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Dark Matter in the Universe

https://wmap.gsfc.nasa.gov/universe/uni_matter.html

Lambda-CDM Model:  The dark matter creates the gravitational web for the formation of 
structures that reproduces the observed present baryonic structure of the Universe, i.e., stars, 
stellar clusters, galaxies, galaxy clusters. 
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Dark Matter in the Universe

Energy density  

Today
Nature of Dark Matter: 

cold weakly interacting particles

~ 380 000 years (CMB) 

https://wmap.gsfc.nasa.gov/universe/uni_matter.html

Lambda-CDM Model:  The dark matter creates the gravitational web for the formation of 
structures that reproduces the observed present baryonic structure of the Universe, i.e., stars, 
stellar clusters, galaxies, galaxy clusters. 



Dark Matter in the Universe

Today
CL0024+17 cluster of galaxies (HST, 2004): Gravitational lensing, the 
bending of light rays by gravity, can also give us a cluster's mass.

Observational Evidence:  This HST optical image of the galaxy cluster CL 0024+17 shows the 
gravitational lensing of faraway galaxies by the nearby galaxies. The dark matter clustered around 
each galaxy creates the gravitational lensing.
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Dark Matter in the Universe (Zoom in)

Today Image LRG 3-757 (HST):  the gravitational field of an orange luminous 
galaxy gravitationally distorted the light from a much more distant blue 
galaxy.  The almost perfect alignment between Earth and the blue 
galaxy gives rise to the resulting image that is an almost complete 
Einstein ring (Belokurov et al.  ApJ 2007).

Observational Evidence:  This HST optical image of the galaxy cluster CL 0024+17 shows the 
gravitational lensing of faraway galaxies by the nearby galaxies. The dark matter clustered around 
each galaxy creates the gravitational lensing.



Dark Matter in the Universe (Zoom in)

Today Image LRG 3-757 (HST):  the gravitational field of an orange luminous 
galaxy gravitationally distorted the light from a much more distant blue 
galaxy.  The almost perfect alignment between Earth and the blue 
galaxy gives rise to the resulting image that is an almost complete 
Einstein ring (Belokurov et al.  ApJ 2007).

Observational Evidence:  This HST optical image of the galaxy cluster CL 0024+17 shows the 
gravitational lensing of faraway galaxies by the nearby galaxies. The dark matter clustered around 
each galaxy creates the gravitational lensing.



Dark Matter in the Universe (Zoom in)

Image LRG 3-757 (HST):  the gravitational field of an orange luminous 
galaxy gravitationally distorted the light from a much more distant blue 
galaxy.  The almost perfect alignment between Earth and the blue 
galaxy gives rise to the resulting image that is an almost complete 
Einstein ring (Belokurov et al.  ApJ 2007).

Observational Evidence:  This HST optical image of the galaxy cluster CL 0024+17 shows the 
gravitational lensing of faraway galaxies by the nearby galaxies. The dark matter clustered around 
each galaxy creates the gravitational lensing.



What is the radial density profile of 
dark matter in this galaxy?

Dark Matter in the Universe (Zoom in)

Image LRG 3-757 (HST)
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Observational Evidence:  This HST optical image of the galaxy cluster CL 0024+17 shows the 
gravitational lensing of faraway galaxies by the nearby galaxies. The dark matter clustered around 
each galaxy creates the gravitational lensing.

CL0024+17 cluster of galaxies (HST, 2004): Gravitational lensing, the 
bending of light rays by gravity, can also give us a cluster's mass.



Dark Matter in the Universe

Today

Observational Evidence:  A strong evidence of dark matter is the HST image of the galaxy cluster 
CL0024+17 as shown in this Figure. Because of their mutual gravitational attraction, dark matter and 
visible material are generally expected to be together, however in this image the dark matter 
distribution does not match with that of the stars and hot gas.
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The gravity map super-imposed on the HST image which shows 
a dark matter distribution in the central region and a thick ring.

CL0024+17 cluster of galaxies (HST, 2004): Gravitational lensing, the 
bending of light rays by gravity, can also give us a cluster's mass.



Dark Matter in the Universe

Today

Observational Evidence: This image of the bullet cluster is a composite of optical (HST: white), X-ray (Chandra 
X-ray Observatory: pink), and a reconstructed mass map (lensing mass: blue). It shows that the total mass of 
the system (galaxies +dark matter) is not where is the X-ray gas. This fixes a lower limit for dark matter self-
interaction cross-section: !"" /m" < 8.3 � 10−25 cm2/GeV at 95% CL.

Clowe, Gonzalez & Markevitch ApJ 2004 
+ 72 bullet clusters by Harvey et al. Science 2015 

Image: optical, pink: X-ray gas, blue: lensing mass

Bullet cluster of galaxies 1E 0657-56

Mtotal: Mgas: Mstar ~ 70:10:1

Optical X-ray gas Dark Matter



dark mattervisible matter

Observational Evidence: Galaxy Rotation Curves - dark matter exists within the galaxies
themselves, where the velocity of stars (and gas) was found to be flat and not decreasing with the
distance from the galaxy centre.

Vera Rubin and Kent Ford have made these 
critical observations in 1975.

Rotation curves for 7 spiral galaxies 

Vera Rubin et al., 1976, ApJ Letters

Dark Matter in the Universe

Today
The radius of 90% of the enclosed  “visible 
matter” is shown as the vertical red line.



dark mattervisible matter + dark matter

Observational Evidence: Inner galactic core (Milky Way), the comparison of the observed rotation
curve (data from gas and stars kinematics) with the predictions of baryonic models strongly
support the existence of dark matter (Iocco et al. 2015, Nature Physics).

Rotation curves for 7 spiral galaxies 

Vera Rubin et al., 1976, ApJ Letters

Dark Matter in the Universe

Today
The radius of 90% of the enclosed  “visible 
matter” is shown as the vertical red line.

Vera Rubin and Kent Ford have made these 
critical observations in 1975.



dark matterbaryonic matter + dark matter

Rotation curves for 7 spiral galaxies 

Vera Rubin et al., 1976, ApJ Letters

Dark Matter in the Universe

60 kpc

Stars

In the standard cosmological model, the dark matter halo of a galaxy like the Milky Way forms
from the merger and accretion of smaller sub-halos. These sub-units also harbour stars, typically
old and metal-poor, that are deposited in the inner galactic regions by disruption events.

Milky Way : Standard DM Halo



dark matterbaryonic matter + dark matter

Rotation curves for 7 spiral galaxies 

Vera Rubin et al., 1976, ApJ Letters

Dark Matter in the Universe
Stars

Dark Matter content of the Milky Way: Among other authors, Posti and Helmi (2018), using
GAIA data (globular cluster motions), estimated that the total mass of the Milky Way within the
region of 20 Kpc to be 1.91�0.17� 1011 M� of which 70% is dark matter.

Milky Way : Standard DM Halo

Important point: recent numerical simulations established that 90% - 95 % of the Milky Way
mass is dark matter (up to 200 Kpc).

60 kpc



Dark Matter in the Universe

Milky Way : Standard DM Halo

Stars

In light of the uncertainty in the DM distribution in the Inner Galaxy and the dependence of
the signal on it, there is a range of possible density profiles. The most common benchmarks are
N and Einasto profiles.

(Pierre et al. 2014)

dark matter density at the Sun’s 
position is ∼ 0.4 GeV/cm3

60 kpc



Dark Matter in the Universe

Milky Way : Standard DM Halo

Stars

dark matter density at the Sun’s 
position is ∼ 0.4 GeV/cm3

The density of the most metal-poor stellar population exhibits the same dependence on the 
radius as the dark matter near the Sun’s position (Herzog-Arbeitman et al. 2018).

In light of the uncertainty in the DM distribution in the Inner Galaxy and the dependence of 
the signal on it, there is a range of possible density profiles.  The most common benchmarks are 
NFW and Einasto profiles.

(Pierre et al. 2014)

60 kpc



A large amount of the total mass of 
the Milky Way is dark matter

Dark Matter in the Milky Way 



Dark Matter in the Universe
(What is dark matter made of ? )



Standard Model of 
Elementary Particles

What is dark matter made of?

This table of elementary particles (with its rules) explains the origin of all known matter of the 
Universe (that corresponds to 4% of the cosmological density). 



Couples to the plasma

Light particle 

Disappears too quickly

Hot dark matter

Standard Model of 
Elementary Particles

What is dark matter made of?

As the standard model is quite successful in explaining all the known interactions (other than
gravity), let us now consider that these new particles have somehow identical properties to
the ones found in the standard particles.

None of these particles can be constituents of dark matter..



If not standard particles, then how      
to proceed … 



Standard Model  
Extended

What is dark matter made of?

+ new fermions 

new bosons

New particles

Visible sector Dark (matter) sector 



Standard Model  
Extended

What is dark matter made of?

new fermions 

new bosons

New particles

Visible sector Dark (matter) sector 
Expected properties of the Dark Matter particles:  They should have the cosmic dark matter density,  
have mass, weak interacting with ordinary matter, be non-relativistic, be stable or very long-lived;
compatible with bounds coming from experimental (direct an indirect) detectors, astrophysics and 
cosmological data sets. Ideally,  it should be interesting to detect it in the outer space and 

produce it in the laboratory.

+
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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

What is dark matter made of?

The candidates span a range of 36
orders of magnitude in mass and 50
orders of magnitude in the scattering
cross-section with baryons.

Baer et al. (2015)Dark Matter Candidates:

Hot particles (red) 

Picobarn=10#$% cm2

Warm particles (pink) 

Cold particles (blue, cyan, green) 

The best motivate dark matter 
candidates are the non-relativistic 
(cold) particles.

Theory
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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
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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
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resulting relics will be called non-thermal relics. The first class of processes will include the freeze-out of relics from
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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

What is dark matter made of?
Baer et al. (2015)Dark Matter Candidates:

Hot particles (red) 

Picobarn=10#$% cm2

Warm particles (pink) 

Cold particles (blue, cyan, green) 

Theory

Stars

The candidates span a range of 36
orders of magnitude in mass and 50
orders of magnitude in the scattering
cross-section with baryons.

The best motivate dark matter 
candidates are the non-relativistic 
(cold) particles.
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Expected properties of the dark matter particles: Current and future limits on DM direct 
detection: spin-independent cross section as a function of DM mass.

Experimental Bounds

Roszkowski et al. (2018)

The region below of 20 GeV shown as the vertical green line is difficult to probe by 
experimental detectors and corresponds to dark matter candidates that most affect stars.

Dark Matter Candidates:
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The region below of 20 GeV shown as the vertical green line is difficult to probe by 
experimental detectors and corresponds to dark matter candidates that most affect stars.
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Expected properties of the dark matter particles: Current and future limits on DM direct 
detection: spin-independent cross section as a function of DM mass.
The region below of 20 GeV shown as the vertical green line is difficult to probe by 
experimental detectors and corresponds to dark matter candidates that most affect stars.



The Sun and stars are sensitive to light dark
particles (with a mass of a few GeVs) which are
difficult to probe by direct dark matter
detection experiments.

Important Point



How Dark Matter affects Stars



Cosmions as a solution to the solar neutrino problem and dark matter problem [Steigman et 
al. (83), Spergel and Press (85),  Krauss et al. (85), Gilliland et al. (86), Dearborn et al. (91), 
Faulkner et al. (86), Dappen et al. (86)]

Solar neutrinos and helioseismology:  constraints low-mass DM candidates [Bottino, Bertone, 
Casanellas, Cumberbatch, Frandsen, Guzik, Lopes, Iocco, Panci, Meynet, Ricci, Scott, Silk, Taoso, 
Turck-Chièze, Watson, Vincent]

Dark matter impact in Stars (Sun and red giant stars, . . .) [Gould, Bouquet, Dearborn, Freese, 
Raffelt,  Salati, Silk, . . .  ]

Stars and asteroseismology: Constraints on low-mass  DM candidates [Casanellas,  Lopes, 
Scott, Silk, Brandão, Lebreton,  . . .  ]

Recent Works:

Pioneer Works:

How does dark matter influence stars?



(A)

Cooling Annihilation

L"#$%,' = f' * C' * m'L-#./0",' ∝ f(C' , m')C' ∝ f( χ ,⋆)

Interaction of dark matter particles with stars: The interaction of dark matter with baryonic 
matter inside stars follows three basic processes: capture (A), cooling (B) and annihilation (C). 

Capture

(B) (C)

Generic properties
How does dark matter influence stars?



DM Particle Physics DM Astrophysics Stellar physics

Lopes, Casanellas & Eugénio, (2011)]

Gould, ApJ 321 (1987)

Capture

(A)

Interaction of Dark Matter particles with stars: The interaction of dark matter with baryons
depends on several factors that influence the capture and interaction dark matter with baryons
on the star, properties of the dark matter particle, dynamics of the DM halo and internal
properties of the star (including dynamical ones).

How does dark matter influence stars?



Cooling

Reduction of the star’s core temperature 

Taoso et al.  (2010)

Interaction of dark matter particles with stars: The presence of dark matter inside the star 
facilitates the energy transport outside of the core, leading to a reduction of the temperature 
in the centre.  In extreme cases of the strong interaction of DM with baryons, it can lead to the 
creation of an isothermal core (Lopes & Silk 2002). 

Sun

(B)

How does dark matter influence stars?



Annihilation

Interaction of Dark Matter particles with stars: The annihilation of dark matter as an energy 
source for stars in the Milky Way, will only reduce the efficiency of the cooling mechanism. 

(C)

Relevant only in the first generation of stars 

Nevertheless,  stars formed in the dense dark matter halos (primordial Universe) have their lives 
extended (slower evolution in the HD diagram), due to the energy produced by dark matter 
(Lopes & Silk 2014). 

How does dark matter influence stars?



Annihilation

Example: For a cluster of stars (0.7-3.5 M⊙) in DM halo (ρ ~ 1010 GeV cm−3, continuous
lines) and standard HR diagram (dashed lines). The DM halo constituted particles with a DM
mass of ~ 100 GeV and σSD (with protons) ~ 10−38 cm2 In the most dramatic cases lead to
modifying the location of the main sequence in the HR diagram (Casanellas & Lopes 2011).

(C)

Casanellas & Lopes (2011)Stellar Cluster

How does dark matter influence stars?

Relevant only in the first generation of stars 



Dark matter constraints 
using stellar observables

(a few examples) 



Constraints on Asymmetric Dark Matter  
Interaction with Hydrogen

Asteroseismology



Dark sector: ADM particle (point-like interaction) – an interaction between a DM particle (with
mass !" and scattering cross-section #$%) and a proton inside the star. Using the small frequency
separations the following constraints were obtained for alpha Centauri B.

42

Asteroseismology: limits to the DM characteristics

Asteroseismology: The presence of dark matter (asymmetric) changes the transport of heat energy 
inside these stars (decreasing the central temperature). Using the asteroseismology data of Alpha Cent B 
(0.9 M⊙),  DM particles with mχ ∼ 5 GeV and  σ+,-. ≥ 3 10345cm2 are excluded at  95% CL.

Casanellas & Lopes  (2013)
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Changes in the central temperatures and densities lead to suppression of the convective core in 1.1-1.3 
M� stars.  This result was confirmed by Casanellas, Brandão & Lebreton 2015 using other stars.

Casanellas & Lopes  (2013)

Dark sector: ADM particle (point-like interaction) – an interaction between a DM particle (with
mass !" and scattering cross-section #$%) and a proton inside the star. Using the small frequency
separations the following constraints were obtained for alpha Centauri B.

Asteroseismology: The presence of dark matter (asymmetric) changes the transport of heat energy 
inside these stars (decreasing the central temperature). Using the asteroseismology data of Alpha Cent B 
(0.9 M⊙),  DM particles with mχ ∼ 5 GeV and  σ+,-. ≥ 3 10345cm2 are excluded at  95% CL.



