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Gravitational radiation from hyperbolic encounters
in the presence of dark matter
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In this study, we look into binaries undergoing gravitational radiation during a hyperbolic passage.
Such hyperbolic events can be a credible source of gravitational waves in future detectors. We
systematically calculate fluxes of gravitational radiation from such events in the presence of dark matter
with different profiles, also considering the effects of dynamical friction. We provide an estimate for the
braking index and show how it evolves due to the presence of the dark matter medium. We also investigate
the binary dynamics through the changes in the orbital parameters by treating the potential due to a dark
matter spike and the dynamical friction effects as a perturbation term. An insight into the effects of such a
medium on the binaries from the corresponding osculating elements opens up avenues to study binary

dynamics for such events.
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I. INTRODUCTION

General relativity has repeatedly proved to be the most
robust theory of gravity, passing various tests [1-8]. With
the advent of LIGO-VIRGO detectors, general relativity is
now being tested using the outpouring data we receive from
consecutive runs [9-18]. The detections are from inspiral-
ing compact binaries and have brought a new era in
gravitational wave (GW) precision astronomy. Compact
binary scattering events can also be credible radiation
sources in future detectors [19-21]. These events can occur
at very high eccentricities [22,23]. Studies like the one
shown in [21,24] have estimated the reasonable detection
rates for such binary encounters to be around a few to
thousands per year, comparable to that of inspiraling
coalescing binaries. If one of the objects of these hyperbolic
encounters turns out to be a neutron star, then we also have
a possibility of electromagnetic signatures. These scenarios
are astrophysically engaging as they can lead to a GW
burst, and the estimated luminosity from such emissions is
enormous [25].

The flux calculation for gravitational waves from binaries
in such hyperbolic orbits has been studied using quadrupolar
approximations in [26-29]. Then it is extended up to 1 post-
Newtonian (PN) order in [30,31] extended it further for
quasi-Keplerian parametrizations. Studies in [32] took the
calculations further to 1.5 PN invoking in the same quasi-
Keplerian parametrizations as done in [31]. Taking true
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anomaly parametrizations [33,34] into account, quadrupolar
energy and angular momentum fluxes, as well as the 1PN
amplitude corrected waveform have been studied in [35-38].
Similarly, a 1.5PN amplitude corrected waveform with
Quasi-Keplerian parametrizations were also studied in [32].
Furthermore, a 3.5 PN accurate orbital dynamics for non-
spinning binaries on a hyperbolic track is given in [39].
In [28], authors gave a general analytical formula for the
GW energy spectrum of compact binaries in unbound orbits
generalizing the computations done in the parabolic limit
by [40], and in [29], authors gave an estimation of the
expected number of such close gravitational flybys towards
different targets. However, studies like the one in [41]
suggest that LISA could be better suited for the detection
of GW burst signals associated with stellar mass compact
objects in unbound orbits around massive black hole (BHs).
Event rates for such bursts and the associated GW measure-
ments have been reported in [42—44].

Our Universe is not empty but filled with nontrivial
matter medium. Dark matter (DM) is the most ubiquitous,
whose nature has yet to be fully known, and the physics is
still speculative. One of the most sought-after avenues deals
with modeling these dark matter particles as weakly
interacting massive particles (WIMPs) and exploring their
detection prospects both directly and indirectly [45-54].
The density profile of such WIMPs is universal, with a cusp
near the galactic Center and also forming a spike near the
central massive black hole. In recent times the advent of
data from the LIGO-VIRGO detectors has been of much
interest in probing DM with GW [55-57]. Studies in [58]
also supported the fact that phases of GWs can be modified,
and such modifications can impact future space-borne GW
experiments. In [59,60], dynamical friction effects from
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such dark matter spikes showed changes to the phase of a
GW from binaries with circular orbits.

Motivated by these, in this paper, we study flyby events
in the presence of a certain type of dark-matter halo. The
orbit is specified to be a hyperbolic one, and the para-
metrization of it is a true anomaly type [33,34]. Apart
from computing GW fluxes emitted from such binaries, in
this paper we mainly focus on studying the binary
dynamics by taking into account the effects of dark
matter, the dynamical friction provided by the medium
in which these binaries are moving, the accretion effects,
and possible GW backreaction on the binaries. The
dynamical friction and the accretion effects contribute
to the conservative sector of the binary dynamics. We
make a comparative study to see which effects are more
predominant than the other by taking the Keplerian
perturbation theory route. We model the standard
Kepler problem, which admits hyperbolic orbits as one
of the solutions for a given particle’s total energy, and then
use the method of the standard osculating elements to
calculate the rate of change of orbital parameters. These
equations come in handy to again investigate the binary
dynamics in such encounters, giving us a scope for a
comparative study with elliptical orbit cases as well, while
also giving room for one to investigate the waveform
modeling aspect of the binaries. The work is relevant since
a possible waveform model from such analysis can serve
as a good prospect for the future detectors to observe such
events and also put some insights into the parameters of
the theory from GW data coming from LIGO-Virgo-
KAGRA and the International Pulsar Timing Array
(PTA) along the lines of [61].

We organize the paper as follows: In Sec. II, we briefly
outline the basic setup for such binaries moving in hyper-
bolic tracks and compute the radiation fluxes from such
systems. In Sec. III, we briefly discuss the particular model
of the DM distribution that we will consider throughout this
paper. In Sec. IV, we compute GW fluxes due to hyperbolic
encounters by taking into effect the surrounding DM
medium. In Sec. V, we provide an estimate of the braking
index, which may provide a possible observational signa-
ture of dark matter (through its dissipative effects) via the
GW wave signal emitted from hyperbolic encounters.
Finally, in Sec. VI, we include the effect of this DM
medium (as well as the GW backreaction) as a perturbative
term in the Keplerian orbit equations and calculate the
changes in orbital parameters due to these extra effects. We
also discuss the details of the numerical method we used to
solve the simultaneous equations and list our conclusions
therein. Finally, we summarize our results and conclude
with future directions with Sec. VIL

Notation and Conventions: We use units where the
gravitational constant and Planck constant are set to unity:
G = h = 1. Also, the solar mass value M, that we have
used all over the text is taken to be 10 kg.

II. BINARIES IN HYPERBOLIC ORBITS

We begin this section by briefly reviewing the basics of
binary dynamics for hyperbolic orbits. The problem we are
dealing with here is a typical two-body problem with
masses m; and m, with the mass m, at the center of force of
the trajectory and the mass m; undergoing the scattering
track around m,. The usual way to approach such a
problem is to reduce the problem to an effective one-body
problem with a reduced mass y = % and total mass
M = m; 4+ m,, such that the total energy and the angular
momentum of the system becomes

1 .
E=T+V= Eﬂ(if2 + r2¢?*) 4+ V(r) = const,

L, = ur’*¢ = const, (2.1)
where the equations are written in plane-polar coordinates
(r,¢) and the potential being

uM
b

V(r) = (2.2)
The solutions for such radial equations of motion are the

well-known conic sections, with r being parametrized by ¢:

a(e? —1)
pr— ) 2.3
r(¢) 1 + ecos(¢p — ¢y) (23)
with
uM 2EL?
a= E and e=4/1+ W

The semimajor axis, defined above and correspondingly the
eccentricity e, can be expressed in terms of the binary
parameters: v, my,m,, b. This can be done since for
hyperbolic orbits £ and L are related to the impact
parameter b and initial velocity v, as

1
L = ,Ml)ob and FE = 5//“)(%

2SS

. / 4p2
Thus, the eccentricity becomes e = 1/ 1 + v]f/f—z and a = ot
One can also relate ¢, which is the angle subtended at thi
minimal distance rg, i.e., the radius at the periastron, to
eccentricity through the following relation:

5

1
e=-— b (2.4)

Considering these, the above conic section form can
be written exclusively for a hyperbolic track as shown
in Fig. I:
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At any time ‘t’

FIG. 1.

B b sin ¢,
B cos(¢p — ¢hy) — cos ¢y

r(¢) (2.5)

This form can give the velocity of the masses moving in
such trajectories in terms of ¢:

v =\/i? + rP¢?

B sin?;bo) \/1 + cos?(¢pg) — 2 cos(¢hg) cos(¢p — ¢hy).
(2.6)

Given that one of the objects in the binary system is moving
in such a trajectory around the central object, we can
calculate the radiation emanated by using the orbit equation
specific to the case of hyperbolas and then use the usual
quadrupole formula to calculate the energy radiated via the
GW. We start with the usual formula for this radiated power
in the quadrupolar order, which is the lowest order
approximation and is given by [62]

1

Pquad:@<DijDij>v (27)

where D;; =3M;; —6,;My, and M;; =% [ TPxx;d’x,
with the 00-th component of the energy-momentum tensor
being given by T% = u§(X — ¥')c2 In terms of M,;’s the
expression for Py,,q becomes

Pyuaa = ——= 6(M7, + M3, + 3M7, — M7, M3,).

45¢3 (28)

Then using (2.5) we can get the expression for the radiated
power which is [27]

Geometry of hyperbolic orbit.

t=o0
32L°
Pauag = ‘mf(fﬁ, bo)
in*(®)sint (¢ —
[, o) = Slt:n(f(z;?si(n@ ( (/)f;)) [150 + 72 cos(2¢h)
+ 66 cos(2¢g — 2¢p) — 144(cos(¢p — 2¢py)
+ cos(¢))]- (2.9)

Note that the above expression for power radiation is
purely due to the GW emission. It does not include the
effect of the environment, which we consider here to be
dark matter providing dynamical friction [63], and the
scenario has all the orbital parameters fixed while under-
going the dynamics. If one includes the effects of the
medium in these radiative calculations, then additional
terms will appear with the medium’s details in them. Also,
if we expect our radiation field to backreact on our system,
the usual scenarios may be nontrivial. We explore these
curiosities in the following sections, starting with calculat-
ing fluxes for such binaries and doing a comparative study
on their relative magnitudes.

III. MODEL FOR THE DYNAMICAL FRICTION
DUE TO DM SPIKE

We begin this section by exploring the dynamics of
binaries moving in a hyperbolic orbit in the presence of a
medium, more precisely focusing on the fluxes of radiation.
A natural question to ask is about the nature of the medium.
Around 27% of the Universe’s total mass seems to come
from dark matter, and there is observational evidence
in favor of it [64-87]. They are ubiquitous, and more
interestingly, BHs in such DM environments build up halos
around them due to the effect of the strong gravity. For our
studies in this paper we will consider the Navarro-Frenk-
White (NFW) profile [88] which forms spikes due to the
presence of certain overdense regions [89-93]. These
overdense regions, in turn, result from the adiabatic growth
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of supermassive BHs with masses in the range 10°~10°M,
[89]. It seems logical that an object moving around a central
BH might have its orbital motion affected by such spike
structures. Optical observations of such activities can lead
to indirect tests of the existence of such DM spikes and
constrain the spike’s density profile [64,94-96]. LIGO/
VIRGO and other high-end detectors are gearing up to
detect GWs from such binaries [58,97—111], shedding light
on DM features based on GW observations.

We consider a DM minispike model given in [89,112-116].
The density distribution is spherically symmetric with a power
law behavior as shown below:

(3.1)

a
Psp (r—;") ,when ryin <r<rg
PDM =
,when r <r

min»

where py, is a normalization constant, and r, is the radius of
the minispike. There are estimates as to what this a value can
be. Typically this range is 2.25 < a < 2.5 [89,91,116,117].
Henceforth we will strictly follow this range. For our
subsequent analysis we take the mass of the central massive
object as m; = 10°M, and the mass of the secondary as
my = 10Mg. Also, pg, = 226M/pc® and rg, is around
0.54 pc following [58,97,104].

Such distributions lead us to give an equilibrium phase-
space distribution function, and in our case, the halo is
spherically symmetric. The distribution function f = f(&),
where £ is the relative energy per unit mass [118-121],

E(r,v) =¥(r) —%1)2,

(3.2)
with W(r) being the relative Newtonian gravitational
potential. We can get a closed distribution function for
such spherically symmetric dark matter distribution by
following Eddington’s inversion procedure [122], and for a
power law spike, it comes out as

7(&) = Mpsp (’sp)“Mg 3.

