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Sunlike stars can transmute into comparable mass black holes by steadily accumulating heavy
nonannihilating dark matter particles over the course of their lives. If such stars form in binary systems,
they could give rise to quasi-monochromatic, persistent gravitational waves, commonly known as
continuous gravitational waves, as they inspiral toward one another. We demonstrate that next-generation
space-based detectors, e.g., Laser Interferometer Space Antenna (LISA) and Big Bang Observer (BBO),
can provide novel constraints on dark matter parameters (dark matter mass and its interaction cross-section
with the nucleons) by probing gravitational waves from transmuted sunlike stars that are in close binaries.
Our projected constraints depend on several astrophysical uncertainties and nevertheless are competitive
with the existing constraints obtained from cosmological measurements as well as terrestrial direct
searches, demonstrating a notable science case for these space-based gravitational wave detectors as probes
of particle dark matter.
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I. INTRODUCTION

LIGO, Virgo and KAGRA [1–3] have observed
the Oð100Þ binary black hole (BH) and neutron star
mergers [4–7] in their various observing runs over the
past fewyears. However, another class of gravitationalwaves
(GWs), commonly known as “continuous gravitational
waves,” have so far eluded detection. Continuous waves
are characterized as quasi-monochromatic (a sinusoid with a
tiny frequency drift over time) as well as quasi-infinite (a
signal whose duration greatly exceeds the observation time)
and can be emitted from an array of sources, e.g., asymmet-
rically rotating isolated neutron stars [8–12], millisecond
pulsars at the Galactic Center [13,14], annihilating ultralight
dark matter (DM) clouds around rotating BHs [15–18],
inspiraling planetary-mass primordial black holes [19–25],

and even ultralight particle DM that directly couples to the
interferometers [26–34].
In this work, we point out the exciting possibility that

continuous gravitational wave measurements can also
probe strongly interacting heavy nonannihilating DM.
Such a DM model is hard to probe in the terrestrial
detectors because of their tiny fluxes (DM flux in the
terrestrial detector scales inversely with its mass) and
remains to be scrutinized thoroughly (see, e.g., Ref. [35]
for a bird’s-eye view of existing exclusions on such DM
model). Here, we demonstrate that next-generation space
based GW detectors, such as Laser Interferometer Space
Antenna (LISA) and Big Bang Observer (BBO) [36,37],
are excellent testing grounds for strongly interacting heavy
nonannihilating DM. Our proposal can be summarized as
follows: Accumulation of strongly interacting heavy non-
annihilating DM inside binary stellar objects (symmetric
sunlike binaries, to be more specific) can transmute them
into low mass (comparable with the progenitor masses)
black hole binaries. These low mass BH binaries, com-
monly known as transmuted black hole (TBH) binaries, if
sufficiently close, can emit quasi-monochromatic continu-
ous GWs in their inspiral phase and can be observed in the
next-generation GW detectors, such as LISA and BBO. We
theoretically estimate the occurrence rate density of such
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TBH binaries whose progenitors are closely spaced sym-
metric sunlike binaries and search these binaries in the
future space-based GW detectors. Assuming a null detec-
tion of these TBH binaries with a year of observation time,
we first calculate the upper limits on the occurrence rate
density, and by translating these upper limits on the
occurrence rate density, we provide novel (projected)
constraints on heavy nonannihilating dark matter inter-
actions. The constraints derived in this work are subject to
several astrophysical uncertainties but are complementary
with the existing constraints from terrestrial direct searches
and cosmological measurements.
The rest of the work is organized as follows. In Sec. II,

we briefly review the formation of low mass transmuted
black holes. In Sec. III, we theoretically estimate the
occurrence rate density of such transmuted black holes
whose progenitors are closely spaced symmetric sunlike
binaries. In Sec. IV, we estimate the upper limit on the
occurrence rate density by assuming a null detection of
these low mass TBH binaries in future space-based GW
detectors, such as LISA and BBO. In Sec. V, we use the
upper limits on the occurrence rate density to derive the
exclusion limits on the dark matter parameters (mass and its
interaction cross-section with the nucleons). Finally, we
culminate the paper with conclusions in Sec. VI.

II. FORMATION OF LOW MASS
TRANSMUTED BLACK HOLES

In this section, we briefly review the transmutation
process of binary stellar objects (for ease, we refer to
binary stellar objects as stellar objects hereafter).
Nonannihilating DM particles from the Galactic halo that

transit through a stellar object can be captured due to their
collisions with stellar nuclei [38–40]. For sufficiently large
DM-nucleon scattering cross-sections, the capture process
becomes very effective. This is simply because, in this
regime, DM particles typically scatter many times while
transiting through the stellar object, leading to a larger energy
loss probability, and almost all of the transiting DM particles
get captured. For heavyDM, i.e., if the DMmassmχ is much
heavier than the nuclei mass mA (mχ ≫ mA), which is of
primary interest here, captured DM particles sink toward the
stellar core and settle into a small core region. This leads to a
huge number density of these captured DM particles within
the stellar core, which eventually collapses, followed by a
smallBHformation in the stellar core.This nascentBH, if not
sufficiently light, can quickly devour the progenitor, trans-
forming it into comparablemass BHs,whichwe refer as low-
mass transmutedBHs. In the following,we systematically go
over the various stages of DM-induced transmutation of a
stellar object (more specifically, sunlike stars that are the
progenitors in our analysis).
Capture: To begin with, we first define the maximal

capture rate as geometric capture rate ðCgeoÞ, and it

represents the total number of DM particles that can pass
through a stellar object. For a specific velocity distribution
of the incoming DM particles fðuÞ, the maximal capture
rate is [40]

