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Abstract

Compact stellar objects are promising cosmic laboratories to test the nature of dark mat-
ter (DM). DM captured by the strong gravitational field of these stellar remnants trans-
fers kinetic energy to the star during the collision. This can have various effects such
as anomalous heating of old compact stars. The proper calculation of the DM capture
rate is key to derive bounds on DM interactions in any scenario involving DM accretion
in a star. We improve former calculations, which rely on approximations, for both white
dwarfs (WDs) and neutron stars (NSs). We account for the stellar structure, gravita-
tional focusing, relativistic kinematics, Pauli blocking, realistic form factors, and strong
interactions (NSs). Considering DM capture by scattering off either ions or degenerate
electrons in WDs, we show that old WDs in DM-rich environments could probe the elusive
sub-GeV mass regime for both DM-nucleon and DM-electron scattering. In NSs, DM can
be captured via collisions with strongly interacting baryons or relativistic leptons. We
project the NS sensitivity to DM-nucleon and DM-lepton scattering cross sections which
greatly exceeds that of direct detection experiments, especially for low mass DM.

1 Introduction

Direct detection (DD) experiments lead the quest to unveil the particle nature of dark matter
(DM). In recent years, they have seen an impressive increase in sensitivity, especially to spin-
independent (SI) interactions. However, their reach is limited by the achievable mass of the
target material and the recoil energy threshold. In addition, DD experiments are less sensitive
to spin-dependent (SD) and DM-electron cross sections. It is then natural to look for alternative
systems in which DM interactions lead to observable consequences. In this sense, DM capture
in the Sun has long been used as an indirect detection technique. If DM couples to visible
matter, it will scatter with the Sun constituents. Provided that DM loses enough energy in the
collision, it becomes gravitationally bound to the star. Accreted DM can be detected via its
annihilation to neutrinos that escape the Sun [1–5].

Because of their high density that will result in more efficient DM capture, compact stars
were identified long ago as potential DM probes [6, 7]. It was recently pointed out that DM
capture could transfer enough kinetic energy to heat old, isolated neutron stars (NSs) in the
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solar neighbourhood to infrared temperatures [8]. In light of this, in a series of papers we
improved former calculations of the DM capture rate, which rely on simplifying assumptions,
in both white dwarfs (WDs) [9] and NSs [10–13]. We accounted for the stellar structure, grav-
itational focusing, a fully relativistic treatment of the scattering process, the star opacity, Pauli
blocking (for degenerate targets), nuclear (WDs) and nucleon (NSs) form factors, and strong
interactions (for baryonic targets in NSs). Using observations of old WDs in the globular clus-
ter Messier 4 (M4) [14], which we assumed to be formed in a DM subhalo, we derive bounds
on DM-nucleon and DM-electron scattering cross sections. For NSs, we provide sensitivity
projections to DM-nucleon and DM-lepton interactions, which surpass that of DD experiments
especially for light DM. This paper is structured as follows. In section 2, we briefly summarise
the internal structure of compact stars. In section 3, we outline the capture rate calculation in
both WDs and NSs. Our results are presented in section 4 and concluding remarks in section 5.

2 Compact Stars

The fate of a star is determined by its mass when it enters the main sequence. Main sequence
stars with masses below ∼ 8−10 M⊙ end up their life cycles as WDs. More massive stars have
a more spectacular end, a core-collapse supernova explosion that leaves behind a proto NS.

2.1 White Dwarfs

WD progenitors are low and intermediate mass stars, therefore WDs are the most abundant
stellar remnants. Moreover, WD physics is far more constrained than that of NSs. E.g., there
is much less uncertainty in their equation of state (EoS), and their luminosity-age relation is
better understood. WDs are supported against gravitational collapse by electron degeneracy
pressure. Most of them are composed mainly of carbon and oxygen. To solve the WD structure
equations, we coupled the relativistic Feynman-Metropolis-Teller EoS [15,16]with the Tolman-
Oppenheimer-Volkoff (TOV) equations [17,18] (hydrostatic equilibrium in general relativity),
and obtained the WD mass M⋆, radius R⋆, as well as radial profiles of the ion nT (r) and electron
ne(r) number densities, electron Fermi energy and escape velocity vesc(r) [9].

