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how to explore small momentum transfer? 
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Figure 3: Scheme for the Ramsey sequence. The x axis represents time. In orange (blue)

we represent the ground (excited) state |1i (|2i). During the Ramsey time T the atoms

can interact with DM particles of momentum p�. See main text for details.

In the absence of new interactions, the standard choices for the Ramsey sequence yield the

probabilities of being detected on each state [86]

P1 = sin[�!T/2]2, P2 = cos[�!T/2]2, (4.1)

where13

�! ⌘ ! � (E2 � E1). (4.2)

The light frequency ! can be locked to the energy split by adjusting it to the value !max

that maximises P2. In the presence of a background, be it particles or a field, the evolution

of the system is modified as made explicit in the respective subsections below.

4.1.1 Particle dark matter

Since the free-fall time between pulses T is much larger than the duration of the pulses

t1 we look at DM particle scattering during the interval T . Up to irrelevant phases, the

wave-function of the DM-atom system after the second pulse is
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where the out states are given in eqs. (3.6) and (3.9).

As previously remarked, the leading e↵ect will come from forward scattering where there

is no momentum transfer and the trajectory of the atoms is unchanged. The detection

13
The reader acquainted with neutrino physics might find the following analogy useful: the light pulses

can be taken to be “production” and “detection” with the association of the outcome states (superposition

of energy states) to the interaction basis. During the longer time T the system oscillates freely. The

probabilities in eqs. (4.1) can be interpreted as the outcome of oscillations where nonetheless we can ‘tune’

the energy di↵erence via !.
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after ‘adjusting the device’: 
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Hi = E
free
i + Viwill be sensitive to anything of the form

provided             �Vi 6= 0 (analogy with MSW if useful)
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Table 1: Leading interactions for scattering between DM and SM fermions in the form

of operators O ⌘ J ⇥ J� of dimension  6. We only write operators that do not vanish

in the limit of zero transferred momenta. The terms �µ⌫/2 (or (⌃µ⌫)
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Figure 1: Contact interaction of DM � with the electron or quark components of the

nucleus of an atom denoted by At.

quarks are confined in the bound nucleons; the connexion between the two descriptions

is given by form factors of the type hAt| q̄�µ�5q |Ati. This connection is established step-

wise; the first stage, the quarks-to-nucleons step, can be taken by considering the RHS of

eq. (2.1) with  ! N = n, p and GN constants related to Gq (for q2 = 0) as:

Ax. vector : Gp =0.897(27)Gu � 0.376(27)Gd, Gn =0.897(27)Gd � 0.376(27)Gu, (2.2)

Tensor : Gp =0.794(15)Gu � 0.204(8)Gd, Gn =0.794(15)Gd � 0.204(8)Gu, (2.3)

with numerical values taken from [58]. The step nucleons-to-nuclei can be found in sec. 3.1.1,

after we discuss which are the atomic elements of relevance (cf. table 2).
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Which DM-atom interactions?
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p
N)

one needs to make sure that the effect is  
not confused with atomic physics/backgrounds  

(e.g. use daily modulation, system comparison…)

We probe spin-dependent interactions
~Se · ~v� ~Se · ~S�,              , ….

the relative velocity contains a coherent part  
the DM spin is in principle arbitrary 

average effect

final remark

Nat ⇠ 106
suppression  

but detectable as ‘noise’
(independent scatterings)

l ⇠ cm, t ⇠ s



Q: Are atomic clocks the best way to measure 
differences in absolute energies of levels of

different spin? 

!max = �E + �DM

more accurate for  
absolute shifts! 

�! . 10
�15! ⇠ 10

�15 ⇥ 10GHz ⇠ 10
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Hz

absolute shift

� (E2 � E1)

E2 � E1
< 10�15



Atomic magnetometers basics
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DM-atom interaction in co-magnetometers
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Figure 3: Scheme for the Ramsey sequence. The x axis represents time. In orange (blue)

we represent the ground (excited) state |1i (|2i). During the Ramsey time T the atoms

can interact with DM particles of momentum p�. See main text for details.

