
The astrophysics of black hole mergers

1. Pairing massive BHs in galactic nuclei 
          from large to small scales, role of gas
      
2. Electromagnetic signatures of massive BH binaries   
          in EM observations or in GW detections
      
3. Where do massive BHs come from anyway?   
          protogalaxy formation after the cosmic dark age

4.   [  Stellar-mass BH binaries ]
          in AGN accretion disks with EM signatures
    



Columbia University
Zoltán Haiman

Lecture 3

São Paulo Advanced School on Multi-Messenger Astrophysics               May 29 - June 7, 2023

Where Do Massive BHs Come From?



Outline  

1.  Observations: types of black holes in the universe      
      

2.  Theory:  where do massive black holes come from?   
      

3.  The Future:  how to distinguish different pathways?   
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Two types of black holes
•  Stellar-mass BHs:   
            - End fate of massive stars – well understood
            - Birth masses limited to  few M☉ ≲  M  ≲  60 M☉

 -100 million in a typical galaxy like the Milky Way (0.1% of stars)
            - detected only when they have a partner:  X-ray binary or  GWs
            - can be seen only in nearby universe (dozens) – too faint otherwise

•  (Super-) massive BHs:  
            - One (or a few?) in center of each galaxy, MBH = few ⨉ 10-4 Mstars

            - Masses limited to 106 M☉ ≲  M ≲ 1010 M☉

 - 100 detected indirectly (gas/stars speeds ~0.1c) or imaged (M87, SgrA*)
            - 1% are “active”, visible to the edge of the universe as quasars (~1 million)
            - origin unknown, but likely formed early on

•  Intermediate-mass  BHs (?):  
           -  probably not in large numbers, but difficult to detect

maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where S is the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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Evolution of Massive BHs in Nuclei

Quasars with MBH =108-10 M☉ seen out to z=7.54  (t=700 Myr)

Matsuoka et al.(2023; arXiv:2305.11225)



Evolution of Massive BHs in Nuclei

Quasars with MBH =108-10 M☉ seen out to z=7.54  (t=700 Myr)

Matsuoka et al.(2023; arXiv:2305.11225)

~106 M☉ seeds old: evolution at z<6  (t>1 Gyr) understood
 from quasars:  LQ = ε/(1- ε) dMBH/dt with ε~10% (Soltan 1991)
 



The most distant quasars

Compilation from Inayoshi, Visbal & ZH, Annual Reviews of Astronomy & Astrophysics (2020)
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How to make massive black holes (fast)?

• Method 1: Collapse gas directly into a massive BH

• Method 2: Grow a single stellar-mass BH by accretion

• Method 3: Merge together many black holes

                 

problem: cloud fragments and forms stars 
                   

problem: accretion rate low  

problem: too few mergers 



How to make massive black holes (fast)?



Solution

Conditions in early universe different from present-day

       densities much higher

       myriad of small protogalaxies formed very early

       gas chemically primitive



• First “galaxies” appear at 100 million years
         - Gravity has to overcome gas pressure
         - First “micro-galaxies” contain 106 M⊙  of gas
 

• First stars and black holes?
         - Must deflate its pressure not to remain a cloud
         - radiation via collisional excitations of molecules
         - Today: CO, H2O  (T=5K) 
         

First “galaxies”

(“Jeans mass”)
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         - Must deflate its pressure not to be stuck as a cloud
         - radiation via excitations of molecules
         - Today: CO, H2O  (T=5K) 
         - Protogalaxies with H2 :  T=100 K
         - Protogalaxies with only H atoms: T=104K 
         

First “galaxies”

H2   molecule controls fate of first stars/BHs

(“Jeans mass”)



H2  abundance depends on local radiation

• Formation:
    H  + e- à H-  +  𝛾(IR)
   H-  + H à H2  +  e- 

• Destruction:
   H2  + 𝛾(UV) à  (*)H2

   (*)H2 à  H + H + 𝛾(IR) 

