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                                            INTRODUCTIONMost of the galaxies host a massive black hole >106 [Mo]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
Galaxy mergerDistance      ~ kpc

Dynamical frictionShrinking mechanismPhase PAIRING

Galaxy nucleus BH merger     ~ pc      ~ 10-2 pc1) Interaction with    a massive gaseous      circumbinary disc2) Three-body              interactions with       single starsHARDENING GRAVITATIONAL  WAVE INSPIRAL
Gravitational wave emssion

EM EMISSION
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                                            INTRODUCTION
Galaxy mergerDistance      ~ kpc Galaxy nucleus BH merger     ~ pc      ~ 10-2 pc

         Pulsar Timming Arrays                    (PTA)

CURRENT EXPERIMENTS …. FUTURE EXPERIMENTS

Laser Interferometer Space Antenna                     (LISA)

Observed frequency:1) Chirp mass
2) Redshift3) Binary separation

LOUD GRAVITATIONAL WAVE SOURCES
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                                            INTRODUCTION
Galaxy mergerDistance      ~ kpc Galaxy nucleus BH merger     ~ pc      ~ 10-2 pc

Observed frequency:1) Chirp mass
2) Redshift3) Binary separation

LOUD GRAVITATIONAL WAVE SOURCES     Massive       black holebinaries  Mc <107 Mo   z < 10    < 10-3 pc
LISA 

PTA 
Supermassive       black holebinaries Mc >107 Mo   z < 1    < 10-3 pc
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GRAVITATIONAL WAVE DETECTION

LUMINOSITY DISTANCE

WAVE FORM TEMPLATE MATCHING

Abbott et al. 2016

                                            INTRODUCTION
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GRAVITATIONAL WAVE DETECTION

LUMINOSITY DISTANCE

WAVE FORM TEMPLATE MATCHING

Accretion discs

ELECTROMAGNETIC DETECTION

           REDSHIFT

DETECTION OF THE GALAXY/AGN

Abbott et al. 2016

                                            INTRODUCTION

EUCLID, SKA → z < 1 → PTA sourcesJWST, Athena → z < 10 → LISA sources

Gutierrrez et al. 2022
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GRAVITATIONAL WAVE DETECTION

LUMINOSITY DISTANCE

WAVE FORM TEMPLATE MATCHING ELECTROMAGNETIC DETECTION

           REDSHIFT

DETECTION OF THE GALAXY/AGN
                                            INTRODUCTION

 CONSTRAIN COSMOLOGICAL PARAMETERS
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GRAVITATIONAL WAVE DETECTION

LUMINOSITY DISTANCE

WAVE FORM TEMPLATE MATCHING ELECTROMAGNETIC DETECTION

           REDSHIFT

DETECTION OF THE GALAXY/AGN
                                            INTRODUCTION

  NOT EASY…(sky-localization) CONSTRAIN COSMOLOGICAL PARAMETERS
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                                            INTRODUCTION              PTA                       f Obs ~ 10-8 - 10-9 Hz             Mbin ~  108 Msun - Stochastic GWB (Ayr-1 ~ [1 – 3] x 10-15)- Sky localization
              LISA            f Obs ~ 10-4 - 0.1 Hz             Mbin ~  105  - 106 Msun - Massive black hole binaries z ~ 20- Sky localization

ΔΩ=10−2−103deg2ΔΩ=40(
SNR
10

)deg2

Δd L
d L

=10−3
−1

Δd L
d L

=Noconstraint

Depending on: 1) Binary mass2) Redshift 3) Time before mergerCrowded of galaxies



 11

                                            INTRODUCTION
Quantifying..

