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The amount of decaying dark matter, accumulated in the central regions in neutron stars together
with the energy deposition rate from decays, may set a limit on the neutron star survival rate against
transitions to more compact objects provided nuclear matter is not the ultimate stable state of matter
and that dark matter indeed is unstable. More generally, this limit sets constraints on the dark matter
particle decay time, 7,. We find that in the range of uncertainties intrinsic to such a scenario, masses
(my /TeV) > 9x 107 or (my /TeV) > 5x 1072 and lifetimes 7, < 10% s and 7, < 105 s can be excluded

in the bosonic or fermionic decay cases, respectively, in an optimistic estimate, while more conservatively,
it decreases 7, by a factor 2> 1020, We discuss the validity under which these results may improve with

other current constraints.

© 2015 The Authors. 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.

Disentangling the nature of dark matter (DM) is one of the
greatest current challenges in physics. Whether this is realized
through a stable or a decaying particle remains unknown to
date. There is a vast literature with many well-motivated par-
ticle physics models containing unstable, long-lived DM particle
candidates, see e.g. [1] for a review. Possible DM decay time-
scales, 7y, are constrained by cosmic microwave background (CMB)
anisotropies, Fermi LAT limits on galaxy clusters and galactic y -ray
diffuse emission, antiprotons and the observed excess in the cos-
mic electron/positron flux [2,3]. It is usually assumed that the
decay daughter particles are (nearly) massless although a more
generic situation with arbitrary non-zero masses, mp, may also oc-
cur [4-6]. The spread of the current bounds on the DM lifetime T,
or, equivalently, on the DM decay rate I'y = 1/7y is large. For ex-
ample, PAMELA [7] and Fermi LAT [8] data can be interpreted in a
scenario where a decaying y-particle has a lifetime 7,+,- ~10%6 s
for DM masses my 2 300 GeV and well into the TeV range [9] (we
use ¢ = 1). Such lifetimes may appear in the context of supersym-
metric grand unification theories through dimension 6 operators
[10] with Tgur ~ 10%7 s (%)5 (%)4. On the other hand,
CMB data provide a constraint F;l 2 30 Gyr for massless daughter
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particles while for sufficiently heavy ones, mp < my, decay times
remain unrestricted [5].

Here we consider a scenario where weakly interacting scalar
bosonic or fermionic metastable DM is gravitationally accreted
onto neutron stars (NSs), and possibly first onto the progenitor
stars. In brief, NSs are astrophysical objects believed to have a cen-
tral core, which constitutes the bulk of the star and where mass
densities are supranuclear, i.e. in excess of pg ~ 2.4 x 10'* g/cm>.
Although there is a rich phenomenology on the possible internal
core composition, for the sake of simplicity, we conservatively con-
sider it here to be composed of nucleon (n) fluid, with mass densi-
ties pp ~ (1 — 10)pp. Under these conditions, NSs are efficient DM
accretors. They can effectively capture an incoming weakly inter-
acting x -particle passing through the star since its mean free path
is much smaller than the typical NS radius. Explicitly, A, =~ o

where oy, is the x-nucleon elastic scattering cross-section that
we will use in the S-wave approximation and n, = p,/my is the
nucleon particle density, with m,, the nucleon mass.

Compilation of the latest results in direct detection searches
[11] allows analysis to set limits at a level of oy, ~ 107% cm?
in the m, ~ (10-10%) GeV range. For the sake of discussion in this
work, we will consider this oy, value as representative for a DM
particle candidate having in mind that current experimental efforts
can potentially provide more stringent lower values. In the same
fashion, assuming an average NS with typical radius R >~ 12 km

0370-2693/© 2015 The Authors. 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
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and mass M >~ 1.5Mg each DM particle will scatter inside a num-
ber of times given by

R Oyn Ln
R/}, ~6.1 — ). 1
[hx =6 <12km> (10*44 cm2) (3,00) M

However, accretion of DM will proceed not only during the NS
lifetime, but also in the previous late stages of the progenitor star
where the dense nuclear ash central core allows the build-up of a
x -distribution, ny (), over time. In previous works we have con-
sidered the effect of a self-annihilating DM particle on the internal
NS dynamics [12-15] but here we will focus on the possibility that
the only process depleting DM is decay.

The picture is thus similar to proton decay searches such as
those performed by Super Kamiokande [16] consisting of a 50 kton
water detector looking for proton decay channels p — et g, VK.
This volume involves ~ 1033 protons and is thus sensitive to
T ~ 10334 yr as showed by analysis of data [17]. By analogy, we
consider the NS core as a tank of DM that builds up in time start-
ing as early as the progenitor star phase. The numbers of captured
particles will depend on the size, mass and composition of the
progenitor star (as well as on the NS phase) once the DM-ordinary
matter scattering cross-section is fixed.

