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Observing the thermalization of dark matter in neutron stars
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A promising probe to unmask particle dark matter is to observe its effect on neutron stars, the prospects
of which depend critically on whether captured dark matter thermalizes in a timely manner with the stellar
core via repeated scattering with the Fermi-degenerate medium. In this work we estimate the timescales for
thermalization for multiple scenarios. These include: (a) spin-0 and spin-% dark matter, (b) scattering on
nonrelativistic neutron and relativistic electron targets accounting for the respective kinematics,
(c) interactions via a range of Lorentz-invariant structures, (d) mediators both heavy and light in
comparison to the typical transfer momenta in the problem. We discuss the analytic behavior of the
thermalization time as a function of the dark matter and mediator masses, and the stellar temperature.
Finally, we identify parametric ranges where both stellar capture is efficient and thermalization occurs
within the age of the universe. For dark matter that can annihilate in the core, these regions indicate
parametric ranges that can be probed by upcoming infrared telescopes observing cold neutron stars.
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I. INTRODUCTION

By virtue of their steep gravitational potentials accel-
erating ambient particles to semirelativistic speeds, and
their large densities enabling efficient capture, compact
stars have served as valuable laboratories for studying dark
matter (DM) [1-34]. Neutron stars (NSs) in particular could
provide wide-ranging constraints through one of the fol-
lowing means: (a) a heat signature in old, isolated, nearby
NSs that may be observed by imminent infrared telescopes
[35] (the NS luminosity is sourced by the kinetic energy of
infalling DM [35-47], and in some scenarios, additionally
by the annihilation of captured DM as well); (b) their very
existence, since in certain models involving nonannihilat-
ing “asymmetric’ DM, gravitational collapse may be
triggered in the core and a star-destroying black hole
may be formed. For captured DM to either collect and
annihilate efficiently in the stellar core or to form a black
hole, it must first thermalize with the core via repeated
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scattering within timescales of interest. This is a model-
dependent process, and has direct bearing on observational
prospects.

NS-DM thermalization was studied in detail in Ref. [13],
but in a setting restricted to spin—% DM and vector-vector
contact interactions with Standard Model (SM) fermions.
With the discovery and observation of relevant NSs
imminent [35,36], and no clarity yet on the identity of
DM, it is timely to expand the thermalization program to a
broader range of DM scenarios. In this study, we compute
the thermalization timescales, accounting for Pauli-blocked
phase space, for spin-0 and spin—% DM interacting via
various Lorentz-invariant structures with neutron and
electron targets in the stellar core, as well as treat the case
of “light mediators” with masses smaller than the momen-
tum transfers involved in thermalization. We then discuss
the interplay of these thermalization timescales with NS
capture sensitivities. This study thereby identifies target
regions for infrared telescope astronomers looking for DM
annihilation heating of NSs. Several such regions are
identified, hence this work furthers the case for con-
straining the thermal luminosity of candidate NSs.

This paper is organized as follows. In Sec. II we review
some general considerations in computing energy loss rates
and thermalization in the stellar core for both nonrelativistic
neutron and relativistic electron targets. We also outline the
DM-SM interaction structures we consider. In Sec. III we
provide the thermalization timescales for all our scenarios,
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and discuss their analytic behavior with respect to DM
mass, mediator mass, and the core temperature. We also
identify regions in the space of DM and mediator masses
that are promising for upcoming astronomical observa-
tions. In Sec. IV we summarize our findings and discuss the
future scope of our work. In the Appendixes we collect
technical details of our estimation of the thermalization
timescales.

II. THERMALIZATION: GENERAL
CONSIDERATIONS

In treating DM-NS thermalization we implicitly assume
that incident DM is gravitationally captured by the NS. In
Sec. III we will check this assumption explicitly and
discuss the phenomenological implications.

Captured DM particles thermalize with the NS by losing
energy via repeated scattering with particles in the medium.
The time taken to achieve thermalization may be divided
into two epochs. In the first epoch of interval ¢, the orbits
of gravitationally bound DM particles, which are highly
eccentric, shrink as the DM loses energy during transits,
until they become confined to within the NS radius. In the
second epoch of interval f,, the confined DM particles
scatter further with the NS medium; their orbits continue to
shrink down to the “thermal radius” determined by the NS
core density and temperature. When this is completed the
DM kinetic energy equals the NS temperature Tyg. As
shown in Refs. [7,37], t, exceeds #; by a few orders of
magnitude, thus the total thermalization timescale is deter-
mined by the second epoch. (Briefly, this is because
throughout the first epoch DM has energies close to the
escape energy, whereas in the second epoch #, is deter-
mined by slow scatters with energy transfers comparable to
Tns, many orders of magnitude smaller than the escape
energy.) Consequently, in this work we focus solely on this
second epoch.

The interaction rate of DM with fermion degenerate
matter is described by Fermi’s golden rule that accounts for
the phase space available for scattering. Consider the elastic
scattering of a DM particle y off a distribution of target
particles T: y(k) + T(p) = y(k') + T(p’). The interaction
rate per DM particle reads [13]

317
ar = 2525 S(an.a).
S(q0.9) = / i / Tp
(27)*2E,2Ey | (27)*2E,2E;
x 2m)**(k+p—k —p')

< |MPF(E,)(1 = f(Ey)). (1)

where the second line above is the response function. The
Fermi distribution function of the target particles with
chemical potential y is

1

f(E,) = . 2

ED = o= 11

The rate of energy loss is given by
cp:/drx(E,.—Ef), 3)

where &’ is integrated from O to k. Using this we can write
down the time taken to thermalize with the NS, i.e., to reach
a final energy E; = 3/2Tyg starting with an initial energy

Ey= mxvgsc/Z:
Ef dEl
Therm = — | —. 4
therm /E ) ( )

0

We thus see that the key quantity determining thermal-
ization is the response function, which in turn depends on
x — T interaction structure via the squared amplitude | M |.
We now inspect these ingredients in more detail.

