PHYSICAL REVIEW LETTERS 131, 091401 (2023)

Can LIGO Detect Nonannihilating Dark Matter?

Sulagna Bhattacharya . Basudeb Dasgupta N Ranjan Laha 2 and Anupam Ray

3.4.8

"Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400005, India
2Centre for High Energy Physics, Indian Institute of Science, C. V. Raman Avenue, Bengaluru 560012, India
3Deparlment of Physics, University of California Berkeley, Berkeley, California 94720, USA
*School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA

® (Received 12 March 2023; revised 6 June 2023; accepted 19 July 2023; published 29 August 2023)

Dark matter (DM) from the galactic halo can accumulate in neutron stars and transmute them into sub-
2.5M g black holes if the dark matter particles are heavy, stable, and have interactions with nucleons. We show
that nondetection of gravitational waves from mergers of such low-mass black holes can constrain the
interactions of nonannihilating dark matter particles with nucleons. We find benchmark constraints with LIGO
O3 data, viz.,0,, > O(10~*7) cm? forbosonic DM with m,, ~ PeV (orm, ~ GeV, if they can Bose-condense)

yn =

and >O(107%) cm? for fermionic DM with m, ~ 10* PeV. These bounds depend on the priors on DM
parameters and on the currently uncertain binary neutron star merger rate density. However, with increased
exposure by the end of this decade, LIGO will probe cross sections that are many orders of magnitude below
the neutrino floor and completely test the dark matter solution to missing pulsars in the Galactic center,
demonstrating a windfall science case for gravitational wave detectors as probes of particle dark matter.
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Introduction.—Dark matter (DM) is arguably the most
compelling evidence for new physics. Extant searches have
placed stringent constraints on nongravitational inter-
actions of DM in a wide variety of particle physics
scenarios [1-6]. However, a simple scenario—a heavy
nonannihilating DM with feeble interactions with the
ordinary matter—remains inadequately tested because of
tiny fluxes in terrestrial detectors.

The leading constraint in this regime arises from the
existence of old neutron stars (NSs) that would have
imploded to black holes (BHs) due to gradual DM accretion
if DM were to be a heavy nonannihilating particle that
interacted with nucleons [7-30]. More specifically, the
strongest constraint in this regime comes from the existence
of a Gyr old pulsar close to Earth [11,20,22] even though
NSs in denser parts of the Galaxy are predicted to be more
susceptible to DM-induced implosion. This is in part
because no old NSs have been detected in the denser inner
parts of the Galaxy. In particular, the central parsec of the
Galaxy shows a significant deficit of NSs [31]. While there
are plausible astrophysical and observational explanations
for the observed deficit, it has also led to speculations that
the missing pulsars are a hint that NSs near the Galactic
center have converted to BHs by accreting heavy non-
annihilating DM [19]. This curious situation, coupled with
the need to adequately probe heavy nonannihilating DM,
demands new ideas.

In this Letter, we argue that gravitational wave (GW)
detectors are a novel and complementary probe of heavy
nonannihilating DM interactions with the baryonic matter.
The key idea is that continued accumulation of DM
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particles in the NSs leads to anomalously low-mass BHs
in the mass range ~(1-2.5)M g, and GWs from such low-
mass BH mergers can be searched for by the LIGO-Virgo-
KAGRA detector network. Given null detection so far, one
already finds an interesting constraint on nonannihilating
DM interactions. This constraint is contingent on the value
of the “binary NS” (BNS) merger rate density, which has
large uncertainties at present. If it takes the larger values
currently allowed, the GW-inferred constraint can be the
strongest constraint on DM interactions. With continued
data taking, the existing detectors promise unprecedented
sensitivity to nonannihilating DM interactions, revealing a
new windfall science case for these remarkable detectors.

Mergers of low-mass BHs.—We consider the following
sequence of events. A pair of NSs can be born and almost
contemporaneously get locked into a binary at time 7;. The
NSs then accrete DM for a period z.yjapse from the galactic
halo, at which point the DM accumulated in their cores
collapses to tiny BHs. Then, the tiny BHs take a time
Tewallow O transmute each host NS to a low-mass BH, that
we call a “transmuted BH” (TBH) [32]. The net trans-
mutation time iS Tyans = Teollapse T Tswallow- Mergers of
these TBH-TBH pairs are detectable at the present time
to if 1y — 1y > Tyns. These timescales are computed in the
following.

