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Abstract In this review, we recall how stars contribute to the seacctdark matter
and the specific role of the Sun. We describe a more completarpiof the solar
interior that emerges from neutrino detections, gravitgt anoustic mode measure-
ments of theSolar and Heliospheric Observato($$OHQ satellite, becoming a ref-
erence for the most common stars in the Universe. The Sun sgael star in that
we can observe directly the effect of dark matter. The alesena signature related
to Weakly Interacting Massive Particles (WIMPS) in its cdigfavors a WIMP mass
range below 12 GeV. We give arguments to continue this seartche Sun and other
promising cases. We also examine another dark matter cateditie sterile neutrino,
and infer the limitations of the classical structural e¢qua. Open questions on the
young Sun, when planets formed, and on its present inteymalrdics are finally dis-
cussed. Future directions are proposed for the next deaduktter description of the
solar core, a generalization to stars coming from seismssions and a better under-
standing of the dynamics of our galaxy which are all crucatskfor understanding
dark matter.

Key words: stellar evolution: theory — elementary particles — heliss®logy —
dark matter — early solar-planet relationship

1 INTRODUCTION

Two major questions urgently need to be solved in astropgky$Vhich matter forms the observed
structures in the Universe? How does life emerge in the Us@ZFaced with these questions, space
missions of the last two decades have taken crucial opptgsito look at our Universe. Here we
examine how our local environmentinforms us and helps toenpaggress in this area of knowledge.
In this review, we concentrate on studying the Sun and dtaosiih seismology, representing
a revolution in astrophysics. In the ESA-NASPOHOmission (Domingo et al. 1995), launched
and positioned around Lagrangian point L1 (where the Surasity is equal to the Earth’s one),
a dozen instruments have continuously scrutinized the SBundarly 20 years to make progress
on these questions. Soon COROT, SDO, PICARD and KEPLER wilkgalize our conclusion on
the internal dynamical processes and on our understandlithg anicroscopic phenomena that we
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directly study in the Sun’s interior. We shall focus, in theésiew, on the deep core of the Sun where
Weakly Interacting Massive Particles (WIMPSs) could showpedcsfic signature and on the radiative
zone to enrich our study of another candidate, the steriiérin®.

The recent developments in particle physics and cosmolagy proposed various particle can-
didates to explain the nature of dark matter. These pastaie at the forefront of improvements of
modern astrophysics, so the Sun and stars can be studiedraslogical tools for modern cosmol-
ogy.

The interest of studying the interactions of dark mattehimistars is twofold: first, to identify
which type of particle dark matter is made of, and secondnttetstand the physical mechanisms
by which dark matter contributes to star formation. In thenfer, stars are used as a complemen-
tary cosmological tool to test the different dark matterdidates, providing in that way an alter-
native method to investigate the candidates proposed byemadtieories of particle physics, or
alternatively, to check the candidates detected by exgarisrused for direct or indirect dark matter
searches. In the latter, the aim is to explore how dark matetributes to structure formation in
the Universe, including galaxies and the first generatiostaifs, not only by locally changing the
gravitational field where stars are formed, but also by expéphow the possible interaction of dark
matter with baryons changes the evolution of stars. Hereyi/éocus on the former topic.

Due to its proximity to Earth, the Sun is a unique stellar obije such an approach. Astronomers
have collected large amounts of data on ground based olbseegand in solar satellite missions.
The solar surface is observed daily in all wavelengths otteetromagnetic spectrum. The Sun has
also become a privileged plasma physics laboratory bedtsgerior is probed by helioseismic
instruments and solar neutrino detectors. Therefore, nibtssurprising that the Sun has been an
ideal target to test new ideas, not only directly relatechwulite physical mechanisms that regulate
stellar evolution, but also to check the validity of fundarte laws of physics. Furthermore, the
successful use of the Sun to check physical processes hastaiways been followed by similar
studies in other stars. This strategy will continue in sgoeat decades when new developments in
observations and detectors are expected.

Last year, a review was dedicated to the interplay betweetrines and seismology (Turck-
Chieze & Couvidat 2011), focusing on how the two communaitiave improved their own research
and their common understanding of the central core of the Butlhe present paper, we describe
in detail how the Sun’s interior can be observed by usingriggles from seismology. Even though
the Sun is not a star where we may hope to find the strongesitsignof dark matter, it is the
only one where we can directly examine its effects using betitrinos and seismic indicators from
the radiative zone. So we give a quantitative descriptiothefproperties of the radiative zone that
constitutes 98% of the mass of the Sun and is the region whiEretefrom dark matter can be
sought (Sect. 2). We recall properties of dark matter in Hasteontext in Section 3, where the
interactions of dark matter can be explored in stars, ini@ddr in their core and we deduce the
resulting limitations on the mass of WIMPs from current alilagons. We comment on the effects
of dark matter on stellar evolution, in particular in ouraal’s center. Section 4 summarizes the
open questions that emerge from the seismic observatiopsg/iicular on the formation of the Sun
and planets. We finally propose some directions of researcthé next generation of instruments
and for new investigations.

2 THE INTERNAL SUN SEEN BY HELIOSEISMOLOGY

In stellar seismology, the Sun has a privileged status lsecidis observed both locally and globally.
Thousands of modes have been detected, with the acoustiesnpethetrating more or less deeply
from the surface into the core and the gravity modes fromithé bf the convective zone to the
central region. So inversion methods have been derivedtaatxadial information from the surface
to the center. By contrast, up to now other stars have only lbbserved globally with restricted
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access to radial, dipolar and quadrupolar modes (excepldfmrmed stars). Even though these
modes are the most penetrating modes, only the Sun can bieoefiall the information contained
in the frequency of modes. In fact, gravity modes are shgimfluenced by the physical processes
occurring at the base of the convective zone and acousti@shack strongly influenced by those
processes at the near surface. This problem is avoidedd@uh by the knowledge of other modes
that are more sensitive to these specific regions, so the sola can really be scrutinized with a
higher accuracy than the cores of other stars.

2.1 The Theoretical Framework

Solar or solar-like oscillations result from small adiabaerturbations around the hydrostatic equi-
librium of these stars. The perturbations generated by thaeuiation noise at the surface are very
small, of the order of some)—¢ — 10~° of the total luminosity of the star and with no exchange of
energy due to the pulsation. Contrary to classical variatales for which perturbations are strongly
significant and non-adiabatic, the Sun-like pulsations ataffect the evolution of the star, as they
occur in a free fall time of the order of one hour. Instead a@halution of a star is determined by the
transport of radiation which occurs in the Kelvin-Helmatae, which is of the order of a million
years in solar-like stars, so these two physical processadezoupled.

More generally, stellar pulsations of Sun-like stars (id@hg gravity modes and waves) can
be written as a series of non-radial oscillations aroundtespal structure of equilibrium and a
variablep can be written in terms of spherical harmonics (Unno et 8891 €hristensen-Dalsgaard
& Berthomieu 1991):

p(r,0,0,t) = po(r) + p'(r)Y{" (0, ¢) exp iwn,¢,mt,
po is the variable at the equilibrium and t§elisplacement vector is defined as

0

0
£r0..1) = (600 60(0) g 600) S

) Y™(0, @) exp(iwn,e,mt), (2)

whereg, = 1/(w?r)[p /p + ®'] is the horizontal displacemerik, the perturbation in gravitational
potential.w, ;. the eigenfrequency, andthe gas density. The quantum numberg, andm are
respectively the radial order (number of nodes along thieisjthe degree (the total horizontal wave
number at the surface is, ~ L/Rg, with L = /(¢ + 1)), and the azimuthal order (number of
nodes along the equator with| < /).

Restricting the phenomenon to adiabatic oscillations iwithe Cowling approximationd’
neglected) and considering only small radial wavelengtimspared taR,, the 4th-order system of
equations is reduced to second-order wave equations, watfotlowing dispersion relation

1 N2
k? - 3 EQ 2 -1+ wrQL,E,m - wg ) (2)
Cs wn,l,m
where the squared norm of the wave vector is written as the afuenradial and a horizontal
componentk| = k2 + ki, k} = F?/c? is the horizontal wave numbef? = L?c¢Z/r? is

the Lamb frequencyN? = g¢[1/T1dInp/dr — d1np/dr] is the Brunt-Vaisala frequency? =
¢2(1 — 2dH,/dr)/4H is the acoustic cut-off frequency(5.8 mHz), H,* = —dln p/dr is the
density scale height;; is the adiabatic exponent, anfl= I';p/p is the sound speed.

The mode frequency, ¢, is labeled by its orden (number of nodes along the radius) and
degre€e’ (number of reflections at the surface). A theoretical préaticof the frequency is necessary
to identify them, so the model frequencies are always caledlin parallel and compared to the
observed frequencies (see Table 1). In the presence ohaitestation and a magnetic field, tide



1110 S. Turck-Chiéze & I. Lopes

I‘III!II T I!IIIIII T llllllil T l!IIIIII T TTTTI
11 =
acoustic
) modes
AL -
|
105 AR 11
Il | -
|;.|
%
z | AR + SGR + GR
§ Ut '
= |
5
g
(-3
i
5 GR
E 10°L
background
100 instrument noise
10-2 FRRTI| Ll Ll sl

104 10-® 104 10-¢ 102
frequency (Hz)

Fig. 1 Fourier transform power spectrum of the solar GOLF resiga#icity time series, showing
the respective ranges of gravity and acoustic modes togeittethe contribution of the solar noise
due to the activity of the Sun (granulation + active regioRsdm Turck-Chieze et al. (2004a).

component is split int@¢ + 1 azimuthal ordersn, or even more, if the magnetic field is important
and observed with a different axis. In fact, due to the rotatif the star, the travel time of the modes
differs depending on if their displacement follows the tiata of the star or if it follows the opposite
direction. Furthermore, in Sun-like stars, the rotatiod avagnetic field present in the stellar interior
produce variations iw, ; ,,, of the order of a few tenths @fHz and a few nHz, respectively.

2.2 The Low Degree Modes Observed b OHO

Acoustic, gravity and mixed modes are now detected in a Isblair-like stars. The first are generated
by convective motion at the surface and sensitive to thespreggradient, while gravity modes are
sensitive to the gravity and probably excited by the turbuteotions at the base of the convective
zone. Mixed modes couple the specificity of the two previategories. Altogether they represent
different types of information about the Sun’s interior (&eet al. 2010).

Figure 1 shows the global power spectrum of the solar modésireal with the Global
Oscillations at Low Frequencies (GOLF) instrument abda@HO (Gabriel et al. 1995; Turck-
Chieze et al. 2004a). This instrument, looking to the Sua star, has shown its capability to detect
both acoustic modes of low amplitude and some gravity modestd its Doppler shift velocity
measurement of the sodium line, located betwaeh — 500 km above the solar surface where
the turbulent solar noise is strongly reduced. Its perforcea are also due to its very low intrinsic
instrumental noise (in red on the figure) that permits a $efarogravity modes down t0:610~° Hz.

