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Compact stellar objects such as neutron stars (NS) are ideal places for capturing dark matter (DM)
particles. We study the effect of self-interacting DM captured by the nearby NS that can reheat it
to an appreciated surface temperature through absorbing the energy released due to DM annihi-
lation. When DM-nucleon cross section Gy, is small enough, DM self-interaction will take over
the capture process and make the number of captured DM particles increased as well as the DM
annihilation rate. The corresponding NS surface temperature resulted from DM self-interaction
is about hundreds of Kelvin and is potentially detectable by the future infrared telescopes. Such
observations could act as the complementary probe on DM properties to the current DM direct
searches.
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Probing self-interacting dark matter through neutron stars

1. Introduction

A compact stellar object such as neutron star (NS) is a perfect place to capture DM particles
even when DM-nucleon cross section 0y, is way smaller than the current direct search limits.
Investigations on DM in compact stellar objects are studied recently in Refs. [1, 2, 3, 4, 5, 6, 7, 8,
10, 9, 11, 12]. Due to strong gravitational field, DM evaporation mass for NS is less than 10keV
[6]. Therefore, NS is sensitive to a broad spectrum of DM mass from 10keV to PeV, sometimes
it can be even extended to higher mass region. Unlike the Sun, it loses its sensitivity to DM when
my S 5GeV as a consequence of evaporation [13, 14]. In the later discussion, we will focus on the
Weakly Interacting Massive Particle (WIMP) scenario with mass from MeV to hundreds of GeVs.

An old NS having age greater than billions of years could become a cold star after processing
several cooling mechanism by emitting photons and neutrinos [15, 16]. However, if the residing
DM particles in the NS can annihilate to SM particles other than neutrinos, they will be absorbed by
the host star and act like energy injections to heat the star up [1, 2, 3]. In addition, recent literature
also suggests that the halo DM particles constantly bombard NS can deposit their kinetic energy to
the star. This is called dark kinetic heating [17]. These two contributions might prevent NS from
inevitable cooling as suggested by Refs. [17, 18].

Besides the DM-nucleon interaction, inconsistencies in the small-scale structure between the
observations and the N-body simulations [19, 20, 21] imply the existence of self-interacting DM
(SIDM) [22, 23]. The constraint given in Ref. [24, 25] could mitigate such discrepancies as well as
the diversity problem of the galactic rotation curves [26, 27]. It brings us to

3em?g ! <oy /my <6emPg! (1.1)

where o, is DM self-interaction cross section. The resulting effect of DM self-capture in NS
was considered insignificantly due to it saturates quickly when the sum of the individual oy, ex-
ceeds the geometrical area over which DM is thermally distributed [6]. Its impact is unable to
compete with the capture by DM-nucleon interaction when Gy, 2 10-%cm?. However, current
direct searches have put more stringent limits on oy, to test. If it is small enough, DM self-capture
will eventually take over [7]. In this region, DM self-interaction will re-enhance the captured
DM particles as well as the DM annihilation rate regardless how small oy, is. The corresponding
energy injection increases consequently. Hence, in the self-interaction dominant region, NS will
experience a reheating effect with rising NS surface temperature [3].

2. DM captured by NS

When the halo DM particles scatter with NS and lose significant amount of energies, they will
be gravitationally bounded in the star. The evolution of DM number N, in NS can be characterized

by the differential equation

Ny _ C.+C;N, — C,N? 2.1
dr x x

where C, is the capture rate due to DM-nucleon interaction, C; the DM self-capture rate due to DM

self-interaction and C, the DM annihilation rate. A general solution to Ny is given by
C.tanh(z/71)

7! —Cstanh(r/7)/2

Ny (1) = 2.2)
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where T = 1/1/C.C, + C? /4 is the equilibrium timescale. In the case of # > 7, dN, /dt = 0 where
Ny, reaches the steady state. Hence we have

w0 == [ (5 1) 23

CS2 {>> 1, Cs-dominant

where

R=

(2.4)

CCu |« 1, C.-dominant

Thus, R signifies how crucial that the DM self-capture is in the DM evolution in NS. Additionally,
we can obtain two solutions to N, when dN, /dt = 0, by examining Eq. (2.1),
G

C
R _ ¢ R>1 __
N =g ad N = (2.5)

That means, either the capture is dominated by C, or C; that could accumulate the same amount of
DM particles in NS.

3. NS cooling and DM energy injection

After the birth of NS, it undergoes the cooling mechanism due to neutrino and photon emis-
sions [15, 16]. Nonetheless, if the residing DM particles in NS can annihilate, the annihilation
products will be absorbed and act like energy injections to heat the host star up. The NS interior
temperature 7j,, can be described by the following differential equation

dT _ —& — &t & G.1)
dt cy '

where €y, , are the emissivities due to neutrino emission, photon emission and DM respectively
and cy the NS heat capacity of NS .

