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Usando as estrelas como laboratoérios cosmicos: dar luz & matéria
escura

Jordi Casanellas Rius

Doutoramento em Fisica

Orientador: Professor Doutor Ilidio Pereira Lopes

Resumo

Um dos mistérios mais interessantes da ciéncia moderna é a evidéncia de 83% de toda a
matéria do Universo existir sob uma forma ainda nao descoberta, chamada Matéria Escura
(ME), diferente de todos os tipos de matéria conhecidos. Apesar dos notaveis esfor¢os na
investigacao do problema da ME, ainda nao foi possivel identificar a sua natureza. Nesta Tese
propomos uma abordagem complementar as actuais pesquisas de ME: o uso das propriedades
das estrelas para investigar a natureza da ME.

Estudamos a captura e aniquilacao de particulas de ME no interior de estrelas de pequena
massa e o0 seu impacto na evolucao estelar. Encontramos assinaturas muito peculiares nas
caracteristicas das estrelas quando estas evoluem em meios com densidades de ME muito
altas. Propusémos entao uma estratégia para identificar estes tipos de estrelas usando as
oscilagoes estelares. Estudamos também a captura estelar de particulas de ME considerando
diferentes tipos de ME e de estrelas. Além disso, estudamos os impactos da ME nas pro-
priedades globais dum enxame estelar.

Destacamos que, no caso de particulas de ME que nao se auto-aniquilam, conseguimos
estabelecer limites as caracteristicas da ME usando observagoes astrosismologicas de estrelas
proximas. Esta descoberta pode encetar um novo e prometedor campo para a pesquisa da
ME, com centenas de estrelas na sequéncia principal e gigantes vermelhas a serem actual-
mente observadas pelas sondas Kepler e CoRoT.

Além destes resultados, nesta Tese aplicdimos também uma abordagem similar & area das
teorias da gravitacao. Estabelecemos limites a uma teoria de gravidade modificada baseada
em Eddington comparando as medigoes da heliosismologia e dos fluxos dos neutrinos solares

com os nossos modelos solares modificados.

Palavras-chave: matéria escura, estrelas, astrosismologia, gravidade, Sol, Centro
Galactico, diagrama de Hertzsprung-Russell, heliosismologia, neutrinos solares, alfa

centauri






Stars as cosmological tools: giving light to Dark Matter

Abstract

One of the more tantalizing mysteries in modern science is the evidence that 83% of all
the matter in the Universe exists in an undiscovered form, known as Dark Matter (DM),
different from any other type of matter. Despite the extensive efforts dedicated to investigate
the DM problem, the identification of its nature remains elusive. In this Thesis we propose
a complementary approach to present DM searches: the use of the properties of stars to
investigate the nature of DM.

We studied the capture and self-annihilation of DM particles on the cores of low-mass
stars and their impact on stellar evolution. Very characteristic signatures in the stellar
properties were found when stars evolve within very high environmental DM densities. A
strategy to identify a DM burning star using the stellar oscillations was proposed. The stellar
capture of DM particles was thoroughly studied considering different assumptions regarding
the characteristics of the DM particles and the stars. Furthermore, the DM impacts on the
global properties of stellar clusters were evaluated.

Remarkably, in the case of non-annihilating DM particles we found that present aster-
oseismic observations of nearby stars provide constraints to the DM parameter space mass
versus DM-proton scattering cross section. This discovery may open a new and promising
field of DM research, with hundreds of main-sequence stars and red giants being presently
observed by the Kepler and CoRoT asteroseismic missions.

In addition to the results mentioned above, in this Thesis we also applied a similar
approach to the field of gravity theories. We constrained an Eddington-inspired modified
theory of gravity comparing the measurements of the solar neutrino fluxes and helioseismic

data with our modified solar models.

Key-words: dark matter, stars, asteroseismology, gravity, Sun, galactic center,

Hertzsprung-Russell diagram, helioseismology, solar neutrinos, alpha centauri
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Preface

This Thesis is dedicated to the investigation of the impact that different dark matter can-
didates produce on the properties of low-mass stars, as well as to the research and proposal
of different strategies to observe such effects and their use to constrain the nature of dark
matter. This topic constitutes the core of this Thesis. In addition, we successfully applied
the skills and methods developed during this PhD to the field of gravity theories, which led

us to provide constraints to a particular alternative to general relativity.

It is also important to comment on the format of this Thesis. The central part of the
Thesis is formed by the articles published during the PhD, organized according to the reg-
ulations of the IST PhD program as follows. In Chapter 1 the publications are put into
a broader context: Section 1.1 introduces the reader to the dark matter topic, Section 1.2
outlines the basics of stellar modelling and seismology, and Section 1.3 reviews how stars can
be used to investigate dark matter. Chapter 2 contains summaries of the published articles,
while Chapter 3 outlines the most important conclusions and future prospects arising from

this Thesis. Finally, the publications are presented in their original format in Appendix A

Vil
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Introduction

The hypothesis of the existence of dark matter is substantiated by a range of observational
evidences spanning from cosmological to galactic scales. A selection of some of these evi-

dences is presented in Section 1.1.1.

This unknown component of the Universe is expected to constitute 23% of its energy
density and to be formed by new particles which do not belong to the present Standard Model
of particle physics. Fortunately, well-motivated extensions of the Standard Model, such as
supersymmetry, provide a range of new particles which naturally fulfill the characteristics
required to constitute the dark matter of the Universe. A short review of the dark matter

candidates which are relevant to the scope of this Thesis is presented in Section 1.1.2.

Several experimental efforts are being carried out with the aim of unveiling the true
nature of dark matter. While colliders may probe the theoretical framework that explains the
existence of particles with the dark matter properties, other experiments were conceived with
the aim of detecting the dark matter that populates our galaxy. The present status of these
experiments is exciting: several possible detections were claimed by different experiments,
but at the same time these results have been challenged by incompatible results from other
experiments, so no conclusive judgment is possible until further evidence is accumulated.
Section 1.1.3 summarizes the present status of dark matter searches.

In the above context of elusivity of detection and controversy, the approach proposed in

this Thesis provides a complementary strategy to probe the nature of dark matter. Dark

1



CHAPTER 1. INTRODUCTION

matter particles have been shown to change the evolution and properties of stars after accu-
mulating in their interior in a sufficient number, the importance of these effects depending on
characteristics such as the mass of the dark matter particle and its scattering cross section
off baryons. Both the discovery of the impact of dark matter on stars or the confirmation of
its absence can be used to constrain the properties of the proposed dark matter candidates.
While Section 1.2 reviews the basics of stellar evolution and stellar seismology, Section 1.3

introduces the reader on how stars can be used to investigate the nature of dark matter.

1.1 Introduction to the Dark Matter problem

1.1.1 Evidence for the existence of Dark Matter
Evidence at galactic scales

Back in the decade of the 1920’s astronomers such as J. Kaptein [1], J. Jeans [2] and B. Lind-
blad [3] tried to infer the mean density of mass in the local galactic neighborhood from the
dynamics of the stars, and compared this value with the estimated mass from the number
of observed stars in order to calculate the amount of dark matter, that is, the non-visible
mass. These works constitute the first hints of the omnipresent dark matter component of

the Universe.

In 1932 Jan Oort extended these works by measuring the vertical motions of the stars in
the disk in order to deduce the gravitational potential that was keeping these stars in the
galactic plane. In his detailed study [4] he found that:

"the total density of matter near the Sun is equal to 6.3 - 10~ g/cm?® or 0.092 solar
masses per cubic parsec. The observed total mass of the stars down to + 15.5 visual absolute
magnitude is found to be 0.038 solar masses per pc®".

However, later in the same article, in a chapter entitled "The amount of dark matter” he
concludes:

"It 1s not necessary to conclude from this ... that there is a greater percentage of nebulous
or dark matter in this region: we might reverse the argument and conclude that some 85%

of the light of the galactic system is obscured before it reaches us”.

The first doubtlessly claim of the existence of very important quantities of invisible mass
in the Universe was stated by Fritz Zwicky back in 1933 [5]. He observed that the veloc-
ities of individual galaxies in the Coma Cluster were too high, that is, he showed that
there was not enough mass in the cluster to keep the galaxies gravitationally bound together.

Comparing the luminous mass of the cluster and the gravitational mass inferred using the

2



1.1. INTRODUCTION TO THE DARK MATTER PROBLEM

Coma Cluster
0.5-2.0 keV

Figure 1.1: The Coma cluster observed by the X-ray telescope ROSAT [6]. The temperature
of the intracluster gas is used to infer the total mass of the cluster, revealing the existence
of large amounts of invisible mass.

virial theorem (relating the kinetic and potential energy of the system), he estimated that
hidden dark matter was about 400 times more abundant than the luminous mass of the clus-
ter. However, the relevance of his discovery, hidden among his outstanding seminal works

on supernovae, neutron stars and gravitational lenses, was not acknowledged at that time.

Nowadays, the realization that invisible, hot gas accounts for most of the mass in the
clusters of galaxies allows a more precise determination of the luminous to dark matter ratio
in clusters. The gas of the intracluster medium is virialized, thus its temperature, measured
with the X-rays emitted by the hot gas, can be used to infer the total potential energy of
the system and therefore the total cluster mass. Observations of the Coma cluster performed
by the ROSAT X-ray telescope ([6], see Figure 1.1) have shown that the total gravitational
mass of this cluster is indeed much larger than its luminous mass [7], although well below

the initial estimations of F.Zwicky.

The true importance of the dark matter component of the Universe was fully understood
only in the late 70’s, thanks to the systematic measurements of the rotational velocities
around spiral galaxies performed by Vera Rubin and Kent Ford [8] from the Doppler
effect in Ha lines (see Figure 1.2.a). They showed that the problem of the missing mass
was evident also at galactic scales. The velocities of HII regions outside the disk of the M31

galaxy were found to be higher than expected, being approximately constant at large radius

3
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Figure 1.2: (a) Spectrum of emission regions in galaxy M31, as obtained by V. Rubin and
K. Ford in 1970 to measure the rotation velocities. From [8]. (b) Observed rotation curve
of galaxy NGC 6503 (dots with error bars) decomposed into its stellar (dashed), gaseous
(dotted), and dark (dashed-dot) components. The solid line is the best-fit to the rotation
curve, using a particular density profile for the dark matter halo. From [9].

(i.e., a flat rotation curve) instead of decreasing when the distance from the central mass
increased as is expected from a Keplerian orbit ahead of the central mass. The existence of a
spherical halo of dark matter embedding the galaxies, with the edges far beyond the radius
of the galaxy and with a mass several times greater than the galactic mass, has been found
to easily explain the galactic rotation curves (see Figure 1.2.b).

Moreover, presently there is an additional method to measure the total mass of a system,
independently of its nature: gravitational lensing. The trajectories of light from distant
galaxies are bent by the gravitational attraction of the mass between them and the observer,
so the mass acts as a lens. Thus, the amount of mass that is causing the gravitational
lensing can be calculated without relying on astrophysical assumptions by measuring the
distortion of the images. Measurements of the gravitational lensing effect have confirmed
that the total mass of the clusters of galaxies exceeds by a large factor the mass inferred
from their luminosity. Furthermore, gravitational lensing has been used to create impressive
3D maps of the large-scale distribution of dark matter. Filamentary structures were found,

intersecting in massive halos at the locations of clusters of galaxies (see Figure 1.3), as was

4



1.1. INTRODUCTION TO THE DARK MATTER PROBLEM

Figure 1.3: A three-dimensional map of the large-scale distribution of dark matter, recon-
structed from weak-lensing data. The blue surface is an isodensity contour, chosen arbitrarily
to highlight the filamentary structure, while the white points were added to represent the
observed galaxies, formed in the denser points of the dark matter distribution. From [10].

predicted by numerical N-body simulations.

The combination of gravitational lensing and X-ray observations of the so-called "Bullet
cluster" provide alltogether one of the more convincing probes for the existence of dark
matter ahead of alternative explanations such as modified theories of gravity. The picture
of the Bullet cluster shown in Figure 1.4 is thought to depict two clusters of galaxies after
their collision. The location of the hot gas in the intracluster medium, traced by the X-ray
observations shown in red in Figure 1.4, is clearly separated from the position of the galaxies
themselves. This is an indication of a past violent collision between the gas of the two
clusters: the gas experienced friction while the galaxies passed through each other. Another
signature of the collision is the bullet-shape of the gas in the smaller of the two clusters,
on the right-hand side of the Figure, which gives name to the cluster. Having the gas and
the galactic components of the cluster separated, this cluster offers an excellent opportunity
to test the dark matter explanation against theories with modified newtonian dynamics
(MOND |11, 12]), which state that only the known matter exists but it produces a different
gravitational acceleration at large radius. If a dark matter halo of weakly interacting particles

existed, it would have followed the trajectories of the galaxies during the collision, therefore

3



CHAPTER 1. INTRODUCTION

Figure 1.4: Composite image of the galaxy cluster 1E 0657-56, also known as the "Bullet
cluster", joining Chandra X-rays observations of the intracluster hot gas (|13], in red), optical
observations from the Magellan telescopes and the Hubble Space Telescope [14], and the
location of the mass inferred by gravitational lensing ([14], in blue). From [15].

we would expect most of the gravitational mass to be in the location of the galaxies. On the
other hand, if no dark matter existed, we would expect most of the mass of the system to be
in the form of hot intracluster gas. The true location of the mass, measured independently
by gravitational lensing as shown in blue in Figure 1.4, confirms the existence of a dark

matter halo, excluding the MOND explanation unless additional new physics is invoked.

Another evidence of the existence of dark matter was found in the velocity dispersions
of stars in the dwarf spheroidal galaxies, dispersions which were found to be larger
than what was expected from the low central surface brightnesses and large core radii of the
dwarf galaxies. These galaxies have a very large mass-to-light ratio, so they are thought to

contain significant amounts of dark matter (see for instance [16]).

Evidence at a cosmological scale

The existence of dark matter is necessary for the formation of structure at cosmological
scales. The dark matter particles, due to their weak interactions, decoupled from the pri-

mordial soup before the baryonic matter, collapsing around the primordial fluctuations and

6



1.1. INTRODUCTION TO THE DARK MATTER PROBLEM

Figure 1.5: Large-scale distribution of galaxies obtained from spectroscopic redshift surveys
(blue) compared with mock catalogs constructed from the Millennium simulations (red).
The comparison of the images shows that ACDM cosmological simulations reproduce the

same features in the large scale structure (voids, filaments) as observed in the real Universe
(from Ref. [17]).

creating the first overdense regions where baryonic matter collapsed a posteriori. The forma-
tion of structure was hierarchical, that is, first the smaller structures were formed, and then
they came together by gravitational collapse and tidal disruption when falling into greater
halos. Large-scale N-body simulations have revealed this scenario and demonstrated that
substantial amounts of dark matter are needed in order to correctly reproduce the large-scale
structure of the Universe as it is observed ([17], see Figure 1.5). In addition, this simulations
reveal that most of the dark matter has to be cold, i.e., very non-relativistic, to allow the
formation of small structures, and non-dissipative, i.e., with no strong interactions, to avoid
the losses of energy and the subsequent collapse with the baryonic matter in disks. Moreover,
large-scale structure provides a measurement of the total (dark + baryonic) mass density
of the Universe. The scale of the baryonic density perturbations that survived and formed
galaxies points to a total matter density of €2,, ~ 0.20.

An independent measure of the baryonic budget of the Universe comes from the primor-
dial abundances of light elements: deuterium, He?, He* and Li". The production of these

isotopes in the Big Bang nucleosynthesis depended critically on the baryon-to-photon

7
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Figure 1.6: The relative primordial abundances of light elements (horizontal bars) and their

dependence on the baryon density (lines) leads to a measurement of the baryon density of
Oph? ~ 0.021, that is €, ~ 0.04 with h = 0.72 [18]. From [19].

ratio at that time. The value of the baryon density that fits the observed primordial abun-
dances of these isotopes is , ~ 0.04 (see Figure 1.6). Together with large-scale structure
measurement of €2, we can see that approximately 80% of the matter of the Universe is non-
baryonic. Further evidence of the non-baryonic nature of dark matter comes from the fact
that we do not observe its electromagnetic interaction with photons: we can transparently
see through dark matter clouds, and the evidence points to spherical halos of dark matter
instead of the collapsed disks that would be formed if the dark matter particles were able to

radiate away angular momentum.

Perhaps the most impressive evidence of the existence of dark matter comes from its
signature in the cosmic microwave background (CMB). If only baryonic matter existed,
we would expect the temperature fluctuations in the CMB to be of the order of 1073 to explain
the observed large-scale structure. However, if dark matter structures formed first, they
would have left no imprint on the temperature due to their null electromagnetic interactions,
so the temperature inhomogeneities would be smaller. In fact, the CMB is measured to be a
perfect black body spectrum of temperature 2.725 K with anisotropies of the order of 107°
(see Figure 1.7). The structure of the angular power spectrum of the CMB (i.e., the position
and height of the acoustic peaks) is sensitive, among other parameters, to the total energy

density of the Universe and its baryon fraction. The high precision of the 7-year WMAP data
8
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Figure 1.7: Top: all-sky map of the temperature fluctuations (the colors show a temperature
range of £200pK) of the Universe as it was 13.7 billion years ago (from WMAP |21]). Bottom:
temperature power spectrum from 7-year WMAP data [22]. The red line is the ACDM model
best fit to the 7-year WMAP data: Q,h? = 0.02270, Q.h? = 0.1107, Q = 0.738.

of the CMB allows tight constraints on the baryon and dark matter fraction, respectively
Q = 0.044940.0028, Qpy = 0.222£0.026 [20], in excellent agreement with the independent
measures mentioned above in this Section. In conclusion, CMB anisotropies show that dark
matter must be non-baryonic and interact only weakly with atoms and radiation, and show
that dark matter is roughly 5 times more abundant than baryonic matter at cosmological

scales, in agreement with what is measured at galactic scales.

The CMB data shows that the Universe is spatially flat, rather than curved. The remain-
ing of the energy density of the Universe, {2y = 0.73940.029, is thought to be in an unkown
form of dark energy. The combination of the CMB, the measurements of the expansion rate
of the Universe by the receding velocities of distant supernovae, and the baryon acoustic
oscillation data, demonstrate that the Universe is essentially flat and formed by approxi-

mately 5% of baryonic matter, 23% of dark matter, and 72% of dark energy, the so-called

9



CHAPTER 1. INTRODUCTION

2.0

Figure 1.8: Different cosmological observations, namely supernovae (SNe), baryon acoustic
oscillations (BAO) and the cosmic microwave background (CMB), point to the fact of our
Universe being flat, with most of its energy density in the form of an unknown dark energy
(~ 72%). The abundance of the light isotopes produced in Big Bang nucleosynthesis, the
CMB, and the large-scale structure of the Universe tell us that most of the remaining ~ 28%
is in the form of cold, non-baryonic dark matter. From [23]

concordance model of cosmology, ACDM (see Figure 1.8).

1.1.2 Dark Matter particle candidates

The collection of evidence reviewed in the previous Section points to the existence of a
new type of particles with the following properties: massive, neutral, non-baryonic, with
non-strong interactions with other dark matter particles, neither with normal matter nor
with photons, with non-relativistic velocities, and produced in sufficient number in the early
Universe so that it can account for the right abundance observed in the present Universe,
meaning that it also has to be stable at cosmological scales.

None of the particles of the Standard Model can account for a significant fraction of
the dark matter of the Universe. Thus, we will now briefly review the dark matter particle

candidates arising from extensions of the Standard Model. These theories, while initially

10
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proposed to solve longstanding problems of particle physics, have also been shown to satis-
factorily predict the existence of good dark matter candidates that fulfill all the properties

mentioned above.

WIMPs

The family of the Weakly Interacting Massive Particles (WIMPs) is one of most widely
studied and preferred dark matter candidates [24]. Their existence is predicted by strongly
motivated theories, such as supersymmetry [25] or models with extra dimensions [26]. To
guarantee the stability of the dark matter, these particles are the lightest among those
proposed by the new theory. In addition, the decay into standard model particles is prevented
by new symmetries, by the conservation of an additional quantum number which takes the
value +1 for standard model particles and -1 for the new particles.

In many supersymmetric models, such as those arising from the Minimal Supersymmetric
Standard Model (MSSM) [27], the stability of the lightest particle may be guaranteed by
the conservation of the quantum number R = (—1)35=1)+25 (B the baryon number, L the
lepton number and s the spin of the particle), which is also necessary to forbid problematic

couplings. In these theories, the best dark matter candidate is the lightest neutralino:

X?:aléo+a2W0+a3ﬁ?+a4ﬁg , (1.1)

a combination of superpartners of the Higgs boson (the Higgsinos ﬁo) and of the bosons W
(the wino W) and B (the bino B).

If standard model particles propagate in extra spacetime dimensions, the new partner
states can be good dark matter candidates. In the case of universal extra dimensions, the
fiducial dark matter candidate would be the lightest Kaluza-Klein particle [26, 28], which
can have the desired relic density, and which stability is guaranteed by the KK-parity.

The weak scale of the mass and couplings of the WIMP dark matter candidates (thermally
produced before Big Bang nucleosynthesis) made them decouple from the primordial soup
at a temperature (1" ~ m,/20) such that they qualify as cold for purposes of structure
formation. In this scenario, their relic density approximately depends only on their thermally

averaged self-annihilation cross section (ov) [24]:

3-10"%cm3s!

{ov)

Q.h° (1.2)

The natural value of (ov) for a weakly interacting particle, (ov) =~ EQTQ [29], surprisingly

weak

leads to a relic density of the same order than that implied by cosmological observations,
Q,h? ~ 0.11. This coincidence, the so-called "WIMP miracle", makes the WIMPs a natural

11
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dark matter candidate: if a neutral stable particle exists around the electroweak scale, it
must have been produced in the early Universe with the right abundance to account for the

observed dark matter.

The existence of WIMPs is not only motivated as a solution to the dark matter problem.
Another amazing coincidence is that the resolution of the hierarchy problem appears to

require new physics at the right scale for the associated particles to be WIMPs.
In this Thesis we have concentrated on the study of the effects of classical WIMP dark

matter candidates in stellar evolution. Moreover, we have also studied the case of a particular
class of WIMPs, the so-called asymmetric dark matter [30|. In this case, the relic density
of dark matter is determined by a dark matter asymmetry that is inherited from the baryonic
asymmetry, thus explaining the fact that both densities are of the same order. In particular,
Qpar ~ (mpar/mp) s, so this theory predicts dark matter candidates with a mass around 5
GeV. Interestingly, asymmetric dark matter candidates have the right properties to explain
the positive signals in various direct detection experiments [31]. These type of candidates
can potentially be severely constrained with stellar dark matter searches. Asymmetric dark
matter particles are not their own anti-particle, so they do not self-annihilate inside stars

and can accumulate in large numbers.

Other dark matter candidates

Several dark matter candidates have been proposed in the literature. Most of the non-
WIMP candidates require non-standard mechanisms in the early Universe to achieve the
dark matter relic density, while others are ad-hoc models proposed to explain particular

experimental results.

Axions arise from attempts to explain the strong CP problem [32]. In particular models,
axions would be very light particles (< 1 eV) and could have been created by a non-thermal
process in the right amount and with the slow velocity required to account for the dark

matter of the Universe.

The gravitino (the superpartner of the graviton in some supersymmetric scenarios [33])
can also be the lightest supersymmetric particle and be stable thanks to a conserved R-parity.
It could therefore also be a good dark matter candidate. However, it would be practically

undetectable as it only interacts gravitationally with the rest of the particles.

Sterile neutrinos [34] arise from attempts to explain the neutrino masses, are more massive
than ordinary neutrinos, and can make a good warm dark matter candidate, although their
production rate in the early Universe has to be generally fine-tuned. It is worth noticing

that warm dark matter candidates are severely constrained by cosmological data [35].

12
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Figure 1.9: Profile likelihoods for the cMSSM parameters from the constraints of WMAP
and LHC data. The dashed green and red lines represent the current exclusion limits from
LHC and XENONT100, respectively. From [36].

1.1.3 Searches for Dark Matter

Several strategies are presently being pursued with the aim to shed some light on the nature
of dark matter. These strategies can be classified in three main groups: collider dark matter

searches, direct detection, and indirect detection experiments.

Collider dark matter searches

Dark matter particles may be produced in the collisions undergoing at the Large Hadron
Collider (LHC). If new supersymmetric particles appear to exist at an energy reachable by
the LHC, then the quarks and gluons constituents of the accelerated protons may annihilate
into new particles such as gluinos or squarks, which in turn may decay into the lightest
supersymmetric particle, the neutralino. In any case, the hypothetical dark matter particles
created at the LHC will not be directly detected: their signature would be missing transversal
energy in the events. What is more, even if weakly interacting particles are indirectly detected
in such a way, it will be difficult to know if they are the long-lived particles that constitute

the dark matter of the Universe.

On the other hand, collider searches may be able to discover the fundamental parameters
of the theories that predict dark matter candidates. For instance, in the case of constrained
MSSM, multiple measurements of supersymmetric observables may allow the determination
of the parameters mg, mq/2, tan 3, etc. (see Figure 1.9), which in turn may be used to
calculate the relic density of the dark matter particle produced in the LHC. If this relic
density happens to be equal to that implied by cosmological observations, Q,h? = Qpyh?,

it will be a major breakthrough in the understanding of the nature of dark matter.
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Figure 1.10: FExclusion contours on the spin-independent elastic WIMP-nucleon cross-
section,from [37] (top), and on the spin-dependent WIMP-proton cross section, from [3§]
(bottom), as a function of WIMP mass.

