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INTRODUCTION

Most of the galaxies host a
massive black hole >10° [M |

in their centers

Galaxy mergers are one of the
main drivers of galaxy evolution

Galaxies might host more than
one massive black hole
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INTRODUCTION

~kpe Galaxy nucleus —» ~ pec ~102pc -

Galaxy merger BH merger
CURRENT EXPERIMENTS .... FUTURE EXPERIMENTS

LOUD
GRAVITATIONAL

Earth 9 5 illion KM

WAVE SOURCES

Observed frequency:

1 AU (150 million km)

1) Chirp mass

Sun
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2) Redshift

3) Binary separation Pulsar Timming Arrays Laser Interferometer Space Antenna 4

(PTA) (LISA)



INTRODUCTION

~kpe Galaxy nucleus —» ~ pc
Distance e
Galaxy merger BH merger
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INTRODUCTION

GRAVITATIONAL WAVE DETECTION

WAVE FORM TEMPLATE MATCHING
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INTRODUCTION

GRAVITATIONAL WAVE DETECTION ELECTROMAGNETIC DETECTION
WAVE FORM TEMPLATE MATCHING DETECTION OF THE GALAXY/AGN
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INTRODUCTION

GRAVITATIONAL WAVE DETECTION ELECTROMAGNETIC DETECTION

WAVE FORM TEMPLATE MATCHING DETECTION OF THE GALAXY/AGN

CONSTRAIN COSMOLOGICAL PARAMETERS

LUMINOSITY DISTANCE REDSHIFT 3



INTRODUCTION

GRAVITATIONAL WAVE DETECTION ELECTROMAGNETIC DETECTION

WAVE FORM TEMPLATE MATCHING DETECTION OF THE GALAXY/AGN

NOT EASY...
(sky-localization)

CONSTRAIN COSMOL@GICAL PARAMETERS

LUMINOSITY DISTANCE REDSHIFT



PTA

T 10® - 10° Hz
M ~ 100 M

bin sun

- Stochastic GWB (A '~ [1 — 3] x 10)

yr
- Sky localization

AQ:4O(%)deg2

Ad,

L

= No constraint

INTRODUCTION

Crowded of galaxies
.

-

LISA

fo, ~10%-0.1 Hz
M, ~ 10° - 10° M

bin sun

- Massive black hole binaries z ~ 20

Sky localization
Depending on:

AQ=10"2—10"deg? 1) Binary mass

Ad — ¥ 2) Redshift

L -3
=10""-1
dy

3) Time before merger
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INTRODUCTION

PTA LISA

f o, ~ 10% - 109 Hz f o ~10%- 0.1 Hy

In order to... identify the galaxy hosting the massive [
_ ol black hole binaries (MBHBs)among all the galaxies in
the sky localization area we need

ies z ~ 20
- Sky

THEORETICAL WORKS which shed light on the [“#
properties of the galaxies or AGNs hosting MBHBs ary mass
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INTRODUCTION

PTA

Massive black hole evolution models confronting the n-Hz amplitude of

£ 8 91 the stochastic gravitational wave background

one ~ 107 - 107 Hz

M ~ 1 08 M David Izquierdo-Villalba,!>* Alberto Sesana,! Silvia Bonoli** and Monica Colpi!-?
bin sun ]Dipam'menm di Fisica “G. Occhialini”, Universita degli Studi di Milano-Bicocca, Piazza della Scienza 3, 1-20126 Milano, Italy
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- Stochastic GWB (A '~ [1 - 3] x 10!

yr

- Sky localization

2 Q=40(DR) geg? ili - inari
=40( 10 )deg Unveiling the hosts of parsec-scale massive black hole binaries:
Ad, ' morphology and electromagnetic signatures

= No constraint

L
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INTRODUCTION

LISA

fo, ~10%-0.1 Hz
M, ~ 10° - 10° M

bin sun
Properties and merger signatures of galaxies hosting LISA - Massive black hole binaries z ~ 20
coalescing massive black hole binaries
David Izquierdo-Villalba*!->, Monica Colpi'*?, Marta Volonteri?, Daniele Spinoso?, - Sky locahzation

1,2

Silvia Bonoli’>®, and Alberto Sesana

Depending on:

AQ=10"2—10"deg” 1) Binary mass

Ad, — ¥ 2) Redshift

3) Time before merger
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METHODOLOGY

EXPLORE THE HOSTS OF PTA AND LISA MBHBs TO HELP IN THE IDENTIFICATIONS

Ingredients ...