Lops & Izquierdo-Villalba et al. 2022
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                                            INTRODUCTION              PTA                       f Obs ~ 10-8 - 10-9 Hz             Mbin ~  108 Msun - Stochastic GWB (Ayr-1 ~ [1 – 3] x 10-15)- Sky localization
              LISA            f Obs ~ 10-4 - 0.1 Hz             Mbin ~  105  - 106 Msun - Massive black hole binaries z ~ 20- Sky localization

ΔΩ=10−2−103deg2ΔΩ=40(
SNR
10

)deg2

Δd L
d L

=10−3
−1

Δd L
d L

=Noconstraint

Depending on: 1) Binary mass2) Redshift 3) Time before mergerCrowded of galaxies
In order to… identify the galaxy hosting the massive black hole binaries (MBHBs)among all the galaxies in the sky localization area we need THEORETICAL WORKS which shed light on the properties of the galaxies or AGNs hosting MBHBs 
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                                            INTRODUCTION              PTA                       f Obs ~ 10-8 - 10-9 Hz             Mbin ~  108 Msun - Stochastic GWB (Ayr-1 ~ [1 – 3] x 10-15)- Sky localization
ΔΩ=10−2−103deg2ΔΩ=40(

SNR
10

)deg2

Δd L
d L

=10−3
−1

Δd L
d L

=Noconstraint
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                                            INTRODUCTION              LISA            f Obs ~ 10-4 - 0.1 Hz             Mbin ~  105  - 106 Msun - Massive black hole binaries z ~ 20- Sky localization
ΔΩ=10−2−103deg2

Δd L
d L

=10−3
−1

Depending on: 1) Binary mass2) 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 
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015,  Henriques 2020

                                            METHODOLOGY



• Subhaloes seeded with  of hot gas at high 
redshift

• This gas can then cool, form stars, drive 
feedback, etc, via analytic prescriptions:

A merger tree

chemical enrichment

SN feedback reheating

star formation

L-Galaxies: the basics

Default prescriptions:
• Gas infall
• Gas cooling
• Star formation
• Disc instabilities 
• SMBH growth
• Bulge formation
• Mergers
• Chemical 

enrichment
• SN feedback
• AGN feedback
• Gas reincorporation
• Gas stripping
• Satellite disruption
• …COURTESY AND CREDITS OF ROB YATES

L - Galaxies

Henriques+20
MNRAS, 491, 5795

Yates+21a
MNRAS, 503, 4474



Star-formation efficiency (αSF), 
radio-mode SMBH accretion 

efficiency (κAGN), etc, are 
simultaneously fit

Henriques+20

MCMC parameter constraining

Others are still tuned by hand

L - Galaxies

COURTESY AND CREDITS OF ROB YATES



L-Galaxies 2020: Collaboration

Collaboration of many people 

L - Galaxies
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Silvia Bonoli Daniele Spinoso David Izquierdo-Villalba

Rob Yates Peter Thomas Reza Ayrmlou
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 MILLENNIUM SUIT OF SIMULATIONSEMI-ANALYTICAL MODEL Lbox = 100 Mpc / hMhalo ~ 108 MsunGuo et al. 2011, Henriques et al. 2015- Star formation- Supernovae feedback- AGN feedback- Galaxy tidal disruption- Gas stripping - ...

Lbox = 500 Mpc / hMhalo ~ 1010 Msun Lbox = 3 Gpc / hMhalo ~ 1011 Msun

 TNG SUIT OF SIMULATION

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
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

 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun Lbox = 3 Gpc / hMhalo ~ 1011 Msun

 TNG SUIT OF SIMULATION

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015- Star formation- Supernovae feedback- AGN feedback- Galaxy tidal disruption- Gas stripping - ...

 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun Lbox = 3 Gpc / hMhalo ~ 1011 Msun

 TNG SUIT OF SIMULATION

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015

 2) Reliable population of MBHs accros cosmic time 1) Reliable population of galaxies accros cosmic time
 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun

MILLENNIUM-II MILLENNIUM-I

Izquierdo-Villalba et al. 2020- Seeding of high-z MBHs- Growth- Spin evolution - Recoil velocities- Wandering black holes

Spinoso et al. 2023

                                            METHODOLOGY
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                                            METHODOLOGY
A lot of new physivs in the MBH part“L-GalaxiesBH”

New physics about MBHsStandard model L-Galaxies
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015

 2) Reliable population of MBHs accros cosmic time 1) Reliable population of galaxies accros cosmic time
 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun

