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ABSTRACT
In order to characterize how dark matter (DM) annihilation inside stars changes the aspect of a stellar cluster, we
computed the evolution until the ignition of the He burning of stars from 0.7 M to 3.5 M within halos of DM
with different characteristics. We found that, when a cluster is surrounded by a dense DM halo, the positions of
the cluster’ stars in the H-R diagram have a brighter and hotter turnoff point than in the classical scenario without
DM, therefore giving the cluster a younger appearance. The high DM densities required to produce these effects
are expected only in very specific locations, such as near the center of our Galaxy. In particular, if DM is formed
by the 8 GeV weakly interacting massive particles recently invoked to reconcile the results from direct detection
experiments, then this signature is predicted for halos of DM with a density ρχ = 3 × 105 GeV cm−3 . A DM
density gradient inside the stellar cluster would result in a broader main sequence, turnoff, and red giant branch
regions. Moreover, we found that for very high DM halo densities the bottom of the isochrones in the H-R diagram
rises to higher luminosities, leading to a characteristic signature on the stellar cluster. We argue that this signature
could be used to indirectly probe the presence of DM particles in the location of a cluster.
Key words: dark matter – Hertzsprung-Russell and C-M diagrams – galaxies: star clusters: general – Galaxy:
center – stars: fundamental parameters
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when compared with a classical cluster without DM. The high
DM densities required to produce measurable effects on the
cluster restrict our study to the nuclear star clusters, present
in the centers of galaxies, where the highest DM densities are
expected. Our description of the cluster isochrones provides
an indirect way to probe the presence of DM particles in the
location of the cluster, as the signatures we describe here are
difficult to attribute to other processes.
This Letter is organized as follows: the physics beyond
the stellar models and the capture and annihilation of DM
particles is briefly described in Section 2; the effects of DM
on stellar evolution are characterized in Section 3; in Section 4,
the properties of a cluster embedded in a dense DM halo are
compared with those of a classical cluster; finally, we conclude
in Section 5 with a brief discussion of our results.

1. INTRODUCTION
An unambiguous discovery of the particle nature of dark
matter (DM) would have to come simultaneously from a variety
of experiments and observations (Bertone 2010). Positive results
from direct detection experiments (Cerdeño & Green 2010; Pato
et al. 2011) and the hypothetical evidence of the existence
of new particles from colliders (Bertone et al. 2010) must be
complemented by indirect methods, such as the detection of
DM annihilation products (Trotta et al. 2009; Scott et al. 2010;
Bernal & Palomares-Ruiz 2010) or the observation of a peculiar
signature in the solar neutrinos attributed to the effect of captured
DM particles (Taoso et al. 2010; Lopes & Silk 2010a).
In recent years many works studied the effects of weakly
interacting massive particle (WIMP) DM on stellar evolution
(Spolyar et al. 2008; Bertone & Fairbairn 2008; Iocco 2008;
Yoon et al. 2008; Taoso et al. 2008; Ripamonti et al. 2010;
Gondolo et al. 2010; Sivertsson & Gondolo 2010; de Lavallaz
& Fairbairn 2010; Zackrisson et al. 2010; Kouvaris & Tinyakov
2011; Yuan et al. 2011) as a promising complementary way
to investigate the nature of DM. Remarkably, it has also been
argued that the seismological analysis of the stellar oscillations
could be used to detect the signature of captured DM particles
in the Sun (Cumberbatch et al. 2010; Lopes & Silk 2010b)
and in other Sun-like stars in environments with very high DM
densities (Casanellas & Lopes 2011). All of these studies require
DM particles to interact with a non-zero nuclear scattering cross
section.
In this work we are interested in the global behavior of a large
group of stars instead of being concerned with the influence of
DM on a single star, whose observation would require a higher
precision. We address the question of how a dense halo of DM
particles changes the properties of an embedded cluster of stars.
As we will show, the annihilation of captured DM particles
inside the stars leaves strong signatures in the stellar cluster

