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Abstract
So far, direct detection searches have come empty handed in their quest for Dark Matter (DM). Meanwhile, asteroseismology arises as a complementary tool to study these particles, as their accumulation
in a star can enhance energy transport, producing significant changes in the stellar structure. The stellar core, particularly affected by the presence of DM, can be investigated through precise asteroseismic
diagnostics.
In this thesis, we modelled three stars considering DM energy transport: the Sun, a slightly less massive and much older star (0.85 M , 9.41 Gyr) and a more massive and younger one (1.12 M , 1.82 Gyr).
We considered both the case of Weakly Interactive Massive Particles and the case of Asymmetric DM
for which the number of particles trapped in the star can be much greater. By analysing the models
with asteroseismic separation ratios weighted towards the core, we found indications limiting the effective
spin-dependent DM-proton coupling for masses of a few GeV. This independent result is very close to
the most recent and most stringent direct detection constraints.
The same asteroseismic diagnostics can be used to constrain alternative theories of gravity, some of
which can avoid open problems in General Relativity, whilst still being compatible with observations.
Hence, we extended this work to include constrains for theories with corrections within matter, which are
poorly constrained by vacuum test standards. Specifically, we computed solar models for the Born-Infeld
and for the beyond Horndeski class of theories, which produce significant deviations from a reference
model.

Keywords: Dark Matter, Stars, Stellar Oscillations, Modified Gravity, Stellar modelling
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Resumo
Até ao momento nenhuma experiência de deteção direta foi bem-sucedida na identificação da Matéria
Escura (ME). Entretanto, a astrosismologia surge como uma alternativa complementar na procura dessas
partı́culas, já que estas promovem o transporte de energia nas estrelas, produzindo alterações significativas na estrutura estelar. O núcleo da estrela, particularmente afetado pela presença de ME, pode ser
investigado através de precisos diagnósticos astrosı́smicos.
Nesta dissertação modelizaram-se três estrelas considerando o transporte de energia devido à ME:
o Sol, uma estrela menos massiva e mais velha (0.85 M , 9.41 Gyr) e uma mais massiva e mais nova
(1.12 M , 1.82 Gyr). Considerou-se tanto o caso de partı́culas massivas com interacções fracas, Weakly
Interactive Massive Particles, como o caso de ME Assimétrica, para a qual o número de partı́culas
acumuladas na estrela pode ser muito maior. A análise dos modelos com diagnósticos astrosı́smicos deu
indicações acerca das limitações da secção eficaz dependente do spin para a interação ME-protão para
massas de alguns GeV. Este resultado independente é muito próximo dos mais recentes e rigorosos limites
estabelecidos por experiências de deteção direta.
As mesmas técnicas podem ser usados para colocar restrições a teorias alternativas da gravidade,
algumas das quais evitam problemas abertos da Relatividade Geral, sendo contudo compatı́veis com as
observações. Assim, extendeu-se este trabalho para incluir restrições a teorias com correcções na matéria,
pouco escrutinadas por comparação com correcções no vácuo. Em particular, modelizou-se o Sol para a
teoria Born-Infeld e para uma classe de teorias além de Horndeski, que produzem desvios significativos
em relação ao modelo de referência.

Palavras-Chave: Matéria Escura, Estrelas, Oscilações Estelares, Teorias alternativas da gravidade, Modelização Estelar
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Introduction
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For almost a century now, astronomical observations have been bringing us evidence of our own
ignorance. Indication of our lack of knowledge accumulates in what we call the dark content of the
Universe: Dark Energy and Dark Matter (DM).
Recently, the Wilkinson Microwave Anisotropy Probe (WMAP) [1] and the Planck [2] collaborations
published their latest results for the Λ Cold Dark Matter model parameters. It seems that most of what
is in the Universe is dark energy, in fact the WMAP collaboration reported a dark energy density ΩΛ =
0.7135+0.0095
−0.0096 from the combined fit to WMAP data, with priors from the extended Cosmic Microwave
Background, Baryon Acoustic Oscillations and from the Hubble parameter. Their results also told us
that today DM amounts to quite less than dark energy, with a Cold Dark Matter (CDM) density fraction
Ωc = 0.2402+0.0088
−0.0087 , still greater than the baryon to critical density ratio Ωb = 0.04628 ± 0.00093.
Many open problems in Cosmology are in one way or another related to DM, take the baryon asymmetry for example. We know that the baryonic content of the Universe is asymmetric from the observed
ratio of matter to photon densities ηB ≡ nB /nγ ∼ nB /nB̄ ∼ 10−10 , however, we poorly understand why
baryogenesis occurred [3]. Interestingly, a mechanism know as darkogenesis has been proposed, for which
a DM asymmetry is related to the baryon asymmetry by a common origin through the dark sector [4].
It is clear that something fundamental is missing, almost certainly more than a single piece of the
cosmological puzzle. Whereas dark energy seems to be associated with vaccum energy, for DM there are
a great many deal of candidates from particle physics, and the race for a direct detection is one of the
most active areas of research in the field. Indeed, direct detection experiments such as XENON100, the
Large Underground Xenon experiment (LUX) and PICO-2L are pushing the exclusion limits of the DM
parameter space. On the other hand, the Large Hadron Collider (LHC) is the major hope for DM collider
searches. Simultaneously, indirect searches are being performed for example by the Alpha Magnetic
Spectrometer (AMS) and the IceCube Neutrino Observatory. There are also alternative theories to the
DM particle picture, some modified gravity theories for example have enjoyed an increasing popularity
and it is not that difficult to imagine that the answer to the DM and dark energy problems is actually
related and lies somewhere between a DM particle and an alternative theory of gravity.
In this context, asteroseismology, the study of stellar oscillation, arises as a complementary tool to
study DM, as its accumulation in a star can enhance energy transport, producing significant changes in
the stellar structure. The purpose of this thesis is to exploit precise asteroseismic diagnostics to constrain
the properties of DM. During our research, an opportunity also came up to collaborate on a project
aiming to constrain modified gravity theories, which we realized we can do with the same diagnostic
techniques, hence, we slightly extended the scope of this thesis to include that work.
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In this chapter we briefly present the state of the art of the research on DM, summarizing crucial
evidence for the DM case and presenting the main particle candidates and the current search status.
Moreover, we introduce asteroseismology, giving an idea of how stellar oscillations can be used to constrain
the properties of DM. We also offer an initial discussion covering how DM particles accumulate in a
star, subsequently transporting energy, and thus, changing stellar structure during the course of stellar
evolution. We leave an introduction to our work on alternative gravity theories for chapter 4 where it is
most relevant. We end by presenting an overview of the original contributions given by this thesis.

1.1

Evidence for cold DM

For more than three quarters of a century, observations have been building the case for DM. The
evidence pointing towards some missing mass comes from several scales: the galactic scale, the cluster
of galaxies scale, the cosmological scale. The road that lead to the acceptance of DM as we think we
know it is fascinating. Zwicky [5] found that the velocity dispersion of galaxies in the Coma cluster was
greater than what could be sustained from luminous matter alone. Astonishingly, Zwicky discovered this
in 1933, coining the term dunkle materie, dark matter. In 1970, Rubin & Ford [6] measured the rotation
curves of galaxies and concluded that the luminous matter in those galaxies was insufficient to hold them
together while rotating at their measured speeds.
DM with a high thermal velocity in the early Universe cannot account for structure formation and relic
density. However, this hot DM can still make up for a small part of the total DM content, for example
in the form of neutrinos. In 1982, Pagels & Primack [7] emerged with the first in a series of works
suggesting hypothetical particles as CDM. Because this CDM has non-relativistic velocities, it allows for
the gravitational collapse of fluctuations, leading to fine structure formation down to the galactic scale as
shown by Bond, Szalay & Turner [8] and by Blumenthal, Pagels & Primack [9]. The CDM scenario was
further investigated by Peebles [10] in 1982 and by Bond & Szalay [11] in 1983. Despite its success, the
CDM model as it was discussed in 1984 by Blumenthal et al. [12] faced a caveat, mismatching structures
between the supercluster and the galactic scales. A possible solution to this issue is that DM is mostly
cold, but also has a warm or hot component. The point however is this, DM is needed to account for some
structure formation and relic density. This seems natural. Since DM dominates the matter content of
the Universe and thus its gravity in bulk, it determines structure formation. Furthermore, the inclusion
of the cosmological constant Λ in the CDM scenario, results in the Λ Cold Dark Matter model. N-body
simulations of this ΛCDM picture contributed to its establishment as the current standard cosmological
model. Empirical halo density distributions such as the Navarro-Frenk-White [13] profile were obtained
by fitting the results of those simulations. Also, the largest structure formation (and astrophysical)
simulations as of yet, the 2005 Millennium Run by Springel et al. [14] and the runs that followed make
the case for DM all the more compelling.
The validity of the DM case has been reasserted based on evidence provided by both weak and strong
gravitational lensing as reviewed by Bartelmann [15]. Moreover, in 2006, Clowe et al. [16] compared the
Bullet Cluster gravitational potential with the plasma distribution within it and concluded that, not only
2

the mismatch between the two favours the case for DM, but it also indicates that it is very unlikely that
DM can be completely explained as an effect of some alternative gravity law.
More recently, in 2014, Bulbul et al. [17] found an unidentified emission line detected from galaxy
clusters, this same feature was independently reported by Boyarsky et al. [18]. They suggested that line
could be due to a sterile neutrino decay, but their analysis received harsh criticism from Boyarsky et al.
[19] and Anderson, Churazov & Bregman [20] and meanwhile discussion is still ongoing.

1.2

DM candidates

The overwhelming evidence for DM raises the question of what it is. For one, we know from structure
formation that it must be mostly cold or warm and also that it must satisfy the right relic density.
Obviously, any candidate should be stable on a cosmological scale. DM it seems, interacts very little with
itself and everything else except through gravity. As noted before, there is a variety of DM candidates
and, as far as we know, there can be more than one single particle species making up for the total DM
content, in fact standard model neutrinos account for some of it, but they are far from enough. Although
not up to date with the current search status, Jungman, Kamionkowski & Griest [21] comprehensively
review DM candidates from a minimal supersymmetric extension of the standard model. That work is
complemented by the more recent reviews of Bertone, Hooper & Silk [22], Feng [23] and Olive, K. et
al. (Particle Data Group) [24].
Some of the most studied DM candidates fall within a class know as Weakly Interactive Massive
Particles (WIMPs), from which neutralinos are perhaps the best example. Arising in supersymmetry,
neutralinos are neutral, plus the lightest of them is stable and thus the current most well motivated WIMP
DM candidate. Some other light supersymmetric particles are also possible WIMP DM candidates, as are
the lightest Kaluza-Klein (KK) particles of extra-dimensional theories, the branon fields of brane-world
scenarios and the lightest T-odd particle from little Higgs models. A similar class of DM candidates are
super-WIMPs, such as the gravitino and the KK graviton, whose interaction strengths are even smaller
than in the previous class. Besides WIMPs, light sterile neutrinos and axions are also well studied
candidates.
While all known neutrinos have left-hand chirality and are thus charged under the weak interaction,
sterile neutrinos are supposed to be right-handed, presenting no weak hypercharge and being essentially
non-interactive via any of the fundamental interactions but gravity. Sterile neutrinos present however
Yukawa interactions and, more interestingly, they allow for Majorana and Dirac mass terms and thus,
possibly for the Seesaw mechanism too. Dodelson & Widrow [25] and more recently Drewes [26] review
the sterile neutrino, with the latter emphasising the fact that this candidate could be responsible for
leptogenesis. keV sterile neutrinos may partially solve the cusp-core problem as discussed by Lovell et al.
[27].
Motivated by the strong CP problem, a spontaneously broken Peccei-Quinn symmetry is associated
with a pseudo Nambu-Goldstone boson called an axion. As it turns out this is a viable DM candidate,
because, despite being light, non-thermal production guarantees it would be cold DM. Olive, K. et
3

Figure 1.1: Parameter space for some well-motivated DM candidates. The plot taken from Gardner
& Fuller [28] shows the DM particle-nucleon interaction cross section (1 pb = 10−36 cm2 ) vs. the DM
particle mass.

al. (Particle Data Group) [24] briefly reviews the axion and other similar DM candidates.
The precise definition of how weakly interactive and how massive a particle must be to be considered a
WIMP is somewhat lose. Figure 1.1 shows the parameter space for some well-motivated DM candidates.
Typical WIMPs have cross sections bellow 10−35 cm2 and masses between 100 to 106 GeV.
An interesting and well motivated idea is that, similarly to baryonic matter, there is an asymmetry
in the DM content of the Universe [4, 29, 30]. In this Asymmetric Dark Matter (ADM) scenario, at
present, similarly to the baryonic matter case, most DM antiparticles vanished by annihilating with the
much more abundant DM particles. Here we draw a distinction between what we refer to as WIMPs and
ADM. We consider that WIMPs are self-conjugate particles, by contrast with ADM particles which are
not their own antiparticles. This is an artificial distinction because an ADM candidate is also a WIMP
if it satisfies the requirements of being weakly interactive and massive. In fact, in the context of DM
searches, WIMP constraints refer to particles with a given interaction and a given mass, hence these
constraints also apply to ADM. We draw the distinction between the two scenarios merely because this is
done in general throughout the literature. The difference between self-conjugate DM and ADM translates
in fundamentally different behaviours for the accumulation of DM inside a star. In this context, hereafter
WIMPs refer to Dirac particles, for which annihilation in a star becomes relevant, and ADM refers to
Majorana particles, for which annihilation is negligible and self-interactions become relevant as we shall
see.
For completeness, we must also mention a few other ideas regarding the nature of DM, which escape
the particle DM picture, they are: mass in extra dimensions, topological defects and alternative gravity
theories.
4

1.3

Current DM search status

As pointed out before, DM searches are a booming field in both particle and astroparticle physics,
with direct, complemented by indirect detection searches exploring increasingly smaller cross sections.
Olive, K. et al. (Particle Data Group) [24] offer a review of the current DM search status, from which
figure 1.2 was taken to show some important constraints on the WIMP parameter space both in the
case of a WIMP-nucleon spin-independent coupling and in the case of a WIMP-proton spin-dependent
coupling. Because the spin-independent interaction adds coherently for nucleons in a nucleus, heavier
nuclei allow for a greater spin-independent sensitivity in direct detection experiments. Hence, in this
work we concern ourselves exclusively with the spin-dependent interaction, for which, we can be more
competitive.
Collider searches have so far come empty-handed in this particular quest. However, the LHC has
already put forward some constraints on DM [24] and the search for new physics at higher energies, in
particular the search for DM is now the priority.
In the direct detection scene, several experiments are working towards that same goal. The DAMA
collaboration [31] claims to have found a model independent DM annual modulation signature at 8.9 σ
Confidence Level (CL). However their results have been the target of much criticism as the evidence
they claim having found is excluded by other direct detection experiments [24]. Frandsen et al. [32]
have argued that particular DM models allow for marginal compatibility between these results and those
from other experiments. Very recently, Davis [33] proposed an alternative explanation for the detected
signal: neutrons, from material around the detector released by a combination of 8 B solar neutrinos and
atmospheric muons. Maybe the most remarkable and anticipated direct detection experiments are the
XENON100 [34] and the LUX [35] experiments, which are establishing stringent DM constraints.
On the indirect detection plane, efforts are also being taken towards that objective. DM annihilation is
of interest for indirect searches because it may originate signatures from high density DM regions such as
the galactic centre, or from dwarf spheroidal satellite galaxies and clusters of galaxies. The Fermi Large
Area Telescope collaboration is consistently searching for such signals and has been setting stringent
limits on the DM annihilation cross section for masses between 2 GeV and 10 TeV [36]. They have
even excluded some DM models by constraining the thermally averaged annihilation cross section bellow
10−26 cm3 s−1 at 5 GeV and 5 × 10−23 cm3 s−1 at 1 TeV [37] at 95 % CL. The AMS collaboration reported
an increasing positron fraction between 20 to 250 GeV with a decreasing slope and no fine structure
[38]. These features taken together with the fact that the positron to electron ratio is compatible with
isotropy seem to exclude primary cosmic ray sources, suggesting new physics, possibly DM annihilation
to explain the results. Furthermore, if DM accumulates inside astrophysical bodies such as the Earth and
the Sun, then perhaps there is an annihilation signature which may be found by high-energy neutrino
telescopes. In 2013, the IceCube collaboration reported strict spin-dependent WIMP-proton cross section
limits above 35 GeV for most WIMP models by searching for muon neutrinos from DM annihilation in the
Sun with the 79-string detector [39]. Now running with a total of 86 strings hopes are high for successful
DM searches with the largest neutrino telescope in the world.
5