Strong Lyman-Werner radiation (~12eV) 
suppresses H2 fraction and cooling
Jemma Wolcott-Green (PhD thesis 2019) 

😀🙁

Realized in synchronized formation of a pair of protogalaxies
 ∆tsync < 4 Myr   and   dsep   < 1000 light-yr  in ~10-4 of protogalaxies    



3D simulation of protogalaxy collapse

Fernandez et al. (2014), Regan et al. (2017)

density temperature
Fig. 4.—: Slices of the y-z plane for density, tem-
perature, Entropy, Mach number, �r · ~V , and H2

fraction for the J21 = 105 run . The field of view
of each plot is 3 kpc.

480.94 pc.

Figure 3 is the number density and tempera-
ture phase plot. We see the cells for n & 1 cm�3

have now increased in temperature. The large J21
has dissociated most of the H2 leaving the atomic
cooling as the dominant component, rendering the
gas to T ⇠ 8000 K. For n . 1 cm�3 the same
structure is apparent as the previous simulations,
where cells are heated to a T ⇠ 104 at the virial
radius.

Figure 4 shows the same slices as the previous
section but now for the large J21 run. Interestingly
there are now signs of cold flows penetrating. This
is more apparent in the Mach number slice where
we see high velocity flows passing the virial radius
where the majority of the fluid is transonic.

Fig. 5.—: Slice in the y-z plane for cooling time.
Top panel is run A and bottom panel is run B.

4. Discussion

We studied the possibility of suppression of H2

in DM halos by cold filament flows. Our simula-
tions show that the inflows do not penetrate to the
central regions of DM halos but instead are met
by an expanding virial shock. A natural question
arises, what are the conditions needed for an ex-
panding virial shock?

Birnboim & Dekel (2003) have shown through
spherical symmetric hydrodynamical simulations
that the a virial shock is created when the ra-
diative cooling is ine�cient compared to the dy-
namical time. The shock heated gas creates a
pressure support which expands the shock out-
ward. On the other hand when the cooling be-
comes e�cient compared the dynamical time, the
post shocked gas becomes unstable and collapses
inwards thereby rendering the gas unable to sup-
port the shock.
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Inflow rate increases with temperature
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- no free parameters - 
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- no free parameters - calculation



What happens in the (unresolved) core?

M* M* M*

present-day galaxy
 abundant CO, H20
  
 T ≈ 5 K
 
 M ≈ 10-5 M⊙ yr-1

 result: a star
 M*  ≈ 1-10 M⊙

0.1% chance of BH

106 M☉ protogalaxy
 abundant  H2 
  
 T ≈ 200 K
 
 M  ≈ 10-3 M⊙ yr-1

 result: massive star
 M*  ≈ 10-500 M⊙

 50% chance of BH
 

108 M☉ protogalaxy
no H2 - cooling by H
  
 T ≈ 10,000 K
 
 M  ≈ 1 M⊙ yr-1

 supermassive star
 M*  ≈ 105-6 M⊙

 à Massive BH

. . .
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Figure 11
Evolution of the protostellar radius for several different accretion rates in the range of 10−3 ≤ Ṁ!/M#
year−1 ≤ 1.0. For the lowest accretion rate (ordinary massive Pop III stars; black curve), the stellar structure
contracts and settles down to that of a ZAMS star with a high effective temperature (≈105 K). For higher
accretion rates (Ṁ! > Ṁcrit), the protostar continues to expand until its mass reachesM! ∼ 105 M", above
which the core region (which contains most of the mass) enters the GR instability regime. The bloated
envelope has a low temperature of T! ≈ 5,000 K, for which UV stellar feedback does not halt gas accretion
(the effective temperature indicated by orange lines is estimated assuming L! = LEdd, which is a good
assumption for massive stars withM! > 102 M"). Abbreviations: GR, general relativity; Pop III, Population
III; ZAMS, zero-age main sequence. Data taken with permission from Hosokawa et al. (2012, 2013).