Direct detection

Direct detection experiments are those trying to detect the collisions of the dark matter
particles of the galactic halo, which are crossing the Earth at a high rate at any time, with
nuclei in the detectors. Despite the fact that these events are expected to be very rare (of the
order of 10 events/100kg/year), and that the energy deposited by the dark matter particles
is very small (of the order of 10 keV), these experiments have reached the sensitivity to probe
regions of the dark matter parameter space with the properties expected for supersymmetric
dark matter candidates. The null results above background from XENON100 [37], CDMS-
IT [39], PICASSO [40], COUPP [41] and SIMPLE |38] experiments, among others, can be

used to set constraints to the strength of the interactions between dark matter particles
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and baryons. In Figure 1.10 the present exclusion limits on the spin-dependent and spin-
independent WIMP-nucleon scattering cross sections are shown.

On the other hand, there are several experiments that have detected a signal that can
be interpreted in terms of collisions of dark matter particles. The DAMA/LIBRA and
DAMA /Nal experiments have accumulated evidence since 1998 [42] of an annual modulation
in the signal due to seasonal changes in the relative velocity of the Earth and the dark
matter particles in the galactic halo. These results have been recently confirmed by the
CoGeNT experiment [43]. Remarkably, the CRESST-II experiment has recently detected
sixty-seven events in the acceptance region where a WIMP signal is expected [44]. The dark
matter interpretation of all these results seems to be in conflict with the null results of other
experiments |37, 39, 40, 41, 38]. However, there is still room for models of low-mass WIMPs
that can account simultaneously for the results of all the experiments [45, 31].

A convincing detection of dark matter will only be achieved through the combined results
of different experiments. In this sense, the future experiment DM-ICE [46] will check the
dark matter interpretation of the DAMA modulation signal by using the same technology
(Nal scintillation detectors) deeply deployed in the South Pole ice. A dark matter signal
would have the same seasonal phase as in DAMA, while many environmental effects and

backgrounds would be absent or opposite in phase in respect to DAMA.

Indirect detection

Indirect detection experiments are looking for the products of the annihilation of dark matter
particles, focusing mainly in gamma-rays and neutrinos. Other annihilation products such as
charged particles introduce further complications due to the complexity of the understanding
of the standard astrophysical sources of these particles as well as the diffusion processes.

Since the annihilation rate goes as the square of the dark matter density, the best locations
to look for a dark matter signal are very dense dark matter objects, such as galaxy clusters,
the center of our galaxy or the dwarf spheroidal galaxies around the Milky Way. Gamma-ray
searches from these locations have been used to put constraints on the self-annihilation cross
section of the dark matter particles. In the case of the dwarf galaxies, the constraints from
FERMI [47] exclude a significant region of low-mass thermal WIMPs in some models (see
Figure 1.11).

High dark matter densities are also reached inside compact astrophysical objects such as
the Sun. Searches for neutrinos from dark matter annihilations in the Sun are performed in
various experiments, led by Super-Kamiokande [48] and IceCube [49]. The constraints set
by these experiments on the spin-dependent WIMP-proton cross section are shown in the
bottom of Figure 1.10.

Indirect searches have also detected possible dark matter signals. Among others, the
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Figure 1.11: Upper limit on the WIMP self-annihilation cross section as a function of the
WIMP mass for annihilation into bb and 77~ from a joint analysis of Milky Way dwarfs
with FERMI data. From [47].

cosmic positrons and electrons observed by PAMELA [50] and Fermi-LAT [51], or the recent
gamma-ray excess at 130 GeV in Fermi-LAT data [52, 53].

1.2 Stellar evolution and seismology

The use of stars as laboratories of fundamental physics [54] is possible thanks to the precise
understanding of the processes governing the stellar structure and evolution, which has ex-
ceptionally evolved since the seminal works of Chandrasekhar [55] and M. Schwarzschild [56],
among others. Nowadays, techniques as the observation of the solar neutrinos and helio- and
astroseismology have revealed the interior of stars to an unprecedented level [57, 58].

The theory of stellar structure and evolution is based on a spherically symmetric model
which correctly reproduces the quasi-static phases of stellar evolution [59, 60, 61]. The
model is governed by four ordinary differential equations: the continuity equation for the
conservation of mass, the hydrostatic equilibrium equation, the equation for thermal equi-
librium, and the equation for the energy transport, which takes place mainly by radiation
or convection. The present standard solar model also includes a thorough understanding of

the stellar matter: the tabulated equation of state and opacities of the stellar plasma under
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Figure 1.12: Schematic Hertzsprung-Russell diagram with the location and illustrative pic-
tures of the main phases of stellar evolution. The red line shows the approximate evolutionary
track of a star similar to the Sun.

the extreme conditions of pressure and temperature inside the stars, the precise rates and
cross-sections of the several steps in the thermonuclear fusion reactions that take place inside
the stars (mainly the pp chain, the CNO cycle, and the triple alpha process), and detailed
measurements of the solar composition [62| , which have a strong influence in the radiative
opacity of the stellar plasma [63].

The photometric and spectroscopic observation of thousands of stars has permitted the
understanding of the different phases of stellar evolution. This evolutionary scenario, sum-
marized in the Hertzsprung-Russell diagram in Figure 1.12, is largely consistent with the
standard stellar model outlined above. Stars are formed by the gravitational collapse of a
gas cloud formed mainly by hydrogen and helium. The ignition of the thermonuclear reac-
tions in the core of the protostar, fusioning hydrogen atoms into helium, halts the collapse
and leads to a stable phase, the so-called main sequence. This phase, where most of the
stars are found, only ends when the star runs out of hydrogen in its center. At that stage,
the combustion of hydrogen takes place only in a shell out of the inert helium core. It fol-
lows a rapid contraction of the stellar nucleus and an expansion of the envelope, forming a
much brighter star called red giant. Then, the star may evolve through subsequent phases of
combustion of heavier elements depending on its mass. Most of the stars, having a relatively

low-mass (< 8 My), end up forming a white dwarf, a dim star constituted mainly by carbon

17



CHAPTER 1. INTRODUCTION

b)

6—3 T T T T =

—— Solar Model
e Helioseismic data A
+-x- Error bars x 1000

W
T
1

v, mHz

¢ (107xems™1)
w

[N}
T
1

0 200 400 600 800 1000 0 0.2 0.4 0.6 0.8 1
' r (Ro)

Figure 1.13: a) Power spectrum of the solar acoustic modes as measured by SOHO/MDI [68].
The ridges correspond to the normal modes with different radial order n. b) Comparison of
the sound speed profile predicted by our standard solar model with that derived from the
measurements of the helioseismic mission BiSON [69].

and oxygen which slowly releases its stored thermal energy and which further gravitational
collapse is prevented by electron degeneracy pressure.

The success of the stellar modeling is not limited to the understanding of the different
evolutionary phases of the observed stars. Remarkably, it is also able to correctly reproduce
the observations of the stellar interiors. For instance, the measurement of the neutrinos
originated in the solar thermonuclear reactions provides a unique window into the solar core.
In particular, the 8B flux, produced in the inner 10% (in radius) through the pp chain, is
very sensitive to the central temperature of the Sun: ¢sp oc T8 [64]. The standard solar
model correctly predicts the ®B and "Be neutrino fluxes measured by the SNO |65, 66] and
Borexino [67] telescopes.

On the other hand, helioseismology has been able to probe the solar internal structure and
dynamics by measuring the acoustic waves that propagate throughout the Sun. These waves,
which are thought to have originated in the solar convective zone, are reflected by the solar
surface and propagate into different depths depending on their frequency. The frequencies
of thousands of normal modes of the solar oscillations have already been determined with
high accuracy (see Figure 1.13.a). Given that the period of the oscillations (~ 5 min) is

much smaller than the solar evolutionary timescale, the oscillations can be considered as
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small perturbations around a static equilibrium state, and the frequencies of the modes can
be used to determine the properties of the solar interior. The first helioseismic inversions
date from the early 80’s [70]. Nowadays, the sound speed profile of the Sun is measured with
high precision and is accurately reproduced by standard solar models (see Figure 1.13.b). It
is worth noticing that two helioseismically measured quantities, the location of the base of
the solar convective envelope and the surface helium mass fraction, are in disagreement with
the results of present solar models, leading to the so-called solar abundance problem [63].
This discrepancy may be solved with a revision of the Ne/O abundance [71] or with further
improvements of the solar modeling, which may include the accretion of material from the
protoplanetary disk |72] and the incorporation of dynamical processes such as rotation or
magnetism.

Asteroseismology extends the principles of helioseismology to the study of different types
of pulsating stars. In particular, solar-like oscillations have already been detected in hundreds
of stars [73]. The identification of the frequency of maximum power (V,,,) and the large
frequency separation (Av,; = vy, — Vy—14, Where n is number of nodes in the radial direction
and [ the spherical harmonic degree) has been used to determine the radii of main-sequence
stars with an accuracy better than ~ 4% [74]. In addition, other seismic parameters such as
the small separation (0v,,; = V5 — Vn—1,42) are sensitive to the temperature and chemical
gradient in the deep interior and can be used to detect the presence of a convective core
inside a star |75, 76]. The prospects of asteroseismology to test theories of stellar evolution
and to probe the stellar interiors are promising, with hundreds of giants and main-sequence
stars being presently observed by the CoRoT and Kepler missions.

The accuracy of stellar modeling, tested with the high precision observations of the Sun

and other stars, allows the use of stars to investigate dark matter.

1.3 Using stars to investigate Dark Matter

Historical perspective

The first studies on the effects that hypothetical dark matter particles may produce on stars
were performed in the 80’s in the context of a possible solution to the old solar neutrino
problem. It was shown that the existence of weakly interacting massive particles would
simultaneously solve the problem of the missing mass in the Universe and reconcile the
predictions of the solar models with the unexplained low measurements of the ®B solar
neutrinos |77, 78, 79, 80, 81, 82, 83|. Soon after these seminal works it was pointed out that
helioseismology, in particular the analysis of the frequency separations of the solar low-degree
p-modes, provided an independent test of the presence of WIMPs inside the Sun because of

its sensitivity to the solar core [84, 85]. These works constitute the first attempts to use the
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properties of stars to investigate the nature of dark matter.

Following the pioneer works mentioned above, and still on the decade of the 80’s, these
studies were generalized to other stars such as horizontal-branch stars [86, 87|, main sequence
stars [88] and red giants [89]. These works demonstrated that, in some cases, dark matter
particles may strongly influence stellar evolution. Despite the fact that some potential ob-
servable signatures were found, such as the thermal pulses induced on horizontal-branch
stars [90], the lack of availability of numerical codes and precise stellar observations at that
time prevented these studies to progress any further. After the confirmation of the neutrino
oscillations [91, 92|, the interest in this topic decreased temporarily.

The formalism used nowadays to compute the influence of dark matter particles on stars
was already developed in these early works. It accounts for the processes of stellar capture of
dark matter particles, their accumulation and distribution inside the star, and their influence

on the star by providing a new cooling mechanism and by self-annihilating.

Stellar capture and distribution of DM particles

Firstly, it is necessary to calculate the number of DM particles that accumulate in the
stellar core. Stars are assumed to be embedded in a halo of DM particles which can be
gravitationally captured by the star. The fraction of captured DM particles can be significant,
provided that these particles have a non-negligible scattering cross section with baryons. In
this case, some of the DM particles collide with the stellar plasma, lose some energy, and
are therefore more easily captured. The capture rate is usually computed according to the

expressions of Gould [93]:

Ry 00 U
C\ (1) :Z/o 47?7“2/0 fv*T()wQ;l(w) dudr, (1.3)

2 2
0, () = 20 (12 2Yg (2 Mo, (1.4
’ w i Fi
m =
i = ij Mt = 9 ) (15)

where:

Q,;(w) is the rate of scattering of a DM particle with the nucleus of an element i, from
an initial velocity w at the radius of the collision to a velocity lower than the escape

velocity of the star v.(r) at that radius,

fo, () is the velocity distribution of the DM particles seen by the star, which depends on
the velocity of the star v, and on the velocity distribution of the DM particles in the
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halo fy(u), which is usually assumed to be a Maxwell-Boltzmann distribution with a

dispersion vy,

m, is the mass of the DM particle,

2 2
o, ; isits scattering cross section with an element ¢, which is: o, ; = 0, gr A% [ —x "0 Mty
X ) X X .\ myt+my mMyMyp

for all stellar elements except for hydrogen, which also has the contribution from the
spin dependent (SD) interactions: o, g = 0y s1 + 0y,sD-
My, A; are the nuclear mass and the atomic number of the element 7,

n;(r) is the density of the element i at a radius r, and

R, is the total radius of the star.

For stellar elements other than hydrogen a suppression form factor is considered to account
for the influence of the size of the nucleus on the interactions. Thus, the scattering rate is:

0 (w) = Qi) 2P0 g f (i
w My i P 2FEy

2 2
myu? g MU i i
exp | — exp | — 1- ) (1.6)
( 2Eo “?m) ( 2Eo N2—7i< M3>>}

where Ej ~ 371/(2mm-(0.91m1/3 +0.3)? is the characteristic coherence energy.

n,t

Once the dark matter particles are captured they accumulate in a very small region in
the core of the star. Their distribution can be approximated by a thermal distribution in
which the WIMPs have all the same temperature, 7}, equal to the central temperature of the
regular baryonic matter inside the star 7,.. Thus, the normalized density number distribution
n, is given by n,(r) = 77323 e7*/"x [94, 95, 96], where r, = \/3k5T./27Gp.m, is the

characteristic radius of this isothermal distribution. In the limit when the ratio between the

WIMPs mean free path I, = (3 0y.n(r)) ", where the sum goes over all the stellar elements,
and ry, K, = l,/ry (the so-called Knudsen number), is very small, the WIMPs collide so
often that they are in local thermal equilibrium with the stellar plasma, so T\ (r) = T, ().
In this case the normalized WIMPs number distribution is [97]:

ny(r) = (T;:))Sﬂ exp (- / kBa(QB%(t>mX%dr) : (1.7)

To calculate the total number of DM particles that are accumulated inside the star

at a given time, N, (t), two additional processes have to be also taken into account: the
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evaporation rate F, and the annihilation rate A,:

dN
d—tx =C\, — 24N} — E\N,, (1.8)

where A, depends on the velocity-averaged annihilation cross section (o,v),

R. 2
A, = 47r/0 7“2%617’ ) (1.9)

and E, is negligible for the cases studied in this Thesis [98], thus:

t
N, (t) = C Ty ¢gtanh ( ) : (1.10)
Tx.eq

The annihilation and capture processes rapidly balance each other (when A, reaches
the value of C,/2), in a timescale 7, o, =~ \/ﬁ3/2r§/(CX<0av>) much shorter than the stellar
evolutionary timescale, leading to an equilibrium with a constant number of WIMPs inside
the star: N, oy = C\ Ty ¢q- For DM candidates such as asymmetric DM the number of WIMPs
inside the star grows indefinitely: N, (t) = C,t .

Dark matter energy production

The self-annihilation of DM particles acts as a new source of energy for the star, as most of the
products of the DM annihilations interact with the stellar plasma, transfering their energy
to the star. Only a fraction, which we conservatively assume to be a third, escapes the star
in the form of neutrinos. When the capture and annihilation processes are in equilibrium,

the total luminosity injected by the DM annihilations is:

2
Ly prod = gcxmx (1.11)
As it will be shown in this Thesis, the energy from the DM annihilations may be important
for stars embedded within a very dense DM halo. However, for environmental DM densities
such as those expected in the solar neighborhood, the dominant factor by which the DM

particles may influence a star is by providing a new energy transport mechanism.

Dark matter energy transport

The accumulated dark matter particles provide a new cooling mechanism, which efficiency

depends mainly on the Knudsen number of the system [78|. We have implemented the energy
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transport following the prescription of Ref. [97]:

A\ 12
kT >> b L £ (OB, (1.12)

Ly trans(1) = 47rr2nx(7°)lx/<a(7“) ( B

My
where the suppression factors f(K) =1— (1+ (0.4/[()1/7)71 and h(r) & ((r —ry) /ry)* +1
were introduced to extend the expression for the energy transport in local thermal equi-
librium to regimes with a larger mean free path [, and a larger K. The factors a(r) =
5 [(owami(rastu)) / 55, oxgmi(r)| and w(r) = [l 32 (oimi(r) /i)~ approximate the
thermal diffusivity and conductivity, respectively, by averaging over the individual «; and
k; obtained by Ref. [97] numerically solving the Boltzmann collision equation for a gas of
WIMPs and nucleus . The tabulated values of «; and k;, as well as the asymptotic behavior

for my >> Myc;, can be found in Ref. [97].

The DMP-CESAM code

It was not until a decade ago that the formalism described above was introduced in modern
stellar evolution codes. Lopes et al. [99] implemented the capture, energy transport, and
self-annihilation of Dark Matter Particles (DMP) in CESAM [100], a self-consistent numerical
code for stellar structure and evolution developed during 10 years by P.Morel and his team at
Nice Observatory, France. The main physical inputs of the stellar models of the CESAM code
are the following: the nuclear reaction rates are taken from Adelberger et al. [101], with the
Mitler |102] intermediate screening; the opacities are taken from the OPAL95 tables [103] for
temperatures above 5600 K and from Alexander & Ferguson [104] for lower temperatures;
the tabulated OPAL EOS [105] are used; microscopic diffusion is included following the
prescription of Michaud & Proffitt [106]; and the stellar composition is taken from the solar
abundances in Asplund et al. (2005) [107].

The first version of the DMP-CESAM code was designed for the study of the effects of dark
matter on the Sun. More recently (see [108]), the code was upgraded with the full formalism
for the calculation of the capture rate, thanks to the implementation of modified subroutines
of the DarkSUSY code [109], allowing the computation of the dark matter capture by other
stars. The DMP code has also been upgraded to interact with the new version of CESAM, the
CESAM2k code, which includes more up-to-date calculations of the standard stellar physical
processes (see [110]) and the more recent determination of the solar composition [62]. More-
over, the present version of DMP-CESAM allows the calibration of models of stars different than
the Sun. The code also interacts with the ADIPLS package [111]| to compute the frequencies

of the stellar oscillation modes.
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Figure 1.14: (a) Solar gravity mode period differences between GOLF measurements (cir-
cles with error bars) or the standard solar model [120| (crosses) and a DM-modified solar
model [118] or between GOLF and the standard solar model (stars). Superimposed are non-
annihilating DM models with spin-dependent cross sections of 5- 10736 ¢cm? for respectively
5, 7 and 10 GeV (black, green and red lines). From Ref [119]. (b) Percentage decrease
changes in the solar neutrino fluxes when the accumulation of non-annihilating dark matter
particles in the center of the Sun is taken into account. The dark matter particles scatter
with nucleons with ogp = 107 cm? and og; = 1073" cm?. From Ref. [121].

The Sun and other Stars as Dark Matter probes

The Sun, being observed and modeled with a high precision, can be used as a laboratory
to test the existence and the nature of dark matter particles. In Refs. [99, 112, 113, 114]
it was shown that, for a certain range of WIMP-proton spin-dependent scattering cross
sections and masses, the accumulation of WIMPs in the Sun leads to a small reduction of
the solar central temperature with potentially detectable modifications in the solar neutrino
flux and in the low-degree acoustic modes of solar oscillations. Presently, this topic has
drawn the attention of several groups. The impact of several DM candidates on the Sun has
been studied, and constraints have been derived for types of DM particles with particular
properties such as those of asymmetric DM and self-interacting DM [115, 116, 117]. The
analysis of the solar gravity modes ([118, 119], see Figure 1.14. a) and the solar neutrinos
from various thermonuclear reactions ([122], see Figure 1.14.b) seem the most promising
strategies, as they have been shown to probe a region of the DM parameter space which,

for cases such as the isospin-violating DM, is compatible with present bounds from direct
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Figure 1.15: For DM particles with masses (x-axis) and annihilation cross sections (y-axis)
as those in the region labeled "collapse"”, neutron stars are thought to be rapidly destroyed
due to the gravitational collapse of the DM into a Black Hole. This approach was used to
put constraints on the DM parameters in Ref. [129].

detection experiments [121].

The impact of DM has also been extensively studied in the case of other stars. Very
compact objects such as neutron stars and white dwarfs have been shown to capture DM
particles very efficiently. In environments with very high DM densities, this scenario may
lead to unusually hot stars, powered by the annihilation of DM particles instead of by
thermonuclear reactions [123, 124, 125|. On the other hand, the extra cooling in white
dwarfs has been used to constrain the mass of axion DM [126, 127, 128]. For asymmetric
DM candidates, the accumulation of huge quantities of DM may lead to the destruction of
the neutron star after the formation of a black hole in the stellar core [129, 130, 131, 132,
133, 134, 135|. Therefore, the simple observation of the existence of neutron stars has been

used to derive some constraints on the properties of the DM particles (see Figure 1.15).

Of particular interest is the case of the first stars formed in the early Universe. These
stars are thought to have formed in the center of primordial DM halos. The adiabatic
contraction of the DM halo due to the collapse of the protostar leads to extremely high DM
densities and therefore to the annihilation of huge amounts of DM, which can act as the
only source of energy of the star [136, 137, 138, 139, 140, 141, 142, 143, 144], although this
is still a controverse possibility (see also [145]). When the star runs out of its original DM,

which takes about a million years [146], this stalling phase ends and the collapse continues
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until capture replenishes the fuel for DM annihilation [147]. The implications for the cosmic
reionization, the pair production supernova rate and the cosmic microwave background were
also studied [148, 149, 150|, as well as the prospects for observation of such unusual first
stars (the so-called Dark Stars) by next-generation telescopes [151, 152, 153].

As it will be shown in the next Chapter, the accumulation of self-annihilating dark matter
particles may also have a strong impact on main-sequence stars in our own Galaxy. This
topic has also been addressed in the literature, in a series of works (see Refs. [154, 155, 156])

which have been computed with the publicly available DarkStars code [157].
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Summaries of the publications

In this Chapter, the main conclusions of each of the publications included in this Thesis are
briefly summarized. The original publications are presented in the Appendix.

The core of this Thesis is constituted by the publications Paper I, Paper II, Paper III,
Paper IV and Paper V. In these publications we presented a contribution to the investigation
of the dark matter problem from a complementary perspective to ongoing direct and indirect
searches: we proposed the use of stars as tools to test and constrain the dark matter particle
candidates that are being put forward by particle physicists.

In addition, in Paper VI a similar approach was applied to show that the precise knowl-
edge of the solar interior, thanks to solar neutrinos and helioseismic data, can be used to
efficiently constrain alternative theories of gravity.

Following the regulations of the IST PhD program, we specify here the contribution of
the candidate to the publications. In Paper I, Paper 11, Paper I1I, Paper IV and Paper V the
candidate performed necessary modifications in the codes, ran the computations, analyzed
and interpreted the results (together with the other authors), created all the figures and
tables and wrote most of the article. In Paper VI the modifications on the code were done
together with another author. The candidate ran the computations, analyzed and interpreted

the results, created all the figures and tables and wrote sections 3.2 and 4.
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CHAPTER 2. SUMMARIES OF THE PUBLICATIONS

2.1 The formation and evolution of young low-mass stars
within halos with high concentration of dark matter

particles (Paper I)

Casanellas J. & Lopes L.
The Astrophysical Journal, 705, 135-14 (2009)
arXiv:0909.1971

In Paper I we studied the new scenarios of stellar evolution that arise when low-mass stars are
embedded within very dense halos of dark matter particles. For the first time, the evolution
from the collapse of the protostar to the end of the main sequence was analyzed. Stars with
different masses (from 0.7 to 3 M) and metallicities (from 0.0004 to 0.04) were investigated
using a modified version of a sophisticated stellar evolution code (CESAM [100]).

The annihilation of captured dark matter particles in the core of the star was found to

produce the following signatures on the stellar properties:

e reduction of the central temperature and, consequently, slower evolutionary speed
throughout the main sequence. For instance, a star as the Sun would double its main

sequence lifetime if it evolved within an extremely dense DM halo,

e creation of a convective core, due to the very concentrated production of energy by

DM annihilations, in stars where we would normally expect a radiative interior,
e different evolutionary tracks in the Hertzsprung-Russell diagram, and,

e in the more extreme cases, when the annihilation of dark matter is the only source of
energy of the stars, new equilibrium states in the Hayashi track where the stars may

remain indefinitely (see Figure 2.1.a).

The changes in the stellar properties were found to depend critically on the characteristics
of the DM particles, so the formers may potentially be used to constrain the DM parameters.
In Figure 2.1.b) we showed the variations in the effective temperature of stars for different
WIMP-proton spin-dependent scattering cross sections and dark matter halo densities.

While these signatures are very distinctive, their hypothetical observation is challenging:
the very high DM densities required to produce these strong effects restrict the locations
where these stars may be found to very specific places such as the inner parsec of our Galaxy
or the dwarf spheroidal galaxies. The remoteness of these places and particularly the presence
of dust in the case of the Galactic center hinder the observations of low-mass stars in these
spots. We hope that further improvement on the observational techniques will allow the use

of the DM diagnostic method developed in this work.
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Figure 2.1: a) Stationary states reached by stars with masses from 0.7 to 3 My when
the energy from DM annihilation compensates the gravitational energy during the collapse.
These equilibrium positions, where stars will remain for an indefinite time, are plotted for
different dark matter halo densities, indicated in units of log(p,/GeV cm™3) at the side of
each line. The grey lines are the classical evolutionary paths. b) Effective temperature of
the stars as a function of the dark matter halo density, considering different WIMP-proton
spin-dependent scattering cross sections. At the top horizontal axe are shown the distances
to the galactic center at which these DM densities are expected to be found, following the
profile of [158]. From Paper L.

