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Stars to investigate Dark Matter
• Pioneer works:  Cosmions as a solution to the solar neutrino problem

[Steigman et al. (83), Spergel and Press (85), 

Krauss et al. (85), Gilliland et al. (86), Dearborn et al. (91)]

Use of helioseismology to test the WIMP hypothesis

[Faulkner et al. (86), Dappen et al. (86)]

• The Sun: solar neutrinos and helioseismology to constrain low-mass DM candidates

Dark matter impact in Stars (Sun and red giant stars, . . .)

[Gould, Bouquet, Dearborn, Freese, Raffelt,  Salati, Silk, . . .  ]

[Bottino, Bertone, Casanellas, Cumberbatch, Frandsen, Guzik, Lopes, Iocco, Panci, 
Meynet, Ricci, Scott, Silk, Taoso, Turck-Chièze, Watson, Vincent]

• Stars (including DM stars) and asteroseismology to constrain low-mass DM candidates

[Lopes, Casanellas, Silk,  . . .  Iocco, Kouvaris, Scott , . . .  ]



Stellar Modelling and Observations
Sun

EoS, opacities, nuc. reac. rates,...

Prediction of c(r) better of 1%

Stars

8B flux with accuracy of 3%

Star clusters, isochrones

Asteroseismology

Solar-like osc. ident. in hundreds 

Main sequence and red giants 

Using Stars to investigate Dark Matter

Helioseismology

Solar neutrinos



Dark matter particle candidates
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Dark matter particles 
(theoretical world)
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FIG. 1: (Color online) Several well-motivated candidates of DM are shown in the log-log plane of DM relic mass and �int

representing the typical strength of interactions with ordinary matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. This plot is an update of the previous figures [453, 562].

emerges from the Peccei-Quinn (PQ) solution to the strong CP problem and the neutralino which emerges from a
supersymmetric solution to the gauge hierarchy problem. In cases such as these and others, the relic abundance of DM
along with DM detection rates are calculable in terms of fundamental parameters, and thus subject to experimental
searches and tests.

Generally, DM relics are considered to be produced in the early Universe in (at least) two distinct ways. One
possibility involves DM particles generated in processes taking place in thermal equilibrium, which we will generically
refer to as thermal production (TP), and the relics produced this way will be called thermal relics. On the other
hand, non-thermal production (NTP), will refer to processes taking place outside of the thermal equilibrium, and the
resulting relics will be called non-thermal relics. The first class of processes will include the freeze-out of relics from
thermal equilibrium, or their production in scatterings and decays of other particles in the plasma. The second will
include, for example, relic production from bosonic field coherent motion or from out-of-equilibrium decays of heavier
states or from bosonic coherent motion.

Working within the Standard Model (SM) of particle physics, it is found that none of the known particles have
the right properties to constitute CDM. At one time, massive SM(-like) neutrinos were considered a possibility.
Measurements of the number of light neutrinos at LEP combined with calculations of their relic abundance rule out
this possibility [324].

Instead, the most often considered theoretical candidate for CDM is the weakly interacting massive particle, or
WIMP. It is worth stressing, however, that the WIMP is not a specific elementary particle, but rather a broad class

Baer et al. (2015)

Physics Reports

DM 'well-motivated' candidates: 
HDM (red), WDM (pink) and 
CDM (blue)

picobarn [1E-36 cm^2]. 



Following the evidence, let us now consider that our dark matter is somehow identical to the 
standard particles.

The obvious choice is to consider that dark matter (27%) is a mirror world of the standard 
particles (4%) - supersymmetry. However, the most complete models have 128 free parameters

Nevertheless, we choose to keep the dark matter world simple  . . .

The Early Universe – dark matter particles
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+ Coupling/Interaction +  dark particle 

standard particles    



Asteroseismology



Asteroseismology

COROT

Kepler
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Figure 1. Solar-like oscillating G-K giants observed in several CoRoT fields of view and by Kepler: projection on
the x − z plane.
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Figure 2. Projection on the Galactic plane of the stars shown in Fig. 1.
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Figure 3. Distribution of the derived absolute Ks magnitude of solar-like pulsating giants in CoRoT LRc01. The
vertical line shows the absolute magnitude of the Hipparcos red clump [12].
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Miglio et al. 2012 (EpJ conference)

Corot and Kepler missions (targets) 

Stars as natural detectors – oscillating stars
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• Corot’s objective  search for extrasolar planets and to measure solar-like oscillations in stars. Launch: 
December 27, 2006

•Kepler has been pointed at a single point in the sky (near the constellation Cygnus) and has been 
constantly monitoring over 100,000 stars. Launch: March, 2009

•Sun-like oscillations were discovered in 700 main sequence and sub-giant stars and in more than 
16 000 red giant stars in the solar neighbourhood. 

Kepler mission 



Asteroseismology

Oscillating stars in 
the HR diagram

Sun-like oscillations…



Helioseismology:  Space Instruments

·SoHO: Solar  and Heliospheric Observatory (2/12/1995) : 

·Three seismic Instruments: MDI , GOLF,  VIRGO

MDI-full-disk Dopplergram sequence 
shows solar "5-minute" oscillations. 

MDI Dopplergrams from high resolution 
field show solar oscillations. This data 
was observed with a 12-second 
cadence. 

12



Asteroseismology
GOLF: Whole-disk power spectrum
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Asteroseismology
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Asteroseismology

82 Asteroseismology of Solar-Type and Red-Giant Stars

Figure 1: Oscillation spectrum of the G-type main-sequence star in 16CygA

(KIC 12069424, HD186408), as observed by Kepler. Main plot: smoothed

frequency-power spectrum showing the frequency range containing the most

prominent modes in the spectrum, with annotations marking key frequency sep-

arations. (The smoothing filter was a double-boxcar filter of width 0.2µHz.) Top

left-hand inset: Plot of a wider range in frequency, showing the Gaussian-like

modulation (in frequency) of the observed powers of the modes. The frequency

of maximum oscillations power, νmax, lies at about 2200µHz. Top right-hand in-

sent: zoom in frequency showing rotational frequency splitting of the non-radial

l = 1, n = 20 mode. The raw spectrum is shown in light blue, and the smoothed

spectrum in black. The rotation axis of the star is inclined such that the outer

|m| = 1 components are visible (outer vertical dashed lines), but the inner m = 0

component is not as prominent (central vertical dashed line).

