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Dark Matter in the Universe



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 

gravitational lensing is created by dark matter clustered around each galaxy.



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 galaxy (blue) 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 

gravitational lensing is created by dark matter clustered around each galaxy.



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:  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.

The gravity map super-imposed on the HST image which 

shows a dark matter distribution in the central region and 

a thick ring.



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 bound for dark matter self-interaction cross 
section: /m  < 8.3 × 10ҍнр 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 Matter in the Universe

Today

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).

visible matter + dark matter 

dark matter 

The radius of 90% of the enclosed  ñvisible matterò is 

shown as the vertical red line.

Vera Rubin and Kent Ford have made these critical observations 

in 1975.

Vera Rubin et al., 1976, ApJL



Dark Matter in the Universe

Observational Evidence:  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.

visible matter + dark matter 

dark matter 

Vera Rubin et al., 1976, ApJL

Milky Way: Standard DM Halo

Star

s

60 kpc



Dark Matter content of the Milky Way:  Among other authors,  Posti and Helmi (2019), 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.

Dark Matter in the Universe
visible matter + dark matter 

dark matter 

Vera Rubin et al., 1976, ApJL

Star

s

Important point: numerical simulations predict 90% - 95 % of the Milky Way mass is dark matter (up to 

200 Kpc).

60 kpc

Milky Way: Standard DM Halo



Dark Matter in the Universe

Star

s

dark matter density at the Sunôs position is Ḑ 0.4 

GeV/cm3

60 kpc

Milky Way: Standard DM Halo

Dark Matter content of the Milky Way: 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)

Dark Matter Core 



Dark Matter in the Universe

Star

s

The density of the most metal-poor stellar population exhibits the same dependence on the radius as the DM near 

the Sunôs position (Herzog-Arbeitman et al. 2018).

60 kpc

Milky Way: Standard DM Halo

Dark Matter content of the Milky Way: 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. 

(Balajiet al. 2023, Gondolo& Silk99)

Dark Matter Spike 

dark matter density at the Sunôs position is Ḑ 0.4 

GeV/cm3



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 ?)
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Fig. 1: The distribution of masses of the elementary particles, along with some of the relevant energy scales. The

absolute values of neutrino masses are not known - their placement on the graph is indicativeof the upper bound.

group is

GSM = SU(3)cᶏSU(2)L ᶏU(1)Y . (2)

HereSU(3)c is the gauge group of strong interactions, Quantum Chromodynamics (QCD), the SU(2)L

is the gauge group of weak isospin, and U(1)Y the gauge group of hypercharge. Theýeldcontent of the

SM consists of asingle scalar, EW doublet

H ᶊ(1, 2)1/ 2, (3)

and a set of fermionýelds,

QL i ᶊ(3, 2)+ 1/ 6, uRi ᶊ(3, 1)+ 2/ 3, dRi ᶊ(3, 1)ī1/ 3,

L L i ᶊ(1, 2)ī1/ 2, `Ri ᶊ(1, 1)ī1.
(4)

Each of theýeldscomes in three copies (three generations), i = 1, 2, 3. To simplify the discussion we

will set neutrino massesto zero. Themodiýcationsdueto nonzero neutrino massesaregiven in appendix

A. TheGSM isspontaneously broken by theHiggsvacuum expectation value, hH i = (0, v/
p

2), v = 246

GeV, down to

GSM ! SU(3)ᶏU(1)em . (5)

After theelectroweak symmetry breaking theýeldcontent in (4) splits into up and down quarks, charged

leptons and neutrinos as listed in Eq. (1).

2.2 The SM Lagrangian

The SM Lagrangian is the most general renormalizable Lagrangian that is consistent with the gauge

group GSM and theýeldcontent (3), (4)

L SM = L kin + L Yukawa + L Higgs. (6)

The kinetic terms in the Lagrangian are determined by the gauge structure through the covariant deriva-

tive

Dµ  = (@µ + i gsGa
µ ta + i gW i

µ
i + i g0BµY ) . (7)

The strong interaction term is a product of the strong coupling, gs, the eight gluon ýelds,Ga
µ , and the

generators ta of SU(3)c. For color triplet  these are ta = ɚa/ 2, withɚa the eight 3ᶏ3 Gell-Mann

matrices, while for color singlet  , ta = 0. The SU(2)L term is a product of the weak coupling, g, the

three weak gauge bosons, W i
µ , and the generators of SU(2)L , i (equal to i = ůi / 2 for  that is a

doublet, withůi the Pauli matrices, while for singlets i = 0). The last term is due to the hypercharge

U(1)Y .

