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Detecting dark matter around black holes with gravitational waves: Effects
of dark-matter dynamics on the gravitational waveform
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A dark matter overdensity around a black hole may significantly alter the dynamics of the black hole’s
merger with another compact object. We consider here intermediate mass-ratio inspirals of stellar-mass
compact objects with intermediate-mass black holes “dressed” with dark matter. We first demonstrate that
previous estimates based on a fixed dark-matter dress are unphysical for a range of binaries and dark-matter
distributions by showing that the total energy dissipated by the compact object through dynamical friction, as
it inspirals through the dense dark matter environment toward the black hole, is larger than the gravitational
binding energy of the dark-matter dress itself. We then introduce a new formalism that allows us to self-
consistently follow the evolution of the dark-matter dress due to its gravitational interaction with the binary.
We show that the dephasing of the gravitational waveform induced by dark matter is smaller than previously
thought, but is still potentially detectable with the LISA space interferometer. The gravitational waves from
such binaries could provide powerful diagnostics of the particle nature of dark matter.
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I. INTRODUCTION

The direct detection of gravitational waves (GWs) [1-4]
has opened up new opportunities for fundamental physics.
Present and upcoming experiments such as LIGO/Virgo
[5.6], KAGRA [7], LISA [8], Einstein Telescope [9] and
pulsar timing arrays [10-13] will soon shed light on a
variety of problems at the intersection between gravita-
tional waves, black holes and fundamental physics [14],
and, in particular, on the distribution and nature of dark
matter (DM) [15,16].

Here, we focus on the prospects for detecting and
characterizing cold dark-matter overdensities around black
holes (BHs) using gravitational waves. If dark matter is
made of cold collisionless particles, the adiabatic growth of
black holes may induce the formation of large overdensities
(often referred to as “spikes”) around supermassive [17-19]
and intermediate-mass [20-22] astrophysical black holes,
as well as around primordial black holes [23-26]. It is
in principle possible to detect and characterize DM
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overdensities around black holes by measuring their impact
on the gravitational waveform as BHs merge with other
compact objects [27-35].

In this paper, we revise previous calculations of the
orbital evolution of and gravitational waveforms from
intermediate mass-ratio inspirals (IMRIs) around “dressed”
black holes, as illustrated in Fig. 1. In such a system, a
stellar-mass compact object (black hole or neutron star)
inspirals toward an intermediate-mass black hole (IMBH)
with mass 10°~10° M. The presence of DM exerts a
dynamical friction force [36-38] on the compact object,
causing it to inspiral more rapidly. The resulting gravita-
tional waveform accumulates phase at a different rate
compared to the vacuum case (in the absence of DM).
This “dephasing” effect should be detectable with future
GW observatories, but accurate waveform modeling is
required to extract the signal and perform parameter
estimation [39-41].

We begin by exploring energy conservation in these
systems, and we show that the work done by dynamical
friction is typically comparable to (and in some cases much
larger than) the total binding energy available in the DM
spike. This means that previous calculations of the dephas-
ing signal, which assumed a non-evolving dark-matter
density profile, do not conserve energy and therefore
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Object
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FIG. 1. Intermediate mass-ratio inspiral (IMRI) system with a
dark matter “spike.” A central intermediate-mass black hole
(IMBH) of mass m; is orbited by a lighter compact object
m, < m; at an orbital radius r,. The IMBH is also surrounded by
a “spike” of dark matter with density profile ppy (7).

substantially overestimate the size of the effect. In order to
develop a self-consistent description of such systems, we
first present N-body simulations which allow us to accu-
rately model dynamical friction and the scattering of DM
particles with the compact object. In particular, this allows
us to understand where the energy lost by the compact
object is injected in the DM cloud. We then devise a
prescription for evolving the phase space distribution of
DM as energy is injected during the inspiral.

We self-consistently follow the evolution of the binary
and the DM spike, and we robustly estimate the dephasing of
the gravitational waveform with respect to both the vacuum
inspiral, and to the unphysical case of a static DM halo. We
demonstrate that the dephasing of the gravitational wave-
form induced by dark matter is smaller than previously
assumed, but is still potentially detectable by the LISA
mission, which will have a peak sensitivity at frequencies
between 1073 and 1072 Hz [42]. It could thus provide a
powerful diagnostic of the particle nature of dark matter.

The paper is organized as follows: in Sec. II, we
demonstrate that the standard approach to the dephasing
signal induced by DM minispikes is likely to violate energy
conservation; in Sec. III, we present N-body simulations to
validate our model for dynamical friction; in Sec. IV, we
present our prescription for evolving the phase space
distribution of DM; in Sec. V, we use this prescription
to follow the evolution of the binary and the DM spike self-
consistently; finally, in Sec. VI, we discuss some caveats of
this work and possible implications for the detection of
such a DM spike in intermediate mass-ratio inspirals in the
future. We conclude in Sec. VII, and we have several
supplementary results in four Appendices.

II. ENERGY BALANCE CONSIDERATIONS
FOR STATIC DARK MATTER HALOS

In this section, we describe the evolution of a system
composed of a central IMBH with a surrounding DM spike
and a lighter compact object (e.g., a neutron star) orbiting
around the IMBH and through its DM cloud. This is
illustrated in Fig. 1. We model the evolution of this system
using Newtonian gravity, and we include dissipative effects
arising from dynamical friction and gravitational radiation.
Following Eda et al. [27,28], we neglect any feedback on the
DM halo in this section, and we consider only circular orbits.

A. Notation for IMBH system and DM distribution

We first define several notions of masses for the binary
and the DM distribution. We will denote the mass of the
IMBH by m; and the mass of the small compact object by
m,. Other definitions of masses we will need are M =
m; + m,, the total mass; ¢ = m,/m; < 1, the mass ratio;
i = mymy/M, the reduced mass; and M, = p3>M?/3, the
chirp mass.

We assume that the IMBH is surrounded by a DM spike,
formed as the adiabatic growth of the black hole enhances
the central density of the host halo [18,20,43-45]. The
dark-matter distribution will be given by

r.
psp(%)yw Fin ST < Tsp

pou(r) = { SrEty

0. r < rp 21
where r is the distance from the center of the IMBH. We
define the inner radius of the spike to be ry, = 4Gm,/c?
following the results in [43]. We will not treat the DM
distribution at distances r > rg,. We also will not treat ry, as
a free parameter, but as determined by m, pg, and yg, via

(2.2)

F{@—mmf%mlm
” 27pgp

This assumes that rg, ~ 0.2r),, where r, is defined from

/ ' pom(r)daridr = 2m, (2.3)

as in [28]. We can now compute the DM mass within a
distance r. The result is

Mepe(r) = {mDM(r) —mpm(rin)  Fin ST < rsp, (2.4)

0. r<r
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mpp (1) = 3-, 3w,
sp

(2.5)

With this notation set, we can now more easily discuss
issues related to energy balance.

B. Gravitational potential energy
of the DM distribution

To compute the total potential energy in the distribution
of DM, we determine the amount of work required to
assemble the distribution of DM by adding successive
spherical shells of DM of increasing radius r, until the final
distribution ppy(r) is constructed around the BH. We
denote the potential energy of each shell of DM of radius r
by dUg,(r). It is given by

G[ml + menc(r)}

dUg(r) = - [4xr?ppom(r)dr].  (2.6)
r
After some algebra, we can instead write it as
G[ml + menc(r)]mDM(r><3 —7s )dr
dUg(r) = — > P (27)

r

Integrating Eq. (2.7) between the inner radius ry, and a
given radius r, we arrive at the total potential energy in
the distribution of DM between the radii r;, and ». When
Ysp 2 OF vy # 5/2, the result is

GmDM(r) (3 - }’sp)

AUpp(r) = - ,
|:ml — mpy (i) mDM(r):| — U (2.8)
2- Vsp 5-— 27/sp "

where the constant U;, is given by

3 Gmpm(7in) (3 = 7sp) {ml 3 mpy (Fin) (3 = }’sp)] '

Uy, =
rin(2 - 7/sp) 5- 27/sp

(2.9)

The total potential energy of the DM spike can be obtained
by evaluating Eq. (2.8) at r = ry,.

Note that we are ignoring the effect of the gravitational
potential of the small compact object on the binding energy.
This will generally lead to relative errors of order ¢, which
will be small for the systems we are considering.

C. Orbital energy and energy dissipation
through GWs and DF

Next, we will summarize how we compute the orbital
energy and the dissipation of orbital energy through
gravitational waves and dynamical friction. Our formalism
is similar to that presented in Eda ef al. [27,28]. Since the

system we are considering is characterized by a small mass
ratio between the IMBH and the orbiting compact object
(g < 1), we will adopt the approximation yu ~m, (the
errors in this approximation are of order ¢). This assumes
that the barycenter position is equal to the IMBH position.
Similarly, assuming M = m, leads to errors of order g. We
discuss the impact of this approximation in more detail in
Sec. VI. We will also work with circular orbits, and we will
ignore the correction to the Keplerian frequency arising
from the distribution of DM (which will be a percent-level
effect for most of the binaries we study in this paper). In this
approximation, the orbital energy reduces to the familiar
expression

Gm1m2

Eop = — (210)

2}"2

Since the lighter object moves within the DM minispike
and experiences gravitational interactions with the DM
particles, it loses energy via dynamical friction (DF)
[36-38]. In addition, the orbital energy changes through
the emission of gravitational waves. The timescale over
which energy is dissipated through these processes is slow
compared to the orbital timescale for most of the evolution
of the system. Thus, we will treat the dissipation as an
adiabatic process slowly moving the compact object on a
given circular orbit to another circular orbit with a slightly
smaller radius (i.e., a quasicircular inspiral). In this process,
energy balance is satisfied, in the sense that

dEorb _ _ dEGW _ dEDF

dr dr dr (2.11)

Gravitational-wave energy losses (for circular orbits in the
quadrupole approximation) are given by

dEGW o 32G4M(m1m2)2

2.12

dr 5(cry)? (2.12)
Dynamical friction losses are given by
dEDF o 2 —1

dar 4m(Gmy)*ppm(r2)é(v)v™" log A (2.13)

The term &(v) denotes the fraction of DM particles moving
more slowly than the orbital speed.1

In Eq. (2.13), log A is the usual notation for the Coulomb
logarithm, defined in general as [[46] Appendix LJ:

"This term has typically been neglected in previous studies of
DM dephasing [27,28]. For the isotropic spike profile with yy, =
7/3 around an IMBH of mass 10° M, we find &(v) ~0.58,
independent of radius. We set £ = 1 in the analytic analysis of
this section, though as we will see in Sec. III, it will be necessary
to include it later to obtain an accurate description of the
dynamics.
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b2« + b},
A= 7’;‘” 30, (2.14)
biin + b3
where b.;, and b,, are the minimum and maximum
impact parameters for which the two-body encounters that
contribute to the phenomenon can be considered effective.

Moreover, by, is the impact parameter which produces a
90° deflection of the DM particle:

Gm2 my
In

byy = o N —— Iy =(qr,
’UO my

(2.15)

with v, the orbital speed of the compact object. We fix

A = \/m;/m,, as we discuss in more detail in Sec. III.
It will be convenient to write these losses as a function of
r, for circular orbits by using the relationship that v =

v/ GM r,. Using the chain rule and Egs. (2.10), (2.12), and
(2.13), we can also write an explicit expression for the time
evolution of the small compact object’s separation:

64G>*Mm,m, SﬂGl/zmszpf log Ary
505(”2)3 \/1\_/Im1rg”’_5/2

(2.16)

Iy = —

As the small compact object inspirals between circular
orbits with two radii r; and ry (with r; > ry), some fraction
of the orbital energy will be carried away by GWs, and
some fraction will be dissipated through dynamical friction.
We write this as

AE i = AEpr + AEGw. (2.17)
While the energy dissipated by GW emission is expected to
have a negligible effect on the distribution of DM, the
energy dissipated through DF will go directly into increas-
ing the energy of the particles in the DM distribution.

Because the DM spike has a finite amount of potential
energy, AUpy(rg,), it is important to check that the
energy dissipated through dynamical friction, AEpg, is
not comparable to (or in excess of) AUpy(ryp). If they are
comparable, then this would imply that enough energy is
dissipated through DF to alter significantly the distribution
of DM (and perhaps even to unbind all the DM from the
gravitational potential of the IMBH). Even when the ratio
AEpg/AUpy(rgp) is comparable to but less than one, then
it is generally not a good approximation that the distribu-
tion of DM would remain invariant during the inspiral of
the small compact object.