A. The response function

Integrating Eq. (1) over p’, the response function
becomes

S(g0.4) = / &p  MP
d0-4 (27)?2 16E,, EyE  E;

x8(q0 = Ep + Ey)f(Ep)(1 = f(Ey)), ()

where the §° has simply enforced momentum conservation,
q = p’ — p. While DM particles move at semirelativistic
speeds during NS capture, thermalization occurs after they
have slowed down to nonrelativistic speeds, thus we always
set £y = Ey = m,,. On the other hand, the target could be
either relativistic or nonrelativistic. Neutrons (as well as
protons and muons) in the stellar core typically have Fermi
momenta pr smaller than their rest mass my; and are
thus expected to be nonrelativistic, whereas electrons are
highly degenerate (pg > my) and hence ultrarelativistic.
We consider DM scattering on both neutrons and electrons
in the core.

For nonrelativistic scattering targets, we have E, =
my + p?/(2my). Assuming the squared amplitude depends
only on the Mandelstam variable ¢ [if the squared amplitude
depends on both ¢ and s, integration over the azimuthal
angle in Eq. (5) is nontrivial and analytic results are not
easily obtained. Since t-only-dependent squared ampli-
tudes already span the range of interesting behavior for
thermalization, we study only interactions giving rise to
them], the response function in the limit p > Tyg is
obtained, following the treatment in Ref. [48], as

043019-2



OBSERVING THE THERMALIZATION OF DARK MATTER IN ...

PHYS. REV. D 103, 043019 (2021)

_ IMP g
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(6)

where ¢ =|q|, a notation we use for the remainder of
the paper. Note that we recover the approximate response
function quoted in Refs. [13,48] by rewriting the Heaviside
theta function above in terms of g, and by keeping only the

leading order term in the Fermi velocity (vp = +/2u/mr):

~ IMI* g0
approx (CIO’ Q)

Snon—rel ~ 19
16zm? q

O(qvr —qo)-  (7)

This form of the response function holds true only in the
deeply nonrelativistic limit, whereas Eq. (6) is valid also in
the quasirelativistic regime, thus allowing us to smoothly
transition from the nonrelativistic to the relativistic limit.
Despite these analytical differences in the response func-
tions, as we shall see later, for DM-NS thermalization they
matter little.

Next we examine relativistic electron targets. It is
expected that electrons inside old NSs are completely
relativistic [49-51], with typical chemical potentials
ur = 0(0.1) GeV. In this limit, integrating Eq. (1) over
p’, p gives the following response function in the y > T'xg
limit, as derived in Appendix A:

M2
_ M D021 + g9 - q). (8)

5™ (q0. q) 162m2 ¢
X

We notice that the response functions for neutron and
electron targets have similar forms, except for the theta
functions that enforce Pauli blocking in nonrelativistic and
relativistic regimes, respectively. To understand this phase
space restriction better, we display in Fig. 1 regions where
the response functions in Eqgs. (6) and (8) are nonzero. We
also show the region g, < v..q, Which depicts the phase
space occupied by DM after capture. Here v, = 0.6¢ is
the surface escape speed of a typical NS. For reference, the
diagonal black line denotes g, = g. Successful scattering
can occur in regions that overlap with DM phase space.

The allowed regions in the response functions could
be further understood through the following. During
thermalization, DM particles (targets) continuously lose
(gain) energy, i.e., go > 0. Thus from Egs. (6) and (8) we
have the condition g < /8umy for successful scattering on
neutrons, and similarly g < 2u for electrons. These con-
ditions imply that scattering in all directions is allowed
for neutron targets, whereas scattering could be restricted to
forward directions for electron targets. To see this, consider
the scattering angle in neutron scattering, cos@,, =
(2mzrqy — ¢°)/(2pq), obtained from energy conser-
vation. Using gy >0 and the above condition, we have
cos 0,, > —+/2u,my/ p. For neutron targets the numerator

2000
tn = 400 MeV
pe =175 MeV
Ins <<y
1500}
. electrons neutrons
>
]
= 1000¢
S
<v
500! 90 <Vescq |
0
0 500 1000 1500 2000
q (MeV)
FIG. 1. Regions of phase space allowed in the response

functions in Egs. (6) and (8) for neutron and electron targets,
encapsulating nonrelativistic and relativistic kinematics respec-
tively, as well as Pauli blocking. Also shown is the region
qo < Vesq, depicting dark matter kinematics after capture. Dur-
ing dark matter thermalization with the neutron star core, scatters
only occur where the above two regions overlap. The timescale
for the thermalization process is set by the last few scatters with
q, qo much smaller than target masses, i.e., by the bottom left
region of this plot.

is O(0.1) GeV, whereas p is much smaller, hence this
inequality is weaker than the condition cos@,, > —1. On
the other hand, for electron targets we have cosf,, =
(2pq)~' (45 +2pgo — ¢*), implying cos@,, > —u./p-
Since p ~ u,, this condition could be more restrictive on
backward scattering.

These considerations, however, have little effect on our
final estimates. The timescale for thermalization is set
primarily by the last stages of the process, involving dark
matter kinetic energies approaching the stellar temperature.
It can be seen that the rate of energy loss in Eq. (3) is small
for these final soft scatters, and therefore that the times
taken for these are the longest. In this regime ¢, g, are much
smaller than y and target masses, i.e., the phase space here
is the bottom left corner of Fig. 1, where all response
functions overlap with the DM phase space. In this region
the theta functions in Eqgs. (6) and (8) are trivially unity.

B. Equation of state and neutron star properties

The macroscopic properties of a NS such as its mass
and radius, as well as thermodynamic quantities like the
chemical potential of constituent fermions (neutrons,
protons, electrons and muons), are estimated from the
equation of state (EoS) of matter at nuclear densities.
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The EoS is derived from fits to available data at large finite
densities [50,51].

From the discussion above, the thermalization time is
mostly independent of the chemical potential in the limit
u/Tns > 1, as well as other macroscopic properties of the
NS. As mentioned before, small energy and momentum
transfers govern the thermalization time. Physically, the
target particles that participate in scattering are extremely
close to their Fermi surface, with the minimum number
of target particles participating in scattering proportional
to go x 2Tng > 0. For a typical old NS with Tyg =
103-10° K~ 1071°-107% GeV and u ~0.1 GeV, we are
always in the degenerate limit. In other words, Ty 1S @
function of masses and Tng only.

