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Abstract

The study of dark matter (DM) captured inside stars has proved to be a viable indirect search strategy
complementary to other direct searches. However, in this context, only a fraction of the rich diversity of physics
found in different types of stars has been explored, with most studies addressing main-sequence stars and,
particularly, the Sun. In this work we focus instead on red clump stars, i.e., core helium-burning stars located in the
red end of the horizontal branch. These stars, in some cases with L;102 Le, can be observed throughout the
galaxy and thus can give us insight into the DM conditions found in situ. We consider thermally produced DM
particles in the mass range 4–10 GeV with spin-independent annihilation and scattering cross-sections that are
close to the observational upper limits from direct detection experiments. Our results show that the evacuation of
energy via DM interactions with baryons can cease convection in the central region of the star, which will have a
measurable impact on the asteroseismology of the star. This result is particularly interesting for densities that are
appropriate for stars within the central few parsecs of the Milky Way. We also explore the prospect of using these
effects to study the content of DM in the Milky Way core.

Key words: asteroseismology – dark matter – stars: horizontal-branch

1. Introduction

While the study of the impact of dark matter (DM) in stars
has proven to be particularly fruitful for the case of the Sun
(e.g., Lopes et al. 2002; Frandsen & Sarkar 2010; Taoso et al.
2010; Catena 2015; Vincent et al. 2015; Lopes & Lopes 2016),
studies have mostly focused on main-sequence solar-like stars
(Salati & Silk 1989; Fairbairn et al. 2008; Scott et al. 2009;
Casanellas & Lopes 2013), compact stars (Isern et al. 2008;
Kouvaris 2008; de Lavallaz & Fairbairn 2010), and brown
dwarfs (Zentner & Hearin 2011). In this work, we are interested
on the impact of DM on low-mass stars sitting in the red
extremity of the horizontal branch (HB), a zone usually referred
to as the red clump (RC) region in the Hertzprung–Russel
diagram, characterized by a convective helium-burning core
that provides a stable source of energy (for a detailed review on
RC stars, see Girardi 2016). We consider the general class of
weakly interacting massive particles (WIMPs), thermally
produced during the early universe with a thermally averaged
annihilation cross-section sá ñv defined by the relic abundance
(e.g., Jungman et al. 1996, and references therein). As is the
case in most experimental searches, we assume DM–baryon
interactions through an effective constant cross section σSD/SI,
which can have both spin-dependent (SD) and spin-indepen-
dent (SI) components.

Experimentally, searches for WIMP interactions have been
either fruitless or mutually incompatible (see Roszkowski et al.
2018, and references therein). While liquid xenon detectors
have placed strong limits on SI interactions for masses around
the electroweak symmetry-breaking scale (σSI<10−46 cm2 for
mχ∼100 GeV, where mχ is the DM particle mass), in the low-
mass region (mχ<10 GeV) constraints are typically weaker
due to the lack of coherence effects in interactions. Luckily,
this is also the parameter region for which a DM signature in an

RC star should be maximal due to its helium content
(mχ;mHe). In this region, the CDMSlite germanium detectors
place an upper limit of σSI<10−41 cm2 for
4 GeV<mχ<10 GeV. These results, however, are subject
to background contamination issues or uncertainties in the
high-velocity tail of the DM galactic velocity distribution.
Early works by Dearborn et al. (1990) and Renzini (1987)

explored the effects of WIMPs in HB stars; however, the
potential of actually using RC stars as an experimental tool to
probe DM has remained unexplored. One of the reasons why
these stars are such unique laboratories to probe DM
interactions is that their core is mainly composed of helium,
and thus the effect of interactions with helium and heavier
elements is larger than stars in the main sequence, which have
hydrogen-rich cores. From an observational point of view, RC
stars are also very relevant. Not only are they observable
throughout the Milky Way due to their brightness
(L∼102 Le), they are also expected to constitute approxi-
mately 30% of the nearby population of observed red giants
(Girardi 2016). Also, because they clump in a well-defined
region of the color–magnitude diagram, RC stars are frequently
used as accurate distance indicators to the galactic center
(Paczyński & Stanek 1998), which is the region where a
possible signature should be amplified due to the expected
large concentration of DM. In fact, recent estimations of the
DM density profile favor a DM density of
ρDM;103–106 GeV cm−3 within the inner parsec of the
Milky Way, which is orders of magnitude above the DM
density in the solar neighborhood, ρDM,e=0.4 GeV cm−3

