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Fermionic asymmetric dark matter (ADM) can be captured in neutron stars (NSs) via scatterings
with the star constituents. The absence of dark matter annihilation due to its asymmetric nature leads
to ADM accumulation in the NS core, potentially reaching densities sufficient to exceed the
Chandrasekhar limit and trigger its gravitational collapse into a black hole (BH), eventually
consuming the NS from within. Therefore, the existence and observation of old neutron stars
provide a means to constrain the properties of ADM. We revisit previous constraints on the mass and
scattering cross section off neutrons of fermionic ADM across a class of models. We critically
examine common simplifying approximations used in the literature to derive these limits. Our
analysis includes improved treatments of dark matter capture, thermalization, BH formation,
accretion, and evaporation. We find that previous results can be relaxed by a few orders of
magnitude once these effects are properly accounted for.
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I. INTRODUCTION

Neutron stars (NSs) as cosmic laboratories are increas-
ingly becoming popular probes to constrain the properties
of dark matter (DM), offering complementarity with direct
detection experiments. DM accelerated to quasirelativistic
speed by the strong gravitational potential of NSs, can
accumulate in the NS after being captured by scattering
with the NS constituents, depositing its kinetic energy onto
the NS. This can have several consequences. For instance,
if DM self-annihilates, it can also transfer its mass energy to
the NS core [1-3].

A popular alternative to the weakly interacting massive
particles (WIMP) scenario is that of the asymmetric
dark matter (ADM), originally motivated by the cosmic
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coincidence, i.e., the relation between baryonic and DM
densities: ppy ~ Spg. ADM consists only of the remnant
asymmetric population of DM (similar to the SM baryons)
determined by an initial asymmetry in the dark sector, hence,
the DM annihilations of the standard WIMP scenario are
negligible (see Refs. [4—6] for a review). If enough ADM is
accumulated in the NS core, it can trigger gravitational
collapse and lead to the formation of a black hole (BH) that
can eventually destroy the NS. Therefore, observations of old
NSs could be used to constrain the interaction strength and
mass of DM [7-23].

While such earlier studies have made use of certain
assumptions or approximations, here, we show how
relaxing those assumptions and carefully including the
relevant effects/corrections concerning the physics of NSs
can alter the previous results. The approach of such studies
usually involves four steps: (i) Capture: DM scattering with
NS material and becoming gravitationally bound to the star;
(ii) thermalization: the captured DM undergoes further
collision with NS matter until it reaches thermal equilib-
rium close to the star’s center; (iii) self-gravitation: enough
thermalized DM accumulates in the NS core to become
self-gravitating; and (iv) NS collapse: the self-gravitating
DM would collapse when its gravitational energy exceeds
its kinetic energy. This corresponds to the Chandrasekhar

Published by the American Physical Society
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TABLE I.  Properties of the benchmark NS configurations as determined in Refs. [26,27], using the QMC equation of state (EOS) and
varying the central baryon number density. From left to right, these quantities are central density, central pressure, NS mass M, ; radius
R,; B(0) and B(R, ) related to the escape velocity at the center and surface of the NS, respectively; the speed of sound, neutron effective

mass m¢'"

(0), Fermi momentum, and Fermi energy er;(0) at the NS center.

EOS  p. = p(0) (g/cm?) P, = P(0) (dyne/cm*) M, (Mo) R, (km) B(0) B(R,) ¢,(0) (¢) m(0) (GeV) pr,(0) (GeV) er,(0) (GeV)

QMC-1 5692 x 10 4.343 x 10% 1.000  13.044 0.580 0.772 0.480 0.591 0.407 0.127
QMC-2  8.108 x 10' 1.070 x 10% 1.500  12.847 0.408 0.653 0.591 0.540 0.448 0.162
QMC-3  1.803 x 101 3.246 x 10% 1.900  12.109 0.235 0.535 0.412 0.463 0.446 0.180

limit in the case of fermionic DM. Once this limit is
reached, a BH forms in the NS core, potentially leading to
the NS destruction.

In each of these steps, we discuss some important
caveats and modifications to the standard approach, in
particular, improved capture rates to include relativistic
effects, the effect of Pauli blocking, and multiple scatter-
ings [24-27]. The effect of Pauli blocking on the
thermalization timescale for both light and superheavy
DM is discussed, leading to a different behavior in the
latter case compared to previous results. Further, we also
discuss the effects of NS temperature evolution for
thermalization timescales. We find that, while they are
not significant for superheavy DM, they can modify the
thermalization time for DM masses less than 107 GeV.
We review the conditions for BH formation, discuss the
relativistic and quantum effects [19] for BH accretion,
and give caveats for standard Bondi accretion in this
context. The limits on the critical BH mass below which
it evaporates are discussed by carefully considering the
evaporation rate, depending on the BH temperature. We
also comment on the consequences of suppressed BH
evaporation. Our results show that previous results can be
relaxed by a few orders of magnitude.

In this work, we are interested in the case of fermionic
ADM candidates. We consider an effective field theory
(EFT) approach to characterize the interactions of a Dirac
DM with the standard model (SM) quarks in order to
obtain the constraints that can be applied to a wide range
of fermionic DM models. The outline of the work is as
follows: In Sec. II, we discuss the structure, composition,
and cooling of NSs; Sec. III deals with the improved
capture rates for DM in NSs. The thermalization timescale
and the effect of NS cooling is discussed in Sec. IV.
The destruction of NSs including the approach for BH
accretion and evaporation is discussed in Sec. V. Finally,
we present our results in Sec. VI and summarize in
Sec. VIL

II. NEUTRON STARS

The core of a NS harbors not only degenerate neutrons,
but also protons, electrons, and muons in f# equilibrium.
Its exact composition remains unknown, though. At the
extreme densities found in the inner regions of the core of

massive neutron stars, hyperons, kaon condensates, or even
quark matter may exist.

To parametrize this uncertainty in the NS composition as
well as the microphysics relevant for this study, we model
the NS interior by making a sole assumption, an equation of
state. As in Refs. [26-28], we use the quark-meson
coupling (QMC) model [29,30] to obtain radial profiles
for the target number densities, Fermi energies ef;,
effective masses m?ff for every NS constituent i, and the
speed of sound c;, as well as B(r) (the coefficient of the
time part of the Schwarzschild metric), by solving the
Tolman-Oppenheimer-Volkoft (TOV) equations (31,32].!
For an example of the radial profiles used in this work, see
Ref. [27]; values at the center and surface for key properties
are listed in Table I.

The specific QMC model used here allows for the
presence of hyperons in the inner NS core. They appear
when the NS mass surpasses ~1.7M . The first hyperon to
appear is A’, when the neutron chemical potential equals
that of A°. Next, 2~ appears when the neutron plus electron
chemical potentials equal that of the Z~. Z° is also present
in the heaviest configuration M, > 1.9M, though in less
significative quantities. Thus, hyperons lower matter pres-
sure by replacing high momentum neutrons with low
momentum hyperons.

