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It is possible that bosonic dark matter forms halos around the Sun or the Earth. We discuss the possibility
of probing such halos with atomic clocks. Focusing on either a Higgs portal or photon portal interaction
between the dark matter and the Standard Model, we search the possible parameter space for which a clock
on Earth and a clock in space would have a discernible frequency difference. Bosonic dark matter halos
surrounding the Earth can potentially be probed with current optical atomic clocks.
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I. INTRODUCTION

Although there is solid evidence for the existence of dark
matter (DM) through its gravitational effects on the universe
(e.g., the cosmic microwave background [1]), there is very
little information regarding the nature of DM other than its
contribution to matter and consequently gravity. DM can-
didates range from primordial black holes [2–4] to axions or
axionlike particles (ALPs) with masses as small as 10−22 eV
[5–23]. For many years the most popular and well-motivated
DM paradigm was that of the weakly interacting massive
particles (WIMPs), where the observed relic abundance of
DM is adjusted by DM annihilations that take place in the
early universe. An annihilation cross section on the order of
the weak interactions provides the observed DM abundance.
WIMPmodels, however, are constrained in several ways, for
example from expected direct scattering between WIMPs
and Earth based detectors. Although the DM annihilation
cross section can be quite different from the DM-nucleon or
DM-electron cross section which is relevant in direct
detection, current sophisticated direct search experiments
have set unprecedented limits which have made the WIMP
paradigm less appealing (see, e.g., [24]). Furthermore, there
has been a systematic study of indirect detection channels of
DM discovery. Although the products of DM annihilation

vary accordingly to the underlying WIMP model, there is an
extensive and thorough investigation of a vast class ofWIMP
models. These dedicated searches focus, for example, on
places where DM could be present in large quantities such as
the center of our galaxy and set constraints on different
annihilation channels of DM, especially to hadrons and
photons. The inconclusive/negative findings further limit the
parameter space where the WIMP paradigm can account
for the relic abundance of DM without fine tuning of the
model parameters (see [25] for an overview of the subject).
Therefore, alternative classes of DM models have gained
interest including, among others, asymmetric DM. In this
DM paradigm, a mechanism, similar to the baryon case,
creates an asymmetry between the number of particles and
antiparticles with subsequent annihilations depleting one of
the two species, leaving only one of the species in excess
[26–31]. In such a mechanism, after the depletion of the
minority species, no substantial annihilations take place and
therefore no signal is expected from DM annihilation at the
center of galaxy or elsewhere. In general, sufficiently light
DM particles can easily evade direct detection because even
with a large DM-nucleon/electron cross section, the pro-
duced recoil energy falls below the energy threshold that
triggers the detector.
Given the current lack of evidence of WIMPs, lighter

particles and alternative mechanisms of DM production
should be looked for. One example that falls in this category
is the axion, a well-motivated particle that potentially solves
the strong CP problem of QCD. Axions and ALPs are too
light to be detected using direct detection methods based on
recoil and therefore alternative detection methods have been
implemented. New, promising, and relatively unexplored
tools that can facilitate the exploration of new physics are
atomic clocks. Providing unprecedented accuracy, atomic
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clocks can be used in different contexts to probe new physics
and/or particular DM candidates. The ticking rate of atomic
clocks is governed, in general, by fundamental constants such
as the fine structure constant α, and the proton and electron
masses. Even tiny changes to these constants, due to new
physics, could create a detectable change in the ticking rate of
the clock. Since there is no absolute clock in nature, the
potential detection of new physics is related to comparison in
the ticking rate among different clocks. These clocks are
usually separated by some distance in order to allow new
physics effects to influence the separated clocks in different
ways. In this paper we are interested in potential applications
for DM detection. Oneway that atomic clocks can be affected
is through extensive objects that change vacuum properties of
the environment surrounding the clocks. This, in turn, causes
changes in the aforementioned constants and creates desy-
chronizations of clocks as the objects pass through the Earth
engulfing different clocks at different times. In particular,
using data collected over several years from GPS satellite
based atomic clocks, the authors of [32–34] managed to set
constraints on models where DM is in the form of topological
defects that occasionally pass through the Earth. These
topological defects alter α and, therefore, as the topological
defect passes through the Earth, there should be a geometric
pattern in the change of each clock relative to a reference
clock. There has, since this study, been several others that
exploit atomic clocks to probe DM either by focusing on the
transient effect of bypassing DM structures or by effects
caused by the time variation of the DM field [35–44].
It is possible that QCD axions and ALPs form bound

Bose-Einstein condensate structures called boson stars,
while extensive studies have been performed to under-
stand these structures [45–73]. In a previous paper [74],
we explored the possibility of detecting dilute asymmetric
bosonic DM stars that pass through the Earth. In this case,
we assumed the boson stars were composed of light
bosons that couple to the Standard Model particles via
a Higgs or a photon portal. As the star engulfs a clock, the
Higgs (photon) portal induces a change in the electron
mass (fine structure constant) which leads to a different
clock metronomy. In this paper we are not interested in
transient effects of dilute bosonic stars. Instead, we focus
on the possibility that the Sun and/or the Earth have
respective halos composed of light bosons that again
exhibit couplings to the SM particles via a Higgs or
photon portal. A similar setup has been studied in the case
of relaxions in [75]. For the Higgs portal, we analyze the
effects of DM halos on microwave atomic clocks only,
since optical atomic clocks are not sensitive to changes in
the quark and electron masses. However, for the photon
portal, we analyze the effects on both microwave and
optical atomic clocks, since both of these are sensitive to
changes in the fine structure constant. In Sec. II we present
the profile of the bosonic halo that surrounds the Earth and
the Sun. In Sec. III we present the two portals and how the

portals affect the metronomy of the atomic clocks in
Sec. IV. Finally, the results and conclusions are presented
in Sec. V.

II. BOSON STAR FORMALISM

We consider the possibility that a dilute boson star
surrounds an external gravitational source, namely the
Sun or the Earth. Dilute boson stars are well known to
be both structurally stable and stable to decay [59–61,63].
The energy functional of a dilute boson star subject to an
external gravitational source is given by,

E½ψ � ¼
Z

d3r

�j∇ψ j2
2m

þm
2
Φgjψ j2 −

jλj
16m2

jψ j4

þmΦg;extjψ j2
�
; ð2:1Þ

where Φg is the Newtonian self-gravitational potential
satisfying the Poisson equation,

∇2Φg ¼ 4π
m
M2

P
jψ j2; ð2:2Þ

with MP ≈ 1.22 × 1019 GeV the Planck mass and λ the
self-interaction coupling of the bosons where we take
the self-interactions to be attractive. In this case, we take the
jψ j4 term to be the dominant term in the self-interaction
potential of the scalar field. However, we note that higher
order terms bound the potential and gives rise to the possibility
of “dense” configurations [61,64,68,76]. The energy term due
to the external gravitational source is [77],

Eg;ext ¼ m
Z

d3rΦg;extjψ j2; ð2:3Þ

wherem is the bosonmass,ψ is thewave functionof the boson
star, and the gravitational potential due to the external source is
taken to be,

Φg;ext ¼ −
M�
M2

P
×

(
3

2R�
− r2

2R3�
for r ≤ R�

1
r for r > R�

; ð2:4Þ

whereM� is the mass andR� the radius of the external source.
We take the wave function to be an ansatz of the form,

