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For dark matter to be detectable with gravitational waves from binary black holes, it must reach higher
than average densities in their vicinity. In the case of light (wavelike) dark matter, the density of dark matter
between the binary can be significantly enhanced by accretion from the surrounding environment. Here we
show that the resulting dephasing effect on the last ten orbits of an equal mass binary is maximized when
the Compton wavelength of the scalar particle is comparable to the orbital separation, 27z/u ~ d. The
phenomenology of the effect is different from the channels that are usually discussed, where dynamical
friction (along the orbital path) and radiation of energy and angular momentum drive the dephasing, and is
rather dominated by the radial force (the spacetime curvature in the radial direction) towards the
overdensity between the black holes. While our numerical studies limit us to scales of the same order, this
effect may persist at larger separations and/or particle masses, playing a significant role in the merger

history of binaries.
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Introduction.—Gravitational-wave observations provide
a unique window that can be used not only to infer the
astrophysical properties of black holes (BHs), but also to
gather information about the environments they live in. The
presence of matter around BHs during a binary merger
event results in modifications to the trajectories, which in
turn changes the gravitational-wave signal in a character-
istic way [1-19]. Environments may arise from standard
matter, such as accretion discs, or from dark matter (DM).
In this Letter we focus on the latter case.

The DM energy densities required to give significant
effects on the signal are high relative to the expected
average galactic values, with the latter determined by large
scale observations [20-24]. Therefore the impact of such
effects may be expected to be small [6]. However, average
galactic densities describe DM on large scales only, and its
distribution on small scales (in particular the parsec and
below scales relevant for astrophysical BHs) is not well
constrained [25]. There exist several mechanisms that could
create DM overdensities around an isolated BH. One well
known possibility is the superradiant instability, in which a
bosonic field extracts energy and angular momentum from
a highly spinning black hole via repeated scattering in the
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ergoregion [26-31] (see Ref. [32] for a review). Another
more prosaic effect is simply the accretion of dark matter in
the potential well around BHs, which results in the
formation of “dark matter spikes” [33] (a combination of
both superradiance and accretion may lead to even higher
densities [34]). Such spikes were originally proposed in the
context of WIMP-like dark matter, but in general their
profile is a power law with an exponent that depends on the
effective equation of state of the dark matter [35-41].
However, they also occur for low mass, wavelike DM
candidates, with a form that is dependent on the relative
Compton wavelength of the DM particle and the black hole
horizon [42-47]. In both cases, the DM density near the
BHs depends on the asymptotic dark matter environment
and on the particle properties.

However, a key question is whether these overdensities
around isolated objects persist during a binary merger
event. In the case of heavy (particlelike) DM [48], N-body
simulations have shown that they disperse for equal mass
mergers, meaning that objects close to merger or with a
violent merger history are likely to have lost their DM
environment [49-51]. Dark matter spikes nevertheless
remain relevant for intermediate and extreme mass ratio
inspirals (IMRIs and EMRIs) or primordial black holes,
with signatures potentially detectable in next generation
space and ground based observations [52—69]. For light or
wavelike DM [70] (see Refs. [71-73] for reviews), much
work has focused on the impact of black holes moving in
galactic DM halos [74-82] or with superradiant clouds
[83-103]. Some of this Letter has suggested that the cloud
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FIG. 1. Dephasing in the coalescence time At for a ten-orbit
binary for different scalar masses u and initial densities p. Here 7., is
the merger (coalescence) time in the absence of a dark matter cloud.
The effect is maximized for u~ 0.45M~', corresponding to a
Compton wavelength of the dark matter particle that is comparable
to the initial separation of the orbit 1, = 27/u ~ dy ~ 12M.

is not completely lost. In a previous publication [104], we
demonstrated that overdensities around equal mass binaries
grew into a quasistationary profile that persisted up until the
merger (see also [105-108]).