For DM capture in the NS it is well known that the NS
profile dependence of the capture rate could be as large
as an order of magnitude [35,37,47]. In presenting the
interplay of our results with NS capture we choose the
following benchmark predicted by the unified equation of
state BSk-24 [52]:

MNS - 15 MO’
U, =373 MeV,

Rys = 12.6 km
y, = 146 MeV. (9)

The chemical potentials here are the volume-averaged
values, which we adopt for our estimates of the capture
rate in Sec. III.

C. Interaction structures

In Table I we provide the spin-averaged squared ampli-
tudes for various contact operator interaction structures
for both spin-% and spin-0 DM. These structures are chosen

to span the possibilities of |M|?> dominated by various
powers of the Mandelstam ¢, hence of the transfer momen-
tum and energy. This also results in a range of dominant

TABLE I. Effective contact operator interactions with cutoff A
between the dark matter field (y) and neutrons/electrons (&),
and the corresponding squared tree-level scattering amplitudes.
Operators with superscript F(S) correspond to spin-% (spin-0)
DM. For lighter mediator masses m, where the effective
treatment breaks down, we schematically substitute A >
(coupling)*/(m3 — 1)*. See Sec. 11 C for more details.

Name Operator Zspins |M|2

or (72) (&) A~ (42 — 1) (4t — 1)
o5 (Zir’x) (&) A~*(1 = 4m7)

o5 (tx) (Eir’é) A4 1(t = 4my)

(95 (;_(iysx) (Z‘i}/S ) A2

N () (&) A (4mi — 1)

03 ') (Eir’e) A= (-1)

dependences in the cross section on target spin and/or DM
velocity at terrestrial direct detection experiments [53].
We assume that these interactions arise from ¢-channel
mediators of mass m, thus the effective operator treatment
is only valid for mg exceeding the typical g in the
thermalization process. For more general mediator masses
we make the following substitutions in Table I. For spin—%
DM, we substitute A™* — g7g7/(mj, — 1)?, where the g; are
the mediator’s couplings to y and 7. We set these to a
reference value g, = gr = 107 throughout this paper. For
spin-0 DM, we substitute A™> — ayg7/(mj —1)*, where

a, is a trilinear coupling between y and a spin-0 mediator.

4
We set these to a reference value a, = 0.1 MeV, gr = 1073
throughout this paper.

We see that for our choice of operators the |M|? are
given by linear combinations of powers of ¢. Thus the
energy loss rate in Eq. (3) can be computed for separate
powers of ¢, which becomes useful in the heavy mediator
limit for nonrelativistic targets, for which analytical expres-
sions may be obtained. We provide these expressions in
Appendix B.

III. RESULTS

We now numerically compute the thermalization time
using Eq. (4), and display it as a function of m, for spin—%
DM and neutron targets in Fig. 2, for spin—% DM and
electron targets in Fig. 3, and for spin-0 DM and both
targets in Fig. 4. We show this for four choices of mediator
masses: mg = GeV, which serves as the “heavy mediator”
limit as it is well above the regime of g relevant for DM-NS
thermalization; m, — 0, which serves as an asymptotic
limit as we dial down the mediator mass; and my = keV
and m, = MeV to capture the intermediate behavior. We
also choose two NS temperatures down to which DM
thermalizes: 10° K, roughly the smallest observational
upper bound placed on NS temperatures so far (see
Table I of [54]), and 103 K, roughly the temperature of
DM kinetic and/or annihilation heating signals, to which
upcoming IR telescopes are sensitive [35,36]. We mark
7ns = 1019 yr as a benchmark for the oldest observable
neutron stars. Hence parametric regions with 7yom > Tns
are unlikely to have led to complete thermalization with the
star. In these regions DM could still have partially ther-
malized, i.e., not sunk entirely to the center of the star, and
the ensuing DM annihilation (if allowed) could occur at
nontrivial rates, and may or may not contribute to the
observable heat signature. We leave the investigation of
these partial thermalization regimes to future work. We do
note that for electroweak-sized annihilation cross sections
and DM masses, thermalization with just the km-thick crust
of the NS is sufficient to result in the maximum stellar
luminosity arising from DM annihilations [38]. We cut off
our plots at a minimum DM mass of keV as we expect
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FIG. 2. Time taken for spin-% dark matter to thermalize with neutron stars with temperatures 10> and 10° K via repeated scattering on
neutron targets. Shown are the 7., for mediator masses zero, keV, MeV, and GeV. The panels correspond to interaction structures
described in Sec. IT C and Table I; specifically, the labels in the top right must not be interpreted as effective operators. The color code for
all the panels is given by the first one. See text for further details.

lighter DM to evaporate from a Tyg = 10° K NS over
10 Gyr timescales [37].

We have omitted displaying the plots for electron
targets for the operators O%, OF, and O5 to avoid the
following redundancy. As can be seen in Table I, their
|M|? is independent of the target mass, and thus the
response functions for neutrons and targets are identical
[Egs. (6) and (8)], modulo the Heaviside theta function

enforcing kinematic conditions. Since, as discussed, these
conditions are satisfied in our parametric ranges, it
effectively takes DM just as long to thermalize with the
NS by scattering on electrons versus neutrons. We choose
the lower end of our m, range to satisfy Gunn-Tremaine
bounds on fermionic DM [55]; lower masses are allowed
for spin-0 DM, but we do not display them here for
brevity.

1024} (X x)(ee) 1024}

el T 10mF _/<
E S \ E
I Tl £
T T & (Xv°x)(@e)

___________ /_
10-6 1074 0.01 1 100 104 108 1076 10-4 0.01 1 100 104 108
my, (GeV) my (GeV)

FIG.3. Same as Fig. 2, but for spin-% DM and electron targets. For the operators OE and (’)E, Tiherm 19 the same as in Fig. 2, and we omit

displaying them.
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FIG. 4. Same as Fig. 2, but for spin-0 DM and both neutron (top panels) and electron (bottom panel) targets. For the operator O5 the
Tmerm TOT €lectron scattering is the same as that of neutron scattering.

