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Dark Energy: What accelerates the Universe? 

Dark Matter: How was dark matter generated? 

Dark Age: What is the origin of cosmic objects? 

 3D Problems in Cosmology 

→ FIRST3: First Stars, First Galaxies, First BHs 



Formation of First BHs 

Elliptical 
Galaxy 

SMBH 

Disk Galaxy 

SMBH 

Irregular 
Galaxy Supermassive BH – Bulge Relation 

Growth of Massive BHs 

Why SMBH is 1/1000 Bulge ? 

Supercritical  Accretion ? 

Formation of 
Supermassive Stars ? 

Radiation MHD 

Transfer of Ionizing &  
Dissociating Photons 

z»10 He II Emission 
Line Objects 

Formation of First Stars 

Radiation-dominated Clouds  
General Relativistic RHD 

Formation of First Galaxies  
How First Galaxies 
Formed ? 

z=0 

Dark  Age 

z=7 

Mass of First Stars ? 

What Happened What Puzzles 

Merger of Massive BHs ? 
General Relativistic N-body 

Theoretical Observational 

Explosion of 
First Stars 

Interaction between 
Gas & Radiation 

Sites of First 
Galaxies 

Survey of 
High-z AGNs  

Cosmic Recombination Z=1000  

FIRST3: How the First Stars, the First Galaxies, and the 

First Massive Black Holes Came into Being 

C o s m i c  R e i o n i z a t i o n  

Approach 



Supermassive BH-Bulge Relation 
Kormendy & Richstone 1995  
Magorrian et al. 1998 
Marconi & Hunt 2003 
Kormendy & Ho 2013 

 MBH /Mbulge » 0.001 

Kormendy & Ho 2013, ARA&A, 51, 511 



 z=7.085 QSO (0.8Gyr) 

L=6.3´1013L¤ ,  MBH=2´109M¤ 

Mortlock et al. 2011, nature, 474, 616 



 z=6.30 QSO (0.9Gyr) Xue-BingWu et al. 2015, nature, 518, 512 

L=4.29´1014L¤ ,  MBH=1.2´1010M¤ 



Slim 
Optically thick 

Optically thin 

ADAF 
(RIAF)  

Standard 

Abramowicz et al. 1995 

Hot disk 

Cold disk 

Mass Accretion onto BH 

1pc ® BH 
Machida et al. 2004 Ohsuga et al. 2005 

Super-Eddington 

Sub-Eddington 



Energy Conversion Efficiency in Accretion Flows 

② Eddington: Standard  Disk   

① Sub-Eddington: RIAF (Radiatively Inefficient Accretion Flow) 

③ Super-Eddington: Slim Disk (Photon trapping) 
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 Eddington Growth of z=7.085 QSO SMBH 
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 Eddington Growth of z=6.30 QSO SMBH 

But, the mass accretion should be intermittent. (Milosavljevic+2009a,b) 

Super-Eddington 



W h e n  &  H o w  
F i r s t  M a s s i v e  B l a c k  H o l e s  

C a m e  i n t o  b e i n g  



Rees Diagram 
(1984) 



DENSITY 
FLUCTUATIONS 

star  
formation 

in mini-halo 

FIRST 
  STARS   

mini-halo  
coalescence 

SUPERMASSIVE 
STAR 

FIRST  
GALAXIES 

contraction 

collapse 
and/or 

accretion post-Newtonian 
instability 

bar-mode 
instability 

³3 MASSIVE 
BLACK HOLES 

BLACK-HOLE 
BINARY 

slingshot 
ejection 

spiral together 
via gravitational 

radiation 

supernovae 

CLUSTER OF 
STELLAR-MASS 
BLACK HOLES 

one black 
hole grows 

spectacularly 
by accretion 

N-body 
evolution 

TIGHTLY-BOUND 
SYSTEM OF 
FEW BODIES 

contraction catalyzed 
by gas in system that 
radiates biding energy 

RELATIVISTIC 
CLUSTER 

relativistic instability 
or gravitational radiation 

Cosmological Rees Diagram 

´ 

SMBH 

massive black hole 
merger 

merger 

gas accretion 



◆ a few 100M ¤  (Abel et al. 2000; Bromm et al. 2002; Yoshida et al. 2006) 
◆ ~M ¤ or a few 100M ¤  (Nakamura & Umemura 2001) 
◆ several 10M ¤ (Clark et al. 2011) 
◆ about 40M ¤ (Hosokawa et al. 2011) 
◆ a few – 10M ¤ (Greif et al. 2011) 

Mass of First Stars 



－15－ 

Mass of First Stars: Revisited 
Susa, Hasegawa, Tominaga, 2014, ApJ, 792, 32 

SNe 



Heger & Woosley 2002, ApJ, 567, 532 

BH BH 

 Pop III Star Evolution 



Early Cosmic Merger of Multiple Black Holes  

Tagawa, Umemura, Gouda, Yano & Yamai,  
2015, MNRAS, 451, 2174 

BH merger via gas dynamical friction  
with general relativistic effects 

Susa, Hasegawa & Tominaga 2014 
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Type A 
 
Gas-drag-driven merger 

Type B 
 
Interplay-driven merger 
(Three body-driven and thereafter 
gas-drag-driven merger) 

Type C 
 
Three body-driven merger 



First 
Objects 

All BHs in the First Objects can merger into one in 107yr ! 

