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The Biggest Bangs since the Big Bang

® New observations probe the mergers of Supermassive Black Holes (SMBHs) and their formation

® GWs from Pulsar Timing Arrays (PTAs) and JWST observations provide new arenas for
confronting astrophysics and particle physics

® NANOGrav data are consistent with GWs: their origin could be astrophysical or BSM
cosmological scenarios, e.g., cosmic strings?

® JWST observations of UV light emission and SMBHSs at high z challenge models of SMBH assembly
® Hierarchical mergers from seed BHs and/or accretion
® Light seeds: relics of Pop-Ill stars? Masses ~ 102 - 103 Sun
® Heavy seeds: collapses of halos of first galaxies? Masses ~ 105 - 106 Sun?
® JWST data constrain models of dark matter: CDM vs Fuzzy DM and Warm DM

® Future GW observations may help measure seed masses, probe DM models



Discovery of Gravitational Waves
from Merger of Black Holes (2016)
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Masses ~ 36, 29 solar masses

Radiated energy ~ 3 solar masses




LIGO-Virgo-KAGRA Black Holes & Neutron Stars

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
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Masses < 80 X Sun

Expect gap ~ 100 X Sun?
Heavier masses?
LVK lose sensitivity




Most Massive BH Merger so far
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Measured by LIGO

Starts with a chirp .
Evidence for high-order modes in ringdown LVKG: ariv:2307.08219




Most Massive BH Merger so far
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Supermassive Black Holes in Active
Galactic Nuclei: Image of M87

Mass ~ 6.5 x 10° solar masses
EHT




\ Pulsar Timing Array;s\(PTAs)

NANOGrav
& other PTAs see
nanoHz GW signal




NANOGrav Pulsar Timing Array Data
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Expect spectral index y = 13/3 for SMBH binaries: not a good fit
Evidence for GWs: Hellings-Downs angular correlation Bayes factor ~ 200



AION

BH Merger Rate Estimate

BH merger rate Ry
dRgw _  dM;dM, dR,
dmidmo ~ PBH dmy dmo dM;d M,
where R, is halo merger rate calculated using Extended
Press-Schechter formalism,

PBH = pocc(ml)pocc (m2)pmerg

is merger probability

Strength of PTA signal can be fitted by constant pgy

JE, Fairbairn, HUtsi, Raidal, Urrutia, Vaskonen & Veermae: arXiv:2301.13854



Astrophysmal Interpretahons AI@
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Fits use overlaps of data and model violins in each bin
NB: Fits go beyond simple power-law approximations
Better fit if evolution driven by halo environment & GWs - or BSM physics

JE, Fairbairn, Hutsi, Raidal’, Urrutia, Vaskonen & Veermae: arXiv:2306.17021



Fits to NANOGrav  AIGN
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JE, Fairbairn, Franciolini, Hitsi, lovino, Lewicki, Raidal, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



Extension of Fits to Higher Frequencies A|@|
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JE, Fairbairn, Franciolini, HUtsi, lovino, Lewicki, Urrutia, Vaskonen & Veermae, arXiv:2308.08546



Future Step: Interferometer in Space

Supermassive black holes
in galactic centres

> 10°% x Sun

Detect mergers?
Intermediate masses?




Possible LISA Observations

Galactic Binaries
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How to Make a Supermassive BH?

SMBHs from mergers of intermediate-mass BHs (IMBHs)?
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Haberle et al, Nature 631, 285 (2024)

Intermediate-Mass Black Holes Exist

ADec (arcsec)
ADec (arcsec)

ARA (arcsec) ARA (arcsec)

Stellar motions evidence for BH weighing > 8000 solar masses in Milky Way



Gap between Einstein Telescope & LISA
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GW opportunity at frequencies between ET & LISA



AION Collaboration
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Network with MAGIS project in US
MAGIS Collaboration (Abe et al): arXiv:2104.02835




Al
Principle of Atom Interferometry

Mach-Zehnder Laser Interferometer Atom Interferometer
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Laser excitation gives momentum kick to excited atom, Sl .p d hlk
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Interference between atoms following different paths -1 R



Atomic Multi-Gradiometer
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Multiple atomic interferometers in the same vertical shaft,
manipulated with same laser beam.
Eliminate laser noise, minimize gravity gradient noise.




Effect of Gravitational Wave on Atom Interferometer

GW changes
light travel time
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Possible CERN Location of 100m

Atom Interferometer Experiment (AICE*)
Lo = |Access shaft

LHC|

Cross-section |
of access shaft|

Layout of
experiment

*Baynham et al: arXiv:2509.11867



Porta Alpina:

A possible site for a large terrestrial atom
interferometer experiment (AIGE)?

A pair of 800m vertical shafts down to the Gotthard base railway tunnel,
with a 1km horizontal access tunnel
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Characteristic strain

Sensitivities to Gravitational Waves
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100-m detector at CERN
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AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755 @
Searching for Gravitational Waves Al
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Characteristic Strain

Probe formation of SMBHs
Synergies with other GW experiments (LIGO, LISA), test GR

Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468



AION

SNR = 8 Sensitivities to GWs from Mergers
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Synergies and complementarity of atom interferometers

AION, arXiv:1911.11755



High-z SMBHs seen with JWST

® “Surprisingly many”
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JE, Fairbairn, Hitsi, Urrutia, Vaskonen & Veermae: arXiv:2403.19650, A&A 690, A270




Consistent with NANOGrav
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® L ocal AGNs underestimate SMBH masses
® Probably many SMBHs unseen in inactive galaxies

e Our global fit preferred over other JWST/NANOGrav scenarios

JE, Fairbairn, Hitsi, Urrutia, Vaskonen & Veermae: arXiv:2403.19650, A&A 690, A270




Growth of SMBH in CDM/FDM*
with /Heavy Seeds

BH mass can grow by mergers or accretion
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Fits to Seed BH Masses
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JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2410.24224, to appear in A&A



Halo Mass Function in CDM, FDM,
WDM*
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Novel way to probe FDM & CDM

*Warm Dark Matter JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2504.20043, to appear in A&A




Population of
High-z SMBHs vs CDM, FDM, WDM
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JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2509.06955



Population of
High-z SMBHs vs CDM, FDM, WDM
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JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2509.06955
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Posterior Density Functions
from SMBH Mass Analysis
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SMBH data constrain n1gpy, > 2 X 10720 eV, mypy > 7.2 keV

JE, Fairbairn, Juan Urrutia, Ville Vaskonen, arXiv:2509.06955



Probing Origin of Supermassive
Black Holes with Gravitational Waves
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GW Event Rates in AION-km & LISA

Event rates different for CDM,FDM and WDM E
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JE, Fairbairn, Juan Urrutia, Ville Vaskonen, in preparation
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Summary & Conclusions

® (Not so)(surprisingly many) high-z (not so)(surprisingly heavy) Supermassive Black Holes
® Challenge for models of SMBBH assembly
e Hierarchical mergers from seed BHs and/or accretion
® Light seeds: relics of Pop-IIl stars? Masses ~ 102 - 103 Sun?

® Heavy seeds: collapses of halos of first galaxies? Masses ~ 105 - 106 Sun?
® Both consistent with the high-z SMBH data
® Constraints on FDM, WDM from high-z SMBHs:

SMBH data constrain 71z, > 2 X 10720 eV, mypy > 7.2 keV

® Possible future constraints from GW observations



