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Three black-hole low-mass x-ray binaries (LMXBs) in the Milky Way show rates of period decay which
cannot be easily explained by standard mechanisms. Recently, it has been claimed that the anomalous period
decays in two of these systems may be explained by dynamical friction due to very high dark matter (DM)
densities around the black holes. We critically assess these claims by performing N-body simulations of
binaries embedded in dense DM “spikes.” We simulate the previously studied systems XTE J1118þ 480

and A0620–00, as well as studying the third binary Nova Muscae 1991 for the first time in this context.
These simulations show that feedback on the DM distribution plays a crucial role and we rule out previously
claimed shallow DM spikes. We set lower limits on the steepness γ of DM density profiles required to
explain the period decay in these LMXBs, requiring γ ≳ 2.15–2.20 in XTE J1118þ 480 and A0620–00 and
γ ≳ 2.3 in Nova Muscae 1991. Improved modeling of the long-term evolution of binaries embedded in DM
spikes may allow us to exclude even larger densities in future.
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I. INTRODUCTION

Dark Matter (DM) remains one of the great mysteries of
modern particle physics, astrophysics and cosmology [1].
The environments around black holes (BHs) offer a prom-
ising arena for searching for the influence of DM, and
therefore for understanding its nature [2,3]. This is due in
part to the possibility that the DM density around BHs may
be many orders of magnitude larger than, for example, in the
diffuse halos of galaxies. If BHs grow adiabatically at the
centres of dense DM halos, they may grow a power-law
“spike” of DM with a density profile growing as r−7=3 [4–6]
(or a somewhat flatter “mound,” depending on the exact
process of formation and growth [7]). It has also been
proposed that BHs may be formed from the collapse of large
overdensities in the early Universe—so-called primordial
black holes (PBHs) [8–10]—and spikes are expected
around all such objects, with a steeper power-law index
of 9=4 [11–14]. In these environments, DM can reach
densities as high as Oð1019ÞM⊙ pc−3 ∼Oð10−3Þ g cm−3

[4,7], over 20 orders of magnitude larger than the density of
DM in the solar neighborhood [15].
Such large overdensities of DM can have a number

of observational consequences. If DM consists of

self-annihilating particles, these dense spikes would give
rise to observable fluxes of Standard Model particles,
for example, gamma rays [16,17]. DM spikes can also
enhance the rate of accretion of BHs which they surround
[11,18–21]. Here, we focus on the purely gravitational
influence that DM spikes may have on the dynamics of
binary systems. The dominant effect is typically expected to
be dynamical friction (DF) [22–24], in which the gravita-
tional deflection of DM particles around the orbiting object
leads to a drag force which can accelerate the inspiral. This
effect is potentially observable as a modification of the
phase evolution of gravitational waves (GWs) from compact
object binaries (see e.g., [25–36]) or as a modification of the
merger rates of such binaries [37–39].1 Instead, for nearby
binaries which are detected in electromagnetic radiation, the
accelerating effect of DM spikes on the inspiral could be
directly probed by measurements of the orbital period (and
its derivative).
Indeed, a number of black hole low-mass x-ray binaries

(BH LMXBs) [44] have been observed with anomalously
fast orbital decays. These are XTE J1118þ 480 [45]
(hereafter system A), A0620–00 [46] (hereafter system B)
and Nova Muscae 1991 [47] (hereafter system C). Each of
these systems consists of a star (M⋆ ∼ 0.1–0.9M⊙) tightly
orbiting a stellar mass BH (MBH ∼ 6–11M⊙), with the
accretion of material from the star by the BH leading to
observable x-ray emission. Crucially, the period of these
three systems is decreasing more than 100 times faster than
expected from the emission of GWs alone, while there is
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1Similar effects due to clouds of ultralight bosons around black
holes have also been studied in, e.g., Refs. [40–43].
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no consensus that other mechanisms, such as magnetic
braking or mass loss, can explain this discrepancy.
Chan and Lee have interpreted the anomalous binary

evolution of XTE J1118þ 480 and A0620–00 in terms of
dynamical friction from DM, suggesting the presence of
spikes in these systems with power-law indices γ ¼ 1.85
and γ ¼ 1.71 respectively [48].2 Subsequently, Ref. [52]
explored the consequences of these proposed spikes for
signals from DM annihilation. However, these studies
neglected the effects of feedback on the evolution of the
DM spike; the spike may be substantially depleted by the
motion of the binary, reducing the effects of dynamical
friction. Reference [53], which considered the possibility
that the BHs in XTE J1118þ 480 and A0620–00 may be
primordial in origin, took into account feedback using a
semianalytic prescription presented in Ref. [54]. However,
subsequent simulations have suggested that this prescription
may substantially over-estimate the amount of feedback in
such systems [55,56].
In this work we aim to critically evaluate a dark matter

