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(Received 22 December 2022; accepted 6 April 2023; published 18 April 2023)

Observations of white dwarfs in dark matter-rich environments can provide strong limits on the strength
of dark matter interactions. Here we apply the recently improved formalism of the dark matter capture rate
in white dwarfs to a general model in which dark matter interacts with the white dwarf ion components via a
light scalar mediator. We compute the dark matter capture rate in the optically thin limit in a cold white
dwarf from the globular cluster Messier. We then estimate the threshold cross section, which significantly
varies as a function of the light scalar mediator mass mϕ in the range of 0.05mχ < mϕ < mχ and becomes
constant when mϕ > mχ . We also show that the bounds obtained from the dark matter capture in a white
dwarf from the globular cluster Messier 4 are complementary to direct detection experiments and
particularly strong in the sub-GeV regime.
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I. INTRODUCTION

The indirect evidence of the existence of dark matter
(DM) in the Universe is a major milestone in physics. This
elusive matter component may interact with Standard
Model (SM) particles in a weak but significant way. The
leading candidates are the weakly interacting massive
particles [1]. Typically in direct detection (DD) experi-
ments, the DM particles are expected to interact with
nucleons in the detector by exchanging a marginal momen-
tum. If the interaction mediator is a massive particle, then it
is possible to assume a DM-nucleon pointlike interaction.
On the other hand, when the interaction is mediated by a
light scalar particle, this assumption no longer holds. In this
case, the mediator mass is comparable or smaller to the
momentum transfer, and the effective field theory (EFT)
treatment breaks down [2–6].
A promising way to search for DM interactions is to

capture DM particles in the core of white dwarfs in
DM-rich environments [7–10]. In particular, white dwarfs
(WDs), due to their gravitational potential, are excellent
candidates to explore interactions of DM particles with
masses in the sub-GeV mass region [10]. The DM particles
will fall into the WD gravitational potential and interact

with the stellar matter while traversing the star. If the DM
loses enough energy after scattering off the stellar material,
then it will be captured and accumulated in the WD core.
The accreted DM within the WD core will thermalize
and eventually annihilate into SM particles. The capture,
thermalization, and annihilation process will inject energy
into the WD and increase its temperature. This extra
heating will eventually generate an observable that we
can use to set bounds on the interaction strength of the DM
particles [11,12].
In principle, the capture process of DM in WD cores

occurs via the scattering of DM with either electrons or
ions. In this work, we will apply the recently improved
capture rate formalism given in Ref. [10] to a minimal
model in which Dirac fermion DM interacts with the WD
ion components via a light scalar mediator ϕ [2,13–16].
Such particles are very well motivated since their existence
has important implications. For instance, light mediators
can lead to long-range attractive forces between DM
particles and eventually enhance the DM annihilation cross
sections at low temperatures via the mechanism of
Sommerfeld enhancement [17–22].
By computing the capture rate of DM in WDs from the

globular cluster Messier 4 (M4), we place limits on the
DM-proton interactions in the sub-GeV mass region. We
show that the bounds obtained by the DM capture are
complementary to those of DD experiments. We find that
observations of WDs in M4 can set limits in the sub-GeV
region of the DM mass for a wide range of the scalar
mediator mass. However, it is important to emphasize that
these bounds strongly depend on whether there is DM in
the globular cluster M4.
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The paper is organized as follows. In Sec. II we introduce
the DM-ion scattering cross section and specify the role of
the scalar light mediator. In Sec. III we briefly discuss the
capture rate in the optically thin limit and argue why this is
a good approximation in our parameters of interest. We
present and discuss our results in Sec. IV and conclude
in Sec. V.

II. DM-ION SCATTERING CROSS SECTION

DM particles are expected to have tiny interaction
strengths with ordinary matter in many models. For very
heavy mediators, the DM particle interactions with nucle-
ons can be described by effective operators, which are
parametrized by the mass scale Λ [23,24],

DN
i ¼ ci

Λ2
χ̄ΓiχN̄Γ0

iN; ð1Þ

where ci are theWilson coefficients, Γi are Lorentz-invariant
combinations of the Dirac matrices, and N ¼ p, n for
protons and neutrons, respectively. Here, we will consider
Yukawa interactions with the DM particle, which sets
Γi;Γ0

i ¼ 1. Therefore, the interaction corresponds to the
operator DN

1 ,

DN
1 ¼ c1

Λ2
χ̄χN̄N; ð2Þ

with

c1 ¼
ffiffiffi
2

p
mN

v

� X
q¼u;s;d

fNTq
þ 2

9
fNTG

�
; ð3Þ

where v ¼ 246 GeV is the electroweak vacuum expectation
value of the Higgs field,mN is the nucleon mass, and fTq

and
fTG

are the hadronic elements [25,26]. The expression in
Eq. (3) only holds for the particular case when the couplings
of the mediator with quarks are proportional to their masses
(Yukawa couplings). This situation is realized if the mediator
couples with the StandardModel sector only via mixing with
the Higgs boson; a more generic expression for different
types of interactions is given in, e.g., Eq. (C.6) in Ref. [23].
Due to the very low energies involved in DM-nucleon

scattering, such interaction shall be described at the nucleus
level by nonrelativistic operators DNR

i . This is obtained
by contracting the fermionic DM and nucleon bilinears.
For the bilinears in Eq. (2), the nonrelativistic expansion
corresponds to [27],