Figure 1.2: Upper limits and regions of interest for the WIMP parameter space. The plots taken from
Olive, K. et al. (Particle Data Group) [24] shows the WIMP-nucleon interaction cross section vs. the
WIMP mass. The top panel is for a spin-independent coupling between WIMPs and nucleons, while the
bottom panel is for a spin-dependent coupling between WIMPs and protons.
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1.4

Asteroseismology and diagnostics from stellar oscillations

Asteroseismology is one of the best tools available in our arsenal to infer the structure, dynamics and
evolution of stars by studying their oscillations. In particular, helioseismology allows us to probe the solar
interior with an unprecedented precision: more than 8000 acoustic modes have been identified; known
as the 5-minute oscillations, these modes correspond to frequencies of about 3000 µHz and have been
determined with a precision of 0.01 µHz. Chaplin & Miglio [40] discuss the state of asteroseismology,
focusing on recent results and their implications. Presently, these are very active research fields due to
the huge amounts of good quality data obtained by the Convection, Rotation and Planetary Transits
(CoRoT) and the Kepler missions. Astonishingly, along the first 10 months of the Kepler mission solarlike oscillations have been detected in more than 500 stars, providing high-quality asteroseismic data [41,
42].
Stellar oscillations come to be due to restoring forces of different natures: pressure and “gravity”
(that is buoyancy) lead respectively to the so-called p and g modes (mixed modes can also occur). Aerts,
Christensen-Dalsgaard & Kurtz [43] give an introductory and general reference on asteroseismology. In
spherical symmetry, stellar oscillations modes have nodes associated with the radial, the co-latitude and
the azimuthal directions. There are radial modes (l = 0) for which nodes are along the radial direction
only. There are also non-radial modes (l 6= 0) which do have nodes along other directions than the radial.
The first non-radial modes (low l) are particularly interesting since partial (geometrical) cancellation
plays a smaller role when compared to that of higher order ones. Moreover, these latter modes, being
non-radial, are not directed along the radial direction, as the wave travels into the star it encounters
increasing temperatures, therefore increasing sound speeds, and it is gradually refracted back to the
surface where, having no media to propagate through, the wave is reflected back in, ensuing energy
conservation. This is truly remarkable, since we have at our disposition a great many deal of modes
which penetrate to different depths giving us a precision probe of the stellar interior. Eventually, waves
get damped in the subsurface of the convection zone by turbulence, hence only near-surface convective
stars display solar-like oscillations.
The increasing number of stars showing stellar oscillations provide a way to probe stellar interior
physics. Because the theory of stellar oscillations is well understood, asteroseismic diagnostics have been
developed from an asymptotic analysis. These diagnostics can be used to infer the impact of DM which is
mostly relevant in the core. This can be done by modelling a star, determining the oscillation modes from
the result and then comparing a diagnostic derived from the oscillations to the observational data. One
problem with this approach is that stellar atmosphere models are still very inaccurate, contaminating
the diagnostic obtained from the model. Fortunately, this problem can be circumvented by introducing
diagnostics weighted towards the stellar core and independent of surface conditions.
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1.5

DM accumulation and energy transport in a star

The idea that DM can have an impact on stars goes back to 1985 when Spergel & Press [44] first
suggested it. Massive DM particles are of course gravitationally attracted by a star and can be captured
by the object, if they lose enough energy when scattering off nucleons inside it. Once captured, trapped
DM particles travelling between hotter and cooler regions interact (weakly!) stochastically with the
envelope and tend to transfer energy from an inner, hotter shell to a rather more exterior, cooler one.
Spergel & Press [44] showed by approximating the collisional Boltzmann equation that in fact DM can
be a very efficient carrier of momentum in a star. Motivated by the solar neutrino problem, they studied
the effect of WIMPs on the energy transport inside the Sun showing that if particles with masses between
5 and 60 GeV accumulate in the stellar core and interact with protons, with a scattering cross section
of 4 × 10−36 cm2 , then only fractional abundances of 10−12 would be necessary to produce considerable
effects on solar thermal transport, thus decreasing the predicted neutrino flux. Later in 1985, Press &
Spergel [45] and Faulkner & Gilliland [46] independently investigated how exactly the capture of WIMPs
by the Sun would proceed. In 1986, the two duos addressed that question together by exploring some
solar models [47]. WIMPs ended up not being the answer for the missing solar neutrinos, but the four
man left the door wide open for additional considerations on how WIMPs have anything to do with stars.
It was inferred right away that trapped WIMPs could end up annihilating in the stellar core producing
a neutrino signature which might be detectable. Even in 1985, Silk, Olive & Srednicki [48] were already
addressing that issue for the supersymmetric photino, concluding that it would induce 2 neutrino events
per kiloton-year in a water detector. In 1986, Gaisser, Steigman & Tilav [49] generalized that work to
some other cold dark matter candidates and in 1987, Srednicki, Olive & Silk [50] again further elaborated
and detailed these studies for photinos, higgsinos, scalar neutrinos, heavy Dirac neutrinos, and heavy
Majorana neutrinos.
It was only in 1987 that DM capture was worked out with more detail by Gould [51], who found
that the capture rate could actually be between 3 times lower to a factor of 1.5 higher than previously
proposed by Press & Spergel [45]. In the same way that DM particles can be captured, by losing enough
energy when scattering off nucleons, they can also evaporate if instead of losing, they gain enough energy
to escape the gravitational attraction of the star. Hence, DM accumulation inside a star is a balance
between several capture, evaporation and annihilation processes. As mentioned, while for self-conjugate
DM, annihilation inside a star is relevant for the accumulation balance, for ADM, annihilation can
be ignored and self-capture becomes important. This crucial distinction can result in large differences
between the number of DM particles that are trapped inside a star in the WIMP and in the ADM
scenario. We will comprehensively discuss the accumulation for both scenarios later on.
In 1989, Salati & Silk [52] considered that once captured by a star, DM particles serve as a secondary
fuel source besides nuclear fusion since they release energy when annihilating. This is however a minor
contribution for typical DM halo densities and in this work we will be focusing exclusively on the energy
transport mechanism.
Even slight changes in the physical mechanisms of a star can possibly have a considerable impact
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on the structure and evolution thereof. As we understand, WIMPs influence stellar thermal energy
transport and production to an extent that depends both on the WIMP properties we consider and on
the local halo density. Thus, the impact of WIMPs on stars can be significant, indeed in 1989, Bouquet
& Salati [53] suggested that WIMPs flatten the core temperature profile and that better energy transfer
might even break down the core convection of low-mass main sequence and of horizontal branch stars,
thus slowing down evolution. They conveyed a simple analytical condition for this convective core break:
rad +w ≥ nuc ≥ rad , where nuc is the nuclear energy production rate and rad and w are the radiative
and WIMP energy transfer rates respectively. Until the new millennium, much of the work done on the
impact of WIMPs on stars was motivated by the solar neutrino problem. Once neutrino oscillations were
discovered most of the research on this subject turned towards the DM problem.
In 2002, Lopes & Silk [54] suggested that the parameter space of supersymmetric DM may be constrained by solar neutrino fluxes. On the other hand, Bottino et al. [55] argued that, at that time, no
more stringent constraints could be derived for WIMPs from the solar model at that level of sensitivity.
Whether more accurate solar models derived form helioseismology and from future neutrino telescopes
could improve DM constraints was (is) a subject of discussion. Lopes, Bertone & Silk [56] considered
how the sound speed and density profiles obtained from the Solar and Heliospheric Observatory constrained the neutralino properties. Additionally, Lopes, Silk & Hansen [57] found that WIMPs with a
mass of 60 GeV, an annihilation cross section of 10−32 cm2 and scalar scattering interactions alter the
square of the solar sound speed profile by about 0.1 %, in agreement with the bounds set by the DAMA
collaboration at that time.
Meanwhile, solar abundances were revised and solar models became in slight disagreement with helioseismic observations indicating that small pieces of physics were still missing from the puzzle. In
2010, Cumberbatch et al. [58] investigated whether light WIMPs (< 10 GeV) could explain this disagreement, while Frandsen & Sarkar [59] suggested that ADM may solve this discrepancy, while having a
self-interaction cross section compatible with sub-galactic structure. As so, Taoso et al. [60] explored
solar neutrino fluxes to constrain ADM, but obtained inconclusive to seriously constrain that scenario.
With this in mind, low-mass stars are of particular interest for these studies since DM impact is
more observable for such stars. Hence, our efforts will be focused on rather smaller and less massive
objects. When modelling these stars in a DM halo, we will be looking for: reduced larger separations
due to changes in the effective temperature and radius; a decrease in the small separation as a result of
lower central densities; the presence of convective cores and even their size, which can now be inferred
by modern diagnostic techniques.
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1.6

Original contributions

The main original contribution from this thesis is the asteroseimic analysis of the effects of ADM
in two stars observed by the Kepler mission, KIC 7871531 (0.85 M ) and KIC 8379927 (1.12 M ).
Asteroseismology has been used to study the effects of WIMPs in the Sun, as well as in other stars.
Moreover, the consequences of ADM in the Sun have been explored before. However, this is the first time
that other stars are used to examine ADM.
Indeed, our work emphasizes the idea of asteroseismology as a complementary approach to investigate
DM. Not only did we bring attention to the fact that a wealth of asteroseismic data is available, but we
also made a significant effort to introduce systematic rigor in the asteroseismic analysis. In particular,
we adapted an existing tool for computing the discrepancies between model and observational results,
introducing the comparison of individual oscillation modes. Applying this technique, we explored the
ADM scenario, a task entailing the implementation of ADM capture in dmp2k, a stellar structure and
evolution code which considers the effect of DM energy transport.
The work developed for this thesis resulted in the following scientific output
• Articles
– A. Martins, I. Lopes, J. Casanellas, Asteroseismic hints on Asymmetric Dark Matter: GeV
particles with an effective spin-dependent coupling, submitted for publication (under review).
• Talks
– A. Martins, I. Lopes, J. Casanellas, Estrelas: detectores de Matéria Escura, Encontro Nacional
de Estudantes de Fı́sica, Lisbon, Portugal (2015)
– A. Martins, I. Lopes, J. Casanellas, Asking Stars about Dark Matter, IDPASC Workshop on
“Space Particles and Earth”, Évora, Portugal (2015)
• Posters
– A. Martins, I. Lopes, J. Casanellas, Asking Stars about Dark Matter, GR 100 years in Lisbon,
Lisbon, Portugal (2015)
Our work ultimately shows that asteroseismology has an extraordinary potential of complementing
DM searches. We expect the community to follow up, extending this study to more stars and to more
sophisticated interactions. The promise of using asteroseismology to constraint DM grows more certain.
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Stellar Structure and Evolution
and Stellar Oscillations

2

Stellar oscillations revolutionized our knowledge of the stellar interior. The Sun is understood with
an unprecedented precision from helioseismology and high-quality asteroseismic data is available for
hundreds of solar-type stars. While the Sun has been used as a fundamental physics laboratory for
decades, we are now on the brink of having hundreds of those laboratories. Each detection of a star
showing stellar oscillations means more diversity and precious statistics towards the task of exploiting
these oscillations to constrain dark matter. In this chapter, we discuss the nuts and bolts of stellar physics
in the context of this work. We begin with stellar structure and evolution, presenting the basic equations
and the numerical framework used to solve them. We also discuss the solar abundance problem, which
is the major issue with standard solar models. Moreover, we address the theory of solar-like oscillations
and present relevant asteroseismic diagnostics of the stellar interior. Finally, we review helioseismic and
asteroseismic observations, against which we shall compare our results in the next chapter.

2.1

The equations of Stellar Structure and Evolution

A comprehensive treatment of stellar structure and evolution is given in the classic textbook by
Kippenhahn, Weigert & Weiss [61] and an abridged discussion for framing the theory of stellar oscillations
is offered by Aerts, Christensen-Dalsgaard & Kurtz [43]. In this section, we merely lay out the standard
equations of stellar structure and evolution to be solved numerically using the code described in the
following section.
The standard approach assumes spherical symmetry, neglects rotation and uses a Lagrangian description for the a quasi-static model. The hydrostatic equilibrium requires
Gm
∂P
=−
,
∂m
4πr4

(2.1)

where P is the pressure, G is the gravitational constant and m is the mass contained in a concentric
sphere of radius r, such that
1
∂r
=
,
∂m
4πr2 ρ

(2.2)

where ρ is the density. m and the time t are to be taken as the independent Lagrangian variables. The
energy equation is
∂l
∂T
δ ∂P
= n − ν − cP
+
,
∂m
∂t
ρ ∂t

(2.3)

where l is the net energy per unit time passing outward through a sphere of radius r, n is the energy
released per unit mass per unit time in the nuclear reactions, ν is the energy lost per unit mass per unit
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time from the stellar material in the form of neutrinos, cP is the specific heat at constant pressure, T is
the temperature and δ ≡ −(∂ ln ρ/∂ ln T )P . The transport of energy can be described as
∂T
∂P T
=
∇,
∂m
∂m P

(2.4)

where the temperature gradient ∇ ≡ d ln T /d ln P . In the case of radiative transfer, the temperature
gradient is
∇ = ∇rad =

3
κlP
,
16πacG mT 4

(2.5)

where a is the radiation constant and κ is the Rosseland mean of the opacity. If convection plays a role,
then ∇ must be obtained from a treatment considering convection theory [61, chapter 7]. Finally, for the
chemical composition evolution, the rate of change of the fraction Xi of a unit mass consisting of nuclei
of type i can be written as
∂Xi
∂Fi
=−
+ Ψi , i = 1, ..., I,
∂t
∂m

(2.6)

where Fi is the flow of Xi owing to diffusion, Ψi is the rate of change of Xi due to the thermonuclear
reactions and I is the number of types of nuclei. The flow Fi includes both a microscopic atomic and
a turbulent diffusion component. The system (2.1) – (2.4) and (2.6) for r, l, P , T and Xi involves
functions encoding known properties of matter. For a given composition, the dependence of density on
the pressure and temperature is given by the equation of state (EOS), ρ = ρ(P, T, Xi ). Similarly, the
other thermodynamic properties, the Rosseland mean of the opacity and the thermonuclear quantities are
functions of P , T and Xi . Once the set of equations is supplied with boundary conditions with respect
to m and with initial conditions for t = 0, the two-point boundary initial value problem can be solved
numerically.