Figure 2(a) shows the Doppler velocity measurements of BeFsinstrument during the first
hours after it began collecting scientific data in 1996 Janu@ne observes the velocity between the
Sun and the spacecraft including gravitational redshiREl The space measurement avoids the
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Fig.2 (a) Historical spectrum of the GOLF Doppler velocity measnents showing the first 14
hours of 1996 January 15. One sees, superimposed on the rleaityy the 5 mn acoustic oscil-
lations (about 3.3 mHz) and the stochastic character of theaiitation. (b) Enlarged view of the
maximum of the power spectrum for a solar-like star to illatt the fact that the acoustic modes
are spaced in frequencies and show the specific charaicz$the different degrees described in
Egs. (3) and (4).

large variation of velocity during the day as observed onttE&OHOevolves in an orbit around the
L1 Lagrange point, in permanent view toward the Sun. Sugsssad on this mean velocity, the 5
minute oscillation period (the acoustic modes have thekimam amplitude near 3.3 mHz as shown
in Fig. 1) clearly exhibits the stochastic character of thenglation excitation. This time series has
been followed continuously since 1995 and the Fourier foansis performed on the residual after
subtracting the main component (Sun-spacecraft velopityg sunspots (see Garcia et al. 2005).
After two years of integration, one gets the Fourier tramsfgpectrum shown in Figure 1 but the
integration is desired on a longer series, up to the wholsioms(20 years) in order to reduce the
white noise in comparison with the useful periodic signaét tippear as Lorentzian peaks for which
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Fig. 3 Left Squared acoustic potential for the motle= 1 andv = 1500 uHz (black ling. The
gray dotted lines correspond respectively to the dipolees@d 5000 and 300Hz. Right Squared
gravity potential. The black line corresponds to the gsamibdel = 2, n = —3 (black ling. The
gray lines correspond to the bahsld — 400 wHz. From Turck-Chiéze et al. (2004a).

the width decreases with frequency (the longevity of the @sddcreases at high period) (Gelly et al.
2002).

2.2.1 The solar acoustic modes

The first detections of the acoustic modes appeared thigsyego (Claverie et al. 1979; Grec et al.
1980). The orders of the same degree present a nearly riggspaced comb pattern in frequency
(Fig. 2(b)) following an asymptotic behavior given belowheve the phase shit is largely depen-
dent on the physics of the subsurface and of the EOS of helithihgdrogen
R
drq—1
=] @®)

Vn_[:(n—i—g—i-l—i—oz)Ay, where AV:[Q/O p

2 4

The relation betweerhr and the sound speedis extremely useful to label the frequencies. The
variation of o with frequency due to the physics of the substructure carsblated for the Sun
and Sun-like stars (Lopes & Gough 2001). A second quantigystmall separation, i.e. the distance
between successive orders and degrees differing by twisdsuaeful for solar-like stars due to its
increased sensitivity to the cores of stars

Av R de dr
51/,”7@ = Vn,l — I/n717[+2 ~ —(4£ —+ 6)m/ 77 (4)
n, 0

By contrast, the large difference is mainly sensitive tolthyers below the surface. The two quan-
tities Av andJdv allow researchers to place the star in the seismic diagrdmig@nsen-Dalsgaard
2004) from which one deduces an estimate of its mass and ayerteless, it is a first approxi-
mation. A generalization at second order has been devefopédth high? (Vorontsov 1991) and
low degree modes (Lopes & Turck-Chieze 1994) that find beftetence about the role of the sub
surface layers and of the gravity in the core when one canmelsure low degree modes; this will
be used soon for solar-like stars.
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By chance, the Sun is also observed locally, thanks to the Wdhelson Doppler Imager)
aboardSOHOand to the GONG network (Scherrer et al. 1995; Harvey et &61,%0 a large num-
ber of acoustic modes are available for degrée$ to 300, and potentially more. An inversion
procedure is then possible from which one deduces the rpdiiles of different quantities (see
below). Consequently one can very precisely explore therin&tion contained in the mode fre-
guencies, in particular the sensitivity of the acoustic emrdquency to both the sub surface layers
and the core of the Sun, as shown in the left panel of Figure 3.

Above 2.5 mHz, the solar low degree acoustic frequencieg wéth the 11 year solar cycle
(Chaplin et al. 2007; Salabert et al. 2009). Section 2.5riless the origin of this variability. The
variation is not larger than 0,5Hz, but needs to be taken into account properly as the sowgatisp
of the surface layers is significantly smaller than the s@apekd of the center (see Table 3). The left
panel of Figure 3 shows that a low degree acoustic mode speheksst half its propagation time in
the convective zone (2% in mass) so that region (in particbkionization zones) has to be studied
precisely if one would like to obtain quality information@lt the deep interior (central region).

Figure 4 compares the order of magnitude of the differentrdmrtions to the frequency, in
particular the region belok < 0.2Re.

Figure 4(a) (Garcia et al. 2001) shows the internal turpinigt of the low degree modeé £ 0,

1, 2) for different orders. The higher the ordérf & 30) and the lower the degreé £ 0), the more
the mode penetrates into the deep core, but the figure alsesghat a variation of the sound speed
by 0.5% or 1% in the core could be the same size as the erroBbar lot of caution is required to
extract any information from this region of the Sun.

Figure 4(b) (Couvidat et al. 2003b) completes this dematisin in showing the frequency error
bars after 1 year of observation (top figure), then after 3/ all the modes (middle) and in the
last plot for modes below = 17 (bottom) (Couvidat et al. 2003b). This comparison showsttha
low order modes, even though they penetrate less deeplthietmore, contain invaluable information
as they are much better determined. In fact, the width of tbeen decreases with frequency so
if they are visible (their amplitude is smaller, see Fig. igyt represent the best information on
the deep interior; this demonstrates the superiority ofgh@ce measurements over the network
measurements which are also polluted in this range of frecjae (below about 2.5 mHz) by the
Earth’s atmospheric noise. Moreover, the low order fregiesnare not polluted by the solar cycle’s
variability so they allow the extraction of a good radial filmof the sound speed as deep as possible.

Table 1 gives the list of frequencies detected by GOLF at ¢fer sictivity minimum for modes
greater than 2.5mHz. Smaller frequencies of the low ordedlenare obtained after 5 years of
integration. Of course the visibility of GOLF is maximal feadial modes and the width of the
modes decreases with frequency, so the accuracy is highem Wie frequency decreases. The
= 3 modes are only partly determined with GOLF and the missalges are obtained from MDI
together with the highefrmodes, which are extremely important for extracting infation from the
surface to the center.

2.2.2 The solar gravity modes

The solar gravity modes have a small amplitude and are evea difficult to detect than the low
frequency acoustic modes because they are evanescentdorective zone. Their detection sup-
poses a low solar granulation noise (see Fig. 1) and no pmilfrom the Earth’s atmosphere below
2mHz; these two points exclude any detection from the granttimake their detection difficult
by intensity measurement in space (Fig. 11). Up to now, thélG@strument appears to be the
most well adapted for this search (Turck-Chiéze et al. 20@&arcia et al. 2007; Turck-Chieze &
Couvidat 2011) due to its excellent detection capabilig also Section 4.3. Surprisingly the mixed
modes have appeared easier to detect in other solar-like (ftefact slightly more massive). One
can understand this fact in considering that the maximumlitidp of the acoustic modes increases
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Fig.4 (a) Observational error bars of tile= 0, 1, and 2 p-mode frequencies compared to the
difference,dv, between their measured frequencies and the theoretieal@osses, diamonds and
triangleg and with the frequency uncertainty due to a modification % (tlotted line$ or 0.5 %
(dashed linesof the sound speed below 0R; as a function of their inner turning poimt =
ctL/we, whereL = £ 4 1/2 (Lopes & Turck-Chieze 1994). The orderof the modes is written
in the plot: 3 and 30 fof = 0, 7 and 30 for = 1, and 8 and 29 fof = 2. The differenc&v for the
modes/ =0,n > 18 and/ =1 and 2n > 17 are off the scale. From Garcia et al. (2001). (b) Change
of frequencies and respective error bars of global acoustides obtained after one year of GOLF
observationpper panél for radial modes in red, dipolar modegéer), quadrupolar modeblue)
and/? = 3 (black) as a function of their respective turning points. The saonglfese modes after 5
years of measurements. From Couvidat et al. (2003b).
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Table 1 Global mode frequencies expressediidz obtained by the GOLF instrument. This table
consists of observations near the minimum in the solar dyetereen 1996 April 16 and 1998 June
24 for frequencies above 2.5mHz (Gelly et al. 2002). Beldw, acoustic mode frequencies are
from Bertello et al. (2000); Garcia et al. (2001). The giawode frequencies are derived from the
frequency spectrum obtained after 10 years of observaGamgja et al. 2011; Turck-Chieze et al.
2012). The signal around 22(Hz is permanently visible both in GOLF and VIRGO (Turck-Ehe’
et al. 2004a; Jiménez & Garcia 2009).

n ¢ =0 error ¢=1 error ¢ =2 error ¢ =3 error
-10 - = 62.50 0.05 - - - -

-9 - - 68.34 0.05 - - - -

-8 - - 75.39 0.05 - - - -

-6 - - 95.34 0.05 - - - -

-5 - - 109.40 0.05 - - - -

-4 - - 127.74 0.05 - - - -

-3 - - - - 220.1-220.7 ? - -

1 258.60 0.030 - - - - - -

3 535.75 0.010 - - - - - -

5 825.23 0.030 - - - - - -

6 972.612 0.005 1039.465 0.003 - = - -

7 - - 1185.60 0.05 - - - -

8 1263.215 0.01 1329.63 0.01 1394.680 0.01 - -

9 1407.49 0.01 1472.857 0.02 1535.865 0.006 - -

10 1548.304 0.009 1612.746 0.011 1674.534 0.013 1729.72 0.0
11 1686.581 0.18 1749.290 0.010 1810.349 0.015 1865.29 0.03
12 1822.196 0.018 1885.113 0.015 1945.80 0.02 2001.24 0.04
13 1957.43 0.02 2020.84 0.02 2082.15 0.02 2137.80 0.03
14 2093.53 0.02 2156.83 0.02 2217.69 0.03 2273.57 0.04
15 2228.84 0.02 2292.09 0.03 2352.29 0.03 2407.65 0.05
16 2362.83 0.03 2425.61 0.03 2485.86 0.03 2541.55 0.07
17 2496.26 0.02 2559.20 0.04 2619.64 0.04 2676.22 0.06
18 2629.72 0.04 2693.38 0.04 2754.39 0.04 2811.48 0.06
19 2764.17 0.04 2828.15 0.04 2889.57 0.04 2947.00 0.05
20 2899.05 0.04 2963.29 0.04 3024.710 0.05 3082.24 0.06
21 3033.77 0.03 3098.14 0.05 3159.84 0.04 3217.84 0.06
22 3168.65 0.04 3233.10 0.04 3295.06 0.05 3353.54 0.10
23 3303.39 0.04 3368.48 0.06 3430.75 0.09 3489.51 0.09
24 3439.02 0.05 3503.89 0.07 3566.68 0.12 3625.99 0.20
25 3574.68 0.09 3640.22 0.08 3702.84 0.14 3763.11 0.32
26 3710.75 0.12 3776.40 0.11 3839.11 0.21 3900.44 0.48
27 3846.79 0.17 3913.03 0.13 3976.41 0.26 4037.02 0.60
28 3984.45 0.22 4049.91 0.16 4114.13 0.29 4174.46 0.96
29 4121.30 0.34 4187.18 0.20 4249.90 0.33 4312.98 1.04
30 4259.77 0.34 4325.71 0.25 4389.30 0.37 4454.11 1.83
31 4397.43 0.60 4462.00 0.39 4525.71 0.651 - -