gains mass, due to adiabatic heat input by accretion. At M! ∼ 10 M", it begins to contract by
cooling via radiative diffusion (the so-called KH contraction phase) until nuclear ignition occurs
at the center (Stahler et al. 1986; Omukai & Palla 2001, 2003). In contrast, at higher accretion
rates of Ṁ ! 0.03 M# year−1, the growing protostar continues to expand without any KH con-
traction (Hosokawa et al. 2012). In fact, the interior material contracts and increases the central
temperature to the onset of nuclear burning, whereas the outermost layers signi!cantly swell up,
resembling a red giant star. This is because the outermost envelope absorbs a part of the outward
heat "ux and gains energy from the accreted material.

Importantly, the effective temperature of the bloated atmosphere is almost constant at
T! ∼ 5,000 K, regardless of the initial mass, due to the strong temperature dependence of H−

bound-free absorption opacity (Hayashi 1961). As a result, the ionizing "ux is reduced by !8
orders of magnitude compared to a ZAMS Pop III star with the same mass. Thus, the UV
feedback that could limit the stellar masses at lower accretion rates to at most a few 100 M"

(Hirano et al. 2014; see also McKee & Tan 2008, Hosokawa et al. 2011) never operates until the
mass reachesM! ! 105 M#, where general relativity (GR) instability induces collapse (Hosokawa
et al. 2013). The accreting protostar with its bloated envelope is pulsationally unstable, similar to
red giants, due to the κ mechanism excited in the He+ ionization layer in the envelope (Inayoshi
et al. 2013). However, the mass-loss rate is signi!cantly lower than the mass accretion rate. In
summary, the growth of an accreting SMS is not prevented by either UV feedback or pulsational
instability.
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SMS:   achieved by rapid gas accretion
            

Normal star: M ≳ 103M☉ prevented 
                     by UV radiation
                             

  
  isothermal collapse via Lyα cooling:
           Macc ≈ cs

3 /G  ≈ 0.1-1 M⊙ yr-1

   cf. inflow rate with H2 cooling:
           cs

3 /G  ≈ 10-3 M⊙ yr-1

  cf. molecular clouds in ISM:
           cs

3 /G  ≈ 10-5 M⊙ yr-1

Direct collapse

Inayoshi+2020

Hosokawa et al. 2012, 2015; Haemmerlé et al. 2018 

à Protostar must be building up faster than it can contract 
     (Kelvin-Helmholtz timescale ~ 104 years)
à Leave behind massive 105-6 M� BHs via GR instability
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à Protostar must be building up faster than it can contract 
     (Kelvin-Helmholtz timescale ~ 104 years)
à Leave behind massive 105-6 M� BHs via GR instability

SMS:   achieved by rapid gas accretion
            

Normal star: M ≳ 103M☉ prevented 
                     by UV radiation
                             

  
  isothermal collapse via Lyα cooling:
           Macc ≈ cs

3 /G  ≈ 0.1-1 M⊙ yr-1

   cf. inflow rate with H2 cooling:
           cs

3 /G  ≈ 10-3 M⊙ yr-1

  cf. molecular clouds in ISM:
           cs

3 /G  ≈ 10-5 M⊙ yr-1

Direct collapse 
(rapid inflow à supermassive star à MBH)

Inayoshi+2020

Hosokawa et al. 2012, 2015; Haemmerlé et al. 2018 
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Feeding Black Holes

there is a
universal
maximum
“Eddington”
feeding rate

inward
gravity
    vs
outward
radiation
 L ~ GMbhMbh/Rbh

.



