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 SMBHs:

• exist in almost all galaxies

• co-evolve with galaxies

MBH〜 0.5% of bulge mass

Kormendy&Ho 13

AGN feedback: SMBHs → galaxies

gas supply: galaxies → SMBHs

MBH [M⊙]

Mbulge [M⊙]

The understanding of SMBHs 
is crucial for understanding 
the galaxy evolution

kinematically-determined BH mass

disk galaxy
bulge

SMBH

elliptical galaxy

SMBH

BHs and galaxies co-evolve

(Super massive BHs)



AGN feedback plays an important 
role in high-mass galaxies
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cosmological simulations suggest AGN feedback suppresses 
star formation in high-mass galaxies

cosmic baryon-to-matter ratio: 
Ωb
Ω𝑚

∼ 0.17

AGNSN

(e.g. Okamoto+14)

Behroozi+13

peak value ∼ 0.2 ×
Ωb
Ω𝑚

AGN (Active Galactic Nuclei)

strong radiation/outflows
powered by accreting SMBH

＝

artistic illustration
(Credit: ESO/M. Kornmesser)

Mstar/MDM

MDM



GW from SMBH mergers seems 
consistent with NANOGrav 15yr 
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Figure 1. NANOGrav 15 yr GWB free-spectrum posteriors translated into the square root of timing residual power (⇢, left panel) and char-

acteristic strain (hc, right panel). The HD-correlated free-spectrum measured while simultaneously fitting for monopole-correlated (MP),

dipole-correlated (DP), and uncorrelated red noise noise (CURN) free spectra (HD-w/MP+DP+CURN; gray violins, left-side) is compared

against the HD-DMGP model in which dispersion-measure variations are modeled using Gaussian Processes (green violins, right-side). The

black dotted lines show idealized power-law spectra (⇢2 / f −13/ 3 and hc / f −2/ 3) fit to the median posterior value for the amplitude obtained

from the HD-w/MP+DP+CURN model in NG15gwb. Over plotted are the best-fitting, simulated GWB spectra from models of SMBH binary

populations produced in this analysis. Two models are shown, one which includes environmentally driven binary evolution (blue) and another

that assumes GW-only evolution (purple). Both models are able to reproduce the data, while the environmentally driven model produces a

slightly better fit. We conclude that the observed GWB spectrum isconsistent with astrophysically motivated expectations from populations of

SMBH binaries.

a semi-analytic modeling approach to SMBH binary popu-

lation synthesis and defer the use of cosmological hydrody-

namics simulations for future work.

SUMMARY & OUTLINE

Figure 1 shows the GWB spectrum recovered from the

15 yr NANOGrav data, along with the best fitting simulated

GWB spectra produced in this work. In § 2 we summarize

the NANOGrav 15 yr data set that forms the observational

basis for this analysis, and the GWB spectra derived from it

(grey and green ‘violins’ ). In § 3, we describe our methods

of modeling populations of SMBH binaries and calculating

the GWB spectra that they would produce. There, we also

detail the approach that we use to compare our simulations

to the 15 yr data. Our best-fitting models (colored curves)

are presented in § 4.

We find that astrophysically motivated models of SMBH

binary populations are able to accurate reproduce the ob-

served GWB spectrum (§ 4.1 & 4.2). We focus our analysis

on twopopulation models. Oneincludesaself consistent pre-

scription for environmentally driven binary evolution (blue),

and the other assumes GW-only evolution (purple) which is

still commonly used in the literature. Both modelsareable to

fit the data, while the environmentally driven case produces

a slightly better match—particularly to the lowest frequency

bin. We present the binary evolution parameters favored by

15 yr spectra fits for both models (§ 4.3). While the pos-

terior distributions are broadly consistent with astrophysical

expectations, parameters tend to be shifted towards values

that produce larger GWB amplitudes than was previously

most-favored. Generally higher binary masses or densities,

or highly efficient binary mergersare required to produce the

observed amplitudes. The characteristics of the implied bi-

nary populations are presented in § 4.4.

Our results are discussed in the context of the field in § 5,

along with highlights for the near future of low-frequency

GW astronomy.