χ̄χN̄N ¼ 4mχmNDNR
1 ; ð4Þ

where mχ is the DM mass, and DNR
1 ¼ 1.

Here we will consider a light Dirac fermion DM
candidate coupling to the SM via a light scalar ϕ [3,14].
Since this mediator is light, the effective operator approach

is modified by the simple replacement Λ2 → ðq2 þm2
ϕÞ=

ðgχgSMÞ, where q is the transferred momentum in the
t-channel, mϕ is the light scalar mediator mass, and gχ;SM
are the couplings of the scalar to the DM and the SM
particles, respectively. Therefore, for the Yukawa interac-
tion, the DM-nucleon amplitude is given as

MN ¼ 4gχgSMc1
mχmN

q2 þm2
ϕ

: ð5Þ

From the EFT approach, we then notice that spin-
averaged squared amplitude for scattering off a target
nucleus T with mass mT is given by

jMT j2 ¼
m2

T

m2
N
hjMN j2FðERÞ2i; ð6Þ

and FðERÞ2 is the commonly used Helm form factor
[28,29], and ER ¼ q2=2mT is the recoil energy. Here we
have averaged over the energy; specifically, we adopt the
following form [30]:

hjMN j2FðERÞ2i ¼
Z

Emax
R

0

jMN j2
�
3j1ðqR1ÞÞ

qR1

�
2 e−q

2s2

Emax
R

dER;

ð7Þ

here j1 is the spherical Bessel function of the first kind,
R1 is the effective nuclear radius, and s is the nuclear skin
thickness, see Ref. [30]. Emax

R is the maximum recoil energy
found when the momentum transfer q is maximized,
Emax
R ¼ q2 max=2mT . The differential scattering cross sec-

tion in the nonrelativistic approximation is given by

dσ
d cos θ

¼ 1

32π

jMT j2
ðmχ þmTÞ2

: ð8Þ

In the center of mass (c.m.) frame, we express the
momentum transferred in terms of the c.m. angle θ [31],

q2 ¼ 4 sin2ðθ=2Þv2r
m2

χm2
T

ðmT þmχÞ2
; ð9Þ

where vr is the relative velocity between the DM and the
target.
Putting all of this together, the differential scattering

cross section for a Yukawa DM-ion interaction is given as

dσ
d cos θ

¼ c21g
2
χg2SMβ

2

2π

�
FðERÞ2

ð2mTER þm2
ϕÞ2

�
; ð10Þ

where β is the reduced mass of the system. Notice that if
in Eq. (10) we define α2 ¼ g2χg2SMc

2
1=ð8πÞ, then we can

recover the expression given in Ref. [12].
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III. DARK MATTER CAPTURE
IN WHITE DWARFS

The capture of DM in WDs is possible via the scattering
process with electrons and ions [10]. Since in the general
model studied here, DM interacts with the nucleon via a
scalar mediator [3,14], we will account only for the latter
process. Therefore, the capture rate of DM in WDs by ions
in the optically thin limit is given by [10]

C ¼ ρχ
mχ

Z
R⋆

0

dr4πr2
Z

∞

0

duχ
w
uχ

fMBðuχÞΩ−ðwÞ; ð11Þ

where R⋆ is the WD radius, ρχ is the DM density, uχ is
the DM velocity at infinity, and w is the DM velocity
after it falls close to the WD with w2 ¼ u2χ þ veðrÞ2. Note
that fMB is the Maxwell-Boltzmann DM distribution
function, which in the zero temperature limit T⋆ → 0 is
given by [10,31]

fMBðuχÞ ¼
uχ
vdv⋆

ffiffiffiffiffiffi
3

2π

r �
e
− 3

2v2
d

ðuχ−v⋆Þ2
− e

− 3

2v2
d

ðuχþv⋆Þ2
�
; ð12Þ

where v⋆ is the WD velocity in the globular cluster rest
frame, and vd is the velocity dispersion of the DM.
Finally, Ω−ðwÞ is the interaction rate probability given as

a function of the differential scattering cross section and the
ion number density. For ion targets in a WD in the zero
temperature limit, it is given by [31]