2.2

CESAM2k: computing 1D quasi-static evolution with diffusion

CESAM2k is a code developed by Morel [62] to compute 1D quasi-static stellar evolution including
diffusion. The initial value problem is solved with the damped Newton-Raphson method which ensures
that the time steps remain adequate throughout the evolution. The two-point boundary problem is
not solved by the typical finite difference method, instead a collocation method is used to compute the
structure. The idea is to find piecewise polynomial solutions to the problem at some points, called
collocation points. The piecewise polynomial solution is chosen from a basis of B-splines if it satisfies
the differential problem at the collocation points. Computations with this method have the advantage of
being efficient and stable and also of having the order of the scheme depend only on one parameter which
monitors the accuracy, the downside being that the collocation algorithms are much more involved than
they would for finite differences.
In this work, models are computed starting from the zero age main sequence. CESAM2k offers several
input physics alternatives, in particular numerical options for the equation, Rosseland mean of the opacities and thermonuclear reaction rates. Here, computations are perfomed with the OPAL 2001 tables [63]
for the EOS and with the type 2 OPAL 1996 opacity tables [64] for the Rosseland mean of the opacity.
The NACRE compilation [65] is used for the thermonuclear reaction rates. The mixing length theory
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parameter is chosen fixed at α = 1.8 without overshoot. The solar photosferic abundances of Asplund,
Grevesse, Sauval and Scott, AGSS09ph [66, 67] are adopted for the chemical composition. However,
the chemical composition of the Sun, together with the treatment of convection and of the atmosphere
are the major sources of uncertainty for stellar modeling. The next section is devoted to discussing the
solar abundance problem, in particular the AGSS09ph solar photosferic abundances which are used in
this work. Although, the treatment of convection and of the atmosphere is far less established, the solar
abundance problem is arguably more significant for stellar modelling. This is particularly true for this
work, as we concern ourselves with effects essentially taking place in the stellar core, which is a radiative
core for the stars studied here.

2.3

The solar abundance problem

The solar abundance problem refers to the discrepancy between the solar structure inferred from
helioseismology and that obtained in Standard Solar Models (SSMs) inputing the most up-to-date photospheric abundances [67]. The solar metallicity determined almost three decades ago has since been
revised to lower values. The widely used (Z/X)

= 0.0231 obtained by Grevesse & Sauval [68] for

the present-day photosphere agreed remarkably well with helioseismology. However, the metallicity kept
being revised downward by subsequent work and more recently Grevesse et al. [69] established a reliable
(Z/X)

= 0.0181. This lower value gives a stark disagreement between the results of solar models and

those inferred from helioseismic observations, with notable differences showing up in the sound speed and
density profiles as illustrated in figure 2.1, but also in the surface helium abundances and in the depth of
the convective zone.
While the problem still persists with no definite solution in sight, a variety of possible answers are
being discussed besides the obvious fix of more accurate spectroscopic analysis. A possible, attractive
way out is to reduce interior radiative opacities by 15 to 20 % at the base of the convective zone and by a
more modest 3 to 4 % in the core. Since the opacity calculation for a mixture resorts to the composition,
inaccurate abundances affect opacities. The solar photospheric Ne abundance is indirectly determined
from the Ne/O ratio, which is assumed to be equal in the corona and in the atmosphere, although that may
not be the case. Solar neutrino experiments may lift the abundance-opacity degeneracy by probing the C
and N abundances in the solar core, which do not impact opacities. Adding to uncertainties associated to
the input physics, stellar models still have a long way to go. Stellar atmospheres and convection are longstanding issues in stellar physics that often times can only be studied with 3D non-local thermodynamic
equilibrium hydrodynamic simulations which require huge amounts of computational power. The solar
abundance problem can at least in part be a manifestation of our poor knowledge of convection and of
stellar atmospheres. Overall, both stellar input physics and stellar models themselves are haunted by
many uncertainties which may be behind the solar abundance problem. The degree of sophistication that
goes into stellar modeling, demands very involved analysis which may difficult insight [70].
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Figure 2.1: Discrepancies between helioseismic inferences and solar models with distinct abundances.
The plots taken from Serenelli et al. [67] show the relative differences between the results of solar models
obtained with distinct abundances and those inferred from helioseismic observations for the sound speed
c (top) and density ρ (bottom).
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2.4

The theory of solar-like oscillations

In this section we review the theory of solar-like oscillations following Aerts, Christensen-Dalsgaard
& Kurtz [43]. We introduce the subject with the basics of hydrodynamics and perform a perturbation
analysis around the equilibrium state which allows us to capture the key physical aspects of stellar
oscillations. We proceed with an asymptotic analysis, which yields the main results of the theory, crucial
for the development of stellar interior diagnostics.
Stellar oscillations are standing waves driven by restoring forces of two different types, pressure and
gravity. While pressure leads to acoustic oscillation modes, or p-modes, buoyancy leads to gravitational
modes, or g-modes and mixed modes can also exist. The oscillations can be excited either by a heat
engine or by a stochastic mechanism. Excitation by the heat engine mechanism occurs for stars with
a particularly narrow range of temperatures which render them capable of sustaining partial ionization
zones. In these zones, instead of a typical Kramer’s law behavior for the opacity, κ ∝ ρ/T 7/2 , κ actually
increases upon compression and the excitation is cyclic, working to limit the amplitude as well: as a critical
stellar layer heats up upon compression it becomes more opaque to radiation, consequently pressure builds
up beneath the layer driving it to expansion and to a reduced opacity which again leads to compression.
On the other hand, stars exhibiting solar-like oscillations are however excited by a stochastic mechanism.
For these stars, convective motions are almost sonic near the surface creating a noise that excites normal
modes. Because these modes are intrinsically damped, they are stable, just like the periodic sounds of a
church bell in a sandstorm.

2.4.1

Hydrodynamics and perturbation analysis around the equilibrium state

In this subsection we review the principles of hydrodynamics necessary to set up the theory of stellar
oscillations and discuss the equations of linear stellar oscillations obtained by a perturbation analysis
around the equilibrium state of stellar structure.
The equations of hydrodynamics governing the dynamics of stellar oscillations are
∂ρ
+ ∇ · (ρv) = 0,
∂t
dv
ρ
= −∇p + ρf ,
dt

(2.7)
(2.8)

∇2 Φ = 4πGρ,

(2.9)

dq
dE
dV
=
+p
.
dt
dt
dt

(2.10)

Equations (2.7), (2.8), (2.9) and (2.10) are the equations of continuity, motion, the Poisson equation
and the first law of thermodynamics, respectively. dq/dt is the heating rate of a mass element, E its
internal energy, and V = 1/ρ its specific volume. Neglecting sources of an electromagnetic nature, the
body force per unit mass f is just the gravitational force g = −∇Φ where the gravitational potential Φ
satisfies (2.9). Using standard thermodynamic identities, the first law (2.10) can be cast into
dq
1
=
dt
ρ(Γ3 − 1)
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dp Γ1 p dρ
−
dt
ρ dt


,

(2.11)

with the adiabatic exponents

∂ ln p
,
∂ ln ρ ad


∂ ln T
Γ3 = 1 +
.
∂ ln ρ ad


Γ1 =

(2.12)
(2.13)

Heating can be neglected to a high level of precision, within this adiabatic approximation equation (2.11)
simplifies to
Γ1 p dρ
dp
=
.
dt
ρ dt

(2.14)

An analytical solution to the equations of adiabatic motion (2.7) – (2.9) and (2.14) is infeasible and a
numerical solution requires far to much computational power, thus the way forward is to proceed with a
perturbation analysis around an equilibrium state. This approach is valid since the oscillation amplitudes
are much smaller than the characteristic scales of the star. For a static equilibrium state, the equation
of continuity (2.7) is trivially verified and the equation of motion (2.8) reduces to that of hydrostatic
equilibrium. For the pressure p for example, the first order perturbations are introduced by
p(r, t) = p0 (r) + p0 (r, t)

(2.15)

or, in a reference frame following the motion, i.e. in the Lagrangian description, by
δp = p00 (r0 ) + δr · ∇p0 ,

(2.16)

and analogously for the density ρ and gravitational force g. Moreover, to first order in the perturbations,
dp
∂p
∂p0
∂p0
∂δr
∂δp
=
+ v · ∇p =
+ v · ∇p0 =
+
· ∇p0 =
dt
∂t
∂t
∂t
∂t
∂t

(2.17)

and after integrating the continuity and energy equations in time, the equations of adiabatic motion
become
ρ0 + ∇ · (ρ0 δr) = 0,

(2.18)

∂ δr
= −∇p0 + ρ0 g0 + ρ0 g0 ,
∂t2

(2.19)

∇2 Φ0 = 4πGρ0 ,

(2.20)

Γ1,0 p0 0
(ρ + δr · ∇ρ0 ),
ρ0

(2.21)

2

ρ0

p0 + δr · ∇p0 =
with

g0 = −∇Φ0 .

(2.22)

To continue it is necessary to separate variables, breaking the displacement into its radial and horizontal components,
δr = ξr ar + ξh .

(2.23)

Proceeding by separating the angular variables and introducing spherical harmonics, the dependent variables can eventually be written as
√

4π ξ˜r (r)Ylm (θ, φ) exp(−iωt),
√
p0 (r, θ, φ, t) = 4π p̃0 (r)Ylm (θ, φ) exp(−iωt)

ξr (r, θ, φ, t) =

16

(2.24)
(2.25)

and analogously for the perturbations in density ρ0 (r, θ, φ, t) and gravitational potential Φ0 (r, θ, φ, t). Here,
ξ˜r (r), p̃0 (r), ρ0 (r) and Φ0 (r) are functions to be determined that depend only on the radial coordinate.
The equations of adiabatic motion can be used to obtain the equations for the amplitudes of the radial
component of the displacement ξ˜r and of the perturbations p̃0 (r) and Φ̃0 (r), using the equation of energy
to eliminate ρ0 . The result is a complete fourth-order system of first-order ordinary differential equations,
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S`
`(` + 1) 0
dξ˜r
2
1 dp0 ˜
1
− 1 p̃0 +
Φ̃
(2.26)
=−
+
ξr +
dr
r
Γ1 p0 dr
ρ0 c2 ω 2
ω2 r2

1 d
r2 dr

dp̃0
1 dp0 0
dΦ̃0
= ρ0 (ω 2 − N 2 )ξ˜r +
p̃ − ρ0
dr
Γ1 p0 dr
dr
!
!
0
0
˜
ρ0 ξr 2
dΦ̃
p̃
`(` + 1) 0
+
Φ̃ ,
r2
= 4πG
N
+
dr
c2
g
r2

(2.27)
(2.28)

where
Γ1 p0
ρ0

(2.29)

`(` + 1)c2
= kh2 c2
r2

(2.30)

c2 =
is the square of the adiabatic sound speed,
S`2 =

is the square of the acoustic frequency, with kh the horizontal wave number and


1 dp0
1 dρ0
N2 = g
−
Γ1 p0 dr
ρ0 dr

(2.31)

is the buoyancy frequency. Notice that while spherical symmetry was explicitly used, the perturbations
were not assumed to be spherically symmetric and the result is valid for both radial ` = 0 and non-radial
` 6= 0 oscillations. Moreover, note that all the coefficients are real and that the frequency appears only
as ω 2 . Consequentially, ω is either purely real or purely imaginary and the corresponding behavior of
the motion is either an undamped oscillator or an exponential. Physically, this can be explained by the
adiabatic approximation, which only allows for dynamical instabilities: without an heat flow, the only
variation in energy is due to the gravitational field.
To find the solution we must supply the general system with four boundary conditions. At the center,
two of the conditions select regular solutions. Outside the star there are no density perturbations and
equation (2.9) has the exact solution
Φ0 = Ar−l−1

for r ≤ R,

(2.32)

where A is a constant. It follows that
dΦ0
l+1 0
+
Φ =0
dr
r

at r = R,

(2.33)

which supplement the equations with another condition by matching the interior and exterior solutions for
both Φ0 and dΦ0 /dr at the surface. The fourth condition arises from considering a well defined boundary
for the star, a stellar surface. Since the star is isolated, the pressure must be constant at the perturbed
surface, so the Lagrangian pressure perturbation must vanish:
δp = p0 + ξr

dp
=0
dr
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at r = R

(2.34)

This simple treatment of the stellar atmosphere is an oversimplification and while more sophisticated
considerations could be made [43][appendix D], here it is sufficient to illustrate how the equations are
supplied with a forth and last boundary condition.

2.4.2

Asymptotic theory of stellar oscillations

The oscillation equations (2.26) – (2.28) are still quite intricate and analytical solutions can only
be found for particular cases. Instead of proceeding as such, it gives a more general insight to further
approximate the equations and perform an asymptotic analysis for high radial order modes. As it happens,
most observed modes are of high radial order, so the asymptotic theory of stellar oscillations is appropriate.
If both ` and n are large, then the gravitational potential perturbation is small in comparison with ρ0
and we may neglect terms involving Φ0 and dΦ0 /dr. This is known as the Cowling approximation, which
reduces the system to
dξ˜r
=−
dr



 2


S`
2
1 dp0 ˜
1
− 1 p̃0 ,
+
ξr +
r
Γ1 p0 dr
ρ 0 c2 ω 2
dp̃0
1 dp0 0
= ρ0 (ω 2 − N 2 )ξ˜r +
p̃ .
dr
Γ1 p0 dr

(2.35)
(2.36)

Moreover, for high radial order oscillations, the eigenfunctions are rapidly varying when compared to
the equilibrium quantities, consequentially we can neglect terms involving derivatives of those quantities,
namely dp0 /dr. The ξ˜r /r term in equation (2.35) can also be neglected since high radial order modes are
less penetrative. The result
 2

1
S`
dξ˜r
=
−
1
p̃0 ,
dr
ρ 0 c2 ω 2
dp̃0
= ρ0 (ω 2 − N 2 )ξ˜r ,
dr

(2.37)
(2.38)

can be combined into
d2 ξr
ω2
=
−
dr2
c2



S`
−1
ω2




N2
− 1 ξr = −Ks (r)ξr ,
ω2

(2.39)

which defines Ks , whose sign determines the local behavior of the solution. Despite the approximations
made so far, the solution captures the global properties of the oscillations.
When Ks (r) is positive, the solution is locally oscillating, this requires
|ω| > |N | and |ω| > S` ,

or

|ω| < |N | and |ω| < S` .

When Ks (r) is negative the solution is locally either an increasing or decreasing exponential, this is the
case when
|N | < |ω| < S`

or

S` < |ω| < |N |.