32 4534.65 0.701 4599.03 0.33 4663.86 0.651 - -

33 4675.52 0.951 4737.61 0.40 4806.45 1.701 - -

34 4808.60 3.961 4875.75 0.59 4944.88 0.811 - -

35 495559 2.311 5016.82 0.82 - -

36 5086.18 0.981 5157.08 1.10 - -

with mass (Verner et al. 2011)

0.5

Aiij@ - (J\%JI\?@)(TT;@) , where s=—0.64— 1.18(%) 5)

and that the size of the convective zone diminishes when #ssimcreases.
The SOHOsatellite opens a real opportunity for the detection ofrsgitavity modes compared
to previous ground-based efforts and the quality of GOLFuis t its exceptional low background
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instrumental noise at low frequency (Fig. 1). This propexynes from the two photomultiplier
detectors equipped with an electronic device specificabighed to produce noise that always stays
lower than the statistical noise chosen as low2as 10~*; this requirement has been reached in
tracking and avoids any source of noise that appeared gtbatesuch a specification before launch
(Gabriel et al. 1995).

The lifetime of the gravity modes increases as the frequdacyeases, so their detection benefits
from a long and continuous space mission. We have analyzefirsh 5 years of integrated signal,
then 10 and soon more than 15 years. Two directions of irgegstn have been adopted following
the gravity mode properties described in Provost & Bertlean(l986); Provost et al. (2000).

The first was to look for mixed modes because they are the mfistative ones in terms of
both the core’s dynamics and the base of the convective 2dath(r et al. 2007) as their cavity is
the largest, see the right panel in Figure 3. Several patteaxie been studied, in particular around
220 uHz that could be attributed to ah= 2, n = —3 mode (Turck-Chieze et al. 2004a; Jiménez
& Garcia 2009), but the strict identification of the compotsaemains difficult due to several prop-
erties of these modes that were not known before: (1) thealdntquency can be perturbed by the
rotation of the core, (2) the patterns are not strictly ®ailer several years; this is contrary to what
was previously believed, since this variability is certaidue to the instability of the base of the
convective zone (Dintrans et al. 2005), (3) one cannot ebectbe possibility that the core is rotating
along a different axis than the rest of the radiative zonehegower could be distributed between
more components of a mode than for acoustic modes, whicls leaaimore complex identification.
A longer integration could benefit observations of this maofffrequency, if the ageing of the instru-
ment does not deterioraBOHO’sability to acquire information too much; after nearly 20 yem
space, the counting rate has been reduced by a factor 106frorm0® to 5x 10° photons s! per
detector.

The second approach was to discover a signature of the astioxgttaracter of the frequencies
below 130uHz. These modes must appear practically equidistantlyespicperiod (Tassoul 1980;
Provost & Berthomieu 1986)

PQ PO
Pop=———(2n+ L+ ¢) + =——W,, 6
T £(£+1)( R ©
with )
TCN - V
— 9.2 N — 2
Py=2r (/0 Tdr) and W, V1+WJr y’ (7)

whereN is the Brunt Vaissala frequency defined by

1/d d
N2 =g | (5108 PO - 4110 )]
whereg is a phase factor that dependsioand/. V; depends oV andV; is a complex term, and
both translate the small departure from pure equidistaategden mode periods. The first study has
avoided the problem of identification of individual peaksimming the power spectrum between 25
to 140uHz. In looking at the periodigram spectrum, the power of al2@umodes of the same degree
is visible with the advantage of maximizing the signal toseaiatio. This work contributes evidence
about the detection of dipole modes with more than a 99.7%dmmce level and their sensitivity to
a high rotation rate in the core (Garcia et al. 2007). A lorsggies has reached a confidence level
of at least 99.99% (Garcia et al. 2008). The next step hasisted of looking locally at the power
spectrum. The pattern of components £ +1) for six individual dipole modes appear on more than
10 years of integrated signal, and their centroid valuerésponding tan. = 0) has been introduced
in Table 1. Their splitting values are consistent with a dapcrease of the core’s rotation (Garcia
et al. 2011). The frequencies of these dipole modes agrearkaily well with the predictions of
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Table 2 Observed solar sound speed profile obtained by GOLF and Miliments
located aboar&OHQ From Turck-Chieze et al. (2001); Couvidat et al. (2003b).

r/Ro Sound speed (ms'") r/Ro Sound speed (m's')
0.079+ 0.03 510 540.6t 155.0 0.538+ 0.015 285924.6- 21.0
0.081+ 0.03 510 426.0Gt 141.0 0.550+ 0.015 281 887.@: 21.0
0.084+ 0.03 510168.G+ 120.0 0.563+ 0.014 277 529.@- 20.0
0.089+ 0.03 509 509.6t 92.0 0.575 0.014 273 551.@: 20.0
0.099+ 0.035 507 787.6- 70.0 0.588- 0.014 269 299.@-19.0
0.112+ 0.033 504 228.6- 68.0 0.60+ 0.0135 265 404.6 19.0
0.126+ 0.034 498 956.6t 76.0 0.612 0.013 261512.6-18.0
0.138+ 0.033 493 352.6t 76.0 0.625+ 0.013 257 270.@: 18.0
0.150+ 0.033 486 888.6t 67.0 0.637+ 0.013 253 311.6-18.0
0.163+ 0.032 479 133.6t 61.0 0.650+ 0.0126 248 938.& 17.0
0.177+ 0.030 470 169.6t 60.0 0.663f 0.0124 244 443.@ 17.0
0.188+ 0.029 462 834.6t 58.0 0.675+ 0.012 240 092.-17.0
0.200+ 0.028 454 688.6t 53.0 0.687+ 0.012 235438.@: 16.0
0.213+ 0.028 445 817.6: 50.0 0.700+ 0.012 229 966.@- 16.0
0.226+ 0.027 436 984.6t 49.0 0.712+0.011 224 352.@- 16.0
0.238+ 0.026 428 924.6- 47.0 0.725+ 0.011 217 217.¢-15.0
0.250+ 0.025 420 976.6t 44.0 0.7374+0.011 210674.@: 15.0
0.263+ 0.024 412 524.6- 44.0 0.750+ 0.010 203 616.@- 15.0
0.275+ 0.024 404 921.6t 42.0 0.762+ 0.010 197 074.@: 15.0
0.288+ 0.023 396 956.0- 40.0 0.775£ 0.010 189952.6t 14.0
0.300+ 0.025 389 874.@- 39.0 0.7874 0.009 183 359.@ 14.0
0.313+ 0.022 382 475.6- 37.0 0.800+ 0.009 176 163.6- 13.0
0.325+ 0.021 375 883.6: 36.0 0.812+ 0.009 169 427.@: 13.0
0.338+ 0.021 368 980.0@- 35.0 0.825+ 0.0085 162 080.6- 13.0
0.350+ 0.020 362 830.@- 33.0 0.8374 0.008 155 168.@: 12.5
0.363+ 0.020 356 382.6- 32.0 0.850+ 0.008 147 567.6- 12.0
0.375+ 0.019 350 610.6- 31.0 0.862+ 0.0075 140 368.6- 12.0
0.388+ 0.019 344 526.6- 30.0 0.875+ 0.007 132 375.@- 11.0
0.400+ 0.019 339 078.6: 29.0 0.8874 0.007 124 742.@- 11.0
0.413+ 0.018 333 374.6- 28.0 0.900+ 0.007 116 158.@- 10.0
0.425+ 0.017 328 290.@- 27.0 0.912+ 0.006 107 872.@: 10.0
0.437+ 0.017 323 3334 26.0 0.925+ 0.006 98 348.6: 9.0
0.450+ 0.017 318 084.@- 26.0 0.937+ 0.006 88 936.0: 10.0
0.462+ 0.017 313 373.6- 25.0 0.950+ 0.005 77 730.6: 9.0
0.475+ 0.016 308 426.6- 24.0 0.962+ 0.005 65994.6: 9.0
0.487+ 0.016 303 967.6- 24.0 0.975+ 0.005 50 786.6t 7.0
0.500+ 0.016 299 208.@- 22.0 0.986+ 0.005 36 044.6: 5.0
0.513+ 0.015 294 539+ 22.0 0.992+ 0.012 24 173+ 13.0
0.525+ 0.015 290 349.@- 22.0

the seismic model and are not far from SSM predictions, seekTGhieze et al. (2012) and Table 5.
This fact shows that the microscopic description of thersmae is quite good and reinforces interest
in searching for dark matter.

2.3 The Radial Sound Speed Deduced frolSBOHO

The expression (8) shows that a reference model and a ciadeuddi its mode frequencies are needed
to determine the solar sound spexd and densityp(r) profiles. Effectively, these two quantities
are obtained from the differencés,, , between observed and calculated frequencies. We generally

use a standard solar model that also allows us to deternerethelsk (™" (r) andKé"’Z) (r). This

method leads to good results if the model frequencies artondar from the observed frequencies
and if one gets a set of coherent frequencies between theéemndeed with small error bars. These
two conditions are fulfilled in the case of the Sun, except tha absolute values of the observed
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Fig.5 Enlarged view of the solar core showing the observed soueddspnd density profiles ob-
tained with the modes given in Table 1. The correspondingegbf the seismic model appears like
a continuous line on the sound speed profile and like a datkediine on the density profile. See
also Turck-Chieze & Couvidat (2011); Turck-Chieze, PéaCouvidat (2011b). One also sees the
extrapolation done for these two quantities down to the.c®t@ndard model predictions and models
with a different energetic balance lead to the sound spesfdegpappearing in red in the color version
of the figure. At these scales, the vertical error bars arersdl shat they are not visible and all the
models seem to be in good agreement, but only the seismicpeoedfits all the observed values.

frequencies differ from the theoretical ones for modestbféct very near the surface; this problem
comes from the description of the sub surface layers, seo8et5. The way to correct for this
is to add in Equation (8), which contains a surface t@mléG(wM), in the inversion procedure
(Christensen-Dalsgaard 2002)

R
et TR0 ) + KO0 L0 4+ QG ®

The list of low degree acoustic mode frequencies (Tabledded to the list of higher degree
MDI modes (Rhodes et al. 1997), leads to the sound speed givéable 2, and Figures 5 and
10(a). These profiles correspond to the publications ofkF@ieze et al. (2001) and Couvidat et al.
(2003b). They do not take into account any gravity modes.ivaignt results have been obtained
more recently using the BiSON network +MDI. In that last gake determination of the low degree
low order acoustic mode frequencies corresponds to ohtgamgavith duration of 30 years instead
of 4 years for GOLF due to their small amplitude, atmosphedise and lower duty cycle (Basu
et al. 2009). Nevertheless it is a great satisfaction to get fesults from different observations,
different models and different inversion methods, all ofathreveal a proper determination of the
solar observables.