Thus, it is important to compute the total energy
dissipated through dynamical friction AEpg during the
inspiral. This can be found by integrating Eq. (2.13)
between two given times, or more conveniently, integrating
the following expression between two radii, r; and rs
describing two circular orbits:

Ty dEDF dr2
AEDF(rhrf) = _/ dr <E

In Eq. (2.18), the radial evolution equation is defined in
(2.16), and the dynamical friction energy loss is defined in
(2.13). After some algebra, the integral in (2.18) can be
expressed as

)_ldrz. (2.18)

Gmlmz/rf dr2
AEpg = — , 2.19
T ), ey )
where
8G5/2M3/2 2
Cp = o () (2.20)
Sncpgrep Elog A

and where for simplicity, in this section, we assume £ = 1.
The integral (2.19) can be evaluated in terms of hyper-
geometric functions as follows:

G
AEDF: |: ’;1;2’?12
x,Fi (1 2 13_27/Sp'—c /2 ri.
2 =2y, 11 -2y, 2 .

This expression has an interesting form: because the hyper-
geometric function is a number in the range (0,1) for positive
r,, then (2.21) represents the difference between two
fractions of the energy of two circular orbits at two radii.
Thus, with Egs. (2.8) and (2.21), we can compute ratios
of energy dissipated by dynamical friction to binding
energy in the DM distribution surrounding the IMBH.

D. Ratio of energy dissipated to binding energy

In Eda et al., the system investigated in greatest detail is a
binary in which the IMBH has mass m; = 10°> M and
the small compact object has mass m, = 1 Mg. The DM
spike is characterized by a density normalization pg, =
226 M /pc’ and a power law Ysp = 7/3 (the correspond-
ing value of ry, is 0.54 pc). The slope yy, = 7/3 is expected
to develop in the center of a halo with an initial profile
scaling as p ~ r~!, such as a Navarro-Frenk-White (NFW)
profile [18]. Eda et al. observe that during the last five years
as the small compact object inspirals toward the IMBH
before merging, the effect of dynamical friction can
significantly change the rate of inspiral. The large change
in the inspiral occurs because a significant amount of
energy is dissipated through dynamical friction (and thus
must be balanced by increasing the kinetic energy of the
DM particles in the halo).

In Fig. 2, we define the energy dissipated between a
separation r, and rigco by
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FIG. 2. Ratio of energy radiated through dynamical friction to
binding energy of the DM spike versus separation. The solid
curves (red, orange, and blue) correspond to three different mass
ratios for three binaries (¢ = 1073, 1074, and 1073, respectively).
The dashed vertical lines correspond to the ISCO radii for the
three binaries. Here, we assume pg, = 226 M/ pc’ and Ysp =
7/3 for the DM spike.

AEpg(ry) = AEpg(ra, risco)s (2.22)

and we plot the ratio of this energy to the total binding
energy of the DM spike, AUpy(ry,) as a function of
separation r,. The three solid curves in red, orange, and
blue correspond to binaries with mass ratios g = 1073,
1074, and 1073. In all three cases, the following three
parameters are the same: pg, =226 M /pc?, Yop = 1/3,
and m, = M. The vertical dashed lines show the positions
of the ISCO radius for the three cases.

The figure highlights a few important points. First, for all
three mass ratios shown, the quantity Epg(r,)/AUppm(7sp)
grows rapidly with r, out to a few hundred ISCO radii,
and then it plateaus to a nearly constant value at larger
separations. Because the ratio Epgp(r)/AUpm(rgp) is
nearly constant over a large range of radii, we will use
the number Epg(ry,)/AUpwm(ry,) as a figure of reference
for the characteristic fraction of energy dissipated to the
binding energy of the halo. Second, these curves show that
for more equal mass ratios, the mismatch between the
amount of binding energy in the halo and the amount of
energy dissipated through dynamical friction becomes
worse.” Using Epg(ry)/AUppm(rg) & 1 as a rough figure
of merit, the 10~ mass ratio system poorly preserves
energy balance, the 10~* system roughly satisfies energy
balance, and the 107 system does not run into issues with
energy balance.

Because npy () satisfies the property mpm (7p) ~ my, then it
is not too difficult to see that the ratio AEpg(rp)/ AUpwm(rp) Will
scale linearly with the mass ratio.

Figure 2 shows just one specific DM spike, but there
is nothing particularly special about the values pg, =
226 M /pc® and Ysp = 7/3 that were selected. To illustrate
how the results in Fig. 2 change for different values of p, and
Ysp» We show in Fig. 3 the same ratio Epg(rg,)/AUppm(7sp)
for arange of DM densities pg, and power laws y,. The three
images correspond to the same three mass ratios shown in
Fig. 2. From left to right, they are ¢ = 1073, 107*, and 1077,
There are some common trends in all three panels: more
dense (larger py,) and steeper (larger y,) spikes tend to have
smaller ratios AEpg(r,)/AUpm(ryp) (ie., satisfy energy
balance better). Even over this larger parameter space of DM
spikes, the binary with a 1073 mass ratio does not have a
region where Epg(ry,)/AUpm(ry,) < 1. The 107 mass-
ratio binary has Epg(rg,)/AUpm(rg) < 1 for most spike
parameters, while the 10™* mass ratio binary has the most
variation about Epg(ry,)/AUppm(rg) = 1.

Thus, in many (though not all) of the systems considered
by Eda et al., there is more energy dissipation through
dynamical friction than binding energy in the DM distri-
bution to account for this dissipation. It will therefore be
necessary to modify the distribution of DM in response to
the energy input into the DM spike through dynamical
friction.

Before implementing such a prescription, it would be of
interest to know whether there is enough binding energy in
the DM distribution to have a significant impact on the
evolution of the binary. We introduce a simple effective
model in Appendix A, in which dynamical friction is
assumed to unbind all particles in the DM spike at a given
radius. This model suggests that there is indeed sufficient
binding energy to have an important effect. Thus, we next
turn to a more detailed description of how we implement
this feedback on the DM distribution.

III. N-BODY SIMULATIONS

In order to build a semianalytic prescription for feedback
in the DM Wespike, we need to study in more detail the
physics of dynamical friction in IMRI systems. In particu-
lar, as we will see in Sec. IV, we need to know the minimum
and maximum impact parameter, b, and b,,, to include
in our calculation of the dynamical friction effect. It is also
useful to verify that the standard Chandrasekhar prescrip-
tion for dynamical friction (which is derived for uniform
density distributions) applies also in our setup.

For concreteness, we fix the minimum impact parameter
to be by, = 10 km, roughly the radius of a neutron star
[47]. In principle, by, could be smaller (for example, if the
orbiting compact object is a black hole rather than a neutron
star). However, we do not need to worry about the precise
value; these O(km) scales are much smaller than any other
length scales in the problem and can effectively be set
to zero.
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Ratio of energy radiated through dynamical friction to binding energy of the DM spike for a range of DM spikes. The three

panels from left to right are the mass ratios ¢ = 1073, 10™, and 107> The implications of this figure are discussed in more detail in

Sec. IID.

Instead, fixing the value of the maximum impact
parameter b, 1s crucial, as it determines which DM
particles in the spike interact gravitationally with the
orbiting compact object and therefore governs how energy
is injected into the spike. Fixing b, can also be seen as
fixing the Coulomb logarithm log A, because for b,;, — 0,
Eq. (2.14) becomes:

b
log A ~ log (ﬂ> .

i (3.1)

For the systems we consider here, a range of values have
been previously assumed for the Coulomb logarithm.
Reference [34] set b, equal to the orbital radius, which
would be appropriate for the motion of a compact object
through a diffuse host such as a galaxy [[46] p. 664]. For a
mass ratio of ¢ = 10™* and an orbital radius of 20Gm, /c?,
this gives log A ~ 3, the value used by Eda et al. [27,28].
For a compact object orbiting around a central point mass,
we can combine Egs. (3.1) and (2.15), to show that log A =
log(1/g) under these assumptions.

However, the dynamics of DM particles at small radii
will be dominated by the central IMBH, so it seems
implausible that these particles can be deflected by the
smaller orbiting compact object. A more plausible
approach then is to fix b,,, the distance at which
perturbations from the small compact object can become
relevant. The gravitational force from the central BH and
from the compact object will be equal at a distance:

my
bmax ~ —I,
m

from the compact object. The corresponding Coulomb
logarithm would then be

1 /
log A =log [— = log ™
q ny

In order to determine the value of the maximum impact
parameter, we perform a number of simulations using the

(3.2)

(3.3)

publicly available GADGET-2 code [48,49] as a pure N-body
solver. For each simulation, we initialize a binary on a
circular orbit with mass ratio g = 107> — 1072, as well as a
DM spike in dynamical equilibrium consisting of N = 213
particles. We evolve the system forward several hundred
orbits and follow the evolution of the orbital separation.
This allows us to calibrate the dynamical friction force and
therefore determine log A and b,,,,. In all simulations, we
use as a benchmark a DM spike with pg, =226 M/ pc?
and a slope of y,, = 7/3. Further details about the N-body
simulations are given in Appendix C.

Figure 4 shows the change in orbital separation of the
binary for a mass ratio ¢ = 1072 and initial separation
r, = 3 x 1078 pc. Each curve shows the simulation result
for a different random realization of the DM spike. These
simulations cover approximately 3 days in physical time

Ohs .
- :
=
= 9 .

g
<
-3 mo =1 M@ _ i
ry =3 x 1078 pe .
T, = 1536 s N
—4 I I I AN I 1
0 25 50 6] 100 125 150
Norbits

FIG. 4. Change in binary separation. We show the results
of 5 N-body simulations which are identical except for having
different initial random realizations of the DM halo. The black
dashed line shows the expected change in binary separation r,,
assuming dynamical friction losses as in Eq. (2.13) and assuming
A = +/m;/m,, while the black dot-dashed line shows the
expectation for A = m/m,.
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and take roughly the same length of time to simulate on
16 cores. Such simulations are therefore not suitable to
follow the full evolution of the binary over many years, but
do allow us to measure the size of the dynamical friction
losses from the change in orbital energy:

dEDFNGm1m2 Ar2
dr = 2(r)? At

(3.4)

For each binary configuration, we run at least 5 simula-
tions, each for at least 100 orbits. The rate of dynamical
friction energy loss in each simulation is estimated using
Eq. (3.4). This allows us to estimate the mean energy loss
rate, as well as the error associated with different random
realizations of the DM spike.

Figure 5 shows the fractional energy-loss rate due to
dynamical friction for binaries with central BH mass
my = 100 M (top panel), m; = 300 M (middle panel)
and m; = 1000 M, (bottom panel). The dotted line in each
panel shows the physical energy loss rate assuming
log A = 1/,/q. For the systems we are studying, we can
typically set b,;, — 0, as discussed above. However, the
simulations have a different minimum impact parameter
due to their finite softening lengths /. The dashed lines
show the energy loss rate which we expect to observe in the
simulations, taking into account this finite softening
lengths. The data points are well fit by b, = %lsoﬂ. As
we move toward smaller separations, the maximum impact
parameter shrinks, as the gravitational influence of the
central BH increasingly dominates. At some point, the
maximum impact parameter becomes comparable to the
softening length of the simulations and the dynamical
friction effect is no longer observable, shown as a sharp
drop-off in the dashed curve.?

We see that in each panel of Fig. 5, the standard
Chandrasekhar prescription for dynamical friction, for
which we use A = \/m;/m,, provides a good fit to the
simulations. As we increase m,, the uncertainties on the
energy loss rate increase, as the central density of the spike
grows. This in turn means that for a fixed number of DM
pseudoparticles, the mass per pseudoparticle grows, giving
a larger discretization noise in the simulations. Even so, the
mean dynamical friction effect estimated from the simu-
lations matches Eq. (2.13) well. This good match requires
us to include the factor &, which accounts for the fraction of
slow-moving DM particles and which was neglected in
previous studies.

