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Binary neutron star mergers provide a laboratory for probing fundamental physics through their
gravitational-wave emission and electromagnetic counterparts. In particular, they may allow us to explore
signatures of physics beyond the Standard Model in strong-gravity regimes, such as those of dark matter. In
this work, we investigate the dynamics of light dark matter, modeled as a minimally coupled scalar field,
surrounding a binary neutron star system. Our primary focus is to assess whether the scalar field remains

bound to the binary over the late inspiral-merger timescales and to determine its potential impact on
observable signatures. We find that, in a range of scenarios, the scalar field forms a common cloud around
the binary that does not disperse. At sufficiently high densities, this leads to measurable effects, including a
dephasing of the binary inspiral, a less compact postmerger remnant, and suppression of the dynamical

ejecta. For densities motivated by astrophysical considerations, however, these effects remain small and are

unlikely to be detectable with current or next-generation gravitational-wave observatories.

DOI: 10.1103/plqg-nbz5

I. INTRODUCTION

The detection of the binary neutron star (BNS) merger
GW170817 [1], together with its electromagnetic counter-
parts—the short y-ray burst GRB170817A, its afterglow
[2], and the kilonova AT2017gfo [3—7]—has revolution-
ized our understanding of neutron star mergers by provid-
ing direct constraints on the dense-matter equation of
state (EOS). A key objective in the study of BNS systems
is to determine their fundamental properties—masses,
spins, and tidal deformabilities—and to use these to probe
the EOS governing matter at supranuclear densities.
Gravitational-wave (GW) observations, x-ray observations
with neutron star interior composition explorer [8—12] and
radio timing of massive pulsars such as PSR J0348 + 0432
with a mass of 2.01 & 0.04M, [13] and PSR J0740 + 6620
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(2.08 £0.07M) [14] provide complementary probes,
offering additional constraints on the EOS of neutron stars.

The above analyses assume that the BNS is in a vacuum,
but in principle, it is also possible that the system is
surrounded by dense environments such as accretion discs,
gas, or dark matter (DM). In this work, we examine the case
of DM environments around BNS mergers. We study the
extent to which it accumulates around the binary during the
inspiral phase, and its effect on the GW waveform, matter
ejecta, and postmerger effects. There have been several
works highlighting the potential to use compact objects
as DM probes; see Refs. [15-19] and references therein.
Future GW observations will have much greater precision
and could be sensitive to dephasing in the waveforms
induced by environmental/matter effects in a binary black
hole (BBH) or BNS merger event [15].

The effects of DM can be explored by broadly classify-
ing it into two categories according to its mass. For
particlelike DM, in the mass range mpy ~eV —GeV,
numerous studies have examined its effect inside neutron
stars (NSs) and its overall impact on BNS mergers [20-31];
see Ref. [32] for a recent review. In Refs. [28,32], the
authors outline the rate of accumulation of DM particles
within NSs, which depends on the asymptotic energy
density, scattering cross section with the Standard Model
(SM) particles, and the age of the NSs. For a single neutron
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star, without self-interactions, it is of the order of 10~1°M,
over a time scale of r = 10 Gyr [33], but this estimate may
increase for heavy weakly interacting massive particles
(WIMPs) and is enhanced by Bondi accretion near Galactic
centers up to 0.01% of the star’s total mass [25]. While the
accumulation is enhanced for BNS compared to individual
NSs, the DM fraction depends on the ambient DM energy
density. At higher DM densities, this fraction is relatively
suppressed for BNSs because dynamical friction acceler-
ates the inspiral, causing the system to merge earlier, such
that it spends less time in the DM environment [34]. Once
accreted within the NSs, DM particles can transfer kinetic
energy to the SM particles during their infall at semi-
relativistic speeds, consequently overheating the neutron
star [16,28,35]. Further constraints are provided by con-
sidering that WIMPs, if accreted substantially, can form a
black hole due to their own gravitational collapse [27,28].

If the DM mass is <30 eV, standard DM densities imply
large occupation numbers, meaning it is bosonic in nature,
and may be effectively described by a classical field. For
the spin-0 case such DM can be modeled using the Klein-
Gordon equation [36-42]; for a review, see Refs. [43,44].
DM in this mass range may also be spin-1 (vectors) [45,46],
or pseudoscalars [47], but the scalar case is the simplest,
and most well motivated by high energy extensions to
the SM. Low-mass DM models have historically been
motivated as a possible solution to the cusp-core problem
[48-50] and the missing satellite problem [51], providing a
modification to the usual A cold dark matter (CDM) model
in the small-scale regime [43,51], although these differen-
ces in cosmological structure between simulations and
observations may be explained by unmodeled baryonic
effects [52,53]. Probes of this mass range include labo-
ratory searches such as the Cosmic Axion Spin Preces-
sion Experiment (CASPEr)—probing axionlike particles
(ALPs)—as well as cosmological constraints from cosmic
microwave background spectral distortions [41]. Light dark
matter is often termed “wave dark matter,” with the de
Broglie wavelength setting its characteristic length scale
[54]. The effect of wave DM influences the compact objects
only if the characteristic' wavelength is of the order of
or smaller than the distance between the binaries. If the
wavelength of wave DM is much larger, the gradient
pressure of the field resists accumulation, preventing the
formation of overdensities and smoothing the DM profile.
Wave DM interacts gravitationally with the binary, and due
to its coherent nature and pressure support on the scale
of its wavelength, it can accumulate around black holes
(BHs). In contrast, as shown in Refs. [55-57], particlelike
DM tends to scatter and disperse due to self-annihilations

lStric:tly speaking, one should consider the de Broglie wave-
length, but since in our simulations the velocities are relativistic
and spatially varying, we usually refer to the Compton wave-
length, which is a constant and of a similar order.

and kinetic heating. In particular, in the context of equal-
mass BBH mergers, N-body simulations have demonstrated
that particle DM overdensities tend to disperse [56,58]. For
BNS mergers, however, particlelike DM modeled as a
noninteracting fermionic fluid, coupled gravitationally with
the neutron star matter, can survive the merger and continue
to influence postmerger dynamics [59]. The behavior of an
extended environment of wave DM as studied for BHs in
Refs. [60-66] is largely unexplored for BNSs. This moti-
vates a study to investigate the fate and the effect of wave
DM in the postmerger phase. In this work, the DM mass is
set by the characteristic length scale of the problem—of the
order of the binary separation—leading us to focus on the
107" — 1072 eV range.

Numerical-relativity simulations have been employed
in various studies to explore the impact of DM on BBH
mergers as well as BNS mergers and postmerger dynamics.
The effects of wave DM on BBH mergers have been
studied both numerically [60-63,65,67] and semianalyti-
cally [64-66]. In Ref. [63], the authors investigated the
impact of wave DM on the GW waveform of BBH mergers.
Their results indicated dephasing of order O(10%), depend-
ing on the initial binary separation and assuming initial
asymptotic energy densities of order p, = 107" — 107°M 2.
Other related works have included self-interactions [68],
studied the effects of nontrivial kinetic terms [69], and
quantified the dynamical friction [70,71], and Magnus
effects [72], aiming to understand the evolution and dynam-
ics of the scalar field profile in various astrophysical
environments. A central question involves the fate of the
DM environment during the merger and postmerger, and its
interaction with the binary. The authors of Ref. [59] inves-
tigated the impact of particlelike DM, modeled as a non-
interacting fermionic fluid, on BNS mergers during both
inspiral and postmerger phases. They showed that the
presence of DM modifies the compactness of the postmerger
remnant depending on the binary mass. Considering DM
mass fractions of 0.5% and 3% relative to the baryonic
component—defined as f = %—‘2‘[" with M, the total gravi-

tational mass of the binary—they found that for higher-mass
systems (~2.8M ) DM can favor a prompt collapse to a
black hole. In these cases, the inclusion of DM shortens the
lifetime of the postmerger remnant. Several studies have
considered how the presence of particlelike DM within the
NSs can modify their internal structure and their EOSs
[24,25,73-76]. Additionally, self-interacting DM has been
studied in Refs. [24,77,78]. In Ref. [24], it was shown that
self-interactions can soften the EOSs of the NSs, and the
fraction of bosonic self-interacting DM was constrained to
be f < 5% based on the mass-radius relation and the tidal
deformability. Another study considered the mirror DM
model, conducting single star Tolman-Oppenheimer-
Volkoff (TOV) tests and BNS simulations, suggesting that
the presence of DM reduces the lifetime of the remnant for
f=5%,10% [79].
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Early studies of DM examined its impact on GW signals
from BNS mergers [33]. Using an approximate mechanical
model of the BNS system, researchers demonstrated
that DM embedded within NSs can alter the waveform,
potentially generating an additional peak in the GW
spectral density. The DM fraction considered in their work
f~5% —10% is much higher than realistic values (see
discussion below), but might be achieved through additional
couplings, either via the dark sector or beyond SM physics
[80,81]. Further, the authors of Ref. [82] employed numerical
simulations to study BNS mergers with a bosonic DM model,
with the baryonic matter modeled as a perfect fluid and
DM as a complex scalar field. Their results indicated the
emergence of a strong m = 1 mode in the GW waveform.
However, no significant impact on the overall dynamical
evolution or the GW waveform signal was observed. Here as
well, the fraction of the bosonic DM considered was higher
than expected with f ~ 5%, 10%. The effect on tidal deform-
ability of a neutron star admixed with scalar field DM was
studied in Ref. [76], which also examined how self-inter-
actions of the field modify both the tidal deformability and
the EOS. Several studies have also explored the effects of
additional matter couplings with nucleonic matter [83,84].

In the absence of self-interactions or additional cou-
plings with baryonic matter, asymptotic wave DM energy
densities are likely to be very small and the impact on
merger dynamics will be correspondingly small. Using the
results for BHs [85] as a proxy, one can approximate the
density profile of the scalar DM near a single neutron star as

31 (Mns)? Pi ri/rs )/
plr)~ 10 31<Mo> (1 GeV/cm3><106> - ()

where p; denotes the ambient DM density, r, the
Schwarzschild radius associated with the star, and r; is the
radius of influence.” While additional mechanisms, such as
superradiance, can enhance DM overdensities around spin-
ning BHs [35,86-90], their effect on NSs is generally smaller
due to the weaker coupling between the field and the spinning
object in most of the simplest axion models [91-93], unless
additional couplings are invoked [94].