In the absence of new interactions, the standard choices for the Ramsey sequence yield the

probabilities of being detected on each state [86]

P1 = sin[�!T/2]2, P2 = cos[�!T/2]2, (4.1)

where13

�! ⌘ ! � (E2 � E1). (4.2)

The light frequency ! can be locked to the energy split by adjusting it to the value !max

that maximises P2. In the presence of a background, be it particles or a field, the evolution

of the system is modified as made explicit in the respective subsections below.

4.1.1 Particle dark matter

Since the free-fall time between pulses T is much larger than the duration of the pulses

t1 we look at DM particle scattering during the interval T . Up to irrelevant phases, the

wave-function of the DM-atom system after the second pulse is

 1(t, x) =
1

2

⇣
�out

1 (x) � ei�!T �out

2 (x)
⌘

, (4.3)

 2(t, x) = �
i

2

⇣
�out

2 (x) + e�i�!T �out

1 (x)
⌘

, (4.4)

where the out states are given in eqs. (3.6) and (3.9).

As previously remarked, the leading e↵ect will come from forward scattering where there

is no momentum transfer and the trajectory of the atoms is unchanged. The detection

13
The reader acquainted with neutrino physics might find the following analogy useful: the light pulses

can be taken to be “production” and “detection” with the association of the outcome states (superposition

of energy states) to the interaction basis. During the longer time T the system oscillates freely. The

probabilities in eqs. (4.1) can be interpreted as the outcome of oscillations where nonetheless we can ‘tune’

the energy di↵erence via !.
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Modified Larmor frequencies
Can be also understood as a phase difference 

Co-magnetometer: eliminates B

Hint = �� ~B · ~�

Brown et al. 2010�! . 10
�9

Hz
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Production mechanism and viable cosmology
Motivation from fundamental physics
Possibility of (direct or indirect) detection

Candidate should be a cold gravitating medium
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New effects of the ultra-light domain



Virialized collection of waves

since                          

� /
Z vmax

0
d3v e�v2/�2

0ei!vte�im~v·~xeif~v + c.c.

!v ⇡ m(1 + v2)v ⇠ �0 ⌧ 1

‘Coherent’ effects of ULDM in the MW

in the MW�0 ⇠ 10�3c

2

FIG. 1. Simulated VULF based on the approach in Ref. [41]
with field value �(t) and time normalized by �DM and coher-
ence time ⌧c respectively. The inset plot displays the high-
resolution coherent oscillation starting at t = 0.

lacking 2 and is becoming more relevant as experiments
begin searching such regimes.

Here we focus on this regime, T ⌧ ⌧c, characteris-
tic of experiments searching for ultralight (pseudo)scalars
with masses . 10�13 eV [33–39] that have field coherence
times & 1 day. This mass range is of significant inter-
est as the lower limit on the mass of ultralight axions
is down to 10�22 eV and can be further extended if it
does not make up all of the DM [27]. Additionally, there
has been recent theoretical motivation for “fuzzy dark
matter” in the 10�22 � 10�21 eV range [27–30] and the
so-called string “axiverse” extends down to 10�33 eV [31].
Similar arguments also apply to dilatons and moduli [32].

Figure 1 shows a simulated VULF field, illustrating
the amplitude modulation present over several coherence
times. At short time scales (⌧ ⌧c) the field coherently os-
cillates at the Compton frequency, see the inset of Fig. 1,
where the amplitude �0 is fixed at a single value sampled
from its distribution. An unlucky experimentalist could
even have near-zero field amplitudes during the course of
their measurement.

On these short time scales the DM signal s(t) exhibits
a harmonic signature,

s(t) = �⇠�(t) ⇡ �⇠�0 cos(2⇡f�t+ ✓) , (1)

where � is the coupling strength to a standard-model field
and ✓ is an unknown phase. Details of the particular ex-
periment are accounted for by the factor ⇠. In this regime
the amplitude �0 is unknown and yields a time-averaged

2 We only found explicit investigation of the T ⌧ ⌧c regime in
Ref. [54] where the authors state the exponential distribution of
the dark matter energy density, and by the authors of Ref. [53]
discussing sensitivity in their Appendix E.

energy density h�(t)2iT⌧⌧c = �2
0/2. However, for times

much longer than ⌧c the energy density approaches the
ensemble average determined by h�2

0i = �2
DM. This field

oscillation amplitude is estimated by assuming that the
average energy density in the bosonic field is equal to the
local DM energy density ⇢DM ⇡ 0.4GeV/cm3, and thus
�DM = ~(m�c)�1p2⇢DM.