2. STELLAR AND DARK MATTER PHYSICS
To compute our stellar models we used the stellar evolution
code CESAM (Morel 1997). This code has an up-to-date and
very refined microscopic physics tested against helioseismic
data (Turck-Chieze & Lopes 1993; Turck-Chièze et al. 2010).
Our stellar models were evolved from the zero-age main
sequence (ZAMS; although some of them were also evolved
from the pre-main sequence phase to check that both approaches
led to similar results), at constant mass, with a metallicity
Z = 0.019 and an initial helium mass fraction Y = 0.273
similar to the solar ones. The initial abundance of the other
elements was set equal to the solar composition. The mixinglength parameter was set by calibrating a solar model with
an accuracy of 10−5 on the solar radius and luminosity. The
performance of our code in the range of masses (0.7–3.5 M )
and evolutionary stages studied in this work was successfully
tested by comparing our computed isochrones with those of
Girardi et al. (2000).
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The stars computed in this work are embedded in a dense
halo of DM. To account for the impact of the DM particles
on the stars, we considered that some of the DM particles
that populate the halo are gravitationally captured by the stars
and accumulate in their interior. The number of captured DM
particles was computed using the integral expression of Gould
(1987), as implemented in Gondolo et al. (2004). Note that,
for the capture process to be efficient, the DM particles are
assumed to have a non-negligible scattering cross section with
baryons σχ , which we chose to be smaller than the present limits
from direct detection experiments: σχ,SI = 10−44 cm2 (Ahmed
et al. 2010) and σχ,SD = 10−38 cm2 (Behnke et al. 2011) for
a WIMP with a mass of 100 GeV. For these values of σχ , the
spin-dependent (SD) interactions with hydrogen atoms always
dominate over the spin-independent (SI) ones with other stellar
isotopes.
In the capture rate (Cχ ) calculation we assumed a stellar
velocity v = 220 km s−1 and a Maxwellian DM velocity
distribution with a dispersion v¯χ = 270 km s−1 . These values
apply for the solar case, but are certainly inaccurate for a nuclear
cluster. For instance, stars with velocities as high as 400 km s−1
are observed near the Galactic center (GC; Lu et al. 2009). In
this case the capture rate would be reduced by a factor of six (for
a more thorough analysis of how Cχ varies for different stellar
and DM characteristics see Lopes et al. 2011). At the same
time, it is complex to model the DM velocity distribution in the
GC, as the motion of the DM particles is strongly influenced
by the gravitational potential of the stars and the central black
hole. Interestingly, Scott et al. (2009) tested other DM velocity
distributions with the aim of grasping the possible variations on
Cχ . When a non-Gaussian distribution (designed to fit an N-body
simulation of a Milky Way size DM halo) was implemented, the
capture rate was boosted by a factor of 3–5. On the other hand,
the same authors found that the truncation of the isothermal
distribution at the local escape velocity reduces Cχ by a factor
of two. The same order of uncertainty on Cχ is expected in the
cases presented in the present work.
After some scatterings, the DM particles sink to the core of
the star and rapidly thermalize with stellar matter. The number
of DM particles in the stellar core increases until their selfannihilation rate balances the capture rate. This equilibrium is
reached in a timescale below 104 yr for all cases studied here.
Thus, the annihilation of DM particles provides a new source
of energy which contributes to the total luminosity of the star
according to (Salati & Silk 1989)
Lχ = fχ mχ Cχ ,
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Figure 1. Tracks on the H-R diagram of stars of 1 M that evolved in halos with
different DM densities. The blue point indicates a stationary state reached by
a star only powered by DM burning. We considered DM particles with a mass
mχ = 100 GeV and a spin-dependent scattering cross section with protons
σχ ,SD = 10−38 cm2 .
(A color version of this figure is available in the online journal.)