interpretation of the anomalous period decays using
NBODYIMRI [56,57], a dedicated N-body code designed
for studying the dynamics of binaries embedded in DM
spikes. The output of these simulations allows us to infer
the evolution of the period due to dynamical friction
induced by the DM while accounting for feedback effects
on the DM spike. In turn, this allows us to infer the initial
DM density profile which best matches the observed
orbital decay, once depletion of the spike is taken into
account. In addition to XTE J1118þ 480 and A0620–00,
we also study Nova Muscae 1991 for the first time in this
context. This is especially important because the compo-
nent masses of Nova Muscae 1991 are more similar than in
the other two systems, which is expected to lead to larger
feedback effects. Finally, we discuss whether the densities
inferred from our simulations are expected in common
spike formation scenarios in the literature and explore how
much of a role DM could play in these anomalous
observations.
In Sec. II, we describe in more detail the systems which

we study in this paper and discuss braking mechanisms,
including dynamical friction. In Sec. III A we discuss the
spike modeling and in Sec. III B we summarize the
NBODYIMRI framework which we use to study the evolution
of the three systems. We present our simulation results in
Sec. III C, including the inferred period evolution and DM
density profiles for these systems. Finally, in Sec. IV, we
critically evaluate a dark matter interpretation of these
results, before concluding in Sec. V.

II. ANOMALOUS PERIOD DECAY OF GALACTIC
X-RAY BINARIES

A. Observations

A few hundred x-ray binaries have been identified in the
Milky Way, in ∼ twenty of which the compact object has
been confirmed to be a BH [58]. Most of these are low mass
x-ray binaries (LMXB), systems in which the donor is a
small (≲1M⊙) star. Accurate measurements of the orbital
period of BH LMXBs can be obtained through the Doppler
variation of the stellar spectrum. Measuring variations in the
orbital period is challenging and requires repeated high-
precision (spectral) observations over a long time baseline.
Observations spanning 15–20 years have allowed to mea-
sure the period decay rate of three BH-LMXB systems
[45–47]; their properties are listed in Table I. The three
systems present similar characteristics: a light star tightly
orbiting a BH, with a period of a few hours, decaying at a
rate of Oð1–10Þ ms=yr. In all three cases, the period-decay
rate has been found to be anomalously high, compared to
the predictions from standard orbital decay mechanisms.

B. Braking mechanisms

The standard evolution of short-period LMXBs attributes
angular momentum loss to gravitational radiation, systemic
mass loss (ML), and magnetic braking (MB) [60–62]. Mass
which is lost from the system (ML) reduces the angular
momentum of the binary at fixed semimajor axis, leading to
a shrinking of the binary and a decay of the orbital period.
Meanwhile, MB arises because the ionized material of the
stellar wind is confined to flow outward along the magnetic
field lines of the companion star. Because of this, the stellar
wind corotates with the star, leading to a loss of angular
momentum when the material escapes at large distances.
For systems with orbital periods of a few hours, gravi-

tational radiation contributes at the level jṖj≲ 0.01 ms=yr;
MB and ML combined are expected to produce jṖj of order
≲0.02 ms=yr, according to standard prescriptions used in
binary evolution studies [45]. Observed values for XTE
J1118þ 480 and A0620–00 and the much larger—albeit
less certain—value reported for Nova Muscae 1991 (see
Table I) thus exceed standard channels by one to two
orders of magnitude. Proposals to explain the anomalous
orbital-period decays invoke enhanced or convection/rota-
tion-boosted magnetic-braking prescriptions [45,63] and
resonant tidal torques from circumbinary disks [64–66].
Combinations of these mechanisms can plausibly reproduce
the measured Ṗ in XTE J1118þ 480 and A0620–00 under
specific parameter choices. However, the most extreme
value reported for Nova Muscae 1991 remains difficult to
explain and no consensus has yet emerged on a model
accounting for all observations.
In this context, some authors have recently interpreted

these anomalies as signatures of dark-matter spikes around
2The impact of DM spikes on the orbital decay of SMBH

binaries has also been studied in, e.g., Refs. [49–51].
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the black holes, attributing the orbital-period decay to
dynamical friction.

C. Dynamical friction

A star (or, in general, a massive body) moving through a
background of lighter particles experiences a drag force of
purely gravitational origin. This force, known as dynamical
friction, arises as the cumulative effect of a large number of
weak gravitational interactions between the star and the
particles. Since, in the star’s rest frame, the velocity
distribution of the latter appears skewed (particles travel
toward the star) momenta are exchanged preferentially
along the direction of the orbital velocity. This exchange
gives rise to a force opposing the stellar motion. Dynamical
friction was first described by Chandrasekhar [22–24] in
the context of the relaxation of stellar systems. He obtained
his foundational formula by computing the star’s momen-
tum variation per unit time due to two-body hyperbolic
encounters, integrated over impact parameters and relative
velocities. Chandrasekhar’s expression for dynamical fric-
tion reads

FDF ¼ −
4πG2

NM
2
⋆ρξðvÞ lnΛ
v2

; ð1Þ

where ρ is the density of background particles; M⋆ and v
are the mass and velocity of the star; ξðvÞ is the fraction of
particles moving slower than the orbital speed v; and Λ is
the ratio of the maximum and minimum impact parameters.
Relativistic extensions of Eq. (1) have also been studied
(see, e.g., [36,67]).
As a consequence of dynamical friction, the star loses

part of its kinetic energy and is obliged to move to less
demanding orbits, sinking toward the centre of the gravi-
tational potential. In the case of a star on a circular orbit, the
gradual shrinking of the orbital radius rorb is accompanied
by an increase of the angular velocity, hence a reduction of
the orbital period