Throughout this paper we assume a WMAP9

cosmology with ⌦m = 0.228, ⌦b = 0.0472, and

H0 = 0.6933 kms−1 Mpc−1.

2. PULSAR TIMING ARRAY DATA

Thiswork isbased on theNANOGrav 15 yr dataset, which

includes 68 pulsars, 67 of which have a baseline of at least

3 years and are included in the GWB analysis. The com-

plete description of the data set can be found in Agazie et al.

(2023a, hereafter NG15), while the detector characteriza-

tion and noise modeling of individual pulsars is described in

Agazie et al. (2023c, hereafter NG15detchar). The detailed

description of the Bayesian search for the GWB is presented

in NG15gwb. Here, we briefly summarize the measurement

of the GWB spectrum from the NANOGrav data, focusing

on the pieces which are necessary for the astrophysical inter-

pretation presented in this paper.

PTA collaborations systematically monitor millisecond

pulsars and record the times of arrival (TOAs) of their radio

6 TheNANOGr av Col l abor at ion

Figure 1. NANOGrav 15 yr GWB free-spectrum posteriors translated into the square root of timing residual power (⇢, left panel) and char-

acteristic strain (hc, right panel). The HD-correlated free-spectrum measured while simultaneously fitting for monopole-correlated (MP),

dipole-correlated (DP), and uncorrelated red noise noise (CURN) free spectra (HD-w/MP+DP+CURN; gray violins, left-side) is compared

against the HD-DMGP model in which dispersion-measure variations are modeled using Gaussian Processes (green violins, right-side). The

black dotted lines show idealized power-law spectra (⇢2 / f −13/ 3 and hc / f −2/ 3) fit to the median posterior value for the amplitude obtained

from the HD-w/MP+DP+CURN model in NG15gwb. Over plotted are the best-fitting, simulated GWB spectra from models of SMBH binary

populations produced in this analysis. Two models are shown, one which includes environmentally driven binary evolution (blue) and another

that assumes GW-only evolution (purple). Both models are able to reproduce the data, while the environmentally driven model produces a

slightly better fit. We conclude that the observed GWB spectrum isconsistent with astrophysically motivated expectations from populations of

SMBH binaries.

a semi-analytic modeling approach to SMBH binary popu-

lation synthesis and defer the use of cosmological hydrody-

namics simulations for future work.

SUMMARY & OUTLINE

Figure 1 shows the GWB spectrum recovered from the

15 yr NANOGrav data, along with the best fitting simulated

GWB spectra produced in this work. In § 2 we summarize

the NANOGrav 15 yr data set that forms the observational

basis for this analysis, and the GWB spectra derived from it

(grey and green ‘violins’ ). In § 3, we describe our methods

of modeling populations of SMBH binaries and calculating

the GWB spectra that they would produce. There, we also

detail the approach that we use to compare our simulations

to the 15 yr data. Our best-fitting models (colored curves)

are presented in § 4.

We find that astrophysically motivated models of SMBH

binary populations are able to accurate reproduce the ob-

served GWB spectrum (§ 4.1 & 4.2). We focus our analysis

on two population models. Oneincludesaself consistent pre-

scription for environmentally driven binary evolution (blue),

and the other assumes GW-only evolution (purple) which is

still commonly used in the literature. Both modelsareable to

fit the data, while the environmentally driven case produces

a slightly better match—particularly to the lowest frequency

bin. We present the binary evolution parameters favored by

15 yr spectra fits for both models (§ 4.3). While the pos-

terior distributions are broadly consistent with astrophysical

expectations, parameters tend to be shifted towards values

that produce larger GWB amplitudes than was previously

most-favored. Generally higher binary masses or densities,

or highly efficient binary mergersare required to produce the

observed amplitudes. The characteristics of the implied bi-

nary populations are presented in § 4.4.

Our results are discussed in the context of the field in § 5,

along with highlights for the near future of low-frequency

GW astronomy.

Throughout this paper we assume a WMAP9

cosmology with ⌦m = 0.228, ⌦b = 0.0472, and

H0 = 0.6933 kms−1 Mpc−1.