sources. This fact leads to three main consequences that will
influence the characteristics of the whole cluster.
1. Slowing of the evolutionary speed. The central temperature
of stars that evolve within dense DM halos is lower than that
of classical stars due to their negative heat capacity. Another
simple way to understand this is to imagine a forming star
in the pre-main sequence. The cloud of gas that forms the
proto-star shrinks, increasing its central temperature until
the gravitational collapse is balanced by the thermonuclear
reactions; if another source of energy helps to compensate
gravity, the hydrostatic equilibrium is reached earlier, when
the central temperature is lower. Therefore, stars within
dense DM halos burn hydrogen at a lower rate, slowing
down their evolution through later phases. For example, a
star of 1 M will spend more than 20 Gyr in the main
sequence (MS) if it evolves in a DM halo of density
ρχ = 2 × 109 GeV cm−3 (assuming σχ,SD = 10−38 cm2 ,
although other values of ρχ and σχ,SD can be considered,
leading to the same effects as long as the product ρχ σχ
is kept constant). This is a significant difference from the
classical picture, in which a star as the Sun is expected to
exhaust its hydrogen core in less than 10 Gyr. As shown in
earlier works (Salati & Silk 1989), the more massive the star
is, the less it is affected by WIMP annihilation. Considering
the same DM halo of the previous example, a star of 3 M
will not be affected.
2. Different paths on the H-R diagram. Since DM burning
accounts for at least one-third of the total energy, the
balance will be reached with a larger radius and a lower
effective temperature than in the classical picture (Fairbairn
et al. 2008). Therefore, stars that evolve in dense DM
halos follow slightly different paths in the H-R diagram.
We found that, in addition to the different paths followed
during the MS, which was already reported in previous
works (Casanellas & Lopes 2009), stars follow brighter
tracks during the red giant branch (RGB). This feature is
illustrated in Figure 1. Even if the difference in the paths is
remarkable, its effect on the cluster is small compared with
the slowing of the evolutionary speed.
3. Stationary states. For extremely high DM densities, stars
are powered only by the energy from DM annihilation.

(1)

where mχ is the mass of the DM particles and fχ = 2/3 to
take into account that one-third of the energy may escape the
star in the form of neutrinos (Iocco et al. 2008). This energy is
injected to the stellar models following the thermal distribution
of the DM particles, the characteristic radius of which is below
2% and 7% of the stellar radius for mχ = 100 GeV and 8 GeV,
respectively. The total input of energy from DM annihilation,
and thus also its impact on stellar evolution, will depend mainly
on the product ρχ σχ .
3. STELLAR EVOLUTION WITHIN DENSE DM HALOS
The hydrostatic equilibrium (the balance between pressure
and gravity) achieved by a star within a dense DM halo differs
from the one reached in the classical picture due to the new
source of energy added to the classical thermonuclear energy
2
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Figure 3. Isochrones for a cluster of stars with masses between 0.7 M and
3.5 M that evolved in a halo of DM with a density ρχ = 1010 GeV cm−3
(continuous lines) and for the same cluster in the classical scenario without DM
(dashed lines). The post-MS segment of the 10 Gyr isochrone is a conservative
estimation (a lower limit on luminosity) of the true isochrone. We considered
DM particles with a mass mχ = 100 GeV and a spin-dependent scattering cross
section with protons σχ ,SD = 10−38 cm2 .
(A color version of this figure is available in the online journal.)

Figure 2. Isochrones for a cluster of stars with masses between 0.7 M and
3.5 M that evolved in a halo of DM with a density ρχ = 109 GeV cm−3
(continuous lines) and for the same cluster in the classical scenario without DM
(dashed lines). We considered DM particles with a mass mχ = 100 GeV and a
spin-dependent scattering cross section with protons σχ ,SD = 10−38 cm2 .
(A color version of this figure is available in the online journal.)

