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We investigate the inspiral of a high mass-ratio black hole binary located in the nucleus of a galaxy,
where the primary central black hole is surrounded by a dense dark matter spike formed through accretion
during the black hole growth phase. Within this spike, dark matter undergoes strong self-annihilation,
producing a compact source of γ-ray radiation that is highly sensitive to spike density, while the binary
emits gravitational waves at frequencies detectable by LISA. As the inspiraling binary interacts with
the surrounding dark matter particles, it alters the density of the spike, thereby influencing the γ-ray flux
from dark matter annihilation. We demonstrate that the spike self-annihilation luminosity decreases by
10% to 90% of its initial value, depending on the initial density profile and binary mass ratio, as the binary
sweeps through the LISA band. This presents a new opportunity to indirectly probe dark matter through
multimessenger observations of galactic nuclei.
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Introduction—The primary targets for the Laser
Interferometer Space Antenna (LISA) are gravitational
waves (GWs) generated by the inspiral and coalescence
of supermassive black hole (SMBH) binaries [1–4]. Among
the most promising sources are extreme-mass-ratio inspi-
rals (EMRIs) in which a stellar-mass compact object
gradually inspirals into an SMBH [3,5]. These systems
are expected to provide unprecedented insights into strong-
field gravity, black hole demographics, and the dynamics of
galactic nuclei [6–10]. Moreover, their signals will serve as
powerful probes of the nuclear environments in which they
reside, offering a unique window into the interplay between
compact objects and their surroundings [6,7,11,12].
When an SMBH grows adiabatically within a cuspy

dark matter (DM) halo, it induces the formation of a high-
density central cusp of DM, known as a spike [13,14]. Such
DM spikes are particularly interesting for indirect detection
efforts, as the self-annihilation of DM particles (e.g.,
weakly interacting massive particles) in these regions is
expected to produce γ-rays, potentially detectable by
instruments like the Fermi Large Area Telescope (Fermi-
LAT) [15,16]. The gravitational interaction between the
binary and the DM spike can modify the emitted GW

signal, providing a novel avenue to constrain the properties
of DM and test its existence in dense astrophysical
environments [17–28].
The gravitational influence of a binary within a DM

spike can also perturb the spike density profile, affecting
the γ-ray flux from DM annihilation. This change in the
γ-ray emission could serve as an indirect signature of the
binary black hole (BBH) impact on the DM distribution. By
correlating observed GW signals from BBH mergers with
changes in γ-ray emission, it may be possible to probe the
properties of DM and test the self-annihilation hypothesis
in regions of high DM density [29,30].
In this Letter, we investigate the correlation between

GWs emitted by BBH systems and the reduction in γ-ray
emission from self-annihilating DM in DM spikes. We
model the dynamics of BBHs embedded in DM spikes,
accounting for the gravitational perturbation of the spike by
the binary system. Using this framework, we calculate the
expected change in γ-ray flux due to the disruption of the
DM density profile. This approach provides a novel method
to simultaneously probe the properties of DM and the
dynamics of BBH systems. It also establishes a new
multimessenger framework for studying dense astrophysi-
cal environments.
Methods—We use N-body simulations to model the

response of a DM spike to the presence of a massive
BBH that is evolving due to energy loss by GW emission.
We first define several parameters for the masses of the
binary components and the DM distribution, and note some
approximations that we make. We denote the mass of the
central black hole by M and the mass of the smaller black
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hole by m, and the binary mass ratio q ¼ m=M. The binary
is embedded within a DM spike, formed in a DM halo as a
consequence of the adiabatic growth of a central black
hole [13,14].
A “spiked” DM density cusp is predicted to form inside

rsp ≈ 0.2rh with a power law form of slope γsp, where rh is
the radius of influence of the SMBH, defined as the radius
containing a mass 2M and γsp ≈ 1.5–2.5 [24,31,32]. We
consider a DM spike with a power law initial density profile
ρspðrÞ ∝ r−γ . Below we assume that the binary dynamics is
not influenced by DM and that the DM cusp behaves as a
fully collisionless system. This makes our results indepen-
dent of the chosen density scaling or normalization, i.e.,
they only depend on binary parameters and not on the
absolute value of density. These assumptions are well
justified since, in the relevant regime, the evolution of
the binary is dominated by GW energy loss and DM
particle-particle interactions are unimportant.
We generate the initial particle positions under the

assumption that the DM is spherically symmetric and follows
the power law density profile given above. This profile is
truncated at a radius r ¼ rcut bymultiplying the spike density
ρsp by the function 2=½coshðr=rcutÞ þ sechðr=rcutÞ�. This
truncation ensures a smooth transition in the density profile
at the cutoff radius rcut. The particle velocities are then
generated self-consistently in the potential of the central black
from a numerically computed distribution function.
After the initial particle velocities and positions are