Maximum Growth Rate and BH mass

MBH

Fueling rate: dMgas

dt

BH growth rate: dMBH

dt
= ε

dMgas

dt

BH luminosity: LBH = (1−ε)
dMgasc

2

dtOutward force:

Frad = const ×
LBH
4πr2

= const ×
!MBH

r2
LBH =

(1−ε)
ε

dMBHc
2

dt
Maximum growth rate:

Frad = Fgrav =
GMBH

r2
!MBH ,MAX = const ×MBH

MBH (t) = ???

à
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Maximum Growth Rate and BH mass

MBH

Maximum growth rate: !MBH ,MAX = const ×MBH

MBH (t) =MBH (t = 0)× exp(
t
T
)à

Massive star: 100 M¤ ~ 40 million years

700
million
years

à     Maximum MBH  = 108  M¤ too small!



Hyper-accretion onto BH

I. Radiation trapped in opaque gas:
 

Inayoshi, ZH, Ostriker (2016),  Sakurai, Inayoshi, ZH (2017),  Hu et al. (2022a,b)

Spherically symmetric radiation + hydrodynamics simulations

L ~ GMbhMbh/Rbh
.
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Spherically symmetric radiation + hydrodynamics simulations
Inayoshi, ZH, Ostriker (2016),  Sakurai, Inayoshi, ZH (2017),  Hu et al. (2022a,b)

L ~ GMbhMbh/Rbh
.

L ~ GMbhMbh/Rtrap
.

Rtrap
vin> c/𝜏

vin< c/𝜏

I. Radiation trapped in opaque gas:
 



Hyper-accretion onto BH

I. Radiation trapped in opaque gas:
 

Spherically symmetric radiation + hydrodynamics simulations
Inayoshi, ZH, Ostriker (2016),  Sakurai, Inayoshi, ZH (2017),  Hu et al. (2022a,b)

L ~ GMbhMbh/Rbh
.

L ~ GMbhMbh/Rtrap
.

Rtrap
vin> c/𝜏

vin< c/𝜏



Hyper-accretion onto BH

I. Radiation trapped in opaque gas:
 

II. If fueling is extremely rapid (≳ 500 ⨉ Eddington rate)
     then emerging radiation cannot stop inflow:      the BH swallows everything  (otherwise, episodic accretion)

Spherically symmetric radiation + hydrodynamics simulations
Inayoshi, ZH, Ostriker (2016),  Sakurai, Inayoshi, ZH (2017),  Hu et al. (2022a,b)

L ~ GMbhMbh/Rtrap
.

L ~ GMbhMbh/Rbh

Rtrap
vin> c/𝜏

vin< c/𝜏

.



Hyper-accretion onto BH
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Toy model for steady hyper-accretion

4502 Y. Sakurai, K. Inayoshi and Z. Haiman

Figure 7. Same figure as Fig. 6 but for fEdd and n∞. We set MBH = 2 ×
104 M# and T∞ = 104 K.

4.2 1D model for a momentum-driven shell

In order to understand the physics which allows hyper-Eddington
accretion, we consider a toy model of a geometrically thin, but
optically thick spherical shell around a point source, driven by
radiation force into a rapidly collapsing medium (e.g. King 2003;
Kasliwal, Lovelace & Houck 2005). The luminosity L of the central
source is assumed constant, and the equation of motion of the shell
is given by

d
dt

(MshṘsh) = L

c
− Ṁ(|v| + Ṙsh) − GMBHMsh

R2
sh

, (21)