(27): m;) T(a- 3)

(3.3)

Whenever a stellar-mass object moves through the DM
minispike, it gravitationally interacts with the DM particles,
and we can expect a “drag”—a like process happening.
Indeed such “frictional” effects have a name for them,
and they are called “dynamical friction” or “gravitational
drag.”” The gravitational drag force removes angular
momentum from an object in orbital motion, causing it
to spiral toward the orbit’s center gradually. In a pioneering
study, Chandrasekhar (1943) derived the classical formula
of dynamical friction in a uniform collisionless background
[63], which has been applied to several astronomical
systems. Examples include orbital decay of satellite gal-
axies orbiting their host galaxies [123—125], dynamical

fates of globular clusters near the Galactic Center [126],
galaxy formation within the framework of hierarchical
clustering scenario [127,128], and formation of Kuiper-
belt binaries [129]. The drag formula based on perturbers
moving straight in either a collisionless medium or a
gaseous medium depends on the Coulomb logarithm
log A = 10g(7max/min) Where r;, and r,, are the cutoff
radii introduced for avoiding a divergence of the force
integrals. While many previous studies [109,122] conven-
tionally adopted 7, and 7, as the characteristic sizes of
the perturber and the background medium, respectively, the
choice of r,,, remains somewhat ambiguous for objects
moving on near-circular orbits. However, in this paper we
will focus on the hyperbolic tracks by the binaries.
The frictional force has a form [63,130-133],

log A

FDF:47Tm%PDM(r)§(U) 2

(3.4)

There is a particular set of values for log A. m, is the mass
of the secondary. Here we take the one used in [109], which

is log A = log Z—; In the subsequent sections, we have

chosen our binaries to have masses m; = 10°M and
my = 10My. This choice gives the value for the
Coulomb logarithm to be around 1, which is the value
we have chosen in our analysis." Moving on to the other
term which needs an introduction is £(v), which accounts
for a fraction of dark matter particles having slower
velocities than the orbiting masses. An estimate for the
number of such particles can be sought by calculating the
following integral:

2

o) = 4x [0 (w00 = v, (39

0

where the function f defined in the integral above is
expressed in (3.3). There are a few salient points to state for
the above expression. A thorough study in [109,110]
explored an analytical way to address the problem of
modeling the evolution of the binary and the dark matter
profile under some assumptions. These lead to a halo
profile evolving in a fixed gravitational potential encoded
in ¥(r),> which in turn simplifies the problem. The
evolution of the dark matter density with time will be
given by

pom(r.t) = 4x A e f(‘P(r) —51/2> dv'. (3.6

'We should, however, emphasize that our results do not get
affected much by this value of log A, which is in line with the
analysis in [134].

’Interested readers are referred to [109,110] for further details.
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The functional form f was defined as a spherically
symmetric distribution function for the dark matter and
depended on a relative Newtonian gravitational potential
¥(r) which can be approximated to ~ “* close to the central
massive black hole [118]. Putting all the expressions
together (3.5) has a closed-form expression:

v /2 a——
FDF:K/ 1/2<ﬂ —) "
0 r 2
with

K = 47m} 1052/\ {4;:0’((;_);) Pey (;—‘l’> al;((‘;i ;) } (3.8)

(3.7)

These expressions give us a perfect headstart to calculate
the radiation fluxes and study the behavior of orbital
elements of the binary in response to such media. We
look into these in the subsequent sections.

IV. CALCULATION OF FLUXES
IN THE PRESENCE OF DARK MATTER

While calculating gravitational radiations from binaries
in hyperbolic orbits, we assume that, while losing energy,
the orbit for the binaries remains Keplerian, and we do not
have to deal with any additional corrections. This is much
in line with the elliptic cases as well where we usually
assume they lose energy on a timescale greater than the
orbital timescale. Owing to the dark matter medium, there
will be a dissipative force Fpg, as given in (3.7), and the
total energy lost due to this force will be given by

|

162%m3v, (b sin(g))i™®
3 sin(¢ho)

Fpr ~

)5

-

2o dep

Polen) = () = [ L Fotreone. 4

One can use approximation methods to have an analytical
handle to calculate this integral. To do that we expand the
integrand of (3.7) in powers of v’,

/2 (1—— 3 /2 -3
n(Mm _ oM\ “
vl ———= =v°|— 1-
r 2 r 2m1
a 3
~ 2 =L

(4.3)

If we rightly concern ourselves with binary speeds to
nonrelativistic only (which it should be), one can ignore
all the higher orders in v and restrict ourselves to only
the leading order in the above expansion. Plugging in
the expression for v, which we obtained in (2.6) we get
a full (¢) parametrized expression for the drag force as
shown below:

a—%}

x [\ (1 + cos?(g) — 2 cos(cho) cos(eh — o)) (cos(dh = dh) = cos(h)" ]

This expression can be directly used in our 1ntegral
dE
— =—-0.F
dr v.L'pf

1672 v, \? , Io
=——— ) m
3 \sin(g) ’

x {(bsin(¢ho)) (1 + cos? (¢ho)

1{a(a-1) »
g\ﬁ{ (2n)

and upon performing the integral as mentioned in (4.1), we get the total energy radiated as a function of ¢:

Ptot(¢0) = Pquad + Ppum
sm4('/’)sm ( —¢,)

=K [150 + 72 cos(2¢,) + 66 cos(2¢, — 2¢) — 144(cos(¢p — 2¢,) + cos(¢h))]

tan’(¢b, )sin®(¢b, )

.y Awo dp[(cos( — ) — cos(hy))? (1 + cos?(gh,) — 2 cos(eh, ) cos(p — ¢, ) (sin(eh, )~

(4.4)
re \¢ T(a—1) a-3
p<m_> “Ta-5 ™ }
— 2cos(¢hy) cos(¢h — b)) (cos(gh — ¢by) — cos(ghy))* 3} (4.5)
(4.6)
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1x10% 1x 1043

1.4 A
2.5

1.2

2.01
1.0

0.8 q 151

Pow(®)
Pom(¢)

1.0 A

0.4

0.5 1
0.21

0.01 0.01

0 1 2 3 a 5 0 1 2 3 4 5
¢( in radian ) ¢( in radian )

FIG. 2. Total energy fluxes for the choice of m; = 10°My, m, = 10Mg, a = 2.25, b = 10%m, vy = 0.1c. Left panel: purely GW
contribution. Right panel: purely the contribution due to dynamical friction.

where k = Here we have added the contribution coming purely from the GW radiation in the first line of (4.6)

4535b8 4
from [27,28]. The term proportional to 4 corresponds to the radiation coming out due to dynamical friction force generated

by the dark matter medium. The 4 sitting in front of the integral is given in terms of the dark matter parameters:

167°m3 1 [fala—1 rp\*T(a—=1) o3
A= 02b*—2log |~ (73)% 2 (71);411 . (4.7)
3 q (27[)2 mi r((l—§>

The integral in (4.6) is being performed over the allowed To make a comparison, we focus on the ratio
range of ¢. To solve the integral we have to resort to  P(¢)/P(¢) for both gravitational waves and the radiation
numerical means, and in so doing we can look into the  in response to the dynamical friction of the medium. We
behavior of the flux as a function of ¢, and ¢ separately for  chose ¢, = 2.44 for our analysis. The flux plots do give us
the part coming purely from GW and the part coming from  a peak at ¢p = ¢py. When we put in the appropriate values of
dynamical friction as shown in Fig. 2. Next we summarize  the parameters in the prefactors, we see that the dark matter

our results below: dynamical friction contribution is 1072 (it is not obvious

1.0 4 — $0=2.44 1.0 — ¢$o=2.44
0.8 4 0.8
0.6 1 061

sk 3

1t 5k
0.4 4 0.4 4
0.2 4 0.2 4
0.0 1 0.0 1

0 1 2 3 4 5 0 1 2 3 4 5
¢(in radian ) ¢(in radian )

FIG. 3. Normalized power fluxes for the choice of m; = 10°My, m, = 10My, a = 2.25, b = 10°m, v, = 0.1c. Left panel: purely
GW contribution. Right panel: purely the contribution due to dynamical friction.
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1x10%

¢( in radian )

FIG. 4. Fluxes due to dynamical friction for different choice of
¢o- Again we have set m; = 10°My, m, = 10My, a = 2.25,
b = 10m, vy = 0.1c.

from plot) order lesser in magnitude. This is shown in
Fig. 3. So, if we consider the net effect of radiation
from such binaries in the presence of dark matter the
dominant contribution comes from the gravitational radi-
ation counterpart.

Finally, in Fig. 4 we explore the nature of the flux due to
the dynamical friction in the presence of the medium.
Interestingly, we observe an increase in the peak of the flux
with the increase in the angle of closest approach ¢. This
can be understood physically as with increasing ¢, the
secondary is closer to the central black hole giving the
secondary to interact with the dark matter halo for a longer
period; hence the effect of the halo increases, and so does
the flux.

V. POSSIBLE OBSERVABLE SIGNATURES
IN GW SIGNAL

Having calculated the necessary fluxes associated with
the GW emission in the presence of dark matter, including
the effect of dynamical friction, we are in a good position to
explore the possibilities of detecting such effects in the GW
signal. In the context of pulsars, the so-called braking index
ny, has been a useful quantity to infer about the energy loss
mechanism, and these mechanisms are mainly mediated by
GW emissions. Since pulsars can also spin down through
GW emission associated with asymmetric deformations, it
is appropriate to take into account this mechanism in a
model that aims to explain the measured braking indices
[135,136]. The values of these braking indices can be
3.1540.03, as reported in [137] for PSR J1640-46301,
which was surprisingly the largest among the only eight of
the ~2400 known pulsars measured. This is expected
from the pure magneto-dipole radiation model reported

in [138—144]. There have been many interpretations of this,
such as those that propose that it may be due to the
accretion of fallback material via a circumstellar disk [145],
or via the quantum vacuum friction effect [146] or perhaps
relativistic particle winds [147,148] or modified canonical
models [149,150]. Studies in [151,152] have also indicated
that it might be due to the effect of the change in the
magnetic moment with time, either through a change in the
surface field strength or the angle between the magnetic and
spin axes. Taking a cue from this, [153] showed that there
could be possible combinations of gravitational and electro-
magnetic contributions to spin-down, which could explain
the measured braking indices.