MILLENNIUM-II MILLENNIUM-I

Izquierdo-Villalba et al. 2020- Seeding of high-z MBHs- Growth- Spin evolution - Recoil velocities- Wandering black holes

Spinoso et al. 2023

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015

 2) Reliable population of MBHs accros cosmic time 1) Reliable population of galaxies accros cosmic time
 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun

MILLENNIUM-II MILLENNIUM-I

Spinoso et al. 2023Halo resolution of MSIILocal and Global MetallicityLocal and Global Lyman-Wernel background

Multiflavour seedingBirthplaces of  1) DCBH  2) PopIII remnants 3) RSM remnants

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015

 2) Reliable population of MBHs accros cosmic time 1) Reliable population of galaxies accros cosmic time
 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun

MILLENNIUM-II MILLENNIUM-I

Spinoso et al. 2023Halo resolution of MSIILocal and Global MetallicityLocal and Global Lyman-Wernel background

Multiflavour seedingBirthplaces of  1) DCBH  2) PopIII remnants 3) RSM remnants

                                            METHODOLOGY

     More coming!!
     STAY TUNED
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015

 2) Reliable population of MBHs accros cosmic time Izquierdo-Villalba et al. 2020- Seeding of high-z MBHs- Growth- Spin evolution - Recoil velocities- Wandering black holes

 1) Reliable population of galaxies accros cosmic time
 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun

MILLENNIUM-II MILLENNIUM-I

Spinoso et al. 2023

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015

 2) Reliable population of MBHs accros cosmic time Izquierdo-Villalba et al. 2020
GALAXY MEGERS

GALAXY DISK INSTABILITIES
RESERVOIR Eddington phase

Quiescent phaseGROWTH

 1) Reliable population of galaxies accros cosmic time
 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun

MILLENNIUM-II MILLENNIUM-I
                                            METHODOLOGY

SPIN 



 30Izquierdo-Villalba et al. 2020

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015 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 

 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun
MILLENNIUM-II MILLENNIUM-I

                                            METHODOLOGY
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Galaxy mergerDistance      ~ kpc
Phase PAIRING

Galaxy nucleus BH merger     ~ pc      ~ 10-2 pc
HARDENING GRAVITATIONAL    WAVE INSPIRAL

Gas poo
r

Gass ric
hIzquierdo-Villalba et al. 2022

Bonetti et al. 2018TRACK SELF-CONSISTENTLY VIA NUMERICAL INTEGRATION THE - BINARY SEPARATION (aBH)- BINARY ECCENTRICITY (eBH)
Triplets

Gas accretio
n 

in binar
ies

where MBH2 acccretes at Eddington limitDuffell et al. 2020

                                            METHODOLOGY
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015 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 

 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun
MILLENNIUM-II MILLENNIUM-I

                                            METHODOLOGY
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                                            METHODOLOGY

- Sky lightcone- Galaxies hosting single and binary black holes- Galaxies in an active phase (AGNs)- All the properties of the galaxies and binaries

Izquierdo-Villalba & Angulo et al. 2019
COMOVING BOXES OF SEMI-ANALYTICAL MODEL 

LIGHTCONE

RUN THE SEMI-ANALYTICAL MODELOutput...
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SEMI-ANALYTICAL MODEL
Guo et al. 2011, Henriques et al. 2015 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 

 MILLENNIUM SUIT OF SIMULATIONLbox = 100 Mpc / hMhalo ~ 108 Msun Lbox = 500 Mpc / hMhalo ~ 1010 Msun
MILLENNIUM-II MILLENNIUM-I

                           I HAVE A POWERFUL TOOL READY!!

