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Long-baseline atom interferometers offer an exciting opportunity to explore midband gravitational
waves with frequencies of 1 mHz–10 Hz. In this work we survey the landscape of possible contributions to
the total gravitational wave background from merging binary systems in this frequency band and advocate
for targeting this observable. Such an approach is complimentary to searches for resolved mergers from
individual sources and may have much to reveal about the Universe. We highlight that the inspiral phases of
known stellar-mass compact binaries cumulatively produce a signal well within reach of the proposed
AION-km and AEDGE experiments which will need to be accounted for in the gravitational wave
programs of these experiments. We further show that hypothetical populations of dark sector exotic
compact objects, harboring just a tiny fraction of the dark energy density, could generate signatures unique
to gravitational wave detectors sensitive to subhertz frequencies, providing a novel means to probe
complexity in the dark sector.
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I. INTRODUCTION

The pursuit for fundamental physics beyond the
Standard Model (SM) is entering a new era. It is becoming
increasingly attractive to explore the possibility that the
solutions we seek have remained hidden not behind a
currently unattainable energy barrier, but through incred-
ibly weak couplings to the SM. Recent developments in
quantum sensing technologies have unlocked a host of
new avenues through which to probe this “feebly inter-
acting frontier” (see, e.g., Refs. [1,2]). By measuring the
phase difference between atomic matter waves traveling
along different paths, atom interferometry is one such
class of experiment that offers exciting opportunities to
probe physics at the quantum level [3–10]. By coupling
state-of-the-art developments in the technologies deployed
in atomic clocks with established methods of constructing
inertial sensors, it has become feasible to consider upscal-
ing conventional tabletop experiments in order to reach
lower operational frequencies. Five long-baseline terres-
trial prototype atom interferometry experiments, AION-10
[11] in the UK, MAGIS-100 [12] in the U.S., MIGA [13]
in France, VLBAI [14] in Germany, and ZAIGA [15] in

China, have currently been commissioned and are under
construction, serving as essential technology readiness
indicators to the deployment of kilometer-scale terrestrial
detectors by the mid-2030s. In addition to providing
opportunities to search for exotic forces [14,16–21] and
hidden sectors of particles [22,23], experiments like
AION-km, MAGIA-advanced, ELGAR [24], MAGIS-
km, and advanced-ZAIGA, will open a unique window
to the midfrequency ∼millihertz–10 Hz gravitational wave
(GW) landscape [25–32], bridging the gap in frequencies
that will exist between the LIGO [33,34] and LISA [35]
detectors. Proposals for space-based cold-atom interfer-
ometers, most notably AEDGE [36], are also under
serious consideration and would allow for an even more
complete exploration of this unchartered phenomenologi-
cal territory. For the purpose of example, this work will be
primarily concerned with the AION-km experiment, and
its possible successor AEDGE. Although to be realized
using different cold-atom technologies, with predicted
sensitivities to GWs of a similar order of magnitude, we
expect the conclusions reached in this work to also be of
relevance to other future kilometer-scale atom interfer-
ometry experiments.
To date, the science cases for the GW programs of

kilometer-scale atom interferometers have largely, but not
entirely, focused on the possibility of detecting resolved
mergers of individual intermediate-mass black hole binary
systems. There have also been proposals to search for
stochastic signals arising from early Universe first-order
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phase transitions or cosmic strings [11,12,32]. The prospec-
tive sensitivities of AION-km and AEDGE to such signals
are considered in Refs. [11,36] and explored more compre-
hensively in Ref. [37]. In this work we examine the AION
capabilities through an alternative lens, turning instead to the
cumulative signals or “gravitational wave backgrounds”
(GWBs) that arise from the incoherent superposition of
the radiation from large numbers of, for the most part,
individually unresolvable merging binary systems [38].
While their peak emission occurs at the point of merger
in the LIGO frequency band (∼102–104 Hz) [39], stellar-
mass astrophysical compact binary systems produce a
continuous spectrum of lower frequency gravitational radi-
ation during their inspirals. Using the distributions and
merger rates [40,41] of these populations as inferred from
direct observations at the LIGO-Virgo network [42,43], we
demonstrate that the cumulative background from these
LIGO-Virgo populations of compact binaries is well within
the experimental reach of both terrestrial- and space-based
future long-baseline atom interferometers. As well as being a
relevant and previously unaccounted for background to these
experiments that needs to be mapped out to assess their
sensitivity to other, perhaps more exotic, sources of GWs,
measurements of this signal itself could have much to tell us.
Several calculations of the backgrounds from mergers

of the LIGO-Virgo astrophysical populations have been
presented previously in literature (see for example
Refs. [44–49]), including Ref. [41] which is based on
the most up-to-date LIGO-Virgo catalog GWTC-3 [43]
including events from the second half of the third
observational run (O3). Despite this, the implication of
an astrophysical background to the midfrequency band
(millihertz–10 Hz) GW searches proposed at terrestrial
long-baseline atom interferometers has received very little
attention, something which we hope to address with this
work. We begin in Sec. II by establishing a general
procedure for calculating the total gravitational background
signal from a given population of merging compact objects.
In Secs. II A, II B, and II C we then apply this framework
specifically to the populations of stellar-mass binary black
holes (BBHs), binary neutron stars (BNSs), and black hole–
neutron star (BHNS) binary systems that have been inferred
from observations at the LIGO-Virgo network in order to
estimate their combined total signal in the AION frequency
band. In addition to forming a relevant background to more
exotic sources of GW, we argue that this signal offers an
interesting science case from both an astrophysical and
fundamental physics perspective, meriting close attention in
its own right. Although we expect these populations to
dominate the total astrophysical background for terrestrial-
based long-baseline atom interferometers, in Sec. II D we
comment on alternative sources that may be of relevance,
particularly at the lower frequencies that are to be reached in
future space-based experiments. With no empirical data to
inform the estimation of their distributions and merger rates,

the uncertainty on the GWB from such alternative sources is
considerably greater than that of their LIGO-Virgo observed
counterparts and as such we do not include them in our
estimation of the total astrophysical background.
Given the rich landscape of astrophysical structures

present in the vastly subdominant visible sector of the
Universe, it is reasonable to assume that the dark sector may
harbor similar diversity. Indeed, the coalescence of dark
particles or exotic states of Standard Model particles into a
stable astrophysical-size exotic compact objects (ECOs) has
been a subject of much recent attention in literature [50–52].
Examples of ECOs include fermion stars [53–60], boson
stars [61–66], dark matter stars [67], and Proca stars [68].
These ECOs fit into a paradigm for dark matter where
elementary particles form exotic composite objects with
exponentially large occupation numbers. Since the mass of
these objects span many decades, they must be searched
for in a multitude of ways, including both terrestrial and
nonterrestrial methods [69–78]. Returning to ECOs specifi-
cally, if these objects form binary systems, the gravitational
radiation resulting from their mergers would contribute to
the overall background, much in the same way as their SM
counterparts, and could potentially be observable. Estimates
of the background signals from a handful of specific types
of binary ECOs, namely boson stars and dark blobs, are
considered in Refs. [79,80], respectively. Here, we attempt
to take a more general approach, keeping our analysis as
model independent as we can and classifying signals only in
terms of the mass scale of the binaries involved. In Sec. III
we show that even if such populations only comprise a very
small fraction of the dark matter budget, they could generate
detectable signals in the frequency band to be probed by
long-baseline atom interferometers. Combining measure-
ments of the cumulative background at experiments operat-
ing in complimentary frequency ranges, this signal could be
distinguishable from the dominant SM background, giving
long-baseline atom interferometers a unique capability to
probe the possible existence, formation history, and dis-
tribution of these structures, and as such, complexity in the
dark sector.