2. PULSAR TIMING ARRAY DATA

Thiswork isbased on theNANOGrav 15 yr dataset, which

includes 68 pulsars, 67 of which have a baseline of at least

3 years and are included in the GWB analysis. The com-

plete description of the data set can be found in Agazie et al.

(2023a, hereafter NG15), while the detector characteriza-

tion and noise modeling of individual pulsars is described in

Agazie et al. (2023c, hereafter NG15detchar). The detailed

description of the Bayesian search for the GWB is presented

in NG15gwb. Here, we briefly summarize the measurement

of the GWB spectrum from the NANOGrav data, focusing

on the pieces which are necessary for the astrophysical inter-

pretation presented in this paper.

PTA collaborations systematically monitor millisecond
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• A simple semi-analytical model of SMBH formation and evolution can 
reproduce the observational results with reasonable model parameter choice
(but see also, e.g., Shannon+13,15; Sato-Polito+23, Sato-Polito &Zaldarriaga24)

• But, to what extent do we understand SMBH formation and evolution?

(Agazie+ 2023)

(see also Bi+23)

Let’s see the current status of more elaborate cosmological simulations

(see Takahashi-san’s talk)



Ⓒ NASA/WMAP Science Team

Structure formation history in the universe

z
(redshift)

tUniv 13.8 Gyr

0

Inflation

Cosmic Microwave Background

Dark Ages

Galaxies and Supermassive BHs

Milky Way
(present)

？？？

Cosmological simulations 
try to reveal this process

30

100 Myr

First Stars

500 Myr

10

First Galaxies
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Illustris: 
a state-of-art cosmological simulation
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Ref：Vogelsberger et al. (2014) and following many papers

https://youtu.be/NjSFR40SY58



Structure formation has been 
reproduced in simulations???

9

• galaxies in Illustris simulations

• looks almost same as the 
real observational images of 
galaxies

• cosmic number density of galaxies is 
consistent with observations

22 Pillepich et al.
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Figure 14. The TNG galaxy stellar mass functions after the Epoch of the Reionization, from z ⇠ 4 to today. Unless otherwise specified, we show results

from the simulations by accounting for all the stellar mass within twice the stellar half mass radius (thick colored curves from z = 0.5 to 4). At z = 0, we

emphasize the importance of the galaxy massdefinition by providing the predictions from TNG300 for different aperture measurements: 30 kpc (for all runs,

thick curves), 10kpc (orange dotted), 100 kpc (orange dashed) and twice the stellar half mass radius (orange crosses). At z > 0, we report in light orange the

rTNG300 mass function (within twice the stellar half mass radius), for reference. A selection of observational data points is included for comparison in grey

symbols, all converted to Chabrier IMF (Baldry et al. 2008, 2012; Bernardi et al. 2013; D’Souzaet al. 2015; Pérez-González et al. 2008; Mortlock et al. 2011;

Ilbert et al. 2013; Muzzin et al. 2013; Tomczak et al. 2014; Kajisawa et al. 2009; Santini et al. 2012; Davidzon et al. 2017; Grazian et al. 2015).
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(Pillepich+ 2018a)

(Vogelsberger+ 2014)
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On the population of BHs 11

F igur e 1. Diagram showing BH mass as a funct ion of total stellar mass of BH host galaxies. We show some empirical scaling relat ions

from the literature, both for M B H − M bulge and M B H − M ? . We show the relat ions M B H − M bulge derived in K ormendy & Ho (2013)

as a solid red line, in McConnell & Ma (2013) as a solid purple line, and t he relat ion of Häring & Rix (2004) as a solid yellow line.

We also show the two M B H − M ? relat ions of Reines & Volonteri (2015) in dashed orange lines: t he line on t he t op for ellipt ical and

spiral/ S0 galaxies with classical bulges, and the bot tom line for the broad-line AGN. T he full sample of Reines & Volonter i (2015) is

shown as well with colored dots. We also show the sample of spiral galaxies of Davis, Graham & Cameron (2018) wit h dynamical BH

mass measurements. Finally, we also reproduce here the sample of AGN of Baron & M énard (2019), which includes obscured AGN, and

their scaling M B H − M ? scaling relat ion as a dot ted pink line. We draw here a car toon black region including a large fract ion of the

observat ions that we use in the following.