Oscillation spectrum of the G-
type main-sequence star in 
16CygA as observed by Kepler
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Huber (2014)
Asteroseismology

Stochastically
excited oscillations 
in stars with a 
convective 
envelope

Sun-like oscillations…
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Figure 3: Solar-like oscillation spectra of five stars observed by Kepler, using its

short-cadence data (see Section 3). Each star has a mass around 1M⊙. Stars

are arranged from top to bottom in order of decreasing νmax, i.e., decreasing sur-

face gravity. The top two stars – KIC8006161 and KIC12069424 (16Cyg A)

– are main-sequence stars. The third and fourth stars down – KIC6442183

(HD183159) and KIC 12508433 – are subgiants. The bottom star (KIC 6035199)

lies at the base of the RGB. Echelle diagrams of KIC12069424 and KIC6442183

may be found in Figure 2.

Asteroseismology

Main sequence and subgiant stars  (~ 1M⊙)

Kepler observations 

Asteroseismology of Solar-Type and Red-Giant Stars 85
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Figure 4: Solar-like oscillation spectra of five stars observed by Kepler, using

its long-cadence data (see Section 3). Each star has a mass around 1M⊙.

KIC 6949816 and KIC 9269772 are both first-ascent RGB stars. KIC3100193 and

KIC 7522297 are, respectively, RGB and RC stars sharing similar surface prop-

erties. Echelle diagrams of KIC6949816, KIC3100193 and KIC7522297 may be

found in Figure 2.

Solar-like oscillations 

Red giant stars  (~ 1M⊙)
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Hertzsprung-Russell diagrams showing
populations of stars with detected solar-like
oscillations (Detections made by the Kepler
mission): The large coloured circles mark
the stars whose spectra are plotted in the left
Figure. Solid lines in both panels follow
evolutionary tracks (Ventura, D’Antona &
Mazzitelli 2008). Asteroseismology of Solar-Type and Red-Giant Stars 85

      0

1.0e+04

2.0e+04

3.0e+04

4.0e+04

KIC 6949816  

      0

2.0e+04

4.0e+04

6.0e+04
KIC 9269772  

      0

5.0e+04

1.0e+05

1.5e+05

2.0e+05

KIC 3100193  

10 20 30 40 50 60 70 80 90 100 110
      0

5.0e+04

1.0e+05

1.5e+05

2.0e+05

KIC 7522297  

Frequency [µHz]

Po
w

er
 s

pe
ct

ra
l d

en
si

ty
   

[p
pm

2 /µ
H

z]

Figure 4: Solar-like oscillation spectra of five stars observed by Kepler, using

its long-cadence data (see Section 3). Each star has a mass around 1M⊙.

KIC 6949816 and KIC 9269772 are both first-ascent RGB stars. KIC3100193 and

KIC 7522297 are, respectively, RGB and RC stars sharing similar surface prop-

erties. Echelle diagrams of KIC6949816, KIC3100193 and KIC7522297 may be

found in Figure 2.

Asteroseismology
Chaplin & Miglio. ( 2014)



Sun-like oscillations…
Asteroseismology

Mosser (2014)
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Globular star cluster NGC 6791 (NASA/ESA Hubble Space 
Telescope):[Left] - This is a ground-based telescopic view of NGC 6791, 
located 13,300 light-years away in the constellation Lyra. The green inset 
box shows the view with Hubble's Advanced Camera for Surveys.[Top 
right] - The full Hubble Advanced Camera for Surveys field is full of stars 
estimated to be 8 billion years old. Two background galaxies can be seen 
in upper left.[Bottom right] - A zoomed view of a small region of the 
Advanced Camera for Surveys field reveals very faint white dwarfs. 

Globular cluster NGC 6791

Asteroseismology
(red giants)
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Asteroseismology
(red giants)

The blue circles identify hotter dwarfs that are 4 billion years old. 

The red circles identify cooler dwarfs that are 6 billion years old.



Asteroseismology

From the global seismic parameters stellar
masses and radii, 

Scaling relations
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2/32/12/1 −∝∝Δ RMρν

νΔ

Scaling relations
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maxν

Scaling relations
1/2

eff
21/2

effmax
−−− ∝∝ TMRgTν
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Amplitude distribution

Scaling relations
1/2

eff
21/2

effmax
−−− ∝∝ TMRgTν



Scaling relations

Amplitude distribution



Asteroseismology of solar-like oscillators

·Kepler mission 

Approx. 700 solar-type stars

Approx.16,000 red giants

Over 100 planet-hosting stars

28

Asteroseismology



Dark matter interaction 
with stars

(Stellar structure)



Capture Cooling Annihilation

𝐿"#$%,' = 𝑓' * 𝐶' 	* 	𝑚'

[Salati & Silk  ApJ 338 (1989)]

How does Dark Matter influence stars?

𝐿.#/01" ,' ∝ 𝑓(𝐶'	,𝑚')

[Gould & Raffelt ApJ 352 (1990)]

𝐶' ∝ 𝑓(	χ	,⋆)

[Gould, ApJ 321 (1987)]



How does Dark Matter influence stars?

DM Particle Physics DM Astrophysics Stellar physics

[Lopes, Casanellas & Eugénio, 

PhysRevD 83 (2011)]

[Gould, ApJ 321 (1987)]

Capture



How does Dark Matter influence stars?

DM Particle Physics DM Astrophysics Stellar physics

[Lopes, Casanellas & Eugénio, 

PhysRevD 83 (2011)]

[Gould, ApJ 321 (1987)]

Capture



How does Dark Matter influence stars?

DM Particle Physics DM Astrophysics Stellar physics

[Lopes, Casanellas & Eugénio, 

PhysRevD 83 (2011)]

[Gould, ApJ 321 (1987)]

Capture



Cooling

How does Dark Matter influence stars?
Impact of Dark Matter on stars

Reduction central temperature 

SUN:[ Spergel and Press, ApJ 294 (1985) 

Lopes, Bertone & Silk, MNRAS 337 (2002) ...]
[Taoso et al. Phys. Rev. D 82 (2010)]



Cooling

How does Dark Matter influence stars?
Impact of Dark Matter on stars

Reduction central temperature 

WHY OTHER STARS ?

M⋆ stronger DM impact 

[Casanellas & Lopes , ApJL 765 (2013)]



Cooling

How does Dark Matter influence stars?
Impact of Dark Matter on stars

Reduction central temperature 

Suppression of convective core in 1.1-1.3 Mo

C

R

C

WHY OTHER STARS ?

M⋆ stronger DM impact 



Cooling

How does Dark Matter influence stars?
Impact of Dark Matter on stars

Reduction central temperature 

Suppression of convective core in 1.1-1.3 Mo

WHY OTHER STARS ?