Once we have become familiar with the role of the
braking index in inferring the characteristics of binaries,
we can explore this in our context. Given the binaries
(and the binaries are moving on a hyperbolic track),
one can calculate the braking index using the following
formula:

. (5.1)

where F is the orbital frequency. In the context of elliptic
orbits, JF is related to the semimajor axis: a, via the relation

F=3 \/a—ﬁz It is tricky to define the frequency for a

T 2n
hyperbolic orbit. The period is essentially infinite if a
particle comes from infinity and goes to infinity after some
scattering process following a hyperbolic track. However,
there are many ways one can make a segue out of this,
like modeling the compact binaries after a semiperiodic
source [154] or maybe focusing on a finite part of the
hyperbolic track like going from point x to y and calculat-
ing the time taken for such a path. For a hyperbolic orbit,
one can still redefine the usual orbital parameters like mean
motion n and the mean anomaly M as M = nt and

n = /2L which in turn will give us F =3, /2L and

the period along the finite part of the track being 7 = 27”
We also choose

B a(e®—1)

= , 5.2
" 1+ ecos¢ (52)

with e > 1 for the hyperbolic case. Furthermore, the energy
of the orbiting particle in these tracks is expressed as ’2“—1‘:‘
(> 0, as expected for an unbound orbit). Given these,
we can express the braking index in terms of a in the

following way:
(5.3)

The next step toward computing the braking index is to find
a,a, d, and the method is straightforward. Assuming that
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while losing energy through radiation, we neglect the
osculations of the orbit and the orbital timescale is such
that we can use the Keplerian equations while taking the
orbital average, we can calculate the dissipative forces
acting on the binaries. We can model these dissipative
forces by making them a function of r and » and then taking
the average over the hyperbolic orbit. The energy and
angular momentum correspondlng to these dissipative
forces can be calculated as follows’:

<%>=—[f%F@mm
() == [

Given an F(r,v) we can compute (4£) and (45). In our

context, the dissipative effects that we will explore are the
effects of dynamical friction with DM spike, and the total
orbital and angular momentum loss over the orbital time-
scale is given by

(5.4)

dEy, O0E  F,

— . — D0 k(2 _ k1—1/2M‘5;2
a dt /aa ﬂ'/la (2 =1) ’
e = _@1 (2 = 1) 1+l/2M_

2z e u

” 2, —
— (2 = DRH2p Ty k/ " dp(1 + e cos )2 (1 + 2e cos p + €2)F

0

dEorb. - dEGW dEDM
dt _< dt >+< dt >
dLorb. _ dLGW dLDM
dt _< dt >+< dt >

To obtain the change in orbital parameters we take resort to
the following equations:

(5.5)

uM  da dE,

Fon =50 = = 0
d 2_-1/(dE dL
d_j = _e ° ( o /Eorb +2—— Orb /Lorb> (56)

Given these equations and a particular model for the
dissipative force (which is the dynamical friction force),
we can calculate these evolutions. For our context, the
dissipative force inspired is of the form F,r"v? [103]. Here,
Fy= 4zrm2r log A. This follows from (3.4). Upon using
such a form for the dissipative force we can calculate a by

d¢(1+ecos¢) @) (1 4 2e cos p + €2)'7,

- 2¢, +1
ak / " dp(1 + e cos p)~C) (1 + 2e cos p + €2)F
0

(5.7)

To proceed further with these expressions, we expand these integrals around e = 1 to getan analytic grasp of these integrals (we
leave the general case for future study). We do this by taking ¢ = 1 + € and then expanding in terms of €. We also consider a
static profile, leaving the study of effect of evolution of the dar matter profile to braking index for the future. Concentrating on
the form of F(r, v) for the dynamical friction force given in (3.4), we can infer that y = —a = —2.25 (as defined below (3. 1))4

and § = —2 (this corresponds to setting &(v) = 1 in (3.4).). Using these values and also expanding in e, we get
. F, al/* €
23/4 3/4 1
e=-5 el LMZ (6.23634 — 1.68719+/¢) — Ve (0.51965 — 0.420448+/¢) | . (5.8)

As is evident from the definition of the braking index, n,,
given in (5.3), the above expressions are enough to infer the
braking index for our scenario.

Now, we plot the braking index as a function of time.
Figure 5 shows some interesting features worth

*Later, we will convert the integral into a integral of ¢ using
the chain rule, with the limits of integration changing from
t=(0,T) to ¢ = (0,2¢), where ¢, is shown in Fig. | and the
corresponding expression is given in (2.3). One can use the
expression given in (2.1) to replace ¢ in the integral.

*We consider only one value of « as at this point we are only
interested in getting an order of magnitude estimate for the
braking index. However, our analysis is valid for other values of a
mentioned below (3.1).

mentioning. Early in the evolution, the braking index is
constant with the saturation value being ~1.666, and this is
the value of the index in ‘“vacuum,” i.e., when the
environmental effects or the spike effects are not there.’
As they start to come closer together and enter the halo
region, the braking index shows a fall, with an estimated
time for the fall around ~10* yr. Firstly, the plot for
eccentricity evolution serves as a consistency check that

The plot for the braking index that we show here shows a
sudden spike when the value for the index starts to decrease on
the timescale of ~10* yr. We emphasize that this “spike” is due to
some numerical artifact and not due to any other nontrivial
physics.
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ao =100, e =1.01, g = 10-5, Agpie = 2.25

ap =100, eg=1.01, g =105, aspixe = 2.25

1.668 -

1.01 +
1.666 -
1.6675
1.664
= " 1.6650 |
Y
o o
- £ 1.662 - 1.6625 4
g 2
© 1.005 4 = 1.6600 -
= L 1.660
s [
8 1.6575
o _
1658 1.6550
5 6 7 8
1656 1 le-9+7.335443111e3
1.000 1 1.654 - —
10° 10! 102 10° 10 10° 106 100 1ot 10? 10 104 10°
time / year time / year
FIG. 5. Plots showing the evolution of eccentricity and the evolution of the braking index for an initial eccentricity ey = 1.01, initial

semimajor axis a;, = 100 and mass ratio ¢ = 107>, Inside the figure in the right panel, we have included an inset showing an
enlargement of the fall-off part of the braking index. The spiky behavior is due to the limitation of our numerical precision. (Note that “e”

inside the figure represents 10).

the e remains in the vicinity of unity as assumed while
deriving the relevant equations in (5.8). Secondly, it allows
us to explore the effects of the environment at large times,
which will lead to larger dephasing. The timescale for such
effects to be predominant is roughly ~10* yr, nearly
identical to the braking index plot.

The observability of the second derivative of frequency
evolution F has been an interesting problem to deal with
like the one reported in [155], and so is the braking index
for inspiraling binaries [156]. These results have an
indication that such effects might be possible to detect if
the dissipative forces are strong enough.

VI. CALCULATION OF OSCULATING ELEMENTS

Now we focus on the study of the binary dynamics on a
hyperbolic orbit in the presence of a dark matter halo. One
quantity that we will be interested in studying is the change of
eccentricity. We will do so in the framework of the pertur-
bative Kepler problem. One of the interesting things in these
perturbed Kepler problems is that Kepler’s third law still
holds on a shorter timescale. In the absence of perturbations,
we know from basic central force problems that the motion
will have six orbital constants. However, owing to the
perturbing forces, these orbital elements, constant earlier,
start to vary “slowly.” The method of osculating elements
then gives us the equations governing these changes. For a
more comprehensive treatment, the reader is requested to
look into [157] for a textbook treatment.

To tackle a Keplerian perturbation problem we use two
coordinate systems—one is the orbital frame (OF), and the
other one is the fundamental frame. Each frame comes with
its own set of orthonormal basis vectors {e,, e,, e,} for the
orbital frame while the fundamental frame has its own set
{ex, ey, ez}, each of them sharing a common origin, and
as usual the choice of the fundamental frame is arbitrary.

Pericenter

Orbital frame

Fundamental
reference frame

FIG. 6. Orbital motion viewed in fundamental reference frame.

This is shown in Fig. 6. The two-body problem which we
study in the presence of perturbation looks something like
this:

i==5r+1

(6.1)

Tl 3

with the perturbing force ]76 being decomposed into a
radial, cross-radial, and another one perpendicular to the
orbital plane in the form
f=Ra+8i+We,, (6.2)
where 71, 1, & . all depend on the various orbital parameters.

These are all time dependent basis vectors in the OF.
For detailed expressions of these basis vectors, interested

®We would like to remind the readers that f‘ is actually force
per unit mass of the perturber.
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readers are referred to [157]. Taking up true anomaly,

¢ = ¢ — ¢, as our independent variable the equations
governing the change of the orbital parameters are

d 3

LY AR
dp Ml1+ecosg
ng_z{ sing
dp M |(1+ecosdh)

2
a7 costotd)
dp M (1+ecosg)®
. dQ p? cos(po + )

Smld(}ﬁ_M(l—i—ecos&fW’

%Np_z[_
dp ~eM | (

2cosh+e(l +cos2q7§)8]
(1+ecosgh)? ’

cos¢ 2+ ecosg SinS
1+cosg)?  (1+cosg)’
sin(¢o +f:ﬁ) W]
(1+ecosg)?

a <P_2)3/2;[1 1
dp \M) (1+ecosg)? eM

cos¢ 24ecosp . -
% <(1 +ecos<}5)2R_(1+ecoscfﬁ)3 s1n¢8>}

—ecott

(6.3)

These equations as can be seen would have been constants
had there been no perturbing force. They are controlled by
the various components of the perturbing force and also
parametrized by several orbital elements: the angle of
pericenter (closest approach) is ¢, the angle of the
ascending node is €, the eccentricity is e, the semimajor
axis is a, the semilatus rectum is p, and the inclination
angle is 2. We intend to extend this formalism for the case of
hyperbolic orbits which is also a solution to the Kepler
equations of motion. For this, we have to put in relations
specific to the case of hyperbolic motions. The orbital
elements that we are going to focus on are impact parameter
b, eccentricity e of the track, and the angle of closest
approach ¢,. Note that ¢ is the angle subtended between
m; and m, with the horizontal line passing through m, and
parallel to the asymptotic line when m; is very far and ¢ is
the angle when binaries are in closest approach or at
pericenter. As mentioned in (2.3), the eccentricity is related
to this angle ¢, through the relation ¢ = — 1

_coscﬁo‘
Given this parametrization for hyperbolic orbit, the

osculating equations implying the change in the eccentric-
ity and ¢, due to the perturbations become the following’:

"We want to point out that the other dynamical equations
involving Q and 1 can also appear in principle, but since we are
focusing on studying the change in eccentricity, we mainly focus
on those two equations only and the other associated equations
needed to solve it numerically.

dp M1+ ecos¢

dpy  p* [ cos ¢ 24+ecosd . -~
E‘eM[ (roosdP ~ (T reosgy 9
Sin(¢0+<~?) w

(1+ ecos¢)?

—ecott

(6.4)

As e = — ﬁ and b = —L— for the hyperbolic orbits,
0 e sin ¢
evolution of the eccentricity e and the impact parameter b is

governed by the following equations,

de o sin ¢0 d¢0

ﬁ ~ cos do d& ’
dbdp 26 ddy
ﬁ = cot ¢0 d&ﬁ sin 2¢0 —déé . (65)

Apart from the conventional GW backreaction effects, the
perturbations we will introduce are purely environmental
effects like force due to the gravitational potential generated
by the dark matter spikes and the dynamical friction and
accretion associated with it. We discuss these sections step by
step with relevant equations in the subsequent sections.

A. Effect of gravitational potential due
to the dark matter minispike

To proceed further, we consider a binary system where
the mass of the central black hole is larger than that of its
companion so that the reduced mass u is approximately
equal to the mass of the smaller companion. The barycenter
position aligns itself with the position of the central black
hole. By fixing a frame at the central black hole position or
the barycenter position (they are both the same here), we
can write out an equation of motion for the relative
separation between the binaries in the following form:

N _aa?'_ My, F

dg = o 2 F— = 7. (6.6)

The parameters in the above equation depend on the
parameters of the dark matter minispike model as men-
tioned in (3.1). They are defined as [97]

Arpg,rs r37e 4rpg,rs
— PP oand F=—2 2

My =M —
eff 3_

3—a
The unit vector 7 is directed from the central black hole to
the smaller companion.

The first term in (6.6) is the familiar gravitational
interactions between two masses as mentioned, and the
second term purely originates due to the gravitational
potential generated by the dark matter halo, which described
a minispike model for our case. The term is like a perturba-
tion to the usual Keplerian equation of motion [97]. Hence,
we can use the formalism for osculating elements but of
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course specialized to the case for hyperbolic orbits. As
mentioned earlier, the orbital elements here are {e, b, ¢y }—
not all of them being constant anymore due to the
perturbation.

The above equation (6.6) tells us the perturbing force
spans the plane in which the binaries are moving, and the
components contributing to the perturbing force can be
easily read off by comparing with (6.2) and identifying 7
with 7. Then from (6.4) and (6.5) we get

de 1 b*F  sin*“p,cos(¢h)
dp sy Mer (cos(@) - cos )~
db  b*F  sin> ¢ cos(¢)

dp Mer (cos(f) = cos o)™

dpy  bF cos sin®~%¢h, cos()
de M o ? (cos(¢p) — cos ¢pp)>
dt b3sin’¢p, cos’¢y

dp— \| GM.g| cos ol (cos() — cos gy)?