Present observations of stars in the inner parsec of our Galaxy have indeed puzzling
characteristics, leading to two unsolved problems: the so-called "paradox of youth" (appar-
ently young stars observed in a region where recent star formation seems impossible, see
Refs. [159, 160]) and the "conundrum of old age" (the dearth of late-type stars in the central
few arcseconds, meaning that our Galactic center could have a stellar core instead of a stellar
cusp, as believed for some decades, see Refs. [161, 162, 163]). Taking into account the very
high DM densities expected in the Galactic center and the results of Paper I, it seems that

the role of DM is crucial to understand the properties of these stars.
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2.2 Towards the use of asteroseismology to investigate

the nature of dark matter (Paper II)

Casanellas J. & Lopes L.
Mon. Not. R. Astron. Soc. 410, 535-540 (2011)
arXiv:1008.0646

In Paper IT we explored a very characteristic signature of the annihilation of DM inside
low-mass stars that had been found in our previous work: the creation of a convective core
in stars which are expected to have a radiative interior. In fact, a new convective region
is a major structural variation that introduces strong discontinuities in the sound-speed
and density profiles of the star (see Figure 2.2.a). These discontinuities can be detected by
the analysis of the stellar oscillations, in particular using asteroseismic parameters such as
combinations of small separations or ratios between small and large separations of low-degree
acoustic modes.

The creation of an unexpected, DM-induced convective core was found for stars that
would appear as perfectly standard stars following the usual evolutionary paths through the
Hertzsprung-Russell diagram. Interestingly, we demonstrated that an asteroseismic analysis
of these stars would reveal the presence of self-annihilating dark matter in the stellar core. For
example, a star identical to the Sun, with the same mass, metallicity, luminosity and effective
temperature, but evolving within a very dense DM halo was found to show asteroseismic
signatures that depend on the characteristics of the DM particles (see Figure 2.2.b).

The present observational difficulties to perform this DM diagnostic technique are the
same as those reported above for the findings of Paper [. However, our novel approach opened
a new promising method to investigate the nature of dark matter. It set the foundations for
further works (see Paper V) in which a similar strategy, for other models of DM particles,
was applied to stars in the solar neighborhood which are already observed with the required

precision.

30


http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2966.2010.17463.x/full
http://arxiv.org/abs/1008.0646

2.2. PAPERII

a) b)
7
G
2 0.04
NL)

0.03 |

[=]

. - 002
) 3
g S 001 -
20
2 0

0.01 ‘ ‘ ‘

2000 3000 4000 5000
v(pHz)

Figure 2.2: a) Sound-speed (a.a), density profiles (a.b), and b) the seismological ratios r¢
and 719 of 1 Mg stars that evolved in DM halos with different densities p, and SD WIMP-
nucleon cross-sections o, sp when they reached a luminosity L = 1 L (for each star, the
product p,o, is indicated in the legend in GeV cm™!). Error bars are shown for star (iii)
assuming a relative error in the identification of the frequencies of 10~*. From Paper II.
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2.3 The capture of dark matter particles through the evo-

lution of low-mass stars. (Paper III)

Lopes 1., Casanellas J. & Eugénio D.
Physical Review D 83, 063521 (2011)
arXiv:1102.2907

In Paper IIT we addressed the question of how variations in the stellar and dark matter
parameters change the rate at which stars capture dark matter particles. We realized that,
in the literature, the solar values (for the stellar velocity and metallicity) and fiducial dark
matter characteristics (for the mass, velocity distribution and scattering cross section off
nucleons) were always assumed. Therefore, we computed the capture rate modifying the
parameters mentioned above, exploring with special attention the scenario in which the spin-
independent nucleon-dark matter interactions dominate the capture rate. We found that, in
contrast with the general assumption of spin-dependent hydrogen collisions dominating the
capture, other stellar isotopes such as oxygen, helium and iron also play an important role
in capturing dark matter particles (see Figure 2.3.a)

Moreover, in order to evaluate the reliability of the hypothetical use of stars other than
the Sun to investigate dark matter, in Paper III we also quantified the uncertainties in the
computed capture rate (C) and in the ratio between the luminosities from DM annihilations
and thermonuclear (L, /Ly,.) reactions derived from an imprecise knowledge of the stellar
structure and DM parameters. The results are shown in the table in Figure 2.3.b). For
example, we found that an uncertainty of 10% in the typical DM velocity leads to similar
errors on the computed C, and L, /L,,., while the same uncertainty in the stellar mass is

much more relevant and introduces errors twice as large.
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Figure 2.3: a) Rate at which DM particles are captured discriminated by the elements
responsible for the collisions that lead to the capture, in the Main Sequence (a.a), and in the
Red Giant Branch (a.b) for stars with different masses. b) Variations in the total capture
rate, C), and in the ratio between the luminosities from DM annihilations and thermonuclear
reactions, L, /Ly, when there is an uncertainty of 10% in the knowledge of one parameter
of the DM characteristics or of the stellar structure. If not stated otherwise, we assumed a
halo of DM particles with masses m, = 100 GeV, a density p, = 0.3 GeV cm™3, a velocity
dispersion v,, = 270 km s, a DM-nucleon scattering dominated by the spin-independent
(SI) component: o, s = 0, sp = 107" c¢m?, and a star of 1 My, in the middle of the MS,
with a metallicity Z—0.019 and a velocity v, = 220 km s~!. From Paper III.
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2.4 Signatures of dark matter burning in nuclear star
clusters (Paper IV)

Casanellas J. & Lopes L.
The Astrophysical Journal Letters, 733:L51, 5pp (2011)
arXiv:1104.5465

In our previous works we found that, for the DM candidates studied, environmental
DM densities above 10® GeV cm ™ are needed to produce measurable impacts on the stellar
properties. This fact reduces the observability of individual stars with the precision needed to
detect the acoustic modes of the stellar oscillations. On the other hand, present observations
of the Galactic center do allow the identification of the magnitude and effective temperature
of the stars and their membership in stellar clusters.

Therefore, in Paper IV we studied the impacts of the stellar annihilation of dark matter
particles on the global appearance of a cluster of stars. Two characteristic signatures were

found (see Figure 2.4.a):

e The turnoff point of the isochrones moves to brighter and hotter positions in the
Hertzsprung-Russell diagram due to the fact that low-mass stars within dense DM
halos evolve at a speed slower than classical stars. Consequently, stellar clusters may
be classified as younger than their true age if this effect is not properly taken into

account.

e The bottom of the isochrones, corresponding to the low-mass main sequence stars, rises
to higher luminosities because these stars, being only powered by DM annihilation,
inflate and go back through the Hayashi track. This is a very peculiar signature so,
if it is found in a stellar cluster it will be a strong indication of the presence of self-

annihilating dark matter in the cluster.

It is worth noticing that the global signatures on a stellar cluster are relevant for envi-
ronmental DM densities lower than those required for individual stars. For instance, if DM
is formed by the 8 GeV WIMPs recently invoked to reconcile the results from different direct
detection experiments, then the brighter and hotter turnoff point is predicted for halos of
DM with a density as low as p, = 3-10° GeV em™3 (see Figure 2.4.b). In addition, the
identification of the shape of a cluster of stars in the Hertzsprung-Russell diagram does not
require a high observational precision. These two facts encourage us to pursue, in future
works, a study of the stellar clusters already observed both in the dwarf spheroidal galaxies
and in the Galactic center, where stellar populations with atypical properties were already

found.
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Figure 2.4: a) Isochrones for a cluster of stars with masses between 0.7 Mg-3.5 M, that
evolved in a halo of DM with a density p, = 10'° GeV ¢m™ (continuous lines) and for the
same cluster in the classical scenario without DM (dashed lines). We considered DM particles
with a mass m, = 100 GeV and a spin-dependent scattering cross section with protons
oy.sp = 107% em?. b) 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
m, = 8 GeV and a spin-dependent scattering cross section with protons o, sp = 107% cm?.

From Paper IV.
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2.5 First asteroseismic limits on the nature of dark mat-
ter (Paper V)

Casanellas J. & Lopes 1.
submitted for publication
arXiv:1212.2985

Compared to the previous approaches to stellar DM searches (Paper I, Paper 11, Paper 111
and Paper IV), in Paper V we gave a leap forward: from the purely theoretical exploration
we proceeded to the modeling of real stars and the comparison with observational data. We
were able to provide the first constraints to the characteristics of DM using asteroseismology
and to demonstrate the potential of this technique as a complementary strategy for DM
searches.

In this work we focused on the study of asymmetric DM (ADM) candidates. In this
model, DM has a relic asymmetry, so it does not annihilate as thermal relic WIMPs do,
leading to the accumulation of huge quantities of ADM inside stars and strong impacts on
their structure.

We modeled the Kepler star KIC 8006161, the CoRoT star HD 52265, and o Cen B. The
additional cooling mechanism due to accumulated asymmetric DM particles was found to
reduce the central temperature and increase the central density of these stars. In addition,
we found that, even for an environmental DM density as low as the expected in the solar
neighborhood, the convective core expected in star HD 52265 is suppressed due to the new
DM energy transport mechanism. More generally, we found that stars with masses between
1.1-1.3 My may lose the convective core that is predicted in the standard picture of stellar
evolution. The suppression of the convective core depends on the characteristics of the
DM particles (see Figure 2.5.a). Unfortunately, there is not yet a definitive asteroseismic
diagnostic of the presence or the absence of a convective core in these stars.

We calibrated these stars to the observed characteristics and found that only the models
not strongly influenced by the accumulated ADM were able to reproduce simultaneously all
stellar parameters and the large and small frequency separations. The small separations of
the acoustic modes of low degree (0vps), being sensitive to the characteristics of the stellar
core, were found to be systematically lower than the observed value for the models with
strong impact of the DM particles. This fact is shown in Figure 2.5, where the (dvps) of the
calibrated stellar models of v Cen B is shown for different DM masses m, and spin-dependent
proton scattering cross sections o, sp. Models with low m, and large o, sp predict values
of (0vpe) which are more than 5 observational errors away from the true value. Being o Cen

B a star with its fundamental characteristics determined with high precision thanks to its
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Figure 2.5: (a.a) Size and duration of the convective core in the modeling of the star HD
52265 in the classical picture (grey) and taking into account the energy transport due to the
conduction of ADM particles with m, = 5 GeV and o, sp = 1.5- 1073 cm? (blue). (a.b)
The presence of a convective core in HD 52265 depends on the mass and SD scattering cross
section of the DM particles. (b) Deviation of the (dvp2) of the DM-modified stellar models
from the true value measured in @ Cen B. All the stellar models are calibrated to fit the
M, L, T.;s, Z and (Av,;) of o Cen B within the observational error. The dashed black
lines around the 20 line show the theoretical uncertainty in the modeling arising from the
uncertainties in the stellar characteristics. The density of DM around the stars is assumed
to be 0.4 GeV cm™3. From Paper V.

belonging to a binary system, the theoretical error in the modeling is small (see dashed lines
around the 20 lines). Thus, the existence of DM particles with properties above the 20 line
can be with excluded with 95% confidence level by the asteroseismic analysis of o Cen B.
The constraints set using this approach are comparable with the limits from direct detection
experiments, particularly for m, = 5 GeV, when the sensitivity of the detectors drops.

Compared to helioseismic DM searches, asteroseismology allows the study of stars with
masses lower than that of the Sun, which are more strongly influenced by the captured DM,
and therefore with the potential to provide stronger constraints to the DM characteristics. In
addition, it allows the analysis of stars with 1.1-1.3 M. An asteroseismic determination of
the presence or the absence of a convective core in these type of low-mass stars may provide
further constraints to the DM characteristics.

Even more promising seems the future prospects for asteroseismic DM searches. If the
small frequency spacings are identified in the oscillations of stars located in environments with
high expected DM densities, such as globular clusters, then the sensitivity of the approach we
proposed will reach much smaller WIMP-baryon scattering cross sections and larger WIMP

masses. Moreover, in the event of a successful identification of the properties of DM through a
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combined analysis of hypothetical positive results in different experiments, asteroseismology
may allow the determination of the density of DM at any specific location where a star is

observed.
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2.6 Testing alternative theories of gravity using the Sun
(Paper VI)

Casanellas J., Pani P., Lopes I. & Cardoso V.
The Astrophysical Journal, 745:15, 6pp, (2012)
arXiv:1109.0249

In Paper VI we extended the approach developed during the previous works, that is using
the stellar properties to probe fundamental physics, to the field of gravitational theories.
General relativity is a successful theory that has been tested at very different scales. However,
much less is known about the validity of Einstein’s equations inside matter. In this work we
demonstrated that the precision of solar modeling and of solar observations provide the first
constraints to the gravity-matter coupling.

We focused on a particular alternative theory, an Eddington-inspired gravitational theory
recently proposed by Banados and Ferreira [164], which is equivalent to general relativity
in vacuum, but its gravity-matter coupling results in non-singular cosmology and collapse.
Inside matter, this theory leads to a modified Poisson equation for the gravitational field
and, consequently, to a modified hydrostatic equilibrium equation in the solar modeling.
This equation can be re-written as the classical hydrostatic equilibrium equation, but with
an effective gravitational constant: Geg(r) = G + %ﬂm”—é;), where x4 is the only parameter
of the theory, which we aimed to constrain. Since p/(r) < 0 inside the Sun, Geg S G when
kg 2 0. When x4, < 0, we expect a stronger effective gravitational force which, for main
sequence stars in hydrostatic equilibrium, leads to an increase in the central temperature
and, consequently, in the rate of thermonuclear reactions.

We explored the signatures of this modified gravity in the solar neutrino fluxes and in
several helioseismic parameters. The strongest constraints arose from the comparison of mod-
ified calibrated solar models and helioseismic data, in particular from the differences in the
sound-speed profiles and in the small frequency separations of low degree (see Figure 2.5.a).
In addition, modified solar models with a large negative value of the parameter x, led to pre-
dictions of the ®B neutrino flux more than 40% greater than the predictions of our standard
solar model (see Figure 2.5.b). In summary, we were able to establish the first constraints
in the strength of the gravity-matter coupling, excluding values of |k, > 3 x 10°m®s~2kg ™"
(see Figure 2.5.c).

In addition, we also studied the implications of the Eddington-inspired gravity theory in
the context of the solar abundance problem [63]. Models with x, < 0 predict the base of
the convective envelope at a smaller radius than the standard solar model, reconciling the
prediction with the helioseismically inferred value. However, the predicted helium surface

abundance for the same models with x, < 0 is then even more underestimated than for
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Figure 2.6: (a.a) Relative differences between the sound speed profiles of our modified solar
models and the solar sound speed from helioseismic data [165]. (a.b) Mean small separation
for I=0 and v > 2000uHz for our modified solar models, normalized to the prediction for
kg = 0. (b) ®B neutrino flux predicted by our modified solar models normalized to the flux
predicted by our standard solar model. (c¢) Summary of the range of the parameter , ruled
out using different solar characteristics. From Paper V1.

standard solar models. Although this particular theory only offers a partial solution to this
problem, other gravitational corrections could affect the solar interior in a different way and

may be relevant as an alternative approach to the solar abundance problem.
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Conclusions

In this Thesis we have developed a new approach to investigate the nature of dark matter.
The dark matter particles of the galactic halo are efficiently captured by low-mass stars and
accumulate in their cores. In some cases, this fact leads to a strong impact on the stellar
properties. We have demonstrated that the observation of the existence/absence of the

influence of dark matter on stars can be used to learn about the dark matter characteristics.

We first studied the new stellar evolutionary scenarios that arise when the self-annihilation
of gravitationally captured dark matter particles is taken into account. For environments
with very high dark matter densities, such as those expected in the Galactic center, we
predicted very characteristic signatures in the properties of low-mass stars (Paper I).

Then, using one of those signatures, we proposed a method to identify a dark matter
burning core inside a star similar to the Sun. The self-annihilation of huge quantities of
dark matter creates a convective core, unexpected in ~ 1 M stars, that leaves a distinctive
imprint in the stellar oscillations. Asteroseismology can thus be used to indirectly detect
dark matter, being able to distinguish the impact of dark matter in stars that would appear
as normal stars in the Hertzsprung-Russell diagram (Paper II).

Since the rate at which a star captures dark matter particles is the critical quantity in
the problem studied in this Thesis, we then addressed in a thorough way the dependencies of
this quantity on the characteristics of the stars and the dark matter particles. We evaluated

the error on the capture rate, as well as on the weight of the dark matter annihilations over
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the classical stellar energy sources, arising from uncertainties in the knowledge of the stellar
mass, metallicity, velocity, and the dark matter mass and velocity distribution. We also
studied the scenario where the spin-independent dark matter-nucleon interactions dominate,
characterizing the stellar isotopes that are responsible for most of the collisions leading to

dark matter captures (Paper I1I).

We also characterized the impacts of the stellar capture and annihilation of dark matter
particles on the global properties of a cluster of stars. We found that the age of a nu-
clear star cluster may be underestimated if the influence of dark matter is not taken into
account. In addition, in the more extreme case of very high environmental dark matter
densities, we predicted a very peculiar dark matter signature in the shape of the clusters in
the Hertzsprung-Russell diagram (Paper IV).

The influence of dark matter annihilations on stars is very likely occurring at this moment
in locations with very high environmental dark matter densities such as the center of our
Galaxy. However, the present observation of these signatures is particularly difficult due to
two reasons: (i) the distance and the presence of dust towards the Galactic center; (ii) the
fact that only the stars with low masses, and therefore with the lower intrinsic luminosities,
are influenced enough by the dark matter annihilation. These difficulties may be overcome
with eventual experimental improvements in the observations or with the study of the dark
matter effects on giant (and thus more luminous) stars, the latter a strategy we aim to pursue
in the near future. Further promising locations to observe these effects are globular clusters
and dwarf spheroidal galaxies, where very high dark matter densities are also predicted.
Moreover, other dark matter particle candidates may have specific properties that can lead

to observable effects in nearby stars.

This is the case of non-annihilating dark matter particles (i.e. asymmetric dark matter).
In this scenario, the dark matter accumulated in the stellar cores provides a new cooling
mechanism, modifying the central properties of the stars and eventually suppressing the
convective core expected in 1.1-1.3 My stars, even for an environmental dark matter density
as low as the expected in the solar neighborhood. We proposed the use of asteroseismology
to search for these modifications, since the stellar oscillations, namely the acoustic modes of
low degree, are sensitive to the properties of the core of the stars. Remarkably, we were able
to provide the first asteroseismic constraints to the dark matter characteristics, namely to
the mass of the dark matter particle and to the strength of its spin-dependent interactions

with protons, by analyzing the oscillations of the star « Cen B (Paper V).

This new approach to investigate the nature of dark matter has promising prospects.
Asteroseismology has reached the necessary maturity and is presently providing the first
insights in the structure of stars at different evolutionary stages. The Kepler and CoRoT

missions are observing hundreds of main-sequence stars and red giants, which oscillation
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frequencies have the potential to provide further constraints to the dark matter character-
istics. Stars with masses lower than that of the Sun and stars that theoretically lose their
convective core due to the dark matter are particularly promising targets. Red giants may
also have interesting prospects, a possibility we intend to explore in future studies.

In the hypothetical event of a successful identification of the dark matter properties,
which may happen only after the combination of positive results in different experiments,
the signatures and strategies described in this Thesis may provide a method to indirectly
measure the density of dark matter at any specific location where a star is observed, helping
to understand the shape of galactic dark matter halos. Moreover, in this scenario, the impact
of the ~ 83% of the matter of the Universe on the ~ 1% that constitutes the stars will have
to be understood. We hope this Thesis may help to provide a first approach toward this
objective.

On the other hand, if dark matter continues to evade the attempts to its identification,
an innovative approach such as the proposed in this Thesis will be particularly valuable as
a complementary strategy to ongoing dark matter searches. In this Thesis we have demon-
strated that stellar dark matter searches provide constraints to the dark matter properties
comparable to present direct detection experiments.

In addition to our contribution to the investigation of the dark matter problem, in this
Thesis we have also proved that the high precision of solar modeling and observations can
be used to test alternative theories of gravity. We have studied the case of an Eddington-
inspired modified theory of gravity, equivalent to standard gravity in vacuum but significantly
different from it within matter, resulting in modifications in the hydrostatic equilibrium
equation for compact objects. If this theory is valid we would expect variations in the
solar temperature and density profiles and, in turn, changes in the predicted solar neutrino
fluxes and solar oscillations, which strength depends on the only parameter of the theory.
Comparing our sophisticated modified solar model with the observations, we were able to

establish the first constraints to the gravity-matter coupling (Paper VI).
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ABSTRACT

The formation and evolution of low-mass stars within dense halos of dark matter (DM) leads to evolution scenarios
quite different from the classical stellar evolution. As a result of our detailed numerical work, we describe these
new scenarios for a range of DM densities on the host halo, for a range of scattering cross sections of the DM
particles considered, and for stellar masses from 0.7 to 3 M. For the first time, we also computed the evolution
of young low-mass stars in their Hayashi track in the pre-main-sequence phase and found that, for high DM
densities, these stars stop their gravitational collapse before reaching the main sequence, in agreement with similar
studies on first stars. Such stars remain indefinitely in an equilibrium state with lower effective temperatures
(|AT.| > 10° K for a star of one solar mass), the annihilation of captured DM particles in their core being the
only source of energy. In the case of lower DM densities, these protostars continue their collapse and progress
through the main-sequence burning hydrogen at a lower rate. A star of 1 Mg will spend a time period greater
than the current age of the universe consuming all the hydrogen in its core if it evolves in a halo with DM density
Py = 10° GeV cm™3. We also show the strong dependence of the effective temperature and luminosity of these
stars on the characteristics of the DM particles and how this can be used as an alternative method for DM research.

Key words: dark matter — Galaxy: center — Hertzsprung—Russell (HR) diagram — stars: evolution — stars: formation

— stars: interiors

Online-only material: color figures

1. INTRODUCTION

Modern observational cosmology has revealed a more com-
plex and unknown universe than previously expected. The cur-
rent cosmological observations of the baryon acoustic oscilla-
tions, distance measurements by means of Type Ia supernovae,
cosmic microwave background, and primordial light elements
abundances, are all observations that confirm that the standard
cosmological model is a good description of our universe under-
going an accelerated expansion (Spergel et al. 2007; Komatsu
et al. 2009). We now know that only about 5% of all matter in
the universe is regular visible matter, usually known as baryons.
The rest is very likely to be in the form of unknown particles that
have not yet been detected, even though we are able to observe
its effect on the formation of cosmological structures, usually
known to us as dark matter (DM) and dark energy. The universe
is composed of 20% of DM, particles that do not interact with
the electromagnetic field, but whose presence can be inferred
from gravitational effects on visible matter. The remaining 75%
is known as dark energy. This component is very homogeneous
and not very dense, and is known to have interacted through any
of the fundamental forces other than gravity. In this paper, we
investigate the impact of the DM component on the evolution
of stars.

There is an abundant number of particle physics models pro-
viding candidates for DM particles. Among others, the Super-
symmetric Standard Model (SUSY) is one of the best-studied
candidates for physics beyond the Standard Model (Bertone
et al. 2005). DM particles must be massive particles, electri-
cally neutral and, very likely, non-colored. The lightest super-
symmetric particle (LSP), such as the neutralino, is the favorite
SUSY particle among the particle physics community. The LSP
belongs to a generic family of neutral massive particles, usually
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known as weakly interacting, massive particles (WIMPs) that
are by definition the best DM particle candidates. WIMPs inter-
act through gravity and possibly through the weak nuclear force,
and very likely through no other interactions stronger than the
weak force.

Despite their weak interactions, WIMPs can lead to signifi-
cant changes in the formation and evolution of stars, provided
they have a sizeable scattering cross section with baryons. Con-
cerning WIMPs’ interaction with baryons, the consequence is
two-fold: WIMPs can affect a star by annihilating among them-
selves into standard model particles in its core, providing a
source of energy additional to standard nuclear energy (Salati
& Silk 1989). A second way by which WIMPs can influence
a stellar structure is by providing an additional mechanism of
heat transport inside the star (Bouquet & Salati 1989a). This
can reduce the local temperature gradient, potentially inhibiting
convection and enhancing the pulsation of horizontal branch
stars (Dearborn et al. 1990). In the case of the Sun, the cur-
rent values favored by WIMP self-annihilation cross section,
WIMP-nucleus scattering cross sections, and local DM density
indicate that this effect is not significant for the evolution of
our star.

The study of the effects of DM particles accretion on stars
is an alternative approach to investigate the properties of such
particles. These effects were first studied in the Sun by Spergel
& Press (1985) and later on by Lopes et al. (2002a) and
Bottino et al. (2002). Recently, Moskalenko & Wai (2007)
for white dwarfs, Scott et al. (2007) for low-mass stars, and
Spolyar et al. (2008) for the first generation of stars, showed
that, if embedded in halos with high-DM densities, stars can
be fuelled only by the energy from DM annihilation. Many
authors confirmed and developed these results. DM capture and
annihilation were studied for white dwarfs and neutron stars by
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Bertone & Fairbairn (2008) and Kouvaris (2008). The same was
done for first stars by Iocco (2008), Taoso et al. (2008), Freese
et al. (2008c), and Yoon et al. (2008), and their implications
for cosmic reionization and the pair production supernova rate
were studied by Schleicher et al. (2009) and Iocco (2009),
respectively. In the case of first stars formed at the center of DM
minihalos, DM annihilation may become the primary source
of energy during the adiabatic contraction regime of the DM
halo, counteracting the gravitational collapse even before DM
capture becomes efficient (Spolyar et al. 2008; Freese et al.
2008a, 2008b; Natarajan et al. 2009; Ripamonti et al. 2009).
When the star runs out of its original DM, which takes about
a million years (Freese 2009), this stalling phase ends and the
collapse continues until capture replenishes the fuel for DM
annihilation (Iocco et al. 2008).