2.2 Neutron Stars

NSs are the most compact stars known in the Universe. Neutron degeneracy pressure supports
them against collapse. Despite recent breakthroughs in NS physics, their exact composition
remains still unknown and the EoS of neutron-rich matter an open problem in nuclear astro-
physics. NSs are mainly composed of degenerate neutrons, but inverse beta equilibrium allows
the presence of protons and electrons. Muons appear in the NS core when the electron chem-
ical potential reaches the muon mass. We model the NS interior and related microphysics by
assuming a relativistic EoS that satisfies current observational constraints and enables the pres-
ence of hyperons in the NS inner core, the quark-meson coupling (QMC) model [19,20], and
solving the TOV equations. Radial profiles of the relevant quantities can be found in ref. [13].

3 Capture of Dark Matter in Compact Stars

3.1 Capture by scattering off ions

First, we consider DM scattering off the ionic targets in WDs. Since ions are non-relativistic
and the WD gravitational potential is sufficiently weak so that Newtonian gravity holds, we
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use an approach similar to that of the Sun [21,22] to compute the capture rate [9]

C =
16πµ2

+ρχ

µmχ

∫ R⋆
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2

∫ ∞

0
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where µ = mχ/mT , µ± = (µ ± 1)/2, ρχ is the DM density, mχ the DM mass and mT the
target mass, respectively; η(r) is the optical factor that accounts for the star opacity, defined
in refs. [9, 10]; w2(r) = u2

χ + v2
esc(r) and v are the DM velocity before and after the collision,

respectively; q is the momentum transfer. We assumed a Maxwell Boltzmann distribution
fMB(uχ) for the DM velocity far away from the star uχ . Note that the differential DM-target
cross section is written in the basis of non-relativistic operators [23] and includes the nuclear
response function (form factors) as calculated in ref. [24] (see ref. [9] for further details).

3.2 Capture by scattering off a free Fermi gas of degenerate leptons

Degenerate leptons in both, white dwarfs and neutron stars, are relativistic and subject to Pauli
blocking. Therefore, Eq. 1 cannot be applied to this case. We re-derived this expression using
the TOV equations, the Schwarzschild metric and relativistic kinematics, and found [10]
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where fFD is the Fermi Dirac distribution, terms containing this function deal with Pauli sup-
pression of the target initial and final states, B(r) is the coefficient of the time part of the
Schwarzschild metric and encodes general relativity corrections (very relevant for NSs), |M |2,
is the squared matrix element, mi is the mass of the target i, s and t are the Mandelstam vari-
ables, Ei and E

′

i are the target initial and final energies, respectively. The integration range
for s, t and Ei can be found in refs. [9, 10]. ζ(r) = ni(r)/n f ree(r) is a correction factor that
accounts for the fact that we are using realistic number density ni(r) and Fermi energy profiles
while assuming a free Fermi gas. The expression for n f ree is given in ref. [10].

3.3 Capture by scattering off a Fermi sea of interacting baryons

At the extreme densities found in NSs, nucleons, and in general baryons undergo strong inter-
actions. Strong many body forces are described in terms of relativistic scalar and vector mean
fields in the QMC EoS. Under the former field, baryons develop an effective mass meff

i , which
decreases with increasing density. Thus, meff

i , where i denotes the specific baryon, is lower
than the rest mass in vacuum mi towards the NS centre, and can be as low as ∼ 0.5mi for
nucleons [12,13]. This entails that the ideal Fermi gas is not good approximation to calculate
the DM-baryon interaction rate Eq. 3. Properly incorporating the effect of strong interactions
in Eq. 3 implies not only replacing mi with meff

i , but also calculating the Fermi energy of a
single baryon as a function of its number density and meff

i , and thereby ζ(r) = 1 [12,13].
In addition, since DM is accelerated to quasi-relativistic speeds upon infall to a NS, the

momentum transfer in the DM-baryon scattering process is sufficiently large that baryon tar-
gets cannot be treated as point-like particles. We take this into account by incorporating the
momentum dependence of the hadronic matrix elements. Thus, the couplings of the baryon i
are ci(t) = ci(0)/(1− t/Q2

