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Neutron Stars (NSs) are born as hot, lepton-rich objects that evolve according to the standard paradigm
through subsequent stages where they radiate the excess of energy by emitting, first, neutrinos and,
later on, photons. Current descriptions based on Standard Model calculations cannot fully explain all
the existing cooling data series for the dozens of objects that have been reported. In this work, we
consider the intriguing possibility that cooling NSs could be actually admixed with a fraction of light
dark matter (LDM), x. We focus on a particular case study assuming a generic light candidate with mass
my =0.1 GeV/c? that undergoes self-annihilating reactions through pseudoscalar mediators producing
neutrinos in the final state. We include one additional feature, allowing thermal conduction from LDM
while inside the dark core. By performing simulations of the temperature evolution in the NS, we find
that cooling patterns could be distorted by the presence of LDM and discuss these results in light of their
observability.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction bution to become Boltzmann-suppressed, with a factor given by

~ exp(—my /T), where we use ¢ = kg = 1. At some point, the

Dark Matter (DM) remains one of the fundamental challenges in
modern Cosmology and, in general, to the current status of mod-
ern Physics. Different accumulated evidence over decades points
towards this dark component [1]. DM is a crucial ingredient, nec-
essary in order to produce the large inhomogeneities that form
structures in the Universe today. Indeed, looking at the Cosmic
Microwave Background, we measure very small temperature fluc-
tuations, proportional to the ratio of density fluctuations in the
baryonic density and its background value. The potential problem
of the growth of overdensities in the matter-dominated epoch in
the Universe is under control, provided a new dark species, which
decoupled from photons much earlier than the baryons did, even-
tually makes structure formation a consistent possibility. In most
of the currently envisioned scenarios, DM is under the form of a
new, yet undetected, particle that should be produced in an exten-
sion of the Standard Model (SM) of particle physics. This massive
particle, x, produced in the early Universe when the temperature,
T, fell below the DM mass, my, allowed the equilibrium distri-
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expansion rate became larger than the thermally-averaged self-
annihilation rate, freezing-out the relative density of DM parti-
cles. The observed relic abundance of DM points to values of the
thermally-averaged self-annihilation rate (ov) ~3 x 1026 cm3s~1.
This is typical of weakly-interacting particles and is one of the key
parameters in the search for indirect probes of the existence of DM
[2], in particular of the self-annihilation of DM into SM particles.

Light dark matter (LDM) with a mass in the keV to GeV range
coupling to SM particles via a new force mediator provides a
well-motivated alternative to the WIMP hypothesis [3]. The cur-
rent status on the constraints on LDM are weaker as compared to
more massive candidates due to lower sensitivity of direct detec-
tion searches. In this sense sub-GeV DM scattering with nucleons
(N) is constrained to cross sections less than ~ 1031 ¢m? [4], thus
leaving LDM candidates poorly explored by direct and also indirect
searches [5]. However the situation is slightly improved when scat-
tering on electrons is considered achieving sensitivities of ~ 1038
cm? [6-10].

A number of works have previously explored NS stability in-
cluding several types of DM candidates e.g. free and interacting
Fermi gas [11], non self-annihilating self-interacting matter [12] or
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milli-charged DM [13]. Another popular model, that we will adopt
in this work, is that where it is assumed that DM undergoes self-
annihilating reactions inside a dark core. For this latter case the
presence of DM has been indirectly searched for via modifications
of standard luminosities or spectra in stars [14].

Regarding NSs, current X-ray and multiband missions have been
able to measure cooling curves i.e. isolated pulsar surface temper-
atures TJO(t) or luminosities L;’,"(t) with increasing levels of pre-
cision. Generally speaking, one can distinguish three main cooling
stages [15]. An initial thermal relaxation stage lasts up to ~ 100
yr when the surface temperature reflects the thermal state of the
crust. Later, a neutrino cooling stage occurs where the main con-
tribution comes from the neutrino luminosity L, from reactions
involving core nucleons during t < 10 yr. Finally, a photon cool-
ing stage where photons dominate and L, < Ly, for t 2 10° yr. The
star cools via photon emission from the surface. In general, in the
standard minimal cooling scenario, heating sources are neglected
although some authors have discussed mechanisms of this kind
such as frictional dissipation of rotational energy, deviations from
beta equilibrium or ohmic dissipation [16,17]. There is also an ad-
ditional mechanism based in the gapless color-flavor locked quark
matter as described in [18]. In that work the authors show that
the gCFL phase provides heat capacities and neutrino luminosities
capable of keeping the NS warm at ages of 108 years displaying
surface temperatures > 104 K as long as there is an inner quark
core sized ~ 3 km.

