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The	GW	story	so	far	
Mergers	of	black	holes	&	neutron	stars	

Covering	the	spectrum	
The	AION	&	AEDGE	projects	

GWs	from	mergers,	phase	transitions,	strings	
NANOGrav	pulsar	timing	array	&	cosmic	strings



Gravitational	Waves
• General	relativity	proposed	by	Einstein	1915	
• He	predicted	gravitational	waves	in	1916	

• Tried	to	retract	prediction	in	1936!



First	Attempts	at	Detection

• 1970s:	Metal	bars	
	 (Joseph	Weber)	
• Also	Explorer	at	CERN

•



Indirect	Detection

• Binary	pulsar	discovered	1974	(Hulse	&	Taylor)	
• Emits	gravitational	waves	
• Change	in	orbit	measured	
• 													 	 	 			for		years	
• 			 	 			Perfect		agreement	with	Einstein	
• 													 	 	 	 Nobel	Prize	1993



Gravitational	Wave	Spectrum

Lasers	+	AtomsCosmology

Astrophysics

A	new	type	of	astronomy



Direct	Discovery	of	Gravitational	Waves

• Measured	by	the	LIGO	experiment	in	2	locations
State	of	Washington State	of	Louisiana



LIGO	experiment
• Interference	between	2	laser	beams	measures	the	
expansion	and	contraction	of	space



Principle	of	Laser	Interferometer
Interference	between	2	laser	beams	measures	the	
expansion	and	contraction	of	space

        

Reinforce Cancel	out

Mirror

Mirror

Laser

Mirror



Installing	LIGO	Experiment



LIGO	Experimental	Apparatus



LIGO Layout & Sensitivity

Earth’s	diameter	changes	by	
~	size	of	atomic	nucleus



What	was	observed
• Very	similar	signals	in	the	2	detectors

In	agreement	with	gravitational-wave	predictions



Fusion	of	two	massive	black	holes
• Einstein	was	right	the	first	time!	

• A	new	way	to	study	the	Universe



Fusion	of	two	massive	black	holes

Masses	~	36,	29	solar	masses	
Radiated	energy	~	3	solar	masses



The	Gravitational	Chirp	…
• … heard around the world 

• Frequency increases with time during inspiral 
• Followed by ringdown of combined black hole 
• Graviton mass < 10-27 × mass of electron 
• Waves of different frequencies have same speed

JE,	Mavromatos	&	Nanopoulos,	arXiv:1602.04764

LIGO



Mergers	Measured	in		
First	LIGO/Virgo	Observation	Period	

Binary	neutron	star	merger:	electromagnetic	counterpart



Observations	of	Neutron	Star	Merger	
LIGO	/Virgo+70LIGO	/Virgo/Fermi/INTEGRAL

Velocity	of	gravity	~	light



LIGO/Virgo/KAGRA	Black	Hole,	Neutron	Star	Masses

Intermediate-Mass	black	holes



GW190521	–	a	Bang	not	a	Chirp
LIGO	&	Virgo	Collaborations:	arXiv:2009.01075,	01190

Triple	measurement	of	merger	of	heaviest	black	holes	seen	so	far



Optical	Counterpart?
Graham	et	al.:	arXiv:2006.14122

Optical	flash	detected	with	Zwicky	Transient	Facility	
Due	to	“shake-up”	of	gas	clouds	in	AGN	accretion	disk	by	GW	emission?	



Predicted	Mass	Gap
LIGO	&	Virgo	Collaborations:	arXiv:2009.01075,	2009.01190

Standard	stellar	evolution	➔	no	black	holes	between	~70,	120	solar	masses	
Previous	mergers?	Primordial	black	holes?	BSM	physics	to	fill	in	mass	gap?

Progenitor	mass



Ground-Based	GW	Detectors



Future	Step:	Interferometer	in	Space

LISA	(+	Tianqin?)



Gravitational	Wave	Landscape



Supermassive	Black	Holes	in	Active	
Galactic	Nuclei:	Image	of	M87

Mass	~	6.5	×	109	solar	masses



Gravitational	Wave	Spectrum

• Gap	between	ground-based	optical	interferometers	&	LISA	
– Formation	of	supermassive	black	holes	(SMBHs)?	
– Electroweak	phase	transition?	Cosmic	strings?	

• Gap	between	LISA	&	pulsar	timing	arrays	(PTAs)



AION	Collaboration



Principle	of	Atom	Interferometry

Interference	patterns	sensitive	to	modulation	of	
light	travel	time	caused	by	GWs	

Space-time	diagram	of	operation	of	
pair	of	cold-atom	interferometers	

Use	single-photon	transitions	
between	ground	state	(blue)	
and	excited	state	(red	dashed)

Laser	pulses	(wavy	lines)		
divide,	redirect,	and	recombine		

atomic	de	Broglie	waves



Abou	El-Neaj,	…,	JE	et	
al:	

arXiv:1908.00802	

Beyond	LISA

White	paper		
submitted	to		
ESA	Voyage	
2050	Call



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



How	to	Observe	Mergers	of	Massive	BHs?