In this study, we focus on two key questions: (i) How
does a wave DM environment influence the merger and
postmerger dynamics of BNSs? and (ii) How does the DM
grow and accumulate around the binary, and is it retained
to the merger? As discussed above, our work considers a
much denser asymptotic scalar environment than expected
in realistic astrophysical settings, and so even the small
dephasing we detect is a best-case scenario. The results for
the accumulation of the DM should, however, rescale
straightforwardly to lower, realistic densities, allowing us

*The profile will differ inside the NSs and at the boundary, but
we have checked the profile for a single neutron star, and ~r3/2
scaling provides a good approximation.

to understand whether the overdensity persists, and by how
much compared to its initial value.

This paper is organized as follows: first, we describe the
scalar field setup and initial profiles, along with the initial
data procedure and equations involved in dynamical
evolution in Sec. II. In Sec. III, we discuss our results
observed in the GW waveform, ejecta properties, and
postmerger effects. We then summarize and conclude in
Sec. IV. The convergence test results and details of the
multigrid setup are in Appendix A and B. Throughout this
paper, we use geometric units with My =G =c = 1.

II. FRAMEWORK AND SETUP

In this section, we discuss the scalar field model and
initial profiles, followed by describing the initial data for
the BNS and dynamical evolution using bi-functional
adaptive mesh (BAM).

A. Scalar field model and profiles

As discussed above, the scalar field can be treated in the
classical regime for the 107! — 1072 eV mass range we
study [54]. We consider a minimally coupled complex
scalar field ¢ along with the baryonic matter contribution
for the NSs described by the action

S:/d4x\/—_g(£(/,+£NS)

R 1 1
= 4 — —_ H ¥ 2 *
/d xy/ g<16ﬂ 2(Vﬂco)(V ®) SHPP +£NS>7

(2)

where ¢* denotes the complex conjugate of the field, Ly is
the Lagrangian of the baryonic matter, the corresponding
sources and the conservation equations are discussed
in Sec. I B 1. u is the inverse length scale related to the
Compton wavelength as y = i—” = =, where m; is the scalar

field mass. Here, we consider a simple quadratic potential
without self-interactions; the dynamics of the scalar field are
governed by the massive Klein-Gordon equation. For details
regarding the evolution, we refer to Sec. II B 2.

In the following, we explore two classes of initial
conditions for the scalar field profile around the BNS to
study the dependence of the evolution on the chosen initial
configuration. Although the quantitative results are indif-
ferent, neither profile initially represents a quasistationary
configuration. We find that both induce long-lived oscil-
lations in the scalar field that depend strongly on the chosen
initial data, motivating further work to improve the initial
data, similar to the ones studied in Refs. [95,96].

1. Uniform profile

The first class of initial profiles is motivated by Ref. [62],
where the evolution of the scalar field was studied in the
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Two-dimensional schematics showing the comparison of the energy densities for the two scalar field initial profiles. Top row:

for the UP at different times starting from early-inspiral till the postmerger phase. Bottom row: energy densities snapshots for the
overdense profile OP at the same time stamps of the simulation, showing localized enhancement close to the binary even at t = 150. The
UP is effectively a nearly homogeneous field initially, as the cut-off is set at a large radius. At later times, a corotating configuration
develops, giving rise to characteristic spiral-arm features in the energy density.

context of BBHs. This profile corresponds to a nearly
constant density configuration with a smooth cutoff,
ensuring that the field approaches an asymptotic value at
spatial infinity. For sufficiently large cutoffs, it effectively
mimics a homogeneous background field. The explicit
form is given by

1 —
@, (r) = %0 [1 + tanh (%)] ,

where r. = \/x* + y? + 2% is the radial coordinate, and b
controls the width of the transition. ¢, is the central
uniform field amplitude, and we set it to be 5 x 1074,
and ¢, refers to the real part of the complex scalar field
decomposed as ¢ = @, + i@;. This setup effectively acts as
a reservoir from which the scalar field can accrete onto the
binary over a few orbits. To facilitate this, the cutoff radius
ro and the width parameter b are chosen appropriately, and
for a large enough radius, this profile resembles a homo-
geneous ¢, (r) ~ ¢, profile. Once the DM is accreted close
to the binary due to gravitational interaction, it forms a
quasiequilibrium corotating configuration as seen in the
energy density snapshots in Fig. 1.

3)

2. Overdense profile

Over the preceding evolutionary timescales, the scalar
field may have developed an overdensity around the stars.
Motivated by this, we approximate such a configuration by
the profile

(

r —ﬂ1)2
20%

o) = Ao (U5 55) 4]

-exp (—a(r —rq)) —c, (4)
where 1, o, control the position and width of the central
Gaussian, r,; sets the onset of the exponential tail, a defines
the decay rate, and A, b, c¢ control the amplitude and
asymptotic offset. The parameters are chosen to match the
radial field profile through one star when evolving the
uniform profile (UP) for a few orbits and fitting the real part
of the scalar field. We tested multiple parameter values and
observed qualitatively similar behavior in the evolution.
In Fig. 1, we present snapshots of the scalar field energy
density p,, at different simulation times. At initial times,
the uniform profile appears nearly homogeneous within the
extraction region due to its large cutoff radius, whereas the
overdense profile (OP) exhibits localized enhancement.
After dynamical evolution, the scalar field settles into a
corotating configuration accompanied by the emission of
scalar radiation in the form of outgoing waves.

B. Initial data and numerical implementation

The initial configurations for NSs are constructed using
SGRID [97-100], a pseudospectral code that uses surface
fitting coordinates to solve the Einstein constraint equa-
tion through the extended conformal thin sandwich
(XCTS) formalism [101,102]. We employ an eccentric-
ity-reduction procedure following Ref. [100], in order to
mitigate residual orbital eccentricity after the construction
of the initial data. This approach is motivated by the
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findings of Ref. [62], wherein the authors observed that
overlaying a scalar field on top of a binary system (as is
the case for the uniform profile) can induce additional
eccentricity, in particular through the introduction of a
spurious linear momentum. After applying the eccentric-
ity-reduction procedure, we achieve a residual eccentric-
ity of order ~4 x 1073, Following this, the dynamical
evolution is performed with BAM [103-111]. BAM
evolves the metric in time using the methods-of-line
approach, utilizing finite-difference stencils for spatial
discretization. For the study, we use the fourth-order
Runge-Kutta integration with a Courant-Friedrichs-Lewy
value of 0.25. Further, we also utilize the Z4c constraint
damping terms [112-116], and a 1+ log slicing con-
dition [117]. BAM’s infrastructure consists of a hierarchy
of refinement levels with adaptive mesh refinement
capabilities (AMR), and we apply the Berger-Oliger
scheme [118] for the local-time stepping. For the inner
refinement levels, the boxes can move and are automati-
cally adjusted during the evolution, which helps in
narrowing down and tracking the stars. For our simu-
lations, in the nested Cartesian boxes, we employ a total
of seven refinement levels with three inner levels that
move along with the stars. Reflecting boundary condi-
tions are imposed along the z-axis, while Sommerfeld
(radiative) boundary conditions are used on the remaining
boundaries. The matter evolution consists of two parts:
the general relativistic hydrodynamical (GRHD) evolution
for the NSs and the scalar field evolution.

1. Source terms: NSs

For the case of NSs, we use the perfect fluid approxi-
mation, resulting in the stress-energy tensor

TN = phu,u, + pg,,. (5)

where p is the density, p the pressure, / is the enthalpy, and
u,, is the four-velocity. We can then determine the evolution
of the matter variables with the help of conservation
equations, taking the form

Vv, =0, (6a)
V,(pu") =0, (6b)
P(p.e) = p, (6¢)

where Eq. (6a) is the local energy-momentum conservation,
Eq. (6b) is the baryon number conservation, and Eq. (6¢) is
the EOS of the baryonic matter pertaining to the NSs. For
our study, the baryonic matter is modeled using a piece-
wise-polytropic representation of the skyrme lyon equation
of state EOS [119]. For the NSs, the evolution includes
the GRHD equations. We begin with a set of primitive
variables w = (p, v;, €), which are the rest-mass density,

the fluid velocity, and the internal energy density. Here,
the quantities are measured according to the Lagrangian
observer, and we further introduce a set of conservative
variables q = (D, S;, )—the conserved rest mass, momen-
tum, and internal energy density of the Eulerian observer.
The primitive and conservative variables are related by

D = pW, (7a)
S; = phW?v;, (7b)
7 =phW? - p-D, (7¢c)

with W = (1 —2?)71/2. Rewriting Eqs. (6a)—(6¢c), as a
first-order, flux-conservative, hyperbolic system, we get

%_g(ao(m) 4 0,(y/=gF")) =S, (8)

where

q(w) = (D, S;,7), (9a)

L Al

piw = (o1 -2) s (w-2)

+ pd';, r(vi — i) + pvi), (9b)

S(W) = (O? T}w(auguj - Fgﬂgﬂj)?
a(T*09, loga — THTY,)). (9¢)

2. Scalar field

In the case of the scalar field, the energy-momentum
tensor can be derived from the action Eq. (2), and is
given by

T, =

N =

{vﬂcpquo* VY,

1
(g””V,,rﬂVyrp* + 2#%4)*)} . (10)

1

2
Klein-Gordon equations are second order in nature, but we
can rewrite the equations in first order in time form using
the time-derivative of the field

=—(¢—pop). (11a)

R

with the evolution equations for the field and its time
derivative being

0,0 = oIl + B0, (11b)
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9,11 = pio,I1
) ) dv(p, ¢*
+ a(y”ai@j(p — 7T%;0p + KT1 — %(ﬂ)
0

+77(9;2) 0, (11c)
where @3 = |p|?, and K is the trace of the extrinsic cur-
vature K;; = —3-(d,7;; — D;; — D;p;). The time deriva-
tive of the field IT is initialized such that I1,(r =0) =0
and IL;(t = 0) = —iug,(r = 0).

3. Multigrid

After superposing the scalar field on the BNS, we re-
solve the Hamiltonian and momentum constraints using
the in-built multigrid solver in BAM [107,120,121]. This
ensures consistency with Einstein’s equations by minimiz-
ing constraint violations, which is essential since the
spacetime metric is altered by the addition of the scalar
field. It is important to note that we do not re-solve the
equations for GRHD or the scalar field equations (Klein-
Gordon), which are necessary to obtain fully consistent,
quasistationary initial configurations. The multigrid algo-
rithm uses a recursive method of iteratively solving dis-
cretized equations with constant interaction between a
hierarchy of grids [121,122]. On each grid, the discretized
equations are solved by relaxation; the fine grids capture
the shorter wavelength effects, while the coarser one
captures the long-wavelength effects. These are commu-
nicated using the restriction and prolongation operators.
Further details are provided in Appendix B.

