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Modern Particle Physics of today  

Gravity . Matter . Particle Physics 
 



 Formation of structure in the Universe 

Dark Matter Baryons The Nature of Dark Matter: Cold 
dark matter weakly interacting 
particles  

Reproduce the observed 
present  baryonic structure: 
s t a r s , s t e l l a r c l u s t e r s , 
galaxies, galaxy clusters    

 Confirmed by observations  
Bullet Cluster (two colliding clusters of galaxies) 

dark matter  baryons  Vera Rubin et al., 1976, ApJ 
Letters 

Rotation curves for 7 spiral galaxies  

dark matter  

•  27% Dark Matter creates the Gravitational web  for the formation of structures with 5% of 
baryons.  
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Modern Particle Physics of today  

Gµν= Tµν
sp + Tµν

DM + Tµν
DE 

Gµν - Einstein tensor describing the curvature 
of space-time (and hence the effect of gravity)  

 
Tµν

sp
 – standard particles (baryons, photons 

and neutrinos)  

Einstein’s Equation (ignoring constants): 

 

Tµν
DM

 – dark matter  

Tµν
DE

 – dark energy  

5%      27%          68%  
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Modern Particle Physics of today  
Candidates of dark matter particles 

WIMPs (Weakly Interacting 
Massive Particles)‏ 



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

+ Coupling.+   

standard particles  mirror particles  

 (dark 
particle + 
dark photon) 

The obvious choice is to consider that dark matter (27%) is a mirror world of the standard 
particles (5%).  

Nevertheless, we choose to keep the dark matter world simple (dark particle + dark photon). 
The connection between the standard world and the dark world is done by a kinematic 
coupling term.  

The Early Universe – dark matter particles 

Lopes, Painci, Silk 2014 ApJ  
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Dark Matter and Stars 

Gravity . Matter . Particle Physics 
 



Capture Cooling Annihilation 

​𝐿↓𝑝𝑟𝑜𝑑,  χ = ​𝑓↓χ ∙ ​𝐶↓χ   ∙   ​𝑚↓χ   

[Salati & Silk  ApJ 338 (1989)] 

How does Dark Matter influence stars? 

​𝐿↓𝑡𝑟𝑎𝑛𝑠𝑝,  χ ∝𝑓( ​𝐶↓χ   ,   ​𝑚↓χ ) 

[Gould & Raffelt  ApJ 352 (1990)] 

​𝐶↓χ ∝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)] 
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Dark Matter and Stars (few examples) 

Gravity . Matter . Particle Physics 
 



 Prediction: dark matter effect on Population II 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 form  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 

Casanellas & Lopes (ApJ Letters 2011) 
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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) 

 Prediction: dark matter effect on Population I stars 

Observational prediction: Suppression of the 
convective core in 1.1-1.3Mo Main sequence stars 
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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 , 
ApJ Letters 2014) 

 Prediction: dipole dark matter effect on the Sun 
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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

0

0

0

0

0

0

0

0

1

1
1

1

1

2
2

3

3

4

4

4

5

5

6

6

7
0

0

0

0

8

8

8

0

 mχ (GeV)

 lo
g 10

  µ
χ  (

e 
cm

)

 

 

5 10 15 20
−18

−17.5

−17

−16.5

−16

−15.5

−15

−14.5

−14

0

1

2

3

4

5

6

7

8

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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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
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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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ssm is the sound speed of the SSM (e.g., Lopes & Turck-Chieze 2013) and c2

is either c2
obs, the observed sound speed (green-square dots: Turck-Chieze et al.

1997; Basu et al. 2009), or c2
mod, the sound speed of a DMLRI solar model

(continuous curves: [|∆c2| < 2.0%] blue, [2.0 ! |∆c2| ! 4.0%] green, and
[|∆c2| > 4.0%] red). The DMLRI models were computed for the parameters (see
the text): 5 GeV ! mχ ! 20 GeV; 0.1 keV ! mφ ! 1 GeV; and γφ = 10−9.
The black curve corresponds to a fiducial model with mχ = 10 GeV and
mφ = 10 keV. Note that the observational error in cobs is multiplied by a
factor of 10.
(A color version of this figure is available in the online journal.)

YSI can reach even a small value.11 In view of these facts, we
can conclude that this is a good approximation neglecting the
self-capture rate in Equation (5) if kχ ∼ kΩ

χ . Thanks to this
constraint, we can fix kχ = kΩ

χ and directly present the final
results in terms of the kinetic mixing parameter ϵφ = γφ/kΩ

χ .