(Hooper 2017). Recent asteroseismic surveys have also
allowed a more in-depth analysis of the interiors of RC stars.
Data from missions such as Kepler (Mosser et al. 2014) and
CoRoT (Hekker et al. 2009) have allowed the detection and
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identification of mixed-oscillation modes on thousands of RC
stars throughout the Milky Way, enabling a precise estimation
of asteroseismic parameters that are sensitive to the stellar
internal structure.

2. DM in Red Clump Stars

Particles from the DM halo can be gravitationally trapped
inside stars due to energy lost in the scattering process with
baryons in the stellar plasma. In the case of DM with non-
negligible annihilation cross sections, the capture process will
eventually be balanced by annihilation, and the number of DM
particles will reach an equilibrium defined by

= -c
c

dN

dt
C A N , 12 ( ) 

where Ce is the capture rate, and Ae is the annihilation cross
section times the relative DM velocity per unit volume. In fact,
evaporation, the inverse process of capture, should also be
accounted in Equation (1). There has been a long discussion
about the conditions for which evaporation is negligible in HB
stars (Spergel & Faulkner 1988; Gould 1990). In particular,
Gould (1990) has shown that, for a typical HB star with mass
0.8Me, the evaporation mass, i.e., the DM mass below which
evaporation is non-negligible, varies between mχ;4 GeV and
just below mχ=10 GeV. For this reason, we decided to
cover an array of DM masses ranging from cases where,
according to (Gould 1990), evaporation can be non-negligible
(mχ=4 GeV) to cases where it is completely negligible
(mχ=10 GeV).

Once trapped inside the star, DM particles will help the
transport of energy away from hotter regions by scattering with
the baryonic nuclei (Steigman et al. 1978; Spergel &
Press 1985). If energy transport by DM is efficient, transport
by convection in core helium-burning stars can be suppressed.
Moreover, because convection is also the mechanism respon-
sible for replenishing the burning region with helium from the
inert outer central layers, the abrupt ceasing of convection can
lead to an early end of the core-helium burning phase
(Dearborn et al. 1990).

To model the effects of DM in stars, we have developed an
extension to the widely used MESA stellar evolution code
(Paxton et al. 2011, 2013, 2015, 2018), which computes the
DM phenomenology, including capture, annihilation, and
energy transport at each step of the evolution of the star. In
our implementation, the energy transport by DM is treated as
an extra energy term, as described in Scott et al. (2009). The
extra energy term from DM interactions is computed and added
explicitly in the MESA differential equation solver at each age
step of the model. It is important to note that despite being
treated as a source term, there is no outflow of energy due to
transport by DM (in the approximation where evaporation is
negligible). This transport effect should not be confused with
energy production in DM annihilations (e.g., Casanellas &
Lopes 2011), which is not considered here.

3. Results

In this work we considered stars with M=1.0Me evolving
from the zero-age horizontal branch (ZAHB), which corre-
sponds to the stage after the helium flash, up to the beginning
of the asymptotic giant branch. We considered self-annihilating

DM with the canonical thermally averaged annihilation cross
section sá ñ = ´ - -v 3 10 cm s26 3 1 and a SI scattering cross
section, σχ,SI=10−39 cm2. As stated before, we consider DM
masses within the range 4 GeV<mχ<10 GeV. To evaluate
the impact of different DM conditions on RC stars, we studied
scenarios with different values of DM density. All models have
solar-like metallicity and initial helium mass fraction Y=0.28.
Convection is treated according to the standard mixing length
theory with αMLT=2.0 (Cox & Giuli 1968), and we also
consider overshoot as described by Herwig et al. (1997). It
should also be noted that in the conditions considered here, the
capture of DM particles will always be in equilibrium with self-
annihilation, i.e., dN/dt=0, and thus the number of DM
particles in the star will be independent of the previously
accumulated DM.
The effect that different DM density conditions can have on

the structure and composition of an RC star are shown in
Figure 1. As we can see, a star in an environment with higher
DM density will have a less massive (and smaller) convective
core, which is a direct consequence of the energy evacuation
capacity of a large population of DM particles. As expected, the
suppression of convection in the core will quench the helium in
the center of the star, prompting an early end of the HB phase.
This feature is evident in the total luminosity of the star, which
maximum will occur earlier for models with higher ρDM, fixing
a higher overall content of helium in the star at the end of the
HB, as can be seen in the lower panels of Figure 1.