                                            METHODOLOGY
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                                            METHODOLOGY           LISA sources 1 - The binaries with total mass 104-107 Msun          2 – MBHBs at z<33 – 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 are hosted in DWARF GALAXIES

DWARF GALAXIES:- Star forming- Gas rich
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                                            RESULTS
LISA MBHBs are hosted in DWARF GALAXIES

DWARF GALAXIES:- Star forming- Gas rich

1) ARE UNCOMMON HOSTS FOR LOW-MASS MBHS?2) ARE THE INTRINSIC PROPERTIES OF THESE DWARF GALAXIES DIFFERENT FROM THE BULK OF THE DWARF POPULATION?
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                                            RESULTS
LISA MBHBs are hosted in DWARF GALAXIES   … but single low-mass MBHs as well 

DWARF GALAXIES:- Star forming- Gas rich
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                                            RESULTS
LISA MBHBs are hosted in DWARF GALAXIES   … but single low-mass MBHs as well 

DWARF GALAXIES:- Star forming- Gas rich   … but single low-mass MBHs as well
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                                            RESULTS
LISA MBHBs are hosted in DWARF GALAXIES   … but single low-mass MBHs as well 

DWARF GALAXIES:- Star forming- Gas rich   … but single low-mass MBHs as well

1) ARE UNCOMMON HOSTS FOR LOW-MASS MBHS?            NO2) ARE THE INTRINSIC PROPERTIES OF THESE DWARF GALAXIES DIFFERENT FROM THE BULK OF THE DWARF POPULATION?            NO
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                                            RESULTS
LISA MBHBs are hosted in DWARF GALAXIES   … but single low-mass MBHs as well 

DWARF GALAXIES:- Star forming- Gas rich   … but single low-mass MBHs as well

CAN WE USE AN EXTRINSIC PROPERTY THAT ENABLES US TO UNEQUIVOCAL DIFFERENTIATE THESE DWARF GALAXIES FROM THE OTHERS?
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                                            RESULTS
   LISA MBHBS HOSTS WILL BE POST-MERGER            GALAXIES
   THEY WILL DISPLAY          MERGER FEATURES
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                                            RESULTS          STREAMS (visible time-scale 3 - 4 Gy) 
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                                            RESULTS

            SHELLS (visible time-scale 1.5 - 3 Gy) 

          STREAMS (visible time-scale 3 - 4 Gy) 



 47

                                            RESULTS

            SHELLS (visible time-scale 1.5 - 3 Gy) 

          STREAMS (visible time-scale 3 - 4 Gy) 

            TIDAL FEATURES      (visible time-scale 0.7 - 1 Gy) 
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                                            RESULTSStudying the merger trees of LISA MBHB hostsDistance     ~ kpc      ~ pc      < 10-2 pc
Galaxy merger Detection of the MBHB 
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                                            RESULTS
     ~ kpc      ~ pc      < 10-2 pc

Galaxy merger Detection of the MBHB 
DistanceStudying the merger trees of LISA MBHB hosts

1) 90% of high-z hosts will display merger features2) 10% of low-z hosts will display merger features
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                                            RESULTS
     ~ kpc      ~ pc      < 10-2 pc

Galaxy merger Detection of the MBHB 
DistanceStudying the merger trees of LISA MBHB hosts

1) 90% of high-z hosts will display merger features2) 10% of low-z hosts will display merger features

WHEN LISA WILL DETECT/CONSTRAIN THE REGION OF THE SKY WHERE THE GW IS PLACED…      CAN WE IDENTIFY THE LISA HOSTS BY LOOKING AT THAT PART OF THE SKY AND LOOK ONLY FOR DWARF GALAXIES WITH MERGER FEATURES?
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                                            RESULTS
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                                            RESULTS
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                                            CONCLUSIONS
1) LISA MBHBS will be placed in dwarf galaxies , being starforming and gas rich2) LISA MBHBS will be placed in “standard galaxies”3) LISA MBHBs will display merger features4) LISA MBHBs will display merger features but other normal dawrf galaxies as well5) The unequivocal identification of LISA MBHBs trough galaxy properties or merger        features will be CHALLENGING
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1) LIGHTCONES WITH EMISSION LINES                                        WHAT ABOUT GAEA?

Izquierdo-Villalba et al. 2019

Izquierdo-Villalba & Angulo & Orsi & Bonoli & JPLUS collaboration 2019
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2) CONVERGENCE ISSUES IN L-GALAXIES...
Izquierdo-Villalba et al. 2023

Izquierdo-Villalba et al. 2019
                                        WHAT ABOUT GAEA?
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                                               THANKS
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