4. Diagnostics

As diagnostics, we monitor two primary quantities:
(1) the Noether charge of the scalar field, and (ii) angular
momentum exchange between the binary and the scalar,
following Refs. [123,124]. These diagnostics serve both to
validate the correctness of the simulations and to provide
insight into the dynamics of the field-binary interaction.

For the Noether charge, we check if the rate of change of
a charge in an enclosed volume is equal to the flux across
the boundary of the volume, such that

a,/Q¢dv—/ F-dA, (12)
z dx

where the flux is given by F = \/EJ”N,, [124], N, =
(No,N;) = (N, N;) is the coordinate normal vector, & is
the determinant on the extracted surface. N; in Cartesian
coordinates is given in terms of the unit coordinate vector

X o y,-jsf . C g
si=7as N, = N Checking the validity of Eq. (12)
ensures that the simulation is sufficiently resolved and the
results are consistent. In Fig. 2, the conservation of the

Noether charge is demonstrated for the 2.7 total mass binary

---= 0, [QdV

x1073 == [oyFdA
1.8

— Residual - Residual (log; scale)
- Merger

—_
LS}

o
=y

o
o

|
~
Residual (log, scale)

—
[\S]

Noether charge conservation
)
=)

]
%

0 1500 3000 4500 6000 7500
t

FIG. 2. Noether charge conservation plot for the 2.7 total mass
binary for the uniform profile with the scalar field mass
u = 0.085, extracted at a radius of R = 40. The red dotted lines
represent the time derivative of the charge ( f QdV), the blue
dashed line is the flux ( f FdA), both are oscillatory, and the
residual is shown in a black solid line and is conserved
throughout the simulation. The axis on the right shows the
residual on a log scale.

for the uniform profile. The plot shows that the rate of change
of the charge (red line) and the flux (blue line) are in balance.
Consequently, the residual, defined as the difference between
the lhs and rhs of Eq. (12) and shown by the black solid line
(for linear scale) and by the gray dotted line (for a log scale),
is conserved throughout the simulation.

For the angular momentum conservation, assuming that
we have an isolated system in an asymptotically flat region,
one can split the Arnowitt-Deser-Misner (ADM) contribu-
tions of the system into matter and curvature, and quantify
the exchange between the binary and the scalar field. We
tracked the angular momentum terms for both the scalar
field and the NSs, to check for conservation by computing
the respective charges and fluxes, following Ref. [123].
Details of the formalism and diagnostic plots, along with
their convergence, are in Appendix A.

III. RESULTS

Below, we outline the results beginning with the evo-
lution of the scalar field profiles, the GW waveform,
followed by the effect of the scalar field on matter ejecta
and on the fate of the remnant.

A. Evolution of the DM profiles

Our study includes a suite of seven simulations to
investigate the effects of different binary total masses
and scalar field profiles on BNS mergers. We explored
binaries with two different total masses M, = 2.7, 3.6. For
each, we used two scalar field profiles: uniform profile and
overdense profile, both with a field mass of u = 0.17. To
explore the impact of the scalar field mass, we conducted an
additional simulation with a lower field mass of 4 = 0.085

044045-6
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TABLE L.

Simulation parameters, from left: the total mass of the binary, the initial scalar field profile, the identifier

for each configuration that is being used throughout the paper, parameter related to the mass of the scalar field u in
M, units, the initial separation dgyg of the binary in M, units, and finally the resolution at the moving AMR levels.
The asymptotic energy density of the field for both profiles is set to be p, ~ 1 x 1078, We also, for reference, ran
simulations without the scalar field (no field [NF]) for both binary masses.

Total mass Profile Identifier u Init. sep. dgns Resolution
2.7 Uniform UP%}7 0.17 18 128, 144, 192
Uniform UP2 /s 0.085 18 144
Overdense OP%}7 0.17 18 128, 144, 192
Vacuum NF 18 128, 144, 192
3.6 Uniform UP;%, 0.17 21 144
Overdense OoP3%, 0.17 21 144
Vacuum NF e 21 144

for the uniform profile and M, = 2.7. We choose the
scalar mass ¢ = 0.17 so that the (Compton) wavelength
is comparable to the initial binary separation dgyg (or to
an integer multiple of it, 1.~ ndgns [64]). A massive
scalar mediates a Yukawa interaction o e~"/*c /r with range
Ac. Thus, if 1, < dgng (dpns > 1), we move closer to
particlelike DM regime, while, if A > dgng (#dpns < 1),
the field is effectively long-ranged on the orbital scale and
the binary is subjected to only weak gradients, reducing
the efficiency of angular-momentum exchange. Choosing
Ac ~dgns (udgns ~ O(1)) maximizes the interaction
between the binary and the field. Hence, exploring different
scalar field masses allows us to investigate the influence of
the scalar field’s pressure term on the gravitational collapse
and dynamics of the system. For comparison, we also ran
two simulations without the scalar field. In our setup for
both profiles, the asymptotic field amplitude is initially
¢ ~ 1074, resulting in an initial energy density of approx-
imately p, ~ 1078, Details of the specific simulation
parameters are provided in Table 1.

To study the field dynamics, we examine the evolution of
the Noether charge around one of the stars in the binary as
it orbits, shown in Fig. 3. In the top left panel, we show
the evolution for the uniform profile with scalar field mass
u=0.17 for M, = 2.7. The evolution displays oscilla-
tions with a characteristic beating pattern that persists until
merger. After the merger, the field amplitude increases
sharply as the system forms a dense hypermassive neutron
star. In the top right panel, we present the case of a lower
scalar field mass. Here, the evolution is comparatively
smooth since the gradient pressure dominates and sup-
presses overdensities. Figure 2 shows the Noether charge
and flux oscillating, implying that the scalar field flows in
and out of the central volume in waves, characteristic of a
long-wavelength oscillating mode being excited. In this

Because of the symmetry of the binary system, the results are
quantitatively identical if we consider the other star.

regime, the postmerger phase shows substantial amplification.
Lowering the scalar mass further may reduce this enhance-
ment. The bottom left and bottom right panels correspond to
the M,,, = 3.6 binary, evolved with the uniform and over-
dense profiles, respectively. In this case, the oscillation
frequency is higher, and it is interesting to note that even
after the prompt collapse of the binary, the scalar field
persists. The uniform profile exhibits accumulation and
decay patterns similar to the lower-mass binary, whereas
the overdense profile produces oscillations of nearly constant
amplitude that gradually increase near merger. This is likely
due to a specific mode excitation at t = 0, arising from the
construction of the initial data for which the system does not
begin in the ground state of the field, as explained above.
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FIG. 3. Noether charge distribution around a single star part

of the binary for different scalar field profiles extracted at a radius
of R =10. Top left: M,,, = 2.7, for the uniform profile and
u = 0.17 (UP37.). Top right: for the uniform profile and a lower
field mass u = 0.085 (UP2/¢s). Bottom left: M, = 3.6 and
uniform profile (UP3%,). Bottom right: M, = 3.6 and overdense
profile (OP3%,). The black solid line indicates the merger time.
We note that the scalar field oscillations form a beating pattern for
the 4 = 0.17, and are smoother for the lower mass case on the top
right owing to the gradient pressure. For the higher mass binary,
the oscillation frequency is higher for both profiles.
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FIG. 4. Two-dimensional snapshots at 7 = 2000 of the scalar field energy density p,,. Top left: uniform profile, Mo = 2.7, yp = 0.17.
Top right: overdense profile, M,,, = 3.6, u = 0.17. Bottom left: uniform profile, M, = 2.7, 4 = 0.085. Bottom right: uniform profile,
M = 3.6, 4 = 0.17. The lower-mass field (4 = 0.085) shows markedly reduced central accumulation, consistent with a stronger
gradient pressure. The 3.6 mass binary simulations exhibit broader, more extended spiral-arm features, potentially due to higher
oscillations of the scalar field and a deeper gravitational potential well.

In Fig. 4, we present two-dimensional snapshots of the
scalar field energy density profiles in logarithmic scale for
different binary masses and scalar field masses. This is
extracted after the system has settled into a configuration
wherein the field and the binary corotate. The red colored
regions indicate the position of the binary, also correspond-
ing to the overdense region with an enhancement of about
10* times that of the initial asymptotic value for both
profiles, and this is further amplified postmerger, as the
scalar field energy density reaches p, ~ 1073, Hence,
although the Noether charge exhibits oscillations as dis-
cussed above, the scalar field remains mostly bound
throughout the simulation timescale, and the local density
is enhanced after the merger. There is also an accumulation
between the binary owing to DM being trapped in the
gravitational potential well. The top right and bottom right
panels correspond to the higher-mass binary, where the
scalar field develops a much broader distribution with
pronounced “‘spiral-arm” features. This behavior is poten-
tially linked to the higher oscillation frequency of the field
and the deeper gravitational potential of the binary. The top
left panel shows the uniform profile for y = 0.17, while the
bottom left panel corresponds to g = 0.085, both for
M, = 2.7. In the lower scalar mass case, the overdensity
is substantially reduced due to the enhanced gradient
pressure, which inhibits scalar field accumulation and favors

dispersion compared to the 0.17 case, with an enhancement
compared to the asymptotic value of the order 10°—103.

