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We explore a new paradigm to study dissipative dark matter models using gravitational-wave
observations. We consider a dark atomic model which predicts the formation of binary black holes such
as GW190425 while obeying constraints from large-scale structure, and improving on the missing-satellite
problem. Using LIGO and Virgo gravitational-wave data from September 12, 2015 to October 1, 2019, we
show that interpreting GW190425 as a dark matter black-hole binary limits the Chandrasekhar mass for
dark matter to be below 1.4 M⊙ at >99.9% confidence implying that the dark proton is heavier than
0.95 GeV, while also suggesting that the molecular energy-level spacing of dark molecules lies near
10−3 eV and constraining the cooling rate of dark matter at low temperatures.
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I. INTRODUCTION

The Universe provides a remarkable laboratory where
matter reaches temperatures and densities inaccessible on
Earth. Consequently, phenomena observed by astrophysi-
cists have been the first source of precisionmeasurements of
fundamental properties of atoms and molecules [1,2], and
have uncovered new particle physics [3]. But as rich as the
study of light-emitting astrophysical objects is, it reaches
only 15% of the matter in the Universe. The rest of the
matter is dark, and its particle nature is unknown. While
experiments have slowly expanded their reach into the
enormous parameter space of possible dark matter particle
interaction channels and strengths [4–10], they have yet to
produce a detection. However, gravitational-wave observa-
tories like LIGO [11] and Virgo [12] provide a new way of
detecting astrophysical objects where dark matter is on the
same footing as visible matter. Gravitational-wave detec-
tions do not require any coupling between dark and visible
matter; they only require that dark matter gravitates.
The connection between dark matter and gravitational-

wave sources has been explored previously, perhaps most
notably with the first detection of a binary black hole
(BBH), GW150914 [13], by the LIGO and Virgo collab-
orations (LVC). Primordial black holes (PBHs) [14], long
theorized to be a component of dark matter, were invoked
as a possible progenitor [15,16] due to the previously

unobserved high mass of GW150914’s constituents. Other
gravitational-wave studies [17–21] have explored the PBH
paradigm for dark matter and set upper limits on the
fraction of dark matter in PBHs.
While PBHs do not invoke the existence of new particles

in the Universe today, their presence requires yet undis-
covered inflationary-era physics. Here we present a new
paradigm which connects gravitational-wave observations
to dark matter through dissipative dark matter. In contrast to
PBHs, dissipative dark matter works within the standard
cosmological history, and introduces dark particle physics
with a complexity resembling that of the Standard Model.
Dissipative dark matter models allow for the formation of
compact objects through the cooling and eventual gravi-
tational collapse of dark matter. Therefore, gravitational-
wave observations of BBH mergers could either confirm or
severely constrain dissipative dark matter models. We note
that this paradigm is in contrast with the weakly interacting
massive particle (WIMP) paradigm that includes a single
cosmologically relevant dark matter particle whose primary
interaction is with the Standard Model. The WIMP para-
digm is appealing in its simplicity, but it is increasingly
under pressure from both the lack of results in direct
detection experiments [22] and from astrophysical data that
may prefer self-interacting dark matter [23–28].
In this article, we argue that gravitational-wave obser-

vations may already be probing the properties of dark
matter. Of particular interest to our work is GW190425 [29],
which was a 5σ deviation in total mass from all other*dus960@psu.edu
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observed galactic binary neutron stars (BNSs), prompting
speculation that the signal could be from a BBH, a neutron
star black hole (NSBH), or a PBH [17] merger. Here, we
show that if GW190425 is caused by compact objects made
of atomic dark matter, it constrains the dark proton mass
directly through the Chandrasekhar limit, and implies cool-
ing properties of dark matter which could provide a possible
parameter space for dark matter particle interactions.