ψðrÞ ¼
ffiffiffiffiffiffiffiffiffiffi
N

7πσ3

r �
1þ r

σ

�
exp

�
−
r
σ

�
; ð2:5Þ

which was found to be a good approximation to numerical
solutions for dilute boson stars not subject to an external
gravitational potential in [78]. Here, σ is some variational
parameter to be found by minimizing the energy functional
[Eq. (2.1)] andN is the total particle number of the boson star.
For this ansatz, the Newtonian self-gravitational potential is,
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2

�
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�
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�
r
σ

�
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��
:

ð2:6Þ

We scale the radius and mass of the boson star, as well as
those of the external source in order to obtain dimension-
less parameters as,

8<
:

σ ¼ ffiffiffiffiffijλjp
MP
m2 r̃; M ¼ MPffiffiffiffi

jλj
p n;

R� ¼
ffiffiffiffiffijλjp

MP
m2 r̃�; M� ¼ MPffiffiffiffi

jλj
p n�:

ð2:7Þ

Using the ansatz of Eq. (2.5), the total energy given by
Eq. (2.1) per particle number now evaluates to,

E
N

¼ m2

MP

ffiffiffiffiffiffiffi
jλj3

p �
a
r̃2

−
bn
r̃
−
cn
r̃3

�
þ Eg;ext

N
; ð2:8Þ

where r̃ and n are the scaled radius and particle number of
the boson star given by Eq. (2.7) and a, b, c are constants
given by,

a ¼ 3

14
; b ¼ 5373

25088
; c ¼ 437

200704π
: ð2:9Þ

The first term in the parentheses of Eq. (2.8) is the kinetic
energy, the second is the self-gravitational energy, and the
third is the self-interaction energy. The total gravitational
energy per particle number due to the external source is
given by,

Eg;ext

N
¼ 3n�r̃2

28r̃3�

�
27− 14

�
r̃�
r̃

�
2

− exp
�
−
2r̃�
r̃

��
27þ 54

�
r̃�
r̃

�

þ 40

�
r̃�
r̃

�
2

þ 14

�
r̃�
r̃

�
3

þ 2

�
r̃�
r̃

�
4
��

; ð2:10Þ

where r̃� and n� are the scaled radius and mass of the
external source given by Eq. (2.7).
Now, the scaled variational parameter r̃ can be found

by minimizing the total energy [Eqs. (2.8) and (2.10)],
and can be found exactly through numerical methods.
However, we choose to keep the minimization process
analytic by expanding the total external gravitational
energy [Eq. (2.10)] to a particular order of r̃�=r̃. The
order of expansion taken is such that the fractional energy
difference from the total external gravitational energy is a
small number (for example 10−3),

Eg;ext − Eapprox
g;ext

Eg;ext
≲ 10−3; ð2:11Þ

where Eapprox
g;ext is the total external gravitational energy of

Eq. (2.10) expanded to some power of r̃�=r̃. We take the
possible scaled radius of the bosonic dark matter halo to
be r̃ ≥ r̃�. However, in order the ensure the expansion
condition [Eq. (2.11)], we must split the possible scaled
radius into two regions, where we expand the total
external gravitational energy [Eq. (2.10)] to different
orders of r̃�=r̃. For the case r̃ ≥ 2r̃�, we need to expand
toO½ðr̃�=r̃Þ2� in order to ensure Eq. (2.11). In this case, the
approximate gravitational energy due to the external
source is,

�
Eg;ext

N

�
I
≈
n�
r̃

�
−b0 þ c0

�
r̃�
r̃

�
2
�
; ð2:12Þ

where b0 ¼ 9=14 and c0 ¼ 2=35. One can see that the first
and second term of this approximate external gravitational
energy contributes to the total energy as the self-gravitational
energy and self-interaction energy of Eq. (2.8), respectively.
For r̃� ≤ r̃ < 2r̃� we need to expand to O½ðr̃�=r̃Þ5� in order
to ensure Eq. (2.11) which gives the approximate gravita-
tional energy due to the external source,

�
Eg;ext

N

�
II
≈
�
Eg;ext

N

�
I

þ n�
r̃

�
−

3

245

�
r̃�
r̃

�
4

þ 1

210

�
r̃�
r̃

�
5
�
: ð2:13Þ

For the approximate external gravitational energy of
Eq. (2.12), the solution ðr̃dÞI for which the total energy
(Eq. (2.8)) is minimized is,

ðr̃dÞI ¼
a

bnþ b0n�

"
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

3ðbnþ b0n�Þðcn− c0n�r̃2�Þ
a2

s #
:

ð2:14Þ

There is a critical particle number beyond which no stable
states exist,

ðncÞI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ 3b0c0n2�r̃2�

3bc

r ( ffiffiffiffiffiffiffiffi
3

4bc

r
bc0n�r̃2� − b0cn�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ 3b0c0n2�r̃2�

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3

4bc
ðbc0n�r̃2� − b0cn�Þ2
a2 þ 3b0c0n2�r̃2�

s )
: ð2:15Þ

It is instructive to compare the properties of a boson star
subject to an external gravitational source to those of a
boson star not subject to any external gravity. One can see
that for n� ¼ 0 and r̃� ¼ 0 (i.e., removing the external
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source) [59,77], the minimum energy solution and critical
particle number reduce to their usual forms for a boson star
not subject to an external gravitational source,

ðr̃dÞIjn�;r̃�¼0 ¼
a
bn

"
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
n
nc

�
2

s #
;

ðncÞIjn�;r̃�¼0 ¼
affiffiffiffiffiffiffiffi
3bc

p : ð2:16Þ

For the approximate external gravitational energy of
Eq. (2.13), the total energy can also be minimized to
find a stable minimum energy solution which we define
as ðr̃dÞII.
Finally, the density of the boson star at some scaled

radius x from the center of the boson star is,

ρϕðxÞ ¼ mψ2ðxÞ: ð2:17Þ

This is the parameter which dictates the frequency shift of an
atomic clock as it sits at some position x inside the boson
star. Also, we take the radius of the boson star to be equal to
R99, the radius inside which 99% of the mass is contained.
For the ansatz chosen, R99 is related to the minimum energy
solution as,

R99 ≈ 5σd ≈ 5
ffiffiffiffiffi
jλj

p MP

m2
r̃d ð2:18Þ

A. Constraints

In this analysis, we consider the possibility of both solar
bound and Earth bound boson stars. For both possibilities,
the parameter space can be constrained from experimental
evidence of the gravitational influence of dark matter in our
solar system or near the Earth. For a solar bound halo, an
upper limit has been placed on the density of DM within our
solar system from the EPM2011 solar system ephemerides
[79]. These constraints give the maximum density that can
be within a given radius from the center of the Sun. The most
constraining of these are shown in Table I where ρDM;max is
the upper limit on the total DM density at a given radius.
For Earth bound boson stars, an upper limit has been

placed on the total mass that can be present between the
orbital radius of the moon (∼384; 000 km) and the Laser
Geometric Environmental Observation Survey (LAGEOS)
satellites (∼12; 300 km) of [80]

Menc < 4 × 10−9 M⊕: ð2:19Þ

III. PORTALS TO STANDARD MODEL

A. Higgs portal

We consider the interaction between the DM, quanta
of a complex scalar field ϕ, and the SM through a Higgs
portal [30,81–84].