B. Gravitational waves: Dephasing

We extract the GW signals from the simulations at
different extraction radii 7., using the retarded time in
terms of the retarded time coordinate given by

T
U=1—Rey—2M, 1n<e—*‘—1>, (13)
ext DM ZMADM

with the extraction radius R.,,. We extract the dominant
quadrupolar strain mode, hZIZ\’ for all simulations and present
the results in Fig. 5 at an extraction radius of R, = 1000.
The left panels compare two initial scalar field profiles—UP
and OP—together with the vacuum case (NF) for the
same M, = 2.7. In the top panel is the waveform strain,
and the lower panel, the corresponding phase difference,
AP(t) = Pppm(t) — Pyac(t). Two main features to note: (i) the
UP and OP profiles yield indistinguishable phasing within
our numerical accuracy throughout the inspiral, and (ii) both
produce a net dephasing of ~0.3 rad at merger relative to the
vacuum simulation (NF). The dephasing is possibly due to
angular-momentum extraction by the scalar field through
scalar radiation, in agreement with previous analyses [63].
As in the BBH case, we quantify the angular-momentum
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FIG. 5. Left: real part of the GW strain (top panel) and the corresponding phase differences (bottom panel) for different scalar field
profiles extracted at a radius R.; = 1000. The UP and OP both show the same dephasing with the vacuum case (NF) of roughly 0.3 rad
close to the merger. Middle: real part of the GW strain (top panel) and the corresponding phase differences (bottom panel) for different
scalar field profiles with a total mass of M, = 3.6, along with the NF of the same M. Only a negligible dephasing is observed between
the vacuum case and the configurations with the scalar field. Right: real part of the GW strain (top panel) and the corresponding phase
differences (bottom panel) for two different masses, y = 0.17 and ¢ = 0.085. The lower scalar field mass exhibits a smaller accumulated
dephasing relative to the vacuum case close to the merger, owing to the pressure term, as shown in the inset.

transfer and associated source terms (see Appendix A), but
with one caveat in the case of BNSs. The NSs also contribute
to the angular momentum exchange due to the nonzero
stress-energy tensor; this complicates the one-to-one map-
ping between the cause of dephasing and the angular
momentum source term. Consequently, our interpretation
is qualitative—albeit consistent with the diagnostics. As
illustrated in the Appendix A, in the middle panel of
Fig. 11, increasing the numerical resolution systematically
suppresses the angular momentum contributions associ-
ated with the stars. Given that our simulations cover only
the last few orbits before merger, and since the dephasing at
an earlier stage of the inspiral can not be addressed by our
simulations, we can not definitively quantify if the
observed dephasing is large enough to be seen with GW
detectors, however, the rather large field values and relative
small dephasing might indicate that observing such a
dephasing is unlikely with current and next generation
experiments [125], in addition, it is possibly degenerate
with other matter effects.

In the middle panel, we show the (2, 2)-mode strain and
the corresponding phase difference for the M, = 3.6.
Across the inspiral, we find negligible dephasing with
respect to the NF case (here with M, = 3.6) that we
attribute to the higher stellar compactness and the corre-
spondingly shorter inspiral: both effects limit the buildup of

scalar overdensities and reduce the net torque exerted by
the field on the binary. The merger leads to prompt
collapse, so no long-lived postmerger effects are present,
and the waveform shows no additional postmerger features.
Despite this, the simulation with a scalar field does merge
slightly earlier than its vacuum counterpart; however, the
accumulated dephasing is significantly smaller than in the
M, = 2.7 case. In the right panel, we compare two scalar
field masses. The lower mass case, u = 0.085, exhibits a
smaller dephasing with respect to the NF run than the
higher scalar field mass case. The reduction in |A¢| for
u = 0.085 is expected as it is consistent with the weaker
scalar overdensity, due to the gradient pressure resisting
accumulation, and in turn, suppresses angular-momentum
transfer between the binary and the field. This is shown in
the inset, which is enlarged close to the merger for clarity.

C. Postmerger effects

1. Ejecta properties

We analyzed the ejecta properties by computing the
unbounded ejecta for both the profiles and scalar field
masses. To probe the ejecta channel, Fig. 6 shows two-
dimensional snapshots of the ejecta showing both the
equatorial plane (top panel) and the polar plane (bottom
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FIG. 6. Two-dimensional snapshots of unbound ejecta for the vacuum (NF) case and the uniform profile (UP37,) with scalar field
mass u = 0.17 for M, = 2.7 binary extracted at an AMR refinement level / = 3. Top panel: comparison in the equatorial plane,
which is typically dominated by shock-driven ejecta, showing a clear suppression in the presence of the scalar field. Bottom panel:
corresponding snapshots along the polar plane, confirming the overall reduction of the ejecta due to the scalar field. All snapshots

are taken at r = 8800.

panel) for UP with u =0.17 and M, = 2.7, and NF.
The equatorial plane, which is typically dominated by
shock-driven ejecta, exhibits a noticeable suppression of
this material in the presence of the scalar field. This effect is
further corroborated by the polar plane plots, which
indicate that the scalar field modifies the overall postmerger
outflow by suppressing it. Further to support this, we plot
the time evolution of volume-integrated unbounded ejecta
mass at the AMR level / = 3 in Fig. 7. In the top panel, we
show the UP for y = 0.17; M\, = 2.7 and NF, along with
annotations for tidal-tail and shock-driven ejecta mecha-
nisms. In the bottom panel, we show the same for the UP
and for scalar field masses y = 0.085 and ¢ = 0.17. We
note that the scalar field enhances the tidal-tail induced
ejecta at early times, in turn suggesting that the field
reduces the stellar compactness due to the gradient pres-
sure. Hence, there is an effective additional pressure
contribution that facilitates tidal stripping near contact.
In contrast, the shock-driven ejecta is suppressed, con-
sequently reducing the overall ejecta. For the lower scalar
field mass, the same qualitative pattern persists, but the
suppression of the shock-driven ejecta weakens as u
decreases, bringing the evolution closer to the vacuum
case. It is important to note that these effects are possibly
degenerate with other matter contributions, making it
unlikely that they are unique signatures of wave DM in
the postmerger phase, as well as being dependent on the
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FIG. 7. Volume-integrated unbound ejecta mass at the AMR
level [ = 3. Top panel: comparison between the UP37, and the
vacuum (NF) case. Regions dominated by tidal and shock-driven
ejecta are marked, with insets zooming in on the tidal-tail
contribution. The scalar field enhances the tidal-tail ejecta while
suppressing the shock-driven component, resulting in a net
reduction of total ejecta. Bottom panel: comparison of the same
for two scalar field masses, UP3], and UP3/¢.. Reducing the
scalar field mass shifts the behavior closer to the vacuum case,
increasing the shock-driven ejecta while reducing the tidal-tail
contribution.
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FIG. 8. Unbounded ejecta mass comparison for different scalar
field configurations at extraction radius R = 300 and at the finest
level. Top panel: comparison between two scalar field masses,
u = 0.085 (UP§/es) and u = 0.17 (UP§,). Reducing the scalar
field mass decreases the accumulation of energy density, driving
the dynamics closer to the vacuum (NF) case. Bottom panel:
comparison for a fixed scalar field mass, ¢ = 0.17, across two
different initial profiles (UP3,) and (OP3,) and the vacuum case
(NF), we notice roughly 60% reduction in presence of the scalar
field, relative to the vacuum.

baryonic EOS. However, our studies show that generally,
electromagnetic signatures connected to the outflow of
matter from BNS systems could be affected by the presence
of the scalar field.

The quantities shown in Fig. 7 are extracted at a fixed
AMR level within a finite volume, where the observed
decrease in ejecta mass over time indicates matter leaving
this region. To obtain a more accurate measure of the total
ejecta, we instead compute the unbound material crossing a
spherical surface of extraction radius R = 300 at the finest
AMR level; cf. Fig 8. In the top panel of Fig. 8, we plot the
ejecta for two different scalar field masses and UP for
1 =0.17 and p = 0.085, along with the NF simulation. In
the bottom panel, we show the unbounded ejecta for both
the scalar field profiles OP and UP for 4 = 0.17 and NF. As
discussed before, we find that the presence of the scalar
field suppresses the amount of unbound ejecta with respect
to the vacuum case, as previously discussed. As the scalar
field mass is reduced (i.e., the Compton wavelength
increases), the field distribution becomes smoother and
the associated gradient-pressure contribution, o (V)2
lowers the overdensity that builds up around the binary.
Due to the reduced accumulation of the field, the ejecta
mass M.e., increases, trending back toward the vacuum
result. In the bottom panel, we note that both the profiles
result in quantitatively similar ejecta mass, both yielding a
suppression of the unbound mass by O(60%) relative to the
vacuum simulation, due to a deeper gravitational potential
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FIG. 9. Top panel: evolution of the baryonic central rest-mass
density, pmay. through merger and into the postmerger phase for
both the scalar field profiles (UP and OP) and for the vacuum
reference (NF). The inset enlarges the first # ~ 10° after merger,
showing suppressed oscillations in the presence of the field.
Further, the black hole formation is also delayed relative to the
vacuum case, as indicated by the energy density growth at
t = 15000. Bottom panel: evolution of the maximum baryonic
rest-mass density across merger (vertical dotted line) and into the
postmerger phase for two scalar field masses, 4 = 0.17 (red) and
0.085 (purple). Lowering the mass of the field increases the
amplitude of oscillations in the initial stage of oscillations,
followed by a marginally reduced value compared to the 0.17
case. In the presence of a scalar field, the postmerger oscillations
of pmax are damped, due to an additional (gradient) pressure that
opposes compression of the remnant.

well in the presence of the DM environment on the length
scales relevant to the extraction radius. Over time, we note
that the ejecta mass reaches a constant plateau.

2. Central rest mass density

To investigate the effect of scalar field postmerger on the
hypermassive remnant, we analyze the baryonic central
rest-mass density. During the postmerger, the relevant
length scale is set by the remnant size, Ly, ~ Ryen, Which
is smaller than the initial orbital separation. If uL,, <1
(Ac =2x/p 2 L), the scalar field is not Yukawa-
suppressed on remnant scales and its gradient pressure
becomes comparatively more important as seen in the
stress-energy tensor in Eq. (10), the effective “pressure”
from gradients scales such as p, ~ (V)? ~ ¢?/L3,. In
Fig. 9, we illustrate the evolution of the central density for
both the scalar field masses and for both the field profiles
along with the vacuum case. Both choices of y yield a
qualitatively identical evolution: a sharp transition at
merger followed by quasiradial oscillations in pp,y.
Quantitatively, the central density is suppressed in the
presence of the field; as mentioned, the additional support
provided by the gradient pressure resists compression of
the remnant. Further, the consequence of the additional

044045-11



SRIKANTH, DIETRICH, and CLOUGH

PHYS. REV. D 113, 044045 (2026)

gradient pressure is delayed collapse of the remnant, while
the vacuum simulation forms a BH postmerger. For
simulations with the scalar field, we extended the evolution
by ¢t = 5000 beyond the vacuum case, and the remnant did
not collapse. This is in contrast to studies involving the
particlelike DM admixed with NSs modeled as an ideal
fluid, wherein the postmerger remnant collapses sooner
than the vacuum case [59,79]. In the lower panel, we show
the central density for different scalar field masses (UP3/,
and UP3/.o). The heavier field (u = 0.17) exhibits a
slightly smaller oscillation amplitude initially, and a mar-
ginally slower growth of p,,,,,, while the lighter field shows
a somewhat deeper first trough; these differences are at the
few-percent level, and the curves remain nearly in phase
(see inset). A smaller u (larger Compton length) confines
less of the scalar energy density in the immediate vicinity of
the hypermassive neutron star, providing a slightly stronger
local pressure support, which in turn resists further com-
pression. In the initial stages of the hypermassive remnant
oscillations, the amplitude of the central density is higher in
the lower scalar field mass case, closer to what was observed
in the vacuum (reference) simulation. Gradually, the counter-
acting pressure term dominates as the final stages of
oscillations are suppressed compared to that of 4 = 0.17.