DM particles that transit through an optically thin NS can
get captured due to their collisions with the stellar material.
Considering contact interactions of DM with nucleons, one
finds a capture rate [11,20]

© 2023 American Physical Society
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which depends on the ambient DM density p,, the DM
mass m,,, as well as its total interaction cross section with
nucleons 6,,. The factor involving A? = 6m,m,v3./
Vg (m, —m,)* accounts for inefficient momentum trans-
fers at larger m,, given NS escape speed v, and typical
DM speeds oy, in the galaxy. For a typical NS
with mass Mygs = 1.35M and radius of Ryg = 10 km,
the optical thinness requires o, < 1.3 x 10 cm?. For
larger cross sections, the effects of multiple collisions
are relevant and it mildly increases the capture rate at
larger m, [33,34]. We neglect possible self-interactions
among the DM particles and nuclear effects in the capture
rate [35,36].

The captured DM, because of the strong gravita-
tional potential of the neutron stars, sinks toward
the core, thermalizes, and can collapse to a tiny black
hole over a timescale Zegpse = C™'N2H, where NJH =
max [N5'f, NCh] denotes the number of DM particles that
need to be captured and thermalized to create a nascent BH,

cf. Refs. [11,13,20,22]. N*If ~ l/m)s/2 encodes the Jeans
instability criterion, and is determined by the condition that
DM density has to exceed the baryonic density within the
stellar  core. N ~1/m2 (or 1/m}) denotes the
Chandrasekhar limit for bosonic (fermionic) DM, and is
set by the effective pressure imbued by quantum mechan-
ics, to prevent this collapse. Detailed numerical estimates,
accounting for possible Bose-Einstein condensate (BEC)
formation, are reviewed in the Supplemental Material
(SM) [37].

The nascent BH, with a very small mass Mgy = m, N1,
consumes the NS host over a timescale of 7y 0w =
10"25(107'°M o /Myy) [38—41], significantly smaller than
stellar lifetimes. Hawking radiation and quantum aspects of
accretion can slow down this effect for seed BHs of mass
Mgy 2 107M [42], providing a maximum DM mass of
O(107) GeV (for bosons) and O(10'%) GeV (for fermions)
[11,13,20,22,42] for transmutation. The particle DM
parameter space that leads to a successful transmutation
of NSs is reported in [24].

The TBH merger rate density [24]

df ) dRBNS
R = [ dr— dt
TBH / “ar ). Y ar,

X ®{t0 - [f - Ttrans[m)(’ Gj(mpext(r’ tO)]}’ (2)

is a fraction of the BNS merger rate density (Rgns) that one
would have if there were no transmutations, depending on

1= e Vese 2 /220 kms™"\ 2
A? 1.9 x 10° kms™! Dgal ’

(1)

|
the DM properties through 7,,, and on astrophysical
conditions. We assume a uniform 1D distribution df/dr
of progenitor BNSs in Milky-Way-like galaxies, where r €
(0.01,0.1) kpc denotes the galactocentric distance. This
affects the background DM density p.,; experienced by the
progenitors, which we take to have a Navarro-Frenk-
White proﬁle pext[rv tO] = pext[r} = p‘/[(l’/l"s)(l + I"/}"S)Z]
[43,44], where p, = 0.47 GeV cm™ and r, = 14.5 kpc for
a Milky-Way-like galaxy. Note that we do not consider the
time evolution of the ambient DM density, and use its
current value, i.e., p.(z = 0), in order to be conservative.
The lower limit of the iy integral, ., corresponds to
z, = 10, taken as the earliest formation time and
dRgys/dt; is the rate density of progenitor mergers for
a given formation time [45]. The latter is proportional to the
star formation rate dp,/dt (for which we take the Madau-
Dickinson model [46]), the fraction of stellar mass in
binaries A~ 107 [45,47,48], and their merger time dis-
tribution at present time proportional to (7o — ;)™ [45].
Only the shape of dRps/dt; is an independent assumption
because the overall normalization Rpyg is taken to be a free
parameter in the range (10-1700) Gpc= yr~! favored by
recent LIGO observations [49]. In addition to the above, we
take Rys = 10 km, T, = 2.1 x 10° K, and a monochro-
matic mass distribution of the progenitors centered at
1.35M for computing 7,,,. The dependence of Rygy
on various model assumptions is studied in the SM which
additionally includes Refs. [50-65].