We notice several interesting features in these plots.
First, the slopes of the m, = GeV and my — 0 curves are
always distinctly different. This is because the propagator
term in | M|? is dominated by m* in the first case and g;;f
in the second, where g,er ~ /m, Ts is the typical ¢ in the
final few scatters that set the thermalization timescale.
This difference leads to different powers of m, feeding
into the energy loss rate in Eq. (3) and thus ultimately into
Tiherm 1N EqQ. (4). Second, we see that the keV and MeV
mediator curves are parallel to the GeV mediator curve for
small m,—here they behave as heavy mediators, with
Tiherm X mj}); these curves change slope and follow the
massless mediator curve for large m,—here they are “light
mediators” with Ty, & q;‘ef. The turnaround point in m,
corresponds to my =~ gres = /3m, Txs. We also see that
while the my = GeV and my — 0 neutron curves are
straight lines, the electron curves undergo changes in slope.
This is because the |M|? for neutron scattering is domi-
nated by the term with the lowest power of ¢, giving simply
power law results (see Appendix B), whereas that for
electron scattering is dominated by different powers in
different m, regimes due to relativistic kinematics. Third,
in small m, regions where |t| < m7 , we find for the
operators O, OF, and OF that thermalization with elec-
trons is a factor of m2/m> longer than that with neutrons, as

indeed expected from their |M|?, and Egs. (6) and (8).
Fourth, comparing among the operators, we find that
thermalization times are orders of magnitude longer for
interactions whose | M |? are dominated by more powers of
t. This is as expected, since the typical |¢| ~ ¢* ~ 3m,Tys is
much smaller than mfﬂ, giving more suppressed |M|? if
dominated by higher powers of ¢. Fifth, the heavy mediator
limit curves for Of and O3 are nearly flat versus m,,. This is
because their | M|? is dominated by m2 in the numerator,
which cancels with the m;Z in the response function
expression in Egs. (6) and (8); the deviation from flatness
for the OF electron curves is due to competing effects from
the 7> term in the |M|>. Finally, we see that colder NSs
correspond to longer thermalization times, as expected. The
scaling of Ty, With temperature for OF is seen to agree
with the analytical expression derived in Appendix B for
the heavy mediator limit and neutron targets. In Table II we
provide the limiting behavior of 7., in the heavy and light
mediator limits for both neutron and electron targets; these
expressions provide close analytical fits to the plots just
examined.

The key features discussed above are reflected in our
results identifying regions where DM-NS thermalization
becomes important for observational prospects. We turn to
this next.
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TABLE IL

Limiting behaviors of thermalization time for the interaction structures in Table I for neutron and electron targets. These

expressions are good approximations to the numerically obtained plots in Figs. 2-4. Here T is the neutron star temperature.

>/ < <
Operator my 2 /m,T my < \/m, T neutrons my < /m, T electrons
or 3503 M 24’ m, 107°m, In m3+3mm, (2m,/T+5)
T T A S e
or 75 My 162 My 207 m, P b ) 3T (m2+9m?2.)
? 3T my 99T my TG GEmiT Tmi(my, = 3T) + 3T (my + 2m7) x In Ty 23T +6m2T
of " lor 202 17(m, — 3T) + 9T In (2L
) 322 T3 m2 99T 192 g2m, T 4 Tm,+9T
Of 5523 mf/) 1407[3}111 1407[31711
36979, my 3979, 322 T?
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3giaiT? m? grazm?. 3giaim? m2+32m2.
o 2873 mj; 6473 m? 80m,, 7 _ 27T
2 LT FaT T alT 7(m, =3T) +6TIn T, +6T

Our final results are displayed in Figs. 5-7, correspond-
ing respectively to thermalizing interactions between spin—%
DM and neutrons, spin—% DM and electrons, and spin-0 DM
and neutrons and electrons. The ordering of the panels
follows that of Figs. 2-4. We show in the m, vs m, plane
contours of Tyem = 107 yr, corresponding to the age of
a NS by which it is expected to have cooled down to

Tns ~ 103 K [56,57], and of 7y, = 10'° yr, correspond-
ing to the typical age of the oldest NSs. As before,
NS temperatures of 10° and 10° K are chosen as our
benchmark.

We indicate with a black dotted curve the mediator mass
below which we expect all incident DM to be captured by
our benchmark NS in Eq. (9); for my larger than this

————————————————— fin
o 70 BATH e - 10l (x v*x)(mn)
capture at saturation
— 0.100 1 —~ 0.100F
S S
[ [
e e
£ £
0.001f 0.001[ !
1
i
solid: Tys =103 K !
10°° 55 1075} I
dashed: Tys =10° K & :
L L L L L L L 1 L
106 104 0.01 1 100 104 108 10°¢ 10~ 0.01 1 100 104 106
m, (GeV)
ny’n
10} 10l (X v*x)(Ay® n)
—~ 0.100} — 0.100} ’
> >
[} [
e e
£ £
0.001f 0.001f =TT N
1075 10-5}
& H
106 104 0.01 1 100 104 108 106 1 100 104 108
m, (GeV) my (GeV)

FIG. 5. Contours of constant thermalization time = 107 and 10'° yr for NS temperatures 10° and 10° K, for interactions between
spin—% DM and neutron targets. Also shown is the curve corresponding to DM capture at saturation on a 1.5 Mg mass, 12.6 km radius
NS. The color code for all the panels is given by the first one. See text for further details.
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FIG. 6. Same as Fig. 5, but for spin-% DM and electron targets.

“saturation” limit, we expect a fraction of incident DM
to capture. For neutron targets this curve is obtained
by equating the capture cross section computed in, e.g.,
Ref. [35], to the interaction-dependent cross section ¢ =
J dcos0(32zs)~|M|?, where we take s — (mp + m, (1 +
Vase)/2)? and t = —=2p7v5, With p,r the y — T reduced
mass. For electron targets we obtain an approximate
capture cross section by following the treatment of neutrons
but replacing m, with u, and accounting for the reduced
number of targets: electrons are 0.065 times as numerous as
neutrons in our benchmark star. Similarly we estimate the

100

10

S
Q
© o0.100}
S
g
0.010}
0.001}
1074
10°®
m, (GeV)
10

interaction-dependent cross section as above but with the
replacement m, — p,. A more detailed estimate of capture
via electrons obtained by following the treatment of
Refs. [45,46] results in a rate which differs from the above
naive estimates by at most an order of magnitude.