Ṗ ¼ vFDF
dP
dE

¼ −6GN
M⋆

MBH
P2ρðrorbÞξðvÞ lnΛ; ð2Þ

where P is the orbital period and jEj ¼ GNMBHM⋆=ð2rorbÞ
is the orbital energy. This physical mechanism has been
invoked in previous studies [48,52,53] to attribute the
anomalous period decay of systems A and B to the presence
of a DM spike around the BH: that is, a DM “dress” with a
steep density profile ρDM ∝ r−γ . In these works, the value
of ρDM at the orbital radius was inferred from the observed
decay rate through Eq. (1) and used to constrain γ.
However, Eq. (1) does not capture the effects of feedback

on the DM spike [35,54–56]. The energy which is extracted
from the binary by dynamical friction is injected into the
DM spike, altering the orbits of the DM particles and
depleting the DM density close to the orbiting object. This

in turn can dramatically reduce the size of the dynamical
friction effect.
As a first estimate of the importance of these effects, we

calculate the total gravitational binding energy of the DM
spike (following the prescription of Ref. [54], with full
details of the assumed density profile in Sec. III). This
binding energy represents the reservoir of available work
that can be done by dynamical friction to speed up the
inspiral of the binary. If the observed value of Ṗ is entirely
due to DF, we can estimate the rate of energy injection into
the spike as Ė ¼ ðdE=dPÞ × Ṗ ¼ ð2E=3PÞ × Ṗ. Assuming
a constant value of Ṗ, we can estimate the disruption
timescale Tdisr: the time taken for the work done by DF to
exceed the available binding energy of the spike, leading to
its complete disruption.
Numerical estimates of this disruption timescale as a

function of the spike slope γ are shown in Fig. 1. For large
values of γ, the density of DM close to the BH is enhanced,
leading to a larger binding energy and disruption timescales
on the order of Tdisr ∼ 105–107 yr for γ ¼ 2.5. However, for
shallower spikes (γ ≲ 2), the disruption timescale can be
shorter than the time over which observations of these
binary systems have been recorded (gray shaded region).
For this range of γ (which includes values inferred in
previous studies [48,52]), the DM spike does not contain
sufficient energy to support the anomalously large values of
Ṗ observed in these systems over the past 15–20 years.
It is clear from this preliminary calculation that testing

any DM interpretation of the anomalous period decays
requires taking into account how energy injection affects

FIG. 1. Estimated disruption timescales for DM spikes in the
three binary systems. This timescale is obtained by comparing
the total gravitational binding energy of a spike with slope γ to the
rate of energy injection inferred from the observed value of Ṗ. A
DM-related explanation of the anomalous inspiral rates is ruled
out in the gray shaded region; here, the spike is likely to be
completely disrupted on timescales shorter than the duration of
observation of these systems, Tobs ∼ 20 yr.
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the DM distribution. In practice, the depletion of the DM
spike reduces the DF force and thus the rate of energy
injection, a feedback process that our first simple estimate
does not account for. These feedback effects have pre-
viously been studied in the context of intermediate- and
extreme-mass-ratio inspirals (IMRIs/EMRIs), but are
expected to become even more pronounced for larger mass
ratios q≳ 10−2, as seen in the systems we study here. We
will therefore rely onN-body simulations to study the spike
response and the resulting impact on Ṗ.

III. SIMULATIONS OF BINARY EVOLUTION
WITHIN DARK MATTER SPIKES

A. Spike model and initialization

The DM spike density is assumed to grow toward the BH
following a power-law profile, starting from a radius rsp.
Following the customary prescription [27,68], we estimate
the extension of the spike rsp as 0.2 times the radius of
gravitational influence rin, where the latter is defined by the
condition

MDMð≤ rinÞ ¼
Z

rin

0

4πr2ρDMðrÞdr ¼ 2MBH; ð3Þ

where ρDM is the DM density, MBH is the black hole mass.
By assuming that the background density ρbkg is recovered
at the spike radius rsp, the normalization of the spike is
fixed. The values of ρbkg at the positions of the three systems
are estimated assuming a Navarro-Frank-White profile for
the MW halo. All three are located within ∼1.7 kpc from
the Sun, resulting in background densities not dissimilar
from the local one, ρbkg ∼ 0.3–0.4 GeVcm−3. The extension
of the spike varies only mildly across systems and values of
γ and is of the order rsp ∼Oð1 pcÞ. In summary, we model
the distribution of dark matter around each BH as

ρDMðrÞ ¼
�
ρspðrÞ; r ≤ rsp
ρbkg; r ≥ rsp;

ð4Þ

where ρsp is the spike profile

ρspðrÞ ¼ ρbkg

�
r
rsp

�
−γ
: ð5Þ

In practice, to reduce computational cost, in our simulations
we define a truncation radius rt ¼ 20rorb, beyond which the
slope transitions from γ to γ þ 2. This allows us to simulate
only the inner regions of the spike which are relevant for the
evolution of the binary (the profile transition begins at
distances from rorb well beyond the estimated maximum
impact parameter [54,56]).