The NS core accounts for ~99% of the star mass, while
the thin crust plays a major role observationally. The
outermost layers of the crust act as a heat blanketing
envelope, thereby determining the effective surface temper-
ature T, inferred by observations, which as can be seen
in Fig. 1 is orders of magnitude lower than that of the
core T..

The cooling of a nonrotating, nonmagnetic neutron star
that does not accrete standard matter is modeled using the
NSCOOL code, neglecting superfluidity [33]. Note that, in
the absence of a cooling model for the later stages of a NS,
NSCOOL relies on an extrapolation of the relation between
the core temperature and the surface temperature found in
Ref. [34]. The core T and effective temperature 7' for the
three NS benchmark configuration masses (see Table I) are
shown in Fig. 1 where we have fixed the age of the

'Note that by solving the TOV equations we are implicitly
assuming a spherical, symmetric, and slow rotating NS.
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FIG. 1. The cooling of an isolated nonrotating neutron star:

Solid and dashed curves core (T'.) and effective (T.¢;) temperature
evolution with time of the three benchmark NS masses that we
work with.

star at O(10'%) yr. Photon cooling becomes dominant
around 10° yr for the QMC-1 (M, = IMg) and QMC-2
(M, = 1.5M) benchmarks, respectively; see position of
the knee around these timescales in both 7', and 7. Note
that the QMC-3 model (M, = 1.9M) contains hyperons
that make the NS cool faster during its early stages. In this
case, direct Urca processes are active, and the end of the
neutrino cooling era is delayed with respect to the lighter
NS configurations.

On the other hand, observations of gigayear old pulsars
in the ultraviolet and optical bands suggest that an ideal
scenario as that in Fig. 1 does not hold and that NSs can be
reheated. Mechanisms that can potentially reheat old
isolated NSs, without requiring any new physics are,
e.g., accretion from the interstellar medium, weak devia-
tions from S equilibrium, “rotochemical heating” [35-38],
frictional motion of superfluid neutron vortices, “vortex
creep”’ [39-41], rotation-induced deep crustal heating
(similar to rotochemical heating, but operating in the crust)
[42], and dissipation of a strong magnetic field [43-45].
The first two rotation powered mechanisms can satisfac-
torily explain the high temperatures observed in old
millisecond pulsars (MSPs) [38], and they are also con-
sistent with the upper bound on the surface temperature of
the coldest observed NS J2144-3933 [46] Ty < 42000 K,
a ~0.3 Gyr old, slowly rotating, isolated pulsar.

III. CAPTURE

The total amount of DM captured in the neutron star is
simply given by

N,(t) = Ct, (1)

where C is the capture rate. In the optically thin limit, it is
given by [24]

4 o Ry 1-B
o [ ) P T
m, Jo Hy 0 B(r)
(2)
where r is the radial distance, p, ~ 0.4 GeVem™ is the

local DM density, m, is the DM mass, u, is the DM
velocity far away from the NS, and fyp is the assumed
Maxwell-Boltzmann distribution of relative velocities
between the NS and DM far away from it. B(r) is the
radial profile related to the escape velocity vZ.(r) =
1 —B(r). Q (r) is the interaction rate with fixed DM
kinetic energy [K, = m, (1/+/B(r) — 1) relevant for a DM
particle falling into the NS] and is given by [26,27]

Y off\[2
/dtdEd slM(seff'f I_Ei
[(mi")? —my ] m,

X
B(r 1—fFD( 7))
—B(r \/ mef)2)2 — 4 (meft)2m? ’

where s and ¢ are Mandelstam variables, mS(r) is the
effective mass of the baryonic target i, E; and E; are the
initial and final energy of the target, respectively; fgp is
the Fermi Dirac distribution, see Ref. [27] for further

Q (r)=

details. The exact expression for the squared matrix
element | M, (s, 7, m$™)|? for this interaction can be found
in Table II.

The DM accretion rate in Eq. (2) assumes that DM
capture can occur within the stellar interior. However, if the
DM nucleon cross section is larger than a threshold value

w’ the DM will be captured closer to the surface, entering
the optically thick regime, and eventually will saturate to
the so-called geometric limit. This is when all DM particles
traversing the star are captured, regardless of the value of
the cross section. To account for this effect, we introduce in
Eq. (2) an optical factor #, which is a function of the DM
optical depth 7, and depends on the trajectory followed by
the DM until it scatters with a NS constituent [24]. For
single scattering capture, it reads

1 ‘]max J dJ

2Jr2nax 0 lenax—.lz

n(r) = [0 4 ei00], @)

where J is the DM angular momentum and J,,,, is the
maximum possible angular momentum at a distance r from
the center of the NS; this is

szax(r) - 1 ;(B;;r) m;2(r2- (5)

Note that in Eq. (4) we are averaging over the two equally
probable trajectories a DM particle can follow to reach a
shell of radius r within the NS.
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TABLE II.

Dimension-six EFT operators for Dirac DM-quark couplings and their squared matrix elements, which

depend on two parameters m, and the energy scale A,. y, are the quark Yukawa couplings, y = m, / m¢T, and the

i

hadronic coefficients c;(#) can be found in Ref. [27]. The last column corresponds to the dominant term in the matrix
relevant for the calculation of the thermalization time [28].

Name Operator 9, 91 |M (s, t,m;)| Dominant term #,,
Yva Vg S Am2—1)(4m2—u? 0
DI xxqq e C’A%[) (1) Y f>£2 ;—11) f
7S Yo ¢S 2—dm2 1
D2 xrxaq y C’A%t) Gn) L) t
D3 aryq i aw gy (D)1(t = 4m3) f!
0/5 377/ y ot 20042 2
D4 wara 3 ’AE;’) POl f
D5 Zyﬂquﬂq /\Lé Ci\%l‘) 2g’2(t) 2(/42+1)Zm;—4(/42+1)::42xm)2{+/44(2s2+2xt+1“) £
D6 }?YMYSJ(Qy”q ALZ Ci’él) 2912(t) 2(;42—1)2m3—4ﬂ2m§(u2;z—s+r)+ﬂ4(2s2+25t+12) Iy
7y vayhyd € ot 2(pP = 1)2mf—4pP m2 (P s+s+1)+u' (25425141 0
D7 XY xar'r’q A }\_(;}t) 29?“) (1 —1)2my—dp* m3 (u ;4 s+1)+ut (2824 2st+1%) £
D8 )_{7,475)(@7;‘755[ ALZ Ci%t) 2912(t) 2(;44+10;42+1)m)‘}—4(/42+1”)142m§(s+t)+/44(252+st+t2) Iy
_ - .5 1 T 4 2 Y4 =2 (4 2m2 (4 4(2541)? 0
D9 )(G,w)(qa” rq A_Z CIA(:;) SQZZ(I) At 4P +1)my =2 (p +”14);4 7 (4s+1)+p' (25+1) 7
D10 )'(0'”1,}/5)(510"‘”61 A% % 8912 (1) 4(M2_1)2m;‘—2(”2+1)ﬁjm§(4s+f)+/ﬁ (25+1)? 0
q
If the DM mass is larger than a certain threshold value, co_ dnp, [e 4 Sfue(uy)
which we denote m}, more than one collision is required for opt = m, Jo Uy u,
the DM to become gravitationally bound to the NS. The
exact valuej of this threshold mass depen.ds on the specific % By drr? 1-B(r) A (AQ(F). (9)
target particle and on the radial coordinate. The values 0 B(r)