Cgeo ¼
ρχ
mχ

πR2

Z
fðuÞdu

u
ðu2 þ v2escÞ; ð1Þ

where vesc is the escape velocity of the planetary systems,
R denotes the size of the stellar object, and ρχ ¼
0.4 GeV=cm3 is the Galactic DM density in the solar
neighborhood. Specifically, for a Maxwell-Boltzmann
velocity distribution, Cgeo becomes

Cgeo ¼
ρχ
mχ

πR2

ffiffiffiffiffiffi
8

3π

r
v̄
�
1þ 3v2esc

2v̄2

�
; ð2Þ

where v̄ ¼ 270 km=s denotes the average velocity of the
DM particles in the Galactic halo. For sunlike stars, the
maximal capture rate is

Cgeojsunlike ¼ 1.3 × 1024 s−1
�
106 GeV

mχ

�
: ð3Þ

Depending on the DM-nucleon scattering cross-section
and DM mass, a certain fraction ðfcapÞ of the DM particles
that transit get trapped, implying a capture rate C ¼
fcapCgeo [41–45]. For heavy DM ðmχ ≫ mA) and large
DM-nucleon scattering cross-sections, which is of primary
interest here, fcap can even reach unity [41]. Of course, for
lowDM-nucleon scattering cross-sections, capture becomes
inefficient, and fcap becomes extremely small (as shown in
Fig. 1). We closely follow Ref. [46] to compute the capture
fraction for our analysis; however, we have verified that
using fcap from Ref. [47] yields a slightly weaker result. We
also note that enhancement of DMcapture rate due to a close
binary is negligible in this analysis [48].
Spatial distribution inside the stellar volume: After

accumulation, DM particles thermalize with the stellar
nuclei via successive collisions. The timescale for thermal-
ization depends strongly on the DM -nucleon scattering
cross-section: For large σχn, it occurs quickly, i.e., over a
time much shorter than the stellar object lifetime [49–55].
The thermalized DM particles then become spatially
distributed in a way that depends crucially on their
mass [56,57]. For example, heavy DM tends to shrink
toward the stellar core and stabilize into a tiny radius
around the core, commonly known as the thermalization
radius. Quantitatively, for sunlike stars, DM particles of
mass 106 GeV thermalize within a radius of rth ∼ 91 km
(1.3 × 10−4R⊙), which reduces further as m−1=2

χ for
heavier DM.
Dark collapse and black hole formation: The number of

captured DM particles grows linearly with time. As a
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consequence, stellar objects with cosmologically long
lifetimes (∼Gyr) can accumulate an enormous number of
DM particles. Quantitatively, for a DM mass of 106 GeV
and sufficiently high DM-nuclei scattering cross-section
(say 10−28 cm2),Oð1041ÞDM particles accumulate inside a
sunlike star.When they concentratewithin a∼91 km radius,
they give rise to a core density of ∼6 × 1025 GeV cm−3,
around 26 orders of magnitude higher than the local
Galactic DM density. This huge core density undergoes
gravitational collapse once it exceeds the critical threshold
value and eventually leads to a micro-BH formation within
the stellar core. The necessary and sufficient criterion for
such a BH formation has been extensively studied in the
literature [49–51,53,54,58–77] and is essentially deter-
mined by the self-gravitating criterion and quantum degen-
eracy pressure. More specifically, BH formation occurs if

NBH
χ jtage ¼ C × tage ≥ max ½Nself

χ ; NCha
χ �; ð4Þ

whereNBH
χ jtage denotes the total number of accumulated DM

particles in the stellar object throughout its lifetime (tage),
Nself

χ represents the self-gravitating criterion, and Ncha
χ

represents the quantum degeneracy pressure criterion.
Below, we briefly describe these two criteria. Inside the
thermalization volume, if the DM density overcomes the
baryonic density, then the DM particles self-gravitate inside
the core. This self-gravitating criterion (Nself

χ ) is same for

bosonic/fermionic DM, and it only depends on the core
density ρcore as well as core temperature Tcore of the stellar
objects [49] and the dependencies can be found as