B. Simulating with NBODYIMRI

The code NBODYIMRI [56,57] is an N-body simulator
conceived precisely to study the gravitational evolution of a
binary system embedded in a background of dark matter
particles. The code follows the Newtonian evolution of the
primary and secondary mass of the binary system and of
each of the DM pseudoparticles forming the spike. At each
time step, the velocities and positions of all masses are
updated through a fourth-order leapfrog algorithm (see
Ref. [56] for details). The code computes the accelerations
taking into account the gravitational forces generated: (a) by
the two orbiting bodies (star and central BH, in this case) on
each other (b) by each DM particle on the secondary mass
(star) (c) by the two main orbiting bodies on the DM
particles. Pairwise interactions between DM particles are
neglected, and so is the force generated by the DM spike on
the central body. These approximations are justified by the
fact that the total DM mass inside the orbital radius
(typically ≪ 10−6M⊙) is negligible compared with the
masses of the primary and secondary. Gravitational wave
emission from the binary is not included in the simulations.
DM particles are treated as point masses; the potentials of
the BH and of the star are instead softened by distributing
their mass within spheres of uniform density. In the case of
the latter, the natural softening radius is set by the stellar
radius R⋆ (Table I); for the former, we introduce an artificial
softening scale rsoft.
By taking into account the forces generated on the

orbiting star by all DM particles, the simulator automati-
cally captures the drag described by dynamical friction.
Furthermore, the simulation follows the acceleration of the
DM particles induced by interactions with the star and their
displacement from the orbital region. It is therefore able to
consistently account for the depletion of the spike and the
corresponding reduction of the drag on the star, what we
refer to as the feedback effect.
We populate the DM spikes extracting the initial

positions and velocities of 20k particles (or 25k for the
highest γ value, see the Appendix). The number of
particles, in combination with the total spike mass,
determines the resolution of the simulation. Since we keep
the number of particles fixed and the total mass increases
with γ, low-γ spikes are better resolved. Velocities are
initialized self-consistently through the Eddington inver-
sion method (see Ref. [56] for a complete discussion of the
initialization procedure). The masses M⋆ and MBH are set
to the central values in reported Table I. The star is
initialized on a circular orbit; its orbital speed is obtained
from the observed period and radius, which are set to the
central values in Table I.
We vary the spike index γ between 1.9 and 2.45, with a

step of 0.05.3 For each value of γ, we generate 16 different

3In the case of systems B and C, this range includes a few
values of γ already ruled out by the estimate depicted in Fig. 1.
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realizations of the spike. We follow the evolution of each
realization for 6000 orbits. The positions and velocity of the
BH and star are saved at fixed time step intervals every 10
orbits, together with the radially binned density distribution
of DM particles. More technical details on the simulations
are given in the Appendix.

C. Results

1. Dark matter depletion

In Fig. 2 we show the typical evolution of a DM spike
density profile. The profiles shown are snapshots obtained
from a single simulation of system A, with the spike index
set to γ ¼ 9=4. The vertical band is centred at the orbital

radius and its width corresponds to the size of the star R⋆.
As the simulation proceeds, the spike density is progres-
sively depleted around this region. Depletion progresses
rapidly at the onset, with most of it occurring during the
first few hundred orbits. This quick variation is followed by
a more stable phase: after a few thousand orbits, the DM
density settles to a value around two orders of magnitude
lower than the initial one. We observe a similar behavior in
all simulations. The total amount and rapidity of the
depletion presents some variability across the three sys-
tems. As expected, we observe the highest depletion (and
fastest stabilization) in system C, which is characterized by
the highest mass ratio q. The density in this case is depleted
by almost three orders of magnitude by the end of the run.

FIG. 2. Time evolution of the DM density profile around the BH, for one realization of system A with initial density profile index
γ ¼ 9=4. The red band around the orbital radius indicates the size of the star. Dotted lines indicate the BH softening scale rsoft and the
truncation radius rt. Thin lines are ten orbits apart, the simulation spans 6000 orbits. Left: DM density as a function of radius. Right: ratio
of the final and initial density profiles. Notice that the variation of the orbital radius over 6000 orbits is much too small to be appreciated
on this figure.

TABLE I. Observational constraints on the LMXBs discussed in this work. We report one-sigma constraints on
the BHmassMBH, stellar massM⋆, stellar radius r⋆, mass ratio q, and orbital radius rorb. P0 is the first measurement
of the orbital period and Ṗ is the period time derivative.