[ sin®~%¢h, cos(¢h)
X [1— 0 = .
Mgy (cos(¢) — cos p)*™*

B. Dynamical friction and accretion effects

Given a binary moving through a medium (which for us
is a dark matter medium) it will experience a drag or
dynamical friction force. Having discussed the effects of
dark matter as a perturbing force, we can now focus on the
effects of such matter medium on the overall dynamics in
such hyperbolic tracks. To this end as we discussed in
|

bl—a si

Sec. III the “frictional” force of the medium can be modeled
after a force law which takes the form

> 4zmyppmé(v) In A
fDF = - Dl;/[:; v,

(6.8)

where fpp is the perturbing force (per unit mass). At this
point, we will make a simplifying assumption. We will
choose the halo density to be static, i.e., p(r,t) ~ p(r) by
setting &(v) = 1 following [104]. In general, as shown in
[103,109], the dark matter density will evolve in time, and
the p(r, t) can be found from (3.6). But for our subsequent
study, we will not consider this. Rather, we will leave it for
future investigation.®

Not only can a body experience these frictional effects
but there can also be nontrivial accretion effects. For
that, considering the Bondi-Hoyle accretion effect and
the velocity of the body in the medium to be in the range
v > ¢, we can come up with a force law modeling the
perturbating contribution [104]:

. 4”m2pDMBacc -
facc - = 1)3 v,

(6.9)
where B, is the term appearing from the model itself; we
set it to unity for our analysis following [104].

The dynamical friction and accretion force laws are in the
direction of 9, which is just the unit vector of the binary
velocities, namely, 7 = i 7t +r¢ A Upon using these radial
and cross-radial directions, the radial and cross-radial com-
ponents of the perturbing force can be again read off from the
expressions by comparing with (6.2), and they are

n'=%¢ cos ¢y sin (cos ¢ — cos ¢ )*

R = 4ﬂm2r?ppsp(§(v) InA + Bacc) M

b'= sin' =%, cos ¢y (cos ¢p — cos ¢hy)* !

El

(1 + cos?¢py — 2 cos ¢ cos ¢hy)>/

8 = _4”m2r?ppsp(§(v) In A + Bacc) M

~ . 6.10
(1 + cos?gpy — 2 cos ¢ cos ¢y )>/? (6.10)

Once we have these components, we can plug them in the osculating equations (6.3) and (6.4) and find the change in the

orbital parameters:

dpg  8amppgriy(E(v) In A + By ) b>~*sin®~*ppcos’ o (cos ¢ — cos ¢y)* " sing

dg M?[1 + cos?¢hy — 2 cos ¢ cos ¢h]>/?

de __singy diy
dp  cos*py dp

dp  8amypgri(E(v) In A + By )b*sin® =%, cos ¢y (cos ¢ — cos ¢hy)*2

dp

db dp  2b dy
— = —cot ¢0 — — — —.
a3 dg sin2gq dip

M?[1 + cos’ghy — 2 cos ¢ cos ¢py) />

’

(6.11)

¥For hyperbolic it will be interesting to figure out the nature of the phase-space distribution function as mentioned in (3.6) following a

similar numerical analysis performed in [109,110] in the future.
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C. GW backreaction effects

The system’s dynamics are dominated by the Newtonian
gravitational attraction between the two bodies, and the
radiation-reaction force creates a perturbation. The hyper-
bolic orbit solution emerges as a solution to the central
force problem with 1 potential. To include the effect of GW
backreaction, we model it as a perturbing force to two body
Kepler problems as [157]. Also, we are working in the post-
Newtonian limit. To include leading order PN correction,
|

R =

we first have to modify the expression of the acceleration,
which is given below [157]:

- 8 7MY\ 3IM\
ang% 30?4 ri— | v*+— 7.
S5¢’r 3r r

(6.12)

The radial and cross-radial component of this force in
terms of b, ¢y, and ¢ in the hyperbolic orbit case is given as

15¢5p%/2

64m>2mym, (=1 + 5 cos ¢ cos ¢py — 4cos?¢hy) (cos ¢p — cos ¢y )*

 16m32mym; (=3 + 10 cos ¢ cos by — Tcosgpy) (cos ¢ — cos ¢by)? sin ¢

—sin®¢,cos ¢y

15¢5p9/2

(6.13)

\/—64sin’ pycos’

Once we have these components we can plug them in the osculating equations and find the change in the orbital

parameters:
dgo  16m'>m m, (cosp — cos ) sin ¢
do 1560°% | /=sind¢h, cos by

[cos (=3 + 10 cos ¢ cos ¢y — Tcos’ehy)

—(3/2)(1 = 5cos ¢ cos ¢ + 4cos’py) (2 cos ¢y — cos P)],

de sin (]’)0 d¢0

@ - _0052450 dg’

dp 16m'/2mymy (cos ¢ — cos ¢y ) (=1 4 5 cos ¢ cos ¢y — 4cos’ehy)

dp 5537

db

—NZ—COthOd—{)— Zb %
dd dg sin2gy di

D. Results: Numerical analysis and inferences

Now that we have all the relevant equations for studying
the binary dynamics, we proceed with the study of the
effects of dark matter on the rate of change of the
eccentricity. Before discussing our result, please note that
we have used the fourth-order Runge-Kutta method to
solve the coupled differential equations for each case
separately, as mentioned in (6.7), (6.11), and (6.14). For
each case, three coupled differential equations govern the
evolution of eccentricity e and impact parameter b and the
angle of closest approach ¢, with respect to the true
anomaly ¢. Since we have taken the true anomaly as our
independent variable instead of time, all the plots are with
respect to ¢. The range of the true anomaly is from ¢ =
—¢o 1o ¢ = ¢, indicating the fact that the second object
comes from infinity and means binaries after the encounter
flies to infinity again. For the net effect, we first add the
right-hand side of (6.7), (6.11), and (6.14) and then solve
the resulting coupled differential equation using the fourth-
order Runge-Kutta method.

\/ —=sindpocos’ gy ’

(6.14)

Now we discuss our findings. The results show some
interesting features to comment upon, which we list below.
Before that, we would like to comment on the values of the
impact parameter b that we have chosen for our numerical
analysis. The values of b are of O(pc), which is approx-
imately 10'%m, the reason being that we are concentrating
on the motion of binaries in the dark matter medium itself,
which is distributed from rp;, (defined previously) to rg,
which is approximately of O(10'°m).

(1) Let us first focus on the behavior of eccentricity in
the presence of gravitational potential due to the dark
matter spike alone. This is shown in Fig. 7. The
figure shows a decrease in the eccentricity of the
hyperbolic track. We started with an initial eccen-
tricity ey = 5 and turned on the dark matter param-
eter a to look for the change in the eccentricity. The
fall of eccentricity is evidently due to the dissipative
nature of the dark matter medium itself, causing the
binaries to lose energy in the form of radiation and
eventually a change in eccentricity. Also from Fig. 8
we can see that if we increase the initial impact
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values of initial impact parameter b, which is of the order 103 .
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FIG. 8.

parameter for a fixed value of «, the change of e is
more pronounced.

Furthermore, as evident from Fig. 9, the eccen-
tricity falls off even more when we increase the
dark matter parameter a: 2.25,2.33,2.5, for a fixed
value of impact parameter b. The range of values for
a that we have chosen falls in the allowed range of
constraints for a [97,158].

—— by =1x10% e, =5, a=225
—— by =5%x10¥, e, =5, a=2.25
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Effect of gravitational potential of DM spike for initial

eccentricity eg =5, a =2.25, and different values of initial
impact parameter b, which is of the order 10'4m.
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FIG. 9. Effect of gravitational potential of DM spike for initial
eccentricity e, = 5, initial impact parameter b, = 10"%m, and
a=2.25,233, and 2.5.
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Note that the eccentricity is related to the angle ¢,
through the relation e = L_. Owing to the

cos gy’
perturbation arising from the dark matter profile,
the eccentricity e changes. Then this will, in prin-
ciple, lead to a change in the angle ¢,. Given a
hyperbolic track, the angle ¢, is what the binaries
make with the horizontal hyperbolic axis. A change
in the angle ¢, would also cause a shift in the
horizontal hyperbolic axis. We have numerically
checked that the change in ¢, is negligibly small.
Now, coming to the part where we study the effect of
the drag force due to the presence of the dark matter
medium, we see a stark change in results. Whereas
previous studies have shown the dynamical friction
to play an important role in the behavior of orbital
parameters, we see a notable change here in this
study. Eccentric binaries with elliptic orbits have
shown an increase in eccentricity owing to the drag
of the medium leading to the orbit getting wider
[104]. However, we observe that the effect of the
dynamical friction is subdominant compared to the
effect due to the gravitational potential of the dark
matter medium itself. Our analysis is done for
several values of the initial impact parameter b,
and we have observed negligible changes in the
eccentricity arising due to the dynamical friction. As
shown in Fig. 10, for b = 10'#m, the change is of
the O(107%).
Finally, we turn to the effect of the GW back-
reaction. For this case, we see a steep fall in the
eccentricity values before it increases again, as seen
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FIG. 10. Effect for dynamical friction and accretion for initial
eccentricity and impact factor eq = 5, by = 10'm.

from Fig. 11. The analysis is done for a fixed value
of the initial impact parameter. A plausible reason
for this dip in eccentricity can be accounted for by
the increased backreaction effects when the binaries
approach each other and scatter off, the backreaction
effects being the strongest when they are closest. We
can infer this as the variable controlling the param-
eters via the osculating equations is the true anomaly
factor ¢ = ¢ — ¢po. The sign of the true anomaly
dictates whether the binary is closer to the secon-
dary. This can be explained very logically since

(&)

(©)

)

when the secondary is very far off ¢ is negative, and
as it approaches the central massive black hole then
¢ approaches zero and then starts increasing again as
the secondary is scattered off.

Also like the previous cases as e = — ﬁ a change
in e implies in general a change in ¢. But again this
change in ¢, is negligible.

We can see by comparing Figs. 11 and 12 that
eccentricity changes due to GW backreaction are
more when the initial impact parameter value is
small. Also, if the initial eccentricity e, is large, then
the rate of change of the eccentricity is also larger
compared to the smaller initial eccentricity, as shown
in Fig. 12.

Finally, we comment on the net effect when con-
sidering all the perturbing forces. The gravitational
potential due to dark matter minispike and the GW
backreaction force mainly contributes to the rate of
eccentricity change. When the impact parameter b is
of O(10'>-10'9) the initial decrease of e is mainly
governed by the gravitational force generated by the
dark matter halo, but when b is of O(10°~107) then
the dominant contribution comes from the GW
backreaction. Also, the increase of e at later times
is entirely governed by the GW backreaction effect.

E. The “curious” case of baryons

In most cosmological models, numerical simulations
regarding the formation of structures show an inner core of
the dark matter halo, which survives and gives way to more
intricate structures like “subhalos” within their hosts. These
subhalos boost gamma-ray production from dark matter
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FIG. 11. Effect for GW backreaction for initial eccentricity and impact factor e, = 5 and 8, by = 10%m.
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FIG. 12. Effect for GW backreaction for initial eccentricity and impact factor ey = 5 and 1.5, by, = 107 m.

annihilation and have also been known to enhance local
cosmic ray production. However, all these estimates
regarding such boosts and enhancements assume that
baryon’s gravitational effects on the dark matter substruc-
ture are negligible. However, studies in [159,160] have
been able to show that there are viable feedback effects that
can significantly alter distributions. In [161] it was shown
that given a dwarf galaxy setup, there could be dark matter
heating due to baryons’ adiabatic compression of dark
matter. If p is the dark matter density and v, is the velocity
dispersion of the gas particles, we can define F = % as the

d
phase-space density. Unlike the p for the dark matter
density and v, this phase-space density is unaffected in
dark matter simulations. However, hydrodynamic simula-
tions give a different picture for F, the trend being a gradual
decrease with time due to stellar feedback. This decrease is
on a factor of 10 as compared to dark matter simulations.
The stellar feedback only in the Galaxy’s central region
strongly affects the dark matter density. This is the region
where the enclosed gas mass occasionally dominates that of
the dark matter and is where the feedback most strongly
affects the gas. At the end of the hydrodynamic simula-
tions, the dark matter density at the smallest resolved radius
becomes a factor of 7 smaller than in the dark-matter-only
simulations.