The DM accretion process onto NSs has been previously esti-
mated, see for example [18,19], by means of the capture rate, Cy,
given an equation of state for regular standard-model matter in
the interior of the NS at a given galactic location and with a cor-
responding ambient DM density. Taking as reference a local value

for DM density p;’?&"‘e”‘ ~ 0.3%, it is approximated by

c N3><1022( M )( R ><1TeV) pyrhent -
X= f(%) 1.5Mg 10 km my 0,3% ’
(2)

a redshift correction fac-

with £ () = 1-0.4 (i) (%)
tor. Following [20] we do not consider a reduction of the DM-n
cross-section since we use current experimental sensitivity oy, >
10~** cm?, well above the geometrical cross-section. It is impor-
tant to note that this dependence sets a limit on the intrinsic
capability of NSs to accumulate a critical amount of DM and pos-
sibly serve as a test-bench for DM properties.

In the NS, the DM particle number, Ny, can be obtained solving

the differential equation ddL[x = Cy — 'Ny, considering competing
processes, capture and decay, the latter treated via a generic decay

rate I'. The DM population at time t is thus

C C
NX (t) = ?X + (NX (tcol) - %) e_r(t_[wl)s t > teol- (3)

This solution takes into account the possibility of an existing DM
distribution in the progenitor star before the time of the collapse,
teol, that produced the supernova explosion. Depending on the
x-mass and thermodynamical conditions inside the star, it may
be possible to thermally stabilize a DM internal distribution. For
the oy, my range values discussed so far this is indeed the case.

The DM particle density takes the form ny,(r,T) = % =
_mx N
N, y € "BTCW), with ng , the central value. ®(r) = for GM:+)‘” is
the gravitational potential. Assuming a constant baryonic density
in the core M(r) = fg Pndmr'2dr’, we finally obtain

n,(r.T) =ng, ye /) (4)

with a thermal radius ry, = /%.
X

In order to asses the importance of the progenitor DM cap-
ture efficiency and thus the Ny (te,) value, let us consider a
15M progenitor star and its composition through the burning
ages [21]. After the He-burning stage for tue—.co ~ 2 x 108 yr,
a CO mass ~ 2.4Mg sits in the core with a radius R ~ 108 cm.
The gravitationally-captured DM population is C5*~©tye .co =~

ambient
3.35 x 10%° (%) (();%ew
role for slowly moving, low m, incoming DM particles when their
associated de Broglie wavelength is comparable to the nuclear
size, and in this case one should include a multiplicative fac-
tor to account for nucleus (N) instead of nucleon scatterings, i.e.

OyN X A2 (%)2
reduced mass for the x — N system. Since the later burning stages
proceed rapidly, the He — CO stage gives the main contribution to
the DM capture in the progenitor.

As the fusion reactions happen at higher densities and tem-
peratures, the DM thermal radius contracts. In this way, for ex-
ample, for my =1 TeV in the He — CO, ry, >~ 470 km, while
for Si — FeNi, rg, ~ 70 km. The thermalization time tt_h1 =

1/2 nym,m
<3'2(18xr) OxN (mli +XmNI;2’
compared to the dynamical burning timescales ty, /te_.co ~ 1072,
tin/tsireni =~ 10~7. However during the core collapse, the dynam-

ical timescale involved is Atgyncol = /ﬁ ~ 1073 s where p
is an average matter density. Assuming a proto-NS (PNS) forms
with T >~ 10 MeV, central density n, = 5n9 and a neutron-

3
. . p
rich fraction Ypeyr ~ 0.9, Npeut = Yneutdo = %,

tion time in this phase takes longer to be achieved [22] ty, =

2
2mx PFneut 1 ~ 1072 s
9mpkgT mp npoyn | .

