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Motivation:

Super Massive Black Holes at high z
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Motivation:

Super Massive Black Holes at high z
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Massive Star Formation in the early universe
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Massive Star Formation in the early universe
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Massive Star Formation in the early universe

Collapse phase

-0

(Omukai 2001)

\gas cloud protostar
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Massive Star Formation in the early universe

---------- Accretion phase [========~{
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Massive Star Formation in the early universe
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SMS formation
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SMS formation
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SMS formation

A0 Br: VEFHIZBTEASMSER D BIEEZEES,
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Search of SMS forming cloud
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Search of SMS forming cloud
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SMS formation
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Numerical Setup

- Gadget3 (SPH + N-body) U e |
+ Primordial chemistry W A Lagoucesiodiy
- Multiple sink e

(created at n> 104 cm™) | SR

- Sink radius — 20 AU -'

- UV feedback from sinks (Susa, 2006) §

- Luminosity of the sink B
= fitting of Hosokawa+2012

- Optically thin Lya cooling

- FEASH
= Filamentary and Spherical clouds
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Accretion Phase (Filamentary)

t=931yr
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1000 AU 10000 AU




Accretion Phase (Spherical)




Accretion Phase

Filamentary cloud

asterisk: protostar (sink particle)

Spherical cloud
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Accretion Phase
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Mass distribution (105 %)
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Binary and GW emission

(Template by Ajith+2011)
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Detection rate of GWs

SEDFHELY
f binary f merge
4

N, merge =M DC fbinary f merge

~2 x 1073 Mpc_3 ( Nmerge

5 x 10—4 Mpc—3

Nmerge
2 x 103 Mpc—3| (Haehnelt, 1994)

Novent =0.61 yr~! [

(Habouzit et al, 2016)

0 1 | I I 1 1 |
% FTHRTIEISMSOREIZDINT Agarwal+2012 hoa® O
FRARISEMNRIBEIN TS (BR) . o e T e A
IR TCIZATEELHZL KEZLVAS, g ® Habouzit+2016 o
FEOGWER TG IRIBTE MY £ thswork = -
L/*Lt;l:l'\o 5 v ° ° R
gﬁ =6 a O o o .
-8 I ’ A Dijkstra+2.014 -
-10 elzr 1'o 1lz 1l4 1l6 1'8 2'0 22
Redshift

23



Further Evolution of BHs

o RSN T=BHIXILRERAID HINMIEEAA T,

redshift
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Discussion: Importance of tidal field

What makes the cloud filamentary?

FRAE>
JEER W FAE—NR (bar mode) D A,

(Hamawa&Matsumoto2000, Tsuribe&Omukai2006)
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Protostar Model

Mcrit :0.04 M yr! (Hosokawa+2013)
fxnsut: 10 times KH time (Sakurai+2015)

KH contraction
M <M lasts for fxy surt

| v
: @
M>Mcrit
1. giant-star phase 2. MS phase

> BRI T —F/\yolL = Ray-tracing schemeZFHL\T.
B AT Bt L F DGz fE<
(T.+~5000 KT, EBEINEFD (RSPH, Susa, 2006).
B ENIEREIZINELV=8) = T, Ly & Hosokawa+2013
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Radiation Feedback
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s % Spherical
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Radiation Feedback

1 b+ Filamentary
X Spherical

CHRBEIIE I CFZHHLTLS,
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Radiation Feedback

- Simulation with higher resolution

(@) v / =140 km s
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Treatment of mergers

SinkfLF B T DIEEEN E D FZE(>sinkFEF) &Y INSLTEoT=FF.
Sinklﬁl :I:’Eé1$é-u_éo

sink2

sink1 E{K1& Dsink

o E{KREFMDmass lossldunder estimate
 BARIXZETHEEICEEZWLDT
(2L sink THELEIFERE) . mass lossHNERIBRBEEI(C
RIZTATEEIF/NEINEEZOND,
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Migration of 2" sink

3000

] nadib - 181 3 Cm'3

2000

1000

y [AU]

-1000

-2000

-3000 -2000 -1000 O 1000 2000
x [AU]

Orbit of the closest sink with
different resolutions (n,q,)-

Once the 2"9 sink migrated around
the adiabatic core (T > 10* K), it rebounds
from the core.
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Origin of filament collapse

Disc separation:
~2x10% AU t = 32000 yr

=> Determined by the ,
initial bar mode amplitude - 2%x10 AU

induced by the tidal field? 9
5
log4g R, [pC] 1o =
1 0 -1 -2
T T T T L 3
. .* oo
-~ | | :~ L
C\U A: B C:
g 7 : |
. ‘Ooo\ : 8
, », |
D %% .
o | o
o) , I
© | — Filamentary
, L Spherical i‘ i | |
3 5 7 9 11

log{g N [cm'3] 34



Radiation Effect

To calculate expansion of
ionized region correctly,
we should resolve initial
stromgren radius.