The significance of the capture curve is that it depicts the
regions where DM-NS thermalization becomes interesting
from an observational viewpoint. To illustrate with an
example, suppose that a nearby, isolated neutron star were
discovered, and its age determined to be ~10'% yr. To place
constraints on DM interactions based on the NS’ thermal
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Same as Figure 6, but for spin-0 DM and both neutron (top panels) and electron (bottom panel) targets.
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luminosity, we must first ask whether annihilations in the
core are efficient, for which we check if the thermalization
process has completed. For OF and neutron targets, the
Tierm = 10'9 yr contour lies entirely outside the capture
region, implying that thermalization is guaranteed in the
candidate star. For all other operators and for electron
targets, there are ranges of m,—prominently at low mass—

where the 7y = 100 yr contour lies inside the capture
region. This implies that we cannot expect thermalization to
have completed in the space between this contour and the
dotted curve.

We see that the 7y, contours indeed agree with
Figs. 2-4 at the relevant mediator masses; the vertical
falloff in some of these curves correspond to the rapid turn-
around and following-along of m, — 0 curves in those
plots. Our results as a whole (Figs. 2-7) give a represen-
tative picture of thermalization and its relationship with
capture; similar results can be obtained by varying the
benchmark couplings we had chosen in Sec. II C, but we do
not expect the qualitative conclusions to be different. Parts
of the parameter space in Figs. 5-7 are constrained by
direct searches for DM scattering, indirect searches for
galactic DM annihilation, the relic abundance of DM if set
by thermal freeze-out, and collider searches. These con-
straints, found in e.g., Refs [36,43,45,46], are not displayed
here as the focus of our work is to explore regions of
thermalization vis-a-vis capture in NSs.

IV. DISCUSSION

We have shown that, in several DM scenarios, thermal-
ization in NSs postcapture is an important process that
impacts observation prospects of candidate stars. State-of-
the-art infrared telescopes such as the James Webb Space
Telescope (JWST), Thirty Meter Telescope (TMT), and
Extremely Large Telescope (ELT) are scheduled to be
operational in the coming decade. These are sensitive to
extremely faint objects at 10 pc distances with blackbody
surface temperatures down to 1000 K [36]. In the so-called
minimal cooling paradigm [56,57], neutron stars (in the
absence of exotic phases in the core) can ideally cool to
temperatures well below 1000 K within Gyr timescales. On
the other hand, DM can capture in NSs via scattering on its
constituents, and the instantaneous transfer of Kkinetic
energy can heat a typical NS to 1750 K in the solar
neighborhood [35]. Additionally, if DM annihilations occur
efficiently in the NS core, the star can heat up to a maximal
temperature of 2500 K, which could reduce telescope
integration times by O(10) factors [35]. But for successful
annihilation heating to happen, DM must first thermalize
with the stellar core medium via repeated scattering within
Gyr timescales, i.e., the typical ages of the oldest NSs.

In this work, we have computed the DM thermalization
time for DM-SM interaction Lorentz structures listed in
Table I, for nonrelativistic (neutrons) and relativistic
(electrons) target particles, in both the effective “heavy”

mediator and “light” mediator limits. We have also pro-
vided analytical functions for the thermalization time that
reproduce well the asymptotic behavior of numerical
results. We find that, except for the operator (’)f with
neutron targets, in all other scenarios there are regions
where despite efficient capture of DM it does not thermal-
ize with the NS within Gyr timescales. Thus DM will not
maximally heat the NS via annihilations; for such regions,
kinetic heating of NSs may be the only signature. This
effect appears at first glance to be a contradiction, since one
would naively expect capture to be efficient in regions
where thermalization is quick, and vice versa. However the
dynamics of the two processes are governed by distinctly
different scales. Capture is determined chiefly by the
escape energy, determined by macroscopic parameters of
the star such as its mass and radius (and subsequent
retention or evaporation is determined by the stellar
temperature); Pauli blocking comes into play, in a simple
manner, only for m, below the Fermi momentum. On the
other hand, the thermalization timescale is set by the final
kinetic energy of DM particles, i.e., the temperature of the
NS core Tng. As discussed before, g < p during the
longest intervals of thermalization. In this regime, only
those target particles close to their respective Fermi
surfaces allow for DM to continuously lose energy and
thermalize.

As discussed in Ref. [13], the above treatment of DM
kinematics and Fermi-degenerate phase space yields non-
trivial results that are otherwise missed by simpler treatments
of Pauli blocking such as in Ref. [10]. For instance, for
momentum-independent [M |2, Tyen, scales as m; ' T for
m,, > my in our treatment. This differs from the result of
Ref. [10]: Typerm & mﬁ Txs- Not only does the thermalization
time decrease as a different power of the NS temperature in
our result, but counterintuitively, it decreases as the DM mass
(hence initial kinetic energy) is increased. This behavior is
only captured by the full treatment as above. Another
counterintuitive result in our treatment is the total number
of scatters that DM undergoes before thermalizing with the
NS. As estimated in Appendix C, it only takes O(10-100)
scatters for the DM kinetic energy to fall from m,v3./2 to
Tns ~0.1-10 eV, whereas the calculation of Ref. [10]
predicts that the number of scatters could be orders of
magnitude more.