M⋆ stronger DM impact 
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How does Dark Matter influence stars?

DM Particle Physics DM Astrophysics Stellar physics

[Lopes, Casanellas & Eugénio, 

PhysRevD 83 (2011)]

Capture

Uncertainty in the physical parameters



Dark matter effects 
on a star’s observables

(Asteroseismology)



α Centauri binary system

Asteroseismology: limits to the DM characteristics



α Centauri binary system

Asteroseismology: limits to the DM characteristics

Radial p-mode (radial orders, l=0)



Casanellas & Lopes (2013)

Asteroseismology: limits to the DM characteristics



Asymmetric dark matter (with mx ~ 
5 GeV, σSD> 3 10-36 cm2 )  are 
excluded at 95% CL.

Observational prediction:
Suppression of the convective
core in 1.1-1.3Mo Main
sequence stars

43

Asteroseismology: limits to the DM characteristics



• Changes in the central 
temperatures and densities

Asteroseismology: limits to the DM characteristics



• Changes in the central 
temperatures and densities

• Suppression of the
convective core in 1.1-
1.3 Ms stars
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• Asteroseismology

• Changes in the central 
temperatures and densities

• Suppression of the 
convective core in 1.1-
1.3 Ms stars

Asteroseismology: limits to the DM characteristics



Dark matter (asymmetric) changes the transport of heat energy inside these stars 
(decreasing the central temperature).

Asymmetric dark matter (with mx ~ 5 GeV, σSD> 
3 10-36 cm2 )  are excluded at 95% CL.

Casanellas & Lopes (ApJ Letters, 2013)

Asteroseismology

Alpha Cent B (0.9 Mo)

Observational prediction: Suppression of the
convective core in 1.1-1.3Mo Main sequence stars
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Asteroseismology: limits to the DM characteristics



Dark matter effects 
on a star’s observables

(Stellar populations)



Observational prediction: The main 
sequence of these stars in the HR diagram 
will be different from the one known for 
population I stars.

·DM particles with a mx ~ 100 GeV and  σSD (with 
protons)  ~ 10−38 cm2

·For a cluster of stars (0.7-3.5 M⊙) in  DM halo (ρx ~ 1010

GeV cm−3, continuous lines) and classical scenario 
(dashed lines). 

51
Stellar Population

dark matter halo
Stars formed  in the dense dark matter halos 
(primordial Universe and core of galaxies) have 
their lives extended (slower evolution in the HD 
diagram), due to the energy produced by dark 
matter.   

Prediction: dark matter effect on a population of stars



Prediction: dark matter effect on a population of stars

Observational prediction: The main 
sequence of these stars in the HR diagram 
will be different from the one known for 
population I stars.

Stars formed  in the dense dark matter halos 
(primordial Universe and core of galaxies) have 
their lives extended (slower evolution in the HD 
diagram), due to the energy produced by dark 
matter.   

·DM particles with a mx ~ 100 GeV and  σSD (with 
protons)  ~ 10−38 cm2

·For a cluster of stars (0.7-3.5 M⊙) in  DM halo (ρx ~ 1010

GeV cm−3, continuous lines) and classical scenario 
(dashed lines). Stellar Cluster

M55 : 2.69×105 M☉, 
Age 12.3 Gyr
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Prediction: dark matter effect on a population of stars
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population I stars.
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Stars formed  in the dense dark matter halos 
(primordial Universe and core of galaxies) have 
their lives extended (slower evolution in the HD 
diagram), due to the energy produced by dark 
matter.   
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Stars formed  in the dense dark matter halos 
(primordial Universe and core of galaxies) have 
their lives extended (slower evolution in the HD 
diagram), due to the energy produced by dark 
matter.   
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Stars formed  in the dense dark matter halos 
(primordial Universe and core of galaxies) have 
their lives extended (slower evolution in the HD 
diagram), due to the energy produced by dark 
matter.   



Prediction: dark matter effect on a population of stars

Observational prediction: The main 
sequence of these stars in the HR diagram 
will be different from the one known for 
population I stars.

·DM particles with a mx ~ 100 GeV and  σSD (with 
protons)  ~ 10−38 cm2

·For a cluster of stars (0.7-3.5 M⊙) in  DM halo (ρx ~ 1010

GeV cm−3, continuous lines) and classical scenario 
(dashed lines). Stellar Cluster

Casanellas & Lopes (ApJ Letters 2011)
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Stars formed  in the dense dark matter halos 
(primordial Universe and core of galaxies) have 
their lives extended (slower evolution in the HD 
diagram), due to the energy produced by dark 
matter.   



Dark matter effects 
on a star’s observables

(Helioseismology & Solar Neutrinos)



Experimental Detection evidence: These DM models can also “explain” the positive results of direct detection 
experiments: DAMA. CoGeNT, CRESST  and CDMS-Si experiments, and the constraints coming from null results 
(CDMSGe , XENON100 and very recently LUX);

LSBs and CDM 7

Figure 3. Inner mass-density slope ↵ versus resolution rin of the
LSB rotation curves. Symbols with error bars are observational data.
Circles: de Blok et al. (2001a); squares: de Blok & Bosma (2002); open
stars: Swaters et al. (2003). The large asterisks near ↵ ⇠ �1, rin ⇠ 0
are the simulations by Hayashi et al. (2003). Curves indicate predicted
slopes for various core models (dots) and a NFW model (full line). See
de Blok et al. (2001b) for a full description.

CDM and its lack of cross-section it is unlikely that the slopes will decrease in
the dark-matter-only simulations (unless of course the properties of the dark
matter particle are changed). It is thus interesting to note that the problems
of CDM only become clear on length scales where the baryons start playing a
role (this applies to both the cusp/core problem as well as the missing dwarfs
problem). This indicates that baryon physics is one of the missing pieces of the
puzzle, and will very likely make a major contribution toward a solution (see,
for example, Sancisi, this volume).

