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Motivated by the recent detection of the gravitational wave signal emitted by a binary neutron star 
merger, we analyse the possible impact of dark matter on such signals. We show that dark matter cores 
in merging neutron stars may yield an observable supplementary peak in the gravitational wave power 
spectral density following the merger, which could be distinguished from the features produced by the 
neutron components.
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1. Introduction

The discovery of gravitational waves (GW) by the LIGO and 
VIRGO collaborations has opened a new observational window on 
the Universe. The first measured GW signals were emitted from 
the merging of black hole binaries [1–3] and spectacularly con-
firmed the predictions of general relativity and constrained its ex-
tensions in the strong-field regime [4,5]. Recently the LIGO and 
VIRGO collaborations have also detected a GW signal originating 
during the inspiral leading to the merger of two neutron stars 
(NS), GW170817 [6]. On this occasion, the observation of the 
GW signal was accompanied by counterparts in many bands of 
the electromagnetic spectrum [7], as was expected for a NS-NS 
merger, notably including the observation of a gamma-ray burst, 
GRB170817A [8]. This new discovery is an important confirma-
tion that NS-NS mergers are the originators of short gamma-ray 
bursts [9–12], and play a major role in the r-process nucleosyn-
thesis as demonstrated by the ejection of synthesised material via 
subsequent kilonova explosions [13–18].

Conventional models of NS-NS merger yields three separate 
peaks in the GW emission following the merger [19–28]: for a 
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review with a comprehensive list of references, see [29]. The 
strongest observable peak in these simulations results from the ro-
tation of the bar-deformed hyper-massive neutron star in the first 
instants after the merger. This strong peak is flanked by two less 
pronounced peaks that are produced by the dynamics of the rem-
nants of the original stellar cores. Despite the complexity of the 
simulations, the above-mentioned qualitative features of the GW 
signal are captured by a simple mechanical model [22,23] that re-
produces qualitatively the detailed calculation of the GW waveform 
emitted in these events. In the case of GW170817, no post-merger 
GW signal was observed, but future observations of such signals 
would have the capability to constrain models of dark matter as 
well nuclear matter, as we now discuss.

We show in this Letter how observations of GW signals from 
NS-NS mergers also offer a new window on the dark matter (DM) 
component of the Universe [30], through a possible supplemen-
tary peak in the power spectral density (PSD) of the GW emission 
following a NS-NS merger. We introduce additional features into 
the simple mechanical model of NS-NS mergers to account for the 
possible presence of DM cores within the neutron stars. We show 
that these DM cores may generate an additional well-defined peak 
in the PSD of the GW signal emitted after the merger. If the DM 
cores contribute about 5–10% of the NS mass, we find that the DM 
peak is observable and can be clearly distinguished from the fea-
tures of the signal induced by the remnant neutron matter cores 
for a wide range of effective parameters.

It should be noted that ordinary WIMP DM cannot condense 
inside stars or compact stellar remnants in quantities as large as 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. A schematic diagram of the mechanical model adopted to investigate the pos-
sible effects of DM components on the GW signal emitted by NS-NS mergers. The 
DM cores (in black) move in an environment constituted of the remnant neutron 
stellar core (in white) and a disk of neutron matter enclosing the latter.

discussed in this study. For example, during a period of ∼ 10 Gyr, 
even after allowing for DM densities ∼ 104 times larger than the 
local value (as may be reachable in the central parts of the Galaxy), 
the typical amount of accreted WIMP DM does not significantly 
exceed ∼ 10−10 M� [31–34]. However, having a nonstandard dark 
sector with dissipative (but subdominant) DM component (e.g., as 
in [35–37]) might lead to the formation of DM-admixed stars with 
noticeable DM content. For example, DM-admixed NSs have been 
discussed previously in [38–44]. Moreover, the formation of asym-
metric DM stars, which might potentially serve as cores for the NSs 
studied in this paper, have been investigated in [45,46]. Although 
the details how these objects might have formed require much 
deeper investigation, which is beyond the scope of this study, 
we propose the following illustrative scenario. If a small fraction 
of DM (� 10%) is strongly self-interacting then, as demonstrated 
in [37], it can lead to early formation of black holes (BHs) that 
can serve as seeds for subsequent supermassive BH formation, al-
leviating tension with the small amount of time available for their 
formation in the standard LCDM picture. Depending on the shape 
of the initial perturbation spectrum, in addition to BH formation, 
one would also expect formation of smaller structures analogous to 
visible-sector NSs. Later on, these compact dark objects can serve 
as accretion centres for baryonic matter, which when accreted in 
sufficient quantities can lead to the formation of DM admixed NSs. 
For this scenario to work no interaction beyond gravity is needed 
between the dark and the visible sectors.