2

What is dark matter made of?
Standard Model of Elementary 

Particles

Couples to the plasma

Disappears too quickly

Hot dark matter

Bosons (mass zero):

Gluon (g) and Photon (‎) 

This graph shows the mass distribution of elementary particles, along with important energy scales. The exact masses of neutrinos are unknown; 
their placement indicates the maximum possible value (Zupan 2019).

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). 
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leptons and neutrinos as listed in Eq. (1).

2.2 The SM Lagrangian

The SM Lagrangian is the most general renormalizable Lagrangian that is consistent with the gauge

group GSM and theýeldcontent (3), (4)

L SM = L kin + L Yukawa + L Higgs. (6)

The kinetic terms in the Lagrangian are determined by the gauge structure through the covariant deriva-
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µ ta + i gW i

µ
i + i g0BµY ) . (7)
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µ , and the generators of SU(2)L , i (equal to i = ůi / 2 for  that is a
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2

What is dark matter made of?
Standard Model of Elementary 

Particles

Couples to the plasma

Disappears too quickly

Hot dark matter

This graph shows the mass distribution of elementary particles, along with important energy scales. The exact masses of neutrinos are unknown; 
their placement indicates the maximum possible value (Zupan 2019).

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). 

None of these particles can be constituents of dark matter.

Bosons (mass zero):

Gluon (g) and Photon (‎) 



If not standard particles, then how      

to proceed é 
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2

What is dark matter made of?
Standard Model of Elementary 

Particles

Couples to the plasma

Disappears too quickly

Hot dark matter

This graph shows the mass distribution of elementary particles, along with important energy scales. The exact masses of neutrinos are unknown; 
their placement indicates the maximum possible value (Zupan 2019).

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.

Bosons (mass zero):

Gluon (g) and Photon (‎) 



What is dark matter made of?
Standard Model Extend

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.
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Bosons (mass zero):

Gluon (g) and Photon (‎) 



GeV

Cosmological  

constant

QCD  

scale

electroweak   

scale

GUT 

scale

Planck  

mass

Ϡ1 "e

d s b

Z
Hϧ

u c t

Ϡ2Ϡ3

W

Fig. 1: The distribution of masses of the elementary particles, along with some of the relevant energy scales. The

absolute values of neutrino masses are not known - their placement on the graph is indicativeof the upper bound.

group is

GSM = SU(3)cᶏSU(2)L ᶏU(1)Y . (2)

HereSU(3)c is the gauge group of strong interactions, Quantum Chromodynamics (QCD), the SU(2)L

is the gauge group of weak isospin, and U(1)Y the gauge group of hypercharge. Theýeldcontent of the

SM consists of asingle scalar, EW doublet

H ᶊ(1, 2)1/ 2, (3)

and a set of fermionýelds,

QL i ᶊ(3, 2)+ 1/ 6, uRi ᶊ(3, 1)+ 2/ 3, dRi ᶊ(3, 1)ī1/ 3,

L L i ᶊ(1, 2)ī1/ 2, `Ri ᶊ(1, 1)ī1.
(4)

Each of theýeldscomes in three copies (three generations), i = 1, 2, 3. To simplify the discussion we

will set neutrino massesto zero. Themodiýcationsdueto nonzero neutrino massesaregiven in appendix

A. TheGSM isspontaneously broken by theHiggsvacuum expectation value, hH i = (0, v/
p

2), v = 246

GeV, down to

GSM ! SU(3)ᶏU(1)em . (5)

After theelectroweak symmetry breaking theýeldcontent in (4) splits into up and down quarks, charged

leptons and neutrinos as listed in Eq. (1).

2.2 The SM Lagrangian

The SM Lagrangian is the most general renormalizable Lagrangian that is consistent with the gauge

group GSM and theýeldcontent (3), (4)

L SM = L kin + L Yukawa + L Higgs. (6)

The kinetic terms in the Lagrangian are determined by the gauge structure through the covariant deriva-

tive

Dµ  = (@µ + i gsGa
µ ta + i gW i

µ
i + i g0BµY ) . (7)

The strong interaction term is a product of the strong coupling, gs, the eight gluon ýelds,Ga
µ , and the

generators ta of SU(3)c. For color triplet  these are ta = ɚa/ 2, withɚa the eight 3ᶏ3 Gell-Mann

matrices, while for color singlet  , ta = 0. The SU(2)L term is a product of the weak coupling, g, the

three weak gauge bosons, W i
µ , and the generators of SU(2)L , i (equal to i = ůi / 2 for  that is a

doublet, withůi the Pauli matrices, while for singlets i = 0). The last term is due to the hypercharge

U(1)Y .

