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( The first Super-Massive Black Holes )
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C “Common” AGN populations at z > 4 )
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C New GW constraints and predictions )
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C Simulating Massive Black Holes )

(' QUESTIONS )
e How did “early monsters” form? 7 N
I
\ /

= How did common MBHs form?

. Do all MBHs only form at high-z?
* Can we tell apart seeding and growth?
_* What is the mass distribution of MBHs?

e How do MBHSs evolve in their hosts?

'+ What will the GW sky look like?

'

(' REQUIREMENTS )

e Mass resolution (M., ~ 10°Mo)

: \> e Formation environment

e Large volumes (L.« ~ Gpc)

"« Wide dynamic ranges

* Cosmological environments
 Physics of spin and mass growth
 MBH binaries and GW emission

* Merger history down to z=0

¢ Co-evolution with host galaxies
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C Simulating Massive Black Holes )

e Formation / seeding
e BH spin evolution
e BH mass growth

" Detailed MBH physics

. * Dynamics & GW emission

Galaxy
and MBH
evolution
tool

~ Galaxy Evolution model
 Star formation & feedback
» (Galaxy mergers & secular evolution

.+ Environmental effects (e.g. stripping) |

.~ Wide dynamic ranges
.+ High resolution

. Large volumes

* Diverse environments
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. Mhalo;min ~ 108 Me/h
Henriques et al. 2015, 2020 ; Yates et al. 2021, 2024 ; Ayromlou et al. 2021 | L., = 100 Mpc/h

Mhalo;min ~ 1010 M@/h
g8 ... - 500 Mpc/h

- cAalaxies

Semi-analytical, galaxy formation model R R TR (S SR e T
DESlgHEd on merger trees from W]-de1 N_bOdy Millénﬁiuin-ll, Boylan-Kolchin et al.'’2009 A\ Miller"i__nium:Si\mulatDOrL‘Sp(ir_l,be\ %

cosmological simulations (Millennium suite)
Wide dynamic range
Detailed physical models

Gas cooling / heating

Star formation / SNe feedback

Galaxy mergers and disruptions

Secular evolution / Chemical enrichment

o O O O



. Introduction | L-GalaxiesBH | Results | Conclusions
L-GalaxiesBH 00000 00000000 00000 O

Mhalo;min ~ 1010 M@/h
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e I

Mhalo;min ~ 108 Me/h
4 Loox = 100 MpC/h
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log10(¢/(Mpc—3dex))

F z=3.0

--Henriques2015

log10(¢/(Mpc—3dex))

. . . +— This Work .
8 9 10 11 12 8 9 10 11 12
l0g10(M+«/Mp) l0g10(M+/Mg)

Stellar mass function

[ Good agreement with galaxy-evolution constraints ]
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[ Good agreement with galaxy-evolution constraints - MBH physics missing ]
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e Addition of MBHs physics to L-Galaxies MULTIPLE SEEDING MODELS SPIN EVOLUTION
for 111 RUNAWAY STELLAR MERGERS (45 ACCRETION .
— — Jnz
e Detailed physical models for MBHs g\
[ P LA MASSIVE BLACK HOLE
o BH seeding coupled to environment \\ - k / Heits
o MBH growth (gas accretion & mergers) i CAAY MEGEL INOUCED
o : T — MULTIPLES CHANNELS OF GROWTH
o MBH binaries (formation & coalescence) // T N N s s
s : #— (@ |
\ Is after BH-BH o d r . o
o G em1851?n and r.ec01 s after mergers \\,\ ‘ DN -t p
o MBH-star interactions (TDEs) — i

WANDERING MASSIVE BLACK HOLES

B 1s_il‘ {‘ ’“'
DM halo &= b G < ; .
Hot gas : / ' Lo . \ ‘. . Izquierdo-Villalba+ 2020, 2022, 2023 ; Spinoso+ 2023 ; Polkas+ 2024 ; Bonoli+ 2025
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MBH seeding scenarios

~

PoplII stellar remnants

e Unresolved
e Probabilistic model

Resolved (H-cooling halos)

Constrained by
environment

Weak UV illumination

Low chemical enrichment

Resolved (H-cooling halos)

Constrained by
environment

Strong UV illumination
Chemically pristine halos

Light RSM DCBHs }{ miDCBHs '
: I I Galaxy
., Firststars / { Stellar clusters ; g Gas clouds mergers )
A/ v \;
Runaway Stellar Mergers Direct Collapse BHs Merger-induced Direct