II. GW BACKGROUNDS FROM COMPACT
BINARY MERGERS

We shall begin by clarifying exactly what we mean by a
gravitational wave background. Although just a small
fraction of the rich and diverse GW landscape, the only
direct detections of gravitational radiation to date have
been from isolated pointlike sources that generate coher-
ent, resolvable signals [81]. In practice, however, many
signals that reach any given GW detector cannot be
resolved. This occurs when individual signals are too
weak or when they are too closely spaced in time to be
separated [82]. The total gravitational emission from a
given population of sources, including both resolvable
and unresolvable signals, is an intrinsic property of the
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Universe [46] and forms what we shall refer to as the GWB
for that source type. It is this, summed over all possible
source types, that may be measured by the detector. If the
resolvable signals are subsequently removed, the remain-
ing “residual” background, composed from the incoherent
accumulation of individually unresolved signals, can be
analyzed stochastically. This stochastic gravitational wave
background (SGWB) is thus detector dependent and can
receive both astrophysical and cosmological (primordial)
contributions [83]. The cosmological background is vastly
subdominant [84], and much thought has been given to
determine ways of distinguishing it from the astrophysical
stochastic background; see for example Refs. [45,85–88].
A comprehensive, recent review of the SGWB and its
various SM sources can be found in Ref. [82]. In reality,
the practice of removing resolved signals is far from
straightforward, as it is detector dependent and involves
a number of subtleties [82]. Given this, and accounting for
the fact that in this work we shall consider several different
detectors of which the experimental details are not yet
certain, we shall only concern ourselves with the total
GWB and not attempt to exclude potentially resolvable
sources from our computations.1

We shall henceforth review the formalism for computing
the GWB from a generic, known population of compact
binary systems. Throughout we shall adopt the convention
that the speed of light c ¼ 1, assume a flat standard Λ cold
dark matter cosmology withΩm ¼ 0.3065 andΩΛ ¼ 1–Ωm,
and take the Hubble constant H0 to be 67.9 km=s=Mpc, as
measured by the Planck Collaboration [90].
GWBs can be conveniently characterized in terms

of their energy density spectrum via the dimensionless
quantity [38]

ΩGWðfÞ ¼
f
ρc

dρGWðfÞ
df

; ð1Þ

where dρGW is the total energy density in the observed
frequency range f to f þ df, and ρc ¼ 3H2

0=ð8πGÞ is the
critical density needed to close the Universe.
If one specifies to the GWB from mergers of a pop-

ulation of binary compact objects with constituent masses
m1 and m2 located at a redshift z, this can be further
expressed as [48]

ΩGWðfÞ ¼
f

ρcH0

Z
zmax

0

dz
Z

dm1dm2

dRðzÞ
dm1dm2

dẼGW

dfs

×
1

ð1þ zÞEðzÞ : ð2Þ

Here, fs refers to the emission frequency in the source
frame, which is related to f, the frequency measured at

the detector, by fs ¼ fð1þ zÞ. Additionally, dRðzÞ
dm1dm2

is
the differential rate of mergers per comoving volume

element and dẼGW
dfs

is the source frame energy spectrum
from a single binary system. The function EðzÞ is defined
as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þ ΩΛ

p
.

This expression can be recast as [45]

ΩGW¼
Z

dm1dm2

Z
dVc

1þz
dRðzÞ
dm1dm2

1

ρc

dρ̃GWðm1;m2Þ
df

; ð3Þ

where dρ̃GW
df is the comoving energy density spectrum of a

single binary system in the detector frame, and dVc is the
comoving volume element. The former is directly related to
the amplitude of the Fourier transform of the detected
signal jh̃ðfÞj according to [91]

dρ̃GW ¼ 4

5

π

G
f3jh̃ðfÞj2df; ð4Þ

where the factor of 4=5 accounts for averaging over
possible source orientations [92,93].
Although jh̃ðfÞj is specific to the class of objects

merging and is in general not analytically tractable, it is
worth pointing out that the dominant contribution to the
background comes from the inspiral phase of the merger.
Here, the binary constituents are widely separated and the
system can be well approximated by a pair of self-
gravitating point masses emitting gravitational quadrupole
radiation. This calculation is both analytic and irrespective
of the specific nature of the objects involved and results in a
contribution to ΩGW that scales as f2=3 [94].
The final component of the calculation is the differential

merger rate dRðzÞ
dm1dm2

, which encodes both the redshift and
mass distributions of the population in question. Taking
these distributions to be decoupled, this can be expressed
as [45]

dRðtÞ
dm1dm2

¼ R0

Z
Pmðm1;m2Þ

×
Z

dtddzbPbðzbÞPdðtdÞδðt− td − tðzbÞÞ; ð5Þ

where Pmðm1; m2Þ is a function of the constituent masses
that encodes the mass distribution, R0 is the current merger
rate, and Z is a normalization constant chosen such that

1We note that some works refer to any cumulative calculation
of gravitational wave emission from a set of sources as a
contribution to the SGWB even if resolved signals are not
excluded. While this may be practical given the large uncertain-
ties and degree of choice involved in any subtraction procedure,
for the background to be stochastic in a statistical sense, any
potentially resolvable astrophysical signal should be removed.
This distinction of terminology is only relevant for the calculation
of cumulative signals from populations of objects whose indi-
vidual signals are not intrinsically stochastic, not where the
sources are inherently stochastic, such as those of cosmological
origin [82,89].
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Rðz ¼ 0Þ ¼
Z

dm1dm2

dR
dm1dm2

����
z¼0

≡ R0: ð6Þ

The redshift distribution is typically taken as the con-
volution of the binary formation rate PbðzbÞ with the
distribution of time delays PdðtdÞ between formation and
merger. Each of these distributions are specific to the
population in question. For the case of the LIGO-Virgo
populations (i.e., populations for which observations exist)
the present-day merger rate R0 and mass distribution can be
jointly determined from experimental data. In practice, this
is achieved by assuming some parametric form for the mass
distribution and simultaneously fitting Eq. (5) for R0 and
the mass distribution parameters. In this way, one should be
aware that quoted values of R0 are dependent on the mass
distribution (and its parameter values) and indeed also on
the assumed form of Pb and Pd which are typically taken to
be fixed in the context of such fits.
Armed with this general prescription, we shall now

consider a number of distinct astrophysical populations:
stellar-mass BBHs, BNSs, and BHNSs. Our purpose here is
twofold: first, and somewhat crucially, to highlight the
relevance of astrophysical backgrounds to future long-
baseline atom interferometry GW searches, and second, to
demonstrate how the different elements in Eq. (3) can be
modeled for known populations. In this way, the rest of this
section provides essential groundwork for Sec. III in which
we adapt this technology to consider the possibility of
observing GW backgrounds from hypothetical populations
of ECOs.

A. Binary black holes

Thanks to the (now sizable) number of direct merger
observations made by the LIGO-Virgo network [42,43,95],
the distribution and merger rate of the population of
Oð10M⊙Þ BBHs are well understood [40,41]. In this
way, and in contrast to the increasingly elusive and
eventually hypothetical systems to which we shall later
turn, calculations of the cumulative GW signal from these
BBH mergers are empirically informed. Recent observa-
tions suggest that the population of stellar-mass BBHs
probed by the LIGO-Virgo network have small effective
spins [40]. As such, we follow Ref. [48] in assuming the
BBH spins to be negligible. In proceeding, our treatment of
BBHs shall largely follow the treatment and approxima-
tions of Ref. [45], which computed the (specifically
stochastic) background from the stellar-mass BBH pop-
ulation as inferred from LIGO-Virgo observations in order
to establish its implications for future measurements of
subdominant cosmological backgrounds.
Provided that the BBH population probed by LIGO-

Virgo is purely astrophysical, i.e., has no primordial
contribution, the binary formation rate can be assumed
to track the stellar formation rate (SFR), which we take to
be [96]

SFRðzÞ ∝ ð1þ zÞ2.6
1þ ðð1þ zÞ=3.2Þ6.2 ≡ PbðzÞ: ð7Þ

The formation-merger delay time can be assumed to follow
a simple power-law distribution PdðtdÞ ∝ t−1d over tmin <
td < tmax where tmin ¼ 50 Myr and tmax is the age of the
Universe at merger tðzÞ [97].2
For the BBH mass distribution we adopt the parametric

form introduced in Ref. [103] employed in Ref. [45] that

Pmðm1; m2Þ ¼ Mαηβψðm1Þψðm2Þ: ð8Þ

Within this expression, M ¼ m1 þm2 is the total mass of
the system and η ¼ m1m2=ðm1 þm2Þ2 is the symmetric
mass ratio. The mass function of the constituent objects
is given by ψ and is taken to be a truncated power law of
the form

ψðmÞ ∝ mζΘðm −mminÞΘðmmax −mÞ; ð9Þ

where Θ denotes the Heaviside step function and the
normalization is such that

Z
ψðmÞd ln m ¼ 1: ð10Þ

The minimum and maximum masses within this function
are taken to be mmin ¼ 3M⊙ and mmax ¼ 55M⊙, corre-
sponding to estimates for the maximum mass of neutron
stars and the start of the pair instability mass gap, respec-
tively3 [45]. The mass dependence of astrophysical binary
system formation is empirically encoded in the parameters α
and β. Following the maximum likelihood fit to the LIGO-
Virgo GWTC-2 [42] event catalog of events up to and
including the first half of the O3 observational run

2While we shall not consider such additional complications in
this work, some studies consider more sophisticated models for
BBH formation which follow the evolution of a number distinct
star populations and account for differences in properties such as
the optical depth to reionization and the metallicity of the
interstellar medium [98–102].