L ¼ …þ βjϕj2jHj2; ð3:1Þ

where β, a positive constant, is the coupling constant
between the Higgs and the DM. This interaction induces
a shift in the Higgs vacuum expectation value (VEV) which
in turn induces shifts in the masses of fundamental SM
particles. For example, the shift in the electron mass is
given by,

me ≈mbare
e

�
1 −

βρ2ϕ
2m2m2

H

�
; ð3:2Þ

where mbare
e ≈ 0.5 MeV is the unperturbed electron mass,

mH is the Higgs mass, and ρϕ is the expectation value of the
boson star given by Eq. (2.17). We note that this infers that
the Higgs portal parameters must be fine-tuned [30,74].
The Higgs coupling constant is strenuously constrained

from invisible Higgs decay, big bang nucleosynthesis
(BBN), fifth force experiments, and measurements of the
electron and muon magnetic moment anomalies. The rate
for invisible Higgs decay is given by [85],

Γðh → ϕϕÞ ≈ β2v2EW
8πmH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
2m
mH

�
2

s
; ð3:3Þ

where vEW is the electroweak VEV for β ¼ 0. Taking
m ≪ mH, and using the CMS collaboration measurement
of the branching fraction of invisible Higgs decays [86] the
upper constraint on β is then given by

βmax;inv ¼ 10−2: ð3:4Þ

An upper constraint can also be placed on β from
constraints on the Fermi constant throughout the evolution
of the universe. Using the constraint on the change in the
Fermi constant from the time of BBN to today [87], β can
be constrained from the ratio [30],

GBBN
F

G0
F

¼ 1 − βρavgDM;0=ð2m2m2
HÞ

1 − βρavgDM;BBN=ð2m2m2
HÞ

; ð3:5Þ

TABLE I. Constraints on the total dark matter density in the solar system at a given radius.

Planet Mercury Venus Earth Mars Saturn

Radius [AU] 0.387098 0.723332 1.000000 1.523660 9.582420
ρDM;max ½g cm−3� 9.3 × 10−18 1.9 × 10−18 1.4 × 10−19 1.4 × 10−20 1.1 × 10−20
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where ρavgDM;0 ¼ 1.3 keV cm−3 is the average DM density
of the universe today and ρavgDM;BBN as the time of BBN.
The resulting constraint on β is then given by,

βmax;BBN ¼ 2 × 10−10
�

m
μeV

�
2
�
1.3 keV cm−3

ρavgDM;0

�
: ð3:6Þ

The Higgs coupling constant is constrained from fifth
force experiments due to the constant presence of a nonzero
density from the surrounding boson star. The presence of ϕ
with mass m induces a potential between two massive
bodies given by [34,81,88],

VðrÞ ¼ −
m1m2

r

�
αϕN
MP

�
2

e−mr; ð3:7Þ

where the coupling constant αϕN is given by,

αϕN ¼ ghNN

ffiffiffi
2

p
MP

mN
ϵ: ð3:8Þ

Here, mN is the nucleon mass and ϵ the mixing parameter
given by,

ϵ ¼ βvEW
m2

H

ffiffiffiffiffiffiffiffiffi
ρϕ
2m2

r
: ð3:9Þ

Using the value of ghNN derived in [34,89–91], the parameter
that is constrained from fifth force experiments [81,92–94] is
a function of the boson mass and is related to the Higgs
portal coupling and boson star density as,

α2ϕNðmÞ ∼ 1029β2
�
ρϕ=ð2m2Þ
GeV2

�
; ð3:10Þ

where ρϕ is the density of the boson star given by Eq. (2.17).
The value β

ffiffiffiffiffi
ρϕ

p is constrained for a given boson mass,
where the relevant excluded parameter space can be found
from [32,81,92–94]. We also ensure that the parameter space
searched satisfies measured values of the muon and electron
magnetic moments. In this case, the Higgs portal will
contribute to the muon and electron magnetic moments as
[95–100],

δal ¼
3

32π2
Y2
eff ¼

3

32π2

�
mlβ

m2
H

�
2 ρϕ
2m2

; ð3:11Þ

where ml is the muon or electron mass and it is assumed
that ml ≫ m.

B. Photon portal

We also consider the interaction between the DM and the
photon through a photon portal [101],

L ¼ …þ g
4
jϕj2F2 ð3:12Þ

where g is a coupling constant that can be positive or
negative. This interaction induces a shift in the fine structure
constant,

α ≈ α0

�
1þ g

ρϕ
2m2

�
; ð3:13Þ

where α0 is the unperturbed fine structure constant and ρϕ is
given be Eq. (2.17).
The photon coupling constant is most strenuously con-

strained from supernova (SN) cooling and BBN [101,102].
The constraint on g from SN is given by,

gmax;SN ¼ 10−7 GeV−2: ð3:14Þ

The BBN constraint can be derived from the constraint on the
neutron-proton mass difference Qnp where Qnp ∝ αΛQCD.
The shift in the neutron-proton mass difference due to the ϕ
field is given by [102],

ΔðQnp=TFÞ
Qnp=TF

≈ 0.08
Δα
α

≈ 0.0033 ð3:15Þ

where TF ≈ 0.8 MeV is the temperature at weak interaction
freeze-out. Using ρavgDM;BBN ¼ ρavgDM;0ð1þ zÞ3 at the time of
BBN, the constraint on g is found to be,

gmax;BBN ¼ 8 × 10−14
�

m
μeV

�
2

GeV−2: ð3:16Þ

IV. FREQUENCY SHIFTS

The shift in frequency of atomic clocks is given by [32],

δω

ω
¼ δV

V
; ð4:1Þ

where,

V ¼ αKα

�
mq

ΛQCD

�
Kq
�
me

mp

�
Ke=p

; ð4:2Þ

and α,mq,ΛQCD,me, andmp are the fine structure constant,
quark mass, scale of QCD, electron mass, and proton mass,
respectively. The constantsKα, Kq, andKe=p depend on the
type of atomic clock in question.
Taking a typical microwave atomic clock [32], Kα ≃ 2,

Kq ∼ −0.09, and Ke=p ¼ 1. The shift in frequency due to
the presence of a boson star that interacts with the SM
through the Higgs portal is given by,
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�
δω

ω
ðrÞ

�
Higgs

≈
δme

me
≈

βρϕðrÞ
2m2m2

H
; ð4:3Þ

where we show explicitly that the shift in frequency is a
function of position within the boson star. Here, we
assume that the main contribution to the shift in fre-
quency is due to the electron mass. We neglect the change
in mass of the quarks due to the fact that jKe=pj ≫ jKqj
and we neglect the change in the proton mass due to the
fact that most of the proton mass does not come from the
quark masses.
Taking a typical optical atomic clock, Ke=p ¼ Kq ¼ 0

and Kα ¼ 1. In this case, optical atomic clocks will not be
sensitive to the DM interacting with the SM through the
Higgs portal. If the boson star is comprised of dark matter
that interacts with the standard model through the photon
portal, the shift in frequency is given by,

