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We outline two important effects that are missing from most evaluations of the dark matter capture rate in
neutron stars. As dark matter scattering with nucleons in the star involves large momentum transfer,
nucleon structure must be taken into account via a momentum dependence of the hadronic form factors. In
addition, due to the high density of neutron star matter, we should account for nucleon interactions rather
than modeling the nucleons as an ideal Fermi gas. Properly incorporating these effects is found to suppress
the dark matter capture rate by up to 3 orders of magnitude for the heaviest stars.
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Introduction.—The scattering of cosmological dark mat-
ter (DM) particles with stars has long been used as a tool in
the quest to uncover the particle nature of DM. For a wide
range of DM masses, collisions between ambient DM and
the constituents of a star would result in sufficient energy
loss for the DM to become gravitationally bound to the star,
with important observational consequences. This provides
a sensitive probe of dark matter scattering cross sections in
a way that is highly complementary to terrestrial DM direct
detection experiments. While much attention has been
focused on capture in the Sun [1-6], capture in neutron
stars (NSs) [7-27] has a similar long history.

The figure of merit for DM capture in NSs is the cross
section for which the capture probability is of order 1.
Because of the enormous NS target mass and density, this
extreme condition is met when the DM-neutron scattering
cross section is ¢ ~ 107 c¢m?. This is comparable to the
sensitivity of DM-nucleon recoil experiments for those
interactions for which direct detection is most sensitive,
namely, unsuppressed spin-independent scattering of GeV
scale DM. It is orders of magnitude more sensitive for
high or low mass DM, spin-dependent interactions, or cross
sections that are either velocity or momentum suppressed.
In many cases, this translates to a reach well below the so-
called neutrino floor, beyond which neutrino scattering
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presents an irreducible background to direct detection
experiments.

In recent years, there has been renewed interest in DM
capture in NSs because of a number of key developments:
(i) the realization that DM capture, and subsequent anni-
hilation, may lead to appreciable NS heating within reach
of future telescopes in the near-infrared [15]; (ii) capture of
nonannihilating DM, such as asymmetric DM, may trigger
black hole formation [11,12,18,28-30]; (iii) improved
understanding of NSs through a variety of observational
data, including gravitational waves from NS mergers
[31-34]. However, up until recently, the treatment of
DM capture in NSs has largely been adapted from that
for capture in the Sun, without fully accounting for the
extreme physics of a NS environment.

Because of the great promise of NS techniques, it is
imperative to develop more accurate evaluations of the
capture rate. To that end, recent calculations have included
a fully relativistic scattering treatment [22-24,27], gravi-
tational focusing [24,27], Pauli blocking [18,22-24,27],
the opacity of the star [24], and multiple-scattering effects
[14,22-25,27]. In addition, one should properly incorporate
the NS internal structure by consistently calculating the
radial profiles of the equation of state (EOS) dependent
parameters [18,24,27] and the general relativistic correc-
tions [24,27], by solving the Tolman-Oppenheimer-Volkoff
(TOV) equations [35,36]. However, despite these improve-
ments, the current state-of-the-art calculations still miss
important physical effects.

In this Letter, we address two important features that
are intrinsic to the physics of neutron stars. In all prior
treatments, the nucleon form factors that relate DM-
nucleon couplings to the underlying DM-quark couplings
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have been evaluated at zero momentum transfer. While
this is a valid assumption for nonrelativistic scattering in
direct detection experiments, it iS a very poor approxima-
tion for the scattering of quasirelativistic DM in a NS.
Moreover, the nucleon targets are typically treated as a free
Fermi gas, neglecting the fact that there are strong many
body forces at play.

We incorporate these effects for the first time, through
(i) the use of momentum dependent form factors in the
scattering matrix elements and (ii) effective masses to
account for strongly interacting nucleons.