F igur e 2. BH populat ions in the M B H − M ? diagram of the simulat ions at z = 0. Hexabins are color coded by the number of BHs

in each bin. We show the observat ional sample of Reines & Volonteri (2015) for t he local Universe (z ⇠ 0) in black dots in the last

panel on the right (uncertaint ies on BH masses are ⇠ 0.5 dex, and ⇠ 0.3 dex for t he stellar masses). To guide the eye, we define and

duplicate in each panel a car toon region of the diagram including most of the observat ions. T wo main discrepancies emerge from this

figure: some simulat ions do not produce the most massive BHs observed in galaxies with M ? ⇠ 1011 M and the broad-line AGN of

M B H ⇠ 106− 7 M observed in galaxies of M ? ⇠ 1010.5− 11 M .

galaxies of M ? ⇠ 109 M (Reines, Greene & Geha 2013;

Baldassare et al. 2015; Reines & Volonteri 2015; Mezcua

et al. 2016); probably only the most massive/ luminous BHs

are detected. The presence of BHs in dwarf galaxies is also

not covered in the simulat ion SIMBA, which starts forming

BHs in galaxies with M ? > 109.5 M . While modeling BH

format ion in low-mass galaxies is crucial to understand BH

format ion in the high-redshift Universe, as well as to under-

stand the current populat ions of BHs in local dwarf galaxies,

the regime of low-mass galaxies is barely resolved in such

large-scale simulat ions of > 100cMpc on a side (but see

Habouzit , Volonteri & Dubois 2017, and references therein

for BH format ion in low-mass galaxies from high redshift to

low redshift ). All the other simulat ions employ lower seeding

© 0000 RAS, MNRAS 000, 000–000
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simulations also reproduce
MBH-Mstar relation

10

(see also Crain&van de Voort 23)

(Reines&Volonteri 2015)

(Habouzit+21, modified)

fairly good agreement with observations

z=0

SMBH formation has been reproduced in simulations???



11and more parameters not shown here

(Pillepich+2018)

Be cautious. There are many 
(artificial) model parameters

Model parameters for IllustrisTNG (The Next Generation), a newer version of Illustris
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(Pillepich+2018)

BH formation and evolution is 
controlled by model parameters

BH evolution depends directly on these (artificial) assumptions

and indirectly on other assumptions

The freedom of parameter choices has been used to reproduce 
observational results



Different results from different 
simulations I: BH occupation frac.

13
BH occupation fraction of low-mass galaxies widely 
varies among simulations

BHs and AGN in low-mass galaxies 5

F igur e 1. T he BH occupat ion fract ion for the local Universe (z = 0) predict ed by the six simulat ions. Poisson error bars are shown

as shaded regions, and are larger in more massive galaxies due to the presence of fewer galaxies. We show the fract ion of SIM BA as a

dashed line for M ? < 109.5 M , as only more massive galaxies are seeded. We include t he current observat ional const raint s on t he BH

occupat ion fract ion of Nguyen et al. (2018) wit h dynamical mass measurement of BHs in a few nearby nucleated galaxies, and from

M iller et al. (2015) and Trump et al. (2015), bot h derived from a sample of AGN in low-mass galaxies. W hile not being a const raint on

the BH occupat ion fract ion, we also report the galaxy nucleat ion fract ion in the galaxy cluster V irgo (Sánchez-Janssen et al. 2019) and

in the Local Volume (Hoyer et al. 2021).

F igur e 2. T he BH occupat ion fract ion at redshift z = 0− 4 predict ed by the all six simulat ions, over t he range 109 M 6 M ? 6 1011 M

(including both cent ral and satellit e galaxies). Shaded areas represent Poisson error bars. A ll the simulat ions have a higher BH occupat ion

fract ion at higher redshift , at fixed stellar mass. W ith t ime, t he fract ion drops in the low-mass galaxy regime. T his is mainly due to a

larger number of satellit e galaxies that do not host a BH.T he decrease is st ronger in the Horizon-AGN simulat ion.