Can observations of galaxy dynamics at scales larger than a kpc, where the
simulations do have predictive power and baryons may be unimportant, help
resolve the issue? The answer to this is yes and no. CDM makes a robust
prediction that the density of matter should drop o↵ as r�3 at large radii in
galaxies. However, finding such a drop-o↵ is not so much a triumph for CDM,
as it is a triumph for gravity. The r�3 behavior of dark matter at large scales is
simply the behaviour of any pressure-less medium under the influence of gravity.
The success of large-scale structure simulations has shown that at large scales
this is exactly how dark matter behaves. An r�3 drop-o↵ does not tell us how
dark matter behaves at small scales and large densities. Maybe the observed

Observational consequences (Galaxies cores): Resolves the cusp halo problem – DM becomes collisional: as a 
consequence the core of galaxies becomes in agreement with observations (see e.g. de Blok 2010), unlike numerical 
simulations (see e.g. Navarro et al. 2010)

Large scales - gravity dominates; 
Small scales – dark matter  (and baryons) interact

58

ρ (r) ~ rα

α=0 “const.  
ρ”    core   

α=-1 

“cusp” core   

Prediction: asymmetric dark matter effect on the Sun



Helioseismology: DM particles with a mass of 10 GeV and a long–range interaction with ordinary matter 
mediated by a very light mediator (below roughly a few MeV), can have an impact on the Sun’s sound speed 
profile without violating the constraints coming from direct DM searches.

Prediction: asymmetric dark matter effect on the Sun

59

DM-baryon velocity dependent 
interaction:

Helioseismology with Long 
Range  Dark Matter Baryon 
Interaction ”, 

(Lopes, Panci & Silk 2014)



Prediction: Solar models for which the DM particles have a mass of 10 GeV and the mediator a mass smaller 
than 1 MeV, improve the agreement with helioseismic data.

Helioseismology: DM particles with a mass of 10 GeV and a long–range interaction with ordinary matter 
mediated by a very light mediator (below roughly a few MeV), can have an impact on the Sun’s sound speed 
profile without violating the constraints coming from direct DM searches.
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Figure 3. The maximum sound speed difference ∆c2max = max
[

(c2mod − c2ssm)/c2ssm
]

in the full parameter space of DMLRI models

(ϵφ,mχ,mφ) once the constraint kχ = kΩχ (mχ) is imposed. Left panel: Parameter space projected in the (mχ, ϵφ) plane keeping fix
mφ = 10 keV; Central panel: Parameter space in the (mφ, ϵφ) plane considering mχ = 10 GeV; Right panel: Projection of the parameter
space in the (mχ,mφ) plane for a fix γφ = ϵφkΩχ (mχ) = 10−9. In all panels the red(blue) areas individuate the regions of the parameter

space where ∆c2max > 4%(∆c2max < 2%) while those in light green refer to the regions where the agreement with helioseismic data is better
than the SSM (2% < ∆c2max < 4%). All the DMLRI models in the red regions are excluded since they produce a large impact on the Sun’s
core sound speed profile. The DM halo in the Galaxy has been assumed in the form of an isothermal sphere with local energy density
ρ⊙ = 0.38 GeV/cm3 and velocity dispersion v0 = 220 km/s.

In Fig. 2 we compare the sound speed profile of SSM
with the sound speed computed by an inversion technique
from helioseismology data (Turck-Chieze et al. 1997;
Basu et al. 2009). The green square dots correspond
to the relative sound speed difference ∆cobs = (c2obs −
c2ssm)/c

2
ssm, where cssm and cobs are the sound speed from

SSM and helioseismic data. ∆cobs is smaller than 2%
throughout the solar interior, above 20% and below 90%
of the Sun’s radius. Although agreement between cssm
and cobs is very good, a discrepancy remains between the
present SSM and helioseismic data, from which there is
no obvious solution Turck-Chieze & Couvidat (2011). It
is worth noticing that the quality of the sound speed
inversion is highly reliable, as most of the helioseismic
data has a relative precision of measurements larger than
10−4. Contrarily, in the Sun’s inner core below 0.2 R⊙,
the seismology data available is quite sparse and con-
sequently the sound speed inversion is less reliable (cf.
Fig. 2). As pointed out by Turck-Chieze & Couvidat
(2011) the inversion of the sound speed profile in the
Sun’s inner core is limited by the low number acoustic fre-
quencies measured (see Table 1 in Turck-Chieze & Lopes
(2012) and references therein), as well as by the weak
sensitivity of the eigenfunctions of global acoustic modes
to the structure of the Sun’s core. This difficulty can
only be overcome with the positive detection of grav-
ity modes. Equally, in the most external layers of the
Sun, the inversion of the sound speed profile is not pos-
sible, mainly due to the fact that the inversion tech-
nique breaks down (acoustic oscillations are no-longer
adiabatic), as a complex interaction occurs between con-
vection, magnetic fields and acoustic oscillations (Gough
2012; Lopes & Gough 2001).
Accordingly, for the purpose of this study, we choose

to consider the theory-observation uncertainty to be of
the order of 4% rather than 2%. In the remainder of the
article we will refer to this value as the SSM uncertainty,
meaning the undistinguished uncertainty related to the
physical processes of the SSM or helioseismogy sound
speed inversion.

The DMLRI solar models were obtained in an identi-
cal manner to the SSM, by adjusting the initial helium
Yi and the mixing length parameter αMLT in such a way
that at the present age (4.6 Gyear), these solar mod-
els reproduced the observed values of the mass, radius
and luminosity of the Sun, as well as the observed pho-
tospheric abundance ratio (Z/X)⊙, where X and Z are
the mass fraction of hydrogen and the mass fraction of el-
ements heavier than helium, respectively. Fig. 2 shows a
comparison between SSM and different DMLRI models.
The different continuous lines correspond to the squared
sound speed difference∆c2mod = (c2mod−c2ssm)/c

2
ssm where

cmod is the sound speed of DMLRI solar models. These
models are obtained for a fiducial value of γφ = 10−9 and
different values ofmχ andmφ. The most important point
about Fig. 2 is the fact that there are some DMLRI so-
lar models that can resolve the current discrepancy with
helioseismology data, as ∆c2mod reproduces the observed
discrepancy ∆c2obs.
In DMLRI models, the DM impact is most visible in

the core of the star where the DM particles accumulate.
However, because the solar models are required to have
the current observed values of radius and luminosity, a
decrease of the production of nuclear energy in the Sun’s
core due to the reduction of the central temperature
(caused by the thermalisation of DM with baryons), is
compensated by an increase of the sound speed in the ra-
diative region. In Fig. 2 we show an illustrative DMGRI
solar model with benchmark parameters: mχ = 10 GeV,
mφ = 10 keV and γφ = 10−9 (black curve). Moreover,
all the DMLRI solar models have an identical impact be-
haviour on the solar structure, however, based upon the
parameters mχ and mφ it is possible to distinguish three
sets of models: i) DMLRI models for which the squared
sound speed difference is larger than the SSM uncertainty
(red curves); ii) DMLRI models for which the agreement
with the helioseismic data is better than the current SSM
(green curves); iii) DMLRI models for which the squared
sound speed difference is smaller than the SSM uncer-
tainty (blue curves). Although, there is a large set of