2

new fermions 

new bosons

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. 

+

What is dark matter made of?
Standard Model Extended

New particles
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What is dark matter made of?
Standard Model Extend

Rep. Prog. Phys. 85 (2022) 056201 Review

Figure 1. A summary of several particle candidates and classesof candidates for DM discussed in the report. Shown are typical mass
ranges, more details can be found in the text.

zero by the decay of topological defects: strings and domain

walls. This can also lead to the formation of gravitationally

bound axion clumps [94] called mini-clusters. Both the relic

density and the mini-cluster mass distribution are notoriously

diff cult to calculate. Nevertheless, for the post-inf ationary

scenario the axion mass can be constrained between 25 µeV

andḐ15meV,with theupper boundarisingfromastrophysical

arguments. The pre-inf ationary and post-inf ationary scenar-

ios def ne the óclassicalôQCD axion as DM window search

range Ḑ1 µeV to Ḑ1 meV when one assumes the initial

misalignment angleɗi to beO(1).

For general ALPs (and hidden photons) the constraints in

the mass versus coupling constant parameter range are much

weaker. In general low massALPscould beviableDM candi-

dates for any coupling constant gaɔ 10ī11 GeVī1 (effective

mixing angle of Ḏ 10ī10 for hidden photons) for any mass

up toḐeV. For ageneral review see [95]. Note that such kind

of particlesare also still possible for amass MeV.

It isremarkablethat aplethoraof other cosmological, astro-

physical andexperimental effectscanbeexplainedby very low

mass axions or ALPs. Particularly relevant examples are the

accelerated expansionof theUniverse[96], transparency of the

Universe to gamma rays [97, 98] or altering the evolution of

stars, radiation of black holespin [99].

3.3. Alternatives to particle dark matter

There have been attempts at solving the DM puzzle outside

of particle physics. In this subsection we brief y review some

approaches that havegained moreattention.

As discussed in section 3.1.2, the vast majority of the DM

is non-baryonic. Therefore astrophysical bodies in the form

of baryonic MAssive COmpact Halo Objects (MACHOs)

can only make up a small fraction of the DM. However pri-

mordial black holes (PBHs), black holes that may form in

the early Universe, remain a viable CDM candidate [100].

As they form before the time of primordial nucleosynthesis,

PBHsareeffectively non-baryonic,and if their massisgreater

than 5 × 1014 g(= 3 × 10ī19Mṩ) their lifetime is longer than

the age of the Universe. The recent discovery of gravitational

wavesfromḐ10Mṩbinary black hole(BH) mergershasledto

aresurgenceof interest inPBHsasaDM candidate[101ï103].

Such massive PBHs are now excluded from making up all of

theDM by acombination of lensing, dynamical, accretionand

gravitational waveconstraints. However, asteroid-massPBHs,

with 1017 g MPBH 1022 g, are challenging to detect and

can still makeup all of the dark matter. For a recent review of

the constraintson PBHs see [104].

While PBHs are not elementary particles, their production

does require physics beyond the standard model. The most

commonly considered mechanism is thecollapseof largeden-

sity perturbations generated by a period of cosmic inf ation.

However to form an interesting number of PBHs the pertur-

bations must be several orders of magnitude larger on small

scales than measured on cosmological scales, and this can-

not be achieved generically in single f eld slow-roll inf ation

models. For a recent review of PBH formation see [105].

All of the observational evidence for DM to date comes

from its gravitational interactions. Therefore it is in principle

possible that theobservationscould instead beexplained by a

modif cationof thelawof gravity.Galaxy rotationcurvescan

beexplainedby aphenomenological modif cationof Newtonôs

law of gravitation at low accelerations, known as modif ed

Newtonian dynamics (MOND) [106]. To address cosmo-

logical observations a relativistic formalism, such as TeVeS

[107], is required. These models have diff culties explaining

the heights of the higher order peaks in the CMB temper-

ature angular power [108] and are also tightly constrained

by the close to simultaneous detection of gravitational waves

and electromagnetic signalsfrom abinary neutron star merger

[109]. Another challenge is provided by the Bullet cluster,

wheregravitational weak lensing and x-ray observationsshow

that thedominant masscomponent is spatially separated from

the baryonic mass [110]. In summary, there is currently no

modif edgravity model that canexplainall of theobservational

evidencefor dark matter.

