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Supermassive star [& SMBH®M %

[T

Quasars & AGNs host supermassive black holes

MEER(FEHOEDIC3HS. HIZIE
@z=7.5, J1342+0928 (Banados et al. 2018,

' BH mass ~ 7.8 x 108 M)

@z=7.64, J0O313-1806 (Wang et al. 2021,
BH mass ~ 1.6 x 10° M)

EHT collaboration (2019)




Seed BH and growth
*Eddington Accretion

When the radiation pressure balances with the gravity,

w GMgam
p
Radiation pressure 0Th Prad = :
R2
Then, we can define the critical luminosity
gravity AmcGMsamyp
Lgqq =
0Th

Assuming fraction ¢ of the energy of

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

l1—¢€ 47I'GMBHmp
€ OThC

Mggq = X Mgy

Mg =M, exp(t/tg), te ~50 Myr
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J ... intensity in the
(e.g.) H, photo-dissociation by LW bands

FUV photons with 11.2 < hv/eV < 13.6in
the Lyman-Werner (LW) bands
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. _ 2| - Hz.cooling F21Zo=10"" -
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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).




(Nagele, Umeda + 2020-2023 D32 Pop Il SMS & 30)

1. Nagele, Umeda +2020, MNRAS 496, 1224
The final fate of supermassive M ~ 5 X 10% M, Pop Il stars: explosion or collapse?

2. Nagele, Umeda +2022, MNRAS 517, 1584
Stability analysis of supermassive primordial stars: a new mass range for general

relativistic instability supernovae

3. Nagele, Umeda +2023, MNRAS 520, L72
Pulsations of primordial supermassive stars induced by a general relativistic

instability;
visible to JWST at z > 12




Nagele, Umeda +2020, MNRAS 496  (E&3C1)

The final fate of supermassive M ~ 5 X 10* M, Pop Ill stars: explosion or collapse?
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Nagele, HU +2022, MNRAS 517 (&3 2)

Stability analysis of supermassive primordial stars: a new mass range for
general relativistic instability supernovae.

Chris Nagele,' * Hideyuki Umeda,! Koh Takahashi, > Takashi Yoshida,* Kohsuke Sumiyoshi’

' Department of Astronomy, Graduate School of Science, the University of Tokyo, Tokyo, 113-0033, Japan
2 Astronomical Institute, Graduate School of Science, Tohoku University, Sendai, 980-8578, Japan
3Max Plank Institute for Gravitational Physics (Albert Einstein Institute), D-14476 Potsdam, Germany

4Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502 Japan
3 National Institute of Technology, Numazu College, Ooka 3600, Numazu, Shizuoka 410-8501, Japan




Consider an infinitesimal, radial, Lagrangian perturbation which
varies in time (¢) as & o« ¢'“! for w? € R. In Newtonian gravity, this
perturbation obeys the equation (Shapiro & Teukolsky 1983)

d P d 4dP
- \F _2d_ §)] ———§+w pos =0 (2)

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

2 2 2
wy < Wi < 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

wg < 0. (5)




The corresponding equation in GR is (Chandrasekhar 1964)

— P 4 P N
~2a-b 94 \e3a+bl—~1_ d 5)} d §+e—2a—2b 2(P1pcl)
dr r2 dr
3G | dP
—ﬁ—462bP(P+pc2)§— ( ) £ =0 (6)
C P+pc

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

€
p=po(1+—2)
C
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Figure 5. Stability analysis performed on the results of the HYDnuc calcu-

lation for the first unstable model of 2 x10* Mo. Upper panel — stability




Table 1. Summary table for all models. The columns are total mass, outcome of HY Dnuc, 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*Mg] Outcome — Mcore Mol  Xc(*He) A Xc(*He)  Eexp [ergs]  max 7. [K]  max vg/c
2 Collapse 10926 1.37e-3 — — — —
2.1 Collapse 11368 2.23e-4 — — — —
*)J :,H:H E % 22 Collapse 11729 122e-4  — — — —
23 Collapse 12595 3.17e-2 — — — —
/ 1 04 M 24 Collapse 13180 3.44e-18 — — — —
© 2.5 Collapse 13798 2.69¢e-3 — — — —
2.6 Pulsation 14772 0.104 0.104 4.32e53 7.58¢8 0.032
2.7 Pulsation 14964 0.222 0.147 4.70e52 6.62e8 0.021
2.8 Collapse 15596 0./713 — — — —
29 Pulsation 16183 (589 0153 7.56e53 73368 0.041
2.95 Explosion 16504 0.599 0.168 1.23e54 7.69¢8 0.046
3 Explosion 16817 0.652 0.152 1.43e54 8.06e8 0.048
305 Collapse 17144 0.734 — — — —
3.1 Collapse 17516 0.794 — — — —
3.15 Collapse 17793 0.815 — — — —
32 Collapse 18091 0.815 — — — —
3.3 Collapse 18888 1.000 — — — —
34 Collapse 19460 1.000 — i — —
35 Collapse 19933 0.950 — k% % R — —
4 Collapse 23891 0.960 — ITR)L*F—— —

bl
—TEEEDETIL

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 Mg. Yield tables for the explosions are available online.