II. BLACK-HOLE FORMATION FROM
DISSIPATIVE DARK MATTER

Black holes are simple objects in general relativity,
carrying only three parameters: mass, spin, and electric
charge [30]. The Chandrasekhar limit [31] provides a
fundamental upper mass limit for degenerate stars where
Fermi degeneracy pressure balances the gravitational force
toward collapse. In the absence of nuclear forces, any
compact object heavier than the Chandrasekhar limit must
be a black hole. While the Chandrasekhar limit gives the
lowest possible mass for a black hole from gravitational
collapse, it makes no further prediction about the actual
black-hole mass spectrum, which depends on the formation
process of black holes. In scenarios where black holes
made of dark matter form via astrophysical processes,
the spectrum of black holes may be used to constrain the
properties of dark matter, if a dark analog to the
Chandrasekhar limit exists.
We consider here a dark matter model with simple

chemistry, forming only a single atom analogous to hydro-
gen. All dark black holes (DBHs) are then formed by direct
collapse. In a model of dark matter with an abundant spin-
1=2 particle of mass mx, analogous to the Standard Model
proton (massmp), the dark matter Chandrasekhar mass limit
(MDC) is 1.4 M⊙ðmp=mxÞ2. While dark matter may well
have more complex chemistry, including nuclear forces only
yields marginal changes to the model given that both the
Chandrasekhar limit and themaximum neutron star mass are
of the order ðℏc=GÞ3=2=m2

p ¼ 1.9 M⊙.
Atomic dark matter [32–34] consists of two spin-1=2

particles oppositely charged under a new force. The dark
fermion masses are mx and mc, with mx > mc. The
particles interact through a force analogous to electromag-
netism, mediated by a massless dark photon, with inter-
action strength determined by the dark fine structure
constant αD (where α ¼ 1=137 is the fine structure constant
in the Standard Model). The oppositely charged particles
can form bound states similar to atomic and molecular
hydrogen, HD and HD;2, with the lighter dark particle
analogous to the Standard Model electron. In regions of
sufficient density [35], the dark matter gas may cool by
standard radiative cooling processes including recombina-
tion, bremsstrahlung, and collisional excitation of the atoms
or molecules [36]. In lower-density regions, cooling is
inefficient, which is consistent with the observed dark

matter halos. Even if dark matter is dissipative, only a
fraction of the gas will cool, and of that, only a fraction will
end up in compact objects. We call the fraction of dark
matter that ultimately ends up in DBHs f.
We use gravitational-wave observations to constrain f,

by modeling the population of binary DBHs after
Population III stars. Briefly, Population III stars form from
midsize halos dominated by atomic hydrogen. Radiative
processes cool the gas, allowing it to collapse inward.
Hydrogen molecules are formed as the gas contracts,
enabling additional cooling. At sufficient density, the
primary cooling processes become inefficient and the
gas begins reheating, with some of the gas eventually
fragmenting into small protostars [37]. Assuming the same
general process can occur for dissipative dark matter halos,
some of the dark matter will collapse into a pseudopro-
tostar, but, lacking pressure from nuclear-fusion-induced
radiation, will collapse further into a black hole. The mass
spectrum of dark matter compact objects formed this way is
obtainable, to a first approximation, by rescaling results
from the Population III star formation literature [38–41].
The minimum Jeans mass in the dark matter gas can be
computed analytically and depends on microphysical
parameters. Simulations of Population III star formation
follow the hydrodynamical evolution of the gas and find
that the smallest protostars formed are significantly larger
than the analytic minimum. Combining the minimum Jeans
mass calculation for atomic dark matter with a rescaling
from simulation results gives the minimum mass of dark
black holes [42],

MDJ ≈ 800 M⊙
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This minimum mass depends on the coldest temperature
the gas can reach, proportional to the energy gap of the
lowest rotational modes of the H2 molecule for Population
III stars and HD;2 for the dark compact objects.
LVC data directly constrain the dark Chandrasekhar

limit, since any black holes observed must be larger than
MDC. However, if the black holes are formed by direct
collapse in a cooling gas, thenMDJ can also be constrained.
While simulations of dissipative dark matter are required to
provide the precise numerical coefficient in Eq. (1), this
interpretation is a powerful one as it allows the molecular
energy gap to be inferred. We present both constraints
below in order to demonstrate how the spectrum of compact
objects can provide new constraints on the particle physics
and chemistry of the dark sector.
We use Population III star formation studies [41] to set