3.2 Com par isons w it h cur r ent obser vat ional

const r aint s in t he local U niver se

In Fig. 1, we show the current observat ional const raints on

the BH OF at z = 0. Here, we only discuss the agreement of

the simulat ions with the const raints. The implicat ions and

uncertaint ies are later reviewed in the Discussion sect ion.

One of these const raints comes from BH dynamical

mass measurements performed for five of the nearest low-

mass (with M ? = 5 ⇥ 108 − 1010 M ) early-type galax-

ies M32, NGC 205, NGC 5102, NGC 5206 (Nguyen et al.

2018), and NGC 404 (Nguyen et al. 2017; Davis et al. 2020).

While small in number stat ist ics, this sample of five early-

type galaxies (ETGs) is volume limited in the considered

stellar mass range but only targets nucleated galaxies, and

provides a BH occupat ion of 80% for these galaxies. The

OF in ETGs was also invest igated in Gallo et al. (2008)

with X-ray source detect ions in 16% of their sample galaxies.

The AGN detect ions were combined to the X-ray luminosity

© 0000 RAS, M NRAS 000, 000–000
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Different results from different 
simulations II: AGN abundance
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8 Habouzit et al.

Tab le 1. M edian, minimum, and maximum values of BH mass, bolomet ric luminosity, and host galaxy stellar mass, for BHs with

M B H > 106 M powering the simulated quasars wit h L b ol > 1045 erg/ s at z = 6.

I l lust r is T NG100 T NG300 Horizon-AGN EAGLE SIM BA

Number of BH(s) 1 9 33 58 6 29

Number density (cM pc− 3 ) 8.3⇥ 10− 7 6.6⇥ 10− 6 1.2⇥ 10− 6 2.0⇥ 10− 5 6.0⇥ 10− 6 9.1⇥ 10− 6

M edian (min, max)

log10 M B H / M 7.2 (-) 7.3 (7.2,7.6) 7.3 (7.1,7.8) 7.2 (6.9,7.9) 7.2 (6.8,8.2) 7.2 (6.6,8.3)

log10 M ? / M 10.1 (-) 10.0 (9.8,10.4) 10.4 (9.9,10.8) 9.3 (9.0,9.7) 9.9 (9.5,10.4) 10.2 (9.9,10.7)

log10 L b ol / (erg/ s) 45.0 (-) 45.2 (45.0,45.2) 45.2 (45.0,45.6) 45.2 (45.0,45.6) 45.2 (45.0,46.5) 45.3 (45.0, 45.7)

F igur e 4. Redshift evolut ion of the comoving number density (cMpc− 3 , logarit hmic scale) of BHs with M B H > 106 M in galaxies with

stellar mass of M ? > 109 M . We show t he AGN with bolomet ric lumosity L b ol = 1044 − 1045 erg/ s in the left panel, t he faint quasars

with L b ol = 1045 − 1046 erg/ s which could be characterized by JW ST in the middle panel, and the br ight quasars with L b ol > 1046 erg/ s,

similar to those of the observed z ⇠ 6 quasars, in the right panel. For t he lat t er, we are lacking stat ist ics given the limit ed simulat ion

volumes of 1003 − 3003 cM pc3 . We add Poisson error bars in all panels.

simulat ions. In EAGLE, SN feedback stunts the init ial BH

growth in low-mass galaxies, and BH rapid growth phase

kicks in at fixed halo virial temperature, meaning in more

massive galaxies with decreasing redshift .

• The overall normalizat ion of the mean M B H − M ? rela-

t ion increases with decreasing redshift in TNG100, TNG300,

and SIMBA. This is due to higher BH growth at lower red-

shift s with respect to the BH host galaxies. In the TNG

simulat ions this is due to a less e↵ect ive SN feedback at

low redshift , and in SIMBA this is mainly due to an in-

crease of the galact ic hot environment with t ime (due to

AGN feedback), which in turn favors an addit ional Bondi

growth channel of BHs.