Whether the star was formed in this environment or arrived
there a posteriori, it will reach a state of equilibrium in the
Hyashi track, far from the MS where most stars are found
(Casanellas & Lopes 2009). In this case the star is fully
convective and remains in the same position in the H-R
diagram as long as there are DM particles to be captured in
the halo (an illustrative example is shown in Figure 1).

younger, with a brighter and hotter turnoff point and a brighter
RGB. In this case the turnoff and RGB are populated by more
massive stars than in the classical scenario, because they took
longer to burn out their hydrogen core and to leave the MS. It is
almost impossible to distinguish both clusters at ages 500 Myr.
When even higher DM densities are considered (or, equivalently, larger WIMP-on-nucleon scattering cross sections), the
characteristics of the cluster change dramatically. In addition to
the previously described effect (which will now be visible for
younger clusters, because at higher DM densities more massive
stars will be affected), another strong signature of the presence
of DM in the halo arises when looking at the position of stars
with lower masses. These stars, which are mostly fueled by the
energy from DM annihilation, go back in the Hyashi track and
reach positions in the H-R diagram that were normally occupied
only by forming stars in their way to the MS. Consequently, the
bottom of the isochrones, corresponding to the lower mass stars,
rises to higher luminosities, giving the cluster a very characteristic appearance. This peculiar signature is a strong indication
of the presence of high concentrations of DM in a stellar cluster.
This strong signature is illustrated in Figure 3, where the
isochrones of a stellar cluster surrounded by a halo of DM
with a density ρχ = 1010 GeV cm−3 are plotted. The main
characteristic signature of the presence of DM is the fact that
the bottom of all isochrones is more than three times brighter
than the classical isochrones. In addition, the effect of a brighter
and hotter turnoff point is now more pronounced and appreciable
in clusters as young as 250 Myr.
We have also considered the hypothetical scenario in which
DM is formed by the low-mass WIMPs invoked to reconcile
the results of DAMA with the negative results of other direct
detection experiments (Savage et al. 2009). As shown in

4. GLOBAL STRUCTURE OF A STELLAR CLUSTER
WITHIN A DENSE DM HALO
It is naturally expected then, that stellar clusters are affected
by DM halos, since their basic constituents, namely stars, are
themselves affected. The main reason is the fact that stars with
lower masses evolve slower in dense DM halos. This effect is
not noticeable for young clusters since in these clusters lowmass stars are still in the MS and the more massive ones, which
are evolving through the RGB, are not affected by the presence
of DM. However, in old clusters the RGB may be populated by
stars that evolved slower, consequently making the cluster look
younger than its real age. Moreover, the fact that low-mass stars
within dense DM halos follow brighter paths in the RGB than
classical stars contributes to amplify this effect.
In order to distinctly illustrate the younger appearance of
a cluster when embedded in a dense DM halo, we computed
the isochrones (the track drawn by the positions in the H-R
diagram of all stars with different masses at a given age) of stellar
clusters in different situations. Figure 2 shows the isochrones we
obtained for a cluster evolving in a halo of DM with a density
ρχ = 109 GeV cm−3 (continuous lines) together with those
obtained without the influence of DM (dashed lines). When
the isochrones of 1000 Myr in both situations are compared,
we see that indeed the cluster within a dense DM halo looks
3
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Table 1
Isochrones of a Stellar Cluster Embedded in Halos of DM Particles with
Different DM Densities

0.6
10 Gyr isochrones

ρχ (GeV cm−3 )

Age (Myr)

M(M )

log(Teff / K)

0

25

0.75000

109

25

0.75000

1010

25

0.80000

3.67148
···
3.65940
···
3.60171
···

log ( L / L

)

0.5

0.4

0.3

0.2
3.78

3.74

3.72

3.7

−0.73140
−0.77514
−0.72426

Note. The DM particles are assumed to have a mass of 100 GeV and a spindependent scattering cross section with protons σχ ,SD = 10−38 cm2 .

