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Massive Black Holes

e MDBHs: occupy the center of = all massive galaxies

Globular clusters

M — 10° — 10'°M Galactic halo.___ _ | / /

e active galactic nuclei (AGN): bright, accreting MBHs
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Massive Black Holes & Active Galactic Nuclei

e MDBHs: occupy the center of = all massive galaxies
M — 10° — 10 M

e active galactic nuclei (AGN): bright, accreting MBHs

L — 10" — 10" L

e responsible for “quenching” the most massive galaxies

e closely correlated with galaxy across all masses

e mostly mysterious
e formation?
e growth?
e accretion?

e feedback?
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Massive Black Holes Binaries 0g, ,(M)=11.6 SFR=44.3 SSFR=0.11Gyr™

o Galaxy mergers — key to growth of massive galaxies

Examples of galaxy pairs found in this study - here are examples of detected systems which are within
close proximity to each other Credit- C.Mundy C.Conselice et al

C.Mundy & C.Conselice et al. [lustrisTNG | illustris collaboration




Massive Black Holes Binaries

o Galaxy mergers — key to growth of massive galaxies

e “dual” MBHs in post-merger galaxy
r ~ 10° pc taw ~ 1017 Myr

Begelman, Blandford & Rees 1980
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Massive Black Holes Binaries

o Galaxy mergers — key to growth of massive galaxies
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Massive Black Holes Binaries

o Galaxy mergers — key to growth of massive galaxies

e “dual’” MBHs in post-merger galaxy
T 103 pPC tGW ~ 1017 Myl“ tDF ~ 103 Myr

e MBH sphere of influence
r~ 10 pc  tow ~ 10° Myr  tgc ~ 10° Myr

e GW dominated evolution
r~ 1071 pc  taow ~ 10* Myr

e Binary coalescence

r~107° pc tgw ~ 0 Myr

GW

Begelman, Blandford & Rees 1980



w Massive Black Holes Binaries
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Massive Black Holes Binaries e rate of galaxy mergers?
e MBH masses?

e (Galaxy mergers — key to growth of massive galaxies (M—-Sigma / M—Mpulge)
e “dual” MBHSs in post-merger galaxy e very sensitive to initial conditions,
r ~ 10% pe taw ~ 1017 Myr  tpp ~ 103 Myr cosmological distribution of galaxies
e tidal stripping is numerically challenging
dynamical
friction

e ongoing galaxy evolution?

(star bursts, AGN feedback)
e triple MBH interactions?

e MBH sphere of influence
r~ 10 pc  tow ~ 10° Myr  tgc ~ 10° Myr

stellar . . .
scattering ® analytic approximations are bad
e GW dominated evolution e numerically intractable
r~ 1071 pc  taow ~ 10° Myr
e torques from circumbinary disks?
GW e casy!

e Binary coalescence

3 o GW recoils?
r~ 10 pC tcw ~ 0 Myr

10



"MBH Binary Population Synthesis

e wide range of predicted amplitudes

Kulier et al., 2015
Simon, 2023

McWilliams et al., 2014

Ravi et al., 2014
Bonetti et al., 2018
Ryu et al., 2018
Ravi et al., 2015
Wyithe et al., 2003
Enoki et al., 2003
Roebber et al., 2016
Sesana, 2013
Sesana et al., 2009
Siwek et al., 2020
Sesana et al., 2016
Rosado et al., 2015
Sesana et al., 2008
Chen et al., 2019
Kelley et al., 2017

Rajagopal et al., 1995
Rasskazov et al., 2017

Jaffe et al., 2003
Zhu et al., 2019
Chen et al., 2020
Dvorkin et al., 2017
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from Maria Charisi | Agazie+2023 (SMBH binaries)



MBH Binary Population Synthesis

galaxies

galaxy
mergers

black holes

black hole

binaries

semi-analytic semi-empirical observational

Dark—Matter Simulations

galaxy stellar—mass function (GSMF) Galaxy—Halo relation
(e.g. abundance matching)

cgalaxy pair—fraction

_|_

merger timescale

observational GSMF
(or galaxy catalog)

empirical galaxy pair-fraction

MBH—-Galaxy relation (e.g. M—Mbulge)
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semi—analytic
Y < kpc

“hardening” models

GW signals

hydrodynamic

numerical prescriptions

cooling, star formation,
feedback, etc

LCDM -+ gravity

numerical prescriptions
MBH seeding & growth



MBH Binary Population Synthesis

e differences between modeling assumptions can be significant

e.g. galaxy—galaxy merger rates
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Rodriguez-Gomez et al. 2015
(illustris | cosmo—hydro)
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MBH Binary Population Synthesis

- holodeck ZaHZwe"

e interchangeably utilize multiple modeling approaches
e cosmological hydro simulations
e semi-analytic/semi-empirical models

e observationally-based catalogs

e self-consistent binary evolution
e comprehensive environmental interactions
e eccentric orbits

e discretized binary populations

14

holodeck

core pipeline
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mergers
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GW Background
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GW Background
AN
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GW Background
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GW Background
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GW Background
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-GW Background
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"MBH Binary Evolution

coalescence evolution /“hardening” formation
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"MBH Binary Evolution

formation evolution /“hardening”  coalescence
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MBH Binary Evolution

GW Characteristic Strain
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Agazie+2023 (SMBH binaries)



MBH Binary Landscape
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MBH Binary Landscape
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Single Binaries & Anisotropy
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Single Binaries & Anisotropy
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Single Binaries & Anisotropy

e If binaries, then anisotropy.

characteristic strain

T

frequency

sources ~ PTA response
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Single Binaries & Anisotropy

e If binaries, then anisotropy.

characteristic strain
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1-0 GWB, Eq. (C28) of Allen (2022)
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Bécsy, Cornish, LZK 2022
see also: Allen 2022




Single Binaries & Anisotropy

e If binaries, then anisotropy. How much?
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Single Binaries & Anisotropy phenom 7
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e If binaries, then anisotropy. How much?
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Single Binaries & Anisotropy

e Electromagnetic Counterparts (zero confirmed to-date)
reviews: Komossa (2006), Burke-Spolaor (2013),
Bogdanovic (2015), De Rosa et al. (2019)

e binary TDEs

e photometric deficits

e periodic variability

e kinematic/spectroscopic offsets

e self—lensing

- LZK 2021, 2022b, LZK 2021



Single Binaries & Anisotropy

e Electromagnetic Counterparts (zero confirmed to-date)
reviews: Komossa (2006), Burke-Spolaor (2013),
Bogdanovic (2015), De Rosa et al. (2019)

e binary TDEs

e photometric deficits

e periodic variability

e kinematic/spectroscopic offsets

e self—lensing

e Significant multi-messenger discovery space
(see: NANOGrav white-paper | LZK+2022a)

e MBH binaries + environments

e accretion, jets & emission around binaries

e MBH-galaxy co-evolution a

e cosmological probes (e.g. standard sirens)

- LZK 12021, 2022b, LZK 2021
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