Table 2 also gives the uncertainty of the sound speed detatimin, which is extremely low
(some reach 10' and even 10°). Of course it increases at the extremities: few modes agd us
to describe the center, and the surface turbulence petiuelfsequency of the high degree modes.
This absolute uncertainty (not visible in the figure) is &Elygsmaller than the difference between
observation and models (see Fig. 10(a)), but the differavitte the model predictions does not
exceed 1% or 2%. It is useful to know that the radial soundépaéees by only 8%—9% since the
beginning of the main sequence due to a compensating effegebn the evolution of pressure and
composition (see Turck-Chieze, Piau & Couvidat (2011bpfgeneral discussion of this process).

The radial error bars are also given in Table 2. They resatnfthe kernels of the observed
modes. The relatively large error bars in the core are cosgied by the accuracy of the obtained
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Table 3 Central temperature and density of the seismic model cogdgarthe
SSM values (Turck-Chiéze, Piau & Couvidat 2011b). The jotaxhs from the
boron neutrino flux are compared to the SNO detection: 504613 (statH-
0.13 (systk10° cm=2 s~ (Aharmim et al. 2010). The surface composition of
heavy element mass in the SSM modeFis= 0.0134 according to the present
observation, but the helium surface content’is= 0.235 instead ofY” = 0.25
deduced from helioseismology.

Tc pc boronv prediction
(10 K) (gecm—3) (106 v cm—3 s~ 1)
15.75 153.6 5.3% 0.6
15.54 150.6 4.5&0.6

values that strongly constrain the profile (see Fig. 5(a) dietection of several gravity mode fre-
guencies would probably improve the extraction of the dgrmiofile which largely depends on
the gravitational potential (Fig. 5(b)). The extractiortlo¢ solar internal sound speed has revealed
some discrepancy with the classical solar theoreticaliptieds and has inspired a model that we
call the “seismic model.” This model has been determinethftbe structural equations that lead
to the Standard Solar Model (SSM) in adjusting the main glatshgredients (opacity, reaction
rates) to reproduce the observed sound speed profile. Suddel milows the predictions of neu-
trinos and gravity modes, and those predictions agree texhlrwell with all these observables
(Couvidat et al. 2003b; Turck-Chiéze et al. 2004b; TurdkeZe & Couvidat 2011; Turck-Chieze,
Piau & Couvidat 2011b).

2.4 The Radial Matter Density Deduced fromSOHO

Equation (8) shows that the matter density profile is ex¢thovgether with the sound speed profile
from the comparison of the observed acoustic mode freqasteimodel frequencies. Table 4 gives
the obtained density profile and Figure 5(b) shows an endargsv of the solar nuclear core density.
Though the radial (horizontal) errors bars remain largb@whole radiative zone, the vertical error
bars are so small (not visible in the figure) that they strgieghstrain the profile.

The seismic model predictions are in good agreement ovemti@e radiative zone, see
Figure 10(a) and also Turck-Chieze & Couvidat (2011). Témgrapolation to the center is par-
ticularly useful for the prediction of the gravity modes a@ondthe prediction of the neutrino fluxes
(Table 3). In such a model, the nuclear luminosity is reglie match the present observed lu-
minosity. As largely discussed in our review on neutrinbg, meutrino predictions of the seismic
model agree very well with all the detected neutrinos, tghkirio account the fact that some elec-
tronic neutrinos have been transformed to other types dfrines when they arrive at the ground
detectors.

The agreement between seismic observations and seismiel mesalilts is much better than
with the SSM predictions which include the Asplund et al.q@Pphotospheric composition (Turck-
Chieze, Piau & Couvidat 2011b). This is also true for thetrira side (see Table 3).

Table 3 shows the central conditions of the models and thaigiezl boron neutrino flux that
is largely temperature dependefit{ — 724). Its emission presents a maximum around 5% of the
central solar radius. So one may consider the seismic d¢el@ingity and temperature predictions as
the most probable values representing the Sun today. Tliemation is crucial in the search for
dark matter. In the case of WIMP candidates, one needs tedyogescribe the very central region.
The first detection of gravity modes and the agreement betwesr prediction and the observed
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Table 4 Observed solar density profile obtained by GOLF and MDI unsints located aboard
SOHAQ From Turck-Chiéze et al. (2001); Couvidat et al. (2003b).

r/Re Density (g cnm3) r/Re Density (g cnt3)
0.040-+ 0.029 135.35k 0.06 0.525+ 0.016 1.053Gk 0.0004
0.042+ 0.027 133.98t 0.07 0.537+ 0.015 0.934G+ 0.0004
0.050+ 0.03 127.86+ 0.06 0.550+ 0.015 0.8218+:0.0003
0.067+ 0.032 113.49t 0.05 0.562+ 0.015 0.7314 0.0003
0.082+ 0.025 101.03t 0.04 0.575+ 0.015 0.6449+ 0.0003
0.089+ 0.023 95.14+ 0.03 0.587+ 0.014 0.5752+ 0.0002
0.098-+ 0.027 88.72+ 0.02 0.600+ 0.014 0.5088t 0.0002
0.112+ 0.030 78.59+ 0.02 0.613+ 0.014 0.450#4: 0.0002
0.127+ 0.027 68.93f 0.02 0.625+0.014 0.4035+ 0.0002
0.138+ 0.026 62.53+ 0.018 0.638+ 0.013 0.3585k 0.00015
0.149+ 0.028 56.65+ 0.014 0.650f 0.013 0.3218+ 0.00014
0.163+ 0.028 49.84+ 0.012 0.663+ 0.013 0.2868t 0.00012
0.176+ 0.026 44,14+ 0.011 0.675+ 0.013 0.2584+ 0.0001
0.188+ 0.026 39.36+ 0.009 0.688+ 0.012 0.2315k 0.0001
0.200+ 0.026 34.999+ 0.008 0.700f 0.012 0.20974f 9.e-5
0.213+ 0.025 30.720k 0.007 0.713+ 0.011 0.18928t 8.e-5
0.225+ 0.024 27.164+ 0.006 0.725+ 0.011 0.17333t 7.5e-5
0.238+ 0.024 23.71°H 0.005 0.73H4 0.011 0.15814t 7.e-5
0.250+ 0.023 20.884+ 0.004 0.750f 0.010 0.14269 6.e-5
0.262+ 0.023 18.359t 0.003 0.763+ 0.01 0.12823+ 5.5e-5
0.275+ 0.022 15.935+ 0.003 0.775: 0.01 0.11575+ 5.6e-5
0.288+ 0.022 13.804f 0.0025 0.784-0.01 0.10403t 4.6e-5
0.300+ 0.021 12.074f 0.002 0.800f 0.0094 0.09218- 4.0e-5
0.312+ 0.021 10.554+ 0.0019 0.812+ 0.0091 0.0820@&: 3.60e-5
0.325+ 0.021 9.119+ 0.0016 0.825+ 0.009 0.07170Gt 3.1e-5
0.337+ 0.020 7.967 0.0014 0.837: 0.009 0.06290t 2.7e-5
0.350+ 0.020 6.881t+ 0.0013 0.85G+ 0.008 0.05404f 2.4e-5
0.363+ 0.020 5.943f 0.0011 0.862+ 0.008 0.04650t 2.0e-5
0.375+ 0.019 5.195+ 0.001 0.875+ 0.008 0.0389#4 1.7e-5
0.387+ 0.019 4.546+ 0.001 0.887 0.008 0.032612-1.4e-5
0.400+ 0.0185 3.937% 0.0008 0.900+ 0.0075 0.02632% 1.2e-5
0.412+ 0.018 3.4505+0.0008 0.912+ 0.007 0.0210828& 9.4e-6
0.425+ 0.018 2.9929+ 0.0007 0.925+ 0.007 0.015994% 7.2e—6
0.437+ 0.0176 2.6283t 0.0007 0.93# 0.007 0.011836% 5.4e-6
0.450+ 0.017 2.2872+ 0.0006 0.950+ 0.008 0.0079262% 3.7e—6
0.462+ 0.017 2.0139+ 0.0006 0.962+ 0.008 0.0048824% 2.4e—6
0.475+ 0.017 1.7562+ 0.0005 0.975+ 0.010 0.0022403 1.16e-6
0.487+ 0.016 1.5498t 0.0005 0.98A#-0.014 0.0005954 3.5e—7
0.500-+ 0.016 1.3562t 0.0005 0.990+ 0.060 0.00032% 3.e—7
0.512+ 0.016 1.2006+ 0.0004

values (see Tables 1 and 5) also show that the solar coresegiadion is reasonably well controlled,
even though one would be happy to improve the detection sktheodes (see Sect. 4).

2.5 Subsurface Layers, Manifestations and Origins of Cycke

We have shown that the seismic solar model is a good guidet tangiaternal physical description
of the solar radiative zone. But we have also mentioned tfreapbserved acoustic mode frequencies
vary and differ from the theoretical ones at high frequesicie

Table 5 gives some predicted values that illustrate thisdad Figure 6 shows the comparison
for all the acoustic modes detected by GOLF. One sees, camgpEable 5 to Table 1, or looking to
Figure 6, that below 2400Hz, the theoretical values generally agree with the obskineguencies
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Fig. 6 Normalized difference between observed GOLF frequencidsteeoretical frequencies of the
SSM using MLT convectiondiamond$, the Canuto description of convectidnigngles (Canuto &
Mazzitelli 1991), mean thermal descriptiarrgsseyand 3D simulation of Nordlund & Stein (2000)
(square$. From Piau et al. (2012).

Table 5 Some seismic model frequencies from Turck-Chieze et @D4a); Mathur et al. (2007)

0=1,n=-10: 625uHz | {=1,n = —4: 127.4pHz | £=2,n = —3: 222.1pHz | ¢=1,n = 1: 257.7uHz
£=0,n =10: 1548.9uHz | £=0,n = 16: 2364.41Hz | £=0,n = 25: 3585.7uHz | £=0,n = 35: 4964.3uHz

within about 1uHz (slightly more for the standard model) and that the défere increases with
frequency.

Above 240QuHz, the frequencies vary cyclically with the 11 year cycl®@pHz at maximum
and a second smaller periodicity in amplitude of about 2 yé&aclearly visible in all the data at all
frequencies (Fletcher et al. 2010; Simoniello et al. 20T difference between predictions and
observations is mainly due to a poor description of the I1&b2the solar radius{14 000 km from
the surface) and the variabilities could also come fromrtiggon.