Given the particular shape of the halo profile, novel
mechanisms like “resonant heating” can introduce changes
to the cusp profile. Dark matter simulations suggest such
cusp profiles, consistent with predictions from the standard
model. However, “resonant heating” due to stellar feedback
in hydrodynamic simulations turns these “cuspy” profiles
into a “flat” core. One of the effects of this flattening is to
reduce the efficiency of dynamical friction in the central

regions. Again, this flattening is due to the stellar feedback
[primarily arising out of baryons (stars and gas)]. Such
feedback may induce some heating in the globular cluster
systems until stars stop forming. The velocity distribution is
isotropic within the core and shows some radial anisotropy
outside, which is not observed if massive gas clouds drive
the mechanism. In that case, there are tangential anisotro-
pies in addition to radial ones.

Given these effects, the response of dark matter distri-
butions to baryons is topsy turvy. While the above studies
have shown a flattened curve to the profile, there are
scenarios where the effects are otherwise. To resolve these
discrepancies, theoretical arguments and simulations have
proposed baryonic processes that can produce an expansion
of the dark matter halo. Gas bulk motions, possibly
supernova-induced in regions of high star formation activ-
ity, and the subsequent energy loss of gas clouds due to
dynamical friction can transfer energy to the central dark
matter component. In [162], it has been pointed out that
there is another (possibly more relevant) effect, namely that
the gas bulk motion can induce substantial gravitational
potential fluctuations and a subsequent reduction in the
central dark matter density. In [163], it was shown that
supernovae can eject matter from halos up to 100 km/s, but
it has yet to be seen what impact this might have on dark
matter profiles, nor how the addition of radiation pressure
feedback might change things. So, while observations show
evidence for flattened dark matter density profiles up to L*
galaxies, the question remains whether there is enough
energy input from baryons in more massive objects for
these processes to be effective in altering the dark matter
density profile of spiral galaxies with a dark matter mass of
the order of 10''-10'2.
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FIG. 13.

DM gravity only: b0 = 1 x10%%, e0 = 5, a =225
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The above figures show the variation of eccentricity as a function of true anomaly parameter for different values of impact

parameter b,. The blue one is the one with the presence of spike only, and the orange one is the one with an additional halo region
covering it. The set of values we take is Mpy = 10°Mo, Mgy = 10°M, ry=23.1 pc, p, = 3.9 x 107" kg/m?, ry, = 0.54 pc,

psp = 226M/pc’ and rypy, = 60%‘3“.

In light of these lessons, we focus on the density
distribution and their related effects in our case, speaking
of which we slightly change our profile following [164].
The new profile looks like the following:

0 when r < rpin,
r.
pov = { Pp(F)* when ryiy <1<y (6.15)
Pivitao  When r > rg,

where the cored halo profile has the following structure:

cored { pmﬁg\] ( rC) (i) o

when r < r,,

PDM-HALO — NFW (6- 16)

Phalo when r > r,,

where piY = py(£)7' (1 +£)7 is the ubiquitous NFW
profile with r;=18.6kpc and p; = ps(Ry/ry) X
(1+ Rgy/r,)?, where Ry = 8.2 kpc is the Sun position
and pgy = 0.383 GeV/cm?, being the local DM density.
Upon “correcting” the profile taking into the baryonic
effects as discussed before into consideration, we observe
the following features:

(1) The eccentricity of the orbit shows a sharper falloff
than the one without the halo, as can be seen in
Fig. 13. This can be understood logically since the
spike and halo now dampen the hyperbolic binaries,
leading to a greater fall for the eccentricities.

(2) Another interesting feature we observe in our profile
is when we vary the dark matter parameter a. As we
increase the index—the variation being in the
permissible range of 2.25 to 2.5—we see the two
profiles merging. This is evident from Fig. 14. To
remind the readers again, these two profiles are the

dark matter spike with the halo and the one without
the halo.

1. Including the “annihilation” region

We can also do better and include some other effects
too. As can be rightly inferred, the spike radius saturates
due to DM annihilations. One can look into the physics of
such an annihilation in our orbital parameter behavior.
These annihilations happen in a region which is the
innermost of this halo plus spike domain, weakening
the density profile there. When considering models like
the WIMP ones, the annihilation cross section (ov) is
constant, flatting the dark matter profile. Let r = r,,,; be
this “plateau” region and p,,,; be the corresponding
density; then [165]

me
(ov)T’

Panni = (617)

where m; is the dark matter particle mass and 7 is the
galaxy age.

A possible explanation for these plateaus was given in
[166], due to DM particles moving in strictly circular orbits
around the central black hole. In [166], it was shown that if
the dark matter distribution is isotropic (which was likely so
in all the simulations and analysis), the density shows a
steep rise and eventually forms a cusp and not a plateau.
The density varies as ~7~!/2, and the cusp is maintained as
the particles outside r = r,,,; continue to contribute to the
density inside r = r,,,;. The distinction between a plateau
and a cusp has important observational consequences,9 and

°For a brief review see Ref. [167].
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FIG. 14. Plots showing the behavior of eccentricity as a function of impact parameter for different values of «, the dark matter
parameter index. The blue one is only for the spike profile, and the orange one is the one with an additional halo region covering it. The
set of values we take is Mpy = 10°Mg, My = 10°Mq, ry = 23.1 pc, p; = 3.9 x 107" kg/m?, ry, = 0.54 pe, py, = 226M ¢ /pc?

and rp;, = GG%B”.

hence an analysis including such subtle but nontrivial
physics is somewhat lucrative:

0 when r < 2rg,
-0.5
Panni (rL) when 2rg <1 < rygis
PbDM — ro\a (6.18)
sp (7) when rp <7 < Tsps
cored
PDM-HALO when r > rg,.

Upon including these effects, the behavior in eccentricity
shows the usual trend as demonstrated previously, meaning
that it shows a sharper falloff with the changes of O(1072)
than the one without them. Also, as seen in the case of halo,

DM gravity only: b0 = 1 x10%5, e0 = 5, a =2.25

DM gravity only: bO = 1 x10%%, e0 = 5, a = 2.33

the profiles show a typical merging behavior at the high
values of a. This is shown in Fig. 15.

VII. CONCLUSION

In this work, motivated by its astrophysical significance
and the prospect of its detection by future GW detectors and
PTA [61], we studied the dynamics of hyperbolic encoun-
ters in the presence of the dark matter medium. Our
approach to studying this involved computing radiation
flux and the orbit dynamics of these encounters by treating
the effect of the medium as a perturbative term in the
Keplerian equations of motion. We observe that the power
radiation due to the GW dominates over the radiation due to

DM gravity only: b0 = 1 x10%%, e0 = 5,a=2.5

—— DM minispike
~— DM minispike + NFW 5.0
~ DM Annihilation
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FIG. 15.
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Variation of eccentricity upon the addition of the “annihilation” region (green curve). We take . = 3.1 x 1073 pc and

Pami = 1.7 x 108M pc=3. The set of values we take is Mpy = 10°My, Mgy = 10°My, r, = 23.1 pc, p, = 3.9 x 10719 kg/m?,

ro = 0.54 pe, pg, = 226M,/pc’ and 1y, = %.
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the dynamical friction generated by the dark matter halo.
Next, while computing the change of eccentricity by
computing various osculating elements, we observe again
the effect of dynamical friction force felt by the secondary
while interacting with the dark matter halo, and the effect of
accretion force is negligible. But, the effect of the gravi-
tational potential generated by the dark matter halo and GW
backreaction effect is significantly more. There is a genuine
falloff for eccentricity for the binaries due to these two
effects for a certain time, while there is an eventual increase
of the eccentricity due to the GW backreaction effect at late
times. Interestingly, we observe that the change in eccen-
tricity is more due to the dark matter potential for larger
values of impact parameters. On the other hand, change in
the eccentricity due to the GW backreaction increases with
the decrease of the impact parameter for a given value’s
initial eccentricity. This can be attributed to the fact that, as
we increase the initial impact parameter the secondary
object gets to interact with the dark matter halo more,
thereby increasing the effect of the dark matter potential in
the change of the eccentricity. On the other hand, as we
decrease the impact parameter, the GW backreaction effect
is larger. These results are encouraging as the effect of the
dark matter potential, which also depends on the parameter
of the underlying model, provides a change in eccentricity
and consequently can be constrained by observing such
flyby events in future detectors. Furthermore, we extended
our analysis by considering the effects of baryonic matter
that may be present inside the halo. As discussed, it leads to
the change of the profile, and we have considered one such
model and analyzed the evolution of eccentricity.
Curiously, it shows a sharper falloff due to the extra
damping provided by the presence of such matter.
However, this analysis paves the way for only so much
that can be done in these contexts. In doing the above study,
we have made a number of simplifications, the foremost
being the PN order in which it is to be computed. We have
neglected the higher-order Post-Newtonian effects for these
systems. For the flux calculation, we have only used the
leading order PN results. The shape of the halo, which is
taken here to be spherically symmetric, also needs to be
relaxed, but we leave that for future work. Furthermore,
while computing the osculating elements, we have
neglected the evolution of the dark matter density profile.
We have used only the static profile. But in general, the
dark matter density profile evolves over time which is
captured through the phase space distribution function
[109,110]. Also, the dark matter profile mentioned may
not remain the same during the entire duration of binary
motion and merger [168]. It will be interesting to find a way
to set up our computation done in this paper and investigate
the evolution of eccentricity for that case. We would like to
include this in our future analysis as this will help us to
make contact with a more realistic scenario. Furthermore,
generalizing the analysis to include spinning binaries in this

halo is also an interesting avenue to pursue in the future.
Also, throughout our study, we have only focused on the
NFW dark matter profile. Recently, there have been other
interesting dark matter profiles [169]. It will be interesting
to extend our study to those cases. Last but not least, it will
also be interesting to use the tools from the effective field
theory to study this problem, perhaps along the lines
of [87,170].

We have also looked for observational tools like the
braking index. The braking index is a useful tool for
binaries at large separations and also in regimes where the
environmental effects are dominant. We find that it starts
from a constant value when the binaries are in vacuum and
start to decrease when they come close together inside
the dark matter halo region. The study of eccentricity
evolution complements it while also helping us to infer
about environmental effects. Of course, our dissipative
model was a simplistic one, F = Fr’1v°, with more general
forces having a dependence on spin, tidal deformability,
etc. If we want to include more complex effects like halo
feedbacks [109,110], there can be a possibility of a new
equilibrium [110] from the phase parametrization they
develop. Eventually, one should go for studying relativistic
and post-Newtonian effects in this framework, and this is
something we would definitely like to take over in some
future study.

Our analysis of osculating elements provides us with a
platform to construct the GW waveform [61]. By solving
the osculating equation, we can solve for the evolution of
the binary’s orbital parameters, which in turn can be used to
construct a waveform [104]. Then it will give us a route to
understand and probe into the effects of dark matter
contributions in such systems and possibly put some
constraints on the parameters using the GW data. In fact,
following the analysis of [110], one can possibly comment
on the dark matter environment by analyzing the dephasing
of such a GW waveform. We are currently in the process of
constructing such a waveform for flyby events in the
presence of dark matter and hope to report on that issue
in the near future. This will also help us to put constraints
on the dark matter using multimessenger astronomy similar
to what has been done for the circular orbit [171]. Note that
the analysis presented in this paper is valid for any mass
ratios of the binary. It will be interesting to analyze the
dephasing of gravitational waveform in the extreme mass-
ratio limit [172]. This will be an interesting study in the
context of gravitational wave phenomenology using future
detectors like LISA.

To summarize, in this work, we provide a setup for the
realistic modeling of binaries in hyperbolic orbits sur-
rounded by dark matter, which can be useful to probe into
some new information in future detectors capable of
detecting flyby events. Detecting “dark dresses” would
have an impact beyond astrophysics and cosmology since
their density profiles depend on the dark matter’s
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fundamental properties. Hence their detection (both from
the closed and the open orbits) would therefore provide a
powerful probe of the particle nature of dark matter.