*

m] (r) were calculated in Ref. [27]. Moreover, if the cross
section is also large enough (larger than ag}), the star
opacity cannot be neglected. In this case, the opacity factor

that corrects Eq. (2) is

1 ‘,max
_ZJ%axn*(r) 0 \/Jrznax—.lz

T (rJ) _T; (rJ)
X |e "0 +e 70,

where n*(r) can be interpreted as the number of scatterings
required to capture a DM particle. Thus, for n*(r) — 1,
we recover Eq. (4). The precise value of n*(r) was found to
be [24]

A JdJ
rlmultl (I‘)

(6)

1

T 1 —exp [-mi(r)/my]

n*(r)

(7)

In the limit of very large DM mass, it can be approximated
with

z (8)

Then, to account for capture via multiple scattering, we
introduce the new optical factor 7™ (r), Eq. (6) in Eq. (2),

If all the DM passing through the NS is captured, one can
obtain an absolute upper bound on the amount of DM
captured using the geometric capture rate [47]

p—*Erf(\/@’—*), (10)
m, 20y

where v, is the NS velocity, v, is the DM velocity
dispersion, and

”Ri [1 - B<R*)]
vxB(Ry)

geom —

2GM,
c’R,

B(R,) =1- . (11)

This is the optically thick regime, where the NS can be
regarded as a hard sphere.

In Fig. 2, we showcase the transition from the optically
thin Eq. (2) to the optically thick regime Eq. (10), as well as
the estimation of the DM-neutron threshold cross section
for a scalar mediator (operator D1, see Table II). This is the
interaction usually assumed to derive bounds from direct
detection experiments. It is worth remarking that, not even
for the most simple interactions, scalar mediated, the DM-
neutron scattering cross section can be taken as a constant

when computing capture rates in a NS, since the hadronic

. . Yy eff .
matrix element in |M(s,t, m; ) )| contains momentum-

dependent terms that are not negligible and the radial
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FIG. 2. Capture rate as a function of the DM-neutron cross

section for a 1M NS and DM of mass m, = 1 TeV (top) and
m, = 108 GeV (bottom) with scalar-scalar interactions with
quarks (D1), assuming the equation of state QMC. The vertical
dot-dashed blue line denotes the threshold cross section for
DM-neutron scattering, which marks out the transition from
the optically thin to the optically thick regime. For comparison,
we show the saturation cross sections commonly used in the
literature.

dependence of the mass of the targets make this assumption
unrealistic. We can compute a cross section in the non-
relativistic limit as a reference value that can be compared
to direct detection experiments; for D1 this cross section
reads

S 22
Cymyn;,

c,, = , 12
=4 JTA‘;( , + m,,)2 (12)
where ¢, is the squared matrix element for the scalar
operator (for the exact value, see Refs. [27,47]).
To estimate the DM-neutron threshold cross section 6}2(
(dot-dashed blue lines), we simply equate Eq. (2), C(A,),

to the expression for the capture rate in the geometric limit,
Eq. (10), derive A,, and then using Eq. (12) convert the
cutoff scale A, to a nonrelativistic cross section. As we
can see in Fig. 2, the optically thin limit is a very good
approximation for the capture rate (compare magenta with
dashed blue lines). Furthermore, we compare our definition
of G‘h with the naive estimation, dubbed saturation cross

section 6, = 7R% /N, (dashed orange lines), with N,, the
number of neutron targets. The latter being most commonly
used for stellar objects in the single scattering regime. As
we can immediately notice, this saturation cross section
underestimates the onset of the optically thick regime by
about an order of magnitude for the particular case of a
1M NS.

In the case for which multiple collisions are necessary to
capture local ambient DM, previous estimations found the
threshold DM mass for this to occur to be O(10° GeV) [48]
or my/v3,, [49] (where my is the target mass and vpg, =~
220 kms~! is the DM velocity far from the star). When
properly accounting for the physics relevant to the extreme
regime found in neutron stars, in particular, momentum-
dependent hadronic matrix elements and baryon effec-
tive masses, this threshold mass is lowered down to
O(10° GeV) [27]. This implies that the saturation cross
section oy = 7R3 /N, x m,/10° GeV [50] is not a good
approximation for the DM-neutron geometric cross section,
as it can immediately be seen in Fig. 2, bottom panel.

Inlight of these results, in what follows we shall use Eq. (2)
to calculate the capture rate, taking care that the DM-neutron
cross section cannot exceed the threshold value.

After being captured, the DM continues to interact with
the NS constituents. In particular, very light DM is
susceptible to up-scatter in these further collisions, i.e.,
to gain enough energy in a scattering to escape the NS. A
threshold DM mass below which this is relevant can be
estimated using the prescription outlined in Ref. [25]. This
is the so-called evaporation mass and is highly dependent
on the star temperature, being roughly O(1007) [25] for
an O(10'%) yr old NS. The precise value depends on the
NS configuration and the specific target particle. Finite
temperature effects on the calculation of the capture rate are
also expected to be important below the evaporation mass.
Thus, evaporation can be safely neglected in the region of
the parameter space we are analyzing.

IV. THERMALIZATION

Captured DM orbits the NS and continues to scatter with
the NS material, loosing energy in each collision until it
finally settles down in the center of the NS, reaching
thermal equilibrium with the NS constituents at a temper-
ature T'gy.

Depending on the DM mass, Pauli blocking can affect
the thermalization process; the critical mass for this to
occur is [28]
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< 2epi(2mi" + epy)

m
X ~
Ty

= mg, (13)

For DM masses smaller than mC"‘ Pauli blocking delays

the thermalization process. Thus, the thermalization time-
scale for this DM mass range is determined by the last few
scatterings occurring in the vicinity of the NS center, which
take much longer than a second, depending on the DM
mass. In particular, the suppression on the interaction rate
due to Pauli blocking is larger for momentum-dependent
cross sections. Hence, to compute the thermalization time-
scale in this mass range, it is sufficient to retain the term
with the lowest power of momentum transfer ¢ in the cross
section [28]; see Table II, last column. For the case in which
the DM-target cross section can be taken as a constant,

doj, 1%, the thermalization time is given by [28]
1477°m
0
e~ g (14)

16(m™(0) + m, ) 60T,

where the baryon effective mass is taken at the NS center.
The approximate expressions for the thermalization time
for do;, o 1", n = 1, 2, as well how to obtain approximate
expression of this timescale for the dimension-six EFT
operators can be found in Ref. [28].