Since the NS outer envelope shields us from observing 7i, directly. We can only observe

the luminosity L, emitted from this envelope. The corresponding temperature can be inferred from

sur*

Stefan-Boltzmann’s law that is defined as the NS surface temperature T, where Ly = 4nR*6sp T
A relation that connects Ty and Ty, is given by [16, 28, 29]

6 8s VA [ T\
Tor = 087 X 10°K (5535 <108K) G2
where g, = GM /R2 = 1.85 x 10" cms~2 is the surface gravity. In general, Ty, is lower than Tjy;.
However, when Ti; < 3700K, the distinction between the two becomes negligible [16]. Applying
Eq. (3.2) to obtain Ty, from Tjy is unnecessary when Tjp; < 3700K.

On the other hand, Ly is also responsible for the energy loss due to photon emission. Hence
we have the effective photon emissivity [3]

T \°
2.71x10—17Gev4yr—‘< ‘) Tyt = 3700K, (3.3a)

L, 108K
&= o
(4/3)nR

T 4
2.56x 1072 GeV4yr! <10‘§“K> Tine < 3700K, (3.3b)
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where Eq. (3.3a) is obtained from Ref. [1] and Eq. (3.3b) is the expression for & when Ty S
3700K.
In addition, NS heating comes from the contributions of DM annihilation and dark kinetic
heating. They are given by
& = 2my Ty = myCaN,, f (3.4)

for annihilation and
Hy = C.E; 3.5

for dark kinetic heating. The factor f, characterizes the energy absorption efficiency which runs
from O to 1. The term E; = m, ('y— 1) is the DM kinetic energy deposited in NS and y ~ 1.35 [17].

Therefore, we have
Ey + Iy
== 3.6
T 4nR 3 (36)

for DM emissivity.

4. Numerical results

Here we display our final result in Fig. 1 as well as the constraints on 6y, from different DM
direct searches. The purple shaded region is where DM heating has no contribution. Thus, standard
NS cooling mechanism predicts Ty, ~ 120K for an isolated two-billion-year old NS. Above the
shaded region, the larger 6y, the more N, will be captured as well as the stronger DM heating from
annihilation. Below the shaded region, T, is reheated as a consequence of DM self-interaction and
the color portion is the maximum Ty, can be obtained in the DM self-interaction dominant region.

Interestingly, 75, above the purple shaded region coincides with T, in some parameter space
below the purple shaded region. This phenomenon is indicated in Eq. (2.5). For instance, there are
two lines show Ty, = 300K in Fig. 1. It could be helpful as an extra information for determining
DM properties along with current DM direct searches. If we observed Ty, = 300K for an iso-
lated two-billion-year old NS and concur that the heating is purely from DM. But 10GeV S my <
100GeV with Ty, = 300K is already disfavored by DARWIN. Thus, DM could be either lighter
than a few GeV or 0y, is very small. Future DM direct searches could reveal more constraint on
sub-GeV DM, together with the astrophysical observations on Ty, we can further unravel more
information about DM.

5. Summary

In this work, we found that when DM self-interaction dominates DM capture process, Ty
increases as Oy, decreases. This is contrary to DM-nucleon interaction dominant case where Ty,
becomes colder as 0y, diminishes.

In addition, when 107%cm? < 6y, < 10757 cm?, the heating from DM is negligible. The
energy loss from photon emission overwhelms the energy deposition from DM annihilation. Thus,
standard NS cooling is the dominant process. For a two-billion-year old isolated NS, standard NS
cooling predicts a lower bound Ty, =~ 120K. If DM properties such as m, and oy, lie within this
parameter space, they are unable to probe from the measurement of Ty,,. However, the precise
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Figure 1: The purple shaded area is where standard NS cooling overwhelms the DM heating. The cor-
responding Ty, is about 120 K. DM-nucleon interaction and DM self-interaction are responsible for the

heating on Ty, above and below the purple shaded region in the middle of this figure respectively. We use

Oyy/my =4cm? g7! and (ov) =3 x 1072cm’s™! in the calculation. See main text for detail. The con-

straints on Oy, from different DM direct searches such as DARWIN [?], LUX [?] and XENONIT [?] are
shown in the plot as well.

value for such lower bound depends on the knowledge of NS cooling mechanism. Once we have
more constraints from the astrophysical observations on Ty, for isolated old NSs, this lower bound
could be subject to some correction.

The parameter space in the capture processes dominated by DM-nucleon interaction and by
DM self-interaction can generate the same Ty, as shown in Fig. 1. Together with the current DM

direct searches, it could improve our knowledge on DM properties in various ways.

In closing, the NS surface temperature 7, induced by DM self-interaction roughly ranges
from 120 K to 700 K. The corresponding blackbody peak wavelength is infrared and could be
detected by the forthcoming telescopes such as JWST, TMT and E-ELT. The corresponding
observations on T, could act as the complementary probe to DM direct searches in the future.
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