where Msh is the mass of the shell, Rsh is the distance of the shell
from the centre, and Ṁ and v are the accretion rate and velocity
of the gas inflow just outside the shell. The terms on the right-
hand side correspond to the outward force exerted on the shell by
radiation force, and the inward forces due to ram pressure of the
rapid inflow and the BH’s gravity. We here assume that (i) the shell
is optically thick to the UV (ionizing) radiation and absorbs all
incident radiation with momentum of L/c, and that (ii) the entire
cloud is effectively optically thin to the recombination radiation. If
the recombination radiation is efficiently scattered by the neutral
shell, that is, if condition (ii) is invalid, then the radiation is trapped
within the shell (i.e. the neutral shells just outside the H II region).
Multiple scattering events in this regime would increase the total
radiation pressure force to %τ scatL/c, where τ scat is an effective
optical depth to scattering. In our case, H I Rayleigh scattering is
negligible, but Ly α scattering would be important because of the
high optical depth at the line centre, τLy α ∼ 1010–1012. However,
before radiation pressure by Ly α affects motion of the shell, the
Ly α photons would be converted to 2S → 1S continuum photons
and ∼1 eV photons (H− free–bound transition), to which the shell is
optically thin. We therefore expect our condition (ii) to hold, with an
effective scattering opacity τ scat at most a factor of a few. However,
future work is needed to investigate the effect of the trapping of
Ly α radiation, its conversion to lower energy continuum photons,
and the escape of these photons from the clouds.

The growth rate of the shell is given by

dMsh

dt
= Ṁ

(
1 + Ṙsh

|v|

)
, (22)

and the initial shell mass is given by

Msh,0 =
∫ Rsh,0

0
4πr2ρ(r)dr, (23)
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Figure 8. Time evolution of a geometrically thin, optically thick shell,
driven by the radiation force of a central source into a rapidly collapsing
cloud. The evolution is from a toy model that incorporates the outward
radiation force, as well as the inward ram pressure and gravitational forces
on the shell, initially located at Rsh,0 = RH II (%1.4 × 1018 cm). Each curve
corresponds to the case with both ram pressure and gravity (red), and with
either gravity (blue) or ram pressure (green) artificially turned off. In each
case, the initial density profile was assumed to be either constant (solid)
or to follow the Bondi profile (dashed; equation 24). We set fEdd = 1,
Ṁ = ṀB, MBH = 2 × 104 M#, n∞ = 105 cm−3 and T∞ = 104 K. This
shell corresponds to that shown in phase (i) in Fig. 4(a).

where the subscript 0 means the initial value. For simplicity, we
consider two extreme cases for the density profile: a constant den-
sity profile ρ(r) = const. and the Bondi profile ρ(r) ∝ r−3/2, with
corresponding initial masses of

Msh,0 =






4
3
πR3

sh,0ρ∞ for ρ(r) = ρ∞,

8
3
πR

3/2
B R

3/2
sh,0ρ∞ for ρ(r) = ρ∞

(
r

RB

)−3/2

.
(24)

We here set Ṁ = ṀB, the free-fall velocity |v| = (2GMBH/r)1/2,
Ṙsh,0 = 0, MBH = 2 × 104 M#, n∞ = 105 cm−3 and T∞ = 104 K.

First, we consider time evolution of a dense shell which ini-
tially stalls at Rsh,0 = RH II (%1.4 × 1018 cm) before the transition
to hyper-Eddington accretion occurs, when L % LEdd (fEdd % 1).
This shell corresponds to that shown in Fig. 4(a) [phase 1]. Fig. 8
shows three cases, in which the ram pressure of the inflowing gas
and the BH’s gravity on the accumulated mass of the shell are both
included (red), and in which either the gravity (blue) or the ram
pressure (green) are artificially turned off. Solid (dashed) curves
correspond to constant (Bondi) initial density profiles. As this fig-
ure shows, when both ram pressure and gravity are included, the
shell radius contracts. On the other hand, when either of the inward
forces are turned off the shell continues to expand, and never ac-
cretes on to the centre. Note that the expansion velocity of the shell
is slower for the cases with heavier masses (dashed), but the choice
of the initial shell mass is not important. Overall, we infer that it is
the combination of the ram pressure and gravity that overwhelms
radiation force and yields hyper-Eddington accretion. The role of
ram pressure is found to be somewhat more important (the shell
expands faster without ram pressure [green] than without gravity
[blue]).

