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Chasing	the	Biggest	Bangs	since	the	Big	Bang	
with	Gravita1onal	Waves

Picture	credit	chatGPT:	“Draw	2	merging	black	holes	in	the	style	of	Van	Gogh”



Gravitational	Wave	Spectrum

Cosmology

Astrophysics

A	new	type	of	astronomy

Atom	InterferometersNew	physics?

New		
physics?



Discovery	of	Gravitational	Waves	
from	Merger	of	Black	Holes	(2016)

Masses	 	solar	masses	

Radiated	energy	 	solar	masses

∼ 36, 29
∼ 3



Masses	of	Black	Holes	Deduced	from	
Measured	MergersIntermediate-Mass	black	holes

LIGO-Virgo-KAGRA	Black	Hole	&	Neutron	Stars

Insensi1ve	to	
masses	 ≳ 100 M⊙



Most	Massive	BH	Merger	so	far

BH	masses	

LVK	insensi1ve	to	higher	masses
137+22

−17 M⊙, 103+20
−52 M⊙

LVK:	arXiv:2507.08219



Supermassive	Black	Holes	in	Active	
Galactic	Nuclei:	Image	of	M87

Mass	 	solar	masses∼ 6.5 × 109



Future	Step:	Interferometer	in	Space

LISA	(+	Taiji,	TianQin)

Supermassive	black	holes	
in	galac1c	centres	

	Sun	
Detect	mergers?	

Intermediate	masses?

≳ 106 ×



Possible	LISA	Observa1ons

LISA	loses	
sensi1vity

Upcoming		
LVK	

mergers



Gravitational	Wave	Spectrum

• Gap	between	ground-based	optical	interferometers	&	LISA	
– Formation	of	supermassive	black	holes	(SMBHs)	via	mergers	of	
intermediate-mass	BHs	(IMBHs)?	

– Electroweak	phase	transition?	Cosmic	strings?



How	to	Make	a	Supermassive	BH?
SMBHs	from	mergers	of	intermediate-mass	BHs	(IMBHs)?

Light	seeds

Heavy	seeds



Intermediate-Mass	Black	Holes	Exist
Häberle	et	al,	Nature	631,	285	(2024)

• Discovered	through	rapid	motions	of	adjacent	stars	
• In	our	galaxy,	constellation	 	Centauri	
• Distance	 	kpc,	mass	 	solar	masses

ω
5.43 8200



Complementarity	to	ET	&	LISA

Opportunity	in	gap	between	ET	&	LISA

Simula1ons	of	BH	mergers		
leading	to	 	SMBHs∼ 109



Principle	of	Atom	Interferometry

Mach-Zehnder	Laser	Interferometer Atom	Interferometer

Laser	excita1on	gives	momentum	kick	to	excited	atom,		
which	follows	separated	space-1me	path	

Interference	between	atoms	following	different	paths



Effect	of	Gravitational	Wave	on	Atom	Interferometer



Effect	of	Dark	Matter	on	Atom	Interferometer



AION	Collaboration

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

, A Beniwal1,
J. Carlton



AION	–	Staged	Programme

• AION-10:	
▪ 10	m	Interferometer	&	site	investigation	for	100m	
baseline	

• AION-100:	Stage	2		
▪ 100m	Construction	&	commissioning	
• AION-KM:	Stage	3	
▪ 1	km	construction	&	thinking	beyond	
• AION-SPACE	(AEDGE):	Stage	4		
▪ Space-based	version	

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755

Initial	funding	from	UK	STFC



Laboratory	Installa1ons
AION	Collaborationn	[Stray,	…,	JE	et	al],	arXiv:2305.20060



Atomic	Mul1-Gradiometer

Mul1ple	atomic	interferometers	in	the	same	ver1cal	shao,	
manipulated	with	same	laser	beam.	