In general the solution indicates a dominant oscillating region, decaying exponentially away from it. The
oscillation mode is trapped in the dominant oscillating region, bounded by turning points, i.e., points
where Ks = 0, beyond which the solution is evanescent. The structure of the model in the dominant
region largely determines the frequency of the oscillation mode. The mode oscillates more rapidly with
higher Ks , so the order of the mode roughly increases with Ks . Considering the behavior of S` and N ,
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Figure 2.2: S` and N frequencies and p and g mode trapping regions for a model of the present Sun. The
figure taken from Aerts, Christensen-Dalsgaard & Kurtz [43] shows the characteristic acoustic frequencies
S` as dashed lines labeled by the degree ` and the buoyancy frequency N as a solid line. S` and N are
given by equations 2.30 and 2.31, respectively. Also shown as horizontal lines are the trapping regions
for a g mode with frequency ν = 100 µHz and for a p mode with ` = 20 and ν = 2000 µHz.

we then expect the two types of modes previously mentioned, higher frequency p-modes, for |ω| > |N |
and |ω| > S` , and lower frequency g-modes, for |ω| < |N | and |ω| < S` . Figure 2.2 shows the S` and N
frequencies and p and g mode trapping regions for a model of the present Sun.
P modes are trapped between the surface and an inner turning point where they are reflected. In
the context of ray theory, this reflection can be understood as a continuous bending of the direction of
propagation much like a light ray being refracted at consecutive interfaces of lower refractive index media.
Since these modes have ω  N for stars showing solar-like oscillations, then
Ks '

1 2
(ω − S`2 ) = kr2 ,
c2

(2.40)

with kr the radial wave number. The dispersion relation reduces to the acoustic case as expected since
the pressure is the dominating restoring force. G modes on the other hand turn at regions where N = ω
and then again very close to the center. Higher order g modes satisfy ω 2  S`2 and so
l(l + 1)
Ks '
r2




N2
− 1 = kr2 ,
ω2

(2.41)

which shows that gravity is the dominant restoring force perturbing the density.
Recall that this has been a simplified analysis since we ignored derivatives of equilibrium quantities.
A more rigorous treatment would require us to consider variations in the equilibrium structure in a
scale similar to that of the radial wavelength. The analysis could in fact have included derivatives of the
equilibrium structure landing rigor at the price of complexity. For the purpose of obtaining an asymptotic
result for the mode frequencies, instead of pursuing a complete derivation, it is sufficient here to jump
right to a quantity governing the properties of a mode. Including derivatives of equilibrium quantities,
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Ks in equation 2.39 becomes
  2


1
N
2
2
2
− 1 + ω − ωc ,
K ≡ 2 S`
c
ω2

(2.42)

where
ωc2

c2
=
4H 2



dH
1−2
dr


(2.43)

is a generalized acoustic cut-off frequency, with H the density scale height given by
d ln ρ0
.
dr

H −1 =

(2.44)

The asymptotic acoustic mode frequencies can be found by the JWKB method, they satisfy
Zr2 
ω

ωc
Sl
1− 2 − 2
ω
ω

1/2

dr
' π(n − 1/2),
c

(2.45)

r1

where r1 and r2 are the lower and upper limits of the trapping region and n is the radial order. Now,
since ωc is relatively small except near the surface, r1 is given by S` (r1 ) = ω and r2 by ωc (r2 ) = ω.
Moreover, the ωc term in the integrand can be neglected. The result is known as the Duvall law,
Zr2 

L2 c2
1− 2 2
ω r

1/2

dr
[n + α(ω)]π
=
,
c
ω

(2.46)

r1

where L2 = `(` + 1) and α = α(ω) is determined by the near-surface region. It is now possible to carry
on an asymptotic expansion since the second term in the square root is much less than unit.
Tassoul [71–73] obtained the asymptotic expansion for the frequency of a p mode with radial order n
and spherical degree l. For l  n this expansion is given by

νn,l '


1
ν0 2
l
,
n + + + α ν0 − (AL2 − δ)
2 4
νn,l

(2.47)

where ν0 is a characteristic frequency given by
" Z
ν0 = 2

R

0

dr
c(r)

#−1
,

(2.48)

i.e. half of the inverse of the travel time from the center, at r = 0, to the surface, at r = R, c(r) is the
sound speed and
1
A=
4π 2 ν0

"

c(R)
−
R

Z
0

R

#
dc dr
.
dr r

(2.49)

Following Lopes & Turck-Chièze [74], we define the large separation as ∆νn,l = νn,l − νn−1,l , which
is sensitive to ν0 . in fact h∆νn,l i ≈ ν0 .
To leading order on ν0 , there is an approximate degeneracy of the modes with n+l/2. This degeneracy
is lifted by
δνn,l ≡ νn,l − νn−1,l+2 ,

(2.50)

where, we neglected the surface sound speed term in A. We have just defined another proxy of stellar
structure, the small separation δn,l .
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2.5

Asteroseismic diagnostics of the interior of solar-type stars

In this work, we are concerned with the effects of DM energy transport in a star. We wish to exploit
these effects to constrain the properties of DM to the allowed region of the DM parameter space. This
can be done using appropriate oscillation diagnostics, by comparing between stellar model results and
oscillation data. As we shall discuss in §3.6, the effects of DM energy transport are more pronounced in
the interior of a star than in its outer layers, particularly in the core, thus we are interested in stellar
interior probes. There is another reason why we focus in diagnostics of the stellar interior, outer layers and
atmospheres are very difficult to model. Simple models of these regions are very inaccurate considering
the precision of observations. On the other hand, more sophisticated models are very computational
expensive. In fact, most of those models cannot be realized in 1D and involve a treatment which includes
convection and magnetic fields.
If we are looking for quantities sensitive to the stellar interior and independent of atmospheric conditions, then we seem to have already found one in the last section through the asymptotic theory of stellar
oscillations. The small separation
δνn,l

ν0
' −(4l + 6) 2
4π νn,l

Z

R

0

dc dr
dr r

(2.51)

seems to be weighted towards the interior from the 1/r factor in the integral. While this maybe very
well be the case, 2.51 is a poor fit to the small separations determined from both models and solar
observations.
The dependence on the derivative of c, which changes sign in the solar core, suggests that the small
separations give a diagnostic of the deep interior of the star. In fact the Tassoul asymptotic result gives
a poor fit both to the small separations of stellar models and to the observed values for the Sun. A much
bet- ter fit was obtained by Roxburgh & Vorontsov (1994) using a distorted wave Born approximation.
Also, now hδνn,l i is particularly sensitive to the core sound-speed gradient and consecutively to the
core composition profile.

∆` ≡ νn,` − νn−1,`

(2.52)

These basic but essential diagnostics are well known since the 1990s. Beyond that, Roxburgh &
Vorontsov [75] introduced the ratios of small to large separations
r02 (n) ≡

d02 (n)
,
∆1 (n)

(2.53)

where
d02 (n) ≡ νn,0 − νn−1,2

(2.54)

and
r13 (n) ≡

d13 (n)
,
∆0 (n + 1)

(2.55)

where
d13 (n) ≡ νn,1 − νn−1,3 .
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(2.56)

Moreover, they defined the smoother 5 point small separations
d01 (n) =

1
(νn−1,0 − 4νn−1,1 + 6νn,0 − 4νn,1 + νn+1,0 )
8

(2.57)

d10 (n) =

1
(νn−1,1 − 4νn,0 + 6νn,1 − 4νn+1,0 + νn+1,1 ),
8

(2.58)

d01
∆ν n,1

(2.59)

d10
.
∆ν n+1,0

(2.60)

and

to introduce
r01 (n) =
and
r10 (n) =

Figures 2.3a to 2.3e taken from Roxburgh & Vorontsov [75] evidence the dependence of the separations and
the independence of ratios on the outer layers. Roxburgh & Vorontsov [75] showed that, to an accuracy
of 0.5% the ratios are approximately independent of the surface phase shift α(ν). This is a considerably
accuracy considering the 1.5% precision (at best) with which these ratios can be determined. Thus, to
high accuracy, the ratios of small to large separation depend only on the inner phase shifts, which makes
them good interior diagnostics of solar-type stars.
Another diagnostic was introduced by Cunha & Metcalfe [76] to identify core convection,
dr0213 ≡

D02
D13
−
,
∆νn−1,1
∆νn,0

(2.61)

where Dl,l+2 ≡ δνn,l /(4l + 6) and ∆νn,l ≡ νn+1,l − νn,l . This quantity can be used to estimate the sound
speed discontinuity amplitude at the edge of the convective core, the ratio of the sound speed to the
radius of the discontinuity and the stellar age. Hence, for solar-type stars with convective cores, dr0213
can probe the effects of DM, since it is essentially sensitive to the edge of the convective core, on which
DM should have considerable influence [77]. We shall get back to this discussion immediately before
presenting our results in §3.6.

2.5.1

Stellar properties from oscillation diagnostics

The fundamental properties of most observed stars are unknown to us. Prior to asteroseismic techniques, spectroscopic and photometric observations gave, at best, some insight on those properties. Because these techniques rely on stellar surface properties, they are not very successful at differentiating
stars with distinct fundamental properties but degenerate surface characteristics. The main reason why
asteroseismology is such a game changer in the study of stellar structure and evolution as well as of
related fields is that it increases the precision and the accuracy of fundamental stellar properties’ estimates. In fact, when taken together with spectroscopy and photometry, we can use average asteroseismic
parameters to better constraint stellar fundamental properties.
The basic way of doing so is called the direct method: the radius R, the mass M , the mean density ρ
and the surface gravity g scale with the frequency of maximum oscillation power νmax , the average large
frequency separation h∆νi and only the effective temperature Tef f assuming the scaling is valid from the
main-sequence to the red-giant evolutionary phases.
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(a) Large separations ∆` for ` = 0, 1, 2, 3.

(b) Small separation d02 .

(c) Small separations d01 and d10 .

(d) Ratio r02 .

(e) Ratios r01 and r10 .

Figure 2.3: Atmosphere independent ratios of small to large separations. These figures taken from
Roxburgh & Vorontsov [75] show the large separations (2.3a), small separations d02 (2.3b), d01 and d10
(2.3c) and the ratios r02 (2.3d), r01 and r10 (2.3e) for 4 solar-like models (S, A, B and C) with the same
interior structure, i.e. the same P (r), ρ(r) and M (r), but different outer structure.
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A more sophisticated method is the grid-based estimation of stellar properties, which also includes
[F e/H] as an input. In these case, by matching the input observational constraints with a particular
stellar model properties, the fundamental stellar properties are identified with those from a point of the
stellar evolution grid corresponding to that model.
It should be noted that by comparing h∆νi, the influence of the poorly modeled near-surface layers
is weak. This is not true for comparisons between individual frequencies. It is also worth mentioning
that, for the grid-based method the resulting estimate for ρ, g, R and therefore the luminosity L is very
much model-independent and not so sensitive to the input physics. The same cannot be said about M
and the age of the star τ , which are quite sensitive to the chemical composition for example as well as
to other poorly understood ingredients in stellar structure and evolution. As such, uncertainties of these
estimates often come from the comparison of the results between different models with different input
physics.
If instead of h∆νi we compare individual frequencies between observation and model we obtain considerably more detail in the asteroseismic analysis. The precision of age estimates can be brought down
to below 15% and can be very much improved for stars with already well-constrained properties. This
improved precision comes at the price of dealing with the inaccuracy of the poorly modeled near-surface
layers and the fact that modeled individual frequencies are calculated under the adiabatic approximation
neglecting the effects of turbulent pressure. Besides the problem of simplified atmospheric models, there
is also a question of an inaccurate structure of the superadiabatic region calculated in the context of
mixing length theory which both translate in a surface term for the frequencies. For the Sun, these issues
translate in an offset with model frequencies on average higher by a few microHertz than the observed.
If a similar situation is true for other stars,

2.6

Helioseismology: observational data for the Sun

The field of study of solar oscillations has been essential for the comprehension of solar physics. Since
the discovery of five-minute solar oscillations, helioseismology came a long way. Today, the thousands
of precisely detected solar oscillation modes currently provide the best probe of the solar interior, which
can be investigated owing to the well established theory of stellar oscillations. The theory allows for the
development of reliable diagnostics and inversion techniques, by which stellar structure is inferred from the
oscillations. Helioseismic techniques are so precise that it is usually claimed we have a better knowledge
of the solar interior than the Earth’s. Solar oscillations are also a precise tool to investigate fundamental
physics, having contributed to the solution of the solar neutrino problem, today helioseismology tests
modified gravity theories [78] and explores the properties of particle dark matter models, a case in point
being this work.
Most often helioseismology is only associated with global oscillation modes, however it encompasses the
study of the full wave field, including for example local frequency shifts. A three-dimensional description
of the sub-surface activity can be inferred from local helioseismology, shedding light in a variety of
phenomena going on in the outer layers of the Sun, e.g. large-scale flows [79].
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The velocity amplitude of solar surface motions is ∼ 1 km/s, however oscillation modes have velocity
amplitudes up to ∼ 15 cm/s, corresponding to broad-band intensity variations of ∼ 4 ppm [43]. Because
these oscillations are so small, individual modes can only be detected by continuously observing the
Sun, which requires either a network of ground-based observatories distributed thought Earth or an
instrument in space. Observations can be done by integrating light over the solar-disk, therefore losing
spatial resolution and consequently only probing modes of low degree ` . 4, which penetrate to the
stellar core. This same technique is adopted for other stars, albeit with a worse precision. Alternatively,
by imaging the Sun, the surface patterns can be decomposed into spherical harmonic components, and
the spatial resolution determines up to which degree modes can be detected, currently it is possible to
identify modes up to ` & 1500.
Helioseismic data is available from several projects each having different advantages. On the ground,
the Global Oscillation Network Group (GONG) continuously acquires Doppler-velocity images of the
Sun, while the Birmingham Solar Oscillation Network (BiSON) integrates Doppler-velocity data over
the solar disk. On board the SOlar and Heliospheric Observatory (SOHO), the Global Oscillations
at Low Frequencies (GOLF) instrument has been providing low-degree data, probing the stellar core
from disk-integrated intensity observations. Also on board SOHO, the Variability of solar IRradiance
and Gravity Oscillations (VIRGO) instrument has similar objectives. SOHO also carries the Michelson
Doppler Imager (MDI) which has been superseded by the Helioseismic and Magnetic Imager (HMI) on
board the Solar Dynamics Observatory (SDO). The higher-resolution HMI will extended the capabilities
of the MDI purposed to image the velocity and magnetic fields of the whole solar disk. In this work we
use data from the BiSON network [80, 81].
Besides the aspects covered by Aerts, Christensen-Dalsgaard & Kurtz [43], Christensen-Dalsgaard
[82] comprehensively reviews the subject of solar oscillations, while [83] focus on the relation between
helioseismology, the standard solar model and the abundance problem.

2.7

Asteroseismology: observational data from Kepler

The Sun is not the only star for which we can observe stellar oscillations. In this section, following
the [40] review, we mention how the Kepler and COROT (Convection, Rotation & Planetary Transits)
space missions revolutionized asteroseismology. These missions were instrumental for the detection of
solar-like oscillations for a significant number of solar-type and red-giant stars.
Similarly to what the decommissioned COROT spacecraft did, the Kepler observatory acquires photometric data operating both in short 32 s and long 8.5 min cadences. The short cadence mode is more
memory demanding and so it is limited to fewer targets, preferentially those suspected of having shorter
minute-oscillations periods, which is the case of solar-type stars. On the other hand, the longer hourperiods of red-giant stars facilitate detection, explaining why oscillations have been identified for so many
of those objects, even for fainter targets.
During Kepler ’s first 10 months of science operation, solar-like oscillations have been detected for
more than 500 stars. From these targets, around 150 objects were observed in short-cadence for months
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Figure 2.4: Stars with detected solar-like oscillations pinpointed in Hertzsprung-Russell diagrams. The
figures taken from Chaplin & Miglio [40] correspond to targets observed by the COROT (left) and Kepler
(right) missions.

to years and 60 should be observed during the entire mission. These results represent a huge advance for
asteroseismology, before Kepler, COROT had only provided data on some 12 solar-like stars. Throughout
Kepler ’s first years of science operation high-quality data has also been made available for thousands of
red-giant stars. Figure 2.4 shows Hertzsprung-Russell diagrams pinpointing the stars with solar-like
oscillations detected by COROT and Kepler. Notice the difference at the base of the diagram, near the
main sequence region where Kepler detected many solar-type stars.
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Asteroseismic constraints
on Dark Matter

3

DM can influence stellar structure during the course of its evolution, having particularly significant
effects in the stellar core. Hence, we can use asteroseimic constraints on those effects to actually exclude
parts of the parameter space for certain DM models. Our approach is to compute calibrated stellar
models including the effects of DM energy transport and then compare them to the observational data
using the asteroseismic diagnostics of the stellar interior discussed in §2.5. In this chapter, we explore how
DM accumulates and transports energy in a star for light ADM particles with an effective spin-dependent
coupling. We discuss the modeling procedure which exploits dmp2k, a numerical tool based on CESAM2k
and integrated with a set of DM subroutines. Moreover, we discuss the criteria for our selection of stars
and the calibration procedure. Finally, we present and discuss our results.