�
δω

ω
ðrÞ

�
photon

≈
δα

α
≈ g

ρϕðrÞ
2m2

: ð4:4Þ

Notice that both microwave and optical atomic clocks are
sensitive to DM interacting with the SM through the
photon portal. However, optical atomic clocks will, in
general, have better precision than microwave atomic
clocks.
Consider two atomic clocks at positions r1 and r2 from

the center of the boson star. The shift in frequency between
the two clocks is,

�
δω

ω
ðr1; r2Þ

�
diff

¼ δω

ω
ðr1Þ −

δω

ω
ðr2Þ: ð4:5Þ

Scaling the positions as in Eq. (2.7), the frequency shifts at
a scaled position r̃i for the Higgs and photon portals are
given by,

�
δω

ω
ðr̃iÞ

�
Higgs

≈
β

m2
H

ρϕðr̃iÞ
2m2

; ð4:6Þ

�
δω

ω
ðr̃iÞ

�
Photon

≈ g
ρϕðr̃iÞ
2m2

: ð4:7Þ

Microwave atomic clocks, which can probe both the Higgs
and photon portals, can have precisions on the order of 10−16

[103], with a suggested improvement of 10−17ðTðKÞ=300Þ2
[104]. Optical atomic clocks, which can only probe the
photon portal, can have precisions on the order of 10−18

[105,106], with a record precision of 10−19 [107]. It has also
been suggested that nuclear clocks, which can probe both the

Higgs and photon portals, can reach precisions of 10−19

[108,109].

V. RESULTS AND CONCLUSION

We consider an atomic clock on the surface of the Earth
and a second clock aboard the International Space Station
(ISS). We then transform the coordinates of the clocks in
their respective lab frames to the heliocentric-ecliptic coor-
dinates for the solar halo and to the geocentric-equatorial
coordinates for the Earth halo [110,111] (see Appendix for
details). The position of the ISS in the Earth’s equatorial
frame is given in [112].

A. Solar halo

We search the parameter space for frequency shifts of
atomic clocks due to a boson star surrounding the Sun. In
particular, we search for parameters that give a difference
in frequency shifts between the two clocks greater than
some threshold frequency ðδωω Þdiff;min where the difference

is given by Eq. (4.5). We are interested in parameter space
for which the solar centered boson star has a radius of at
least 1 AU. For this case, we can safely take r̃d ≫ 2r̃�
where r̃d is given by Eq. (2.14) and with r̃� and n�
corresponding to the scaled radius and mass of the Sun
given by Eq. (2.7). For this regime (i.e., r̃d ≫ 2r̃�), we
can safely use the external gravitational energy given by
Eq. (2.12). We also impose the constraints on the boson
star density at a given radius as shown in Table I. For the
Higgs portal, we impose the constraints on the coupling
constant β from invisible Higgs decays [Eq. (3.4)]
and BBN [Eq. (3.6)], from fifth force experiments
[Eq. (3.10)], and from the muon and electron anomalous
magnetic moments [Eq. (3.11)]. For the photon portal, we
impose constraints on the photon coupling constant g
from SN cooling [Eq. (3.14)] and BBN [Eq. (3.16)].
We scan the available parameter space varying the self-

coupling constant of the bosons within the range,
10−100 ≤ λ ≤ 1, the mass of the boson within 10−31 GeV
≤ m ≤ 1 GeV, and the scaled particle number of the
boson star within 10−5ðncÞI ≤ n ≤ ðncÞI, where ðncÞI is
the critical particle number given by Eq. (2.15). For the
Higgs portal, we vary the Higgs coupling constant β
within 10−50 ≤ β ≤ 10−2, and for the photon portal,
we vary the photon coupling constant g within
10−50 GeV−2 ≤ g ≤ 10−7 GeV−2. As stated previously,
we require that the boson star density, Higgs coupling
constant, and photon coupling constant satisfy all the
necessary constraints.
The difference in frequency shifts between the two

clocks is given by Eq. (4.5) with the frequency shift at
each clock for the Higgs portal given by Eq. (4.6) and for
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the photon portal given by Eq. (4.7) assuming for both ðr̃dÞI
as the minimum energy solution. As an example, we take
clock 1 to be on the surface of the Earth at a latitudeΦ1 ¼ 0

and longitude λ1 ¼ 0 and clock 2 aboard the ISS. We take
parameters for clock 2 corresponding to orbits 3531–3603
found in [112] which were all measured in the month of
July 2020. For this analysis, we find no possible parameter
space that can be measured with atomic clocks within
the near future, as for both the Higgs and photon portals
the maximum frequency shift possible is Oð10−27Þ. This
is mainly due the density constraints given in Table I,
resulting in boson star densities that can only induce
frequency shifts several orders of magnitude smaller than
the best precision of current optical and microwave atomic
clocks.

B. Earth halo

For the Earth bound boson star, we find much more
promising results. We take the same example as discussed
above, but for a boson star surrounding the Earth, which
has a mass subject to the constraint given by Eq. (2.19).
For this case, we assume the scaled radius of the boson
star can be anywhere between r̃d ≫ r̃� and r̃d ¼ r̃� where
r̃� is the scaled radius of the Earth. In this case, we take
two separate scans: one corresponding to r̃d ≥ 2r̃� with
the external gravitational energy given by Eq. (2.12) and
the minimum energy solution given by Eq. (2.14); the
other corresponding to r̃� ≤ r̃d < 2r̃� with the external
gravitational energy given by Eq. (2.13) and the minimum
energy solution given by ðr̃dÞII.
Figure 1 shows the available parameter space for the

Higgs (left panel) and photon (right panel) portal for
chosen values of λ ¼ 10−56, β ¼ 10−22 (left panel), and
g ¼ 10−22 GeV−2 (right panel). One can see that there is
some small parameter space which future microwave
atomic clocks can potentially probe for the Higgs portal,
as the largest possible frequency shift that can be induced
is ∼10−18. Recall that the Higgs portal cannot be probed
with optical atomic clocks as these types of clocks are not
sensitive to changes in the quark and electron masses.
However, the photon portal gives a much larger available
parameter space and can potentially be probed with
current optical atomic clocks as the largest possible
frequency shift that can be induced is ∼10−13.
The various constraints we have aforementioned affect

the parameter space that can be probed in our scenario
by use of atomic clocks. For example, the parameter
space in the upper panel is limited in small boson masses
(this is the left vertical side of the plot) due to the BBN
constraints from Eqs. (3.6) and (3.16). On the right side
(i.e., large boson masses), the parameter space is sharply
limited due to our demand that the radius of the boson

star exceeds that of the Earth. The parameter space is
limited from below due to the atomic clock sensitivity,
since there is an experimental threshold on the fractional
frequency difference that can be detected. Although
atomic clocks do not exclude the parameter space from
above, it is nevertheless restricted (i.e., there is an upper
halo mass) for two reasons: (a) the constraint, Eq. (2.19),
that sets a limit on the maximum allowed mass included
in the vicinity of the Earth affecting the upper right
corner of the plot, and (b) the maximum halo allowed
mass provided hydrodynamic stability. This constraint
determines the boundary of the constrained parameter
space at the top of the upper panels. Also note that while
the total boson star masses are significantly sensitive to
change in particle number of the boson star, the total
boson star radii are not. This can be seen by Eq. (2.14)
where n ≪ n�, and hence, r̃d does not depend signifi-
cantly on n.
A comment is in order here. The uncertainty principle