Form, 2 mf{ri‘, this is when the DM is heavy enough that
has enough kinetic energy during most of the thermal-
ization process so that Pauli blocking never affects thermal-
ization, the collisions that lead to reaching this equilibrium
state are spaced by a fraction of a second. In this regime,
the thermalization timescale for do;, o 1° is well approxi-
mated by

_ 37 m, m 1
(n=0) 4
Lherm ™ = log {—<7—1>]
. ( eff( ))28F1 l)( 0 Teq B(R*)
(15)

In the transition region between the above-mentioned
regimes, Pauli blocked (discrete process) to non-Pauli-
blocked (continuous process) thermalization, the thermal-
ization time can be estimated as the sum of both expressions,
Egs. (14) and (15) for the case of constant DM-neutron cross
section in the following way. First, the DM loses energy in a
quasicontinuous process until it reaches the critical kinetic
energy

2ep,;2m" + e ;)

n,

Kcn't ~
X

(16)

The time to reach this state is given by Eq. (15), replacing
T,y with K)‘;“‘. After crossing this barrier, the remaining

*Here we are correcting the expression given in Ref. [28].

QMC-1, oy = 10 *°cm?

-2 ! ! I f I
107> 10 3 10 1 101 103 10°> 107 10° 10%! 10%3
m, (GeV)

FIG. 3. Thermalization time as a function of the DM mass for
DM-neutron cross sections such that do,,, « ¢, n =0, 1, 2. The
cross section on the surface is set to ¢,, = 10~ 4 cm?, and the
equilibrium temperature at the center of a 1M, NS with EOS

QMC to T, = 10* K

collisions are Pauli suppressed with longer and longer time
intervals between scatterings until the DM is finally in
equilibrium with the NS material at a temperature T,
The time for the second part of the process is given by
Eq. (14), after subtracting the time required to reach Kf{ﬁt
under the same approximation [this negative term is obtained
by replacing T, with KCrlt in Eq. (14)]. Explicitly, for do;, o
(n=0) 37‘[21’)’!

0 this reads
m 1
erm "~ e n= log |:T)r{1 <—_1>}
. 8(miﬁ(0))2€%z z)( 0 K}( ' B(R*)

1477% m, 1 1
¥ TGE0) + m, P w0

In Fig. 3, we can observe the three regions, Pauli
blocked, transition, and non-Pauli-blocked thermalization,
for a fixed value of the DM-neutron scattering cross section
on the NS surface. This is done for different interactions,
such that do,, 1", n =0, 1, 2. For an equilibrium
oq = 10* K, the transition between the
aforementioned regimes occurs at around mf(m ~ 4 x
10® GeV for our NS benchmark QMC-1. This is marked
for a change of slope; from that DM mass on, the
thermalization time will monotonically increase with the
DM mass. These approximations are in good agreement
with the numerical results presented in Ref. [28].

If the thermalization timescale for a given DM mass and
DM-target cross section is larger than the age of the NS, the
DM never thermalizes. Therefore, one can determine the
region in the m, —o;, plane where the captured DM
particles do not thermalize within the NS core; thus, no

temperature of T
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FIG.4. Top: regionin the m, — 6, plane in which DM does not
thermalize (magenta shaded region) for do,, O, ie.,
tl(k’f;? > t,. In the white region, the captured DM fully thermal-
izes, whereas in the light blue shaded region, a fraction of total
captured DM thermalizes. The orange dashed curve represents
the thermalization results from Ref. [17]. Bottom: cross section
for no thermalization for our different NS benchmarks for

do,, xt",n=0,1, 2.

meaningful constraints can be derived on them from NS
observations. In previous studies, a fixed temperature T
was used to derive these constraints [9,17], and the effects
of NS cooling were not taken into account.

As these thermalization timescales depend on the tem-
perature T, we can equate it with the core temperature
of the NS for the thermalized DM, which changes with
time due to the NS cooling (see the discussion above).
Therefore, at earlier times, when the temperature of the NS
core was much higher than the present temperature, the
thermalization timescale is shorter as o, qul. Hence,
it is possible that, for a given value of m, and o;, we
have f.m < f, at earlier times, however, at later times
tiherm > tx. In this case, a small fraction of the total
captured DM can still thermalize.

The region where tt(:e:r:]) > t, at all times, including the
NS cooling effects, is shown in magenta in the top panel of
Fig. 4 for the case of neutron targets. The DM thermal-
ization is not very efficient in this shaded region and we
refer to this as the “no thermalization” region.3 We also
show the maximum DM-neutron scattering cross section
for which the DM thermalizes assuming a fixed final
temperature (light blue line) O(10* K) (the exact value
is taken from Fig. 1 at t = 10'° yr) for comparison, as well
as the result using the estimate for thermalization time
given in Ref. [17].

It can be seen that the shape of the light blue curve is
similar to the shape of the curve in Fig. 3. Since the
thermalization time increases for very heavy DM mass,
namely, for m, 2 4 x 108 GeV, in order to have fyerm < f4,
we are pushed toward larger cross sections, in contrast with
the results of Ref. [17]. Moreover, we see that the light blue
and magenta curves coincide for m, 2 10® GeV due to the
logarithmic dependence of the thermalization time on
the equilibrium temperature for heavy DM masses [see
Eq. (15)]. Thus, the inclusion of cooling effects is more

prominent for m, < mgy, Where fypep, qu(”ﬂ) . The
plateau region in between the two regimes is due to the
dependence of mf(ri‘ on T, and the total thermalization time
being given by the sum of Egs. (14) and (15).

In the white region above the fixed Ty curve, the
thermalization process is highly efficient, and all captured
DM is thermalized, whereas the light blue shaded region
corresponds to the partial thermalization of captured DM.
As we shall see in the section below, the relevant DM-
neutron scattering cross sections corresponding to fer-
mionic DM that can lead to BH formation lie in the region
where the captured DM is fully thermalized.

In the bottom panel of Fig. 4, we illustrate the depend-
ence of the DM-neutron cross section for no thermalization,
for do,, x1",n =0, 1, 2. The width of each band denotes
this, from QMC-1 (smallest o,,) to QMC-3 (largest 6,,);
QMC-2 is shown as a solid line. The dramatic difference
between the results for QMC-2 and QMC-3 is due to the
presence of hyperons, which drastically reduces the NS
cooling times as depicted in Fig. 1. This results in larger
thermalization timescales than in a NS of the same mass
that does not harbor hyperons in its core. Given a fixed
period of time, such as 7, in Fig. 4, longer thermalization
times imply larger scattering cross sections for no thermal-
ization with respect to stars with no hyperon content. Note
that, for the next section, ADM particles collapsing into a
black hole, DM should have first achieved thermal equi-
librium with the NS material. This is, e.g., for the QMC-1

3It was shown in Ref. [17] that a small fraction of captured DM
can thermalize even for ftyem > fx, once the DM energy
distribution function is properly taken into account. However,
this small thermalized fraction has no observable consequences.
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NS the DM-neutron scattering cross section is required to
be larger than the values depicted by the solid magenta line
in the top panel.