Indeed, that region, just below the surface, has very richsios: at about —1.5% (about
—10000 km) the partial ionization of helium produces a strohgnge in the adiabatic exponent
and consequently in the opacity, then-&0.5% (—3500 km) there is an equivalent effect for hy-
drogen, see figure 1 of Lefebvre et al. (2009) and the consegsef a variation of radius. Above,
the superadiabatic region begins, the opacity decreadéegsly due to the formation of molecules,
and both radiation and convection transport the energyrobthe surface, then at —0.02% (—150 km)
there appears a turbulent peak in the 1D model. Rosenthla(£989) have shown that 3D modeling
of the convection in this region is useful to better desctifie turbulence. Indeed this phenomenon
is not so sharp in the simulation and influences the gas peedswn to —5000 km, practically the
first 1% below the surface. In coupling the 1D model to the 3Qletpusing the STAGGER code,
Nordlund & Stein (2000); Piau et al. (2012) have shown that/eation is chiefly responsible for the
differences in frequency between theoretical predictenms GOLF observations, at high frequency
(see Fig. 6). In 1D, the prescription of Canuto & Mazzitellp@1) already gives better results than
the mixing length theory (MLT), but the 3D simulation redadke differences between observations
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and predictions to within fHz. There is indeed another contribution of about& that comes from
non adiabatic effects.

Regarding variability, if it is generally believed that thagin of the 11 year cycle is located
at the level of the tachocline (transition between solicgtion to differential rotation at the base
of the convective zone, see Sect. 4), the manifestationeflthyear variability in the acoustic
mode frequencies (visible above 2408z, Fig. 3(a) helps to visualize the cavities corresponding
to the different frequencies) is located just below the aeaf(—0.1% or —700 km). In fact, at this
depth, the magnetic pressure is no longer negligible coetpiar the gas pressure. For the biennial
variability, a second dynamo is discussed but as there igtitodinal dependence and no variability
with frequency, one cannot exclude that this biennial ¢ffedue to some kappa mechanism in the
layers where helium or hydrogen opacities vary as the sub@itayers slightly move with time
because of activity (Lefebvre et al. 2009). If this is theezdbe origin of this perturbation could be
located in the region 1%—2% below the surface.

These variations in subsurface structure related to tla smgnetic cycle also cause variations
of the total solar luminosity on the order of 0.1%—-0.2%. Bgamstructing the total luminosity
variation during the last 7000 years from tHe variations produced by cosmic-ray fluctua-tions
induced by the 11 year solar cycle, it was possible to showdheh variations in luminosity are
quite common in the Sun (Passos et al. 2007). Furthermoriegihe last 500 years, the Sun shows
a clear trend of magnetic activity, well above the averagéhefprevious 6500 years. Its present
luminosity is larger than the average luminosity for theiqebr

At the end of this section, one can say that 8@HOsatellite, accompanied by networks and
neutrino detections, has impressively revealed the sathative zone and has shown magnetic vari-
abilities only coming from the subsurface region. Thesesolzions are nicely reproduced by more
sophisticated models than the standard one (see also pédietore of the Sun is better understood
today than any other stellar core, so it places the Sun atvdgged position for looking for con-
straints on dark matter, as was suggested 25 years ago hyebgePress (1985). At that time, the
motivation was to clarify the neutrino puzzle (Cox et al. @9&iraud-Heraud et al. 1990; Dearborn
et al. 1991; Kaplan et al. 1991); today the main objectivestarcontribute to determining some
properties of dark matter and motivate new efforts at detect

3 DARK MATTER

Dark matter is a fundamental ingredient in the evolutionha&f Universe. Its presence appears in a
multitude of cosmological observations and numerical sthans (Teyssier 2002; Springel et al.
2005; Teyssier et al. 2009), and is today firmly establishé@dimvthe framework of the standard
model of cosmology (e.g. Komatsu et al. 2011). In terms ofgneontents, our Universe is con-
stituted by about 4%aryonic matter 23%dark matterand 73%dark energy The presence of an
adding gravitational force attributed to dark matter hasrbidentified in the velocity of galaxies in
clusters, the rotation curves of galaxies, the cosmic miav@ background anisotropies, the veloc-
ity dispersion of dwarf spheroidal galaxies and is mostyike the origin of observed gravitational
lensing (Frieman et al. 2008). These facts suggest thatdahstitutive particles of dark matter re-
sponsible for this extra gravitational field are probablyssige, non-baryonic and non-relativistic,
and also interact weakly with regular baryonic matter (Beetet al. 2005).

Particle physicists have proposed several dark mattelidates based upon an extension to the
standard model of particle physics where the particleslassified in three groups: symmetric par-
ticles, asymmetric particles and exotic particles (Fent®0In the framework of observational and
theoretical cosmology, particles that include most of tfitcal properties are referred to as WIMPs.
They interact gravitationally with other particles andtssawith baryons on the weak scale. WIMPs
are among the most popular cosmological type of dark madiedidates. Such class of particles oc-
curs in several symmetric extensions of the standard mddehnticles, like the super-symmetric
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(SUSY) model (Jungman et al. 1996). In such a model, the MEKIP is the neutralino, which is a
stable particle, the lightest super-symmetric partiahel, a Majorana particle with a self-annihilation
cross section of the order of the weak-scale interactiarartalso be an asymmetric particle which
also has interactions with baryons at the weak-scale b tloisself-annihilate (Kaplan et al. 2009).
Unlike symmetric particles, these particles carry a corestcharge analogous to the baryon number
asymmetry. As a consequence of dark matter being asymmsieie is an unbalanced amount of
particles and antiparticles, introducing an asymmetriapeeter in the dark matter identical to the
so-called baryonic asymmetry. These asymmetric modelgesighat the fundamental asymmetric
particle has a mass of at least a few GeV (Cohen et al. 201Qy Kal. 2011).

3.1 Direct Dark Matter Search

The firm establishment of dark matter prompted the developmiedetectors built to demonstrate
the existence of dark matter by a direct detection of thetesgagy of dark matter particles with
baryons, or by finding a by-product resulting from the ariation of dark matter particles. Dark
matter particles interact through two types of scatterirugg sections: spin-independent (SI) cross
section or spin-dependent (SD) cross section. In genbeakdattering cross section is proportional
to the reduced mass of the system of colliding particleshéndase of heavy elements, the coher-
ent scattering cross section becomes proportional to tharegpf the atomic number of the target
nucleus. The spin-dependent scattering cross sectioe idaminant term for the collision of dark
matter particles with hydrogen and the spin-independeaitesing cross section is the dominant
term for the heavier elements (Lopes et al. 2011). The iotitark matter search is determined by
observational constraints obtained from the by-produictack matter annihilation such as gamma
rays or high-energy neutrinos, which are estimated frone#pected annihilation rates of dark mat-
ter which is gravitationally trapped inside large gravaagl fields, such as the galaxy’s center, the
center of the Sun or the center of the Earth (e.g., Bertonk 2085).

The principle of detection consists of measuring the endegpsited by the dark matter particle
or by its by-product. This approach is based on the fact it shatter particles or their by-products,
located in a dark matter halo, go through the detectors likeugh our Earth or the Sun. Most
of the related experiments have obtained upper bounds osctiitering cross section of nuclei
as a function of the mass of the dark matter particle (Hoop&aftz 2008). Nevertheless, each
experiment depends on the specific parameters of dark noattdidates that were being considered,
namely, the mass of the particle, the spin-dependent amdisgépendent scattering cross section
and the annihilation cross section. Several upper bounds iheen determined. In the case of the
spin-dependent scattering cross section, the upper kmiti3® cm? (Archambault et al. 2009).

In the case of the spin-independent scattering cross sectiost of the direct detection ex-
periments found null detection within the range of paramsster which the experiment was sen-
sitive, such as the XENONZ10/100 collaboration (Xenonl100aboration et al. 2012), the CDMS
collaboration (Ahmed et al. 2011) and the SIMPLE collabiora{Felizardo et al. 2012). Current
experimental upper exclusion limits are fixed for light devéitter € 16 GeV) to be of the order of
10739 — 10742 cm? (e.g., Lopes & Silk 2012). Nevertheless, there are a fewratkperiments that
are in contradiction with the previously mentioned oneswhith claim to have found evidence of
a positive detection. These are the DAMA/LIBRA and CoGeNpeariments (Bernabei et al. 2008;
Aalseth et al. 2011). These experiments detect the preséaeek matter using a different physical
principle, which takes into account the motion of the Earibuad the Sun (Drukier et al. 1986).
This result is also corroborated by the CRESST experimerwB et al. 2012) which also found
some unexplained events.

The interaction of the dark matter particle with baryonsdsally considered within the frame-
work of classical interaction between particles, but onenca exclude the case that the interaction
could be slightly different. Several authors (Hooper & KeB)11; Farina et al. 2011; Del Nobile
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et al. 2011) have proposed theoretical solutions that acwuaiate current positive detection exper-
iments with previous null ones, such as inelastic scatjef@mdothermic or exothermic reaction),
velocity suppressed interactions, momentum dependetiesog and resonant scattering. Among
them, one of the more appealing theoretical explanatiotts ¢®nsider that a dark matter particle
couples unequally to protons and neutrons of the collidingei (Kurylov & Kamionkowski 2004;
Giuliani 2005), a physical process usually referred to asgm violation.

3.2 Dark Matter Interaction Inside Stars

The formation of primordial stars occurred within a halo afkilmatter, a very common structure
at the beginning of the Universe. The most common substrestwere small, compact dark mat-
ter halos, usually referred to as mini-halos, and were tteedfia strong gravitational field that
attracts a large amount of baryons. The constant accregbiol the formation of the first clouds
of baryons. Some of these mini-halos became the birthplatteedirst generation of stars (Ricotti

& Gould 2009). These mini-halos later assimilated into éairdark matter structures, producing the
first galaxies. In the current Universe these dark mattewshaécame farther apart and less dense.
Nevertheless, it is believed that each spiral galaxy is insexin a dark matter halo.

The dark matter density in the solar neighborhood was esdiinéo be of the order of
0.2 — 0.8 GeV cm~3 from the motion of stars and molecular clouds in the Milky Wawrner
1986; Bertone et al. 2005). Presently the most reliablenegion (Catena & Ullio 2010) gives a
local density of dark mattespy; ~ 0.385 & 0.026 GeV cm 2. The dark matter in the solar neigh-
borhood is supposed to be constituted by particles in thiezqualibrium with a Maxwellian velocity
dispersion of the order &f70 km s~ (Jungman et al. 1996).