All 
BHs 
merge 
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Bondi-Hoyle-Lyttleton Accretion 
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Accretion vs Merger 
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Critical mass accretion rate (below which the merger precedes) 

Tagawa, Umemura, Gouda, 2015, to be submitted 



¨ Compton drag by CMB radiation 
    Umemura, Loeb, Turner 1993 

¨ Supression of H2 Cooling 
 Bromm & Loeb 2003 
    Begelman, Volonteri & Rees 2006 
    Inayoshi & Omukai 2012 

Direct Collapse to Supermassive Stars with 104-6M¤  

¨ Heating by DM annihilation 
    Spolyar, Freese, Gondolo 2008  



General Relativistic Instability  
 

Baumgarte & Shapiro 1999, ApJ, 526, 941 
 

Rapidly rotating supermassive star  
in equilibrium 

stable 

unstable 

critical point 

Post-Newtonian 
 

Saijyo, Baumgarte, Shapiro & Shibata  
                             (2002, ApJ, 569, 349) 
 

Rigid rotating SMS Þ collapse 

Numerical Relativity 
 

Shibata & Shapiro 2002, ApJ, 572, L39 
 

g=4/3 Polytrope (radiation-dominated) 
 

Kerr BH  with a » 0.75 

But, no General Relativistic Radiation Hydrodynamic (GR-RHD) simulations ! 



A) In relativistic motion, the steady state of radiation fields  
    cannot be assumed.  
  [Time-dependent transfer equation should be solved.] 
 

C) Light bending, frame-dragging, and gravitational redshifts  
    should be included. 
   [Transfer should be solved along the geodesics. ] 
 

B) Causality should be retained.  
 [We should solve the propagation of wave fronts in proper time. ] 
 

D) GR energy-momentum tensor of radiation should be  
    obtained. 
  [LNRF (locally non-rotating reference frame ) should be transformed to the  
      curved space. ] 

Difficulties in GR-RHD 

We have overcome all these difficulties !  



Vermeer 

Variable Eddington-tensor Radation-hydrodynamics with Metric Enchained Ray-tracing 

Master of light 

General Relativistic Radiation Transfer 
Radiation Hydrodynamics in Curved Space 

Rhota Takahashi & Masayuki Umemura 



GR Radiation Transfer 
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General Relativistic Boltzmann Equation of Photons 

Ø Solve GR radiative transfer along geodesics 
Ø Obtain invariant specific intensity in 6D phase space 



Boltzmann calculations 

Dynamical Test 2: Photon wave front from a rotating hot spot 



Ray-tracing calculations Boltzmann calculations 

Ni (r)=90, Nj (f) =256 
Geodesics=4608 



Primordial BHs in Inflation 
Carr & Lidsey, Phys. Rev. D 48, 543 (1993) 

Yokoyama, A&A, 318, 673 (1997); Phys. Rep., 307, 133 (1998) 

Kawasaki, Sugiyama, Yanagida, Phys. Rev. D 57, 6050 (1998) 

Bringmann, Kiefer, & Polarski, Phys. Rev. D 65, 024008 (2002) 

Kawaguchi et al. MNRAS, 388, 1426 (2008) 

Drees & Erfani, JCAP, 4, 5 (2011); JCAP, 1, 35 (2012) 

Kohri, Lin & Matsuda, Phys. Rev. D 87, 103527 (2013) 

Erfani, Phys. Rev. D 89, 083511 (2014) 

Clesse & Garcia-Bellido, Phys. Rev. D 92, 023524 (2015) 



Massive Primordial BHs from Hybrid Inflation 
Clesse & Garcia-Bellido, Phys. Rev. D 92, 023524 (2015) 

PBHs produced from the collapse of large curvature perturbations generated 
during a mild-waterfall phase of hybrid inflation 

1. Lifetime of primordial black holes 
2. Light element abundances 
3. Extragalactic photon background 
4. Galactic background radiation 
5. Femtolensing of gamma-ray bursts 
6. Capture of PBHs by neutron stars 
7. Microlensing surveys 
8. CMB spectral distortions 

Dark matter candidates 
Swiss-cheese-like structure of the Universe (leading to apparent accelerated cosmic expansion) 



Constraint from Cosmic Reionization Epoch 

Planck 2015 results 1 7
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 Ionizing photon number rate from accreting BHs  
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 Conclusions  
Ø Formation of SMBHs is one of greatest mysteries in astrophysics. 
 
Ø All BHs in the first objects can merge in 107 yr. 

 
Ø BH Merger is faster than accretion, if mass accretion rate is less 

than 10% of the Bondi-Hoyle-Lyttleton accretion rate. 
 

Ø GR-RHD simulations on SMS are coming soon (in two years?) 
 

Ø Formation of PBHs is a peace of the puzzle. 
 

Ø Constraint on PBHs from cosmic reionization (Planck 2015) is 
 

10-4  < fesc WBH< 10-7 
  



Thank you for your attention 
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