IV. DISCUSSION

In this work, we investigated the effects of massive scalar
field (wave DM) environments around BNS mergers within
full GRHD simulations. We explored the effect of changes
in the scalar field mass, the total binary mass, and the initial
scalar field profiles of the field on the binary and envi-
ronment coevolution. The DM energy densities are higher
than those expected in physically motivated scenarios,
with (p, =1 x 1078), which enables us to investigate
and quantify the scalar field’s impact on (i) the GW strain
and phase, (ii) the amount of unbound ejecta, and (iii) the
fate of the postmerger remnant (prompt/delayed collapse),
over the relatively short physical timescale of a numerical
relativity simulation. The results are summarised below:

(i) GW dephasing: We found ~0.3 radians dephasing
during the merger between the vacuum (reference)
simulation and the scalar field simulations, with both
the profiles showing the quantitatively the same
trend for the scalar field mass of x4 = 0.17. The lower
scalar mass showed lesser dephasing compared to
the former, and the higher binary mass simulation
resulted in negligible dephasing, as a result of
prompt collapse and higher compactness.

(i) Ejecta: Tidal-tail versus shock—driven ejecta: There
was an ~((60%) reduction in the unbounded ejecta
mass with the scalar field environment compared to
the vacuum case. Once again, the choice of initial
profile does not alter the outcome, while variations
in the scalar field mass did. In particular, reducing
the scalar field mass increases the effective pressure

support, driving the system toward a more vacuumlike
configuration and thereby weakening the gravita-
tional potential well. The scalar field predominantly
suppresses the shock-driven component of the ejecta,
while only marginally enhancing the tidal-tail con-
tribution. It is also important to note that these effects
are degenerate with other matter effects, as well as
baryonic EOS dependent.

(iii) Central density and delayed collapse: The presence
of a scalar field reduces the central baryonic rest-
mass density of the remnant, rendering it less
compact. This results in an earlier postmerger
collapse into a black hole in the vacuum case. At
the large length scales relevant for computing the
ejecta above, the scalar field energy density domi-
nates, thereby deepening the gravitational potential
well. In contrast, on scales comparable to the
remnant size, the gradient pressure of the field
can overcome the energy density. This additional
pressure support delays the collapse of the remnant.

(iv) Scalar evolution: Irrespective of the initial profile
chosen, the system appears to tend towards a
quasiequilibrium configuration where the scalar
field and the binary corotate, with the energy density
enhancement close to the NSs about 10* times that
of the asymptotic value. This is qualitatively similar
to the study involving BBHs [62]. However, we
observed long-lived oscillations in the field profile
that depended heavily on the initial configuration,
most likely coming from the excitation of additional
nonquasistationary/higher-order modes, similar to
those seen in BBH studies but more pronounced.
Although these did not affect the results above, it
would be useful to remove them in order to compare
the scalar profile with semianalytical computations
[64]. This would involve solving the coupled
Einstein-Klein-Gordon system together with the
neutron-star matter equations as was done for binary
boson stars in Ref. [95], and for scalar Gauss-Bonnet
gravity in Ref. [96]. This may also help minimize the
momentum constraint violation, as we noticed that
even with the multigrid solver, we had to fine-tune
the iteration parameters to reduce the constraint
violation induced by the overlaid field profile.

In this work, we have shown that wave DM is not
dispersed by the BNS and tends to cluster around and
within them, in the mass range where there is a correspon-
dence in length scales between the separation and the
Compton wavelength, similar to recent results for BBH
mergers [62,63]. However, even at very high densities,
scalar matter does not significantly affect the dynamics or
merger signatures of NSs. While the simulations included
only around ten orbits of the binary close to merger, the
realistic inspiral timescale is of the order of Gyr. During
this long early-inspiral phase, a higher fraction of DM
could, in principle, accumulate around the NSs, potentially
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enhancing its effects within the sensitivity band of GW
detectors [125,126]. Nevertheless, even in such scenarios,
the signatures identified here would remain difficult to
disentangle from other effects, resulting in strong degen-
eracies. Therefore, detecting any accumulation of wave
DM using NSs will remain challenging even with upcom-
ing detections and future observational facilities.

One case in which the effects might be enhanced is that
of neutron star-black hole mergers, where the scalar field
could have undergone amplification through superradiance
around the black hole during its history, resulting in higher
densities. Further, since the main candidates for wave DM
are axions or ALPs, one should account for the effects of
their expected self-interactions, or couplings to matter and
gauge fields. These effects, as well as some proposed
production mechanisms, can lead to larger accumulation
and novel dynamics in and around compact objects
[41,83,84,127]. Complementary studies exploring different
mass ranges of ALPs have placed constraints based on their
nucleonic coupling and emission from supernovae cores
[128], supernovae remnants [129], cooling of NSs [130],
and pulsars [131]; see Ref. [132] and references therein.
Constraints on DM self-interactions arising from the
Bullet Cluster [133] depend on the particle mass, and
significant interactions could still play a role on smaller
scales [134,135]. In such scenarios involving additional
couplings, the dynamics of scalar interactions and the
formation of bound states may give further observational
signatures.

Computations for this paper have been performed on the
DFG-funded research cluster Jarvis at the University of
Potsdam (INST 336/173-1; Project No. 502227537).
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APPENDIX A: CONVERGENCE TESTS
AND DIAGNOSTICS

1. Angular momentum exchange

Following Ref. [123], we outline the equations for the
conservation law for angular momentum along the vector
£¥. We need to check for the conservation equation

a,/de:/ F-ﬁdA+/SdV,
z dx z

including the source term S, which describes the exchange
of the charge between matter and curvature, and an addi-
tional term in the conservation equation, as £ is not a
Killing vector. The source term quantifies the way the
matter (scalar field in this case) extracts momentum from
the binary, and corresponds to gravitational forces in the
Newtonian limit [63,123]. For angular momentum,
{¥ =0y = (1,-y,x,0), we get

(A1)

Ofgy = Siéim (A2)
Figy==-NpIS;El, +aN:Sil, . (A3)

Sty = aSidodly) + aSiyEl,) - S0,
+ 8081y 9P~ PEigy e (A4)

where the time derivative of the three-metric is given by
0,vij = —2aK;; + D;f; + D;p;, and the quantities d,&" are
zero except for 0, = 1 and 0,§* = —1. In Fig. 10, we
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FIG. 10. Angular momentum exchange of the scalar field (left)
and for the NSs (right), integrated with time extracted at a radius
R =40. The green line shows the change in each respective
source term for the field and the stars; the red line represents the
total flux of the charge from an outer boundary of the extraction
sphere. The blue line represents the evolution of the charges, and
the black dashed line is the residual. Left: for the field, the flux is
balanced by the variation of the corresponding source term,
suggesting that the extraction of angular momentum occurs via
the background curvature. Right: for the NSs, the net flux
contribution from the matter sector saturates, while both the
charge and the source term exhibit an approximately linear
growth at later times, complementing each other.
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present the time-integrated quantities associated with the
angular momentum conservation for both the scalar field
(left panel, UP) and the NSs (right panel). For the scalar
field, the evolution of the corresponding charge (blue),
the total flux across a finite extraction sphere (red), and the
source terms (shown in green) are displayed. Since the
scalar field initially carries no net angular momentum (i.e.,
the charge), its subsequent angular momentum is entirely
due to scalar radiation generated through interaction with
the binary. The flux is balanced by the variation of the
corresponding source term, suggesting that the extraction
of angular momentum occurs via the background curvature,
effectively, the dynamical friction.

In the case of the NSs (right panel), the net flux
contribution from the matter sector quickly saturates
(appearing constant once integrated in time), while both
the charge and the source term exhibit an approximately
linear growth at later times. This behavior can be attributed
to resolution effects: at higher resolutions (see the middle
panel in Fig. 11), the magnitudes of these terms reduce,
indicating that they primarily arise from numerical artifacts
associated with the outer stellar layers interacting with the
binary’s angular momentum and gravitational interaction.

2. Convergence tests

In Fig. 11, we present convergence results for UP with a
scalar field mass of 4 = 0.17 and M, = 2.7. The top panel
shows the convergence of the Hamiltonian constraint, the
middle panel displays the convergence of the angular
momentum exchange terms, and the bottom panel illus-
trates the GW phase difference for three different reso-
lutions: 128, 144, and 192. For the Hamiltonian constraint,
the violation decreases with increasing resolution with
approximately second order. The lowest-resolution run
collapses to a black hole around 7= 12000, whereas the
medium- and high-resolution runs remain stable. In the
middle panel, the angular momentum residuals for both
the NSs and the scalar field approach zero as the resolution
increases. Finally, in the bottom panel, the GW phase
differences converge toward the same value as the reso-
lution is increased.

3. Noether charge
The scalar field Lagrangian is invariant under a global
U(1) symmetry transformation ¢ — ge’. This symmetry,
following Noether’s theorem, gives rise to a conserved
current Jy, and a corresponding charge Q. The current
density can be expressed in terms of the action of the field as

58,
50, A5
5(9,¢) (A3)

which is conserved hence V,J j/) = 0. The conserved Noether
charge is the time component of the current density, hence

"o
J¢_

— UpP'28 —— UP# —— P92

x10-8
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FIG. 11. Top: time evolution of the L2-norm of the Hamiltonian

constraint for the M, = 2.7 simulation, and uniform profile with
u = 0.17 for all three resolutions, with UP'?® being the coarsest
and UP'? being the finest. Middle: convergence of residual of the
angular exchange for the scalar field (left) for UP and p = 0.17
and NSs (right). We note that the residual tends to zero as we
increase the resolution. Bottom: convergence of the GW phase
difference between the UP and NF for different resolutions and
for p = 0.17.

