
Radiation hydrodynamics 
simulations of the formation of 
direct-collapse supermassive 

stellar systems
(MNRAS accepted)
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Motivation:
SuperMassive Black Holes at high z

# SMBH  with 109 M8 at   z ~ 7 (�����8��)
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where tE� 50 Myr

ṀBH �MBH
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L = �Ṁc2

ṀBH = (1� �)Ṁ

30 M8� ���!�������"�������
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MBH = Mini exp (t/tE)

Observed BHs

 2

 4

 6

 8

 10

 0  0.2  0.4  0.6  0.8  1

30 20 15 10 8 7 6

lo
g 1

0 
M

BH
 / 

M
⊙

cosmic age [Gyr]

redshift

Mini=30 M⊙ at z=30

⋆

⋆
⋆ ⋆⋆⋆⋆

⋆

⋆
⋆

⋆
⋆
⋆

⋆
⋆
⋆⋆

⋆
⋆

⋆⋆
⋆
⋆
⋆
⋆ ⋆⋆

⋆
⋆
⋆⋆

⋆
⋆⋆

⋆⋆
⋆
⋆⋆

GW150914

Eddington�	

Eddington�60%



 2

 4

 6

 8

 10

 0  0.2  0.4  0.6  0.8  1

30 20 15 10 8 7 6

lo
g 1

0 
M

BH
 / 

M
⊙

cosmic age [Gyr]

redshift

Mini=30 M⊙ at z=30
Mini=105 M⊙ at z=20

⋆

⋆
⋆ ⋆⋆⋆⋆

⋆

⋆
⋆

⋆
⋆
⋆

⋆
⋆
⋆⋆

⋆
⋆

⋆⋆
⋆
⋆
⋆
⋆ ⋆⋆

⋆
⋆
⋆⋆

⋆
⋆⋆

⋆⋆
⋆
⋆⋆

" SMBH  with 109 M8 at z ~ 7 (�����8��)

3

where tE� 50 Myr
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Massive Star Formation in the early universe

collapse accretion collapse

gas cloud protostar star BH
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massive star���	������



accretion

5

Massive Star Formation in the early universe

collapse

gas cloud protostar star BH

Collapse phase

�Mcloud� /421��MJ+��*"�-0��	��
�	�&���%��.,���
��!�*(!�)�
������&

Ṁ �MJ/t� � c3
s/G � T

3
2 (Larson 1969, Shu 1977 …)

��-0�'#M���, ��$ M* �� *�
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⇒ M ~ 0.1 – 1 M8 yr-1

⇒ M* ~ 105 M8
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Massive Star Formation in the early universe

higher	density

Typical	PopIII� T�200K

Under	strong	UV:	T�8000K

(Omukai.2001)
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no	UV	case
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(Omukai 2001)
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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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SMS formation
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SMS formation
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SMS formation

BH
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Search of SMS forming cloud
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Numerical Setup
� Gadget3 (SPH + N-body)
� Primordial chemistry
� Multiple sink

(created at n > 1014 cm-3)
� Sink radius � 20 AU
� UV feedback from sinks (Susa, 2006)
� Luminosity of the sink 

⇒ fitting of Hosokawa+2012
� Optically thin Lyα cooling  

�����
⇒ Filamentary and Spherical clouds
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Accretion Phase (Filamentary)
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Accretion Phase (Spherical)

18



Accretion Phase 
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Accretion Phase 
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Mass distribution (10��)

Spherical cloud
⇒����M*: �104 M8

M: �0.1 M8 yr-1

Filamentary cloud 
⇒����M*: �103 M8

M:  �0.01 M8 yr-1
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Detection rate of GWs
Nmerge = NDC fbinary fmerge

(Habouzit et al, 2016)

��9����,0SMS/���.*#+
�"-�%��(6+#57�
8!
��,0���%$-4�&#% 
�/GW��,#'3$��,&5$1
)6-#!