3While we note that heavier mass black holes have indeed been
indirectly observed at LIGO (see, e.g., Ref. [104]), we focus here
on the well-characterized solar mass population. We will discuss
the possibility of heavier masses, the population characteristics of
which are subject to considerably greater uncertainty, in Sec. II D.
The upper and lower masses used here are standard in models of
the stellar-mass BBH population (see, e.g., Ref. [41]) and
crucially match those adopted in Ref. [45] in which the fit from
which the mass distribution parameters α, β, and ζ, and the
present-day merger rate R0 that we use in our calculation was
performed.

BANKS, GRABOWSKA, and MCCULLOUGH PHYS. REV. D 108, 035017 (2023)

035017-4



performed in Ref. [103],4 we adopt the values α ¼ 0, β ¼ 6,
ζ ¼ −1.5, and R0 ¼ 10þ6

−5 Gpc−3 yr−1.
For BBHs, the Fourier transformed signal amplitude for

inspiral, merger, and ringdown phases can be respectively
approximated as [105]

jh̃ðfÞj ¼
ffiffiffiffiffi
5η

24

r
½GMð1þ zÞ�5=6

π2=3dL

×

8>>>>><
>>>>>:

f−7=6 f < fmerg

f−1=2mergf−2=3 fmerg ≤ f < fring

f−1=2mergf
−2=3
ring

σ2

4ðf−fringÞ2þσ2
fring ≤ f < fcut

0 f ≥ fcut

:

ð11Þ

The frequencies fmerge; fring; fcut and the ringdown width
σ are of the form

fj ¼
ajη2 þ bjηþ cj
πGMð1þ zÞ ; ð12Þ

with the coefficients aj, bj, and cj as listed in Ref. [105].
dLðzÞ ¼ ð1þ zÞ=H0

R
z
0 Eðz0Þ−1dz0 is the luminosity dis-

tance to the source and is related to the comoving distance
dcðzÞ by dLðzÞ ¼ ð1þ zÞdcðzÞ.

B. Binary neutron stars

With only two recorded direct observations of mergers to
date [106,107], there remains considerable uncertainty in
the mass and redshift distributions of binary neutron stars
and, in turn, the determination of their present-day event
rate. Following the analysis in Refs. [41,48,108], we take
each of the component neutron stars to follow a uniform
mass distribution over the range 1M⊙–2.5M⊙. We take the
BNS progenitor formation rate to be proportional to that of
stellar formation as given in Eq. (7) and once again assume a
time delay distribution of the form PdðtdÞ ∝ t−1d for tmin <
td < tmax where in this case tmin ¼ 20 Myr and tmax is the
age of the Universe at merger tðzÞ [48,108]. We adopt the
most up-to-date value of the present event rate given in
Ref. [41] of R0 ¼ 105.5�190.2

83.9 Gpc−3 yr−1. This estima-
tion was extracted using an alternative parametrization of
the redshift distribution compared to that deployed in our

calculations, specifically in the use of a metallicity-weighted
model of stellar formation rate [109]. While this choice
could, in principal, have impacted the value of R0 obtained
in the fit, given the magnitude of the uncertainties involved,
we consider this determination sufficient for our purposes.
Due to the lack of observational data, the waveforms of the
postinspiral phases of BNS merger events are not well
understood. As such, we follow Ref. [48] in only including
contributions toΩBNS from the inspiral phase, truncating the
waveform at the frequency corresponding to the innermost
stable circular orbit (ISCO) at which stage the separation of
the merging objects renders a point-particle approximation
invalid. For a binary system, the ISCO frequency5 fI (at the
source) is [51]

fI ¼
1

63=2πGM
; ð13Þ

where, as before, M refers to the total mass of the binary
system.

C. Black hole–neutron star binaries

The most recent LIGO-Virgo GWTC-3 event catalog
[43] contains four black hole–neutron star merger
events [42,110,111]. In our estimation of the GWB from
these objects, we follow Ref. [41] in assuming that the
neutron stars in such binary systems follow a uniform mass
distribution between 1M⊙ and 2.5M⊙, and that the black
hole has a logarithmically uniform mass distribution
between 5M⊙ and 50M⊙. We take a present-day merger
rate of R0 ¼ 32�62

24 Gpc−3 yr−1 as determined (and
deployed) in Ref. [41] and assume an identical redshift
distribution to that used for BBH in Sec. II A. Since we are
ultimately interested in the barrier that this background may
pose to more exotic GW signatures, we wish to be
conservative in our estimate of the astrophysical signal
and as such include contributions to the energy from each of
the inspiral, merger, and ringdown phases here, using the
BBH amplitudes given in Eq. (11). We emphasize that since
some proportion of BHNS inspirals are likely to terminate
with tidal disruption of the neutron star [112–114], the
inclusion of these contributions likely overestimates ΩBHNS
at high frequencies close to merger. Given that the opera-
tional range of the experiments considered in this work will
primarily be sensitive to the (lower frequency) inspiral
phases of such objects, this approximation would unlikely
prove problematic to our analysis.

4Although the GWTC-3 catalog [43] has been since been
released, we note that the estimation of the BBH background
performed in Ref. [41] using this updated catalog is not consid-
erably changed from that which was found in Ref. [48] from the
previous catalog. As such we deem the use of this mass
distribution and merger rate sufficient for our purposes. A more
complete discussion of the consistency of our results with the
most up-to-date background estimates in Ref. [41] shall be given
in Sec. II E.

5Note that this formula is the ISCO formula specifically for
black holes. More rigorously one should account for object
compactness C, as in Eq. (21). Here, we use the black hole
compactness in order to match the approach taken by the LIGO
Collaboration in Refs. [41,48]. We note that this provides a
reasonable cutoff scale for this purpose and acts in the direction of
balancing out the neglected contributions from postinspiral
phases.
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D. Backgrounds from other astrophysical sources

Although we expect the GWB from the inspiral of
stellar-mass compact binaries to largely dominate the total
astrophysical background within the AION frequency
band, for completeness we shall briefly comment on other
potential contributions. With the absence of empirical data
such as that enjoyed by the LIGO compact binaries, it is
important to note that the population characteristics and
potential merger rates of the astrophysical populations to be
discussed here are highly uncertain and, in some cases,
completely unknown, making their potential impact diffi-
cult to assess. As such, we do not include these sources in
our presentation of the total astrophysical GWB in Sec. II E
but shall instead limit ourselves to a predominantly
qualitative discussion here. Our treatment largely follows
that in Ref. [115], to which we refer the interested reader for
further details.
We first turn to possible signals from intermediate-mass

black holes (IMBHs), a hypothetical population of black
holes with masses between ∼102 and 104M⊙ [116], of
which just one indirect observation has been made [104].
While the formation mechanism of these objects is yet to be
established, “runaway” mergers of massive stars in young
dense stellar clusters [117] is one possibility. As such, one
may postulate the existence of so-called intermediate-mass
ratio inspirals (IMRIs) which arise from the mergers of
stellar- and intermediate-mass black holes. The rate of such
mergers would depend on a number of unknowns, not least
the IMBH mass and redshift distributions. A broad-brush
estimation of the background from such events is presented
in Ref. [115]. Here, the IMBHs are chosen to follow a
uniform mass distribution, and a merger rate is selected
according to predictions of the number of IMRIs made in
Ref. [116]. The resulting spectrum, which therefore also
scales as f2=3 during inspiral, is subdominant to that of
stellar-mass black holes at all frequencies. While IMBH-
IMBHmergers are also possible, these events are likely to be
even more rare and therefore also likely to have backgrounds
inferior to their stellar-mass counterparts. We therefore do
not explicitly estimate either background. Mergers between
stellar-mass and supermassive black holes, so-called
extreme-mass ratio inspirals (EMRIs) [116], provide another
potentially sizable background. Modeling these signals is a
complex process, not least because there is a large uncer-
tainty in the merger rate and because many of the relevant
population parameters are unknown. While the rough
estimate of this background made in Ref. [115] places it
as subdominant to the stellar-mass black hole background at
the frequencies most relevant to AION, the two become
comparable in a small frequency range localized around
10−3 Hz which will be accessible to LISA and AEDGE+.
Given that this estimation is subdominant to that expected
from stellar-mass compact binaries at the frequencies probed