Q)= fE, J'. Considering the scalar field action Eq. (2) and
using Eq. (AS), we get
Ty = 19" (90,@ — P0,p), (A6)

and to compute the charge, we expand the above and
substitute in the metric components,
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Jy = ilg"(90,p — po,@) + 9" (99,0 — poip)],  (AT)
and we arrive at
0, = / (il ~ Tig])dPx. (A8)

APPENDIX B: MULTIGRID FORMALISM
In the 3 + 1 framework, the Einstein constraint equations
are given by

R+ K* - K; ;K" = 16mp,, (B1)

D;K"V — D'K = 8xS;, (B2)
where the former is the Hamiltonian constraint and the
latter are the momentum constraint equations. D; is the
three-dimensional covariant derivative after orthogonal
projection to the normal vector of the hypersurface. The
subscript “t” in p, and S! indicates energy density and
momentum density, respectively, including both the scalar
and baryonic matter contributions. Decomposing the two,
we get p, = p, + P, St =S, + S,
(1) NSs: for a perfect fluid with rest-mass density p,
pressure p, specific enthalpy h, 3-velocity ¢, and
Lorentz factor W = (1 — v?)71/2, we have

p" = phW?* - p, (B3)

St = phW?v'. (B4)
(ii) Scalar field: as mentioned in Sec. II B 2, the time
derivative of the scalar field is

n=""0p-pog. ()

and the scalar field contributions to the ADM sources are

1 N
p? =5 (NP +77000,¢" + Ppw’).  (B6)

S :l (1T, o p* B

7 2]/ ( ](P + j(p ) ( 7)
In the XCTS [102], we decompose the spatial metric y;;

into a spatial conformal metric with a conformal factor y

taking the form y;; = yy;;. Along with the spatial metric,

we also decompose the extrinsic curvature as

1 1
Kij=—--Lyij = A + 375K,

3 3 (B8)

where K = K j 1s the trace of the extrinsic curvature, and the
rescaled traceless part A;; is

v ;
Ay = % [0.7:; — (LB) ;] (B9)
here,
_ _ _ 2 _
(LP);j = Dip; + D;p; — 3 7i;DnP", (B10)

3

is the traceless part of Lgy,;, and D is the covariant
derivative with respect to the conformal spatial metric
¥ij- We can simplify the system of equations assuming
spatial conformal flatness and with maximal slicing such
that

K =0,K =0; vij = fijs 9,7;;=0, (BI1)
where f;; is the flat space metric, and we get

ooy = Ls A;;AY +16 BI2

=g (A;;AY + 167p,), (B12)

d0;p" + galajﬁj =2y'0AY0,(ay ™) + 16may*Si, (B13)

. 7 .
9'0; (o) = ayr <§AijA” + 27(p, + 2Sz)> . (B14)

10 T T T x 1073
No Multigrid
5 | e a 4
> oF -
12

_10 1 1 1
10 15 20 25

FIG. 12. Two-dimensional snapshot of the Hamiltonian con-
straint at = 0 around a single star at the finest refinement level.
Top: result without the multigrid solver. Bottom: result with
multigrid, showing comparatively smoother and reduced con-
straint violations around and within the star.
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Figure 12 shows the two-dimensional snapshot of the
Hamiltonian constraint at + = 0 around a single star in the
binary system with and without resolving the constraints
using the multigrid solver. We note that with multigrid,

although there are constraint violations, particularly around
the surface of the star, they are reduced and smoother
compared to the simulations without multigrid, as shown
in the top panel.

[1] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 119, 161101 (2017).

[2] B.P. Abbott et al. (LIGO Scientific, Virgo, Fermi-GBM,
INTEGRAL Collaborations), Astrophys. J. Lett. 848, 1.13
(2017).

[3] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Astrophys. J. Lett. 850, L39 (2017).

[4] V.M. Lipunov et al., Astrophys. J. Lett. 850, L1 (2017).

[5] B.J. Shappee et al., Science 358, 1574 (2017).

[6] Y. Utsumi et al. (J-GEM Collaboration), Publ. Astron. Soc.
Jpn. 69, 101 (2017).

[71 A. Goldstein et al., Astrophys. J. Lett. 848, L14 (2017).

[8] M. C. Miller et al., Astrophys. J. Lett. 887, L24 (2019).

[9] M. C. Miller et al., Astrophys. J. Lett. 918, L28 (2021).

[10] T.E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).

[11] T.E. Riley et al., Astrophys. J. Lett. 918, L27 (2021).

[12] G. Raaijmakers et al, Astrophys. J. Lett. 893, L21
(2020).

[13] J. Antoniadis et al., Science 340, 6131 (2013).

[14] E. Fonseca et al., Astrophys. J. Lett. 915, L12 (2021).

[15] G. Bertone et al., SciPost Phys. Core 3, 007 (2020).

[16] J. Bramante and N. Raj, Phys. Rep. 1052, 1 (2024).

[17] A. de Lavallaz and M. Fairbairn, Phys. Rev. D 81, 123521
(2010).

[18] M. Baryakhtar et al., arXiv:2203.07984.

[19] G. Bertone and M. Fairbairn, Phys. Rev. D 77, 043515
(2008).

[20] A. Kumar and H. Sotani, Phys. Rev. D 111, 043016
(2025).

[21] P. Routaray, A. Chakrawarty, N. K. Patra, and B. Kumar,
Phys. Dark Universe 50, 102093 (2025).

[22] Y. Liu, Z. Liu, M. Pospelov, and S. Reddy, arXiv:2508
.04961.

[23] J. Luo, D. Liang, and L. Shao, Phys. Dark Universe 50,
102163 (2025).

[24] E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providéncia,
and T. Dietrich, Astrophys. J. 953, 115 (2023).

[25] O. Ivanytskyi, V. Sagun, and I. Lopes, Phys. Rev. D 102,
063028 (2020).

[26] V. Sagun, E. Giangrandi, O. Ivanytskyi, I. Lopes, and K. A.
Bugaev, Proc. Sci. PANIC2021 (2022) 313 [arXiv:2111
.13289].

[27] C. Kouvaris and P. Tinyakov, Phys. Rev. D 82, 063531
(2010).

[28] C. Kouvaris, Phys. Rev. D 77, 023006 (2008).

[29] A. Del Popolo, M. Le Delliou, and M. Deliyergiyev,
Universe 6, 222 (2020).

[30] A. Nelson, S. Reddy, and D. Zhou, J. Cosmol. Astropart.
Phys. 07 (2019) 012.

[31] A. Bauswein, G. Guo, J.-H. Lien, Y.-H. Lin, and M.-R.
Wau, Phys. Rev. D 107, 083002 (2023).

[32] F. Grippa, G. Lambiase, and T. K. Poddar, Universe 11, 74
(2025).

[33] J. Ellis, A. Hektor, G. Hiitsi, K. Kannike, L. Marzola, M.
Raidal, and V. Vaskonen, Phys. Lett. B 781, 607 (2018).

[34] J. Takatsy, L. Zwick, D. O’Neill, and J. Samsing, Phys.
Rev. D 113, 023027 (2026).

[35] M. Baryakhtar, M. Galanis, R. Lasenby, and O. Simon,
Phys. Rev. D 103, 095019 (2021).

[36] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Phys.
Rev. D 95, 043541 (2017).

[37] W. Hu, R. Barkana, and A. Gruzinov, Phys. Rev. Lett. 85,
1158 (2000).

[38] H.-Y. Schive, T. Chiueh, and T. Broadhurst, Nat. Phys. 10,
496 (2014).

[39] J.C. Niemeyer, Prog. Part. Nucl. Phys. 113, 103787
(2020).

[40] D. Grin, M. A. Amin, V. Gluscevic, R. Hlozek, D.J. E.
Marsh, V. Poulin, C. Prescod-Weinstein, and T. L. Smith,
Bull. Am. Astron. Soc. 51, 567 (2019).

[41] D.J. E. Marsh, Phys. Rep. 643, 1 (2016).

[42] R. Brito, S. Chakrabarti, S. Clesse, C. Dvorkin, J. Garcia-
Bellido, J. Meyers, K. K. Y. Ng, A. L. Miller, S. Shandera,
and L. Sun, arXiv:2203.15954.

[43] E. G. M. Ferreira, Astron. Astrophys. Rev. 29, 7 (2021).

[44] L. A. Urefia Lépez, Front. Astron. Space Sci. 6, 47 (2019).

[45] Y. Farzan and A. R. Akbarieh, J. Cosmol. Astropart. Phys.
10 (2012) 026.

[46] F. Hancock and H. Witek, Phys. Rev. D 112, 044033
(2025).

[47] J.E. Kim, Phys. Rep. 150, 1 (1987).

[48] J. S. Bullock and M. Boylan-Kolchin, Annu. Rev. Astron.
Astrophys. 55, 343 (2017).

[49] W.J. G. de Blok, Adv. Astron. 2010, 789293 (2010).

[50] V. H. Robles and T. Matos, Mon. Not. R. Astron. Soc. 422,
282 (2012).

[51] L. Perivolaropoulos and F. Skara, New Astron. Rev. 95,
101659 (2022).

[52] A. Del Popolo and M. Le Delliou, Galaxies 9, 123 (2021).

[53] A. Del Popolo, Astrophys. J. 698, 2093 (2009).

[54] L. Hui, Annu. Rev. Astron. Astrophys. 59, 247 (2021).

[55] D. Merritt, Phys. Rev. Lett. 92, 201304 (2004).

[56] G. Bertone and D. Merritt, Phys. Rev. D 72, 103502
(2005).

[57] D. Merritt and M. Milosavljevic, in Proceedings of the 4th
International Heidelberg Conference on Dark Matter in
Astro and Particle Physics (2002), pp. 79-89, arXiv:astro-
ph/0205140.