Regarding low-mass stars, Scott et al. (2009) carried out an
extensive study on how the stars located at the galactic center
may be affected by the dense DM densities which are expected
to exist there. They assumed that these stars were already formed
in a scenario without DM. Therefore, their evolution on a DM
halo was considered from the zero-age main sequence (ZAMS).
In addition to that, we also took into account the capture of
DM particles from the collapse of the protostar, as locco et al.
(2008) did for first stars. The influence of DM in that early stage
may have dramatic consequences in the forming star, as will be
shown.

The paper is organized as follows: in Section 2, there is a short
description of the stellar evolution code used here. The process
of accretion of annihilating DM particles in stars is briefly
reviewed in Section 3. The different evolution paths found
for low-mass stars evolving within DM halos are discussed
in Section 4. In Section 5, we discuss the implication of our
results to observational stellar astrophysics. Finally, in Section 6,
we present a brief summary of the results and discuss the
implication of such results for DM research.

2. THE STELLAR EVOLUTION CODE

The models computed in this work were made using the stel-
lar evolution code CESAM (Morel 1997). The CESAM codeis a
consistent set of programs and routines which performs calcula-
tions of one-dimensional quasi-static stellar evolution including
diffusion, rotation, and mass loss. CESAM computes structure
equilibrium models by the collocation method based on piece-
wise polynomials approximations projected on their B-spline
basis, the evolution of the chemical composition is solved by
stiffly stable schemes of orders up to 4, the solution of the dif-
fusion equation employs the Petrov—Galerkin scheme (Morel
1997). The code determines the evolution of a star by the inte-
gration of the set of conservation structure equations, coupled
with a set of nuclear reactions describing the nucleosynthesis
of chemical elements and the production of energy, using an
adaptive space time mesh, i.e., the code chooses an optimal
step in time and space by computing the rate of variation of
the equilibrium quantities. CESAM allows calculations of stel-
lar models with various physical assumptions, physical data,
external boundary conditions, numerical methods, and numer-
ical accuracy; in this work, the accuracy is set to 10>, This
code has the ability to compute the evolution of stars from the
pre-main-sequence up until the beginning of the *He burning
cycle for various stellar masses, and for a range of metallicities
(0.0004 < Z < 0.04, in the present configuration). The initial
chemical abundances are the solar ones (Asplund et al. 2005),
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and the initial metallicity, unless stated otherwise, is assumed to
be Z = 0.014, similar to that of the Sun.

The microscopic physics, including the equation of state,
opacities, nucleosynthesis, microscopic diffusion, and chemical
abundances, is very refined in this stellar evolution code,
since this part of the code was tested in the case of the Sun
against helioseismic data. The CESAM evolution code is well
established in the solar and stellar physics community, being
used either to compute solar models (Couvidat et al. 2003;
Berthomieu et al. 1993) or models of other stars (among others:
PMSéScuti star V346 Ori (Bernabei et al. 2009), SChepei
star v Eridani (Suérez et al. 2009), 0.8-8 My PMS and MS
stars (Marques et al. 2008), Vega-like stars aPsA, fLeo, BPic,
¢Eri, and tCet (Di Folco et al. 2004), «CMi star Procyon A
(Kervella et al. 2004), solar-like 0.8—-1.4 My stars and PMS
stars (Piau & Turck-Chieze 2002), «Cen A&B stars (Thévenin
etal. 2002), and MS stars with convective overshooting (Audard
et al. 1995)).

We modified this code to take into account the impact of DM
particles in the evolution of low-mass stars. In particular, we
have already used this code to study the evolution of the Sun
within a halo of DM (Lopes et al. 2002a, 2002b; Lopes & Silk
2002); we predicted the results of two groups of observables:
solar neutrinos and helioseismology data (including the sound
speed profile).

3. ACCUMULATION OF DARK MATTER PARTICLES
INSIDE STARS

WIMPs travel through stars, where they experience scattering
off the nuclei that they encounter in the stellar cores. Although
most WIMPs travel right through the star without suffering any
type of interaction, some of them will scatter off nuclei losing
energy. If they lose enough energy, they would no longer be
able to escape the gravitational field of the star. The number of
WIMPs trapped inside the star is measured by the capture rate
C,. The capture rate is proportional to the WIMP scattering
cross section off nuclei o, and the DM density of the halo p,.
It is inversely proportional to the WIMP mass m, and to the
WIMP dispersion velocity v,. Capture rates of WIMPs were
first calculated by Press & Spergel (1985) in the case of the Sun,
by Gould (1987) for generic massive bodies and for the Earth in
particular, and by Bouquet & Salati (1989a) for main-sequence
stars. We computed the capture rate using Equation (2.31) of
Gould (1987):

8 \'? o xM, 3v?
C — . X = l * esc , 1
X Z<3n> a,mx Uy A, 202 ¢ (1)

i

where vese = +/2GM, /R, is the escape velocity, M, and R,
are the mass and radius of the star, m,, is the proton mass, and
x; and A; are, respectively, the mass fraction and the number of
nucleons of element i. We included the contributions from 13
nuclei: H, *He, 12C, N, 10, ?H, *He, "Li, "Be, 13C, PN, 170,
and ?Be, the abundances of which are followed by our code. For
all of them, we computed their spin-independent (SI) interaction
with WIMPs (coherent scattering), which scales as the fourth
power of the nucleus mass number, leading to a scattering
cross section o; = A?GX,S,. For hydrogen, we also took into
account the contribution of the spin-dependent (SD) interaction
(incoherent scattering), which lead to oy = A‘;IGX,SI + 0y.sD.
The last term in Equation (1), ¢, is the product of the suppression
factors due to the motion of the star through the halo &,(c0),
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Table 1
Comparison of Different Capture Rates in the Literature, Considering
Different Stellar Masses and DM Halo Densities o,

Mass log py Cy Reference
(Mg)  (GeVem™) )
0.8 9 0.6 x 103 Scott et al. (2009)

0.9 x 10 Fairbairn et al. (2008)

1.7 x 10%* Freese et al. (2008c)®

1.6 x 103 Casanellas & Lopes (this paper)®
1 10 0.8 x 10% Scott et al. (2009)

0.9 x 10% Fairbairn et al. (2008)

1.1 x 10% Bertone et al. (2005)°

1.7 x 10% Freese et al. (2008¢c)?

2.9 x 103 Moskalenko & Wai (2006)°

1.6 x 10% Casanellas & Lopes (this paper)®

9 1.0 x 103 Scott et al. (2009)*

1.1 x 103 Fairbairn et al. (2008)

1.1 x 10** Bertone et al. (2005)°

2.0 x 103 Freese et al. (2008c)b

1.9 x 10%* Casanellas & Lopes (this paper)®

8 0.8 x 103 Scott et al. (2009)*

1.1 x 1033 Fairbairn et al. (2008)

1.1 x 103 Bertone et al. (2005)°

2.1 x 1033 Freese et al. (2008(:)b

1.9 x 103 Casanellas & Lopes (this paper)®
2 10 2.3 x 10% Fairbairn et al. (2008)

4.4 x 10% Freese et al. (2008¢)®

4.5 x 10% Scott et al. (2009)

4.1 x 10% Casanellas & Lopes (this paper)*
3 10 4.5 x 10% Fairbairn et al. (2008)

8.5 x 103 Freese et al. (2008¢c)?

8.1 x 10% Casanellas & Lopes (this paper)®

Notes. In all cases: m), = 100 GeV, oy, sp = 10738 cm?2. The metallicity
of the stars goes as follows: *: Z = 0.01, b. 7 =0and®: Z = 0.018.

the mismatch between WIMP and nuclei masses, and the
dimensionless gravitational potential averaged over the star (¢),
all present in the original expression of Gould (1987). We
evaluated these factors for a WIMP mass m, = 100 GeV, a
velocity of the star v, = 220 km s~!, and a WIMP dispersion
velocity v, = 270 km s~ !, and found that, for these values
and for all stars studied here, we can approximate ¢ to the
order of unity, similar to other authors (Moskalenko & Wai
2007; Bertone & Fairbairn 2008; Freese et al. 2008c). This
approximation retains the main aspects of WIMPs’ capture,
while it simplifies the calculations and reduces the time of
computation. Furthermore, the difference in values between
this capture rate and others (see Table 1) is relatively small.
We confirmed that the overall conclusions of this paper will not
be affected by the accuracy of this capture expression.

The values of the scattering cross sections used in our
simulations, o, sp from 107* cm? to 10737 cm? and o, 51 =
10~* c¢m?, are consistent with the experimental bounds given
by direct detection experiments (CDMS, Akerib et al. 2006;
XENONT10, Angle et al. 2008b; NAIAD, Alner et al. 2005;
PICASSO, Barnabe-Heider et al. 2005; COUPP, Behnke et al.
2008; for oy sp, and CDMS-II, Ahmed et al. 2009; XENONI10,
Angle et al. 2008a; CRESST-II, Angloher et al. 2005; and
EDELWEISS, Sanglard et al. 2005 for o 5/). Only one indirect
detection experiment (Super-Kamiokande, Desai et al. 2004)
predicted an upper limit for o, sp below 10737 cm?. The bounds
on the WIMP-nucleon scattering cross sections are much less
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constraining for SD interactions than for SI, due to the presence
of the A* factor in the latter type of interactions. For this reason,
the WIMP capture rate was always dominated by SD scattering
in all our computations.

After being captured, WIMPs will then sink to the core of
the star, where they can annihilate with one another at an
annihilation rate I',. The total number of WIMPs N, inside
the star is then determined by the balance between the capture
rate and the annihilation rate. Therefore, the evolution of the
number of WIMPs inside the star over time is

dN,

7 = X ZFX . (2)
The capture and annihilation of WIMPs in the core of a star
are very efficient processes; capture and annihilation processes
balance each other out in around 100 years (Salati & Silk
1989) and the system rapidly comes to equilibrium, N, = 0
or C, = 2I'y. The timescale for the steady state to be
reached will be much inferior than the typical evolutionary
timescale of a main-sequence star. WIMPs will get distributed
in the core of the star very rapidly following an approximately
thermal internal distribution with a characteristic radius r, =
V3T, /2 Gp.m,, where T and p. are the central temperature
and density of regular baryonic matter inside the star, and G
and « are the Newton and Boltzman constants. The density
number distribution n,, is given by n, (r) = N, ~%/?r3 e
(Dearborn et al. 1990, 1991; Kaplan et al. 1991).

DM particles can transport energy by scattering off nuclei
inside the star, thus constituting an alternative mechanism of
energy transport (Bouquet & Salati 1989b). This energy trans-
port mechanism by WIMPs is implemented in our stellar evo-
lution code (for a detailed description, see Lopes et al. 2002b),
although the contribution of such process to the evolution of
the star is negligible compared with other effects. More signifi-
cantly, DM particles in the stellar core provide an extra source
of energy (Salati & Silk 1989). The energy generation rate &,
due to pair annihilation of DM particles is given by

ex(r) = fy my ny(r) p(r)~ {oav) ?3)

in units of energy per mass per time (in cgs: erg g~! s™!). It
follows that every pair of DM particles captured into the star
is instantly converted into additional luminosity. We assume
that all products of DM annihilation, except neutrinos, interact
either by electromagnetic or nuclear strong forces with the core
nuclei, so they have short mean free paths inside the star and
these particles rapidly reach the thermal equilibrium. We chose
the coefficient f, = % x 2 to take into account that % of the
energy is lost in the form of neutrinos that escape from the star,
and that each annihilation involves two DM particles, due to
the assumption that the neutralino is a Majorana particle, i.e., it
is its own anti-particle. The coefficient f, has different values
in the literature. Its former factor, which quantifies the energy
that remains inside the star, could be underestimated in our
work: following the recent simulations of Scott et al. (2009), the
energy loss could be as low as 10% of the total energy from DM
annihilations. Our choice, more conservative, is in agreement
with other authors (Freese et al. 2008a; Iocco et al. 2008; Yoon
et al. 2008). In our simulations, we assumed the annihilation
cross section to be (o,v) = 3 x 1072° cm? s~!, a value that is
fixed by the relic density through the following approximation:
Q,h* ~ 3 x 107?77 ecm® s7!/(o,v) (e.g., Scherrer & Turner
1986; Srednicki et al. 1988; Bertone et al. 2005).
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Figure 1. Energy rates during the evolution of a 1 Mg star on the Classical,
Weak, and Strong cases. The densities of DM in the halo are, respectively, 0,
3 % 108, and 3 x 10" GeV cm™3. Curves are as follows: e7 (light gray dashed
line), &, (red continuous line), &gray (blue dashed line), &, (green long dashed
line), ecno (pink dotted line). The DM halo is assumed to be composed by

WIMPs with mass m, = 100 GeV, spin-dependent scattering cross section,
Oy,SD = 10738 ¢m?2, and annihilation cross section {o4v) = 3 x 10720 cm3 s~ 1.

(A color version of this figure is available in the online journal.)

4. EVOLUTION OF LOW-MASS STARS WITHIN A DARK
MATTER HALO

We have implemented the effects of the annihilation of DM
particles in our stellar evolution code and followed the evolution
of low-mass stars since their protostar phase and throughout
the main-sequence phase. These stars may experience dramatic
changes on their evolution depending upon the amount of DM
the star accumulates in its interior. The accretion of DM depends
mainly on the particle halo density p,, and also on the WIMP—
nucleus spin-dependent scattering cross section o, sp. The more
accretion of DM particles happens inside the core of the star,
the more energy is produced by WIMP pair annihilation. The
existence of this new source of energy leads to significantly
different scenarios of stellar evolution. Figure 1 shows the
contribution of the different energy sources to the total energy
generation rate, 7, of a star of 1 Mg. The evolution of the
star depends on the balance between DM energy rate, ¢,, the
thermonuclear energy rate produced by the pp chain, ¢,,,
the thermonuclear energy rate produced by the CNO cycle,
ecno, and the gravitational energy rate, gy, produced by
the gravitational contraction of the star. Depending upon the

time are experimenting a gravitational contraction, leading to an
increase in the temperature inside their cores. The gravitational
collapse is stopped by an additional source of energy, such as
thermonuclear energy produced by the pp chain or CNO cycle in
stars on the main-sequence phase. Nevertheless, stars evolving
in DM halos can experiment a quite different scenario of
evolution. For stars evolving within halos with low-DM density
Py the energy from WIMPs’ annihilation is a complementary
source to the thermonuclear energy (see Figure 1(b)) that slightly
delays the gravitational collapse, slowing down the arrival of the
hydrogen-burning phase. The equilibrium is reached at a lower
central temperature than that of the classical evolution case,
leading to a smaller rate of energy produced by thermonuclear
reactions €,, + &cno (stars will evolve in the weak scenario
if their thermonuclear energy accounts for more than 10% of
the total energy in the beginning of the MS). Therefore, the
time that a star spends in the main-sequence phase is enlarged
with respect to the classical evolution scenario (see Figure 2).
The more massive the star, the more DM will be necessary to
produce the same effects. A star of 1 M will stay in the MS for
a time greater than the current age of the universe if it evolves
in a DM halo of p, = 10° GeV cm™3 and 0y,SD = 10738 cm?,
while a star of 2 My evolving in the same halo will not be
affected. In the case of one solar mass stars, Scott et al. (2009)
obtained the same extension in the main-sequence lifetime for
almost identical DM densities on the host halo. On the other
hand, for greater masses our results are more conservative due
to the lower WIMP capture rates obtained for M, > 1 M. This
evolution scenario is qualitatively similar to that predicted for
Pop III stars by Taoso et al. (2008).

To grasp the role of the metallicity, we computed models
with metallicities from Z = 0.0004 to Z = 0.04 and found
that the main differences in the stellar evolution are those
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in Figure 1.
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(A color version of this figure is available in the online journal.)

Table 2
Energy Rates (and Its Percentage Over the Total Energy) for Stars of 1 M,
with Different Initial Metallicities, Evolving in a Halo with a DM Density
oy = 10° GeV cm—3, At an Age Such that Their Central Hydrogen Mass
Fraction is X, = 0.60

zZ X,‘n Y,' Ex Epp
rgg's™)  (erggT's™h
0.0004 0.7584 0.2412 0.8 (12%) 5.8 (88%)
0.001 0.756 0.243 0.7 (12%) 5.4 (88%)
0.02 0.680 0.300 0.6 (23%) 2.1 (77%)
0.04 0.620 0.340 0.6 (25%) 1.7 (74%)

already expected in the classical picture; stars with higher
metallicities have lower thermonuclear energy production rates
and, therefore, extended main-sequence lifetimes (Schaller et al.
1992; Schaerer et al. 1993; Lejeune & Schaerer 2001). Table 2
shows the energy rates ¢,, and &, for stars with metallicities
Z = 0.0004, 0.001, 0.02, and 0.04 that evolve in a halo with
a DM density p, = 10° GeV cm~>. Even though &, is lower
in high-metallicity stars (due to a lower capture because of the
smaller hydrogen mass fraction), its percentage over the total
energy is higher given the strong reductionin ¢ ,,,. Consequently,
stars with higher initial metallicities will be affected by the
energy from DM annihilation at slightly lower DM densities.

The competition between the nuclear burning and the energy
from WIMP annihilation leads to another important change with
respect to the classical scenario. The path that these stars follow
on the Hertzsprung—Russell (HR) diagram may be significantly
altered if there is enough DM in their interior. This can be
seen in Figure 3, where we plotted the tracks of a star of
1.5 My evolving in halos without DM and with a DM density
oy = 109 GeV cm~3. In the latter case, the rates of energy
production were, in the beginning of the MS: ¢, =~ 42%,
epp = 55%, and ecno = 3%. In this case, the contribution
of ¢, rapidly starts to compensate the collapse of the protostar,
stopping it when the star has a larger radius than that of the
classical scenario. Consequently, the ZAMS position of these
stars shifts to lower effective temperatures.
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The internal structure of the star also experiences some
important changes. In the classical scenario, a Sun-like star
of one solar mass will develop a small convective core within
the radiative interior, which will disappear when the star reaches
the main-sequence phase. Then, this star will develop a radiative
core and a convective envelope on the outer layers. Alternatively,
in this new scenario, the central convective zone remains for
a longer period during the evolution of the star, because the
extra luminosity amount produced by the WIMPs annihilation
requires a more efficient mechanism to evacuate this energy
from the stellar core. Typically, in a halo of DM particles with
py = 10° GeV cm™ and o, sp = 107%® cm?, a star of 1 M,
develops a convective core with a radius of approximately
0.05 R,. This radius decreases with time, until it disappears
completely at an age of 6 Gyr. Similarly to the Sun, this
star conserves its convective external region throughout its
evolution. In the case of the present Sun, the external convective
region is located above 0.7 R,. The thickness of this external
convective layer grows with p,, and it is also conserved in more
dense DM halos, as in the case discussed in the next section, the
intermediate case scenario.

4.1.2. Intermediate Case Scenario: Convective—Radiative “Frozen”
Stars

As the ambient density of DM particles p, increases, the
capture rate inside the star increases too. As a consequence,
the energy source resulting from the annihilating DM particles
eventually starts to compensate the gravitational energy source,
thus keeping the temperature of different core regions below the
threshold needed to start the thermonuclear reactions. In this
scenario, WIMP pair annihilation becomes the only source of the
star’s luminosity and ¢, is high enough to stop the gravitational
collapse at an early stage. Stars in this scenario can live forever
without the production of thermonuclear energy.

Since WIMP annihilation occurs in a more centralized region
than the nuclear one, at least for very massive DM particles,
the temperature gradient is much steeper in the core of the star
than it would be otherwise, and the star has the conditions to
maintain a convective core for the rest of its life. Outside the
convective core, less energy is generated per unit volume than if
the nuclear burning was proceeding normally, so the temperature
gradient is smaller. The actual temperature is lower than in a nor-
mal star, however, it remains high enough to prevent any major
increase in opacity, ensuring that energy transport in the re-
gion above the core remains radiative. The energy from the core
is easily transmitted through this radiative region to the sur-
face of the star. The external envelope of this star is very much
similar to a typical young Sun. In the outer layers, the star de-
velops a convective region; due to the rapid temperature drop,
some chemical elements such as oxygen, carbon and nitrogen,
fully ionized in the interior, are partially ionized in the most ex-
ternal layers. This increases significantly the radiative opacity,
and makes convection the only efficient mechanism of energy
transport toward the surface.

4.1.3. Strong Case Scenario: Fully Convective “Frozen” Stars

At high enough WIMP capture rates, the energy produced
by the annihilation of DM is sufficient to fully compensate the
gravitational energy (see Figure 1(c)). The star’s gravitational
collapse stops before reaching enough central temperature to
begin nuclear fusion, as in the intermediate case. This equi-
librium is reached quite early in the formation of these stars,
depending upon the value of p,, as illustrated in Figure 4.
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Figure 4. Stationary states reached by stars with masses from 0.7 to 3 Mg
when the energy from DM annihilation compensates the gravitational energy
during the collapse. These equilibrium positions, where stars will remain for an
indefinite time, are plotted for different DM halo densities, indicated in units
of log(py /GeV cm™3) at the side of each line. The gray lines are the classical
evolutionary paths, which these stars follow before stopping. The DM particles
are as described in Figure 1.

(A color version of this figure is available in the online journal.)

This figure shows solid gray lines corresponding to the clas-
sical evolution tracks of stars from 0.7 to 3 Mg, along with
the position on the HR diagram of the early equilibrium states
reached by these stars, considering formation scenarios with
different WIMP densities p,. These cases are strongly remi-
niscent of the Hayashi track which young stars follow when
traveling along the protostar phase onto the final stages of their
formation toward the main-sequence phase. If no extra source of
DM energy existed, these stars would shrink in size within the
Kelvin—Helmbholtz timescale as they radiate away gravitational
energy. Alternatively, a constant energy generation in the core
by WIMP pair annihilation creates stars that can in principle
remain in the same position in the HR diagram for an arbitrarily
long time. A star of one solar mass evolving within a halo of
DM particles with a scattering cross section o, sp = 107% cm?
and p, = 3 x 10'"' GeV cm~3 completely stops its collapse
at the age of 50 Myr and remains forever with a stellar radius
R, = 1.75 Ry, effective temperature T = 4555 K, and lumi-
nosity L, = 1.2 L, (cf. Figure 4).

The addition of more WIMPs dramatically increases the
central luminosity of these stars, requiring the convective core
to grow in order to transport the additional energy to the surface
layers. In this scenario, the surface convection zone merges with
the inner core and the star becomes fully convective.

Our approach on the evolution of low-mass stars within DM
halos consists in considering the influence of DM capture since
the collapse of the star. Iocco et al. (2008) did the same to study
the evolution of first stars; they also found that the collapse
of these stars, the so-called dark stars, may be stopped at an
early stage if there is enough DM on their interior. On the
other hand, another approach considered in the literature is
to evolve, from the ZAMS, stars that were already formed
without DM. This scenario was first analytically estimated
by Salati & Silk (1989) for main-sequence stars and recently
numerically simulated by Scott et al. (2009) for low-mass stars.
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Figure 5. HR diagram of a star of 1.5 My evolving in a halo of DM with
Py = 10'2 GeV cm™3. The stationary states are new equilibrium states where
the star is powered only by energy from DM annihilation. These states are
approximately equivalent either if they are reached from the collapse of the
protostar (red line), or considering that the star evolves in a halo of DM from
the ZAMS (green line). The gray line shows the normal HR track of a 1.5 Mg
star without DM. The DM particles are as described in Figure 1.
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(A color version of this figure is available in the online journal.)

To compare the two different scenarios, we evolved stars using
both approaches and found that they lead to equivalent final
equilibrium states, even though the tracks followed by these
stars are completely different. When evolved from the ZAMS,
stars go back through the pre-main-sequence phase, where they
reach the same equilibrium states (fuelled only by the energy
from DM annihilation) than those obtained when the collapse is
frozen (see Figure 5).

4.2. Isochrones for Low-mass Stars Evolving in DM Halos

As a synthesis of the new stellar evolution scenarios presented
here, we show in Figures 6 and 7 the paths on the HR diagram
followed by stars from 0.7 to 3 M, that form and evolve in
halos of different DM densities p,, as well as the isochrones of
different stages during their evolution. In Figure 6, we plotted
the collapse until the ZAMS of stars that form in halos with
densities p, = 0 and p, = 3 x 10'° GeV cm~>. Note that,
in the latter case, stars with masses <1.8 Mg completely stop
their collapse before reaching the ZAMS (as can be seen from
the 10 Gyr isochrone). More massive stars are less affected by
DM,; their classical evolutionary path is only slightly delayed
in a halo with the same DM density. This can also be seen by
looking at the 1000 Myr isochrone in Figure 7. In this figure,
we plotted the paths of these stars through the MS, that is, from
Egrav < 1% €7 t0 X < 1073,

5. STELLAR DIAGNOSTIC ON THE NATURE OF DARK
MATTER PARTICLES

We have computed luminosity and effective temperature of
stars in all scenarios for different values of spin-dependent
cross section o, sp and DM density p,, which we varied from
10° GeV cm™3 up to 10'? GeV cm ™. The results are displayed
in Figure 8, which also shows the possible location of these stars
toward the center of our Galaxy, where the highest densities are
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Figure 6. Tracks on the HR diagram of the collapse of stars of different masses
until the ZAMS (gray lines), together with the isochrones of different ages, for
DM halo densities p, = 0 and p, = 3 x 10' GeV cm™3. The DM particles
are as described in Figure 1.