ACKNOWLEDGMENTS

Research by A. C. is supported by the Prime Minister’s
Research Fellowship (PMRF-192002-1174) of the Govern-
ment of India. A.B. is supported by the Core Research
Grant (No. CRG/2023/005112) by the Department of
Science and Technology Science and Engineering Research
Board (India). R. K. S is supported by the Sabarmati Bridge
Fellowship (No. MIS/IITGN-SBF/PHY/AB/2023-24/023)
provided by Indian Institute of Technology Gandhinagar.
We also thank the participants of the (virtual) workshop

“Testing Aspects of General Relativity-III”, “Testing
Aspects of General Relativity-II” and “New insights into
particle physics from quantum information and gravita-
tional waves” at Lethbridge University, Canada funded by
McDonald Research Partnership-Building Workshop grant
by McDonald Institute; some parts of the results are
presented by A. C., for valuable discussions. A. B. would
also like to thank the Department of Physics and
Astronomy of University of Lethbridge, especially
Saurya Das and FISPAC Research Group, Department of
Physics, University of Murcia, especially Jose J.
Ferndndez-Melgarejo for hospitality during the course of
this work. A.B. acknowledges the associateship program
of Indian Academy of Science, Bengaluru.

[1] C.D. Hoyle, U. Schmidt, B. R. Heckel, E. G. Adelberger,
J.H. Gundlach, D.J. Kapner, and H. E. Swanson, Phys.
Rev. Lett. 86, 1418 (2001).

[2] E. G. Adelberger, Classical Quantum Gravity 18, 2397
(2001).

[3] C. M. Will, Theory and Experiment in Gravitational Physics
(Cambridge University Press, Cambridge, England,
1993).

[4] C.M. Will, Living Rev. Relativity 17, 4 (2014).

[5] L. H. Stairs, Living Rev. Relativity 6, 5 (2003).

[6] N. Wex, arXiv:1402.5594.

[71 R.N. Manchester, Int. J. Mod. Phys. D 24, 1530018
(2015).

[8] M. Kramer, Int. J. Mod. Phys. D 25, 1630029 (2016).

[9] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 061102 (2016).

[10] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 241102 (2016).

[11] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 241103 (2016).

[12] B.P. Abbott et al. (LIGO Scientific and VIRGO Collab-
orations), Phys. Rev. Lett. 118, 221101 (2017); 121,
129901(E) (2018).

[13] B. P. Abbott e al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. X 9, 031040 (2019).

[14] R. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. X 11, 021053 (2021).

[15] R. Abbott et al. (LIGO Scientific, Virgo, and KAGRA
Collaborations), Phys. Rev. X 13, 041039 (2023).

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

[17] B.P. Abbott et al. (LIGO Scientific, Virgo, Fermi-GBM
and INTEGRAL Collaborations), Astrophys. J. Lett. 848,
L13 (2017).

[18] B.P. Abbott ef al. (LIGO Scientific and Virgo Collabora-
tions), Classical Quantum Gravity 37, 055002 (2020).

[19] B. Kocsis, M. E. Gaspar, and S. Marka, Astrophys. J. 648,
411 (2006).

[20] S. Mukherjee, S. Mitra, and S. Chatterjee, Mon. Not. R.
Astron. Soc. 508, 5064 (2021).

[21] R.M. O’Leary, B. Kocsis, and A. Loeb, Mon. Not. R.
Astron. Soc. 395, 2127 (2009).

[22] R. O. Hansen, Phys. Rev. D 5, 1021 (1972).

[23] M. Walker and C.M. Will, Phys. Rev. D 19, 3483
(1979).

[24] J. Aasi et al. (LIGO Scientific Collaboration), Classical
Quantum Gravity 32, 074001 (2015).

[25] D. Tsang, Astrophys. J. 777, 103 (2013).

[26] M. Turner, Astrophys. J. 216, 914 (1977).

[27] J. Garcia-Bellido and S. Nesseris, Phys. Dark Universe 21,
61 (2018).

[28] L. De Vittori, P. Jetzer, and A. Klein, Phys. Rev. D 86,
044017 (2012).

[29] S. Capozziello, M. De Laurentis, F. De Paolis, G. Ingrosso,
and A. Nucita, Mod. Phys. Lett. A 23, 99 (2008).

[30] W. Junker and G. Schaefer, Mon. Not. R. Astron. Soc. 254,
146 (1992).

[31] T. Damour and N. Deruelle, Ann. Inst. Henri Poincare
Phys. Theor. 43, 107 (1985).

[32] L. De Vittori, A. Gopakumar, A. Gupta, and P. Jetzer,
Phys. Rev. D 90, 124066 (2014).

[33] G. Schafer and N. Wex, Phys. Lett. A 174, 196 (1993).

[34] N. Wex, Classical Quantum Gravity 12, 983 (1995).

[35] J. Majar, P. Forgacs, and M. Vasuth, Phys. Rev. D 82,
064041 (2010).

[36] J. Majar and M. Vasuth, Phys. Rev. D 77, 104005 (2008).

[37] R. V. Wagoner and C. M. Will, Astrophys. J. 210, 764
(1976).

[38] L. Blanchet and G. Schaefer, Mon. Not. R. Astron. Soc.
239, 845 (1989).

[39] G. Cho, A. Gopakumar, M. Haney, and H. M. Lee, Phys.
Rev. D 98, 024039 (2018).

[40] C.P.L. Berry and J.R. Gair, Phys. Rev. D 82, 107501
(2010).

[41] L.J. Rubbo, K. Holley-Bockelmann, and L. S. Finn, AIP
Conf. Proc. 873, 284 (2006).

124056-19


https://doi.org/10.1103/PhysRevLett.86.1418
https://doi.org/10.1103/PhysRevLett.86.1418
https://doi.org/10.1088/0264-9381/18/13/302
https://doi.org/10.1088/0264-9381/18/13/302
https://doi.org/10.12942/lrr-2014-4
https://doi.org/10.12942/lrr-2003-5
https://arXiv.org/abs/1402.5594
https://doi.org/10.1142/S0218271815300189
https://doi.org/10.1142/S0218271815300189
https://doi.org/10.1142/S0218271816300299
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.241102
https://doi.org/10.1103/PhysRevLett.116.241103
https://doi.org/10.1103/PhysRevLett.118.221101
https://doi.org/10.1103/PhysRevLett.121.129901
https://doi.org/10.1103/PhysRevLett.121.129901
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1103/PhysRevX.11.021053
https://doi.org/10.1103/PhysRevX.13.041039
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/10.1088/1361-6382/ab685e
https://doi.org/10.1086/505641
https://doi.org/10.1086/505641
https://doi.org/10.1093/mnras/stab2721
https://doi.org/10.1093/mnras/stab2721
https://doi.org/10.1111/j.1365-2966.2009.14653.x
https://doi.org/10.1111/j.1365-2966.2009.14653.x
https://doi.org/10.1103/PhysRevD.5.1021
https://doi.org/10.1103/PhysRevD.19.3483
https://doi.org/10.1103/PhysRevD.19.3483
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0004-637X/777/2/103
https://doi.org/10.1086/155536
https://doi.org/10.1016/j.dark.2018.06.001
https://doi.org/10.1016/j.dark.2018.06.001
https://doi.org/10.1103/PhysRevD.86.044017
https://doi.org/10.1103/PhysRevD.86.044017
https://doi.org/10.1142/S0217732308026236
https://doi.org/10.1093/mnras/254.1.146
https://doi.org/10.1093/mnras/254.1.146
https://doi.org/10.1103/PhysRevD.90.124066
https://doi.org/10.1016/0375-9601(93)90758-R
https://doi.org/10.1088/0264-9381/12/4/009
https://doi.org/10.1103/PhysRevD.82.064041
https://doi.org/10.1103/PhysRevD.82.064041
https://doi.org/10.1103/PhysRevD.77.104005
https://doi.org/10.1086/154886
https://doi.org/10.1086/154886
https://doi.org/10.1093/mnras/239.3.845
https://doi.org/10.1093/mnras/239.3.845
https://doi.org/10.1103/PhysRevD.98.024039
https://doi.org/10.1103/PhysRevD.98.024039
https://doi.org/10.1103/PhysRevD.82.107501
https://doi.org/10.1103/PhysRevD.82.107501
https://doi.org/10.1063/1.2405057
https://doi.org/10.1063/1.2405057

ABHISHEK CHOWDHURI et al.

PHYS. REV. D 109, 124056 (2024)

[42] C.P.L. Berry and J. R. Gair, Mon. Not. R. Astron. Soc.
429, 589 (2013).

[43] C.P.L. Berry and J. R. Gair, Mon. Not. R. Astron. Soc.
433, 3572 (2013).

[44] C.P.L. Berry and J. R. Gair, Mon. Not. R. Astron. Soc.
435, 3521 (2013).

[45] C. Boehm, T. A. Ensslin, and J. Silk, J. Phys. G 30, 279
(2004).

[46] C. Boehm, D. Hooper, J. Silk, M. Casse, and J. Paul, Phys.
Rev. Lett. 92, 101301 (2004).

[47] P.D. Serpico and G. G. Raffelt, Phys. Rev. D 70, 043526
(2004).

[48] G. Steigman, Phys. Rev. D 87, 103517 (2013).

[49] K. M. Nollett and G. Steigman, Phys. Rev. D 89, 083508
(2014).

[50] M. Escudero, J. Cosmol. Astropart. Phys. 02 (2019) 007.

[51] N. Sabti, J. Alvey, M. Escudero, M. Fairbairn, and D. Blas,
J. Cosmol. Astropart. Phys. 01 (2020) 004.

[52] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615
(1990).

[53] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

[54] L. Bergstrom, Rep. Prog. Phys. 63, 793 (2000).

[55] S. Bhattacharya, B. Dasgupta, R. Laha, and A. Ray, Phys.
Rev. Lett. 131, 091401 (2023).

[56] D. Singh, A. Gupta, E. Berti, S. Reddy, and B.S.
Sathyaprakash, Phys. Rev. D 107, 083037 (2023).

[57] M. Baryakhtar, R. Caputo, D. Croon, K. Perez, E. Berti, J.
Bramante, M. Buschmann, R. Brito, T. Y. Chen, P. S. Cole
et al., arXiv:2203.07984.

[58] K. Eda, Y. Itoh, S. Kuroyanagi, and J. Silk, Phys. Rev. Lett.
110, 221101 (2013).

[59] C.F.B. Macedo, P. Pani, V. Cardoso, and L.C.B.
Crispino, Astrophys. J. 774, 48 (2013).

[60] E. Barausse, V. Cardoso, and P. Pani, J. Phys. Conf. Ser.
610, 012044 (2015).

[61] S. Dandapat, M. Ebersold, A. Susobhanan, P. Rana, A.
Gopakumar, S. Tiwari, M. Haney, H. M. Lee, and N.
Kolhe, Phys. Rev. D 108, 024013 (2023).

[62] M. Maggiore, Gravitational Waves, Volume 1: Theory and
Experiments (Oxford University Press, New York, 2007).

[63] S. Chandrasekhar, Astrophys. J. 97, 255 (1943).

[64] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

[65] D. Clowe, M. Bradac, A.H. Gonzalez, M. Markevitch,
S. W. Randall, C. Jones, and D. Zaritsky, Astrophys. J.
Lett. 648, 1109 (2006).

[66] N. Aghanim et al. (Planck Collaboration), Astron. As-
trophys. 641, A6 (2020); 652, C4(E) (2021).

[67] G. Bertone and T. M. P. Tait, Nature (London) 562, 51
(2018).

[68] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
121, 111302 (2018).

[69] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
130, 261002 (2023).

[70] M. Clark, A. Depoian, B. Elshimy, A. Kopec, R. F. Lang,
S. Li, and J. Qin, Phys. Rev. D 102, 123026 (2020).

[71] D.R. Tovey, R. J. Gaitskell, P. Gondolo, Y. A. Ramachers,
and L. Roszkowski, Phys. Lett. B 488, 17 (2000).