assigned, we place a second BH on a circular orbit around
the primary BH at a distance such that the GW merger time
is ∼10 yr. We then integrate the particle trajectories in the
potential of the two BHs. We assume that any particle that
approaches the primary (secondary) BH within a distance
4GM=c2ð4Gm=c2Þ is captured and we remove it from the
system. This choice of capture radius serves as a relativ-
istically motivated proxy for the region where strong-field
effects dominate and particle orbits become unstable. The
integration is done using the code RAGA [33]. Particle
trajectories are computed independently and in parallel
using the eighth-order Runge-Kutta method dop853 [34].
The effect of particle-particle interactions is not accounted
for in the calculation as the DM is considered to be a fully
collisionless system.
We assume that the binary evolution is dominated by

GW energy loss, and compute the evolution of the binary
semimajor axis using the orbit-averaged evolution equa-
tions from Peters [35]. The integration is halted when the
binary reaches coalescence. Any dynamical effect of DM
on the evolution of the binary is neglected and we discuss
why this is a reasonable choice in [36]. These effects
include DM accretion onto the BHs and dynamical friction.
Although these are secondary in their influence on both
the evolution of the binary and of the DM density, they
can leave a detectable dephasing of the GW signal that has
been previously demonstrated [21,24,37]. As noted above,

a direct consequence of a negligible impact of DM
interactions on the binary and of the collisionless nature
of DM is that the density response is inherently scale-free
because the evolution of DM particles depends only on the
changing binary potential.
Annihilation flux—The annihilation flux (i.e., photons per

unit energy per unit area per unit time) from an astrophysical
region is represented as a product of two quantities. The
first depends on particle physics and the second, called
“astrophysical factor” J, is related to the DM spatial density
ρðrÞ: Φ ¼ 1

2
ðhσvi=m2

χÞ½1=D2�PfðdNf
γ=dEÞ × J̄, where

hσvi is the thermally averaged annihilation cross section,
mχ is the mass of the DM particle, ðdNf

γ=dEÞ is the γ-ray
spectrum per annihilation into a final state f, and D is the
distance to the source.
We can write the average J̄ factor in terms of the

“vicinity” of the black hole and the “background” from
outside this vicinity [38],

J̄ ¼
Z

Rmax

0

ρ2ðrÞr2drþ J̄bkg; ð1Þ

where Rmax is the radius where the spike density drops to
zero. In what follows we assume that the first term due to
the spike is dominant and neglect the contribution of J̄bkg.
Equation (1) shows that the total annihilation flux scales as
ρ2, and it is therefore very sensitive to the DM density.
Also, it is evident that if γ < 1.5, then most of the flux
comes from the outer boundary of the corresponding region
0 < r < Rmax, and if γ > 1.5, the integral is dominated by
the flux produced near the inner boundary. This implies that
if the power law index everywhere outside rh is greater than
1.5, then the annihilation area outside rh, as well as the
background, contributes little to the total annihilation flux.
Consequently, in such cases, the total flux becomes highly
sensitive to any variations in the DM density near the
SMBH. We should therefore expect our results to depend
on both the initial binary parameters and the density profile
slope of the cusp. In what follows, we investigate the
impact of the BBH inspiral on the γ-ray flux generated by
self-annihilation processes in the DM spike, and examine
its dependence on γ and q.
Results—We consider a binary system with a primary

black hole mass of M ¼ 4 × 106M⊙, a mass ratio of
q ¼ 3 × 10−5, initial semimajor axis a0 ≡ aðt ¼ 0Þ ¼
2.5 × 10−3 mpc, and initial eccentricity e0 ¼ 0. The binary
initial GW frequency is 8.9 × 10−3 Hz; i.e., it is within the
LISA frequency band 0.1 mHz to 1 Hz [1–4]. For a circular
binary, the GW frequency is related to the orbital angular
frequency, Ωorb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G½M þm�=ap