4. Underground searches for WIMPs

Experiments searching for signals induced by dark matter

WIMPs from the galactic DM halo in terrestrial detectors

are called direct detection experiments. They require ultra-

low background levels to observe the feeble WIMPïmatter

interactions and are thus conducted in deep underground
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Figure 1. A summary of several particle candidates and classesof candidates for DM discussed in the report. Shown are typical mass
ranges, more details can be found in the text.
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mixing angle of Ḏ 10ī10 for hidden photons) for any mass
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with 1017 g MPBH 1022 g, are challenging to detect and

can still makeup all of the dark matter. For a recent review of
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does require physics beyond the standard model. The most

commonly considered mechanism is thecollapseof largeden-

sity perturbations generated by a period of cosmic inf ation.

However to form an interesting number of PBHs the pertur-

bations must be several orders of magnitude larger on small

scales than measured on cosmological scales, and this can-

not be achieved generically in single f eld slow-roll inf ation

models. For a recent review of PBH formation see [105].

All of the observational evidence for DM to date comes

from its gravitational interactions. Therefore it is in principle

possible that theobservationscould instead beexplained by a

modif cationof thelawof gravity.Galaxy rotationcurvescan

beexplainedby aphenomenological modif cationof Newtonôs

law of gravitation at low accelerations, known as modif ed

Newtonian dynamics (MOND) [106]. To address cosmo-

logical observations a relativistic formalism, such as TeVeS

[107], is required. These models have diff culties explaining

the heights of the higher order peaks in the CMB temper-

ature angular power [108] and are also tightly constrained

by the close to simultaneous detection of gravitational waves

and electromagnetic signalsfrom abinary neutron star merger

[109]. Another challenge is provided by the Bullet cluster,

wheregravitational weak lensing and x-ray observationsshow

that thedominant masscomponent is spatially separated from

the baryonic mass [110]. In summary, there is currently no

modif edgravity model that canexplainall of theobservational

evidencefor dark matter.

4. Underground searches for WIMPs

Experiments searching for signals induced by dark matter

WIMPs from the galactic DM halo in terrestrial detectors

are called direct detection experiments. They require ultra-

low background levels to observe the feeble WIMPïmatter

interactions and are thus conducted in deep underground
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The mass spectrum of dark matter candidates ranges from extremely low masses: 
10-21 eV to very high masses, potentially approaching the Planck mass Mp (= 1028 

eV).It categorises these candidates into different types and their corresponding mass ranges: Axion 

Like Particles, General Thermal WIMP (Annihilating DM),  Sterile Neutrinos and Asymmetric 

Dark Matter.  
The best motivate dark matter candidates are the non-relativistic (cold) particles.
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Popular candidates of dark matter are indicated 
by their mass and strength of interaction with 

ordinary matter.

Heros (2020)
Dark Matter Candidates: Theory

Hot particles (red) 

Picobarn=ρπ  cm2

Warm particles (pink) 

Cold particles (blue, cyan, green) 

The best motivate dark matter candidates 

are the non-relativistic (cold) particles.

Stars

The candidates span a range of 35 orders of 
magnitude in mass and 50 orders of magnitude 

in the scattering cross-section with baryons. 
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Figure 3. Current statusof searches for spin-independent elastic WIMPïnucleus scattering assuming the standard parameters for an
isothermal WIMPhalo:ɟ0 = 0.3 GeV cmī3, v0 = 220 km sī1, vesc = 544 km sī1. Results labelledóMôwereobtained assuming theMigdal
effect [131]. Results labelledóSurfôare from experiments not operated underground. Theɜ-f oor shown here for a Ge target isa discovery
limit def ned as the cross sectionůd at which a given experiment has a 90% probability to detect a WIMPwith a scattering cross section
ů> ůd at 3 sigma. It iscomputed using the assumptions and the methodology described in [151, 153], however, it has been extended to
very low DM mass range by assuming an unrealistic 1 meV threshold below 0.8 GeV/ c2. Shown are results from CDEX [155], CDMSLite
[156], COSINE-100 [157], CRESST [158, 159], DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164],
DEAP-3600 [144], EDELWEISS[165, 166], LUX [167, 168], NEWS-G [169], PandaX-II [170], SuperCDMS[171], XENON100 [172] and
XENON1T [41, 173ï175].