by the terrestrial long-baseline experiments and first-
generation space-based atom interferometers that form the
basis of this work, we do not include it in our total
astrophysical background as presented in Sec. II E. Given
the high uncertainty in this forecast, we note again that once
more detailed data are accrued on EMRIs, a more detailed
consideration of this signal is warranted in order to fully
assess its relevance. The same can be said for IMRIs. In the
meantime, however, one must remain mindful of these
sources, particularly when attempting to interpret the origin
of possible observations of “exotic” backgrounds. Finally, as
argued in Ref. [115], we note that the stochastic back-
grounds generated from mergers of binary supermassive
black holes are typically not deemed to be relevant for
midfrequency GW experiments, and neither are those from
slowly rotating neutron stars or type 1a supernovae.
Although not relevant in the AION frequency band, white

dwarf binaries (WDBs) become important at the lower
frequencies to be reached by future space-based missions
including AEDGE and LISA. The emission from these
objects is weak and the background is overwhelmingly
dominated by binaries from within the Galaxy. The sto-
chastic (i.e., unresolved) Galactic WDB background spec-
trum, as estimated for LISA, is predicted to exceed that of
stellar-mass compact binaries sub ∼0.003 Hz [118]. Being
highly anisotropic, one should in principle be able to exploit
the yearly modulation of this background to remove all but
its isotropic component, allowing it to be neglected [119].
We thus conclude, in the absence of data on which to

form more detailed models, that the other potential
astrophysical backgrounds from merging binaries are
either largely subdominant to that of stellar-mass binaries
or excludable such that to a good approximation they can
be neglected in estimations of the total astrophysical
background.

E. Analysis

In Fig. 1, we plot our estimates of the GWBs from each of
the BBH, BNS, and BHNS populations individually. We
display these as bands whose outer limits denote the result of
adopting the upper and lower bounds of the present-day
merger rate in our calculations in place of the mean value. In
this way our presentation differs from that of the LIGO-
Virgo Collaboration in Refs. [41,48] where the plotted bands
include for the errors on the mass distribution parameters,
whose values in these are determined by way of a simulta-
neous fit with R0 to the relevant event catalog. We observe
that the contributions from the individual BBH, BNS, and
BHNS share a common gradient over much of the spectrum
reflective of the fact that much of the gravitational radiation
is emitted during the inspiral phase, where Ω ∼ f2=3

independent of the nature of the binary system. In Fig. 2,
we combine these distinct contributions in order to evaluate
the overall implications of the total astrophysical
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background for terrestrial long-baseline atom interferome-
ters. The blue line shows the addition of the central
estimations of the emission from BBH, BNS, and BHNS
populations with the surrounding band encompassing the
signals obtained from linearly adding the estimates that
result from adopting the upper or lower values of the present
merger rates of these two populations. In this way our
estimation of the uncertainty on the total background is more
conservative than that of [41,48] where a more sophisticated
determination of the total signal and its related uncertainty is
performed. This choice is reflective of the purpose of our
work here: to assess the barrier such a background may have
on searches for new, exotic fundamental physics at long-
baseline atom interferometers. Since we are ultimately
interested in comparing the size of the astrophysical back-
ground to hypothetical signals whose predictions suffer from
considerable uncertainty and, indeed, due to our ignorance
of the structure of the dark sector could lie over several
orders of magnitude (see Sec. III), there is little to be gained
from a precision background characterization. Of greater
relevance is a conservative upper estimate of the astrophysi-
cal background which can be deployed as a handle on
the magnitude of signal required from a potential beyond the
Standard Model background for it to be observable.
Nonetheless, we provide a brief comparison of our results
with the most up-to-date LIGO-Virgo calculation performed
in Ref. [41] based on the complete O3 observational run
catalog GWTC-3 [43]. We find the total background
(including the BBH, BNS, and BHNS contributions) to
be ΩTð25 HzÞ ¼ 6.1þ8−4 × 10−10, which is compatible with
the value of ΩTð25 HzÞ ¼ 6.9þ3−2.1 × 10−10 quoted in
Ref. [41]. While our prediction for ΩT, which is what will
be actually be measured at a detector, is compatible, we do
however note that our estimation of the contribution from
BBHs, specifically that ΩBBHð25 HzÞ ∼ 3þ1.6−1.4 × 10−10, is
slightly below the value ΩBBHð25 HzÞ ∼ 5þ1.4

−1.8 × 10−10

found in Ref. [41].6 We believe this to be a result of the
fact that our calculation adopts the central values of the
parameters of our chosen mass distribution, whereas
Ref. [41] and its precursor [48] based on the GWTC-2
catalog [42] include for the uncertainties on these values.
Furthermore, we have not included a high metallicity cutoff
to the SFR as in the works to which we compare. Given our
arguments for the purpose of this section above, and that it is
the total GWB from astrophysical objects that is the
observable quantity (i.e., not ΩBBH individually), this differ-
ence is of little importance to our conclusions.

FIG. 1. Estimates of the gravitational wave backgrounds from
mergers of stellar-mass BBH, BNS, and BHNS systems. The
signal from BBH, BNS, and BHNS populations as inferred from
observations at the LIGO-Virgo network are individually shown
as bands whose upper (lower) values arise from adopting the 1σ
upper (lower) limits of the respective present-day merger rates (as
given in the text) in place of their central values.

FIG. 2. An estimate of the total astrophysical GWB obtained
from combining the contributions from BBH, BNS, and BHNS
populations (as displayed in Fig. 1) is shown as a solid blue line.
The upper (lower) limits of the blue band result from the linear
addition of the upper (lower) limits of each of these populations
individually. Also shown are the power-integrated (PI) [120]
prospective sensitivities to power-law backgrounds of the AION-
100, AION-km, AEDGE, and AEDGE+ experiments taken from
Ref. [37]. We also display the predicted sensitivity of AION-km
assuming that gravitational gradient noise (GGN) cannot be
eliminated [37]. This estimate is based on Peterson’s new low
noise model (NLNM) which bounds the expected seismically
induced GGN from below. The 2σ PI curves for the recent LIGO
O3 run, as well as projections for the Advanced LIGO-Virgo
(HLV) network and A+ detectors operating at design sensitivities
are taken from [43], and the PI prospective sensitivity of LISA
[35] to power-law backgrounds is taken from Ref. [82]. Also
shown are predictions for the sensitivity of the future third-
generation terrestrial-based ET and CE networks. The former,
taken from Ref. [121] assumes a triangle configuration of three
detectors each with 10 km arm length and with both HF and LF
instruments in operation. The latter, taken from Ref. [122], is for a
pair of U.S.-based detectors each with 40 km arm length. Signals
lying above the PI detector curves are expected to be observed
with a signal-to-noise ratio ≥ 1 or, in the case of CE, ≥ 3.