= At the dense region,
the stromgren radius
becomes smaller than
the smoothing length.

R = (e )1/3

47!' ﬁ2 Qg EUV

a7 AU ( Suv )1/3 ( i )-2/3 log o Mass [M_]

1052 s—1 10° cm—3

logyg Rg7 / Hsml
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Radiation feedback

- Can Hill region break out?

_ _ density profile evolution
Accretion phase : n =n; (r/ry) © (1.2 <a < 1.3 from sim)

3 — 9 1/(3—2a) n < R2
Rg = ( 3 3SUV) ro
dTapngry -
GM n o« R
Rp = — u | R
Cs,HII B
1/(3—2c
= R e’ | (83— 2a2)G3uim2Suy M, [(3720) ‘
= R
RB 11 Cs, 47!'ch2’1
97 1/(3—2a)
=3 (4.4 x107°(3 — 20) M (a=1.5;
103 M, Omukai & Inutsuka 2002)

HII region will gravitationally bound until M. reaches 10° M,
= Radiation feedback does not prevent the mass accretion.
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Mass Accretion Rate

- Surface KH time
M. 1/2
200 M@ Sakurai et al. 2015

tKH, surf = 1000 yr (

- Stellar radius of super-giant star

1/2
R. =12 AU( M. )

100 M

10F _ F

-
-
-------"

------------------

1000 f

stellar radius : R.[Re]

100

1 10 100 1000 109 10°

Hosokawa et al. 2013
stellar mass: M,[Mg] 37



Massive Star Formation in the early universe

-------------- Accretion phase f----=---=--~__
collg’ pse
gas cloud \\ protostar star / BH
KH contraction 38
M < M \asts for tey g




Dissociation of H,

e 2 dissociation processes
1. Direct dissociation (H,+y —s2H)
2. RemovalofH (H+y—sH+e )



Dissociation of H,

e 2 dissociation processes

1. Direct dissociation iz Wernerband
Binding energy = 4.47 eV \C-Z/s
)(8 5 "1 Lyman band
But the direct dissociation is 11.18eV : |
prohibited by quantum mechanics. - !
= 2step dissociation process &\V;&/X/qul 4486V
(Solomon process) - - - o =

LW band: 11.18 eV ~13.6 eV (J,,) energy levels of H, (Spitzer)
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Dissociation of H,

e 2 dissociation processes

2. Removal of H-

H,formationpath | H + & — H
(hodusty H + H— H,+¢€

I:> H- acts as catalyzer for H,
H +y —— H+ e effectively acts as H, dissociation.

(E>0.76 eV )



Dissociation of H,

e 2 dissociation processes
1. Direct dissociation (H,+y —s2H)
2. RemovalofH (H+y—H+e )

UV intensity is often evaluated in LW band (11.18 eV ~ 13.6 eV).

J21 [ 10~% ergs_lcm_QHZ_lstr_l]

Required flux for Direct Collapse (dependent on spectrum)

104 (for Poplll; black body with T=105K)
Jcrit —

102 (for Popll ; T=10%K )

(Shang et al. 2010)



Direct Collapse candidate halo

* N-body calculation -> find the DC candidate halo.

UV field is modeled by the star formation history
(semi-analytical model) .
N-body simulation(DM only)

B 0 AR

Zoom-In calculation(Gadget-2)

Zoom-In region:2 (Mpc/h)3
Npart : 81923 (effective)

resolution : ~ 1.2 x 10° M
( > 100 particle / halo)
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Merger Tree

1. From N-body Simu|ati0n Hierarchical Structure formation

— construct merger-tree Q - Q Q
— On the tree, \ / \ /

1. model star formation in

galaxies (semi-analytically), Q Q .
2. metal enrichment process \/
= 1. identify the light source halo. ‘ l

2. model the UV field and
3. find DC halos.