Data and statistics.—We estimate the TBH merger rate
density for a chirp mass bin

Ripui = pi X R, (3)

where p; is the probability that the progenitor BNS has
chirp mass m, = (m;m,)*>/(m; + m,)'/> in the ith bin,
given the probability distributions of m; ,. The component
NS masses are m, < m; by convention, with asymmetry
parameter ¢ = m,/my < 1. The masses m,, are approx-
imately Gaussian distributed between 1.08 and 1.57M,
with mean ~1.35M, and standard deviation ~0.09M, as
inferred from a large astrophysical sample [66]. The
TBH-TBH mergers are thus predicted around the chirp
mass m, ~ 1.15M 5. The NS mass distribution predicts
gmin = 0.69, consistent with the LIGO search criterion of
q > 0.1 [67].

Given the non-detection of low-mass binary black holes
(BBHs) in the LIGO O3 data [67], it is reasonable to
assume a Poisson distribution for the event counts in each
chirp mass bin. The binned rate density Rygy ; depends on
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the model parameters 6 = {m,,c,,, Rgxs}. With a sur-
veyed volume time (VT),, called exposure hereafter, the
likelihood for parameters @ is

L; = exp[~Rrgn,; X (VT),], (4)

where we use the (V7); provided by LIGO (MBTA
pipeline) for its third observing run [67].

We will derive both Bayesian as well as frequentist
constraints on the DM parameters. With current data, owing
to the uncertainty on Rpyg, the frequentist limits are not
constraining and we show only the Bayesian limits. With
more exposure, we find interesting sensitivities without any
priors on DM and show frequentist forecasts.

For the Bayesian limits, the posterior for the parameters
0 is given by P[] « [];L;[0] x z[f]. We assume log-
uniform priors on m, € (10* 10%) GeV for bosonic DM
without BEC formation, m, € (1073, 10%) GeV with BEC,
and m, € (10%,10'") GeV for fermionic DM, and log-

uniform priors on 6, € (107°,107*) ¢cm? for bosonic

DM without BEC formation, o, € (107%,107*) cm?
with BEC, and o6, € (107%,107*) cm? for fermionic
DM. The ranges for m,, and o, are chosen to be somewhat
larger than the parameter space where transmutation is
possible (T < 10 Gyr). For smaller cross sections or
masses outside the above ranges, the parameters will not be
excluded by the LIGO data. For larger cross sections the
likelihood becomes small, so that the exclusion contour is
somewhat sensitive to the choice of the upper boundary of
the prior on ¢,,, whenever we obtain a nontrivial constraint.
We take a uniform prior on Rgyg € (10, 1700) Gpe™3 yr~!
[49]. We sample the 3D posterior distribution of the
parameters by wusing the EMCEE Markov Chain
Monte Carlo sampler [68], and marginalize the posterior
over the additional parameter Rgng to find the marginal
2D posterior of {m,,c,,}. We then identify the minimal
region of the m, — o, plane that contains 90% of the
sampled points to present a 90% credible constraint in the
m, — 6, plane.

We obtain frequentist limits using the likelihood
L = exp[—u], with y = Rgy(VT) obtained by assuming
a fixed value of Rpyg. For simplicity, here we approximate
that all likelihood is in a chirp mass bin around
m, = 1.15M. Alternatively, to get hybrid-frequentist
limits we use the marginal likelihood

e “Kmin# _ e ~KmaxH

- H log[Kmax/Kmin]

(5)

m

obtained by  writing Rpng = k X 1000 Gpc ™3 yr~!
in the likelihood L, and averaging over the nuisance
parameter k with a uniform prior in (K, Kmax)- Upper
limits on u (at 90% confidence) are then obtained by setting
f ”"; duL ) = 0.1. If Rgng were not uncertain, i.e., kK were

fixed, there would be no nuisance parameter. In this case,
for a null detection described by a Poisson process
without background, the Bayesian and frequentist 90%
upper limits on the expected number of signal events
coincide at 2.303. We will use this to compare our
Bayesian constraints with related frequentist limits.