Nself
χ ∼ 2.8 × 1041

�
ρcore

154 g=cm3

��
Tcore

1.54 × 107 K

�
3=2

×

�
106 GeV

mχ

�
5=2

: ð5Þ

The quantum degeneracy pressure criterion (Ncha
χ ) repre-

sents the maximum number of DM particles beyond which
BH formation occurs. It solely depends on the spin of the
DMparticles, and for bosonic (fermionic)DM, it stems from
the Heisenberg Uncertainty principle (Pauli exclusion prin-
ciple) [49]. Quantitatively,

NCha
χ jboson ¼ 9.5 × 1025

�
106 GeV

mχ

�
2

; ð6Þ

NCha
χ jfermion ¼ 1.8 × 1039

�
106 GeV

mχ

�
3

: ð7Þ

From these numerical estimates, it is evident that, in our
parameter range of interest, the transmutation criterion for
sunlike stars (which are the progenitors in our analysis) is
determined by the self-gravitating criterion. This simply
leads to the fact that the results derived from our analysis are
applicable for both bosonic as well as fermionic DM. The
initial mass of the micro-BH formed at the stellar coreMBH
can also be estimated as

MBH ¼ mχ × max½Nself
χ ; NCha

χ � ¼ mχ × Nself
χ

∼ 2.5 × 10−10M⊙

�
106 GeV

mχ

�
3=2

; ð8Þ

wherewe take the solar core density as 154 g=cm3 and solar
core temperature as 1.54 × 107 K [54].
Growth and evaporation of newly formed black holes:

The newly produced micro-BH at the center of the stellar
core can accrete from the surrounding material and swallow
the progenitor on a very short timescale (as compared to the
stellar object’s lifetime). It will also evaporate by emitting
particles via Hawking radiation. For the time evolution of
the nascent BH, we can conservatively1 consider the
baryonic matter accretion by the micro-BH [49,50] (first
term) and the BH evaporation (second term)

dMBH

dt
¼ 4πρcoreG2M2

BH

c3s
−
PðMBHÞ
G2M2

BH
; ð9Þ

FIG. 1. The capture fraction (fcap ¼ C=Cgeo) is shown with the
DM-nucleon scattering cross-section ðσχnÞ for DM masses of
105 GeV and 107 GeV. fcap becomes very small for low σχn and
approaches unity for sufficiently large σχn. For heavier DM,
relatively large σχn is needed in order to reach fcap ¼ 1 as heavier
DM are harder to stop due to their larger kinetic energy.

1This is conservative because we do not account for the
accretion of newly incoming DM particles by the micro-BH.
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where MBH denotes the mass of the newly formed BH and
cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tcore=mn

p
denotes the sound speed in the core of the

stellar object, Tcore is the core temperature and mn is the
nucleon mass. ρcore denotes the core density of the stellar
object,G is the gravitational constant, and PðMBHÞ denotes
the Page factor [78,79]. It is important to note that the Page
factor properly accounts for gray-body corrections of the
Hawking evaporation spectrum, as well as the number of
Standard Model (SM) species emissions from an evapo-
rating BH (BHs heavier than 1017 g only emit massless
particles, such as photons and neutrinos, whereas, lighter
BHs emit massive SM particles too). In the classical
black-body radiation limit, the Page factor evaluates to
1=ð15360πÞ and is commonly used in the literature.
Considering the gray-body corrections and by accounting
for the number of SM species emitted, the Page factor
ranges from 1=ð1135πÞ to 1=ð74πÞ [79,80]. Since the
accretion term scales as M2

BH, and the evaporation term
scales as 1=M2

BH, for low BH masses, evaporation domi-
nates over the accretion process. Therefore, for sufficiently
light micro-BHs, successful transmutation of the hosts do
not occur. This sets a cutoff on the DM mass that can be
probed via transmutation as the mass of the micro-BH
decreases with heavier DM [Eq. (8)]. For sunlike systems,
this cutoff mass is around mχ ∼ 1010 GeV [75].
Drift time and maximal possible scattering cross-

section: Transmutation of stellar objects does not occur
at very large DM-nucleon scattering cross-sections. This is
simply because, at very large DM-nucleon cross-sections,
DM particles lose a significant amount of energy in the
outer shells of the stellar object and therefore, may not
reach the stellar core (or take a significantly longer time to
reach the core). We estimate the drift time, i.e., the time
required by the DM particles to reach the stellar core by
using the stellar density, temperature, and compositional
profiles [59,81]

tdrift ¼
1

Gmχ

X
j

σχj

Z
R

0

njðrÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3AjTðrÞ

pR
r
0 d

3r0ρjðr0Þ
dr; ð10Þ

where σχj denotes the DM-nuclei scattering cross-section
and is related to the DM-nucleon scattering cross-section
via σχj ¼ σχnA2

jðμχAj
=μχnÞ2. Aj denotes the mass number

of the jth nuclei, and μχn is the reduced mass of the DM-
nucleon system. We set the ceilings of our results by
demanding that tdrift ≤ 1 Gyr. Quantitatively, for sunlike
systems (for both bosonic and fermionic DM), it corre-
sponds to [54,75]