Next, Fig. 9(a) shows the time evolution of a shell initially located
at Rsh, 0 = rmin(=8 × 1015 cm), for fEdd = 1 (red), 10 (green) and
30 (blue). These correspond to the cases after hyper-Eddington
accretion is realized in the simulations. We here estimate the initial
shell mass assuming a constant density profile, and the effects of ram
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• Infalling gas neutral à Eddington luminosity irrelevant

• Consider a toy model: geometrically thin, optically thick 
spherical shell around a point source, driven by radiation 
force into a rapidly collapsing medium
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4.2 1D model for a momentum-driven shell

In order to understand the physics which allows hyper-Eddington
accretion, we consider a toy model of a geometrically thin, but
optically thick spherical shell around a point source, driven by
radiation force into a rapidly collapsing medium (e.g. King 2003;
Kasliwal, Lovelace & Houck 2005). The luminosity L of the central
source is assumed constant, and the equation of motion of the shell
is given by
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where Msh is the mass of the shell, Rsh is the distance of the shell
from the centre, and Ṁ and v are the accretion rate and velocity
of the gas inflow just outside the shell. The terms on the right-
hand side correspond to the outward force exerted on the shell by
radiation force, and the inward forces due to ram pressure of the
rapid inflow and the BH’s gravity. We here assume that (i) the shell
is optically thick to the UV (ionizing) radiation and absorbs all
incident radiation with momentum of L/c, and that (ii) the entire
cloud is effectively optically thin to the recombination radiation. If
the recombination radiation is efficiently scattered by the neutral
shell, that is, if condition (ii) is invalid, then the radiation is trapped
within the shell (i.e. the neutral shells just outside the H II region).
Multiple scattering events in this regime would increase the total
radiation pressure force to %τ scatL/c, where τ scat is an effective
optical depth to scattering. In our case, H I Rayleigh scattering is
negligible, but Ly α scattering would be important because of the
high optical depth at the line centre, τLy α ∼ 1010–1012. However,
before radiation pressure by Ly α affects motion of the shell, the
Ly α photons would be converted to 2S → 1S continuum photons
and ∼1 eV photons (H− free–bound transition), to which the shell is
optically thin. We therefore expect our condition (ii) to hold, with an
effective scattering opacity τ scat at most a factor of a few. However,
future work is needed to investigate the effect of the trapping of
Ly α radiation, its conversion to lower energy continuum photons,
and the escape of these photons from the clouds.

The growth rate of the shell is given by
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and the initial shell mass is given by
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0
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cloud. The evolution is from a toy model that incorporates the outward
radiation force, as well as the inward ram pressure and gravitational forces
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or to follow the Bondi profile (dashed; equation 24). We set fEdd = 1,
Ṁ = ṀB, MBH = 2 × 104 M#, n∞ = 105 cm−3 and T∞ = 104 K. This
shell corresponds to that shown in phase (i) in Fig. 4(a).

where the subscript 0 means the initial value. For simplicity, we
consider two extreme cases for the density profile: a constant den-
sity profile ρ(r) = const. and the Bondi profile ρ(r) ∝ r−3/2, with
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We here set Ṁ = ṀB, the free-fall velocity |v| = (2GMBH/r)1/2,
Ṙsh,0 = 0, MBH = 2 × 104 M#, n∞ = 105 cm−3 and T∞ = 104 K.