In Fig. 6, we take the data points for r, = 3 x 1078 pcin
each of the panels of Fig. 5 and plot them together. We also

3Using the same logic, the maximum impact parameter is
smaller for m; = 1000 M, than for the less massive central black
holes. In the case of m; = 1000 M, we therefore use a slightly
smaller softening length in order to preserve the dynamical
friction effect down to smaller orbital separations.
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FIG. 5. Dynamical friction energy loss estimates from N-body
simulations. The orbiting compact object has a mass m, = 1 M
and we show results for three masses of the central black hole:
100 M, (top), 300 M (middle) and 1000 M (bottom). The
diagonal dotted line shows the predicted energy loss from
Eq. (2.13), assuming A = \/m;/m,. The curved dashed line
shows the energy loss accounting for the finite softening length.
We also highlight in each panel the innermost stable circular orbit
T'seo Of the central IMBH, as well as the softening length /. of
the simulations.

plot the expected size of the dynamical friction loss for
different values of the Coulomb term A. The best fit is
provided by A = \/1/g = +/m;/m,, which was motivated
by limiting the scattering to the gravitational sphere of
influence of the orbiting compact object. We therefore use
this value throughout the remainder of this paper, along
with the corresponding value of b,,:

[y jmy
Diax = bogy |— = | —12.
my my

(3.5)
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FIG. 6. Dynamical friction energy loss as a function of IMBH
mass. The data point for each of the three masses is the same as
the right-most data point in the corresponding panel of Fig. 5.
Lines correspond to the predicted rates of energy loss for three
different values of the Coulomb factor A, where ¢ = m,/m;.

With these results, we can also verify the standard
Chandrasekhar prescription for dynamical friction, which
relies on the assumption of a uniform background distri-
bution of scattering particles. Figure 5 shows already that
the dynamical friction correctly traces the DM density as a
function of orbital radius, despite the fact that the DM
distribution is not uniform. From Eq. (3.5), bya/r2 =

\/m,/m;, meaning that for a mass ratio of g = 1073, by,
is some 30 times smaller than the binary separation. The
dynamical friction process therefore takes place only over a
small region close to the orbiting compact object. This
implies that it is consistent to model the dynamical friction
force for nonuniform systems using the local density, and it
further implies that the dephasing effect could be used to
accurately trace out the density profile as a function of
radius.

IV. HALO FEEDBACK

We now describe a prescription to incorporate feedback
in the DM spike, which we then use in Sec. V to follow the
evolution of the binary self-consistently. This prescription
is semi-analytic and allows us to track the phase space
distribution of the DM spike as energy is injected by the
inspiraling compact object. We begin by discussing the key
assumptions behind our approach.

(a) We assume that the orbital elements evolve on a
timescale that is long compared to the orbital period.
This assumption is justified over most of the inspiral,
as discussed below Eq. (2.10), and allows us to
consider the rate of energy being injected into the
halo as constant over a small number of orbits. Note
that we will not attempt to resolve changes to the
distribution of DM on timescales shorter than a single

orbit (because of the varying orbital phase of the
compact object).

(b) We assume that the equilibration timescale for the DM
halo is much shorter than the timescale for the secular
evolution of the system. When DM particles in the
halo receive a “kick” from the compact object, they
move to a new orbit with a larger semimajor axis. It
will thus take a few orbital periods before the
distribution of these particles reflects the new equi-
librium density profile. However, as discussed above,
the evolution of the orbital elements is slow compared
to these timescales. This allows us to compute the new
equilibrium density profile of the DM “instantane-
ously” after energy is injected.

(c) We assume that the DM halo is spherically symmetric
and isotropic, and remains so throughout the evolution
of the system. This allows for a simpler treatment of
the halo, as we need only keep track of the evolution of
the energy of the DM particles and not their angular
momentum. We discuss this assumption in more detail
in Sec. VL

With these assumptions, we can describe the DM in the
spike at all times with an equilibrium phase space dis-
tribution function f = mpydN/d*rdv. If the distribution
of DM is spherically symmetric and isotropic, then f =

/(&) and depends only on the relative energy per unit mass:

E(r,v) =¥(r) — =% (4.1)

Here, ¥(r) = ®, — ®(r) is the relative potential, with ®(r)
the standard gravitational potential and @, a reference
potential. Gravitationally bound particles then correspond
to those with £ > 0. The orbital separations we are
interested in lie well within the sphere of influence of
the central IMBH. We therefore neglect the gravitational
potential due to the DM halo and write ¥(r) = Gm,/r
(see, e.g., Appendix II of Ref. [50] for a numerical
comparison). This also allows us to assume that the DM
halo evolves in a fixed gravitational potential, rather than
having to update the potential as the DM halo is perturbed.
For a given density profile p(r), the distribution function
f(E) can be recovered using the Eddington inversion
procedure [[46] p. 290]. The initial equilibrium distribution
function of the power-law spike is given by [50]:

o YSp(ysp - 1) Tsp Ysp
fl(g) - (2”)3/2 Psp <Gm1)

o = 1) }) Era732, (4.2)
F(}/sp - E)

where I' is the complete Gamma function. For a given

distribution function, the density can be recovered as:
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p(r) = 4ﬂAva(r) v’ f (‘P(r) —%vz> dv, (4.3)

where v, (r) = 1/2%(r) is the escape velocity at radius r.
Thus, if we can study the evolution of the distribution
function f, then we can self-consistently evolve the DM
halo along with the binary and reconstruct the density
profile, which is required to calculate the dynamical friction
force. A similar approach to the evolution of DM around
BHs was applied in Refs. [20,51].
The number of particles with energies £ — £ + d€ is

N(E)E = —— g(&)f(€)deE.

— (4.4)

The density of states g(£) denotes the volume of phase
space per unit energy [46] [p. 292]. In the potential of the
central BH, this can be calculated as:

g(&) = /5(5—5(1’, v))d’rd}v

— 1622 / ©ar\209(r) = €)

0
=\V213G3m 36752, (4.5)
where re = Gm, /€ is the maximum radius for a particle of
energy &

Let us write P¢(AE) as the probability (over a single
orbit) that a particle with energy £ scatters with the compact
object and gains an energy AE. Then, the change in the
number of particles at energy £ over a single orbit can be
written as:

AN(E) = —N(€) / Pe(AE)AAE
+ / N(E = AE)Pe_ne(AE)AAE,  (4.6)

where the integration is over the range [AE (byay ) s AE (Din ) ]-
The first term in Eq. (4.6) describes those particles initially at
energy £ which scatter to another energy, while the second
term corresponds to those particles which scatter from
energies £ — A€ to energy &.

We will describe the evolution of the system in terms of
the distribution function f(&)=mpyN(E)/g(E). Assuming
that the evolution of the system is much slower than the
orbital frequency, we can write Af ~ T.,0f/0t, with

Tow=27+/(r2)?/(GM) the orbital period. Thus, we obtain:

*We note that formally g¢(&£)f(€) diverges as € — 0 for
Ysp < 4. However, we have so far only considered a DM spike
which extends out to infinity. In practice, the DM spike will be
smoothly truncated at large radii, modifying the distribution
function as £ — 0 and ensuring that the total number of DM
particles remains finite.

af (€,1)
ot
=—pef(&1)

" / <5 —EA5> " (E-AE.1)Pe_pe(AE)AAE,  (4.7)

Torb

where pg = [Pg(AE)AAE is the total probability for a
particle of energy £ to scatter with the compact object
during one orbit. We note that while we do not write
P¢(AE) with an explicit time-dependence, this probability
depends implicitly on time through the orbital velocity and
orbital radius r,(7). Using Eq. (4.7), we can evolve the
distribution function over a number of orbits (assuming that
the binary separation changes slowly compared to the
orbital period). The density profile throughout the spike
can then be derived using Eq. (4.3), which in turn is used to
evaluate the rate of energy loss due to dynamical friction,
given in Eq. (2.13).

The final step is then to evaluate Pg(AE). When a DM
particle passes the compact object with impact parameter b,
it is deflected and the velocity of the compact object parallel
to its motion changes.5 The change in speed of the compact
object is [46][Appendix L]:

b2 -1
Avy = —20, "2 [1+—] , (4.8)

2
2 b90

where v is the relative speed of the encounter and bq, was
defined in Eq. (2.15). The change in energy of the compact
object is then

1
AEqo = 5mz[(vo + AvH)z - U%] R myvyAvy, (4.9)

meaning that by energy conservation the change in relative
energy per unit mass £ of a single DM particle is

AEco { b? }—1
AE(D) = — =-20%|1+—| .
(®) Mpm 0 b902

(4.10)

In principle, encounters between DM particles and the
compact object occur with a range of relative speeds (owing
to the velocity distribution of DM). Here for simplicity we
fix the encounter speed to be equal to the orbital speed
Vo = Vo We assume that only DM particles with speeds
slower than vy = v,y will scatter and gain energy from the
orbiting compact object [36]. For an isotropic velocity
distribution, these assumptions give the correct total dynami-
cal friction force on the compact object [[46] Sec. 8.1].

Note that we do not consider changes in the velocity
perpendicular to the motion of the compact object because on
average these do not give rise to a change in energy.
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Note that particles moving faster than v, will instead give
rise to dynamical heating, increasing the energy of the
compact object. However, this effect is suppressed by
the ratio mpy/m, and can safely be neglected in this
scenario [[46] p. 582].

The scattering probability can now be evaluated as:

//K,g PR

x 5(A€ — AE)d’rdv. (4.11)
Evaluating the integral over v, as in Eq. (4.5), and using
Eq. (4.10) to change the argument of the second §-function,

we obtain:
By [r1[ B2
= %0 / [ R
9EG Jr b1 Do
5(b— b, (AE)) /209 () = E)dr.
Here, we have defined b, = bgy\/2v3/|AE| — 1 and the

lower limit r, = Gm, /(€ +3v}) ensures that only par-
ticles with v < vy can scatter with the orbiting compact
object.

Equation (4.12) now involves an integral over the entire
DM spike, with a contribution only from positions with
impact parameters b = b, (AE). This corresponds to an
integral over the torus with minor radius b, (AE) and major
radius r,, the orbital radius of the compact object. For
b <« ry, we can perform the azimuthal integral over the
orbit:

P¢(AE)

(4.12)

/rzdrdcos Od¢g — 2Jrr2/sin9rdrd0, (4.13)

where (r, 6, ¢) are the standard spherical polar coordinates.
Finally, we change variables from (r, @) to (b, «), where the
angle a € [0, 2z] is defined as in Fig. 7. With this, we have:

FIG. 7. Geometry of DM scattering around the compact object.
The compact object position is denoted ®, at a radius r, from the
central IMBH. The motion of the compact object is into (or out
of) the page. See Eqs. (4.12)-(4.16) for more details.

/ sinOrdrdd — 2 / ! / " sin (8[b. o)) bdbda.  (4.14)
0 0

Substituting in Eq. (4.12) and performing the integral over
b, we finally obtain:

47'[ ry bgg 1 + b2 2
9(&) vg boy*

<[

Note that here the value of b,,,, = ro1/m,/m, discussed in
Sec. III sets the minimum value of AE, through Eq. (4.10).
The radial coordinate r is now expressed as:

Pg(AE) =

rlb,.al) — &) sin (0]b,, a])da.

(4.15)

rlb,,a] = [r3 + b% +2r,b, cosa]'/?,  (4.16)
and we integrate over all values of « € [0, z] such that
r[b,.,a] € [rey, re]. We work to first order in b, /r,, in
which case Eq. (4.15) can be written in terms of elliptic
integrals; more details are provided in Appendix D. Code
for computing the properties and time evolution of the DM
spike is publicly available online at https://github.com/

bradkav/HaloFeedback [52].

A. Testing the halo feedback

Before tackling the complete IMRI system including a
dynamic DM spike, we first test the formalism by following
the evolution of the DM distribution in a simpler scenario.
We consider a mass m, = 1.4 Mg orbiting a central BH
m; = 1400 M, at a distance r, = 1078 pc. This configu-
ration is a typical snapshot of an IMRI signal which would
be observable by LISA, except that we will keep the orbital
separation fixed. That is, we will look only at how the DM
spike evolves in response to energy injection, without
allowing the orbit of the compact object to change.