σχn ≤ 10−18 cm2

�
mχ

106 GeV

�
: ð11Þ

III. OCCURRENCE RATE DENSITY OF LOW
MASS TRANSMUTED BLACK HOLES

Accumulation of strongly interacting heavy nonannihi-
lating DM particles inside stellar objects can lead to the
formation of comparable mass TBHs. These low-mass
TBHs, while in binaries, can emit GWs as they inspiral
toward each other and could be detected in the next-
generation space-based GW detectors, such as LISA. As a
concrete example, binaries with component masses of 1M⊙
and separation of 4R⊙ emit GWs at a frequency of
3.5 × 10−5 Hz, potentially detectable by LISA (as shown
in Fig. 2). Of course, the initial separation of these
progenitors binaries can vary, which would then lead to
GW emission at a different frequency. For wide binaries
(binaries with larger separation), the GW frequency
decreases and eventually falls outside of the LISA sensi-
tivity band. Quantitatively, for symmetric sunlike binaries
(which are the progenitors in our analysis), if the orbital
separation exceeds 9.5R⊙, the GW frequency becomes <
10−5 Hz and falls outside the LISA sensitivity (as shown in
Fig. 2). This implies that in our analysis, we only consider
GWemission from sunlike binaries with orbital separations
between 4R⊙ − 9.5R⊙. Note that we choose sunlike sys-
tems as our progenitors because (1) they have much larger
sizes as compared to the planets ensuring maximum DM
accumulation [Eq. (1)], and (2) stars form binaries much
more easily than planets do. In the following, we theoreti-
cally estimate the occurrence rate density of such TBH

FIG. 2. GW frequency ðfGWÞ is shown (solid red line) as a
function of the orbital separation for a symmetric sunlike
binary. We probe binaries with orbital separations ranging from
4R⊙ to 9.5R⊙, which corresponds to the frequency range of
ð10−5 to 3.5 × 10−5Þ Hz. Above an orbital separation of 9.5R⊙,
the frequency falls outside the LISA band.
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binaries whose progenitors are closely spaced symmetric
sunlike binaries. First, we define the key quantity for this
estimation: transmutation time ðτtransÞ, which dictates the
total time required in order to have a successful trans-
mutation of the progenitors. τtrans is essentially a sum of two
timescales, where the first timescale represents the time
required to form a micro-BH inside the stellar core, and the
second timescale represents the time required to swallow
the progenitor by the newly formed micro-BH. In our
parameter range of interest, the first timescale, which
depends on the DM mass as well as the DM-nucleon
scattering cross-section, always exceeds the second time-
scale, which only depends on the DM mass. Of course,
transmutation time ðτtransÞ also depends on the ambient DM
density, which we take as 0.4 GeV=cm3 as our region of
interest resides in the solar neighborhood.
We consider a closely spaced, sunlike binary system,

which is formed at time tf. For successful transmutation,
the time required for transmutation has to be shorter than
the available time, implying

τtrans ≤ ðt0 − tfÞ; ð12Þ

where t0 ¼ 13.79 Gyr denotes the current age of the
Universe. Clearly, only a fraction of these binaries that
satisfy the above criterion will undergo a transmutation.
Therefore, the occurrence rate density of such TBH binaries
(whose progenitors are closely spaced symmetric sunlike
binaries) can be written as

RTBH ∝
1

tobs

Z
t0

t�
dtfλ

dρ�

dt
½tf�×Θ½t0− tf− τtransðmχ ;σχnÞ�;

ð13Þ

where tobs ¼ 1 year denotes the observation time, and
t� ¼ 4.9 × 108 year ðz� ¼ 10Þ [82] denotes the earliest
binary formation time. λ denotes the fraction of stellar
mass in binaries, and dρ�

dt ½tf� denotes the cosmic star
formation rate density, which we take as Madau and
Dickinson star formation rate density. For the normalization
of Eq. (13), we use the total number of progenitors (closely
spaced symmetric sunlike binaries) within our volume of
interest and assume a uniform spatial distribution of the
progenitors in our Galaxy.
In the following, we provide a brief estimate of the

normalization criterion that has been used in our analysis.
Our Galaxy contains almost 200 × 109 stars, of which
about 20% are sunlike stars, implying 40 × 109 sunlike
stars in our Galaxy [83]. Among them, a certain fraction
can form a closely spaced symmetric binary, which we
denote as α. This implies the total number of progenitors
(closely spaced symmetric sunlike binaries) in our Galaxy
is 40 × 109α, and by assuming a uniform spatial distribu-
tion of the progenitors in our Galaxy, this leads to the
normalization condition for RTBH being 40×109α

4
3
πð15 kpcÞ3 for an

observation time of one year. Here, we note that the closely
spaced symmetric binary fraction α is rare, and it has large
astrophysical uncertainties (see e.g., Ref. [84] and refer-
ences therein). Quantitatively, for sunlike (M ≈ 0.5–1.6M⊙)
binaries with solar metallicity, the close binary fraction
(orbital separation ≲100R⊙) is reported to be smaller than
0.05 [84]. Therefore, our choices of α, which are used in this
analysis, are well justified. As these estimates are subject to
astrophysical uncertainties,we takeα as a free parameter and
vary it over a wide range of values (α ∼ 10−3–10−11), which
are consistent with the literature.