2. Dark matter inside the cooling Neutron Star
To model the cooling curve for a NS, we use the set of general

relativistic equations of thermal evolution for a spherically sym-
metric star under the form [19],

e 2% 9 /oy cv aT
2 (e L) . _wer 1
4mr? or ( Q+Qn e® ot (M)
L 0 D 0
= e e) @

where r is the radial coordinate, Q is the neutrino emissivity, cy
is the heat capacity per unit volume, x is the thermal conductiv-
ity, and L is the local luminosity. ®(r) and A(r) are the metric
functions. The function ®(r) specifies the gravitational redshift,
while A(r) describes the gravitational distortion of radial scales,
e = /T—2Gm(r)/r, where m(r) is the gravitational mass en-
closed within a sphere of radius r. At the stellar surface, ®(R) =
—A(R). For completeness, we have introduced Qn = Qyy, which
represents the rate of energy production (heating) by LDM annihi-
lation into final neutrino states that will be detailed later. In the
outermost stellar layers, thermal conduction is radiative, however
deeper in the crust, thermal conductivity is provided by electrons
while in the core it is produced by other fermions (f), e.g. elec-
trons, nucleons. Note that for a set of additional heat carriers it
attains a value k =3} ¢ Ki.

We write L, = 47R?05T¢ as the thermal photon luminosity
in the local reference frame of the star, being Ts the effective
temperature and op is the Stefan-Boltzmann constant. The ap-
parent (redshifted) effective temperature TJ° and luminosity LS,
as detected by a distant observer, are TJ° = Ts,/1 —r1g/R and
L =Ly (1—r1¢/R) where rg = 2GM ~ 2.95M/Mg km is the
Schwarzschild radius. One often introduces the apparent radius
Roo =R/\/1 —T1g/R which an observer would measure.

In this scenario, the stellar progenitor and the actual NS have
been accumulating DM over time due to gravitational capture. The
efficiency of the different processes producing an admixed star has
already been explained in the literature [23,24]. Note that in order
for the NS to be opaque to the LDM candidate under inspection,
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the latter should have a scattering cross-section with nucleons (the
main ingredient inside the dense stellar core) larger than a critical
value o ~ 10746 cm?, which is fulfilled in our case study. Besides,
evaporation is negligible. From this, the thermalized local LDM dis-

01GeV2p T 172
my PN 0.1 MeV) » much
smaller than the stellar (core) radius Ry < R < 14 km. In the

previous we have assumed that the inner km-sized LDM core is
spread over an approximately constant baryonic density region
with value pn relevant for the NS mass range we will explore
M € [1,1.9]Mg. po ~ 2.4 x 10 g/cm? is the nuclear saturation
density.

In order to expose the differences in the NS cooling patterns
arising from the specific choice of our dark candidate inside the
core, we will analyze in detail two LDM features: self-annihilation
and thermal conduction. The theoretical framework of energy
transport by conduction of weakly interacting DM was first studied
in a solar environment [20,21]. More refined treatments have been
developed, see e.g. [22]. As we will explain, the energy transport
and heat flow in the NS will be affected by these extra contribu-
tions from the dark components.

The amount of LDM captured by the opaque star [25] is an in-
creasing function of time as the y population sinks towards the
center [26,27]. However as the local DM density grows, the self-
annihilation reactions will start to be efficient leading to poten-
tially dramatic changes [28]. In more detail, the dynamical number
of LDM particles, Ny, is obtained by solving

tribution has a radius Ry ~ 0.8 km(

dN,
Nx(t)iNx,o-irT(t—fo), 3)

where the ratio of change in Ny, can be obtained as a function
of time from an initial population Ny ¢ at time fo. In a simpli-
fied scheme, the dynamical equation for the DM population can
be written as the result of two processes that will compete among
each other, i.e. capture and self-annihilation inside the dark core
Ny
dt
The DM capture rate can be approximated by

c ~s6x10%( M R 0.1 GeV Py
= 1.5Mg / \ 14 km my 0.4Gev

cm3

=Cy — CaN%. 4)

s7L, (5)

whereas the self-annihilation rate is C; >~ “;—3‘” with the thermally-
X

averaged self-annihilation rate (ov) ~3 x 10726 cm3s~1,

-3/2
) s (6)

Besides, at initial time to, the dark population inside the NS is

o (O.l GeV) ( o ) )
0.4% my 10~# cm2/’

where o5 = oy_n is the x — N scattering cross-section that we
will take in this work as o5 € [107%6 — 10731] cm? using current
experimental constraints as discussed in the Introduction section.
The average DM density in the solar neighborhood is oy 0 ~ 0.4
GeV/cm?>. However it is expected that inside some globular clus-
ters DM can be enhanced by up to several orders of magnitude,
e.g. NGC 6266, 47 Tuc [29], as is the case for the faintest dwarf
galaxies.