In Fig. 3 we also show in light green star symbols (and

the corresponding Gaussian probability density contours)

the compilat ion of z > 5.8 quasars with a host dynami-

cal mass est imate and BH mass measurement from Izumi

et al. (2019) . While faint quasars with M 1450 > − 25 (i.e.,

L b ol 6 1045.5 erg/ s) are located around the Kormendy & Ho

(2013) scaling relat ion (when assuming M ? = M dy n ), the

brighter quasars with M 1450 6 − 25 tend to be overmassive

compared to the same scaling relat ion. For the current ob-

servat ions, the dynamical mass M dy n is used, and thus we

can not direct ly compare those to the quasars produced by

the simulat ions for which the galaxy total stellar mass is

shown. While some simulated quasars are powered by BHs

with masses overlapping the observed region (i.e., TNG300,

EAGLE, SIMBA), this is not the case for most of the sim-

ulated quasar populat ions.

3.2 N umb er densi t y of A G N , faint and br ight

quasar s

To appreciate the number of AGN and quasars in cosmo-

logical simulat ions, we show in Fig. 4 the number density of

BHs with > 106 M in three ranges of bolometric luminos-

ity, in galaxies with stellar mass of M ? > 109 M . AGN with

L b ol = 1044− 1045 erg/ s are shown in the left panel, and have

number densit ies ranging in nA G N = 10− 5 − 10− 3 cMpc− 3 .

In the middle panel we show the number density of faint

quasars with L b ol = 1045 − 1046 erg/ s. In this range, the sim-

ulat ions predict n fai nt quasar s = 10− 6− 10− 5 cMpc− 3 at z = 6.

Finally, we show brighter quasars with L b ol > 1046 erg/ s in

the right panel. Unfortunately for this lat ter sub-populat ion

of BHs, these large-scale simulat ions do not allow us to

have robust stat ist ics at z = 6 with number densit ies of

nbr ight quasar s 6 10− 6 cMpc− 3 . For example, in SIMBA there

are only 7 such quasars at z = 5.5, 1 quasar at z = 5 in

I llust ris, 1 quasar at z = 6 in EAGLE and in Horizon-AGN,

6 in TNG300 at z = 5, and none in TNG100. This is due

© 0000 RAS, MNRAS 000, 000–000
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AGN (Active Galactic Nuclei) = accreting SMBH

Most bright

Intermediate

Less bright

Number density of accreting SMBHs also widely varies 
among simulations



What is theoretically uncertain 
about SMBHs?

15

A. everything

Their formation, orbit, growth, and feedback are 
not understood well (and often artificially assumed)



Let’s proceed step by step

16

Let’s focus on formation of 106 Msun SMBHs
(starting point of SMBH evolution)

We need to understand seed formation and seed growth

SMBH formation scenarios can be divided 
into two classes based on how to form IMBHs 

seed
formation

x100 growth

seed
formation

x100 growth

SMBH

〜104 Msun

〜100 Msun

〜106 Msun

intermediate-mass BH (IMBH)

stellar-mass BH

2. Light seed growth scenario

very hard!!

1. Massive seed formation scenario

not easy...



2. SEED FORMATION
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Seed formation
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• Light seed: Pop III remnant BH （〜100-1000 Msun）

• Heavy seed: direct collapse BH (〜104-5 Msun)

I will present later

✓ pristine gas + strong FUV field (J21>1000)

✓ dynamical heating reduces the condition for FUV (J21>1) (Wise+19, Toyouchi+23)

✓ small amount of metal (Z<10-3 Zsun) is allowed

(e.g., Omukai01, Bromm&Loeb03, KS+14)

(Chon&Omukai20)

Chon&Omukai20

Super-massive stars 
can form in dense 
clusters via mergers 
and gas accretion

KS+20,23

Pop III stars = zero-metal stars 
= first-generation stars = first stars 



Ⓒ NASA/WMAP Science Team

How did the first stars form in 
the universe?

formation@z〜30
radiation

SN

19

✓ the first stars determine the following evolution through SNe, 
radiation, and seeding BHs

BH

〜0.1 Gyr after Big Bang

✓ key question: what is the mass (distribution) of the first stars

formation of the
rest of objects

✓ We performed 3D Adaptive-Mesh-Refinement simulations considering 
gas fragmentation and binary formation (KS+20, 23)



Simulating
Pop III star formation

20

 From Big Bang to the first stars

Hosokawa, Omukai, Yoshida, Yorke (2011, Science)

