
John Ellis

“The	Big	Picture”
•The	Big	Issues	in	fundamental	physics	

						in	astrophysics	and	cosmology	

• The	Big	Issues	in	Earth	Observa>on	

monitoring	climate	change	

• The	Big	Issues	in	metrology	

						>me	and	space



The	Big	Issues		
in	Fundamental	Physics,	Astrophysics	&	Cosmology

• Successful	theories	of	gravity	(general	rela>vity)	and	quantum	mechanics	

• But	no	generally	accepted	combina>on	

• Would	need	to	modify	theory	of	gravity	or	quantum	mechanics	or	both	

• Modify	gravity:	Viola-on	of	Equivalence	Principle?	

• Modify	quantum	mechanics:	Collapse	of	wave	func-on?	

• Successful	theory	of	visible	maLer	in	the	Universe	

• Nature	of	dark	ma=er	(30%	of	density)	and	dark	energy	(69%)?



Proposed	ESA	Road-Map	for	Cold	Atoms	in	
Space

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



MAIUS	
Programme	
MAIUS-1	Physics	Package	
Launched	in	Jan.	2017	
MAIUS-2	to	follow	in	

2023



MAIUS-1	

Bose-Einstein	
condensate	on	a	chip		

Atoms	in	BEC	in	space	>	
on	Earth

Becker	et	al,	Nature,	2018,	https://doi.org/10.1038/s41586-018-0605-1	





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	





ESA	Call	for		
M,	F-Class	Science	Missions



STE-QUEST	Phase	1	Proposal



STE-QUEST	Science:	
Tes>ng	the	Equivalence	Principle

Talk	by	Marilu	Chiofalo



STE-QUEST	Science:	
Searching	for	Ultralight	Dark	MaLer

Talk	by	Aurélien	Hees



STE-QUEST	Science:	
Searching	for	Ultralight	Dark	MaLer

Talk	by	Aurélien	Hees

AION100	
with	GGN



STE-QUEST	Science:	
Searching	for	Ultralight	Dark	MaLer

Talk	by	Aurélien	Hees

AION1km	
with	GGN

AION	and	STE-QUEST		
are	complementary



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	scaLering	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

Talk	by	MaLeo	Carlesso



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

Beyond	LISA

White	paper		
submitted	to		
ESA	Voyage	
2050	Call



AEDGE:	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



Large	missions:	
• Moons	of	the	Giant	Planets		
• Exoplanets	
• New	Physical	Probes	of	the	Early	
Universe:	Fundamental	physics	
and	astrophysics	

Possible	Medium	missions:	
• …	QM	&	GR	(cold	atoms?)	
Technology	development	
recommendations	for	Cold	Atom	
Interferometry	
• for	gravitational	wave	detectors	
in	new	wavebands	…,	detectors	
for	dark	matter	candidates,	
sensitive	clock	tests	of	general	
relativity,	tests	of	wave	function	
collapse	.…	

• must	reach	high	technical	
readiness	level,	be	superior	to	
classical	technologies	

• start	with	atomic	clocks,	on	free-
flyer	or	ISS?	

• M-mission?



The	Big	Issues		
in	Metrology

•Next-genera>on	world	>me	standard,	10-18	accuracy	

•	Op>cal	clocks	

•Next-genera>on		
geodesy	

•Use	stron>um



The	Big	Issues		
in	Earth	Observa>on

•Measuring	changes	in	Earth’s	mass	distribu>on	

•e.g.,	water	level	rise,	ice	mel>ng	

•Monitor	effects	

of	climate	change	

• Use	rubidium

Talk	by	Olivier	CarrazAlonso	et	al,	arXiv:2201.07789,	



Alonso	et	al,	arXiv:2201.07789,	

Cold	Atoms	in	Space:	Earth	Observation

Talk	by	Olivier	Carraz



Cold	Atoms	in	Space
• In	addi>on	to	fundamental	physics:	

• Applica>ons	to	>me-keeping	and	geodesy	using	
stron>um	atomic	clocks	accurate	to	10-18	

• Next-genera>on	Earth	Observa>on	using	rubidium,	e.g.,		
to	monitor	changes	in	water	level	due	to	climate	change	

• Joint	proposal	for	cold	atom	road-map	presented	to	ESA		

• The	road-map	starts	from	exis>ng	terrestrial	cold-atom	
projects,	and	progresses	via	pathfinder	projects	towards	
long-term	scien>fic	space	missions

Alonso	et	al,	arXiv:2201.07789	



Proposed	ESA	Road-Map	for	Cold	Atoms	in	
Space

Alonso	et	al,	arXiv:2201.07789	



STE-QUEST	2022:	“The	Big	Picture”
• Broad	programme	in	fundamental	science	

• Equivalence	Principle	(universality	of	free	fall),	search	for	ultralight	dark	
maLer,	probe	collapse	of	quantum-mechanical	wave	func>on	

• Compare	rubidium	and	potassium	rather	than	87Rb	and	85Rb	

• Longer	lever	arm	for	probes	of	universality	of	free	fall	and	the	
equivalence	principle	

• Different	orbit:	circular	rather	than	ellip>c	

• Significant	work	since	2014	on	cold	atoms	in	space	and	atom	
interferometry	on	Earth	

• Commonali>es	with	proposed	Earth	Observa>on	missions