1) Reliable population of galaxies accros cosmic time
2) Reliable population of MBHs accros cosmic time
3) Reliable population of MBH binaries accros cosmic time

4) Simulated Universe with galaxies placed in RA-DEC-redshift plane
15



METHODOLOGY

SEMI-ANALYTICAL MODEL

L - GALAXIES

Guo et al. 2011, Henriques et al. 2015, Henriques 2020

16



\ L-Galaxies: the basics

* Subhaloes seeded with of hot gas at high
redshift

* This gas can then cool, form stars, drive
feedback, etc, via analytic prescriptions:
Default prescriptions:
* Gas infall
* Gas cooling
* Star formation

YSFR = QHy 2Hs /tdyn

star formation * Disc instabilities
o * SMBH growth
ex(t) = " Mx (M, Zy) &(t —v) ¢(M) dM ° Bulge formation
] ] * Mergers
chemical enrichment 9 .
* Chemical
| enrichment
9 .
AEehear = = €disc AMer1sM Vyi ] SN feedback
[ 2 ' i * AGN feedback

SN feedback reheating * Gas reincorporation
* Gas stripping
* Satellite disruption
COURTESY AND CREDITS OF ROB YATES - ...




~MCMC parameter constraining

Henriques+20
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Figure S4. Shaded blue regions show the 1D, normalised posterior distributions of our model parameters when the model is constrained

W 7z ) NG
G ellize 11/10/2020

Figure S4. Shaded blue regions show the 1D, normalised posterior distributions of our model parameters when the model is constrained
by observations of the abundance of galaxies as a function of stellar and HIl mass at z = 0 and the passive fraction of galaxies as a
funetion of stellar mass a = = 0 and 2. Straight lines represent values corresponding to our overall best-fitting model (solid blue lines)
and to those of Henriques et al. (2015) (dashed green lines) and Guo et al. (2011) (dashed red lines).

COURTESY AND CREDITS OF ROB YATES

Star-formation efficiency (o),

radio-mode SMBH accretion
efficiency (k,g,), etc, are
simultaneously fit

OSF  OSF burst  OSF burst kacn feu Veu My p. edyn.fric.
Units [Mg yr—!] kms~!]  [10'9Mg)
Eq. S16 837 S37 528 [a7 sa27 N/A 536
CGuoll 0.011 0.56 0.70 1.5x10-*  0.03 280 N/A 2.0
Henl5 0.025 0.60 1.9 53x10-%  0.041 750 1.2 % 104 2.5
This work  0.06 0.5 0.38 25 % 10-3  0.066 700 5.1 % 104 1.8
€reheat Vieheat Breheat Meject Veject Beject “Yreinc

Units [kms1 [kms—!] [yr=1]

Eq. 522 522 522 820 520 820 525

Cuoll 4.0 80 3.2 0.18 90 3.2 N/A

Henlj 2.6 480 0.72 0.62 100 0.8 32.0x%10%°

This work 5.6 110 2.9 55 220 20 1.2x10%°

Others are still tuned by hand

Vinflow Brerger  fahot, Typell  fa hot, Typela
Units [kms—! kpc—!]
Eq. S18 N/A N/A N/A
Guoll N/A 0.3 N/A N/A
Henl5 N/A 0.1 N/A N/A
This work 1.0 0.1 0.3 0.3
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METHODOLOGY

SEMI-ANALYTICAL MODEL MILLENNIUM SUIT OF SIMULATION

= 100 Mpc / hff L,
MhalON 1010 M

=500 Mpc /h L, =3Gpc/h
Mhalo~ 1011 M

L - GALAXIES

Guo et al. 2011, Henriques et al. 2015

sun sun

- Star formation

- Supernovae feedback
- AGN feedback
- Galaxy tidal disruption

- Gas stripping

20



METHODOLOGY

MILLENNIUM SUIT OF SIMULATION

SEMI-ANALYTICAL MODEL
4 L, =100Mpc/h L _=500Mpc/h L _=3Gpc/h
k - GQLQ H l es M)llah)N 108 M 1\/i)haloN 1010 Msur 1\/}[)halo/v 1011 M

SuI 1

sun

Guo et al. 2011, Henriques et al. 2015

- Star formation

- Supernovae feedback
- AGN feedback
- Galaxy tidal disruption

- Gas stripping

:

Generate a reliable population of galaxies accros cosmic time 21



METHODOLOGY

SEMI-ANAT X7 A~ rsnmmr MILLENNIUM SUIT OF S]]VIULATION
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METHODOLOGY