(A color version of this figure is available in the online journal.)

expected (Navarro et al. 1996; Salvador-Solé et al. 2007). In
that region, the DM density o, may be enhanced due to the
presence of a supermassive black hole (Gondolo & Silk 1999).
We computed the DM distribution around the center of the Milky
Way using the adiabatic contracted profile of Bertone & Merritt
(2005). The predicted Tegr and L, in Figure 8 may be used as an
alternative method to constrain the WIMP—proton SD scattering
cross section o, sp, to help in the validation or rejection of DM
particles’ models, as well as to infer indirectly the DM density
Py in the place where the star is observed. It is worth noting that,
at the present moment, these results offer a qualitative picture
more than an exact approach, due to the uncertainties in our
knowledge of the inner region of our galaxy. In addition to the
density profile p, (rg¢), both the velocities of the star and of the
DM particles also play an important role when studying the stars
at the galactic center. Scott et al. (2009) did precise simulations
of possible orbits of low-mass stars in that region, and found that
only those stars with elliptical orbits are efficient at capturing
DM particles.
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Figure 7. Tracks on the HR diagram of the evolution through the MS (from
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(A color version of this figure is available in the online journal.)

In Figure 8, are plotted the 7. and L, at such an age that all
the stars are already in energy equilibrium. Stars that evolve on
DM halos of low densities (Weak scenario) are in equilibrium
in the beginning of the MS. As p, increases, the curves mimic
a slower evolution through a classical evolution track on the
HR diagram (see Figures 6 and 7). For high p, (Intermediate
and Strong scenarios), stars are in equilibrium, powered only by
the energy from DM annihilation. The higher the value of p,,
the sooner the star will freeze its position on the HR diagram
at a lower effective temperature 7. and a higher luminosity
L, (see Figure 4). In the case of 1 M, star, the T, decreases
more than 10° K and the L, raises up to three times higher
than in the MS. The rapid drop in temperature is related to the
fact that the star becomes fully convective. Our results are more
conservative than the similar ones found by Fairbairn et al.
(2008), although they predicted the same behavior of T at
lower DM densities. Probably, our underestimation could be
overcome by increasing the resolution of our code in the very
center of the star, where the energy from DM annihilation is
produced.
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(A color version of this figure is available in the online journal.)

6. CONCLUSIONS

One of the consequences of the formation of structures in
the universe is the creation of localized regions with high
concentrations of DM. The formation of stars in such peculiar
neighborhoods should be quite different from the usual picture
of the formation of young stars by gravitational collapse. A
striking observational case of such high density DM regions
is the young stellar formation regions near the supermassive
black holes, located in the center of galaxies, such as our
own Milky Way (Genzel et al. 2003; Krabbe et al. 1995).
In the attempt to grasp the formation of young stars in such
unexpected neighborhoods, in this work we have shown some
numerical simulations of stars with masses from 0.7 to 3 M
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Figure 9. Classification of the different cases of stellar evolution within DM
halos for stars of 0.7, 1, 1.5, and 3 Mg. Labels “WC”, “IC”, and “SC”
indicate, respectively, that these stars are expected to evolve in the Weak,
Intermediate, or Strong scenarios, considering halos with different DM densities
and WIMP-proton spin-dependent scattering cross sections. The DM particles
are as described in Figure 1.

(A color version of this figure is available in the online journal.)

evolving within halos with high density of annihilating DM
particles.

We have found that the evolution of a young star can be
affected slightly, moderately or strongly depending on the DM
density of the host halo. Conveniently, we chose to classify
the formation and evolution of low-mass stars in three major
possible evolution scenarios: Weak, Intermediate, and Strong,
which are directly related to the amount of DM density. The
evolution of the star also depends on the scattering cross section
of the DM particles. Figure 9 shows in which of these three
stellar evolution scenarios should stars of 0.7, 1, 1.5, and 3 Mg
evolve, for different values of the SD scattering cross section
and the DM density in the halo.

We have shown that low-mass stars in the Strong and
Intermediate cases evolve quite differently from the classical
path of stars on the HR diagram. During their pre-main-sequence
phase, these stars will stop their collapse before reaching enough
central temperature to start thermonuclear reactions, and will
remain indefinitely in the same position on the HR, fuelled
only by the energy from WIMP annihilation. In particular,
stars immersed in high density DM halos have their effective
temperature and luminosity strongly affected due to the change
in the energy transport in their interior (cf. Figure 8).

The new data obtained by means of the near-IR instrumen-
tation allowed the observation of stars in the inner parsec of
our own galaxy (Lu et al. 2009; Ghez et al. 2005; Eisenhauer
et al. 2005). The observations have revealed a population of
apparently young stars in this region, whose current conditions
seem to be unsuitable for star formation. This stellar population
is usually considered to be a population of old stars that have
followed quite an atypical evolution path. If some of these stars
were found to be low-mass stars, they would become candi-
dates for this new population of stars evolving in DM halos, as
initially suggested by Moskalenko & Wai (2006).

If found, such stars would be interesting probes of DM
particles near super-massive black holes. Their luminosity, or



No. 1, 2009

rather their excess of luminosity, attributed to WIMPs’ burning,
can be used to derive the WIMPs’ matter density at their location.
On the other hand, the lack of such unusual stars may provide
constraints on WIMPs’ density, WIMP-nuclei scattering and
pair annihilation cross section.

Finally, it is worth mentioning that more detailed studies
should be done aimed at testing the validity of our model against
new stellar observations. This paper should set the foundations
for further works.
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ful comments. This work was supported by a grant from
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ABSTRACT

The annihilation of huge quantities of captured dark matter (DM) particles inside low-mass
stars has been shown to change some of the stellar properties, such as the star’s effective
temperature or the way the energy is transported throughout the star. While in the classical
picture, without DM, a star of 1 M, is expected to have a radiative interior during the main
sequence, the same star evolving in a halo of DM with a density p, > 10® GeV em™ will
develop a convective core in order to evacuate the energy from DM annihilation in a more
efficient way. This convective core leaves a discontinuity in the density and sound-speed
profiles that can be detected by the analysis of the stellar oscillations. In this paper we present
an approach towards the use of asteroseismology to detect the signature produced by the
presence of DM inside a star, and we propose a new methodology to infer the properties of
a DM halo from the stellar oscillations (such as the product of the DM density and the DM
particle-nucleon scattering cross-section).

Key words: asteroseismology — stars: fundamental parameters — stars: interiors — stars: low-

mass — Galaxy: centre — dark matter.

1 INTRODUCTION

Different observations in a wide range of scales, from galactic to
cosmological, suggest the existence of a new kind of matter, called
dark matter (DM), formed by unknown particles. Among the pos-
sible constituents of DM, the WIMPs, massive particles with non-
negligible scattering cross-section with baryons, are considered one
of the best candidates (Bertone, Hooper & Silk 2005).

Soon was realised that, if WIMPs exist, they will accumulate
inside stars (Press & Spergel 1985) and their annihilation may lead
to significant changes in the classical picture of stellar evolution
if the halo where the stars evolve has a very high density of DM
particles (Bouquet & Salati 1989; Salati & Silk 1989; Dearborn
et al. 1990). In this context, the effects of the capture of WIMPs by
the Sun were studied, addressing the prospects of helioseismology
to test models that solved the old solar neutrino problem (Dappen,
Gilliland & Christensen-Dalsgaard 1986; Faulkner, Gough & Vahia
1986), and to give constraints to the nature of DM particles (Bottino
etal.2002; Lopes & Silk 2002; Lopes, Bertone & Silk 2002b; Lopes,
Silk & Hansen 2002a; Cumberbatch et al. 2010; Frandsen & Sarkar
2010; Taoso et al. 2010).

Recently, particular attention has been given to the first stars
formed in the early Universe due to the high DM content in that

*E-mail: jordicasanellas @ist.utl.pt (JC); ilidio.lopes @ist.utl.pt (IL)

© 2010 The Authors. Journal compilation © 2010 RAS

epoch (Freese, Spolyar & Aguirre 2008b; Iocco 2008; Spolyar,
Freese & Gondolo 2008; Taoso et al. 2008; Natarajan, Tan & O’Shea
2009; Schleicher, Banerjee & Klessen 2009; Ripamonti et al. 2010;
Sivertsson & Gondolo 2010), including the prospects for their de-
tection with the James Webb Space Telescope (JWST) (Freese et al.
2010; Zackrisson et al. 2010). Similarly, other authors focused on
the DM effects on stars in the local Universe, either on compact stars
(Moskalenko & Wai 2007; Bertone & Fairbairn 2008; de Lavallaz &
Fairbairn 2010; Isern et al. 2008, 2010; Kouvaris & Tinyakov 2010;
Perez-Garcia, Silk & Stone 2010) or on low-mass stars (Fairbairn,
Scott & Edsjo 2008; Casanellas & Lopes 2009; Scott, Fairbairn &
Edsjo 2009).

The purpose of this paper is to pave the way for the use of
asteroseismology to provide an evidence of the footprint left by
DM annihilation on the stellar oscillations. To do this, we will
concentrate on solar-mass stars that evolve in haloes with very high
DM densities, and we will show how asteroseismology may tell us
about the properties of such DM haloes.

2 STELLAR EVOLUTION WITHIN DENSE
DARK MATTER HALOES

The evolution of a star within a halo of DM depends strongly on
the ability of the gravitational field of the star to capture the DM
particles that populate the halo. The rate at which the DM particles
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are captured is given by (Gould 1987)
R, o]
C, () = Z/ 47rr2/ Mwsz;(w)du dr, 1)
—Jo 0 u !

where f,, (1) is the velocity distribution of the DM particles seen by
the star (which is proportional to the density of DM on the host halo
0, and inversely proportional to the mass of the DM particles m,)
and £2,, is the probability of a DM particle to be captured after the
collision with an element i (which is proportional to the scattering
cross-section of the DM particle with the nucleus i, o ;). The nu-
merical subroutines to calculate the capture rate (equation 1) were
adapted from the publicly available parRksusy code (Gondolo et al.
2004). Our assumptions regarding this calculation are described in
Casanellas & Lopes (2010).

Once DM particles are captured, they accumulate in a small re-
gion in the core of the star (r, ~ 0.01 R, for m, = 100 GeV). There,
assuming that they are Majorana particles, they annihilate providing
a new source of energy for the star. Capture and annihilation pro-
cesses balance each other in a short time-scale, and consequently
almost all captured particles will be converted to energy, contribut-
ing to the total luminosity with L, = f', C,m, . The factor f,,, which
in this paper we assumed to be 2/3 (Freese et al. 2008a; Iocco et al.
2008; Yoon, locco & Akiyama 2008), accounts for the energy that
escapes out of the star in the form of neutrinos. Recent Monte Carlo
simulations suggest that the fraction of the energy lost in neutrinos
may be even smaller (Scott et al. 2009).

Due to this new source of energy, stars will evolve differently
from the classical picture if surrounded by a dense halo of DM. For
very high DM densities (p, > 3 x 10° GeV cm™ for a 1 M star),
the energy from DM annihilation prevents the gravitational collapse
of the star, stopping its evolution in the pre-main-sequence phase,
before the star could reach enough central temperature to trigger
hydrogen burning (Casanellas & Lopes 2009).

For lower DM densities (103 < p, < 3 x 10°GeVcem™ for
a | M@ star), DM burning is a complementary source of energy
for the star. As it is produced in a region much more concentrated
than the nuclear burning, which normally extends up to 0.1-0.2 R,,
the radiative temperature gradient (Vg = d1InT/dIn P,) is much
steeper in the core of the star. Consequently, as the radiative transport
is not efficient enough to evacuate all the energy in the central
region, the star develops a convective core which was not present in
the classical scenario without DM. The radius and duration of the
convective core increase when more energy from DM annihilation
is produced (Scott et al. 2009); therefore, they depend on the density
of DM in the place where the star evolves and on the properties of
the DM particles. The balance between DM annihilation, nuclear
burning and the gravitational energy leads to a new hydrostatic
equilibrium with a lower central temperature. The star consumes its
hydrogen at a lower rate, extending the time that it spends in the
main sequence. These new properties allow us, as it will be shown,
to provide a tool to infer the DM characteristics from the stellar
oscillations using the seismological analysis.

3 BASICS OF ASTEROSEISMOLOGY

With the improvement on the quality of the data, asteroseismology
is now becoming a precise tool to infer the properties of stars show-
ing solar-like oscillations (Michel et al. 2008; Garcia et al. 2009;
Bedding et al. 2010), which are driven by turbulence in the superfi-
cial layers of the star. The eigenfrequencies of solar-like oscillations
can be approximated, for //n — 0 (where [ and n are the degree and

the radial order of the modes), by the asymptotic expression

[
Vng 2 (n + 3 + e\,) v + 0w, 2

where vy = [2 fOR dr/c]7! is the inverse of twice the time spent by
the sound to travel between the centre and the acoustic surface of
the star and €, is determined by the properties of the surface layers.
For a more in-depth explanation of the basics of the seismological
analysis, the reader is referred to Tassoul (1980), Gough (1985) and
Lopes & Turck-Chieze (1994). The value of v, can be estimated
through the large separation Av, :

AV, = Vp — Vo1 X V. 3)

This parameter is sensitive to the mean density of the star: Av,; «
(M/R*)'/2 (Cox 1980), while the small separation §v,, given by

SVt = Vnt — Vp_1142, 4

is sensitive to the temperature and chemical gradient in the deep
interior.

In the last years, other relations between the frequencies of the os-
cillation modes were proposed (for a recent review, see Christensen-
Dalsgaard & Houdek 2009; Aerts, Christensen-Dalsgaard & Kurtz
2010), broadening the diagnostic potential of seismology. Among
the possible diagnostic methods of convective cores and envelopes
(Monteiro, Christensen-Dalsgaard & Thompson 1994; Lopes et al.
1997; Lopes & Gough 2001), we highlight the ratios between the
small separations and the large separations developed by Roxburgh
& Vorontsov (2003) in order to suppress the effects of the modelling
of the near-surface layers:

d d
o1 = o , o = 1 , (5
Av, Avyii0
where
1
doy = g(vnfl,o — 4,11+ 6,0 — 41 + Vag10)s (6)
1
dip = _g(vn—l,l —4v0 + 6V, 1 — 4Vup10 + Vg1 @)

The mixing of elements produced in the convective regions in-
troduces a sharp structural variation in the border with the radiative
regions that can be seen in the density and sound-speed profiles.
This sharp structural variation produces an oscillatory signal in the
frequency spectrum (Gough 1990) whose period is related with the
acoustic depth of the discontinuity inside the star. Recently, Silva
Aguirre et al. (2010) proposed the use of the ratios ro; and o to
determine the size of a convective core by fitting a sine wave to their
oscillation pattern. Similarly, another combination of the small and
large separations,

Dy D @)
Av,_i1 Avg’
where D; 11, = §v,,,/(4] + 6), was suggested by Cunha & Metcalfe
(2007) to measure the amplitude of the sound-speed discontinuity
at the edge of a convective core. These seismic parameters (equa-
tions 5 and 8) are sensitive to the presence of DM inside a star,
given that they are uniquely dependent on the star’s core structure
and almost independent of the physical processes occurring in the
surface layers.

drppiz =

4 ASTEROSEISMIC SIGNATURE OF DARK
MATTER PARTICLES

To grasp the signature that the annihilation of captured DM particles
leaves on low-mass stars we evolved a set of 1 M, stars, with the

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 410, 535-540
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Table 1. Characteristics of stars of mass 1 M when they reached a luminosity L = 1L after
evolving in haloes of DM with different densities p, and different SD WIMP-nucleon cross-
sections o, sp. The last two columns are the radius and the acoustic radius (7 = for dr/c) of the

convective core (CC). All the stars had the same initial conditions (Z = 0.018).
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Px Oy X R, Tett T, Pe rcc Tcce
(GeV cm™) RE) X) (MK)  (gem™) (R.) (s)
1) 0 0.35 1.000 5771.5 15.52 148.7 No CC -
(ii) 10730 0.38 1.003 5768.1 15.66 137.0 0.04 53.6
(iii) 107% 040  1.024 57085  15.25 123.8 0.08 110.8
(iv) 2x 1072 038  1.047 56460 1578 114.9 0.09 132.7
(v) 3x107% 0.35 1.071 5582.4 15.65 108.5 0.10 145.6
same initial conditions (Z = 0.018), in haloes of DM with differ- 020 [ ) T T T ]
ent densities p, and different spin-dependent (SD) WIMP-nucleon .
cross-sections o, sp. Throughout our work, we considered fiducial ; 015 1 RADIATIVE ]
values for the mass of the DM particles, m, = 100GeV, and for R
their self—a_nnihilation cross-section, (o,v) = 3 x 107% cm.3 sl 0.05 |- e CONVECTIVE
The evolution of the stars was computed using a well-established . ‘
stellar evolution code (cEsam; Morel 1997) used to compute sophis- . 140 ) 1
ticated solar models for helioseismology (Couvidat, Turck-Chicze i 135 L ]
& Kosovichev 2003; Turck-Chieze et al. 2010) and more recently = sl |
used in the context of asteroseismic studies (Kervella et al. 2004; g 7
De Ridder et al. 2006; Suarez et al. 2010). When the stars reached a 4
luminosity equal to that of the Sun, a very precise mesh (with 1000
layers) was generated. Then, we calculated the frequencies of the :‘E
oscillation modes of the stars using the apipLs code (Christensen- S
Dalsgaard 2008). The characteristics of some of these stars are :\;
shown in Table 1, and their sound-speed and density profiles, in N
Fig. 1. - 6 " . . .
The accretion and the annihilation of DM particles in the core - 0Fd 1
of the stars may change significantly their properties. As expected, 5 o001 | |
we found that the effective temperature of the stars that evolved <
in haloes with high DM densities is shifted to lower values (see §« -0.002 1
Table 1), due to the presence of a convective core (see Fig. 2a), in = 0,003 - |
agreement with previous works (Fairbairn et al. 2008; Casanellas & ’ ‘_32 _51 -;;0 _2‘9

Lopes 2009). The lower effective temperature and the larger radius
lead to a decrease in the large separation Av,; (see Fig. 2b). For a
star with a known mass, the drop in Av,;, predicted by the relation
Av,; o¢ M'2R=3/2_ is unmistakably related with the radius of the

¢ (10% cm? s72)

Figure 1. Sound-speed (a) and density (b) profiles of 1 Mc stars that
evolved in DM haloes with different densities p, and SD WIMP-nucleon
cross-sections oy, sp when they reached a luminosity L = 1L (for each
star, the product p, o, is indicated in the legend in GeVem™1).

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 410, 535-540

log ( pyoy / GeV em™!)

Figure 2. (a) Size of the convective core and the calculated seismological
parameters, (b) mean large separation (for [ = 0, 1,2, 3), (c) mean small
separation (for / = 0) and (d) slope of drp213, for 1 M stars that evolved in
DM haloes with different densities o, and SD WIMP-nucleon cross-sections
0y,sD» When the stars reached a luminosity L = 1 L.

star. Furthermore, we also observed a drop on the small separation
Sv,.0 (see Fig. 2¢), caused by a decrease in the central density. The
strong dependence of the global modes on the density profile of the
star is responsible for that drop.

In order to test the validity of our method, we checked if classi-
cal stars with similar characteristics may mimic the properties we
described for stars evolving in DM haloes. In particular, we found
that a star with a mass M, = 0.955 M) and a metallicity Z = 0.04
reaches, near the end of the main sequence, the same luminosity and
effective temperature as the star (iv) in our set (see Table 1). At that
moment, the radius of both stars is identical, leading to very similar
great separations [(Av, ;) = 128 pHz for star (iv) and 126 pHz for
the other]. However, as the star that evolved without DM is in a later
stage of evolution (X, = 0.03, while X, = 0.38 for star iv), the
small separation, being very sensitive to the chemical gradient in the
deep interior, allows us to differentiate both stars. In our case, star
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(iv), which evolved in a dense halo of DM, has a (6v, o) = 7 pHz.
This is almost double than that of the star with different M, and Z
({6v,,0) =4 pHz in that case).

In addition, one of the most promising signatures of annihilating
DM in stars is the fact that it can originate the formation of a
convective core (unexpected in the classical picture for stars with
masses <1.2Mc)) whose radius grows with the DM density p,.
The convective core leaves a peculiar footprint in the profiles of the
sound speed and density (see Fig. 1) characterized by a discontinuity
in the edge of the core. The presence of the convective core can be
detected by the seismological analysis using a relation between
the small separation of modes with different degrees (and therefore
with different depths of penetration inside the star). For that purpose
low-degree modes (I = 0, 1,2, 3) are chosen, because these modes
are the ones that penetrate deep into the stellar core.

In particular, we found that the seismological parameter drg;3
(see equation 8) is sensitive to the sound-speed discontinuity at the
edge of the convective core and, consequently, to the characteristics
of the DM halo. In Fig. 3(a) we show the behaviour of the parameter
dry3 for stars that evolve in DM haloes with different characteris-
tics. We found that the absolute value of the slope of drg,;3 at high
frequencies increases with the amplitude of the sound-speed dis-
continuity caused by the convective core, as predicted by Cunha &
Metcalfe. Therefore, the slope of dry,;3 is directly related with the
amount of DM in the halo where the star evolves (see also Fig. 2d).

We also tested the method recently proposed by Silva Aguirre
et al. (2010) designed to estimate the size of a convective core in
1.5 Mg stars. We found that the period of the sinusoidal fit to the
ratios ro; and o (see Fig. 3b) does not match exactly the acoustic
radius of the convective cores (see Table 1), most probably because
we are applying this method to stars of mass 1 M. However, the
ratios ro; and ryp have a great sensitivity to the amplitude of the

-0.001

-0.002

dro213

-0.003

-0.004
1000 2000 3000

v(uHz)
0.05 T T T
T1iz = 108s
Ty = 143s
T, = 174s

! !

0.03 R
So0.02 1
0.01 T
0 ]
-0.01 x x x
2000 3000 4000 5000
v(pHz)

Figure 3. (a) The seismological parameter drgy;3 and (b) the ratios rg;
and o for stars that evolved in DM haloes with different densities p,
and different SD WIMP-nucleon cross-sections o, sp when they reached a
luminosity L = 1L¢ (for each star, the product p, o, is indicated in the
legend in GeV cm™"). Error bars are shown for star (iii) assuming a relative
error on the identification of the frequencies of 1074

sharp variation of the sound speed caused by the annihilation of
DM particles inside the star. We conclude that these ratios may be
used in the future as a stellar probe to confirm the presence of DM
in the neighbourhood of low-mass stars.

If enough radial modes are identified with the precision presently
achieved by space-based telescopes as CoRoT |[a relative error on
the individual frequencies of ~10~* (Deheuvels et al. 2010)], then
our method will allow the discrimination between haloes of DM
with different characteristics. To illustrate this point, we plotted
in Fig. 3 the error bars on dry13, ro; and ryy for star (iii) derived
from the mentioned uncertainty (10~*v) on the determination of the
frequencies, as done by Cunha & Metcalfe (2007).

5 DISCUSSION AND CONCLUSIONS

In this paper, we have presented a new methodology towards the
use of asteroseismology to prove the presence of DM in the loca-
tion where a star evolves. For a main-sequence star of mass 1 M
evolving in a DM halo with a density p, > 10® GeV cm™ (assum-
ing o, sp = 1073% cm?), the annihilation of captured DM particles
on its interior leads to decreases in the large and small separations,
when compared with the same star in the classical scenario without
DM, which are related to changes in the global properties of the star.
Furthermore, the highly concentrated production of energy by DM
annihilation creates a convective core which is not present in the
classical picture. This convective core leaves a discontinuity signa-
ture in the sound-speed and density profiles which can be detected
by the analysis of the stellar oscillations.

We have shown that seismological parameters such as drp,;3 and
the ratios ry; and ryo are very sensitive to the size of the convective
core, which is determined by the density of DM, p,, where the
star evolved and by the scattering cross-section of the DM particles
off nuclei, o ,. Consequently, this relationship may be used in the
future to help in the determination of these parameters (or at least
to their product, p, o, ) and to provide a stellar probe that identifies
the presence of self-annihilating DM.

The method presented in this paper is valid for haloes with very
high DM densities. In Fig. 4 we show the DM densities at which a
I M, star with a luminosity 1 L) is expected to have a small sepa-
ration 25 per cent smaller than that in the classical picture, because
of the annihilation of DM particles with different characteristics
(my, 0y—psp) in its interior. If found, this kind of star will also
have strong signatures on the seismic parameters Av, drg 13, For and
r1o when compared with a star with the same luminosity that evolved
without DM. In the same figure are also shown the current limits on
04— p,sp from the direct detection experiments XENON10 (Angle
et al. 2008), PICASSO (Archambault et al. 2009), COUPP (Behnke
et al. 2008) and the allowed region from the DAMA/LIBRA exper-
iment (Savage et al. 2009).

The extreme DM densities shown in Fig. 4 may be present within
the inner parsec of our Galaxy, according to models that account for
the effect of the baryons on the DM halo via adiabatic contraction
(Blumenthal et al. 1986; Gnedin et al. 2004). For instance, following
the adiabatically contracted profile of Bertone & Merritt (2005),
DM densities as high as p, = 10® GeV cm™ are expected at 0.1 pc
from the Galactic Centre (GC). Even higher DM densities may
be present at the GC if a hypothetical spike is formed due to the
influence of the central black hole (Gondolo & Silk 1999). However,
as other models predict lower central DM densities [the so-called
core models (Burkert 1995)], the open questions about the DM halo
profile at the inner parsec of our Galaxy are still far from being
solved [for a recent review on this topic, see Merritt (2010) and de

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 410, 535-540
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Figure 4. DM densities at which 1M stars with a luminosity 1L
are expected to show strong signatures on the seismological parameters
Av,8v,drn13, ror and rig (see text) due to the annihilation of DM particles
with different characteristics (m,, o, sp) in their interior. In the particular
case of the Galactic Centre (GC), the DM densities in the figure (from top
to bottom) are expected at a distance from the GC of 0.1, 0.04 and 0.02 pc,
following the adiabatically contracted profile of Bertone & Merritt. The grey
lines are the present limits from direct detection experiments: XENON10
(dotted), PICASSO (dashed) and COUPP (solid), and the grey region is the
DAMA/LIBRA allowed region.

