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Ultralight bosonic dark matter (UBDM) can be described by a classical wavelike field oscillating near
the Compton frequency of the bosons. If a measurement scheme for the direct detection of UBDM
interactions is sensitive to a signature quadratic in the field, then there is a near-zero-frequency (dc)
component of the signal. Thus, a detector with a given finite bandwidth can be used to search for bosons
with Compton frequencies many orders of magnitude larger than its bandwidth. This opens the possibility
of a detection scheme analogous to Hanbury Brown and Twiss intensity interferometry. Assuming that the
UBDM is virialized in the Galactic gravitational potential, the random velocities produce slight deviations
from the Compton frequency. These result in stochastic fluctuations of the intensity on a timescale
determined by the spread in kinetic energies. In order to mitigate ubiquitous local low-frequency noise, a
network of sensors can be used to search for the stochastic intensity fluctuations by measuring cross-
correlation between the sensors. This method is inherently broadband, since a large range of Compton
frequencies will yield near-zero-frequency components within the sensor bandwidth that can be searched
for simultaneously. Measurements with existing sensor networks have sufficient sensitivity to search
experimentally unexplored parameter space.

DOI: 10.1103/PhysRevD.108.015003

I. INTRODUCTION

A wide variety of evidence suggests the existence of
dark matter, an invisible substance that constitutes a large
fraction of the matter in the Universe [1–3]. Despite
decades of research, its microscopic nature remains
unknown. A promising hypothesis is that dark matter
predominantly consists of ultralight bosons with masses
mφ ≪ 1 eV=c2, such as axions [4–6], axionlike particles

(ALPs) [7,8], or hidden photons [9–11]. Ultralight bosons
can couple to Standard Model (SM) particles through a
variety of “portals” [12,13], which have been used to
search for ultralight bosonic dark matter (UBDM)—see,
for example, Refs. [14–31].
Numerous experiments looking for UBDM are based on

resonant systems, which require accurate tuning to the
unknown Compton frequency, ωc ¼ mφc2=ℏ, in order to be
sensitive to UBDM. Therefore, a time-consuming scan of
tunable parameters must be performed to search a wide
range of masses. However, if a search is based on the
measurement of the “intensity” of the UBDM, part of the
signal is down-converted to near-zero frequency [32,33],
regardless of the particular Compton frequency of the
UBDM.
In the commonly considered simplest version of the

standard halo model (SHM) for dark matter [34–36], the
net UBDM field results from the superposition of numer-
ous virialized bosons [37]. Such a model assumes minimal

*hemasiar@uni-mainz.de
†figueroa@uni-mainz.de
‡aridaybordon@gmail.com
§derek.jacksonkimball@csueastbay.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 108, 015003 (2023)

2470-0010=2023=108(1)=015003(11) 015003-1 Published by the American Physical Society

https://orcid.org/0000-0002-8481-7602
https://orcid.org/0000-0001-7703-1129
https://orcid.org/0000-0003-4311-9274
https://orcid.org/0000-0002-5492-5485
https://orcid.org/0000-0002-3544-5160
https://orcid.org/0000-0002-7356-4814
https://orcid.org/0000-0002-3798-0343
https://orcid.org/0000-0001-5436-7375
https://orcid.org/0000-0003-3764-1234
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.015003&domain=pdf&date_stamp=2023-07-05
https://doi.org/10.1103/PhysRevD.108.015003
https://doi.org/10.1103/PhysRevD.108.015003
https://doi.org/10.1103/PhysRevD.108.015003
https://doi.org/10.1103/PhysRevD.108.015003
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


self-interactions [38] and ignores possible nonvirialized
dark matter streams [39] and composite dark matter
structures, such as boson stars [40] or topological defects
[41]. The velocity dispersion of the dark matter particles in
the neighborhood of our solar system is v0 ∼ 10−3c.
Consequently, the oscillation frequencies associated with
the virialized bosons are Doppler shifted. This generates a
fractional shift from ωc and a spread of frequencies of
∼v20=ð2c2Þ ∼ 5 × 10−7. Because of the random distribution
of frequencies of the UBDM, the amplitude of the net
UBDM field stochastically fluctuates, as discussed in
detail in Refs. [42–49]. We emphasize that this is an
essential feature of the UBDM field in the SHM. The
characteristic timescale τφ ∼ 2ℏ=ðmφv20Þ and length scale
λφ ∼ ℏ=ðmφv0Þ of the fluctuations depend on the mass mφ