δωδt > 1 sets a lower bound in δt. For part of our probed
space (where δω can be very small), δt can become
significantly large (e.g., of the order of a month) which
practically means that the difference between two clocks
cannot show up in general in a time interval smaller than
what the uncertainty principle dictates. Therefore to
probe extreme cases like these, stable atomic clocks
which do not de-synchronize by random noise in intervals
shorter than δt are preferable. Atomic clocks with
undisrupted synchronization for periods of several
months do exist making it possible to detect the hereby
studied effect, since the latter is going to cause changes
between the clocks within time intervals at least a few
times shorter than what random noise can cause. One
could imagine that our proposed effect can possibly be
detected even with clocks that require more frequent
synchronization than δt. In that case, although the change
in clocks will be hidden within random changes due to
noise, given enough time and thus statistics, it could in
principle be possible to identify the effect since it will
always cause the same change between the clocks as
opposed to the random one due to noise.
In summary, we have entertained the idea that bosonic

dark matter halos surround either the Sun or the Earth.
We have discussed the constraints that exclude parts of
the potential parameter space, and have showed the
remaining space that can potentially be probed by
atomic clocks. We have assumed either a Higgs portal
or a photon portal and that the method of detection is a
frequency comparison between a clock on Earth and a
clock in space. We have found that bosonic dark matter
halos surrounding the Sun cannot be probed with atomic
clocks in the near future. However, those surrounding
the Earth can potentially be probed with current and
future atomic clocks.
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APPENDIX: ASTROPHYSICAL COORDINATES

Here, we discuss the calculations needed to convert all
lab frames to the heliocentric-ecliptic frame or to the
geocentric-equatorial frame [110,111]. All times consid-
ered will be taken relative to J2000.0 (01.01.2000 12∶00
GMT). The number of fractional days for a given date
D.M.Y and time h:m:s (UT) relative to J2000.0 is,

nJ2000.0 ¼ ½365.25Ȳ� þ ½30.61ðM̄ þ 1Þ� þDþ h
24

þ m
24 × 60

þ s
24 × 602

− 730563.5; ðA1Þ

where

Ȳ ¼
�
Y − 1 if M ¼ 1; 2

Y if M > 2

M̄ ¼
�
M þ 12 if M ¼ 1; 2

M if M > 2
; ðA2Þ

and ½…� is the floor function. The epoch is then defined as,

TJ2000.0 ≡ nJ2000.0
36525

: ðA3Þ

The position of an atomic clock will depend on the local
apparent sidereal time (LAST) which is the time since the
local meridian passed the vernal equinox (♈) given by,

LASTðλÞ ¼ GASTþ λ

360°
86400 s; ðA4Þ

where λ is the longitude of the clock and the Greenwich
apparent sidereal time (GAST) is,

GAST ¼ GMSTþ EeðTJ2000.0Þ: ðA5Þ

The equation of equinoxes is,

EeðTJ2000.0Þ ≈Δψ cos ϵA

þ 1.76 × 10−4 sin Ω sþ 4 × 10−6 sin 2Ω s;

ðA6Þ

where

Δψ ¼ −1.1484 sin Ω s − 0.0864 cos 2Ls

Ω ¼ 125.04455501° − 0.05295376°nJ2000.0

þOðT2
J2000.0Þ

L ¼ 280.47° − 0.985650nJ2000.0 þOðT2
J2000.0Þ

ϵA ¼ 23.439279444° − 0.01301021361°TJ2000.0

þOðT2
J2000.0Þ: ðA7Þ

Finally, the Greenwich mean sidereal time (GMST) is,

GMST ¼ 86400 s½0.7790572732640þ nJ2000.0 ðmod 1Þ
þ 0.00273781191135448 nJ2000.0�
þ 9.6707 × 10−4 sþ 307.47710227 TJ2000.0 s

þ 0.092772113 T2
J2000.0 sþOðT3

J2000.0Þ: ðA8Þ

The position of an atomic clock in the lab frame at a
latitude Φ and longitude λ can be described in the helio-
centric-ecliptic coordinate system through a rotation. A
summary of the coordinate systems used is as follows:
(1) lab frame (lab): atomic clock at the origin, x-axis

toward east; y-axis toward north; z-axis toward sky.
(2) geocentric-equatorial frame (g-eq): center of Earth at

the origin; x-axis toward ♈; z-axis toward Earth
north pole; x- and y-axes span the equatorial plane.

(3) geocentric-eclipctic (g-ecl): center of Earth at the
origin; x-axis toward♈; z-axis toward ecliptic north
pole; x- and y-axes span the ecliptic plane.

(4) heliocentric-ecliptic (h-ecl): center of Sun at the
origin; x-axis toward♈; z-axis toward ecliptic north
pole; x- and y- axies span the eclipctic plane.

The rotation needed to go from the lab to g-ecl is then,

xg-ecl ¼ ðN g-eq
g-eclÞ−1N g-eq

lab xlab: ðA9Þ

Here, N g-eq
lab is the rotation matrix that takes coordinates in

lab to coordinates in g-eq,

N g-eq
lab ¼

0
B@

− sinϕ − cos θ cosϕ sin θ cosϕ

cosϕ − cos θ sinϕ sin θ sinϕ

0 sin θ cos θ

1
CA; ðA10Þ

where θ ¼ 90° −Φ, ϕðtÞ ¼ ωLASTðλÞ, and ω is the
rotational velocity of the clock. For the case of a clock
1 on the surface of the Earth, this rotational velocity is
ω1 ¼ 2π=ð86400 sÞ and the radius vector in the equatorial
frame is,

xlabðtÞ ¼ 1 AU

0
B@

sin θ cosϕðtÞ
sin θ sinϕðtÞ

cos θ

1
CA: ðA11Þ
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The rotation matrix N g-eq
g-ecl that takes coordinates in g-ecl

to coordinates in g-eq is,

N g-eq
g-ecl ¼

0
B@

1 0 0

0 cos ϵ − sin ϵ

0 sin ϵ cos ϵ

1
CA; ðA12Þ

where ϵ ¼ 23.4393° − 0.0130° TJ2000.0, where TJ2000.0,
and nJ2000.0 are given by Eqs. (A3) and (A1), respectively.
Once the position of the atomic clock in g-ecl coordinates
is found from Eq. (A12), the rotation to go from
coordinates in g-ecl to coordinates in h-ecl is,

xh-eclðtÞ ¼

0
B@

r cos lþ xg-ecl

r sin lþ yg-ecl

zg-ecl

1
CA; ðA13Þ

where the Earth-Sun radius is,

r ¼ að1 − e2Þ
1þ e cos ν

; ðA14Þ

where a ¼ 1 AU, e ¼ 0.01671, and ν is the true anomaly
given by,

ν ¼ gþ 2e sin gþ 5

4
e2 sin 2gþOðe3Þ; ðA15Þ

where g ¼ 357.528°þ 0.98560030 nJ2000 is the mean
anomaly, and the ecliptic longitude is,