Nevertheless, in other regions of the local Universe, thik detter density is much higher, like
in the nucleus of galaxies, including that in the Milky Wayheldwarf spheroidal galaxies in the
Milky Way’s neighborhood have large mass-to-light ratidues which suggest that these galaxies
have a very large amount of dark matter, namely in the cemtgibns (Irwin & Hatzidimitriou
1995). In some cases, the density is expected to be ten miitites the dark matter density in the
solar neighborhood. In recent years, several ultra fainesmdal dwarf galaxies have been found in
the halo of the Milky Way that exhibit extremely low stellagrtbities (Willman et al. 2005). Some
of them present a very large mass-to-light ratio, implyimgrn to be completely dominated by dark
matter (Casas et al. 2012). While the dwarf spheroidal gedaxave mass-to-light ratios up to 100,
the ultra faint spheroidal dwarf galaxies have mass-totigtios of up to~1800, assuming the
satellites are in virial equilibrium.

For stars evolving within such a dark matter environmentstngiark matter particles will con-
tinue on their paths through the stellar interior unperegrtHowever, occasionally a few of them will
scatter off a baryon-nucleilosing part of their kinetic eyye Depending on the specific properties of
the dark matter particles, this loss of energy results irfdbethat the dark matter particle is trapped
in the stellar interior. The particle is no longer able tosgsethe stellar gravitational field, because
the velocity of the dark matter particle is smaller than theape velocity of the star. Consequently,
the more massive stars that have a larger escape velocityreaplarger amount of dark matter. A
dark matter halo located in the solar neighborhood has fdfoyedark matter particles with a mass
10 GeV; the total mass of dark matter accumulated duringbiigon of a low mass star like the
Sun is smaller tham0~'2 M. The contribution of dark matter to the total mass of theistéstally
negligible, but the presence of dark matter in the stelltariar changes the local properties of the
plasma, and by doing so will affect the evolution of the dtageneral, the evolution of a star within
a dark matter halo is very similar to the evolution of a regstar, but the presence of dark matter
causes a few important differences that can produce visitéets in the structure and evolution of
the star (Scott et al. 2009; Taoso et al. 2010; Lopes et all)201
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3.3 Implementation of WIMP Interactions in Stellar Codes ard the Solar Signature

The impact of dark matter on the evolution of a star happerwitih two basic mechanisms: the
modification of the energy transport within the differengicns of the star, and the creation of an
extra source of energy resulting from the annihilation akdaatter particles. The former mecha-
nism is more important for stars in a low density dark mat@ohlike in the solar neighborhood.
This is the case in a star like the Sun (Giraud-Heraud et &0;1Bearborn et al. 1991). The latter
mechanism is more pronounced in a high density dark matter héh several million times the
dark matter density of the solar neighborhood (Salati & $889). This type of scenario occurs in
stellar populations located in the center of galaxiesidicig the Milk Way, in certain stellar popu-
lations of spheroidal galaxies, or during the formatiornaffirst generation of stars in the primordial
Universe. In both cases, these effects are more pronoundéd icase of stars with low mass, for
which dark matter enhances the transport of energy andasesdts production inside the star in a
way that distinctively affects the evolution of the star.

The amount of dark matter present in the stellar core is maegulated by the capture rate of
dark matter. Capture rates of dark matter were first caledlay Press & Spergel (1985) in the case
of the Sun, by Gould (1987) for generic massive bodies, anBduyquet & Salati (1989) for main
sequence stars. Presently, in the most up-to-date codesapiture rate is computed numerically
from the integral expression of Gould (1987) implementedhdgcated in Gondolo et al. (2004).
The capture rate is proportional to the local dark mattessigmnd the scattering cross section of
baryon-nuclei and is inversely proportional to the massthadlispersion velocity of the dark matter
particle (Gould 1987). The equations are the following tbeaeview papers of Jungman et al. 1996;
Bertone et al. 2005; Taoso et al. 2010 for details)

dN
d—tX = C —2AN% — ENy, (9)
whereN is the number of WIMPS' the capture rated the annihilation rate an# the evaporation

rate. The latter one is generally considered to be negéddra WIMP mass greater than 5 GeV.
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wherev is about 27Gm s~ ! andv is about 22%km s~ *.
R
A= / €ann T2 4T p(1)dr. (112)
0

If one considers an equilibrium between capture and aratibil, A = C/2. This hypothesis is
often taken inside the Sun at the present age. The totaksogticross section of dark matter with
baryon-nucleiox n, is regulated by two leading parameters: the spin-depersterttering cross
section that is relevant for hydrogen, and the spin-inddpenscattering cross section that defines
the interaction of the dark matter particles with the heavyi@i.

In a star from population I, like the Sun, we can calculate ¢lapture of dark matter by the
following isotope elements: HHe, 12C, 1“N, 160, 2H, 3He, "Li, "Be, 3C, 1°N, 170 and’Be. The
spin-dependent scattering depends mainlyfqrand in the case of the spin-independent scattering,
the interaction with*He, 1N and 'O dominates. In final phases of stellar evoluti§fre, 2°Ne
and'%0 can also capture significant amounts of dark matter (Lopas 2011). The stellar codes
explicitly follow the capture rate of the dark matter padeg by the different chemical elements
presentinside the star, with some of them changing in isotipundance during the star’s evolution.
Both scattering processes occur simultaneously, nevesthdf the value of the spin-independent
scattering cross section is larger than a hundredth of thedgpendent scattering cross section,
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then the capture of dark matter particles is dominated bisamis with heavy nuclei, rather than by
collisions with hydrogen (Lopes et al. 2011).

The capture of dark matter by a star is a complex processatgliby several physical mech-
anisms that must be understood and their uncertaintiesrknoverder to permit a proper determi-
nation of the amount of dark matter being captured by the Atapng other parameters, it will be
important to precisely determine the following ones: asteflarameters, characteristics of the dark
matter halo, properties of the dark matter particles, ngntleé dark matter annihilation channels
and the interaction of dark matter particles with baryond.dpes et al. (2011) a detailed discussion
of the impact of such uncertainties on the capture rate df ahatter by the Sun and other low-mass
stars in different phases of the stellar evolution is presgkn

The impact of dark matter on the evolution of a star is morilasn low-mass stars, for which
the changes in energy transport caused by the local preséeek matter particles can compete
with the local transport of energy by photons. In dark mattdos of low density, the presence of
dark matter inside the star changes the transport of enleydicilitating the transfer of radiation
towards the surface of the star. The left panel of Figure Tvshe significant temperature change
in the core of the Sun due to the presence of WIMPs (Lopes & ZllkOb) and the right panel of
Figure 7, from Lopes & Silk (2010a), shows the impact of darktter on the different neutrino
fluxes for a couple of cross sections mentioned in the figypi@aand a specific dark matter mass
that leads to a reduction of the central temperature by 4%ebier, the calculations of the effect
of dark matter are now estimated not only on protons and hekargents but on all the species that
could be detected by neutrino detectors in the coming y&arsp et al. 2010; Lopes et al. 2011). In
dark matter halos with high density, the dark matter anailtih produces an extra source of energy
that changes the H-R evolution path of the star (Casanellagp®s 2011a). Such physical processes
become less significant in the case of more massive stars.

At the end of the eighties, the density of dark matter in thkarsneighbor was reasonably
estimated to be 0.4 GeV cm. The axial and vectorial cross sections were taken to beeobittier
of pbarns (1636 cm?). Since WIMPs act like a conductor, they thermalize the cord reduce
the central temperature. As a consequence, the predicted beutrino flux is reduced. A factor
of 2.5-3 was necessary to interpret the chlorine neutrisolt® by the presence of WIMPs, which
corresponds to a reduction of the central temperature bytat@o—-15%. At that time, we had
shown that if a solution was found for a large domain of mdss obtained result was contradicted
by the sound speed profile (Kaplan et al. 1991), even thouglptbfile was not so well determined
at that time. Of course we know now that this neutrino flux ititun was due to the fact that about
66% of the electronic neutrinos are transformed into andtaeor of neutrinos before reaching the
Superkamiokande detector.

The renewal of interest to look to the impact of dark mattethima Sun today comes from our
improved knowledge about the solar core and the hope to gt ¢tonstraints on these particles.
Four different kinds of detectors have produced a more @stigricture of the neutrino fluxes and
they all agree with the seismic neutrino flux predictiong thelude the change of neutrino flavors
(Turck-Chieze & Couvidat 2011). So the uncertainty in tle@tcal temperature is largely reduced
(< 0.5%). The detection of acoustic modes and the development cfeisenic model have shown
(see Sect. 2.3 and Tables 2, 3, and 5) that all the obsersatimth acoustic modes and boron
neutrino fluxes, privilege a slight increase of the centeabperature and a slight decrease of the
density in comparison with the SSM predictions. This effecpposite with regard to a signature of
WIMPs, so it can help to put limits on the properties of theasiples (Turck-Chieze et al. 2012).

To be complete or at least coherent between observatiorsalea needs to check the density
profile in the solar core. This information is largely detared by the gravity mode properties (see
Egs. (6) and (7)) for which we verified the coherence withre@snodel predictions.

Figure 8(a) illustrates the impact of the dark matter intdom for masses of dark matter between
3 and 12 GeV, relatively high spin dependent cross sectidrsali annihilating particles (Lopes &
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Fig. 7 Left Comparison of temperature profiles between SSM and modi¢leSun evolving in
different dark matter halos of non-annihilating particle&eV, 7 GeV, 10 GeV and 50 GeV (from
low to higher temperature). In these models, particlesactewith baryons with a spin-dependent
scattering cross section of the order2ok 1073% cm?, and spin-independent scattering cross sec-
tions of the order ofil0~*° cm? (no effect). The black curve with the highest central terapee
corresponds to the SSM (Lopes & Silk 2010Bjght Comparison of the predicted neutrino fluxes,
between SSM and models of the Sun evolving in halos of darkemahere dependent and indepen-
dent scattering cross sections with baryons are respsciv@<10>° cm? and 4.0<10™%° cm?.

The product of the self annihilation cross section and thetive velocity of colliding particles at
freeze-out is of the order of 1:0L0~3¢ cm3s~! (Lopes & Silk 2010a).
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Fig.8 (a) Comparison of the predicted perioffs , of the dipole gravity modeg = 1, between
SSM and models of the Sun evolving in a dark matter halo wittitdlating massive particles from
3t012 GeV. From Lopes & Silk (2010b). (b) Idem between GOL& &8M (ircles with error baj,
GOLF and seismic and SSM models ordsse} GOLF and SSeMgtary. Superimposed are DM
non annihilation models with a spin dependent cross secfidx 10~*%cn?® for respectively 5, 7
and 10 GeV (black, green and red line). From Turck-Chiezd. €2012).
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Fig.9 Left (a) Size of the convective core, and the calculated seipariameters: (b) mean large
separation (fot = 0, 1, 2, 3), (c) mean small separation (for 0) and (d) slope ofiro213, for 1 M,
stars that evolved in DM halos with different densitigs and SD WIMP-nucleon cross sections
oy,sD, When the stars reached a luminoslty= 1 L. See Casanellas & Lopes (2011b) for the
definitions of the seismic parameters. Right: Isochrones fduster of stars with masses between
0.7 Mg — 3.5 M, that evolved in a halo of DM with a densipy, = 10'° GeV cm? (continuous
lines) and for the same cluster in the classical scenario withddt(Bashed lines See Casanellas
& Lopes (2011a) for the details.