Pop III IMF was obtained using axisymmetric 2D simulations (Hirano+14, 15) 
→ We performed 3D Adaptive-Mesh-Refinement simulations (KS+ 20, 23)

→ BHs w/o SN explosion

(cf. Heger & Woosley 2002)

Fate of Pop III stars

MPopIII = 40-140 or > 260 Msun

• start from cosmological initial conditions and 
follow the evolution considering all relevant 
chemical/thermal/radiative processes

Yoshida, Omukai, Hernquist (2008, Science)

1

10

100

1000

10 100 1000
N

st
ar

Mstar [M ]

Total

No rad. bg.
LW rad. bg.

→ BH
No SN

Hirano+15 
(modified)

P
IS

N

C
C

S
N

Yoshida+08 Hosokawa+11

protostar
（〜0.01Msun）

growth by
gas accretion

Pop III star
（〜100 Msun）

Pop III mass



XC50@NAOJ
https://youtu.be/794O0yGWGp0

First stars form as massive multiples
KS, Matsumoto, Hosokawa, Hirano, Omukai (2020, 2023)



But, total mass is unchanged

22

• Total mass is related to the large-scale mass 
inflow rate (same as former 2D works)

Fitting formula from 2D 
simulations (Hirano+15)

1

10

100

1000

10 100 1000

N
st

ar

Mstar [M ]

Total

No rad. bg.
LW rad. bg.

→ BH
No SN

Pop III total mass

KS+23

Hirano+15 
(modified)

P
IS

N

C
C

S
N

• While the mass of each star is reduced by a 
factor of a few due to mass sharing, Pop III stars 
still likely leave 100-1000 Msun BHs



3. SEED GROWTH
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Channels of seed BH growth

24

Growth by BH merger

• vesc〜10km/s in small galaxies

Growth by gas accretion

BH

BH

BH

GW

vkick > vesc

radiation feedback

• vkick 〜100km/s due to GW recoil
(e.g., Baker+ 2006, Koppitz+ 2007)

BH will escape from the host halo

BH merger cannot be the main channel of seed BH growth

• likely the main growth mechanism of seed BHs

minihalo

BH merger

gas accretion
• however, radiative feedback from BH disk may be 

an obstacle for the gas accretion

Let’s see the recent understanding in following slides



BH accretion is a multi-scale 
process

25

nothing can escape BH gravity dominates over 
gas pressure

BH

Bondi scale: Horizon scale: 

x108 diff.

This scale determines 
what fraction of gas 
supplied from outside 
can reach the BH

This scale determines 
the gas supply rate 
from the surrounding to 
the vicinity of the BH

Galaxy
scale

>kpc



Basics of gas accretion I:
accretion without feedback

26

❑ Bondi(-Hoyle-Lyttleton) accretion

V

ρ, cs

MBH

cs=8km/s @T=104K

❑ Growth time scale (MBH doubles in 0.5 tgrow, becomes infinite in tgrow)

• Accretion growth is usually inefficient unless the density is very high 
(situation is worse if seed mass is smaller)

• But, in principle, BHs can also attain an arbitrary amount of mass in 
a short time in extremely dense gas （cf. Volonteri&Rees 2005)



Basics of gas accretion II: 
radiation feedback (Eddington limit)

27

❑ Eddington limit

(standard disk)

force per unit mass

- Radiation force due to Thomson scattering should 
not exceed BH gravity

UV/X-ray

- Assumptions: ionized gas, isotropic rad.

Eddington luminosity

Eddington accretion rate
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Milosavljevic+ 09, Park&Ricotti 11

HI

• Acc. from cold HI cloud

• Acc. from hot HII bubble

ሶ𝑀B,HII is typically 1/1000 of ሶ𝑀B,HI

Often ignored in large-scale simulations, this mechanism 
easily causes significant reduction of accretion rate

Basics of gas accretion III: 
radiation feedback (photoionization heating)

HI
HII

TII = 7x104K
TI = 1x104K

HI: neutral hydrogen H0

HII: ionized hydrogen H+



BH can grow efficiently (at a super-
Eddington rate) in a dense region

29

what fraction of 
gas can reach BH?