Dark sector: ADM particle (point-like interaction) - an interaction between a DM particle (with mass !"
and scattering cross-section #$% ) and a proton inside the star. This model includes also a self-interaction
cross-section consistent with the constraint from self-interaction cross-section (σχχ/mχ ≲ 8.3 � 10−25
cm2/GeV) obtained from the galaxy bullet clusters (Harvey et al. 2015).

Martins, Lopes & Casanellas (2017) 
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Asteroseismology: Sum of squared errors χ2 for the r02 diagnostic of star KIC 8379927 (1.12
M⊙, 1.82 Gyr) for these DM models with σχχ = 10−24 cm2. Also shown are 90%, 95%, and 99%
C.L.’s corresponding to these χ2’s.

ADM impact is most significant for this star for larger
DMmasses since a higher core temperature leads to a mean
free path of the DM particle ∼10% greater than that of the
less massive star A for that mass range. As a consequence,
energy transport due to a single DM particle is more
efficient in this case. We note however that the total energy
transported by DM depends both on the number of
accumulated particles and the efficiency of the transport.
For a 5 GeV particle, WIMPs with σSDχn ¼ 6.3 × 10−36 cm2

and ADM with σSDχn ¼ 4.5× 10−36 cm2 are incompatible
with the observational data up to a 99% C.L.

VI. DISCUSSION

In an effort to understand the potential of asteroseismol-
ogy as a complementary way to search for DM, we
analyzed the effects of WIMPs and ADM in three stars
using the core-sensitive asteroseismic ratio r02. As such, we
attempted to constrain the properties of low-mass ADM
with an effective spin-dependent coupling by comparing
observational data with results of stellar models including
DM energy transport.
The asteroseismic analysis disfavors the low-mass, high-

cross-section region of the ADM parameter space explored
here. This incompatibility was found for all three stars.
For example, at 99% C.L., for mχ ¼ 5GeV, the r02 data
are incompatible with ADM models with σSDχn ≳6×
10−36 cm2 for the Sun, σSDχn ≳5× 10−36 cm2 for star A
and σSDχn ≳4× 10−36 cm2 for star B.
In this work, we considered only an effective SD

coupling for the DM-nucleon interaction. Our results for
the Sun show less dramatic differences between data and
model than those found in [15]. This can be explained by
the additional reference uncertainty, which we included to
reflect the unsolved solar abundance problem. One way to

look at the problem is to take the most recent abundances of
AGSS09ph at face value. The other, which we adopted
here, is not so much to question the accuracy of those
abundances, but instead to capture some of the uncertain-
ties in the SSM by considering the differences between
solar models computed with the abundances by AGSS09ph
and those by GS98.
Figures 6(a) and 6(b) show the limits and exclusion

regions ascertained from this work for the WIMP and
ADM scenarios, respectively. For comparison, limits are
also shown for some direct detection experiments: the
scintillation and ionization detector XENON100 [61] and
the bubble chambers COUPP [62], PICASSO [63], and
PICO-2L [64].
In the case of WIMPs, where accumulation is consid-

erably weaker, only the more massive star B is significantly
affected. Both the Sun and star A are relatively unaffected
by WIMPs within the parameter range explored here, even
though they are older stars. There is a trade-off between
DM accumulation and stellar age in terms of DM impact.
Notice from our solar central temperature analysis that

solar models with low-mass, high-cross-section ADM do
not compare well with current SSM. This comparison
should be taken cautiously since the central temperature of
SSM is very sensitive to model input physics. The SSM has
been refined over the last two decades to account for the
solutions put forward to solve several problems in solar
physics [60], but a definite answer has yet to be found.
More accurate abundances and opacities, as well as more
accurate and precise measurements of the 8B neutrino flux,
could alter the prediction for the central temperature of
the SSM.
For mχ ≳5GeV, the best constraints from the r02

analysis come from star B, a star slightly more massive
and considerably hotter, more metallic and younger than

FIG. 5. Sum of squared errors for the r02diagnostic of star B (KIC 8379927) models including WIMPs (left) and ADM (right). Also
shown are the 90%, 95%, and 99% C.L.’s corresponding to these χ2’s with the number of d.o.f. ¼ 11.
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ADM impact is most significant for this star for larger
DMmasses since a higher core temperature leads to a mean
free path of the DM particle ∼10% greater than that of the
less massive star A for that mass range. As a consequence,
energy transport due to a single DM particle is more
efficient in this case. We note however that the total energy
transported by DM depends both on the number of
accumulated particles and the efficiency of the transport.
For a 5 GeV particle, WIMPs with σSDχn ¼ 6.3 × 10−36 cm2

and ADM with σSDχn ¼ 4.5× 10−36 cm2 are incompatible
with the observational data up to a 99% C.L.

VI. DISCUSSION

In an effort to understand the potential of asteroseismol-
ogy as a complementary way to search for DM, we
analyzed the effects of WIMPs and ADM in three stars
using the core-sensitive asteroseismic ratio r02. As such, we
attempted to constrain the properties of low-mass ADM
with an effective spin-dependent coupling by comparing
observational data with results of stellar models including
DM energy transport.
The asteroseismic analysis disfavors the low-mass, high-

cross-section region of the ADM parameter space explored
here. This incompatibility was found for all three stars.
For example, at 99% C.L., for mχ ¼ 5GeV, the r02 data
are incompatible with ADM models with σSDχn ≳6×
10−36 cm2 for the Sun, σSDχn ≳5× 10−36 cm2 for star A
and σSDχn ≳4× 10−36 cm2 for star B.
In this work, we considered only an effective SD

coupling for the DM-nucleon interaction. Our results for
the Sun show less dramatic differences between data and
model than those found in [15]. This can be explained by
the additional reference uncertainty, which we included to
reflect the unsolved solar abundance problem. One way to

look at the problem is to take the most recent abundances of
AGSS09ph at face value. The other, which we adopted
here, is not so much to question the accuracy of those
abundances, but instead to capture some of the uncertain-
ties in the SSM by considering the differences between
solar models computed with the abundances by AGSS09ph
and those by GS98.
Figures 6(a) and 6(b) show the limits and exclusion

regions ascertained from this work for the WIMP and
ADM scenarios, respectively. For comparison, limits are
also shown for some direct detection experiments: the
scintillation and ionization detector XENON100 [61] and
the bubble chambers COUPP [62], PICASSO [63], and
PICO-2L [64].
In the case of WIMPs, where accumulation is consid-

erably weaker, only the more massive star B is significantly
affected. Both the Sun and star A are relatively unaffected
by WIMPs within the parameter range explored here, even
though they are older stars. There is a trade-off between
DM accumulation and stellar age in terms of DM impact.
Notice from our solar central temperature analysis that

solar models with low-mass, high-cross-section ADM do
not compare well with current SSM. This comparison
should be taken cautiously since the central temperature of
SSM is very sensitive to model input physics. The SSM has
been refined over the last two decades to account for the
solutions put forward to solve several problems in solar
physics [60], but a definite answer has yet to be found.
More accurate abundances and opacities, as well as more
accurate and precise measurements of the 8B neutrino flux,
could alter the prediction for the central temperature of
the SSM.
For mχ ≳5GeV, the best constraints from the r02

analysis come from star B, a star slightly more massive
and considerably hotter, more metallic and younger than

FIG. 5. Sum of squared errors for the r02diagnostic of star B (KIC 8379927) models including WIMPs (left) and ADM (right). Also
shown are the 90%, 95%, and 99% C.L.’s corresponding to these χ2’s with the number of d.o.f. ¼ 11.
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the Sun. For ADM, the 90% C.L. set by this star is
competitive with the 90% C.L. bounds set by XENON100
for masses below ∼7 GeV. For mχ ≲ 5 GeV, star A gives
the most stringent bounds, competitive with the 90% C.L.
set by COUPP. The ADM impact is so significant in this
case because this is an older star, with slightly more than
twice the age of the Sun. Because we are dealing with
stellar evolution, the effects of DM energy transport are
cumulative, which means that significantly older stars can
be competitive in constraining DM. In fact, while this star
would not show a significant DM impact at a younger age,
it does so at an older one.
An interesting aspect of using asteroseismology to

constrain DM resides in the fact that objects with different
fundamental properties can be affected at distinct levels.
We have already discussed the case of less massive stars
that exhibit a greater DM impact. Moreover, we have also
mentioned that older stars are more affected than similar,
younger objects, which is only natural since DM accumu-
lated for longer and to a greater number in those older stars.
The number of ADM particles grows linearly with time
after the geometrical limit is reached early on in the life of a
star, and the luminosity transported by DM is proportional
to that number. Hence, the luminosity grows linearly with
the age of the star. For an object like star A, with an age
roughly twice that of the Sun, we can expect the number of
accumulated particles to be greater by a factor of 2 in
comparison with the Sun. This can translate into a
significant impact on the stellar structure that explains,
at least in part, why we were able to set constraints using
star A, for which only three individual r02 ratios are

available. In the future, stellar age should also be a relevant
selection criteria to look for when attempting to constrain
DM properties with asteroseismology.
We asked whether these ADM particles significantly

alter the star’s internal structure during the course of the
star’s evolution. We conclude that they do. Moreover, we
found that ADM models can be excluded using astero-
seismic data with a high statistical significance, for the
regions of the parameter space presented before. However,
wewould like to draw attention to a couple of caveats in our
analysis. First, we recall that the solar composition problem
indicates some missing physics in the SSM that most
definitely affects the results. We accounted for this uncer-
tainty when comparing between solar models and obser-
vational data by considering a reference uncertainty
corresponding to the difference between models computed
with AGSS09ph and GS98. This is not an issue for the
other two stars, for which the frequencies are determined
with a worse precision that covers the reference uncertainty.
Second, we note that the calibration processes are prone to
degeneracies in the stellar parameters. We would not be
able to significantly disfavor a particular DM model if a
small change in the benchmark parameters of the stellar
model gave a very different result by bringing the r02 from
the model closer to that of the observational data. We
circumvented this issue by making sure that for a small
change in the benchmark parameters of the stellar model
there is only a small change in the diagnostic, for a DM
model with maximal impact.
It is possible that a more sophisticated interaction such as

q2 momentum-dependent cross sections would be favored

FIG. 6. 90% C.L.’s ascertained from this work in the WIMP (left) and ADM (right) scenarios for: Sun χ2Tc
(dotted red), Sun χ2r02 (solid

red), star B (KIC 8379927) χ2r02 (solid blue), and star A (KIC 7871531) χ2r02 (solid green). The dashed blue line is the projected 90% C.L.
corresponding to a 10% increase in precision for the mode frequencies. The impact due to WIMPs could only be significantly diagnosed
for star B (KIC 8379927), hence the absence of constraints for the other stars. For comparison, 90% C.L. limits from some direct
detection experiments are also shown (references given in text): XENON100 (solid black line), COUPP flat efficiency model (dashed
black line), PICO-2L (dash-dotted black line), and PICASSO (dotted black line).
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Asteroseismology: 90% C.L.’s ascertained from the ADM scenario for the Sun χ2 Tc (dotted red), Sun χ2
r02 (solid red), KIC 8379927 χ2 r02 (solid blue), and KIC 7871531 χ2 r02 (solid green). The dashed blue
line is the projected 90% C.L. corresponding to a 10% increase in precision for the frequencies of the
modes. For comparison, 90% C.L. limits from some direct detection experiments are also shown in black
lines (like XENON100 and COUPP).

XENON100  COUPP

Dark sector: ADM particle (point-like interaction) - an interaction between a DM particle (with mass !"
and scattering cross-section #$% ) and a proton inside the star. This model includes also a self-interaction
cross-section consistent with the constraint from self-interaction cross-section (σχχ/mχ ≲ 8.3 � 10−25
cm2/GeV) obtained from the galaxy bullet clusters (Harvey et al. 2015).



Constraints on Asymmetric Dark Matter long-range 
interaction with Baryons (heavy elements)

Helioseismology
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Dark sector: DM particle (long-range
interaction) - interaction between a
DM particle (with mass !" and charge
#" $") and a nucleus (with mass !% and
electric charge #&). The scattering cross
section '() depends on the relative
velocity *+&, of the particles and there
specific properties:

'()(*+&, #" , !" , $" , #,!%…)

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

(Pierre et al. 2014)



The Cusp/Core problem Page 11 of 20 162

Fig. 3 The α vs. M∗ relation. Symbols are like in Fig. 2, except for the
points representing the two samples from Adams et al. (2014): in black
we show the gas-traced sample while in blue the stellar-traced sample

the theoretical models. For smaller values of the velocity,
the Adams et al. (2014) galaxy sample shows a larger slope
in comparison with those of other samples (as observed
by the same authors). The majority of the THINGS dwarf
galaxies have slope larger than the predictions. The LITTLE
THINGS data can be used to constrain the models only at
small velocities (< 40 km/s). They agree with the theoretical
data, similarly to Sculptor and Fornax, but they have large
errors. The plot shows that the main differences among the
SNFF and the DFBC model are evident in the velocity range
50–100 km/s. The DFBC predicts steeper slopes, with max-
imum differences around "α ≃ 0.2. The other difference is
evident at small velocities. While the SNFF predicts slopes
that steepen to cuspy, since at small velocities corresponding
to M∗/Mhalo ≤ 0.01 % the energy from supernovae feed-
back is not enough to flatten the profile, the DFBC pre-
dicts flatter profiles. The reason is connected to the different
mechanism the DFBC is based on. As already reported, in
dSphs star formation efficiency is low. This means that if we
have a fixed quantity of gas, the clumps that it forms can act
directly on DM, while in the SNFF mechanism the gas must
be converted into large mass stars (and as we told the effi-
ciency is low) to explode into SNs that will inject energy in
the DM.

The ability of the DFBC mechanism to form profiles flat-
ter than the SNFF mechanism is important since it implies
that dSphs of low mass are not necessarily cuspy, as pre-
dicted by the SNFF model. This means that the observation
of cored profiles at small stellar masses (e.g., < 106 M⊙)
would not imply that the ΛCDM model has scarce possibil-
ities to be correct, as it is predicted by the SNFF model (e.g.,
Madau et al. 2014).

In the left panel of Fig. 2, we plot the same quantities,
except that the Adams’ data are obtained from the stellar
traced observations.

Figure 3 shows α in terms of the stellar mass M∗. The two
figures give similar information as the two panels in Fig. 2.

Fig. 4 Inner slope vs. Rin. The last quantity, the innermost radius
point, is defined by means of a least-square fit to the inner data point
in the case of THINGS dwarves and LITTLE THINGS. In the Adams
et al. (2014) case, Rin is obtained by adding the seeing to the fibre
radius in quadrature. The solid and dashed lines represents the theoret-
ical prediction of NFW and ISO halos. The black symbols refer to the
Adams et al. (2014) data, the 7 THINGS dwarves are indicated by the
red symbols visible in the figure, and the LITTLE THINGS are repre-
sented by the brown dots. The THINGS SPIRALS are shown with the
green points. The blue symbols are the de Blok et al. (2001) data (open
circles) and those of de Blok et al. (2003) are shown with triangles

However, in this case we did not use Eq. (5) to transform M∗
into Vrot with the result that we have smaller uncertainties.
Moreover, the plots show more clearly the behaviour of the
models especially at small stellar masses. The plots show
that the DFBC model predicts steeper profiles in the range
108 M⊙ < M∗ < 1010 M⊙ with respect to the SNFF model.
At small stellar masses, M∗ ≃ 104 M⊙ the profile produced
by the DFBC is not cuspy, at least it does not become steep
as a NFW or steeper as happens to the SNFF model. Apart
the visual difference among the two models, we have anal-
ysed which one describes better the data. We applied a χ2 to
the data and model (see the following subsection).