6A similar scenario was found in Ref. [44] which compared a
prediction for ΩBBH based on the same mass distribution as the
corresponding LIGO-Virgo analysis [48]. As such, we do not
believe our choice of a different mass distribution (and thus
present-day event rate) to Ref. [41] to have generated the
discrepancy observed between these results.
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To assess the detectability of an astrophysical background
at future long-baseline atom interferometers, Fig. 2 also
shows the PI [120] prospective sensitivities of the AION-
100,7 AION-km, AEDGE, and AEDGE+ experiments taken
from Ref. [37]. Such curves demonstrate the (unless
otherwise specified 1σ) sensitivity of a standard cross-
correlation search [38] to power-law backgrounds, such as
the Ω ∼ f2=3 inspiral phase of merging binary systems. PI
curves are constructed from the locus of points at which
power-law spectra are expected to have some specified
signal-to-noise ratio (SNR), which, unless otherwise stated,
should be assumed to be 1 [120]. The SNR, as defined in
Ref. [38], depends on the time over which such a signal is
observed, i.e., the planned experimental run time.8 Such
curves can be interpreted as the point above which a power-
law background would be observed with a SNR exceeding
the stated threshold. On this plot we also display the
predicted PI sensitivity of AION-km assuming that GGN
cannot be eliminated [37]. This estimation is based on
Peterson’s NLNM which bounds the expected seismically
induced GGN from below. Recent work in Ref. [123] is
optimistic of being able to largely mitigate such effects in
searches for ultralight dark matter by operating in a multi-
gradiometer configuration. Further studies are needed to
fully assess the potential benefits of this strategy for GW
detection however. For comparison, we also display the 2σ
PI curves for the recent LIGO O3 run, in addition to
projections for the HLV network and A+ detectors operating
at design sensitivities [43]. The PI prospective sensitivity of
LISA [35] to power-law backgrounds, taken from Ref. [82],
is also shown. With timescales comparable to those of
AEDGE, the PI sensitivities to power-law backgrounds of
two future third-generation terrestrial gravitational wave
observatories—the Einstein Telescope (ET) and Cosmic
Explorer (CE)—are also considered. The displayed curve
for the ET is specifically for a triangular-based configuration
of three detectors each with 10 km arm length and both their
high-frequency (HF) and low-frequency (LF) instruments
operative [121]. For the CE, the curve, which is constructed
for a threshold SNR of 3, is for a pair of U.S.-based
detectors each with 40 km arm length [122]. It is clear from
this plot that the total astrophysical GWBwill bewell within
the reach of both the terrestrial AION-km experiment
(assuming complete mitigation of GGN) and its space-
based successors, in addition to LISA, future upgrades to
LIGO, and third-generation terrestrial networks.
Although falling beyond the reach of current GW

observatories (e.g., LIGO O3), the astrophysical

background is a well-motivated future target of future
GW observatories which would provide complementary
information to that obtained from individual merger
events. By giving access to objects at higher redshifts
than those in resolved detections, studies of GWBs enable
the investigation of the collective properties of astrophysi-
cal populations such as their average masses, binary
occurrence rate [124], and how these evolve with
redshift. GWB studies have also been proposed as a means
to extract information on black hole angular momentum,
neutron star ellipticity [125], and neutron star magnetic
fields. The opportunity to extract information pertaining to
stellar formation rates and the evolution of stellar metal-
licities with redshift is another strong motivation which is
of relevance to a number areas of astrophysics and
cosmology. Theoretical studies have also looked to sto-
chastic signals in a bid to investigate hypothetical scenar-
ios such as multichannel astrophysical and primordial
black hole mergers [126]. In addition, if the subdominant
cosmological (primordial) stochastic background is to be
observed in the future, as has been identified as a major
scientific goal of LISA [35], this will likely demand some
subtraction of the astrophysical background. By giving
access to this signal in a complementary frequency range
to other experiments, atom interferometers should allow
for a more complete characterization and understanding of
the spectral shape of the astrophysical background. In this
way, they may prove crucial to the future unveiling of a
cosmological stochastic background.

III. THE ECO ZOO

Let us now consider the dark sector possibilities which
could give rise to a GWB from mergers of dark compact
objects. We commence with some words of motivation in
Sec. III A, however, one can skip directly to Sec. III B for
primarily quantitative aspects.

A. Motivation

The SM of particle physics is by no means minimal. At
the hitherto smallest explored distance scales nature exhibits
four types of gauge force, a smörgå sbord of matter fields in
a variety of gauge representations with masses spanning at
least 12 orders of magnitude and, inexplicably, a solitary
scalar field. Given this diverse offering of microphysics it is
not surprising that the SM gives rise to a cornucopia of
naturally occurring phenomena over an extraordinary range
of scales. At the upper end, one has composite quasistable
astrophysical objects: a family of star varieties, white
dwarfs, and neutron stars, all of whose stability and
formation are owed to the diverse length scales embedded
within those unexplained fundamental SM parameters. A
universe without the massless photon, without the electron
mass endowed by its interaction with the Higgs field,
without the proton mass endowed by dimensional

7This is planned as an intermediate stage between the AION-
10 and AION-km experiments. Although more suited to searches
for ultralight dark matter than GWs, we include it here for
reference.

8This detail can be found within the referenced work for each
experiment in which these curves are derived.
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transmutation in QCD, or without the tiny proton-neutron
mass splitting endowed by the Higgs field and the quark
charges, and so forth, would be very different indeed.
Perhaps unimaginably so.
Given the scant information we have on the micro-

physics of the dark sector and the richness we observe
in the visible sector it would thus seem naïve to suppose
that the dark sector ought to be any less rich. We do know
that the majority of the dark matter budget is not subject to
strong long-range dissipative forces, but that is a very weak
restriction when it comes to the potential variety of dark
phenomena.
What of Occam’s razor? There are many instances in the

past in which Occam’s razor, as interpreted as implying
some form of “minimality” of microphenomena which
counts particles, would have retrospectively failed. For
instance, the atomic nucleus has, at various stages of our
understanding, been a heavy charged sphere, a composite
of protons and neutrons, and a composite of composites of
quarks and gluons. As far as counting particles goes, it
would be a flagrant violation of Occam’s razor to invoke
the quarks and gluons to explain Rutherford’s scattering
measurements when a simple, heavy charged point particle
suffices. Yet, the quarks and gluons and their associated
longer range phenomena are the truth of the matter. There
is, however, reason in a view of Occam’s razor which
suggests that one should work with the appropriate effec-
tive field theory at the length scales of relevance. An
effective field theory contains only the degrees of freedom
relevant at a given length scale. For example, an effective
field theory containing only electrons and a heavy charged
nucleus goes a long way if one is only interested in physics
at atomic scales and longer, so why worry about the nitty
gritty of QCD?
The problem with the dark sector is that we do not know

at which length scale the evidence of microphysics will
show up, particularly, at which “step” in the potentially rich
hierarchical layers of effective descriptions of dark phe-
nomena. If there is a similar degree of richness in the dark
sector as in the visible sector then quasistable states may
exist over a great range of scales and there are no guarantees
as to which states will reveal themselves first. Furthermore,
nongravitational interactions between the dark and visible
sectors have been pursued relentlessly over great ranges of
scales in an experimental program which is consistently
revitalized and extended through novel detection strategies
and technological developments. However, what if a rich
dark sector exists, but effectively with only gravitational
visible sector interactions? After all, thus far all evidence for
the dark sector has been through its gravitational influence
on visible matter, hence it would not be entirely surprising if
this remained the case. How, then, might we reveal the
richness of the dark sector?
As discussed in the Introduction, the dawn of gravita-

tional wave astronomy has opened new eyes onto the dark

sector. We may even now hope to explore the richness of
the dark sector through gravity alone. Were gravitational
wave phenomena directly associated with the physics of
fundamental fields detected then this would correspond to
Compton wavelengths ranging from ∼10−25 to 10−12 eV.
This renders macroscopic condensates of light axionlike
fields in this mass range as an interesting particle physics
candidate for exotic dark sector phenomena, with rich
prospects (see, e.g., [127,128]), especially if such a wave-
length is resonant with existing astrophysical objects such
as black holes [129]. Alternatively, given a sufficiently
large degree of redshifting, gravitational waves in this
frequency range could be sourced by physics at much
smaller distances which have, subsequent to the dynamical
process, undergone cosmological redshifting. For example,
early Universe phase transitions or microscopic inflationary
dynamics could both have undergone significant redshift-
ing (see, e.g., [84] for a comprehensive review).
Finally, in the SM, thanks to the universal attraction of

gravity, we also have the aforementioned macroscopic
objects composed of a large number of fundamental
constituents held together by gravity. If such objects exist
in the visible sector, then why not in the dark sector? If such
ECOs [50–52] exist, then they could lead to a wide array of
gravitational wave phenomena. One possibility is that one
may have binary ECOs which merge giving rise to a source
of gravitational waves (see, e.g., [130] for a comprehensive
review). In this case, what should the characteristic fre-
quency of such mergers be?
Given a dark sector which has its own interactions and is

composed of particles at some mass scale, we should ask if
there is an upper limit on the frequency of gravitational
waves that could be sourced by ECOs formed of these
particles? When binary orbiting ECOs are far apart, the
frequency of gravitational waves may be arbitrarily low.
However, as they approach one another and ultimately
merge, the maximal frequency emitted will parametrically
correspond to the merger frequency, which is effectively set
by the radius of the objects before they touch. Thus the
ECO radius is the parameter of reference. If the ECOs are
more compact than their event horizon, they are necessarily
a black hole, thus the minimal size limit for an ECO, and
hence maximal frequency of GWs is essentially the
Schwarzschild radius

