595 3.17e-2 — — — —
24 Collapse 13180 3.44e-18 — — — —
25 Collapse 13798 2.69¢-3 — — — —
2.6 Pulsation 14772 0.104 0.104 4.32e53 7.58e8 0.032
2.4 Pulsation 14964 0.222 0.147 4.70e52 6.62e8 0.021
2.8 Collapse 15596 0.713 — — — —
29 Pulsation 16183 0.589 0.153 7.56e53 7.33e8 0.041

2.95 Explosion 16504 0.599 0.168 1.23e54 7.69e8 0.046

3 Explosion 16817 0.652 0.152 1.43e54 8.06e8 0.048
3.05 Collapse 17144 0.734 — — — o
3. Collapse 17516 0.794 — — — —
3.15 Collapse 17793 0.815 — — — —
32 Collapse 18091 0.815 — — — —
33 Collapse 18888 1.000 — — - —
34 Collapse 19460 1.000 — — — —
35 Collapse 19933 0.950 — — — —

4 Collapse 23891 0.960 — — — —

Table 2. Mass ejecta by isotope for the explosions and the pulsations. Except for the first column which is consistent with Table 1, values are recorded in units
of Me. Yield tables for the explosions are available online.

M[10* Mo] Mg M('H) M*He) M(('2C) M(°0) M(*Ne) M**Mg) M>38si)  ME32S)

2.6 2808 1877 974 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
2.7 2299 1584 759 <0.1 < 0.1 <0.1 <0.1 < 0.1 < 0.1
2.9 2078 1465 651 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
2.95 29500 5441 16946 3006 2505 481 812 306 1.2

3 30000 5537 18077 2986 1829 367 702 497 51
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Figure 12. Total energy, kinetic energy, gravitational energy, and thermal
energy (as defined in Nagele et al. (2020)) in HYDnuc as a function of
time for the explosion of the 3 x10* My model. Unless otherwise specified,

ﬁ subsequent figure will show the 3 x10* Mg model. ﬁ
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Figure 13. Initial (upper panel) and final (lower panel) isotope mass fractions as a function of the mass coordinate for the pulsation, M = 2.6 x10* Mg (left) and
the explosion, M = 3 x10* My, (right).
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Table 1. Summary table for all models. The columns are total mass, outcome of HY Dnuc, explosion energy, energy produced by nuclear reactions, ejecta mass,
initial helium and oxygen fractions in the core, total (units of M) and percentage changes of helium and oxygen in the core.

M [10* Mg]  Outcome Eexp lergs]  Enuc lergs] Mg [Mo]l  Xc(*He) X.(*0) AM(*He) % M (*He) A M('°0) % M('0)
e Pulsation #1 4.32e53 6.95e53 2808 0.104 0.392 2443 15.9 697.7 12.0
Pulsation #2 2.32e53 5.27e53 1175 0.090 0.345 180.4 12.3 489.5 10.7

— Pulsation #1 4.70e52 4.20e53 2299 0222 0.479 149.1 4.5 443.3 6.2
Pulsation #2 -2.42e53 1.23e53 0 0.215 0.448 43.5 1.4 129.0 2.1

i Pulsation #1 7.56e53 1.12e54 2078 0.589 0.221 360.2 3.8 806.6 22.5
Collapse — — — 0.566 0,172 — — — —

2.95 Explosion 1.23e54 1.49e54 29500 0.599 0.211 478.4 4.8 985.2 28.3
3.00 Explosion 1.43e54 1.62e54 30000 0.652 0.165 519.0 4.7 955.5 34.4
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Figure 3. JWST AB magnitudes (F444W band) at z = 12 for pulsation #1
(solid lines) pulsation #2 (dashed lines) and the explosions from Nagele
et al. (2022) (dotted lines). For convenience, the time is normalized so that
maximum luminosity occurs at 1 day. For some models, the beginning of the
SNEC calculation occurs less than 1 day before maximum luminosity. The
horizontal black dotted line shows a typical limiting magnitude (29) for JWST
and other near infrared instruments.
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Figure 4. Peak luminosities (diamonds) and luminosities at 100 days (xs)
shown as a function of progenitor mass (colors show type of event).
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Figure 5. Redshift dependence of the F444W magnitude for our most lu-
minous model, 27000 first pulsation. The x axis is shown in the observer
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