, through the simple
relation fGW ¼ Ω=π [39], while the strain amplitude of
the GW signal evolves as h ∝ f2=3GW. Using these initial
conditions, we investigate the dependence of the produced
γ-ray flux on various DM spike density profiles with slopes
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γ ¼ ð0.5; 1.5; 2.0; 7=3; 2.4Þ and we choose a truncation
radius rcut ¼ 0.1 mpc. We note that a γ ¼ 7=3 DM spike
is expected to form in the center of a halo with an initial
profile ρ ∝ r−1, such as for the Navarro-Frenk-White
profile [13,24,31,32]. For γ ¼ 7=3, we also explore how
the results are affected by the binary mass ratio, running
two additional simulations, with M ¼ 4 × 106M⊙, q ¼
3 × 10−6 and a0 ¼ 1.4 × 10−3 mpc, and q ¼ 3 × 10−4

and a0 ¼ 4.5 × 10−3 mpc. The initial orbits were set such
that the GW inspiral timescale was ≃12 yr.
During the BBH inspiral, some fraction of the energy

loss is transferred to surrounding DM particles, ejecting
or displacing them from the cusp. The code RAGA models
the effect of the central SMBH binary on the DM cusp
distribution, the scattering of DM particles, and the
evolution of the binary orbit due to GWs. In Fig. 1,
we present the evolution of the DM spike density profile
as a function of the time until merger, along with the
density change. The scattering of DM particles by the
black holes influences the DM spike density at radii
r < a0. For γ ¼ 7=3, the BBH inspiral leads to a
progressive decrease in the DM density over time,
whereas for γ ¼ 0.5, we observe larger variations of the
central density within a0.
In Fig. 2, we apply Eq. (1) to examine how the temporal

evolution of the DM spike density distribution affects
the total annihilation flux. We present the γ-ray flux as a
function of the GW frequency of the BBH system. In
addition, we show the results for the different values of the
mass ratio. As a reference for the time evolution of the

binary orbit, we also show the variation of the binary
semimajor axis. As discussed above, we expect that for
γ ≲ 1.5, the time variation of the DM spike density
distribution has a small effect on the produced γ-ray flux.
Accordingly, although the γ ¼ 0.5 case shows the larger
central density variation with time (see Fig. 1), we see a
negligible time dependence of the flux. For γ ¼ 1.5, the
flux decreases to 0.8J 0 by the end of the simulation, with
J 0 ≡ J ðt ¼ 0Þ. On the other hand, for γ > 1.5, the total
annihilation flux is highly sensitive to changes in the DM
density in the innermost regions, resulting in a reduction of
the total flux to 0.3J 0 for γ ¼ 7=3.
In Fig. 2, we also explore the dependence of the γ-ray

flux change with respect to the binary mass ratio. For
the same density profile of the DM spike, the annihilation
flux at the end of the simulation decreases with the mass
ratio of the black hole binary, ranging from ≃0.1J 0 for
q ¼ 3 × 10−4 to ≃0.9J 0 for q ¼ 3 × 10−6. This depend-
ence on q is expected, as the disruption of the DM spike

FIG. 1. The time evolution of the DM spike density ρðrÞ due to
the BBH inspiral is shown for γ ¼ 0.5 (left panels) and γ ¼ 7=3
(right panels). The x-axis lower bound is the radius 4GM=c2

below which particles are captured by the primary BH. The blue
dashed lines represent the initial density profile of the DM spike,
while the solid blue lines correspond to the final density just after
merger. The upper panel illustrates the density change as a
function of time, indicated by the gray color map on the right. The
lower panel presents the density change normalized by the initial
density, ρðt ¼ 0Þ.

FIG. 2. The γ-ray flux is shown as a function of the GW
frequency, fGW, of the BBH for different values of γ (top) and
different mass ratios q with γ ¼ 7=3 (bottom). In both plots, the
flux is normalized by its initial value, J 0 ≡ J ðt ¼ 0Þ. The blue
lines represent the time evolution of the binary semimajor axis,
normalized by its initial value, a=a0.
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density distribution is caused by scattering of the DM
particles off the secondary black hole and it is therefore
more pronounced for a heavier secondary.
Detectability—Our analysis suggests that the correlation

between GWs from BBH inspirals and the suppression
of γ-ray emission from DM annihilation presents a novel
multimessenger approach to probing DM. However,
whether these flux variations are detectable by current
or future γ-ray observatories depends on several factors.
These include the initial γ-ray flux level, the magnitude of
the flux suppression, the timescale of the variation, and
the sensitivity of the telescope. Detecting γ-ray flux
variations at large distances is particularly important
for enhancing the probability of observing a binary in
the LISA band.
We consider the detectability of the signal. The

predicted differential flux from self-annihilating DM
is subject to several uncertainties, particularly in the
particle mass and interaction cross sections. For DM
annihilating into bb̄, the typical flux for a canonical
adiabatic spike at the Galactic Center is estimated to be
∼10−9 erg=s=cm2 at 2 GeV, where the energy spectrum
reaches its peak [32,40,41]. The Fermi-LAT detection
limit for a γ-ray source at this energy is approximately
10−13 erg=s=cm2 [42]. Given a galactocentric distance of