4. DISCUSSION

The impact of DM in the Sun is studied by inferring the
modifications that DM causes to the Sun’s structure and to the
solar observables. In the following, the SSM (e.g., Turck-Chieze
& Lopes 1993; Lopes 2013) is used as our model of reference,
which predicts solar neutrino fluxes and helioseismology data
consistent with current measurements. The excellent agreement
obtained between theory and observation results from the
combined effort between the fields of helioseismology and
solar modeling, a collaboration extended by several decades,
which lead to a high precision description of physical processes
present inside the Sun (Turck-Chieze & Couvidat 2011; Turck-
Chieze & Lopes 2012). This was very relevant in the case
of the physical processes related with microscopic physics,
including the equation of state, opacities, nuclear reactions rates,
and microscopic diffusion of helium and heavy elements. A
detailed discussion about current predictions of the SSM and
their uncertainties can be found in the literature (e.g., Turck-
Chieze & Lopes 1993; Serenelli et al. 2009; Guzik & Mussack
2010; Turck-Chieze et al. 2010; Lopes & Turck-Chieze 2013;
Lopes 2013; Lopes & Silk 2013).

In Figure 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 = (c2

obs − c2
ssm)/c2

ssm, where cssm and cobs
are the sound speed from SSM and helioseismic data. ∆cobs is

11 For example, considering the maximal value of kχ = 1/
√

α ≃ 11.7 allowed
by perturbation theory, we get YSI ≃ 7.5 × 10−4 for the benchmark model.

smaller than 2% throughout the solar interior, above 20% and
below 90% of the Sun’s radius. Although the 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
noting 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 consequently the sound speed inversion is less reliable (see
Figure 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 of acoustic frequencies 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 gravity modes. Equally, in the most external layers of the
Sun, the inversion of the sound speed profile is not possible,
mainly due to the fact that the inversion technique breaks down
(acoustic oscillations are no longer adiabatic), as a complex
interaction occurs between convection, 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 helioseismology sound speed inversion.

The DMLRI solar models were obtained in an identical
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 Gyr), these solar models reproduced the observed
values of the mass, radius, and luminosity of the Sun, as well
as the observed photospheric abundance ratio (Z/X)⊙, where
X and Z are the mass fraction of hydrogen and the mass fraction
of elements heavier than helium, respectively. Figure 2 shows
a comparison between SSM and different DMLRI models. The
different continuous lines correspond to the squared sound speed
difference ∆c2

mod = (c2
mod − c2

ssm)/c2
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 of mχ and
mφ . The most important point about Figure 2 is the fact that
there are some DMLRI solar models that can resolve the current
discrepancy with helioseismology data, as ∆c2

mod reproduces the
observed discrepancy ∆c2

obs.
In DMLRI models, the DM impact is most visible in the core

of the star where the DM particles accumulate. However, be-
cause 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 thermalization of DM with
baryons), is compensated by an increase of the sound speed in
the radiative region. In Figure 2, we show an illustrative DM-
GRI solar model with benchmark parameters: mχ = 10 GeV,
mφ = 10 keV, and γφ = 10−9 (black curve). Moreover, all
of the DMLRI solar models have an identical impact behav-
ior on the solar structure, however, based upon the parameters
mχ and mφ , it is possible to distinguish three sets of models:
(1) DMLRI models for which the squared sound speed differ-
ence is larger than the SSM uncertainty (red curves); (2) DMLRI
models for which the agreement with the helioseismic data is
better than the current SSM (green curves); (3) DMLRI models

7

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. 

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

 Prediction: asymmetric dark matter effect on the Sun 
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Asymmetric dark matter coupling to nucleons. Agreement with sound speed profiles, neutrino fluxes, small frequency 
separations, surface helium abundances, and convective zone depths for a number of models. The best solat 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. Vincent et. al., PRL  2015) 

 Prediction: asymmetric dark matter effect on the Sun 
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2

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⇡
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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,
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2µ2
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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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✓
2, Bi

u

2

w
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◆
� �

 
2, Bi

µi

µ

2
i,+

!#
, (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



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

“Constraint on Light Dipole Dark Matter from 
Helioseismology”, Lopes, Kadota & Silk , ApJ 
Letters 2014) 

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

(c2
dm-c2

ssm)/c2
ssm ~ 

(c2
obs- c2

ssm)c2
ssm ≈  4% - 3 %  
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 Prediction: asymmetric dark matter effect on the Sun 
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