0), where Q0 ≃ 1GeV is a scale that depends on the specific interac-
tion and target, and ci(0) are the coefficients at zero momentum transfer which depend on the
hadronic matrix elements of the specific interaction and baryon as in DD [12,13]. Note that the
t-dependent baryon couplings are embedded in the squared matrix element |M(s, t, meff

i )|
2.
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Figure 1: Upper bounds (light blue band) on the DM-proton (left) and DM-electron (right)
scattering cross sections from WDs in the globular cluster M4, for the scalar and vector op-
erators, respectively; assuming the existence of DM in M4. The band width depicts the
uncertainty in ρχ in M4 [25]. The leading DD bounds, sensitivity projections from future
experiments, and the neutrino floor [26–41] are also shown.

4 Results

We consider fermionic DM that scatters off either electron or ion targets in WDs, these in-
teractions are described by the dimension-6 effective field theory (EFT) scattering opera-
tors [9]. We compute the capture rate for carbon WDs using Eq. 1 for ions and Eqs. 2 and
3 for electron targets, and the radial profiles obtained in section 2.1. Next, we derive limits
on the cutoff scale of these operators by comparing the DM contribution to the WD luminos-
ity due to capture and further annihilation with the observed luminosity of old WDs in the
globular cluster M4 [14]. The most constraining WD being the heaviest M⋆ = 1.38M⊙ and
faintest. Note that we have assumed the existence of DM in M4, which is yet to be proved, and
ρχ ≃ 531.5−798GeV cm−3 [25]. In Fig. 1, we recast these bounds in terms of the DM-proton
(left panel) and DM-electron (right panel) cross sections (light blue band) for the scalar and
vector operators, respectively. For DM-nucleon scattering, we find that WDs can probe the
sub-GeV mass range, with its reach limited by evaporation [9]. For DM-electron scattering,
the WD bound outperforms electron recoil experiments in the full mass range, with its low
mass endpoint limited by DM annihilation to neutrinos that escape the WD [9].

To project the NS sensitivity to DM-nucleon and DM-lepton scattering cross sections, we
calculate the capture rate in the optically thin limit, η(r) = 1, for the EFT operators, as outlined
in sections 3.2 and 3.3, and the radial profiles from section 2.2 for NSs of mass in the 1−1.9M⊙
range. To determine the maximum cross section that can be probed with NSs, the threshold
cross section σth, we equate C(mχ ,σiχ) with the expression for the geometric limit given in
refs. [42,43]. Note that for σiχ > σth, the capture rate saturates the geometric limit. In Fig. 2,
we showσth for the vector operator and leptonic targets (top panel), as well as nucleon targets
for the scalar (bottom left panel) and axialvector (bottom right panel) operators. The decrease
in sensitivity below mχ ∼ 0.2 GeV is due to Pauli blocking and that above mχ ≃ 4× 105 GeV
(nucleons) and mχ ∼ [1,2]×105 GeV (leptons) to the fact that multiple collisions are required
to capture heavy DM. As we can see, the NS sensitivity greatly surpasses that of DD in the whole
DM mass range considered for DM-neutron SD and DM-lepton interactions. The leading SI DD
bounds are more stringent in the ∼ 10− 104 GeV mass range, below which the NS sensitivity
outperforms present and future DD experiments.
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Figure 2: Top: NS sensitivity to DM-electron (light blue) and DM-muon (magenta) scattering
cross sections for the vector operator. Bottom: NS sensitivity to DM-neutron (green) and DM-
proton (light blue) interactions for the scalar (left panel) and axialvector (right panel) EFT
operators. The solid lines represent the threshold cross section for a 1.5 M⊙ NS with a QMC
EoS, and the shaded bands the variation in σth due to the EoS. We also show the leading DD
bounds, sensitivity projections from future experiments, as well as the neutrino floor [26–41].