(primordial, irradiated by strong FUV, atomic cooling halo )
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The Condition for DC

1. Metal Enrichment

= Poplll stars form at halo with A, > 10° M
In reality, I\/Ihaloz I\/Ihalo (J21)

2. Formation of the UV source

=model the gas cooling, star formation and
feedback process

cooling Star formation
>
hotgas e~ cold gas >
SN feedback




Example of merger tree

® T, <2000K time
O :2000K<T,, <8000 K
® :8000K<T,
O

. star forming halo

*Number of UV photon
is calculated by the star

formation history in the
halo.

* .
-
* -
v -
-
-
.
.

- Star formation in the
DC halo is suppressed
by UV radiation.

.Q

UV photon

. r

{)}).
|
O
.
.
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Distribution of J,,

- Number distribution of J,; at the prestine halo center

number [dex]

104

WY
o
()

: : ——— ——
-(a) Popl! | "(b) z=9.3
Poplll origin g origin z=23.1 i
. . N il L 1 1

104  0.01 1 100 104 104  0.01 1 100  10%

Jo4[1027erg s' cm2 str’ Hz]

= at any redshifts, Poplll origin J,, is below the critical value.

Popll origin J,, can exceed the critical value.
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DC candidate halo

68 candidate halos in 10 zoom-in regions , 20 (Mpc/h)3.

 (a) —
o = 10° 5,
B ol y
S10f - Pop Il é
(]
5 | | .=
2 DC halo | 10 ?E‘
= a
c C
™
N
1 : : _110°
10 20 30
redshift

= calculate hydro dynamical evolution.
Whether SMS is formed or not in each halo.



Hydro dynamics

*Hydro dynamical evolution of the
cloud in candidate halos.
(42 out of 68 halos)

= only 2 halos possibly host SMS

Setup:
*Gadget3 (sph + N-body)
“primordial chemistries

(Yoshida et al. 2006)
“radiative and chemical cooling

not collapsed(z>17) (b)
- (z<17) i 104
100 k- collapsed cloud | foesbiom e ATEEReT oo

: |
I | e |
- X,
I 3 —
1
|
: 3 10°
|
' E
|
: / ocn?/3

3 2 -1 0 1 1 10 100 1000

n [cm3]



Evolution of DC halo

- Example in which SMS do not form

- do not collapse even when the
cooling becomes efficient.
- Rather, density decreases

= Tidal force from

n[/cc]

DM density gas density[/cc]

10

(Part 1)

0.1

0.01

the light source halo




DM density gas density[/cc]

Evolution of DC halo [ t*}"
(Part 2) -

100

10

- 1 example which show the collapse
(calculated until n~10%/cc)

* Collapse occur just after R
atomic cooling become enabled. |
= caused by shock accompanied
by clump collision. -

107 ¢

105:‘
%) - Cee1
(&) x
~41n3 L ]

= 107
L A ;B‘ 3
10 — — .
-2 -1 0 1 2




* The Impact of the tidal force

tidal force
Time evolution of SO GM VP T (R
. = r = 9 _I_ O( )
the cloud radius, I r P
3GM . :
To(R) = 73 (R: distance from the light source)
Rg,av Gravitational (dominated by DM) > Pressure force
Ryqg : Tidal > Gravitational force
DC candidate halo (Part1) (Part2)
| 10}
10 tidally disrupted
Rﬂd/RvH
Rﬂd/RvH
1 11
0.1 0.1 , . ‘
-2 0 1 -2 -1 0 1
t/tdyn

t/tdyn
= tidal force dominate over the gravity

=R, decreases after the merger
= not collapsed

= collapse 52



Collapse of the DC cloud

- density profile (Runaway collapse)

001 o1 1 10

R [pc]

1 (t=48.9 Myr)

(t=52.3 Myr)
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Final mass of SMS

= Infall mass rate

IM]| [Me/yr]

Outflow by
High accretion rate = no UV feedback (Hosokawa et al. 2012) the tidal force

Final SMS mass is ~2 X 10°M,_which is determined by tidal force.
54



General features of tidal force

- Sample from the simulation = t; < tdyn
10"

rag=ryiy red :T, <8000K open : without HS
green : T, > 8000K filled : with HS

—

o
—_
o

-
o
o

mass of source halo, M [h"1 M ]
o

(a) t=0 1 | (b)t=0.5t,
| Al Ll L Ll L Ll
10 100 10 100 10 100

comoving distance from source halo, d., [h™! kpc] 55
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