and velocity dispersion v0 of the bosons [37]. In com-
parison to a direct measurement of the UBDM field, a
measurement of the UBDM field intensity produces a
frequency down-conversion of the UBDM signal to near
dc. The spectral linewidth of this near-dc signal is ∼106
times smaller than ωc. Looking for this near-dc feature
allows sensors with a limited bandwidth to probe UBDM
with masses ∼106 times larger than searching for direct
field oscillations at ωc.
The frequency down-conversion discussed above occurs

naturally when considering quadratic portals where the
interaction with SM particles is proportional to the square
of the UBDM field [32,33,41,50–53]. A spin-0 field φðr; tÞ
can interact with SM fermions and electromagnetic fields
according to the phenomenological quadratic scalar
Lagrangian [32]

Ls ¼ ℏc

�
�mfc2

Λ2
f

ψ̄fψf �
1

4Λ2
γ
F2
μν

�
φ2ðr; tÞ; ð1Þ

whereΛf andΛγ parametrize the couplings to fermions and
photons, respectively, where the � indicates the sign of the
coupling, mf is the fermion mass, ψf is the fermion field,
and Fμν is the Faraday tensor.
The effects of the interactions described by Eq. (1) can be

understood in terms of redefinitions of the effective fermion
masses and the fine-structure constant α [32,50],

mðeffÞ
f ðr; tÞ ¼ mf

�
1 ∓ ℏc

Λ2
f

φ2ðr; tÞ
�
; ð2Þ

αðeffÞðr; tÞ ¼ α

�
1� ℏc

Λ2
γ
φ2ðr; tÞ

�
: ð3Þ

Variations of mðeffÞ
f and αðeffÞ can be measured with atomic

clocks or interferometers [50,52–62], or generally by direct
comparison of systems with different dependence on these
fundamental constants [28,63–66].

Additionally, a spin-0 pseudoscalar (ALP) field can
possess linear and/or quadratic interactions with the
axial-vector current of a SM fermion [41], ψ̄fγ

μγ5ψf,

Llin ¼ � 1

fl
ψ̄fγ

μγ5ψf∂μφðr; tÞ; ð4Þ

Lquad ¼ � 1

f2q
ψ̄fγ

μγ5ψf∂μφ
2ðr; tÞ; ð5Þ

where fl and fq parametrize the linear and quadratic
couplings to fermion spins, and γμ and γ5 are Dirac matrices.
The quantum chromodynamics (QCD) axion [67–71] asso-
ciated with the Peccei-Quinn solution to the strong CP
problem [72] generally possesses the linear coupling
described by Eq. (4) (see, for example, Ref. [73]).
Alternatively, in effective field theories with ALPs not
associated with the QCD sector, the linear coupling term
may be strongly suppressed or absent [51], in which case the
leading-order interaction with the axial-vector current may
be the quadratic coupling of Eq. (5) [41]. Note that, like
Eq. (4), the description of the quadratic interaction in Eq. (5)
is manifestly Lorentz covariant, since replacing φ by φ2

preserves the overall number-type Lorentz structure because
φ is a spinless field. Effective field theories featuring an
ALP-spin interaction dominated by the quadratic term have
much weaker constraints on the associated coupling constant
fq from astrophysics [41,51]. Of note is the fact that, while
the linear interaction of Eq. (4) is CP conserving, the
quadratic interaction in Eq. (5) is CP violating, and thus
could potentially play a role in baryogenesis [74]. While
models with interactions ∝ φ2 were originally developed
phenomenologically (see Ref. [51] and references therein),
string theory is an example of a fundamental theory
generating quadratic interactions [75] such as those
described by Eqs. (1) and (5), and theoretical work in this
area is ongoing. Since our proposed search method relies on
signals quadratic in the ALP field, in the rest of this work we
focus our attention on the quadratic coupling.
In the nonrelativistic limit, Eq. (5) yields the interaction

Hamiltonian [41,53]