M[10° Mol Mg M('H) M(*He) M(2C) M(°0) ME*°Ne) M*E*Mg)  M33si)  M(E32s)
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 20500 5441 16946 3006 2505 481 812 306 1.2
3 30000 5537 18077 2986 1829 367 702 497 5.1
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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,

_ subsequent figure will show the 3 x10* My model. _
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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* M, (right).
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Nagele, Umeda +2023, MNRAS 520, L72 (X 3)

Pulsations of primordial supermassive stars induced by a general
relativistic instability; visible to JWST at z>12.

arXiv:2210.08662
Chris Nagele,'* Hideyuki Umeda,! Koh Takahashi,” Keiichi Maeda’

'Department of Astronomy, Graduate School of Science, the University of Tokyo, Tokyo, 113-0033, Japan
2 Astronomical Institute, Graduate School of Science, Tohoku University, Sendai, 950-8578, Japan
3Department of Astronomy, Kyoto University, Kitashirakawa-Oiwake-cho, Sakyo-ku, Kyoto 606- 8502



https://ui.adsabs.harvard.edu/link_gateway/2022arXiv221008662N/arxiv:2210.08662

FAULNf-ETIL

Table 1. Summary table for all models. The columns are total mass, outcome of HYDnuc, explosion energy, energy produced by nuclear reactions, ejecta mass,
initial helium and oxygen fractions in the core, total (units of Mg ) and percentage changes of helium and oxygen in the core.

M [10* Mg]  Outcome Eep lergs]  Enue lergs] Mg [Mo]  Xc(*He) X (*0) A M(*He) % M (*He) A M('%0) % M (1°0)
5 60 Pulsation #1 4.32e53 6.95¢53 2808 0.104 0.392 244.3 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

570 Pulsation #1 4.70e52 4.20e53 2299 0.222 0.479 149.1 45 4433 6.2
Pulsation #2 -2.42e53 1.23e53 0 0215 0.448 43.5 1.4 129.0 2.1

590 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 1.49¢54 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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FEMDZLY SMS (Metal-enriched SMS)

(Nagele, Umeda + 2020-2023 3D D EE3: Pop Il (& Pop I11) SMS

4. Nagele, Umeda +2023, MNRAS 523, 1629
Evolution and explosions of metal-enriched supermassive stars: proton rich general relativistic
instability supernovae

5. Nagele & Umeda 2023, AplJ 949, L16
Multiple Channels for Nitrogen Pollution by Metal-enriched Supermassive Stars and
Implications for GN-z11

6. Nagele & Umeda 2024, PhRvD 110, 1301
The formation of black holes from rapidly accreting supermassive stars is not trivial: Simulations
of thermonuclear pulsations and explosions
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BND%Ly SMS O

Pop Il SMS ELREIFRGEH A AIETIE EREICER Z <1072 Zg (Chon & Omukai 2020)

¥ -& Metal-rich ZZ£D D AIEES (.

1. formed by runaway collisions (?)

2. merger of two gas—rich massive galaxies (Mayer et al. 2010, 2015; Mayer & Bonoli
2019)
NHDETETIE KGR (FHEZ5) SMS DOREEMNARINTLNS
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4. Nagele, Umeda +2023, MNRAS 523, 1629
Evolution and explosions of metal-enriched supermassive stars: proton rich GR instability SNe

These stars contain both hydrogen and metals and thus may explode due to the CNO cycle (carbon—nitrogen—
oxygen) and the rp process (rapid proton capture).

These explosions are characterized by enhanced nitrogen and intermediate mass elements (16 2 A 2 25), and
suppressed light elements (8 2 A 2 14)

With mass loss Without mass loss
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Figure 4. Dependence of explosion energy (colour) for the exploding models (triangles) on mass and metallicity. The black crosses are models which failed to
I cxplode and black squares either do not reach the GR instability (because of large mass-loss) or are stable. The left-hand panel shows models with mass-loss E—————————————————

_ while the right-hand panel shows those without. _




TTEERRIZEAT AIHMB 1451: Nagele & Umeda 2023, Ap) 949, L16 (§&X5)

Multiple Channels for Nitrogen Pollution by Metal—enriched Supermassive Stars and Implications for GN—z11

*Nagele, Chris & Umeda, Hideyuki

8
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DEFE & | <« M=10°M, : e M=10°M, L4
10F "“ 0.0F 6 _z
2EOsLsMs o | Y 5 ‘g
1=k BRI TR = <. A
N - - Q.
SRR & O LB oof , 10} 0 =
. B 3 (o}
;9 —
s -15F} 4
-1.0}
-2.0F
o 7 8 9 10 6 7 8 9 10 ?
12 + log (O/H) 12 + log (O/H)

Figure 3. Abundance ratios of nitrogen to oxygen, carbon to oxygen, and oxygen to hydrogen. The symbols denote each of the four models, while the color shows

how much Z = 0.1 Z;, ISM the yields from each model have mixed with. The gray regions show the conservative (lighter) and fiducial (darker) constraints on GN-z11
O from the model of Cameron et al. (2023). —

_



https://ui.adsabs.harvard.edu/#abs/2023ApJ...949L..16N/abstract

Metal-rich IZED N EFENTLNET

6. Nagele & Umeda 2024, PhRvD 110, 1301
The formation of black holes from rapidly accreting supermassive stars is not trivial:
Simulations of thermonuclear pulsations and explosions

We present the first ever general relativistic hydrodynamical simulations of the
collapse of rapidly accreting supermassive stars.

We find that black hole formation is in many cases prevented by nuclear burning due
to the long timescales of the collapse of these stars (106 s).

Consequently, this is a novel astrophysical site for hot CNO burning and hydrogen
burning via proton captures.

For Pop Il accreting supermassive stars, we find that only stars with very high (100
M./yr) or low (0.1 M_/yr) accretion rates can form black holes

(Pulsation TEEZZRIXTELSIEKRT., TOEBHIZHESAIEEEIEINGEY HB)

For metal rich accreting supermassive stars (Z 2 0.1Z_), we do not find any black hole
formation, with some models undergoing extremely energetic explosions (1055 ergs).
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