several parameters or parameter ranges of the dark black
holes that should be determined by hydrodynamics and
gravity rather than by particle physics. We take the initial
mass function to be given by PðmÞ ∝ m−b, ranging from
Mmin up to Mmax ¼ rMmin for some mx, mc, and αD. The
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range of r extends from 2 to 1000 distributed log uniformly,
while b ranges from −1 to 2 uniformly in our study. We
denote the DBH population parameters fMmin; r; bg as a
vector θ̄. The merger time for binaries is given by the Peters
formula [43], which depends on the initial distribution of the
eccentricities and the semimajor axis of the binary. Again
based on Population III star populations [41,44], we draw the
eccentricities of the binaries, e, from PðeÞ ∝ em with 0.1 <
e < 1 and m ¼ 1. The semimajor axis, a, follows the
distribution PðxÞ ∝ xk, where x ¼ log10ða=a$Þ, k ¼ −1=2
with the range of a proportional toM1=3, and we rescale a$.
The mass ratio, q ¼ mlight=mheavy follows the distribution
PðqÞ ∝ qn with n ¼ −0.55. The merger time is taken to be
10 Gyr, appropriate for binaries formed at high redshifts
(z > 1). We use LVC data to constrain f, assuming the
fraction of DBHs in binaries is fbinary ¼ 0.26 [41].

III. CONSTRAINING PROPERTIES OF DARK
BLACK-HOLE POPULATIONS

Gravitational-wave observations from the LVC [45] infer
the component masses m1 and m2 of merging black holes.
Specifically the binary chirp mass M ¼ ðm1m2Þ0.6=ðm1 þ
m2Þ0.2 is measured very accurately. Given LVC observa-
tions as a function of chirp mass, we constrain f and Mmin
by calculating the posterior probability of f and Mmin
conditioned on the predicted DBH merger event rate R, and
the sensitivity of the LIGO and Virgo detectors [46]. We
use a Bayesian approach to infer f and θ̄ ¼ fMmin; r; bg,
Pðf; θ̄jμ̄Þ ∝ Pðμ̄jf; θ̄ÞPðf; θ̄Þ, where μ̄ is a vector corre-
sponding to the expected number of DBH detections
from the LVC in predefined chirp mass bins over
M ∈ ½0.2; 200 M⊙', such that μi is the mean event count
in the ith chirp mass interval. Pðf; θ̄Þ denotes the prior
probabilities of f;Mmin; r, and b assumed to be indepen-
dent of each other. We use uniform priors for f, Mmin, and
b, and a logarithmic prior for r. In order to obtain the
posterior probability distribution of f and θ̄, we must
predict the probability of obtaining event counts, ni, in a bin

with μi ¼ Riðf; θ̄ÞViðθ̄ÞT, where Ri is the predicted rate of
mergers for DBH binaries, Vi is the spatial volume
surveyed by a gravitational-wave detector, and T is the
observation time.
The DBHmerger rates are modeled as a function of chirp

mass, M, and f following [42], and computed in the ith
chirp mass interval using

RiðM¼mijf; θ̄Þ ¼ Piðmijtm; θ̄Þ×
!
dPðtm ¼ 10 Gyrjθ̄Þ

dt

"

×
!
ρDM × f × fbinary

hMi

"
; ð2Þ

where ρDM ¼ 3.3 × 1019 M⊙Gpc−3 is the density of dark
matter in the Universe, fbinary ¼ 0.26, and PðMjtm; θ̄Þ is
the chirp mass distribution of binary systems that would
merge at a given merger time tm, Pðtm ¼ 10 Gyrjθ̄Þ is the
probability that the merger time of the binary is 10 Gyr,
roughly the age of the Universe, and hMi is the mean
component mass of DBH given the initial mass distribu-
tion, computed for some θ̄.
The LVC has detected several binary black-hole mergers

during the first, second, and third advanced LIGO-Virgo
observing runs. We include all published events from these
observing runs [45,47], excluding the known BNS detec-
tion, GW170817 [48], as definitely not a DBH detection.
We assume that the event count ni observed by the LVC in a
given chirp mass interval i follows a Poisson distribution
[49], Pðμijf; θ̄Þ ¼ μnii e