[72] M. Freytsis and Z. Ligeti, Phys. Rev. D 83, 115009 (2011).

[73] E. Hardy, R. Lasenby, J. March-Russell, and S. M. West,
J. High Energy Phys. 07 (2015) 133.
[74] C.E. Aalseth et al. (DarkSide-20k Collaboration), Eur.
Phys. J. Plus 133, 131 (2018).
[75] J. Aalbers et al. (DARWIN Collaboration), J. Cosmol.
Astropart. Phys. 11 (2016) 017.
[76] R. Abbasi et al. (IceCube Collaboration), arXiv:2107
11224,
[77] P. Adhikari et al. (DEAP Collaboration), Phys. Rev. Lett.
128, 011801 (2022).
[78] R. Ajaj et al. (DEAP Collaboration), Phys. Rev. D 100,
022004 (2019).
[79] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. D 98,
102006 (2018).
[80] D.S. Akerib er al. (LUX Collaboration), Phys. Rev. Lett.
118, 021303 (2017).
[81] X. Cui et al. (PandaX-II Collaboration), Phys. Rev. Lett.
119, 181302 (2017).
[82] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 120, 061802 (2018).
[83] C. Amole et al. (PICO Collaboration), Phys. Rev. D 100,
022001 (2019).
[84] J. Bramante, B. Broerman, R. F. Lang, and N. Raj, Phys.
Rev. D 98, 083516 (2018).
[85] A. Bhoonah, J. Bramante, F. Elahi, and S. Schon, Phys.
Rev. Lett. 121, 131101 (2018).
[86] J. Bramante, J. Kumar, and N. Raj, Phys. Rev. D 100,
123016 (2019).
[87] J. Huang, M. C. Johnson, L. Sagunski, M. Sakellariadou,
and J. Zhang, Phys. Rev. D 99, 063013 (2019).
[88] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys.
J. 490, 493 (1997).
[89] P. Gondolo and J. Silk, Phys. Rev. Lett. 83, 1719 (1999).
[90] D. Merritt, M. Milosavljevic, L. Verde, and R. Jimenez,
Phys. Rev. Lett. 88, 191301 (2002).
[91] P. Ullio, H. Zhao, and M. Kamionkowski, Phys. Rev. D 64,
043504 (2001).
[92] G. Bertone and D. Merritt, Mod. Phys. Lett. A 20, 1021
(2005).
[93] E. Vasiliev and M. Zelnikov, Phys. Rev. D 78, 083506
(2008).
[94] B.D. Fields, S. L. Shapiro, and J. Shelton, Phys. Rev. Lett.
113, 151302 (2014).
[95] J. Shelton, S. L. Shapiro, and B. D. Fields, Phys. Rev. Lett.
115, 231302 (2015).
[96] Y. Takamori, S. Nishiyama, T. Ohgami, H. Saida, R.
Saitou, and M. Takahashi, arXiv:2006.06219.
[97] K. Eda, Y. Itoh, S. Kuroyanagi, and J. Silk, Phys. Rev. D
91, 044045 (2015).
[98] X.J. Yue and W. B. Han, Phys. Rev. D 97, 064003 (2018).
[99] X.J. Yue, W. B. Han, and X. Chen, Astrophys. J. 874, 34
(2019).
[100] O. A. Hannuksela, K. C. Y. Ng, and T. G. F. Li, Phys. Rev.
D 102, 103022 (2020).
[101] V. Cardoso and A. Maselli, Astron. Astrophys. 644, A147
(2020).
[102] V. Cardoso, K. Destounis, F. Duque, R. P. Macedo, and A.
Maselli, Phys. Rev. D 105, L061501 (2022).
[103] N. Becker and L. Sagunski, Phys. Rev. D 107, 083003
(2023).

124056-20


https://doi.org/10.1093/mnras/sts360
https://doi.org/10.1093/mnras/sts360
https://doi.org/10.1093/mnras/stt990
https://doi.org/10.1093/mnras/stt990
https://doi.org/10.1093/mnras/stt1543
https://doi.org/10.1093/mnras/stt1543
https://doi.org/10.1088/0954-3899/30/3/004
https://doi.org/10.1088/0954-3899/30/3/004
https://doi.org/10.1103/PhysRevLett.92.101301
https://doi.org/10.1103/PhysRevLett.92.101301
https://doi.org/10.1103/PhysRevD.70.043526
https://doi.org/10.1103/PhysRevD.70.043526
https://doi.org/10.1103/PhysRevD.87.103517
https://doi.org/10.1103/PhysRevD.89.083508
https://doi.org/10.1103/PhysRevD.89.083508
https://doi.org/10.1088/1475-7516/2019/02/007
https://doi.org/10.1088/1475-7516/2020/01/004
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1088/0034-4885/63/5/2r3
https://doi.org/10.1103/PhysRevLett.131.091401
https://doi.org/10.1103/PhysRevLett.131.091401
https://doi.org/10.1103/PhysRevD.107.083037
https://arXiv.org/abs/2203.07984
https://doi.org/10.1103/PhysRevLett.110.221101
https://doi.org/10.1103/PhysRevLett.110.221101
https://doi.org/10.1088/0004-637X/774/1/48
https://doi.org/10.1088/1742-6596/610/1/012044
https://doi.org/10.1088/1742-6596/610/1/012044
https://doi.org/10.1103/PhysRevD.108.024013
https://doi.org/10.1086/144517
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1086/508162
https://doi.org/10.1086/508162
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1038/s41586-018-0542-z
https://doi.org/10.1038/s41586-018-0542-z
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.130.261002
https://doi.org/10.1103/PhysRevLett.130.261002
https://doi.org/10.1103/PhysRevD.102.123026
https://doi.org/10.1016/S0370-2693(00)00846-7
https://doi.org/10.1103/PhysRevD.83.115009
https://doi.org/10.1007/JHEP07(2015)133
https://doi.org/10.1140/epjp/i2018-11973-4
https://doi.org/10.1140/epjp/i2018-11973-4
https://doi.org/10.1088/1475-7516/2016/11/017
https://doi.org/10.1088/1475-7516/2016/11/017
https://arXiv.org/abs/2107.11224
https://arXiv.org/abs/2107.11224
https://doi.org/10.1103/PhysRevLett.128.011801
https://doi.org/10.1103/PhysRevLett.128.011801
https://doi.org/10.1103/PhysRevD.100.022004
https://doi.org/10.1103/PhysRevD.100.022004
https://doi.org/10.1103/PhysRevD.98.102006
https://doi.org/10.1103/PhysRevD.98.102006
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevLett.120.061802
https://doi.org/10.1103/PhysRevLett.120.061802
https://doi.org/10.1103/PhysRevD.100.022001
https://doi.org/10.1103/PhysRevD.100.022001
https://doi.org/10.1103/PhysRevD.98.083516
https://doi.org/10.1103/PhysRevD.98.083516
https://doi.org/10.1103/PhysRevLett.121.131101
https://doi.org/10.1103/PhysRevLett.121.131101
https://doi.org/10.1103/PhysRevD.100.123016
https://doi.org/10.1103/PhysRevD.100.123016
https://doi.org/10.1103/PhysRevD.99.063013
https://doi.org/10.1086/304888
https://doi.org/10.1086/304888
https://doi.org/10.1103/PhysRevLett.83.1719
https://doi.org/10.1103/PhysRevLett.88.191301
https://doi.org/10.1103/PhysRevD.64.043504
https://doi.org/10.1103/PhysRevD.64.043504
https://doi.org/10.1142/S0217732305017391
https://doi.org/10.1142/S0217732305017391
https://doi.org/10.1103/PhysRevD.78.083506
https://doi.org/10.1103/PhysRevD.78.083506
https://doi.org/10.1103/PhysRevLett.113.151302
https://doi.org/10.1103/PhysRevLett.113.151302
https://doi.org/10.1103/PhysRevLett.115.231302
https://doi.org/10.1103/PhysRevLett.115.231302
https://arXiv.org/abs/2006.06219
https://doi.org/10.1103/PhysRevD.91.044045
https://doi.org/10.1103/PhysRevD.91.044045
https://doi.org/10.1103/PhysRevD.97.064003
https://doi.org/10.3847/1538-4357/ab06f6
https://doi.org/10.3847/1538-4357/ab06f6
https://doi.org/10.1103/PhysRevD.102.103022
https://doi.org/10.1103/PhysRevD.102.103022
https://doi.org/10.1051/0004-6361/202037654
https://doi.org/10.1051/0004-6361/202037654
https://doi.org/10.1103/PhysRevD.105.L061501
https://doi.org/10.1103/PhysRevD.107.083003
https://doi.org/10.1103/PhysRevD.107.083003

GRAVITATIONAL RADIATION FROM HYPERBOLIC ...

PHYS. REV. D 109, 124056 (2024)

[104] N. Dai, Y. Gong, T. Jiang, and D. Liang, Phys. Rev. D 106,
064003 (2022).

[105] M. H. Chan and C. M. Lee, Astrophys. J. Lett. 943, L11
(2023).

[106] N. Dai, Y. Gong, Y. Zhao, and T. Jiang, arXiv:2301.05088.

[107] E. Figueiredo, A. Maselli, and V. Cardoso, Phys. Rev. D
107, 104033 (2023).

[108] P.S. Cole, A. Coogan, B.J. Kavanagh, and G. Bertone,
Phys. Rev. D 107, 083006 (2023).

[109] B.J. Kavanagh, D.A. Nichols, G. Bertone, and D.
Gaggero, Phys. Rev. D 102, 083006 (2020).

[110] A. Coogan, G. Bertone, D. Gaggero, B. J. Kavanagh, and
D. A. Nichols, Phys. Rev. D 105, 043009 (2022).

[111] K. Destounis, A. Kulathingal, K. D. Kokkotas, and G. O.
Papadopoulos, Phys. Rev. D 107, 084027 (2023).

[112] H. S. Zhao and J. Silk, Phys. Rev. Lett. 95, 011301 (2005).

[113] G. Bertone, A.R. Zentner, and J. Silk, Phys. Rev. D 72,
103517 (2005).

[114] L. Sadeghian, F. Ferrer, and C. M. Will, Phys. Rev. D 88,
063522 (2013).

[115] F. Ferrer, A. M. da Rosa, and C. M. Will, Phys. Rev. D 96,
083014 (2017).

[116] G.D. Quinlan, L. Hernquist, and S. Sigurdsson, Astro-
phys. J. 440, 554 (1995).

[117] P. Young, Astrophys. J. 242, 1232 (1980).

[118] N. Becker, L. Sagunski, L. Prinz, and S. Rastgoo, Phys.
Rev. D 105, 063029 (2022).

[119] T. Damour and N. Deruelle, C. R. Acad. Sci. Paris 293, 537
(1981); 293, 877 (1981).

[120] L.P. Grishchuk and S.M. Kopejkin, in Relativity in
Celestial Mechanics and Astrometry, edited by .
Kovalevsky and V. A. Brumberg (Reidel, Dordrecht,
1986), p. 19.

[121] L. E. Kidder, C. M. Will, and A. G. Wiseman, Phys. Rev. D
47, R4183 (1993).

[122] J. Binney and S. Tremaine, Galactic Dynamics: Second
Edition, edited by James Binney and Scott Tremaine
(Princeton University Press, Princeton, NJ, USA, 2008),
ISBN: 978-0-691-13026-2 (HB).

[123] Y. Hashimoto, Y. Funato, and J. Makino, Astrophys. J.
582, 196 (2003).

[124] Tj.R. Bontekoe and T.S. van Albada, Mon. Not. R.
Astron. Soc. 224, 349 (1987).

[125] M. Fujii, Y. Funato, and J. Makino, Publ. Astron. Soc. Jpn.
58, 743 (2006).

[126] S.S. Kim and M. Morris, Astrophys. J. 597, 312
(2003).

[127] G. Kauffmann, S. D. M. White, and B. Guiderdoni, Mon.
Not. R. Astron. Soc. 264, 201 (1993).

[128] M. Nagashima and Y. Yoshii, Astrophys. J. 610, 23 (2004).