�	/��24

(Haehnelt, 1994)

Dijkstra+2014

Agarwal+2012

Habouzit+2016

this work
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Further Evolution of BHs
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Summary
• ����`OThIGI��7)j��1'
mopsumqtj&M\0dZL

• �-(*]0dgi\M_P[Z%���K$`#!�
Qkn:a�`�RS�;XhL

• #!�b�nlur]e8.`_[\ShL
• #!�j�S
TZkn:]b�29� <�103 M8=a

��Q��VihL
• #!�Q 4'�M+]b��a�29�(�104 M8)Q
��VihL

• 3�29���`�[\K��a�295�Q��
VihLUigb?D5�c^6	Xh^,NgihL
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Protostar Model

1. giant-star phase
⇒����*%+()'&!
�����
(Teff�5000 K������ 
	����������")

2. MS phase
⇒ Ray-tracing scheme$����
���� ��$��
(RSPH, Susa, 2006).
⇒ Teff, LUV! Hosokawa+2013
 
$��#�

KH	contraction
M < Mcrit lasts	for	tKH,surf

M > Mcrit

� �

� �

Mcrit : 0.04 M8yr-1 (Hosokawa+2013)
tKH,surf: 10 times KH time (Sakurai+2015)
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Radiation Feedback
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Radiation Feedback

 0.001

 0.01

 0.1

 1

3 4 5

M· * [
M

⊙
 y

r-1
]

log10 M* [M⊙]

Filamentary
Spherical

 0

 2

 4

 6

3 4 5

Sph

N
si

nk

simulation
simulation + 
Model merge

 0

 2

 4

 6
Fil

N
si

nk

Filamentary
Spherical

t = 100 kyr

0
～～

(a)

(b)

�#�
�$����'����%�
�� �disk	"eject�&��
�'���
��"����$�����!��

*

*

*

*
*
*

*

*

*
*
**

**
*

5000 1×104 1.5×104 2×104

Temperature

t = 37660 yr

105 AU

*

*

*

*
*
*

*

*

*
*
**

**
*

-6 -4 -2 0
log Xion

*

*

*

*
*
*

*

*

*
*
**

**
*

6 8 10 12
log n [cm-3]

(a) Xion (b) Temperature (c) n
()��



31

Radiation Feedback
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�Simulation with higher resolution

�����!"����������	
� ����
(vinfall >> cs)
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Treatment of mergers
Sink�
��2��$�2��(>sink��)79�(&0-,� 
sink��<��(*:!

sink1

sink2

���2sink

• ���2mass loss3under estimate
• ��3+'5.��1�%0"2.
=	"sink.6���> mass loss$����1
�4)���3�("/�#8;:!



Migration of 2nd sink
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Once the 2nd sink migrated around 
the adiabatic core (T > 104 K), it rebounds
from the core.

500 AU
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Origin of filament collapse

~104 AU
t = 32000 yr

2�104 AU
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Disc separation: 
~2×104 AU

=> Determined by the 
initial bar mode amplitude 
induced by the tidal field?
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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. 
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Radiation feedback 

R

n

n ∝ R-2

n ∝ R-α

density profile evolution
�Can HII region break out?

RB

Accretion phase : n = n0 (r/r0) -α (1.2 < α < 1.3 from sim)

(α = 1.5;
Omukai & Inutsuka 2002)

HII region will gravitationally bound until M* reaches 105 M8

⇒ Radiation feedback does not prevent the mass accretion.



Mass Accretion Rate

Sakurai et al. 2015

�Surface KH time

�Stellar radius of super-giant star

Hosokawa et al. 2013
37
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Massive Star Formation in the early universe

collapse collapse
Accretion phase

gas cloud protostar star BH

KH contraction
M < Mcrit lasts for tKH,surf

M > Mcrit

� �

� �



Dissociation of H2

• 2 dissociation processes
1. Direct dissociation      ( H2 + γ 2 H )

2. Removal of H- (H- + γ H + e- )

39



Dissociation of H2

• 2 dissociation processes
1. Direct dissociation

2. Removal of H-

40

energy levels of H2 (Spitzer)

Binding energy = 4.47 eV

But the direct dissociation is 
prohibited by quantum mechanics.