Inside the NS, we focus on the reactions taking place and
model them with a pseudoscalar mediator a with m, < [0.1, 30]

Co~pxqo2(01GeV200 T
T my  pn 0.5MeV

Nyo0=1.5x10%
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GeV (mg € [0.05,1]GeV), see our previous work [30]. The self-
annihilations of DM proceed into two-body fermionic states
(f), xx — ff or two pseudoscalar boson states, x x — aa with
subsequent decay a — f f. Further, we will have interest in f = v,
the neutrino channel in our cooling scenario.

One of the key quantities that dictate NS internal stellar en-
ergetic balance is the local energy emissivity, Qp = % (energy
produced per unit volume per unit time). Formally, the expression
for Qg is given by

Qe =4 / d® (E; + Ez) |M2F, (8)

where Eq + E; is the energy carried by neutrinos in the reaction
1+2 — 344 with matrix element M. Particularizing to the heat-
ing processes related to DM Qp in Eq. (1) the global phase space
factor is given by F = f, (E1) fy (E2) (1 — ff (E3)) (1 — fr (E)).
fy. fr are the local stellar distribution functions for LDM and
fermionic particles, respectively, containing density and tempera-
ture dependence. For the sake of simplicity we will consider the
reasonable assumption that DM follows a non-relativistic Maxwell-
Boltzmann distribution inside the core when thermalized and neu-
trinos produced will be, in a continuous steady state of annihila-
tions once stabilized in the dark core from the gravitational cap-
ture of DM by the NS.

When modeling the dark contribution to the cooling NS from
this type of models we found that the emissivity is a function of
the temperature T, for a specific realization. For the test cases, we
will analyze the dark emissivity cast into the approximate expres-
sion in the central km as (see Fig. 2 in [30])

T -3 .
Qn=Qyy(T)=10" <m) ergem s, (9)

with 19 < o < 21. Note the sign difference appearing in Eq.
(1) when compared to a regular cooling process Q as the self-
annihilation reactions contribute to the heating in the inner
dark core and decrease with increasing temperature as the ther-
mal volume grows. It is well known that standard direct URCA
or modified URCA (MURCA) cooling processes provide emissiv-
ities QLRA ~ 1027R<m)6 erg em™> s7! and QMURA ~

8
21 T -3 -1
10 R<0.1 MeV) ergcm " s

sities are needed to activate the URCA reactions and can only be
realized in the most massive NSs. Typical energetic scales can be
obtained from the conversion factor 1 MeV ~ 10'% K. R is a re-
duction function of order unity describing the superfluid effects in
the neutron and proton branches of those reactions involving nu-
cleons [31]. Note that for temperatures T < 10° K the MURCA and
x self-annihilation attain similar strengths. As we will explain, it
could happen that the efficiency of this annihilating DM mecha-
nism could act on a temporary basis, due to the dynamics of the
aforementioned competing effects allowing for a given finite time
Ty where it is active.

We will include another feature in the LDM sector by consider-
ing that may act as a heat-conducting agent. Since LDM interaction
with ordinary matter is weak, it could be an efficient energy car-
rier redistributing heat in the thermal volume where it is mostly
concentrated. This dark conductivity will add to the already ex-
isting lepton and hadronic standard components that do transport
heat in the NS [31]. The conductivity for the LDM distribution in
the inner dark core can be written into the approximate form as
Ky ~ Vyhyny where vy = ,/3T/my is the thermalized velocity
and the typical size of x — N mean free path is A, ~ (aanN)*l.
Note however that in practice A, associated to the massive x will
be at most a few times that of the R, value since the gravita-
tional potential will exert its pull towards the core of the star. Thus

, respectively. Higher central den-
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Fig. 1. Surface temperature as a function of time for NSs with masses M €
[1,1.9]Mg with the effect of self-annihilating LDM (my, = 0.1 GeV) originating a
plateau or without LDM (continuous decline). Existing series of cooling NSs are plot
as well. See text for details.

LDM involves an additional contribution to the standard cooling
fermionic luminosity k =3¢k +ky.

In this picture, we expect the larger amount of effective dark
carriers in the star will be able to speed up internal transport in
the NS inner core.