SEMI-ANALYTICAL MODEL MILLENNIUM SUIT OF SIMULATION

° MILLENNIUM-II MILLENNIUM-I
L - GALAXIES L, =100 Mpc / k L. = 500 Mpc /
Guo et al. 2011, Henriques et al. 2015 MhaloN 10° Msun MhaION 107 Msun

1) Reliable population of galaxies accros cosmic time \/

2) Reliable population of MBHs accros cosmic time —— Izquierdo-Villalba et al. 2020
Spinoso et al. 202
- Seeding of high-z MBHs Spinoso et al. 2023

- Growth
- Spin evolution

- Recoil velocities

- Wandering black holes

23



METHODOLOGY
e i ,_\ it

New physics about MBHs

e Standard model L-Galaxies

Dark matter merger tress
(DM-cnly simulations)

Re-heating by SNe explosions

A lot of new physivs
in the MBH part

“L-GalaxiesBH”

24

L-Galaxies



METHODOLOGY

SEMI-ANALYTICAL MODEL MILLENNIUM SUIT OF SIMULATION

° MILLENNIUM-II MILLENNIUM-I
L - GALAXIES L, =100 Mpc / k L. = 500 Mpc /
Guo et al. 2011, Henriques et al. 2015 MhaloN 10° Msun MhaION 107 Msun

1) Reliable population of galaxies accros cosmic time ¢

2) Reliable population of MBHs accros cosmic time —— I[zquierdo-Villalba et al. 2020
3pinoso et al. 202:
" Seeding of high-7 MBHs Ipinoso et al. 2025

- Growth
- Spin evolution

- Recoil velocities

- Wandering black holes

25



METHODOLOGY

SEMI-ANALYTICAL MODEL

L - GALAXIES

MILLENNIUM SUIT OF SIMULATION
MILLENNIUM-II MILLENNIUM-I

Guo et al. 2011, Henriques

L =100 Mpc / h L, =500 Mpc / h

box box

et al. 2015 MhaloN 108 M MhaION 1010 M

sun sun

1) Reliable population of galaxies accros cosmic time J

a M MR =M (GO 2) Reliable population of MBHs accros cosmic time —»
101 Spinoso et al. 2023
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METHODOLOGY

SEMI-ANALYTICAL MODEL MILLENNIUM SUIT OF SIMULATION
° MILLENNIUM-II MILLENNIUM-I
L - GALAXIES L, =100 Mpc / k L. = 500 Mpc /
Guo et al. 2011, Henriques et al. 2015 MhaloN 10° Msun MhaION 107 Msun

1) Reliable population of galaxies accros cosmic time \/

1073 Db KRSl eI : 2) Reliable population of MBHs accros cosmic time —»
101 1 Spinoso et al. 2023
glom ] H l l t‘ o T
- 10) ] alo resolution ™ . .
: " . e of MSII Multiflavour seeding
M __‘T,H:‘IVI)XK (Hz cooling) Blrthplaces Of
G anpran | 13 Local and 1 R 258 R
R fet o Global R =" 1) DCBH
Ng _4:_ ;,5‘\\‘:‘\\ Zeripesu=10""2Z : M t ll‘ ‘t 10 10 50 100 0001 0002 0003 0004
S ] etallicity
D e N ; 2) Poplll remnants
- K v T g Local and
P B fonow =11} Global 3) RSM remnants
=107y Agarwal et al. (2012) —a 2 7
10-2h s Greif & erlnm (2006) ] - 5 Lyma;n'wernel
5 10 15 20 25

: background X [Mpe] x  [Mpc] ’ - [Mpe] x [Mpe]



METHODOLOGY

SEMI-ANALYTICAL MODEL MILLENNIUM SUIT OF SIMULATION

° MILLENNIUM-II MILLENNIUM-I
L - GALAXIES L, =100 Mpc / k L. = 500 Mpc /
Guo et al. 2011, Henriques et al. 2015 MhaloN 10° Msun MhaION 107 Msun

1) Reliable population of galaxies accros cosmic time ¢

2) Reliable population of MBHs accros cosmic time — # Izquierdo-Villalba et al. 2020
Spinoso et al. 2023
- Seeding of high-z MBHs pinoso et a