Ω−ðwÞ ¼ 4μ2þ
μw

nTðrÞ
Z

ve

wjμ− j
μþ

dvv
dσ

d cos θ
; ð13Þ

where μ ¼ mχ=mT , μ� ¼ ðμ� 1Þ=2. The capture process
happens when the DM velocity after scattering v is below
the escape velocity ve of the WD.
The case where all DM traversing the star is captured,

i.e., the geometric limit, occurs when Ω−ðwÞ → 1. In this
case, we can write the capture rate as [10]

Cgeom ¼ πR2⋆ρχ
3v⋆mχ

"
ð3v2eðR⋆Þ þ 3v2⋆ þ v2dÞerf

� ffiffiffi
3

2

r
v⋆
vd

�

þ
ffiffiffi
6

π

r
v⋆vde

−
3v2⋆
2v2

d

#
: ð14Þ

This limit is a very good approximation for DM cross
sections above a threshold cross section σth. The threshold
cross section is where the geometric and optically thin
limits intersect.1 However, the DM-ion cross sections we

will study are below this threshold, and it is safe to consider
the optically thin limit given in Eq. (11).
In Fig. 1, we show the threshold cross section for

two different DM masses mχ¼ 10 MeV (blue) and mχ¼
100 MeV (red). The threshold cross section varies accord-
ingly to the light mediator mass and the gχggSM parameter,
which is not shown in the plot. When the light mediator
mass is large (mϕ → ∞), the threshold cross section
becomes independent of mϕ, and we recover the EFT
operator approach. This situation is reached once the light
mediator mass reaches the DM mass, and hence it happens
first for the case of mχ¼ 10 MeV as shown in the blue line
in Fig. 1. On the other hand, if the light mediator mass is
too small (mϕ ≪ mχ), then the DM mass dominates in the
expression of Eq. (10), and hence the threshold cross
section becomes independent of the light mediator mass.
The mass interval at which the threshold cross section is
sensitive to the scalar mass is 0.05mχ < mϕ < mχ . The
shaded area indicates that all cross sections in this region
belong to the geometric limit, and DM is maximally
captured in the WD.
We must compute the capture rate for DM cross sections

below the threshold cross sections to obtain reliable bounds
on DM-proton interaction.

IV. RESULTS AND DISCUSSION

Hubble Space Telescope observations of cold WDs have
been used to determine the age of M4 [32,33]. This data
was later translated into luminosity and effective temper-
atures in Ref. [34], which allows us to deduce the WD radii
and their related masses assuming a mass-radius relation.
To compute the DM capture rate, we have used the coldest
WD observed in the globular cluster M4. We consider a

FIG. 1. Threshold cross section for mχ¼ 10 MeV (blue) and
mχ¼ 100 MeV (brown) as a function of the light mediator mass
mϕ. The shaded area in both cases indicates the interactions in
which the capture process operates maximally.

1For DM scattering cross sections of σ ∼ σth we shall introduce
the star opacity as discussed in Ref. [10].
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WD made entirely of carbon-12. Using the Salpeter
equation of state [35,36], coupled with the Tolman-
Oppenheimer-Volkoff equation, we model the inner struc-
ture of the coldest M4 WD corresponding to a WD with a
mass ofM⋆¼1.38M⊙ and a radius of R⋆ ¼ 8.7 × 1 02 km.
We obtain the radial profiles for the target number density
nTðrÞ and the WD escape velocity veðrÞ. It is worth noting
that the radius reported in this work slightly differs from
that reported in Ref. [10] where a different equation of state
was used [37,38]. However, the difference is only 1.4 times
the radius reported in this work.
If DM is present in M4, then the expected DM density is

very large when compared to the DM in the solar vicinity,
which enhances the capture rate. Using a Navarro-Frenk-
White profile to model the DM halo, the DM density in M4
is expected to be as large as ρχ ¼ 798 GeV cm−3 [34]. The
exact values of the star and DM dispersion velocities for
WDs in M4 are unknown. We assume the star velocity to be
v⋆¼ 20 km s−1, while the dispersion velocity is found to be
less than vd¼ 8 km s−1 [34].
This allows us to compute the capture rate in the

optically thin limit given in Eq. (11). Nonetheless, we
should not exceed the threshold cross section σth to
compute the DM-ion interaction limits using the capture
rate in the thin limit. Furthermore, for the DM mass range
studied here, the capture process is successful after a single
scattering [10].2

The DM capture and annihilation rates are already in
equilibrium in the oldest WDs [39]. This means that the
DM annihilation rate is equal to the capture rate C given in

Eq. (11). Hence, the heating luminosity observed at a
distance is estimated to be