Hφ ¼ ∓ 2ℏ2c2

f2q
S · ∇φ2ðr; tÞ: ð6Þ

Equation (6) features a structure similar to that of the
Zeeman Hamiltonian, HZ ¼ γS · B, where γ is the gyro-
magnetic ratio and B is a magnetic field (with the above
noted difference that HZ is CP even, whileHφ is CP odd).
Therefore, ∇φ2ðr; tÞ couples to a fermion spin S in a manner
similar to a magnetic field [41], playing the role of a
“pseudomagnetic” field. Thus, such pseudoscalar fields can
be searched for in the spin dynamics of electrons or nuclei.
While a variety of sensors could be used, here we focus on
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atomic (nuclear) magnetometers since these are intrinsically
sensitive to Zeeman shifts [76–82].
The effects described by Eqs. (2), (3), and (6) are related

to φ2, which is in turn proportional to the UBDM intensity
and exhibit near-dc stochastic amplitude fluctuations.
Although measuring low-frequency signals is technically
challenging due to multiple sources of low-frequency noise,
an array of independent, geographically distributed sensors
will tend to have uncorrelated noise. In contrast, the slowly
changing UBDM intensity will lead to a common-mode
fluctuating signal present in all detectors within a coherence
length of one another, which will appear in correlations
between the sensors. We advocate for the use of networks of
sensors to search for these stochastic fluctuations. There are
existing and proposed dark matter searches sensitive to
these interactions using networks consisting of a variety of
sensor types, such as atomic clocks [50,53–56,83], atomic
magnetometers [41,76–80,84–86], gravimeters [87–89],
laser interferometers [52,57,58,60–62,90], and atom inter-
ferometers [59]. The methodology described below is
analogous to Hanbury Brown and Twiss intensity interfer-
ometry [91] and can be used to dramatically expand the
range of UBDM Compton frequencies that particular
sensors can probe [92].

II. STOCHASTIC PROPERTIES
OF THE UBDM FIELD

The properties of the UBDM field can be derived using
the framework described in Refs. [37,42–49]. In brief,
assuming that UBDM does not interact with itself, each
individual particle can be treated as an independent wave.
In this scenario, the UBDM field is well described by a
superposition of these individual waves.
Assuming that the local dark-matter energy density ρdm

is solely in the form of UBDM, such field can be modeled
as the superposition of N oscillators,1

φðr; tÞ ≈
XN
n¼1

φ0ffiffiffiffi
N

p cosðωnt − kn · rþ θnÞ; ð7Þ

where the oscillation amplitude is given by [73]

φ0 ¼
ℏ

mφc

ffiffiffiffiffiffiffiffiffiffi
2ρdm

p
; ð8Þ

such that the average energy density in the UBDM
field comprises the totality of the local dark matter.
Here, kn ¼ mφvn=ℏ is the wave vector corresponding to

vn, the velocity of the nth oscillator in the laboratory frame.
The phases θn are randomly distributed between 0 and 2π.
The oscillation frequency ωn is determined mostly by the
Compton frequency ωc of the underlying ultralight boson.
The kinetic energy correction to the rest energy introduces
small deviations from ωc, so that

ωn ≈ ωc

�
1þ v2n

2c2

�
; ð9Þ

for vn ≪ c. Therefore, the distribution of ωn (and kn) is
determined by the velocity distribution as observed in the
laboratory frame. According to the standard halo model,
vn follows a displaced Maxwell-Boltzmann distribution
defined as

flabðvÞ ≈
1

π3=2v30
exp

�
−
ðv − vlabÞ2

v20

�
; ð10Þ

where the velocity of the lab frame is vlab ¼ jvlabjẑ, and we
have ignored the escape-velocity cutoff.
Sufficiently strong self-interactions could introduce

effects in the coherence properties of the UBDM field
not considered in this work. However, since these inter-
actions are expected to be relatively weak [38,44], they
are commonly neglected in studies of direct detection
searches [37,48,93], as in this work. Here, our interest lies
in quadratic interactions with the field, proportional to
φ2ðr; tÞ or ∇φ2ðr; tÞ. These quantities have two terms: one
near-dc component and one fast oscillating component at
≈2ωc. We consider sensors with a limited bandwidth
Δω ≪ ωc, such that the fast oscillating terms can be
ignored. Therefore, only the near-dc components (denoted
by the subscript s) of φ2 and ∇φ2 are considered. These are
written as