The exploratory results in this Letter clearly indicate that ob-
servations of NS-NS mergers have the potential to probe the 
properties of such self-interacting DM, complementing dedicated 
searches. Our work underlines the need for further simulations to 
assess with more precision the possible impact of a DM compo-
nent on the evolution of NS-NS mergers and disentangle its effects 
from phenomena associated with different nuclear equations of 
state.

2. A mechanical model

In order to assess the impact of a possible DM component on 
the GW signal emitted by a NS-NS merger, we extend the me-
chanical model originally presented in [22,23]. We include two 
additional DM cores of (for simplicity) equal mass md/2, which 
move in the gravitational potential of the hyper-massive NS gen-
erated in the merger. The latter is modelled as a disk of mass M
containing two coupled oscillators of (again for simplicity) equal 
mass mn/2, which represent the neutron components of the rem-
nant stellar cores, as illustrated in Fig. 1. The disk and the neutron 
stellar cores rotate at a common angular velocity � = θ̇n , whereas 
the dark cores rotate at an angular velocity θ̇d . We account for 
differences in the strength of DM and neutron interactions by con-
sidering different spring constants and damping factors.
The Lagrangian of the mechanical system takes the form

L = mn

2

(
ṙ2

n + (
rnθ̇n

)2
)

+ md

2

(
ṙ2

d + (
rdθ̇d

)2
)

+ M R2θ̇2
n

4
+ 2kn(rn − an)

2 + 2kd(rd − ad)
2 ,

(1)

where an overdot indicates differentiation with respect to time and 
the subscripts n and d distinguish quantities related to the nuclear 
and dark cores, respectively. The parameters kn and kd are effective 
‘spring constants’ that characterize the oscillations of the nuclear 
and DM cores in the gravitational potential and the medium. The 
effective damping induced by interactions is encoded in the pa-
rameters bn and bd , and that due to GW emission, cn and cd , is 
included by adding the term
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(2)

The equations of motion for the relevant degrees of freedom are 
obtained from the dissipative Euler–Lagrange equation

d

dt

∂L

∂q̇ j
− ∂L

∂q j
= ∂ D

∂q̇ j
. (3)

In order to investigate the resulting GW signal, we compute the 
strain induced by the plus and cross polarisations at a distance D
from the merger

h+ = Ï xx + Ï yy

D
, h× = Ï xy

D
, (4)

where Ikl , k, l ∈ {x, y, z}, are the components of the quadrupole-
moment tensor:

Ikl =
∑
j=n,d

(
Ī j,kl − 1

3
δklδ

ab Ī j,ab

)
,

Ī j,kl = 3m jx j,kx j,l .

(5)

The PSD is then obtained as

h̃( f ) =
√

|h̃+( f )|2 + |h̃×( f )|2
2

, (6)

where the tilded quantities are the Fourier transforms of the cor-
responding GW strains.

3. The effect of dark matter

As was shown in [22,23], the simple mechanical model with-
out the DM components reproduces semi-quantitatively the peaks 
in the PSD found in a detailed simulation including general-
relativistic and nuclear effects. Fig. 2 shows that, for suitable values 
of the model parameters, our implementation also reproduces well 
the full numerical-relativity strain h+ for the full simulation re-
ported in [22,23]. This comparison gives us confidence that such 
a simple model can capture correctly the dominant dynamical ef-
fects.

The PSD of the GW emission resulting from the above model 
(1) including the DM components is shown in Fig. 3. The top panel 
shows the PSD immediately following the merger of two equal-
mass neutron stars, whereas the middle shows the PSD during 
a later time period. In calculating this representative point we 
set the parameters of the nuclear matter to M = 10, mn = 10, 
kn = 0.25, bn = 0.1, cn = 0.02 and an = 1, and the DM ones to 
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Fig. 2. Comparison between the results for the strain h+ calculated in the full 
numerical-relativity simulation reported in [22,23] (black solid line) with results 
from the simple mechanical model in (1) (blue dashed line). (For interpretation of 
the colours in the figure(s), the reader is referred to the web version of this article.)

Fig. 3. Top panel: the gravitational wave (GW) power spectral density (PSD) imme-
diately following the merger of two equal-mass neutron stars. Middle panel: the 
GW PSD of the same merger during a later period. Bottom panel: the GW PSD im-
mediately following the merger of two neutron stars of unequal masses. The solid 
green lines show the full GW power spectral density, whereas the dashed blue and 
dotted yellow lines represent the contributions of the nuclear matter and DM, re-
spectively. The units are arbitrary. Note the splitting of the DM contribution in the 
unequal-mass case. (For interpretation of the colours in the figure(s), the reader is 
referred to the web version of this article.)

md = 2, kd = 0.05, bd = 0.02, cd = 0.02 and ad = 0. The assump-
tion that an �= 0 was motivated by the presence of a hard repul-
sive nuclear core, whereas we expect no repulsive DM interactions 
and set ad = 0. As initial conditions we adopted ṙn(0) = ṙd(0) = 0, 
θ̇n(0) = θ̇d(0) = 0.2, rn(0) = R/2 and rd(0) = R , and the equations 
of motion were solved on a time interval t ∈ [0, 260] in arbitrary 
units.