Helioseismology with Long Range  Dark Matter 
Baryon Interaction ”, Lopes, Panci & Silk, ApJ
2014)

(c2
dm-c2

ssm)/c2
ssm ~
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used seismic diagnostic, the depth of the solar convective
envelope RCZ , is determined by the temperature gradient
immediately below the convective envelope. In our DM
models, the gradient in this region is slightly steeper than
in the Standard Solar Model (SSM), leading to a mod-
est but measurable deepening of the convective envelope.
The lower core temperature leads to lower nuclear fusion
rates, which must be compensated for by increasing the
hydrogen abundance so that the integrated nuclear en-
ergy release accounts for L�. The initial helium mass
fraction and the present day surface value Ys are thus
lower in models where DM contributes to energy trans-
port. In general, helioseismic diagnostics are a↵ected by
changes in temperature (T ), mean molecular weight (µ̄),
and their gradients, as the solar sound speed varies as
�cs/cs ⇡ 1

2�T/T � 1
2�µ̄/µ̄ (neglecting here a small term

from variation of the adiabatic index �1). If ⌫n,` is the
frequency corresponding to the eigenmode of radial or-
der n and angular degree `, then the so-called frequency
ratios

r0,2 =
⌫n,0 � ⌫n�1,2

⌫n,1 � ⌫n�1,1
and r1,3 =

⌫n,1 � ⌫n�1,3

⌫n+1,0 � ⌫n,0
, (2)

are given by

r`,`+2(n) ⇡ �(4`+ 6)
1

4⇡2
⌫n,`

Z R�

0

dcs

dR

dR

R

, (3)

for n � 1. These are weighted towards the core, so give
information on the central region of the Sun [17]. In
this work we use solar data from BiSON [18], from which
ratios can be computed for n > 8.

The major technical advance here over earlier work
[7, 8, 13] is that we compute solar models using an ac-
curate treatment of energy transport and solar capture
by momentum-dependent DM-nucleon interactions. The
correct transport treatment is quite involved [19]. The
capture rate of q2-dependent DM by the Sun is [20]

C�(t) = 4⇡

Z R�

0

R

2

Z 1

0

f�(u)

u

w

2
X

i

�N,ini(R, t)
µ

2
i,+

µi

⇥⇥

 
µiv

2
esc(R, t)

µ

2
i,�

� u

2

!✓
m�w

q0

◆2

IFF du dR, (4)

where R� is the solar radius, m� the DM mass, vesc(R, t)
the local escape speed at height R in the Sun, f�(u)
the distribution of halo DM particle speeds u in the so-
lar frame, w ⌘

p
u

2 + v

2
esc, �N,i and ni are the DM-

nucleus scattering cross-section and local number den-
sity respectively for nuclear species i, µi ⌘ m�/mN,i,
µi,± ⌘ (µi ± 1)/2, and IFF is the form factor integral.
For hydrogen,

IFF =
µ

2
H,+

2µ2
H

"
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2
H
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4
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� u

4

w
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#
. (5)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
−6

−4

−2

0

2

4

6

8

10
x 10

−3

R/R⊙

δ
c s
/
c s

 

 

Modell ing error

Heliose ismology error

Standard Solar Model
Spin-Dependent ADM

Spin-Independent ADM

Momentum-dependent ADM

FIG. 1. Deviation of the radial sound speed profile (Sun �
model)/Sun in the solar interior from the values inferred
from helioseismological data, for the Standard Solar Model
(SSM) and three models of asymmetric dark matter (ADM).
Coloured regions indicate 1 and 2� errors in modelling (thick
blue band) and on helioseismological inversions [23] (thinner
green band). The combination (m�,���nuc) for each model
is chosen to give the best overall improvement with respect
to the SSM.

For heavier elements, assuming a Helm form factor gives

IFF =
µi

(Biµi)2

"
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✓
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2
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◆
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2, Bi

µi

µ

2
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!#
, (6)

with �(m,x) the upper incomplete gamma function.
Here Bi ⌘ 1

2m�w
2
/Ei, where Ei is a constant given in

[15] for each nuclear species.
Simulations of q

2 ADM in the Sun.— To study
the impact of q2 ADM on solar observables, we merged
the solar structure and dark stellar evolution codes
GARSTEC [5, 21] and DarkStars [22], then implemented
momentum-dependent transfer as per [19] and capture
as in Eq. (4), creating a precision dark solar evolution
package DarkStec. We computed solar models matching
(Z/X)�, R� and L� at the solar age t� over a grid of
ADM masses and cross-sections �0, for regular SI and
SD (spin-dependent) ADM, as well as q

2 momentum-
dependent SI ADM. We assumed passage of the Sun
at 220 km s�1 through a standard Maxwell-Boltzmann
halo with velocity dispersion 270 km s�1 and local DM
density 0.38GeV cm�3. On the basis of the observed
8B and 7Be neutrino fluxes, depth of the convection
zone, surface helium fraction and sound speed profile,
we selected the best-fit model within each of these grids:
for {SD, SI, q

2 SI} models, m� = {5, 5, 3}GeV and
�0 = {10�36

, 10�34
, 10�37} cm2.

In Fig. 1 we compare the sound speed profile predicted

Helioseismology: Asymmetric dark matter coupling to nucleons as the square of the momentum q exchanged in
the collision. Agreement with sound speed profiles, ect . . . . The best model correspond to a dark matter particle
with a mass 3 GeV and reference dark matter-nucleon cross-section (10−37 cm2 at q0 = 40 MeV)

“A possible indication of momentum-
dependent asymmetric dark matter in 
the Sun”, (A. Vincent et. al.  2015)
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DM-baryon velocity dependent 
interaction:

A possible indication of momentum-dependent asymmetric dark matter in the Sun

Aaron C. Vincent,1 Pat Scott,2 and Aldo Serenelli3
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Broad disagreement persists between helioseismological observables and predictions of solar mod-
els computed with the latest surface abundances. Here we show that most of these problems can be
solved by the presence of asymmetric dark matter coupling to nucleons as the square of the momen-
tum q exchanged in the collision. We compute neutrino fluxes, small frequency separations, surface
helium abundances, sound speed profiles and convective zone depths for a number of models, show-
ing more than a 6� preference for q2 models over others, and over the Standard Solar Model. The
preferred mass (3GeV) and reference dark matter-nucleon cross-section (10�37 cm2 at q

0

= 40MeV)
are within the region of parameter space allowed by both direct detection and collider searches.