−μi=ni!, with independent μi.
To approximate ViT in our predetermined chirp mass

bins, we use the horizon distance which depends on the
chirp mass asM5=6 [46]. For a given chirp mass, we use the
predicted distribution of mass ratios for DBH binaries to
compute a weighted average over all possible binaries
allowed for that chirp mass. Equation (B1) was used to
compute the VT for a compact binary uniquely described
by its mass ratio, q, and chirp mass, mi. We then use
Eq. (B2) to calculate the weighted average of the VT’s for a
given chirp mass over mass ranges representative of the

FIG. 1. Sensitive volume (left panel) and rate of DBH mergers (right panel) evaluated over predefined chirp mass bins for different
values ofMmin. The slope of the initial mass distribution, b ¼ 2, and ratio, r ¼ 100, for both figures, while the fraction of dark matter in
DBHs, f, is set to be 10−4.
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search parameter spaces used for compact binary coales-
cences conducted in data from the second and third
observing runs of LVC [50]. Figure 1 shows VT s and
rates as a function of θ̄ across our predefined chirp mass
bins. The posterior distribution for f and Mmin is finally
obtained by marginalizing the four-dimensional posterior
distribution over the undetermined parameters, r and b.
More information on methods is provided in Appendixes A
and B.
Assuming that GW190425 [29] is a binary DBH signal

and that the other LVC detected events from the first, the
second, and the first half of the third observing runs [45,47]
are either conventional BBH or DBH binaries with equal
probabilities, we report the constraints on the parameters
fð10−10 − 1Þ, andMminð10−3 − 3 M⊙Þ in Fig. 2. The chirp
mass 1.4−0.02þ0.02 M⊙ and total mass ðM ¼ m1 þm2Þ
3.4−0.2þ0.3 M⊙ of this system are 5 standard deviations greater
than those observed for known galactic BNS systems,
implying that GW190425 could possibly be from a BBH or
a NSBH merger. However, if one of the components is a
black hole, it would be the smallest known black hole by a
significant margin, and such small black holes had not been
observed prior to LIGO [51], though they have been
proposed to form through various channels [52–55].

Another detection, GW190814 [56] with chirp mass
6.1þ0.06

−0.05 M⊙, has prompted speculation about possible dark
matter origins for the binary [17]. Figure 2 shows that the
addition of GW190814 as a DBH detection widens the
constraint onMmin while constraining f to a narrower range
of lower values. The lighter mass event dominates the
constraints onMmin when we have a wide range of allowed
masses. It is evident from Eq. (2) that we have more DBHs
at lower masses than higher masses. This factor later
cancels with the sensitive volume, where the horizon
distance scales as M5=6, such that f is lowered when
we include the heavier binary.
If GW190425 is a DBH binary,Mmin lies below 1.4 M⊙,

the Chandrasekhar limit for astrophysical black holes, to
greater than 99.9% confidence. Using the Chandrasekhar
limit equation, we get dark heavy fermion masses (mx)
ranging from 0.95 to 4.44 GeV for the possible values of
Mmin between 0.062 M⊙ and 1.34 M⊙, which is greater
than the mass of the proton ðmpÞ, 0.938 GeV. We report the
possible heavy fermion masses from the Chandrasekhar
mass limit for the considered DBH detections in Table I.
Alternatively, using Population III star formation as a

guide to black-hole formation in the atomic dark matter
scenario [42], we find that dark-hydrogen molecular cool-
ing dissipates the average kinetic energy to 2.2 meV for
MDJ ¼ 0.92 M⊙ (roughly the most probable value assum-
ing only GW190425 is a DBH), assuming mx ¼ 14 GeV,
mc ¼ 325 keV, and αD ¼ 0.01. The Chandrasekhar mass
for mx ¼ 14 GeV is much lower, at 6 × 10−3 M⊙.
If none of the compact binary coalescences observed by

the LVC are DBH binaries, we get upper limits on f for a
range of possible Mmin, also shown in Fig. 2. For Mmin
lower than 0.2 × 10−2 M⊙, f is completely unconstrained.
This is due to the inconclusive limits on f for low mass
compact object binaries from searches for subsolar mass
binaries in gravitational-wave data [19–21], and partly due
to the assumed priors for our parameters, specifically
on r ¼ Mmax=Mmin.