[129] P. Goldreich, Y. Lithwick, and R. Sari, Nature (London)
420, 643 (2002).

[130] V.P. Dokuchaev, Sov. Astron. 8, 23 (1964).

[131] M. A. Ruderman and E. A. Spiegel, Astrophys. J. 165, 1
(1971).

[132] Y. Rephaeli and E.E. Salpeter, Astrophys. J. 240, 20
(1980).

[133] E.C. Ostriker, Astrophys. J. 513, 252 (1999).

[134] V. Cardoso, C. F. B. Macedo, and R. Vicente, Phys. Rev. D
103, 023015 (2021).

[135] A. Ferrari and R. Ruffini, Astrophys. J. Lett. 158, L71
(1969).

[136] J. P. Ostriker and J.E. Gunn, Astrophys. J. 157, 1395
(1969).

[137] R.E. Archibald, E.V. Gotthelf, R.D. Ferdman, V.M.
Kaspi, S. Guillot, F. A. Harrison, E.F. Keane, M.J.
Pivovaroff, D. Stern, S.P. Tendulkar et al., Astrophys. J.
Lett. 819, L16 (2016).

[138] A.G. Lyne, R.S. Pritchard, and F. Graham Smith, Mon.
Not. R. Astron. Soc. 265, 1003 (1993).

[139] A.G. Lyne, R.S. Pritchard, F. Graham-Smith, and F.
Camilo, Nature (London) 381, 497 (1996).

[140] M. A. Livingstone, V.M. Kaspi, F.P. Gavriil, R.N.
Manchester, E. V. G. Gotthelf, and L. Kuiper, Astrophys.
Space Sci. 308, 317 (2007).

[141] C.M. Espinoza, A.G. Lyne, M. Kramer, R.N.
Manchester, and V.M. Kaspi, Astrophys. J. Lett. 741,
L13 (2011).

[142] P. Weltevrede, S. Johnston, and C. M. Espinoza, Mon. Not.
R. Astron. Soc. 411, 1917 (2011).

[143] J. Roy, Y. Yashwant Gupta, and W. Lewandowski, Mon.
Not. R. Astron. Soc. 424, 2213 (2012).

[144] R.F. Archibald et al, Astrophys. J. Lett. 819, L16
(2016).

[145] W. C. Chen and X. D. Li, Mon. Not. R. Astron. Soc. 455,
L87 (2016).

[146] J.C.N. de Araujo, J.G. Coelho, and C.A. Costa, Eur.
Phys. J. C 76, 481 (2016).

[147] R. X. Xu and G.J. Qiao, Astrophys. J. Lett. 561, L85
(2001).

[148] F. Wu, R. X. Xu, and J. Gil, Astron. Astrophys. 409, 641
(2003).

[149] M.P. Allen and J.E. Horvath, Astrophys. J. 488, 409
(1997).

[150] K.Y. Eksi, I. C. Andag, S. Cikintoglu, E. Giigercinoglu, A.
Vahdat Motlagh, and B. Kiziltan, Astrophys. J. 823, 34
(2016).

[151] R. 1. Epstein and B. Link, Astrophysics and Space Science
Library 254, 95 (2000).

[152] A. Muslimov and D. Page, Astrophys. J. Lett. 440, L77
(1995).

[153] J.C.N. de Araujo, J.G. Coelho, and C.A. Costa,
J. Cosmol. Astropart. Phys. 07 (2016) 023.

[154] P.R. Brady and T. Creighton, Phys. Rev. D 61, 082001
(2000).

[155] T. Robson, N.J. Cornish, and C. Liu, Classical Quantum
Gravity 36, 105011 (2019).

[156] M. Renzo, T. Callister, K. Chatziioannou, L. A.C. van
Son, C.M.F. Mingarelli, M. Cantiello, K.E.S. Ford,
B. McKernan, and G. Ashton, Astrophys. J. 919, 128
(2021).

[157] E. Poisson and C.M. Will, Gravity: Newtonian, Post-
Newtonian, Relativistic (Cambridge University Press,
Cambridge, England, 2014).

[158] M. Boudaud, T. Lacroix, M. Stref, J. Lavalle, and P. Salati,
J. Cosmol. Astropart. Phys. 08 (2021) 053.

[159] P. Cataldi, S.E. Pedrosa, P. B. Tissera, and M. C. Artale,
Mon. Not. R. Astron. Soc. 501, 5679 (2021).

[160] K. T.E. Chua, A. Pillepich, M. Vogelsberger, and L.
Hernquist, Mon. Not. R. Astron. Soc. 484, 476 (2019).

124056-21


https://doi.org/10.1103/PhysRevD.106.064003
https://doi.org/10.1103/PhysRevD.106.064003
https://doi.org/10.3847/2041-8213/acaafa
https://doi.org/10.3847/2041-8213/acaafa
https://arXiv.org/abs/2301.05088
https://doi.org/10.1103/PhysRevD.107.104033
https://doi.org/10.1103/PhysRevD.107.104033
https://doi.org/10.1103/PhysRevD.107.083006
https://doi.org/10.1103/PhysRevD.102.083006
https://doi.org/10.1103/PhysRevD.105.043009
https://doi.org/10.1103/PhysRevD.107.084027
https://doi.org/10.1103/PhysRevLett.95.011301
https://doi.org/10.1103/PhysRevD.72.103517
https://doi.org/10.1103/PhysRevD.72.103517
https://doi.org/10.1103/PhysRevD.88.063522
https://doi.org/10.1103/PhysRevD.88.063522
https://doi.org/10.1103/PhysRevD.96.083014
https://doi.org/10.1103/PhysRevD.96.083014
https://doi.org/10.1086/175295
https://doi.org/10.1086/175295
https://doi.org/10.1086/158553
https://doi.org/10.1103/PhysRevD.105.063029
https://doi.org/10.1103/PhysRevD.105.063029
https://doi.org/10.1103/PhysRevD.47.R4183
https://doi.org/10.1103/PhysRevD.47.R4183
https://doi.org/10.1086/344260
https://doi.org/10.1086/344260
https://doi.org/10.1093/mnras/224.2.349
https://doi.org/10.1093/mnras/224.2.349
https://doi.org/10.1093/pasj/58.4.743
https://doi.org/10.1093/pasj/58.4.743
https://doi.org/10.1086/378347
https://doi.org/10.1086/378347
https://doi.org/10.1093/mnras/264.1.201
https://doi.org/10.1093/mnras/264.1.201
https://doi.org/10.1086/421484
https://doi.org/10.1038/nature01227
https://doi.org/10.1038/nature01227
https://doi.org/10.1086/150870
https://doi.org/10.1086/150870
https://doi.org/10.1086/158202
https://doi.org/10.1086/158202
https://doi.org/10.1086/306858
https://doi.org/10.1103/PhysRevD.103.023015
https://doi.org/10.1103/PhysRevD.103.023015
https://doi.org/10.1086/180435
https://doi.org/10.1086/180435
https://doi.org/10.1086/150160
https://doi.org/10.1086/150160
https://doi.org/10.3847/2041-8205/819/1/L16
https://doi.org/10.3847/2041-8205/819/1/L16
https://doi.org/10.1093/mnras/265.4.1003
https://doi.org/10.1093/mnras/265.4.1003
https://doi.org/10.1038/381497a0
https://doi.org/10.1007/s10509-007-9320-3
https://doi.org/10.1007/s10509-007-9320-3
https://doi.org/10.1088/2041-8205/741/1/L13
https://doi.org/10.1088/2041-8205/741/1/L13
https://doi.org/10.1111/j.1365-2966.2010.17821.x
https://doi.org/10.1111/j.1365-2966.2010.17821.x
https://doi.org/10.1111/j.1365-2966.2012.21380.x
https://doi.org/10.1111/j.1365-2966.2012.21380.x
https://doi.org/10.3847/2041-8205/819/1/L16
https://doi.org/10.3847/2041-8205/819/1/L16
https://doi.org/10.1093/mnrasl/slv152
https://doi.org/10.1093/mnrasl/slv152
https://doi.org/10.1140/epjc/s10052-016-4327-y
https://doi.org/10.1140/epjc/s10052-016-4327-y
https://doi.org/10.1086/324381
https://doi.org/10.1086/324381
https://doi.org/10.1051/0004-6361:20031188
https://doi.org/10.1051/0004-6361:20031188
https://doi.org/10.1086/304708
https://doi.org/10.1086/304708
https://doi.org/10.3847/0004-637X/823/1/34
https://doi.org/10.3847/0004-637X/823/1/34
https://doi.org/10.1007/978-94-010-0878-5
https://doi.org/10.1007/978-94-010-0878-5
https://doi.org/10.1086/187765
https://doi.org/10.1086/187765
https://doi.org/10.1088/1475-7516/2016/07/023
https://doi.org/10.1103/PhysRevD.61.082001
https://doi.org/10.1103/PhysRevD.61.082001
https://doi.org/10.1088/1361-6382/ab1101
https://doi.org/10.1088/1361-6382/ab1101
https://doi.org/10.3847/1538-4357/ac1110
https://doi.org/10.3847/1538-4357/ac1110
https://doi.org/10.1088/1475-7516/2021/08/053
https://doi.org/10.1093/mnras/staa3988
https://doi.org/10.1093/mnras/sty3531

ABHISHEK CHOWDHURI et al.

PHYS. REV. D 109, 124056 (2024)

[161] P. Li, S.S. McGaugh, F. Lelli, Y. Tian, J. M. Schombert,
and C. M. Ko, Astrophys. J. 927, 198 (2022).

[162] A.V. Maccio, G. Stinson, C.B. Brook, J. Wadsley,
H.M.P. Couchman, S. Shen, B.K. Gibson, and T.
Quinn, Astrophys. J. Lett. 744, L9 (2012).

[163] J.F. Acevedo and J. Bramante, Phys. Rev. D 100, 043020
(2019).

[164] S. Balaji, D. Sachdeva, F. Sala, and J. Silk, J. Cosmol.
Astropart. Phys. 08 (2023) 063.

[165] S.L. Shapiro and J. Shelton, Phys. Rev. D 93, 123510
(2016).

[166] E. Vasiliev, Phys. Rev. D 76, 103532 (2007).

[167] S.L. Shapiro and S. A. Teukolsky, Black Holes, White
Dwarfs, and Neutron Stars: The Physics of Compact
Objects (Wiley, New York, 1983).

[168] E.S. Phinney, arXiv:astro-ph/0108028.

[169] V. Cardoso, K. Destounis, F. Duque, R. Panosso Macedo,
and A. Maselli, Phys. Rev. Lett. 129, 241103 (2022).

[170] A. Bhattacharyya, S. Ghosh, and S. Pal, J. High Energy
Phys. 08 (2023) 207.

[171] A. Ghoshal and A. Strumia, J. Cosmol. Astropart. Phys. 02
(2024) 054.

[172] M. Rahman, S. Kumar, and A. Bhattacharyya, J. Cosmol.
Astropart. Phys. 01 (2024) 035.

124056-22


https://doi.org/10.3847/1538-4357/ac52aa
https://doi.org/10.1088/2041-8205/744/1/L9
https://doi.org/10.1103/PhysRevD.100.043020
https://doi.org/10.1103/PhysRevD.100.043020
https://doi.org/10.1088/1475-7516/2023/08/063
https://doi.org/10.1088/1475-7516/2023/08/063
https://doi.org/10.1103/PhysRevD.93.123510
https://doi.org/10.1103/PhysRevD.93.123510
https://doi.org/10.1103/PhysRevD.76.103532
https://arXiv.org/abs/astro-ph/0108028
https://doi.org/10.1103/PhysRevLett.129.241103
https://doi.org/10.1007/JHEP08(2023)207
https://doi.org/10.1007/JHEP08(2023)207
https://doi.org/10.1088/1475-7516/2024/02/054
https://doi.org/10.1088/1475-7516/2024/02/054
https://doi.org/10.1088/1475-7516/2024/01/035
https://doi.org/10.1088/1475-7516/2024/01/035