Since data having not sufficient spatial resolution can
give rise to larger values of α, in cored systems, it is use-
ful to study the behaviour of the logarithmic slope in terms
of the data spatial resolution. In Fig. 4, we plot the logarith-
mic inner slope as a function of the RC’s resolution. As Oh
et al. (2011a), we plot data coming from THINGS dwarves,
de Blok et al. (2001) (open circles), de Blok et al. (2003)
(triangles). We add data from Adams et al. (2014) and the
LITTLE THINGS objects. As the figure shows, at low res-
olution Rin ≃ 1 the NFW and ISO slopes are almost equal
(de Blok et al. 2001), while at high resolution, Rin < 1, it is
possible to distinguish the NFW and ISO slopes. The solid
and dashed curves represent the theoretical NFW and ISO α-
Rin relations. While the THINGS dwarves and the LITTLE
THINGS deviate significantly from the NFW predictions,
the Adams et al. (2014) data are somehow intermediate be-
tween the two models, namely intermediate between cuspy
and cored halos.
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“const.  ρ”  core   

ρ (r) ~ rα

Experimental Detection evidence: These DM models can also “explain” the controversial 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);

“cusp” core   

Popolo & Pace 2016 found that a baryonic
clumps-DM interaction performs better
than the one based on supernova feedback.

Dark sector: DM particle (long-range
interaction) - interaction between a
DM particle (with mass !" and charge
#" $") and a nucleus (with mass !% and
electric charge #&). The scattering cross
section '() depends on the relative
velocity *+&, of the particles and there
specific properties:

'()(*+&, #" , !" , $" , #,!%…)

Motivation: Observational consequences (Galaxies cores): Resolves the cuspy halo problem – DM
becomes collisional: as a consequence, the core of galaxies is in agreement with observations (see e.g. de
Blok 2010), unlike numerical simulations (see e.g. Navarro et al. 2010).
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Max !c2obs [=(c2obs-c2ssm)/c2ssm] ≃ 3%

Max !c2dm [=(c2dm-c2ssm)/c2ssm] ≃ 3%

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. Possible solution to the solar metallicity problem.

Lopes, Panci and Silk (2014) 

Dark sector: DM particle (long-range
interaction) - interaction between a
DM particle (with mass #$ and charge
%$ &$) and a nucleus (with mass #' and
electric charge %(). The scattering cross
section )*+ depends on the relative
velocity ,-(. of the particles and there
specific properties:

)*+(,-(. %$ , #$ , &$ , %,#'…)



Vincent et. al.  (2015)
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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]
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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
u2 + v2esc, �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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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
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with �(m,x) the upper incomplete gamma function.
Here Bi ⌘ 1

2
m�w2/Ei, where Ei is a constant given in

[15] for each nuclear species.
Simulations of q2 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 q2 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, q2 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 has the square of the
momentum q exchanged in the collision. Agreement with sound speed profiles, etc . . . . The best
model corresponds to a dark matter particle with a mass of 3 GeV.

Max !c2obs [=(c2obs-c2ssm)/c2ssm] ≃ 3%

Max !c2dm [=(c2dm-c2ssm)/c2ssm] ≃ 3%

Dark sector: DM particle (long-range
interaction) - interaction between a
DM particle (with mass #$ and charge
%$ &$) and a nucleus (with mass #' and
electric charge %(). The scattering cross
section )*+ depends on the relative
velocity ,-(. of the particles and there
specific properties:

)*+(,-(. %$ , #$ , &$ , %,#'…)
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Helioseismology: limits to the DM characteristics
Dark sector (magnetic dipole dark
matter): an interaction between DM
particle (with mass !" and magnetic
dipole moment #") and a baryon, this
leads to the following expression for
cross section: $%&( !" , #" , …)

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. 

'% is the magnetic dipole moment

Max (c2obs [=(c2obs-c2ssm)/c2ssm] ≃ 3%

Max (c2dm [=(c2dm-c2ssm)/c2ssm] ≳ 3%



Lopes, Kadota & Silk (2014)

52

Helioseismology: limits to the DM characteristics
!" is the magnetic dipole moment

Max #c2obs [=(c2obs-c2ssm)/c2ssm] ≃ 3%

Max #c2dm [=(c2dm-c2ssm)/c2ssm] ≳ 3%

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. 

Dark sector (magnetic dipole dark
matter): an interaction between DM
particle (with mass &' and magnetic
dipole moment (') and a baryon, this
leads to the following expression for
cross section: )"*( &' , (' , …)
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Dark sector: Neutrino flux (including neutrino
flavour oscillations) resulting from the WIMP
annihilation (with the annihilation rate !" ) of
two DM particles in the Sun is given by

nature. The resulting neutrino flux from WIMP annihilation in
the Sun is given by
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where the sum is done over the i possible annihilation channels,
with Branching ratio BRiand spectra n ndN dE . Note that the
branching ratios for each annihilation channel are not known
for a general WIMP model. However, most WIMPs annihilate
predominantly to one particular state, such as ¯bb, t t+ -,and

+ -W W . The neutrino signal can be detected on Earth using
large Cerenkov detectors, such as ICECUBEin the south
poleandSUPER-KAMIOKANDEin the Kamioka Mine, Japan.
To compute the neutrino flux measured at the Earth, we used
WIMPSIM (Blennow et al. 2008; integrated with our stellar
evolution code), which uses an event-based framework.
WIMPSIM computes WIMP annihilation to SM particles, and
their subsequent hadronization or decay to neutrinos using
PYTHIA 6.400 (Sjöstrand et al. 2006). After that, it propagates
the neutrino signal through the solar medium and vacuum,
using a three-flavor oscillation framework and taking into
account neutrino charged currents (CC) and neutral currents
(NC) with the solar nuclei, which will impact the neutrino
spectra for higher energies.

The upper limits on the neutrino flux from WIMP
annihilation in ICECUBE and SUPER-KAMIOKANDE were
converted to annihilation rates using WIMPSIM (see Tables 1
and 2). The annihilation rates, GA, where converted into upper
limits on the scattering cross-section (SD and SI) using our
stellar evolution code to compute dark matter capture and p-
wave annihilation. We also computed the upper limits on the
scattering cross-section for WIMPs annihilation through s-
wave for comparison. In Figure 5, we plotted the upper limits
for s- and p-wave annihilation, as well as limits from different
direct detection experiments (see figure caption for references).

As expected, for regions where � :t teq , the limits on the
scattering cross-section for WIMP models with dominant p-
wave annihilation are coincident with the limits for the standard
s-wave case. However, as we increase cm and decrease the
scattering cross-section, the number of WIMPs will fall out of
equilibrium resulting in smaller annihilation rates, as shown in
Section 4.2, which will convert to upper limits on the SD and
SI scattering cross-sections above the standard case, specially
for higher masses.

5. DISCUSSION

In Section 4.3, we obtained the limits on the scattering cross-
section for p-wave annihilating WIMPs, placed by the Super-
Kamiokande and IceCube neutrino telescopes. We also
computed the limits for the standard case of s-wave annihila-
tion, which are in fair agreement with the results obtained by
previous analysis, including the experimental collaborations’
(Aartsen et al. 2013; Choi et al. 2015). It should be noted that
our constraints for the s-wave case are slightly below those
obtained by the experimental collaborations, which is simply
due to the fact that we used a newly determined dark matter
local halo density of r =c

-0.38 GeV cm 3(Catena &
Ullio 2010), while in the other analysis the traditional density
r =c

-0.30 GeV cm 3 is used. Despite being presented in a
separate fashion, the constraints presented in Section 4.3 can be
interpreted as the limiting cases of WIMPs annihilating with
both s and p-wave contributions.
A previous analysis by Kappl & Winkler (2011) also

included the computation of the limits on the scattering cross-
section for light WIMPs ( 1cm 20 GeV for SI and

1cm 80 GeV for SD) with pure p-wave annihilation. Albeit
not including the most recent Super-Kamiokande run (SK IV,
2008–2012), the analysis by Kappl & Winkler (2011) already
showed that the p-wave limits are considerably less stringent
than those from pure s-wave annihilations, which stems from
the fact that the WIMP annihilation cross-sections within the
Sun are smaller than those during the freeze-out epoch. In this
work, we extended and improved this analysis by employing

Table 1
Upper Limits on the SD and SI Cross-sections from the Super-Kamiokande Detector for s- and p-wave Annihilation.

s-WAVE p-WAVE

cm Channel Fnm GA sSD sSI sSD sSI
(GeV) ( )- -10 km yr12 2 1 ( )-s 1 ( )-10 cm40 2 ( )-10 cm42 2 ( )-10 cm40 2 ( )-10 cm41 2

4 t t- + 150 ´2.85 1024 1.65 7.50 7.71 2.55

6 ¯bb 294 ´1.42 1025 12.8 39.8 22.8 8.98
t t- + 70.8 ´1.36 1024 1.23 3.82 7.14 1.65

10 ¯bb 140 ´6.78 1024 11.1 21.2 22.8 4.80
t t- + 31.0 ´6.05 1023 0.99 1.89 7.70 1.22

20 ¯bb 53.1 ´2.65 1024 10.8 10.9 27.6 2.81
t t- + 13.2 ´2.62 1023 1.07 1.08 10.5 1.05

50 ¯bb 19.8 ´9.99 1023 17.6 8.30 73.1 2.59
t t- + 2.67 ´5.33 1022 0.94 0.44 12.3 0.96

100 ¯bb 7.54 ´3.77 1023 23.4 6.53 118 2.67
t t- + 0.70 ´1.44 1022 0.89 0.25 16.3 0.95

200 ¯bb 2.81 ´1.45 1023 34.0 6.05 178 3.44
t t- + 0.19 ´4.12 1021 0.97 0.17 29.0 0.97

Note.The 90% upper limit on the muon-neutrino flux, Fnm, was taken from Choi et al. (2015). The annihilation rate GA for each case is also shown for comparison.
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nature. The resulting neutrino flux from WIMP annihilation in
the Sun is given by
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where the sum is done over the i possible annihilation channels,
with Branching ratio BRiand spectra n ndN dE . Note that the
branching ratios for each annihilation channel are not known
for a general WIMP model. However, most WIMPs annihilate
predominantly to one particular state, such as ¯bb, t t+ -,and

+ -W W . The neutrino signal can be detected on Earth using
large Cerenkov detectors, such as ICECUBEin the south
poleandSUPER-KAMIOKANDEin the Kamioka Mine, Japan.
To compute the neutrino flux measured at the Earth, we used
WIMPSIM (Blennow et al. 2008; integrated with our stellar
evolution code), which uses an event-based framework.
WIMPSIM computes WIMP annihilation to SM particles, and
their subsequent hadronization or decay to neutrinos using
PYTHIA 6.400 (Sjöstrand et al. 2006). After that, it propagates
the neutrino signal through the solar medium and vacuum,
using a three-flavor oscillation framework and taking into
account neutrino charged currents (CC) and neutral currents
(NC) with the solar nuclei, which will impact the neutrino
spectra for higher energies.

The upper limits on the neutrino flux from WIMP
annihilation in ICECUBE and SUPER-KAMIOKANDE were
converted to annihilation rates using WIMPSIM (see Tables 1
and 2). The annihilation rates, GA, where converted into upper
limits on the scattering cross-section (SD and SI) using our
stellar evolution code to compute dark matter capture and p-
wave annihilation. We also computed the upper limits on the
scattering cross-section for WIMPs annihilation through s-
wave for comparison. In Figure 5, we plotted the upper limits
for s- and p-wave annihilation, as well as limits from different
direct detection experiments (see figure caption for references).

As expected, for regions where � :t teq , the limits on the
scattering cross-section for WIMP models with dominant p-
wave annihilation are coincident with the limits for the standard
s-wave case. However, as we increase cm and decrease the
scattering cross-section, the number of WIMPs will fall out of
equilibrium resulting in smaller annihilation rates, as shown in
Section 4.2, which will convert to upper limits on the SD and
SI scattering cross-sections above the standard case, specially
for higher masses.

5. DISCUSSION

In Section 4.3, we obtained the limits on the scattering cross-
section for p-wave annihilating WIMPs, placed by the Super-
Kamiokande and IceCube neutrino telescopes. We also
computed the limits for the standard case of s-wave annihila-
tion, which are in fair agreement with the results obtained by
previous analysis, including the experimental collaborations’
(Aartsen et al. 2013; Choi et al. 2015). It should be noted that
our constraints for the s-wave case are slightly below those
obtained by the experimental collaborations, which is simply
due to the fact that we used a newly determined dark matter
local halo density of r =c

-0.38 GeV cm 3(Catena &
Ullio 2010), while in the other analysis the traditional density
r =c

-0.30 GeV cm 3 is used. Despite being presented in a
separate fashion, the constraints presented in Section 4.3 can be
interpreted as the limiting cases of WIMPs annihilating with
both s and p-wave contributions.
A previous analysis by Kappl & Winkler (2011) also

included the computation of the limits on the scattering cross-
section for light WIMPs ( 1cm 20 GeV for SI and

1cm 80 GeV for SD) with pure p-wave annihilation. Albeit
not including the most recent Super-Kamiokande run (SK IV,
2008–2012), the analysis by Kappl & Winkler (2011) already
showed that the p-wave limits are considerably less stringent
than those from pure s-wave annihilations, which stems from
the fact that the WIMP annihilation cross-sections within the
Sun are smaller than those during the freeze-out epoch. In this
work, we extended and improved this analysis by employing

Table 1
Upper Limits on the SD and SI Cross-sections from the Super-Kamiokande Detector for s- and p-wave Annihilation.

s-WAVE p-WAVE

cm Channel Fnm GA sSD sSI sSD sSI
(GeV) ( )- -10 km yr12 2 1 ( )-s 1 ( )-10 cm40 2 ( )-10 cm42 2 ( )-10 cm40 2 ( )-10 cm41 2

4 t t- + 150 ´2.85 1024 1.65 7.50 7.71 2.55

6 ¯bb 294 ´1.42 1025 12.8 39.8 22.8 8.98
t t- + 70.8 ´1.36 1024 1.23 3.82 7.14 1.65

10 ¯bb 140 ´6.78 1024 11.1 21.2 22.8 4.80
t t- + 31.0 ´6.05 1023 0.99 1.89 7.70 1.22

20 ¯bb 53.1 ´2.65 1024 10.8 10.9 27.6 2.81
t t- + 13.2 ´2.62 1023 1.07 1.08 10.5 1.05

50 ¯bb 19.8 ´9.99 1023 17.6 8.30 73.1 2.59
t t- + 2.67 ´5.33 1022 0.94 0.44 12.3 0.96

100 ¯bb 7.54 ´3.77 1023 23.4 6.53 118 2.67
t t- + 0.70 ´1.44 1022 0.89 0.25 16.3 0.95

200 ¯bb 2.81 ´1.45 1023 34.0 6.05 178 3.44
t t- + 0.19 ´4.12 1021 0.97 0.17 29.0 0.97

Note.The 90% upper limit on the muon-neutrino flux, Fnm, was taken from Choi et al. (2015). The annihilation rate GA for each case is also shown for comparison.
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Dark sector: Neutrino flux (including neutrino
flavour oscillations) resulting from the WIMP
annihilation (with the annihilation rate !" ) of
two DM particles in the Sun is given by
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Helioseismology: Limits on the scattering cross-section for WIMPs for s-wave (dashed) and p-wave (dotted) 
annihilations, obtained from the IceCube (Aartsen et al. 2013) and Super-Kamiokande (Choi et al. 2015). The 
regions of interest obtained by direct detection experiments are also shown.

nature. The resulting neutrino flux from WIMP annihilation in
the Sun is given by
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where the sum is done over the i possible annihilation channels,
with Branching ratio BRiand spectra n ndN dE . Note that the
branching ratios for each annihilation channel are not known
for a general WIMP model. However, most WIMPs annihilate
predominantly to one particular state, such as ¯bb, t t+ -,and

+ -W W . The neutrino signal can be detected on Earth using
large Cerenkov detectors, such as ICECUBEin the south
poleandSUPER-KAMIOKANDEin the Kamioka Mine, Japan.
To compute the neutrino flux measured at the Earth, we used
WIMPSIM (Blennow et al. 2008; integrated with our stellar
evolution code), which uses an event-based framework.
WIMPSIM computes WIMP annihilation to SM particles, and
their subsequent hadronization or decay to neutrinos using
PYTHIA 6.400 (Sjöstrand et al. 2006). After that, it propagates
the neutrino signal through the solar medium and vacuum,
using a three-flavor oscillation framework and taking into
account neutrino charged currents (CC) and neutral currents
(NC) with the solar nuclei, which will impact the neutrino
spectra for higher energies.