RMin ¼ α2GM; ð14Þ

where α is some constant satisfying α > 1 which is likely,
at least, to be an Oð1Þ quantity. The visible sector already
provides a guide where α ≫ 1 for a white dwarf and, in
practice, α ∼Oð2 − 4Þ for a neutron star. Thus to determine
the characteristic GW frequency it remains to determine the
characteristic value of M or at least the range of masses
possible.
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B. Maximal ECO masses

Consider an effective theory containing particles of mass
m. These particles have gravitational interactions and,
potentially, additional gauge or self-interactions character-
ized by a gauge coupling g or scalar self-coupling λ.
Suppose we start with one particle at rest and add another
particle. If gravity is the only interaction, or if it can
overcome the mutual repulsion of other forces, then a
composite object forms. Now consider continuing, adding
particles ad nauseam. If there exists a maximum mass
configuration beyond which the composite object collapses
to a black hole, or some other more compact object, then
what is the mass of this extremal compact object?
We may estimate this mass using dimensional analysis.

We work in the same units as, for instance [131], where the
dimensionless fine-structure constant is α ¼ e2=4πℏc, with
the sole exception being that we will additionally set c ¼ 1
as it offers no advantage to carry it through the equations. In
these units, comparing with Newton’s law of gravitation,
we see that the dimensions

½e2� ¼ ½GNm2� ð15Þ

match, where GN is Newton’s constant. Thus we see that
the parameter combination GNm2=ℏ is dimensionless.
Any physical mass limit can only be expressed as a

function of the fundamental parameters of the theory. These
parameters include any potential couplings and the mass.
Thus, if such an upper limit exists, then on dimensional
grounds it will approximately take the form

M2
Max ≈ cijkm2

�
ℏ

GNm2

�
i
�

λ

4πℏ

�
j
�

g2

4πℏ

�
k

; ð16Þ

where we expect only one ði; j; kÞ would dominate any
ultimate expression for the critical mass. The constant of
proportionality is expected to be some numerical factor
which is not necessarily hierarchically large or small. We
expect i ≥ 0, since as gravity becomes weaker the object
can get more massive before gravitational collapse occurs,
and i ≠ 0 since gravity is the only force holding the object
together. Similarly, for repulsive forces we expect j, k ≥ 0,
as more repulsion allows for a more massive object to form
without collapsing.
One obvious light example is a Planck-scale object

existing independent of any supporting force ði; j; kÞ ¼
ð1; 0; 0Þ,

M2
Max ∝

ℏ
GN

: ð17Þ

Such an object is, however, beyond the validity of the
effective theory and no definite statements can be made
about it. The second possibility is (2, 0, 0),

M2
Max ∝ m2

�
ℏ

GNm2

�
2

: ð18Þ

This is the smallest maximal mass one can envisage for a
compact object which is supported against gravitational
collapse and the factors of ℏ indicate that quantum
mechanics must play a role. Indeed, this case simply
corresponds to boson stars [132], whose stability against
collapse is attributed to the inability to localize the field due
to the uncertainty principle.
Now consider configurations which may be supported by

a repulsive force which is strong enough to overcome the
gravitational attraction and hence block the (2, 0, 0) case
from being stable against explosion due to repulsion.
Assuming a perturbative coupling, which is where we
are able to trust the effective theory, the (2, 1, 0) case is
lighter than the (2, 0, 0) one. Therefore, the next greatest
mass is for (3, 1, 0),

M2
Max ∝ λ

ℏ2

G3
Nm

4
: ð19Þ

Thus one could potentially have a stable object heavier than
a standard boson star, supported by a repulsive force.
Interestingly, this is only true if λ≳m2=M2

P, reminiscent of
the weak gravity conjectures. In any case, this scenario
turns out to correspond to the known self-interacting boson
star scenario [133]. The gauge case scales in the same way.
Another way in which the (2, 0, 0) case could be

forbidden is due to Pauli blocking. This does not involve
any nongravitational interactions, thus the obvious next
heaviest candidate is the (3, 0, 0) case,

M2
Max ∝ m2

�
ℏ

GNm2

�
3

: ð20Þ

Indeed, this is none other than the Chandrasekhar limit [134]
and one sees that quantum mechanics plays a significant
role here.
This completes our dimensional-analysis-led study of

compact object candidate maximal masses, as we have
seemingly exhausted the list of potential stabilization
mechanisms.

C. A GWB from ECOs

With the various astrophysical populations that could
generate a signal within the AION frequency range mapped,
and the motivation for the existence of exotic compact
objects explored, we now turn to estimating the GWB
generated by hypothetical populations of these objects
bound in binary systems. Due to our ignorance of the exact
nature, specific formation details, and distributions of such
objects, we will keep our analysis general, parametrizing it
only in terms of the total mass M of the binary system.
Given that the GWB is dominated by the inspiral phase in
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which the waveform is independent of the nature of the
objects involved, we will not specify ECO candidates but
instead investigate the potential magnitude of signal in terms
of the binary mass scale. In the absence of any empirical
knowledge or theoretical motivation for the mass and
redshift distributions of these objects, for simplicity we
will consider all of the ECOs in a given population to have
the same mass, M=2. As we did for BHNS systems, we
adopt the same redshift distribution as for stellar-mass
BBHs. While the waveform during the inspiral phase is
known, the frequency at which this ends depends on the
nature of the merging objects, as do the waveforms of the
postinspiral merger and ringdown phases. It is, however,
reasonable to consider the end of the inspiral phase to occur
when the ISCO is reached. In general, this depends on the
compactness C of the objects involved. Defining this to be
the typical mass-radius ratio of the constituent objects in the
binary (i.e.,GM=2R where R is the typical radius scale), the
ISCO frequency as measured at the source is [51]

fECOI ¼ C3=2

33=2πGM
: ð21Þ

We note that this encompasses the black hole (BH) ISCO
frequency given in Eq. (13) where the BH compactness ratio
is 1=2. This can be taken as an upper limit. In Fig. 3 we plot
the resulting signal for various ECO masses taking the
present-day merger rate to be R0 ¼ 10 Gpc−3 yr−1, that of
BBHs. Given the lack of any knowledge of merger and
ringdown wave functions, we plot our estimates as bands:
The lower frequency cutoff for each population is where
only the inspiral signal is considered, with termination at the
ISCO frequency for a value of C ¼ 0.1, approximately that
which one might expect for boson stars. The upper
frequency cutoff on our bands includes contributions from
inspiral, merger, and ringdown phases, employing the BH
amplitudes as given in Eq. (11). This likely overestimates
the high-frequency spectrum for objects of lower compact-
ness and can therefore be considered a hard upper limit on
the possible high-frequency signal.9

We see that, as the mass scale of the objects increases, the
frequency at which the spectrum begins to fall off decreases.
In this way, it is possible that there may exist populations of
ECOs which produce large signals at AION-km and other
atom interferometry experiments, but would not be seen at

gravitational observatories with higher operating frequencies
such as LIGO. AION thus provides us with an interesting
and unique opportunity. On one hand, the observation of a
GWB scaling as f2=3, but with a magnitude that differs from
what is expected from astrophysical objects only, would
indicate the cosmological existence of ECOs. On the other
hand, the possible nonobservation of this signal at the higher
frequencies that are probed in complimentary GW observa-
tories could shed light on the typical ECOmass scale and, in
tandem, the properties and nature of the matter of which they
are composed. However, given that backgrounds of IMRIs
and EMRIs are highly uncertain, one must not be hasty in
concluding that the observation of such a signal is indicative