5 Conclusion

The extreme conditions found in compact stars made them promising dark matter (DM) probes.
DM that accumulates and annihilates in the interior of old isolated white dwarfs (WDs), may
transfer enough energy to these stars that can prevent them from cooling, provided that they
are located in DM-rich environments. Thus, the null detection of anomalously warm old WDs
could constrain DM interactions with ordinary matter. In neutron stars (NSs), on the other
hand, due to their stronger gravitational field that accelerates DM to quasi-relativistic speeds,
only the energy transferred in the capture process would be enough to heat local NSs up to
infrared temperatures for maximal capture efficiency. We have shown that the NS sensitiv-
ity excels that of direct detection experiments for DM-nucleon spin-dependent and DM-lepton
scattering in the full DM mass range, and for the spin-independent scattering of sub-GeV DM.
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[20] T. Motta, A. Kalaitzis, S. Antić, P. Guichon, J. Stone and A. Thomas, Isovector Effects in
Neutron Stars, Radii and the GW170817 Constraint, Astrophys. J. 878(2), 159 (2019),
doi:10.3847/1538-4357/ab218e.

[21] A. Gould, Resonant Enhancements in WIMP Capture by the Earth, Astrophys. J. 321, 571
(1987), doi:10.1086/165653.

[22] A. Gould, Weakly interacting massive particle distribution in and evaporation from the sun,
Astrophys. J. 321, 560 (1987), doi:10.1086/165652.

[23] M. Cirelli, E. Del Nobile and P. Panci, Tools for model-independent bounds in direct dark
matter searches, JCAP 1310, 019 (2013), doi:10.1088/1475-7516/2013/10/019.

[24] R. Catena and B. Schwabe, Form factors for dark matter capture by the Sun in effective
theories, JCAP 04, 042 (2015), doi:10.1088/1475-7516/2015/04/042.

[25] M. McCullough and M. Fairbairn, Capture of Inelastic Dark Matter in White Dwarves,
Phys. Rev. D81, 083520 (2010), doi:10.1103/PhysRevD.81.083520.

[26] L. Barak et al., SENSEI: Direct-Detection Results on sub-GeV Dark Mat-
ter from a New Skipper-CCD, Phys. Rev. Lett. 125(17), 171802 (2020),
doi:10.1103/PhysRevLett.125.171802.

[27] R. Essig, T. Volansky and T.-T. Yu, New Constraints and Prospects for sub-GeV
Dark Matter Scattering off Electrons in Xenon, Phys. Rev. D96(4), 043017 (2017),
doi:10.1103/PhysRevD.96.043017.

[28] C. Cheng et al., Search for Light Dark Matter-Electron Scatterings in the PandaX-II Experi-
ment, Phys. Rev. Lett. 126(21), 211803 (2021), doi:10.1103/PhysRevLett.126.211803.

[29] E. Aprile et al., Light Dark Matter Search with Ionization Signals in XENON1T, Phys. Rev.
Lett. 123(25), 251801 (2019), doi:10.1103/PhysRevLett.123.251801.

[30] R. Agnese et al., Low-mass dark matter search with CDMSlite, Phys. Rev. D 97(2), 022002
(2018), doi:10.1103/PhysRevD.97.022002.

[31] P. Agnes et al., Low-Mass Dark Matter Search with the DarkSide-50 Experiment, Phys. Rev.
Lett. 121(8), 081307 (2018), doi:10.1103/PhysRevLett.121.081307.

7

https://doi.org/10.1103/PhysRevC.83.045805
https://doi.org/10.1103/PhysRevD.84.084007
https://doi.org/10.1103/PhysRev.55.364
https://doi.org/10.1103/PhysRev.55.374
https://doi.org/10.1016/j.ppnp.2018.01.008
https://doi.org/10.3847/1538-4357/ab218e
https://doi.org/10.1086/165653
https://doi.org/10.1086/165652
https://doi.org/10.1088/1475-7516/2013/10/019
https://doi.org/10.1088/1475-7516/2015/04/042
https://doi.org/10.1103/PhysRevD.81.083520
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevD.96.043017
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevD.97.022002
https://doi.org/10.1103/PhysRevLett.121.081307


SciPost Physics Submission

[32] E. Aprile et al., Constraining the spin-dependent WIMP-nucleon cross
sections with XENON1T, Phys. Rev. Lett. 122(14), 141301 (2019),
doi:10.1103/PhysRevLett.122.141301.