Collapse BHs

Resolved
Gas-rich mergers
Milky way-like galaxies

[ Developed on Millennium-II (Boylan-Kolchin etal.2009) — Access to H-cooling halos ]
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~kpc Galaxy nucleus —» ~pe ~ 1 MBH binaries

Distance :
Galaxy merger 1) Interaction with BH merger| © BH-BH mergers
a massive gaseous o 0 .
circumbinary disc * Triple-body interactions
Shrinkin, Dynamical friction 2) Three-body Gravitational wave 1]<]
mechanjsgm ) interactions with emssion * GW emission
single stars (Izquierdo-Villalba et al. 2022)
Phase PAIRING HARDENING GRAVITATIONAL

WAVE INSPIRAL

Galaxy ack Hole :
3 / gelliril:)gplhasc - MaSS grOWth
?V : o 8 S  hotand cold gas
Y Z | &; Ny e galaxy mergers / DIs
L= * Super-Eddington
(Izquierdo-Villalba et al. 2020)
\ GROWTH

(MBH growth & dynamics —

* Comprehensive model &; .~ Mpy=Mgyqy | SPIN
. RESERVOIR —p» - -
* BH spin coupled to mass growth (’

e GW recoils and wandering BHs DISK INSTABILITIES i MEgd

BH= """ 53~.
[1+ /i) 2P

GALAXY MEGERS

Quiescent phase

\(Izquierdo-Villalba et al. 2020, 2022,2023,2024))
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e Initialization of larger simulations
@ g : with inputs from smaller ones
Grafting techn1que]i> P

(Bonoli et al. 2025) e Combination of large volumes and
high-resolution
100 ML < 101 @ S a 10810(Msteltar /M)
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Realistic multi-messenger simulated skies

MOCk_ SUIveys j—» * Galaxy photometry with emission lines
(Izquierdo-Villalba et al. 2019)
 MBHs and MBHBs populations

Simulated “light-cones”
* Built from N-body, cosmological simulations
* Box is replicated on each direction

 Line of sight chosen to minimize box
repetitions (Kitzbichler & White 2007)
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Realistic multi-messenger simulated skies

Mock surveys >

Galaxy photometry with emission lines
(Izquierdo-Villalba et al. 2019)

~+ MBHs and MBHBs populations

(Izquierdo-Villalba et al. 2023)
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02k

0.0 ; + Reynolds 2013

z=0.11

Spin distribution

[ Good agreement with MBH-evolution constraints ]




. Introduction | L-GalaxiesBH | Results | Conclusions
L-GalaxiesBH 00000 000000080 00000 O

E % Marconi et al. 2004

F ¢ Shankar et al. 2004

[ 4 Shankar et al. 2009
|

T T

[ & Greene & Ho (2009) Total BHs ]
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Spin distribution

[ Good agreement with MBH-evolution constraints ]
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[ Good agreement with MBH-evolution constraints ]
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[ Good agreement with MBH-evolution constraints ]

Mzgr -M* scaling relation
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[ Good agreement with MBH-evolution constraints ]

Stochastic GW background
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" Detailed MBH physics

e Formation / seeding
e BH spin evolution
e BH mass growth

. * Dynamics & GW emission

~ Wide dynamic ranges
. * High resolution

. * Large volumes

* Diverse environments

Galaxy Evolution model
 Star formation & feedback
» (Galaxy mergers & secular evolution
.+ Environmental effects (e.g. stripping)

[ State-of-the-art, comprehensive model for galaxy and MBH formation and evolution ]
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GW predictions with MBH populations

Lops et al. 2023 ; Izquierdo-Villalba et al. 2024
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Multi-messenger constraints on MBH populations
Bonoli et al. 2025

Akins et al. 2024

Shen et al. 2020
{ Kokorev et al. 2024
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* Confronting BH-seeding and MBH growth:

o Super-Eddington + “Physical” BH-seeding

o Edd.-limited + “Physical” BH-seeding

o Edd.-limited + Probabilistic BH-seeding (only heavy seeds)

o Edd.-limited + Probabilistic BH-seeding (only heavy seeds ; low occ. fraction)

* Using recent PTA constraints (sSGWB amplitude at z=0)

together with JWST ones at z >4 (AGN LF ; BHMF)



( Results

Introduction

L-GalaxiesBH

| Results

O0O0O00O0 0O0OO0OO0OO0OOOOO OO0 eO

| Conclusions

O

Multi-messenger constraints on MBH populations

Bonoli et al. 2025

Akins et al. 2024
Shen et al. 2020
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{ Kokorev et al. 2024
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Multi-messenger constraints on MBH populations
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is still difficult

* Disentangling the strong degeneracy between BH-seeding and MBH growth
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e L-GalaxiesBH : comprehensive tool to study MBH formation and evolution
o Physically-motivated MBH and MBHB populations

 Grafting technique + lightcones : simulated multi-messenger skies with MBHBs

 Physical interpretation of current GW / multi-messenger data (PTA + JWST):

o Super-Eddington accretion onto light seeds mildly favored w.r.t heavy seeding
o Strong degeneracy between BH seeding and growth

 Predictions for future GW experiments (e.g. LISA)
o Sky-localization of LISA-binaries hosts may be (very) difficult

Thank you!









