
John Ellis

Cold	Atom	Probes	of	
Fundamental	Science

•Ultralight	Dark	Ma=er	

•Gravita@onal	Waves	

•Quantum	Mechanics
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Light vs. Cold Atoms: Atom Interferometry

Light 
interferometer

Atom 
interferometer

Atom

http://scienceblogs.com/principles/2013/10/22/quantum-erasure/
http://www.cobolt.se/interferometry.html

Light fringes
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Principle	of	Atom	Interferometry



Effect	of	Dark	Matter	on	Atom	Interferometer



Effect	of	Gravitational	Wave	on	Atom	Interferometer



Atomic Multi-Gradiometer

Mul@ple	atomic	interferometers	in	the	same	ver@cal	shaG,	
manipulated	with	same	laser	beam.	

Eliminate	laser	noise,	minimize	gravity	gradient	noise.



AION	Collaboration

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

, A Beniwal1,
J. Carlton



Partnership	with	MAGIS	
could	be	extended	

Atom	Interferometer	Observatory	&	

Network

MIGA	(France)

ZAIGA	(China)

VLBAI	(Germany)



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

Workshop	@	CERN,	March	13/14,	2023
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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

Planned	Loca@on	of	AION-10m												
      







Abou	El-Neaj,	…,	JE	et	
al:	

arXiv:1908.00802	

Beyond	LISA

White	paper		
submitted	to		
ESA	Voyage	
2050	Call



Search	for	Ultralight	Dark	Matter

  

AION/AEDGE/STE-QUEST



Ultralight	Dark	Matter



Ultralight	Dark	Matter



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

AION-100	
&	AION-1km:	
Beware	of	
Gravity	
Gradient	
Noise	
(GGN)

time

DM 
induced 
oscillationDark matter 

coupling

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



Gravity	Gradient	Noise

Badurina,	Gibson,	McCabe	&	Mitchell,	in	preparation



Gravity	Gradient	Noise

Badurina,	Gibson,	McCabe	&	Mitchell,	in	preparation



Unimportant		
for	AION-10

Badurina,	Gibson,	McCabe	&	Mitchell,	in	preparation

Not	large		
for	AION-100

Important	
for	AION-1km

Gravity	Gradient	Noise

AION-100	&	AION-1km:		
Mitigate	Gravity	Gradient	Noise	(GGN)	

with	multiple	gradiometers



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

LIGO-Virgo-KAGRA	Black	Hole	&	Neutron	Stars



Supermassive	Black	Holes	in	Active	
Galactic	Nuclei:	Image	of	M87

Mass	~	6.5	×	109	solar	masses



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



Intermediate Mass Black Holes 
Identified as Low-Luminosity Active Galactic Nuclei 

Chilingarian et al, arXiv:1805.01467



Volonteri,		Habouzit	&	Colpi,	arXiv:2110.10175

How	to	Observe	Mergers	of		
Intermediate	Mass	BHs?



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

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



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



Boson	emission	causes	spin-down	of	black	holes

Black	Hole	Superradiance										
No	constraints	on		

intermediate	scalar	masses		
where	AION/AEDGE	

sensi@ve:	
need	observa@ons	of	spins		

of	IMBHs

Boson	emission	may	cause	spin-down	of	black	holes	(if	self-interac@ons	weak)

Brito,	Cardoso	&	Pani:	arXiv:1501.06570	



Black	Hole	Superradiance
AGNs		constrain	masses	 	eV< 2 × 10−17 LIGO	constrains	masses	 	eV										> 3 × 10−14

No	constraints	on	
intermediate	scalar	masses	

where	AION/AEDGE	sensi@ve:	
would	need	observa@ons	of	

spins	of	IMBHs

Boson	emission	causes	spin-down	of	black	holes	(if	self-interac@ons	weak)

Ng,	Hannuksela,	Vitale	&	Li:	arXiv:2011.06010		Ünal,	Pacucci	&	Loeb:	arXiv:2012.12790	



Prospec@ve	Spin		
Measurements	with	AION-km,	AEDGE
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JE	&	Vaskonen:	in	preparation	

AION-km

AEDGE



Proposed	ESA	Road-Map	for	Cold	Atoms	in	
Space

Alonso,	…,	Badurina,	…,	JE,	…,	McCabe	et	al,	arXiv:2201.07789	



ESA	Call	for		
M,	F-Class	Science	Missions



STE-QUEST	Proposal
Compare	free	fall	of	clouds	of	Rb	and	K



Tes@ng	the	Equivalence	Principle

MICROSCOPE Collaboration, PRL 129, 121102, 2022

(−1.5 ± 2.7) × 10−15  2022 
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STE-QUEST	
Science:	

Searching	for	
Ultralight	Dark	

Ma=er



Wave-Func@on	Collapse?
• Transi@on	from	quantum	to	classical	behaviour?	

• Black	holes:	informa@on	loss	across	horizon	causes	pure	states	 	
mixed	states	

• Non-factorising	sca=ering	matrix	 $	 	$ 	

• Non-Hamiltonian	evolu@on:	 	due	to	
informa@on	loss	via	microscopic	black	holes?	

• e.g.,	2-state	system	with	equal	energies:

	

• General	parametrisa@on:	

→

ρout = ρin : ≠ SS†

∂tρ = i[ρ, H] + ℋρ

ρ = 1
2 ( 1 e−λt

e−λt 1 )
e− d

rc , e−λt

Hawking,	1975

JE,	Hagelin,	Nanopoulos,	
Olive	&	Srednicki,	1984

Ghirardi,	Rimini	&	Weber,	1986



STE-QUEST	Science:	
Probe	of		Quantum	Mechanics

Models	for		
wave-func@on	collapse		

parameterised	by		
@me-scale	 		
and	range	 	

GRW	=	parameters	
proposed	by	

Ghirardi,	Rimini,	Weber

λ
rc



STE-QUEST	Science	Programme
Probe	the	boundaries	of	our	fundamental	theories	

and	the	interfaces	between	them

General 
Relativity

Standard 
Model

Quantum 
Mechanics

Dark Matter  
effects on  

atomic properties

Universality of Free Fall, 
Einstein Equivalence 

Principle

Collapse of 
the Quantum-Mechanical 

wave function