- Growth

- Spin evolution
- Recoil velocities

- Wandering black holes

28



METHODOLOGY

SEMI-ANALYTICAL MODEL MILLENNIUM SUIT OF SIMULATION

° MILLENNIUM-II MILLENNIUM-I
L - GALAXIES L, =100 Mpc / k L. = 500 Mpc /
Guo et al. 2011, Henriques et al. 2015 MhaloN 10° Msun MhaION 107 Msun

1) Reliable population of galaxies accros cosmic time \/

2) Reliable population of MBHs accros cosmic time —— I[zquierdo-Villalba et al. 2020

a N cosf < — i
Eddington phase | “ 210l
/ GALAXY MEGERS RESERVOIR e = Yo o
A % ‘\\\\W BH - + ];d'L:l / R 8 R?/.ﬂ.(GMBH)U‘Z
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METHODOLOGY
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METHODOLOGY

SEMI-ANALYTICAL MODEL

L - GALAXIES

Guo et al. 2011, Henriques et al. 2015

box

MILLENNIUM-II
L =100 Mpc / h L
M,  ~10° M

MILLENNIUM SUIT OF SIMULATION

MILLENNIUM-I
. =500 Mpc / h
MhaION 1010 M

sun sun

1) Reliable population of galaxies accros cosmic time ¢

2) Reliable population of MBHs accros cosmic time J

3) Reliable population of MBH binaries accros cosmic time

4) Simulated Universe with galaxies placed in RA-DEC-redshift plane
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METHODOLOGY

Galaxy merger BH merger
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SEMI-ANALYTICAL MODEL

L - GALAXIES

Guo et al. 2011, Henriques et al. 2015

box

MILLENNIUM-II
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MILLENNIUM SUIT OF SIMULATION

MILLENNIUM-I
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MhaION 1010 M

sun sun

1) Reliable population of galaxies accros cosmic time \/

2) Reliable population of MBHs accros cosmic time \/

3) Reliable population of MBH binaries accros cosmic time \/

4) Simulated Universe with galaxies placed in RA-DEC-redshift plane
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Right Ascension [deg]

METHODOLOGY

RUN THE SEMI-ANALYTICAL MODEL

Black Hole : Bl?}fﬁ.k Hole : ¥

Pairing phase Pairing phase Galaxy OUt ut
Ga!ﬂxy G;:l-a';?. p o
nieleus nueleus

COMOVING BOXES OF SEMI-ANALYTICAL MODEL

Stellar
Hardening

Izquierdo-Villalba & Angulo et al. 2019

LIGHTCONE

Galaxy

Sky lightcone

Gas hardening
_Gas accretion

Galaxies hosting single and binary black holes

Galaxies in an active phase (AGNs)

All the properties of the galaxies and binariesy,
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METHODOLOGY

SEMI-ANALYTICAL MODEL

L - GALAXIES

Guo et al. 2011, Henriques et al. 2015

box

MILLENNIUM-II
L =100 Mpc / h L
M,  ~10° M

MILLENNIUM SUIT OF SIMULATION

MILLENNIUM-I
. =500 Mpc / h
MhaION 1010 M

sun sun

1) Reliable population of galaxies accros cosmic time J

2) Reliable population of MBHs accros cosmic time «

3) Reliable population of MBH binaries accros cosmic time J

4) Simulated Universe with galaxies placed in RA-DEC-redshift plane J

I HAVE A POWERFUL TOOL READY!!
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LISA sources
METHODOLOGY 1 - The binaries with total mass 10*-107 M

| - GGLQHi 2 — MBHBs at z<3

3 — The coalescing time is < 1 Myr
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RESULTS

LISA MBHBs are

hosted in

DWARF GALAXIES
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RESULTS

LISA MBHBS HOSTS
WILL BE POST-MERGER
GALAXIES

\/

THEY WILL DISPLAY
MERGER FEATURES
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STREAMS
(visible time-scale 3 - 4 Gy)
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1) 90% of high-z hosts will display merger features

2) 10% of low-z hosts will display merger features
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* LISA source
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CONCLUSIONS

1) LISA MBHBS will be placed in dwarf galaxies , being starforming and gas rich

2) LISA MBHBS will be placed in “standard galaxies”
3) LISA MBHBs will display merger features
4) LISA MBHBs will display merger features but other normal dawrf galaxies as well

5) The unequivocal identification of LISA MBHBs trough galaxy properties or merger
features will be CHALLENGING
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WHAT ABOUT GAEA?
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Izquierdo-Villalba et al. 2023

WHAT ABOUT GAEA?

2) CONVERGENCE ISSUES IN L-GALAXIES...

Izquierdo-Villalba et al. 2019
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