First, we consider time evolution of a dense shell which ini-
tially stalls at Rsh,0 = RH II (%1.4 × 1018 cm) before the transition
to hyper-Eddington accretion occurs, when L % LEdd (fEdd % 1).
This shell corresponds to that shown in Fig. 4(a) [phase 1]. Fig. 8
shows three cases, in which the ram pressure of the inflowing gas
and the BH’s gravity on the accumulated mass of the shell are both
included (red), and in which either the gravity (blue) or the ram
pressure (green) are artificially turned off. Solid (dashed) curves
correspond to constant (Bondi) initial density profiles. As this fig-
ure shows, when both ram pressure and gravity are included, the
shell radius contracts. On the other hand, when either of the inward
forces are turned off the shell continues to expand, and never ac-
cretes on to the centre. Note that the expansion velocity of the shell
is slower for the cases with heavier masses (dashed), but the choice
of the initial shell mass is not important. Overall, we infer that it is
the combination of the ram pressure and gravity that overwhelms
radiation force and yields hyper-Eddington accretion. The role of
ram pressure is found to be somewhat more important (the shell
expands faster without ram pressure [green] than without gravity
[blue]).

Next, Fig. 9(a) shows the time evolution of a shell initially located
at Rsh, 0 = rmin(=8 × 1015 cm), for fEdd = 1 (red), 10 (green) and
30 (blue). These correspond to the cases after hyper-Eddington
accretion is realized in the simulations. We here estimate the initial
shell mass assuming a constant density profile, and the effects of ram
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Sakurai, Inayoshi & ZH (2017)
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• Method 1: Collapse gas directly into a massive BH

• Method 2: Grow a single stellar-mass BH by accretion

• Method 3: Merge together many black holes

                 

problem: cloud fragments and forms stars 
                   

problem: accretion rate low  

problem: too few mergers 

solution: rapid inflow in large but pristine H2 –free protogalaxy 
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Runaway Collisions 
What happens in atomic-cooling halo if there is prior star-formation and 
corresponding metal-enrichment?    (i.e. in more typical case)

Omukai, ZH, Schneider 2008
Devecchi & Volonteri 2009
Katz+2015,   Sakurai+2017
Reinoso+2018,  Boekholt+2018
Alister Seguel+2020, Das+2020 ….

Dense stellar cluster forms à core collapse à IMBH with 103-104 M☉

number density (cm   )

H2 cooling
(Z=0; PopIII)
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à Ultra-dense star cluster
à Runaway core collapse 
à  VMS 
à  IMBH

key: fragmentation at very
           high density (~1010 M☉ pc-3)



Variant: “Stellar Bombardment”
Tagawa, ZH & Kocsis  (2020)

Results:
     - Central star grows via mergers 
       before it contracts
     - Feedback loop:  increased radius  
       ßà more rapid mergers
     - “Bombardment” different from 
        runaway due to mass segregation
      - Critical density: ⍴ ≳ 108-9 M☉ pc-3

      (cf. ⍴ ~107 M☉ pc-3 in M32)

Numerical N-body + gas toy model 
to follow time-evolution for 3 Myr
(“1-dimensional N-body simulation”)

Surrounding stars (N-body)

form at 𝑟𝑄=1
𝑟𝑖 evolves via
- stellar dynamical friction
- gas dynamical friction
- gas accretion
𝑚𝑖 evolves via 
- gas accretion
- collisions

Collapsing gas 
is influenced by 
- gravitational potential
- photo-ionization feedback

Dark matter halo

Central star
𝑚cent grows via 
- stellar accretion
- gas accretion

à SMS with 105-6 M☉

atomic-cooling halo with modest Z~10-4 Z☉ 



BH growth by cosmological 
Mergers and Acquisitions

100 million yr:

Galaxy merger
tree – follows
from cosmological 
theory

The holes grow by 
both accretion and
by many mergers

Many holes are 
ejected into space
and lost 

several hundred
stellar-mass black holes,
each with 100 M�

1 billion yr:
A single black hole,
with mass of 109 M�

Takamitsu Tanaka PhD thesis

lucky early BH at 60-70 Myr
no recoil -- unequal mass at merger



How to make massive BHs fast?

• Method 1: Collapse gas directly into a massive BH

• Method 2: Grow a single stellar-mass BH by accretion

• Method 3: Merge together many stellar black holes

                 

problem: cloud fragments and forms stars 
                   

problem: accretion rate low  

problem: too few mergers 

solution: rapid inflow in large but pristine H2 –free protogalaxy 
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How to make massive BHs fast?