φ2
sðr; tÞ ¼

φ2
0

2N

XN
n;m¼1

cosðωnmt − knm · rþ θnmÞ; ð11Þ

∇φ2
sðr; tÞ ¼

φ2
0

2N

XN
n;m¼1

knm sinðωnmt − knm · rþ θnmÞ; ð12Þ

where ωnm ¼ ωn − ωm, knm ¼ kn − km, and θnm ¼
θn − θm. Since the sensors are assumed to be within the
same coherence patch (such that Δk · Δr ≈ 0, where Δk is
the characteristic spread of values in knm and Δr is the
difference in the position vectors for the pair of sensors at
rn and rm), the r dependence can be neglected and we
can evaluate the expressions at r ¼ 0 in the following
calculations [94].
The signal measured with each sensor would have a

small UBDM-related component κξðtÞ, where κ accounts
for the coupling of the sensor to the UBDM field, and ξðtÞ
is either φ2

s (scalar interaction) or m̂ · ∇φ2
s (pseudoscalar

gradient interaction, where m̂ represents the sensitive
direction of the sensor). The correlations between meas-
urable signals produced in different sensors by a UBDM

1The individual bosons should be modeled as quantum objects,
not classical fields. However, the huge occupancy numbers of
each mode allows one to accurately model the UBDM as a
superposition of classical oscillators. For example, a boson mass
of 10−11 eV=c2 (and ρdm ¼ 0.3 GeV=cm3) results in a number
density of particles of ∼1019 cm3. The de Broglie wavelength for
particles moving with v0 is ∼1010 cm.
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field can be quantified using the degree of first-order
coherence gð1ÞðτÞ for different delay times τ,

gð1ÞðτÞ ¼ hξðtÞξðtþ τÞit
hξ2it

; ð13Þ

where h� � �it denotes the time average. The value of gð1ÞðτÞ
is a measure of the degree of correlation between ξðtÞ
and ξðtþ τÞ.
To illustrate the stochastic properties of ∇φ2

sð0; tÞ and
φ2
sð0; tÞ, their time evolution was simulated. Plots of

gð1ÞðτÞ for φ2
sðtÞ and for projections of ∇φ2

sðtÞ onto parallel
and perpendicular directions with respect to vlab can be
seen in Fig. 1. In order to numerically calculate the near-dc
components of φ2 and ∇φ2

sðtÞ, and avoid the double
summation in Eq. (12), it is convenient to introduce the
field in complex notation,

φcð0; tÞ ¼
φ0ffiffiffiffi
N

p
XN
n¼1

exp ½iðωntþ θnÞ�: ð14Þ

Then the near-dc component of the field squared can be
calculated using

φ2
s ¼

1

2
φcφ

�
c: ð15Þ

This yields a real number related to the average value of φ2

over a cycle of the oscillation.
Similarly, ∇φ2

s is numerically evaluated by applying the
chain rule

∇φ2
sðr; tÞjr¼0 ¼

i
2
φc

φ0ffiffiffiffi
N

p
XN
n¼1

kn exp½−iðωntþ θnÞ�

−
i
2
φ�
c
φ0ffiffiffiffi
N

p
XN
n¼1

kn exp ½iðωntþ θnÞ�: ð16Þ

Note that by first evaluating Eq. (14) to obtain φcð0; tÞ
and then evaluating Eqs. (15) and (16) to find φ2

s and ∇φ2
s ,

we only evaluate sums with OðNÞ terms for N oscillators.
This is in contrast to the equivalent expressions presented in
Eqs. (11) and (12), which have double sums with OðN2Þ
terms. This makes numerical calculations using Eqs. (15)
and (16) considerably faster for large N.
The individual wave vectors kn and frequencies ωn are

calculated from the velocities vn. These velocities are drawn
from the displaced Maxwell-Boltzmann distribution defined
in Eq. (10). In our simulations, we take the isotropic velocity
dispersion of the local UBDM to be determined by the
characteristic virial velocity v0 ≈ 220 km=s and vlab to be
dominated by the motion of the Sun in the Galactic frame,
jvlabj ≈ 233 km=s. The phases θn are drawn from a uniform
distribution spanning from 0 to 2π.
The simulations consider N ¼ 103 oscillators evolving