Figure 8 shows the result of this “test” simulation, run
over 40000 orbits. We plot the density profile of the spike,
including only those particles moving more slowly than the
local orbital speed v < vy (r) (i.e., only those particles
which would produce a net dynamical friction effect on the
orbiting compact object). DM particles are gradually
depleted from close to the compact object through scatter-
ing; at the end of the simulation, the density at the orbital
radius has dropped to 3% of the initial density. We note
that particles with some energy & naturally populate radii
between r =0 and r = rg = Gm,;/E. This means that
particles scattering at a radius r, will also deplete particles
at smaller radii, as observed in Fig. 8. These scattered
particles gain energy and their average radius increases,
leading to a bump in the density profile at r > r,.

By comparing the change in energy of the DM spike and
the work which would be done on the compact object by
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FIG. 8. Evolution of the DM spike density profile due to

feedback from the orbiting object. We consider a compact object
m, = 1.4 My, orbiting at a fixed radius r = 1078 pc from the
IMBH with m; = 1400 M. Note that we plot ppy; () multiplied
by the fraction of DM at radius » moving more slowly than the
local orbital speed v, (7). The upper panel shows the evolution
of the density profile normalised to the density profile p, at the
start of the simulation.

dynamical friction, we have confirmed that energy is
conserved at the level of 0.1%, with approximately 6%
of the total energy carried away by particles which become
completely unbound from the spike. Unlike in the case of a
static DM spike, this feedback formalism allows us to
follow the system self-consistently, ensuring that energy is
conserved throughout its evolution.

V. EVOLUTION OF THE BINARY
WITH HALO FEEDBACK

In this section, we incorporate the halo feedback pre-
scription in Sec. [V into our evolution of the binary system.
We first discuss the evolution equations and our numerical
methods for solving these equations; we then discuss the
results of our numerical simulations.

A. Evolution equations and numerical methods

In Sec. II, we could determine the dissipative dynamics
of the binary from solving a single, ordinary differential
equation for the orbital separation of the binary, Eq. (2.16),
in a static distribution of dark matter, Eq. (2.1). In this
section, we instead simultaneously evolve the orbital
separation of the binary in a spherically symmetric dis-
tribution of dark matter, which itself evolves in response to
the inspiral of the small compact object from dynamical
friction. Thus, the evolution equation for 7, has a similar

form to that in Eq. (2.16), but we replace ppy(r,) with the
time-dependent DM distribution evaluated at r,, which we
denote ppy(72, t). Similarly, the fraction of DM particles
slower that the circular speed at r, is written &(r5, 7). The
expression, in full, is

64G3Mm|m2
505(’2)3
872G >m, log Ari/zpw(rz, 1)é(ra. 1)

- T .5

Because the evolution of the DM spike at all radii r,
pom (7, 1), depends upon r, we must simultaneously evolve
Eq. (5.1) with the prescription in Sec. IV for evolving the
dark-matter distribution.

Thus, the evolution equations that we must solve take the
form of a coupled system of an ordinary differential
equation and an integro-partial differential equation.
Schematically, the system has the form

drét(t) =F, [rz’ [/ Fof(E.t rz)} j

8f(5’ X r2)
ot

ry = —

(5.2a)

=F, [f(g, t;1,), / dAEF(E — A&, t; rz)],
(5.2b)

where the explicit forms of the functionals F; and F, can
be obtained from Eqs. (4.7) and (5.1) [as well as the
relationship given in Eq. (4.3)]. Here we also added an
explicit dependence of f(&,t) on r, using the notation
f(E,t;ry), so as to emphasize that the ordinary and partial
differential equations are coupled. When discretizing the
system in Eq. (5.2) to solve it numerically, we first use
Simpson’s rule to evaluate the integrals, and then we use the
method of lines (discretizing the partial differential equa-
tion on a grid of £ values and solving the resulting system
of ordinary differential equations on these grid points) and a
second-order-accurate Runge-Kutta method to numerically
solve the coupled ordinary and integro-partial differential
equations. Because there are only integrals rather than
derivatives appearing on the right-hand side of the partial
differential equation, we did not find that there was a
Courant-Friedrichs-Lewy condition [53] that limited the
size of our timestep (unlike for explicit numerical schemes
for solving the advection equation, for example).

There are also two somewhat subtle issues that arise
when evolving the binary with the halo feedback, which are
related to (i) initial conditions and (ii) the size of the time
steps used to evolve the system. We discuss each of these
issues now in more detail.

(i) Regarding initial conditions, for simplicity, one might
like to be able to use the static DM distribution, Eq. (2.1),
as the initial condition for evolving the binary with halo
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feedback. However, unless the small compact object
suddenly materialized in its orbit, this will generally not
be a realistic initial condition. Rather, one would expect
that the small compact object was either captured, or it
formed at a larger radius, and altered the dark-matter
distribution via feedback on the halo until it reaches an
orbital separation from where it could be detectable by
LISA. This could make simulating the binary challenging,
because the exact initial conditions could depend upon the
history of how the binary formed.

However, as we saw in Sec. III, the particles that
contribute to this gravitational drag force lie within some
small range of impact parameters from the compact object.
We anticipate then that outside of some distance from the
small compact object, the distribution of dark matter is not
strongly affected, and the static distribution of dark matter,
Eq. (2.1), remains a good approximation for the density
within this region. If we are interested in evolving the
binary using more realistic initial conditions for an initial
separation r;, then we would need to start evolving the
system from a larger separation r; + Ar;, where we have
defined Ar; to be the distance outside of which the
distribution of dark matter is not significantly affected
by the gravitational scatterings that produce dynamical
friction. We will take this approach described here to set
what we believe to be reasonable initial conditions for the
evolution of the binary and the dark-matter spike; in
practice, we set Ar; = 2r;.

(ii) Regarding the size of time steps, we note that the
method of Sec. IV for evolving the dark-matter halo is only
valid over timescales of (at least) a few orbital periods.
Thus, we will be limited in the size of the time steps that we
can take to be this size or greater. While this will not be
problematic when the system is adiabatically evolving
between circular orbits, our errors could be large when
the binary is more relativistic, and the orbital radius
changes more rapidly. Ultimately, we do not view this as
a large problem, because the Newtonian approximation that
we adopt throughout this paper runs into other inaccuracies
when the system is sufficiently relativistic that we would
like to be taking a smaller time step. Also, the dynamical
friction effect is of a negative post-Newtonian order for
quasicircular binaries, meaning that it is largest when the
binary is less relativistic. We discuss these issues in more
detail in Sec. VI. Nevertheless, because we can only take
timesteps that are an integral number of the orbital periods,
we will not be able to resolve the orbital phase (or changes
in phase) to less than a few integral multiples of 2z (i.e.,
less than a few orbits).

We check the accuracy of our numerical methods
through two types of tests. First, to determine whether
taking timesteps that are an integral number of the orbital
period has an affect on our solving Eq. (2.16) for a static
DM distribution, we compare our numerical solution for
the number of GW cycles as a function of the GW

frequency to the analytical expression in Eq. (B4). We
find that we can resolve the number of GW cycles to 10s of
cycles. Second, we ran numerical simulations of the
dynamic DM spike at several different numerical resolu-
tions (we considered a sequence of timesteps that were a
different number of orbital periods) for the binary with
g = 1073 and the DM spike with the initial DM spike given
by pg, =226 Mg, /pc’ and Ysp = 7/3. We found by com-
paring the two highest resolutions that the accuracy of our
simulations was more of order of 100 GW cycles.

B. Results of numerical simulations

First, we will qualitatively describe the behavior of the
binary with a dynamical DM spike. As we saw in Sec. [VA,
feedback on the DM halo leads to a depletion of the DM
density at the orbital radius. This in turn reduces the size of
the dynamical friction force and thus slows the inspiral.
There is therefore competition between how quickly the
compact object depletes DM and how rapidly dynamical
friction causes it to lose energy. If the inspiral is sufficiently
fast, the compact object moves to an orbit at smaller radius
before much of the DM is depleted and the overall effect of
feedback will be relatively small. Instead, if the inspiral is
slow, most of the DM will be depleted at the current orbital
radius and the binary will effectively stall. At this stage GW
energy losses become more significant, and the binary must
move slowly to a smaller radius before dynamical friction
can dominate again. In this case, the behavior of the
system is significantly altered by feedback. Animations
showing the coevolution of the binary and DM profile are
available online at https://doi.org/10.6084/
m9.figshare.11663676 [54].

To quantify the size of the dephasing effect, we estimate
the difference between the number of gravitational wave
cycles Nyees during the inspiral in vacuum and in presence
of the DM minispike, for both the dynamic and static cases.
We define the number of GW cycles by integrating the GW
frequency between two times,

Ncycles(tf’ti) = thfGW(t)dt‘ (53)

In the quadrupole approximation, the GW frequency fgw is
twice the orbital frequency Q.4 (7)/(27). The GW fre-
quency grows monotonically with time during the
inspiral and we can therefore also express the number of
cycles in terms of the initial and final GW frequencies:
Ncycles (fGW.f’ fGW,,»)-

In Fig. 9, we show the difference in the number of GW
cycles with and without DM,

AN = NZ;gles (wa,fw fow,i) — N]c)yl\c/[les (fGW,f’ fow.i)s

(5.4)

cycles
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FIG. 9. Change in the number of GW cycles with respect to the
vacuum inspiral. For amass ratio ¢ = 1073, m; = 1.4 x 103 M,
psp = 226 My /pc® and yg, = 7/3, we show the change in the
number of cycles (compared to the case without DM) starting
from GW frequency fgw,; up to the merger. The three curves
show the change in cycles for a static DM distribution (solid red),
the dynamic DM distribution (blue dashed) and a shell model
(orange dotted-dashed) described in Appendix A. The vertical
dotted-dashed black line shows the GW frequency such that the
system without DM will inspiral and merge within five years.

for a binary with masses m; =1400 M, and m, = 1.4 M,
and a fiducial spike with pg, =226 M /pc® and slope
Yop =7/ 3.° We fix the final frequency as the GW frequency
at the ISCO fgwr~3.1 Hz and show AN s as a
function of fGW,i-7 The solid red line shows results for a
static DM spike (as described in Sec. II). The dot-dashed
orange line instead shows results for the model in
Appendix A, which we refer to as the “shell model.” In
this model, the rate of dynamical friction energy loss is set
equal to binding energy in the DM spike at any given
radius. This toy model respects energy conservation and
corresponds to the case where dynamical friction is
maximally efficient, in the sense that all of the DM halo’s
binding energy is converted into work by dynamical
friction. It is clear from Fig. 9 that the maximum allowed
size of the dephasing effect, obtained in this toy model, can
be as much as two orders of magnitude smaller than that
estimated in the static case. The dashed blue curve shows
our results for the dynamic DM spike, obtained using the
prescription described in Sec. IV.

®0ur choice of the mass m, is motivated by the Chandrasekhar
limit [55-57], though our results do not depend on the nature of
either compact object (e.g., neutron star or black hole).

"Note that this implies that the time it takes for the system to
inspiral between the initial and final GW frequencies will differ
for the system with and without DM.

At the lower range of the frequencies depicted in Fig. 9,
AN yies for the dynamic spike is a factor of a few smaller
than ANy, for the shell model; however, as functions of
frequency, both cases roughly follow the same power law.
This suggests that at lower frequencies (before GW energy
loses become more efficient than loses from dynamical
friction) the effects of dynamical friction on the orbital
dynamics of the binary are similar to unbinding a fraction
of a shell of DM particles at the orbital radius. At the higher
range of frequencies shown, AN, for the dynamic case
follows a power law closer to that for the static case, but
again it is a factor of a few smaller than the result for the
static DM spike. The following argument can explain this
result: for the higher frequencies shown, GWs are more
efficient in causing the binary to inspiral; thus, dynamical
friction is not able to significantly change the DM spike and
the dynamics of the system can be approximated well by
having a static DM spike. The magnitude of the dephasing
is smaller in the dynamic case than in the static one,
because the DM density is somewhat depleted by the
effect of dynamical friction from earlier in the inspiral
(cf. the discussion of initial conditions in Sec. VA).