In this Letter, we build on our study to better understand
how generic such an effect is, and to properly quantify the
impact that the DM has on the binary close to merger. We
focus on the effect of wave DM on equal mass BH mergers,
and in particular its dependence on the mass of the scalar
particle. We simulate a ten-orbit binary black hole in an
initially homogeneous dark matter environment starting
from initial conditions satisfying the Hamiltonian and
momentum constraints. We identify the decay of the orbit
(and, as a consequence, dephasing of the gravitational wave
signal) as being a direct result of the scalar cloud. Our key
results are illustrated in Fig. 1, where we show the
dephasing is maximized when the mass of the scalar
particle is such that its Compton wavelength is comparable
to the initial separation of the orbit . = 2z/u ~ dy. In
addition, we are able to quantify the different channels that
contribute to the dephasing in our scenario, finding the
dominant effect to be driven not by radiation or dynamical
friction drag forces, as are often discussed, but rather the
attraction of the binary to the central overdensity.

Key background and physical setup.—We consider a
minimally coupled massive complex scalar field ®
described by the action

R 1
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with a quadratic potential V(®) = p>®*®/2, where y is the
scalar field mass. The dynamics of the scalar field is given
by the Klein-Gordon equation coupled to gravity

VeV, — i = 0. 2)

In the case of a single BH immersed in a reservoir of
such scalar DM, the stationary solution near the black hole
is described by the Heun functions [43,109-111], with a
power law envelope and characteristic oscillations in the
spatial profile on length scales set by the scalar wavelength.
In the case of a binary no analytic form for a stationary state
is known, but simulations [104] using the numerical codes
GRCHOMBO [112] and GRDZHADZHA [113] have indicated
that for a range of initial configurations and within a few
orbits, the scalar matter evolves into a persistent quasista-
tionary profile with density spikes near the black holes and
an overdensity between them.

Ideally we would set this “natural” quasistationary DM
configuration as an initial condition, and study the impact
the cloud has on the binary merger using general relativity.
However, even if an analytic form was known, a consistent
solution of the GR constraints would lead to changes to the
initial effective masses and momenta of the black holes for
different densities and profiles, making comparisons of the
subsequent evolutions difficult to interpret. In particular, it
is hard to know if the additional dephasing is arising due to
matter effects or due to the increased initial eccentricity of
the orbits. One can mitigate this by applying eccentricity
reduction schemes to the initial data, but the fact that the
clouds can be very dense near the horizon makes this
challenging as the eccentricity is extremely sensitive to
small changes.

In this Letter we take a simpler approach. Given the short
relaxation timescale of the cloud (~2 orbits), compared to
the timescale of the merger we are simulating (~10 orbits),
we start all simulations from a homogeneous configuration
with fixed initial density p, = u>¢3 and allow the cloud to
build up dynamically during the simulation. To do so, we
choose homogeneous initial conditions for the real and
imaginary components of the scalar field, ® = (¢, 0) and
0,® = (0, u¢py). As we vary u (which gives us different
cloud configurations, Fig. 2), we adjust ¢, so as to we keep
the initial density p, unchanged, thus the initial trajectories
of the binary as a result of solving the initial data will be the
same in all cases, which allows comparison between
different masses (and different scalar cloud profiles) in a
more controlled way (see Supplemental Material [114]).

Dephasing of the binary.—We study the tensor gravita-
tional-wave modes emitted by the binary black hole
extracting the Newman-Penrose scalar W, with tetrads
proposed by [127], projected into spin-weight —2 spherical
harmonics, vy, = $o Wal,—, [,Y™]dQ, where dQ =
sin@dfde is the area element on the S unit sphere. The
merger or coalescence time for our ten-orbit binary in
vacuum is 7. ~ 2000M, defined as when |y, | peaks, which
is the dominant mode. This is also the case for small initial
densities p since there is less backreaction of the matter on
the binary metric. For a given density, a smaller effect is
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FIG. 2. Cloud density for two values of y: one large with
Ae & dyy (right) in which case the binary obtains an enhanced
density cloud, and one smaller, 4. > d,, (left) in which case the
pressure coming from the long wavelength of the collective
excitations of the field prevents a high density cloud from
forming. We refer to these as the “cloud” and “no cloud” cases,
respectively. Simulation movie [126].

also seen for masses y < M —1 asthe Compton wavelength
A. > d and the cloud is not efficiently excited, see Fig. 2.
We refer to the case of small x4 as the “no cloud”
configuration (it has the same initial, nonzero density,
but no structure forms around the binary), and the higher u
case as “with cloud.” A typical result can be seen in Fig. 3.
As expected, the presence of wave dark matter around the
binary results in a dephasing of the gravitational-wave
signal At, =t,—1., which is caused by effects like
accretion and dynamical friction from the cloud. We will
give explanations and order of magnitude estimates for the
various effects in the following section.