Eliminate	laser	noise,	minimize	gravity	gradient	noise.
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AION-10 @ Beecroft building, Oxford Physics 

10.0m

AI-10

Ground level

• New purpose-built building (£50M facility)
• AION-10 on basement level with 14.7m 

headroom (stable concrete construction)
• World-class infrastructure 
• Experienced Project Manager: 
• Engineering support from RAL (Oxfordshire)

10
m

Laser lab for AION
vibration criterion, VC-G = 
10nm@10Hz. Temperature  
(22±0.1)°C

Possible	Loca1on	of	AION-10m												
      



Possible	CERN	Loca1on	of	100m		
Atom	Interferometer	Experiment	(AICE*)

LHC

Cross-sec1on	
of	access	shao

Access	shao

Layout	of	
experiment

LHC

*Baynham	et	al:	arXiv:2509.11867





Gorhard	
Base	
Tunnel

Longest	opera1onal	railway	
tunnel	in	Europe	
Length	57.1km	

Opened	for	traffic	in	2016	
200	to	300	trains	per	day



Porta	Alpina:	
A	possible	site	for	a	large	terrestrial	atom	

interferometer	experiment	(AIGE)?

A	pair	of	800m	ver1cal	shaos	down	to	the	Gorhard	base	railway	tunnel,		
with	a	1km	horizontal	access	tunnel	

Road	access	at	top	
Train	platorm	at	borom



Environmental	
Measurements	
at	Porta	Alpina

Guinchard,	…,	JE	et	al,	arXiv:2603.05558



Atom	Interferometer	Projects	around	World



Proto-Collabora1on	Interested	in	Large	
Atom	Interferometer	Experiments	



								Searching	for	Gravitational	Waves

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

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



Pulsar	Timing	Arrays	(PTAs)

NANOGrav	
&	other	PTAs	see	
nanoHz	GW	signal



NANOGrav	Pulsar	Timing	Array	Data

Expect	spectral	index	 	for	SMBH	binaries:	not	a	good	fit	
Evidence	for	GWs:	Hellings-Downs	angular	correla1on	Bayes	factor

γ = 13/3
∼ 200

NANOGrav	GWs	arXiv:2306.16213

Hellings-Downs	
angular	correla1on



BH	merger	rate	 	

qqq	
where	 	is	halo	merger	rate	calculated	using	Extended	
Press-Schechter	formalism,	

is	merger	probability,	and	
strength	of	PTA	signal	can	be	fitted	by	constant	 	

RBH

Rh

pBH ≳ 0.1

BH	Merger	Rate	Estimate

JE,	Fairbairn,	Hütsi,	Raidal,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2301.13854



Astrophysical	Interpreta1ons

Fits	use	overlaps	of	data	and	model	violins	in	each	bin	
NB:	Fits	go	beyond	simple	power-law	approxima>ons	

Berer	fit	to	spectrum	if	evolu1on	driven	by	halo	environment	+	GWs
JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021
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GW only
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Stochastic	GW	Background	from	BH	Mergers

JE,	Fairbairn,	Hütsi,	Raidal,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2301.13854

Black	dashed	line	is	maximum	possible	 ,	i.e.,	ΩGW pBH = 1

PTA	data,	assuming	energy	loss		
by	GWs	alone

Personal	interest:	
atom	interferometer	
experiments:	AION



High-z	SMBHs	seen	with	JWST
• “Surprisingly	many”	

• Also	other	observa>ons	

• Match	inac>ve	galaxies	

• Global	fit	

• Also	dual	systems	

• Good	news	for	GWs	

• Consistent	with	PTAs

JE,	Fairbairn,	Hütsi,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2403.19650



Fits	to	BH-halo	
mass	rela1on         

Consistent	with	NANOGrav

• Local	AGNs	underes1mate	SMBH	masses	

• Probably	many	SMBHs	unseen	in	inac1ve	galaxies	

• Our	global	fit	preferred	over	other	JWST/NANOGrav	scenarios
JE,	Fairbairn,	Hütsi,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2403.19650