[33] E. Aprile et al., Search for Light Dark Matter Interactions Enhanced by the Migdal
Effect or Bremsstrahlung in XENON1T, Phys. Rev. Lett. 123(24), 241803 (2019),
doi:10.1103/PhysRevLett.123.241803.

[34] E. Aprile et al., Search for Coherent Elastic Scattering of Solar 8B Neutrinos in
the XENON1T Dark Matter Experiment, Phys. Rev. Lett. 126, 091301 (2021),
doi:10.1103/PhysRevLett.126.091301.

[35] C. Fu et al., Spin-Dependent Weakly-Interacting-Massive-Particle–Nucleon Cross Section
Limits from First Data of PandaX-II Experiment, Phys. Rev. Lett. 118(7), 071301 (2017),
doi:10.1103/PhysRevLett.118.071301, [Erratum: Phys.Rev.Lett. 120, 049902 (2018)].

[36] Y. Meng et al., Dark Matter Search Results from the PandaX-4T Commissioning Run, Phys.
Rev. Lett. 127(26), 261802 (2021), doi:10.1103/PhysRevLett.127.261802.

[37] J. Aalbers et al., First Dark Matter Search Results from the LUX-ZEPLIN (LZ) Experiment
(2022), http://arxiv.org/abs/2207.03764.

[38] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto, T. Volansky and T.-T. Yu, Direct
Detection of sub-GeV Dark Matter with Semiconductor Targets, JHEP 05, 046 (2016),
doi:10.1007/JHEP05(2016)046.

[39] R. Agnese et al., Projected Sensitivity of the SuperCDMS SNOLAB experiment, Phys. Rev.
D 95(8), 082002 (2017), doi:10.1103/PhysRevD.95.082002.

[40] F. Ruppin, J. Billard, E. Figueroa-Feliciano and L. Strigari, Complementarity of dark mat-
ter detectors in light of the neutrino background, Phys. Rev. D 90(8), 083510 (2014),
doi:10.1103/PhysRevD.90.083510.

[41] R. Essig, M. Sholapurkar and T.-T. Yu, Solar Neutrinos as a Signal and Background in
Direct-Detection Experiments Searching for Sub-GeV Dark Matter With Electron Recoils,
Phys. Rev. D97(9), 095029 (2018), doi:10.1103/PhysRevD.97.095029.

[42] N. F. Bell, G. Busoni and S. Robles, Heating up Neutron Stars with Inelastic Dark Matter,
JCAP 09, 018 (2018), doi:10.1088/1475-7516/2018/09/018, http://arxiv.org/abs/
1807.02840.

[43] N. F. Bell, G. Busoni and S. Robles, Capture of Leptophilic Dark Matter in Neutron Stars,
JCAP 06, 054 (2019), doi:10.1088/1475-7516/2019/06/054, http://arxiv.org/abs/
1904.09803.

8

https://doi.org/10.1103/PhysRevLett.122.141301
https://doi.org/10.1103/PhysRevLett.123.241803
https://doi.org/10.1103/PhysRevLett.126.091301
https://doi.org/10.1103/PhysRevLett.118.071301
https://doi.org/10.1103/PhysRevLett.127.261802
http://arxiv.org/abs/2207.03764
https://doi.org/10.1007/JHEP05(2016)046
https://doi.org/10.1103/PhysRevD.95.082002
https://doi.org/10.1103/PhysRevD.90.083510
https://doi.org/10.1103/PhysRevD.97.095029
https://doi.org/10.1088/1475-7516/2018/09/018
http://arxiv.org/abs/1807.02840
http://arxiv.org/abs/1807.02840
https://doi.org/10.1088/1475-7516/2019/06/054
http://arxiv.org/abs/1904.09803
http://arxiv.org/abs/1904.09803

	Introduction
	Compact Stars
	White Dwarfs
	Neutron Stars

	Capture of Dark Matter in Compact Stars
	Capture by scattering off ions
	Capture by scattering off a free Fermi gas of degenerate leptons
	Capture by scattering off a Fermi sea of interacting baryons

	Results
	Conclusion
	References

