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Introduction



SMBH formation

Recent discovery of luminous quasars at z > 6 suggests the
existence of black holes with mass exceeding 10"9 Mo when

the age of the Universe was less than one billon years

e.g) M ~ 109MSun at z ~ 6 Mortlock et al.(2011)

A supermassive star (SMS) with mass M ~ 10°M.,,, iS @
possible progenitor for the formation of a seed of a
supermassive blackhole(SMBH)




property of SMSs

- Very massive M ~ 105Msun

Metal poor Zono ~ 107°  (c.f. Zgyn ~ 0.02)

- SMSs have not been observed yet

- SMSs may undergo a general-relativistically induced
quasi-radial collapse (e.g. Chandrasekhar 1964)

- If SMSs are rapidly rotating, 4-5 percent of their mass will
remain as the surrounding disk (Shibata,Uchida,Sekiguchi 2016)

T > 2.0 X 10_3 T * rotational kinetic energy

‘Wl W : gravitational potential energy




How to observe SMSs 7
It I1s difficult to directly observe SMSs

=» Can collapse of SMSs be observed?

During collapse
Nuclear burning may introduce high energy emissions

Montero et al. (2012),Chen et al. (2014)

SMSs emit GWs during formation of the BHs
(Shibata,Sekiguchi,Uchida,Umeda 2016

After collapse
BH + Disk will form  (Shibata,Uchida,Sekiguchi 2016)

» Viscous heating and nuclear burning
—electromagnetic waves

Deformation of the disks=>GWs juchi et al.(2011)



Today’s talk

We simulated the gravitational collapse of one SMS model

which is helium burning phase and rapidly rotating
as a test calculation.

v

| will talk about

- Overview of gravitational collapse
- Effect of nuclear burning

- Property of outflow

- Gravitational wave emission



Set up



Set Up .

_ - — ~ (.009
Initial condition W]
Rapid|y rotating T : rotating kinetic energy

Helium burning phase W 1 gravitational energy

Jnstable against general-relativistic gravitational collapse
Mass (Shibata,Uchida,Sekiguchi 2016)

M ~ 1.6 x 10°M,,

Composition
XHe =1

Central density,temperature
pe ~ 11[g/cm”
I, ~ 3.2 X 108[K:




Set Up(2)

EOS :-- Ideal gas + radiation
Y : the number of particles

P — Yrkp oT + laT‘l oer baryon (=0.75)
mpg 3
e = S I'rkp pl" + aT?
2 mg

Perturbation
Temperature is uniformly decreased by 0.5%

(~2% of pressure)

Assumption
- axisymmetric (Shibata & Sekiguchi 2005)
- viscosity Is negligible



Numerical Calculation

Spacetime : Einstein equation

p . density
1 81 L .
RNV T égp,yR — c—4TI'“/ u - fOur-VelOCl'ty
h : enthalpy per
Fluid : E Energy momentum conservation @ unit mass

4y = hpczuuu,, + Pg,,  :perfect fluid

V.(pu") =0 . EOC

vV, T" =0 . Energy momentum conservation



Nuclear burning

We are only interested in the effect of heating by nuclear burning
— calculate small nuclear reaction networks

Msolve advection term V,u (piu“) — () (i=p,a,c)

@calculate nuclear reaction networks at fluid local frame
by using energy generation rates q (depend on T,0)
- ni/np

dY, (QCNO)
ar Q)
“° T . proper time

ddYa ~ 77111 (q;‘;o ;1230> m, : atomic mass unit
T ve vsa q ' energy generation ratelerg/g/s]

aY. M (G0 @ : liberated ener er baryon
dr 12 \ Qs v 9P 4

e




Result



Overview
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- about 4-5% of mass remained as the surrounding disk

- about 1 % of mass is ejected

- The effect of nuclear burning is negligible in this model

reason : nuclear energy < gravitational bounding energy



DiSk form atiOn nuc6 t=4702.3902 [sec] Logiolp (g/cm) ]
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- about 4 % mass forms disk

Mg ~ 6000M,
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- The disk’s T, 0o are higher than = ¥

the initial SMS "4
7—wmax ~ 109 [K]

Pmax ~ 300[g/cm?]

N 4 O = N W &

x [10'° cm]
- The effect of nuclear burning is also negligible
(the difference of T ,0 are at most 1 %)

Reason : the total released energy by nuclear burning during
collapse is much less than the total inertial energy of the disk

Result : The effect of nuclear burning is negligible in this model



Energy generation rate

BH formation
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Disk Evolution

- nuclear energy generation rate

L ~ 10%[erg/sec]

- Internal energy of the disk timescale

Eipe ~ 10°° lerg] t = Ejn/L ~ 10° sec]

- total nuclear energy (He—C)
Enuc ~ 6 x 107*[erg] t = Eque/L ~ 10°7 [sec]

R
Eint > Enuc

» Viscous heating is more important



Outflow
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Energy of the outflow
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- Total energy of the outflow (except rest mass energy)
is about 10°° [erg] (~explosion ?)



GWs emission
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Summary
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future work
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