In Table I, we list numerical values of ANy, for
different configurations of the IMRI system and DM spike.
Having in mind a 5 year observation with LISA, we
measure ANy, starting from a separation (or, equiva-
lently, an initial frequency) such that the time-to-merger is
5 years in the both the vacuum and DM cases. Note that this
means that the systems with DM will start at a larger
separation (or lower initial frequency) than the vacuum
case, in order to give a merger in the same time.® Note that
this convention for specifying ANy differs somewhat
from the definition used in Eda er al. (their convention is
equivalent to that used in Fig. 9); however, because LISA
will operate for a fixed amount of time, and because sources
like IMRIs typically will not merge on a timescale shorter
than that of LISA’s operation, we opt to compare the
number of cycles over a fixed time rather than from a fixed
initial frequency. These different conventions do change the
difference in the number of cycles, so, for example, the
results in Fig. 9 and the numbers in Table I cannot be
directly compared, even for the same binary and DM spike.

For a central IMBH with m; = 1.4 x 10° M, assuming
a static DM spike with slope yy, = 7/3, the dephasing
effect would reduce the number of GW cycles from the
value in vacuum by roughly 5%. However, modeling also
the dynamics of the spike, which responds to incorporating
feedback from the orbiting compact object, we find the
dephasing effect is reduced to 0.07%. As we saw in Fig. 3,
previous calculations assuming a static DM spike over-
estimated the magnitude of energy loses compared to the

$For reference, fora 1.4 x 10> Mg, (1.4 x 10* M) IMBH, the
initial separation giving a five year inspiral in the vacuum case is
ry =124 x 1078 pc (r, = 3.92 x 1078 pc).
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TABLE L.

Change in the number of cycles ANy, during the inspiral. Change in the total number of GW cycles due to dynamical

friction, starting 5 years from the merger. We compare results for a static DM halo and a dynamic DM halo incorporating feedback. In
the top, middle and bottom tables, we show results for mass ratios of ¢ = 1073, 10™* and 107 respectively. We also indicate the number
of cycles expected in vacuum (in the absence of DM). We fix m, = 1.4 M, in all three cases. Note that 7/3 = 2.333... =2.3.

my =14 x10° Mg, Neyges = 4.63 x 10° in vacuum

Y = 1.5 Ysp =22 Ysp = 2.3 Ysp = 2.3

Static <1 1.8 x 10* 1.1 x10° 2.1 x10°

Dynamic <1 2.4 x 10? 1.6 x 10° 3.1 x10°
my =14 x10* Mg, Neyees = 2.60 x 10° in vacuum

Yop = 1.5 Ysp = 2.2 Ysp = 2.3 Ysp = 2.3

Static <1 1.0 x 103 6.3 x 10° 1.2 x 10*

Dynamic <1 5.0 x 10? 3.1 x10° 5.8 x 10°
m; =1.4x10° Mg, Neyaes = 1.39 x 10° in vacuum

Ysp = 1.5 Yop = 2.2 Yop = 2.3 Yop = 2.3

Static <1 5.5 x 10! 33 x10? 6.0 x 102

Dynamic <1 5.3 x 10! 3.2 x 102 5.9 x 10?

binding energy in the DM spike by up to several orders of
magnitude. In this case, we see that incorporating DM
feedback is not a small correction, but instead reduces the
size of the dephasing effect by roughly a factor of 100.

For a heavier central IMBH of m, = 1.4 x 10* M, the
binding energy available in the DM spike is larger. As
shown in Fig. 3, this available energy is on the same order
as the work done by dynamical friction. This is reflected in
the smaller difference between the results for the static and
dynamic spikes. The dephasing would appear as a roughly
0.5% effect if we assumed a static spike; the dephasing
effect is reduced by a further 50% once we incorporate
dynamic feedback of the DM. For a spike with slope
Ysp = 7/3, the dephasing effect still corresponds to a
difference of around 5800 GW cycles.

We note that assuming a static halo, the size of the
dephasing effect is smaller for a heavier IMBH because
dynamical friction is subdominant to GW energy losses (for
the initial separations we consider here). However, due to
the tighter gravitational binding, the impact of allowing for
a dynamic DM spike is smaller for a heavier IMBH. Thus,
in the dynamic case, the dephasing effect is larger for a
central BH of mass m; = 1.4 x 10* My, than for m; =
1.4 x 10° M. This suggests that a mass ratio ¢ = O(107%)
is a promising target for detecting the effect of a DM spike
on the gravitational waveform.

While the dephasing including halo feedback is still
smaller than that predicted by Eda et al., we expect that the
qualitative conclusions of [28] should still hold: namely,
that the effects of the DM on the emitted GWs will allow
properties of the DM distribution to be measured from the
observed GWs by an interferometer like LISA. We leave

computation of how well LISA will be able to measure the
properties of the DM spike to future work.

Finally, for a central IMBH of m; = 1.4 x 10° M,
incorporating feedback appears to lead to a percent-level
correction to the dephasing effect. Such percent-level
corrections are important if we wish to model the IMRI
waveform to high precision. However, the overall size of
the dephasing effect is much smaller, and the difference in
AN yes between the static and dynamic case is typically
smaller than our numerical accuracy of O(100) cycles.
Even so, such a small difference is in line with our
expectations from right panel of Fig. 3, which shows that
the binding energy of the DM halo is typically larger than
the work done by dynamical friction, due to the larger
potential of the central IMBH. Further refinements to our
numerical procedure will be required to determine the
precise size of the dephasing effect in this case.

As well as reducing the number of GW cycles, dynamical
friction is also expected to shorten the inspiral time between
two fixed frequencies [33] and change the density profile of
the DM minispike. In Fig. 10, we plot spectrograms, showing
the frequency evolution of the GW signal with time, starting
from a fixed initial frequency. For a mass ratio ¢ = 1073, the
assumption of a static DM spike implies that a 5-year inspiral
in vacuum would be shortened by more than 1 year in the
presence of a DM spike with y,, = 7/3. However, our self-
consistent model substantially reduces the size of the effect,
leading to an inspiral which is just 4 days shorter than the
vacuum case. We also see that the inspiral time is very
sensitive to the slope of the DM distribution, rapidly
becoming undetectable for a mild slope of yy, = 3/2. For

amass ratio ¢ = 107#, the impact of allowing for a dynamic
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FIG. 10. Frequency evolution of the IMRI system. Gravita-
tional wave frequency of the binary as a function of time, starting
approximately 5 years before the merger. The black curve shows
the evolution in the absence of a DM spike, while the colored
curves show the evolution for spikes with characteristic density
psp = 226 Mg/ pc? and different slopes Ysp- Note that 23=17/3.

Top: mass ratio g = 1073, Bottom: mass ratio ¢ = 1074,

spike is less extreme, though still gives an O(1) change. The
inspiral is shorter by around 48 days in the static case,
reduced to around 20 days in the dynamic case.

Finally, we show in Fig. 11 the effect of the inspiral on
the density profile of the DM minispike. Here, again we
assume a central IMBH mass of 1.4 x 10° My and a
fiducial spike with pg, =226 My/pc® and slope 7y, =
7/3 = 2.333... = 2.3. We notice that, after the inspiral, the
DM density at each radius is altered at most by a factor of 2
with respect to the initial configuration (for a compact
object that begins its inspiral at r, & 3 x 1078 pc). This is
because particles which scatter with the orbiting compact
object are typically not completely unbound from the
system but rather increase their average radius slightly.
Thus, as the compact object inspirals, it depletes particles at
its current radius, partially replenishing particles which were

1025
----- Unperturbed
044 Unperturbed, v < Vorp
N —— After inspiral
1023 \\\ —— After inspiral, v < Vg
“, ‘\\
L1022
© N
E 1021 N
*10%
10%° N
1018 |||||| T T ||||||| T T T TTTTT
10-10 107° 1078 1077
r[pc]
FIG. 11. Evolution of the DM minispike profile. The solid lines

refer to the system at the end of the inspiral, while the dashed
lines correspond to the initial, unperturbed configuration. Blue
lines: total density profile. Red lines: density profiles associated
to the particles slower than the circular speed vy (7) for each r.
The “bump” at r >3 x 1078 pc is an artifact of starting the
compact object at this radius.

previously depleted further out. At small radii, the density
profile is largely unperturbed, as GW emission (and not
dynamical friction) becomes the dominant energy loss
mechanism here. While we have seen that feedback of the
DM spike can have a dramatic impact on the dephasing
signal, this does not mean that the spike is destroyed in the
process. These results suggest that the DM overdensity may
survive the inspiral with only a small amount of depletion
overall. We expect also that the imprint of the inspiral on the
DM spike will be too small an effect (and occur on too small
an angular scale) to measure by other means (e.g., dynami-
cally or with multiwavelength electromagnetic observations).

VI. DISCUSSION

In this section, we discuss a number of caveats to the
calculations we have performed. We suggest a number of
avenues for improvements in the future as well as the
prospects for detecting the effects of dark matter on the
gravitational waveform.

A. Halo relaxation

Thus far, we have assumed that the DM halo is disrupted
by the orbiting compact object and does not evolve further.
We now consider processes which may replenish the
depleted halo. One possibility is that DM particles may
diffuse in energy through small-angle scattering with each
other, ultimately refilling the depleted regions. Following
Refs. [58,59], the relaxation time associated with this
process scales as

3/2
¢’ ml/

3 ~ G2
MpmNipm PpMMpm!

(6.1)

Irelax ~ 75 3/2°
G /

083006-15



KAVANAGH, NICHOLS, BERTONE, and GAGGERO

PHYS. REV. D 102, 083006 (2020)

where the DM velocity dispersion is approximately
62~ Gm,/r. For a 100 GeV DM particle, we find #,.,, =
1070 years for the systems we consider here.

We may also worry about DM scattering with the
compact object and losing energy, thereby replenishing
the depleted regions of phase space. This process is only
possible for DM particles moving more quickly than the
orbiting object and would lead to a net “cooling” for these
particles [46][p. 582]. However, this process is suppressed
with respect to the “heating” process we have considered
here by a factor mpy/m, and can therefore be neglected.
Without external perturbations, then, the disruption of the
halo caused by the compact object should persist on
timescales much longer than the inspiral time.

B. Spherical symmetry

In Sec. IV, we relied on a description of the DM halo as
spherically symmetric and isotropic. However, the binary is
not spherically symmetric so we eventually expect this
description to break down.

One possible issue is that the compact object scatters
with particles in the DM spike only within a torus along its
orbit (see Fig. 7). Thus, energy is not injected into the halo
in a spherically symmetric way. Of course, particles in the
DM halo are not static; particles are on orbits which are (in
general) inclined with respect to the orbital plane of the
binary. Thus, energy injected in the plane of the orbit will
be redistributed throughout the DM halo naturally through
the dynamics of the system.

More concerning is the fact that the binary will inject
angular momentum into the halo, just as it injects energy.
On average, the scattered particles gain angular momentum
and the halo begins to corotate with the binary. We can
estimate how rapidly the halo is spun-up by calculating the
typical change in the specific angular momentum of a DM
particle (AL) each time it scatters. Comparing the torque
on the compact object with the number of DM particles
which scatter in a single orbit, we obtain:

lG
(AL) = 4log Amyy |22,
my

The maximum specific angular momentum at a given
radius is achieved for circular orbits L., = /Gmr,.
We thus find that:

(6.2)

—~

AL
>%4logA%1%,
AZ

(6.3)

L max

for a mass ratio of ¢ = 1073, Thus, the spin of the DM halo
increases only by a small amount with each scatter and
O(100) interactions are required before a particle is
expected to be on a circular orbit and corotating with
the compact object.

In a similar way, the typical change in the relative energy
per unit mass of a DM particle can be calculated as:

(AE) ~ 4logA

where we have used the fact that the maximum energy for
particles at radius r, is £ = Gm;/r,. Thus, by the time a
particle has scattered enough to be spun up, it will have
gained enough energy to become unbound. We therefore
expect that the halo will not gain a substantial net angular
momentum during the inspiral.