Capture of DM in neutron stars.—Neutron stars are
primarily composed of degenerate neutrons. The simplest
approach to calculate the DM capture rate, accounting for
Pauli blocking, NS internal structure, and general relativistic
(GR) corrections, is to assume that DM scatters off a Fermi
sea of neutrons, neglecting baryon interactions. Assuming
that a single collision is sufficient for a DM particle to
become gravitationally bound, the capture rate, C, is [24]

C= 4—””—”Erf<\f ) [Fe Lﬁ o (r)dr.

vom, 20,
(1)

o G(r) M(s,t)> E,
Q (r) —ﬁ/dtdEndsz—l
X lf(igzr)%fFD(Emr)[l_fFD(E;wr)]’

(2)

where r is the radial variable, Q~ is the interaction rate, B(r)
is the time component of the Schwarzchild metric, p,, is the
local DM density, v, is the NS velocity, v, is the DM
velocity dispersion, |[M|*> is the squared matrix element
parametrized in terms of the Mandelstam variables s and ¢,
E, and E] are the initial and final neutron energies
respectively, the Fermi Dirac distribution frp depends on
r through the neutron chemical potential and

1) = /(s —m —m2) —dnimz, (3)

£y = ) 4)

nfree(r)

where ng.. is the neutron number density in the ideal Fermi
gas approximation. The integration intervals for s, ¢, and E,,
are given in Ref. [24].

Evaluating Eqs. (1) and (2) requires the assumption of an
EOS to determine realistic radial profiles for the neutron
number density n,(r), chemical potential, and B(r), by
solving the general relativistic version of the equations of
hydrostatic equilibrium, the TOV equations. The ¢(r)

correction factor of Eq. (4) was first introduced in
Ref. [18] in order to retain the free Fermi gas approximation
while using an EOS that accounts for nucleon interactions.
Most earlier calculations in the literature neglect this effect
entirely, as they do not adopt an EOS and instead use
average quantities.

Nucleon interactions.—At the extremely high densities
found in neutron stars, particularly in the core, the ideal Fermi
gas approach is no longer a good approximation, since
nucleons undergo strong interactions. In equations of state
of nucleon-rich dense matter, these interactions are often
described in terms of effective Lagrangians such as Skyrme
forces [37,38] and relativistic mean field models [39,40].
In the presence of a Lorentz scalar mean field, baryons in
general, and nucleons in particular, develop an effective
mass, m®, different from the rest mass in vacuum, which
must be used to consistently express the energy spectrum of
interacting nucleons. Properly incorporating this effective
mass in the evaluation of the capture rate is a superior
approach to the use of the {(r) correction factor of Eq. (4).

To deal with the full range of NS masses, up to the
maximum observed, a relativistic treatment is necessary.
The constraints of f-equilibrium suggest that hyperons
will appear at the high densities associated with stars above
1.6 My. We use the EOS corresponding to the quark-
meson coupling (QMC) model [41], as presented in
Ref. [42]. This model first suggested that one could have
stars with masses of order 2 My, even when hyperons
appeared [43]. This is a consequence of the repulsive three-
body forces which arise naturally in that model [44]
because of the self-consistent adjustment of the internal
quark structure of the bound nucleons to the strong mean
scalar field generated in the dense medium. In this model
the energy of a neutron with momentum p,, is

En(pn) = p%l + {m;clff(nb”Z + Un(nb)’ (5)
where n; is the baryon number density and U, is the
Lorentz vector potential felt by the single neutron. Note that
the kinetic term contains the effect of the Lorentz scalar
interactions and the total energy resembles that of free
particles [45].

The calculation of the DM-nucleon interaction rate is then
similar to that for an ideal Fermi gas, but using m¢" instead
of the rest mass in Eq. (2) and accounting for the available
single neutron spectrum in the fgp distribution with the
kinetic part of Eq. (5). The interaction rate becomes

M(s.t.mi")]> E,

1
Q (r)==== [ dtdE,d
(r) 327/73/ " Ssz—[(mf,ff)z—mf]zml
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)
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(6)
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FIG. 1. Radial profile of the ratio of the neutron effective mass

to the mass of isolated neutrons for different NS configurations of
the QMC EOS, motivated by observations [46,47].

The DM-neutron scattering rate, and the kinematically
allowed phase space, now depend on the radius through
the neutron effective mass (which depends on the baryon
number density). In Fig. 1, we show radial profiles of m¢ft
for neutron stars of different masses with a QMC EOS.
Note that the effective masses decrease with increasing
density, towards the NS center, and with heavier NSs.

Nucleon form factors.—When the momentum transfer in
the DM-nucleon scattering process is sufficiently large,
nucleons cannot be treated as point particles. This impor-
tant observation has been overlooked in all existing NS
capture calculations. Given the large DM velocity induced
upon infall to the NS, it is necessary to account for the
momentum dependence of the nucleon couplings when
evaluating the scattering rates [48].