If DM thermalizes with the NS, the next question to
address would be whether the DM capture and annihilation
rates equilibrate. Once DM is thermalized, their distribution
is confined to the thermal radius, given by [13]

= (CIsRSY gy OV I )2 g
® 7 \GMysm, ' m, 100K/

Among the operators we have considered, s-wave
annihilation to SM fermions dominates for O5, OY, O%
and OS5, whereas the p-wave dominates for Of and OF.
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For sufficiently light mediators, DM annihilation to a pair
of mediators will also be allowed. Below the electron
kinematic threshold m, ~ 0.5 MeV, only DM annihilations
into yy could possibly heat the NS; annihilations into
neutrinos will deposit heat only for m, > 100 MeV [48]. In
order to estimate the typical annihilation cross section
required for equilibration we parametrize (ov),,, = @ +
bv? and demand that 7yg/ Teq < 5, with the equilibration
time 7eq = (Vin/C(60)gnn)"/?. Here C is the DM capture
rate and Vy, = 4/ 3ﬂr§h is the thermal volume. This results
in the condition

a>75x10"% cm?/s % 2/Cq\ [GeV Tys \3/2
' NS c m, 10° K

when the annihilation is s-wave dominated, and

2 1/2
b>29 x 10_44 Cm3/s % (Csat GeV Té\ls
NS C m, 10° K
(11)

when it is p-wave dominated, and where C, is the
saturation capture rate.

Current available data allow for some exotic phases such
as hyperons and quark matter to persist in the NS core [58—
60]. As shown in Ref. [13], DM does not thermalize with a
NS core in a color-flavor-locked phase for vector operators.
Similar results hold for scalar operators. We note that in
such a scenario only light DM, whose thermal radius
extends beyond the core, can thermalize. We also remark
that when the core is dominated by exotic phases DM
capture is likely effected by the NS crust [38], in which case
the subsequent thermalization with the crust material,
which is not Fermi degenerate in most regions, can be
treated in a more simple manner than done in our work.
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APPENDIX A: RESPONSE FUNCTION FOR
RELATIVISTIC (ELECTRON) TARGETS

For ultrarelativistic targets such as electrons we have
E, =|p|and E, = |p + q|, so that the response function
in Eq. (5) becomes

MP? [ &p
S(qo.q) = |16m|§/ 2n) (27)8(qo + || = |p + 4l)

fApDA=f(p+4l). (Al

Xi
Ipllp + 4|

The delta function may be expressed in terms of the
scattering angle 6,

p+q .
8(qo +|pl—Ip+4ql) = —|p—|5(cost9pq —cos6,)

xO(p—p-),
1

0, =— (g2 +2pqy — ¢*

COS Upq 2pq<q0+ P90 —q°)

1

p-=5 (g = q0)- (A2)

Note that f(|p + q|) = f(p + qo) upon integration over
the delta function. As the NS temperature we consider is
0(0.1-10) eV, gy > Tys is a good approximation up to the
last stages of thermalization. In the limit y > T'yg in the
above integral, we have

/oodpf(p)(l —f(p+40)) :%

X (=1 +0O(=qy + g —2u))

= q0®(2u+4q9—q). (A3)
Using this we obtain the response function for relativistic
targets written in Eq. (8).

APPENDIX B: ANALYTIC EXPRESSIONS FOR
ENERGY LOSS RATE FOR NONRELATIVISTIC
(NEUTRON) TARGETS

In this Appendix we provide analytic expressions
for the thermalization time for neutron targets in the heavy
mediator limit. These are obtained by writing out the
energy loss rate in Eq. (3) as

1

O =—
272

) k2 k/2
K?dk' d cos 0,0 S(qo. q) (— - ) . (BI)
2ml Zm)(

where S(q, q) is given by Eq. (6).
From Table I, for mediator masses > g,s ~ \/3m, Txs,
we can expand the squared amplitude as

IMP = ar,

n=0,1,2

(B2)

where the coefficients «,, can be read off of Table I. We can
then break down the response function into powers of

1= (q5 - ¢*):
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% 4o,
16xm2 q

Su(q0-9) =
This allows us to break down the energy loss rate as well

[Eq. (B1)], and we get

kS
Do = B0 75,2
X

B 2k /1 2Kk2
=00 (3 552 )
my mny,
8k!0 2k> k*
(Dz — &2 ) 1 - B + B (B4)
495m;, 13my; ~ 91m,

where &, = a,,/(167°m2).
We note that using the expression for @, above in
Eq. (4), and with kyo = m, Ve and kegig = /3m, Txs, we

obtain
105723 m 1 1
Tthrm:[\4 Z<_>’
‘ 4 m% kﬁot kéc‘old

(B3)

(BS)

in agreement with Ref. [13]. This also agrees with the first
entry in Table II.

More generally, Eq. (B4) implies that at leading order in
Keolds We have Ty o k25y o T for OF, OF and O5, and
Tiherm & kog o Tg for OF, as reflected in Figs. 2-4 and

Table II.

APPENDIX C: NUMBER OF SCATTERS
TO THERMALIZE

It is instructive to estimate the number of scatters
required for DM-NS thermalization. Assuming the squared

amplitude is independent of Mandelstam variables, from
Eq. (1) the average energy lost in a collison for neutron
targets is given by

kdU(E;)(E; - E;
<AE>n0n—rel _ fO (k l)( ! f) _ iEi’
o dU'(E;) 7

(C1)

where E; is DM energy before collision. For electron
targets we similarly have

o

(AE)® ~ZE,. (C2)

(O]

These fractional energy losses are huge, hence we can
expect DM to thermalize after a small number of scatters.
This is obtained as the sum of a geometric series:

_ log(Ew/Ey)

Nr= log(l —ar)’

(C3)

Here the thermal energy Ey, = 3/2Tys, the initial DM
energy Ey = m,vz./2, and ap =4/7 (2/3) for neutron
(electron) targets. Thus for Tyg = 10°-10° K, Nq =
O(10'-10?) over the whole range of DM masses consid-
ered, with a gradually increasing logarithmic dependence
on the mass. In particular, for Tyg = 10® K, we find that
N, spans 9-44 and N, spans 7-34. For squared ampli-
tudes that depend on #", n>1, we find again that the
number of scatters is (O(10), with O(1) variation with
respect to the above.

[1] 1. Goldman and S. Nussinov, Phys. Rev. D 40, 3221 (1989).

[2] A. Gould, B.T. Draine, R. W. Romani, and S. Nussinov,
Phys. Lett. B 238, 337 (1990).