3.1. Asteroseismic Diagram

Asteroseismology studies oscillations in the stellar medium
due to pressure and gravity restoration forces driven by the
activity inside the star (for an introduction to asteroseismology
see Aerts et al. 2010 or Basu & Chaplin 2017). In contrast to
the case of solar-like stars on the main sequence, which have
well-defined individual pressure and gravity modes (p- and
g-modes, respectively), non-radial modes in HB stars are mixed
due to the overlapping of the pressure and gravity mode

Figure 1. Mass of the convective core, total helium content, and total
luminosity of an HB star with M=1.0 Me for different densities of DM. We
considered a DM particle with mχ=4 GeV, spin-independent scattering cross
section σχ,SI=10−39 cm2 and annihilation cross section
sá ñ = ´ - -v 3 10 cm s26 3 1. The origin of the age axis corresponds to the
beginning of the ZAHB (after the helium flash).
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cavities (Aizenman et al. 1977). Because of this coupling,
mixed modes observed in HB stars allow us to extract
information about the stellar structure, not only in the outer
convective envelope, but also in the stellar central region. This
is because they have the properties of both pressure (envelope-
sensitive) and gravity (core-sensitive) modes.

Acoustic modes provide information on the outer envelope
of the star and are characterized by the separation between
adjacent modes with the same angular wavenumber, i.e.,
(Tassoul 1980)

ònD =
-

dr

c r
2 , 2

R

0

1⎛
⎝⎜

⎞
⎠⎟( )

( )

where c(r) is the sound speed profile and R is the radius of the
star. On the other hand, g-modes, which are more sensitive to
the stellar core, are characterized by their separation in period
(Tassoul 1980)
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where N is the Brunt–Väisälä frequency, and ℓ is the angular
degree.

Differently from Δν, the asymptotic g-mode period spacing
is computed only in between the turning points of the g-mode
cavity, r1, and r2, which means that ΔΠℓ is directly related to
the size of the convective core (Montalban et al. 2013). The
suppression of convection by DM will thus leave an imprint on
the period spacing, as shown in Figure 2, where the Δν–ΔΠ1

diagram, generally used to constrain the mass and age of giant
stars (Gai et al. 2017), is shown for different values of ρDM.
The g-mode period spacing will be smaller for stars within
environments with increasing DM density due to the smaller
size of their convective core. Moreover, if we look at Δν and
ΔΠ1 separately as a function of the radius of the star, we can
see that the large frequency separation behaves similarly
between models, while the period separation is different. This
behavior is expected, because g-modes are specially sensitive
to the central region of the star.

3.2. Probing the Galactic DM Profile

The results obtained in the last section show that energy
evacuation by DM can have an important effect on the g-mode

period spacing of an HB star by suppressing convection in its
core. As expected, the impact will be more pronounced for
lower mχ and higher ρDM, which can be easily seen in Figure 3,
where the relative deviation of the g-mode period spacing
is shown as a function of the DM density for
4 GeV<mχ<10 GeV. Considering that the DM density
within a galaxy can widely vary from the periphery to the
galactic center, the observation of discrepancies in the g-mode
period spacing of similar HB stars can be an effective way to
probe the DM content of the galaxy.
To understand how the signature of DM in ΔΠ1 of stars in

different positions of the Milky Way would compare with the
precision of current asteroseismology instruments, we mapped
the results shown in Figure 3 as a function of the distance to the
center of the galaxy. To do this, we assume that the DM density
in the Milky Way follows a generalized Navarro–Frenk–White
(NFW) profile (Dahle et al. 2003),

r
r

=
+

g g-r
1

, 4
r

r

r

r

gNFW
0

3

s s

⎡
⎣⎢

⎤
⎦⎥( ) ( )

( ) ( )

where rs is the scale radius, γ is the inner slope of the profile,
and ρ0 is a normalization factor. Figure 4 shows the impact of
DM on the g-mode period spacing as a function of the profile’s
inner slope γ within the range favored by recent estimations of
the DM density profile in the galactic bulge (Hooper 2017).