GW limits on DM parameters.—In Fig. 1, the pink
shaded regions labeled “LIGO O3 show the 90% cred-
ibility disfavored regions of the marginal 2D posteriors of
{m}(, 0,,} for bosonic, fermionic, and BEC-forming DM.
We find an upper limit of o, <2.5x 107 cm? for
m, =5 PeV (or 0.2 GeV) bosonic dark matter without

(with) BEC formation, respectively, weakening as ~1/ m?/ 2

(or ~1/ m)z() at smaller masses up to 0.06 PeV (or 4 MeV).
For fermionic dark matter, 6, < 2.4 x 107 cm? for
m, = 3.6 X 10° PeV, weakening as ~1/m,, up to 240 PeV.
These limits are roughly comparable to a lower limit on
Tians < 0.4 Gyr (or 0.3 Gyr) for bosonic DM without (with)
BEC formation and 7y,, <3 Gyr for fermionic DM
for p, = 0.4 GeV cm™.

The dark green curves labeled by “Rpng = 1050 (or
1240, or 1200) Gpc=3yr~!” are frequentist 90% upper
limits obtained by assuming a fixed value of Rgyng as noted.
Our 90% credible Bayesian limits are numerically similar
to these, allowing us to interpret these constraints in
relation to each other. If Rpyg = 10 Gpc=3yr~!, with
current data we find no 90% frequentist constraint on
the DM parameter space. The minimum values of Rpyg for
which current data can start ruling out some of the DM
parameter space in a frequentist analysis are approximately
900 (or 980, or 1110) Gpc~ yr~!, for bosonic DM without
BEC formation, with BEC, and fermionic DM,
respectively. We also ask, what is the hybrid-frequentist
constraint that exactly mimics our Bayesian analysis, but
without having to assume any priors on m, and o,,? For
bosonic DM without BEC formation, using the range
k € (0.01,1.7), the 90% hybrid upper limit gives
Hoo =~ 54. We recall that our Bayesian constraint is com-
parable to a 90% frequentist upper limit assuming
Rgns = 1050 Gpe=2 yr~!, which in turn is equivalent to
taking the limits kp,x min — 1.05, for which the 90% hybrid
upper limit gives pgo =~ 2.2. The numerical value of pq, for
our hybrid analysis is therefore approximately 54/2.2 ~ 25
times larger than for our benchmark Bayesian upper limit.
For the case of bosonic DM with BEC formation and
fermionic DM we find that our Bayesian limits are
nominally stronger by factors of 28 and 29, respectively,
compared to the hybrid limits. This is ascribable to the
priors on DM parameters.

In Fig. 1, we also show the leading constraint
from underground direct detection experiments [69], in
the left panel as a shaded region labeled “LZ (2022),”
as well as an exclusion limit from the existence of the
pulsar PSR-J0437-4715 [11,20] as a shaded region. This
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FIG. 1. Gravitational wave constraints on bosonic (left panel, without BEC; right panel, with BEC) and fermionic (middle panel)

nonannihilating dark matter interactions with nucleons. These constraints apply to both spin-(in)dependent interactions as DM-neutron
scattering is considered. Nondetection of BBH mergers by the LIGO O3 low-mass BH search (MBTA pipeline) [67] disfavors the pink
shaded regions, as per our nominally 90% credible Bayesian limit obtained by marginalizing over Rgys € (10-1700) Gpe =3 yr~!. A
frequentist 90% confidence upper limit, obtained by assuming Rgns = 1050 (or 1240, or 1200) Gpc~ yr~!, shown with the green
dashed line, roughly matches the corresponding Bayesian limits. The brown dashed line is a forecasted 90% confidence frequentist
upper limit obtainable with 50 times the current exposure (V7T) and marginalizing over currently allowed range of Rpyg. The leading
constraint from terrestrial experiments is shown as “LZ (2022)” (spin-independent) in the left panel [69]. The hatched blue region,
labeled by “Explain Missing Pulsars,” shows parameter space that would address the missing pulsar problem by invoking NS
transmutation to BHs via DM accretion, without being in conflict with the existence of known pulsars, specifically PSR-J0437-4715,
that disfavors the beige shaded region toward top right. We also show the neutrino floor for the direct detection experiments, below
which potential discovery of a DM signal is hindered by neutrino backgrounds [70]; for fermionic DM the neutrino floor is above the
range of cross sections shown. Note that the ranges of mass and cross section shown in the three panels are different.

particular pulsar, because of its relatively low core temper-
ature and long lifetime provides the most stringent con-
straint on weakly interacting heavy nonannihilating DM.
Apart from that, because of its close proximity, the ambient
DM density and the surface temperature have been mea-
sured with small uncertainties, indicating the robustness of
this constraint. Our current constraint, inferred from the
existing LIGO data, is weaker than the PSR-J0437-4715
constraint. However, because of the entirely different
systematics of GW detection as opposed to radio searches
for pulsars, it is complementary and it has the potential to
set the leading constraint with the upcoming GW obser-
vations. In Fig. 1, the blue-hatched region shows the DM
parameter space that can putatively explain the scarcity of
old pulsars in the central parsec of our Galaxy; it corre-
sponds to DM parameters that can transmute all the 30 Myr
old pulsars that are within 10 arc-minutes of the Galactic
Center.