IV. CONTINUOUS-WAVE PROBES OF
LOW MASS TRANSMUTED BLACK HOLES

In the previous section, we estimated the occurrence rate
density of TBH binary systems that originated from closely
spaced sunlike stars. We now must calculate the expected
sensitivity of space-based GW detectors toward these TBH
systems that slowly inspiral toward one another, specifi-
cally the expected rate density constraints on such systems,
and compare that to Eq. (13) for different choices of the
fraction of stars that form in binaries α.
The slow inspiral of two objects orbiting around each

other can be described as a continuous wave if they are
either far enough away from each other or at low enough
frequencies. When these conditions are met, the time/
frequency “chirp” characteristic of detected binary inspirals
can be approximated as a slow linear increase of the GW
frequency over time.
Quantitatively, consider the rate of change of GW

frequency over time, ḟGW, of an inspiraling system suffi-
ciently far from merger [85]

ḟGW ¼ 96

5
π8=3

�
GM
c3

�
5=3

f11=3GW

≃ 10−23 Hz=s

�
M

0.87M⊙

�
5=3

�
fGW

3.5 × 10−5 Hz

�
11=3

;

ð14Þ

where M≡ ðm1m2Þ3=5
ðm1þm2Þ1=5 is the chirp mass, m1 and m2 are the

component masses, and fGW is the GW frequency. Its
integral is

fGWðtÞ ¼ f0

�
1 −

8

3

ḟGW
f0

ðt − trefÞ
�−3

8

; ð15Þ

where f0 is the GW frequency at a reference time tref .
From Eq. (14), we can see that, for a system with
m1 ¼ m2 ¼ 1M⊙, and at low-enough frequencies
ðf0 ∼ 10−5 HzÞ, the second term in Eq. (15) will be much
less than 1 and can be binomially expanded to

fGW ¼ f0 þ ḟGWðt − trefÞ; ð16Þ
which describes quasi-monochromatic continuous waves.
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For a particular detector, we can compute the minimum
detectable signal amplitude h0 in a matched-filtering search
for a quasi-monochromatic GW with a signal-to-noise ratio
ρ ¼ 1 (corresponding to the best possible sensitivity that
we could have) [85,86]. Matched filtering correlates a
model waveform with the data, and in the case of a purely
sinusoidal signal, it is simply a fast Fourier transform of the
data [neglecting the antenna patterns of the detectors, which
induce Oð1Þ changes]

h0;min ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SnðfGWÞ

tobs

s
; ð17Þ

where SnðfÞ is the noise power spectral density as a
function of frequency f, and tobs is the observation time.
Here, we use the sensitivity curves for LISA and BBO
given in [87].
The choice of which signal-to-noise ratio to use in this

work is somewhat arbitrary. In a real search, a threshold is
set on ρ to ensure a certain false alarm rate, leading to
values of ∼8–10 [85] depending on (1) how much
computational power is available, (2) how many outliers
one would like to follow up, and (3) how large of a
parameter space one is exploring. We do not know, in
practice, how a search in LISA data will be performed, and
thus quote the best, i.e. “nominal,” sensitivity, defined as a
signal with ρ ¼ 1, meaning a signal that is detectable at the
level of the noise. We note, however, that the actual
sensitivity will certainly be worse than what we quote;
however, the reduction in sensitivity in practice is much
smaller than, say, the uncertainty on the parameter α.
We can also write an equation for the distance reach to

binaries at different frequencies [85]

dðfGWÞ ¼
4

h0

�
GM
c2

�
5=3

�
πfGW
c

�
2=3

¼ 0.27 pc

�
3.66 × 10−19

h0

��
M

0.87M⊙

�
5=3

×

�
fGW

3.5 × 10−5 Hz

�
2=3

: ð18Þ

From the distance reach, and following the procedure
in [21], we can calculate the number of binaries that we
would detect in a given observing run by multiplying
the space-time volume hVTi (which, for nearby binaries, is
the volume of a sphere times the duration of the sources)
by the expected formation rate densityR, assuming that the
binaries are uniformly distributed over our Galaxy [21]

NbinðfGWÞ ≃ hVTiR ¼ 4

3
π½dðfGWÞ�3RTðfGWÞ: ð19Þ

T is the time over which we integrate the binary systems’
frequency evolutions: T ¼ maxðtobs;ΔTÞ, and ΔT is how

long the binary system spends in the frequency range
½f; f þ δf�, which can be obtained by inverting Eq. (15)