It is also possible to compute the amount of angular
momentum radiated through dynamical friction for a static
halo analogously to what was done in the calculations of
energy dissipated through dynamical friction in Sec. II C.
Using the fact that for binaries in quasicircular orbits
the angular momentum radiated satisfies dE,,/df =
Qo dJo/dt, it is possible to show that the angular
momentum dissipated through dynamical friction satisfies
a relation analogous to Eq. (2.21): namely, it can be written
as the change in /GMr, times a hypergeometric function
(where the hypergeometric function for positive r, is again
a number between zero and one). Thus the maximum
amount of angular momentum dissipated via dynamical
friction would go as u,/GMrg, Because the angular

momentum for the halo is assumed to be zero initially, it
is not possible to compare the angular momentum dissi-
pated to the amount of angular momentum in the halo, in
analogy to the ratios of energy discussed in Sec. IID.
Consider instead a simple toy model of a DM spike with a
large angular momentum, in which each spherical shell of
DM is rigidly rotating at the Keplerian orbital frequency.
A straightforward calculation of the angular momentum of
this spike shows that it would scale as m;/GMrg,. Thus,

the ratio of the angular momentum dissipated to the angular
momentum of this rotating distribution goes as u/m| ~ q,
which is small for the binaries that we have considered.
Because this ratio is small for the static halo, it should be
smaller for the dynamic halo, because less energy (and thus
also angular momentum) is radiated.

We note also that if more DM particles are corotating,
the size of the dynamical friction effect should increase.
The relative velocity of encounters with the compact object
will decrease, enhancing the drag force on the compact
object, as described in Eq. (2.13). Thus, our approach may
be seen as a conservative estimate of the size of the
dephasing effect.

Ultimately, to obtain high precision waveforms, it will be
necessary to follow both the energy and angular momen-
tum of DM particles in the halo. However, we expect the
results we present here to be conservative, with corrections
due to angular momentum injection being higher order. We
defer this more detailed analysis to future work.
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C. Relativistic and other corrections to the binary

Our focus in this paper was to understand the effects of
jointly evolving the binary and the DM spike on the emitted
GWs (and we found the effect can be substantial). We made
a number of simplifying approximations in modeling the
orbital dynamics of the binary and the DM spike. Because
we made the same types of assumptions for the orbital
dynamics with and without DM spikes, this allowed us to
obtain a self-consistent estimate of the impact of an
evolving DM spike on the GWs within the context of
our assumptions. However, because the detection of IMRIs
with LISA using matched filtering usually requires gravi-
tational waveform templates that are accurate to within a
few orbital cycles of the binary, the orbital dynamics that
we computed in this paper will likely not be sufficiently
accurate to use for GW data analysis. We now comment on
the types of effects and calculations that we expect need to
be added to make the gravitational waveforms more
suitable for data analysis.

Most notably, we restricted our calculations throughout
this work to a Newtonian description of the orbital dynamics
of the binary and the DM halo. For the system with
g = 1073, the initial orbital velocity is given roughly by
(v/c)* ~0.01, so post-Newtonian (PN) effects will produce
a roughly 1% error. Because there are of order 10° GW
cycles during a five-year inspiral, these 1% errors can lead to
inaccuracies of order 10* GW cycles. While this error is
greater than the dephasing shown in Table I, this error will
not contaminate our results for the following reasons:
(i) these leading PN corrections here are corrections to
the conservative dynamics, but the effect of dynamical
friction is a dissipative effect, which will allow these effects
to be distinguished; (ii) the dephasing signal occurs pre-
dominantly when the separation of the binary is large and
when PN effects are small; and (iii) the dynamical friction
corresponds to a negative PN-order effect for quasicircular
orbits, so it will not be confused with standard PN effects.’

A more complete description of the dynamics of the
system will be developed in future work. There we plan to
incorporate a relativistic description of the orbital dynamics
and distribution of dark matter. We also intend to more
carefully understand the effects of assuming the barycenter
and the IMBH are collocated. Finally, we will incorporate
(and revise) the effects of accretion of DM when the small
compact object is a black hole rather than a neutron star that

°For the shell model, the effect is a ¥sp — 3 PN-order effect,
whereas for a static halo, it is a yg, — 11/2 PN-order effect.
Because Fig. 9 showed that for the dynamic case, the power law
of the effect is closer to the shell model, the PN-order will be
closer to ayg, — 3 effect, though it will not be precisely a fixed PN
order. For y, close to two, the effect might be mistaken for the
effects of dipole radiation that appear in certain modified-gravity
theories (see, e.g., the review in [60]).

were discussed in [32]. Attempting to incorporate these
effects goes beyond the scope of this initial work.

D. Detection prospects

For concreteness, we have focused on the final 5 years of
the inspiral, having in mind a 5-year LISA mission. We
chose the final 5 years of inspiral, because the amplitude of
the GWs will be largest during this last stage of the inspiral,
which will typically imply that the system would have the
largest signal-to-noise ratio (though the precise signal-to-
noise will depend upon the details of LISA’s noise curve,
the mass of the system, and the initial orbital frequency of
the binary when the LISA mission begins). Of course, there
is no guarantee that the merger itself will occur during the
LISA observation period (and because the binary spends
more time orbiting at larger radii, it is likely that there
will be more binaries at earlier stages in their inspiral). If
the system is observed at an earlier time, further from the
merger, the signal-to-noise ratio and the size of the
dephasing would be different.

Determining the specific parameters of binaries and the
stage in their orbital evolution for which the dephasing
effect is most likely to be measured is an interesting, but
more complex question, that we plan to consider in future
work. We also postpone to a future analysis a discussion
about the possibility that the effect considered in this work
could be misinterpreted in the context of an actual “real-
world” data analysis, and may lead to a biased estimation of
the orbital parameters. For instance, a larger mass of the
central object (hence, a larger GW reaction force) could
partially mimic the dynamic friction effect considered here,
although the dephasing due to friction is typically accu-
mulated at larger radii.

In addition, in order to assess the prospects for detection,
we must explore in detail how many such systems we expect
to observe and with what properties. It is estimated that LISA
will detect IMRIs at a rate of R ~3-10Gpc 3 yr~! [61].
However, only a fraction of these will be embedded in a DM
spike. Very dense spikes are expected to form only at the
centers of DM halos, around adiabatically growing BHs
[19]. In addition, spikes may be disrupted by mergers and
other dynamical processes [62]. The presence of baryons
may also affect the formation of the spike [19], though there
are a number of scenarios in which we do not expect these
systems to be baryon-dominated (including direct-collapse
IMBHSs [21,22] and primordial IMBHs [23-25]). In any
case, we emphasise that the formalism we have developed
here for modeling the dephasing does not require a “pristine”
spike; indeed, our method applies equally well to partially
disrupted spikes. Taking all these effects into consideration
will be important for understanding the likelihood that LISA
will be able to detect such systems during its time of
operation.

Clearly, a more exhaustive exploration of the parameter
space is warranted, taking into account the population
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properties of IMRI systems, in order to assess detectability
of the inspiral signal and associated dephasing. These
topics will be addressed in follow-up work.

VII. CONCLUSIONS

Dark matter overdensities around intermediate mass
black holes inevitably modify the dynamics of inspiraling
compact objects, and could potentially be detected through
their impact on the gravitational waveform produced by the
binary inspiral.

We have demonstrated that previous analyses have
largely overestimated the dephasing induced by the
dynamical friction experienced by the compact object
ploughing through the dense dark matter spike. Those
studies relied in fact on the simplifying assumption of a
static dark-matter distribution, whereas we have shown
here that there is an efficient transfer of energy from the
binary to the dark-matter spike. The energy dissipated by
dynamical friction can in fact be much larger than the
binding energy in the DM distribution.

Guided by N-body simulations, we have then introduced
a prescription to update the dark-matter phase space
density as the binary evolves. Dynamical friction in general
speeds up the inspiral, reducing the number of GW cycles
which would be observed by experiments such as LISA.
Compared to the case of a static spike, our prescription
leads to a depletion of the DM density at the orbital radius,
which in turn reduces the size of the dynamical friction
force and thus slows the inspiral. This has dramatic
consequences for the impact of the DM on the emitted
GWs, and the interpretation of the signal.

For a central IMBH with m; = 1.4 x 10> Mg and
orbiting compact object with m, = 1.4 M, assuming a
static DM spike with slope y,, = 7/3, leads to a 5%
difference in the number of cycles with respect to the
vacuum case. When the dynamical evolution of the spike is
taken into account according to our prescription, we find
that the difference is reduced by a factor of ~100, to 0.07%.
The effect tends to be smaller for higher mass ratios, as the
DM spike is more tightly bound and less easily disrupted.
For a heavier central IMBH of m, = 1.4 x 10* M, our
prescription leads only to a 50% difference in dephasing,
with respect to the static case. The effect however still
corresponds to 5800 GW cycles, which should be observ-
able and distinguishable by LISA.

Dynamical friction significantly shortens the inspiral
time. For a mass ratio ¢ = 1073, a 5-year inspiral in vacuum
would be shortened by more than 1 year in the presence of a
static DM spike with y,, = 7/3. We have however shown
that incorporating the feedback on the dark-matter distri-
bution leads to a difference in inspiral time with respect to
the vacuum case of only 4 days. We also found that the
dephasing effect is very sensitive to the slope of the DM
distribution, rapidly becoming less than one gravitational-
wave cycle for a mild slope of yg, = 3/2.

In future work, we will focus on the observational
implications of the dynamical dark-matter spike for the
LISA mission. This will include estimates of the rate of
intermediate and extreme mass-ratio inspirals with dark-
matter spikes, studies of the detection prospects for these
systems, and assessments of how well the properties of the
dark-matter spike can be inferred from the gravitational-
waves measured by LISA. We anticipate that these systems
will be detectable and that they could provide information
about the nature of dark matter.
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APPENDIX A: A HEURISTIC MODEL BASED
ON EJECTING SPHERICAL SHELLS
OF DARK MATTER

In this subsection, we introduce a prescription to evolve a
compact binary with DM between separations r; and rs
such that the total energy input into the DM distribution is
equal to the binding energy of the spherical shell of DM
between r; and r;. We implement this procedure as follows.
Instead of equating the rate of energy dissipation by GWs
in Eq. (2.12) to be equal to minus the rate of change of the
orbital energy, we set the GW dissipation equal to the
orbital energy minus the energy of a shell of DM of width
dr, at the radius r, of the circular orbit. Thus, we write

(A1)

dEGW . dl’z dEorb dUsh
d  dr '

dr dr2 dr2

In Eq. (A1) the three derivatives of energies that appear can
be obtained from Egs. (2.7), (2.10), and (2.12), thereby
leaving dr,/dt as the one unknown quantity. Because the
quantity multiplying dr,/dt in Eq. (A1) is smaller than
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dE,,/dr,, the system will inspiral more rapidly than it will
in vacuum. Consequently, the number of orbital (and GW)
cycles that the binary undergoes when inspiraling between
two radii will be smaller. We will compute analytical
expressions the number of cycles as a function of frequency
for this model in Appendix B.

This model is heuristic in the sense that it assumes that
all the binding energy in the dark-matter distribution
around the black hole will be dissipated through the
scatterings that induce dynamical friction on the small
compact object. It aims to provide a conservative, though
still rough, upper limit on the size of the dephasing effect
ANy e that is likely to occur. The results in Fig. 9 show
that it captures some of the qualitative features of the
dephasing effect of the dynamical halo feedback model,
when feedback is significant, and that it does provide an
upper bound on the magnitude of the effect.

APPENDIX B: ANALYTICAL EXPRESSIONS FOR
THE NUMBER OF GRAVITATIONAL-WAVE
CYCLES

In Sec. V, we quantified the size of the dephasing
effect by computing the difference in the number of GW
cycles between two frequencies or over a fixed amount of
time. Here we provide analytical expressions for the number
of GW cycles between two frequencies in vacuum, for a static
DM distribution, and for the shell model in Appendix A.

To compute the number of GW cycles, we combine a
number of results. First, we take the expression for the
number in cycles Eq. (5.3) and rewrite it as a function of the
GW frequency as

Sfaow.s dt
NZ;gles - / fow=7—dfow-

Sfow.i dfew

Then we comput the derivative dt/df gw by using Kepler’s
law for the orbital frequency, the fact that fgw = Qo /7,
the expressions for the derivative dr,/dt [we will consider
the three different cases given by Eq. (2.16), with and
without dark matter, and Eq. (A1)], and the chain rule. In
the simplest case, in vacuum, the computation gives the
familiar result

1 (82GM_f\-5/3
Ncycles = ; <7>

(B1)

fows

3 (B2)

Sfow.i

For the static DM halo, the number of cycles is given by

Ngfl\fles (fow.pfow.i)

[1(82GM f\ =5/
o T C3

. F. 1 S 16_27’sp._c /34203 faws
I =2y =2y, o
(B3)

The coefficient ¢ is defined by

B 5Gqpgriy log A
T (GM,) T (GMY+ 523

(B4)

The hypergeometric function is a number between zero and
one for positive frequencies fgw. Like the result for the
energy dissipated in Eq. (2.21), the result including the DM
spike can be written as the difference of two fractions of the
vacuum value at the relevant frequencies.

