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

LIGO-Virgo-KAGRA	Black	Holes	&	Neutron	Stars

Masses	 	Sun	
Gap	 	Sun?	
Heavier	masses?

≲ 80 ×
∼ 100 ×



Future	Step:	Interferometer	in	Space

LISA	(+	Taiji,	Tianqin)

Supermassive	black	holes	
in	galac3c	centres	

	Sun	
Detect	mergers	

Intermediate	masses?

≳ 106 ×



Principle	of	Atom	Interferometry

Mach-Zehnder	Laser	Interferometer Atom	Interferometer

Laser	excita3on	gives	momentum	kick	to	excited	atom,		
which	follows	separated	space-3me	path	

Interference	between	atoms	following	different	paths



AION	Collaboration

Network	with	MAGIS	project	in	US	

Also	MIGA	(France),	ZAIGA	(China)
MAGIS	Collaboration	(Abe	et	al):	arXiv:2104.02835	

, A Beniwal1,
J. Carlton



AION	–	Staged	Programme

• AION-10:		Stage	1	[year	1	to	3]	
▪ 1	&	10	m	Interferometers	&	site	investigation	for	100m	
baseline	

• AION-100:	Stage	2	[year	3	to	6]		
▪ 100m	Construction	&	commissioning	
• AION-KM:	Stage	3	[>	year	6]		
▪ Operating	AION-100	and	planning	for	1	km	&	beyond	
• AION-SPACE	(AEDGE):	Stage	4	[after	AION-km]		
▪ Space-based	version	

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

Initial	funding	from	UK	STFC



Rabi	Oscillaions	&		Interference	Fringes

AION	CollaborationUsing	689	nm	transiion	in	Sr

Atomic	analogue	of	Mach-Zehnder	op3cal	interferometer



Searches	for	Light	Dark	Matter
Linear	couplings	to	gauge	fields	and	matter	fermions

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755;	Badurina,	Buchmueller,	JE,	Lewicki,	McCabe	&	Vaskonen:	arXiv:2108.02468
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Gravitational	Wave	Spectrum

• Gap	between	ground-based	optical	interferometers	&	LISA	
– Formation	of	supermassive	black	holes	(SMBHs)?	
– Supernovae?		Phase	transitions?	…



Gravitational	Waves	from	IMBH	Mergers

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

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



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



Pulsar	Timing	Arrays

NANOGrav	
&	other	PTAs	see	
nanoHz	GW	signal



The	Biggest	Bangs	since	the	Big	Bang



BH	Merger	Rate	Estimate

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

BH	merger	rate	 	

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

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

RBH

Rh



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

IPTA	data,	assuming	energy	loss		
by	GWs	alone



NANOGrav	15-Year	Data

Evidence	for	GWs:	Hellings-Downs	angular	correla3on	Bayes	factor ∼ 200

NANOGrav	GWs	arXiv:2306.16213

Hellings-Downs	
angular	correla3on



NANOGrav		
15-Year	Data

Range	of	 	depends	on	
treatment	of	pulsar	noise	
(spectrum	not	fi;ed	well		
by	single	power	law)

γ

Consistent	with	environment	+	GWs

NANOGrav	GWs	arXiv:2306.16213

NANOGrav	BSM	arXiv:2306.16219

JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021

Prima	facie	disagreement	
with	SMBH	energy	
loss	by	GW	alone



Environmental	energy	loss
• Interac3ons	with	gas,	stars,	dark	ma;er?	

• Total	energy	loss	rate:	 	

• Characteris3c	3me	scales:	 	

• Where											 	

• Energy	radiated	in	GWs	reduced	because	of	accelerated	evolu3on:			

	

• Phenomenological	parametriza3on:		

·E = − ·EGW − ·Eenv

tGW ≡ E/ ·EGW = 4τ , tenv ≡ E/ ·Eenv

τ = 5
256

(πfr)−8/3ℳ−5/3

dEGW

d ln fr
= 1

3
(πfr)

2
3ℳ

5
3

1 + tGW/tenv

tenv

tGW
= ( fr

fGW )
α
, fGW = fref ( ℳ

109Msun )
−β

JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021



Mechanisms	for	Energy	Loss

Kelley,	Blecha	&	Hernquist,		arXiv:1606.01900	



Astrophysical	Interpreta3ons

Fits	use	overlaps	of	data	and	model	violins	in	each	bin:	
be;er	fit	to	spectrum	if	evolu3on	driven	by	both	environment	&	GWs

JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021

GW + env.
GW only
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GWs	+	Environment?

JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021

NANOGrav	15-year	
sensi3vity

Bigger	chance	to	see	specific	binaries	if	evolu3on	also	driven	by	environment	
(0.4	events	vs	0.2	if	GW	only,	most	likely	 	nHz)∼ 5

GWs	only GWs	+	Environment

NANOGrav	power-law	fit Mean

Specific	
realiza3on

Most	
probable



SMBH	Fits	to	NANOGrav

SMBH	binary	model	fits	NANOGrav	data	berer	if		
environmental	energy-loss	effects	are	included

pBH >0.69
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JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021
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Black	dashed	line	is	maximum	possible	 ,	i.e.,	ΩGW pBH = 1

NANOGrav	data,	assuming	energy	loss		
by	GWs	+	environment

JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021



Probing	Cosmic	Strings

Simulation	of	cosmic	string	network	–	Cambridge	cosmology	group

GW	emission	from	string	loops



String	Intercommuta3on

U(1)	bosonic	strings	intercommute	with	probability	 	
Other	strings	(super,	QCD-like,	…)	may	have	

p = 1
p < 1



Superstring	Fit	to	NANOGrav
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Superstring	model	compa3ble	with	LVK	for	string	tension	 ,		
intercommuta3on	probability	

Gμ ∼ 10−12 − 10−11

p ∼ 0.001 − 0.01
JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546



Probing	Cosmological	Phase	Transitions

Simulation	of	bubble	collisions	–	D.	Weir



Phase	Transi3on	Fit	to	NANOGrav

Phase	transi3on	model	compa3ble	with	primordial	black	
hole	abundance	for	T ∼ few 00 MeV
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Domain	Wall	Fit	to	NANOGrav

Domain	wall	model	compa3ble	with	cosmology	for	
annihila3on	temperature	Tann ∼ GeV
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JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546



Axion	Fit	to	NANOGrav

Axion	model	compa3ble	with	cosmology	for
ma ∼ 10−13 or ∼ 10−10 eV, fa ∼ 10−6 or ∼ 𝒪(1) MP

JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546
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Fits	to	NANOGrav

10-82×10-9 2×10-85×10-9
10-11

10-10

10-9

10-8

10-7

10-6

f [Hz]

�
G
W
h2

NG15

SMBH w env. effects

Cosmic SuperStrings

Phase Transtion

Domain Walls

Audible axions

First-order GWs

Scalar-induced GWs

JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546



Extension	of	Fits	to	Higher	Frequencies
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Results	For	NANOGrav	Fits

JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546



Quo	Vadis	NANOGrav?
• Astrophysics	or	fundamental	physics?	

• Biggest	bangs	since	the	Big	Bang,	or	physics	beyond	the	SM?	

• SMBH	binaries	driven	by	GWs	alone	disfavoured	

• SMBH	binaries	driven	by	GWs	and	environmental	effects	fit	be;er	

• Be;er	fits	with	cosmological	BSM	models	

• Discrimina7on	possible	with	future	measurements:	fluctua7ons,	
anisotropies,	polariza7on,	experiments	at	higher	frequencies	-	including	
atom	interferometers	

• Time	and	more	data	will	tell!
JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546