The upper limits on the neutrino flux from WIMP
annihilation in ICECUBE and SUPER-KAMIOKANDE were
converted to annihilation rates using WIMPSIM (see Tables 1
and 2). The annihilation rates, GA, where converted into upper
limits on the scattering cross-section (SD and SI) using our
stellar evolution code to compute dark matter capture and p-
wave annihilation. We also computed the upper limits on the
scattering cross-section for WIMPs annihilation through s-
wave for comparison. In Figure 5, we plotted the upper limits
for s- and p-wave annihilation, as well as limits from different
direct detection experiments (see figure caption for references).

As expected, for regions where � :t teq , the limits on the
scattering cross-section for WIMP models with dominant p-
wave annihilation are coincident with the limits for the standard
s-wave case. However, as we increase cm and decrease the
scattering cross-section, the number of WIMPs will fall out of
equilibrium resulting in smaller annihilation rates, as shown in
Section 4.2, which will convert to upper limits on the SD and
SI scattering cross-sections above the standard case, specially
for higher masses.

5. DISCUSSION

In Section 4.3, we obtained the limits on the scattering cross-
section for p-wave annihilating WIMPs, placed by the Super-
Kamiokande and IceCube neutrino telescopes. We also
computed the limits for the standard case of s-wave annihila-
tion, which are in fair agreement with the results obtained by
previous analysis, including the experimental collaborations’
(Aartsen et al. 2013; Choi et al. 2015). It should be noted that
our constraints for the s-wave case are slightly below those
obtained by the experimental collaborations, which is simply
due to the fact that we used a newly determined dark matter
local halo density of r =c

-0.38 GeV cm 3(Catena &
Ullio 2010), while in the other analysis the traditional density
r =c

-0.30 GeV cm 3 is used. Despite being presented in a
separate fashion, the constraints presented in Section 4.3 can be
interpreted as the limiting cases of WIMPs annihilating with
both s and p-wave contributions.
A previous analysis by Kappl & Winkler (2011) also

included the computation of the limits on the scattering cross-
section for light WIMPs ( 1cm 20 GeV for SI and

1cm 80 GeV for SD) with pure p-wave annihilation. Albeit
not including the most recent Super-Kamiokande run (SK IV,
2008–2012), the analysis by Kappl & Winkler (2011) already
showed that the p-wave limits are considerably less stringent
than those from pure s-wave annihilations, which stems from
the fact that the WIMP annihilation cross-sections within the
Sun are smaller than those during the freeze-out epoch. In this
work, we extended and improved this analysis by employing

Table 1
Upper Limits on the SD and SI Cross-sections from the Super-Kamiokande Detector for s- and p-wave Annihilation.

s-WAVE p-WAVE

cm Channel Fnm GA sSD sSI sSD sSI
(GeV) ( )- -10 km yr12 2 1 ( )-s 1 ( )-10 cm40 2 ( )-10 cm42 2 ( )-10 cm40 2 ( )-10 cm41 2

4 t t- + 150 ´2.85 1024 1.65 7.50 7.71 2.55

6 ¯bb 294 ´1.42 1025 12.8 39.8 22.8 8.98
t t- + 70.8 ´1.36 1024 1.23 3.82 7.14 1.65

10 ¯bb 140 ´6.78 1024 11.1 21.2 22.8 4.80
t t- + 31.0 ´6.05 1023 0.99 1.89 7.70 1.22

20 ¯bb 53.1 ´2.65 1024 10.8 10.9 27.6 2.81
t t- + 13.2 ´2.62 1023 1.07 1.08 10.5 1.05

50 ¯bb 19.8 ´9.99 1023 17.6 8.30 73.1 2.59
t t- + 2.67 ´5.33 1022 0.94 0.44 12.3 0.96

100 ¯bb 7.54 ´3.77 1023 23.4 6.53 118 2.67
t t- + 0.70 ´1.44 1022 0.89 0.25 16.3 0.95

200 ¯bb 2.81 ´1.45 1023 34.0 6.05 178 3.44
t t- + 0.19 ´4.12 1021 0.97 0.17 29.0 0.97

Note.The 90% upper limit on the muon-neutrino flux, Fnm, was taken from Choi et al. (2015). The annihilation rate GA for each case is also shown for comparison.
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Limits in the σ,-./ and σ,-.0 scattering cross-section placed by
the Super-Kamiokande and IceCube neutrino detectors.

Dark sector: Neutrino flux (including neutrino
flavour oscillations) resulting from the WIMP
annihilation (with the annihilation rate !" ) of
two DM particles in the Sun is given by
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Helioseismology: Limits on the scattering cross-section for WIMPs for s-wave (dashed) and p-wave (dotted) 
annihilations, obtained from the IceCube (Aartsen et al. 2013) and Super-Kamiokande (Choi et al. 2015). The 
regions of interest obtained by direct detection experiments are also shown.

Limits in the σ"#$% and σ"#$& scattering cross-section placed by
the Super-Kamiokande and IceCube neutrino detectors.

nature. The resulting neutrino flux from WIMP annihilation in
the Sun is given by
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where the sum is done over the i possible annihilation channels,
with Branching ratio BRiand spectra n ndN dE . Note that the
branching ratios for each annihilation channel are not known
for a general WIMP model. However, most WIMPs annihilate
predominantly to one particular state, such as ¯bb, t t+ -,and

+ -W W . The neutrino signal can be detected on Earth using
large Cerenkov detectors, such as ICECUBEin the south
poleandSUPER-KAMIOKANDEin the Kamioka Mine, Japan.
To compute the neutrino flux measured at the Earth, we used
WIMPSIM (Blennow et al. 2008; integrated with our stellar
evolution code), which uses an event-based framework.
WIMPSIM computes WIMP annihilation to SM particles, and
their subsequent hadronization or decay to neutrinos using
PYTHIA 6.400 (Sjöstrand et al. 2006). After that, it propagates
the neutrino signal through the solar medium and vacuum,
using a three-flavor oscillation framework and taking into
account neutrino charged currents (CC) and neutral currents
(NC) with the solar nuclei, which will impact the neutrino
spectra for higher energies.

The upper limits on the neutrino flux from WIMP
annihilation in ICECUBE and SUPER-KAMIOKANDE were
converted to annihilation rates using WIMPSIM (see Tables 1
and 2). The annihilation rates, GA, where converted into upper
limits on the scattering cross-section (SD and SI) using our
stellar evolution code to compute dark matter capture and p-
wave annihilation. We also computed the upper limits on the
scattering cross-section for WIMPs annihilation through s-
wave for comparison. In Figure 5, we plotted the upper limits
for s- and p-wave annihilation, as well as limits from different
direct detection experiments (see figure caption for references).

As expected, for regions where � :t teq , the limits on the
scattering cross-section for WIMP models with dominant p-
wave annihilation are coincident with the limits for the standard
s-wave case. However, as we increase cm and decrease the
scattering cross-section, the number of WIMPs will fall out of
equilibrium resulting in smaller annihilation rates, as shown in
Section 4.2, which will convert to upper limits on the SD and
SI scattering cross-sections above the standard case, specially
for higher masses.

5. DISCUSSION

In Section 4.3, we obtained the limits on the scattering cross-
section for p-wave annihilating WIMPs, placed by the Super-
Kamiokande and IceCube neutrino telescopes. We also
computed the limits for the standard case of s-wave annihila-
tion, which are in fair agreement with the results obtained by
previous analysis, including the experimental collaborations’
(Aartsen et al. 2013; Choi et al. 2015). It should be noted that
our constraints for the s-wave case are slightly below those
obtained by the experimental collaborations, which is simply
due to the fact that we used a newly determined dark matter
local halo density of r =c

-0.38 GeV cm 3(Catena &
Ullio 2010), while in the other analysis the traditional density
r =c

-0.30 GeV cm 3 is used. Despite being presented in a
separate fashion, the constraints presented in Section 4.3 can be
interpreted as the limiting cases of WIMPs annihilating with
both s and p-wave contributions.
A previous analysis by Kappl & Winkler (2011) also

included the computation of the limits on the scattering cross-
section for light WIMPs ( 1cm 20 GeV for SI and

1cm 80 GeV for SD) with pure p-wave annihilation. Albeit
not including the most recent Super-Kamiokande run (SK IV,
2008–2012), the analysis by Kappl & Winkler (2011) already
showed that the p-wave limits are considerably less stringent
than those from pure s-wave annihilations, which stems from
the fact that the WIMP annihilation cross-sections within the
Sun are smaller than those during the freeze-out epoch. In this
work, we extended and improved this analysis by employing

Table 1
Upper Limits on the SD and SI Cross-sections from the Super-Kamiokande Detector for s- and p-wave Annihilation.

s-WAVE p-WAVE

cm Channel Fnm GA sSD sSI sSD sSI
(GeV) ( )- -10 km yr12 2 1 ( )-s 1 ( )-10 cm40 2 ( )-10 cm42 2 ( )-10 cm40 2 ( )-10 cm41 2

4 t t- + 150 ´2.85 1024 1.65 7.50 7.71 2.55

6 ¯bb 294 ´1.42 1025 12.8 39.8 22.8 8.98
t t- + 70.8 ´1.36 1024 1.23 3.82 7.14 1.65

10 ¯bb 140 ´6.78 1024 11.1 21.2 22.8 4.80
t t- + 31.0 ´6.05 1023 0.99 1.89 7.70 1.22

20 ¯bb 53.1 ´2.65 1024 10.8 10.9 27.6 2.81
t t- + 13.2 ´2.62 1023 1.07 1.08 10.5 1.05

50 ¯bb 19.8 ´9.99 1023 17.6 8.30 73.1 2.59
t t- + 2.67 ´5.33 1022 0.94 0.44 12.3 0.96

100 ¯bb 7.54 ´3.77 1023 23.4 6.53 118 2.67
t t- + 0.70 ´1.44 1022 0.89 0.25 16.3 0.95

200 ¯bb 2.81 ´1.45 1023 34.0 6.05 178 3.44
t t- + 0.19 ´4.12 1021 0.97 0.17 29.0 0.97

Note.The 90% upper limit on the muon-neutrino flux, Fnm, was taken from Choi et al. (2015). The annihilation rate GA for each case is also shown for comparison.

6

The Astrophysical Journal, 827:130 (9pp), 2016 August 20 Lopes & Lopes

The favoured regions from different direct detection are also shown. Pink:  CDMS II Si at 2' C.L. (Agnese 
et al. 2013); Green: DAMA/LIBRA at 3' C.L. (Bernabei et al. 2008); Purple: CRESSTII at  ' C.L. (Angloher
et al. 2012).

'( (v) = - + / (2
p-wave annihilations-wave annihilation (standard) 

Limits on Thermally Annihilating Dark Matter from 
Neutrino Telescopes

Dark sector: Neutrino flux (including neutrino
flavour oscillations) resulting from the WIMP
annihilation (with the annihilation rate '( ) of
two DM particles in the Sun is given by

I.  Lopes, J. Lopes (2016)
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Stellar Cluster: limits to the DM characteristics

The solid black line separates stars with radiative core from stars with a convective core. We also show
the contour (black dashed line) for which the mass of the convective region represents 15% of the total
mass of the star.
Stellar Clusters: If we consider !" > 103 GeV cm-3 (corresponding to the inner 5 pc of the Milky Way),
stars lighter than the Sun will have a main-sequence lifespan comparable to the current age of the
universe. Stars more massive than 2 M⊙ are not sensitive to the dark matter particles.
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Fig. 2.— The mass of the convective core during the MS of stars in the mass range 1M� < M < 2M� for scenarios with ⇢� '
103 GeV cm�3 (right) and without ADM (left). The blue line is representative of the end of the MS, which here we define as the stage
when hydrogen in the center of the star is at Xc = 10�4. The black solid line separates stars with radiative core from stars with convective
core. We also show the contour (black dashed line) for which the mass of the convective core represents 15% of the total mass of the star.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless

Dark sector: DM particle (point-like interaction) – an interaction between a DM particle (with mass
$% and scattering cross-section &"') and a proton inside a low-mass main-sequence star in the Milky
Way's nuclear stellar cluster. Lopes & Lopes (ApJ, 2019)
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Stellar Cluster: limits to the DM characteristics

The solid black line separates stars with radiative core from stars with a convective core. We also show
the contour (black dashed line) for which the mass of the convective region represents 15% of the total
mass of the star.
Stellar Clusters: If we consider !" > 103 GeV cm-3 (corresponding to the inner 5 pc of the Milky Way),
stars lighter than the Sun will have a main-sequence lifespan comparable to the current age of the
universe. Stars more massive than 2 M⊙ are not sensitive to the dark matter particles.
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Fig. 2.— The mass of the convective core during the MS of stars in the mass range 1M� < M < 2M� for scenarios with ⇢� '
103 GeV cm�3 (right) and without ADM (left). The blue line is representative of the end of the MS, which here we define as the stage
when hydrogen in the center of the star is at Xc = 10�4. The black solid line separates stars with radiative core from stars with convective
core. We also show the contour (black dashed line) for which the mass of the convective core represents 15% of the total mass of the star.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless
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Fig. 2.— The mass of the convective core during the MS of stars in the mass range 1M� < M < 2M� for scenarios with ⇢� '
103 GeV cm�3 (right) and without ADM (left). The blue line is representative of the end of the MS, which here we define as the stage
when hydrogen in the center of the star is at Xc = 10�4. The black solid line separates stars with radiative core from stars with convective
core. We also show the contour (black dashed line) for which the mass of the convective core represents 15% of the total mass of the star.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless
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when hydrogen in the center of the star is at Xc = 10�4. The black solid line separates stars with radiative core from stars with convective
core. We also show the contour (black dashed line) for which the mass of the convective core represents 15% of the total mass of the star.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless

Dark sector: DM particle (point-like interaction) – an interaction between a DM particle (with mass
$% and scattering cross-section &"') and a proton inside a low-mass main-sequence star in the Milky
Way's nuclear stellar cluster. Lopes & Lopes (ApJ, 2019)
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Stellar Cluster: limits to the DM characteristics

The solid black line separates stars with radiative core from stars with a convective core. We also show
the contour (black dashed line) for which the mass of the convective region represents 15% of the total
mass of the star.
Stellar Clusters: If we consider !" > 103 GeV cm-3 (corresponding to the inner 5 pc of the Milky Way),
stars lighter than the Sun will have a main-sequence lifespan comparable to the current age of the
universe. Stars more massive than 2 M⊙ are not sensitive to the dark matter particles.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless
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Fig. 2.— The mass of the convective core during the MS of stars in the mass range 1M� < M < 2M� for scenarios with ⇢� '
103 GeV cm�3 (right) and without ADM (left). The blue line is representative of the end of the MS, which here we define as the stage
when hydrogen in the center of the star is at Xc = 10�4. The black solid line separates stars with radiative core from stars with convective
core. We also show the contour (black dashed line) for which the mass of the convective core represents 15% of the total mass of the star.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless

Dark sector: DM particle (point-like interaction) – an interaction between a DM particle (with mass
$% and scattering cross-section &"') and a proton inside a low-mass main-sequence star in the Milky
Way's nuclear stellar cluster. Lopes & Lopes (ApJ, 2019) 6
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Fig. 4.— Top: HR diagram with MS stars evolved in an ADM
halo with di↵erent ADM densities. All stars start from the Zero
Age Main-Sequence, and travel all the way up until the Red Giant
Branch.Bottom: HR diagram of 1.4M� (left) and 1.2M� (right)
stars. All models have solar metallicity.

of the considered ADM density. Nonetheless, in the case
of older clusters, energy transport by ADM will intro-
duce a systematic error in the estimation of the cluster
age due to the extension of the star’s MS life-time as
discussed in section 3.1. This delay of the MS turn-o↵ is
already noticeable in the 5 Gyr isochrone of fig. 5 (notice
the markers along the curves which represent stars with
the same mass). However, while ADM energy transport
in stars with ⇠ 1M� extends the core hydrogen burn-
ing phase (approximately 3 Gyr for a one solar mass), the
same is not true for stars where convection would develop
if no ADM was present. The onset of convection in the
center of a star will mix the chemical species within the
core providing a continuous supply of burning material
to the nuclear reactions during the MS. The suppression
of convection by ADM will quench the hydrogen supply,
resulting in the early end of the MS phase.
The combined e↵ect that both the hydrogen burning

rate slowdown and suppression of core convection can
have on the MS duration of stars in the relevant mass
range are shown in fig. 6. While ADM energy transport
with ⇢DM = 103 GeV cm�3 increases the MS duration
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Fig. 5.— 2 Gyr and 5 Gyr isochrones computed for a stellar pop-
ulation in the mass range M = 1.0 � 2.0M�, in classical scenario
(no ADM, dashed) and in the case where the cluster evolved in an
halo of ADM with ⇢DM = 103 GeV cm�3 (solid). The isochrones
were computed using MIST (Dotter 2016; Choi et al. 2016). The
markers along the isochrones, F (star), � (circle), 2 (square) and
4 (triangle), represent stars with 1.0, 1.2, 1.4 and 1.6 M� respec-
tively. All models have solar metallicity.

of stars with M < 1.3M�, stars with M > 1.3M� will
have a smaller tMS than in the scenario with no ADM
due to convective core suppression. A similar, albeit less
pronounced, behavior can be seen for lower ADM density
⇢DM = 102 GeV cm�3. As expected, stars with M >
2M� will have the same MS duration regardless of the
ADM density considered here.