Lχ ¼ mχC: ð15Þ

We compare theWD observed luminosity Lγ∼1031GeVs−1
to the fraction luminosity due to the DM in the WD core.
By requiring that the luminosity Lγ be larger than Lχ , we
constrain the DM-proton cross section.
In Fig. 2, we show the upper bounds for the DM-proton

cross section, induced by a light mediator, given by the M4
carbonWD (green line). To compute these bounds, we have
assumed that all the observed luminosity comes from the
DM effects, i.e., Lγ ¼ Lχ .
In the left panel, we show the DM-proton cross section

bounds for a light mediator of mass mϕ¼ 1 MeV, while in
the right panel, the mass is mϕ¼ 10 MeV. For comparison,
we also show the bounds from the latest results given by
LZ [40]. The areas shaded in green and red corresponds to the
excluded parameter space by the WD in M4 and LZ,
respectively.We observe that the limit given by LZ is stronger
than that provided by the M4 WD for the two possible
mediatormasses in theDMmass region abovea fewGeV.The
dashed grey line corresponds to the threshold cross section.
Additionally, we have checked that the couplings are

always perturbative in the region of interest. The product
gχgSM that fulfils Lγ ¼ Lχ remains small ðgχgSM ≲Oð1ÞÞ
as long as mϕ ≲mχ . In dashed-dotted lines, we have also
added the WD bounds that would be given in the EFT limit
of the DM-proton cross section. We observe that in both
cases, the limits given by WDs using this approach are
overestimated and become a good approximation when
mχ ≲mϕ. The EFT approach agrees with the one reported
in [11] in the low-mass regime, and there is a noticeable

FIG. 2. DM-proton interactions induced by scalar light mediator ϕ with a mass of mϕ¼ 1 MeV (left panel) and mϕ¼ 10 MeV (right
panel). The bounds shown in green have been computed assuming a DM density of ρχ ¼ 798 GeV cm−3 in the globular cluster M4 [34].
We show in red the latest constraints set by LUX-ZEPLIN (LZ) for comparison [40]. The dashed-dotted line represents the EFT limit
case of the DM-proton cross section.

2This is true for DM masses below a threshold DM mass,
which in the case of a WD ofM⋆ ¼ 1.38M⊙ the threshold mass is
mth ∼ 104 GeV [10].
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difference in the large-mass regime. This is due to a
different choice of WD in M4 with a mass of 0.4M⊙
and a radius of 9000 km. This difference was also found in
Ref. [10], which agrees with our results by a factor of ∼3 in
the low-mass regime and up to a factor of ∼9 in the large-
mass regime due to the choice of equation of state.
On the other hand, since the DM evaporationmass inWDs

is of the order of keV, it is possible to constrain the interactions
for sub-GeV DM [10]. This means that the bounds given by
the WD are valid as long as the DM mass is above this
evaporation mass. Otherwise, the evaporation process will
reduce the number of accumulated DM particles in the WD
core. Notice that choices of scalar masses below 1 MeV
require lower DM masses, and limits are no longer reliable.
Here, we have shown that if DM is present in the core of

M4, then it is clear that the bounds to DM interactions via a
scalar mediator provided by WDs are complementary to
direct detection experiments for a wide range of scalar
mediator masses. If the DM density is a few GeV=cm3 as
estimated in Ref. [41], instead of ≃102–103 GeV=cm3, then
the WD limits become several orders of magnitude weaker.
Finally, it is worth mentioning that such states are actively
searched in collider experiments, and constraints have been
given for scalar and pseudoscalar mediators above 10 GeV
[42,43]. However, searching at colliders might be compli-
cated for very light mediators since these are long-lived
particles that might decay outside the detectors.

V. CONCLUSION

In this work, we studied a general model for DM
interactions with nuclei induced by light mediators. We

have discussed the DM capture in WDs and have
computed the threshold cross section as a function of
the light mediator mass for two choices of DM mass.
The threshold cross section σth varies according to the
scalar light mediator mass and coupling when mϕ < mχ .
However, when the light mediator mass reaches the DM
mass, this dependence disappears, and the threshold cross
section becomes constant for all masses mϕ > mχ . We
also observed that when the DM mass is much larger than
the light mediator mχ ≫ mϕ, the DM mass dominates in
the threshold cross section expression, and hence it
becomes independent of the light mediator mass and
only varies accordingly to the DM mass. The threshold
cross section is sensitive to the scalar mass in the
interval 0.05mχ < mϕ < mχ .
Using WDs from the globular cluster M4, we set limits

on these interactions accounting for different light mediator
masses mϕ¼ 1 MeV and mϕ¼ 10 MeV. We found that if
DM is present in M4, then the bounds set by WDs on DM
interactions with the nucleus via the exchange of a scalar
light mediator are complementary to those given by direct
detection experiments. Specifically, we can constrain inter-
actions for DM masses in the sub-GeV regime for a wide
range of mϕ.
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