The oscillation amplitude sampled at a particular time
for a duration ⌧ ⌧c is not simply �DM, but rather a ran-
dom variable whose sampling probability is described by
a distribution characterizing the stochastic nature of the
VULF. Until recently, most experimental searches have
been in the m� � 10�13 eV regime with short coherence
times ⌧c ⌧ 1 day. However, for smaller boson masses
it becomes impractical to sample over many coherence
times: for example, ⌧c & 1 year for m� . 10�16 eV. As-
suming that �0 = �DM neglects the stochastic nature of
the bosonic dark matter field [33–39].

The net field �(t) is a sum of di↵erent field modes with
random phases. The oscillation amplitude, �0, results
from the interference of these randomly phased oscillat-
ing fields. This can be visualized as arising from a ran-
dom walk in the complex plane, described by a Rayleigh
distribution

p(�0) =
2�0

�2
DM

exp

✓
� �2

0

�2
DM

◆
, (2)

analogous to that of chaotic (thermal) light [55]. This
distribution implies that ⇠ 63% of all amplitude realiza-
tions will be below the r.m.s. value �DM.

We refer to the conventional approach assuming �0 =
�DM as deterministic and approaches that account for
the VULF amplitude fluctuations as stochastic. To com-
pare these two approaches we choose a Bayesian frame-
work and calculate the numerical factor a↵ecting cou-
pling constraints, allowing us to provide modified exclu-
sion plots of previous deterministic constraints [33–39].
It is important to emphasize that di↵erent frameworks
to interpret experimental data than presented here could
change the magnitude of this numerical factor [56–59].
In any case, accounting for this stochastic nature will
generically relax existing constraints as we show below.

Establishing constraints on coupling strength — We
follow the Bayesian framework [60] (see application to
VULFs in Ref. [41]) to determine constraints on the cou-
pling strength parameter �. Bayesian inference uses prior
information (such as assuming that one candidate makes
up all of the DM, or conditions imposed by the SHM) to
derive posterior probability distributions for given propo-
sitions or model parameters. One additional prior we
assume here is that the DM signal is well below the ex-
perimental noise floor. The central quantity of interest in
our case is the posterior distribution for possible values

Centers et al 1905.13650

distribution:
X

i

�0,i cos (mt+ fi) = �0 cos(mt+ f)� /
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0
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The ultra-light domain: interaction with atoms
�̄(x, t)

Lint = �
Z

d3x

0

@GI
e ē�

IeJ I
� +

X

q=u,d

GI
q q̄�

IqJ I
�

1

A

~Se · ~v� ~Se · ~S�
~SN · ~S�

these are now ‘oscillating’ backgrounds!

Hint / ,             ,              , ….

for generic couplings this means the 
oscillation of ‘fundamental constants’

(m+ g�ee�̄(t))ēe

Arvanitaki et al 1405.29205
+ Stadnik and Flambaum 16 +  Hess et al 16 + Derevianko and Pospelov 13 

different effect in different atoms: can be searched for in clocks!

e.g. 

Graham et al 1709.07852



Estimates: three examples

magnetometer estimates  
(data Brown et al. 2010)

clocks estimates 
(data Guena et al 2014)

previous bounds 
(astrophysics)

axionic DM

~Sn · ~v�

Alonso, DB, Wolf 1810.00889
Graham et al 1709.07852

�C 
2fa

Z
d3x ̄�µ�5 @

µa

Bloch et al 1907.03767 



Estimates: three examplesand GN ⌘ gNg�/m2

Ã is better bound via invisible decays mediated by Ãµ. Given that we

only assume couplings to u and d, the pion invisible decay gives the strongest constraint:

�⇡!�� =
f2

⇡m3

⇡(gu � gd)
2g2

�

⇡(m2

Ã)2
 10�15 GeV. (5.6)

In the case of heavy mediator (mÃ > m�v ), the sensitivity of magnetometers and atomic

clocks to GN is competitive for m�  10�5 eV as shown in fig. 7.
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Figure 7: Left: constraints on DM-neutron coupling Gn ⌘ gng�/m2

Ã for the scalar DM

case with a heavy mediator (mÃ � 0.1 GeV) from atomic clocks –thick-solid (blue) line –,

magnetometers – thin-solid (green) line–, and DM pair emission in stars – dashed (red) line.

