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

accretion disks with EM signatu
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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?




Black Hole Population

10'M, 10°M,




Black Hole Population

10'M, 10°M,




Black Hole Population

intermediate-mass BHs (?)

supermassive BHs
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Two types of black holes

 Stellar-mass BHs:

- End fate of massive stars — well understood
- Birth masses limited to few My < M < 60 M,

-100 million 1n 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

MS8T* April 11, 2017

- One (or a few?) in center of each galaxy, Mg, = few x 10* M
- Masses limited to 10° M, S M < 10" M
- 100 detected indirectly (gas/stars speeds ~0.1c) or imaged (MS87, SgrA*)

stars

- 1% are “active”, visible to the edge of the universe as quasars (~1 million)

- origin unknown, but likely formed early on

e Intermediate-mass BHs (?):

- probably not in large numbers, but difficult to detect




Quasars

Accretion disk
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~10° M, seeds old: evolution at z<6 (t>1 Gyr) understood
from quasars: L, = €/(1- €) dM, /dt with e~10% (Soltan 1991)
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How to make massive black holes (fast)?

THINK HARDER




Solution

Conditions in early universe different from present-day
densities much higher
myriad of small protogalaxies formed very early

gas chemically primitive




First “galaxies”™

« First “galaxies” appear at 100 million years

- Gravity has to overcome gas pressure (“Jeans mass”)
- First “micro-galaxies” contain 10° M5 of gas

 First stars and black holes?

- Must deflate its pressure not to remain a cloud

- radiation via collisional excitations of molecules
- Today: CO, H,0 (T=5K)
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PERIODIC TABLE OF THE ELEMENTS
IN THE EARLY UNIVERSE
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First “galaxies”™

« First “galaxies” appear at 100 million years

- Gravity has to overcome gas pressure (“Jeans mass”)
- First “micro-galaxies” contain 10° Mo of gas

 First stars and black holes?

- Must deflate its pressure not to be stuck as a cloud

- radiation via excitations of molecules
- Today: CO, H,0 (T=5K)

H> molecule controls fate of first stars/BHs




H: abundance depends on local radiation

o ®

e« Formation: e Destruction:
H +e- -2 H- + y(IR) H:> + y(UV) 2> (*)H2
H- +H > H: + e- (*)H> -2 H+H+y(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
Atsync <4 Myr and dsep < 1000 light-yr in ~10™* of protogalaxies




3D simulation of protogalaxy collapse
- no free parameters -

6-8
Mgalaxy ~ 10 M@ tCOll ~ 300 Myl‘
Fernandez et al. (2014), Regan et al. (2017)

5

density temperature

Inflow rate increases with temperature
dM/dt ~ ¢’ /G ~T%? /G




3D Simsetitn of protogalaxy collapse

calculation
- no free parameters -

6-8
Mgalaxy ~ 10 M@ tCOll ~ 300 Myl‘
Fernandez et al. (2014), Regan et al. (2017)

5

density temperature

Inflow rate increases with temperature
dM/dt ~ ¢’ /G ~T%? /G




What happens in the (unresolved) core?

N/ N/

e I — —>‘<—

/N 7 M\ M.

present-day galaxy 10° M, protogalaxy 108 M, protogalaxy
abundant CO, H20 abundant H2 no H2 = cooling by H

T=200K T=10,000 K

M= 107 Mg yr'! M = 10° Mg yr! M =1 Mg yr!

result: a star result: massive star supermassive star
M. = 1-10 Mg M. = 10-500 Mg M. = 10>° Mg

0.1% chance of BH 50% chance of BH —=> Massive BH




Direct collapse

— Protostar must be building up faster than it can contract
(Kelvin-Helmholtz timescale ~ 10* years)
- Leave behind massive 10> M, BHs via GR instability

Inayoshi+2020 . 00 achieved by rapid gas accretion

M = 10°M o prevented
by UV radiation

0.03 Mg, year™!
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Pop lll stars
1073 M, year™!

1sothermal collapse via Lya cooling:
Maee = ¢ /G = 0.1-1 Mg yr!

cf. inflow rate with H, cooling:
¢’ /G = 10° Mgyr!
cf. molecular clouds in ISM:
¢’ /G ~10° Mg yr!