4. Discussion

In the previous section, we obtained the result that RC
stars embedded in large DM densities will have a smaller
convective core (approximately 30% smaller in mass for
ρDM=107 GeV cm−3 in comparison with the case where there
is no energy evacuation by DM), which will ultimately result in
the abrupt end of the HB phase due to a shortage in central
helium. This result, which is consistent with early studies on
HB stars (Dearborn et al. 1990; Salati et al. 1990), is now more
relevant than ever because it will have a direct impact on the
asteroseismology of the star measurable with current
telescopes.
We found that HB stars in regions largely populated by DM

particles will have a smaller g-mode period spacing for the

Figure 2. G-mode period spacing ΔΠ1 vs. p-mode large frequency separation
Δν for an HB star with M=1.0 Me from the ZAHB phase until the beginning
of the asymptotic giant branch evolved in different DM densities. The
considered DM particle has mχ=4 GeV, σχ,SI=10−39 cm2 and
sá ñ = ´ - -v 3 10 cm s26 3 1. The red dashed line flags the approximate region
where the HB phase ends.

Figure 3. Deviation of the g-mode period separation ΔΠ1 in HB stars with
M=1.0 Me for different mχ as a function of the local DM density (σχ,
SI=10−39 cm2 and sá ñ = ´ -v 3 10 cm26 3). The deviation δΔΠ1 is computed
with respect to a benchmark model obtained by fixing the input physics and
removing the effects of energy transport by DM. The white contours depict the
smallest (dashed) and largest (solid) relative errors in the measurement of ΔΠ1

in a set of 541 RC stars (Mosser et al. 2014) observed by the Kepler satellite.
The shadowed region hence represents the region where current experiments
would be sensitive to the DM impact.
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same large frequency separation Δν. This is illustrated in
Figure 3, where the relative variation of ΔΠ1 with respect to a
benchmark model without DM is shown in a mχ versus ρDM
plane. The contours represent the maximum and minimum
errors in the measurement of ΔΠ1 of a recent experimental
study comprising the analysis of 541 RC stars (Mosser et al.
2014) observed by the Kepler satellite, meaning that current
experiments should be sensitive to the effects of DM particles
within the figure’s shadowed region. Assuming a generalized
NFW profile, we mapped the results to the DM distribution in
the Milky Way and obtained the variation of the period spacing
as a function of rGC, the distance to the galactic center (see
Figure 4). Rather than focusing on a specific value for the
profile’s inner slope, the behavior of which is still not
completely understood, we considered the range
1.0<γ<1.5. As in Figure 3, contours represent an
approximation to the precision of current observatories; this
means that, for example, for mχ;4 GeV, the mixed
oscillation modes of RC stars in the inner parsec of the Milky
Way should exhibit a measurable signature. It has also been
argued that the presence of a supermassive black hole in the
center of the galaxy could create a steep spike in the DM
density for rGC<0.2 pc, with γ;2.0 corresponding to a core
density of approximately 109 GeV cm−3 (Gondolo &
Silk 1999), which is a few orders of magnitude above the
maximum value in Figure 4.