). Coherence effects may play a

oyn where A is the baryonic number and pu the

where ny = %’ for both cases is small

thermaliza-

The core collapse may thus affect the DM population inside the
star since those DM particles remaining outside the PNS may ef-
fectively not be considered to play a role in the NS phase. The
number of DM particles in the star interior, r < R, is written as
Ny = [OR* noyxe_(’/’fh)zdv and it is a dynamical quantity since r,
is temperature (time)-dependent. As long as R, > 1y, we obtain
Ny =ng, X(nrth)3. The retained fraction is

Rpns
fy =Ny / no, ye~ "’ qy, (5)
0

so that for Rpns >~ 10 km, fy =2 x 1073, The retained DM pop-
ulation in the PNS after the collapse is thus Ny = Ny (tcol) fy

6.7 x 1036 (2 Iy 73) (1 Tev). Let us note that the central DM den-
x10 my
-3

sity in the newly formed PNS ng , ~ 3 x 102 cm
smaller than that in the baryonic medium ~ 1038 cm~3.
At this point one should check that the DM content does
not exceed the fundamental Chandrasekar limiting mass for the
star to survive. If this was the case, it may lead to gravita-
tional collapse of the star (see [23,24]). Therefore, for fermionic
DM, we expect Ny (t) < Ncn, where Ncp ~ (Mpl/mx)3 ~ 1.8 x
10%4(1 TeV/m,)> with Mp the Planck mass, and for the bosonic
case Ncp ~ (Mp/my)? ~ 1.5 x 10%2(1 TeV/my)?. In case a Bose-
Einstein condensate is considered [25] Npgc ~ 10°5(T/10° K)> and
the condition is Ny (t) < Ncp + Npec. As described, in the fermionic
case, DM remains at all times below the limiting mass, but this
may not be the case in the cooling path of the PNS if a Bose-
Einstein condensate is formed for a DM particle in the ~ TeV mass
range. The scenario described here may be indeed at the border of
the collapse case, however we will restrict our discussion to the

is much
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precollapsed state, leaving the possibility of additional complexity
for further investigation.

We can estimate the number of DM decays in the NS phase
within a time interval At =t — t < '~ using a linear approx-
imation in the exponential expansion in Eq. (3) and with aid of
Eq. (5), Np,y = Ny (tco)) fy T At. For a time interval comparable to
known ages of ancient pulsars (like that estimated for the isolated
pulsar PSR J0108-1431 At =~ Togns = 1.7 x 108 yr [26]), decays
may have profound implications.

Neglecting any phase space blocking effects, the number of
decays assuming decay times similar to those in the cosmic
positron/electron anomaly 7.+.-, iS given in the present sce-

nario by ND,X=4.2><1026< L ><1Tev)(1026 S)( At ).This

2x10-3 my Tote— Told NS
number of decays over the NS lifetime may pose a problem if there
is sufficient energy deposited in the nuclear medium to trigger fur-
ther microscopic effects that may affect the stellar stability, as we
will argue. Thus, the possible implications of the absence of these
observations may indeed serve to constrain the nature of such de-
cays.

If we now focus on the typical decay final states of interest for
fermionic or bosonic (neutral) DM, we can estimate the energy de-
position in the medium. Strictly speaking, injection and deposition
are related by an injection fraction that remains unknown since we
do not know the preferred decay channels. In this work and in or-
der to compute the size of the effect, we will consider the photon
contribution to decays by two-body channels with intermediate
(massive) state daughter particles, quarks, leptons, weak bosons
&, or, more generic ® bosons and photons. Reactions include
X — Py, 1T, qTq™, 20, Py, x — Py, keeping in mind that
more generic decay final states [27] may well happen. Using the
photon spectrum ddLEy from [28,29], we estimate the injection rate
per unit volume and unit energy from the contribution of each
channel with corresponding decay rate I'; at stellar radial location

dNi .. .
ras Q(E,r=n, Y ;T %. Then the energy rate injected in the
prompt decay channels is written as

Z—f://EQ(E,r)dEdV. (6)

Energy release from DM decay is injected locally as microscopic
sparks [12] in the inner NS core over a central volume V, =
%nr?h, where heating and cooling processes compete. As a result,
in the thermal volume the average energy density in a time inter-

val At is

(Udecay) =~ At/ EQ(E,r)dE. (7)

However, for single events the energy deposit in a tiny local

volume 8V can be much larger tgecay = Eipark/év for each chan-

nel and Egpark ~ fEddLEVdE. Indeed DM decay may be regarded as
a spark-seeding mechanism in similar fashion to modern versions
of direct detection nucleation experiments (PICO, MOSCAB) based
on Seitz's theory on heat spike triggering [30]. Thermally induced
quark bubble nucleation in the context of the appearance of quark
stars has been already suggested [31] and some studies [32] con-
clude that quark matter bubbles may nucleate if the temperature
locally exceeds 6T ~ few MeV, provided the MIT model bag con-
stant is B1/4 =150+ 5 MeV.