System A System B System C
XTE J1118þ 480 A0620-00 NM1991

MBH [M⊙] 7.46þ0.34
−0.69 [46] 5.86� 0.24 [59] 11.0þ2.1

−1.4 [47]
M⋆ [M⊙] 0.18� 0.06 [46] 0.40� 0.01 [46] 0.89� 0.18 [47]
r⋆ [R⊙] 0.34� 0.05 [47] 0.67� 0.02 [47] 1.06� 0.07 [47]
q ¼ M�=MBH 0.024� 0.009 [46] 0.060� 0.004 [59] 0.079� 0.007 [47]

rorb [R⊙] 2.54� 0.06 3.79� 0.04 5.49� 0.32
P0 [day] 0.16993404(5) [46] 0.32301415(7) [46] 0.432605(1) [47]
Ṗ [ms/yr] −1.90� 0.57 [46] −0.60� 0.08 [46] −20.7� 12.7 [47]
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We note that the simulations span a period of a few years
only. The fast initial depletion phase we see in Fig. 2 occurs
over a timescale of ∼Oð1 yrÞ. This scale is much shorter
than the lifetimes of the systems, or than the time scales
over which the orbital radius is expected to vary appreci-
ably (we estimate ∼Oð105–106 yrÞ for a 1% variation at the
reported decay rates). This separation of timescales implies
that the depletion process reaches a quasistationary con-
figuration effectively instantaneously relative to the bina-
ry’s orbital evolution. Thus in the physical systems, this fast
depletion phase is not dynamically observable.

2. Period decay rate

Next, we extract from the simulation data the variation
of the orbital period Ṗ. For each snapshot, we compute the
orbital parameters from the relative velocities and positions
of the BH and star. The orbit of the star is found to remain
circular to high accuracy, while the semimajor axis
decreases in time, as expected. From the orbital parame-
ters, we calculate the orbital period P. In the left panel of
Fig. 3, we show the fractional change of Pwith time, for 16
realizations of system Awith γ ¼ 9=4. As expected, at first
the period decays sharply and nonlinearly, corresponding
to the phase of fast initial depletion of the spike. As the
spike density stabilises, the system settles to a more steady
decay rate. Discrete jumps in the period are due to rare
close encounters between DM pseudoparticles and the
orbiting star.

To extract the rates of orbital period decay Ṗ, we compute
the ratio ðPiþ1 − PiÞ=Δt, subtracting the values obtained
from successive snapshots Pi and dividing by the corre-
sponding time interval. We average this ratio over 1000
orbits, in order to reduce noise. The right panel of Fig. 3
depicts the estimated Ṗ as a function of time, for the same set
of simulations depicted in the left panel. As before, each
curve corresponds to a different realization of the system,
while the horizontal band indicates the observational con-
straint on the period decay. The smoothing procedure does
alter the value of P and Ṗ significantly over the first few
thousand orbits. However, we are not interested in the initial
(nonphysical) transient phase, but in the more stable
configuration reached at the end of the simulation. We have
checked that varying the smoothing window from 1000 to
100 orbits has a negligible effect on the final Ṗ readings.
We take the value of Ṗ attained at the end of the

simulation to approximate the physical period decay of
the systems, and refer to this quantity as Ṗγ .
For a given value of γ, we obtain 16 independent

estimates of Ṗγ from the 16 realizations (in the right panel
Fig. 3, these are the end points of each curve). The spread
between points is due to the intrinsic discretization noise of
the simulations. In order to quantify this error, we select the
11 elements out of 16 which are closest to the median. The
upper and lower extremes of this set define a ∼68%
confidence level (CL) interval. We choose to define the
CL interval this way, rather than compute the mean value of

FIG. 3. Evolution of the orbital period for 16 realizations of system A, assuming a spike index of γ ¼ 9=4 (same as Fig. 2). Left:
fractional change of the orbital period Pwith respect to the initial value P0, as a function of time. Right: period decay rate Ṗ as a function
of time, averaged over 1000 orbits to reduce noise. The final points of each line (6000 orbits) correspond to our estimates of the period
decay rate Ṗγ .
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Ṗγ and dispersion of the measurements. Our choice
provides a more robust estimator for the confidence
interval, as it is not subject to fluctuations induced by
outliers (simulations in which the orbit of the star deviated
strongly due to a single close encounter with one of the DM
particles).
In Fig. 4 we show the final period decay rates Ṗγ , each

panel corresponding to one LMXB system. For each value
of γ, results of the single simulations are shown as points.
The superposed vertical bars indicate the 68% CL intervals.
One-sigma observational constraints on the decay rates are
indicated as horizontal bands. We see from the simulations
that the magnitude of Ṗγ increases with γ. This is explained
almost entirely by the variation of ρDMðrorbÞ between
simulations with different γ. This suggests that the variation
with γ of the velocity distribution, and therefore of ξðvÞ in
Eq. (2), have little effect on the orbital decay.
For each of the three systems, we can visually identify a

few values of γ for which the simulations are in best
agreement with the experimental measurement. In the case
of system A, simulations with γ ¼ 2.2 and γ ¼ 2.25 give
the best fits; system B prefers slightly lower values, γ ¼
2.20 being the only value for which the 68% CL error bar
overlaps with observations. system C, whose decay rate is
larger, requires larger spike indexes than the other two
systems, γ ¼ 2.35 and γ ¼ 2.4.