[3] C. Kouvaris, Phys. Rev. D 77, 023006 (2008).

[4] G. Bertone and M. Fairbairn, Phys. Rev. D 77, 043515
(2008).

[5] M. McCullough and M. Fairbairn, Phys. Rev. D 81, 083520
(2010).

[6] A. de Lavallaz and M. Fairbairn, Phys. Rev. D 81, 123521
(2010).

[7] C. Kouvaris and P. Tinyakov, Phys. Rev. D 83, 083512
(2011).

[8] C. Kouvaris and P. Tinyakov, Phys. Rev. D 82, 063531
(2010).

[9] C. Kouvaris and P. Tinyakov, Phys. Rev. Lett. 107, 091301

(2011).

[10] S.D. McDermott, H.-B. Yu, and K. M. Zurek, Phys. Rev. D
85, 023519 (2012).

[11] T. Giiver, A.E. Erkoca, M. Hall Reno, and I. Sarcevic,
J. Cosmol. Astropart. Phys. 05 (2014) 013.

[12] F. Capela, M. Pshirkov, and P. Tinyakov, Phys. Rev. D 87,
123524 (2013).

[13] B. Bertoni, A.E. Nelson, and S. Reddy, Phys. Rev. D 88,
123505 (2013).

[14] J. Bramante, K. Fukushima, and J. Kumar, Phys. Rev. D 87,
055012 (2013).

[15] J. Bramante, K. Fukushima, J. Kumar, and E. Stopnitzky,
Phys. Rev. D 89, 015010 (2014).

043019-11


https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1016/0370-2693(90)91745-W
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.043515
https://doi.org/10.1103/PhysRevD.77.043515
https://doi.org/10.1103/PhysRevD.81.083520
https://doi.org/10.1103/PhysRevD.81.083520
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevD.83.083512
https://doi.org/10.1103/PhysRevD.83.083512
https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevLett.107.091301
https://doi.org/10.1103/PhysRevLett.107.091301
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1088/1475-7516/2014/05/013
https://doi.org/10.1103/PhysRevD.87.123524
https://doi.org/10.1103/PhysRevD.87.123524
https://doi.org/10.1103/PhysRevD.88.123505
https://doi.org/10.1103/PhysRevD.88.123505
https://doi.org/10.1103/PhysRevD.87.055012
https://doi.org/10.1103/PhysRevD.87.055012
https://doi.org/10.1103/PhysRevD.89.015010

GARANI, GUPTA, and RAJ

PHYS. REV. D 103, 043019 (2021)

[16] N.F. Bell, A. Melatos, and K. Petraki, Phys. Rev. D 87,
123507 (2013).

[17] M. A. Pérez-Garcia and J. Silk, Phys. Lett. B 744, 13
(2015).

[18] P. W. Graham, S. Rajendran, and J. Varela, Phys. Rev. D 92,
063007 (2015).

[19] J. Bramante, Phys. Rev. Lett. 115, 141301 (2015).

[20] M. Cermefio, A. Pérez-Garcfa, and J. Silk, Phys. Rev. D 94,
063001 (2016).

[21] R. Krall and M. Reece, Chin. Phys. C 42, 043105 (2018).

[22] J. Ellis, A. Hektor, G. Hiitsi, K. Kannike, L. Marzola, M.
Raidal, and V. Vaskonen, Phys. Lett. B 781, 607 (2018).

[23] J. Ellis, G. Hiitsi, K. Kannike, L. Marzola, M. Raidal, and V.
Vaskonen, Phys. Rev. D 97, 123007 (2018).

[24] C. Kouvaris, P. Tinyakov, and M. H. Tytgat, Phys. Rev. Lett.
121, 221102 (2018).

[25] P. W. Graham, R. Janish, V. Narayan, S. Rajendran, and P.
Riggins, Phys. Rev. D 98, 115027 (2018).

[26] D. McKeen, A.E. Nelson, S. Reddy, and D. Zhou, Phys.
Rev. Lett. 121, 061802 (2018).

[27] J.F. Acevedo and J. Bramante, Phys. Rev. D 100, 043020
(2019).

[28] R. Janish, V. Narayan, and P. Riggins, Phys. Rev. D 100,
035008 (2019).

[29] B. Dasgupta, A. Gupta, and A. Ray, J. Cosmol. Astropart.
Phys. 08 (2019) 018.

[30] G.-L. Lin and Y.-H. Lin, J. Cosmol. Astropart. Phys. 08
(2020) 022.

[31] B. Dasgupta, A. Gupta, and A. Ray, J. Cosmol. Astropart.
Phys. 10 (2020) 023.

[32] Y. Genolini, P. Serpico, and P. Tinyakov, Phys. Rev. D 102,
083004 (2020).

[33] C. Horowitz, Phys. Rev. D 102, 083031 (2020).

[34] B. Dasgupta, R. Laha, and A. Ray, arXiv:2009.01825.

[35] M. Baryakhtar, J. Bramante, S. W. Li, T. Linden, and N. Raj,
Phys. Rev. Lett. 119, 131801 (2017).

[36] N. Raj, P. Tanedo, and H.-B. Yu, Phys. Rev. D 97, 043006
(2018).

[37] R. Garani, Y. Genolini, and T. Hambye, J. Cosmol.
Astropart. Phys. 05 (2019) 035.

[38] J.F. Acevedo, J. Bramante, R.K. Leane, and N. Raj,
J. Cosmol. Astropart. Phys. 03 (2020) 038.

[39] N.F. Bell, G. Busoni, and S. Robles, J. Cosmol. Astropart.
Phys. 09 (2018) 018.

[40] C.-S. Chen and Y.-H. Lin, J. High Energy Phys. 08 (2018)
069.

[41] D. A. Camargo, F. S. Queiroz, and R. Sturani, J. Cosmol.
Astropart. Phys. 09 (2019) 051.

[42] K. Hamaguchi, N. Nagata, and K. Yanagi, Phys. Lett. B 795,
484 (2019).

[43] N.F. Bell, G. Busoni, and S. Robles, J. Cosmol. Astropart.
Phys. 06 (2019) 054.