5. CONCLUSIONS

In this work, we studied the impact of DM-baryon in-
teractions in low-mass MS stars in the Milky Way’s NSC,
and how can we explore these e↵ects to probe the elusive
nature and content of DM in the center of the Milky Way.
We considered ADM interacting with baryons through a
spin-dependent e↵ective cross-section �SD = 10�37 cm2

which sits close to the limits allowed by other experi-
ments for m� ' 4 GeV.
Assuming a conservative estimation of the DM density

expected in the region populated by the NSC (⇢DM =
103 GeV cm�3 at rGC ' 5 pc assuming a standard
Navarro-Frenk-White profile), we found that the trans-
port of energy by ADM inside stars can have two distinct
e↵ects: the slowdown of the hydrogen burning rate due to
the decrease of the star’s central temperature (⇠ 10�20%
lower central temperature in a 1M� star during the MS)
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Fig. 4.— Top: HR diagram with MS stars evolved in an ADM
halo with di↵erent ADM densities. All stars start from the Zero
Age Main-Sequence, and travel all the way up until the Red Giant
Branch.Bottom: HR diagram of 1.4M� (left) and 1.2M� (right)
stars. All models have solar metallicity.

duce a systematic error in the estimation of the cluster
age due to the extension of the star’s MS life-time as
discussed in section 3.1. This delay of the MS turn-o↵ is
already noticeable in the 5 Gyr isochrone of fig. 5 (notice
the markers along the curves which represent stars with
the same mass). However, while ADM energy transport
in stars with ⇠ 1M� extends the core hydrogen burn-
ing phase (approximately 3 Gyr for a one solar mass), the
same is not true for stars where convection would develop
if no ADM was present. The onset of convection in the
center of a star will mix the chemical species within the
core providing a continuous supply of burning material
to the nuclear reactions during the MS. The suppression
of convection by ADM will quench the hydrogen supply,
resulting in the early end of the MS phase.
The combined e↵ect that both the hydrogen burning

rate slowdown and suppression of core convection can
have on the MS duration of stars in the relevant mass
range are shown in fig. 6. While ADM energy transport
with ⇢DM = 103 GeV cm�3 increases the MS duration
of stars with M < 1.3M�, stars with M > 1.3M� will
have a smaller tMS than in the scenario with no ADM
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Fig. 5.— 2 Gyr and 5 Gyr isochrones computed for a stellar pop-
ulation in the mass range M = 1.0 � 2.0M�, in classical scenario
(no ADM, dashed) and in the case where the cluster evolved in an
halo of ADM with ⇢DM = 103 GeV cm�3 (solid). The isochrones
were computed using MIST (Dotter 2016; Choi et al. 2016). The
markers along the isochrones, F (star), � (circle), 2 (square) and
4 (triangle), represent stars with 1.0, 1.2, 1.4 and 1.6 M� respec-
tively. All models have solar metallicity.

due to convective core suppression. A similar, albeit less
pronounced, behavior can be seen for lower ADM density
⇢DM = 102 GeV cm�3. As expected, stars with M >
2M� will have the same MS duration regardless of the
ADM density considered here.

5. CONCLUSIONS

In this work, we studied the impact of DM-baryon in-
teractions in low-mass MS stars in the Milky Way’s NSC,
and how can we explore these e↵ects to probe the elusive
nature and content of DM in the center of the Milky Way.
We considered ADM interacting with baryons through a
spin-dependent e↵ective cross-section �SD = 10�37 cm2

which sits close to the limits allowed by other experi-
ments for m� ' 4 GeV.
Assuming a conservative estimation of the DM density

expected in the region populated by the NSC (⇢DM =
103 GeV cm�3 at rGC ' 5 pc assuming a standard
Navarro-Frenk-White profile), we found that the trans-
port of energy by ADM inside stars can have two distinct
e↵ects: the slowdown of the hydrogen burning rate due to
the decrease of the star’s central temperature (⇠ 10�20%
lower central temperature in a 1M� star during the MS)
and the suppression of core convection in stars near the
limit for which the medium becomes unstable against
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Fig. 4.— Top: HR diagram with MS stars evolved in an ADM
halo with di↵erent ADM densities. All stars start from the Zero
Age Main-Sequence, and travel all the way up until the Red Giant
Branch.Bottom: HR diagram of 1.4M� (left) and 1.2M� (right)
stars. All models have solar metallicity.

duce a systematic error in the estimation of the cluster
age due to the extension of the star’s MS life-time as
discussed in section 3.1. This delay of the MS turn-o↵ is
already noticeable in the 5 Gyr isochrone of fig. 5 (notice
the markers along the curves which represent stars with
the same mass). However, while ADM energy transport
in stars with ⇠ 1M� extends the core hydrogen burn-
ing phase (approximately 3 Gyr for a one solar mass), the
same is not true for stars where convection would develop
if no ADM was present. The onset of convection in the
center of a star will mix the chemical species within the
core providing a continuous supply of burning material
to the nuclear reactions during the MS. The suppression
of convection by ADM will quench the hydrogen supply,
resulting in the early end of the MS phase.
The combined e↵ect that both the hydrogen burning

rate slowdown and suppression of core convection can
have on the MS duration of stars in the relevant mass
range are shown in fig. 6. While ADM energy transport
with ⇢DM = 103 GeV cm�3 increases the MS duration
of stars with M < 1.3M�, stars with M > 1.3M� will
have a smaller tMS than in the scenario with no ADM
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Fig. 5.— 2 Gyr and 5 Gyr isochrones computed for a stellar pop-
ulation in the mass range M = 1.0 � 2.0M�, in classical scenario
(no ADM, dashed) and in the case where the cluster evolved in an
halo of ADM with ⇢DM = 103 GeV cm�3 (solid). The isochrones
were computed using MIST (Dotter 2016; Choi et al. 2016). The
markers along the isochrones, F (star), � (circle), 2 (square) and
4 (triangle), represent stars with 1.0, 1.2, 1.4 and 1.6 M� respec-
tively. All models have solar metallicity.

due to convective core suppression. A similar, albeit less
pronounced, behavior can be seen for lower ADM density
⇢DM = 102 GeV cm�3. As expected, stars with M >
2M� will have the same MS duration regardless of the
ADM density considered here.

5. CONCLUSIONS

In this work, we studied the impact of DM-baryon in-
teractions in low-mass MS stars in the Milky Way’s NSC,
and how can we explore these e↵ects to probe the elusive
nature and content of DM in the center of the Milky Way.
We considered ADM interacting with baryons through a
spin-dependent e↵ective cross-section �SD = 10�37 cm2

which sits close to the limits allowed by other experi-
ments for m� ' 4 GeV.
Assuming a conservative estimation of the DM density

expected in the region populated by the NSC (⇢DM =
103 GeV cm�3 at rGC ' 5 pc assuming a standard
Navarro-Frenk-White profile), we found that the trans-
port of energy by ADM inside stars can have two distinct
e↵ects: the slowdown of the hydrogen burning rate due to
the decrease of the star’s central temperature (⇠ 10�20%
lower central temperature in a 1M� star during the MS)
and the suppression of core convection in stars near the
limit for which the medium becomes unstable against
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Stellar Cluster: limits to the DM characteristics

The solid black line separates stars with radiative core from stars with a convective core. We also show
the contour (black dashed line) for which the mass of the convective region represents 15% of the total
mass of the star.
Stellar Clusters: If we consider !" > 103 GeV cm-3 (corresponding to the inner 5 pc of the Milky Way),
stars lighter than the Sun will have a main-sequence lifespan comparable to the current age of the
universe. Stars more massive than 2 M⊙ are not sensitive to the dark matter particles.
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Fig. 2.— The mass of the convective core during the MS of stars in the mass range 1M� < M < 2M� for scenarios with ⇢� '
103 GeV cm�3 (right) and without ADM (left). The blue line is representative of the end of the MS, which here we define as the stage
when hydrogen in the center of the star is at Xc = 10�4. The black solid line separates stars with radiative core from stars with convective
core. We also show the contour (black dashed line) for which the mass of the convective core represents 15% of the total mass of the star.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless
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Fig. 2.— The mass of the convective core during the MS of stars in the mass range 1M� < M < 2M� for scenarios with ⇢� '
103 GeV cm�3 (right) and without ADM (left). The blue line is representative of the end of the MS, which here we define as the stage
when hydrogen in the center of the star is at Xc = 10�4. The black solid line separates stars with radiative core from stars with convective
core. We also show the contour (black dashed line) for which the mass of the convective core represents 15% of the total mass of the star.
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Fig. 3.— The mass of the convective core when the central hy-
drogen abundance is 0.5. The conditions within the star during the
moment when Xcenter = 0.5, represented here, are representative
of the conditions during the MS lifetime (see fig. 2)

diagram of low-mass MS stars in di↵erent ADM sce-
narios. As shown, the evolutionary path of stars with
M . 1.5 M� evolved within an environment with ⇢� >
103 GeV cm�3 will not exhibit the hook feature char-
acteristic of core convection, as opposed to the scenario
with no ADM where the same feature is visible for stars
withM ' 1.2M�. Analogously, for ⇢� > 102 GeV cm�3

the hook feature is suppressed in the evolutionary tracks
of stars with M . 1.3 M�, as highlighted in the lower
panels of fig. 4.
The suppression of the MS hook in the HR diagram

shown in fig. 4 can be important in the study and
analysis of the color-magnitude diagram of a cluster’s
stellar population. In fact, today, the best estimates
of the age of open stellar clusters are obtained by fit-
ting isochrones to the respective color-magnitude dia-
gram, a method in which the identification of the end
of the MS, the so-called MS turn-o↵, plays a key role
(e.g. Soderblom 2010). If the stars in the turn-o↵ re-
gion of a stellar cluster with a given age have convective
cores, the respective color-magnitude diagram will dis-

play a gap in luminosity corresponding to the hook in
the HR diagram. For this reason isochrone fitting can
also be used to probe the convective core of MS stars,
as recently done by VandenBerg & Stetson (2004), who
used this technique to constrain convective overshooting
for stars with M ⇡ 1.3M�, which, as shown in fig. 4, is
in the mass range for which ADM can dictate whether
the core is stable or unstable against convection (Van-
denBerg & Stetson 2004).
It should be noted that while isochrone fitting might

be a valid approach in the estimation of the age and
metallicity of open stellar clusters, the same may not
be strictly true for NSCs. While the stellar populations
comprising the former can be assumed to be a simple
stellar population, i.e., a population composed by stars
with roughly the same age and same metallicity, little is
known about mechanisms of stellar formation in NSC’s.
Today it is commonly accepted that the NSC is not only
composed by stars created during repeated episodes of in
situ star formation but also by stars from clusters that
have formed elsewhere and were attracted to the cen-
ter of the galaxy (Baumgardt et al. 2018). Nonetheless,
even though both scenarios might contribute to the un-
certainty of parameter estimation by isochrone fitting, a
stellar population composed by multiple clusters or with
an expanded time formation history can be considered
as a superposition of simple stellar populations.
The potential of isochrone fitting as a diagnostic of the

ADM content in the NSC is illustrated in fig. 5, where
we show the isochrones for 2 and 5 Gyr. While the over-
all e↵ect of ADM energy transport is evident in both
isochrones, the convective core suppression is especially
evident in the 2 Gyr isochrone, where the luminosity gap
due to the MS hook is missing for ⇢DM = 103 GeV cm�3.
This striking di↵erence is not present in either much
younger or much older isochrones. Clusters younger than
1 Gyr will have a turn-o↵ defined by stars heavier than
2M�, which are not sensitive to ADM energy transport.
On the other hand, the turn-o↵ in clusters older than ⇠ 4
Gyr is composed by stars with radiative core regardless

Dark sector: DM particle (point-like interaction) – an interaction between a DM particle (with mass
$% and scattering cross-section &"') and a proton inside a low-mass main-sequence star in the Milky
Way's nuclear stellar cluster. Lopes & Lopes (ApJ, 2019)6

Fig. 4.— Top: HR diagram with MS stars evolved in an ADM
halo with di↵erent ADM densities. All stars start from the Zero
Age Main-Sequence, and travel all the way up until the Red Giant
Branch.Bottom: HR diagram of 1.4M� (left) and 1.2M� (right)
stars. All models have solar metallicity.

of the considered ADM density. Nonetheless, in the case
of older clusters, energy transport by ADM will intro-
duce a systematic error in the estimation of the cluster
age due to the extension of the star’s MS life-time as
discussed in section 3.1. This delay of the MS turn-o↵ is
already noticeable in the 5 Gyr isochrone of fig. 5 (notice
the markers along the curves which represent stars with
the same mass). However, while ADM energy transport
in stars with ⇠ 1M� extends the core hydrogen burn-
ing phase (approximately 3 Gyr for a one solar mass), the
same is not true for stars where convection would develop
if no ADM was present. The onset of convection in the
center of a star will mix the chemical species within the
core providing a continuous supply of burning material
to the nuclear reactions during the MS. The suppression
of convection by ADM will quench the hydrogen supply,
resulting in the early end of the MS phase.
The combined e↵ect that both the hydrogen burning

rate slowdown and suppression of core convection can
have on the MS duration of stars in the relevant mass
range are shown in fig. 6. While ADM energy transport
with ⇢DM = 103 GeV cm�3 increases the MS duration
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Fig. 5.— 2 Gyr and 5 Gyr isochrones computed for a stellar pop-
ulation in the mass range M = 1.0 � 2.0M�, in classical scenario
(no ADM, dashed) and in the case where the cluster evolved in an
halo of ADM with ⇢DM = 103 GeV cm�3 (solid). The isochrones
were computed using MIST (Dotter 2016; Choi et al. 2016). The
markers along the isochrones, F (star), � (circle), 2 (square) and
4 (triangle), represent stars with 1.0, 1.2, 1.4 and 1.6 M� respec-
tively. All models have solar metallicity.

of stars with M < 1.3M�, stars with M > 1.3M� will
have a smaller tMS than in the scenario with no ADM
due to convective core suppression. A similar, albeit less
pronounced, behavior can be seen for lower ADM density
⇢DM = 102 GeV cm�3. As expected, stars with M >
2M� will have the same MS duration regardless of the
ADM density considered here.