Blok (2010)]. In this sense, the method proposed here may provide
a complementary tool to help in the discrimination of different
models. Other possible locations of environments with such high
DM densities are the dwarf spheroidal galaxies around the Milky
Way (Dekel & Silk 1986; Kormendy & Freeman 2004; Diemand,
Kuhlen & Madau 2007).

The precision required for our analysis is similar to the one
achieved by present asteroseismic missions in observations of one
hundred days. Nevertheless, the most likely place to find the kind
of stars described here is near the centre of our Galaxy, where the
distance and the presence of dust makes the observations difficult.
These difficulties encourage us to extend our study to more massive
and luminous stars in a future work. Future technical improvements
in the observations of the GC and of the Milky Way dwarf galaxies
may open the possibility of using the method proposed here to
investigate the nature of DM.
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We studied the rate at which stars capture dark matter (DM) particles, considering different assumptions
regarding the DM characteristics and, in particular, investigating how the stellar physics influences the
capture rate. Two scenarios were considered: first, we assumed the maximal values for the spin-dependent
and spin-independent DM particle-nucleon scattering cross sections allowed by the limits from direct
detection experiments. Second, we considered that both scattering cross sections are of the same order,
with the aim of studying the dependencies of the capture rate on stellar elements other than hydrogen. We
found that the characteristics of the capture rate are very different in the two scenarios. Furthermore, we
quantified the uncertainties on the computed capture rate (C,) and on the ratio between the luminosities
from DM annihilations and thermonuclear reactions (L, /L) derived from an imprecise knowledge of
the stellar structure and DM parameters. For instance, while an uncertainty of 10% on the typical DM
velocity leads to similar errors on the computed C, and L, /Lyue» the same uncertainty on the stellar mass
becomes more relevant and duplicates the errors. Our results may be used to evaluate the reliability of the

computed capture rate for the hypothetical use of stars other than the Sun as DM probes.

DOI: 10.1103/PhysRevD.83.063521

I. INTRODUCTION

The study of the rate at which stars capture dark matter
(DM) particles is of vital importance to understand in
which situations stars are able to accumulate enough DM
to influence their evolution. The possibility of using the
properties of stars within dense DM halos as an indirect
method to investigate the nature of DM relies on the
precision of the capture rate calculation. This quantity
depends on both the DM characteristics and the details of
the stellar structure [1,2].

In the case of the Sun, a precise calculation of the
capture rate is very important to predict the neutrino flux
from DM annihilations in the center of the star [3—6] and to
calculate the changes in the solar neutrino flux induced by
an isothermal core created by the energy transport due to
DM particles conduction [7—10]. In this context, the sys-
tematical errors in the determination of the local DM
density were recently studied [11-13], as well as the un-
certainties coming from other astrophysical sources, as the
shape of the velocity distribution of the DM particles or the
motion of the Sun in respect to the DM halo [14,15]. These
works have shown that the systematic errors introduced
by such astrophysical parameters are considerably large if
one wants to extract information about the type of DM
particle only from current direct or indirect detection
experiments.
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On the other hand, the scope of our work is to character-
ize the capture rate for stars other than the Sun. Recent
works have shown that, when embedded in dense halos
of DM, stars may dramatically change their properties
[16-26]. In these cases, the uncertainties in the knowledge
of the typical parameters governing the capture rate are
much larger. Generally, in the literature, when the capture
rate of DM particles is calculated for stars other than
the Sun, as for compact stars [27-30] or low-mass stars
[31-33], the fiducial values for the local Keplerian
velocity (v, = 220 kms™!) and DM velocity distribution
(Maxwell-Boltzmann [MB] distribution with a velocity
dispersion v, = 270 km s~ are assumed. However, in
the situations where these stars can exist, these parameters
may have very different values. For instance, in a possible
interesting place such as near the center of our Galaxy, the
velocities of the stars range from 10 to 500 kms~! [34] and
the DM particles may have motions dominated by the
gravitational potential of the hypothetical central black
hole [35]. Simultaneously, the stellar velocity dispersions
measured in nearby galaxies range from 10 to 400 kms™!
[36]. In the first part of this paper we explore how the
stellar capture rate changes with the astrophysical parame-
ters and DM characteristics in order to grasp the possible
modifications in the effects that DM annihilation may have
on stars other than the Sun.

In the second part of this paper we characterize how the
capture rate changes during the life of a star (from the
collapse of the protostar to the helium flash) considering
stars with different masses (0.5M, to 7M) and metallic-
ities (Z = 0.0004 to Z = 0.04).

© 2011 American Physical Society
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We will consider two scenarios. First, a scenario where
the capture is dominated by the spin-dependent (SD)
collisions of hydrogen atoms with the DM particles,
which corresponds to assuming the maximal DM
particle-nucleon scattering cross sections allowed by the
limits from direct detection experiments. Second, a sce-
nario where the SD and spin-independent (SI) scattering
cross sections are of the same order, a plausible possibility
given that both interactions came from similar processes
[37,38]. In fact, in many supersymmetric models the scalar
interaction (SI) often dominates the elastic scattering
[39,40]. Within this assumption, other stellar elements
such as oxygen, helium, or iron arise as the more relevant
ones in capturing DM particles. Thus, we also explore how
different stellar and DM physics change the role of the
dominant elements in the capture rate. Finally, in the last
part of this paper we study how the uncertainties in the
determination of these parameters influence the computed
capture rate and the impact of the annihilation of DM
particles inside stars.

II. STELLAR CAPTURE OF DM PARTICLES

To study the various dependencies of the capture rate
some routines of the DARKSUSY code [41] were adapted in
order to include them on a modified version of the stellar
evolution code CESAM [42]. The latter code has a very
refined stellar physics, tested against helioseismic data in
the case of the Sun [43,44]. If not stated otherwise, we
assume a stellar metallicity Z = 0.019, an helium mass
fraction ¥ = 0.273, and abundances of the other elements
as the solar ones [45].

The capture rate is computed in our code according to
the expressions of Gould [46],

C =3 [O R [0 OOfU*T(u)wQ;i(w)dudr, (1)

. . 2 . 2 .
Q;l(w) _ O'XJ;l(r) (U% _ Iu’—,l uz)a(v% _ IL’(’/L—',l l/tz), (2)

Mi = mn,i’ Ji D)

: 3

where

Q (w) is the rate of scattering of a DM particle with the
nucleus of an element i, from an initial velocity w at the
radius of the collision to a velocity lower than the escape
velocity of the star v,(r) at that radius (kinetic factor);

fu,(u) is the velocity distribution of the DM particles
seen by the star, which depends on the velocity of the star
v, and on the velocity distribution of the DM particles in
the halo f((u);

m,, is the mass of the DM particle;

oy 18 its scattering cross section with an element i,

— 2( MyMni N2 My T mpND
i = Ty siA; (mX +mn,,-) (mxmp) for all stellar

which is o,
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elements except for hydrogen, which has also the con-
tribution from the spin-dependent (SD) interactions
OywH = Oys1 T 0,sp;

my ;, A; are the nuclear mass and the atomic number of
the element i;

n;(r) is the density of the element i at a radius r; and

R, is the total radius of the star.

For stellar elements other than hydrogen a suppression
form factor is considered, along the lines of Gould [46], to
account for the influence of the size of the nucleus on the
interactions. Thus, the scattering rate is

o yini(r) 2Ey u%
w my [

m, u? mou®
X _ X _ _ X ] )
{e"p< 2E0) ex"( 2E, W%,
X - X ¢ : 1_ ! ) 4
exP( 2E, Mz,i( Mi,i))} @

where Ey = 3h/ (2mn’,»(0.91mrlll/i3 + 0.3)? is the character-
istic coherence energy. The abundances of *H, “He, '>C,
14N, 160, and other isotopes which are produced or burned
during the proton-proton (pp) chain, carbon-nitrogen-
oxygen (CNO) cycle, or triple alpha nuclear reactions are
followed by our code. For iron, neon, and silicon, among
others, their proportion over the remaining mass is set as in
the solar composition.

The new energy transport mechanism by conduction of
the DM particles [47] and the new energy source by the
annihilation of DM particles inside the star [48] are also
included in this version of the code. However, these pro-
cesses do not influence the total capture rate of the stars
computed in this work.

Q;,’(W) =

III. CAPTURE RATE DEPENDENCE
ON DM PROPERTIES

A. DM halo density and scattering cross sections

The total number of DM particles captured by a star is
proportional to both the density of DM in the halo p, and
the DM particle-nucleon scattering cross section o, [see
Fig. 1(a) and 1(b)]. Hence, all the capture rates that will be
shown in this work may be simply rescaled if the reader
wants to consider other values of p, or o,. If not stated
otherwise, a DM density p v = 0.3 GeVem ™ and DM-
nucleon scattering cross sections o, sp = 107 cm?
[49,50] and o, 5; = 10~* cm? [51] (the largest cross sec-
tions allowed by the limits from direct detection experi-
ments) are assumed in our computations, as is generally
done in the literature when the effects of DM particles on
stars are studied [52,53]. Within this assumption, the cap-
ture rate is always dominated by the contribution of the SD
collisions of the DM particles with hydrogen atoms.

063521-2
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FIG. 1 (color online). Rate at which DM particles are captured
for stars of different masses, considering different DM halo
densities (a), different SD DM particle-nucleon scattering
cross sections (b), and different masses of the DM particles
(c). If not stated otherwise, a halo of DM particles with p, =
0.3 GeVem 3, m, = 100 GeV, and scattering cross sections
oysp =107 cm? and o, 5y = 10~* cm? is assumed.

On the other hand, the dependencies of the capture rate
change when values for the SD scattering cross section
closer to the SI ones are considered. We found that for
o sp smaller than 107*2 cm? the SI interactions are re-
sponsible for most of the captures [see Fig. 1(b)]. More
generally, for a SD scattering cross section smaller than a
hundred times the SI one, the SI collisions dominate the
total capture rate. In this scenario, other stellar elements,
such as oxygen, iron, or helium, play an important role in
the capture of DM particles. This situation is studied in-
depth in Sec. IV.

We note that, for stellar metallicities different from
the solar one, the ratio r = O'X’SD/ o st below which SI

PHYSICAL REVIEW D 83, 063521 (2011)

interactions dominate changes: r =70 for Z = 0.0004
while r = 1000 for Z = 0.04.

B. Mass of the DM particles

The capture rate is roughly inversely proportional to the
mass of the DM particles m,, as it is proportional to the
number density of DM particles in the halo Z—* . In Fig. 1(c)

are shown the big decreases found in C, when m, goes
from 4 to 1000 GeV. We have chosen a range of masses
above the limit from which evaporation can be considered
negligible [2,54,55], which includes the light weakly
interacting massive particles (WIMPs) recently invoked
as the DM candidates that can reconcile the results from
different direct detection experiments [56,57].

The drop in the capture rate due to a large m, has no
consequences when considering the effects of DM annihi-
lation inside stars. When m, is large, the star captures a
small number of DM particles, but each of the few anni-
hilations that take place releases more energy, compensat-
ing for the low capture. On the other hand, considering a
different m, does influence the distribution of DM parti-
cles inside the star. This fact has consequences on the
seismological signature of the isothermal core created in
the center of the Sun by the transport of energy through
DM conduction [58—62], and on the strong seismological
signature of DM annihilation inside solarlike stars within
very dense DM halos [63].

Alternatively, in the scenario where the capture rate
is dominated by the SI interactions the drop in the
capture rate when the DM mass increases is not so steep
[see Fig. 2(a)]. This is a consequence of the capture due to
the collisions of the DM particles with the heavier ele-
ments. These interact through SI scattering, while hydro-
gen, the lightest element, is the only one contributing to the
SD capture. The capture rate of DM particles with different
masses discriminated by the elements that are responsible
for the collisions that lead to the capture, C i 18 shown in
Fig. 2(b). While *“He dominates the capture of lighter
WIMPs, '°O does the same for the heavier ones [64]. In
Fig. 2(b) it can also be seen that each of the elements has a
peak of its capture rate when the WIMP mass is roughly
equal to its own mass [2,46]. Therefore, while the captures
due to the hydrogen and helium are highly suppressed for
larger DM masses, the capture for heavier elements de-
creases less steeply with m,.

The causes for the enhancement or suppression of the
C,.i at different DM masses are found in three different
factors, all of them functions of m % the SI scattering cross
section, the kinetic factor, and the form factor. Both of the
first two factors introduce an A7 dependence on C, ;, thus
enhancing the capture rate due to collisions with the heav-
ier elements. On the other hand, the nuclear form factor
slows down this effect suppressing the capture rate only for
the isotopes with larger atomic numbers (see Ref. [46]).

063521-3
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FIG. 2 (color online). (a) Rate at which DM particles are
captured for a 1M MS star due to the SD interactions of the
DM particles with hydrogen (green dashed line) and due to SI
interactions with hydrogen, nitrogen, neon, iron, helium, oxygen,
and silicon, among others (blue solid line). (b) Capture rate
discriminated by the element responsible for the collision that
led to the capture. We assumed a halo of DM particles with p, =
0.3 GeV cm ™3 and the DM-nucleon scattering dominated by the

spin-independent (SI) component, o, g; = o, sp = 107* cm?.

C. Phase space of the DM particles
Generally, the literature assumes a Maxwell-Boltzmann
distribution for the velocities of the DM particles f(u),
with a dispersion v, leading to a velocity distribution seen
by the star of [46,65,66]

3v2\ sinh(Buv, />
fo, () = folu) exp(—%)%v/ﬁ/;)() )

_py 4 (3)3/2 u? ( 3u2)
=X =(5) —expl—=) 6
fol = 77a) w N ©

X
Within this assumption, we explored how the capture
rate changes for different values of v, and % First, a
MB distribution of the DM particles with a fixed v, =
270 kms~! was considered and the stellar velocity v, was
varied from 50 to 500 km s~ ! [see Fig. 3(a)]. We found that
at high stellar velocities the capture rate drops because the
DM particles that the star encounters are more energetic
and consequently are more difficult to capture. Second, a

PHYSICAL REVIEW D 83, 063521 (2011)

fiducial value for v, = 220 kms~! was considered and the
dispersion velocity of the DM particles ¥, was varied from
50 to 500 kms~!. As expected, for higher dispersions of
the DM velocity distribution the capture rate is lower, as
more DM particles have high velocities and are not cap-
tured. We note that in this situation one may consider to
truncate the velocity distribution at the galactic escape
velocity. This was included in the capture rate computed
by Ref. [65] in the case of main sequence (MS) stars at the
Galactic center and by Ref. [14] in the case of the Sun. The
latter authors found that the uncertainties in the knowledge
of the local escape velocity lead to errors on the estimation
of the solar capture rate of approximately 10%.
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FIG. 3 (color online). Rate at which DM particles are
captured for stars of different masses, considering different
stellar velocities (a), different DM typical velocities (b), and
varying both speeds relating them through 7, = \/%vc (c). We
assumed a halo of DM particles with p, = 0.3 GeV cm 3,
m, = 100 GeV, and the DM-nucleon scattering dominated by

the spin-dependent (SD) component, o sp = 1073 cm?.
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Assuming an isotropic, Gaussian velocity distribution of
the DM particles, the velocity dispersion can be related to
the circular speed (the velocity that a mass would have on a
circular orbit in the galactic plane) using the Jeans equation

[67], leading to v, = 3/2v,... We considered the case of
stars with v, = v, (an assumption that in the case of the
Sun introduces an error of ~10% [14]) within DM halos
with velocity dispersions o, = 4/3/2v,, and computed the
capture rate for different stellar velocities. The results are
shown in Fig. 3(c). As expected, the stars that encounter
less energetic WIMPs (those traveling at small velocities)
capture the DM particles more efficiently.

Other velocity distributions of the DM particles may be
also considered. As a matter of fact, the MB distribution is
not an accurate description of the velocity distribution in
the Milky Way, as it corresponds to an isotropic isothermal
sphere with a DM density profile p, = r~2, while both
observations and simulations indicate other more plausible
density profiles [68,69]. Better fits to the data are devia-
tions from the Gaussian distribution (some examples can
be found in Refs. [14,65]) or the Tsallis distribution [70].
Departures of the Maxwellian velocity distribution have
been extensively studied to derive uncertainties for direct
detection experiments [71-73], and will not be repeated
here. These works found that more realistic descriptions
for f(v) may lead to deviations of ~10% in the signal
expected on the detectors.

IV. STELLAR PHYSICS AND THE CAPTURE RATE

A. O-X,SD > UX,SI case

Throughout this section we assume as our fiducial values
the maximum WIMP-nucleon scattering cross sections
allowed by limits from direct detection experiments. In
this scenario, the SD collisions of the DM particles with
hydrogen are responsible for almost all the captured DM
particles. In fact, the next element in importance for a star
of 1M in the MS is oxygen, which is more than 10* times
less efficient capturing DM particles than hydrogen.

1. Capture rate over stellar life

The evolution of the capture rate through the life of the
star is studied in this section. Normally, a constant capture
rate is assumed during the MS, and it is expected to vary
rapidly during the pre- and post-MS phases due to the
changes in the stellar structure. To address this question
in detail, the capture rate was also computed during the
gravitational collapse of the protostar and during the red
giant branch (RGB) until the helium flash. The results are
shown in Fig. 4(a) for stars with different masses.

As expected, we found that the capture rate increases
continuously as the protostar collapses, remains constant
during the MS, and finally drops suddenly in the RGB,
when the star expands with hydrogen fusion undergoing
only in a shell out of the contracting helium core. The

PHYSICAL REVIEW D 83, 063521 (2011)
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FIG. 4 (color online). Rate at which DM particles are
captured during the life of stars with different masses. The
capture rate increases during the pre-MS, is constant through
the MS, and varies rapidly in the RGB. We assumed a halo of
DM particles with Py = 0.3 GeVcem 3, m, = 100 GeV, and
the DM-nucleon scattering dominated (a) by the SD component,
oysp = 107% cm?, and (b) by the SI one, 0,5 = 0, sp =
107* cm?.

changes in the capture rate mimic the changes in the global
properties of the star, in particular, in the radius of the star
and in the density of the various stellar elements n;(r),
specially hydrogen.

However, as shown in Fig. 5(a), the predominance of
hydrogen is reduced to just an order of magnitude in the
RGB. At this stage the “He, produced in the center of the
star through the proton-proton chain during the MS,
now forms an inert helium core with a density that in-
creases dramatically as the star evolves through the RGB.
Therefore, the efficiency of this isotope in capturing DM
particles increases, getting closer to hydrogen, much more
abundant in the rest of the star and still responsible for most
of the captures. Another isotope that gains importance
during the RGB is !N, which is produced during the
CNO cycle.

2. Capture and stellar metallicity

Stars with metallicities from Z = 0.0004 to Z = 0.04
(with their corresponding helium mass fractions from ¥ =
0.2412 to Y = 0.340, along the lines of Refs. [74,75]) were
considered in order to study the dependence of the capture
rate on the stellar metallicity. As expected, stars with a
reduced hydrogen mass fraction (those richer in metals),
capture DM particles less efficiently [see Fig. 6(a)].
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However, regarding the importance of DM annihilation
inside stars, this drop on the capture rate is too small
and is balanced by the fact that metal-rich stars also
produce energy through thermonuclear reactions at a lower
rate [33].

B. 0 sp ~ 0,51 case

A scenario in which the SD and SI scattering cross
sections have similar values is also considered in this
section. In fact, normally a larger SD cross section is
assumed because the limits from detectors are less strin-
gent, due to technological limitations. But, as the processes
leading to these interactions are similar, both scattering
cross sections are of the same order in most models
if no resonances nor destructive interferences are invoked
[40]. Thus, we choose o, sp = 10"* cm? and o g =
10~* cm? in order to explore in depth the role of the
different stellar elements in the capture of DM particles.

1024 1@ 11, '

T T T
Ox.SD > UX,SI\\ b

7107 1

O 107

1018
1021

| 1020

O 10"

1018

10%!

> 1020

10"
10—t 1 10 102 108 10*

Age, ( Myr )

FIG. 5 (color online). Rate at which DM particles are captured,
discriminated by the elements responsible for the collisions that
led to the capture, during the life of stars with 1M and 3M . We
assumed a halo of DM particles with p, = 0.3 GeV cm ™3,
m, = 100 GeV, and the DM-nucleon scattering dominated (a)
by the spin-dependent (SD) component, o, sp = 1073 cm?,
and (b) and (c) by the spin-independent (SI) component, o, g; =

oysp = 107% cm?.
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In this case, and also even if we had chosen a o, gp up to
2 orders of magnitude greater than o g (for a star with
Z ~ Zy), the SI interactions are the dominant ones in
capturing DM particles. The most important elements for
the total capture rate, in a star of 1M during the MS, are
oxygen, helium, iron, and neon. The heavier elements,
such as iron, do not dominate the capture rate owing to
the form-factor suppression.

Stars of different masses may have other elements con-
tributing significantly to capturing DM particles. For in-
stance, in a star of 7My in the MS, helium is the most
important element, followed by oxygen and nitrogen [see
Fig. 7(a)]. On the other hand, in a star of 0.5My oxygen
arises as the element that captures DM particles more
efficiently, followed by iron. These different contributions
are explained by the abundances of the elements through-
out the star (see Fig. 8). Some of the '°O in a star of 7M, is
converted to N through the CNO cycle, while the same
does not happen for a star of 0.5M, [76].

1. Capture rate over stellar life

The importance of helium and nitrogen on the capture
rate increases at the final stages of evolution, in opposition
to the cases of hydrogen and iron, whose contribution
drops in the RGB [see Figs. 5 and 7]. As a consequence,
when the SI interactions dominate, the capture rate does
not drop so abruptly in the RGB. Moreover, we found

1026 _(a) I I O—X»SDI > Ox,SI i
I, 102 | -
=
© 10% | -
— 7 Mg
—_— 4.M@

10% |® 2 Mg
— 1 Mg

= 1022__/0'71\/@/
‘ //
o 102 ///

1020 I i

Ox,SD ™~ Ox,SI

0.0004 0.01 0.02 0.03 0.04

FIG. 6 (color online). Rate at which DM particles are captured
during the MS for stars with different masses and metallicities.
We assumed a halo of DM particles with p, = 0.3 GeV cm 3,
m, = 100 GeV, and the DM-nucleon scattering dominated (a)
by the SD component, o, sp = 107 ¢cm?, and (b) by the SI
one, o, 51 = o, sp = 107 cm?.
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FIG. 7 (color online). Rate at which DM particles are captured
discriminated by the elements responsible for the collisions that
led to the capture, in the main sequence (a), and in the red giant
branch (b) for stars with different masses. We assumed a halo of
DM particles with p, = 0.3 GeV cm 3, m, = 100 GeV, and
the DM-nucleon scattering dominated by the spin-independent

(SI) component, o, g = o, sp = 107 cm?.

that for stars with masses smaller than 2M the total
capture rate increases in the RGB instead of decreasing
[see Fig. 4(b)]. Although the number of captured DM
particles increases in the RGB, the influence of their self-
annihilation on the stellar properties is not remarkable, as
at the same time the energy from thermonuclear reactions
also increases dramatically.

1 T T T T

0.1 L g5,

0.01 — O
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0.0001 . L L L
0 0.1 0.2 0.3 0.4 0.5

r(Re)

Abundance

FIG. 8 (color online). Radial abundances of “He, 1°0O, and N
for stars of 0.5M¢ (a) and 7M (b) in the middle of the MS
(when X, = 0.5).
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When the stars are in the RGB the elements responsible
for most of the DM captures are different from those on the
MS [Fig. 7]. In the RGB, helium is the most important
element for all stars with masses in the range 0.5M o—7M,.
The huge density reached by the helium core in the RGB
(perae ~ 10%p.vs) increases the efficiency of this ele-
ment in capturing DM particles.

It is also remarkable that, in the pre-MS phase, the
capture rate is not so small when compared with the one
in the MS. In the scenario where the capture rate due to SD
scattering dominates C pys ~ 1 /20C wms While, if both
scattering cross sections are of the same order, then
Cypms ~ 1/4C, s [see Fig. 4]. The explanation of this
fact is found in the role of iron, which is the more efficient
element in capturing DM particles in the pre-MS phase
[see Fig. 5(b) and 5(c)]. For most of the stellar isotopes the
capture process is ineffective due to the small escape
velocity inside the protostar. However, the kinetic factor
in the capture rate expression is not so strongly suppressed
for those isotopes with heavy nuclear masses, and therefore
the elements with a large A;, as iron, are the more efficient
ones capturing DM particles in the pre-MS phase.

2. Capture and stellar metallicity

In contrast to what is expected when the SD interactions
dominate, in this scenario we found that stars with higher

22 T T T T
107 Ha) preMS 1 ® MS A
T 20 /\:
= 107 ST AN
o~ N 2\
O i | 1T AN
15 7N wN AN
1018 + N AN N
[ | ) /N )\
7=0.0004 7Z=0.04  Z=0.0004 Z=0.04
10250 "g reB ]
—~ I~ e N // N
v—‘1 /\ N\ Ne
» 1020} jt - s Fe
0 4 /\ wt He
L5 |
© e N mw O
1018 | ;Q N . e Si

7=0.0004 Z=0.04

FIG. 9 (color online). Rate at which DM particles are captured
discriminated by the elements responsible for the collisions that
led to the capture, for 1M stars in different stages of evolution
(pre-MS, MS, and RGB) and considering different stellar met-
allicities. We assumed a halo of DM particles with p, =
0.3 GeVem ™3, m Y= 50 GeV, and the DM-nucleon scattering
dominated by the spin-independent (SI) component, o, g =
o ysp = 1074 cm?.
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metallicities capture DM particles more efficiently [see
Fig. 6(b)], because these stars are richer in the isotopes
that are responsible for most of the captures: '°O, “He,
S6Fe, 29Ne, and "“N. Therefore, in this scenario, stars with
higher metallicities are more affected by the capture and
annihilation of DM particles in their interior. Moreover, as
metal-rich stars have lower thermonuclear energy produc-
tion rates, the energy from DM annihilation is even more
important over the total energy of the star (the ratio
L,/Ly for a 1Mg star with Z = 0.04 in the MS is
more than 20 times greater than that for the same star
with Z = 0.0004).