Stellar mass (M)

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




(rapid inflow > supermassive star > NMBH)

— Protostar must be building up faster than it can contract
(Kelvin-Helmholtz timescale ~ 10* years)
- Leave behind massive 10> M, BHs via GR instability

Inayoshi+2020

0.03 M, year™!
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Pop lll stars
103 My year .

Stellar mass (M)

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

SMS: achieved by rapid gas accretion

Normal star: M = 10°M o prevented
by UV radiation

1sothermal collapse via Lya cooling:
Maee = ¢ /G = 0.1-1 Mg yr!

cf. inflow rate with H, cooling:
¢’ /G = 10° Mgyr!
cf. molecular clouds in ISM:
¢’ /G ~10° Mg yr!
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Feeding Black Holes




Feeding Black Holes

inward

\ A4 / gravity
1)
> outward
radiation
\ L~GM th b// Rbh




Feeding Black Holes

o
o

inward
gravity

Vs
outward
radiation
L~GM M,/R,,

there 1s a
universal
maximum
“Eddington™
feeding rate




Maximum Growth Rate and BH mass

N\

LN

2> My, =constx Mg,

M, (1)=22?




Maximum Growth Rate and BH mass

Y
DN

M gy yax =constx M,

> (M, 1)=27




Maximum Growth Rate and BH mass

Y
/v N\

M gy yax =constx M,

> |M,,(t)=M,,(1=0)x exp(%)
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Maximum Growth Rate and BH mass

Y
/v N\

M gy yax =constx M,

> My (0= My, (1 = 0)xexp()

-  Maximum Mgy =102 Mg too small!




Hyper-accretion onto BH

Spherically symmetric radiation + hydrodynamics simulations

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

I. Radiation trapped 1n opaque gas:
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L~GM th bl/ Rbh
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Hyper-accretion onto BH

Spherically symmetric radiation + hydrodynamics simulations

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

I. Radiation trapped 1n opaque gas:
/

L~GM th bl/ Rbh

L~ GM th bl

trap
V. <C/T

II. If fueling 1s extremely rapid (= 500 x Eddington rate)
then emerging radiation cannot stop inflow:
the BH swallows everything (otherwise, episodic accretion)




Hyper-accretion onto BH
1D and 2D radiation + hydrodynamics simulations
M = 100 Mgyq M = 10* M,

—— standard
- trapping
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time (yr) time (10°yr)

Accretion episodic due to heating Accretion is steady

average rate is very low matches feeding rate
(sub-Eddington) (gas free-falls onto BH)




Toy model for steady hyper-accretion

Sakurai, Inayoshi & ZH (2017)

Infalling gas neutral 2 Eddington luminosity irrelevant

Consider a toy model: geometrically thin, optically thick
spherical shell around a point source, driven by radiation
force 1nto a rapidly collapsing medium
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temperature (K)

Runaway Collisions

What happens in atomic-cooling halo if there is prior star-formation and

corresponding metal-enrichment?

(i.e. in more typical case)

Dense stellar cluster forms = core collapse > IMBH with 10°-10° M,

—_
o
N

,'\.\‘ /,/,““ 10_5 //,
AN )
/,, ,,/ /,/I \. ‘/0 ,/,’
H2 cooling - S Z21Z0=10" "

(Z=0; Popllly ) )
i 1 02Mo 1 0*Mo

10° 100 10'° 10%°
number density (cm-3)

key: fragmentation at very

high density (~10'" M, pc™)

- Ultra-dense star cluster

- Runaway core collapse
- VMS
- IMBH

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




Variant: “Stellar Bombardment”