[44] R. Garani and J. Heeck, Phys. Rev. D 100, 035039 (2019).

[45] A. Joglekar, N. Raj, P. Tanedo, and H.-B. Yu, Phys. Lett. B
809, 135767 (2020).

[46] A.Joglekar, N. Raj, P. Tanedo, and H.-B. Yu, Phys. Rev. D
102, 123002 (2020).

[47] N.F. Bell, G. Busoni, S. Robles, and M. Virgato, J. Cosmol.
Astropart. Phys. 09 (2020) 028.

[48] S. Reddy, M. Prakash, and J. M. Lattimer, Phys. Rev. D 58,
013009 (1998).

[49] J.M. Cohen, W.D. Langer, L.C. Rosen, and A.G. W.
Cameron, Astrophys. Space Sci. 6, 228 (1970).

[50] A.Y. Potekhin, A. F. Fantina, N. Chamel, J. M. Pearson, and
S. Goriely, Astron. Astrophys. 560, A48 (2013).

[51] S. Goriely, N. Chamel, and J. M. Pearson, Phys. Rev. C 88,
024308 (2013).

[52] J. M. Pearson, N. Chamel, A. Y. Potekhin, A. F. Fantina, C.
Ducoin, A. K. Dutta, and S. Goriely, Mon. Not. R. Astron.
Soc. 481, 2994 (2018); 486, 768(E) (2019).

[53] J. Kumar and D. Marfatia, Phys. Rev. D 88, 014035
(2013).

[54] K. Yanagi, N. Nagata, and K. Hamaguchi, Mon. Not. R.
Astron. Soc. 492, 5508 (2020).

[55] S. Tremaine and J. E. Gunn, Phys. Rev. Lett. 42, 407 (1979).

[56] D.G. Yakovlev and C.J. Pethick, Annu. Rev. Astron.
Astrophys. 42, 169 (2004).

[57] D. Page, J. M. Lattimer, M. Prakash, and A.W. Steiner,
Astrophys. J. Suppl. 155, 623 (2004).

[58] C. Drischler, T. Kruger, K. Hebeler, and A. Schwenk, Phys.
Rev. C 95, 024302 (2017).

[59] M. G. Alford and A. Sedrakian, Phys. Rev. Lett. 119,
161104 (2017).

[60] M. G. Alford and A. Haber, arXiv:2009.05181.

043019-12


https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1016/j.physletb.2015.03.026
https://doi.org/10.1016/j.physletb.2015.03.026
https://doi.org/10.1103/PhysRevD.92.063007
https://doi.org/10.1103/PhysRevD.92.063007
https://doi.org/10.1103/PhysRevLett.115.141301
https://doi.org/10.1103/PhysRevD.94.063001
https://doi.org/10.1103/PhysRevD.94.063001
https://doi.org/10.1088/1674-1137/42/4/043105
https://doi.org/10.1016/j.physletb.2018.04.048
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevLett.121.221102
https://doi.org/10.1103/PhysRevLett.121.221102
https://doi.org/10.1103/PhysRevD.98.115027
https://doi.org/10.1103/PhysRevLett.121.061802
https://doi.org/10.1103/PhysRevLett.121.061802
https://doi.org/10.1103/PhysRevD.100.043020
https://doi.org/10.1103/PhysRevD.100.043020
https://doi.org/10.1103/PhysRevD.100.035008
https://doi.org/10.1103/PhysRevD.100.035008
https://doi.org/10.1088/1475-7516/2019/08/018
https://doi.org/10.1088/1475-7516/2019/08/018
https://doi.org/10.1088/1475-7516/2020/08/022
https://doi.org/10.1088/1475-7516/2020/08/022
https://doi.org/10.1088/1475-7516/2020/10/023
https://doi.org/10.1088/1475-7516/2020/10/023
https://doi.org/10.1103/PhysRevD.102.083004
https://doi.org/10.1103/PhysRevD.102.083004
https://doi.org/10.1103/PhysRevD.102.083031
https://arXiv.org/abs/2009.01825
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1088/1475-7516/2019/05/035
https://doi.org/10.1088/1475-7516/2019/05/035
https://doi.org/10.1088/1475-7516/2020/03/038
https://doi.org/10.1088/1475-7516/2018/09/018
https://doi.org/10.1088/1475-7516/2018/09/018
https://doi.org/10.1007/JHEP08(2018)069
https://doi.org/10.1007/JHEP08(2018)069
https://doi.org/10.1088/1475-7516/2019/09/051
https://doi.org/10.1088/1475-7516/2019/09/051
https://doi.org/10.1016/j.physletb.2019.06.060
https://doi.org/10.1016/j.physletb.2019.06.060
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1088/1475-7516/2019/06/054
https://doi.org/10.1103/PhysRevD.100.035039
https://doi.org/10.1016/j.physletb.2020.135767
https://doi.org/10.1016/j.physletb.2020.135767
https://doi.org/10.1103/PhysRevD.102.123002
https://doi.org/10.1103/PhysRevD.102.123002
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1103/PhysRevD.58.013009
https://doi.org/10.1103/PhysRevD.58.013009
https://doi.org/10.1007/BF00651224
https://doi.org/10.1051/0004-6361/201321697
https://doi.org/10.1103/PhysRevC.88.024308
https://doi.org/10.1103/PhysRevC.88.024308
https://doi.org/10.1093/mnras/stz800
https://doi.org/10.1103/PhysRevD.88.014035
https://doi.org/10.1103/PhysRevD.88.014035
https://doi.org/10.1093/mnras/staa076
https://doi.org/10.1093/mnras/staa076
https://doi.org/10.1103/PhysRevLett.42.407
https://doi.org/10.1146/annurev.astro.42.053102.134013
https://doi.org/10.1146/annurev.astro.42.053102.134013
https://doi.org/10.1086/424844
https://doi.org/10.1103/PhysRevC.95.024302
https://doi.org/10.1103/PhysRevC.95.024302
https://doi.org/10.1103/PhysRevLett.119.161104
https://doi.org/10.1103/PhysRevLett.119.161104
https://arXiv.org/abs/2009.05181