ΔT¼ 5

256
π−8=3

�
c3

GM

�
5=3

½f−8=3GW − ðfGWþδfÞ−8=3�: ð20Þ

When ΔT exceeds tobs, the number of detectable sources
is dominated by those between the frequencies
ðfGW; fGW þ δfÞ, including those that began emitting
gravitational waves well before the observation run.
Here, δf ¼ 1=tobs is the resolution in frequency and
indicates that the frequency of the GW signal does not
vary by more than one frequency bin during tobs.
Essentially, when ΔT > tobs, we allow for the enhance-
ment of the signal during the observation time due to the
fact that many possible systems inspiraling forever would
be emitting gravitational waves at the same frequency. In
other words, sources coming from anywhere in the sky,
with ḟGW ∼Oð10−23Þ Hz=s, are indistinguishable from
each other at a given frequency, and thus, their powers
will add. These sources are indistinguishable because the
frequency shift induced by the relative motion of the
earth with respect to the source, ΔfDoppler ¼ 10−4fGW ∼
Oð10−9Þ Hz, and the shift caused by the spin-up of the
source in tobs,Δfḟ ¼ ḟGWtobs ∼Oð10−16Þ Hz, are both well
within the frequency resolution δf of a matched-filtering
search over tobs, i.e., δf ≫ ΔfDoppler and δf ≫ Δfḟ.
Here, we also impose that ΔT cannot exceed the time at

which the first stars begin to form binaries, i.e.,
ΔT ≲ t0=10. After calculating NbinðfGWÞ, we sum the
number of binaries emitting gravitational waves at each
frequency

Ntot
bin ¼

X
i

NbinðfGW;iÞ < 1; ð21Þ

where we have required Ntot
bin < 1 to be in the case in which

we do not observe these systems in the future in order to get
the strongest constraint onR. Then, we solve forR, which
provides an upper limit on the formation rate densities of
such binary planet systems as a function of their chirp
masses

R ¼ 3

4π

�X
i

TðfGW;iÞdðfGW;iÞ3
�

−1
: ð22Þ

In order to perform the above computation, we must impose
a minimum separation between the two objects, and this
condition leads to the maximum GW frequency at which
we could detect these systems. On the other hand, the
minimum frequency arises from the detector’s sensitivity
band. Thus, we need to restrict the orbital radius to be

Rorb > 2ðR1 þ R2Þ; ð23Þ

BHATTACHARYA, MILLER, and RAY PHYS. REV. D 110, 043006 (2024)

043006-6



where R1 and R2 are the radii of the two planets, Rorb ¼
ð Gm
π2f2GW

Þ1=3 and m ¼ m1 þm2.

While we can in theory calculate the rate densities for
any given m1 and m2, here, we restrict ourselves to solar-
mass binaries, i.e., R1 ¼ R2 ¼ R⊙ andm1 ¼ m2 ¼ M⊙. To
perform this computation, we sum over the luminosity
distance reaches as a function of frequency only at
frequencies for which Eq. (23) is satisfied. In Fig. 2, we
show the orbital separation of the binary as a function of the
GW frequency for an equal solar-mass binary. The maxi-
mum frequency for which the condition in Eq. (23) is
satisfied is drawn as a horizontal line (dashed red).
Applying the procedure described above for an equal

solar-mass binary, and assuming that we do not find any
such systems in future space-based detectors, such as LISA
and BBO, we obtain a projection for the upper limit on the
occurrence density of such systems

R ≤
�
19 kpc−3 yr−1; LISA;

8.22 × 10−6 kpc−3 yr−1; BBO:
ð24Þ

If we, instead, assume tobs ¼ 5 years, a possible lifetime for
space-based detectors, our rate density upper limits would
become 8.74 kpc−3 yr−1 and 3.65 × 10−6 kpc−3 yr−1 for
LISA and BBO, respectively, which are stronger than those
in Eq. (24). Note that our estimates of the rate densities
depend both on the distance reach and ΔT, as ΔT ≫ tobs at
all frequencies considered here. From Eqs. (17) and (18),
we can see that the distance reach scales with

ffiffiffiffiffiffiffi
tobs

p
, while

ΔT depends on tobs via the frequency range through which
we consider the source to sweep. The interplay between
these two factors—longer observation times improve d, but
also shrink ΔT, since the frequency spread is smaller—
results in a nontrivial change of the rate density upper limits
when changing tobs.
This is our main result in Sec. IV, and with these rate

density upper limits, we now compute the projected
constraints on strongly interacting heavy nonannihilating
particle DM parameters in Sec. V.

V. PROJECTED CONSTRAINTS ON
DARK MATTER PARAMETERS

For conservative constraints on particle DM parameters
(DM mass and its interaction strength with nucleons), we
compare the theoretical occurrence rate density of TBH
binaries (whose progenitors are symmetric closely spaced
sunlike binaries) [Eq. (13)] to the corresponding upper
limits obtained from continuous GW searches [Eq. (24)].
More specifically, our projected constraints are simply
derived from RTBH ≤ 19 kpc−3 yr−1 (for LISA) and
RTBH ≤ 8.22 × 10−6 kpc−3 yr−1 (for BBO).
In Fig. 3, we show the projected exclusion limits,

assuming nonobservation of continuous gravitational

waves from stellar binaries, on fmχ ; σχng obtained from
future space-based detectors like LISA (left) and BBO
(right) for strongly interacting heavy nonannihilating DM
particles. In the left (right) panel, red (yellow) shaded
regions are the projected exclusions from our analysis,
whereas the gray shaded regions are the existing exclusions
from a variety of searches. For our analysis, we assume an
observation time of one year, and with a larger observation
time the constraints get even stronger. Note that the
constraints in Fig. 3 applies for both bosonic as well as
fermionic DM. This is simply because for sunlike stars, the
transmutation criterion is essentially determined by Nself