5. CONCLUSIONS

In this work, we studied the impact of DM-baryon in-
teractions in low-mass MS stars in the Milky Way’s NSC,
and how can we explore these e↵ects to probe the elusive
nature and content of DM in the center of the Milky Way.
We considered ADM interacting with baryons through a
spin-dependent e↵ective cross-section �SD = 10�37 cm2

which sits close to the limits allowed by other experi-
ments for m� ' 4 GeV.
Assuming a conservative estimation of the DM density

expected in the region populated by the NSC (⇢DM =
103 GeV cm�3 at rGC ' 5 pc assuming a standard
Navarro-Frenk-White profile), we found that the trans-
port of energy by ADM inside stars can have two distinct
e↵ects: the slowdown of the hydrogen burning rate due to
the decrease of the star’s central temperature (⇠ 10�20%
lower central temperature in a 1M� star during the MS)
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Conclusion

The resolution of the dark matter problem will possibly be achieved through
the development of an extension to the standard model of elementary
particles, i.e., a dark matter sector made of one or more particles (stable and
unstable) with their own set of rules.

A final resolution will be possible, not through efforts by a single field of
research only, but more likely through an interdisciplinary approach to this
problem, where the Sun and stars can play an important complementary role to
Cosmology and Particle Physics.



Conclusion

Asteroseismology provides a new method to probe the physics inside MS
and post-MS stars. Therefore, stellar oscillation data (of a future mission like
PLATO) can be used to put constraints on the same (and new) dark matter
candidates. The diversity of stars and their distribution in the Milky Way disk
and Halo (Globular clusters) provides a new way to constrain the properties
of dark matter on locations other than the solar neighbourhood.

Helioseismology and solar neutrinos can be used to test the different dark
matter candidates. Moreover, the next generation of solar neutrinos
telescopes has the potential of being even more stringent in fixing those
constraints. More importantly, the combination of previous data sets could
help us to disentangle the different physical processes operating in the Sun’s
core (rotation, magnetic field, gravity waves . . . and dark matter)
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following electron neutrino nuclear reactions: pp, pep, 8B, 7Be,
13N, 15O, and 17F (see Figure 3). A detailed discussion about
the neutrino sources inside the Sun and the properties of these
specific solar models can be found in Lopes (2013).

Figure 3 shows the local source of electron neutrinos for the
standard solar model, which by definition is consistent with the
current helioseismic and solar flux data. A detailed account of
the properties of Equation (10) can be found in Lopes (2017). It
is worth noticing that in general the dark matter affects
significantly the evolution of the star in its core. Although the
location of the different neutrino sources can vary with the dark
matter, its effect on fi(r) is relatively small (see Figure 4). The
electron neutrinos coming from the different nuclear reactions
have a very similar behavior in terms of energy: neutrinos with
relatively low energy are only affected by vacuum oscillations,
while neutrinos with high energy are affected by vacuum and
matter oscillations. Both of these effects are taken into account
by the Pe(E) function (Equation (3)). Moreover, since neutrinos
are produced in nuclear reactions located at different solar radii,
the Pe,i(E) curves vary slightly due to fi (Equation (10)). This
is the reason why in the standard neutrino flavor model the
Pe,i(E) are very similar for low- and high-energy neutrinos,
with only small differences. However, if dark matter is present,
while the difference is small for the low-energy neutrinos, the
effect is very large for very high-energy neutrinos. This is due
to the contribution of Vχ(r) to Pe(E) (see Figure 4). Actually,
this is the reason why one could expect neutrinos produced in
nuclear reactions located near the center of the Sun, such as the
neutrino sources 8B and 7Be (PP chains) and 13N, 15O, and 17F
(CNO cycle), to be very affected by the presence of dark matter
particles. Nevertheless, as we will discuss next, this is not
necessarily the case, because the neutrinos more affected are

the ones produced near the Sun’s center, but also the ones that
have a relatively high energy.
Now that we have all the ingredients, we can compute the

electron neutrino energy spectrum of the different solar
sources. The energy spectrum of electron neutrinos produced
by a specific nuclear reaction in the Sun is essentially
independent of the properties of the solar plasma at the
location where the nuclear reaction occurs. With a great degree
of certainty we will consider that this neutrino spectrum is
similar to the neutrino spectrum measured in a laboratory on
Earth for the same nuclear reaction. A typical example is the 8B
spectrum(e.g., Winter et al. 2006). Accordingly, we can use
such an Earth spectrum as a reference against which we can test
the new physics of our model. Hence, the difference observed
between the neutrino spectrum given by the nuclear reaction in
the Sun’s core, Φi(E), and the neutrino spectrum that emerges
from the Sun’s surface and is measured by a solar neutrino
detector on Earth, Φi,e(E), is only due to neutrino flavor
oscillations (either vacuum oscillations or vacuum–matter
oscillations). Hence, the two previous neutrino energy spectra
are simply related:

F = F:( ) ( ) ( ) ( )E P E E . 11i e i i, ,

Figures 5 and 6 show two of these spectra. We notice that
although several neutrino sources are located near the Sun’s
center, only the spectra of 8B electron neutrinos and hep
electron neutrinos have their spectra modified by the presence
of dark matter. This occurs because both sources produce
neutrinos with relatively high energy. The effect is more
pronounced in the 8B electron neutrino spectrum because this
neutrino source is located very near the core. The spectra of the
other neutrino sources—pp, pep, and 7Be (pp chain reactions)
and 13N, 15O, and 17F (CNO cycle reactions)—are not shown
because the effect of dark matter is negligible, i.e., these spectra
are not affected by the presence of dark matter in the
Sun’s core.
Figure 7 shows the error bars of the 8B and hep spectra

computed by assuming a realistic experimental error on the

Figure 3. Neutrino emission sources of the various nuclear reactions of the
proton–proton (pp) chain and carbon–nitrogen–oxygen (CNO) cycle present
inside the Sun. The standard solar model used in this calculation is in good
agreement with the helioseismology data, and its internal structure is identical
to many other solar models found in the literature (see text). The figure shows
the variation of the neutrino source fi(r) (i = pp, pep(*), hep, 8B, 7Be(*), 13N,
15O, and 17F) with the solar radius r. All the solar neutrino sources produce a
continuous spectrum, with the exception of the pep(*) and 7Be(*) sources that
generate spectral lines. The red and blue shaded areas correspond to the 8B and
hep sources, which are the most sensitive to the hidden sector (see text).
Although solar models with dark matter will show a slight variation of the fi(r)
functions, overall the fi(r) for solar models with and without dark matter will
be similar. This figure was adapted from Lopes (2017).

Figure 4. Variation of the different electron neutrino survival probability
functions (Pe) with the energy of the emitted neutrino (the color scheme is the
same one as in Figure 3): the continuous and dashed curves correspond to the
standard model of three active neutrinos and to the 3+1 neutrino model with
dark matter (see Figure 2). The Pe functions of the pep(*) neutrino source are
shown as black curves: a dotted–dashed one for the standard neutrino model
and a dotted one for the 3+1 neutrino model.
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The figure shows the local source of electron neutrinos for the standard solar model, which by
definition is consistent with the current helioseismic and solar flux data.
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following electron neutrino nuclear reactions: pp, pep, 8B, 7Be,
13N, 15O, and 17F (see Figure 3). A detailed discussion about
the neutrino sources inside the Sun and the properties of these
specific solar models can be found in Lopes (2013).

Figure 3 shows the local source of electron neutrinos for the
standard solar model, which by definition is consistent with the
current helioseismic and solar flux data. A detailed account of
the properties of Equation (10) can be found in Lopes (2017). It
is worth noticing that in general the dark matter affects
significantly the evolution of the star in its core. Although the
location of the different neutrino sources can vary with the dark
matter, its effect on fi(r) is relatively small (see Figure 4). The
electron neutrinos coming from the different nuclear reactions
have a very similar behavior in terms of energy: neutrinos with
relatively low energy are only affected by vacuum oscillations,
while neutrinos with high energy are affected by vacuum and
matter oscillations. Both of these effects are taken into account
by the Pe(E) function (Equation (3)). Moreover, since neutrinos
are produced in nuclear reactions located at different solar radii,
the Pe,i(E) curves vary slightly due to fi (Equation (10)). This
is the reason why in the standard neutrino flavor model the
Pe,i(E) are very similar for low- and high-energy neutrinos,
with only small differences. However, if dark matter is present,
while the difference is small for the low-energy neutrinos, the
effect is very large for very high-energy neutrinos. This is due
to the contribution of Vχ(r) to Pe(E) (see Figure 4). Actually,
this is the reason why one could expect neutrinos produced in
nuclear reactions located near the center of the Sun, such as the
neutrino sources 8B and 7Be (PP chains) and 13N, 15O, and 17F
(CNO cycle), to be very affected by the presence of dark matter
particles. Nevertheless, as we will discuss next, this is not
necessarily the case, because the neutrinos more affected are

the ones produced near the Sun’s center, but also the ones that
have a relatively high energy.
Now that we have all the ingredients, we can compute the

electron neutrino energy spectrum of the different solar
sources. The energy spectrum of electron neutrinos produced
by a specific nuclear reaction in the Sun is essentially
independent of the properties of the solar plasma at the
location where the nuclear reaction occurs. With a great degree
of certainty we will consider that this neutrino spectrum is
similar to the neutrino spectrum measured in a laboratory on
Earth for the same nuclear reaction. A typical example is the 8B
spectrum(e.g., Winter et al. 2006). Accordingly, we can use
such an Earth spectrum as a reference against which we can test
the new physics of our model. Hence, the difference observed
between the neutrino spectrum given by the nuclear reaction in
the Sun’s core, Φi(E), and the neutrino spectrum that emerges
from the Sun’s surface and is measured by a solar neutrino
detector on Earth, Φi,e(E), is only due to neutrino flavor
oscillations (either vacuum oscillations or vacuum–matter
oscillations). Hence, the two previous neutrino energy spectra
are simply related:

F = F:( ) ( ) ( ) ( )E P E E . 11i e i i, ,

Figures 5 and 6 show two of these spectra. We notice that
although several neutrino sources are located near the Sun’s
center, only the spectra of 8B electron neutrinos and hep
electron neutrinos have their spectra modified by the presence
of dark matter. This occurs because both sources produce
neutrinos with relatively high energy. The effect is more
pronounced in the 8B electron neutrino spectrum because this
neutrino source is located very near the core. The spectra of the
other neutrino sources—pp, pep, and 7Be (pp chain reactions)
and 13N, 15O, and 17F (CNO cycle reactions)—are not shown
because the effect of dark matter is negligible, i.e., these spectra
are not affected by the presence of dark matter in the
Sun’s core.
Figure 7 shows the error bars of the 8B and hep spectra

computed by assuming a realistic experimental error on the

Figure 3. Neutrino emission sources of the various nuclear reactions of the
proton–proton (pp) chain and carbon–nitrogen–oxygen (CNO) cycle present
inside the Sun. The standard solar model used in this calculation is in good
agreement with the helioseismology data, and its internal structure is identical
to many other solar models found in the literature (see text). The figure shows
the variation of the neutrino source fi(r) (i = pp, pep(*), hep, 8B, 7Be(*), 13N,
15O, and 17F) with the solar radius r. All the solar neutrino sources produce a
continuous spectrum, with the exception of the pep(*) and 7Be(*) sources that
generate spectral lines. The red and blue shaded areas correspond to the 8B and
hep sources, which are the most sensitive to the hidden sector (see text).
Although solar models with dark matter will show a slight variation of the fi(r)
functions, overall the fi(r) for solar models with and without dark matter will
be similar. This figure was adapted from Lopes (2017).

Figure 4. Variation of the different electron neutrino survival probability
functions (Pe) with the energy of the emitted neutrino (the color scheme is the
same one as in Figure 3): the continuous and dashed curves correspond to the
standard model of three active neutrinos and to the 3+1 neutrino model with
dark matter (see Figure 2). The Pe functions of the pep(*) neutrino source are
shown as black curves: a dotted–dashed one for the standard neutrino model
and a dotted one for the 3+1 neutrino model.
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Figure shows the local source of electron neutrinos for the standard solar model, which by definition is
consistent with the current helioseismic and solar flux data.

3.2. The Effective Matter Potential

Neutrinos propagating throughout the Sun’s interior will
change flavor due to vacuum oscillations and matter oscilla-
tions. As the solar plasma is now composed of neutrons,
protons, electrons, and dark matter particles, some of these
particles will contribute to the neutrino flavor oscillation
mechanisms. The interaction of neutrinos with the solar
medium proceeds through coherent forward elastic charged-
current (cc) and neutral-current (nc) scatterings; as usual, these
effects are represented by the effective potentials Vcc and Vnc.
These potentials are expressed as functions of local number
densities ne(r) and nn(r):

h= n( ) ( )V G n r2 5ecc F

and

h= n( ) ( )V G n r2
1
2

, 6nnc F

where GF is the Fermi constant and ην is the ratio of the
neutrino energy E toDm21

2 given by h = Dn ( )E E m4 21
2 .Dm21

2

is computed asD = -m m mi i1
2 2

1
2 (i=2, 3, 4). Similarly, Vχ is

the potential related to dark matter particles(Forastieri et al.
2017):

h=c c c n( ) ( ) ( )V r G n r , 7

where a=c cG g mB B
2 2. This latter quantity is the equivalent of

the Fermi constant in the hidden sector, for which gB and mB

are the coupling constant and the mass of the hidden boson B,
ac is a factor of the order of unity, which we will set to be one.
In the calculation of Vχ we choose = ´cG G2.8 1010

F. This
value comes from a constraint obtained from the CMB
data(Forastieri et al. 2017).

The potential Vχ makes a significant impact on the 3 + 1
neutrino flavor model. This term introduces the mechanism by
which dark matter can affect the variation of neutrino flavor. Its
strength is regulated by the magnitude of Gχ.

The contributions of the effective matter potentials Vcc and
Vnc and dark matter potential Vχ are taken into account in the
previous Equation (4) thorough the expressions Vx and Vy:

= - + -[ ( ) ( )] ( )V V c c s s V s c s
1
2

8x scc 13
2

14
2

14
2

24
2
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2
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and

= -( ) ( )V V V c c s s , 9y s cc 13
2

14 14 24

where Vs=Vχ− Vnc.
The calculation of Vχ will be done for a specific model of

dark matter. Since there is a large variation in the total number
of dark matter particles with the properties of the dark matter,
we choose the fiducial extreme value of Nχ∼1047 to illustrate
the impact of dark matter on the 3 + 1 neutrino flavor model.

3.3. The Survival of Electron Neutrinos

As in the classical neutrino flavor oscillation model, the
conversion of electron neutrinos due to neutrino flavor
oscillations depends on the local electron density ne(r) (Lopes
& Turck-Chièze 2013), but this generalized neutrino flavor
oscillation model also depends on the local neutron density
nn(r) and the local dark matter density nχ(r).

Figure 2 shows the variation of the Pe(E) with the energy of
the neutrino. Pe is given by Equation (3); the values of Pe are
particularly accurate in the case that s34=0 and when

D �V E m 1cc 31
2 (Capozzi et al. 2017). It is worth noticing

that in relation to the standard model of three active neutrinos,
the 3+1 model (without dark matter) affects equally the
vacuum and matter of the electron neutrino, and the 3+1
model (with dark matter) affects most of the matter oscillations.
In the latter model this effect is quite significant. The reason is
related to the large value of Gχ adopted in these calculations.
Indeed, while the standard model of three active neutrinos and
the 3+1 (without dark matter) neutrino model(Lopes 2018)
have very similar curves of electron survival probability Pe
(compare black and blue curves), the 3+1 (with dark matter)
neutrino flavor model has a Pe (red curve) clearly distinct from
the previous models. This difference is more pronounced for
neutrinos of higher energy (see Figure 2). An important aspect
of this result worth highlighting is that the Pe(E) sterile
component (caused by the new parameters) affects electron
neutrinos with any energy equally. However, the Pe(E) dark
matter component (related to the dark matter potential Vχ)
affects mostly the neutrinos with higher energy. This last term
is very sensitive to GF and Nχ.