Finally, we can compute the number of cycles for the shell
model of Appendix A. A similar calculation shows that

s 1 87ZGM(,f -5/3 wa.f
W = (FHL) - catr[ 7w
GW.i
where
407p, e GM 1 1-75/3
Csh(f) = _ L 2 (B6)
(1 1 zysp)mZ (”f)

The term in square brackets is just r;_ys”, from which one can
see that it has the form of a negative 3 — y,, PN-order effect.
Equations (B2), (B4), and (B5) were used in Fig. 9.

APPENDIX C: N-BODY SIMULATIONS

Here, we provide more technical details about the N-body
simulations described in Sec. III. We use the publicly
available GADGET-2 code [48,49], with minor modifications
which we describe below. In order to specify initial con-
ditions and read the GADGET snapshots in PYTHON, we use
PYGADGETIC [66] and PYGADGETREADER [67].

We fix the softening length to be 4~ 10710 pc,
approximately the Schwarzschild radius for a 1000 Mg
black hole. For the simulations using a central mass of
1000 M, we reduce the softening length by roughly a
factor of 4. This enhances our sensitivity to the small
dynamical friction effect, as described in the main text. We
have modified GADGET-2 to allow for a different maximum
timestep for the DM particles and the compact objects. We
set the maximum timestep for DM particles to be compa-
rable to the typical orbital period O(1000s), while the
timestep for the orbiting compact objects is set a factor of
1076 smaller. This allows us to trace the binary separation
with sufficient precision (as illustrated in Fig. 4). A
summary of the parameters used in the simulations is
given in Table II.

Our only other modification of GADGET= is to alter the
hard-coded value of Newton’s constant G. The release version
of GADGET2 uses a value G=6.672x 10" m3kg~!s72.
This value of a factor of ~3 x 10™* smaller than the current
recommended value for Gy [68]. This discrepancy is com-
parable to the relative change in orbital radius which we are
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TABLE II. Summary of GADGET-2 parameters. The parameter
ErrTolForceAcc controls the accuracy of force calculations,
while ErrTolIntAccuracy determines the error in the time
integration. We specify the softening lengths £, for which we
use a slightly smaller value for simulations with m;. Each
simulation contains 2! = 33000 DM particles.

ErrTolForceAcc 1073
ErrTolIntAccuracy 1073
MaxTimestep (BH) [s] 1.5x 1073
MaxTimestep (DM) [s] 1.5 x 103

m; = 100 My 300 Mg 1000 M
Ceon LpCl 10710 10719 24 x 107!

hoping to observe (see Fig. 4). Thus, it was necessary to
change the hard-coded value to match the current value used
elsewhere in our analysis chain.

For the purposes of the simulations, we model the DM
spike using a generalized NFW profile:

p) _ /)sp
P rg)ye (L +r/r)e

(C1)

We set @ = 2, so that the profile drops off rapidly above the
truncation radius r,. This produces an equilibrium con-
figuration with the correct density profile in the inner
region of interest (to within a few percent) while keeping
the total mass of the spike computationally feasible. We set
the truncation radius equal to

100 My\3/2
r, = 10_5rsp< O) ,

ny

(€2)

which means that the total mass of the simulated spike is
approximately the same for the different values of m; we
consider. We use N = 2!5 DM particles in each simulation
and have checked that the spike profile is stable on the
timescales of our simulations.

Each binary is initialized on a circular orbit around the
barycenter of the system. We follow the separation of the
two compact objects as a function of time to directly
measure the dynamical friction force. We perform simu-
lations with at least 5 different random realizations of the
DM spike in order to extract an estimate of the error. The
results are reported in Figs. 5 and 6.

APPENDIX D: SCATTERING PROBABILITY

We wish to evaluate the probability that a particle with
energy & scatters to an energy £ + AE. This is given in
Eq. (4.15), which we repeat here:

wrb[| RT
b90

PelA) =05 w2

V2(¥(r[b,,a])—E)sin(9[b,,a])da.

(D1)

We recall that b, = b, (AE) and that the integration is over
values of @ € [0, ] such that r[b, , a] € [rey. re. It is useful
to recall also that ¥(r) = Gm,/r and

r= \/r% + b2 +2r,b, cosa,

ry+ b, cosa

sin6 = 1+ b2+ 2rb, cosa (b2)
Expanding to first order in (b/r,), we obtain:
r=r,+b,cosa+ O(b?)
12 (b*;zrz) cosa’ (D3)
This in turn gives:
sind~ 1+ O(b?),
Y(r)=¥(r,)(1 = (b,/r,) cosa+ O(b%)). (D4)

The integral over the angle a can then be written:

L * /2090 = &)da

b
= 2\/2%(ry) 1= 2422
re 1n

a5

where E(@,m) is the incomplete elliptic integral of the
second kind:

E(g,m) = / " V1= msin? 0do, (D6)
0
and
m = 2(b*/r2) (D7)

_n b’
1 Vs+rz

The limits of integration are set by requiring r € [rey, ¢
which gives, again to first order in (b/r,):

ay = cos_l{min ((}"2 - V%/l"g)/b*, 1)}’

ay = cos”H{max ((r, — 13 /reu)/bs,—1)}.  (D8)

The scattering probability Pg(AE) can now be evalu-
ated in terms of special functions.'® With this, there is only
a single numerical integral (over A) to be performed to
evaluate 9f /0t in Eq. (4.7).

'°0n a technical note, the scipy implementation of E(¢, m) is
valid only for m < 1. To extend to values of m > 1, it is necessary
to perform reciprocal modulus transformations; see Eq. (19.7.4)
in Ref. [69].

083006-20



DETECTING DARK MATTER AROUND BLACK HOLES WITH ...

PHYS. REV. D 102, 083006 (2020)

[1] B.P. Abbott ef al. (LIGO Scientific and Virgo Collabora-
tion), Observation of Gravitational Waves from a
Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102
(2016).

[2] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Observation of Gravitational Waves
from a Binary Neutron Star Inspiral, Phys. Rev. Lett.
119, 161101 (2017).

[3] B.P. Abbott er al. (LIGO Scientific, Virgo, Fermi GBM,
INTEGRAL, IceCube, AstroSat Cadmium Zinc Telluride
Imager Team, IPN, Insight-Hxmt, ANTARES, Swift,
AGILE Team, 1M2H Team, Dark Energy Camera GW-
EM, DES, DLT40, GRAWITA, Fermi-LAT, ATCA, AS-
KAP, Las Cumbres Observatory Group, OzGrav, DWF
(Deeper Wider Faster Program), AST3, CAASTRO,
VINROUGE, MASTER, J-GEM, GROWTH, JAGWAR,
CaltechNRAO, TTU-NRAO, NuSTAR, Pan-STARRS,
MAXI Team, TZAC Consortium, KU, Nordic Optical
Telescope, ePESSTO, GROND, Texas Tech University,
SALT Group, TOROS, BOOTES, MWA, CALET, IKI-
GW Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre
Auger, ALMA, Euro VLBI Team, Pi of Sky, Chandra Team
at McGill University, DFN, ATLAS Telescopes, High Time
Resolution Universe Survey, RIMAS, RATIR, SKA South
Africa/MeerKAT Collaborations), Multi-messenger obser-
vations of a binary neutron star merger, Astrophys. J. 848,
L12 (2017).

[4] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GWTC-1: A Gravitational-Wave Transient Catalog
of Compact Binary Mergers Observed by LIGO and Virgo
during the First and Second Observing Runs, Phys. Rev. X
9, 031040 (2019).

[5] D. Shoemaker (LIGO Scientific Collaboration), Gravita-
tional wave astronomy with LIGO and similar detectors in
the next decade, arXiv:1904.03187.

[6] F. Acernese et al. (Virgo Collaboration), Advanced Virgo: A
second-generation interferometric gravitational wave detec-
tor, Classical Quantum Gravity 32, 024001 (2015).

[7] T. Akutsu et al. (KAGRA Classical Quantum Gravity), First
cryogenic test operation of underground km-scale gravita-
tional-wave observatory KAGRA, Classical Quantum Grav-
ity 36, 165008 (2019).

[8] P. Amaro-Seoane et al., Laser interferometer space antenna,
arXiv:1702.00786.

[9] B. Sathyaprakash et al., Scientific objectives of Einstein
telescope, Classical Quantum Gravity 29, 124013 (2012);
30, 079501(E) (2013).

[10] G. Hobbs, A. Archibald, Z. Arzoumanian, D. Backer, M.
Bailes, N.D.R. Bhat, M. Burgay, S. Burke-Spolaor, D.
Champion, and I. Cognard, The International pulsar timing
array project: Using pulsars as a gravitational wave detector,
Classical Quantum Gravity 27, 084013 (2010).

[11] M. Kramer and D.J. Champion, The European pulsar
timing array and the large European array for pulsars,
Classical Quantum Gravity 30, 224009 (2013).

[12] G. Hobbs, The Parkes pulsar timing array, Classical Quan-
tum Gravity 30, 224007 (2013).

[13] F. Jenet et al., The North American nanohertz observatory
for gravitational waves, arXiv:0909.1058.

[14] L. Barack et al., Black holes, gravitational waves and
fundamental physics: A roadmap, Classical Quantum Grav-
ity 36, 143001 (2019).

[15] G. Bertone and T. M. P. Tait, A new era in the search for dark
matter, Nature (London) 562, 51 (2018).

[16] G. Bertone et al., Gravitational wave probes of dark matter:
Challenges and opportunities, arXiv:1907.10610.

[17] G.D. Quinlan, L. Hernquist, and S. Sigurdsson, Models of
galaxies with central black holes: Adiabatic growth in
spherical galaxies, Astrophys. J. 440, 554 (1995).

[18] P. Gondolo and J. Silk, Dark Matter Annihilation at the
Galactic Center, Phys. Rev. Lett. 83, 1719 (1999).

[19] P. Ullio, H. S. Zhao, and M. Kamionkowski, A dark matter
spike at the galactic center?, Phys. Rev. D 64, 043504 (2001).

[20] G. Bertone and D. Merritt, Time-dependent models for dark
matter at the Galactic Center, Phys. Rev. D 72, 103502
(2005).

[21] H.-S. Zhao and J. Silk, Mini-Dark Halos with Intermediate
Mass Black Holes, Phys. Rev. Lett. 95, 011301 (2005).

[22] G. Bertone, Prospects for detecting dark matter with
neutrino telescopes in intermediate mass black holes sce-
narios, Phys. Rev. D 73, 103519 (2006).

[23] K. Kohri, T. Nakama, and T. Suyama, Testing scenarios of
primordial black holes being the seeds of supermassive black
holes by ultracompact minihalos and CMB p-distortions,
Phys. Rev. D 90, 083514 (2014).

[24] Yu.N. Eroshenko, Dark matter density spikes around
primordial black holes, Pisma Astron. Zh. 42, 359 (2016)
[Astron. Lett. 42, 347 (2016)].

[25] S. M. Boucenna, F. Kuhnel, T. Ohlsson, and L. Visinelli,
Novel constraints on mixed dark-matter scenarios of pri-
mordial black holes and WIMPs, J. Cosmol. Astropart.
Phys. 07 (2018) 003.

[26] M. P. Hertzberg, E.D. Schiappacasse, and T. T. Yanagida,
Warning about dark matter direct detection in the presence
of LIGO-motivated primordial black holes, Phys. Lett. B
807, 135566 (2020).

[27] K. Eda, Y. Itoh, S. Kuroyanagi, and J. Silk, New Probe
of Dark-Matter Properties: Gravitational Waves from an
Intermediate-Mass Black Hole Embedded in a Dark-Matter
Minispike, Phys. Rev. Lett. 110, 221101 (2013).

[28] K. Eda, Y. Itoh, S. Kuroyanagi, and J. Silk, Gravitational
waves as a probe of dark matter minispikes, Phys. Rev. D
91, 044045 (2015).