It is worth remarking here that we have not considered
thermalization by scattering with superfluid nucleons. As
shown in Ref. [51], if neutrons in the NS core are in a
superfluid phase, this will prevent thermalization from
being achieved due to the highly limited kinematics of
the neutron superfluid. However, it would still be possible
for the DM to reach thermal equilibrium via scatterings
with leptons, which proceeds as described in this section.

V. DESTRUCTION OF NEUTRON STARS

As time elapses, a population of asymmetric DM
will grow in the innermost part of the NS core. After
thermal equilibrium has been reached, we can assume
that the DM forms a sphere, very close to the star’s center.
Then, the total potential that includes both the NS gravi-
tational potential and the contribution of the DM cloud
in the absence of self-interactions between DM particles
reads [52]

N :—4]1'm / ¢ 2dr
—47erX/ M, (r.0)n,(r. t)rdr, — (18)
0

where ¢(r) is the NS gravitational potential that close
to the NS center can be approximated by ¢(r)=
27Gr*(p, +3P.)/3, with p, and P, the density and
pressure at the NS center, respectively. n, is the number
density of thermalized DM inside the NS. Provided that the
average distance between DM particles (n,)~1/3 is larger
than their thermal de Broglie wavelength,

4 12
=533 x 1071 cm{(lo K) (1 TCV)} . (19)
Teq My

the DM number density follows a Maxwell-Boltzmann
distribution, i.e.,

g~ a0 expl=r /0]
"y fo 4rr? exp[— 2/rf((t)]
N pler/2el. (0)

R0

where r,(t) is the radius where the DM particles are
confined that decreases over time.

M, (r, ) is the DM mass enclosed in a radius r at a time ¢,
this is

M, (r.1) = 4zm, / " (¢ )y (21)
0

Then, the mean potential energy per DM particle is given
by [53]

B GmZN,(1)
Vi 271'r)( ’

Using the virial theorem, we find the condition for DM to
achieve self-gravitation,

U, = —nG(p. +3P.)m,r} (22)

2727325 (p + 3P,)
3\/_’";(

which is given in terms of the thermal radius ry, usually
defined in the literature when the gravitational potential
due to the accumulated DM cloud is negligible [second
term in Eq. (22)],

Ny (1) 2

= Nselfv (23)

B 3Ty (24)
™A\ %Glp. + 3P)m,
T 1T 1015 3 1/2
—333 cm|(—2 eV (107 g/em ) |77
10 K m, . +3P./c
(25)

Note that when self-gravitation is achieved the DM is
actually confined to a smaller radius ry, — rg,/V/3.

Once the condition in Eq. (23) is reached, the DM
becomes more and more confined, with increasing Fermi
momentum, and DM self-gravity dominates the potential
energy in Eq. (22). For fermionic DM, the self-gravitating
DM cloud will undergo gravitational collapse as soon as its
Fermi energy cannot counterbalance the gravitational
energy per particle, where the Fermi energy of the confined
DM is

_ /.2 2
Epy = \/my + Pry—my, Pry =

This leads to the following condition for the onset of
gravitational collapse:

(37?n,)'3. (26)

GmZN ()

> Ep.,, 27
\/ﬂ}’l Fy ( )

with r, < ry. The Fermi energy satisfies Ep, < pp,.
Then, the condition for black hole formation at the center
of the NS,

N0 > @ V3 e, 8)

ny,
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where we have used a Maxwell-Boltzmann DM dis-
tribution similar to Eq. (20) to calculate the DM Fermi
momentum. This accounts for the constant factor that does
not appear in previous calculations, where DM particles
were assumed to be radially uniformly distributed, and that
can amount up to an order of magnitude difference with
previous work. The radius of the DM sphere r,, at the onset
of collapse results in

M 1 TeV2
r, < (2)V4V/3z—5 = 0.88 cm< c ) . (29)

my my,

A. Black hole accretion

Once a BH is formed at the center of the NS, it will
accrete NS matter as well as DM. The accretion of standard
matter onto a black hole has previously been studied in the
context of gas clouds from the interstellar medium being
accreted by stars and compact objects. Note that accreted
particles are considered pointlike, not self-bound and at rest
far away from the star/compact object. It is worth empha-
sizing here that most of the literature on ADM in NSs
employed the spherically symmetric Bondi accretion
expression [54]

AM  4xd,p o G2M>
dr 3 ’

(30)
cs,oo

where M is the mass of the accreting object, A, is a constant
that depends on the gas polytropic index I', P = Kp' with
K a constant and P the gas pressure. Note that A, is
evaluated at the point where the velocity of the infalling
particles matches their speed of sound, i.e., the sonic point.
P and c; o, are the gas density and speed of sound far away
from the object. There exists a relativistic derivation of this
equation [55,56], which at lowest order agrees with the
Bondi equation, provided that the gas is nonrelativistic at
infinity, i.e., ¢, << 1. As we can see in Table I, this is
clearly not our case.

The case where a pointlike mass moves through a
gas cloud that behaves as a perfect fluid has also
been considered. This is the so-called Bondi-Hoyle accre-
tion [54,57]

dM  4nlp G*M? 31
di (Gt 02 o
where v, is the velocity of the accreting object and 4 is an
O(1) constant, not to be confused with A,. This is actually
an interpolated result, first suggested by Bondi [54] and
later corrected by Ref. [58]. However, this is again a
Newtonian expression. Relativistic effects are important
when the accreting object is a NS or a BH. This case has
also been studied, mostly numerically, see Ref. [59] for
early studies.

1. Relativistic effects

Here, we are dealing with a small BH at rest at the center
of a NS, which feeds on the NS matter, mainly neutrons in
the core. Thus, it will remove neutrons from the Fermi
surface, which are not at rest. This particular problem has
been previously studied [60,61], including general relativ-
istic simulations of the BH, but considering Bondi-like
accretion with the NS matter at rest. Note that the Fermi
velocity of the neutrons is always greater than the speed of
sound and, of course, they are gravitationally bound.
Therefore, we cannot apply any of the previous treatments
for accretion of standard matter to our particular case. We
can still assume spherical symmetry and the NS matter as a
perfect fluid, assumptions behind the TOV equations, and
write down the conservation of mass flux equation

Woi _ B (o2, (32)

where v is the velocity of the baryons, r is the radial
coordinate, and we have included the gravitational redshift
factor /B(r). Accounting for the degeneracy of the NS
matter states leads to

S = B0 [ Ep . 5

where f, is the momentum distribution

2
Folp-1)dp =5 feo(Ev.r)dp. (34)

which in the zero temperature approximation leads to the
following accretion rate at a given radius from the NS
center:

am, 4 i
SPBH| T /B(r)m;sz(r)rz PE
dt |, =& 0

3
4
SR S—Y
VP + (m)?