Right: bounds on the product of DM and neutron couplings of the mediator Ã with mass

mÃ = 10m�; same line color coding, with star cooling bound coming from Ã emission.

Our results also imply relevant constraints for higher DM masses in the case of a light

mediator, mÃ ⌧ m�v. The comparative improvement is due to the propagator of the me-

diator, 1/(q2 + m2

Ã), being enhanced in the forward limit (q ! 0) (that co-magnetometers

and atomic clocks are sensitive to) with respect to the case of momentum transfer which

typically has q ⇠ m�v. Remarkably this is true for both velocity and spin dependent

couplings. If one further assumes ⇢� < ⇢DM so that the bound on g� is relaxed, higher

DM masses can be reached with a smaller hierarchy in mÃ/m�. For instance, in fig. 8 we

show the velocity-dependent20 case with ⇢� = 0.05 ⇢DM and mÃ ⇠ 10�7 eV compared to

the strongest constraint, again SN/star cooling via production of the longitudinal mode

of Ãµ. Recall from the paragraph above (4.9) that for these light mediator masses the

atom ‘senses’ DM within a radius 1/mÃ and the average is over the velocity of n�/m3

Ã DM

20 These bounds are derived assuming an asymmetry in particle-antiparticle for DM which results in a

net result proportional to the average velocity. If this asymmetry is absent, one can apply similar ideas as

those for the spin-dependent (non-coherent) situation described below.
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particles. To compare with other bounds for light mediators we plotted
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for the spin-dependent case and velocity-dependent case respectively.
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Figure 8: Constraints on DM-neutron cross-sections for DM masses corresponding to the

particle regime. Both panels show cases ⇢� = 0.05 ⇢DM and g� = 1. Left panel: scalar case

with mediator mass mÃ = 10�7 eV. Same colour code as in fig. 7. Right panel: fermionic

DM case with mÃ = 10�13eV. Gray area is the Tremaine-Gunn bounds for this ⇢�.

The case of fermionic DM (with spin dependent coupling) can also be constrained from our

methods in the limit of light mediator. If there is a net polarization of the DM particles

one can recycle the velocity-dependent results via the substitution v ! h��i and hence

rescale the bounds on cross section by a factor (h��i/v)2 (which is to say the plot on the

left of fig. 8 corresponds to a per-mile polarization). The e↵ect of the unpolarized part

of the signal is suppressed by the averaging over the number of scatterings and atoms as

described in secs. 4.1.1 and 4.2.1. In particular, the e↵ect is suppressed by Nsc on both

the two possible regimes: if Nsc > 1 there will be a statistical average of 1/
p

Nsc while

if Nsc < 1 the e↵ect is linearly suppressed with Nsc, since only this fraction of the atoms

in the sample are a↵ected. On the other hand depending on whether every atom sees

di↵erent or common DM particles to the rest of atoms an extra suppression of 1/
p

Nat

or 1/(Lm�v) is present as is the case for atomic clocks and magnetometers respectively.

This e↵ect is understood as a noise contribution to each measurement and is independent

of daily modulation. As an example where our results may be interesting, we show the

bounds in the right panel of fig. 8 for the case with ⇢� = 0.05 ⇢DM and mÃ ⇠ 10�13 eV. We

remain agnostic about the origin of such a hierarchy of masses in the dark sector. One sees

that co-magnetometers still do better than atomic clocks with the peak sensitivity given

by Nsc ⇠ 1 itself dictated by the time of exposure of the measurements. In the case of light

mediator there is an e↵ect from DM particles within 1/mÃ on top of the interactions with
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Estimates: three examples



Summary and Conclusions

Precise (quantum) devices perfect for small momentum 
transfer (typical of low mass DM)

Standard operation of atomic clocks/magnetometers 
yields new bounds on some DM-SM couplings 

New possibilities to explore!



Future

More complete cosmology framework for some models

Devices close to beams for large fluxes of small m particles?

Neutrinos? (CnB seems out of reach)

Other operators (e.g. momentum dependent couplings)

Other precise devices…atom interferometry?
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