during 20τφ with a time resolution of 0.05τφ, where τφ is
calculated using Eq. (18). The number of oscillators used to
model the UBDM field reflects the quantity that can be
comfortably simulated with our available hardware. By
repeating the simulation hundreds of times, we observe that
the results converge. Additional checks confirmed that the
spectral properties of the simulations matched theoretical
predictions. For example, an analytical solution for gð1ÞðτÞ
in the limit jvlabj ≫ v0 can be found in the Supplemental
Material, Sec. D [97], which is shown to agree with our
simulations. The temporal resolution and the duration of
the simulated field evolution were chosen considering
plausible values for an experimental search.
After generating φ2

s and ∇φ2
s , gð1ÞðτÞ is calculated using

Eq. (13). Note that the mean value of the field is subtracted
so gð1ÞðτÞ → 0 for τ ≫ τφ (see the Supplemental Material,
Sec. B [97]).
The coherence time τc is the characteristic time after

which the correlation in the UBDM field is lost. We define
the coherence time as the power-equivalent width of gð1ÞðτÞ
[98,99],

τc ¼
Z þ∞

−∞
jgð1ÞðτÞj2dτ; ð17Þ

which describes a characteristic temporal width of gð1ÞðτÞ.
We used this expression to quantify the coherence time
in our simulations.2

As a useful benchmark to compare our results with, we
have used the coherence time τφ of the field assuming an
exact Lorentzian line shape (with a full width at half
maximum of ωcv20=c

2) [37,49],FIG. 1. Degree of first-order coherence as a function of delay
time τ for φ2

s and different projections of the gradient ∇φ2
s relative

to vlab. Each curve is the result of 100 averages simulating 103

particles, where the mean was subtracted. The approximate
values of the coherence times are given in colors matching their
respective plot traces.

2For the simulations presented here, the coherence time was
obtained by integrating Eq. (17) numerically. The integration was
done over the time interval ½0; 5τφ� and multiplying by 2 in order
to account for the negative segment of the range.

HECTOR MASIA-ROIG et al. PHYS. REV. D 108, 015003 (2023)

015003-4



τφ ≈
2ℏ

mφv20
: ð18Þ

Because the actual spectral line shape describing φ is non-
Lorentzian [49], the coherence time of the field φ derived
from the simulations differs from τφ. For the considered vlab,
simulations show a coherence time of ≈1.12ð1Þτφ.
The coherence time for φ2

s is approximately half of that
for the field φ. This is a result of the field φ2

s being a sum
over terms depending on the difference of frequencies ωnm,
as opposed to φ, which only contains terms depending on
ωn. The probability distribution of ωnm can be calculated
as the convolution of the distribution of ωn with itself.
This results in a distribution for ωnm that is broader.
Consequently, the coherence time is shorter since gð1ÞðτÞ is
given by the Fourier transform of the power spectral
density of φ2

s (proportional to the ωnm distribution),
according to the Wiener-Khinchin theorem. The gradient
coupling features even shorter coherence times due to the
knm factor weighting the contribution of the oscillating
terms. Larger ωnm tends to correspond to larger knm: this
effectively broadens the power spectral density of ∇φ2

s ,
leading to a shorter coherence time. This is also the reason
why parallel and perpendicular components of the gradient
have different coherence times, as discussed below.
The coherence time is also related to the mass of the

UBDM particle, as can be seen in Eq. (18). The relationship
between the UBDMmass and the coherence time exhibited
by φ2

s and ∇φ2
s is shown in Fig. 2. The coherence times for

φ2
s and ∇φ2

s are proportional to the coherence time of φ, τφ
as defined in Eq. (18). In the case of detection, this could be
used to estimate the mass of the UBDM particles.
A possible method to look for UBDM is to use

multisensor intensity interferometry to measure the
cross-correlation between time-series data from different
sensors. When using pairs of geographically distributed
sensors, a correlated global background field will produce a
nonzero cross-correlation gð1ÞABðτÞ between sensors A and B

proportional to gð1ÞðτÞ, as discussed in the Supplemental
Material, Sec. B [97]. Note that uncorrelated noise in

the sensors will reduce the expected value of gð1ÞABð0Þ in the
presence of a UBDM signal, making it smaller than the
maximum value of one (see the Supplemental Material,
Sec. B [97]). In the case of the gradient coupling, a relative
misalignment of the sensitive axes of the sensors also leads

to a reduction in the value of gð1ÞABð0Þ (see the Supplemental
Material, Sec. C [97]). In order to distinguish a correlated

signal from uncorrelated noise, gð1ÞABð0Þ can be compared

with gð1ÞABðτ ≫ τφÞ.