To characterize these scattering rates, without loss of
generality, we shall adopt an effective field theory (EFT)
framework to parametrize the coupling of DM to quarks
and gluons. For fermionic DM, the lowest order operators
arise at mass dimension 6 and have the form (yIy)(gl'g),
where I' represents the Lorentz structure of the operator.
For scalar (S) and pseudoscalar (P) interactions, the
operator coefficients are conventionally taken to scale as
Vol A?, where Yy, are the quark Yukawa couplings and A is
the cutoff scale of the effective theory. For vector (V), axial
(A) and tensor (T') interactions, the operator coefficients are
independent of the Yukawa couplings. The DM-quark
couplings induce nucleon level interactions with protons
and neutrons [49]. The latter are usually evaluated at zero
momentum transfer, a limit which is valid for direct
detection experiments. The squared effective neutron cou-
plings in this limit are

2t

Cﬁ(mrelff) = A2

n 2 n 2
[un.d,s‘fgwq) + §f;w(,> ’ (7)

. 2(meff)2 m 2
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where v = 246 GeV is the electroweak vacuum expect-
ation value, m= (1/m, + 1/my+1/my)~" and f(T';),

S =13 as /1 and A" are the hadronic matrix
elements, determined via experiment or lattice QCD
simulations.

In contrast to direct detection, in neutron stars the
transferred momentum could be of order 10 GeV, depend-
ing on the NS and DM masses [24], and hence the
momentum dependence of the nucleon couplings [50]
should be included. The squared neutron form factors read

cl

/o

ch(t) = 1€{S,P,V,A, T}, (10)

where we have introduced the dependence on the trans-
ferred momentum through the Mandelstam variable ¢, and
Q, is an energy scale that depends on the specific hadronic
form factor. For simplicity, we take Qy =1 GeV for all
operators, a conservative choice.

To illustrate the importance of correctly including this
effect, we show in Fig. 2 the normalized differential
interaction rate for the scalar operator, with (magenta)

my =1TeV, pp, =04 GeV

1-2_||||||||||||||||||||||||I||||
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FIG. 2. Normalized differential DM-neutron interaction

rate as a function of the DM energy loss g, for the scalar operator.
We show the interaction rate calculated using a constant neutron
coupling ¢$(0) (light blue line) and that accounting for the
neutron form factor dependence on the transferred momentum
(magenta line). We have set m,=1TeV, B=0.5, ur, =0.4GeV,
and Q) = 1 GeV.
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and without (light blue) accounting for the momentum
dependence. Here we set the neutron mass equal to the rest
mass. We see that the momentum dependence of Eq. (10)
suppresses the interaction rate when the energy transfer is
large, shifting the normalized spectrum towards lower
energy transfer.

Results.—In Fig. 3 we illustrate the impact of effective
masses, and momentum dependent couplings, on the DM
capture rate in NSs of mass 1.0 M, 1.5 My, and 1.9 M,
assuming the QMC EOS. Results are shown for three
representative choices of EFT operators, namely scalar,
pseudoscalar, and vector; the exact expressions for their
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FIG. 3. Capture rate in the optically thin limit for scalar (top), pseudoscalar (middle), and vector (bottom) operators as a function of the
DM mass m,, using the free Fermi gas approach with constant neutron couplings (dashed blue line) and momentum dependent

couplings (orange line), and the interacting neutron approach for constant nucleon couplings (dashed light blue line) and momentum
dependent couplings (magenta line), for NSs with a QCM EOS and M, =1 M, (left), M, = 1.5 M (middle) and M, = 1.9 M
(right). In the lower panels, we show the ratios of the capture rates with respect to that for the free Fermi gas calculation with constant
hadronic form factors.
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scattering amplitudes can be found in Table 2 of Ref. [24].
Results are shown for the free Fermi gas approximation
with neutron form factors at zero momentum transfer
(dashed dark blue) and momentum dependent form factors
(orange), and for the interacting neutron approach, char-
acterized by m¢, with (magenta) and without (dashed light
blue) momentum dependent form factors. From these
figures, we can conclude the following:

(1) The introduction of momentum-dependent form
factors does not affect the capture rate when the DM mass
is below ~0.2 GeV, since the transferred momentum is
small. (Compare orange line with dashed dark blue line, or
magenta line with dashed light blue line for any operator or
NS mass.)