IV. CONSTRAINTS ON COOLING RATES

Besides the lower bound of the dark matter particle mass
from the Chandrasekhar limit, the existence of DBHs also
provides a novel way to limit the energy dissipation rate of
dark matter. Forming a DBH requires the originating dark

FIG. 2. Constraint on the fraction of dark matter f in DBHs
against the minimum allowed mass of DBH Mmin for the
dissipative dark matter model of [42] if (a) none of LVC’s binary
black holes are DBHs (dashed curve), (b) all LVC detections are
either from astrophysical or DBH binaries with equal probability
(agnostic about origin) (dotted curve), (c) GW190425 is a DBH
binary detection (blue curve), and (d) GW190425 and
GW190814 are from DBH binaries (pink curve). Constraints
for (c) and (d) are computed under an agnostic assumption about
the origins of other LVC events. The Chandrasekhar limit for
conventional black holes (1.4 M⊙) is plotted for reference. The
contours mark 90% confidence regions.

TABLE I. Probable minimum masses of dark black holes,
Mmin, and the corresponding heavy fermion masses, mx, for the
two cases of observed dark black-hole binaries. Heavy fermion
masses are computed using the dark matter Chandrasekhar mass
limit, by setting MDC ¼ Mmin determined from the data.

Observed DBH binary M=M⊙ Mmin=M⊙ mx= GeV

GW190425 1.44 0.062–1.34 0.95–4.44
GW190425, GW190814 1.44, 6.1 0.054–1.50 0.91–4.76

DIVYA SINGH et al. PHYS. REV. D 104, 044015 (2021)

044015-4



matter halo to lose order 1 of its kinetic energy density Ek,
on a timescale shorter than its free-fall time tff , which is
the time for the halo to collapse under its own gravity.
The cooling rate Λ in the birthplace halos of DBHs must
satisfy [35]

Λ ≥
!
Ek

tff

"!
1

nD

"
2

; ð3Þ

where the normalizing factor nD is the number density of
the dominant mass component of dissipative dark matter,
analogous to the number density of hydrogen, nH (as
opposed to the total number density, n), in the Standard
Model. Note that, while the free-fall time only depends on
nD, the kinetic energy density represents all dark matter
particles. That difference introduces a nontrivial temper-
ature dependence to Eq. (3) as the ionization fraction varies
with temperature.
To illustrate the constraint we chose mx ¼ 14 GeV,

consistent with the scenario that GW190425 is a binary
DBH. In Fig. 3 we plot the above constraint on cooling rate
Λ, across a range of temperatures corresponding to halo
masses of 105 − 109 M⊙ at redshifts z ¼ 5 and z ¼ 10. For
reference, free-fall times are Oð0.1 GyrÞ for these redshifts
[35]. The black line shows an atomic dark matter cooling
curve for reference [36].
To obtain an upper limit on cooling at high temperatures,

we use observations of galaxy cluster collisions that
indicate dark matter experiences minimal energy loss
due to dark particle interactions [57]. For a cluster with
dark matter surface density Σs, colliding at velocity vcoll

with another cluster, the cooling rate can be bounded
by the maximum fraction of energy lost by the dark matter,
flost, as

Λ ≤
!
flostEkvcoll

Σs

"!
mx

nD

"
: ð4Þ

Figure 3 shows how this constraint applies to cluster-scale
temperatures if observational data bounds flost ¼ 0.01, 0.1,
0.3 (darkest to lightest). We use vcoll ¼ 1000 km s−1, Σs ¼
0.25 g cm−2 appropriate for the Bullet Cluster [57].
The lack of observed dwarf galaxies in contrast to the

result from cosmological simulations—called the “missing-
satellite problem”—may suggest that dwarf galaxies are
fragile under galaxy cluster collisions [23]. Interestingly,
our analysis shows that some dwarf galaxies are likely to be
disrupted by such collisions if dark matter is sufficiently
dissipative to have formed the constituent DBHs of
GW190425. Figure 3 shows a range of temperatures
appropriate for dwarf galaxies with Σs ¼ 10−3 g cm−2,
where collisions with vcoll ¼ 100 km s−1 [58,59], likely
lead to disruption (flost ≥ 0.5). We show how the inter-
actions that lead to cooling will also lead to the disruption
of low temperature structures (dwarf galaxies) in collisions,
without affecting large-scale structure.