The curves labeled “LIGO Forecast” are forecasted
hybrid-frequentist upper limits [90% confidence; margin-
alized over Rgyg € (10, 1700) Gpc=3 yr~! [49]] that can
be obtained in the future if the exposure (VT) grows to 50
times the current exposure, as may be possible by the end of
this decade [71]. Conditionally, if Rgng = 28 Gpc™3 yr!,
our proposed method can supersede the EM-inferred
constraints on nonannihilating DM interactions assuming
50 times more exposure than the current LIGO O3. With
future detectors [72,73], the sensitivity can improve by
several orders of magnitude (see SM for estimates). It is

evident that the forecasted LIGO sensitivity can completely
test the DM solution to the missing pulsar problem, and
provides perhaps a unique way to probe DM-nucleon cross
sections well below the neutrino floor.

Summary and outlook.—We have argued that nondetec-
tion of GWs from mergers of low-mass BBHs can be used
to probe the particle nature of DM. Specifically, we use null
detection of such events until the O3 run of the LIGO-
Virgo-KAGRA collaboration to infer constraints on inter-
actions of heavy nonannihilating DM with nucleons. Our
benchmark constraints disfavor ¢, > O(107*7) cm? for
bosonic DM with PeV-scale mass if no BEC forms, and
with GeV-scale if a BEC can form. We find o, >

O(107*6) cm? for 10°-PeV-scale fermionic DM. We note
that, the same low-mass BBH searches have recently been
used to probe primordial BHs as DM [67,74-82] and an
atomic DM model [67,78,83], and this is the first attempt to
demonstrate that it also sheds light on ¢, quite generically
for weakly interacting nonannihilating DM.

The presented constraint is sensitive to the uncertainty
in the BNS merger rate density and priors on DM
parameters. Current LIGO data suggests a broad range
for Rgns € (10-1700) Gpe=3yr=! [49]. With current
data, the frequentist limits are not constraining unless
Rgns > 900 Gpe3 yr~!. On the other hand, if Rpyg =
1700 Gpc=3 yr~!, at the upper end of the currently allowed
range, GW detectors already provide leading sensitivity to
interactions of DM with nucleons. The constraints are
modestly sensitive to other astrophysical inputs, mainly the
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DM density profiles in galactic halos that affect Rty with a
nontrivial m, dependence. Uncertainties in BNS merger
time delay distributions, star formation rate, etc., mainly
lead to 50% level normalization uncertainties that are
subsumed in the larger uncertainty on Rgyng. Uncertainties
on the NS properties can cause a small ~20% level change.
New particle physics such as self-interactions of DM or due
to phases of NS matter could be important, but are outside
of our scope here.

In the future, if there are detections of anomalously low-
mass BBHs, it will be important to check if other source
classes could fake a TBH-like signal. Besides novel objects
such as primordial BHs, it is plausible that a fraction of
BNSs may get incorrectly classified as low-mass BBHs.
This can be mitigated if tidal deformation in the events is
measured reliably and precisely [84]. In such a case, one
would search for TBH events as a signal over the estimated
background due to BNS events that were incorrectly
classified as BBH events. For null detection, assuming a
zero background gives conservative constraints on DM
parameters. We anticipate that the sensitivity to TBH
mergers can be improved with a more detailed analysis
of LIGO data. It is also expected to have a distinctive
redshift dependence [24].

Encouragingly, because of the planned upgrades of the
LIGO-Virgo-KAGRA detectors and continued data taking,
one expects spectacular sensitivity to DM parameter space
by the end of this decade. We find this to be possible
without assuming any priors on DM parameters. GW
detectors may be able to look for nonannihilating DM that
is much heavier and much more weakly interacting than
will be possible using any other probe, covering the entire
parameter space that explains the missing pulsars, and
going well below the neutrino floor.
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