3. Constraints on the spike profile

Spikes for which jṖγj is smaller than the observed rate
cannot explain the anomalous decays. Feedback happening
over the simulation time is sufficient to prevent these spikes
from sustaining the dynamical friction required to explain
the anomalous decays. To obtain a lower limit on γ, we
construct the 68% CL confidence band by connecting the
upper and lower extremes of the error bars with a piecewise
linear function. The lower-left intersection of the simulated
and observed confidence bands provides a ∼1σ lower limit
on γ. This analysis allows us to rule out spike indexes up to
γ ≲ 2.15–2.20 for systems A and B and γ ≲ 2.3 for system
C as responsible for the anomalous decay rates. Note that
the confidence intervals reported here account for the
limited resolution of the simulations, our limited statistics
and the inherent stochasticity of the process. However,
there are also (correlated) observational uncertainties on the
component masses and orbital radius (see Table I) at the
level of a few percent (or larger in the case of system C),
which we do not account for here. We could in principle
obtain an upper limit on the required spike index γ with the
same method we use to compute the lower limit. However,
we cannot exclude that further evolution of the systems will
lead to larger spike depletion and reduce decay rates further
(see Sec. IV).
In Fig. 5 we report the constraints on the spike density at

the orbital radii of the three stars. The similarity of the

three systems is such that the density profiles ρðrÞ vary
little across systems. In the main figure we only show the
profiles corresponding to system A for visual clarity

FIG. 4. Period decay rates extracted from simulations as a
function of the spike index γ. Diamonds mark the decay rates
inferred from single realizations, while the vertical error bars span
the interval covered by the 11 most central ones, corresponding to
≈68% of points. In each panel, the horizontal band shows the
observational 1σ constraint. Values of the spike index that predict
a period decay rate lower than the observed one are unable to
explain the anomalous decay rates. Arrows indicate the γ range
that is ruled out by this criterium.
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(the difference between profiles for the three systems can
be appreciated in the inset). The colored points show the
density necessary to generate the observed Ṗ, as obtained
using the Chandrasekhar expression Eq. (2), without
taking into account feedback. For comparison with pre-
vious works [48,52,53], we set Λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MBH=M⋆
p

and
ξðvÞ ¼ 1.4 Points corresponding to systems A and B are
in agreement with the values reported by Chan and Lee
[48]. The density required for system C is computed here
for the first time. Interestingly, despite the much larger
decay rate observed, the DM density required for system C
is close to the one required by system A.
We report the lower limits obtained from our simula-

tions as vertical arrows. If interpreted as measurements of
the DM density profile, the three observations give strik-
ingly compatible results. However, we underline again that

these results should not be regarded as confidence inter-
vals, but rather as lower limits to the initial spike density
required to sustain the observed Ṗ. These lower limits are
about three orders of magnitude larger than the values
obtained from the naive Chandrasekhar analysis, showing
the crucial role played by feedback effects in this context.
The largest shift occurs for system C, followed by system
B and system A. This is consistent with the expectation
that larger mass-ratios are associated to higher depletion
and feedback effects.

IV. DISCUSSION

In the previous section, we analyzed simulations of
binary systems performed over 6000 orbits, covering
physical timescales of a few years, shorter than the
observations of these systems (which typically cover tens
of thousands of orbits over tens of years). In fact, these
timescales are also much shorter than age of the binary
systems under consideration. For example, the metallicity

FIG. 5. Limits on dark matter density profiles compatible with the observed decay rates of systems A, B, and C. The DM density
predicted by Eq. (4) is shown as a function of the distance from the BH, for a set of values of the power-law index γ. The three points
indicate, for each system, the value of the density at the orbital radius inferred through Eq. (2), neglecting the effects of feedback. The
green and blue dots, obtained for systems A and B, respectively, are consistent with the density values inferred by Ref. [48]. The colored
bars indicate the lower limits obtained from simulations, accounting for the depletion of the DM spike by the star. Simulations on longer
timescales may lead to further depletion and potentially push these limits to larger DM densities. To avoid overcrowding, in the main
panel the density profiles are shown only for system A. The small differences between profiles for the three systems can be appreciated
in the inset, where they are shown in different colors.

4Note that in principle ξðvÞ can be calculated explicitly from
the spike distribution function [35] and that more recent simu-
lations are better fit by Λ ≈ 0.3MBH=M⋆ [56].
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of the secondary star in system A suggests that the system
was formed in the Galactic disk before being ejected by the
natal kick of the BH [69,70]. Stellar evolution modeling
suggests that this system was formed 2–5 Gyr ago [71],
while the kinematics of the system suggest that it last
passed through the Galactic Disk at least 11 Myr ago
(providing an independent bound on the age of the
system). In addition, assuming a constant decay rate we
can estimate the time scale for the orbital radius to vary,
Δt ≈ ð3P=2ṖÞ × ðΔrorb=rorbÞ, corresponding to Δt ≈
Oð105–106Þ yr for a ∼1% variation. These timescales
are many orders of magnitude larger than the duration
of our simulations. Therefore, in order to interpret the
output of our simulations as a confidence interval on the
value of the initial spike density, it would be necessary to
prove that the simulated system has reached a stationary or
quasistationary configuration.
To study the further time evolution of the spike, we have