III. ACCESSIBLE UBDM PARAMETER SPACE

Existing sensor networks have sufficient sensitivity to
probe experimentally unexplored parameter space describ-
ing UBDM by searching for correlated stochastic fluctua-
tions using intensity interferometry.
Atomic magnetometers can search for ALP fields by

detecting Zeeman shifts caused by the interaction described
in Eq. (6). In analogy with the Zeeman Hamiltonian, the
gradient of the square of the ALP field acts as a pseudo-
magnetic field Bq given by

Bq ≈ ∓ 2ℏ2c2

gFμBf2q
∇φ2ðr; tÞ; ð19Þ

where gF is the Landé factor, and μB is the Bohr magneton
(or, for nuclear-spin-based magnetometers, the nuclear
magneton). The projection of the near-dc component of
Bq along the sensitive axis of a magnetometer defined by
the unit vector m̂ can be estimated in a manner similar to
that discussed in, for example, Ref. [49], by evaluating the
sum in Eq. (12), yielding a characteristic magnitude (with
an average value of zero) of

m̂ · Bq ∼
ℏ3ρdmv0
gFμBmφf2q

: ð20Þ

In the derivation of the above equation, we assumed that
frequency and wave vector are uncorrelated. The accuracy
of this approximation is discussed in the Supplemental
Material, Sec. A [97]. Nonetheless, Eq. (20) is suitable for a
rough estimate of the sensitivity of a magnetometer network
to such UBDM, given that jvlabj ≈ v0.
The sensitivity of a sensor network depending on the

number of sensors (Nm), the UBDM field coherence time
(τφ), and total acquisition time (T) is discussed in the
Supplemental Material, Sec. B [97]. Combining Eqs. (20)
and (B6), an estimate for the UBDM coupling constant to
which a magnetometer network would be sensitive is
given by

FIG. 2. Mass dependence of the coherence time τc for φ2
s and

projections of ∇φ2
s . Each point is the result of 100 averages

simulating 103 particles.
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f2q ≲ ℏ3ρdmv0
gFμBmφδB

ðτφTÞ1=4
ffiffiffiffiffiffiffi
Nm

p
: ð21Þ

Figure 3 shows sensitivity estimates for the global net-
work of optical magnetometers for exotic physics searches
(GNOME) [76,77,80,82] based on alkali vapor magne-
tometers with δB ≈ 100 fT=

ffiffiffiffiffiffi
Hz

p
and the Advanced

GNOME network based on noble gas comagnetometers
with δB ≈ 1 fT=

ffiffiffiffiffiffi
Hz

p
, assuming T ¼ 100 days and

Nm ¼ 10. Note that for τc ≫ 24 h, the signal amplitude
is partially modulated at the frequency of Earth’s rotation
since the signals are ∝ m̂ ·Bq and m̂ rotates with the Earth,
while Bq does not, which can in principle enable the
detection of UBDM with coherence times much longer
than a day. Notable is the extent to which GNOME and
Advanced GNOME can probe UBDM with Compton
frequencies far beyond the nominal sensor bandwidths.
Optical atomic clocks are an example of a sensor that can

search for scalar fields through the apparent variation of
fundamental constants as described in Eqs. (2) and (3), due
to, for example, the variation of the fine-structure constant α
and relativistic effects (see Ref. [13] and references therein).
For example, the fractional frequency variation in an atomic

clock due to variation of the fine-structure constant α is
given by

δνðtÞ
ν

¼ κα
δαðtÞ
α

; ð22Þ
where ν is the clock frequency and κα is a dimensionless
sensitivity coefficient that depends on the type of clock:
κα ≈ 2 for most current optical atomic clocks, but note
that there are exceptions, such as the proposed clock with
κα ≈ −15 described in Ref. [104], and the possibility of
future clocks based on highly charged ions [105] or a
thorium nuclear transition [106] that could have orders of
magnitude larger values of κα.
It is important to note that the sensitivity of intensity

interferometry can be significantly impacted by backaction
of the surrounding matter density on the scalar field as
pointed out in Refs. [33,107] and also discussed in
Refs. [51,108,109]. The accessible range of parameter
space for current optical clocks near the surface of Earth
is well within the regime where such backaction effects are
significant (above the long-dashed blue line in Fig. 4, see
the Supplemental Material, Sec. E [97]). However, for the
range of boson masses and coupling constants considered
in the present work, it turns out that for a space-based