4. The Solar Electron Neutrino Spectra

The solar electron neutrinos arriving on Earth are produced
by the nuclear reactions of the proton–proton (PP) chains and
the CNO cycle at very high temperatures in the deepest layers
in the Sun’s interior. Therefore to compute the neutrino spectra,
we must take into account the location of neutrino sources
inside the Sun. Thus to calculate the average survival
probability of electron neutrinos for each nuclear reaction in
the solar interior, i.e., º á ñ( )P P Ee i e i, , we compute

ò f pr= - : ( ) ( ) ( ) ( )P A P E r r r r dr, 4 , 10e i i

R

e j,
1

0

2

where Ai is a normalization constant given by

ò f pr= : ( ) ( )A r r r dr4i
R

i0
2 , and f ( )ri is the electron neutrino

emission function for the nuclear reaction i. i corresponds to the

Figure 2. Survival probability of electron neutrinos: the Pe curves correspond
to three neutrino models: three-flavor neutrino oscillation model (classical
model; black curve); 3+1 flavor neutrino oscillation model (without dark
matter; blue curve); 3+1 flavor neutrino oscillation model and dark matter
with an effective strength of Gχ=2.8 × 1010 GF (red curve).

6

The Astrophysical Journal, 869:112 (10pp), 2018 December 20 LopesLopes (EPJC, 2019) Lopes (ApJ, 2019)



Dark sector: DM particle (point-like interaction) – an interaction between a DM particle (with mass
!" and scattering cross-section #$%) a sterile neutrino &' ((!' and )') with a proton and solar
neutrinos 3+1 (&* ,&+ ,&, ,&') inside a low-mass main-sequence stars in the MilkyWay’s, nuclear star cluster.

72

Solar Neutrinos: limits to the DM characteristics

Solar neutrinos: In this study, we have computed the expected alteration of the shape of the solar
neutrino spectra expected to occur in a 3+1 flavour neutrino oscillation model due to the existence of
dark matter in the Sun’s core.

following electron neutrino nuclear reactions: pp, pep, 8B, 7Be,
13N, 15O, and 17F (see Figure 3). A detailed discussion about
the neutrino sources inside the Sun and the properties of these
specific solar models can be found in Lopes (2013).

Figure 3 shows the local source of electron neutrinos for the
standard solar model, which by definition is consistent with the
current helioseismic and solar flux data. A detailed account of
the properties of Equation (10) can be found in Lopes (2017). It
is worth noticing that in general the dark matter affects
significantly the evolution of the star in its core. Although the
location of the different neutrino sources can vary with the dark
matter, its effect on fi(r) is relatively small (see Figure 4). The
electron neutrinos coming from the different nuclear reactions
have a very similar behavior in terms of energy: neutrinos with
relatively low energy are only affected by vacuum oscillations,
while neutrinos with high energy are affected by vacuum and
matter oscillations. Both of these effects are taken into account
by the Pe(E) function (Equation (3)). Moreover, since neutrinos
are produced in nuclear reactions located at different solar radii,
the Pe,i(E) curves vary slightly due to fi (Equation (10)). This
is the reason why in the standard neutrino flavor model the
Pe,i(E) are very similar for low- and high-energy neutrinos,
with only small differences. However, if dark matter is present,
while the difference is small for the low-energy neutrinos, the
effect is very large for very high-energy neutrinos. This is due
to the contribution of Vχ(r) to Pe(E) (see Figure 4). Actually,
this is the reason why one could expect neutrinos produced in
nuclear reactions located near the center of the Sun, such as the
neutrino sources 8B and 7Be (PP chains) and 13N, 15O, and 17F
(CNO cycle), to be very affected by the presence of dark matter
particles. Nevertheless, as we will discuss next, this is not
necessarily the case, because the neutrinos more affected are

the ones produced near the Sun’s center, but also the ones that
have a relatively high energy.
Now that we have all the ingredients, we can compute the

electron neutrino energy spectrum of the different solar
sources. The energy spectrum of electron neutrinos produced
by a specific nuclear reaction in the Sun is essentially
independent of the properties of the solar plasma at the
location where the nuclear reaction occurs. With a great degree
of certainty we will consider that this neutrino spectrum is
similar to the neutrino spectrum measured in a laboratory on
Earth for the same nuclear reaction. A typical example is the 8B
spectrum(e.g., Winter et al. 2006). Accordingly, we can use
such an Earth spectrum as a reference against which we can test
the new physics of our model. Hence, the difference observed
between the neutrino spectrum given by the nuclear reaction in
the Sun’s core, Φi(E), and the neutrino spectrum that emerges
from the Sun’s surface and is measured by a solar neutrino
detector on Earth, Φi,e(E), is only due to neutrino flavor
oscillations (either vacuum oscillations or vacuum–matter
oscillations). Hence, the two previous neutrino energy spectra
are simply related:

F = F:( ) ( ) ( ) ( )E P E E . 11i e i i, ,

Figures 5 and 6 show two of these spectra. We notice that
although several neutrino sources are located near the Sun’s
center, only the spectra of 8B electron neutrinos and hep
electron neutrinos have their spectra modified by the presence
of dark matter. This occurs because both sources produce
neutrinos with relatively high energy. The effect is more
pronounced in the 8B electron neutrino spectrum because this
neutrino source is located very near the core. The spectra of the
other neutrino sources—pp, pep, and 7Be (pp chain reactions)
and 13N, 15O, and 17F (CNO cycle reactions)—are not shown
because the effect of dark matter is negligible, i.e., these spectra
are not affected by the presence of dark matter in the
Sun’s core.
Figure 7 shows the error bars of the 8B and hep spectra

computed by assuming a realistic experimental error on the

Figure 3. Neutrino emission sources of the various nuclear reactions of the
proton–proton (pp) chain and carbon–nitrogen–oxygen (CNO) cycle present
inside the Sun. The standard solar model used in this calculation is in good
agreement with the helioseismology data, and its internal structure is identical
to many other solar models found in the literature (see text). The figure shows
the variation of the neutrino source fi(r) (i = pp, pep(*), hep, 8B, 7Be(*), 13N,
15O, and 17F) with the solar radius r. All the solar neutrino sources produce a
continuous spectrum, with the exception of the pep(*) and 7Be(*) sources that
generate spectral lines. The red and blue shaded areas correspond to the 8B and
hep sources, which are the most sensitive to the hidden sector (see text).
Although solar models with dark matter will show a slight variation of the fi(r)
functions, overall the fi(r) for solar models with and without dark matter will
be similar. This figure was adapted from Lopes (2017).

Figure 4. Variation of the different electron neutrino survival probability
functions (Pe) with the energy of the emitted neutrino (the color scheme is the
same one as in Figure 3): the continuous and dashed curves correspond to the
standard model of three active neutrinos and to the 3+1 neutrino model with
dark matter (see Figure 2). The Pe functions of the pep(*) neutrino source are
shown as black curves: a dotted–dashed one for the standard neutrino model
and a dotted one for the 3+1 neutrino model.
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Figure shows the local source of electron neutrinos for the standard solar model, which by definition is
consistent with the current helioseismic and solar flux data.

following electron neutrino nuclear reactions: pp, pep, 8B, 7Be,
13N, 15O, and 17F (see Figure 3). A detailed discussion about
the neutrino sources inside the Sun and the properties of these
specific solar models can be found in Lopes (2013).

Figure 3 shows the local source of electron neutrinos for the
standard solar model, which by definition is consistent with the
current helioseismic and solar flux data. A detailed account of
the properties of Equation (10) can be found in Lopes (2017). It
is worth noticing that in general the dark matter affects
significantly the evolution of the star in its core. Although the
location of the different neutrino sources can vary with the dark
matter, its effect on fi(r) is relatively small (see Figure 4). The
electron neutrinos coming from the different nuclear reactions
have a very similar behavior in terms of energy: neutrinos with
relatively low energy are only affected by vacuum oscillations,
while neutrinos with high energy are affected by vacuum and
matter oscillations. Both of these effects are taken into account
by the Pe(E) function (Equation (3)). Moreover, since neutrinos
are produced in nuclear reactions located at different solar radii,
the Pe,i(E) curves vary slightly due to fi (Equation (10)). This
is the reason why in the standard neutrino flavor model the
Pe,i(E) are very similar for low- and high-energy neutrinos,
with only small differences. However, if dark matter is present,
while the difference is small for the low-energy neutrinos, the
effect is very large for very high-energy neutrinos. This is due
to the contribution of Vχ(r) to Pe(E) (see Figure 4). Actually,
this is the reason why one could expect neutrinos produced in
nuclear reactions located near the center of the Sun, such as the
neutrino sources 8B and 7Be (PP chains) and 13N, 15O, and 17F
(CNO cycle), to be very affected by the presence of dark matter
particles. Nevertheless, as we will discuss next, this is not
necessarily the case, because the neutrinos more affected are

the ones produced near the Sun’s center, but also the ones that
have a relatively high energy.
Now that we have all the ingredients, we can compute the

electron neutrino energy spectrum of the different solar
sources. The energy spectrum of electron neutrinos produced
by a specific nuclear reaction in the Sun is essentially
independent of the properties of the solar plasma at the
location where the nuclear reaction occurs. With a great degree
of certainty we will consider that this neutrino spectrum is
similar to the neutrino spectrum measured in a laboratory on
Earth for the same nuclear reaction. A typical example is the 8B
spectrum(e.g., Winter et al. 2006). Accordingly, we can use
such an Earth spectrum as a reference against which we can test
the new physics of our model. Hence, the difference observed
between the neutrino spectrum given by the nuclear reaction in
the Sun’s core, Φi(E), and the neutrino spectrum that emerges
from the Sun’s surface and is measured by a solar neutrino
detector on Earth, Φi,e(E), is only due to neutrino flavor
oscillations (either vacuum oscillations or vacuum–matter
oscillations). Hence, the two previous neutrino energy spectra
are simply related:

F = F:( ) ( ) ( ) ( )E P E E . 11i e i i, ,

Figures 5 and 6 show two of these spectra. We notice that
although several neutrino sources are located near the Sun’s
center, only the spectra of 8B electron neutrinos and hep
electron neutrinos have their spectra modified by the presence
of dark matter. This occurs because both sources produce
neutrinos with relatively high energy. The effect is more
pronounced in the 8B electron neutrino spectrum because this
neutrino source is located very near the core. The spectra of the
other neutrino sources—pp, pep, and 7Be (pp chain reactions)
and 13N, 15O, and 17F (CNO cycle reactions)—are not shown
because the effect of dark matter is negligible, i.e., these spectra
are not affected by the presence of dark matter in the
Sun’s core.
Figure 7 shows the error bars of the 8B and hep spectra

computed by assuming a realistic experimental error on the

Figure 3. Neutrino emission sources of the various nuclear reactions of the
proton–proton (pp) chain and carbon–nitrogen–oxygen (CNO) cycle present
inside the Sun. The standard solar model used in this calculation is in good
agreement with the helioseismology data, and its internal structure is identical
to many other solar models found in the literature (see text). The figure shows
the variation of the neutrino source fi(r) (i = pp, pep(*), hep, 8B, 7Be(*), 13N,
15O, and 17F) with the solar radius r. All the solar neutrino sources produce a
continuous spectrum, with the exception of the pep(*) and 7Be(*) sources that
generate spectral lines. The red and blue shaded areas correspond to the 8B and
hep sources, which are the most sensitive to the hidden sector (see text).
Although solar models with dark matter will show a slight variation of the fi(r)
functions, overall the fi(r) for solar models with and without dark matter will
be similar. This figure was adapted from Lopes (2017).

Figure 4. Variation of the different electron neutrino survival probability
functions (Pe) with the energy of the emitted neutrino (the color scheme is the
same one as in Figure 3): the continuous and dashed curves correspond to the
standard model of three active neutrinos and to the 3+1 neutrino model with
dark matter (see Figure 2). The Pe functions of the pep(*) neutrino source are
shown as black curves: a dotted–dashed one for the standard neutrino model
and a dotted one for the 3+1 neutrino model.
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Solar neutrinos: In this study, we have computed the expected alteration of the shape of the solar
neutrino spectra expected to occur in a 3+1 flavour neutrino oscillation model due to the existence of
dark matter in the Sun’s core.

following electron neutrino nuclear reactions: pp, pep, 8B, 7Be,
13N, 15O, and 17F (see Figure 3). A detailed discussion about
the neutrino sources inside the Sun and the properties of these
specific solar models can be found in Lopes (2013).

Figure 3 shows the local source of electron neutrinos for the
standard solar model, which by definition is consistent with the
current helioseismic and solar flux data. A detailed account of
the properties of Equation (10) can be found in Lopes (2017). It
is worth noticing that in general the dark matter affects
significantly the evolution of the star in its core. Although the
location of the different neutrino sources can vary with the dark
matter, its effect on fi(r) is relatively small (see Figure 4). The
electron neutrinos coming from the different nuclear reactions
have a very similar behavior in terms of energy: neutrinos with
relatively low energy are only affected by vacuum oscillations,
while neutrinos with high energy are affected by vacuum and
matter oscillations. Both of these effects are taken into account
by the Pe(E) function (Equation (3)). Moreover, since neutrinos
are produced in nuclear reactions located at different solar radii,
the Pe,i(E) curves vary slightly due to fi (Equation (10)). This
is the reason why in the standard neutrino flavor model the
Pe,i(E) are very similar for low- and high-energy neutrinos,
with only small differences. However, if dark matter is present,
while the difference is small for the low-energy neutrinos, the
effect is very large for very high-energy neutrinos. This is due
to the contribution of Vχ(r) to Pe(E) (see Figure 4). Actually,
this is the reason why one could expect neutrinos produced in
nuclear reactions located near the center of the Sun, such as the
neutrino sources 8B and 7Be (PP chains) and 13N, 15O, and 17F
(CNO cycle), to be very affected by the presence of dark matter
particles. Nevertheless, as we will discuss next, this is not
necessarily the case, because the neutrinos more affected are

the ones produced near the Sun’s center, but also the ones that
have a relatively high energy.
Now that we have all the ingredients, we can compute the

electron neutrino energy spectrum of the different solar
sources. The energy spectrum of electron neutrinos produced
by a specific nuclear reaction in the Sun is essentially
independent of the properties of the solar plasma at the
location where the nuclear reaction occurs. With a great degree
of certainty we will consider that this neutrino spectrum is
similar to the neutrino spectrum measured in a laboratory on
Earth for the same nuclear reaction. A typical example is the 8B
spectrum(e.g., Winter et al. 2006). Accordingly, we can use
such an Earth spectrum as a reference against which we can test
the new physics of our model. Hence, the difference observed
between the neutrino spectrum given by the nuclear reaction in
the Sun’s core, Φi(E), and the neutrino spectrum that emerges
from the Sun’s surface and is measured by a solar neutrino
detector on Earth, Φi,e(E), is only due to neutrino flavor
oscillations (either vacuum oscillations or vacuum–matter
oscillations). Hence, the two previous neutrino energy spectra
are simply related:

F = F:( ) ( ) ( ) ( )E P E E . 11i e i i, ,

Figures 5 and 6 show two of these spectra. We notice that
although several neutrino sources are located near the Sun’s
center, only the spectra of 8B electron neutrinos and hep
electron neutrinos have their spectra modified by the presence
of dark matter. This occurs because both sources produce
neutrinos with relatively high energy. The effect is more
pronounced in the 8B electron neutrino spectrum because this
neutrino source is located very near the core. The spectra of the
other neutrino sources—pp, pep, and 7Be (pp chain reactions)
and 13N, 15O, and 17F (CNO cycle reactions)—are not shown
because the effect of dark matter is negligible, i.e., these spectra
are not affected by the presence of dark matter in the
Sun’s core.
Figure 7 shows the error bars of the 8B and hep spectra

computed by assuming a realistic experimental error on the

Figure 3. Neutrino emission sources of the various nuclear reactions of the
proton–proton (pp) chain and carbon–nitrogen–oxygen (CNO) cycle present
inside the Sun. The standard solar model used in this calculation is in good
agreement with the helioseismology data, and its internal structure is identical
to many other solar models found in the literature (see text). The figure shows
the variation of the neutrino source fi(r) (i = pp, pep(*), hep, 8B, 7Be(*), 13N,
15O, and 17F) with the solar radius r. All the solar neutrino sources produce a
continuous spectrum, with the exception of the pep(*) and 7Be(*) sources that
generate spectral lines. The red and blue shaded areas correspond to the 8B and
hep sources, which are the most sensitive to the hidden sector (see text).
Although solar models with dark matter will show a slight variation of the fi(r)
functions, overall the fi(r) for solar models with and without dark matter will
be similar. This figure was adapted from Lopes (2017).

