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• General	Relativity	(GR)	is	a	classical	theory,	difficult	to	reconcile	with	quantum	field	theory	and	the	Standard	
Model	of	particle	physics	(SM).
• Dark	Energy	and	Dark	Matter	(DM)	may	indicate	deviations	from	GR	and/or	SM.

• Many	modified	gravitational	theories	and	corresponding	cosmological	models	contain	long	range	scalar	
fields.	Higgs	boson	is	the	first	known	fundamental	scalar	field	(short	range).
• If	such	scalar	fields	are	massive	and	pressureless they	could	be	DM	candidates.	Under	quite	general	
assumptions	they	will	oscillate	at	frequency	𝑓 = 𝑚$𝑐&/ℎ.
• Scalar	fields	might	be	non-universally	coupled	to	SM-fields,	leading	to	violations	of	the	equivalence	principle	
e.g.	non-universality	of	free	fall	or	space-time	variations	of	fundamental	constants.
• Comparing	different	atomic	transitions	allows	searching	for	such	variations.
• We	analyze	≈	6	yrs of	Rb/Cs	hyperfine	frequency	measurements	to	search	for	such	massive	scalar	fields	at	
very	low	mass	≈	10-24 – 10-18 eV.

Introduction



Non-universally	coupled	scalar	fields

• From	Damour &	Donoghue	(2010).
• Fundamental	constants	(α,	Λ3,	mi)	are	functions	
of	ϕ,	and	vary	if	ϕ varies.
• Quadratic	couplings	treated	in	Stadnik	&	
Flambaum (2014).	Leads	to	similar	
phenomenology.

With	five	dimensionless	coupling	constants	dx
[Damour &	Donoghue	 2010]
[Stadnik	&	Flambaum 2014,2015]



• Assume	a	quadratic	potential	for	ϕ .	
• Embed	action	in	FLRW	metric.
• Varying	with	respect	to	ϕ gives	a	KG	equation	for	its	
evolution	(σ = 𝜕ℒ,-./𝜕𝜑).
• The	solution	oscillates	at	ω = 𝑚$𝑐&/ℏwith	negligible	
“Hubble	damping”	for	𝑚$ ≫

ℏ3
45 ,	well	satisfied	for	our	

mass	range.

Evolution	of	the	scalar field



• The	cosmological	density	(+)	and	pressure	(-)	of	ϕ are	given	by	
45

678 �̇�& ± ;($)45

& .
• It	turns	out	that	the	oscillating	part	of	𝜑 𝑡 has	zero	average	
pressure	and	is	therefore	a	candidate	for	Dark	Matter
• Equating	its	average	density	with	the	DM	density	(≈	0.4	GeV/cm3)	
fixes	the	amplitude	of	the	oscillation	𝜑?cos	(𝜔𝑡 + 𝛿).
• That	oscillation	translates	into	an	oscillation	of	the	fundamental	
constants	that	can	be	searched	for	in	a	6	parameter	space	(m𝜑,	dx).
• The	mass	m𝜑	is	given	by	the	frequency	of	oscillation,	the	coupling	
constants	dx by	the	amplitude.

Link	to	Dark Matter

[Stadnik &	Flambaum 2014,	2015]
[Arvinataki,	Huang,	Van	Tilburg	2015]



• Different	atomic	transition	frequencies	depend	differently	on	three	dimensionless	fundamental	
constants:	α,	me/mp ,	mq/Λ3 ,	with	mq =	(mu+md)/2.
• If	one	or	several	of	those	constants	vary	in	time/space	you	can	search	for	that	variation	by	monitoring	
ratios	of	atomic	transition	frequencies	in	atomic	clocks.
• The	dependence	of	different	frequency	ratios	on	the	fundamental	constants	has	been	calculated	in	great	
detail	by	Flambaumand	co-workers	[2006,	2008,	2009].
• Generally	optical	transitions	are	sensitive	to	variations	of	α only,	hyperfine	transitions	to	linear	
combinations	of	all	three.	Thus	ideally	at	least	3	different	frequency	ratios	are	required	to	independently	
search	for	a	possible	variation	of	either	of	the	3	constants.

Relation	to	Atomic	Spectroscopy

[Guéna et	al.	2012]

A possible fractional variation of any atomic frequency
X can be related to variations of three dimensionless
constants, !, " ¼ me=mp, and mq=!QCD. We can
write dlnðXÞ¼k!dlnð!Þþk"dlnð"Þþkqdlnðmq=!QCDÞ,
where the k’s represent the sensitivity coefficients of the
specific transition X. This offers the possibility to set
independent limits for the three constants using multiple
atomic transitions. Next, we provide such a global analysis
combining our measurements with other reported accurate
clock comparisons. Table I lists the sensitivity coefficients
that we use in this analysis and which are taken from the
most recent atomic and nuclear structure calculations
[16,17,23,24]. Sensitivity to " and mq=!QCD comes
from the nuclear magnetic moment involved in hyperfine
transitions. Both optical and hyperfine transitions have
dependence on the fine-structure constant ! via relativistic
corrections. Table II gives the corresponding sensitivities
for clock comparisons of relevance here. Dependence in
" cancels out in hyperfine-to-hyperfine comparisons.
Optical-to-optical comparisons are sensitive to ! alone,
as exemplified here by the Alþ=Hgþ comparison.