The contribution of the metals in the capture rate is of
vital importance for stars with metallicity Z = 0.04,
especially until the end of the MS, while for stars with
Z = 0.0004 helium dominates the capture during all the
stages [see Fig. 9]. On the other hand, on the RGB the role
of the metals is less important because in this phase *He is
the isotope that captures DM particles more efficiently due
to its high density in the core.

V. DISCUSSION

We have characterized how the stellar capture of DM
particles changes within different assumptions regarding
the DM characteristics and the structure of the stars. These
results are summarized in Table I, where we show the
variations in the computed capture rate derived from an
uncertainty of 10% in the knowledge of given parameters
(such as the mass and velocities of the star and the DM
particles, and the stellar metallicity). We found that the
greater uncertainties in the capture rate occur due to
the ignorance of the DM particle mass and especially
when the stellar velocity (if very high) and the stellar
mass are not well determined.

However, not all uncertainties in the computed capture
rate contribute equally to the weight of the subsequent DM
annihilations over the nuclear sources of energy of the star.
To illustrate this fact the ratio L, /Ly, is also shown in the
third column of Table I. In this respect, the ignorance of the
DM mass is much less important when compared with an
imprecise determination of the velocities or the stellar
mass. As an example, an overestimation of 10% in the
mass of a star of 7Mg leads to a significant increment on
the computed capture rate ( + 16%), while regarding the
effects of DM annihilation on the same star, this
overestimation is completely counterbalanced by the de-
pendence of the thermonuclear energy sources on the
stellar mass.

The errors on the estimation of the stellar metallicity are
not significant for the computed capture rate, at least for
the SD-dominated capture. In the scenario where the SI
interactions dominate, the role of the metallicity is more
important but still introduces errors on the capture rate
below 10% (see Table II).
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TABLE 1. Variations in the total capture rate, C,, and in the
ratio between the luminosities from DM annihilations and ther-
monuclear reactions, L)(/ L., when there is an uncertainty of
10% in the knowledge of one parameter of the DM character-
istics or of the stellar structure. If not stated otherwise, we
assumed a halo of DM particles with a mass m, = 100 GeV,
a velocity dispersion o, = 270 km s~1, and a star of 1M, in the
middle of the MS, with a metallicity Z = 0.019 and a velocity

v, =220 kms L.

CX L)(/Lnuc
m, =5 GeV £10% —10% +12% -1% +1%
m, = 500 GeV =10% —18% +23% —9% +11%
o, =100 kms™' *10% | +6% —7% +6% —7%
¥, =500 kms™! £10% | —20% +26% | —20% +26%
vy =100 kms™' *10% | —3% +3% 3%  +3%
vy, =500 kms™! £10% | —58% +120% | —58% +120%
M, = 0.5My, £10% +26% —22% | —20% +26%
My, =TMy =10% +16% —13% | —16% +26%
Z = 0.0004 = 10% —0.1% +0.1% +2% —0.3%
Z=0.04 = 10% —2% +2% 2% +1%
TABLE II. Variations in the capture rate due to SD and SI

interactions of the stellar elements with the DM particles (C,,
and C, sp) when there is an uncertainty of 10% in the knowledge
of the mass of the DM particles or on the stellar metallicity.

C)(,SD C)(,SI
m, =100 GeV *=10% —16% +22% —10% +13%
Z =0.019 = 10% 2%  +2% +8%  —8%

The relatively large variations on the computed capture
rate due to a poor knowledge of the input physics stress the
importance of combining different techniques to improve
precision in the determination of the parameters. In the
case of the stellar parameters, photometry, spectroscopy,
and astroseismology should be combined when possible to
reduce the uncertainties in the stellar mass and metallicity.
Regarding the DM characteristics, only a combination
of results from colliders, direct and indirect detection ex-
periments will constrain sufficiently the free parameter
space. In the cases where the detection of DM signatures
seems more promising, such as the Galactic center and
primordial stars, the uncertainty on the capture rate will be
dominated by the ignorance on the exact value of the DM
density.

Our results may be used to evaluate the reliability of the
computed capture rate for stars observed in environments
with high expected DM densities, and therefore to estimate
if the effects predicted due to the self-annihilation of DM
particles in the stellar interiors will allow us to extract
information about the nature of DM.
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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 p, = 3 x 10° GeV cm—>. 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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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 (Cerdefio & 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

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.

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-Chieze 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 ¥ = 0.273
similar to the solar ones. The initial abundance of the other
elements was set equal to the solar composition. The mixing-
length parameter was set by calibrating a solar model with
an accuracy of 107> 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 o, , which we chose to be smaller than the present limits
from direct detection experiments: o, 51 = 10~* cm? (Ahmed
et al. 2010) and 0, sp = 1073® cm? (Behnke et al. 2011) for
a WIMP with a mass of 100 GeV. For these values of o,, the
spin-dependent (SD) interactions with hydrogen atoms always
dominate over the spin-independent (SI) ones with other stellar
isotopes.

In the capture rate (C,) calculation we assumed a stellar
velocity v, = 220 km s~! and a Maxwellian DM velocity
distribution with a dispersion v, = 270 km s~!. 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 st
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 C, 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
C, . When anon-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 C, by a factor
of two. The same order of uncertainty on C, 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 self-
annihilation rate balances the capture rate. This equilibrium is
reached in a timescale below 10* 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)

Ly = fymy Cy, ey

where m, is the mass of the DM particles and f, = 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 m, = 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 p, oy.

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
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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
m, = 100 GeV and a spin-dependent scattering cross section with protons

0y,SD = 10738 cm?.
(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 Mg will spend more than 20 Gyr in the main
sequence (MS) if it evolves in a DM halo of density
py = 2 x 10° GeV cm™ (assuming o, sp = 10738 cm?,
although other values of p, and o, sp can be considered,
leading to the same effects as long as the product p, o,
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 Mg
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.
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Figure 2. Isochrones for a cluster of stars with masses between 0.7 M and
3.5 Mg that evolved in a halo of DM with a density p, = 10° 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 m, = 100 GeV and a

spin-dependent scattering cross section with protons oy sp = 10738 cm?.

(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).

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 low-
mass 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
py = 10° GeV cm™ (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
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Figure 3. Isochrones for a cluster of stars with masses between 0.7 M and
3.5 Mg that evolved in a halo of DM with a density p, = 10'° 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 amass m, = 100 GeV and a spin-dependent scattering cross
section with protons o, sp = 10738 ¢cm?.

(A color version of this figure is available in the online journal.)

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, equiva-
lently, 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 character-
istic 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 p, = 10'© GeV ¢cm™ 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
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Figure 4. Isochrones of 10 Gyr for clusters of stars that evolved in halos of
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(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 x 10° GeV cm™3. Both the low mass of these
WIMPs (m, = 8 GeV) and especially their large SD scattering
cross section with protons (o, sp = 1073¢ c¢m?) 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
py = 10° GeV cm™?), 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: p, =
3 x 10° GeV cm™ at rgc &~ 1 pc and Py = 10'° 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 under-
estimated 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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Table 1
Isochrones of a Stellar Cluster Embedded in Halos of DM Particles with
Different DM Densities

Py (GeVem™)  Age(Myr)  M(Mg)  log(Ter /K)  log(L. / Lg)
0 25 0.75000 3.67148 —0.73140
10° 25 0.75000 3.65940 —0.77514
1010 25 0.80000 —0.72426

3.60171

Note. The DM particles are assumed to have a mass of 100 GeV and a spin-

dependent scattering cross section with protons o, sp = 10738 cm?.

(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.)

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.

We are grateful to the authors of DarkSUSY, from which
some of the publicly available routines were adapted, and
CESAM, as well as to the anonymous referee for a careful
review. This work was supported by grants from FCT-MCTES
(SFRH/BD/44321/2008) and Fundagdo Calouste Gulbenkian.

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 p, = 10° GeV cm™ and p, = 10! GeV cm~>. 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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ABSTRACT

We report the first constraints on the properties of weakly interacting low-mass dark matter (DM)
particles using asteroseismology. The additional energy transport mechanism due to accumulated
asymmetric DM particles modifies the central temperature and density of low-mass stars and sup-
presses the convective core expected in 1.1-1.3 Mg stars even for an environmental DM density as low
as the expected in the solar neighbourhood. An asteroseismic modelling of the stars KIC 8006161, HD
52265 and a Cen B revealed small frequency separations significantly deviated from the observations,
leading to the exclusion of a region of the DM parameter space mass vs. spin-dependent DM-proton
scattering cross section comparable with present experimental constraints.

Subject headings:

1. INTRODUCTION

The identification of the nature of the dark mat-
ter (DM) of the Universe is a major open problem
in modern physics (Bertone 2010). Among the di-
verse strategies for DM searches, the study of the
possible impact of DM in the properties of stars
has been explored in recent years as a complemen-
tary approach to the DM problem (Spolyar et al. 2008;
Tocco et al. 2008; Scott et al. 2009; Casanellas & Lopes
2009; Zackrisson et al. 2010; Sivertsson & Gondolo 2011;
Casanellas & Lopes 2011a; Scott et al. 2011; Li et al.
2012; Ilie et al. 2012; Corsico et al. 2012). In particu-
lar, weakly interacting DM candidates with an intrin-
sic matter-antimatter asymmetry (Kaplan et al. 2009;
Davoudiasl et al. 2011; Blennow et al. 2012) do not anni-
hilate after gravitational capture by compact astrophys-
ical objects and can therefore strongly influence their
internal structure (Gelmini et al. 1987; Griest & Seckel
1987). Thus, both the observation or the lack of obser-
vation of the impact of asymmetric DM (ADM) on the
properties of stars can be used to put constraints on the
characteristics of these DM candidates.

The interior of the Sun, being known with a high ac-
curacy thanks to solar neutrinos and helioseismic data,
is an excellent laboratory to probe the existence and the
properties of ADM particles. Such particles remove en-
ergy from the inner ~4% of the Sun, leading to a re-
duction of the central temperature and the creation of
an isothermal core (Taoso et al. 2010; Frandsen & Sarkar
2010; Lopes & Silk 2012). In particular, ADM candi-
dates with low-masses and large spin-dependent (SD)
proton scattering cross sections may influence the in-
ternal solar structure so strongly that they would pro-
duce clear signatures in the low-degree frequency spac-
ings and in the solar gravity modes (Lopes & Silk 2010;
Cumberbatch et al. 2010; Turck-Chieze et al. 2012). In-
terestingly, low-mass WIMPs with similar characteristics
provide an explanation for the signals in various direct
detection experiments (Savage et al. 2009), strengthen-
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ing the motivation for the search of indirect signatures
of these particles.

It has also been shown that these low-mass ADM
candidates may produce marked effects in very low-
mass stars and brown dwarfs (Zentner & Hearin 2011).
In environments with high ADM densities, solar-like
stars may show significant deviations in their evolu-
tionary tracks (Iocco et al. 2012). Also neutron stars,
due to their compactness, capture DM very efficiently
and may be strongly influenced by the accumulation of
ADM (Bertone & Fairbairn 2008; Kouvaris & Tinyakov
2011; Leung et al. 2012). Here we will show that, even for
a DM density as low as the expected in the solar neigh-
bourhood, p, = 0.4 GeV cm™3 (Garbari et al. 2012),
main-sequence stars with masses similar to that of the
Sun present distinct signatures of the captured ADM.

With the advent of asteroseismology, a precious in-
sight into the stellar interiors is nowadays possible for
the first time. The CoRoT (Michel et al. 2008) and
Kepler (Gilliland et al. 2010) missions have already de-
tected oscillations in about 500 stars (Chaplin et al.
2011). This fact has allowed to test theories of stellar
evolution and to probe the stellar cores with an unprece-
dented precision (Garcia et al. 2010; Bonaca et al. 2012).
The seismic analysis of stars other than the Sun is com-
plementary to helioseismic DM searches because it allows
the study of stars with lower masses, which are more
strongly influenced by DM, and stars whose dominant
energy transport mechanisms may change due to the DM
influence. In this letter we will demonstrate, by studying
the case of the stars KIC 8006161, HD 52265 and a Cen
B, that present asteroseismic observations do constrain
a significant region of the DM parameter space.

2. INTERACTION DARK MATTER-STARS

Nearby stars are embedded within the halo of DM par-
ticles that is presently believed to permeate our Galaxy.
If these DM particles have a non-negligible scattering
cross section off baryons (so they are WIMPs, for Weakly
Interacting Massive Particles), then some of them may
collide with the nucleons of the stellar plasma, losing
kinetic energy. A fraction of these DM particles is grav-
itationally captured by the stars. To calculate the cap-
ture rate we follow the formalism that was early devel-



TABLE 1
CONSTRAINTS ON THE STELLAR CHARACTERISTICS ADOPTED FOR THE MODELLING AND SELECTED RESULTS.

Star M (Mo) R (Ro) L(Le) Tepy (K) (Z/X)s  (Avno)' (uHz) (Svo2)" (uHz)
KIC 8006161
Observ.2 0.92-1.10 0.90-0.97 0.614+0.02 5340£70 0.043 £0.007 148.94 + 0.13 10.10 £ 0.16
Stand. mod./DM mod.3 0.92 0.92 0.63 5379 0.039 149.03/149.08 10.12/9.13
HD 52265
Observ.2 1.18-1.25 1.19-1.30 2.09+0.24 6100+ 60 0.028 +0.003 98.07 +0.19 8.18 £0.28
Stand. mod./DM mod.? 1.18 1.30 2.22 6170 0.028 97.92/98.05 8.16/7.65
a Cen B
Observ.2 0.934 +0.006 0.863 +£0.005 0.504+0.02 5260 £50 0.032 £ 0.002 161.85 +0.74 10.94 £0.84
Stand. mod./DM mod.3 0.934 0.868 0.51  5245/5230 0.031 162.56/162.45 10.23/8.95
oped by Gould (1987), as implemented in Gondolo et al.
(2004). We assume a Maxwell-Boltzmann distribution -35 6161 14.0 4

of the velocities of the DM particles, with a dispersion
Uy = 270 km s~! and a stellar velocity of v, = 220 km
s~1. The expected deviation from the mentioned fiducial
values for the specific stars studied in this work may lead
to a maximum error on the capture rate of approximately
10% (see Lopes et al. (2011) for details). The number of
DM particles accumulated in the stellar core grows while
more particles are being captured. The self-annihilation
and evaporation processes can be neglected for the ADM
candidates and stars considered in this work (we assumed
an effective (o,v) = 10740 cm?® s7! and m,, > 4.5 GeV).
While a low stellar mass tends to favour evaporation,
this fact is compensated by the cooler stellar tempera-
tures, Fvap oc e~ EMmx/RT (Griest & Seckel 1987), in
agreement with the results of Zentner & Hearin (2011)
for ~ 0.1Mg, stars.

The DM particles captured in the stellar core provide
a new energy transport mechanism that removes energy
from the centre of the star. The efficiency of this mech-
anism depends mainly on the ratio between the mean
free path of the WIMPs inside the stellar plasma [, and
the characteristic radius of the WIMPs distribution in
the core of the star r, (Gilliland et al. 1986). For most
of the WIMP-proton SD scattering cross sections oy, sp
considered here, I, > 7, and the energy transport by
WIMPs is non-local. On the other hand, for large values
of oy .sp, Iy < 1y sothe WIMPs are in local thermal equi-
librium with the baryons and the energy transport can
be assumed to proceed by conduction. The latter regime
applies only to values of o, gp which are not considered
in this work (oy,sp 2 10733 cm?). However, we fol-
low the prescription described in Gould & Raffelt (1990)
that extends the formalism developed for the local ther-
mal equilibrium to other regimes by the use of tabulated
suppression factors.

The DM capture and energy transport mechanisms
were implemented in CESAM (Morel 1997), a sophisticated
stellar evolution code. In the case of the Sun, the re-
sults of our modified solar model (see e.g. Lopes & Silk
(2012)) are in agreement with those of other codes in the
literature (Taoso et al. 2010; Frandsen & Sarkar 2010).

L Averages for the intervals 2750 < wv(uHz)< 3900 (KIC
8006161), 1600 < v(uHz)< 2600 (HD 52265), and 3300 < v(uHz)<
5500 (a Cen B).

2 Data from Mathur et al. (2012); Bruntt et al. (2012) for
KIC 8006161, from Ballot et al. (2011) for HD 52265, and from
Kjeldsen et al. (2005) for a Cen B.

3 my =5GeV, o, sp =3- 1036 cm?, px = 0.4 GeV cm ™3,

6 8 10 12 14 16

18 20
my (GeV)

F1G. 1.— Central temperatures (top) and densities (bottom) of
the DM-modified stellar models that reproduce the observed prop-
erties of the star KIC 8006161.

The observational constraints used for the modelling of
the stars KIC 8006161, HD 52265, and « Cen B, as well
as the results of some selected models with and without
taking into account the DM effects, are summarized in
Table 1.

3. IMPACT OF ADM ON THE PROPERTIES OF LOW-MASS
STARS

3.1. Modifications of central temperature and density

The main signature of the additional DM cooling mech-
anism is a decrease in the central temperature and an in-
crease in the central density. These variations are shown
in Figure 1 for several DM-modified stellar models, cal-
ibrated to reproduce the observed properties of the star
KIC 8006161, for a range of DM masses and SD scat-
tering cross sections. Compared with the standard mod-
elling, for m, = 5 GeV and o, sp = 3-1073% cm? we
found a ~ 9% decline in the central temperature. The
variations on the internal properties are larger than those
reported in the case of the Sun (Taoso et al. 2010) be-
cause the importance of the energy transported by the
WIMPS (€y trans o Cy o< M,) over the thermonuclear
energy (nuel o< M3) increases when the stellar mass de-
creases. In particular, in our computations we found the
DM cooling to reduce the T, of 0.7 Mg, stars 9 times more
efficiently than for 1.1 Mg stars. This fact reinforces the
potential advantages of performing DM searches in stars
other than the Sun.
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Fic. 2.— (a) Size and duration of the convective core in the

modelling of the star HD 52265 in the classical picture (grey) and
taking into account the energy transport due to the conduction of
ADM particles with my = 5 GeV and oy,sp = 1.5 - 10736 cm?
(blue). (b) The presence of a convective core in HD 52265 depends
on the mass and SD scattering cross section of the DM particles.

3.2. Suppression of convective core

In the standard picture of stellar evolution, stars with
masses greater than 1.1 Mg are expected to keep a con-
vective core during most of the main sequence, while
stars with lower masses quickly lose their convective
cores. Convection arises when the gradient of temper-
ature in the core is so steep that a rising bubble of
plasma does not cool enough with its adiabatic expan-
sion, so that it continues to rise, leading to a convec-
tive instability. If the temperature gradient is reduced
by an additional mechanism such as the energy trans-
port by WIMPs, then the conditions for convection may
no longer be achieved. This possibility was soon re-
alised in Renzini (1987), where the suppression of con-
vection in horizontal branch stars was predicted using
analytical approximations. This scenario must not be
confused with the creation of an unexpected convective
core in 1 Mg stars due to the self-annihilation of DM
particles captured in halos with very high DM densi-
ties (Casanellas & Lopes 2011b).

The reduction of the temperature gradient in the stel-
lar interior due to the additional cooling by WIMPs was
found to suppress the convective core expected in stars
with masses slightly greater than that of the Sun. The
standard modelling of the star HD 52265 predicted a con-
vective core during all the main sequence, but this con-
vective core rapidly disappeared when the energy trans-
port by WIMPs was taken into account (see Figure 2.a).
The range of DM masses and SD scattering cross sections
for which the suppression of the HD 52265 convective
core is expected is shown in Figure 2.b). Interestingly,
hints of the signatures of a convective core in HD 52265
were reported in Ballot et al. (2011). However, no con-
clusive information can be extracted until there is no
definitive diagnostic of its presence or its absence (see
also Escobar et al. (2012)).

3

4. ASTEROSEISMIC DIAGNOSTIC OF THE PRESENCE OF
DM

The characteristic signatures reported in the last sec-
tion are potentially detectable with the analysis of the
stellar oscillations. Asteroseismology is presently show-
ing its power in determining with high precision not
only the global properties of stars but also their inter-
nal structure. In particular, the small frequency sepa-
rations of low angular degree (I = 0) and radial order
n: dvp2 = Up 0 — Vn—1,2 have been shown to provide use-
ful information about the core of the stars (Gough 1986).
Thus, we would expect the seismic parameter (drgs2) to be
sensitive to the modifications introduced by the WIMPs
on stars.

We have computed the oscillation frequencies and
separations of the DM-modified stellar models of KIC
8006161, HD 52265 and a Cen B using the ADIPLS
package (Christensen-Dalsgaard 2008). In order to dis-
entangle the effects of DM from those arising from
the variation of the stellar parameters, a very pre-
cise determination of the latter is of utmost impor-
tance.  Although asteroseismology has already pro-
vided very accurate measurements of the mass and
radius of KIC 8006161 (Mathur et al. 2012) and HD
52265 (Escobar et al. 2012), with uncertainties of the or-
der of 1%, we preferred to focus here on the case of «
Cen B, a star whose fundamental parameters are inde-
pendently measured with high accuracy (see Table 1)
because it belongs to a binary system.

All stellar models used to create Fig. 3 reproduce the
measured M, L, R, Ty, (Z/X)s and mean large fre-
quency separation (Av, ;) of a Cen B within the obser-
vational error. However, while models without DM are
also able to reproduce the observed (dvg2), we found that
the stellar models with a strong influence of DM predict
a (dvpe) significantly deviated from the observed value.
The black lines in Figure 3, labelled 20 and 50, show the
DM characteristics corresponding to the calibrated mod-
els that predicted (drpe) with a difference of 2 and 5 times
the observational error, respectively, from the observed
value. The dashed black lines around the 20 line show
the theoretical uncertainty in the modelling when the
uncertainties in the stellar characteristics are taken into
account. The errors around the 50 line are not shown for
clarity, but they would appear narrower because (dvp2)
varies more abruptly in that region of the plot. This
theoretical uncertainty corresponds to the standard de-
viation on (dvp2) when the stellar parameters vary within
the observational errors, evaluated computing 1600 valid
models of & Cen B. Therefore, we conclude that present
asteroseismic measurements of o Cen B disfavour the
existence of DM particles with parameters above the 20
line with 95% confidence level.

Similarly, the presence of a convective core leads to
strong asteroseismic signatures. The mixing of elements
in convective regions introduce sharp structural varia-
tions in the border with radiative regions that produce a
clear oscillatory signal in the frequency spectrum (Gough
1990). It has been shown that this feature may be
used to detect and measure the size of a convective
core through asteroseismic parameters such as ry1, 19
or drge1s (Cunha & Brandao 2011; Silva Aguirre et al.
2011). If these asteroseismic diagnostic tools succeed in
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F1c. 3.— Deviation of the (6vg2) of the DM-modified stellar mod-
els from the true value measured in a Cen B. All the stellar models
are calibrated to fit the M, R, L, Tsf, (Z/X)s and (Av, ;) of
«a Cen B within the observational error. The dashed black lines
around the 20 line show the theoretical uncertainty in the mod-
elling arising from the uncertainties in the stellar characteristics.

the confirmation of the presence or the absence of a con-
vective core in a star with 1.1-1.3 Mg, this hypothetical
measurement may be used to place further constraints
on the nature of the DM particles. The characteristic
and localised effects of DM should allow the disentangle-
ment of its signatures from standard processes. Remark-
ably, several stars with the appropriate characteristics
are presently being observed by the CoRoT and Kepler
missions.

5. CONCLUSIONS AND DISCUSSION

We have shown the strong signatures that asymmetric
DM particles with low masses and large SD scattering
cross sections with baryons produce on low-mass stars.
We have focused in the study of the stars KIC 8006161,
HD 52265 and a Cen B, revealing large modifications
in the central temperatures and densities of the models
and the suppression of the convective core expected in
1.1-1.3 M, stars.

In the case of @ Cen B, we have shown that the aster-
oseismic parameter (dvpz) can be used to impose com-
petitive constraints to the DM characteristics. In par-
ticular, we were able to exclude with 95% confidence

level asymmetric DM candidates with m, ~ 5 GeV and
oy.sp > 310736 cm?. These new constraints are com-
petitive with the present limits from direct detection ex-
periments, because the sensitivity of the detectors drops
at low WIMP masses.

Interestingly, low-mass WIMPs with similar character-
istics have been advocated to explain the signals in the
DAMA/LIBRA and CoGeNT detectors in terms of SD
collisions. In ADM models the low mass of the WIMPs
is strongly motivated because the relic density of DM is
determined by the baryon asymmetry of the Universe,
leading to Qpar ~ (mpar/mp). Our approach may
provide a complementary test of these low-mass WIMP
models, in the context of controversy over the incom-
patible results between different direct detection experi-
ments.