FIG. 3. An estimation of the potential signal from mergers of
populations of ECOs each of mass M=2 where M ¼
20; 200; 2000M⊙ is the total binary mass, assuming an identical
redshift distribution to stellar-mass black holes and a present
merger rate of 10 Gpc−3 yr−1. The lower frequency cutoff of
each band only includes only the inspiral phase, terminating at
the ISCO frequency, assuming a compactness scale of C ¼ 0.1.
The higher frequency cutoff additionally includes merger and
ringdown phases, using the BH wave functions given in Eq. (11).
The cumulative astrophysical GWB from BBH, BNS, and
BHNS populations is shown as a solid blue line. The upper
(lower) limits of the blue band result from linear additions of the
upper (lower) limits of each of these populations individually.
Also shown are the power-integrated [120] prospective sensi-
tivities to power-law backgrounds of AION-100, AION-km,
AEDGE, and AEDGE+ experiments taken from Ref. [37]. We
also display the predicted sensitivity of AION-km assuming that
GGN cannot be eliminated [37]. This estimate is based on
Peterson’s NLNM which bounds the expected seismically
induced GGN from below. The 2σ PI curves for the recent
LIGO O3 run, as well as projections for the HLV network and A
+ detectors operating at design sensitivities are taken from [43],
and the PI prospective sensitivity of LISA [35] to power-law
backgrounds is taken from Ref. [82]. Also shown are predictions
for the sensitivity of the future third-generation terrestrial-based
ET and CE networks. The former, taken from Ref. [121] assumes
a triangle configuration of three detectors each with 10 km arm
length and with both HF and LF instruments in operation. The
latter, taken from Ref. [122], is for a pair of U.S.-based detectors
each with 40 km arm length. Signals lying above the PI detector
curves are expected to be observed with a signal-to-noise ratio
≥ 1, or in the case of CE, ≥ 3.

9Note that the same uncertainties also afflict the interplay
between resolved and unresolved background ECO contribu-
tions. Individual ECO mergers would only be resolved if their
waveforms, which are likely exotic in the merger and ringdown
phases, are actively searched for (see, e.g., Ref. [135]). Other-
wise, signals with sufficiently large strain may be missed in
dedicated searches for BH mergers. In the absence of any guide as
to the likely form of these signals, searching for cumulative
backgrounds thus provides a robust and general way to probe the
presence of such objects across the full range of hypothetical
possibilities.
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of a population of ECOs. While we must remain open to
these more “vanilla” possibilities, current estimates suggest
that their backgrounds are, at most, comparable in order of
magnitude to that from stellar-mass compact binaries. Any
significant mismatch in amplitude between the well-
characterized stellar-mass BBH background and that mea-
sured will thus warrant especially close attention, particu-
larly if there are inconsistencies between measurements at
different detectors. Until individual waveforms can actually
be resolved or modeling of these astrophysical populations
improves, distinguishing between these scenarios could be
challenging. While the estimations considered above were
made for BHs formed from the collapse of baryonic compact
objects, they could in principle also form from ECOs. In this
sense, the concept of observing an additional background
associated with currently poorly understood classes of BH
binaries is also somewhat degenerate to observing that from
a population of ECOs.
While our purpose here was to consider the GWB from

merging binaries of ECOs, for completeness we note that
these are not the only potential sources of exotic GW
emission. In particular, if ultralight bosons were to exist in
nature, they may stimulate the superradiant instability of
spinning black holes, resulting in the emission of near-
monochromatic continuous GWs with a frequency set by
the boson mass (see, e.g., Refs. [129,136,137]). Although
such a signal may therefore contribute to the observed
GWB, its spectral shape is predicted to considerably differ
from that characteristic of inspiraling binary systems. Not
only is the frequency domain covered (assuming a specific
boson mass) much narrower, but the spectrum is expected
to have a much steeper scaling with frequency [138–140].
Both of these features clearly distinguish any contribution
to the GWB from this phenomenon from that of inspiraling
binary ECOs, a diagnosis of which, we emphasize, should
only be considered in the case of an anomalous signal
which scales as ∼f2=3.
In assessing the plausibility of observing backgrounds

from ECOs it is also important to be mindful of the mass
abundance of ECO binaries that would be required.
Assuming that the present merger rate is R Gpc−3 yr−1

and that a fraction ϵ of the total number of objects merge
within a Hubble time, a population of binary systems of
total massM will harbor a fraction η of the total dark matter
energy density ρDM ¼ 0.22ρc,

η¼ ρECO
ρDM

≈ 6.4× 10−7 ×

�
R
10

�
×

�
M

2M⊙

�
×

�
0.01
ϵ

�
: ð22Þ

Using R ¼ 10 and taking ϵ to be 0.01, we find that the
populations plotted, which have total masses of M ¼ 20,
200, 2000M⊙, correspond to η ∼ 10−5; 10−4, and 10−3,
respectively. Hence, even if just a fraction of the dark
matter budget is in binaries of ECOs, they could generate
a measurable signal in terrestrial long-baseline atom

interferometers which could potentially be distinguishable
from the expected Standard Model background. To illus-
trate this point further, in Fig. 4 we plot the value of η
required for the ECO signal from different mass popula-
tions to form a tangent to the minimum of the PI sensitivity
curve (i.e., be observed with a SNR of 1) of various
experiments for both ϵ ¼ 0.01 (left-hand panel) and ϵ ¼ 1
(right-hand panel). In Fig. 5, we repeat this analysis, now
plotting the minimum value of η required for the ECO
signal to both intersect the PI sensitivity curve and exceed
the total astrophysical background which, for the sake of
being conservative, we take to be the upper limit on our
estimate of the cumulative signal from BBH, BNS, and
BHNS populations (i.e., the upper edge to the blue band in
Fig. 3). Both figures corroborate the potential for discov-
ering complexity in dark sector subcomponents.

D. Analytic estimates

It is useful to gain a qualitative and quantitative under-
standing of the results presented in Fig. 3 by performing
some first-principles estimates, focusing principally on the
inspiral-only curves which follow the lower frequency
cutoff and are amenable to analytic estimates.
Suppose a fraction η of all dark matter is in the form of

ECO binaries composed of equal-mass ECO binaries of
total massM. Furthermore, suppose that a fraction ϵ of these
binaries have merged between formation and now. We may
derive an upper bound on the SGWB density generated by
these mergers to be approximately

ρECO ≤ ηϵκρDM; ð23Þ

FIG. 4. A plot of the minimum fraction η of dark matter
required to be in populations of identical mass binary ECOs as a
function of total binary mass M, in order for the GWB to form a
tangent to the minimum of the PI sensitivity curve of various
experiments as shown in Fig. 2 (i.e., be observed with a
SNR ¼ 1). The left- and right-hand panels show the cases where
the number of mergers occurring in one Hubble time correspond
to 1% and 100% of the total number of binary systems,
respectively, i.e., ϵ ¼ 0.01 and ϵ ¼ 1.
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where κ is the fraction of rest-mass emitted in GWs for a
single binary merger. Redshifting will only reduce the right-
hand side, hence a bound rather than an equality. It is not
possible to accurately estimate κ for all stages of a merger,
since it depends on the details of the ECO. However, we
may at least estimate the contribution to GWs up to the
ISCO point. The reason is that the change in gravitational
potential from the moment the binary forms to the ISCO is

ΔV ≈
GM2

4rI
; ð24Þ

where rI is the separation of the objects at the ISCO. Hence
the total change in energy from the point in which the ECOs
were effectively at infinite separation is

ΔE ≈
GM2

8rI
; ð25Þ

where the kinetic energy change has also been included.
This energy will have been radiated in GWs, thus allowing
an estimate of κ. Taking the ISCO separation to be [51]

rI ≈
3GM
2C

; ð26Þ

where C is the compactness (C ¼ 1=2 for a Schwarzschild
black hole) and we have employed the usual Schwarzschild
radius, we have

κ ≈
C
12

: ð27Þ

Thus, on relatively general grounds, we expect

ρECO ≲ ηϵC
12

ρDM: ð28Þ

Now we recall from Sec. II that up until the ISCO the
differential GWenergy density emitted by a binary scales as
f2=3. Thus we may approximate the SGWB for an ensemble
of equal-mass ECO binaries as

Ω ≈ ΘðfI − fÞf2=3Ωp; ð29Þ

where fI and Ωp are the ISCO frequency and peak
dimensionless GW energy density. Integrating this differ-
ential density over frequency up to fp we thus find that the
total GW energy density is related to the peak height as

ρECO ¼ 3

2
Ωpρc: ð30Þ

Thus, putting both elements together we may estimate the
GW peak height to be

Ω≲ ηϵC
18

ρDM
ρc

�
f
fI

�
2=3

; ð31Þ

≲ η

10−5
ϵ

10−2
C
0.1

�
f
fI

�
2=3

× 10−10; ð32Þ

where the inspiral-only curves are cut off at fI which was
defined to be

fI ¼
C3=2c3

33=2πGM
; ð33Þ

≈
400M⊙

M

�
C
0.1

�
3=2

Hz: ð34Þ

Thus, with Eqs. (32) and (34) one can reliably estimate the
main features of ΩGW from ECO binaries. Indeed, Eq. (32)
appears to be a very good approximation to the peak
heights in Fig. 3. Thus we see that the estimates provided
for the inspiral phase give some physical intuition for the
scale of the effect and hence some basic understanding as
to why such tiny subcomponents of the dark sector could in
principle generate observable signatures in future GW
detectors.