Volonteri,		Habouzit	&	Colpi,	arXiv:2110.10175



Gravitational	Waves	from	IMBH	Mergers

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

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



GWs	from	IMBH	Mergers:	SNR	=	8

AION	complementary	to	LIGO,	Einstein	Telescope	(ET)	
Operation	before	LISA

Lighter	shading:	
Measure	inspiral

Darker	shading:	
Measure	merger

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



Gravitational	Waves	from	IMBHs

Lighter	shades:	inspiral	
Darker	shades:	merger	+	ringdown	

Complementarity	+	synergy

AEDGE:	Abou	El-Neaj,	…,	JE	et	al:	arXiv:1908.00802	

Probe	BHs	in	102	solar-mass	gap	out	to	z	 ︎~	103	
Mergers	of	∼	103	solar-mass	BHs	out	to	z	 ︎>	102		

Detect	mergers	of	∼	104	solar-mass	BHs		
with	SNR	︎ 1000	out	to	z	~	10



Probing	Extensions	of		
the	Standard	Model

Simulation	of	bubble	collisions	–	D.	Weir



GWs	from	a	First-Order	Phase	Transition
• Transition	by	percolation	of	bubbles	of	new	vacuum	
• Bubbles	grow	and	collide	
• Possible	sources	of	GWs:	
– Bubble	collisions	
– Turbulence	and	sound	waves	in	plasma	

• Models	studied:	
– Standard	Model	+	H6/Λ2	interaction	
– Standard	Model	+	U(1)B-L	Z’	

• These	also	have	prospective	collider	signatures



• Strongest	signal	for	which	percolation	is	assured	

• AEDGE	and	LISA	sensitivities	very	similar

GW	Signal	in	H6	Model

JE,	Lewicki,	No	&	Vaskonen,	arXiv:1903.09642	



Gravitational	Waves	from	
U(1)B-L	Phase	Transition

AEDGE:	Bertoldi,	…,	JE	et	al:	arXiv:1908.00802	

Treh	=	temperature	of		
reheating	after	transition



AION	GW	SNR	in	U(1)B-L	Model

AION	1kmAION	100m

Discovery	of	GW	possible	with	AION	1km

JE,	Lewicki,	No	&	Vaskonen,	arXiv:1903.09642	Above	red	line:	transition	before	vacuum	energy	dominates	
Right	of	orange	line:	period	of	matter	domination



Probing	Cosmic	Strings	
Hint	from	the	NANOGrav	pulsar	timing	array?

Simulation	of	cosmic	string	network	–	Cambridge	cosmology	group

GW	emission	from	string	loops



Gravitational	Waves	from	Cosmic	Strings

Spectrum	~	flat	from	PTA/SKA	to	LIGO/ET	
Tension	Gμ	<	10-11	from	PTA	limit

AEDGE:	Bertoldi,	…,	JE	et	al:	arXiv:1908.00802	

Effect	of	
change	in	
degrees	of	
freedom	
In	SM	
___	
-	-	-



Pulsar	Timing	Arrays

NANOGRav	
has	observed	47	pulsars	

over	12.5	yrs	...
NANOGrav	Collaboration:	arXiv:2009.04496	



Pulsar	Timing	Data	from	NANOGrav

Fits	to	amplitude	of	signal	
Focus	on	simple	power	law	

Amplitude	A	~	10-15	
Slope	γ	~	5	

Vertical	dashed	line:	simple	
model	of	mergers	

of	supermassive	BHs

NANOGrav	Collaboration:	arXiv:2009.04496	

NANOGrav	reports		
“strong	evidence	for	a	stochastic	
common-spectrum	process”	
at	frequencies	<	10-8	Hz	
No	dipole	or	quadrupole		

signal	detected

12.5-year	data

Default	
model



Cosmic	String	Interpretation	of	NANOGrav

Fits	to	NANOGrav	signal	
at	1σ	(68%),	2σ	(95%)	levels	

Compared	to	previous	
upper	limits	

(previous	NANOGrav	superseded)

“Rainbow	curve”	
is	cosmic	string	prediction	as	a	

function	of	the	cosmic	string	tension	Gμ	
Vertical	line	is	naïve	SMBH	merger	prediction	

Previous	PTA	upper	limits	for	
this	value	of	γ

JE	&	Lewicki:	arXiv:2009.06555	



Summary
• Experience	with	electromagnetic	waves	shows	the	advantages	of	

making	astronomical	observations	in	a	range	of	different	
frequencies,	and	the	same	is	expected	to	hold	in	the	era	of	
gravitational	astronomy	

• AION	offers	a	programme	for	exploring	deci-Hz	GW	based	on	
atom	interferometry	(IMBHs,	1st-order	phase	transitions,	…)		

• AEDGE	is	a	concept	for	a	space	mission	that	would	complement,	
and	have	synergies	with,	other	future	GW	experiments	

• Hint	of	cosmic	strings	from	NANOGrav	pulsar	timing	array?	
• Atom	interferometry	could	also	explore	the	nature	of	DM	
• Other	possible	opportunities	in	fundamental	physics,	astrophysics	

and	cosmology	have	been	identified,	but	not	yet	explored	in	detail	
• Unique	interdisciplinary	science!



Was	that	you	I	heard	just	now,	or	was	it	two	black	holes	colliding?