( Outline )

» High-redshift Massive Black Holes

o Early monsters and “common” Black Holes in observations
o Current and future GW constraints

e Simulating Massive Black Holes across cosmic times
o The L-GalaxiesBH semi-analytic model
o MBH populations from light, intermediate and heavy BH seeds
o Multi-messenger constraints on MBH populations

e Forming the first Black Holes

o The Millennium-seeds simulation
o Bridging the gap between ET and LISA events

 Conclusions and future perspectives
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MBH seeding scenarios

~

PoplII stellar remnants

e Unresolved
e Probabilistic model

Resolved (H-cooling halos)

Constrained by
environment

Weak UV illumination

Low chemical enrichment

Resolved (H-cooling halos)

Constrained by
environment

Strong UV illumination
Chemically pristine halos

Light RSM DCBHs }{ miDCBHs '
: I I Galaxy
., Firststars / { Stellar clusters ; g Gas clouds mergers )
A/ v \;
Runaway Stellar Mergers Direct Collapse BHs Merger-induced Direct

Collapse BHs

* Resolved
* Gas-rich mergers

* Milky way-like galaxies

[ Developed on Millennium-II (Boylan-Kolchin etal.2009) — Access to H-cooling halos ]
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MBH seedlng scenarlos N
RSM }{ DCBHs }{ miDCBHs

O 8| C

Galaxy
\Stellar clusters/, Gas clouds /\_ mergers /

“Sub-grid” model for light BH-seeds Single
e Random formation redshift central
. remnants ;

O Zinit < Dtorm < 39 ; until Zigy < Zerie=10°Zo
o Larson IMF (e.g. Valiante et al. 2016)

e Unresolved BH-mass evolution Multiple
o Eddington-limited growth from cold-gas off-center
o Typical initialization mass ~10°M¢ remnants

'5""10""15” 20 25
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4 MBH seeding scenarios N
" Light (" RSM { DCBHs }{ miDCBHs
)
® B @
| ¥ |
Gal
Firststars :\ Stellar clusters ,::\ Gas clouds ’: ol

__________ AN mergers ) //

Local IGM conditions
]LW(X,t) = ]bg + ](X,t)
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4 MBH seeding scenarios N
" Light (" RSM { DCBHs }{ miDCBHs
)
® B @
| ¥ |
Gal
Firststars :\ Stellar clusters ,::\ Gas clouds ’: ol

Wer s en e en e a» e e

A

_/ \_ mergers /

Local IGM conditions
Jiw(X,t) =Jog + J(xt)  ;  Ziem(Xt) = Zng D Z(x,1)

X [Mpc]
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4 MBH seeding scenarios N
" Light (" RSM { DCBHs }{ miDCBHs
)
® B @
| ¥ |
Gal
Firststars :\ Stellar clusters ,::\ Gas clouds ’: ol

Wer s en e en e a» e e

A

_/ \_ mergers /

Local IGM conditions
Jiw(X,t) =Jog + J(xt)  ;  Ziem(Xt) = Zng D Z(x,1)

DCBHS : Jiw(X,t) > Jerincsn and Zigm(X,t) < Zeritnesn

RSMs : Jiw(X,t) > Joicrsv and Zigm(X,t) < Zericrsm

X [Mpc]
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MBH seeding scenarios

Light

()

First stars |

RSM

. Stellar clusters ; |

DCBHs

Gas clouds
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Gas-rich galaxy mergers
(Mayer et al. 2015, 2024 ; Bonoli et al. 2014)

Super Massive Disk formation (Mayer et al.2024)

Inflow rate > 100 Mo /yr
Inflow mass > 3x108 Mg
BH seed mass ~10%® Mo (Zwick et al. 2023)
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4 MBH seeding scenarios N
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[ Heavy 1 3
08 y “Parametric” multi-flavor BH-seeding model
30-6:- * BH-seeding probability according to My, and Z
= ]
04l = E _ » Light, intermediate and heavy BH-seeds
i =3 » BH masses extracted from gaussian distributions
02F = = -
\ * Unresolved BH-mass evolution
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/