⇒ 2step dissociation process
(Solomon process)

LW band: 11.18 eV �13.6 eV  (J21)

4.48eV

11.18eV



Dissociation of H2

• 2 dissociation processes
1. Direct dissociation
2. Removal of H-

41

H  +  e- H-

H- +  H             H2 + e-
H2 formation path

H- acts as catalyzer for H2

H- + γ H + e- effectively acts as H2 dissociation.

( E > 0.76 eV )

(no dust)



Dissociation of H2

• 2 dissociation processes
1. Direct dissociation      ( H2 + γ 2 H )

2. Removal of H- (H- + γ H + e- )

42

UV intensity is often evaluated in LW band (11.18 eV� 13.6 eV).
J21 [                                    ] 

Required flux for Direct Collapse (dependent on spectrum)

10�21 ergs�1cm�2Hz�1str�1

104 (for PopIII; black body with T=105 K)
102 (for PopII ; T=104 K )

(Shang et al. 2010)

Jcrit =



Direct Collapse candidate halo

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

• UV field is modeled by the star formation history 
(semi-analytical model) .

43

20
 M

pc
/h

Zoom-In calculation(Gadget-2)

Zoom-In region�2 (Mpc/h)3

Npart : 81923 (effective)

resolution : � 1.2� 105M�
( > 100 particle / halo)

N-body simulation(DM only)



Merger Tree
1. From N-body simulation 
– construct merger-tree
– On the tree, 
1. model star formation in
galaxies (semi-analytically),
2. metal enrichment process 

44

⇒ 1. identify the light source halo.
2. model the UV field and 
3. find DC halos. 

time

Hierarchical Structure formation

halo

(primordial, irradiated by strong FUV, atomic cooling halo )



The Condition for DC

1. Metal Enrichment
⇒ PopIII stars form at halo with

2.  Formation of the UV source
⇒model the gas cooling, star formation and 
feedback process

hot gas cold gas stars
cooling

SN feedback

Star formation

Mhalo > 105M�
In reality, Mhalo = Mhalo (J21) 

45



Example of merger tree

46

time
� Tvir < 2000K
� 2000 K < Tvir < 8000 K
� 8000 K < Tvir
� star forming halo

UV photon

�Number of UV photon 
is calculated by the star 
formation history in the 
halo.

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



Distribution of J21

47

� Number distribution of J21 at the prestine halo center

J21[10-21 erg s-1 cm-2 str-1 Hz-1]

⇒ at any redshifts, PopIII origin J21 is below the critical value.
PopII origin J21 can exceed the critical value.



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

48

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

1 10-5

redshift
10 20 30

DC halo

Pop III



Hydro dynamics
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Setup:
�Gadget3 (sph + N-body)
�primordial chemistries

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

�Hydro dynamical evolution of the 
cloud in candidate halos.

(42 out of 68 halos)

⇒ only 2 halos possibly host SMS



Evolution of DC halo
�Part ��
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Evolution of DC halo
�Part ��
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atomic cooling become enabled.

⇒ caused by shock accompanied 
by clump collision.
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� The Impact of the tidal force
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r2
� �P
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+ T0(R)rTime evolution of 

the cloud radius,  r
T0(R) =

3GM

R3
(R: distance from the light source)

tidal force

Rgrav : Gravitational (dominated by DM) > Pressure force
Rtid : Tidal                                                   > Gravitational force

DC candidate halo (Part�) (Part2)

⇒ tidal force dominate over the gravity

⇒ not collapsed
⇒Rgrav decreases after the merger 

⇒ collapse

⇒
⇒

tidally disrupted



Collapse of the DC cloud 
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Mass[M8]

Final mass of SMS 

54

� Infall mass rate

Outflow by 
the tidal forceHigh accretion rate ⇒ no UV feedback (Hosokawa et al. 2012)

Final SMS mass is �2�105M8�which is determined by tidal force.
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� Sample from the simulation ⇒ tinf < tdyn 