V. COMPARISON WITH ALTERNATE DARK
MATTER COMPACT OBJECT CONSTRAINTS

Compact objects have long been considered as a possible
component of the dark matter [60,61], and by the 1990s
interest in this candidate class peaked. Microlensing experi-
ments that sought to measure signatures of compact objects
in the galactic halo had promising early results that
suggested a population of dark objects [62]. As LIGO
and Virgo secured funding and broke ground, there was
similar interest in the prospect of observing these objects
via independent methods [63]. Interest waned as micro-
lensing surveys [64,65], gravitational-wave searches [18–
20,66,67], and dwarf galaxy dynamics calculations [68,69]
determined that compact objects are unlikely to make up all
of the dark matter.
In the model we present, only a small fraction of the total

dark matter cools and collapses to form DBH binaries.
Indeed, the fraction of dark matter contained in DBHs is far
below existing constraints on compact object dark matter.
Figure 4 shows that if GW190425 and GW190814 are not
DBH binaries, the resulting constraints on our model are
Oð102–105Þ times stricter than limits from microlensing
and dwarf galaxy dynamics. Conversely, if GW190425 is a
DBH, then it exists in a region unconstrained by these
observations. In Fig. 4, we also show limits on fPBH from
the nonobservation of a stochastic background in the first
and second observing runs of LIGO-Virgo reported in
[70,71]. Reference [72] reports potential upper limits on
fPBH for equal mass binaries with MPBH ∈ ½10; 300M⊙',

FIG. 3. Cooling rate constraints from dark black-hole detec-
tions combined with large-scale structure collisions. Shaded
regions correspond to the allowed parameter space in which
(blue) small halos at z ¼ 5, 10 where DBHs form, (red) energy
loss fraction flost ¼ 0.01, 0.1, 0.3 (solid to dashed), for galaxy
cluster collisions, and (brown) flost ¼ 0.5 for dwarf galaxy
collisions. We also include the cooling function (solid black
line) for an example of an atomic dark matter model consistent
with the interpretation that GW190425 is a binary DBH
ðmx ¼ 14 GeV; mc ¼ 325 keV; αD ¼ 0.01Þ.
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also shown in Fig. 4. In interpreting Fig. 4, note that the
PBH constraints assume a delta function for initial black-
hole masses, except the O2 stochastic background con-
straint of [71], which assumes a log-normal mass function
for PBHs, while in the DBH case the mass on the x axis is
the average mass over all initial mass distributions we
considered for a given Mmin (see Fig. 1).

VI. CONCLUSION

Gravitational-wave astronomy can play a key role in
understanding the properties of dissipative dark matter that
can cool to form compact objects like DBHs. We illustrate
how only a single gravitational-wave detection of a DBH
binary opens up a novel framework for studying the proper-
ties of dissipative dark matter from gravitational-wave
astronomy. Interpreting GW190425 as a DBH binary not
only constrains f and Mmin for a DBH binary population
predicted for atomic dark matter in [42], but the constraints
onMmin also provide a direct upper limit on the heavy dark
fermion mass mx through the Chandrasekhar limit (using
MDC ¼ Mmin). From the fact that the minimum of the dark
matter BH mass distribution is smaller than the usual
Chandrasekhar limit of 1.4 M⊙, we find that mx >
0.95 GeV with 99.9% confidence. We also illustrate how
an additional heavier DBH detection, GW190814, has little

effect on the predicted Mmin but constrains f to a higher
extent. In this case, the Chandrasekhar limit allows for heavy
dark fermion masses to be smaller than the proton mass.
Assuming a simple dark matter model forming bound