MBH seeding scenarios

~

Light RSM DCBHs
Gas clouds

Firststars /| Stellar clusters ; i

'/ miDCBHs |

(o)

Galaxy
mergers

I
J
s

- Multi-flavor BH seeding

e All channels can be activated
» BH-seeds descendants down to z=0

e Mixing of different types

(Spinoso et al. 2023; Spinoso et al. in prep)
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~
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 Light seeds largely prevail

 miDCBHs extremely rare in the
Millennium-II volume

MBH populations from BH-seeds )

Spinoso et al. 2023

BH seed types

—e— Light
RSM
—e— DCBH

—e— Light+DCBH }

—e— Light+RSM

W Dijkstra et al. 2014 (DCBHs)

—e— Any+miDCBH |

-eeeeee Newly formed ?

©® Habouzit et al. 2016 (DCBHs) ]
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 Light seeds largely prevail

 miDCBHs extremely rare on the
Millennium-II volume

 Light, RSM and DCBH only
form until favorable conditions
are verified

MBH populations from BH-seeds )

Spinoso et al. 2023

*
|
1

BH seed types
—e— Light
RSM
=—e— DCBH

—e— Light+DCBH 3

—e— Light+RSM

% Dijkstra et al. 2014 (DCBHs)

@@ IHabouzit et al. 2016 (DCBHs) ]

—e— Any+miDCBH _:
-eeeeee Newly formed ;
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Light seeds largely prevail

miDCBHs extremely rare on the
Millennium-II volume

Light, RSM and DCBH only
form until favorable conditions
are verified

Natural end of BH-seeding

epoch (z<6 evolution driven by
accretion and mergers)

MBH populations from BH-seeds )

Spinoso et al. 2023

End of
BH-seeding
3 epoch

BH seed types
—e— Light
RSM
=—e— DCBH

—e— Light+RSM

—e— Light+DCBH 3

== Any+miDCBH _:
-eeeeee Newly formed ;

* W Dijkstra et al. 2014 (DCBHs) 3
| . " @@ IHabouzit et al. 2016 (DCBHs) ;
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Millennium-seeds

I. Flores et al. - in prep.

)

Resolving PoplII stars / remnants in cosmological contexts

Developing a detailed model for light BH-seeds
Binaries of massive PoplIIl remnants (Mzg > 100 Mp)
Tracking populations of stellar-BHs binaries

1. Flores - Ph.D. student @ DIPC

High-resolution inputs for “grafting”
Detailed model of the high-z IGM

o Spatial variations of Jiw and Ziem
o Resolving IMBH and DCBH formation

Millennium
Min halo

~10"°M_

-
-

Millennium

Seeds
Min halo

~10°M_
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Millennium-seeds
I. Flores et al. - in prep.
* Mhaiomin = 10® Mo (H2-cooling mini-halos)
* 6<z<127
* Lhx=32Mpc / h {010 """ :'f:f;z}i:'“'_:
3 3 100k
/ \ \ 6.21 2
Ideal to study Sl <
PoplIII star ! ~ . 10% E
Rorsveitton, it \ \ c N Yo
BH-seeds and \ = 107¢ 5
\early BH binaries/ < 1074 \ 105
105 107 108 109101010111012
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Millennium-seeds )

I. Flores et al. - in prep.

| PRELIMINARY |
_ 10° ERhEes BE i IT’?I e Larson IMF sampling for PoplII (with binaries...)
- O B r 2’;95 :
= 1071 ¢ — 23| ¢ Mg upto ~10° Mo at z~6 : high-zSMBHs
' st may be difficult to explain only with light seeds

10-2 | ==
: 1|+ Abundant population of MBHs at z > 15

i i| = Possibility to track stellar BHs and binaries (i.e.
1074 ¢ 3|  possible ET sources) as they grow to become

152' 103 104 105 106 IMBHs and SMBHs (e.g. possible LISA sources)
Mph(Mp)
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Millennium-seeds

I. Flores et al. - in prep.

)

[ Potential applications to ET + LISA synergies J

* Track BHs and their hots as they evolve at z > 6

* Explore the possibility that LISA events at “low” z
originated from the same BH population which

produced ET events at z > 20

 Predictions from contemporary, multi-band
measurements of ET and LISA

* Breaking the degeneracy between BH-seeding and
early growth

 Predictions for MBH spin distributions and the low-
mass end of the MBH mass function

Mpr(Mg)

10% ¢
103 ¢

102

Only Pop 11l BHs

103

104 10° 10° 107 108
M+ (Mp)
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