In Fig. 1 we compare the dephasing for different DM
masses u € {0.0068,0.86}M~!, corresponding to wave-
lengths 1. € {924, 7} M that span a range above and below
the initial binary separation dy ~ 12M. We find that the
dephasing is maximized for u ~ 0.45M !, corresponding to
Ao~ 14M =~ d,,. If the mass is smaller u < 0.45M~", the
cloud quickly becomes suppressed and the dephasing
becomes negligible, but we note that larger separations
earlier in the lifetime of the binary may support clouds at
smaller masses. If the mass is larger u > 0.45M~!, the
dephasing is smaller but remains significant, and we still
find an efficient excitation of the cloud. On the one hand,
this is not so surprising—even at our highest mass, we are
still in a regime where y~M~', and so as the merger
radiates gravitational waves and inspirals in, it eventually
approaches an orbital separation comparable to 4.. On the
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FIG. 3. Dephasing of the gravitational wave signal due to the

accretion, dynamical friction, and emission of wave dark matter
around a binary black hole merger. Top panel is the real part of the
Yo, mode, while mid and bottom panels are its modulus and
phase, respectively. The black solid line corresponds to
(1, o) = (68,50) x 107, which we refer to as no cloud, as
the Compton wavelength of the scalar field is much larger and we
do not efficiently excite a DM cloud. The blue solid line
corresponds to (i, ¢by) = (4300,0.79) x 107, and causes a
At./t. =~ 10% dephasing of the merger time. The initial densities
for both these cases is py ~ 10~°M~2. Movie in [126].

other hand, in other studies (see, e.g., [84]) one often finds
that the behavior at this limit is already reasonably well
described by the particle limit, and so we might have
expected to see a greater dissipation of the cloud and
suppression of the effect. The fact that this is not the case
implies that the mass does not need to be very finely tuned
for the effects to be significant, and motivates a more
detailed study to find the boundary between the wave and
particle regimes.

We also vary the asymptotic energy density to find the
value at which the dephasing is detectable in our simu-
lations during the last ten orbits, which gives an indication
of the value required for effects to be significant at merger.
See the conclusion section for these values in physical
units.

Quantification of the causes of the dephasing.—To
quantify the origins of the dephasing we identify the
changes in the energy, angular, and radial momentum of
the binary that relate to the presence of the cloud of matter.
We follow the approach of [84,124,125,128], and define a
current J¥ = T in the direction & and associated charge
and flux

Q0 =-n,J* F =aN,J', (3)
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FIG. 4. Conservation law for the energy, angular (corotating),
and radial (inward) momentum of the matter in a sphere of radius
40M around the binary that contains the main cloud overdensity
(Fig. 2). The black line shows the change in each respective
charge for the cloud over time and is the sum of the other two
lines. The red line describes the time integration of the exchange
of the charge from the curvature to the matter. The blue line is
(minus) the total flux of the charge into the outer bounding
surface.

where N, is the outward normal direction to the surface that
bounds the volume. If & is a Killing vector then V,J# = 0
and the change in charge is balanced by a flux through a
surface. When this is not the case the conservation laws
require an additional “source” term

S = allV,&, (4)

describing the exchange of the charge between matter and
curvature. It is this quantity that corresponds to gravita-
tional forces in the Newtonian limit, and that quantifies the
way in which momentum is extracted from the binary by
the matter [129]. The explicit expressions for the energy,
angular and radial momentum charges, sources and
fluxes in terms of the ADM variables are given in the
Supplemental Material. In Fig. 4 we plot the time integra-
tion of each of these quantities and verify their agreement.
In each case the black line should equal the sum of the blue
and red lines and provides a check on the error. It is the red
line that quantifies the exchange of the relevant charge from
the binary to the matter, and therefore that drives the
dephasing.