Tagawa, ZH & Kocsis (2020)

atomic-cooling halo with modest Z~10" Z

Numerical N-body + gas toy model
to follow time-evolution for 3 Myr

(“1-dimensional N-body simulation”) LG
- Central star grows via mergers
Dark matter halo before it contracts
Surrounding stars (N-body) - Feedback loop: increased radius
Central form at 7o-y <-> more rapid mergers
B . o nemical fiction - “Bombardment” different from
- gas accretion ® _ gas dynamical friction runaway due to mass segregation
- gas accretion - Critical density: p = 10%” Mg pc’
m; evolves via (Cf ,0 Ry 07 M@pc‘3 ) M32)

Collapsing gas - gas accretion

Meent rows via ri evolves via

- stellar accretion

is influenced by - collisions

- gravitational potential 9 SMS Wlth 1 05_6 M ©0)

- photo-ionization feedback




BH growth by cosmological
Mergers and Acquisitions

1 billion yr: >

A single black hole,
with mass of 10° M

Galaxy merger
tree — follows

: from cosmological
theory
The holes grow by
both accretion and
by many mergers
Many holes are
ejected into space
100 million yr: and lost

several hundred

stellar-mass black holes,

each with 100 M

lucky early BH at 60-70 Myr

no recoil -- unequal mass at merger

Takamitsu Tanaka PhD thesis
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How to make massive BHs fast?

 Method 1: Collapse gas directly into a massive BH

problem: cloud fragments and forms stars

solution: in large but pristine H, —free protogalaxy

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

problem: accretion rate low
solution: onto BH in pristine H, —free protogalaxy

 Method 3: Merge together many stellar black holes

problem: too few mergers

solution: and/or lucky
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Looking for early black hole growth

Growth by mergers: LISA Growth by accretion: LynX

OBSERVED
QUASARS
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Emerging spectrum

2D radiation-hydro simulations for hyper-accretion
Hu, Inayoshi, ZH, Quataert, Kuiper 2022a; Inayoshi+2022
CLOUDY post-processing of 0.1-100pc around 10°° M, BH accreting 1 M /yr

L.~ 10% erg/s

AB magnitude

total SED
BH + nebula
—  disk

—s=— Imaging sensitivity
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10.0
observed wavelength (um)

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




Distinguishing signatures

« Strong Balmer lines
collisional excitations of n=3 levels from n=2 populated by trapped Lya
due to high column density of the dense inner disk (0.1-1 pc)
Ha rest-frame EW~1300A ( ~6-7 times stronger than low-z quasars )

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

 Red colors in broad bands, due to strong Ha

broad-band selection by multiband photometry with NIRCam & MIRI
F356W — F560W >1 (7 <z<8)
F444W — F770W >1 (9<z<12)

- Ol lines (1304, 8446, 11287A) excited by Lyp fluorescence coinciding with Ol 3d

(LypB trapped but Ol cascade lines (3d - 3p, 3p = 3s, 2s - 2s ) escape
detectable by NIRSpec




BH mass to host galaxy mass ratio
Visbal & ZH 2018; Scoggins, ZH & Wise 2023

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

Nearby galaxies: o Classical bulges
Mbh/M* ~ few x 10-3

e Ellipticals

Early massive seed BHs:
Mbh/M* ~ OO

stay outliers for few 100 Myr
when M, ~ 10" M and

Kormendy & Ho (2013)




BH mass to host galaxy mass ratio
Ding et al. 2023; arxiv:2211.14329, Nature (submitted)

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

J2255+0251 7=6.34 J2236+0032 7=6.40

data—point source data—point source

10 100 107 10+ 107

M.=3.4 x 10! M M.=9.1 x 10" M

M,,;, ~1.2 x 10° M My, ~ 1.9 x 10° Mg
9 Mbh/M* ~ 0.035 9 Mbh/M* = 0°02




Conclusions

H, molecules control early massive black hole formation.
Chemically pristine primordial gas falls into protogalaxies
at accretion rates 100-10° times higher than in present-day

Yields massive 10° 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!