l ¼ ω̄þ ν; ðA16Þ

where

ω̄ ¼ 282.932°þ 0.0000471° nJ2000: ðA17Þ

The orbital position of the International Space Station in
the g-eq frame can be found from [112],

xISS;g-eq ¼

0
B@

rISS cos lISS cos iISS
rISS sin lISS cos iISS

rISS sin iISS

1
CA; ðA18Þ

where rISS is the Earth-ISS radius given by,

rISS ¼ aISSð1 − e2ISSÞ
1þ eISS cos νISS

: ðA19Þ

The true anomaly of the ISS is given by Eq. (A15) with a
mean anomaly of gISS and an orbital eccentricity eISS, while
the mean orbital radius is aISS. The equatorial longitude is
given by Eq. (A16) with the argument of periapsis ω̄ISS, and
the equatorial latitude is iISS. All measurements can be
found from [112].
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[38] A. Hees, J. Guéna, M. Abgrall, S. Bize, and P. Wolf,
Searching for an Oscillating Massive Scalar Field as a Dark
Matter Candidate using Atomic Hyperfine Frequency
Comparisons, Phys. Rev. Lett. 117, 061301 (2016).

[39] A. Hees, O. Minazzoli, E. Savalle, Y. V. Stadnik, and
P. Wolf, Violation of the equivalence principle from light
scalar dark matter, Phys. Rev. D 98, 064051 (2018).

[40] B. M. Roberts and A. Derevianko, Precision measurement
noise asymmetry and its annual modulation as a dark
matter signature, Universe 7, 50 (2021).

[41] B. M. Roberts, G. Blewitt, C. Dailey, and A. Derevianko,
Search for transient ultralight dark matter signatures with
networks of precision measurement devices using a Baye-
sian statistics method, Phys. Rev. D 97, 083009 (2018).

[42] P. Wolf, R. Alonso, and D. Blas, Scattering of light dark
matter in atomic clocks, Phys. Rev. D 99, 095019 (2019).

[43] R. Alonso, D. Blas, and P. Wolf, Exploring the ultra-light
to sub-MeV dark matter window with atomic clocks and
co-magnetometers, J. High Energy Phys. 07 (2019) 069.

[44] E. Savalle, B. M. Roberts, F. Frank, P.-E. Pottie, B. T.
McAllister, C. Dailey et al., Novel approaches to dark-
matter detection using space-time separated clocks,
arXiv:1902.07192.

[45] D. J. Kaup, Klein-Gordon Geon, Phys. Rev. 172, 1331
(1968).

[46] R. Ruffini and S. Bonazzola, Systems of selfgravitating
particles in general relativity and the concept of an
equation of state, Phys. Rev. 187, 1767 (1969).

[47] J. Breit, S. Gupta, and A. Zaks, Cold bose stars, Phys. Lett.
140B, 329 (1984).

[48] M. Colpi, S. L. Shapiro, and I. Wasserman, Boson Stars:
Gravitational Equilibria of Self-interacting Scalar Fields,
Phys. Rev. Lett. 57, 2485 (1986).

[49] E. Seidel and W.-M. Suen, Dynamical evolution of boson
stars. 1. Perturbing the ground state, Phys. Rev. D 42, 384
(1990).

[50] R. Friedberg, T. D. Lee, and Y. Pang, Scalar soliton stars
and black holes, Phys. Rev. D 35, 3658 (1987).

[51] E. Seidel and W.M. Suen, Oscillating Soliton Stars, Phys.
Rev. Lett. 66, 1659 (1991).

[52] T. Lee and Y. Pang, Nontopological solitons, Phys. Rep.
221, 251 (1992).

[53] F. S. Guzman and L. A. Urena-Lopez, Gravitational cool-
ing of self-gravitating Bose-condensates, Astrophys. J.
645, 814 (2006).

[54] A. Arbey, J. Lesgourgues, and P. Salati, Galactic halos of
fluid dark matter, Phys. Rev. D 68, 023511 (2003).

[55] J.-w. Lee and I.-g. Koh, Galactic halos as boson stars,
Phys. Rev. D 53, 2236 (1996).

[56] T. Matos and L. A. Urena-Lopez, Flat rotation curves in
scalar field galaxy halos, Gen. Relativ. Gravit. 39, 1279
(2007).

[57] A. Bernal, J. Barranco, D. Alic, and C. Palenzuela, Multi-
state boson stars, Phys. Rev. D 81, 044031 (2010).

[58] L. A. Urena-Lopez and A. Bernal, Bosonic gas as a
galactic dark matter halo, Phys. Rev. D 82, 123535 (2010).

[59] P.-H. Chavanis, Mass-radius relation of Newtonian self-
gravitating Bose-Einstein condensates with short-range
interactions: I. Analytical results, Phys. Rev. D 84,
043531 (2011).

[60] P. H. Chavanis and L. Delfini, Mass-radius relation of
Newtonian self-gravitating Bose-Einstein condensates
with short-range interactions: II. Numerical results, Phys.
Rev. D 84, 043532 (2011).

USING ATOMIC CLOCKS TO DETECT LOCAL DARK MATTER … PHYS. REV. D 104, 103025 (2021)

103025-11

https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.89.083536
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1051/epjconf/201816806005
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1142/S0217751X13300287
https://doi.org/10.1088/0004-637X/804/2/131
https://doi.org/10.1088/1475-7516/2019/03/036
https://doi.org/10.1088/1475-7516/2019/03/036
https://doi.org/10.1103/PhysRevD.92.063526
https://doi.org/10.1088/1475-7516/2019/09/003
https://doi.org/10.1088/1475-7516/2019/09/003
https://doi.org/10.1142/S0218271821500036
https://doi.org/10.1142/S0218271821500036
https://doi.org/10.1038/nphys3137
https://doi.org/10.1038/s41467-017-01440-4
https://arXiv.org/abs/2102.13379
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevLett.115.011802
https://doi.org/10.1103/PhysRevLett.117.061301
https://doi.org/10.1103/PhysRevD.98.064051
https://doi.org/10.3390/universe7030050
https://doi.org/10.1103/PhysRevD.97.083009
https://doi.org/10.1103/PhysRevD.99.095019
https://doi.org/10.1007/JHEP07(2019)069
https://arXiv.org/abs/1902.07192
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1016/0370-2693(84)90764-0
https://doi.org/10.1016/0370-2693(84)90764-0
https://doi.org/10.1103/PhysRevLett.57.2485
https://doi.org/10.1103/PhysRevD.42.384
https://doi.org/10.1103/PhysRevD.42.384
https://doi.org/10.1103/PhysRevD.35.3658
https://doi.org/10.1103/PhysRevLett.66.1659
https://doi.org/10.1103/PhysRevLett.66.1659
https://doi.org/10.1016/0370-1573(92)90064-7
https://doi.org/10.1016/0370-1573(92)90064-7
https://doi.org/10.1086/504508
https://doi.org/10.1086/504508
https://doi.org/10.1103/PhysRevD.68.023511
https://doi.org/10.1103/PhysRevD.53.2236
https://doi.org/10.1007/s10714-007-0470-y
https://doi.org/10.1007/s10714-007-0470-y
https://doi.org/10.1103/PhysRevD.81.044031
https://doi.org/10.1103/PhysRevD.82.123535
https://doi.org/10.1103/PhysRevD.84.043531
https://doi.org/10.1103/PhysRevD.84.043531
https://doi.org/10.1103/PhysRevD.84.043532
https://doi.org/10.1103/PhysRevD.84.043532


[61] J. Eby, P. Suranyi, and L. C. R. Wijewardhana, The
lifetime of axion stars, Mod. Phys. Lett. A 31, 1650090
(2016).