These results illustrate how, under the assumptions con-
sidered here (i.e., a DM particle with mχ=4 GeV,
σχ,SI=10−39 cm2, and sá ñ = ´ - -v 3 10 cm s26 3 1), the aster-
oseismology of RC stars can be used to probe the content of
DM in the Milky Way. The potential of these stars resides in
the fact that their life is dictated by a convective helium-rich
core highly sensitive to DM. For this reason, RC stars are more
sensitive to SI interactions than main-sequence stars, including
the Sun. In fact, we performed the same DM computations for a
1 solar mass star evolving from the pre-main sequence and
found that in the scenarios with ρDM=107 GeV cm−3, the
highest DM density considered in this work, the effects of DM
during the main sequence are negligible (below 0.1% in central

temperature and 0.5% in central density), and thus are not in
disagreement with the standard picture of stellar evolution (i.e.,
without energy evacuation by DM) in stages previous to
the HB.
There are, however, important sources of uncertainty

inherent to our analysis. Uncertainties in the velocity distribu-
tion of DM in the halo can have an impact in the determination
of the capture rate Ce (Choi et al. 2014). By considering that
the velocity of the RC stars in the galactic frame is similar to
the velocity of the Sun, we might be underestimating Ce, and
consequently, the effects on the g-mode large period separa-
tion. Also critical is the current uncertainty in the treatment of
convection transport in astrophysical contexts. As shown by
Constantino et al. (2015), different mixing schemes can yield
values for ΔΠ1 with variations up to approximately 30%. The
same authors showed that the average value of the modeled
g-mode large period separation is typically smaller than the
observed value. Given that DM tends to decrease ΔΠ1 (see
Figure 2), this discrepancy further increases the constraining
potential of our analysis. It is important to note that, despite
astrophysical uncertainties or systematic errors in the models
considered here, the observation of a correspondence between
the effects on ΔΠ1 and the distance to the galactic center (as
shown in Figure 4) would provide strong support for the large
concentration of DM in the central region of the Milky Way.

5. Conclusions

Stars in the RC have been extensively observed throughout
the Milky Way and are unique astrophysical objects whose
potential as a laboratory to study DM candidates has not yet
been explored. In this work, we studied the effects that DM can
have on the structure and evolution of these stars. We also
explored the prospect of using the asteroseismology of RC stars
to probe the DM content of the Milky Way. We found that
energy transport by DM particles inside the star during the HB
phase can help evacuate energy from the helium-burning
region, leading to the suppression of convection in the outer
layers of the core. This effect can have an impact on the
asteroseismology of RC stars in the inner 10 pc of the Milky
Way within the precision of the current experiments.
The indirect search strategy explored in this work should be

considered an important complementary strategy to other direct
searches (purposely built to detect DM) for multiple reasons. It
allows us to test extreme environments with unique local
conditions, such as the large population of DM particles near
the supermassive black hole. Qualitatively, the effects studied
here are relatively model independent because they are a direct
consequence of a non-zero interaction cross section between
DM and baryonic nuclei. Current (e.g., the Transiting
Exoplanet Survey Satellite; Ricker et al. 2014; and the second
phase of Kepler (K2); Stello et al. 2015) and future (e.g., the
PLAnetary Transits and Oscillations of stars; Rauer et al.
2014) asteroseismic surveys will be able to detect oscillation
modes on a larger population of RC stars across the Milky Way
with an unprecedented precision. Moreover, with the first
imaging near-infrared (IR) surveys (WFIRST; Spergel et al.
2015) and the onset of asteroseismology in the IR spectrum, we
will hopefully be able to observe and study RC stars in the
inner parsecs of the Milky Way (which are too contaminated in
the optical regime due to light from younger and more massive
stars).

Figure 4. Deviation of the g-mode period separation ΔΠ1 in a 1 solar mass HB
star as a function of the distance to the center of the galaxy. We assumed a
generalized NFW profile for different values of the inner slope 0.6<γ<1.4,
normalized to the local DM density ρe(rGC=8 kpc)=0.4 GeV cm3

(Hooper 2017) for a DM particle with σχ,SI=10−39 cm2 and
sá ñ = ´ -v 3 10 cm26 3. For the scale radius that we considered rs=10 kpc
(Fornasa & Green 2014).
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In the future, the identification of mixed-oscillation modes in
RC stars with high precision, along with precise measurement
of the star distances to the center of the galaxy, should allow us
to better understand the nature and conditions of DM in the
galactic center. It is also important to note that while here we
considered a model of DM with a non-zero annihilation cross
section, models such as asymmetric DM (where self-annihila-
tion is negligible) should have stronger effects on the
asteroseismology of RC stars, given that the population of
captured DM in that scenario is usually much larger than what
is considered here.
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