(Hu+22)

how much gas is 
supplied to BH’s vicinity?

• BH accretion rate at horizon for a 
given large-scale mass supply rate

BH

Bondi scale: Horizon scale: 

Super-Eddington 
accretion can be 
sustained though 
large mass is lost 
by outflow

Ohsuga+05

(Ohsuga+05,Sadowski+15)

rBondi

KS+17
Gas can be supplied 
at a super-Edd. rate 
due to inflow/outflow 
separation with 
anisotropic radiation 

BHs grow efficiently (at super-Eddington rate) in a dense region

• HII bubble trapping in extremely 
dense gas also leads to rapid accretion

→ what is BHs’ environment during first galaxy formation?

(e.g., KS+17, Takeo+18)

(Inayoshi+16, Toyouchi+19)



Ⓒ NASA/WMAP Science Team

How did the first galaxies form?

z
(redshift)

tUniv 13.8 Gyr

030

100 Myr 500 Myr

10

Milky way
（now）

30

First
galaxies

First
stars

We are working on first galaxy formation simulations incorporating 

physically-motivated small-scale models (Garcia+23, KS+24)

Let’s advance the understanding of cosmic evolution step by step

Small mass and short duration of first galaxy formation

= small computational cost and/or high resolution (Δx〜0.1pc)
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Zoom-in simulations of a single galaxy (Mhalo =108 Msun at z = 10 )

Code
RAMSES-RT

(Teyssier 2002, Rosdahl & Teyssier 2015)

Cosmological AMR (M)HD, Moment method 
RT (M1 closure), DM particle, sink (BH) 

particle, stellar radiation, SN feedback, non-

equil. chemistry/cooling/heating

Initial Cond. MUSIC (Hahn & Abel 2011) Zoom-in initial condition at z = 127

Final Time 500 Myr after Big Bang same as z 〜 10

Box Size 0.3 h-1 cMpc (zoom-region) 35 h-1cMpc (base-box)

DM Mass 800 M☉resolution (zoom-region) 1011 M☉ (base-box)

Star Mass 100 M☉ resolution Internal Salpeter-like IMF

Refinement NJ = 8 (Δx > 1 pc), 4 (Δx < 1 pc) at least NJ cells per Jeans length

Resolution Δxmin = 0.15 pc * [ (1 + z ) / 10] AMR level = 25

Star Formation nSF,th = 5×104 cm-3  [(1+z)/10] 2  (T/100 K) Resolving gravitational collapse of clouds



Star formation proceeds in a bursty way

Burst Pop II 
star formation

may be related to
large abundance of
high-z luminous galaxies
found by JWST

(KS+24)



Pop III-remnant BHs hardly grow 
during the first galaxy formation

33

color: density
X: Pop III-remnant BH
･: Pop II star

• We follow the formation of Pop III remnant BHs and 
their growth via Bondi-Hoyle-Lyttleton accretion

• The first galaxy hosts a few BHs at z〜10

• However, their accretion growth is extremely inefficient

massive seeds or positive BH feedback?

(see also Alvarez+09, Smith+18)

Stellar-mass seed BHs hardly grow because the 
surrounding density cannot be very high

KS+24

Other simulations also suggest IMBHs still hardly grow (e.g., Ma+21, Bahe+22)



4. CONCLUSION
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Conclusion

 NANOGrav 15yr seems not to contradict with GW 

background from SMBH mergers based on the current 

astrophysical understanding

 Cosmological simulations reproduces observational 

results, such as MBH-Mstar relation, but with many 

tuning parameters

 There are a lot of uncertainties in theoretical 

modeling of SMBH formation and evolution

 Even the formation of 106Msun SMBHs (starting point 

of SMBH evolution) is a theoretical challenge (an 

unsolved astrophysical problem)

35



and some thoughts…

 astrophysics is so poorly understood that 
astrophysical origin of GW background 
observations cannot be excluded

 At the same time, cosmological origin 
cannot be excluded (though not strongly 
motivated)

 In my opinion, better astrophysical 
understanding is a key to maximize the 
power of GW background observations in 
constraining cosmology

36
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