(35)

We can evaluate this expression at the Schwarzschild radius
of the BH Rgy, = 2GMpyy/ ¢, and given the smallness of the
latter we can approximate the density and Fermi momentum
with their values at the NS center. Equation (35) is similar to
the geometric accretion rate given in Ref. [62].

2. Quantum effects

In the scenario we are analyzing, for superheavy
DM (m, 2 10° GeV), quantum effects arise when the
Schwarzschild radius of the formed BH becomes smaller
than the de Broglie wavelength of the particles being
accreted, i.e., Rge, < Agp = 27/ pp ;. This case was origi-
nally studied by Unruh in Ref. [63], where the absorption
cross section was found to be
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FIG. 5. Accretion rates of neutrons in a 1.5M 5 NS with EOS
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(36)

where m; and v are the mass and velocity of the fermion,
respectively. This calculation was derived assuming that the
wavelength of the particle being absorbed is larger than the
Schwarzschild radius and that particles can be described by
free plane waves far away from the BH. The latter is not
precisely the case of the NS constituents; however, lacking
a better approach to tackle this problem, we will take this
formalism as a first approximation to deal with potential
quantum effects. Using Eq. (36), we can compute the
accretion rate in the following way [19]:

dt

3
p of
dpEGU(MBH’mitf’p)’ (37)

VBm¢ / Pr
77:2 0

U

where we have dropped the dependence on the radial
coordinate for simplicity.

In Fig. 5, we compare the different accretion rates
discussed here. We have computed them considering only
accretion of neutrons for the NS benchmark QMC-2 and
including the corresponding gravitational redshift factors in
Egs. (30) and (31). The Bondi-Hoyle accretion rate (dashed
blue line) has been evaluated for 2 = 1 and averaged over
the velocity, accounting for Pauli blocking. Despite being
an empirical approach, it approximates well the accretion
rate at the BH Schwarzschild radius, Eq. (35). Conversely,
Bondi accretion (dashed green), which is not the right

approach for this particular scenario, underestimates it by a
factor of ~2. The yellow dot-dashed line corresponding to
MY, ~ 1.9 x 102 kg, is the BH mass below which the
Unruh accretion rate always holds; recall that this accretion
rate assumes Rgq,(Mpy) < 1/pp;. For heavier BHs the
accretion rate is described by Eq. (35). Note that the initial
mass of the BH can be converted to the DM mass necessary
to form it using Eq. (28), as shown in the secondary x axis
for reference.

3. Effects of NS rotation

Here, we comment on the effect of the rotation of
neutron stars on the accretion rate. As discussed in
Ref. [64], the rotation of neutron stars and thus that of
the infalling matter implies that the conditions of spheri-
cally symmetric accretion are not always met (as in the
Bondi accretion regime). This is due to the fact that
the infalling matter forms a disk around the BH due to
its angular momentum, thus suppressing the standard
accretion rate.

However, these effects can be countered by including the
viscosity effects of the nuclear matter; therefore, the BH
accretion rate is suppressed only for Mz < Mgy < M.,
where

M,.~39x10P73 kg,

P\ 1/3
Mg ~3.5x 107 (F) kg, (38)
5

where P is the star rotation period given in seconds and
Ts = (T./10° K), with T, as the NS temperature.

It can be seen that these limits correspond to BH masses
much heavier than the initial BH mass formed due to
accumulation of DM and thus correspond to masses toward
the final phase of NS destruction. Even for millisecond
pulsars, e.g., with P~5ms and T, = 10° K, we see that
Mpg > M_; hence, there is no significant suppression and
one can proceed with the accretion term given by Eq. (35).

This suppression, however, can become important for
warmer NSs (T, > 10° K), leading to Mz < M,. While
we track the temperature evolution of a NS in this analysis,
the formation of a BH takes place at 7, = O(1-10 Gyr) (as
discussed below), at which the NS core has rapidly cooled
down to core temperatures O(10* K), and we are safe from
these effects.

B. Black hole evaporation

After the initial BH is formed, it continues to feed on the
NS matter (and DM) and the rate of change of its mass is
governed by either Eq. (35) or Eq. (37) depending on the
regime we are in. If the de Broglie wavelength of the
particles being absorbed is larger than the BH Schwarzchild
radius, Eq. (37) holds [19]; otherwise, Eq. (35) dictates this
rate. We find that DM accretion is very subleading and does
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not affect our final results. Additionally, the BH mass
evolution is also governed by the rate of energy loss,
characterized by Hawking evaporation, leading to

dMBH_dMBH
dt  dt

Acc dt

. (39)
H

with the second term corresponding to the Hawking
evaporation rate given by

k

= 5.34 x 10" f(Mpy) <Mg
BH

2
> kg/s, (40)

where f(Mpy) is a factor that takes into consideration the
number of degrees of freedom emitted at a given BH
temperature, Tgy =~ 1.06 x 10'%(kg/Mpgy). Note that the
standard treatment of assuming a blackbody radiation for
BH evaporation is not accurate; instead, the factor needs to be
calculated from the semianalytic formula given in Ref. [65]
or, alternatively, from the public code BLACKHAWK [66]. We
use the semianalytic formula for obtaining this factor and
show the evaporation rate as a light blue line in Fig. 5. The
function f is normalized to unity for Mgy > 10'* kg when
the BH emits only photons, neutrinos (and antineutrinos),
and f = 15.35 for Mgy < 107 kg, when the BH temperature
is high enough for all SM particles to be emitted. The
kink corresponds to the QCD confinement scale Agcp ~
250-300 MeV, above which free rather than composite
particles are emitted (see Refs. [67,68] for more details).
As the two terms on the rhs of Eq. (39) have opposite
dependence on the initial BH mass, equating the two gives
us the critical mass M§1, above (below) which the BH will
survive (evaporate). The critical mass corresponding to our
benchmark NSs obtained after numerically solving Eq. (39)
are shown in Table II1. The value of M1 is denoted by the
gray dot-dashed line in Fig. 5 for QMC-2. For an initial BH
mass MYy > ML, the NS lifetime after the BH is formed
can be determined numerically by integrating Eq. (39),

M, M -1
©(Myy) = A/jo dMpgy <d 20 ) . (41)
H

0, dt

TABLE III. Limits on the BH mass for the three benchmark
NSs with EOS QMC. The first column denotes the Unruh limit,
below which quantum effects are important. For Mgy < ML, the
BH evaporates and no constraints can be derived from BH
formation. The accretion limit in the third column denotes the BH
mass, below which the NS will always survive, as the classical
accretion timescale is larger than 7, = 10 Gyr.