• Method 1: Collapse gas directly into a massive BH

• Method 2: Grow a single stellar-mass BH by accretion

• Method 3: Merge together many stellar black holes

                 

problem: cloud fragments and forms stars 
                   

problem: accretion rate low  

problem: too few mergers 

solution: ultra-dense clusters, and/or lucky ultra-early seed 

solution: rapid inflow in large but pristine H2 –free protogalaxy 

solution: rapid inflow onto BH in pristine H2 –free protogalaxy



Outline  

1.  Observations: types of black holes in the universe
      

2.  Theory:  where do massive black holes come from?
      

3.  The Future:  how to distinguish different pathways?                                                                 
    



Growth by mergers: LISA                        

Looking for early black hole growth 

credit: Monica Colpi

Growth by accretion: LynX                        



Emerging spectrum

CLOUDY post-processing of 0.1-100pc around 105-6 M☉ BH accreting 1 M☉/yr

Lbol ~ 1045 erg/s 

à 

rapidly accreting BHs detectable to z<17  or  z<13
expected abundance: 1 per 10 NIRCam fields

2D radiation-hydro simulations for hyper-accretion
Hu, Inayoshi, ZH, Quataert, Kuiper 2022a; Inayoshi+2022



Distinguishing signatures
• Strong Balmer lines

         collisional excitations of n≧3 levels from n=2 populated by trapped Ly⍺

         due to high column density of the dense inner disk (0.1-1 pc)

         H⍺ rest-frame EW~1300Å   ( ~6-7 times stronger than low-z quasars )

         Hβ rest-frame EW~100Å     ( ~2-3 times stronger than low-z quasars )

• Red colors in broad bands, due to strong H⍺ 

          broad-band selection by multiband photometry with NIRCam & MIRI

          F356W – F560W > 1    (7 < z < 8)

          F444W – F770W > 1    (9 < z < 12)

• OI lines (1304, 8446, 11287Å) excited by Lyβ fluorescence coinciding with OI 3d

     (Lyβ trapped but OI cascade lines (3d à 3p,  3p à 3s,  2s à 2s ) escape

     detectable by NIRSpec 



BH mass to host galaxy mass ratio

In rapid formation/growth models, massive BHs are 
born as extreme outliers in BH – galaxy mass relation

Visbal & ZH 2018;  Scoggins, ZH & Wise  2023

Kormendy & Ho (2013)

Nearby galaxies:
Mbh/M* ~ few ⨉ 10-3

Early massive seed BHs:
Mbh/M* ~ ∞

stay outliers for few 100 Myr
when Mbh ~ 107 M� and 
Mbh/M* > 1



BH mass to host galaxy mass ratio

Extended starlight from host galaxies detected for the first time 
                                JWST images for  two z~6.4 quasars

Ding et al. 2023; arxiv:2211.14329, Nature (submitted)

M*=3.4 ⨉ 1010 M� M*=9.1 ⨉ 1010 M�

J2255+0251      z=6.34 J2236+0032      z=6.40

Mbh ~1.2 ⨉ 109 M�
Mbh ~ 1.9 ⨉ 108 M�

à Mbh/M* ~ 0.035 à Mbh/M* ~ 0.02



Conclusions

• H2 molecules control early massive black hole formation.
    Chemically pristine primordial gas falls into protogalaxies 
    at accretion rates 100-105 times higher than in present-day 

       
• Yields massive 106 M☉ BHs via supermassive star or hyper-

accretion  onto stellar-remnant BH within first few 100 Myr

• In ultra-dense star clusters, and/or with the help of gas disk 
torques, black holes can also merge efficiently

• Combination of gravitational waves (probing mergers) and 
optical/X-ray telescopes (probing accretion) offer diagnostics

    of early black hole assembly



Thanks!