run simulations of the three systems for a larger number of
orbits (15000), only for the value of γ providing the best fit
to observations at the end of the 6000-orbit runs. The
results of the long run for system A are shown in Fig. 6. The
Ṗ value extracted at the end of the long run is a factor of a
few smaller than the one we report in our results, reflecting
the fact that the spike is slowly being depleted further.
Because of the strong scaling of the DM density with γ, this
factor of a few change in Ṗ would translate to a shift in the
inferred value of γ ofΔγ ∼ 0.05. While the rate of change of
Ṗ is decreasing with increasing simulation time, we have

not been able to verify that Ṗ has reached a stationary value.
Therefore, we report our results only as lower limits on the
initial DM density. The long term evolution of the spikes
will be discussed in a separate work (in preparation).
So far, we have studied the possibility that the anomalous

orbital decay of these LMXBs may be due to large
overdensities of DM. However, we note that DM spikes
are not generically expected in such systems. DM spikes
around astrophysical BHs are often assumed to form due to
adiabatic growth, in which light seed BHs grow slowly by
many orders of magnitude at the center of a DM halo [4,7].
While such a mechanism could be invoked for SMBHs at
the centres of galaxies, it does not predict the presence of
DM spikes around stellar mass BHs such as those in the
systems we study here. In addition, neither overdense DM
cusps formed at the centre of DM halos [72,73] nor
ultracompact minihalos (formed from large primordial
density perturbations) [74,75] are expected to be associated
with such light BHs.
Also unclear is the possible formation mechanism of

LMXBs containing BHs as the primary [76]. The formation
of DM spikes typically requires symmetric and quiescent
environments (see, e.g., [5,77]). This suggests that for these
systems to host a DM spike, the DM and its spike would
have to form in isolation (through some as-yet-unknown
mechanism in the late Universe), followed by the dynami-
cal capture of the star. However, tidal capture is not
expected to be effective in the absence of nearby dense
stellar clusters [78] as is the case for the systems we
study here.
Instead, the standard formation scenario for BH-LMXBs

begins with a binary of main sequence stars, the more
massive of which eventually expands as it evolves off the
main sequence. The secondary may then be engulfed by the
expanding primary, with friction from this common
envelope shrinking the orbit and, potentially, ejecting this
stellar envelope [78,79]. The core of the primary may then
proceed to collapse to a BH and if the binary survives this
process it can continue to develop into an LMXB. To date,
no mechanisms have been proposed for the formation of
DM spikes around stellar binaries and it is hard to see how a
cold, dense DM spike could survive the violent processes
involved in this standard picture of BH-LMXB formation.
An alternative possibility is that the primaries in these

systems are stellar-mass primordial black holes (PBHs),
which formed long before matter-radiation equality. These
are generically expected to host dense DM spikes with a
γ ¼ 2.25 density profile [11,13,80]. It has also been
recently proposed that friction from the DM spike can
lead to dynamical capture of stars, leading to the formation
of PBH LMXRBs in the MilkyWay [81,82]. The density of
DM spikes around PBHs is fixed by the dynamics of DM in
the early Universe and is expected to be Oð10−6Þ g=cm3 at
the orbital radius of these systems. This density is larger
than any of the cases we have considered so far and from

FIG. 6. Evolution over 15k orbits of 16 realizations of system
A, for γ ¼ 2.25. The figure shows the variation Ṗ of the orbital
period as a function of time. The black curve is the average taken
across the 16 realizations, while individual readings are shown as
light colored curves. The values of jṖj read at 15000 orbits are
lower than those read at 6000 orbits by a factor of a few.
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Fig. 5 it is clear that this scenario cannot be excluded based
on the simulations we have presented here. Reference [53]
explored a PBH-and-spike scenario for these systems,
using the semianalytic HaloFeedback formalism to
account for feedback [54]. We note that in N-body
simulations the timescale for feedback effects is typically
longer than in the HaloFeedback formalism [55,56].
Nevertheless Ref. [53] invoked DM kinetic decoupling in
order to further suppress the spike density and match the
observed period decay rates. In summary, with our simu-
lations we cannot definitively determine whether the
anomalous decay of these systems can be explained by a
PBH-and-spike scenario. A definitive conclusion requires
the extrapolation of feedback effects to longer time scales
and is left for future work.
As mentioned in Sec. II, purely astrophysical mecha-

nisms have been proposed to explain the observations. The
circumbinary-disk (CB) scenario posits a gaseous disk
outside the binary that exchanges angular momentum with
the inner binary through resonant torques; observations
have reported possible CB signatures in systems A and B
[83]. CB torques combined with anomalous magnetic
braking can reproduce the high Ṗ for systems A and B,
although they produce donor effective temperatures higher
than the spectral types indicate [66]. An alternative avenue
is provided by the convection and rotation boosted
(CARB) prescription for MB, a recent, physically moti-
vated revision of the standard prescription that amplifies
angular-momentum loss. Evolution studies using CARB
match system A’s period decay rate, but significantly
overestimate Ṗ for system B and are unable to match
the decay rate of system C [63].
In summary, purely astrophysical descriptions are at

present unable to consistently account for all of the
observations. Meanwhile, the DM spike scenario cannot
be entirely ruled out based on the results of our simulations.
Indeed, the minimum slopes γ required to match the
observed period decay rates are strikingly close to one
another and to typical values usually associated to DM
spikes. The presence of large DM overdensities in these
systems would challenge standard spike formation scenar-
ios—in the case of astrophysical BHs—and have important
implications for the field of DM. However, as we discuss
above, we caution the reader that further study of the long-
term evolution of these systems would be necessary in
order to claim evidence of DM spikes.