To set independent limits to time variations of constants,
we perform a weighted least-squares fit to all experimental
results listed in Table II (fifth column), including our
results of Eq. (1). This fit yields independent constraints
for the three constants !, ", and mq=!QCD as reported in
the first row of Table III. The constraint relative to ! is
mainly determined by theAlþ=Hgþ comparison. In this fit,
only the Rb/Cs comparison disentangles " and mq=!QCD.

It is therefore essential to constrain mq=!QCD. This stems
from the fact that optical frequency measurements are all
performed against primary frequency standards, i.e.,
against the Cs hyperfine frequency. We note that the con-
straint for ! is slightly less stringent than in Ref. [14]
because we are using the more recent and reduced sensi-
tivity coefficient of Ref. [24].
Similarly, we perform a global analysis for the variation

with gravitational potential exploiting the available com-
parisons (Table II, last column). We could find that for the
Sr/Cs comparison, the modulation amplitude of the gravi-
tational potential was overestimated by a factor of 2 rela-
tive to the frequency modulation in Ref. [13]. The table
gives the corrected, two times less stringent constraint for
this comparison. Also, we have checked the consistency
between the conventions that we have chosen (sign of U,
phase of the modulation) and those in Refs. [9,11–13]. The
least-squares fit to these results yields independent con-
straints for the three couplings to gravity, reported in the
second row of Table III.
Finally, we note that an alternative approach consists in

using !, me=!QCD, and mq=!QCD instead of !, ", and
mq=!QCD as parameters of the Standard Model. In this
other approach, the sensitivity coefficients of Table I be-
come k0! ¼ k!, k0e ¼ k", and k0q ¼ kq % 0:048 [16].
The final results of this second analysis is identical for !
and mq=!QCD, and we find that d ln½me=!QCD'=dt ¼
ð4:9( 3:7Þ ) 10%16 yr%1 and c2d ln½me=!QCD'=dU ¼
ð%4( 17Þ ) 10%6.

TABLE II. Results of atomic frequency ratio measurements used to search for variations of fundamental constants. Second to fourth
columns: sensitivity coefficients deduced from Table I for each atomic frequency ratio X. Fifth column: variation with time in yr%1.
Last column: variation with the gravitational potential. We give the measured fractional modulation of the frequency ratio X scaled, to
solar gravitational potential modulation "U=c2 * GM+#=ðac2Þ * 1:65) 10%10.

Frequency ratio X k! k" kq d lnðXÞ=dt ðyr%1Þ Reference c2d lnðXÞ=dU Reference

Rb=Cs %0:49 0 %0:021 ð%1:36( 0:91Þ ) 10%16 This work ð0:11( 1:04Þ ) 10%6 This work
Hhfs=Cs %0:83 0 %0:102 j0:1( 1:40j) 10%6 [12]
Hð1S% 2SÞ=Cs %2:83 %1 %0:002 ð%32( 63Þ ) 10%16 [8]
Ybþ=Cs %1:83 %1 %0:002 ð%4:9( 4:1Þ ) 10%16 [15]
Hgþ=Cs %5:77 %1 %0:002 ð3:7( 3:9Þ ) 10%16 [9] ð2:0( 3:5Þ ) 10%6 [9]
Sr=Cs %2:77 %1 %0:002 ð%10( 18Þ ) 10%16 [13] ð%11:5( 18:2Þ ) 10%6 [13]
ð162Dy–163DyÞ=Cs 1:72) 107 %1 %0:002 ð%4:0( 4:1Þ ) 10%8 [10] (134( 104) [11]
Alþ=Hgþ 2.95 0 0 ð%0:53( 0:79Þ ) 10%16 [14]

TABLE I. Sensitivity coefficients k!, k", and kq of atomic transition frequencies used in current atomic clocks to a variation of !
[23,24], of " ¼ me=mp and of mq=!QCD [16,17]. These transitions are hyperfine transitions for 1Hhfs,

87Rb, 133Cs, and optical
transitions for 1Hð1S% 2SÞ and all others except Dy. For Dy, the rf transition between two closely degenerated electronic levels of
opposite parity is used in the two 162 and 163 isotopes [10,11,25].