states analogous to those of hydrogen, for which we adopt
Population III star formation and binary parameters for our
DBH population, we also estimate atomic-physics param-
eters for dark matter. For example, if MDJ ¼ 0.92 M⊙ (the
most probable value ofMmin if only GW190425 is a DBH),
and assuming mx ¼ 14 GeV, mc ¼ 325 keV, and
αD ¼ 0.01, we estimate the molecular energy gap for these
dark atoms to be 2.2 meV. If GW190425 is a DBH merger
from a scenario similar to those we have studied here,
additional small black holes will likely be observed by
gravitational-wave detectors in the near future. In the
future, the presence of an electromagnetic counterpart or
the measurement of tidal deformability could each rule out
the binary black-hole scenario for events like GW190425.
However, the observation of a population of subsolar mass
black holes would be clear evidence of a population of
black holes that are distinct from standard formation
mechanisms. This would need to be further studied and
put into the context of broader cosmological observables to
determine the support for different scenarios such as the
collapse of atomic dark matter that we discuss here, and
others like primordial black holes, dark-matter-induced
collapse of neutron stars, etc.
Assuming none of the LVC-detected events originate

from dissipative dark matter allows a strong constraint on
the fraction of dark matter in compact objects. We present
the two scenarios of a DBH detection and the DBH null
result mutually exclusively to illustrate concisely the
information we can infer. This is a novel approach to
constrain dark matter self-interactions, complementary to
studies of structure on the scale of galaxies and above.
Especially if future gravitational-wave searches in the
subsolar mass regime do not find any compact object
mergers, gravitational-wave data could be a means to rule
out a significant range of dissipative dark matter models.
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FIG. 4. Constraints on the fraction of dark matter in compact
objects f with our constraint on DBH overlaid. The DBH
constraints are plotted for the mean of the mass distributions
that extend over Mmin −Mmax. The O2 LVC constraints are
specific to the PBH scenario of [63]. The microlensing con-
straints are derived from [64,65,73], and dwarf galaxy dynamics
from [68,69]. The x axis denotes the mass in solar masses of
the dark matter object. PBH constraints are derived from [20,
70–72,74]. “SB” stands for stochastic background.
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APPENDIX A: COMPUTING POSTERIORS

A Bayesian approach is used to get the posterior
probability of f and θ̄ ¼ fMmin; r; bg. The probability is
given by

Pðf; θ̄jμ̄Þ ∝ Pðf; θ̄ÞPðμ̄jf; θ̄Þ; ðA1Þ

where μ̄ ¼ fμig is a vector that corresponds to the mean
number or expected value of DBH detections made by the
LVC in predefined chirp mass bins denoted by i. The chirp
masses range from 0.2 M⊙ to 200 M⊙ and we define bins
such that at most two LVC events lie in a bin. We choose
these bins to correspond roughly to the parameter space
searched by [47,75] and to simplify the marginalization
over DBH versus astrophysical black-hole mergers as
described below. The expected value for event counts in
a bin is given by μi ¼ Riðf; θ̄Þ × ðViðθ̄ÞTÞ, where Riðf; θ̄Þ

is the predicted rate ofDBHmergers computed usingEq. (2),
and Viðθ̄ÞT describes the sensitivity of the detectors to DBH
mergers that fall in the given bin. Appendix B outlines how
we compute the VT for this analysis.
To compute the likelihood, Lðf; θ̄; μ̄Þ≡ Pðμ̄jf; θ̄Þ, we

first assume that the DBH event count in a particular chirp
mass bin, ni, follows a Poisson distribution such that
PðX ¼ niÞ ¼ μnii e