3.1

DM accumulation

In this section, we work out how DM accumulates in a star for the WIMP and ADM scenarios. The
fact that present-day baryonic and dark matter densities are of the same order of magnitude lead to
the idea of a common origin for both components through an asymmetry in the dark sector [29, 30].
A mechanism known as darkogenesis would have generated the asymmetry [4], which would then have
been communicated to baryons, producing the observed baryon asymmetry. In that scenario, today only
DM particles would remain, after DM antiparticles vanished by annihilating with the former. Hence,
the ADM scenario contrasts with the self-conjugate WIMP picture in that there is no annihilation and
so, to correctly estimate the number of trapped particles inside a star in this scenario, it is necessary to
consider DM self-interaction.
A particle in the DM halo can become gravitationally bound to a star if it loses enough kinetic energy
when scattering off a nucleon. If that happens, the DM particle is captured and it may self-annihilate
with another trapped DM particle or interact with a standard model particle, either annihilating or
scattering off that particle. If it scatters off a nucleon, the trapped DM particle can remain bound to the
star, but it can also evaporate if it gains enough kinetic energy to escape the star. A particle in the DM
halo may also become gravitationally bound to a star if it loses enough kinetic energy when scattering
off an already trapped DM particle. Hence, DM accumulation in a star is a balance between capture,
evaporation and annihilation. The number of trapped DM particles Nχ evolves according to the following
rate equation:
dNχ
= Cχn + (Cχχ − Γe − Γa )Nχ − Γsa Nχ2 .
dt

(3.1)

All the terms in the right hand side of equation 3.1 are rates and have units of 1/time. Capture is due to
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DM particles scattering off nucleons, contributing with a capture rate Cχn , and to DM particles scattering
off other DM particles already trapped in the star, contributing with a self-capture rate Cχχ Nχ . Γe Nχ is
the evaporation rate. Standard Model particles annihilating with DM contribute to the annihilation with
a rate Γa Nχ . Here we study the case of negligible annihilation between standard model and DM particles,
hence Γa = 0. DM particles annihilating with other DM particles contribute to the self-annihilation rate
Γsa Nχ2 . Equation 3.1 is only valid for self-conjugate DM, i.e., it assumes that a DM particle χ is its own
anti-particle, which is the case of WIMPs, but not of ADM.
The capture rate Cχn implemented in dmp2k was derived by Gould [51]. Useful as it is, the result
is very cumbersome and gives little insight in its full form. An approximation neglecting scattering
kinematic limitations was obtained by Zentner [84] for the Sun,
r
vesc (R )
3
erf (η)
Cχn =
nχ σχn vesc (R )
N hφ̂i
,
2
v̄
η

(3.2)

where nχ is the number density of DM particles, σχn is the DM-nucleon scattering cross section, vesc (R )
is the escape velocity at the surface of the star, v̄ is the local three-dimensional velocity dispersion of
DM particles in the halo, N is the number of nuclei for the particular nuclear species corresponding to
the interaction cross-section, hφ̂i is a dimensionless average stellar potential experienced by trapped DM
particles and
r
η=
with v

3v
,
2 v̄

(3.3)

the speed of the star relative to the DM halo. The self-capture rate can be approximated and

implemented in an analogous way,
r
Cχχ Nχ =

vesc (R )
3
erf (η)
nχ σχχ vesc (R )
Nχ hφˆχ i
.
2
v̄
η

(3.4)

The DM self-annihilation rate
Γsa Nχ2 = hσA vi

V2 2
N ,
V12 χ

(3.5)

where hσA vi is the thermally averaged annihilation cross section (henceforth simply referred to as annihilation cross section) and
Vj = 2.45 × 10
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100 GeV
jmχ

3/2

cm3 ,

j = 1, 2,

(3.6)

are the effective volumes introduced by Griest & Seckel [85].
As we mentioned, a trapped DM particle can also evaporate by scattering off a nucleon and gaining
enough energy to escape the gravitational potential of the star. However, evaporation is only significant
bellow a minimum mass for a given scattering cross section. That minimum mass a DM particle must
have in order not to evaporate was determined by Gould [51, 86]. For the parameter space explored in
this work, 10−37 < σχn /cm2 < 10−34 , evaporation in the Sun is essentially negligible for a DM particle
mass mχ & 3.7 GeV. The evaporation mass for the other stars explored here can be slightly different
[87], but it is safe to ignore evaporation for mχ > 4 GeV in those cases.
If DM particles are WIMPs, then the number of trapped particles due to self-capture is negligible in
comparison with those lost by annihilation and self-capture can be ignored. In that case, it follows from
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equation 3.1 with Cχχ Nχ , Γe , Γa = 0 that the accumulated number of WIMPs evolves with time as
r
p

Cχn
(3.7)
NW IM P =
tanh t Cnχ Γsa .
Γsa
Now, we indicated that equation 3.1 applies only to self-conjugate DM, i.e. to DM particles which are
their own anti-particles, case in point, WIMPs. In contrast, in the ADM scenario, DM is comprised of
both particles χ and anti-particles χ̄, thus, instead of equation 3.1, ADM accumulation is described by two
coupled first order differential equations, one for Nχ and another for Nχ̄ . However, in the ADM scenario,
the less abundant DM anti-particles χ̄ have essentially annihilated with the more abundant DM particles
χ and only the latter remain, Nχ̄ = 0. Accordingly, in the ADM scenario, there is no self-annihilation, for
all DM anti-particles χ̄ have annihilated already, therefore self-capture must be considered. The number
of accumulated ADM particles evolves exponentially with time as
NADM (t) =

Cχn
(exp (Cχχ t) − 1) .
Cχχ

(3.8)

until a geometric limit is reached when the trapped DM becomes optically thick at which point NADM
is driven only linearly with time [29, 88]. This limit corresponds to
σχχ NADM = πrχ2 ,
where


3kTc (t)
rχ ≡
2πGρc (t)mχ

(3.9)

1/2
(3.10)

is the characteristic radius of an isothermally distribution of DM. After the geometrical limit is reached
any halo DM particle coming towards the DM distribution will be captured, the saturated self-capture
rate is
Cχχ,sat = Cχχ

πrχ2
σχχ

(3.11)

and the number of trapped DM particles will grow linearly with time:
dNADM
(t) = Cχn + Cχχ,sat
dt

(3.12)

For comparison of ADM and WIMP accumulation, figures 3.1a and 3.1b show analytical approximations to the present solar fraction of the number of trapped DM particles in the ADM scenario relative to
the WIMP picture. The number of ADM particles trapped inside the Sun is greater than that of WIMPs
by a factor of 1.5 – 5 for hσA vi = 10−33 cm3 /s and by 104 relative to the natural scale of annihilation
for a thermal relic. Figure 3.1a clearly illustrates that, despite the fact that no-annihilation drastically
changes DM accumulation, the number of trapped ADM particles is very stiff with respect to self-capture
for the cross sections explored here. In this work we concern ourselves with only single fixed values of
the annihilation and self-interaction cross sections:
hσA vi = 10−33 cm3 /s,

σχχ = 10−24 cm2

The annihilation cross section considered here is several orders of magnitude lower than the natural
scale and would lead to overclosure. Greater annihilation cross sections do not allow for enough WIMP
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Figure 3.1: NADM /NW IM P as a function of the DM-nucleon interaction cross section σχn at present.
NW IM P is computed as in equation 3.7 and NADM as in 3.8 up to the geometrical limit after which it
grows as in 3.12. Figure 3.1a is for a fixed hσA vi = 10−33 cm3 /s and figure 3.1b which is actually showing
the log10 of NADM /NW IM P is for a fixed σχχ = 10−24 cm2 .

accumulation in a star to produce a significant effect, thus we merely adopted the low value for comparison
with ADM. While this is a set-back for the WIMP picture, in the ADM scenario there is no annihilation,
so going to unusually high annihilation cross sections is not required to obtain a significant impact on
stars, moreover, for ADM the self-capture mechanism becomes relevant. In fact, there is a massive
enhancement in the number of trapped DM particles for the ADM scenario. This enhancement will
result in serious increase in the energy transported by DM which we will now discuss.

3.2

DM energy transport

During a collision between a trapped DM particle and a nucleon, some energy is transferred from one
particle to the other. As a consequence of the extreme temperature and density conditions in the centre
of a star, scattering between trapped DM particles and nucleons is more frequent in the center than in the
outer layers. Moreover, nucleons in the centre are much more energetic, thus, on average, DM particles
gain energy by colliding with nucleons in the center and lose energy by scattering off nucleons in the
outer layers. Therefore, DM provides a conduction mechanism in the star, transporting energy from the
center to the outer layers, with potentially great consequences for stellar structure during the course of
its evolution. Following the discussion of Lopes, Silk & Hansen [57] and Scott, Fairbairn & Edsjö [89], in
this section, we present the conductive energy transport formalism, the results of which are implemented
in dmp2k.
To investigate DM energy transport it is necessary to consider how DM particles are distributed
inside a star. Because we are interested in describing the stellar structure in the long run, we consider
instantaneous thermalization of the captured particles. This approximation is valid when the total capture
rate changes slowly, which is generally the case in this work. DM particles can then be distributed in
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local thermodynamic equilibrium (LTE), for which the transport of energy is local, or instead in an
isothermal distribution, for which the transport is non-local. In the isothermal regime, DM particles have
a Boltzmann distribution in a gravitational well [89],
gj exp(−Ej /kB Tχ (t))
= Nχ (t) R
nχ,iso (r, t) = Nχ (t) P
R
gj 0 exp(−Ej 0 /kB Tχ (t))
j0

exp[−mχ φ(r, t)/kB Tχ (t)]
4πr02

exp[−mχ

φ(r0 , t)/k

B Tχ

.

(3.13)

(t)]dr0

0

Nχ (t) is the number of trapped DM particles as discussed in §3.1. Ej = mχ φ(r, t) is the gravitational
energy, with the j-th energy level having a statistical weight gj , which is the same for every level here.
Tχ (t) is the temperature of the distribution. φ(r, t) is the gravitational potential and R is the radius
of the star. Since DM particles clump compactly in the stellar core, a uniform sphere approximation
is usually taken for the volume occupied by the trapped particles. The volume has a density equal to
the stellar central density ρc and so the temperature Tχ (t) equals the stellar central temperature Tc (t).
Hence,
φ(r, t) ≈

2π
Gρc (t)r2
3

(3.14)

and
nχ,iso (r, t) ≈ Nχ (t)

exp(−r2 /rχ2 )
,
π 3/2 rχ3



1/2

(3.15)

where
3kTc (t)
rχ ≡
2πGρc (t)mχ

.

(3.16)

rχ amounts to 5 – 10 % of the stellar radius in the case of the Sun and gives a characteristic scale for the
distribution which can be compared with the mean free path of the DM particles in the star,
#−1

"
l(r, t) ≡

X

−1

li (r, t)

,

(3.17)

i

where
li (r, t)−1 ≡ σi ni (r, t),

(3.18)

is the mean free path of the DM particles against the i-th nuclear species. ni is the number density for
that species and


4(Ji + 1)
σi = β 2 σSI A2i + σSD
| hSp,i i + hSn,i i |2 ,
3Ji

(3.19)

is the total cross section for DM scattering off nuclei of that same species, with
βi =

mnuc,i (mχ + mp )
.
mp (mχ + mnuc,i )

(3.20)

mnuc,i is the mass of the nucleus and mp is the proton mass. σSI and σSD are the spin-independent and
spin-dependent scattering cross sections normalized for hydrogen, respectively. Ai is the atomic number.
Ji is the spin and hSp,i i and hSn,i i are the expectation values of the spins of the proton and neutron
systems, respectively. The Knudsen number
K(t) =

l(0, t)
rχ (t)

31

(3.21)

gives the typical distance a DM particle travels, in terms of rχ , before it scatters off a nucleon and
deposits energy. It should be noted that Tχ which we set to Tc as a consequence of the uniform sphere
approximation can be determined directly from the structure of the star.
In the limit K → 0, energy transport is local and DM particles are in LTE with the nuclei. Gould &
Raffelt [90] determined the LTE number density


T (r, t)
nχ,LT E (r, t) = nχ,LT E (0, t)
Tc (t)



3/2

Zr

exp −


dφ(r 0 ,t)
(r 0 ,t)
+
m
kB α(r0 , t) dTdr
0
χ dr 0
dr0 
kB T (r0 , t)

(3.22)

0

where α(r, t) is a dimensionless thermal diffusivity and nχ,LT E (0, t) arises from the normalization
ZR

4πr2 nχ,LT E (r, t)dr = N (t).

(3.23)

0

Gould & Raffelt [90] also determined the energy transported by these particles,
Ltrans,LT E



kB T (r, t)
= 4πr κ(r, t)nχ,LT E (r, t)l(r, t)
mχ c2
2

1/2
kB

dT (r, t)
,
dr

(3.24)

where κ(r, t) is a dimensionless thermal conductivity and T (r, t) is the stellar temperature. The dimensionless thermal properties α and κ were tabulated by Gould & Raffelt [90] for a dilute gas of DM particles
in a background of a single species of nuclei for µ = mχ /mnuc from 0 to 100. The dilute gas approximation is equivalent to requiring that the rate for DM-nuclei interactions is greater than any self-interaction
rate, including the rates from annihilation processes, which is very reasonable for the parameter space
probed in this work. α and κ are tabulated for a background composed of a single nuclear species, for a
mixture it suffices to consider a weighted mean of the tabulated values for α and κ, that is
α(r, t) =

X σi ni (r, t)
P
αi (µ)
σj nj (r, t)
i

(3.25)

j

and

)−1

(
κ(r, t) =

l(r, t)

X

−1

[ki (µ)li (r, t)]

,

(3.26)

i

where αi (µi ) and ki (µ) can be found by interpolating the tabulated values.
As K increases, energy transport becomes non-local and the LTE approximation is no longer valid
for K > 1. Gould & Raffelt [91] investigated an analytical treatment for the transport of energy in the
non-local regime, however there was no systematic way to reproduce Monte-Carlo results and the usually
adopted solution [89] is to modify the result with a global semi-empirical suppression factor depending
on K,
f(K) ≈ 1 −

1
1
=1−
1 + exp[(− ln(K) − ln(K0 ))/τ ]
1 + (K0 /K)1/τ

(3.27)

and a local one,

h(r, t) ≈

r − rχ (t)
rχ (t)

3
+ 1.