Modelling	Popula1on	of	
High-z	SMBHs	in	CDM,	FDM,	WDM*

JE,	Fairbairn,	Juan	Urru1a,	Ville	Vaskonen,	arXiv:2509.06955

_________	CDM	
———	FDM	 	eV10−20

Seed	mass	103m⊙

*Cold	Dark	Marer/Fuzzy	Dark	Marer



CDM	Fits	to	Seed	BH	Masses
JE,	Fairbairn,	Juan	Urru1a,	Ville	Vaskonen,	arXiv:2410.24224

• Model	parameters:															
Seed	BH	mass	 															
Host	galaxy	mass	 							
Ini1al	redshio	 					
Probability	of	BH	merger	 	

• Results	insensi1ve	to	 ,	use	
	

• Strong	( ,	 )	correla1on	

• Consistency	between	all	data

mseed
Mseed

zseed
pBH

zseed
zseed = 20

mseed Mseed

Solid	lines:	 ,	dashed	lines	pBH = 1 pBH = 0.1



Modelling	Popula1on	of	
High-z	SMBHs	in	CDM,	FDM,	WDM*

JE,	Fairbairn,	Juan	Urru1a,	Ville	Vaskonen,	arXiv:2509.06955

_________	CDM	
———	FDM	 	eV10−20

Seed	mass	105m⊙

*Cold	Dark	Marer/Fuzzy	Dark	Marer



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

JE,	Fairbairn,	Urrutia,	&	Vaskonen,	arXiv:2509.06955

Mv � 1013 M�

z � 0
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� Heavy	seeds		
from	halo	collapses?

Light	seeds		
from	Pop	III	stars?mFDM = 10−20 eV

BH	mass	can	grow	by	mergers	or	accre1on

*Cold	Dark	Marer/Fuzzy	Dark	Marer



Halo	Mass	Func1on	in	CDM,	FDM,	
WDM*

JE,	Fairbairn,	Juan	Urru1a,	Ville	Vaskonen,	arXiv:2504.20043,	to	appear	in	A&A

FDM	and	WDM	show	larger	differences	from	CDM	at	high	z	
Novel	way	to	probe	FDM	&	CDM



Posterior	Density	Func1ons	
from	SMBH	Mass	Analysis

JE,	Fairbairn,	Juan	Urru1a,	Ville	Vaskonen,	arXiv:2509.06955

SMBH	data	constrain	 ,	mFDM > 2 × 10−20 eV mWDM > 7.2 keV

~~ ~~log10(mWDM/keV)

Shading:	previous	limits	from	Ly- 	et	al.α



Probing	Origin	of	Supermassive	
Black	Holes	with	Gravita1onal	Waves

CDM	model	fits	data	on	
supermassive	
black	holes	

at	high	&	low	redshios

Example:	assembly	
of	heavy	black	holes	

from	103	solar	mass	seeds

AION-km	could	detect	many	
mergers	with	

gravita1onal	waves

JE,	Fairbairn,	Juan	Urru1a,	Ville	Vaskonen,	in	prepara(on



GW	Event	Rates	in	AION-km	&	LISA
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_________	CDM	
———	FDM	 	eV10−20

JE,	Fairbairn,	Juan	Urru1a,	Ville	Vaskonen,	in	prepara(on

Event	rates	different	for	CDM,	FDM	and	WDM



Summary
• GWs	provide	new	window	on	astrophysical	black	holes	

• Atom	interferometry	(AI)	promising	technique	for	detec1ng	GWs	in	
frequency	band	between	LIGO/Virgo/KAGRA/ET	and	LISA	(and	DM)	

• AION	is	staged	UK	project:	also	others	(MAGIS,	MIGA,	CERN?)	

• AI	could	detect	mergers	of	intermediate	mass	BHs	forming	SMBHs	

• PTA	and	JWST	data	constrain	models	of	SMBH	forma1on,	models	
of	dark	marer	

• Future	AI	GW	observa1ons	could	strengthen	these	constraints