Introduction.— Since the downwards revision of the
solar photospheric metallicity [1], a number of discrep-
ancies have appeared between models of the solar in-
terior and helioseismology. Models computed with the
revised photospheric abundances show poor agreement
with the observed depth of the convection zone, sound
speed profile, surface helium abundance and small fre-
quency separations [2, 3]. A number of explanations have
been proposed [4, 5], some based on axion-like particles
[6] or modified energy transport in the solar interior due
to dark matter (DM) [7, 8], but none has proven com-
pelling.

Here we demonstrate that the existence of weakly-
interacting asymmetric dark matter (ADM; [9]) with a
mass of a few GeV can explain most of these anoma-
lies, if (and only if) the strength of the interaction be-
tween DM and nucleons depends on the momentum q

exchanged between them. In particular, we find a more
than 6� preference for a coupling proportional to q

2. Un-
like weakly-interacting massive particles (WIMPs), the
motivation for ADM comes from the baryonic sector of
the standard model, and relies on an initial asymmetry
between DM and anti-DM to generate the correct relic
abundance. Crucially, this can lead to an absence of self-
annihilation today, allowing large quantities of ADM to
accumulate in stars like the Sun.

Momentum-dependent dark matter.— The scat-
tering cross-section between DM and nucleons can de-
pend on both the relative velocity of the colliding par-
ticles (vrel) and the momentum that they exchange (q).
The first term in series expansions of the cross-section is
independent of both vrel and q, and dominates in mod-
els such as supersymmetry. In other models, this term
is suppressed, and the leading contribution comes from
terms with a non-trivial dependence on vrel or q [10]. At
low masses, such a dependence has been one of the theo-
retical mechanisms proposed to reconcile various anoma-
lies in direct searches for dark matter [11].

Here we focus on an e↵ective spin-independent (SI)
elastic cross-section between DM � and nucleons of the
form

���nuc = �0

✓
q

q0

◆2

, (1)

where q0 is a reference momentum used to normalise the
scattering cross-section; we choose q0 = 40MeV, which
corresponds to a typical nuclear recoil energy of ⇠10 keV
in direct detection experiments. Such a q

2 SI form to
the cross-section can arise from, e.g. e↵ective DM-quark
operators like �̄�5�q̄q and �̄�µ⌫�5�q̄�

µ⌫
q [12]. The for-

mer operator is particularly appealing in its simplicity,
arising from the exchange of a pseudoscalar mediator.
Helioseismology and dark matter.— The impacts

of DM-nucleon scattering on helioseismology and stellar
structure have been well studied [7, 8, 13, 14]. Weakly-
interacting DM from the Galactic halo is captured when
it passes through the Sun, scatters onto a bound orbit
[15], undergoes repeated additional scattering and en-
ergy loss, and eventually settles into the solar core. DM-
nucleon scattering provides an additional means of con-
ductive energy transport: DM particles absorb energy
in the hottest, central part of the core, then travel to a
cooler, more distal region before scattering again and re-
depositing their energy [16]. This decreases the tempera-
ture contrast over the core region and reduces the central
temperature. The cooler core produces fewer neutrinos
from the most temperature-sensitive fusion reactions, so
the 8B and 7Be neutrino fluxes observed at Earth can
be noticeably reduced. This is accompanied by a smaller
increase in the pp and pep fluxes, as required by the con-
stancy of the solar luminosity.
The structural changes in the core shift the balance be-

tween gravity and pressure elsewhere, leading to global
readjustments in models constrained to fit the solar ra-
dius R�, luminosity L� and metal to hydrogen abun-
dance ratio (Z/X)� at the solar system age t�. A widely
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Helioseismology: The dipole interaction can lead to a sizable DM scattering cross section even for light DM, and asymmetric 
DM can lead to a large DM number density in the Sun. We find that solar model precision tests, using as diagnostic the sound 
speed profile obtained from helioseismology data, exclude dipolar DM particles with a mass larger than 4.3 GeV and 
magnetic dipole moment larger than 1.6 × 10−17 e cm.

“Constraint on Light Dipole Dark Matter from Helioseismology”, Lopes, Kadota & Silk , ApJL 2014
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Figure 1. Comparison of the sound speed radial profile between the SSM
(Lopes & Turck-Chieze 2013) and different solar models evolving within an
environment rich in MDDM. The red-green-dotted curve corresponds to the
difference between inverted sound speed profile (Turck-Chieze et al. 1997; Basu
et al. 2009) and our SSM (Turck-Chieze & Lopes 1993; Lopes & Turck-Chieze
2013). The continuous curves correspond to DM particles that have a mass mχ

of 1–20 GeV (blue curve mχ ! 8 GeV, red curve 8 ! mχ ! 12 GeV and cyan
curve mχ " 12 GeV) and a magnetic dipole that takes values from 10−15 e cm
to 10−19 e cm. In the core of the Sun, the variation caused by the presence of
MDDM is much larger that the current sound speed difference between theory
and observation.
(A color version of this figure is available in the online journal.)

The solar models evolving in different MDDM halos are
obtained by a similar procedure to the SSM. Likewise these
models are required to have the observed solar radius and
luminosity at the present age. In our description of the impact
of DM on the evolution of the Sun, we closely follow recent
developments in this field (Cumberbatch et al. 2010; Lopes et al.
2011; Lopes & Silk 2012b, 2012a; Casanellas & Lopes 2013).
A detailed description of how this process is implemented in
our code is discussed in Lopes et al. (2011).

The accumulation of MDDM particles inside the Sun reduces
the temperature in the Sun’s core and, as a consequence, the
sound speed drops, but is compensated for by an increase of
sound speed in the radiative region and the convection zone
(see Figure 1). This results from the fact that these solar models
are required to have a radius and luminosity consistent with
observations. The calibration follows an iterative procedure
identical to the one used to compute the SSM. In principle, we
could use the sound speed and density profiles obtained from
inversion of helioseismology data as a diagnostic tool, however,
we prefer to use the sound speed because only frequencies
of acoustic modes are observed, consequently sound speed
inversion is the more reliable diagnostic method. In the future,
if frequencies of gravity modes are measured with success, the
density profile could become an independent method to probe
the Sun’s core. Figure 1 shows that the sound speed differences
of the solar models computed for different values of mχ and µχ

are quite distinct from the sound speed difference of reference.
This effect is more important for DM particles of relatively low
mass and high magnetic moment. In the case of particles with a
very low mχ , the impact on the sound speed difference profile
becomes insignificant due to the occurrence of DM evaporation.
Although the DM affects the whole internal structure of the star
equally, we focus our analysis on the Sun’s core where the
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Figure 2. Exclusion plot for magnetic dipole DM parameter space (mχ –µχ )
from present day low-Z SSM and helioseismology data. The possible candidates
must lie in the light region, above the iso-contour with 2%. The different isocon-
tour curves represent the maximum difference, i.e., max [(c2

mod − c2
ssm)/c2

ssm] in
the region below 0.3 R⊙—the percentage of the maximum sound difference
between the SSM and the MDDM solar models. The MDDM halo is assumed
to be an isothermal sphere with local density ρχ = 0.38 GeV cm−3, and thermal
velocity (dispersion) vth = 270 km s−1.
(A color version of this figure is available in the online journal.)