(3.28)

The DM transport luminosity is thus
Ltrans (r, t) = f(K)h(r, t)Ltrans,LT E (r, t)
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(3.29)

Escape velocity at the stellar surface
Velocity of the star relative to the DM halo
Local DM velocity dispersion
Local DM halo density
Thermally averaged annihilation cross section
Self-interaction cross section
DM particle mass
DM-nucleon spin-dependent scattering cross section

vesc (R? ) = vesc (R ) = 618 km/s
v? = v = 220 km/s
v̄ = 270 km/s
ρDM = 0.38 GeV/cm3
hσA vi = 10−33 cm3 /s
σχχ = 10−24 cm2
4 < mχ /GeV < 15
SD
10−37 < σχn
/cm2 < 10−34

Table 3.1: DM-related parameters and explored region of the DM parameter space. vesc (R? ), v? , v̄ and
ρDM are fixed roughly independently of the star. The region of the DM parameter space studied in this
SD
work is defined by fixed hσA vi and σχχ and by mχ and σχn
within the above intervals.

and the DM energy transport rate per unit nuclear mass becomes
trans (r, t) =

1
dLtrans (r, t)
1
d
=
[f(K)h(r, t)Ltrans,LT E (r, t)] .
4πr2 ρ(r, t)
dr
4πr2 ρ(r, t) dr

(3.30)

At this point it would be possible to adapt CESAM2k to implement DM energy transport numerically
either according to (3.29) or to (3.30). This has been done in [57] and the result is the dmp2k code which
we introduce in the next section.

3.3

dmp2k: stellar models including DM energy transport

To compute stellar models including the effects of DM energy transport we made use of dmp2k. The
code is based on CESAM2k, as well as on a few subroutines from DarkSUSY, which performs a wide-range
of DM related calculations [92]. At every timestep, the number of trapped DM particles is computed
according to the results of §3.1 for WIMPs and ADM. For that, we introduced a new subroutine, dmadm.f,
specifically for ADM. DM energy transport is included in the computation according to the results of
§3.2.
DM accumulation depends on a variety of both stellar and DM related parameters, some of which
differ from star to star. In particular, the velocity of a star relative to the DM halo v? can be different
within the same order of magnitude. In this work, we adopted a velocity equal to that of the Sun,
v? = v

= 220 km/s for all stars. The difference between this value and the actual one introduces

only a small error for the capture of DM for the other stars [93]. Capture also depends on the halo
density ρχ and velocity dispersion v̄, which vary with the distance to the galactic centre, and also on
the escape velocity at the surface vesc . The two stars studied here besides the Sun are located at
about the same distance to the centre of the galaxy than our star, thus we adopted local values for the
DM halo density ρχ = 0.38 GeV/cm3 and for v̄ = 270 km/s. Moreover, those two objects are solartype stars, with masses and radii similar to the Sun. Hence their escape velocities differ by less than
3% from the solar value, producing a small error for the capture when setting all escape velocities to
vesc (R? ) = vesc (R ) = 618km/s. The DM-related parameters fixed independently of the star and the
region of the DM parameter space studied here are summarized in table 3.1.
Model uncertainties must account for the fact that a stellar model is an inaccurate representation of
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a star considering the observational precision. The most serious issue with the SSM is expressed by the
solar abundance problem, which we discussed in §2.3. Because there is yet no definite solution for the
problem, we captured the SSM uncertainty from the difference between a solar model computed with the
AGSS09ph abundances and another computed with the GS98 composition, determining a 2% change in
r02 on average over the individual modes. We adopted this value as the reference uncertainty for all solar
models. It is particularly important to have a conservative error estimate for the solar models because
solar oscillation frequencies are determined very precisely. Otherwise, without the uncertainty from the
solar model, we would be using a very precise diagnostic for a comparatively inaccurate model. Naturally,
the model would be excluded due to the lack of detail in the analysis. For other stars, the oscillation
frequencies cannot be determined so precisely, hence this is less of an issue for those targets.

3.4

Selection

Undoubtedly our exceptional knowledge of the Sun renders it the best stellar laboratory for DM
studies. Nevertheless, in the era of precision asteroseismology, exquisite data is available for many stars,
in particular for those observed by the Kepler mission which allowed the detection of solar like oscillations
for hundreds of solar-type stars. Despite this wealth of data, only a few objects have had their oscillation
mode frequencies determined. We restricted our selection to a set of 61 candidates including mainsequence and subgiant stars, for which Appourchaux et al. [94] obtained the oscillation mode frequencies.
The ideal candidates for this study have precisely determined asteroseismic properties and a significant number of detected individual oscillation modes, for which frequencies have been determined with
high-precision. These ideal candidates also have fundamental properties strongly constrained not only
by photometric and spectroscopic observations, but also from astrometric data. Specifically, precisely
measured parallaxes help constraining not just the luminosity, but also other fundamental parameters
if the effective temperature is known, which is most often the case. Although quality photometric and
spectroscopic data are often available for the objects of interest, astrometric measurements are less common. The Hipparcos space mission was the first dedicated to high-precision astrometry and it is still
the main provider of astrometric data, with its follow-up space mission Gaia expected to release a first
catalogue this year, which however will not yet include parallax measurements. Moreover, binary stars
also make for very interesting candidates as some of their fundamental properties can be determined to
high precision, specially the mass. Furthermore, sub-solar mass stars are also very attractive candidates
as their models can evidence a greater DM impact in the core by comparison with stars more massive
than the Sun, because the extra transport luminosity due to DM corresponds to a greater fraction of the
total transport luminosity in these stars.
Upon exploring the literature on some of the 61 candidates, we ended up with a handful of choices.
In this work, besides the Sun, we studied 2 other stars observed by Kepler, a sub-solar mass star, KIC
(Kepler Input Catalog identifier) 7871531, and also a star more massive than the Sun, KIC 8379927. The
latter was also observed by Hipparcos which provided precise luminosity constraints. KIC 7871531 has
spectral type G5V, a modeled mass of 0.85 M

and 26 detected oscillation modes [94]. KIC 8379927 has
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Star

Z

Tef f /K

Z/X

g
log( cm/s
2)

∆ν/µHz

Sun
KIC 7871531
KIC 8379927

0.0134
0.0113 ± 0.0054
0.0117 ± 0.0054

5777
5400 ± 100
6000 ± 200

0.0181
0.016 ± 0.004
0.018 ± 0.008

4.438
4.4 ± 0.2
4.4 ± 0.2

135
150 ± 5
120 ± 2

Table 3.2: Input observational constraints for the benchmark models of KIC 7871531 and KIC 8379927.
Solar values are shown for reference.

a spectral type F9IV-V, a modeled mass of 1.12 M

and 37 detected oscillation modes [94].

For each star, we considered input observational constraints on the effective temperature Tef f , on the
ratio Z/X of the metallicity Z to the hydrogen mass fraction of the star X, on the surface gravity g and
on the average of the large separation ∆ν. The iron abundance [F e/H] was used to estimate Z/X by
the relation

A[F e/H] = log10
where A is a fudge factor between 0.9 and 1 and Z /X

Z/X
Z /X


,

(3.31)

= 0.0181 [69]. Table 3.2 shows the constraints

that we adopted based on the works of Bruntt et al. [95] and Molenda-Zakowicz et al. [96] for KIC 7871531
and Karoff et al. [97] and Molenda-Zakowicz et al. [96] for KIC 8379927.

3.5

Calibration

It is possible to calibrate the solar model to precisely match the well known solar fundamental parameters. Moreover, the solar age is determined with considerable precision for example from the meteoritic
analysis of Connelly et al. [98]. On the contrary, for other stars even if the mass and metallicity were
known with an acceptable precision, the age would not. Consequently, there is a degeneracy in the
fundamental parameters which is a problem when the effects of DM come into play.
To make this issue clear consider the following. First, without including DM, a benchmark model
is found by choosing the closest model to the observational data from a set of models in a grid of
stellar parameters. Now, based on that benchmark model, for some given DM parameters, a stellar
model including DM is obtained. This model shows either a worse, similar or better agreement with
observations. In our analysis we will try to exclude regions of the DM parameter space based on the
fact that the stellar models including DM particles with those properties are not in agreement with
observational data. There is no problem with regions of the DM parameter space that are not in stark
disagreement with the observational data, we simply cannot exclude those regions with our analysis.
The problem is with the excluded regions, the issue is whether a variation in the benchmark parameters
would restore the agreement between the stellar model including DM and the observational data, meaning
that a previously excluded region is actually compatible with observations if we consider some different
benchmark parameters. A model including the effects of DM particles could show a worse agreement
than some other model including the effects of the same DM particles, but based on a slightly different
benchmark model, with slightly different fundamental parameters.
The approach we adopted to tackle this issue was to check that for a maximal impact DM model the
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Star
Sun
KIC 7871531
KIC 8379927

Z

τ /Gyr

Tef f /K

Z/X

g
log( cm/s
2)

0.0134
0.0140
0.0180

4.57
9.41
1.82

5777
5487
6158

0.0181
0.0167
0.0235

4.438
4.47
4.39

M/M
1
0.85
1.12

R/R
1
0.886
1.12

L/L
1
0.639
1.62

h∆νi /µHz
135
149.2
120.2

Table 3.3: Resulting parameters for the benchmark models of KIC 7871531 and KIC 8379927. Solar
values are shown for reference.

benchmark fundamental parameters (chosen because they give the best agreement with the observational
data, without including DM in the model) are very close to the fundamental parameters of the model
including DM showing the best agreement in the same grid of stellar parameters. This gives confidence
that the results are not drastically altered for non-maximal impact DM. For example, for star A, a
maximally impacted model would only need to be ∼ 1% more massive to show the best agreement
amongst all other grid models. In fact, the maximally impacted models all have masses between 1.11
and 1.13M , metallicities between 0.016 and 0.018, as well as similar ages. It is worth noting that
we do not follow this approach for every sampling point of the DM parameter space because this far
exceeds our available computational power. Apart from this caveat, we checked that the results do not
change substantially around the benchmark which also gives confidence that it roughly reflects the best
agreement we could strive for. For example, again for KIC 8379927, a model ∼ 1% less massive than the
benchmark would have a χ2r02 increased by ∼ 5%. This is not very dramatic considering that the χ2r02 of
excluded models is at least ∼ 25% greater the benchmark result.
Table 3.3 shows the resulting model parameters for the benchmark model. Our benchmark results
are similar to those found throughout the literature, see for example Metcalfe et al. [99] for KIC 7871531
and Mathur et al. [100] and Karoff et al. [97] for KIC 8379927.

3.6

Diagnostics

In §2.5, we discussed asteroseismic diagnostics of the interior of solar-type stars. These diagnostics can
quantify the effects of DM energy transport in stars to a significance beyond a simple central temperature
analysis for the Sun. Moreover, for the other stars, for which central temperature estimates are not
available from neutrinos, these diagnostics are the only probe into the stellar interior and thankfully a
precise one.
In this work we centre our attention on a statistic based on the r02 ratio of small to large separations
(2.53),
χ2r02

=

X
n

obs
mod
(n)
(n) − r02
r02
σr02
obs (n)

!2
,

(3.32)

obs
mod
where r02
(n) and r02
(n) are computed with the frequencies determined from the observational and
obs
mod el data, respectively, and σr02
obs (n) is the uncertainty associated with r02 (n). The frequencies obtained

from observational data were determined by Hale et al. [80] and Davies et al. [81] for the Sun and by
[94] for the other stars. The model frequencies are computed from the stellar models using the Aarhus
36

adiabatic pulsation package [101]. We focus on r02 because it is weighted towards the stellar core, where
the effects of DM are most relevant. Moreover, since this diagnostic is independent of the outer layers,
it is not significantly affected by inaccurate atmospheric modelling. This was already discussed in §2.5,
where, besides r02 , we also mentioned two other similarly defined ratios, r01 and r13 , as diagnostics of the
interior of solar-like stars. However, r01 , defined as a 5 point separation, captures fine details that the
models cannot yet reproduce accurately. As for r13 , it is defined in an analogous way to r02 , but taking
the small separation between modes with ` = 1 and 3. Unfortunately, due to partial cancellation [43], we
cannot yet detect ` = 3 modes, except for the Sun.

3.7

Results

In total, more than 1000 CPU hours (@ 2.93 GHz) were used to compute the stellar models corresponding to the results presented here.

3.7.1

Sun

ADM has a considerable greater impact on the Sun in comparison to WIMPs. This is immediately evident from the results of figure 3.2 which shows the drop in central temperature, relative to the benchmark,
for models including WIMPs and ADM, that is
δTc /Tcbench =

Tcmod − Tcbench
,
Tcbench

(3.33)

where Tcmod and Tcbench are the central temperatures of the model including DM and of the benchmark,
respectively. In the low mass, high cross section region of the parameter space, the drop reaches about
12 % of the benchmark central temperature for ADM, but does not go beyond roughly 7 % for WIMPs with
a very low annihilation rate hσA vi = 10−33 cm3 /s. In fact, the number of DM particles that accumulate in
the Sun in the ADM scenario is much greater than in the WIMP picture. Consequently, it is just natural
that ADM has a considerable greater impact than WIMPs, without the need to push the annihilation
rate to extremely low values. To further illustrate this point, we compared the central temperature of
solar models in the two scenarios with a SSM central temperature TcSSM = 15.750 ± 0.5 MK [102]. This
is merely a reference corresponding to the central temperature of a seismic solar model which stabilized
the neutrino flux and gravity mode frequency predictions given by solar models. Introducing the test
statistic
χ2Tc

=

TcSSM − Tcmod
σTSSM
c

!2
,

(3.34)

with σTSSM
being the uncertainty associated with TcSSM , we can already already disfavour some regions
c
of the DM parameter space as shown in figure 3.3. For a particle with mχ = 5 GeV for example, WIMPs
SD
SD
with σχn
& 6.3 × 10−36 cm2 are disfavored, as well as ADM particles with σχn
& 3.1 × 10−36 cm2 , up to

a 99 % confidence level (CL). The 95 and 99 % CLs shown on this and on following figures correspond to
the 1.96 and 2.58 σ values associated with a χ2 statistic and its number of degrees of freedom (dof ). This
emphasizes the potential of a solar central temperature diagnostic for ADM, provided that the precision
of solar neutrino measurements increases, together with the accuracy of SSM.
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Figure 3.2: Relative differences in the central temperature of solar models including DM. The figure
shows δTc /(Tcbench = 15.46 MK) in % for WIMPs (left) and ADM (right).

Figure 3.3: Reference limits on the DM parameter space from the solar central temperature. The figure
shows the χ2Tc statistic (3.34) for solar models including WIMPs (left) and ADM (right). Also shown are
the corresponding 95 and 99 % CLs. The reference SSM central temperature TcSSM = 15.750 ± 0.5 MK
is from a seismic solar model which stabilized the neutrino flux and gravity mode frequency predictions
given by solar models [102].
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Figure 3.4: Limits on the ADM parameter space from the r02 interior diagnostics of the Sun. The left
panel shows the χ2r02 statistic (3.32), as well as the corresponding 95 and 99 % CLs with the number of
dof = 17. The right panel shows that same statistic normalized to the benchmark.