IV. CONCLUSIONS

With the advent of gravitational wave astronomy, a new
kind of light is illuminating the dark. The opportunities for
advancing our knowledge of what has been hitherto hidden

FIG. 5. A plot of the minimum fraction η of dark matter
required to be in populations of identical mass binary ECOs as a
function of total binary mass M, in order for the GWB signal to
both intersect the sensitivity curve of various experiments as
shown in Fig. 2 (i.e., be observed with a SNR ≥ 1) and exceed the
upper limit of the total astrophysical background from BBHs,
BNSs, and BHNSs (the upper edge of the blue band in Fig. 3).
The left- and right-hand panels show the cases where the number
of mergers occurring in one Hubble time correspond to 1% and
100% of the total number of binary systems, respectively, i.e.,
ϵ ¼ 0.01 and ϵ ¼ 1.
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from view are substantial. In this work we have concen-
trated on observations of a GWB at long-baseline atom
interferometry experiments. In Sec. II we have focused on
the signatures of known populations of celestial body
binaries. Importantly, we have shown that both future
terrestrial- and space-based atom interferometers could be
sensitive to the GWB produced by binary populations
for which the merger rate has already been estimated
through observation of binary mergers by the LIGO-
Virgo network [42,43,95]. As a result, atom interferometers
could play a key role in plugging the frequency gap between
Earth and space-based light interferometers, such as LIGO-
Virgo [141] and LISA [35]. Corroborating observations of
this relatively well-understood GWB between different
experiments operating at different GW frequencies would
essentially link our knowledge of binary populations
between different stages of binary evolution. Physically,
this would be through a combined measurement of the
spectrum amplitude at different frequencies; this would then
be compared to the logarithmic slope of the GWB, which is
predicted to scale as f2=3 below around 100 Hz.
What if inconsistencies were found between observations

at different frequencies? If such inconsistencies survived
scrutiny, then they could point to new, unexpected sources
of GWBs beyond the Standard Model. In Sec. III C we have
shown that one potential way in which new signals could
show up differently at different detectors is if there is a
cosmological population of ECO binaries. Here, by “exotic”
we mean that they are composed of as-yet unknown
particles and by “compact” we refer to the fact that their
radius would be within an order of magnitude of the
Schwarzschild radius, as for neutron stars. Interestingly,
such ECOs need not comprise the dominant component of
the cosmological dark matter density. Rather, they could
form but a tiny fraction, as for neutron stars to the

cosmological baryon matter density. While we must remain
mindful of a possible degeneracy with backgrounds from
currently poorly understood BH populations, the possibility
of observing such a signal is certainly an exciting oppor-
tunity which could provide an important future probe of the
ever-elusive dark sector.
This latter aspect reveals the importance of probing the

GWB across a hierarchy of frequencies. As an example, we
have shown that, due to their size, a population of ECOs
whose mass satisfies M ≳ 103M⊙ would generate a GWB
which is all but invisible to the LIGO-Virgo network, but
could show up with a pronounced signature at atom
interferometers or LISA. This illustrates the important
synergies in probing the GWB across a range of frequen-
cies and highlights the large degree of complementarity
between detection technologies.
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Font, A. Vajpeyi, R. Smith, C. Herdeiro, E. Radu, and
S. H. W. Leong, GW190521 as a Merger of Proca Stars: A
Potential New Vector Boson of 8.7 × 10−13 eV, Phys. Rev.
Lett. 126, 081101 (2021).

[136] A. Arvanitaki and S. Dubovsky, Exploring the string
axiverse with precision black hole physics, Phys. Rev. D
83, 044026 (2011).

[137] C. Palomba et al., Direct Constraints on Ultra-Light Boson
Mass from Searches for Continuous Gravitational Waves,
Phys. Rev. Lett. 123, 171101 (2019).

[138] R. Brito, S. Ghosh, E. Barausse, E. Berti, V. Cardoso, I.
Dvorkin, A. Klein, and P. Pani, Gravitational wave
searches for ultralight bosons with LIGO and LISA, Phys.
Rev. D 96, 064050 (2017).

[139] R. Brito, S. Ghosh, E. Barausse, E. Berti, V. Cardoso, I.
Dvorkin, A. Klein, and P. Pani, Stochastic and Resolvable
Gravitational Waves from Ultralight Bosons, Phys. Rev.
Lett. 119, 131101 (2017).

[140] L. Tsukada, R. Brito, W. E. East, and N. Siemonsen,
Modeling and searching for a stochastic gravitational-wave
background from ultralight vector bosons, Phys. Rev. D
103, 083005 (2021).

[141] B. P. Abbott, R. Abbott, R. Adhikari, P. Ajith, B. Allen, G.
Allen et al., LIGO: The laser interferometer gravitational-
wave observatory, Rep. Prog. Phys. 72, 076901 (2009).

BANKS, GRABOWSKA, and MCCULLOUGH PHYS. REV. D 108, 035017 (2023)

035017-18

https://doi.org/10.1103/PhysRevD.103.123541
https://doi.org/10.1088/0264-9381/24/17/R01
https://doi.org/10.1088/0264-9381/24/17/R01
https://doi.org/10.1086/338118
https://doi.org/10.1086/338118
https://doi.org/10.1088/1361-6382/ab1101
https://doi.org/10.1088/1361-6382/ab1101
https://doi.org/10.1088/1475-7516/2020/07/021
https://doi.org/10.1103/PhysRevD.88.124032
https://doi.org/10.1103/PhysRevD.88.124032
https://arXiv.org/abs/2303.15923
https://arXiv.org/abs/2109.09882
https://arXiv.org/abs/2109.09882
https://doi.org/10.1103/PhysRevD.107.055002
https://doi.org/10.1088/1674-4527/11/4/001
https://doi.org/10.1088/1674-4527/11/4/001
https://doi.org/10.1093/mnras/stac984
https://doi.org/10.1093/mnras/stac984
https://doi.org/10.1051/0004-6361/202142208
https://doi.org/10.1051/0004-6361/202142208
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.95.043001
https://doi.org/10.1103/PhysRevD.95.043001
https://doi.org/10.1103/PhysRevD.91.084011
https://doi.org/10.1007/s41114-019-0020-4
https://doi.org/10.1007/s41114-019-0020-4
https://doi.org/10.1103/PhysRev.74.1439
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRev.172.1331
https://doi.org/10.1103/PhysRevLett.57.2485
https://doi.org/10.1093/mnras/91.5.456
https://doi.org/10.1093/mnras/91.5.456
https://doi.org/10.1103/PhysRevLett.126.081101
https://doi.org/10.1103/PhysRevLett.126.081101
https://doi.org/10.1103/PhysRevD.83.044026
https://doi.org/10.1103/PhysRevD.83.044026
https://doi.org/10.1103/PhysRevLett.123.171101
https://doi.org/10.1103/PhysRevD.96.064050
https://doi.org/10.1103/PhysRevD.96.064050
https://doi.org/10.1103/PhysRevLett.119.131101
https://doi.org/10.1103/PhysRevLett.119.131101
https://doi.org/10.1103/PhysRevD.103.083005
https://doi.org/10.1103/PhysRevD.103.083005
https://doi.org/10.1088/0034-4885/72/7/076901