V. CONCLUSIONS

We have critically assessed the claim that anomalous
period decay rates observed in BH-LMXBs can be
explained by dynamical friction caused by dark matter
(DM) spikes surrounding the black holes (BHs). Crucially,
the motion of the binary leads to feedback in the DM spike.
Analytic estimates suggest that shallow DM spikes, with
slopes γ ≲ 1.75–2.00, would be disrupted on timescales

shorter than the duration of observations of LMXBs and
thus cannot explain the anomalous period decay rates.
Motivated by this, we have performed simulations

of the three binaries listed in Table I—system A (XTE
J1118þ 480), system B (A0620-00), and system C
(NM1991)—embedded in dark matter spikes, varying the
slope of the density profile. Simulations have allowed us to
quantify feedback effects, which reduce the dark matter
density and the magnitude of the dynamical friction force
exerted on the orbiting star. Based on these results, we
conclude that spikes with slopes lower than γ ≲ 2.2 for
systems A and B and γ ≲ 2.4 for system C are not able to
sustain the friction required to cause the reported anomalous
period decays (see Fig. 5). Drawing conclusions over
steeper DM profiles requires extrapolating feedback effects
to time scales longer than can be currently simulated. This
extrapolation will be discussed in a forthcoming work.
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APPENDIX: SIMULATION SETUP

In this section we provide additional details about the
simulation settings.

1. Softening

To prevent the occurrence of very strong scattering events
that go beyond the time resolution of the simulations, we
soften the gravitational forces generated by the BH on the
DM particles. We replace the BH with a uniform distribu-
tion of mass over a sphere of radius rsoft ¼ 3 × 103risco. The
softening radius is chosen to ensure the stability of the inner
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spike at the time step we use. As shown in Fig. 2, rsoft is
about an order of magnitude smaller than the orbital radius,
a region not affected by the depletion caused by the star. We
use the same recipe to describe the gravitational force
exerted by the star on the DM particles, distributing its total
mass uniformly over the stellar radius. We have verified that
the use of different softening prescriptions for the stellar
potential does not affect our results.

2. Resolution

We generate NDM ¼ 20000 DM particles for each
simulation, with the exception of the largest value
γ ¼ 2.45, for which we set NDM ¼ 25000. The DM
particles are distributed randomly following the DM spike
distribution profile and each carries an equal fraction of the
total spike mass. We softly truncate the spike profile at a
radius rt ¼ 20 × rorb. Since the total spike mass grows with
γ (by about a factor two at each step), the mass of the DM
particles also increases. Simulations in which the slope is
mildest, i.e. γ ¼ 1.90, are best resolved, with DM particle
masses of MDM ∼Oð10−12M⊙Þ. The DM particle mass
grows with the spike index up to MDM ∼Oð10−9M⊙Þ for
the highest values of γ. The resolution difference across
spikes is reflected in the increasingly large error bars we
obtain, as shown in Fig. 4. Reducing all errors to the level
achieved for lower γ values is unfeasible, requiring increas-
ing NDM by about three orders of magnitude (run time is
linear in NDM). We choose to keep NDM fixed to avoid
unnecessarily degrading the low γ simulations.

3. Time step

In NBODYIMRI [56,57], the time step is set as a fixed
fraction of the binary orbital period; we found ∼10000
steps per orbit to be the minimum requirement to maintain
the stability of the systems studied here. To reduce CPU
time, we implemented hierarchical time-stepping [84]:
particles nearer to the central mass are advanced with
multiple finer steps per main step, while leaving more
distant particles on the base step. At each main step the
code selects particles by their distance from the central
mass using a tunable threshold rin. During substeps the
particles in the inner population are advanced with the
same leapfrog integrator as the main code, while the two
primary bodies and all outer particles are held fixed.
Forces on the outer particles and on the two primaries are
evaluated once per main step. The main step and the
number of substeps per main step are both tunable; in the
configuration that produced our results the main step is set
to 1000 steps per orbit and split into 10 substeps. Inner
particles effectively receive the equivalent of 10000 steps
per orbit while outer particles advance at the coarser main-
step rate. We set the threshold radius rin to be 10 times the
BH softening radius rsoft. We verified stability by evolving
the central mass plus DM particles for 3000 orbits and
confirming the density distribution remains stable.
Overall, we found that this hierarchical time-stepping
reduced the total runtime by approximately a factor
of five.
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