Figure 4. Variation of the different electron neutrino survival probability
functions (Pe) with the energy of the emitted neutrino (the color scheme is the
same one as in Figure 3): the continuous and dashed curves correspond to the
standard model of three active neutrinos and to the 3+1 neutrino model with
dark matter (see Figure 2). The Pe functions of the pep(*) neutrino source are
shown as black curves: a dotted–dashed one for the standard neutrino model
and a dotted one for the 3+1 neutrino model.
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determination of these neutrino spectra. Accordingly, the error
bars used in this calculation correspond to the maximum error
estimated from the experimental errors on the neutrino fluxes
computed by the different solar experiments, Borexino,
SuperKamiokande, and SNO. Assuming the 8B neutrino flux
predicted by the high-metallicity standard solar model as used
in this work, this corresponds to an electron survival
probability of Pe(E)=0.29±0.1 for a neutrino of energy
8.9 MeV(Bellini et al. 2010). The final error bars also include
uncertainty coming from the mixing angles and mass
differences, as well as the theoretical uncertainty coming from
the standard solar model. Moreover, the function Pe(E) is only
weakly sensitive to the physics of the solar model and is mostly
affected through the variation of the radial distribution of
electrons n e(r) or the radial density profile ρ(r), which due to
helioseismology is a quite robust quantity in the standard solar
model. Therefore, the current uncertainties in the physics of the
solar interior, such as the solar metallicity problem, have a
small impact in Pe(E).

It follows from our analysis that in the case of the 8B
spectrum it is possible to distinguish between the 3+1
neutrino model (with dark matter) and the standard model of
three active neutrinos. Therefore it is possible to distinguish
between the two models. In the case of the hep neutrino spectra
the distinction between the two models is not possible with the
current set of data. Finally, we highlight the forthcoming next
generation of neutrino experiments such as LENA(Wurm et al.
2012), for which a data set corresponding to five years of
measurements will allow us to obtain an error four times
smaller, i.e., Pe(E)=0.29±0.025, for which these constraints
will be much stronger.

5. Discussion and Conclusion

In this study, we have computed the expected alteration of
the shape of the solar neutrino spectra expected to occur in a
3+1 flavor neutrino oscillation model due to the existence of
dark matter in the Sun’s core. This new type of interaction,
mostly due to the oscillations induced by dark matter as a result
of a matter (MSW) oscillation mechanism in the hidden sector,
depends on the specific properties of the dark matter particles,
and also on the parameters of the neutrino flavor oscillation
model. The most important factors affecting the neutrino
flavors are the concentration of dark matter in the Sun’s core
and the Fermi coupling constant of the hidden sector. There is
also a small dependence on the local thermodynamic properties
of the Sun’s core. Nevertheless, it is worth mentioning that the
solar neutrino spectrum for the 3 + 1 neutrino flavor oscillation
model with dark matter presents significant differences from
the standard three-neutrino flavor oscillation model, as well as
from a non-standard neutrino flavor oscillation model such as
the three-neutrino flavor oscillation model with a generalized
MSW mechanism(Lopes 2017) and the 3+1 neutrino flavor

Figure 5. F :( )EB,8 is the electron neutrino spectrum for the present Sun in one
of the following neutrino flavor oscillation models: (a) standard (three active
neutrino) neutrino model (blue area); (b) 3+1 sterile neutrino model (red
area); (c) 3+1 sterile neutrino model with dark matter with an effective
strength of Gχ=2.8 × 1010 GF (green area). In the calculation of these
neutrino spectra we used an up-to-date standard solar model.

Figure 6. Electron neutrino spectrum of the hep neutrino source (Φhep,e) for
the present Sun. The color scheme is the same as in Figure 5.

Figure 7. F :( )EB,8 (light red area) and Φhep,e(E) (light blue area) are the
electron solar neutrino spectra for the 3+1 neutrino model with dark matter.
The error bars are shown as thin black lines around the F :( )EB,8 and Φhep,e
curves. These black lines were computed assuming that Pe(E) used to compute
each of the Φi,e (E) spectra has an error of 0.1. This corresponds to the error
associated with the electron survival probability of Pe(E)=0.29±0.1 for an
8B neutrino of energy 8.9 MeV(Bellini et al. 2010). For comparison, the
F :( )EB,8 (dark red area) and Φhep,e(E) (dark blue area) curves that correspond
to the three-neutrino flavor model are also shown. Notice that F :( )EB,8 and
Φhep,e(E) for the three-neutrino flavor model are very similar to the
corresponding spectra for the 3+1 neutrino flavor model (without dark
matter), as shown in Figures 5 and 6. For clarity we have not included the error
bar in the standard neutrino model.
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Figure shows Φ8B (E) (light red area) and Φhep(E) (light blue area) are the electron solar neutrino
spectra for the 3+1 neutrino model with dark matter.The error bars are shown as thin black lines.

Lopes (ApJ,2019)



Dark sector: DM particle (point-like interaction) – an interaction between a DM particle (with mass
!" and scattering cross-section #$%) a sterile neutrino &' ((!' and )') with a proton and solar
neutrinos 3+1 (&* ,&+ ,&, ,&') inside a low-mass main-sequence stars in the Milky Way’s, nuclear star cluster.

74

Solar Neutrinos: limits to the DM characteristics

Figure shows Φ8B (E) (light red area) and Φhep(E) (light blue area) are the electron solar neutrino
spectra for the 3+1 neutrino model with dark matter.The error bars are shown as thin black lines

following electron neutrino nuclear reactions: pp, pep, 8B, 7Be,
13N, 15O, and 17F (see Figure 3). A detailed discussion about
the neutrino sources inside the Sun and the properties of these
specific solar models can be found in Lopes (2013).

Figure 3 shows the local source of electron neutrinos for the
standard solar model, which by definition is consistent with the
current helioseismic and solar flux data. A detailed account of
the properties of Equation (10) can be found in Lopes (2017). It
is worth noticing that in general the dark matter affects
significantly the evolution of the star in its core. Although the
location of the different neutrino sources can vary with the dark
matter, its effect on fi(r) is relatively small (see Figure 4). The
electron neutrinos coming from the different nuclear reactions
have a very similar behavior in terms of energy: neutrinos with
relatively low energy are only affected by vacuum oscillations,
while neutrinos with high energy are affected by vacuum and
matter oscillations. Both of these effects are taken into account
by the Pe(E) function (Equation (3)). Moreover, since neutrinos
are produced in nuclear reactions located at different solar radii,
the Pe,i(E) curves vary slightly due to fi (Equation (10)). This
is the reason why in the standard neutrino flavor model the
Pe,i(E) are very similar for low- and high-energy neutrinos,
with only small differences. However, if dark matter is present,
while the difference is small for the low-energy neutrinos, the
effect is very large for very high-energy neutrinos. This is due
to the contribution of Vχ(r) to Pe(E) (see Figure 4). Actually,
this is the reason why one could expect neutrinos produced in
nuclear reactions located near the center of the Sun, such as the
neutrino sources 8B and 7Be (PP chains) and 13N, 15O, and 17F
(CNO cycle), to be very affected by the presence of dark matter
particles. Nevertheless, as we will discuss next, this is not
necessarily the case, because the neutrinos more affected are

the ones produced near the Sun’s center, but also the ones that
have a relatively high energy.
Now that we have all the ingredients, we can compute the

electron neutrino energy spectrum of the different solar
sources. The energy spectrum of electron neutrinos produced
by a specific nuclear reaction in the Sun is essentially
independent of the properties of the solar plasma at the
location where the nuclear reaction occurs. With a great degree
of certainty we will consider that this neutrino spectrum is
similar to the neutrino spectrum measured in a laboratory on
Earth for the same nuclear reaction. A typical example is the 8B
spectrum(e.g., Winter et al. 2006). Accordingly, we can use
such an Earth spectrum as a reference against which we can test
the new physics of our model. Hence, the difference observed
between the neutrino spectrum given by the nuclear reaction in
the Sun’s core, Φi(E), and the neutrino spectrum that emerges
from the Sun’s surface and is measured by a solar neutrino
detector on Earth, Φi,e(E), is only due to neutrino flavor
oscillations (either vacuum oscillations or vacuum–matter
oscillations). Hence, the two previous neutrino energy spectra
are simply related:
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Figures 5 and 6 show two of these spectra. We notice that
although several neutrino sources are located near the Sun’s
center, only the spectra of 8B electron neutrinos and hep
electron neutrinos have their spectra modified by the presence
of dark matter. This occurs because both sources produce
neutrinos with relatively high energy. The effect is more
pronounced in the 8B electron neutrino spectrum because this
neutrino source is located very near the core. The spectra of the
other neutrino sources—pp, pep, and 7Be (pp chain reactions)
and 13N, 15O, and 17F (CNO cycle reactions)—are not shown
because the effect of dark matter is negligible, i.e., these spectra
are not affected by the presence of dark matter in the
Sun’s core.
Figure 7 shows the error bars of the 8B and hep spectra

computed by assuming a realistic experimental error on the

Figure 3. Neutrino emission sources of the various nuclear reactions of the
proton–proton (pp) chain and carbon–nitrogen–oxygen (CNO) cycle present
inside the Sun. The standard solar model used in this calculation is in good
agreement with the helioseismology data, and its internal structure is identical
to many other solar models found in the literature (see text). The figure shows
the variation of the neutrino source fi(r) (i = pp, pep(*), hep, 8B, 7Be(*), 13N,
15O, and 17F) with the solar radius r. All the solar neutrino sources produce a
continuous spectrum, with the exception of the pep(*) and 7Be(*) sources that
generate spectral lines. The red and blue shaded areas correspond to the 8B and
hep sources, which are the most sensitive to the hidden sector (see text).
Although solar models with dark matter will show a slight variation of the fi(r)
functions, overall the fi(r) for solar models with and without dark matter will
be similar. This figure was adapted from Lopes (2017).

Figure 4. Variation of the different electron neutrino survival probability
functions (Pe) with the energy of the emitted neutrino (the color scheme is the
same one as in Figure 3): the continuous and dashed curves correspond to the
standard model of three active neutrinos and to the 3+1 neutrino model with
dark matter (see Figure 2). The Pe functions of the pep(*) neutrino source are
shown as black curves: a dotted–dashed one for the standard neutrino model
and a dotted one for the 3+1 neutrino model.
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determination of these neutrino spectra. Accordingly, the error
bars used in this calculation correspond to the maximum error
estimated from the experimental errors on the neutrino fluxes
computed by the different solar experiments, Borexino,
SuperKamiokande, and SNO. Assuming the 8B neutrino flux
predicted by the high-metallicity standard solar model as used
in this work, this corresponds to an electron survival
probability of Pe(E)=0.29±0.1 for a neutrino of energy
8.9 MeV(Bellini et al. 2010). The final error bars also include
uncertainty coming from the mixing angles and mass
differences, as well as the theoretical uncertainty coming from
the standard solar model. Moreover, the function Pe(E) is only
weakly sensitive to the physics of the solar model and is mostly
affected through the variation of the radial distribution of
electrons n e(r) or the radial density profile ρ(r), which due to
helioseismology is a quite robust quantity in the standard solar
model. Therefore, the current uncertainties in the physics of the
solar interior, such as the solar metallicity problem, have a
small impact in Pe(E).

It follows from our analysis that in the case of the 8B
spectrum it is possible to distinguish between the 3+1
neutrino model (with dark matter) and the standard model of
three active neutrinos. Therefore it is possible to distinguish
between the two models. In the case of the hep neutrino spectra
the distinction between the two models is not possible with the
current set of data. Finally, we highlight the forthcoming next
generation of neutrino experiments such as LENA(Wurm et al.
2012), for which a data set corresponding to five years of
measurements will allow us to obtain an error four times
smaller, i.e., Pe(E)=0.29±0.025, for which these constraints
will be much stronger.

5. Discussion and Conclusion

In this study, we have computed the expected alteration of
the shape of the solar neutrino spectra expected to occur in a
3+1 flavor neutrino oscillation model due to the existence of
dark matter in the Sun’s core. This new type of interaction,
mostly due to the oscillations induced by dark matter as a result
of a matter (MSW) oscillation mechanism in the hidden sector,
depends on the specific properties of the dark matter particles,
and also on the parameters of the neutrino flavor oscillation
model. The most important factors affecting the neutrino
flavors are the concentration of dark matter in the Sun’s core
and the Fermi coupling constant of the hidden sector. There is
also a small dependence on the local thermodynamic properties
of the Sun’s core. Nevertheless, it is worth mentioning that the
solar neutrino spectrum for the 3 + 1 neutrino flavor oscillation
model with dark matter presents significant differences from
the standard three-neutrino flavor oscillation model, as well as
from a non-standard neutrino flavor oscillation model such as
the three-neutrino flavor oscillation model with a generalized
MSW mechanism(Lopes 2017) and the 3+1 neutrino flavor

Figure 5. F :( )EB,8 is the electron neutrino spectrum for the present Sun in one
of the following neutrino flavor oscillation models: (a) standard (three active
neutrino) neutrino model (blue area); (b) 3+1 sterile neutrino model (red
area); (c) 3+1 sterile neutrino model with dark matter with an effective
strength of Gχ=2.8 × 1010 GF (green area). In the calculation of these
neutrino spectra we used an up-to-date standard solar model.

Figure 6. Electron neutrino spectrum of the hep neutrino source (Φhep,e) for
the present Sun. The color scheme is the same as in Figure 5.

Figure 7. F :( )EB,8 (light red area) and Φhep,e(E) (light blue area) are the
electron solar neutrino spectra for the 3+1 neutrino model with dark matter.
The error bars are shown as thin black lines around the F :( )EB,8 and Φhep,e
curves. These black lines were computed assuming that Pe(E) used to compute
each of the Φi,e (E) spectra has an error of 0.1. This corresponds to the error
associated with the electron survival probability of Pe(E)=0.29±0.1 for an
8B neutrino of energy 8.9 MeV(Bellini et al. 2010). For comparison, the
F :( )EB,8 (dark red area) and Φhep,e(E) (dark blue area) curves that correspond
to the three-neutrino flavor model are also shown. Notice that F :( )EB,8 and
Φhep,e(E) for the three-neutrino flavor model are very similar to the
corresponding spectra for the 3+1 neutrino flavor model (without dark
matter), as shown in Figures 5 and 6. For clarity we have not included the error
bar in the standard neutrino model.
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Solar neutrinos: The strength of the interaction of DM particles with neutrinos depends on an effective
coupling constant, Gχ, which is an analogue of the Fermi constant for the hidden sector. By using the latest
data on the 8B solar neutrino flux, we found that Gχ < 0.5 � 109 GF for this particle physics model
agree with the data.. Solution (improved) to the solar metallicity problem.

Lopes (ApJ,2019)