Silk 2010b) in comparison with the SSM model of Turck-Clei€Lopes (1993). The effect clearly
increases with the period (or with the ordgrof the modes and decreases with the dark matter mass.
This effect largely decreased when spin dependent crotisseecreases. A detailed analysis has
been done using both gravity modes and neutrinos in the doofalark matter cross sections that
are not rejected by previous analyses. No detectable signat the annihilation cross section has
been seen. For a spin dependent cross section b05%¢ cn? and a spin independent cross section
of 10740 cn?.

Figure 8(b) compares the period of the dipole gravity modesrfodels including dark matter
in the range of mass between 5 to 10 GeV to predictions of tiv1@8del, measured gravity modes
and predictions of the seismic model. This detailed consparidone also for other couples of cross
sections, does not favor any effect of dark matter. The cmtétion of all the results disfavor the
presence of non-annihilating WIMPs for masses smaller a2 GeV and spin dependent cross
sections greater than 52036 cm? (Turck-Chiéze et al. 2012). In fact, an analysis of the naod
beryllium neutrino results alone confirms these resultsafepin independent cross section greater
than3.0 x 10737 cm? (Lopes & Silk 2012). Such range of exclusion does not coittather works,
but could be in contradiction with the claim of possible @#tmn of these particles.

Such analysis will be pursued in the future with all the d#fet species of neutrinos and with
an extended range of detection of gravity modes in a futuaessmission (see Sect. 4).
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3.4 Dark Matter and Other Stars, Asteroseismology and Stedlr Clusters

The Sun is efficient in limiting the properties of dark mattandidates and the detection of both
gravity modes and neutrinos will continue to deliver morel amore constraints. But our Sun is
located in a dark matter halo region of very low density. Tlagdosis of certain dark matter candi-
dates can strongly improve if we choose to study the impadadf matter in other regions of the
Universe, where the dark matter density is much higher thahe solar neighborhood. A typical
example is the evolution of stars in the center of galaxiedobking toward the galaxy’s center,
locco et al. (2012) show that a signature must be visible étarsmass stars placed in DM den-
sities of px > 102GeV em™3. In these cases, their central region shows differencesdova
spin-dependent scattering cross sectign > 103" cm? and a DM particle mass as low as 5 GeV.

Another possibility is to study the effect on stars of diffet masses, different chemical compo-
sitions and other phases of evolution that can probe a diffexet of dark matter particle parameters.
Two independent diagnostic tools are quite adequate fdr syge of studies: the study of stellar
cluster populations and asteroseismology. This diagnasth be used in cases where dark matter
contributes to the transport of energy inside the star, ¢dhéncase of high density halos for which
the annihilation of dark matter particles produces an estiace of energy in the core of the star.
This is the case for stellar populations located in the dimlaenter or in dwarf spheroidal galaxies.
In some low-mass stars, the dark matter produces importemges to the local plasma leading to
the creation of a convective core which otherwise would badiative one (Scott et al. 2009). This
type of dark matter signature can be detected by means abastemology (see Fig. 9). The dark
matter can also be probed in stellar populations locatedgions with high dark matter density. In
effect, the evolution track of the star in a dark matter halald in certain cases follow quite dis-
tinct paths from a classical star, due to the energy prodbgeathrk matter in the stellar core. This
extra source of energy significantly prolongs the evolutibthe star in each stellar phase, makes
important changes to the global properties of the star, andequently also causes changes to the
Hertzsprung-Russell path for these stellar clusters (@akes & Lopes 2009, 2011a). The presence
of dark matter changes, in a very visible way, the main secgi@f stellar clusters, as shown in
Figure 9 right. Similar physical processes occur in the fijesteration of stars which have been
strongly influenced by the presence of dark matter (Scott 204.1; llie et al. 2012). The study of
stellar clusters in high density dark matter halos has thierial to put important constraints on
dark matter properties.

The study of the impact of dark matter on the evolution ofssiarthe local and primitive
Universe appears to be a very promising research field witarsity of applications of interest
for the study of dark matter and their implications for aptrgsics, cosmology and particle physics.

4 OPEN QUESTIONS
4.1 Radiative Transfer, Energetics, Sterile Neutrino and [@rk Matter

The previous section has shown the effect of WIMP dark matiadidates on the central region of
stars; in the present one, we extend our analysis to the wadiative zone of solar-like stars.

Figure 10 shows th8OHOresults, in terms of squared sound speed, density andoo{atbfiles
for the whole internal Sun. Figure 10(a) shows the diffeesrtetween observations given in Tables 2
and 4 and SSM or seismic model predictions. At the scale digliee, the error bars, superimposed
on the seismic model, are not clearly visible but are muchllemthan the differences between
observations and SSM predictions, as mentioned previolisBse differences clearly appear in the
radiative zone and at the surface. The effect at the surfanew reasonably well understood and
discussed in Section 2.5. Here we concentrate on the negliadine.

Up to now, the differences in the radiative zone have notivedea clear explanation. They
have been substantially increased by the introduction®féicently measured CNO photospheric
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Fig. 10 (a) Differences in squared sound spéef, —c2,.4)/c20q and density pobs — Pmod) / pmod

profiles between GOLF+MD8OHOand solar model predictions. Seismic model: full line + s
error bars, SSM model{—) using the most recent updated physics. These differemgesinto
account the most recent photospheric composition of Aspktral. (2009). See Turck-Chieze &
Couvidat (2011). (b) 2D representation of the internaltiotaextracted fronBOHO(GOLF+MDI)
acoustic modes and the gravity modes seen by the GOLF insirum

abundance. This fact is easily seen if one compares Figue 1@ the figures given in Couvidat
et al. (2003b) using the same data but published before ¢imgposition update. Some doubt was
raised on the quality of the CNO determination (Bahcall e28D5) or on the knowledge of neon
which is not observed in the photosphere, but the reductidheophotospheric CNO abundance
has been confirmed by different groups and definitively distadd by Asplund et al. (2009). This
revision, announced by Turck-Chiéze et al. (1993), suggme the oxygen anomaly of the Sun in
comparison with its neighbor and leads to a strong deviatfdhe observed sound speed compared
with the SSM one (see figs. 1 and 2 of Turck-Chieze et al. 2p04b

So, today the hypotheses of the SSM or some of its inputs alerwuspicion, in particular the
opacity coefficients of this model. It is a purely theoretiv@del with minimal structural equations,
and including no effect of radial differential rotation, ritdonal circulation or magnetic field. The
seismic model is useful today because it uses the same eqsiatit is built to reproduce the seismic
acoustic information by only modifying some inputs. It &l predictions of the other observables
and supports evidence of the coherence between them. Itlgiittto better understand the physics,
but it contributes to estimating the sensitivity of reansoonly a 1% change in the pp reaction rate
has beenintroduced in that model, and to opacities thattodezichanged by 3%—5%. A recent work
also shows that the discrepancies are not explained byahggort of momentum by rotation during
the main sequence, in fact, such an effect even slightleasas the differences (Turck-Chieze et al.
2010).
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The solar radiative transfer is naturally in question bseatlne sound speed is related to the
thermodynamical equations by the following relations

2y MOPE) T()
O RTOR 2

wherey; is the adiabatic exponent, aitj p, T', andy are respectively the pressure, density, temper-
ature and mean molecular weight at each mesh poibifferent aspects of this problem are under
study. The first question is the reliability of the opacityotdations at the level that we are looking
for. A 30% change in CNO composition has an impact of about 3% -6n the mean Rosseland
opacity in the radiative zone mainly below the base of theveotive zone, moreover the recent
composition enhances the role of iron in comparison to orygen is the only element partially
ionized in the whole radiative zone (Turck-Chieze et aB7,2009a). The accuracy of such opac-
ity calculations is about 5%, but elemental spectral cakioths can show larger variations that will
directly impact microscopic diffusion. It is why some comigan between opacity calculations are
under study and we hope for some progress in the coming Veatrsannot exclude some conse-
quent slight composition difference between the radiativee and the photosphere (Turck-Chiéze
etal. 2011b).

Another way to look to the same problem is to compare the aktgmperature of the Sun in
the seismic model and in the SSM, and translate the differénterms of extra lost energy. One
can interpret the result as a missing energy of about 5%—@%ighacould be attributed to other
contributors absent in the structural equations (Turcle@h Piau & Couvidat 2011b). It could be
due to the presence of kinetic energy, meridional circoltetir magnetic energy that has been lost in
the radiative zone during the last million years or it can be tb another transfer of energy.

Itis in that scheme that one can introduce the second caedifi@ark matter, the sterile neu-
trino. This particle in the keV range is not yet observed betreewed interest in this particle appeared
over the last few years in the interpretation of the reaatdinautrino flux anomaly (Mention et al.
2011). Itis interesting to notice that the impact of the tetise of such a particle on thBe neutrino
flux or on the calibration of the GALLEX solar neutrino expeent was estimated to be only a few
percent, which is largely inside the present uncertaitiggedictions compared to detections. Such
an uncertainty might be reduced in the future. Secondlystitrle neutrino seems to be a reasonable
candidate for warm dark matter with some advantages overdark matter (de Vega & Sanchez
2010). Of course due its potential mass, the effect of a sadiicfe on the energy transfer will have
neither a specific location in the Sun nor a specific signaand it will be very difficult to separate
this process from any other previously mentioned ones.

Another way to take into account dark matter in stars, withtoging to consider a specific
particle, is to introduce the component of dark matter ascars# source of gravitational potential,
as is generally done in most of the simulations of dark madtethe formation of structures in the
Universe or in the analytical approach to properly take atoount gas and dark matter dynamics
(Chieze et al. 1997). As far as we know, this approach has heen used in stellar evolution and it
would certainly be interesting to also consider such an@augr.

4.2 The Time Evolution of the Rotation Profile, the Young Sun ad the Present Sun

In previous sections, we have mainly discussed the intestaéic Sun and solar-like stars. A step
further is to put new constraints on the dynamics of the sioferior. A lot of works have been
dedicated to the convective zone and the dynamo of the elgamcycle. Here we concentrate on
the radial rotation profile of the radiative zone. It is pautarly difficult to extract, first because
one needs to avoid the bias due to the surface latitudinalti@r, secondly because the number of
modes useful for this extraction is reduced and the radi@lea@ontain no information on rotation.
The basic expression that links the splittihg, ¢ ,,, to the internal rotation is given by the following
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expression (Thompson et al. 2003) and 8@HOresults are shown in Figure 10(b)

R ,m
OVn,tm = m/ / Kg’é’m(r, 0)2(r, O)rdrdd. (13)
o Jo

Another difficulty in this exercise is due to the error barkeeted by the splitting values, as they
result from a difference in frequencies. A priori, thesdtiphs should not be directly affected by
the subsurface effects but to be cautious, the presentirggpditare generally deduced from subseries
of 72 days for the high degree splittings. Moreover, one sdedextract the rotation profiles at
different latitudes to follow how the latitudinal effect@ves with radius.