[29] C.F. B. Macedo, P. Pani, V. Cardoso, and L. C. B. Crispino,
Into the lair: gravitational-wave signatures of dark matter,
Astrophys. J. 774, 48 (2013).

[30] E. Barausse, V. Cardoso, and P. Pani, Can environmental
effects spoil precision gravitational-wave astrophysics?,
Phys. Rev. D 89, 104059 (2014).

[31] E. Barausse, V. Cardoso, and P. Pani, Environmental effects
for gravitational-wave astrophysics, J. Phys. Conf. Ser. 610,
012044 (2015).

[32] X.-J. Yue and W.-B. Han, Gravitational waves with dark
matter minispikes: the combined effect, Phys. Rev. D 97,
064003 (2018).

[33] X.-J. Yue, W.-B. Han, and X. Chen, Dark matter: An
efficient catalyst for intermediate-mass-ratio-inspiral events,
Astrophys. J. 874, 34 (2019).

083006-21


https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1103/PhysRevX.9.031040
https://arXiv.org/abs/1904.03187
https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1088/1361-6382/ab28a9
https://doi.org/10.1088/1361-6382/ab28a9
https://arXiv.org/abs/1702.00786
https://doi.org/10.1088/0264-9381/29/12/124013
https://doi.org/10.1088/0264-9381/30/7/079501
https://doi.org/10.1088/0264-9381/27/8/084013
https://doi.org/10.1088/0264-9381/30/22/224009
https://doi.org/10.1088/0264-9381/30/22/224007
https://doi.org/10.1088/0264-9381/30/22/224007
https://arXiv.org/abs/0909.1058
https://doi.org/10.1088/1361-6382/ab0587
https://doi.org/10.1088/1361-6382/ab0587
https://doi.org/10.1038/s41586-018-0542-z
https://arXiv.org/abs/1907.10610
https://doi.org/10.1086/175295
https://doi.org/10.1103/PhysRevLett.83.1719
https://doi.org/10.1103/PhysRevD.64.043504
https://doi.org/10.1103/PhysRevD.72.103502
https://doi.org/10.1103/PhysRevD.72.103502
https://doi.org/10.1103/PhysRevLett.95.011301
https://doi.org/10.1103/PhysRevD.73.103519
https://doi.org/10.1103/PhysRevD.90.083514
https://doi.org/10.1134/S1063773716060013
https://doi.org/10.1088/1475-7516/2018/07/003
https://doi.org/10.1088/1475-7516/2018/07/003
https://doi.org/10.1016/j.physletb.2020.135566
https://doi.org/10.1016/j.physletb.2020.135566
https://doi.org/10.1103/PhysRevLett.110.221101
https://doi.org/10.1103/PhysRevD.91.044045
https://doi.org/10.1103/PhysRevD.91.044045
https://doi.org/10.1088/0004-637X/774/1/48
https://doi.org/10.1103/PhysRevD.89.104059
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.97.064003
https://doi.org/10.1103/PhysRevD.97.064003
https://doi.org/10.3847/1538-4357/ab06f6

KAVANAGH, NICHOLS, BERTONE, and GAGGERO

PHYS. REV. D 102, 083006 (2020)

[34] O. A. Hannuksela, K. C. Y. Ng, and T.G.F. Li, Extreme
Dark matter tests with extreme mass ratio inspirals,
arXiv:1906.11845 [Phys. Rev. D (to be published)].

[35] V. Cardoso and A. Maselli, Constraints on the astrophysical
environment of binaries with gravitational-wave observa-
tions, arXiv:1909.05870.

[36] S. Chandrasekhar, Dynamical friction. I. General consider-
ations: The coefficient of dynamical friction, Astrophys. J.
97, 255 (1943).

[37] S. Chandrasekhar, Dynamical friction. II. The rate of escape
of stars from clusters and the evidence for the operation of
dynamical friction, Astrophys. J. 97, 263 (1943).

[38] S. Chandrasekhar, Dynamical friction. III. A more exact
theory of the rate of escape of stars from clusters, Astrophys.
J. 98, 54 (1943).

[39] K. A. Arnaud et al., The mock LISA data challenges: An
overview, AIP Conf. Proc. 873, 619 (2006).

[40] S. Babak er al. (Mock LISA Data Challenge Task Force),
The mock LISA data challenges: From challenge 3 to
challenge 4, Classical Quantum Gravity 27, 084009 (2010).

[41] Lisa data challenges, https://lisa-ldc.lal.in2p3.fr/.

[42] T. Robson, N.J. Cornish, and C. Liu, The construction and
use of LISA sensitivity curves, Classical Quantum Gravity
36, 105011 (2019).

[43] L. Sadeghian, F. Ferrer, and C.M. Will, Dark matter
distributions around massive black holes: A general rela-
tivistic analysis, Phys. Rev. D 88, 063522 (2013).

[44] F. Ferrer, A. M. da Rosa, and C. M. Will, Dark matter spikes
in the vicinity of Kerr black holes, Phys. Rev. D 96, 083014
(2017).

[45] Z. Xu, X. Gong, and S.-N. Zhang, Black hole immersed
dark matter halo, Phys. Rev. D 101, 024029 (2020).

[46] J. Binney and S. Tremaine, Galactic Dynamics, 2nd ed.,
edited by J. Binney and S. Tremaine (Princeton University
Press, Princeton, NJ, 2008).

[47] E. Ozel and P. Freire, Masses, radii, and the equation of state
of neutron stars, Annu. Rev. Astron. Astrophys. 54, 401
(2016).

[48] V. Springel, N. Yoshida, and S.D.M. White, GADGET:
A code for collisionless and gasdynamical cosmological
simulations, New Astron. 6, 79 (2001).

[49] V. Springel, The cosmological simulation code GADGET-2,
Mon. Not. R. Astron. Soc. 364, 1105 (2005).

[50] T.D.P. Edwards, M. Chianese, B.J. Kavanagh, S.M.
Nissanke, and C. Weniger, A unique multi-messenger signal
of QCD axion dark matter, Phys. Rev. Lett. 124, 161101
(2020).

[51] D. Merritt, S. Harfst, and G. Bertone, Collisionally regen-
erated dark matter structures in galactic nuclei, Phys. Rev. D
75, 043517 (2007).

[52] B.J. Kavanagh, HaloFeedback [Code, v0.9], https://github
.com/bradkav/HaloFeedback, https://dx.doi.org/10.5281/
zenodo.3688813 (2020).

[53] R. Courant, K. Friedrichs, and H. Lewy, Uber die partiellen
differenzengleichungen der mathematischen physik,
Math. Ann. 100, 32 (1928) On the partial difference
equations of mathematical physics, IBM J. Res. Dev. 11,
215 (1967).

[54] B.J. Kavanagh, D. Gaggero, G. Bertone, and D.A.
Nichols, Dark matter, black holes and gravitational
waves—Animations, https://dx.doi.org/10.6084/m9.figshare
11663676 (2020).

[55] S. Chandrasekhar, The maximum mass of ideal white
dwarfs, Astrophys. J. 74, 81 (1931).

[56] S. Chandrasekhar, The highly collapsed configurations
of a stellar mass, Mon. Not. R. Astron. Soc. 91, 456
(1931).

[57] S. Chandrasekhar, The highly collapsed configurations of a
stellar mass (Second paper), Mon. Not. R. Astron. Soc. 95,
207 (1935).

[58] J.N. Bahcall and R. A. Wolf, Star distribution around a
massive black hole in a globular cluster, Astrophys. J. 209,
214 (1976).

[59] A.P. Lightman and S.L. Shapiro, The distribution and
consumption rate of stars around a massive, collapsed
object, Astrophys. J. 211, 244 (1977).

[60] N. Yunes and X. Siemens, Gravitational-wave tests of
general relativity with ground-based detectors and pulsar
timing-arrays, Living Rev. Relativity 16, 9 (2013).

[61] G. Fragione, 1. Ginsburg, and B. Kocsis, Gravitational
waves and intermediate-mass black hole retention in globu-
lar clusters, Astrophys. J. 856, 92 (2018).

[62] M. Wanders, G. Bertone, M. Volonteri, and C. Weniger, No
WIMP mini-spikes in dwarf spheroidal galaxies, J. Cosmol.
Astropart. Phys. 04 (2015) 004.

[63] T. Oliphant, NumpPy: A guide to Numpy, Trelgol Publishing,
USA, (2006).

[64] E. Jones, T. Oliphant, P. Peterson et al., Scipy: Open source
scientific tools for PYTHON (2001).

[65] J.D. Hunter, MATPLOTLIB: A 2d graphics environment,
Comput. Sci. Eng. 9, 90 (2007).

[66] L.D. Cao, pygadgetic, https://github.com/ldocao/pygadgetic
(2015).

[67] R. Thompson, pyGadgetReader: GADGET snapshot reader
for PYTHON, Astrophysics Source Code Library (2014),
ascl:1411.001.

[68] The NIST reference on constants, units, and un-
certainty, 2018 CODATA value: Newtonian constant of
gravitation,  https://physics.nist.gov/cgi-bin/cuu/Value?bg
(2018).

[69] DLMF, NIST Digital Library of Mathematical Functions,
edited by F. W.J. Olver, A.B. O. Daalhuis, D. W. Lozier,
B. 1. Schneider, R. F. Boisvert, C. W. Clark, B. R. Miller,
B. V. Saunders, H. S. Cohl, and M. A. McClain, http://dlmf
.nist.gov/, Release 1.0.25 of 2019-12-15.

083006-22


https://arXiv.org/abs/1906.11845
https://arXiv.org/abs/1909.05870
https://doi.org/10.1086/144517
https://doi.org/10.1086/144517
https://doi.org/10.1086/144518
https://doi.org/10.1086/144544
https://doi.org/10.1086/144544
https://doi.org/10.1063/1.2405108
https://doi.org/10.1088/0264-9381/27/8/084009
https://lisa-ldc.lal.in2p3.fr/
https://lisa-ldc.lal.in2p3.fr/
https://lisa-ldc.lal.in2p3.fr/
https://lisa-ldc.lal.in2p3.fr/
https://doi.org/10.1088/1361-6382/ab1101
https://doi.org/10.1088/1361-6382/ab1101
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/10.1103/PhysRevD.101.024029
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1016/S1384-1076(01)00042-2
https://doi.org/10.1111/j.1365-2966.2005.09655.x
https://doi.org/10.1103/PhysRevLett.124.161101
https://doi.org/10.1103/PhysRevLett.124.161101
https://doi.org/10.1103/PhysRevD.75.043517
https://doi.org/10.1103/PhysRevD.75.043517
https://github.com/bradkav/HaloFeedback
https://github.com/bradkav/HaloFeedback
https://dx.doi.org/10.5281/zenodo.3688813
https://dx.doi.org/10.5281/zenodo.3688813
https://doi.org/10.1007/BF01448839
https://doi.org/10.1147/rd.112.0215
https://doi.org/10.1147/rd.112.0215
https://dx.doi.org/10.6084/m9.figshare.11663676
https://dx.doi.org/10.6084/m9.figshare.11663676
https://dx.doi.org/10.6084/m9.figshare.11663676
https://dx.doi.org/10.6084/m9.figshare.11663676
https://dx.doi.org/10.6084/m9.figshare.11663676
https://dx.doi.org/10.6084/m9.figshare.11663676
https://doi.org/10.1086/143324
https://doi.org/10.1093/mnras/91.5.456
https://doi.org/10.1093/mnras/91.5.456
https://doi.org/10.1093/mnras/95.3.207
https://doi.org/10.1093/mnras/95.3.207
https://doi.org/10.1086/154711
https://doi.org/10.1086/154711
https://doi.org/10.1086/154925
https://doi.org/10.12942/lrr-2013-9
https://doi.org/10.3847/1538-4357/aab368
https://doi.org/10.1088/1475-7516/2015/04/004
https://doi.org/10.1088/1475-7516/2015/04/004
https://doi.org/10.1109/MCSE.2007.55
https://github.com/ldocao/pygadgetic
https://github.com/ldocao/pygadgetic
https://physics.nist.gov/cgi-bin/cuu/Value?bg
https://physics.nist.gov/cgi-bin/cuu/Value?bg
https://physics.nist.gov/cgi-bin/cuu/Value?bg
http://dlmf.nist.gov/
http://dlmf.nist.gov/
http://dlmf.nist.gov/