044045-16


https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.3847/2041-8213/aa9478
https://doi.org/10.3847/2041-8213/aa92c0
https://doi.org/10.1126/science.aaq0186
https://doi.org/10.1093/pasj/psx118
https://doi.org/10.1093/pasj/psx118
https://doi.org/10.3847/2041-8213/aa8f41
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ab822f
https://doi.org/10.3847/2041-8213/ab822f
https://doi.org/10.1126/science.1233232
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.21468/SciPostPhysCore.3.2.007
https://doi.org/10.1016/j.physrep.2023.12.001
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevD.81.123521
https://arXiv.org/abs/2203.07984
https://doi.org/10.1103/PhysRevD.77.043515
https://doi.org/10.1103/PhysRevD.77.043515
https://doi.org/10.1103/PhysRevD.111.043016
https://doi.org/10.1103/PhysRevD.111.043016
https://doi.org/10.1016/j.dark.2025.102093
https://arXiv.org/abs/2508.04961
https://arXiv.org/abs/2508.04961
https://doi.org/10.1016/j.dark.2025.102163
https://doi.org/10.1016/j.dark.2025.102163
https://doi.org/10.3847/1538-4357/ace104
https://doi.org/10.1103/PhysRevD.102.063028
https://doi.org/10.1103/PhysRevD.102.063028
https://doi.org/10.22323/1.380.0313
https://arXiv.org/abs/2111.13289
https://arXiv.org/abs/2111.13289
https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.3390/universe6120222
https://doi.org/10.1088/1475-7516/2019/07/012
https://doi.org/10.1088/1475-7516/2019/07/012
https://doi.org/10.1103/PhysRevD.107.083002
https://doi.org/10.3390/universe11030074
https://doi.org/10.3390/universe11030074
https://doi.org/10.1016/j.physletb.2018.04.048
https://doi.org/10.1103/8mr1-wmfz
https://doi.org/10.1103/8mr1-wmfz
https://doi.org/10.1103/PhysRevD.103.095019
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1038/nphys2996
https://doi.org/10.1038/nphys2996
https://doi.org/10.1016/j.ppnp.2020.103787
https://doi.org/10.1016/j.ppnp.2020.103787
https://doi.org/10.1016/j.physrep.2016.06.005
https://arXiv.org/abs/2203.15954
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.3389/fspas.2019.00047
https://doi.org/10.1088/1475-7516/2012/10/026
https://doi.org/10.1088/1475-7516/2012/10/026
https://doi.org/10.1103/v425-4yvq
https://doi.org/10.1103/v425-4yvq
https://doi.org/10.1016/0370-1573(87)90017-2
https://doi.org/10.1146/annurev-astro-091916-055313
https://doi.org/10.1146/annurev-astro-091916-055313
https://doi.org/10.1155/2010/789293
https://doi.org/10.1111/j.1365-2966.2012.20603.x
https://doi.org/10.1111/j.1365-2966.2012.20603.x
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.3390/galaxies9040123
https://doi.org/10.1088/0004-637X/698/2/2093
https://doi.org/10.1146/annurev-astro-120920-010024
https://doi.org/10.1103/PhysRevLett.92.201304
https://doi.org/10.1103/PhysRevD.72.103502
https://doi.org/10.1103/PhysRevD.72.103502
https://arXiv.org/abs/astro-ph/0205140
https://arXiv.org/abs/astro-ph/0205140

NUMERICAL SIMULATIONS OF SCALAR DARK MATTER ...

PHYS. REV. D 113, 044045 (2026)

[58] B.J. Kavanagh, D. Gaggero, and G. Bertone, Phys. Rev. D
98, 023536 (2018).

[59] E. Giangrandi, H. R. Riiter, N. Kunert, M. Emma, A. Abac,
A. Adhikari, T. Dietrich, V. Sagun, W. Tichy, and C.
Providéncia, arXiv:2504.20825.

[60] Y.-P. Zhang, M. Gracia-Linares, P. Laguna, D. Shoemaker,
and Y.-X. Liu, Phys. Rev. D 107, 044039 (2023).

[61] S.Choudhary, N. Sanchis-Gual, A. Gupta, J. C. Degollado,
S. Bose, and J. A. Font, Phys. Rev. D 103, 044032 (2021).

[62] J. Bamber, J.C. Aurrekoetxea, K. Clough, and P.G.
Ferreira, Phys. Rev. D 107, 024035 (2023).

[63] J.C. Aurrekoetxea, K. Clough, J. Bamber, and P.G.
Ferreira, Phys. Rev. Lett. 132, 211401 (2024).

[64] G. M. Tomaselli, Phys. Rev. D 111, 063075 (2025).

[65] Y. Guo, Z. Zhong, Y. Chen, V. Cardoso, T. Ikeda, and L.
Zhou, arXiv:2509.09643.

[66] S. Roy, R. Vicente, J. C. Aurrekoetxea, K. Clough, and
P. G. Ferreira, arXiv:2510.17967.

[67] C.-H. Cheng, G. Ficarra, and H. Witek, Phys. Rev. D 113,
024063 (2026).

[68] J.C. Aurrekoetxea, J. Marsden, K. Clough, and P.G.
Ferreira, Phys. Rev. D 110, 083011 (2024).

[69] L. Machet and L. Aresté Sal6, Phys. Rev. D 112, 084047
(2025).

[70] D. Traykova, R. Vicente, K. Clough, T. Helfer, E. Berti,
P. G. Ferreira, and L. Hui, Phys. Rev. D 108, L121502
(2023).

[71] D. Traykova, K. Clough, T. Helfer, E. Berti, P. G. Ferreira,
and L. Hui, Phys. Rev. D 104, 103014 (2021).

[72] Z. Wang, T. Helfer, D. Traykova, K. Clough, and E. Berti,
Phys. Rev. D 110, 024009 (2024).

[73] A.G. Abac, C.C. Bernido, and J. P. H. Esguerra, Phys.
Dark Universe 40, 101185 (2023).

[74] G. Panotopoulos and I. Lopes, Phys. Rev. D 96, 083004
(2017).

[75] M. Hippert, E. Dillingham, H. Tan, D. Curtin, J. Noronha-
Hostler, and N. Yunes, Phys. Rev. D 107, 115028
(2023).

[76] R.F. Diedrichs, N. Becker, C. Jockel, J.-E. Christian, L.
Sagunski, and J. Schaffner-Bielich, Phys. Rev. D 108,
064009 (2023).

[77] T. Giiver, A. E. Erkoca, M. Hall Reno, and I. Sarcevic,
J. Cosmol. Astropart. Phys. 05 (2014) 013.

[78] D.R. Karkevandi, S. Shakeri, V. Sagun, and O. Ivanytskyi,
Phys. Rev. D 105, 023001 (2022).

[79] M. Emma, F. Schianchi, F. Pannarale, V. Sagun, and T.
Dietrich, Particles 5, 273 (2022).

[80] R. Foot, Int. J. Mod. Phys. D 13, 2161 (2004).

[81] J. Fan, A. Katz, L. Randall, and M. Reece, Phys. Dark
Universe 2, 139 (2013).

[82] M. Bezares, D. Vigano, and C. Palenzuela, Phys. Rev. D
100, 044049 (2019).

[83] A. Hook and J. Huang, J. High Energy Phys. 06 (2018)
036.

[84] M. Kumamoto, J. Huang, C. Drischler, M. Baryakhtar, and
S. Reddy, Phys. Rev. D 112, 043008 (2025).

[85] L. Hui, D. Kabat, X. Li, L. Santoni, and S.S. C. Wong,
J. Cosmol. Astropart. Phys. 06 (2019) 038.

[86] R. Brito, V. Cardoso, and P. Pani, Lect. Notes Phys. 906, 1
(2015).

[87] L. Hui, Y. T. A. Law, L. Santoni, G. Sun, G. M. Tomaselli,
and E. Trincherini, Phys. Rev. D 107, 104018 (2023).

[88] N. Siemonsen, C. Mondino, D. Egana-Ugrinovic, J.
Huang, M. Baryakhtar, and W.E. East, Phys. Rev. D
107, 075025 (2023).

[89] V. Cardoso, O.J.C. Dias, J.P.S. Lemos, and S. Yoshida,
Phys. Rev. D 70, 044039 (2004); 70, 049903(E) (2004).

[90] W.E. East and F. Pretorius, Phys. Rev. Lett. 119, 041101
(2017).

[91] V. Cardoso, R. Brito, and J. L. Rosa, Phys. Rev. D 91,
124026 (2015).

[92] F. V. Day and J. 1. McDonald, J. Cosmol. Astropart. Phys.
10 (2019) 051.

[93] F. Chadha-Day, B. Garbrecht, and J. McDonald, J. Cos-
mol. Astropart. Phys. 12 (2022) 008.

[94] V. Cardoso, P. Pani, and T.-T. Yu, Phys. Rev. D 95, 124056
(2017).

[95] N. Siemonsen and W. E. East, Phys. Rev. D 108, 124015
(2023).

[96] P.J. Nee, G. Lara, H. P. Pfeiffer, and N. L. Vu, Phys. Rev. D
111, 024061 (2025).

[97] W. Tichy, Classical Quantum Gravity 26, 175018 (2009).

[98] W. Tichy, Phys. Rev. D 86, 064024 (2012).

[99] T. Dietrich, N. Moldenhauer, N. K. Johnson-McDaniel, S.
Bernuzzi, C. M. Markakis, B. Briigmann, and W. Tichy,
Phys. Rev. D 92, 124007 (2015).

[100] W. Tichy, A. Rashti, T. Dietrich, R. Dudi, and B.
Briigmann, Phys. Rev. D 100, 124046 (2019).

[101] J. W. York, Jr., Phys. Rev. Lett. 82, 1350 (1999).

[102] H.P. Pfeiffer and J. W. York, Jr., Phys. Rev. D 67, 044022
(2003).

[103] B. Bruegmann, J. A. Gonzalez, M. Hannam, S. Husa, U.
Sperhake, and W. Tichy, Phys. Rev. D 77, 024027 (2008).

[104] M. Thierfelder, S. Bernuzzi, and B. Bruegmann, Phys.
Rev. D 84, 044012 (2011).

[105] T. Dietrich, S. Bernuzzi, M. Ujevic, and B. Briigmann,
Phys. Rev. D 91, 124041 (2015).

[106] S. Bernuzzi and T. Dietrich, Phys. Rev. D 94, 064062
(2016).

[107] T. Dietrich, S. Ossokine, and K. Clough, Classical Quan-
tum Gravity 36, 025002 (2019).

[108] F. Schianchi, H. Gieg, V. Nedora, A. Neuweiler, M. Ujevic,
M. Bulla, and T. Dietrich, Phys. Rev. D 109, 044012
(2024).

[109] A.Neuweiler, T. Dietrich, B. Briigmann, E. Giangrandi, K.
Kiuchi, F. Schianchi, P. Mosta, S. Shankar, B. Giacomazzo,
and M. Shibata, Phys. Rev. D 110, 084046 (2024).

[110] H. Gieg, F. Schianchi, M. Ujevic, and T. Dietrich, Phys.
Rev. D 112, 023036 (2025).

[111] A. Neuweiler et al., arXiv:2510.14850.

[112] C. Bona, T. Ledvinka, C. Palenzuela, and M. Zacek, Phys.
Rev. D 67, 104005 (2003).

[113] C. Bona, L. Lehner, and C. Palenzuela-Luque, Phys. Rev.
D 72, 104009 (2005).

[114] C. Gundlach, J. M. Martin-Garcia, G. Calabrese, and I.
Hinder, Classical Quantum Gravity 22, 3767 (2005).