[62] J. Eby, M. Leembruggen, P. Suranyi, and L. C. R. Wije-
wardhana, Collapse of axion stars, J. High Energy Phys. 12
(2016) 066.

[63] J. Eby, M. Ma, P. Suranyi, and L. C. R. Wijewardhana,
Decay of ultralight axion condensates, J. High Energy
Phys. 01 (2018) 066.

[64] L. Visinelli, S. Baum, J. Redondo, K. Freese, and
F. Wilczek, Dilute and dense axion stars, Phys. Lett. B
777, 64 (2018).

[65] D. G. Levkov, A. G. Panin, and I. I. Tkachev, Gravitational
Bose-Einstein Condensation in the Kinetic Regime, Phys.
Rev. Lett. 121, 151301 (2018).

[66] S.-C. Lin, H.-Y. Schive, S.-K. Wong, and T. Chiueh, Self-
consistent construction of virialized wave dark matter
halos, Phys. Rev. D 97, 103523 (2018).

[67] F. S. Guzmán and L. A. Ureña López, Gravitational atoms:
General framework for the construction of multistate
axially symmetric solutions of the Schrödinger-Poisson
system, Phys. Rev. D 101, 081302 (2020).

[68] E. Braaten and H. Zhang, Colloquium: The physics of
axion stars, Rev. Mod. Phys. 91, 041002 (2019).

[69] H. Zhang, Axion stars, Symmetry 12, 25 (2020).
[70] J. Eby, M. Leembruggen, L. Street, P. Suranyi, and L. C. R.

Wijewardhana, Global view of QCD axion stars, Phys.
Rev. D 100, 063002 (2019).

[71] B. Eggemeier and J. C. Niemeyer, Formation and mass
growth of axion stars in axion miniclusters, Phys. Rev. D
100, 063528 (2019).

[72] K. Kirkpatrick, A. E. Mirasola, and C. Prescod-Weinstein,
Relaxation times for Bose-Einstein condensation in axion
miniclusters, Phys. Rev. D 102, 103012 (2020).

[73] J. Eby, L. Street, P. Suranyi, and L. C. R. Wijewardhana,
Global view of axion stars with nearly Planck-scale decay
constants, Phys. Rev. D 103, 063043 (2021).

[74] C. Kouvaris, E. Papantonopoulos, L. Street, and L. C. R.
Wijewardhana, Probing bosonic stars with atomic clocks,
Phys. Rev. D 102, 063014 (2020).

[75] A. Banerjee, D. Budker, J. Eby, H. Kim, and G. Perez,
Relaxion stars and their detection via atomic physics,
Commun. Phys. 3, 1 (2020).

[76] E.W. Kolb and I. I. Tkachev, Nonlinear axion dynamics
and formation of cosmological pseudosolitons, Phys. Rev.
D 49, 5040 (1994).

[77] J. Eby, L. Street, P. Suranyi, L. R. Wijewardhana, and
M. Leembruggen, Galactic condensates composed of
multiple axion species, J. Cosmol. Astropart. Phys. 10
(2020) 020.

[78] J. Eby, M. Leembruggen, L. Street, P. Suranyi, and
L. Wijewardhana, Approximation methods in the study
of boson stars, Phys. Rev. D 98, 123013 (2018).

[79] N. Pitjev and E. Pitjeva, Constraints on dark matter in the
solar system, Astron. Lett. 39, 141 (2013).

[80] S. L. Adler, Placing direct limits on the mass of earth-
bound dark matter, J. Phys. A 41, 412002 (2008).

[81] F. Piazza and M. Pospelov, Sub-eV scalar dark matter
through the super-renormalizable Higgs portal, Phys. Rev.
D 82, 043533 (2010).

[82] Y. Stadnik and V. Flambaum, Improved limits on inter-
actions of low-mass spin-0 dark matter from atomic clock
spectroscopy, Phys. Rev. A 94, 022111 (2016).

[83] T. Flacke, C. Frugiuele, E. Fuchs, R. S. Gupta, and G.
Perez, Phenomenology of relaxion-Higgs mixing, J. High
Energy Phys. 06 (2017) 050.

[84] C. Cosme, J. a. G. Rosa, and O. Bertolami, Scale-invariant
scalar field dark matter through the Higgs portal, J. High
Energy Phys. 05 (2018) 129.

[85] C. Kouvaris, I. M. Shoemaker, and K. Tuominen, Self-
interacting dark matter through the Higgs portal, Phys.
Rev. D 91, 043519 (2015).

[86] CMS Collaboration, Search for invisible decays of a Higgs
boson produced through vector boson fusion in proton-
proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 793, 520
(2019).

[87] R. J. Scherrer and D. N. Spergel, How constant is the Fermi
coupling constant?, Phys. Rev. D 47, 4774 (1993).

[88] B. Grinstein, C. Kouvaris, and N. G. Nielsen, Neutron Star
Stability in Light of the Neutron Decay Anomaly, Phys.
Rev. Lett. 123, 091601 (2019).

[89] G. Jungman, M. Kamionkowski, and K. Griest, Super-
symmetric dark matter, Phys. Rep. 267, 195 (1996).

[90] Hai-Yang Cheng, Low-energy interactions of scalar and
pseudoscalar Higgs bosons with baryons, Phys. Lett. B
219, 347 (1989).

[91] J. Gasser, H. Leutwyler, and M. Sainio, Sigma-term
update, Phys. Lett. B 253, 252 (1991).

[92] S. Schlamminger, K.-Y. Choi, T. Wagner, J. Gundlach, and
E. Adelberger, Test of the Equivalence Principle using a
Rotating Torsion Balance, Phys. Rev. Lett. 100, 041101
(2008).

[93] B. Bertotti, L. Iess, and P. Tortora, A test of general
relativity using radio links with the Cassini spacecraft,
Nature (London) 425, 374 (2003).

[94] D. Kapner, T. Cook, E. Adelberger, J. Gundlach, B. R.
Heckel, C. Hoyle, and H. E. Swanson, Tests of the
Gravitational Inverse-Square Law below the Dark-Energy
Length Scale, Phys. Rev. Lett. 98, 021101 (2007).

[95] J. R. Primack and H. R. Quinn, Muon g-2 and other
constraints on a model of weak and electromagnetic
interactions without neutral currents, Phys. Rev. D 6,
3171 (1972).

[96] W. A. Bardeen, R. Gastmans, and B. E. Lautrup, Static
quantities in Weinberg’s model of weak and electromag-
netic interactions, Nucl. Phys. B46, 319 (1972).

[97] J. P. Leveille, The second order weak correction to (G-2) of
the muon in arbitrary gauge models, Nucl. Phys. B137, 63
(1978).

[98] H. E. Haber, G. L. Kane, and T. Sterling, The fermion mass
scale and possible effects of Higgs bosons on experimental
observables, Nucl. Phys. B161, 493 (1979).