direct impact of DM is detected. It is reasonable to consider
that for solar models for which the sound speed difference is
larger than the sound speed difference of the reference model,
or equivalently if this difference is larger than 2%, then these
solar models can be excluded on the basis that they cannot be
accommodated with our current understanding of the physics of
the solar interior. It is true that in the Sun’s deep core the sound
speed difference of the reference solar model still contains a few
uncertainties coming either from an insufficient description of
the physics of the SSM, or poor inversion of the sound speed
profile due to a lack of low degree seismic data. It is believed
that some of the current problems in the SSM are related to
abundances and opacities below the base of the convection zone,
but these localized uncertainties do not affect the core of the
Sun where this diagnostic is done. Moreover, their effect on
the Sun’s structure will be smaller than the observational sound
speed difference. Nevertheless, this uncertainty is at most of the
order of 1.5%. Alternatively, if we choose to use as reference a
high-Z SSM, as the sound speed difference with observations is
of the order of 0.3%, the constraint on the MDDM parameters
could be stronger. Nevertheless, due to the problem related
to the chemical composition in the solar interior (Serenelli
et al. 2011), we take the conservative approach of using the
low-Z SSM which has the largest observational uncertainty as
the reference.

Figure 2 shows the MDDM exclusion plot computed for
different values of mχ and µχ . We choose as diagnostic the
value corresponding to the maximum difference between the
square of the sound speed of the SSM and the sound speed of
the DM solar models. There is a region of the parameter space
for the relatively light DM 4.0 ! mχ ! 20.0 GeV and with
magnetic moment µχ " 10−17 e cm for which the sound speed
difference is larger than 2%. Accordingly, these models can be
rejected. We find the quantitatively same exclusion limits on the
MDDM parameters even if we use the density profile, rather

3
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Figure 1. Comparison of the sound speed radial profile between the SSM
(Lopes & Turck-Chieze 2013) and different solar models evolving within an
environment rich in MDDM. The red-green-dotted curve corresponds to the
difference between inverted sound speed profile (Turck-Chieze et al. 1997; Basu
et al. 2009) and our SSM (Turck-Chieze & Lopes 1993; Lopes & Turck-Chieze
2013). The continuous curves correspond to DM particles that have a mass mχ

of 1–20 GeV (blue curve mχ ! 8 GeV, red curve 8 ! mχ ! 12 GeV and cyan
curve mχ " 12 GeV) and a magnetic dipole that takes values from 10−15 e cm
to 10−19 e cm. In the core of the Sun, the variation caused by the presence of
MDDM is much larger that the current sound speed difference between theory
and observation.
(A color version of this figure is available in the online journal.)

The solar models evolving in different MDDM halos are
obtained by a similar procedure to the SSM. Likewise these
models are required to have the observed solar radius and
luminosity at the present age. In our description of the impact
of DM on the evolution of the Sun, we closely follow recent
developments in this field (Cumberbatch et al. 2010; Lopes et al.
2011; Lopes & Silk 2012b, 2012a; Casanellas & Lopes 2013).
A detailed description of how this process is implemented in
our code is discussed in Lopes et al. (2011).

The accumulation of MDDM particles inside the Sun reduces
the temperature in the Sun’s core and, as a consequence, the
sound speed drops, but is compensated for by an increase of
sound speed in the radiative region and the convection zone
(see Figure 1). This results from the fact that these solar models
are required to have a radius and luminosity consistent with
observations. The calibration follows an iterative procedure
identical to the one used to compute the SSM. In principle, we
could use the sound speed and density profiles obtained from
inversion of helioseismology data as a diagnostic tool, however,
we prefer to use the sound speed because only frequencies
of acoustic modes are observed, consequently sound speed
inversion is the more reliable diagnostic method. In the future,
if frequencies of gravity modes are measured with success, the
density profile could become an independent method to probe
the Sun’s core. Figure 1 shows that the sound speed differences
of the solar models computed for different values of mχ and µχ

are quite distinct from the sound speed difference of reference.
This effect is more important for DM particles of relatively low
mass and high magnetic moment. In the case of particles with a
very low mχ , the impact on the sound speed difference profile
becomes insignificant due to the occurrence of DM evaporation.
Although the DM affects the whole internal structure of the star
equally, we focus our analysis on the Sun’s core where the
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Figure 2. Exclusion plot for magnetic dipole DM parameter space (mχ –µχ )
from present day low-Z SSM and helioseismology data. The possible candidates
must lie in the light region, above the iso-contour with 2%. The different isocon-
tour curves represent the maximum difference, i.e., max [(c2

mod − c2
ssm)/c2

ssm] in
the region below 0.3 R⊙—the percentage of the maximum sound difference
between the SSM and the MDDM solar models. The MDDM halo is assumed
to be an isothermal sphere with local density ρχ = 0.38 GeV cm−3, and thermal
velocity (dispersion) vth = 270 km s−1.
(A color version of this figure is available in the online journal.)

direct impact of DM is detected. It is reasonable to consider
that for solar models for which the sound speed difference is
larger than the sound speed difference of the reference model,
or equivalently if this difference is larger than 2%, then these
solar models can be excluded on the basis that they cannot be
accommodated with our current understanding of the physics of
the solar interior. It is true that in the Sun’s deep core the sound
speed difference of the reference solar model still contains a few
uncertainties coming either from an insufficient description of
the physics of the SSM, or poor inversion of the sound speed
profile due to a lack of low degree seismic data. It is believed
that some of the current problems in the SSM are related to
abundances and opacities below the base of the convection zone,
but these localized uncertainties do not affect the core of the
Sun where this diagnostic is done. Moreover, their effect on
the Sun’s structure will be smaller than the observational sound
speed difference. Nevertheless, this uncertainty is at most of the
order of 1.5%. Alternatively, if we choose to use as reference a
high-Z SSM, as the sound speed difference with observations is
of the order of 0.3%, the constraint on the MDDM parameters
could be stronger. Nevertheless, due to the problem related
to the chemical composition in the solar interior (Serenelli
et al. 2011), we take the conservative approach of using the
low-Z SSM which has the largest observational uncertainty as
the reference.