[115] S. Bernuzzi and D. Hilditch, Phys. Rev. D 81, 084003
(2010).

[116] D. Hilditch, S. Bernuzzi, M. Thierfelder, Z. Cao, W. Tichy,
and B. Bruegmann, Phys. Rev. D 88, 084057 (2013).

044045-17


https://doi.org/10.1103/PhysRevD.98.023536
https://doi.org/10.1103/PhysRevD.98.023536
https://arXiv.org/abs/2504.20825
https://doi.org/10.1103/PhysRevD.107.044039
https://doi.org/10.1103/PhysRevD.103.044032
https://doi.org/10.1103/PhysRevD.107.024035
https://doi.org/10.1103/PhysRevLett.132.211401
https://doi.org/10.1103/PhysRevD.111.063075
https://arXiv.org/abs/2509.09643
https://arXiv.org/abs/2510.17967
https://doi.org/10.1103/715r-4p7g
https://doi.org/10.1103/715r-4p7g
https://doi.org/10.1103/PhysRevD.110.083011
https://doi.org/10.1103/klxz-fgmt
https://doi.org/10.1103/klxz-fgmt
https://doi.org/10.1103/PhysRevD.108.L121502
https://doi.org/10.1103/PhysRevD.108.L121502
https://doi.org/10.1103/PhysRevD.104.103014
https://doi.org/10.1103/PhysRevD.110.024009
https://doi.org/10.1016/j.dark.2023.101185
https://doi.org/10.1016/j.dark.2023.101185
https://doi.org/10.1103/PhysRevD.96.083004
https://doi.org/10.1103/PhysRevD.96.083004
https://doi.org/10.1103/PhysRevD.107.115028
https://doi.org/10.1103/PhysRevD.107.115028
https://doi.org/10.1103/PhysRevD.108.064009
https://doi.org/10.1103/PhysRevD.108.064009
https://doi.org/10.1088/1475-7516/2014/05/013
https://doi.org/10.1103/PhysRevD.105.023001
https://doi.org/10.3390/particles5030024
https://doi.org/10.1142/S0218271804006449
https://doi.org/10.1016/j.dark.2013.07.001
https://doi.org/10.1016/j.dark.2013.07.001
https://doi.org/10.1103/PhysRevD.100.044049
https://doi.org/10.1103/PhysRevD.100.044049
https://doi.org/10.1007/JHEP06(2018)036
https://doi.org/10.1007/JHEP06(2018)036
https://doi.org/10.1103/5zgm-z4v9
https://doi.org/10.1088/1475-7516/2019/06/038
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1103/PhysRevD.107.104018
https://doi.org/10.1103/PhysRevD.107.075025
https://doi.org/10.1103/PhysRevD.107.075025
https://doi.org/10.1103/PhysRevD.70.044039
https://doi.org/10.1103/PhysRevD.70.049903
https://doi.org/10.1103/PhysRevLett.119.041101
https://doi.org/10.1103/PhysRevLett.119.041101
https://doi.org/10.1103/PhysRevD.91.124026
https://doi.org/10.1103/PhysRevD.91.124026
https://doi.org/10.1088/1475-7516/2019/10/051
https://doi.org/10.1088/1475-7516/2019/10/051
https://doi.org/10.1088/1475-7516/2022/12/008
https://doi.org/10.1088/1475-7516/2022/12/008
https://doi.org/10.1103/PhysRevD.95.124056
https://doi.org/10.1103/PhysRevD.95.124056
https://doi.org/10.1103/PhysRevD.108.124015
https://doi.org/10.1103/PhysRevD.108.124015
https://doi.org/10.1103/PhysRevD.111.024061
https://doi.org/10.1103/PhysRevD.111.024061
https://doi.org/10.1088/0264-9381/26/17/175018
https://doi.org/10.1103/PhysRevD.86.064024
https://doi.org/10.1103/PhysRevD.92.124007
https://doi.org/10.1103/PhysRevD.100.124046
https://doi.org/10.1103/PhysRevLett.82.1350
https://doi.org/10.1103/PhysRevD.67.044022
https://doi.org/10.1103/PhysRevD.67.044022
https://doi.org/10.1103/PhysRevD.77.024027
https://doi.org/10.1103/PhysRevD.84.044012
https://doi.org/10.1103/PhysRevD.84.044012
https://doi.org/10.1103/PhysRevD.91.124041
https://doi.org/10.1103/PhysRevD.94.064062
https://doi.org/10.1103/PhysRevD.94.064062
https://doi.org/10.1088/1361-6382/aaf43e
https://doi.org/10.1088/1361-6382/aaf43e
https://doi.org/10.1103/PhysRevD.109.044012
https://doi.org/10.1103/PhysRevD.109.044012
https://doi.org/10.1103/PhysRevD.110.084046
https://doi.org/10.1103/52ph-53yw
https://doi.org/10.1103/52ph-53yw
https://arXiv.org/abs/2510.14850
https://doi.org/10.1103/PhysRevD.67.104005
https://doi.org/10.1103/PhysRevD.67.104005
https://doi.org/10.1103/PhysRevD.72.104009
https://doi.org/10.1103/PhysRevD.72.104009
https://doi.org/10.1088/0264-9381/22/17/025
https://doi.org/10.1103/PhysRevD.81.084003
https://doi.org/10.1103/PhysRevD.81.084003
https://doi.org/10.1103/PhysRevD.88.084057

SRIKANTH, DIETRICH, and CLOUGH

PHYS. REV. D 113, 044045 (2026)

[117] M. Alcubierre, B. Bruegmann, P. Diener, M. Koppitz, D.
Pollney, E. Seidel, and R. Takahashi, Phys. Rev. D 67,
084023 (2003).

[118] M.J. Berger and J. Oliger, J. Comput. Phys. 53, 484
(1984).

[119] FE. Douchin and P. Haensel, Astron. Astrophys. 380, 151
(2001).

[120] P. Galaviz, B. Bruegmann, and Z. Cao, Phys. Rev. D 82,
024005 (2010).

[121] N. Moldenhauer, C.M. Markakis, N.K. Johnson-
McDaniel, W. Tichy, and B. Briigmann, Phys. Rev. D
90, 084043 (2014).

[122] J. D. Brown and L. L. Lowe, J. Comput. Phys. 209, 582
(2005).

[123] K. Clough, Classical Quantum Gravity 38, 167001 (2021).

[124] R. Croft, Classical Quantum Gravity 40, 105007 (2023).

[125] A. Abac et al., arXiv:2503.12263.

[126] R. Abbott et al. (KAGRA, VIRGO, and LIGO Scientific
Collaborations), Astrophys. J. Suppl. Ser. 267, 29 (2023).

[127] N. Iwamoto, Phys. Rev. Lett. 53, 1198 (1984).

[128] A. Lella, P. Carenza, G. Co’, G. Lucente, M. Giannotti, A.
Mirizzi, and T. Rauscher, Phys. Rev. D 109, 023001
(2024).

[129] M. V. Beznogov, E. Rrapaj, D. Page, and S. Reddy, Phys.
Rev. C 98, 035802 (2018).

[130] D.E. G. Fiorillo, A. Lella, C.A.J. O’Hare, and E.
Vitagliano, Phys. Rev. Lett. 135, 211003 (2025).

[131] D. Noordhuis, A. Prabhu, C. Weniger, and S.J. Witte,
Phys. Rev. X 14, 041015 (2024).

[132] A. Caputo and G. Raffelt, Proc. Sci. COSMICWISPers
(2024) 041 [arXiv:2401.13728].

[133] A. Robertson, R. Massey, and V. Eke, Mon. Not. R.
Astron. Soc. 465, 569 (2017).

[134] L. Berezhiani and J. Khoury, Phys. Rev. D 92, 103510
(2015).

[135] L. Berezhiani, B. Elder, and J. Khoury, J. Cosmol.
Astropart. Phys. 10 (2019) 074.

[136] R. Srikanth and T. Dietrich, Numerical simulations of
scalar dark matter around binary neutron star mergers —
waveforms, 10.5281/zenodo.18608562.

044045-18


https://doi.org/10.1103/PhysRevD.67.084023
https://doi.org/10.1103/PhysRevD.67.084023
https://doi.org/10.1016/0021-9991(84)90073-1
https://doi.org/10.1016/0021-9991(84)90073-1
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1103/PhysRevD.82.024005
https://doi.org/10.1103/PhysRevD.82.024005
https://doi.org/10.1103/PhysRevD.90.084043
https://doi.org/10.1103/PhysRevD.90.084043
https://doi.org/10.1016/j.jcp.2005.03.026
https://doi.org/10.1016/j.jcp.2005.03.026
https://doi.org/10.1088/1361-6382/ac10ee
https://doi.org/10.1088/1361-6382/accc6a
https://arXiv.org/abs/2503.12263
https://doi.org/10.3847/1538-4365/acdc9f
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevD.109.023001
https://doi.org/10.1103/PhysRevD.109.023001
https://doi.org/10.1103/PhysRevC.98.035802
https://doi.org/10.1103/PhysRevC.98.035802
https://doi.org/10.1103/tlqz-713s
https://doi.org/10.1103/PhysRevX.14.041015
https://doi.org/10.22323/1.454.0041
https://doi.org/10.22323/1.454.0041
https://arXiv.org/abs/2401.13728
https://doi.org/10.1093/mnras/stw2670
https://doi.org/10.1093/mnras/stw2670
https://doi.org/10.1103/PhysRevD.92.103510
https://doi.org/10.1103/PhysRevD.92.103510
https://doi.org/10.1088/1475-7516/2019/10/074
https://doi.org/10.1088/1475-7516/2019/10/074
https://doi.org/10.5281/zenodo.18608562

	Numerical simulations of scalar dark matter around binary neutron star mergers
	I. INTRODUCTION
	II. FRAMEWORK AND SETUP
	A. Scalar field model and profiles
	1. Uniform profile
	2. Overdense profile

	B. Initial data and numerical implementation
	1. Source terms: NSs
	2. Scalar field
	3. Multigrid
	4. Diagnostics


	III. RESULTS
	A. Evolution of the DM profiles
	B. Gravitational waves: Dephasing
	C. Postmerger effects
	1. Ejecta properties
	2. Central rest mass density


	IV. DISCUSSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: CONVERGENCE TESTS AND DIAGNOSTICS
	1. Angular momentum exchange
	2. Convergence tests
	3. Noether charge

	APPENDIX B: MULTIGRID FORMALISM
	References