(2) The momentum dependence of the couplings
strongly suppresses the interaction rate at large DM mass,
m, 2 1 GeV. In fact, the form factors act as an effective
cutoff on the kinematically available values of ¢ that are
important for capture, removing large-z contributions to the
interaction rate (see Fig. 2). By including this correction in
the free Fermi gas approximation, the capture rate is
lowered by more than 1 order of magnitude (pseudoscalar
operator) for the 1.5 My NS (middle column) and more
than 2 orders of magnitude for the heaviest NS considered
here (compare dashed dark blue with orange lines).

(3) For DM masses below ~0.2 GeV the capture rate is
scarcely affected by the interacting baryon approach in the
case of the pseudoscalar (second row) and vector (bottom
row) interactions. This low mass region corresponds to the
Pauli blocking regime, where DM capture preferentially
occurs close to the NS surface [24] where neutrons are not

strongly degenerate and m&™ ~ m,, (see Fig. 1). For a scalar

interaction (top panels), however, the use of met results in
an overall rescaling (light blue shaded region) because the
interaction rate scales with the neutron mass as m2>.

(4) Nucleon interactions significantly affect the capture
when m, Z m,. This is true for all EFT operators. For the
1.5 M NS, the capture rate is reduced by up to ~1 order of
magnitude (see the light blue or magenta shaded regions,
for constant or momentum dependent couplings, respec-
tively). This occur because the capture rate depends on the
DM-neutron reduced mass, which approaches the neutron
mass when m, > m,. Unlike the capture of light DM,
where Pauli blocking restricts the available neutron final

states, DM of mass m, 2 m, can be captured deep in the

star, where mS" < m, (see Fig. 1). Thus, a lower m,
induces a smaller reduced mass and hence a suppression of
the capture rate.

(5) The suppression of the capture rate due to the
momentum dependence of the form factors (dashed dark
blue line vs orange line) is larger than that due to neutron
interactions (dashed dark blue line vs dashed light blue
line). When both effects are included (magenta line) the
total reduction is lower than the product of the two

individual effects. The overall suppression is largest for

the pseudoscalar operator and large NS mass, where the
reduction reaches up to 3 orders of magnitude.

Finally, we estimate the uncertainties in our results:
(i) Based on the known values of the hadronic matrix
elements [51,52], a conservative choice that holds for all
operators is to take Oy~ 0.9 £0.1 GeV. Comparing the
capture rates for Qp = 0.9 GeV and Q) = 1 GeV, we find
that the smaller value of Q results in a larger suppression
in the capture rate by a factor of order 1.2—1.4, depending
on the operator. In this sense, our choice of Oy = 1 GeV is
conservative. (ii)) We have compared our results for the
QMC EOS with those for BSk24 [53-55] (a Skyrme type
EOS) and found little difference. For example, the absolute
difference in the capture rates are within 2%-10% for a
1.5 My NS, and within 10%-30% for a 1 Mg NS,
depending on the operator.

Conclusion.—The capture of dark matter in neutron stars
has the potential to provide a very sensitive probe of dark
matter interactions with ordinary matter. However, all
previous treatments of the DM capture rate have neglected
two important effects that are inherent to the physics of
neutron stars.

First, treating nucleon targets as an ideal Fermi gas is a
poor approximation when the capture occurs in the degen-
erate stellar interior, where strong interactions are expected
to take place. In the interacting nucleon framework, the
neutron mass is essentially replaced by an effective mass.
This radially dependent single neutron mass suppresses the
capture of DM in the mass range m, 2 m,. This effect is
stronger in denser NSs, where the neutron degeneracy is
higher.

Second, neutrons cannot be treated as pointlike par-
ticles when calculating the DM-nucleon scattering cross
section. Unlike dark matter direct detection experiments,
where the limit of zero momentum transfer is always
valid, dark matter scattering in a NS requires that the
momentum dependence of the nucleon form factors be
retained. This is necessary because the dark matter is
accelerated to quasirelativistic velocities upon infall to a
NS, due to the large gravitational field, resulting in
collisions with appreciable momentum transfer when
m,, 2 m,. The suppression of the capture rate is most
pronounced for heavier NSs, for which the gravitational
fields are stronger.

We have shown that the combination of these two effects
can suppress the dark matter capture rate by up to 3 orders
of magnitude, for DM-neutron scattering. We note that
these effects are also relevant for DM scattering from other
hadronic NS constituents, such as protons or hyperons. In
addition, these effects are expected to have an even greater
impact on the very heavy DM mass regime. This is because
the reduced energy transfer per collision (as illustrated in
Fig. 2) implies that multiscattering will be relevant for
lower DM mass, and that a larger number of collisions will
be required to achieve capture.
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