In the top panel of Fig. 4, we see that the energy of the
matter within the volume increases, due to the flux of
matter energy across the outer surface—this is simply
reflecting the fact that the central cloud density grows over
time due to accretion from the environment. The increase is

partially offset by a negative source term, which is mainly
driven by the accretion of energy into the BHs, increasing
their masses by approximately 1% over the course of the
merger (we can check that this agrees to the change in their
measured masses from the apparent horizon finder). After
the merger, the energy in the cloud around the remnant
decreases slightly as some is accreted onto the remnant, but
it does not completely dissipate.

In the second panel, the angular momentum held in the
matter cloud initially increases as the curvature of the
binary “stirs up” the cloud during the transient phase, then
reaches a reasonably steady state during which the rate of
extraction of angular momentum from the spacetime
curvature (the stirring) is balanced by its flux out of the
outer surface. The result is that the angular momentum of
the binary is decreased, and carried away by scalar waves.
We can view the source from/to curvature as a dynamical
friction effect—the extraction of the angular momentum of
the spacetime of the binary by the matter. After merger
there is an increased flux of radiation from the outer surface
of the volume which carries away all the angular momen-
tum built up in the cloud during the inspiral.

In the third panel, the radial momentum held in the
matter cloud is tracked. Here, we see that the matter cloud
overall gains some inward radial momentum. However, the
accretion of inward radial momentum from the outer
surface is roughly balanced by its loss into curvature—
partly as a result of the binary accreting the ingoing
momentum, and partly as a result of it being attracted to
the central overdensity. This gives the binary an inward pull
that accelerates during the final plunge.

These measurements allow us to quantify which of the
three contributions accounts for most of the dephasing. For
circular orbits the angular momentum is given by J =
Mr*(2z/T) and very roughly we can say that the total
dephasing At /7. ~ nATy/(nT), where n is the number of
orbits and T, is the period of the first orbit. The changes in
T can be estimated in terms of the total changes of mass,
angular momentum, and radius (expressed in terms of the
final amplitudes of the red lines in Fig. 4) as

At AT  AM™  AJ©  2APYY,
ey - + -~ (5)

tC I’ZTO I’ZMO nJO nM()VO
where we have used Ar/ry~ AP/ (roMt,) in the last
term, obtained from integrating the inward radial force on
each BH over the inspiral time 7.. Using that ry = d;/2,
n =10, 7. % 2000M and the values observed in Fig. 4, we
estimate O0(0.1)%, O(0.01)%, and O(10)% for each term,
respectively. We conclude that the radial force towards the
overdensity is the dominant cause of the dephasing.
Conclusion.—Using general relativistic simulations of a
binary accreting dark matter, we have shown that the
dephasing in the gravitational-wave signal of an equal
mass black hole merger is maximized when the Compton
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wavelength of the dark matter particle is comparable to the
orbital distance of the binary, 2z/u ~ d. We need the mass
of the scalar to be sufficiently large for a central overdensity
to build up—Ilow mass scalars suppress structure on smaller
scales than their Compton wavelength. Converting into
physical units, the optimal scalar mass to induce dephasing
in the last ten orbits of an equal mass binary with total mass
M is then pu~5x10""7(M/10°My)~! eV, which can
result in a 10% dephasing during the last ten orbits of
the binary (taking the blue line in Fig. 1) for asymptotic
densities around the BH of

M -2M
po & 1020( ) —2 (6)

10°M,)  pc*’

This is high relative to the average DM density, but our
measured dephasing is only over a short period of the
binary’s lifetime (~10 orbits), and has a cumulative effect.
Therefore smaller densities could give sufficient dephasing
to be detectable assuming the effect is triggered at larger
separations (which would also allow lower mass candidates
to contribute to the effect), or if observations can happen
over a longer time frame (e.g., by combined LISA/LVK
observations).

The simulations in this Letter demonstrate that accumu-
lation of wavelike dark matter between the binary could
have a significant effect on the merger history of binaries,
unlike in particle cases where the dark matter tends to
disperse. As recently suggested in [74], it could even go
some way to explaining the final parsec problem. In
particular, we highlight the importance of considering
the radial force arising from any central overdensity that
forms, in addition to the radiation of waves carrying
angular momentum and energy away from the binary.
As noted above, the effects remain significant even at the
higher end of the masses that we can probe in our
simulations, at which uM =~ 1. Further investigations
should be made to determine the point at which particlelike
behavior takes effect, and to study the importance of the
relativistic features in our simulations such as the presence
of black hole horizons.
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