χ ,
and this is independent of the spin of the DM particles. Our
constraints also crucially depend on the closely spaced
symmetric binary fraction α, which has large astrophysical
uncertainties [84]. Here, we show our constraints for some
reasonable choices of α (α ¼ 10−3, 10−5 for LISA and
α ¼ 10−9, 10−11 for BBO), which are quite consistent with
the literature [84]. So, it is evident that even if the closely
spaced symmetric binary fraction (α) is rare, the constraints
obtained from continuous GW searches are already com-
petitive with the existing exclusion limits, demonstrating
that future space-based GW detectors are ideal laboratories
to probe heavy nonannihilating dark matter.
We also consider the case in which we use semicoherent

estimates of sensitivity for a future LISA search for
transmuting sunlike binaries. Semicoherent methods break
the data of duration tobs into smaller chunks of length TFFT
that are analyzed coherently (keeping the phase informa-
tion) and combined incoherently (without the phase infor-
mation). Such methods may be more realistic to use in
LISA data analysis since the generation of waveforms takes
an immense amount of computational time. The tradeoff
for computationally efficiency, however, is a reduction in
sensitivity. More specifically, as shown in [86], the sensi-
tivity loss of using semicoherent methods with respect to
matched filtering is a factor of a few, ∼3, depending on the
choice of TFFT. In this case, the minimum amplitude given
in Eq. (17) is approximately a factor of a few (∼3) higher
than that obtained from matched filtering, meaning that the
rate densities estimated in Eq. (24) would increase by a
factor of ∼27. In Fig. 4, we compare our results using
matched filtering technique (solid red, same as left panel of
Fig. 3) as well as semicoherent analysis (dashed red) for a
fixed close-binary fraction ðα ¼ 10−3Þ. We show that both
these techniques yield similar constraints on heavy non-
annihilating dark matter interactions.
In the following we briefly describe the existing exclu-

sion limits, which are shown in gray shaded regions.
Cosmological constraints, labeled as “CMB” and “MW
Satellites” denote exclusions obtained from Planck mea-
surements of temperature and polarization anisotropy of
the cosmic microwave background [88,89] and observa-
tions of Milky Way satellite galaxies [90,91], respectively.
Large panels of etched plastic, placed aboard the Skylab
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Space Station, also provide significant exclusion limits on
DM-nucleon interactions, labeled as “Skylab” [92–94].
Constraints labeled as “terrestrial detectors” represents a
bird’s-eye view of the existing constraints from under-
ground, surface, and high altitude detectors and is taken
from [35,95,96]. Other astrophysical constraints, such as
disk stability [92], interstellar gas cooling [97], as well as
Galactic Center gas-cloud heating [98,99], terrestrial con-
straints such as MAJORANA demonstrator at the Sanford
underground research facility [100], DEAP-3600 detector
at SNOLAB [101], a shallow-depth experiment performed
at the University of Chicago [102], and Rocket-based x-ray
Quantum Calorimetry (XQC) experiment [103] do not
cover any additional parameter space and hence are not
shown for clarity. Exclusion limits obtained from the mere
existence of the Sun, and other Solar-system planets cover a
similar parameter space [54,75] and are also not shown for
clarity. Finally, constraints obtained from cosmic ray
silicon detector satellite (IMP7=8), and balloon-borne
experiment (IMAX) are shown in a gray (thin) dashed
line as they are not based on detailed analyses in peer-
reviewed papers [94].
In this analysis, we consider sunlike systems as our

progenitors because in the strongly interacting regime, the
Sun captures a lot more DM particles as compared to other
planetary bodies, and more importantly, the binary for-
mation for stars is much more favorable than planetary
bodies (for planets, α is significantly small). The exclusion

limits in Fig. 3 can be understood qualitatively from the
following. For lighter DM, transmutation criterion is not
attainable as the total number of captured DM particles
inside the stellar core ð∼1=mχÞ is not sufficient for trans-
mutation ð∼1=m5=2