ρχ = 106 GeV cm−3
ρχ = 3 · 105 GeV cm−3
ρχ = 0 GeV cm−3
3.76

log(L / L )

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

3.68

log ( Tef f / K )

DM particles, that may change the rate at which stars capture
DM particles and therefore change the overall influence of DM
on a cluster. Although our results do not explain the depletion
of giants observed in the nuclear central cluster of the Milky
Way (Do et al. 2009; Buchholz et al. 2009; Bartko et al. 2010),
they show that the influence of DM on stellar evolution must be
taken into account when studying nuclear clusters.
A DM halo density gradient inside the stellar cluster would
result in a broader MS, turnoff, and RGB regions. This effect
is usually attributed to photometric errors, variable reddening
(Carraro et al. 2002), extended star formation (Twarog et al.
2011), and binaries (Zhao & Bailyn 2005). In the case of nuclear
star clusters it could also be associated with the annihilation of
DM particles inside the stars, given that within the typical size
of nuclear clusters the DM density is expected to vary several
orders of magnitude depending on the proximity of the galactic
center.
For stellar clusters embedded in halos with extremely high
DM densities we found an additional very strong signature: the
bottom of the computed isochrones in the H-R diagram rises
to higher luminosities because the low-mass stars, powered
only with energy from DM annihilation, inflate and become
fully convective. As this signature is hardly explained by other
processes, we argue that this could be an indirect way to probe
the presence of DM particles in the location of a cluster of stars.

Figure 4. Isochrones of 10 Gyr for clusters of stars that evolved in halos of
DM with different densities. We considered DM particles with the particular
characteristics that fit DAMA observations and constraints from direct detection
experiments: a mass mχ = 8 GeV and a spin-dependent scattering cross section
with protons σχ ,SD = 10−36 cm2 .
(A color version of this figure is available in the online journal.)

Figure 4, if such WIMPs form most of the DM then the DM
density needed to have signatures on a stellar cluster would
be as low as 3 × 105 GeV cm−3 . Both the low mass of these
WIMPs (mχ = 8 GeV) and especially their large SD scattering
cross section with protons (σχ,SD = 10−36 cm2 ) contribute
to producing effects on the stellar cluster at lower DM halo
densities.
5. DISCUSSION AND CONCLUSIONS
We have shown that a cluster of stars that evolves in a dense
halo of DM shows strong signatures in its appearance due to
the self-annihilation of captured DM particles in the interior
of stars. In comparison to the classical case, the cluster within
a dense DM halo looks younger than its true age, due to the
slower evolution of the stars when these are partially powered
by DM annihilation. This is visible only for old clusters (e.g.,
for clusters older than 1 Gyr within a DM halo of density
ρχ = 109 GeV cm−3 ), because their RGB is populated by
low-mass stars, which are the type of stars most affected by
DM.
Our work focuses on environments with very high DM
densities, which may be present only in specific locations,
such as near the centers of galaxies (Gondolo & Silk 1999). In
particular, considering an adiabatically contracted DM profile
(Bertone & Merritt 2005), the DM densities discussed here
may be found at the following distances from the GC: ρχ =
3 × 105 GeV cm−3 at rGC ≈ 1 pc and ρχ = 1010 GeV cm−3
at rGC ≈ 0.01 pc. The shape of the central profiles of galactic
DM halos is still a topic of discussion (de Blok 2010): while
simulations predict the existence of cusps, observations favor
constant-density DM cores.
Our results indicate that the age of a cluster may be underestimated if embedded in a dense DM halo, which goes toward
solving the “paradox of youth” in the center of the Milky Way,
a possibility that was first suggested by Moskalenko & Wai
(2007) in the context of compact stars. However, there are many
astrophysical uncertainties, such as the velocities of stars and
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APPENDIX
ISOCHRONE TABLES
Table 1 shows a summary of the data used in Figures 2 and 3,
which corresponds to the isochrones of a classical stellar cluster
and of stellar clusters embedded in halos of DM particles with
densities ρχ = 109 GeV cm−3 and ρχ = 1010 GeV cm−3 . The
mass of the stars ranges from 0.7 to 3.5 M and their metallicity
is Z = 0.019. Our results do not rely on any specific initial mass
function (IMF), i.e., any IMF could be used along with the table
to obtain the relative number of stars in different sections of the
isochrones.
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