87Rb 133Cs 1Hhfs
1Hð1S% 2SÞ 171Ybþ 199Hgþ 87Sr (162Dy–163Dy) 27Alþ

k! 2.34 2.83 2.0 ,0 1.0 %2:94 0.06 1:72) 107 0.008
k" 1 1 1 0 0 0 0 0 0
kq %0:019 0.002 %0:100 0 0 0 0 0 0
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• Built	in	early	2000s	by	André	Clairon and	co-workers.
• Operates	simultaneously	on	87Rb	and	133Cs	since	2008	
(common	mode	systematics).
• Most	accurate	and	stable	Rb/Cs	frequency	ratio	
measurement	world-wide	(and	longest	duration).
• Contributes	continuously	to	TAI	with	both	Rb and	Cs
• Previously	used	to	constrain	linear	drifts	of	fundamental	
constants,	and	variations	proportional	to	U/c2 i.e.	annual	
variations	[Guéna 2012].
• All	systematics	are	evaluated	and	corrected	during	
operation.	

The	SYRTE	dual	Rb-Cs	fountain FO2

André	Clairon
1947	- 2015

[Guéna et	al.	2010,	2012,	2014]



• Nov	2009	– Feb	2016
• Averaged	to	100	points/day
• 100814	points	in	total
• ≈	45%	duty	cycle	with	gaps	due	
to	maintenance	and	investigation	
of	systematics
• Standard	deviation	=	3x10-15

FO2	Rb/Cs	raw data

10-14

𝑦(𝑡) =
𝑓(𝑡)
𝑓?



• Fit	𝐴 + 𝐶J cos 𝜔𝑡 + 𝑆J sin 𝜔𝑡
to	data	for	each	independent	ω.
• Search	for	a	peak	in	normalized	
power	𝑃J = O

PQ5 𝐶J& + 𝑆J& .
• Use	different	methods	(LSQ	+	MC,	
Bayesian	MCMC)	to	determine	
confidence	limits.

Results:	Scargle filter



• Complementary	to	previous	searches	
(Dy)	that	are	sensitive	to	de only.
• When	assuming	only	de≠0,	improve	
Dy limits	significantly.
• Also	complementary	to	WEP	tests	
(≈10-3 for	only	de≠0).	But	those	are	
limiting	at	mϕ=0	(no	link	to	DM).

Results:	upper limit on	couplings
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[Damour &	Donoghue 2010]
[Van	Tilburg	et	al.	2015]



• A	massive	scalar	field	ϕmay	oscillate	at	frequency	𝑓 = 𝑚$𝑐&/ℎ.
• If	non-universally	coupled	to	SM	fields	it	will	lead	to	a	corresponding	oscillation	of	fundamental	constants,	
that	can	be	searched	for	with	atomic	clocks.
• It	may	also	be	a	candidate	for	pressureless DM,	that	continues	to	elude	direct	detection.
• We	analyze	≈	6	yrs of	Rb/Cs	hyperfine	frequency	measurements	to	search	for	such	massive	scalar	fields	at	
very	low	mass	≈	10-24 – 10-18 eV.
• We	see	no	evidence	for	such	a	scalar	field.
• Our	results	are	complementary	to	previous	searches	as	they	test	other	combinations	of	coupling	constants.
• When	assuming	that	ϕ only	couples	to	electro-magnetism	we	improve	previous	limits	by	over	an	order	of	
magnitude.

• We	expect	that	with	the	advent	of	new	and	better	atomic	clocks	this	type	of	search	will	be	further	improved	
and	expanded	in	the	near	future.

Conclusion	and	Outlook
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• Detailed	and	repeated	analysis	of	systematic	effects	(Guéna 2012,	2014)	estimates	uncertainty	on	absolute	
determination	of	Rb and	Cs	hyperfine	frequency	to	3.2x10-16 and	2.1x10-16.
• The	uncertainty	on	the	difference	is	expected	to	be	significantly	less	due	to	common	mode.
• Periodic	variations	at	any	frequency	are	again	expected	to	be	below	that	level.
• No	evidence	for	systematic	effect	at	most	likely	frequency	(diurnal).
• Our	results	are	certainly	limited	by	statistics	rather	than	systematic	uncertainties.

1x10-17

2x10-17

diurnal
sidereal

5x10-17

𝐶J& + 𝑆J&



See Guéna et	al.,	Metrologia,	51,	108,	(2014)	 for	details



Coherence time:
ℏ𝜔 = 𝑚𝑐& + RS5

& ⇒ 	 UJJ ≈ SUS
45 ≈ 10YZ for	δv ≈	v ≈	10-3 c

𝛿𝜔	𝜏4\] = 2π

For	our	highest	frequency	(𝜔R`a =
7

6ZP	b)	this	gives	a	minimum	𝜏4\] ≈	55	years,	much	longer	than	our	data	

Minimum	mass:

• mv =	h/λ,	but	λ	needs	to	be	smaller	than	smallest	dwarf	galaxy	(≈	1	kpc ≈	3x1019 m)
• With	v ≈	10-3 c this	gives	a	minimum	mass	of	about	10-23 eV.