FIG. 3. Estimated parameter space describing ALP dark matter
that can be probed by GNOME (dashed line, purple shaded
region) and Advanced GNOME (dotted line, light blue shaded
region) measuring for ≈100 days using Nm ¼ 10 magnetometers
[76,77,80,82]. GNOME and Advanced GNOME are sensitive to
the interaction of the ALP field with proton spins described by
Eq. (6); fq parametrizes the ALP-nucleon coupling strength. The
vertical dashed red line marks the Compton frequency and mass
for which the ALP coherence length equals the Earth’s diameter.
The vertical dashed blue line marks the Compton frequency and
mass for which τc ≈ 24 h. The dark red shaded region shows
constraints from the NASDUCK experiment [100]. The dark
green shaded area represents astrophysical bounds on spin-
dependent ALP interactions with nucleons [51,101]. Note,
however, that there are theoretical scenarios where these astro-
physical bounds can be circumvented [102].

FIG. 4. Estimated parameter space describing UBDM fields
that can be probed by an optical clock network such as those
described in Refs. [83,103] (dotted line, light purple shaded
region) in ≈100 days of searching for correlated stochastic
fluctuations using Nc ¼ 10 clocks, not accounting for (anti)
screening from backaction [33,107], which can play a significant
role near Earth’s surface above the long-dashed blue line as
indicated by the blue arrow. Clocks are sensitive to the inter-
actions described by Eq. (1); Λγ parametrizes the strength of the
coupling of the ultralight bosons to photons. The vertical dashed
red line marks the Compton frequency and mass for which the
ultralight boson’s coherence length equals the Earth’s diameter.
The dark green shaded area represents astrophysical bounds on
such quadratic scalar interactions between ultralight bosons and
photons from stellar cooling and observations of supernova
1987a [51,101]; the light green shaded region represents bounds
from big bang nucleosynthesis (BBN) [32].
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network of sensors [110] the screening effects can be
largely neglected [107], and so, for simplicity, we consider
such a space-based network in our sensitivity estimates.
Assuming the effect described by Eq. (3) and a scalar

field that makes up the entirety of the dark matter density,
the amplitude of the fractional frequency variation is
given by

δν

ν
≈ κα

2ℏ3ρdm
Λ2
γm2

φc
: ð23Þ

Optical clock networks, with Nc independent clocks, can
achieve a fractional frequency uncertainty [83,103]

δν

ν
≈

3 × 10−16

ðτφTÞ1=4
ffiffiffiffiffiffi
Nc

p ; ð24Þ

which translates to the sensitivity to the quadratic scalar
coupling constant shown in Fig. 4. The Supplemental
Material, Sec. F [97] offers a heuristic argument for the
significant sensitivity difference between atomic clock
and magnetometer networks to the respective coupling
parameters Λγ and fq.

IV. CONCLUSION

In summary, we propose a new method to search for
UBDM by using intensity interferometry with sensor
networks. We show that, when the sensors measure signals
quadratic in the UBDM field, there is a near-dc component
of the signal that enables finite-bandwidth sensors to
search for UBDM with Compton frequencies many orders
of magnitude larger than possible if a traditional search for
signals oscillating at the Compton frequency is carried
out. Here we have focused on quadratic UBDM inter-
actions and sensors with a linear response; however, the
results are also valid for linear interactions and sensors
that respond quadratically to the field (square-law detec-
tors). The method of intensity interferometry is intrinsi-
cally broadband, with the potential to search for UBDM
with particle masses ranging over many orders of

magnitude without having to probe individual narrow
frequency bands. UBDM searches with intensity interfer-
ometry using existing sensor networks can probe unex-
plored parameter space.
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