3. Results

In this section we analyze our results. We have solved the set
of equations (1) and (2) using the prescribed Qj as obtained from
annihilating DM models A, B, C in [30] and the nuclear equation
of state HDD as given in [32] including proton superconductivity
with the parametrization given by EEHOr (no pion condensation)
[33]. In Fig. 1 we plot the surface temperature as a function of
time for NSs with masses M € [1,1.9]M with the effect of self-
annihilating conducting DM for m, = 0.1 GeV. Experimental tem-
perature constrains are also shown for some cooling NSs measured
in the literature. We can clearly see a plateau signaling the exis-
tence of a dramatic halt in the rapid cooling behavior originating
earlier and lasting up to T, ~ 103 yr (solid lines) for the most
massive NSs. Due to the energy injection the DM self-annihilation
can temporarily stop the decline in temperature. Later on, it is no
longer efficient and ordinary cooling due to neutrinos and photons
proceeds, decreasing the temperature again, but, importantly, shift-
ing the initial drop departure point. Similar average effects were
found for global emissivities, resulting in much fainter objects [34].
Other quoted mechanisms, such as the gCFL phase [18] can warm
an old NS provided a few km-sized quark core is present or dark
kinetic heating [35]. This fact could be experimentally accessible
using the infrared telescopes operating in the coming future such
as James Webb Space Telescope [36] or the Thirty Meter Telescope
[37].

In Fig. 2, we plot surface temperature as a function of NS age
with masses M € [1,1.7]Mg including self-annihilating and con-
ducting LDM (m, = 0.1 GeV). x emissivity has been enhanced a
factor 5 larger than that in Fig. 1. x processes are active dur-
ing T ~ 103 yr, followed by a period of interruption, and active
again for t > 1.5 x 10> yr. Remarkably, some observations, see
for example RX J7020-31, RX ]J1856-3754, Geminga could be in-
terpreted as cooling NSs with no LDM and M € [1,1.42]M, (see
Fig. 1) or having a similar larger mass M = 1.5Mg in the inter-
rupted LDM heating picture. Complementary refined mass mea-
surements seem necessary to possibly help disentangle the actual
scenario. Although not shown in our plot, the recent measurement
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Fig. 2. Surface temperature as a function of NS age with masses M € [1,1.7]Mg
including self-annihilating conducting DM (my, = 0.1 GeV). x emissivity has been
enhanced a factor 5 larger than in Fig. 1. LDM enhanced processes are active up to
7 ~ 103 yr, followed by a period of decline, and again for ¢ >15x 10% yr. See text
for details.

of the coldest NS to date, PSRJ2144-3933 fitted as a 3 x 108 yr ob-
ject with a mass 1.4Mg and unredshifted temperature T < 42000
K puts some constraint on the duration 7, and strength of the
self-annihilation processes. Note that in Fig. 1 at those ages T re-
mains unchanged with respect to DM-free case for the case under
study. However, for the scenario in Fig. 2, matching luminosities
must drop at least 1.5 orders of magnitude in redshifted tem-
perature and this advises that emissivities, proportional to m;/ 2
should constraint DM masses at the ~10 MeV range. Such low x
masses should be carefully considered in the stellar population as
the low-energy modes from lepton dynamics and collective modes
will add complexity to the overall picture. Since we do not follow
our simulations to such long ages this aspect remains for future
work.

4. Conclusions

In this contribution, we have analyzed the cooling of NSs with
a light dark mater core acquired by gravitational capture. We have
considered a pseudoscalar-mediated interaction model where x
self-annihilation reactions producing final state neutrinos can be
treated as a source of heating inside the star through an emissivity
term (Qp) injecting energy in the core along with the usual stan-
dard cooling (Q ) emissivities. For the DM candidate we focus in
our work, my, = 0.1 GeV, we find that it is possible to temporar-
ily balance MURCA reactions giving rise to a temperature plateau.
This will result in higher temperatures than expected for higher
assumed NS masses. We have also considered the fact that LDM
could act as a heat carrier involving an additional contribution to
the SM conductivity, «, allowing for a more efficient heat trans-
port to the surface of the star at early times. In our simplified
treatment and for our exploratory case study we have obtained
trends that we expect could be robust against more refined mod-
els that are under investigation and will be reported elsewhere.
Recently reported cold NSs can put additional constraints on the
dozen-MeV range DM candidates in the very old ages. The realistic
picture in the present scenario will be determined by the actual
confirmation of existence of a dark matter particle sector and its
nature and properties.
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