Acc dt

EOS Mgy (kg) Mg (kg) Mg (kg)
QMC-1 2.06 x 10'? 1.27 x 10! 1.07 x 10'°
QMC-2 1.87 x 10'2 1.28 x 10! 1.07 x 100
QMC-3 1.88 x 10'2 1.50 x 10 1.47 x 1010

We find that the typical NS lifetime is O(1-100 Myr) for
MG < MYy < MYy, in agreement with the numerical
results of Ref. [19].

1. Suppressed evaporation

These limits have been derived under the assumption of
standard Hawking evaporation. Hence, the limits are
subject to change depending on the deviation from the
standard treatment. First, the evaporation rate of BHs in
the interior of a NS can be suppressed due to Pauli blocking
of the emitted fermionic modes. However, these effects
change the value of Mg{} by less than 10% [62]. Second, it
has recently been shown that there can be a deviation from
the standard treatment of Hawking evaporation due to the
so-called “memory burden effect,” implying that a BH
possesses memory due to quantum effects, and that the
evaporation rate once the BH has lost a fraction of its mass
is suppressed [69,70]. This suppressed evaporation can thus
extend the limits on DM masses that currently exist in
literature by a factor of 100 [23].

In order to illustrate the effects of suppressed evapora-
tion, let us just consider the accretion term in Eq. (39), from
which one can derive a limit on the initial BH mass below
which the accretion timescale is always larger than the age
of the star, and thus the NS survives. However, this requires
a careful treatment. Initially, when Mgy < MEH, the
accretion term is given by Eq. (37). As the BH grows
and My becomes larger than My, the accretion term is
then governed by Eq. (35). It can be seen in Fig. 5 that the
difference between the two rates is much larger for heavy
BH masses. Therefore, we solve the differential equation
numerically taking both these accretion rates into account,
i.e., the total accretion timescale is given by

MILBJH dMBH M* dMBH
= dM dM
T Al BH ™, g + A/I BH ™,

(42)

0 U
BH BH A

This limit on MYy, is given in the third column of Table III
for t, = 10 Gyr. Our limit on Mgy assuming no evapo-
ration (M3f;) shows that limits on BH masses can be at
most be relaxed only by an order of magnitude compared to
M. Therefore, the limits from including the memory
burden effect should lie in between the last two limits
shown in Table IIL

VI. RESULTS

Previous work [9,13,18,20,23] made use of observations
of the recycled MSP J0437-4715 [71] to derive bounds on
ADM accumulating in this pulsar. PSR J0437-4715 is the
closest and brightest observed millisecond pulsar, and as
such it is not only rotation powered but, more importantly,
it is in a binary system with a helium white dwarf [72].
Here, it is worth remarking that the number of DM particles
accumulated in a NS depends on the capture rate, whose
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expression in Eq. (2) does not account for the effect of a
stellar companion. It is also believed that PSR J0437-4715
possesses a weak magnetic field with a complex structure
[73]. Furthermore, the fact that we are dealing with a MSP,
means that passive cooling models such as that of Fig. 1
that neither consider rotation, accretion from a binary
companion, nor magnetic fields are not suitable to infer
core temperatures. MSPs, such as PSR J0437-4715, with
surface temperatures (O(10° K) and characteristic ages
O(Gyr) are in agreement with internal reheating mecha-
nisms due to rotation, occurring at late stages [38,74].

One may think then of using observations of isolated
MSPs, such as PSR J2124-3358 [75] a nearby (at 410 pc
[76]), isolated MSP with a characteristic age of 3.8 Gyr
[76]. Despite the fact that it is isolated, there are still issues
that prevent us from using this kind of observation. First,
precisely because the MSP is isolated, there is no estima-
tion for either its gravitational mass or its radius. Second,
most MSPs are found in binary systems. In fact, the most
massive progenitor in the system evolves faster and
becomes a normal pulsar until its radio emission shuts
off. Later on, the pulsar is believed to accrete matter from
the companion star, thereby acquiring angular momentum
and becoming a MSP. This is why they are dubbed recycled
pulsars. Thus, isolated MSPs are thought to have lost their
companion in a second supernova event or by ablation of
the companion. Here, it is worth reminding the reader that
pulsar characteristic ages (the quantity used to estimate
pulsar ages in analysis similar to this work) are derived
under the assumptions of (i) the magnetic field is well
approximated by a dipole, (ii) the magnetic field does not
decay with time, and (iii) the pulsar initial period was much
smaller than currently measured. In some cases, a braking
index (n = 3) is also assumed. These assumptions are very
hard to meet by MSPs, in particular, that of having a
constant magnetic field since it decays significantly with
time. For this reason, we do not derive bounds from
observed MSPs.

However, for comparison with previous work [23]
(orange line), we show in Fig. 6 our result for PSR
J0437-4715, whose characteristic age 6.7 0.2 Gyr
[77,78] 1is consistent with that of its white dwarf
companion. The light blue line represents the region of
the parameter space where a black hole forms at the NS
center, which eventually destroys the star. Note that the
timescale for this to occur is much smaller than the age of
the NS. For large DM masses O(10'° GeV) the BH is
expected to evaporate (dashed black line). Note the orders
of magnitude difference in the DM-neutron scattering cross
section from the previous result. This is due to the
combined effect of a capture rate that properly accounts
for the physics of NSs (see Fig. 2), improved BH accretion
rates in the classical and quantum regimes, and considering
a more realistic DM distribution inside the NS which gives
rise to Eq. (28). The difference in the low DM mass end

MI(B)H(kg)
_38 1017101610151014101310%21011101°910° 108
10738 e =g e
10-39 [ BH forms | | 3
10740 r [ BH evap.i 2 ~
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FIG. 6. Comparison with previous work [23] for PSR J0437-
4715. The black dashed line represents the DM mass above which
the BH always evaporates, and the NS will survive (M%), The
magenta dashed line denotes the maximum accretion limit in the
absence of BH evaporation (the equivalent for this in the previous
work is the Bondi limit depicted as a dotted gray line). For initial
BH masses below this limit, the BH accretion timescale to
consume the NS is larger than ¢,.

point is due again to an improved capture rate (also see the
discussion below), and that in the large DM mass end point
is due to the fact that we are not considering memory
burden effects. Even so, we could only extend our result up
to the magenta dashed line, which corresponds to the BH
accretion timescale being always larger than the age of the
NS. This maximum accretion threshold is an order of
magnitude lower than that found using Bondi accretion,
Eq. (30) (dotted gray line) in Ref. [23]. This difference is
attributed to the different prescription for evaluating this
limit, as highlighted in Eq. (42), which accounts for
quantum effects and a proper accretion rate in the classical
regime.

Given the aforementioned uncertainties in the estimation
of the ages of observed pulsars, we then consider two
benchmark NS ages: 7, = 1,10 Gyr, along with our
benchmark NSs with EOS QMC discussed in Sec. II. As
the NS lifetime (destruction time) for M%,; > Mt is much
smaller than the age of the NS, we consider the DM capture
over the NS age to determine possible constraints. Using
the capture rates discussed above, one can determine first
the parameter A, and then the low-energy cross section
corresponding to the particular interaction oy, using the
expressions given in Ref. [47], for a given m, for which
N,(t,) = Ncp, see Eq. (28).