χ Þ. This sets the sharp vertical cutoffs in
lighter DMmass (aroundmχ ∼ 106 GeV). For heavier DM,
transmutation is more favorable, but the mass of micro-BH
decreases with an increase in DM mass [Eq. (8)]. As a
result, the micro-BH takes a substantially longer time to
consume the host (much longer than the age of the stellar
object), and Hawking radiation becomes dominant over the
accretion processes. The combination of these two effects
prevents successful transmutation and provides the vertical
cutoffs at the heavier DMmasses (aroundmχ ∼ 1010 GeV).
For sufficiently low DM-nucleon scattering cross-sections,
the capture fraction ðfcapÞ decreases, and eventually the
total number of captured DM particles inside the stellar
core is not sufficient for BH formation. Because of this
inefficient capture with low DM-nucleon scattering cross-
sections, we cannot probe arbitrarily low DM-nucleon
scattering cross-sections, leading to the lower boundary
of our exclusion regions. Very large DM-nucleon scattering
cross-sections are also not probed via transmutations as the
drift time of the DM particles becomes substantially longer.
In Fig. 3, we show the ceilings of our results by demanding
that tdrift ≤ 1 Gyr, which corresponds to σχn ≤ 10−18 cm2

for mχ ¼ 106 GeV and linearly increases with heavier DM

FIG. 3. Projected constraints on DM mass and its interaction cross-section with the nucleons from continuous GW searches with the
future space-based detectors, such as LISA (left) and BBO (right). The constraints are derived by assuming a null detection of the
transmuted black binaries (whose progenitors are symmetric sunlike binaries) with a year of observation time and apply for both
bosonic/fermionic DM particles. In the (left) right panel, (red) yellow-shaded regions denote the constraints derived in this work,
whereas, the gray-shaded regions denote the existing constraints (see text). Our constraints crucially depend on α, a closely spaced
symmetric binary fraction, and we show our constraints for α ¼ 10−3 (α ¼ 10−9) and α ¼ 10−5 (α ¼ 10−11) for LISA (BBO), consistent
with the literature (see, e.g., Ref. [84] and references therein). We note that for α ≤ 10−6 (α ≤ 10−12), we do not obtain any exclusion on
the DM parameters for LISA (BBO).
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mass. We also note that for α ≤ 10−6 (α ≤ 10−12), we do
not obtain any exclusion on the DM parameters for
LISA (BBO).

VI. SUMMARY AND CONCLUSIONS

In this work, we propose a novel way to probe strongly
interacting heavy nonannihilating DM interactions with
ordinary baryonic matter. Such DM model is hard to probe
in the conventional direct detection experiments because of
their tiny fluxes and demands new techniques. We show
that next-generation space-based GW detectors, such as
LISA, are ideal testing room for such DM model. We
propose gradual accumulation of heavy, nonannihilating
DM in the ordinary stars (sunlike) can lead to comparable
mass black holes, and these low mass BHs, while in
binaries, can emit quasi mono-chromatic GWs as they
inspiral toward each other. For closely spaced symmetric
sunlike binaries (which are the progenitors in our analysis)
the frequency of these GWs is Oð10−5Þ Hz, detectable by
future space-based GW detectors, such as LISA. So, we
search these closely spaced solar-mass transmuted binaries
in LISA and estimate model-independent upper limits on
their rate densities by assuming a null detection of these

binaries with a year of observation time. Finally, we
translate these limits to put significant (projected) exclu-
sions on heavy nonannihilating DM interactions, demon-
strating the potential of space-based GW detectors as
probes of heavy nonannihilating DM. The novel exclusion
limits obtained in the analysis apply to bosonic as well as
fermion dark matter particles and cover a mass window
from 106 GeV to 1010 GeV. The lower mass cutoff arises
from the fact that the transmutation criterion is harder to
achieve for light DM particles, whereas the higher mass
cutoff stems from the fact that the newly produced micro-
BH is inefficient for causing a successful transmutation.
The exclusion limits also depend on the closely spaced
symmetric binary fraction of the progenitors (α), which is
rare and currently uncertain. However, for reasonable
choices of the closely spaced symmetric binary fraction
of the progenitors, we find that the exclusion limits derived
in this analysis are competitive with the existing constraints
obtained from cosmological as well as direct searches. Note
that while we have focused on symmetric sunlike stars in
this analysis, our results can easily be generalized for
binaries with any component masses, by correctly account-
ing for the closely spaced binary fraction, which is even
rarer for planetary bodies. Therefore, our work opens up a
new window to probe heavy nonannihilating DM inter-
actions by using continuous GW techniques.
We must also mention that our results are sensitive to

whatever the true low-frequency cutoff of the future space-
based detectors will be. If future space-based detectors
cannot reach such a low frequency, it would be difficult to
probe solar-mass binaries in this way, and instead, we
would have to consider much heavier systems, for which
we need to estimate the close binary fraction correctly.
Such a task depends heavily on uncertain astrophysics and
can be looked at in future work. Additionally, other future
space-based detectors, such as Taiji and TainQin [104,105],
may also be useful in probing this kind of DM.
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FIG. 4. Projected constraints on DM mass and its interaction
cross-section with the nucleons from continuous GW searches
with the future space-based detector, LISA. We take the close-
binary fraction α ¼ 10−3 and compare the results for matched-
filtering (solid red) and semicoherent (dashed red) search
techniques. The gray-shaded regions are the same as Fig. 3
and represent the existing constraints on heavy nonannihilating
DM interactions (see text for more details).
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