8 kpc, this suggests that a source of such intensity could
still be detectable by Fermi-LAT at distances up to
∼1 Mpc, extending into the Local Group. The represen-
tative γ-ray signal of a BBH that initially is just above the
Fermi-LAT sensitivity is shown in Fig. 3. We see that
with current instruments, a γ-ray detection is unlikely to
extend beyond the Local Group.
In parallel, LISA might be expected to detect several tens

to a few hundred EMRIs over its operational lifetime,
primarily at low redshifts (z≲ 1) [7]. Figure 3 shows that
for a detectable γ-ray source, the GW of the binary can be
clearly identified in LISA. However, the detection rate is
low as the overall merger rate distribution is projected to
peak at z ∼ 0.2 [7]. But, due to existing uncertainties in
event rates, it remains unclear how many of these inspirals
will occur in sufficiently nearby environments where the
associated γ-ray signal from a pronounced DM spike could
be resolved. Moreover, LISA is expected to reach sky
localization of EMRIs to within a few square degrees. This
will allow a γ-ray telescope to focus its observations on a
well-defined region instead of scanning the whole sky. This
reduces the background noise and increases sensitivity to
the faint γ-ray flux.
Future γ-ray telescopes with enhanced sensitivity will

be essential for extending the detectable range, thereby
increasing the likelihood of observing a multimessenger
signal. Although challenging, the potential scientific
impact of such a detection would be profound, as it would
constitute a decisive indirect confirmation of the existence
of DM.
We have implicitly assumed a generic self-annihilating

dark matter candidate, such as a weakly interacting
massive particle. For nonannihilating candidates, such
as axions or asymmetric DM, the associated γ-ray
signal would be suppressed or absent, and the multi-
messenger signatures discussed here would not apply.
Our approach remains relevant for any scenario in which
dark matter self-annihilation is efficient in high-density
environments.
Conclusions—We have investigated the response of a

DM spike to the presence of a massive BBH system that
evolves due to energy loss through GWemission. We have
shown that the scattering of DM particles during the BBH
inspiral leads to changes in the DM spike density in the
inner regions of the spike. We have studied how the
temporal evolution of the DM spike density distribution
affects the time variation of the total annihilation flux and
examined its dependence on both the density profile slope
of the DM spike and the binary mass ratio.
In DM spikes with a density slope shallower than

γ < 1.5, changes in the inner region of the spike have
little effect on the total annihilation flux. For steeper DM
spikes the annihilation flux is dominated by the region near
the inner boundary, making the total flux sensitive to any
reduction in DM density due to an inspiraling BBH.

FIG. 3. The red solid curve shows a representative value of the
γ-ray flux at 2 Gev for γ¼7=3, q¼3×10−5 andM¼4×106M⊙.
The red dashed line is the Fermi-LAT flux sensitivity at 2 Gev,
i.e., the minimum flux needed to get an n-standard-deviation
detection from a pointlike γ-ray source at this energy, estimated
for a data taking of duration 10 yr. The initial source luminosity
has been set to a value typical for a canonical DM spike in a
Milky Way-like galaxy, and its distance (D ¼ 0.65 Mpc) is such
that the flux is initially at the Fermi sensitivity limit. The black
lines show the characteristic strain of the BBH (solid) and the
LISA sensitivity curve from [43] (dashed).

PHYSICAL REVIEW LETTERS 135, 081401 (2025)

081401-4



As the BBH inspiral progresses, this leads to a significant
decrease in the γ-ray flux, demonstrating a correlation
between the GWs emitted and the γ-ray emission from self-
annihilating DM. The annihilation flux can experience a
reduction of up to one order of magnitude, indicating that
dense inner regions of the DM spike are particularly
sensitive to BBH-induced scattering effects.
While our study focuses on the evolution of DM spikes

under the influence of aBBHsystem, additional astrophysical
processes, particularly those involving baryons, could sig-
nificantly alter the spike structure. Gravitational interactions
with stars may heat the DM, reducing its central density over
time, with some models suggesting a long-term evolution
toward a shallower slope of γ ∼ 3=2 [44]. Other factors, such
as past mergers [41,45,46], supernova-driven gravitational
potential fluctuations [47], DM self-interactions [41,48,49],
or unseen compact objects [41] could also reshape the spike.
Additionally, the formation history of the SMBH plays a
crucial role, with rapid formation leading to shallower
spikes and gradual accretion allowing steeper structures to
develop. Finally, compact dark matter structures such as
mounds [50] and crests [51] could likewise be affected.
Our multimessenger approach can therefore be extended
to such scenarios, offering a broader framework for
probing dense DM environments.
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