For ¢,, > oy, the captured DM will lead to the
formation of a BH in the interior of the neutron star with
initial mass M{;; = m, N, (t,). This is shown by the shaded
regions in the top panel of Fig. 7 for operators D1, D5, D8,
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FIG. 7. Top: exclusion limits in the ¢,, —m, plane from NS
destruction by black hole formation for scattering off neutrons for
QMC-2 and operators D1, D5, D8, and D9, as well as ¢, =1,
10 Gyr. Bottom: same as before for operator D1 for 7, = 10 Gyr,
considering a NS with EOS QMC (light blue band). For
comparison, we show bounds from direct detection in the
multiple scattering regime [79] and results from previous work
[17]. The gray dashed line (top) and the gray band (bottom)
represent the DM mass above which the BH always evaporates
(M), whereas the magenta band represents the DM mass above
which the accretion timescale is larger than the age of the star, and
the NS will survive (Mgg).

and D9, taking neutron targets,4 QMC-2 (1.5My) and
t, = 1, 10 Gyr. Further, as the capture rate cannot exceed
the geometric value, we can determine the value of m,,
below which the total number of captured DM particles
does not reach the Chandrasekhar limit to form a BH within
the lifetime of the NS. This is the left unshaded region.

“The low-energy differential cross section for all ten operators
can be found in the Appendix of Ref. [47].

It can be seen that the lowest DM mass that can be probed
via NS is also an order an magnitude smaller than the
previous results, where the end point is obtained with
either o,, ~2 X 10~% or its multiple scattering equiva-
lent, as the onset of geometric capture. As shown in
Fig. 2, the actual DM-neutron threshold cross section is
larger than this value by more than 1 order of magnitude
than in previous calculations, a consequence of a sup-
pressed capture rate. This is enough to counterbalance the
fact that more DM particles are required in our case to
form a BH than in previous work and even reduces the
minimum DM mass to achieve this.

In the right unshaded region, M%;; < M, and the BH
formed will always evaporate, as discussed above. The
value of m,,, for which M{,;; = Mg}, is depicted by the gray
dashed line. We also show the value of m,, corresponding
to MY, = M%S (magenta dashed line), above which the
BH accretion timescale is always larger than the age of NS.
The end points of the band correspond to ¢, =1 and
10 Gyr, respectively.

Our results show that possible bounds on DM-neutron
scattering cross sections are relaxed by 2-3 orders of
magnitude from the existing calculations [17], see bottom
panel. This can be seen as a consequence of a suppressed
captured rate as shown in Fig. 2, as well as due to the
modified Chandrasekhar limit in Eq. (28), pushing
the region toward larger values of o,,. The limits on the
critical DM mass above which the formed BH evaporates is
m, 2 10'9 GeV, similar to the previous results. However,
due to the improved DM capture rate, the minimum DM
mass below which one cannot reach the Chandrasekhar
limit is an order of magnitude smaller than the previous
one. We find that exclusion limits can thus be placed for
m, > 107 GeV. In the bottom panel of Fig. 7, we also
show how our results vary with different NS compactness
with QMC-1 (1My) and QMC-3 (1.9M,) being less and
more constraining in cross section, respectively. Since our
results require DM capture in the multiple scattering
regime, for comparison we show in yellow the region
excluded by LZ searches for ultraheavy dark matter in
this regime [79].

Finally, for completeness, we show in Fig. 8 the
exclusion limits on the parameter A, for operators not
shown in Fig. 7, namely, D3, D6, D7, and D10. These are
operators that in direct detection experiments are velocity
or momentum suppressed. Therefore, A, cannot be easily
converted into a nonrelativistic scattering cross section.
Note that these exclusion limits (region below the solid
lines) have been derived by taking into account the
scattering with all baryonic targets corresponding, which
for the NS benchmark QMC-2 are neutrons and protons.
For the remaining operators, D2 and D4, no meaningful
constraints on A, from fermionic ADM triggering NS
destruction can be derived.
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FIG. 8. Same as Fig. 7, but in terms of the parameter A, for

some of the velocity and momentum suppressed EFT operators.

VII. CONCLUSIONS

Neutron stars are promising probes for asymmetric DM
models. In this work, we have revisited the constraints
placed on fermionic asymmetric DM from capture to
collapse to a BH in NSs. For the first time, we consistently
use a relativistic equation of state to parametrize the
microphysics relevant to each of the processes involved,
namely, capture, thermalization, self-gravitation, collapse
to a BH, and later BH accretion and evaporation. Thus, all
the effects relevant to the physics of neutron stars, such as
general relativity effects and Pauli blocking, have been
properly accounted for.

Further, we have considered the effect of NS temperature
evolution (cooling) on the thermalization timescale, which
may lead to a more efficient thermalization of captured DM
in young NSs. We find that, for fermionic ADM, the region
of the parameter space of the model where constraints from
BH formation can be placed all the captured DM can fully
thermalize.

We have reviewed the derivation of the Chandrasekhar
limit for BH formation by ADM accumulation using a more
realistic ADM distribution within the NS. This result differs
from previous results by an order of magnitude more ADM
particles required to trigger collapse to a BH. In addition,
the fact that realistic ADM capture rates are suppressed,
with respect to calculations that do not account for
momentum-dependent nucleon couplings and nucleon
strong interactions, shifts the minimum DM mass for
BH formation toward lower m,, values, meaning that lighter
ADM than previously considered can be probed with NSs.

For BH accretion of NS matter, we have taken into
account quantum effects that arise when the Schwarzschild
radius of the BH is larger than the size of the nucleons. For
classical accretion, we find that the commonly used Bondi

accretion rate does not apply to this particular case, since
the conditions under which this rate was derived do not
hold in the NS interior. This modifies the limit on m,, above
which no constraints from NS destruction can be placed,
since the BH formed would evaporate. Finally, due to the
uncertainty associated with estimating the age of old NSs
that prevent us from using pulsar observations, we con-
sidered benchmark ages of O(Gyr) to determine potential
limits.

While the original ADM hypothesis points toward
O(GeV) DM masses, ADM models can have larger
(smaller) DM masses provided that the initial asymmetry
in the dark sector is smaller (larger). In the case of
fermionic ADM, we find that potential constraints from
NS destruction are relevant only for DM masses above
107 GeV. This showcases that NSs, apart from being
complementary to direct detection experiments, have better
sensitivity to heavier DM masses.

To conclude, we find that, combining all the aforemen-
tioned relevant effects, the existing bounds on fermionic
ADM can be relaxed by orders of magnitude. Our analysis
can easily be extended to the case of bosonic ADM, with a
few exceptions, as there are some qualitative differences
due to Bose-Einstein condensation. We leave this analysis
for a future work.
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