−μi=ni!. We use this as the distribution
for μi and compute the likelihood as

Lðf; θ̄; μ̄Þ ¼
Y

i

R
b
a Piðμijf; θ̄ÞdμR∞
0 Piðμijf; θ̄Þdμ

; ðA2Þ

where we integrate from the tail of the distribution
to μi. When niðDBHÞ ¼ 1, ða; bÞ ¼ ð0;∞Þ if μi < 1,
and ða; bÞ ¼ ðμi;∞Þ if μi > 1. For all other cases, we
integrate over ða; bÞ ¼ ðμi;∞Þ.
For the other LVC events, Pðμijf; θ̄Þ includes margin-

alization over the probability that the event could be a DBH
or an astrophysical binary black-hole merger, reflecting the
fact that the LVC events could be from either kind of
compact object with equal probability. The μi distribution is
given by

PðμiÞ ¼
!
1þ μi
2

"
eμi ðA3Þ

for a single event in the bin, and

PðμiÞ ¼
!
2þ 4μi þ μ2i

8

"
eμi ðA4Þ

for two events in the bin. The likelihood is computed using
Eq. (A2) with ða; bÞ ¼ ðμi;∞Þ. The different distributions
for μ are shown in Fig. 5.
We choose uninformative priors for ff; θ̄g in the

analysis. We assume a uniform prior for Mmin ∈ ½10−3;
3.1', f ∈ ½10−10; 1', and b ∈ ½−1; 2', and a log-uniform
prior for r ∈ ½2; 103'. The log-uniform prior equitably

FIG. 5. Distributions for the expected number of DBH events, μ
for varying number of observed LVC binary black-hole coales-
cences, n. The agnostic cases indicate that the observed events
could be either astrophysical or dark binary black-hole coales-
cences with equal probability.

FIG. 6. Constraints on f and Mmin using a log-uniform prior (solid lines) and uniform prior (dashed lines) on r ¼ Mmax=Mmin for the
three cases reported in Fig. 2: (a) no observed DBH events, (b) GW190425 is a DBH event, and (c) GW190425 and GW190814 are
DBH events.
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weights r, unlike a uniform prior. Figure 6 shows that the
constraint on Mmin extends to lower masses if we choose a
uniform prior on r, exhibiting a preference for high values
of r. However, there is no evidence for such a preference.
The constraints on Mmin are also observed to be more
sensitive to the lower bound on r. Therefore, we report
constraints using a log-uniform prior for r in Sec. III, with
the most conservative bounds on the prior.

APPENDIX B: SENSITIVE VOLUME

The sensitive volume, VT, is computed over the range of
chirp masses 0.2 M⊙–200 M⊙ in each chirp mass bin
denoted by i for mass ratios, q ∈ ½0; 1', using

ViTðq;M ¼ miÞ ¼ ð0.088Þ 4π
3

X3

j¼1

D3
jðq;miÞTj; ðB1Þ

where Djðq;miÞ is the horizon distance computed for a
SNR threshold of 8 in the LIGO Livingston detector during
the observing run j ¼ 1, 2, 3 that spanned over observation
times Tj, respectively.
We compute a weighted average of the VTs over all

possible binaries for a given chirp mass within mass ranges
representative of the search parameter space used for

compact binary coalescences conducted in data from the
second observing run of LVC. The parameter space places
hard cuts on the binary systems that contribute to the VT
integral,

ViTðM ¼ mijθ̄Þ ¼
Z

1

qmin

Pðqjmi; tm; θ̄ÞViTðq;mijθ̄Þdq:

ðB2Þ

Here, Pðqjmi; tm; θ̄Þ is the distribution of mass ratios,
q ∈ ½qmin; 1', for a given chirp mass dictated by the choice
of parameters, θ̄, and tm ¼ 10 Gyr. This is different from
the initial distribution of mass ratios, which is independent
of model parameters. Figure 7 shows how the allowed
values for q change with chirp mass and θ̄. For a given
Mmin, possible DBH chirp masses range from 2−1=5Mmin to
2−1=5rMmin. This is evident in Fig. 7, where no binaries
occur for M ¼ 0.78 M⊙ when Mmin ¼ 2 M⊙, as well as
for M ¼ 47.54 M⊙ when Mmin ¼ 0.054 M⊙ because the
chirp masses lie outside the permissible range for the
respective values of Mmin.
The left panel of Fig. 1 illustrates how these weighted

VTs vary over chirp mass for various values of Mmin for
some fixed values of b and r.
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