The blue dashed line in the top panel of Fig. 3 shows the PSD 
of the GW signal generated by the nuclear matter immediately 
following the equal-mass NS-NS merger. Three peaks are clearly 
visible: the lowest frequency peak, at f = f1, correlates well with 
the compactness of the final object in a way that is insensitive to 
the neutron equation of state. The tallest peak, at f = f2, is in-
duced by the rotation of the hyper-massive neutron star and is 
sensitive to the equation of state. As DM cores and associated DM-
neutron interactions could induce effective modifications of the 
latter, we expect that measurements of the neutron matter PSD 
alone could already provide important information on the impact 
of DM on the merger dynamics, if the nuclear uncertainties in the 
equation of state are under control. The third peak, at f = f3, is 
generated together with the f1 peak in the dynamics of the rem-
nant NS cores, and generally falls outside the current observational 
window [22,23].

The impact of DM is signalled in the top panel of Fig. 3 by 
the yellow dotted line, which shows the peak generated by this 
component at a frequency fd ∝ √

kd/md . The continuous green line 
simply illustrates the sum of the two contributions, with the DM 
contribution being clearly visible in this particular example, though 
we caution that its position and height are dependent on unknown 
aspects of the DM dynamics.

The middle panel of Fig. 3 shows the PSD of the same equal-
mass GW signal for a later period (t ∈ [100, 260]) of emission. We 
see that the f1 peak has reduced, an effect seen already in Fig. 9 
of [23], as has the DM peak. This is because the DM cores re-
lax relatively rapidly, in particular via GW emission, whereas the 
relaxation of the neutrons component is resisted by the remnant 
repulsive neutron cores.

The bottom panel of Fig. 3 shows the PSD of the GW signal 
from the merger of a pair of neutron stars with unequal masses 
(m1/m2 = 0.7). In this case we see that the peak of the DM con-
tribution is split, whereas the peaks due to nuclear matter are not 
split. This splitting of the DM signal would be an interesting diag-
nostic tool in the event that a DM signal is detected.

The dependence of the DM signal strength on the effective pa-
rameters is encoded in the quantity

ξ =
(

rd(0)

R

)2 h̃d( fd)

h̃n( fd)
, (7)

which describes the strength of the DM contribution to the GW 
strain, at the peak frequency fd , relative to the contribution of the 
nuclear matter. Fig. 4 illustrates the dependence of the ξ param-
eter on the rescaled effective parameter adopted, demonstrating 
that the DM peak potentially leaves a distinguishable signature in 
the GW PSD over large ranges of parameter values. In making this 
plot we used, apart from md and kd , the same parameters and ini-
tial conditions as in the top panel of Fig. 3. The red dashed lines 
illustrate the peak frequency contours of the DM contribution.

4. Discussion and conclusions

We have considered the possible effect of a dark matter com-
ponent on the gravitational wave signal emitted in a neutron star-
neutron star merger event. We have extended for this purpose a 
simple mechanical model proposed in [22,23] that captures essen-
tial features of the dynamics of the hyper-massive neutron star 
formed in the first instant after the merger. For the purpose of 
our analysis we allowed significant fractions of the original neu-
tron star masses – up to about 10% – to be in the form of dark 
matter cores.
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Fig. 4. The relative strength ξ of the DM component to the GW strain amplitude, 
Eq. (7), is indicated by colour coding. The dashed red contours show the peak fre-
quency of the DM contribution in the same arbitrary units as in Fig. 3.

According to our results, the dark matter cores may produce a 
supplementary peak in the characteristic gravitational wave spec-
trum of neutron star mergers, which can be clearly distinguished 
from the features induced by the neutron components. Whilst pre-
cise simulations of merging neutron stars are certainly needed to 
fully quantify the effect, the emergence of the new peak demon-
strates that analyses of these gravitational wave signals have the 
potential to shed new light on the properties of dark matter. De-
pending on the formation history, the sizes of the dark cores may 
vary considerably, thus the location and the amplitude of the new 
peak is expected to change. This non-universal behaviour poten-
tially helps distinguish the new dark matter peak from the others 
produced by baryonic physics. Thus, future observations of the GW 
signals from NS-NS mergers could provide interesting insight into 
dark matter physics, as well as into gravitation, nuclear physics and 
astrophysics.
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