In the scenario depicted here, decays may provide the energy
injection to create a bubble. In order to see this, we estimate
the minimum critical work [32] needed to nucleate a neutral sta-
ble spherical quark bubble in the core of the cold NS. It is given

by W, = lGTﬂ % where AP = Py — P, and Pq (P,) is the

quark (nucleon) pressure. For a two-flavour ud-quark system Py =
ui . . (u2—m2)5/2

> 7.z — B and assuming a neutron-rich system Pj > “=LL—
n

4
i=u,d T

as most of the pressure will effectively be provided by neutrons

2
in the fluid. y = ) %, is the curvature coefficient and w; ((n)
i=u,d
is the quark (nucleon) chemical potential related to the Fermi mo-

mentum of the degenerate system Wi = pri (fn = (/M3 + p2,).
Electrical charge neutrality requires for the ud matter ng = 2n,

and n, = (n, + ng)/3 with n; = Z—z in the light quark massless
limit. Note that we do not include further refinements due to
non-zero quark masses, in-medium or Coulomb effects or droplet
surface tension since they do not change the global picture as we
want to keep a compact meaningful description of the nucleation
process. Bubbles have at least a radius R, =,/2y /AP and their
stability is granted as they reach the minimum baryonic number
Amin ~ 10 [33] when A ~ %nR?nn > Amin- Although there may be
additional efficiency quenching factors we expect that they do not
significantly alter the picture presented here but we discuss this
possibility below as a possible source of uncertainty.

In previous work by Harko et al. [34], it was assumed that to
convert the full NS, at least one stable capable-to-grow quark bub-
ble should be formed. However, in order to be conservative we
will require a number Ng of bubbles that could lead to a sizeable
amount of nucleated matter, then one can write this condition us-
ing the spark seeding rate as

dNpy, dE
Npup == —dt > Np. 8
bub / 1F gtz No (8)

If this was indeed the scenario, a possibly catastrophic NS to quark
star transition could occur when the macroscopic deconfinement
proceeds via detonation modes to rapidly consume the star [36].
The GRB signal emitted has been estimated in [14] and subsequent
emission in cosmic ray channels is also expected [15].

In our galaxy, the supernova rate is about R = 102 yr—! so
that an average rate of NS formation over the age of the uni-
verse Ty ~ 4.34 x 10'7 s yields Nys ~ Rty ~ 1082, Assuming
this population is formed by regular nucleonic NSs, and under
the conditions discussed so far regarding DM properties a lower
limit optimistic value (provided one bubble is formed, Ny = 1)
for 7, can be accordingly set from the age of the old NSs as

X Z Nx (tcol)fx AtoldNs-

The energy density necessary to create such a quark bub-
ble with volume Vy >~ %nR? is therefore upyy >~ W¢/Vy>~5.4 x
103> erg/cm?. This estimate is in agreement with similar and more
detailed calculations [34]. To allow the quark bubbles to nucle-
ate, the local energy densities must then fulfill tgecay 2 tbub. Some
attemps to computationally model progression of seeds of quark
matter inside NSs have been recently performed in [37].

In Fig. 1 we plot the logarithm of 7, versus m, for bosonic
(upper panel) and fermionic (lower panel) DM particle cases. We
consider the optimistic value Ng =1 where one single stable bub-
ble can proceed to convert the full star [34]. The different partially
overlapping rectangular-shaped colored regions (solid or hatched)
represent exclusion regions for each of the decay channels con-
sidered in this work. Particle decays in this region would pro-
duce NS transitions over ages below those assumed for regular
old NSs. We assume a DM density p;’flobie”[ ~0.3%Y and, in line

with our previous discussion, we set n, = 5ng. We can see there
is a threshold mass below which energy injection is not able to
grow stable bubbles. We find that for masses (m, /TeV) 2 9 x 104
or (my/TeV) > 5 x 1072 in the bosonic or fermionic cases re-
spectively, lifetimes 7, < 10% s or 7, < 105 s accordingly, are
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Fig. 1. Logarithm of DM decay time as a function of mass. Upper (lower) panel de-
picts bosonic (fermonic) channels. Colored regions show our excluded values assum-
ing No = 1. We show current constraints from upper limits coming from gamma
rays in the Galactic Center and in galaxy clusters, positron and antiproton fluxes,
and IceCube and SuperKamiokande. Dashed lines on both panels denote our most
pessimistic global lower bound on decay time arising from the uncertainties in the
percolation scenario (see details in the text).

excluded. As already mentioned, there is a natural limit for NSs to
effectively test decaying DM, from their ability to accrete and re-
tain DM during its lifetime toqns. We can use this result to set
exclusion regions for 7, complementary to those shown in other
works under the conditions of validity of our scenario. We plot up-
per limit constraints coming from e*e~, gammas, antiproton fluxes
and IceCube and SuperKamiokande [2,3]. Note that bosonic decay
channels are able to probe a wider range of DM masses as com-
pared to fermionic decays. Our optimistic limits are considerably
stronger than earlier results, including the CMB constraints [35].