The dedicated effort of thEOHOconsortium has discovered evidence a rapid variation of the
rotation just below the surface and the presence of a taicieoat the base of the convective zone
(Spiegel & Zahn 1992; Thompson et al. 2003); the sudden sggfn of the differential latitudinal
rotation observed in the convective zone leads to solid bothtion in the whole radiative zone.
For the core rotation and the rest of the radiative zone,ispstudies have been pursued since the
launch ofSOHQ They show that the acoustic modes cannot extract any keliaformation on the
core below 0.2R, (Couvidat et al. 2003a; Mathur et al. 2008; Eff-Darwich & Kennik 2012). The
GOLF acoustic mode splittings are given in table 1 of Coutédal. (2003a), and they contribute to
a very flat rotation profile in the radiative zone outside thelear core. In that region, the analysis
of longer series confirms that there is no latitudinal dejeeice except perhaps at 60 degrees, as was
obtained recently by the most complete study of Eff-DarwicKorzennik (2012). These authors
perform a 2D internal solar rotation profile including latitnal variation from the inversions of MDI
64 * 72 days, which means the analysis of more than 10 yeardddfddta. If this fact is confirmed,
it will be interesting to understand its origin.

In the core, the two global analyses of the GOLF data at logueacy discussed previously
and the six dipole gravity splittings that vary from 860 nHimher frequency up to 900-950 nHz
around 6QuHz largely exhibit greater values than the splittings of ine degree acoustic modes
around 400 nHz (Garcia et al. 2011). So an increase of théantin the solar core by a factor 57,
as suggested in Turck-Chieze et al. (2004a); Garcia €2@07), continues to be largely supported
by the GOLF observations. Those observations will benefibfthe very long observation SOHO
while waiting for new observations with improved detectdsee the next section).

An increase of the rotation in the core has also been obsénv@dre evolved solar-like stars
(Bedding et al. 2011; Deheuvels et al. 2012). It is a natundl previously-modeled phenomenon
(Pinsonneault et al. 1989) from a theoretical point of viaw/the central rotation increases during
the contraction phases and the transport of momentum dtirehnmain sequence is a slow process.
But observations are crucial to give the order of magnitutléhis rotation increase in the core
because the hydrodynamical processes are associatediéttpoocesses like transport of momen-
tum by internal waves generated at the base of the convecthe(Charbonnel & Talon 2005) or by
transport of momentum due to the role of a potential fosstjnegic field (Eggenberger et al. 2005).

Recent detailed analyses of the transport of momentum layioat(Turck-Chieze et al. 2010;
Marques et al. 2012) show that the meridional circulatiolocity is very low in the radiative zone
during hydrogen burning. There is clear evidence of the@btbe tachocline layers, at least having
a barrier region of horizontal turbulent instability retiud from the two very different meridional
circulation velocities in the radiative and convective esnThey also show that the descriptions of
the pre-main sequence evolution and the end of hydrogeirguare certainly important parts of the
evolution that need to be improved for a correct understandf the hydrodynamical description of
the radiative zones inside solar-like stars. The coreimtatppears in the Sun and stars smaller than
predicted by models with only transport of momentum by iotgtand the core rotation of the Sun
appears as a relic of the first stage of the solar rotation apach corresponding to the formation
of planets. This stage certainly justifies a deeper studyevimagnetic activity would play a crucial
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Fig. 11 Left Comparison of the Fourier solar spectrum extracted frolocity (GOLF/SOHQ and
intensity (VIRGOSOHQ measurements. Derived from Stello et al. (20Right The GOLF-NG
prototype checked in a vacuum in the Saclay laboratory. Frorok-Chieze et al. (2008).

role, and even subsequently modeling the influence of graxates that also play a complementary
role in eroding the rotation profile.

4.3 Detection of Solar Gravity Modes in Future Solar Missiors

Progressing on the description of the radiative zone of theahd stars is certainly an objective of
the following decades. It is justified by gaining a better erstianding of the formation of stars and
planets. The solar paradox could result from a very poorrg#gm of the first stage of evolution
that could lead today to an incorrect time evolution of thmilosity during the first 50 Myrs (Turck-
Chieze, Piau & Couvidat 2011b), but as these regions afiewifto check in young stars, current
seismic observations represent a proven insight to cheokngptheoretical progress. A new effortin
detection is also totally justified by the important role @figr physics in more fundamental physics
as shown in this review. This is why several studies havedirdeen developed in parallel in recent
years.

The left panel of Figure 11 compares the velocity and intgrgpectra obtained simultane-
ously aboardSOHQ It shows the superiority of the first technique; the surfarbulence induces
a noise in the low frequency part of the intensity spectruat th reduced in velocity because the
measurement of the velocity shift obtained where a speliti@l(here sodium) is located, as said
previously, around 500 km above the photosphere and is fssitise to solar noise. It is also
clear that measuring the velocity is better because it thiréallows the phenomenon of oscilla-
tion v = Re[v,(r)Y,™(0, ¢)e~ 1.

4.3.1 GOLD, a space successor to GOLF and individual detedf neutrino fluxes

The space instrument GOLF, which was designed to improveioderstanding of the solar core,
has reached all its objectives. The small number of graviiges detected by this instrument is due
to their small amplitude and to the ageing of the instrum@mte believes also that some of these
modes are not as stable as previously believed along thedpefrobservations due to the instability
of the tachocline. Nevertheless, its fruitful producticasHargely demonstrated the ability of the
used technique, illustrated by the left panel of Figure 11.
So a new prototype has been implemented to improve the dapaifidetecting low degree

modes. The GOLF-NG conceptis a 15 point resonant scattspiectrophotometer (instead of 2 or 4
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in the case of GOLF), also observing the D1 sodium line andkingrin a vacuum to simulate space
conditions (Turck-Chiéze et al. 2006). The cell is plaged varying permanent magnet (from 0 to
12 kG), and the scattered light, resulting from, alterredyiMeft and right circular polarized incident
light, is extracted at eight different positions along ttedl.d=our outputs per position, connected
to optical fibers by some circular lens, are placed arounaéfiethus increasing the total photon
counting rate compared to other existing instruments, iota bf 31 outputs. The main objective
of this new concept is to reduce the instrumental and solses@nd consequently to increase the
sensitivity to low signals at low and high frequency. Theoedtly signals are measured at different
heights between 200 km and 800 km above the photospheragafderr or five simultaneous heights
that experience a different solar noise) to settle comdgain the variability of the emergence of the
magnetic field and on the time evolution of the modes. All thguired performances (increase the
counting rate by factor of 10, low instrumental noise in camgon to the statistical noise) have
been verified in the laboratory in thermal conditions as resapossible to space, by putting the
instrument in a vacuum, see the right panel of Figure 11. Aiatiinized version, called the GOLD
(Global Oscillations of Low Degree modes) instrument mwspkepared and launched into space
for the next mission dedicated to monitoring the Sun.

In parallel, the capability to detect low energy neutrinxéls and to separate the different con-
tributors (see the previous review of Turck-Chieze & Caiati(2011) for detailed information on
future developments) will improve the statistics of eactirse of neutrinos and knowledge about
the central temperature. A joint understanding of all theesiables will definitively establish which
processes actin the solar core and will even more stronglstcain the characteristics of dark matter
and the relative importance of different processes.

4.3.2 The world formation flying mission for the Sun-Earthreection

In ESA’s Cosmic Vision prospective, the concept of formatilying has appeared extremely well
adapted for the next space-based solar mission, allowimgrierm observations of the Sun (Turck-
Chieze et al. 2009b). This concept allows numerous comgiéany probes of the Sun onboard and
a permanent eclipse to obtain a good view of solar dynamies the core to the corona, vision that
has not yet been established. This approach will be usefelsiablishing the real impact of the Sun
on the Earth over the long term through its varying activityould be nice to have for the first time
a worldwide mission dedicated to space weather, spaceteliamal fundamental physics.

5 SUMMARY AND CONCLUSIONS

This review shows the detailed interplay between solar4dilars and dark matter. Of course, the Sun
is certainly not, a priori, the best object to look for darkttea But we have shown that due to its
unique place in our neighborhood and its privileged statua Eboratory of physics, the model of
its radiative interior has been dramatically improved aber last decade thanks to both neutrinos
and helioseismology. So the search for dark matter in itxiimt is totally justified. We have also
demonstrated, by tables and figures, the remarkable cateshbetween the different observables that
lead to an unprecedented vision of its deep interior, evitiisiftill incomplete. So we have deduced
from the knowledge of its central density and temperatun@gpendent constraints on the mass of
WIMPs, disfavored to be below 12 GeV, and cross sectionactans (see details).

Constraints on dark matter are strong but can still be imguldwy a detailed knowledge of the
solar core below 0.0R, through more detected gravity modes. A next generationsifuments
and space missions are proposed. We have shown that goagtatiseof the solar internal dynam-
ics through the rotation profile has been obtained withSHOsatellite, but one gets very few
indications of a direct manifestation of the inner magnggicl except very near the surface.

Of course, other sources or manifestations of dark mattgdbs WIMPs must be searched for
inside the Sun. We have mentioned the role of another catadittee sterile neutrino, but we have
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also argued that the effects of such a candidate will be diffio separate from other redistributions
of energy, such as kinetic, meridional or magnetic that areyet definitively introduced in the
structural equations, except for a first tentative step ieDet al. (2010). In this context, the 3D
simulations might be considered as a direction of progmesmrallel to secular 1D models when
they will be able to reproduce the dynamics of the real Sun.

In the present review, one has recalled that, beyond itspticel study, the Sun is not the best
star to look for dark matter; solar-like stars near the gatagenter would certainly be better can-
didates for this search due to the density of dark matterigrgion. The strong development of
asteroseismic investigation of stellar populations wibROT (Miglio et al. 2012) is very promis-
ing. It will be extremely interesting to compare the seisnaisults of these two locations (our local
neighborhood and the galactic center) to see if one can @estume positive signature of this myste-
rious matter. Moreover, late stages of evolution have aésmipresented as promising cases through
a new source of energy by annihilation of dark matter insteess

An armada of observational instruments will significantlgriease the accuracy of solar and
stellar data in the future, which will allow physicists tceufie Sun and stars as tools to test some of
the key ideas of modern fundamental physics, like new tiesaf gravitation, or inquire about the
existence of new particles. Among other applications, wersantion the use of solar neutrinos and
helioseismology data to test the validity of the experiraététermination of Newton’s Gravitational
constant (Lopes & Silk 2003) or determine the validity of ngnavitational theories proposed as an
alternative to general relativity (Casanellas et al. 20TRg European satellite GAIA will also be a
new important tool to better describe the dynamics of ouaxgal
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