Although a solar central temperature analysis seems encouraging for the prospect of DM searches,
asteroseismology arises as even more promising. To frame the asteroseismic analysis for KIC 7871531 and
KIC 8379927, we first compared the r02 diagnostics obtained from helioseismic observational data and
those determined from the computed solar models including ADM, as shown in figure 3.4. The r02 analysis
puts the solar benchmark model in incompatibility with helioseismic observations. This was expected
as in fact, current SSMs are in disagreement with those observations as we discussed in §2.3 when we
addressed the solar abundance problem. Interestingly though, DM effects can alleviate the differences in
some regions of the parameter space, both in the WIMP and ADM scenarios. The analysis for WIMPs is
however somewhat inconclusive because the effects of DM are not very significant in this case, and thus,
the regions with considerable DM impact could not be clearly identified. On the other hand, the solar r02
analysis including ADM shows a stark disagreement with the observational data in the low-mass, highcross section region of the parameter space. In that region, the discrepancy is much more significant than
the incompatibility with the solar benchmark, suggesting that the region is significantly disfavored by
our analysis. Clearly, only high cross section, low mass ADM is incompatible the benchmark and SSMs.
SD
Again, using the example of a particle with mχ = 5 GeV, ADM with σχn
& 6.3 × 10−36 cm2 is disfavored

at least at a 99 % CL. Still for for a particle of that mass, our analysis shows that a slightly lesser cross
SD
section, say σχn
∼ 4 × 10−36 cm2 restores the agreement with helioseismology. Further lowering the cross
SD
section beyond σχn
∼ 1.6 × 10−36 cm2 brings back the disagreement and consequently it seems there is

only an intermediate region of the parameter space, a “canyon”, which is favored by our solar analysis.
The canyon feature of figure 3.4 is really intriguing. We expected the value of χ2r02 to decrease steadily
and monotonically with decreasing cross-section and increasing mass, until it reached the value obtained
for the benchmark. However, it decreases very sharply and then increases again to the benchmark
value. Is this a physical consequence of the model, an effect of ADM? Or is the canyon the result of a
limited analysis? To figure out whether the minimum of χ2r02 makes any sense at all, we analyzed the
sound speed of solar models including ADM in the region of the minimum and to its sides. Figure 3.5
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Figure 3.5: Relative differences between the sound speed of three solar models with ADM and that
inferred from helioseismic observations (3.35). The red line is for a model located in the middle of the
canyon in figure 3.4. The blue and green lines are for models located above, to the left and bellow, to
the right of the canyon, respectively.
, and that inferred from
show the relative differences between the sound speed for those models, cmod
s
, that is
helioseismology chelioseism
s

δcs
cmod − chelioseism
s
.
= s helioseism
cs
cs

(3.35)

Canyon models evidence a better agreement at the center than models located above, to the left and
bellow, to the right. This is consistent with the results of the r02 results, since that diagnostic is weighted
towards the core. Between ∼ 0.1 R

and ∼ 0.3 R , canyon models no longer display the best agreement,

models with less DM impact, which more closely resemble the benchmark, actually evidence the least
differences. Further outwards, models with greater DM impact have sound speeds more similar than the
obtained from helioseismology. Nevertheless, the χ2r02 is consistent with the sound speed. This validates
our analysis and we can now proceed to the other stars.

3.7.2

KIC 7871531 (0.85 M )

The benchmark model obtained for KIC 7871531 has a mass of 0.85 M

and an age of 9.41 Gyr. We

expected to find a greater DM impact in this star than in the Sun, not only because this is a less massive
object, for which the energy transported by DM represents a larger fraction of the total luminosity, but
also because DM would have accumulated for longer inside this star. Indeed, we can confirm that the
impact of DM is greater in KIC 7871531 than in the Sun as evidenced in figure 3.6 which shows the drop
in central temperature for models of this star including WIMPs and ADM. A comparison between these
results and those shown in figure 3.2 makes it clear that for both WIMPs and ADM, the drop in central
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Figure 3.6: Relative differences in the central temperature of KIC 7871531 models including DM. The
figure shows δTc /(Tcbench = 15.2MK) in % for WIMPs (left) and ADM (right).

temperature, relative to the benchmark, is greater for KIC 7871531 than for the Sun, almost everywhere
in the covered parameter space. Models of KIC 7871531 including WIMPs were only computed for
a small portion of the parameter space in order to save computational resources. For a particle with
SD
= 10−35 cm2 , the central temperature drops about 5 % for WIMPs and roughly
mχ = 7 GeV and σχn

10 % for ADM. Just like for the Sun, the number of particles that accumulate in the ADM scenario is
indeed considerably greater that in the WIMP scenario even at hσA vi = 10−33 cm3 /s. This difference is
actually more pronounced for models of KIC 7871531 than for solar models. For example, for an ADM
SD
= 10−35 cm2 , the central temperature drops by 8 % while for the
particle with mχ = 10 GeV and σχn

Sun the drop is just short of 6 %. This feature is less pronounced for the low mass, high cross section
region of the parameter space, where we believe the effects become large enough to change the underlying
standard behavior of the model.
For stars other than the Sun we do not have central temperature estimates based on neutrino observations, hence we cannot conduct a central temperature analysis as we did for the Sun. Nonetheless,
asteroseismology offers a probe of the stellar core. The r02 analysis evidences the disagreement between
asteroseismic data and models including ADM as shown in figure 3.7. In a similar trend as the Sun, the
low-mass, high-cross section region of the parameter space is clearly incompatible with the asteroseismic data. For that region, there is also a significant departure from the benchmark, which is not present
SD
throughout the rest of the parameter space. An ADM particle with mχ = 5 GeV and σχn
= 4×10−36 cm2

is strongly disfavored by our analysis, although this limit on the cross section increases to considerable
less stringent values for heavier particles, with masses ≥ 6 GeV. A comparison between the χ2r02 results
of star A and of solar models including ADM also confirms the expectation that this less massive, older
star evidences a greater DM impact. While the Sun disfavors ADM particles with smaller cross sections
bellow 6 GeV, star A is more competitive above that mass. In fact, whereas the Sun excludes ADM with
SD
σχn
= 10−34 cm2 for masses just shy of 8 GeV at 99% CL, this star can go up to almost 9 GeV. This

is truly remarkable considering that we are matching the Sun, outfitted with 17 individual r02 ratios,
against a star for which only 3 of these ratios are available.
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Figure 3.7: Limits on the ADM parameter space from the r02 interior diagnostics of KIC 7871531. The
left panel shows the χ2r02 statistic (3.32), as well as the corresponding 95% and 99% CLs with the number
of dof = 3. The right panel shows that same statistic normalized to the benchmark.

Figure 3.8: Relative differences in the central temperature of KIC 8379927 models including DM. The
figure shows δTc /(Tcbench = 16.6MK) in % for WIMPs (left) and ADM (right).

3.7.3

KIC 8379927 (1.12 M )

The benchmark model of KIC 8379927 is slightly more massive than the Sun, with 1.12 M

and

considerably younger, with 1.82 Gyr. As discussed, we expect DM to produce a smaller departure from
standard stellar modeling for more massive and younger stars. Again, this hypothesis is supported by
the comparison between models including DM of KIC 8379927 and of the Sun. Figure 3.8 shows the drop
in central temperature, relative to the benchmark, for models of KIC 8379927 with WIMPs and ADM.
The consequences of the enhancement in DM accumulation are evident from the results. Moreover, a
comparison between the results of figures 3.2, 3.6 and 3.8 supports the general trend that models with a
smaller mass and greater age show a greater DM impact.
For KIC 8379927, 11 individual r02 ratios are available. This is considerably more than the 3 accessible
for KIC 7871531, but still less than the 17 available for the Sun. Also, on average, the precision of an r02
ratio for KIC 8379927 is about 15 % better than for KIC 7871531. We computed the χ2r02 statistic for
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Figure 3.9: Limits on the DM parameter space from the r02 interior diagnostics of KIC 8379927. The
panels on the left show the χ2r02 statistic (3.32) for WIMPs (top) and ADM (bottom), as well as the
corresponding 95% and 99% CLs with the number of dof = 3. The panels on the right show that same
statistic normalized to the benchmark again, for WIMPs (top) and ADM (bottom).

models of KIC 8379927 with WIMPs and ADM and compared the results to the benchmark as shown
in figure 3.9. Surprisingly, the DM impact on the diagnostic is most significant for KIC 8379927. For a
SD
SD
& 4.5 × 10−36 cm2 are
mχ = 5 GeV particle, WIMPs with σχn
& 6.3 × 10−36 cm2 and ADM with σχn

incompatible with the observational data up to a 99 % CL.

3.8

Discussion and Conclusions

In an effort to understand the potential of asteroseismology as complementary way to search for DM,
we analyzed the effects of WIMPs and ADM in three stars using the core-sensitive asteroseismic ratio r02 .
As such, we attempted to constrain the properties of low-mass ADM with an effective spin-dependent
coupling by comparing observational data with results of stellar models including DM energy transport.
The asteroseismic analysis disfavors the low mass, high cross section region of the ADM parameter
space explored here. This incompatibility was found for all three stars. For example, at 99 % CL, for
SD
mχ = 5 GeV, the r02 data is incompatible with ADM models with σχn
& 6.3 × 10−36 cm2 for the Sun,
SD
SD
σχn
& 5 × 10−36 cm2 for KIC 7871531 and σχn
& 4.5 × 10−36 cm2 for KIC 8379927. Moreover, at slightly
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lower values of the cross section, solar models including ADM shows a remarkable similarity with the
data over the canyon region identified in figure 3.4.
In this work, we considered only an effective SD coupling for the DM-nucleon interaction. Our
results for the Sun show less dramatic differences between data and model than what [103] found. This
can be explained by the additional reference uncertainty, which we included to reflect the unsolved
solar abundance problem. One way to look at the problem is to take the most recent abundances of
AGSS09ph at face value. The other, which we adopted here, is not so much to question the accuracy
of those abundances, but instead to capture some of the uncertanties in the SSM by considering the
differences between solar models computed with the abundances by AGSS09ph and those by GS98.
Figure 3.10 shows the limits and exclusion regions ascertained from this work for the WIMP and ADM
scenarios. For comparison, limits are also shown for some direct detection experiments: the scintillation
and ionization detector XENON100 [104] and the bubble chambers COUPP [105], PICASSO [106] and
PICO-2L [107].
Our analysis sets stronger constraints for ADM that for WIMPs as expected. Notice that the strongest
ADM bound is set by the solar central temperature. This limit should be taken cautiously since the central
temperature is very sensitive to model input physics. The SSM has been refined over the last two decades
to account for the solutions put forward to solve several problems in solar physics [102], but a definite
answer is yet to be found. More accurate abundances and opacities, as well as more accurate and precise
measurements of the 8 B neutrino flux could affect the central temperature of the SSM.
The best constraint from the r02 analysis is from KIC 8379927, slightly more massive and considerably
hotter, more metallic and younger than the Sun. For ADM, the 99% C.L. limit set by this star is
competitive with the 90% C.L. bounds set by XENON100 for masses bellow ∼ 7 GeV and by COUPP
for masses bellow ∼ 5 – 6 GeV depending on the adopted efficiency model. Our 99% C.L. result is less
competitive in comparison to the low-mass constraints set by PICASSO and PICO-2L at a lower C.L. of
90%.
For mχ & 5 5 GeV, the best constraints from the r02 analysis come from star B, a star slightly more
massive and considerably hotter, more metallic and younger than the Sun. For ADM, the 99% CL limit
set by this star is competitive with the 90% CL bounds set by XENON100 for masses bellow ∼ 7 GeV .
For mχ . 5 5 GeV, star A gives the most stringent bounds, competitive with the 90% CL limits set by
COUPP.
We asked whether hypothetical ADM particles significantly alter stellar structure during the course of
stellar evolution. We conclude that it does and to a high statistical significance we exclude ADM models
for the regions of the parameter space presented before. However, we would like to draw attention to
a couple of caveats in our analysis. First, we recall that the solar composition problem indicates some
missing physics in the SSM which most definitely affect the results. We accounted for this uncertainty
when comparing between solar model and observational data by considering a reference uncertainty
corresponding to the difference between models computed with AGSS09ph and GS98. This is not an
issue for the other two stars, for which the frequencies are determined with a worse precision, that covers
the reference uncertainty. Second, we note that the calibration processes is prone to degeneracies in
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Figure 3.10: 99% CL limits and exclusion regions ascertained from this work in the WIMP (left) and
ADM (right) scenarios for: Sun χ2Tc (dotted red), Sun χ2r02 (solid red), KIC 8379927 χ2r02 (solid blue),
KIC 7871531 χ2r02 (solid green). The dashed blue line is the projected 99% CL limit corresponding to
a 10% increase in precision for the mode frequencies. For comparison, 90% CL limits from some direct
detection experiments are also shown (references given in text): XENON100 (solid black line), COUPP
flat efficiency model (dashed black line), PICO-2L (dash-dotted black line), PICASSO (dotted black line).
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the stellar parameters. We would not be able to significantly disfavor a particular DM model if a small
change in the benchmark parameters of the stellar model gave a very different result by bringing the r02
from the model, closer to that of the observational data. We circumvented this issue by making sure that
for a small change in the benchmark parameters of the stellar model there is only a small change in the
diagnostic, for a DM model with maximal impact.
It is possible that a more sophisticated interaction such as a q 2 momentum-dependent cross sections
would be favored by a similar analysis at lower cross section values. It would be very interesting to study
star B considering instead a momentum-dependent coupling as [103] did for the Sun. For this it will be
necessary to review the mass evaporation threshold and to understand whether different stars allow for
different limits.
The Transiting Exoplanet Survey Satellite (TESS) and the PLAnetary Transits and Oscillations of
stars (PLATO) mission are expected to allow for the determination of mode frequencies with even better
precisions than Kepler. The ADM panel of figure 3.10 displays the projected 99% CL ADM limit for the
asteroseismic analysis of star B with a 10% increase in the frequency precision of all modes. Furthermore,
improvements of more than 10% seem feasible, for example, a frequency precision of about 0.1µHz is
expected to be achieved with PLATO [108], corresponding to an average improvement of at least ∼ 30%
across all the detected modes of KIC 8379927.
Moreover, Gaia’s first Intermediate Data Release is expected in a few months and already it will
provide parallaxes for common Kepler targets. In the future, about one billion stars will be mapped and
naturally Gaia will share quite a few targets with TESS and PLATO. This raises the possibility of having a
large number of stars with frequencies determined to very high precision for which high-quality astrometric
data is also available, thus setting tighter input observational constraints for modeling attempts.
As our understanding of stellar physics improves, asteroseismic diagnostics are starting to offer a
complementary approach to corroborate direct detection limits. Asteroseimic studies of DM are essentially
competitive for low DM masses of a few GeV, just above the evaporation mass, where DM produces
significant impact in stars. This is very interesting considering also that direct detection experiments set
their weakest constraints in the low mass region.
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Modified Gravity

4

The diagnostics discussed in §2.5 and developed in §3.6 for the purpose of constraining the properties of
DM are also suitable to investigate modified gravity theories. Last November, CENTRA held a seminar
based on Saito et al. [109], “Modified gravity inside astrophysical bodies”. Prompted by that work,
we joined a project aiming to constrain corrections to gravity using the Sun, by exploiting diagnostics
from helioseismology for instance. In collaboration with José Lopes, a fellow CENTRA MSc student, we
adapted the hydrostatic equilibrium (HE) subroutines of CESAM2k to include correction from two modified
gravity theories. Casanellas et al. [78] pioneered the approach followed here using an adapted version of
CESAM, the predecessor of CESAM2k. For comparison with that work, we consider corrections from the
Eddington-inspired Born-Infeld theory, but we extend on that by studying the beyond Horndeski class of
theories.
In §4.1 we discuss the relevance of testing modified gravity theories and we explain how modifications
to gravity affect stellar modeling, consequentially allowing constraints to be set on the those theories. The
HE modifications for the Born-Infeld and beyond Horndeski theories are described in §4.2. The subroutines are adapted in such a way that a new theory can be added with minimum effort, provided that the
HE equation can be written in terms of an effective gravitational constant Gef f = Gef f (r, m, ρ(P, T, X))
and that its derivatives with respect to r, m and P can be computed, with all these quantities evaluating
to finite values. The implementation is detailed in §4.3. In §4.4 we present some preliminary results
missing the effective gravitational constant derivatives and we discuss these results in §4.5.