[99] E. D. Carlson, S. L. Glashow, and U. Sarid, Searching for a
light Higgs, Nucl. Phys. B309, 597 (1988).

[100] Y.-F. Zhou and Y.-L. Wu, Lepton flavor changing scalar
interactions and muon g-2, Eur. Phys. J. C 27, 577
(2003).

[101] Y. Stadnik and V. Flambaum, Can Dark Matter Induce
Cosmological Evolution of the Fundamental Constants of
Nature?, Phys. Rev. Lett. 115, 201301 (2015).

CHRIS KOUVARIS et al. PHYS. REV. D 104, 103025 (2021)

103025-12

https://doi.org/10.1142/S0217732316500905
https://doi.org/10.1142/S0217732316500905
https://doi.org/10.1007/JHEP12(2016)066
https://doi.org/10.1007/JHEP12(2016)066
https://doi.org/10.1007/JHEP01(2018)066
https://doi.org/10.1007/JHEP01(2018)066
https://doi.org/10.1016/j.physletb.2017.12.010
https://doi.org/10.1016/j.physletb.2017.12.010
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevD.97.103523
https://doi.org/10.1103/PhysRevD.101.081302
https://doi.org/10.1103/RevModPhys.91.041002
https://doi.org/10.3390/sym12010025
https://doi.org/10.1103/PhysRevD.100.063002
https://doi.org/10.1103/PhysRevD.100.063002
https://doi.org/10.1103/PhysRevD.100.063528
https://doi.org/10.1103/PhysRevD.100.063528
https://doi.org/10.1103/PhysRevD.102.103012
https://doi.org/10.1103/PhysRevD.103.063043
https://doi.org/10.1103/PhysRevD.102.063014
https://doi.org/10.1038/s42005-019-0260-3
https://doi.org/10.1103/PhysRevD.49.5040
https://doi.org/10.1103/PhysRevD.49.5040
https://doi.org/10.1088/1475-7516/2020/10/020
https://doi.org/10.1088/1475-7516/2020/10/020
https://doi.org/10.1103/PhysRevD.98.123013
https://doi.org/10.1134/S1063773713020060
https://doi.org/10.1088/1751-8113/41/41/412002
https://doi.org/10.1103/PhysRevD.82.043533
https://doi.org/10.1103/PhysRevD.82.043533
https://doi.org/10.1103/PhysRevA.94.022111
https://doi.org/10.1007/JHEP06(2017)050
https://doi.org/10.1007/JHEP06(2017)050
https://doi.org/10.1007/JHEP05(2018)129
https://doi.org/10.1007/JHEP05(2018)129
https://doi.org/10.1103/PhysRevD.91.043519
https://doi.org/10.1103/PhysRevD.91.043519
https://doi.org/10.1016/j.physletb.2019.04.025
https://doi.org/10.1016/j.physletb.2019.04.025
https://doi.org/10.1103/PhysRevD.47.4774
https://doi.org/10.1103/PhysRevLett.123.091601
https://doi.org/10.1103/PhysRevLett.123.091601
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-2693(89)90402-4
https://doi.org/10.1016/0370-2693(89)90402-4
https://doi.org/10.1016/0370-2693(91)91393-A
https://doi.org/10.1103/PhysRevLett.100.041101
https://doi.org/10.1103/PhysRevLett.100.041101
https://doi.org/10.1038/nature01997
https://doi.org/10.1103/PhysRevLett.98.021101
https://doi.org/10.1103/PhysRevD.6.3171
https://doi.org/10.1103/PhysRevD.6.3171
https://doi.org/10.1016/0550-3213(72)90218-0
https://doi.org/10.1016/0550-3213(78)90051-2
https://doi.org/10.1016/0550-3213(78)90051-2
https://doi.org/10.1016/0550-3213(79)90225-6
https://doi.org/10.1016/0550-3213(88)90331-8
https://doi.org/10.1140/epjc/s2003-01137-1
https://doi.org/10.1140/epjc/s2003-01137-1
https://doi.org/10.1103/PhysRevLett.115.201301


[102] Y. Stadnik and V. Flambaum, Constraining scalar dark
matter with big bang nucleosynthesis and atomic spec-
troscopy, arXiv:1504.01798.

[103] S. Weyers, V. Gerginov, M. Kazda, J. Rahm, B. Lipphardt,
G. Dobrev, and K. Gibble, Advances in the accuracy,
stability, and reliability of the PTB primary fountain
clocks, Metrologia 55, 789 (2018).

[104] J. Han, Y. Zuo, J. Zhang, and L. Wang, Theoretical
investigation of the black-body zeeman shift for micro-
wave atomic clocks, Eur. Phys. J. D 73, 9 (2019).

[105] C. W. Chou, D. B. Hume, J. C. J. Koelemeij, D. J.
Wineland, and T. Rosenband, Frequency Comparison of
Two High-Accuracy alþ Optical Clocks, Phys. Rev. Lett.
104, 070802 (2010).

[106] B. J. Bloom, T. L. Nicholson, J. R. Williams, S. L.
Campbell, M. Bishof, X. Zhang, W. Zhang, S. L. Bromley,
and J. Ye, An optical lattice clock with accuracy and
stability at the 10−18 level, Nature (London) 506, 71
(2014).

[107] G. E. Marti, R. B. Hutson, A. Goban, S. L. Campbell, N.
Poli, and J. Ye, Imaging Optical Frequencies with 100 μHz
Precision and 1.1 μm Resolution, Phys. Rev. Lett. 120,
103201 (2018).

[108] C. J. Campbell, A. G. Radnaev, A. Kuzmich, V. A. Dzuba,
V. V. Flambaum, and A. Derevianko, Single-Ion Nuclear
Clock for Metrology at the 19th Decimal Place, Phys. Rev.
Lett. 108, 120802 (2012).

[109] E. Peik, T. Schumm, M. S. Safronova, A. Pálffy, J.
Weitenberg, and P. G. Thirolf, Nuclear clocks for testing
fundamental physics, Quantum Sci. Technol. 6, 034002
(2021).

[110] C. McCabe, The Earth’s velocity for direct detection
experiments, J. Cosmol. Astropart. Phys. 02 (2014) 027.

[111] T. Emken and C. Kouvaris, DaMaSCUS: The impact of
underground scatterings on direct detection of light dark
matter, J. Cosmol. Astropart. Phys. 10 (2017) 031.

[112] T. Kelso, Celestrak, available at https://celestrak.com/.

USING ATOMIC CLOCKS TO DETECT LOCAL DARK MATTER … PHYS. REV. D 104, 103025 (2021)

103025-13

https://arXiv.org/abs/1504.01798
https://doi.org/10.1088/1681-7575/aae008
https://doi.org/10.1140/epjd/e2018-90342-1
https://doi.org/10.1103/PhysRevLett.104.070802
https://doi.org/10.1103/PhysRevLett.104.070802
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nature12941
https://doi.org/10.1103/PhysRevLett.120.103201
https://doi.org/10.1103/PhysRevLett.120.103201
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/2058-9565/abe9c2
https://doi.org/10.1088/1475-7516/2014/02/027
https://doi.org/10.1088/1475-7516/2017/10/031
https://celestrak.com/
https://celestrak.com/