At this point we should critically asses the several uncertainties
that may affect our estimate. As a result we depict a global lower
bound on decay time in dashed lines in Fig. 1. In the following
we explain the different origin of the proposed reduction factors
in the DM lifetimes.

In the mechanism of bubble nucleation inside the core of NSs
presented in this work, a major uncertainty concerns quenching
efficiencies, which may require more than a single bubble to trig-
ger the NS collapse. In a more conservative scenario, the minimum
number of bubbles to effectively distort the internal NS struc-
ture may be linked to the mechanical instability one can create
by nucleation. The associated variation in pressure is proportional
to the volume affected or number of bubbles, this is estimated

as given by §P =~ [ op }OaNbub where the coefficient is related

9Npub

to regular nuclear matter compressibility (in the absence of bub-
bles). In order to quantify the effect, let us consider an old and
cold NS with T ~ 10°> K and p, = 509 for a DM particle with
my ~ 1 TeV. The DM particle number inside the NS thermal vol-
ume is A =~ Vintp =~ 10%2. If each possibly formed bubble has
a baryonic number Ami, >~ 10 then a macroscopic N9 number of
bubbles account for Apy, ~ 10Np. In principle, a standard varia-
tion in the number of nucleons depleted from the thermal volume
nucleon sea, /A =~ 1021, could provide a large enough variation
in pressure to trigger transitioning. Then the number of bubbles
to create this perturbation is Ng =~ +/Am/Amin =~ 10%0. In such a
pessimistic scenario, the limits on DM decay lifetimes would be
reduced by a similar proportion.

In addition, heavy-ion collision simulations using perturbative
QCD [38] give estimates of the typical quenching factor or ratio of
energy spread in this context as Q ~ (O(0.1). One must note how-
ever that the jet-sized regions in heavy-ion collisions are about
three orders of magnitude or more smaller in local energy den-
sity i.e. ~ GeV/fm? than the ranges presented in this work with
~ a few fm spatial spread on a time-scale of several fm/c. This
size is comparable to typical bubble sizes. We expect that this
correction does not significantly affect the results presented here.
In addition one should consider that Pauli blocking effects of or-
dinary matter may reduce the kinematical phase space available
for the DM-n interaction effects at the few percent for low m,
while being negligible in the TeV range and above. Also the uncer-
tainty on the quoted minimum bubble size and baryonic number
can somewhat further constrain the lower m, range, and so we
should be safe for somewhat larger masses. Note however that
some works have suggested a decaying PeV mass DM particle as
an explanation to IceCube PeV cascade data [40,41]. Such a PeV
mass DM particle would be however at the limit of thermaliza-
tion for oy ~107% cm?, a smaller cross-section invalidating the
thermalization procedure quoted in our NS scenario and cannot
be ruled out in light of our current findings. However, existing
data, as depicted in Fig. 1 allows for a ~ 104-10° factor in lifetime
to vary proportionally the cross-section and DM mass parameter
space, and self-consistently other parameters in the model. As we
do not intend to perform a detailed analysis in this work, we
leave this task for future contributions. Linked to this argument,
we have considered an average-sized massive NS, however, varia-
tions in mass and radius in current surveys are of the order of 30%
[39] and the capture rate would be affected in a similar fashion,
resulting in a moderately reduced capture efficiency.

In summary, we have shown that the current population of
galactic NS may constrain the nature of a decaying bosonic or
fermionic DM particle with mass in the GeV-TeV range. Since
there are a number of uncertainties intrinsic to the model, we
discuss in particular two cases, namely the optimistic case where
we find that DM particles with lifetimes 7, < 10°° s exclude
masses (m, /TeV) > 9 x 1074 or 7, < 10°3 s excludes (my /TeV) >
5x 1072 in the bosonic or fermionic cases, respectively. Uncertain-
ties associated may substantially reduce these limits. In the pes-
simistic case, a global bound is set with lifetimes a factor > 1020
smaller that still improve on rival bounds from e*e~, y, p fluxes
and IceCube and SuperKamiokande, leaving a combined factor of
~ 10%-10° in lifetime if different cross-sections or masses are
considered. These results are obtained from the prior of avoiding
nucleation of quark bubbles in a NS core due to efficient energy
injection by spark seeding. If this was the case, a conversion from
NS into quark star would be triggered, thereby reducing the popu-
lation of regular NS in the galaxy.
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