Asteroseismology thus arises as a promising strategy
for indirect DM searches. Compared to helioseismology,
the asteroseismic searches of DM allow the study of stars
with masses lower than that of the Sun, which are more
strongly influcenced by the additional cooling mechanism
provided by the DM particles. In addition, the astero-
seismic confirmation of the presence or the absence of
convective cores in 1.1-1.3 My stars, such as HD 52265,
may provide further constraints on the nature of DM.

The future perspectives of this approach are also excit-
ing. If the small frequency spacings are identified in the
oscillations of stars located in environments with high
expected DM densities, such as globular clusters, then
the sensitivity of the approach proposed in this work
will reach much smaller WIMP-proton scattering cross
sections and larger WIMP masses. Moreover, in the
event of a successful identification of the properties of
DM after hypothetical positive results in different exper-
iments, asteroseismology may allow the determination of
the density of DM at any specific location where a star
is observed.
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comments. JC thanks A. Serenelli and P. Tinyakov
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ABSTRACT

We propose a new approach to test possible corrections to Newtonian gravity using solar physics. The high
accuracy of current solar models and new precise observations allow us to constrain corrections to standard gravity
at unprecedented levels. Our case study is Eddington-inspired gravity, an attractive modified theory of gravity
which results in non-singular cosmology and collapse. The theory is equivalent to standard gravity in vacuum, but it
sensibly differs from it within matter. For instance, it affects the evolution and the equilibrium structure of the Sun,
giving different core temperature profiles, and deviations in the observed acoustic modes and in solar neutrino fluxes.
Comparing the predictions from a modified solar model with observations, we constrain the coupling parameter of
the theory, |k, < 3 x 10 m® s~ kg~!. Our results show that the Sun can be used to efficiently constrain alternative

theories of gravity.

Key words: gravitation — neutrinos — Sun: general — Sun: helioseismology — Sun: oscillations
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1. INTRODUCTION

In the last century general relativity passed several stringent
tests and it is now accepted as the standard theory of gravity
and one of mankind’s greatest achievements (Will 2005). In
the weak-field regime, general relativity reduces to Newtonian
gravity, which is encoded in the famous Poisson equation for
the gravitational field

V20 = 47Gp, (D

where G is the gravitational constant and p is the matter density.
In vacuum, the gravitational field of a spherically symmetric
mass M simply reads

O(r)=—-GM/r. 2)

The validity region of the equation above has been tested and
confirmed from submillimeter (Hoyle et al. 2001) to solar sys-
tem experiments (Will 2005). However, much less is known
about Poisson’s Equation (1) inside matter. In fact, the coupling
to matter is one of the most delicate points in Einstein’s theory.
Several alternative theories have been proposed, which intro-
duce modifications in the coupling between matter and gravity
(see, e.g., Damour & Esposito-Farese 1993). The investigation
of possible alternatives to the general relativity paradigm are
important. Extrapolating Einstein’s theory to regimes in which
it is not well tested may lead to bias, potentially affecting astro-
physical observations and our understanding of the universe.
At the relativistic level, corrections in gravity—matter cou-
pling would affect the interior of neutron stars and the cosmo-
logical evolution of the universe (Clifton et al. 2011). However,
the uncertainty on the correct equation of state (EOS) describing
the interior of a neutron star makes it difficult to disentangle the
effects of an alternative theory from those due to a different EOS.
On the other hand, deviations from standard gravity have been
proposed even at the Newtonian level (Milgrom 1983; Banados
& Ferreira 2010) in a way that is compatible with current

experimental bounds. Theories such as these are consistent with
all observations and at the same time are able to avoid long-
standing problems of standard gravity. Thus, modified theories
should be taken seriously and as important alternatives to explain
our universe; it is of utmost importance to develop methods to
test and constrain them against standard gravity.

In this work we propose a new approach, which is not
affected by the degeneracy problems in neutron star physics and
is complementary to cosmological tests. We shall investigate
how deviations in Equation (1) would affect the evolution and
the equilibrium structure of the Sun and other stars, leaving
potentially observable effects. The high accuracy obtained with
current standard solar models and precise observations of the
acoustic modes and neutrino fluxes allow us to perform stringent
tests of the physics governing stellar evolution and interior
(Turck-Chieze & Couvidat 2011). In the past, stellar evolution
has been used to constrain a possible time dependence of
Newton’s constant G (Teller 1948). More recently, similar ideas
have been used to put constraints on the value of G (Lopes &
Silk 2003), on the properties of dark matter particles (Lopes
et al. 2002; Lopes & Silk 2010; Casanellas & Lopes 2011),
and on the couplings of other particles (Gondolo & Raffelt
2009). Finally, possible modifications to the stellar structure
in some alternative scenarios were studied by Bertolami &
Paramos (2005, 2008) using polytropic models. Given the high
(and increasing) accuracy of present realistic solar models and
related observations, using the Sun as a theoretical laboratory
where alternative theories of gravity can be challenged is a very
promising tool to constrain deviations from Newtonian gravity.

2. PARAMETERIZED POST POISSONIAN APPROACH
FOR MODIFIED GRAVITY

The parameterized post-Newtonian approach proved to be
extremely efficient in constraining weak-field deviations from
general relativity in orbital motion (Will 2005). The approach
is based on a very general parameterization of the metric
functions, and does not require any knowledge of the underlying
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alternative (metric) theory. Following a similar approach, here
we parameterize viable couplings between matter and gravity
in the non-relativistic limit, i.e., within Newtonian theory.
We require a modified Poisson equation which reduces to
the usual one in vacuum, but which can accommodate extra
terms in the coupling with matter. Assuming this theory is the
non-relativistic limit of some covariant relativistic theory, we
also require spatial covariance. Finally, we assume the theory
contains at most second-order derivatives in the fields, although
this condition can be easily relaxed. A general modified Poisson
equation, up to second order in ®, p, and derivatives, that
satisfies these requirements reads

K L.
V0 =47 Gp + ngzp +a, eV, OV p

+ np2 +yVp -Vp+e6 VO -Vp
+ 6PV +epViD+ - - 3)

The first term on the right-hand side of the equation above
is the standard Poisson term. The second one, proportional
to «,, arises from the Eddington-inspired gravitational theory
recently proposed by Banados & Ferreira (2010). The other
terms are higher order corrections and €/ is the Levi-Civita
symbol. All the parameterized corrections vanish in vacuum,
so that the theory above is consistent with the inverse square
law behavior (2), but most of the extra terms in Equation (3)
violate the equivalence principle and are therefore already
strongly constrained by experiments (Will 2005). Two notable
exceptions are the terms proportional to «, and, for spherically
symmetric configurations, the term proportional to o,. These
two terms are consistent with the equivalence principle, and
mostly unconstrained presently.

2.1. A Case Study

For concreteness, here we focus on a particular case, setting
y = n; = ¢ = 0 in Equation (3). The modified Poisson
equation reduces to

V20 = 47Gp + 22 y,.oV, 4
=4nGp+ - Vp +aue!VidVp, 4)

where [[«,]] = cm®/(gs?) = [[G]I[[R?]]. Requiring spherical
symmetry, the hydrostatic equilibrium equation follows

dpP Gm(r)p Kk,

= , 5

ar e 1 PP ®)

where no terms proportional to o, arise due to spherical
symmetry. The choice y = 5, = ¢ = 0 is motivated by

several reasons. First of all, the terms we are neglecting would
introduce violations to the equivalence principle, which is
experimentally confirmed with great precision (Will 2005).
Second, the equation above represents the most general modified
Poisson equation which is first order in @, p and satisfies the
requirements previously discussed. The extra terms would only
introduce higher order corrections. Furthermore, this theory is
the non-relativistic limit of a well-motivated theory of gravity,
which prevents the formation of singularities in cosmology and
in the stellar collapse of compact objects (Banados & Ferreira
2010; Pani et al. 2011). Here, we investigate how this theory
would modify the interior and the evolution of the Sun.

3. THE EVOLUTION OF THE SUN

The high accuracy of current solar models and precise
observations allow us to test standard gravity against alternative
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theories at unprecedented levels. Alternative theories would
affect the evolution and the equilibrium structure of the Sun,
giving different core temperature profiles and deviations in
the observed acoustic modes and in solar neutrino fluxes.
Comparing the predictions from a modified solar model with
observations, we can constrain the coupling parameter of the
theory.

Modeling the solar interior not only requires us to describe
the present solar structure, but also to explain the evolution
of the Sun from the ignition of hydrogen nuclear fusion to
the present day (see, e.g., Turck-Chieze & Lopes 1993 for
a review). The solar models are constructed on the basis of
plausible assumptions, which translate to a set of four ordinary
differential equations. The star is considered in hydrostatic
equilibrium, which means that the hydrostatic pressure resulting
from the thermonuclear fusion of hydrogen to helium must be
exactly balanced by gravity. The nuclear reactions are produced
in the pp chain and in the CNO cycle, the former affecting more
strongly the temperature profile in the solar core. Furthermore,
the star is assumed to be in thermal equilibrium, i.e., the energy
produced by nuclear reactions balances the total energy loss
via radiative energy flux and via the energy carried away by
neutrinos.

Within ~70% of the solar radius, the most efficient transport
mechanism of energy from the solar center outward to the
stellar surface is due to electromagnetic radiation, while in the
outer region, the so-called convective zone, the energy is mainly
transported by convection. The radiative energy transport (and,
in turn, the temperature profile) is governed by the Rosseland
mean opacity, which takes into account that photons interact
with electrons and ions in the dense plasma in the solar interior,
while they mostly interact with atoms and molecules at the solar
surface, where radiative transport is again significant.

One of the basic assumptions of any solar model, namely,
the hydrostatic equilibrium, ultimately depends on how strong
and efficient the gravitational self-interaction is inside the Sun,
i.e., on Poisson’s Equation (3). Any corrections would affect the
thermal balance and, in turn, the temperature profile inside the
star, leaving potentially observable signatures.

Finally, effects due to rotation (Pinsonneault et al. 1989) and
magnetic fields (Passos & Lopes 2008) are usually neglected in
standard solar models. These processes take place on a much
shorter timescale than the evolutionary timescale of the Sun and
their inclusion results in minor structure changes in the solar
interior (see, e.g., Turck-Chieze et al. 2010).

3.1. Equations Governing Stellar Equilibrium and Evolution

Under the previous assumptions, the internal structure of
the Sun is governed by the following ordinary differential
equations for (r, P, L, T), the radius, pressure, luminosity, and
temperature, respectively,

dr M
—=—, (6)
dg A4nr?p
dP GMXq «, dp
s iy ok (7)
dq 4mr 4" dq
dL M ds ®)
— = e—r—|,
dgq © dt

where g = m/Mg is a convenient choice of the independent
variable, since mass loss is neglected (Clayton 1968). The first
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and third equations above are the standard continuity equation
and conservation of thermal energy, respectively, while the
second equation describes the hydrostatic equilibrium (note that
Equation (7) is equivalent to Equation (5) when expressed in
terms of the independent variable g). Finally, the equations
above must be supplied by an appropriate transport energy
equation for the convective zone and for the radiative zone
(Morel 1997). Due to the modified Poisson Equation (7),
the standard equation for the convective energy transport is
indirectly modified as follows:

dT _ dPdT _ [Gng v ©

+/cg dp T
dg  dqdP

4mrrt Z'O@ P

where V = dlogT/dlog P is the temperature gradient. For
adiabatic changes, the temperature gradient can be simply
related to one of the adiabatic exponents, Vg = (I, — 1)/I
(Weiss et al. 2004). In the radiative zone, the transport energy
equation is unaffected by «, and it simply reads

aT 3Mgk L

— =, (10)
dq 160 T3 1672r*

where « is the Rosseland mean opacity and o is the Boltzmann
constant.

3.2. Numerical Procedure

The modified equations above have been included, together
with all the relevant physical processes, in CESAM (Morel
1997), a self-consistent numerical code for stellar structure
and evolution. The main physical inputs of the solar models
are the following: the nuclear reaction rates are taken from
Adelberger et al. (1998), with the Mitler (1977) intermediate
screening; the opacities are taken from the OPAL9S5 tables
(Iglesias & Rogers 1996) for temperatures above 5600 K and
from Alexander & Ferguson (1994) for lower temperatures; we
used the tabulated OPAL EOS (Rogers et al. 1996); microscopic
diffusion is included following the prescription of Michaud &
Proffitt (1993); and finally, the solar abundances are taken from
Asplund et al. (2005). For comparison, all the models were
also computed with the older, low-metallicity solar abundances
(Grevesse & Sauval 1998), leading to nearly identical results.
This test stresses the robustness of our approach and shows that
our analysis is virtually independent of the current uncertainties
of solar modeling.

In order to constrain the values of the coupling parameter
k, which are compatible with present observations of the Sun,
we constructed calibrated solar models for different values of
k. The models are calibrated to fit the solar properties with an
accuracy of 107>, The calibration is performed by varying the
parameters X; (the initial abundance of hydrogen in the young
Sun) and « (which parameterizes the efficiency of convection as
amechanism of energy transport), and by fixing the solar surface
heavy-element content (Z/X)o = 0.0165, age to = 4.57 Gyr,
radius Ry = 6.9599 x 10'° cm, mass Mg = 1.9891 x 10* g,
and luminosity Lo = 3.846 x 103 erg s—!.

It was possible to construct calibrated solar models for
—0.032GR3 < k, S 0.02G RE. For k, < —0.032G R, no
equilibrium stars can be constructed, in agreement to what
is shown in Pani et al. (2011) for simple polytropic models.
On the other hand, for «, = 0.02G Ré, equilibrium stellar
configurations can be constructed, but their internal structure is
so strongly modified that the observed solar properties (namely,
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Table 1
Characteristics of Some Solar Models for Different Values of «¢
Kg Xo a T. Pe Pe
(GR%) (107 K) (gem™) (dyncm™2)
—0.032 0.78 2.77 15.54 161.5 2.56 x 107
—0.01 0.76 2.07 15.25 150.1 2.36 x 1017
0 0.74 1.84 15.18 146.7 2.29 x 1017
0.01 0.73 1.65 15.12 144.8 2.25 x 107
0.02 0.72 1.48 15.09 143.6 2.22 % 107

Note. All stellar models have M = M, L = L, and R = R at the solar age
to = 4.57 Gyr.

Z/X,to, Ro, Mg, and L) cannot be matched simultaneously.
In Table 1, we show the values of X, and « required to calibrate
the solar models, together with the central temperature, density,
and pressure of the models.

Solar models with «, > 0 have a lower central density and a
lower core temperature, whereas models withx, < 0 workin the
opposite direction. These results can be qualitatively understood
as follows. Equation (5) can be written in a more evocative form
as

dpP m(r)p(r)
— =G, — 11
P f(r) 2 (1)
where we have defined an “effective” Newton’s constant
2 7
Gun(r) = G + TP (12)
4 m(r)

Since p'(r) < 0 inside the Sun, Gef < G (Ger > G) when
kg > 0 (kg < 0). When «, < 0, we expect a stronger effective
gravitational force which, for main-sequence stars in hydrostatic
equilibrium, leads to an increase in the central temperature and,
consequently, in the rate of thermonuclear reactions. The so-
lar models constructed with k, < 0 also require a higher initial
abundance of hydrogen to match the solar observables. This fact
can be explained by homology scaling (see, e.g., Kippenhahn &
Weigert 1990): the luminosity of a star scales as a high power
of G and the mean molecular weight, and therefore an effective
increase in the gravitational force must be compensated by a
decrease in the mean molecular weight (and consequently an
increase in the hydrogen abundance) to achieve the same lu-
minosity. This qualitative picture is in agreement with results
obtained for different (constant) values of G (cf. Table 1 in Lopes
& Silk 2003).

4. RESULTS

The Eddington-inspired theory of gravity leads to strong
modifications in the solar structure. In a wide region of the
parameter space of the theory, the modified solar models show
important variations in the central temperature and in the density
profile (see Figure 1). These two signatures can be tested
against solar observables. In particular, we shall show that
solar neutrino measurements (which are sensible to 7,.) and
helioseismic acoustic data (sensible to sound speed and density
profiles) strongly constrain the values of the parameter «, that
are compatible with present observations.

4.1. Solar Neutrinos

Solar neutrinos provide a unique window to the solar interior
due to the high sensitivity of thermonuclear reactions to the
temperature at which they take place. In particular, the ®B flux,
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Figure 1. Density profiles of the modified solar models computed with different
values of «,.
(A color version of this figure is available in the online journal.)

produced in the inner 10% (in radius) through the pp chain, is
very sensitive to the central temperature of the Sun: ¢sp oc .18
(Turck-Chieze & Couvidat 2011). The predicted neutrino flux is
expected to depend strongly on «, since different couplings lead
to different central temperatures (modified solar models may
lead to variations of up to 3% in T,.). The observed ®B neutrino
flux is currently measured with high precision by neutrino
telescopes: (5.046 & 0.16) x 10% cm™2 s~! (Aharmim et al.
2010; Bellini et al. 2010). Thus, the theory can be constrained
on the basis of incompatibility with observations.

Our results for the solar neutrino fluxes are shown in Figure 2.
As expected, the dependence on the coupling parameter «, can
be understood in terms of effective gravitational constant. Pos-
itive values of «, lead to a smaller G, contributing to a lower
central temperature and, in turn, to a lower expected neutrino
flux. Negative values of k, work in the opposite direction.

The theoretical uncertainty of standard solar modeling have
to be consistently taken into account when comparing the pre-
dictions of our models with the observations. Previous works
have shown that the largest source of uncertainty in the calcula-
tion of the solar neutrino fluxes comes from the uncertainty in
the values of the surface heavy element abundances of the Sun
(Bahcall et al. 2006; Gonzalez-Garcia et al. 2010; Noreiia et al.
2011). Bahcall & Serenelli (2005) determined, using Monte
Carlo simulations for 10,000 solar models, that the total 1o the-
oretical uncertainty in the predicted ®B neutrino flux is below
17%, in the most conservative scenario. In addition, we also
take into account the deviation of 20% in the predicted *B flux
when different estimations of the solar abundances are imple-
mented (see, e.g., Serenelli et al. 2009). Considering both the
theoretical and experimental uncertainties, we estimated that
models that predict a B flux which deviates more than 30%
from our standard solar model can be conservatively ruled out,
in agreement with the threshold considered by other authors
(Taoso et al. 2010). Following this analysis, we conclude that
values of k, < —0.024G RZ, are excluded by the observation of
8B solar neutrinos (see Figure 2).

On the other hand, we found that the “Be neutrino flux
only provides less stringent constraints on ,, as 'Be neutrinos
are produced in a wider region in the center of the Sun
and, consequently, are less sensitive to its central temperature
(¢7Be o T2; Turck-Chieze & Couvidat 2011).

4.2. Helioseismology

The solar acoustic modes are nowadays measured with
exquisite precision by helioseismic missions on board
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Figure 2. 8B neutrino flux predicted by our modified solar models normalized
to the flux predicted by our standard solar model.

(A color version of this figure is available in the online journal.)

spacecrafts, such as GOLF/SOHO (Turck-Chieze et al. 1997),
MDI/SOHO (Scherrer et al. 1995), and HMI/SDO (Zhao et al.
2011), and by ground networks such as BiSON (Broomhall
et al. 2009) and GONG (Harvey et al. 1996). The analysis of
helioseismic data has provided a valuable tool to probe the solar
interior, revealing the sound-speed and density profiles down
to 10% of the solar radius (Christensen-Dalsgaard et al. 1985;
Gough et al. 1996).

Different helioseismic parameters have been used to inves-
tigate various aspects of solar physics (Thompson et al. 1996;
Gizon et al. 2010). In particular, the small separation between
the frequencies of modes with different degrees / and radial or-
ders n, v, = v, — Vy—1,142 1s a helioseismic quantity that is
very sensitive to the temperature gradient in the deep interior of
the Sun (Oti Floranes et al. 2005). In addition, the modes with
degree [ = 0 correspond to acoustic waves that traveled through
the entire stellar radius and carry information about the density
profile of the Sun (Lopes & Turck-Chieze 1994; Roxburgh &
Vorontsov 2000). Therefore, §v, ;—o, also known as fine spacing
or d, is a very suitable parameter to detect the signatures that
alternative theories of gravity leave on the solar interior.

The small separations in modified solar models are compared
with solar data in Figure 3(a). As expected, for k, = 0 the fine
spacings exhibit a moderate disagreement with the observations.
This discrepancy, which disappears when the older, low-Z solar
abundances are considered, has been discussed in detail by Basu
et al. (2007). On the other hand, for large values of «, the
deviations from helioseismic data are much larger, providing a
clear way to discriminate viable models.

As discussed for solar neutrinos, when the helioseismic
quantities are used to constrain solar models in modified theories
of gravity, the uncertainties of solar modeling have also to be
taken into account. Compared to solar neutrinos, the theoretical
uncertainties on the mean small separation (§v, ;) are much
smaller. The variation on (§v,;—) resulting from different
solar models is of the order of 2%-3% (Basu et al. 2007).
Considering this uncertainty, we can rule out those models that
lead to deviations in (§v, ;o) greater than 4%. This diagnostic
establishes strong constraints on «,, ruling out the regions
kg 2 0.016 GRZ and k, < —0.01 G R (see Figure 3(b)).

4.2.1. Other Helioseismic Constraints

Another constraint on deviations from Newtonian gravity
comes from the comparison of the solar and model sound
speed profiles, the former being obtained with high precision
from helioseismic observations. Remarkably, the standard solar
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Figure 3. (a) Small separations for / = 0 calculated in our models compared
with helioseismic data (Broomhall et al. 2009). (b) Mean small separation for
| = 0 and v > 2000 uHz for our modified solar models, normalized to the
prediction for k; = 0.

(A color version of this figure is available in the online journal.)
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Figure 4. (a) Relative differences between the sound speed profiles of our
modified solar models and the solar sound speed from helioseismic data

(Broombhall et al. 2009). (b) Mean deviation between the solar and model sound
speed profiles, normalized to our standard solar model.

(A color version of this figure is available in the online journal.)

model reproduces the sound speed profile of the Sun with
an accuracy better than 1% in most of its interior. However,
right below the convective envelope the deviations from the
observed sound speed are larger (this discrepancy is common in
models adopting the latest, high-Z solar abundances; Montalban
et al. 2004; Delahaye & Pinsonneault 2006; Serenelli et al.
2009). Figure 4(a)) shows the relative differences between the
helioseismically inverted and the sound speed profiles of some
of the modified solar models, c/c = (co — Cmodel)/Cmodel-
The mean difference (|dc/c|) is a measure of how accurately a
solar model reproduces the sound speed profile of the Sun, and
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Figure 5. (a) Depth of the convective envelope Rcz and (b) helium surface
abundance Ys of the modified solar models normalized to our standard solar
model.

(A color version of this figure is available in the online journal.)

Table 2
Summary of the Range of the Parameter «, Ruled Out using
Different Solar Characteristics

Observed Quantity Range of kg Excluded

$sp kg < —0.024G RY

(8Vn,1=0) kg < —0.01G R and k, > 0.016G R%
(|8¢/cl) kg > 0.012G R2

Rez kg < —0.013G R% and k; > 0.013 GRY
Ys kg < —0.018G RY

therefore it can be used to put constraints to modified theories
of gravity. Those models leading to a relative deviation (|5c/c|)
more than two times larger than the (|dc/c|) obtained for k, = 0
can be conservatively ruled out. As shown in Figure 4(b)), the
constraints from the sound speed profile rule out models with
kg 2 0.012G RE.

Helioseismology also provides accurate measurements of
the depth of the convective envelope, Rcz = 0.713 4+ 0.001
(Basu & Antia 1997) and the helium surface abundance Yy =
0.2485+0.0035 (Basu & Antia 2004). Monte Carlo simulations
have shown that the theoretical uncertainty from solar modeling
is below 2% for Rcz and 5% for Y5 (Bahcall et al. 2006).
Consequently, we can conservatively rule out models that
predict deviations of these quantities larger than 3% and 7%,
respectively. As shown in Figure 5, this allows us to put the
following constraints on the parameter «,: —0.016G Ré <
ke < 0.013GR2 and k, > —0.018G RZ, respectively, from
the observations of Rcz and of Yg.

5. DISCUSSION AND CONCLUDING REMARKS

Our results show that the Sun is a very good testing ground for
constraining generic modified theories of gravity, for instance
theories such as the ones described in Equation (3) and even
more exotic or yet to be proposed corrections. For the particular
case of Eddington-like theories, Table 2 summarizes the con-
straints on the coupling parameter «, of the theory. Our results
show that, in order to obtain a viable solar model, a theory as
general as Equation (4) is strongly constrained. Combining all
the experimental bounds, the coupling constant x, must lie in
the interval —0.01 < «,/(G Ré) < 0.012, i.e., approximately

kgl $3x10°m°s~2kg ™.
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It is important to stress that this result does not rule
out Eddington-inspired theory as a promising alternative to
Einstein’s theory. Previous studies showed that most of the ap-
pealing features of the theory would persist even for an (positive)
arbitrarily small coupling parameter (Banados & Ferreira 2010;
Pani et al. 2011), which is perfectly consistent with current
observations of solar neutrinos and helioseismology.

Modified gravity is also relevant as an alternative approach
to the solar abundance problem. The particular theory we
considered only offers a partial solution to this problem. Indeed,
models with k, < 0 predict the base of the convective envelope
at a smaller radius than the standard solar model, reconciling the
prediction with the helioseismically inferred value. However, the
predicted helium surface abundance for the same models with
kg < 0is then even more underestimated than for standard solar
models. Similar partial solutions were discussed in different
contexts (Castro et al. 2007; Christensen-Dalsgaard et al. 2009;
Guzik & Mussack 2010; Serenelli et al. 2011). Although
Eddington-inspired gravity suffers from the same limitations,
other gravitational corrections could affect the solar interior in
a different way and they should be investigated more carefully.
We leave this interesting topic for future work.
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