Figure 2 shows the MDDM exclusion plot computed for
different values of mχ and µχ . We choose as diagnostic the
value corresponding to the maximum difference between the
square of the sound speed of the SSM and the sound speed of
the DM solar models. There is a region of the parameter space
for the relatively light DM 4.0 ! mχ ! 20.0 GeV and with
magnetic moment µχ " 10−17 e cm for which the sound speed
difference is larger than 2%. Accordingly, these models can be
rejected. We find the quantitatively same exclusion limits on the
MDDM parameters even if we use the density profile, rather
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ABSTRACT

We investigate the effects of a magnetic dipole moment of asymmetric dark matter (DM) in the evolution of the
Sun. The dipole interaction can lead to a sizable DM scattering cross section even for light DM, and asymmetric
DM can lead to a large DM number density in the Sun. We find that solar model precision tests, using as diagnostic
the sound speed profile obtained from helioseismology data, exclude dipolar DM particles with a mass larger than
4.3 GeV and magnetic dipole moment larger than 1.6 × 10−17 e cm.

Key words: cosmology: miscellaneous – dark matter – elementary particles – primordial nucleosynthesis –
Sun: helioseismology
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1. INTRODUCTION

The universe is composed of baryons and unknown nonbary-
onic particles, commonly called dark matter (DM). Although the
gravitational interaction between baryons and DM is well es-
tablished, other types of interactions with the standard particles
are less well known.

Several experiments seek to detect the DM particle by
observing its scattering off nuclei, by detecting some by-product
resulting from its annihilation into high energy particles, or by
producing them in accelerators through the collision of standard
particles. The goal is for one or more of these experiments to
obtain a signal of the DM interaction, other than the well-
known gravitational interaction. The first positive hints of
direct DM observations are intriguing, although controversial:
DAMA/LIBRA (Bernabei et al. 2010), CoGeNT (Aalseth et al.
2011), CRESST (Angloher et al. 2012) and CDMS (Agnese
et al. 2013b) collaborations report indications of positive signals
which do not comply with standard explanations of weak
interacting massive particle interactions. Furthermore, other
collaborations, such as XENON (Aprile et al. 2012) and CDMS
(Agnese et al. 2013a), can nearly exclude the positive results
found by the previous experiments.

This experimental data has stimulated interest in light DM
!10 GeV as a candidate. For the purpose of illustrating the po-
tentially stringent constraints on light DM, we consider an op-
erator which can induce large enough DM-nuclear interactions
even for small momentum transfer due to a small DM mass. One
of the simplest extensions of the standard model for this purpose
would be the dipole operator which is the only gauge invariant
operator up to dimension five, letting fermionic DM with an
intrinsic dipole moment couple to the photons (Bagnasco et al.
1994; Sigurdson et al. 2006; Masso et al. 2009; Heo 2010). Such
magnetic dipole dark matter (MDDM) can successfully explain
recent claims of direct detections, including DAMA/LIBRA
and CoGeNT (An et al. 2010; Barger et al. 2011). Moreover,
several constraints have been set on MDDM using direct search
data (Lin & Finkbeiner 2011; Del Nobile et al. 2012), astro-

physical and cosmological observations (Fukushima & Kumar
2013) and the Large Hadron Collider data (Fortin & Tait 2012;
Barger et al. 2012).

Here, we use helioseismic data to set constraints on asym-
metric MDDM. In particular, we focus on the solar sound speed
radial profile, for which there is a reliable inversion obtained
from seismic data (Basu et al. 2009; Turck-Chieze et al. 1997).

2. PROPERTIES OF MAGNETIC DIPOLE DARK MATTER

This study focuses on the DM fermion χ which couples
to the photon by the magnetic dipole interaction Lagrangian
LMDDM = (µχ/2)χ̄σµνF

µνχ where Fµν is the electromagnetic
field strength tensor, σµν is the commutator of two Dirac
matrices and µχ is the magnetic dipole moment. We notice this
interaction vanishes for Majorana fermions, so the fermionic
DM particle has to be Dirac.

The fermionic DM particle with a magnetic dipole moment
arises in many models of DM, including among others models
related to technicolor (e.g., Foadi et al. 2007). In particular,
we are interested in the case of the interaction of DM with
the baryons that takes place by means of a massless mediator
to yield long-range interaction, a process quite distinct from
the contact-like interaction (Del Nobile & Sannino 2012; Del
Nobile et al. 2012). The photon is the obvious mediator, among
more exotic candidates such as the dark photon (Fornengo et al.
2011; Chun et al. 2011).

The DM differential scattering cross section with respect to
the nuclei recoil energy ER off the nucleus with a spin I with
a DM particle of spin Sχ , via the electromagnetic interaction
between the nuclear magnetic moment µZ,A (of a nucleus of
mass A and charge Z) and the magnetic moment µχ of the DM
particle, is described by (Barger et al. 2011):

dσχ

dER

=
e2µ2

χ

4πER

Sχ + 1
3Sχ

[AE|GE|2 + BM |GM |2], (1)

where AE and BM are the electrical and magnetic moment
terms, and GE(ER) and GM (ER) are the nuclear form factors

1

𝝁𝝌 is the magnetic dipole moment
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•  K2: Kepler observing near the ecliptic (done)

•  TESS (launch in 2017)

– All-sky survey, 1 min. cadence
for all targets

•  PLATO (possible launch 2022 – 2024)
– Large fields, bright stars.

Asteroseismology of planet hosts

an integrated part of the project

ESA M3 selection in Febr. 2014

Future Missions 



PLATO observing strategy
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Baseline observing strategy:

• 6 years nominal science operation

• 2 long pointings of 2-3 years + step-and-stare phase (2-5 months per pointing)



Conclusion  
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Asteroseismology and Dark matter in Stars

• Internal rotation (Subgiant stars, MS 
star)

• Helium ionization and convection zones

• Excitation and damping (mode physics)

• Stellar cycle and activity

• Atmosphere: surface effect, 
asymmetries

• Stellar Radius, Mass and Age

• Clusters and Binary stars

Stellar Physics Caveats need to be improved to 
make more reliable DM constraints. 

Asteroseismology opens a new way to  put 
constraints to dark matter particles 



Asteroseismology and Dark matter in Stars

M. Livio & J. Silk Nature (2014)

Asteroseismology
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Thank You