4.1

Constraining modified gravity theories with the Sun

A century after it has been purposed, General Relativity has more than established itself as the
standard theory of gravity. So far, Einstein’s theory of gravity passed every test that came its way [110]
and just recently, gravitational waves have been detected from the merging of two black holes [111].
Interestingly though, alternative gravity theories can avoid some of the problems left open by General
Relativity, while still being compatible with all observations [112]. Additionally, studying cosmological
problems in the framework of the standard theory of gravity in untested circumstances concerning the
coupling between curvature and matter can result in solutions that do not correspond to reality. Thus,
it is important to constrain modified gravity theories, just as it is relevant to continue testing Einstein’s,
since our understanding of the universe is based on our knowledge of gravity.
In the strong-field regime, exploring curvature-matter corrections in neutron stars could be a smoking
gun for alternative gravity theories. However, these stars are not yet known to a degree which allows
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gravity to be precisely studied inside them. In particular, the equation of state for a neutron star is
not yet known as to enable the identification of signatures of a modified gravity theory [113]. In the
weak-field regime, General Relativity reduces to Newtonian gravity, assuming the form of the Poisson
equation (2.9), which has been extensively tested in vacuum, but not in matter. Corrections arising in
modified gravity theories can be relevant even in non-relativistic objects such as the Sun, for which the
equation of state is much better known [78].
The most significant changes to a stellar model in the framework of an alternative gravity theory come
of course from the HE. Recalling the essential equations governing stellar structure, presented in §2.1,
the balance between gravitational collapse and pressure given by the HE equation (2.1) must be changed
according to the modified gravity theory under consideration. This in turn influences energy transport,
given by equation (2.4), and in the end all the balances governing stellar structure are also affected since
they constitute a coupled system of different physical mechanisms.
The Sun is an outstanding laboratory to test alternative theories of gravity for the same reasons
argued for DM, namely that the solar interior is known with considerable precision. The sensitivity
of solar models to any modifications to standard gravity can be exploited as a diagnostic to constrain
modified gravity theories [78]. Even small corrections that produce only small changes is solar structure
can be very significantly constrained from exceptionally precise neutrino and helioseismic data. While
neutrinos are the scope of José’s work, here, we focus on setting constraints on alternative gravity theories
using helioseismology and the set of techniques learned and developed for constraining DM.

4.2

Hydrostatic Equilibrium
for the Born-Infeld and beyond Horndeski theories

Here, we formulate the corrections arising from modified gravity theories in terms of an effective
gravitational constant Gef f which replaces the gravitational constant G for the hydrostatic equilibrium.
We implement the corrections for the Eddington-inspired Born-Infeld theory proposed by [114]. This
has already been done before in [78] and so it serves as benchmark for the implementation. Moreover,
we also study a class of theories known as the beyond Horndeski class of theories [109, 115–118]. A
discussion of these theories is outside the scope of our work. We will simply assume the modifications to
the hydrostatic equilibrium equation in each case and work from there.
In the Eddington-inspired Born-Infeld theory, the hydrostatic equilibrium (2.1)
dP
Gm(r)ρ(r)
=−
dr
r2

(4.1)

dP
Gm(r)ρ(r) κ
=−
− ρ(r)ρ0 (r),
dr
r2
4

(4.2)

is modified to

which is equivalent to making the substitution
G → Gef f (r, m, ρ(r)) = G +
in equation (4.1).
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κ r2 0
ρ (r)
4m

(4.3)

For the beyond Horndeski class of theories, equation (4.1) must be changed to
dP
Gm(r)ρ(r) Υ
− Gm00 (r)ρ(r).
=−
dr
r2
4

(4.4)

∂m
= 4πr2 ρ
∂r

(4.5)

Using equation (2.2),

and
00

m (r) = 4πr

2



2ρ(r)
ρ (r) +
r
0


,

(4.6)

so


dP
2ρ(r)
Gm(r)ρ(r)
2
0
−
ΥGπr
ρ(r)
ρ
(r)
+
=−
,
dr
r2
r

(4.7)

which again is equivalent to making the substitution
r4
G → Gef f (r, m, ρ(r)) = G + 2πGΥ
m



2ρ(r)
ρ (r) +
r
0


.

(4.8)

in equation (4.1).

4.3

Implementing generic corrections in CESAM2k

In CESAM2k, numerically solving the HE problem requires derivatives of the HE quantities to be
computed with respect to a particular set of variables related to P , T , m, r and `. Additionally, the HE
problem is solved taking ρ as a function of P , T and X through the equation of state, i.e. ρ = ρ(P, T, X),
rather than just ρ = ρ(r). Hence, CESAM2k requires the derivatives of ρ in equations (4.3) and (4.8) with
respect to either P or T , rather than r. For instance,

∂ρ
∂r ,

must be written in terms of

∂ρ
∂P

. This is the

same as rewriting Gef f = Gef f (r, m, ρ(r)) as Gef f = Gef f (r, m, ρ(P, T, X)).
The hydrostatic equilibrium equation offers a way to do this, using the chain rule
∂ρ
∂ρ ∂P
=
,
∂r
∂P ∂r

(4.9)

∂P
dP
Gef f m(r)ρ(r)
=
=−
.
∂r
dr
r2

(4.10)

where now

Substituting this result in equations (4.3) and (4.8) and solving for Gef f yields
Gef f (r, m, ρ(P, T, X)) =
and

G
∂ρ
1 + κ4 ρ ∂P

(4.11)

3

Gef f (r, m, ρ(P, T, X)) =

1 + Υ4π rm ρ
1
G

∂ρ
+ Υ2πr2 ρ ∂P

(4.12)

for the Born-Infeld and Beyond Horndeski theories, respectively.
At this point, the derivatives of the HE quantities can be computed with respect to the chosen set
of variables and the problem can be solved. Notice that this can be implemented in a general way
for any modified gravity theory provided that the effective gravitational constant can be formulated as
Gef f (r, m, ρ(P, T, X)) and its derivatives with respect to r, m and P computed. We now give a list of
the routines modified and created to implement the changes in hydrostatic equilibrium:
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• geff.f: Calls the routine corresponding to the given gravity theory, which will compute Gef f .
• gBornInfeld.f: Computes Gef f for the Born-Infeld theory.
• gBeyondHorndeski.f: Computes Gef f for the Beyond Horndeski theory.
• dgeffdm.f, dgeffdr.f, dgeffdp.f: Computes

∂Gef f
∂m

,

∂Gef f
∂r

and

∂Gef f
∂P

for the given gravity theory.

• etat opalZ.f: Integrates the equation of state OPAL 2001 with CESAM2k.
• r m derivs.f, r ro derivs.f: Compute the mass and density radial derivatives.
• static m.f: Computes the HE quantities for the given gravity theory; geff.f and dgeffdm.f,
dgeffdr.f, dgeffdp.f are called here.
• modgrav.f: Combines all modified gravity related routines in the mod dmpgrav module.
• cesam.f: Main routine, modified to read the initial density profile.
• modgrav.common: Stores the density and mass profiles and communicates ∂ρ/∂P and ∂ 2 ρ/∂P 2
from etat opalZ.f to static m.f.

4.4

Preliminary results

In this section we present the results concerning solar models within the Born-Infeld and beyond
Horndeski theories. These results are preliminary as for now we only modified the hydrostatic equilibrium by considering an effective gravitational constant, but not its derivatives with respect to r, m and
P . We compare the preliminary results obtained here for the Born-Infeld theory with those obtained by
Casanellas et al. [78]. Any discrepancies would indicate the relevance of including the effective gravitational constant derivatives. Moreover, for both theories, we compare the results with our reference SSM
and we analyse whether constraints can be set using helioseismology.

4.4.1

Born-Infeld

A first indication for the magnitude of the parameter κ comes from equation (4.3). For the correction
term to become of the same order of G, then |κ| ∼ 101 GR2 . Obviously, substantial changes to the
solar structure are expected at much lower values of the parameter. Casanellas et al. [78] obtained severe
deviations from their reference solar model and were able to set constraints at the level of |κ| ∼ 10−2 GR2 .
Figure 4.1 illustrates the changes in stellar structure for Born-Infeld solar models. The impact of the
gravity modifications is evident in the central temperature, density and in the radius of the convective
zone RCZ of models with |κ| & 10−3 GR2 . However, the averaged large frequency separation h∆νi does
not appear to show a systematic behaviour. The variations in central temperature for Born-Infeld solar
models are more dramatic here then in [78], for example for κ = 10−2 GR2 , we obtained a drop in central
temperature of about 0.8 %, compared to the 0.4 % of previous work. This is also true for negative values
of the coupling constant, for which the central temperature rises by a larger fraction in our case. On
50

Figure 4.1: Central temperature Tc and density ρc , radius of the convective zone RCZ and averaged large
frequency separation h∆νi of Born-Infeld solar models vs. the absolute value of the coupling constant κ.
The green and red lines correspond respectively to positive and negative values of κ.

Figure 4.2: Sound speed profile differences between Born-Infeld solar models and helioseismology.
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Figure 4.3: χ2c (left) and χ2r02 (right) statistics for Born-Infeld solar models vs. the absolute value of the
coupling constant κ. The green and red lines correspond respectively to positive and negative values of
κ. In the case of χ2r02 , the 95 and 99 % CLs are also shown.

the other hand, the central density varies more modestly here, but both in our work and in [78], the
central density shows a greater variation for negative values of the coupling constant than for positive
ones. As for the radius of the convective zone, the impact of considering Born-Infeld modifications to
standard gravity is significant. The change in RCZ is approximately symmetric in κ as obtained in
previous work. Considering similar exclusion criteria , a preliminary analysis constrains the coupling
constant to −2 × 10−2 . κ/(GR2 ) . 1 × 10−2 .
Figure 4.2 shows the differences between the sound speed profiles of Born-Infeld solar models and the
profile inferred from helioseismic data. The results are very similar with those of Casanellas et al. [78].
Clearly, the impact of the Born-Infeld modifications can significantly alter the sound speed of the Sun,
from its centre, up to the radius of the convective zone, where the discrepancies become more prominent
with an increasing positive coupling constant. Notice that while positive κ correspond to sound speed
profiles deviated to slower sound speeds (δcs is defined as chelioseismology
−cmodel
) in line with a decreasing
s
s
temperature throughout the Sun, negative values yield a faster sound speed and actually, there is a range
of negative κ which restore the agreement between model and helioseismology to some degree.
To further evaluate the likelihood of a modification to standard gravity we computed the χ2c and χ2r02
statistics for the Born-Infeld solar models, the results are shown in figure 4.3. Notice that χ2c evaluates to
very large values (105 – 107 ) because the sound speed inferred from helioseismology is determined with a
precision of 0.01 % and the uncertainty associated with the sound speed of the models was not included.
While the absolute value of the statistic loses its meaning due the unaccounted inaccuracies of the model,
it is likely that Born-Infeld solar models with positive κ above a few × 10−3 GR2 can come to be excluded
once the model uncertainty is estimated. As for the negative values of the coupling constant, it seems
that Born-Infeld solar models within the range 4 × 10−3 . κ/(GR2 ) . 10−2 could significantly alleviate
the disagreement with helioseismology. Interestingly, the χ2r02 statistic exhibits an opposite trend, with
positive values in roughly that same range actually being compatible with the available r02 data, while
more negative ones only contributing to aggravate the difference. This is in line with the central behaviour
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Figure 4.4: Central temperature Tc and density ρc , radius of the convective zone RCZ and averaged
large frequency separation h∆νi of beyond Horndeski solar models vs. the absolute value of the coupling
constant Υ. The green and red lines correspond respectively to positive and negative values of Υ.

of the sound speed profiles of Born-Infeld solar models as shown in figure 4.2, where in fact models with a
positive coupling constant offer a match to the helioseismic inference. Indeed, the r02 ratios are weighted
towards the core of the star and thus are only giving an incomplete analysis, however it should also be
noted that the incompatibility in the region between the core and the radius of the convective zone is
most likely connect to the solar abundance problem and could be mitigated by a solution to that issue.

4.4.2

Beyond Horndeski

For the beyond Horndeski class of theories, according to equation (4.8), we expect the coupling
constant |Υ| < 10−1 . The results in terms of the change in stellar structure for beyond Horndeski solar
models are show in figure 4.4. The impact of the gravity modifications is immediately noticeable from
the central temperature results. In this case the change in central temperature can reach −1.3 % for
Υ = −2 × 10−2 , beyond which solar models do not converge for more negative values, and it exhibits
a roughly symmetric behaviour for positive values of Υ, for which convergence of the models occurs for
greater absolute values of Υ. This is already a very good indicator that we will be able to set some
stringent constrains from a future analysis using solar neutrinos which are very sensible to changes in the
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Figure 4.5: Sound speed profile differences between beyond Horndeski solar models and helioseismology.

central temperature. The dramatic changes in the central density only serve to support that idea, for
positive κ the central density drops by 3.4 % from the reference value, again with a symmetric behaviour
for negative values. Surprisingly, the radius of the convective zone remained almost unaffected to a
considerable degree of significance. In fact the radius of the convective zone does not seem to present any
systematic variation and it seems unlikely that we will be able to set constraints using this diagnostic or
the averaged large frequency separation for that matter.
Just like for the Born-Infeld results, we computed the differences between the sound speed profiles
of beyond Horndeski solar models and the profile inferred from helioseismic data, the results of which
are show in figure 4.5. The effect of having beyond Horndeski modifications to standard gravity is less
dramatic than for Born-Infeld. A clear difference between those two cases are the outer layers of the Sun,
from about 0.7 R

to the surface, which seem to be more affected in this case. However, throughout

the inner layers the effects are within 0.5 % of the reference result as opposed to the 2 – 3 % variations
obtained for Born-Infeld solar models.
In figure 4.6 we show the χ2c and χ2r02 statistics for beyond Horndeski solar models. Again the
large absolute values of χ2c occur due to the unaccounted inaccuracies of the model. There are however
considerable relative variations which suggest that constraints could be set for −4 × 10−2 . Υ & 10−1 .
The χ2r02 results are compatible the those from the sound speed profile, but there are a few differences.
First, more positive values of the coupling constant appear to alleviate the differences between model and
helioseismology, even if they do not restore the agreement to a significant level. Second, for more negative
values of Υ it is clear that the disagreement is aggravated, disfavouring values close to Υ ∼ −10−1 .
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Figure 4.6: χ2c (left) and χ2r02 (right) statistics for beyond Horndeski solar models vs. the absolute value
of the coupling constant Υ. The green and red lines correspond respectively to positive and negative
values of Υ. In the case of χ2r02 , the 95 and 99 % CLs are also shown.

4.5

Discussion and Conclusions

The comparative analysis between our preliminary results and those of Casanellas et al. [78] are a
good indicator that we are on the right track to a full, general implementation of corrections from an
alternative gravity theories. Moreover, our results, preliminary because we only modified the hydrostatic
equilibrium by considering an effective gravitational constant, but not its derivatives with respect to r, m
and P , already point towards some constraints for both the Born-Infeld and the beyond Horndeski class
of theories. For the former, from the constraints on the radius of the convective zone, we conservatively
limited the coupling constant to |κ/(GR2 )| . 10−2 , which is slightly more stringent than the result
obtained in previous work. We note that the inclusion of the effective gravitational constant derivatives
could accommodate slightly larger values of |κ|. As for the beyond Horndeski class of theories, no
definite constraints could yet be set, but the central temperature variations make it very implausible that
|Υ| & 2 × 10−2 . This question will be addressed by solar neutrino constraints and we can go further by
properly estimating the uncertainties associated with the model sound speed profile, which could arguably
be a smoking-gun both for studies of modified gravity theories and DM.
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G. Doğan, S. Basu, C. Karoff et al., Astrophys. J. 749, 152 (2012).

60

[101]

J. Christensen-Dalsgaard, Astrophys. Space Sci. 316, 113 (2008).

[102]
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