scattering above Ḑ3 GeV/ c2 are placed by the LXe

TPCs with the most sensitive result to-date coming from

XENON1T [41, 179]. The results from the cryogenic

bolometers (Super)CDMS [180, 181] and CRESST give

the strongest constraints below Ḑ3 GeV/ c2. CDMSLite

[182] uses the NeganovïTrof movïLuke effect to constrain

spin-dependent WIMPïproton/neutron interactions down to

mɢ= 1.5 GeV/ c2 and CRESST-III [159] exploits the pres-

ence of the isotope 17O in the CaWO4 target to con-

strain spin-dependent WIMPïneutron interactions for DM

particleôs mass as low as 160 MeV/ c2. Exploiting the

Migdal effect again signif cantly enhances the sensitivity of

LXe TPCs to low-mass DM with XENON1T provid-

ing the most stringent exclusion limits for both, spin-

dependent WIMPïproton and WIMPïneutron couplings

between 80 MeV/ c2ï2GeV/ c2 and 90 MeV/ c2ï2GeV/ c2,

respectively [174].

The DAMA/LIBRA experiment searches for an annual

modulation signal with an array of NaI(Tl)-crystals and has

reported a12.9ů-detection of asignal over atotal of 20 annual

cycles [139] (see section 4.6.4.1). The observed effect shows

expected features of a halo DM particle interaction and no

other conf rmedor viableexplanationhasbeenprovided.How-

ever, the DM nature of this observation is in tension with a

large number of results. If interpreted in the standard WIMP

scenario, much more sensitive experimentsexclude DAMAôs

claim by many orders of magnitude, see f gure 3. Assum-

ing this interpretation, the phase-2 results of DAMA are even

inconsistent with the phase 1 results of the same experi-

ment [183]. LXeexperimentswith asignif cantly lower back-

grounddidnot f ndamodulationsignal andexcludedDAMAôs

claim with high signif cance [184ï186]. The CDEX experi-

ment also did not f nd a signal in a 1 kg Ge-crystal with a

threshold well below that of DAMA/LIBRA [187]. Attempts

to solve the discrepancy by so-called óisospin-violatingôDM

modelsfavouring NaI over Xetargets [188] arechallenged by

COSINE-100 [157, 189] and ANAIS-112 [190, 191] which

also employ low-background NaI(Tl) crystals. The ANAIS-

112 dataisconsistent with theabsenceof amodulation signal;

COSINE-100 is consistent with both, the null hypothesisand

theDAMA/LIBRA best f t, but excludesDAMA if interpreted

asbeing due to standard spin-independent interactions.

Detectors with single-electron sensitivity are required

to provide constraints on low-mass DM interacting via

WIMPïelectron scattering. In models with a heavy media-

tor, FDM = 1, the most stringent limits below Ḑ10 MeV/ c2

come from SENSEI using a Si-CCD target [42], reaching

down to 500 keV/ c2. Other competitive results in this mass

range are from the Si-detectors of DAMIC [192] and

SuperCDMS [193] as well as from the Ge-bolometers of

EDELWEISS [194]. The best limits above 10 MeV/ c2

are from XENON10 [195] and XENON1T [41] and there

are also results from DarkSide-50 [196] and XENON100

[195]. In models with a light mediator where the interaction

is described by a DM form factor FDM(q) = Ŭm2
e/ q2, SEN-

SEI provides the best limits in the entire mass range above

500 keV/ c2.
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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.

Billard et al. (2022)

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: Experimental Bounds

Stars

Stars located in regions of high 

dark matter density:  DM Galactic 

core ( ρͯπ 'Å6ÃÍ ) and/or  DM 

spikes ( ρͯπ 'Å6ÃÍ , Balaji et 

al. 2023)
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The candidates span a range of 19 
orders of magnitude in mass ά  and 

25 orders of magnitude in the 
coupling constant  Ὣ  with baryons. 

Batkovic et al. (2021)Dark Matter Candidates: Axions

Sun and Stars



The Sun and stars are sensitive to several 

type of  dark particles which are difficult to 

probe by direct dark matter 

detection experiments.

Important Point



Stellar Astrophysics and Constraints

(Helio- Asteroseismology)



Pulsating stars in 
the HR diagram
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p-mode spectra of several solar-like stars.  Linear adiabatic oscillation 

Stellar oscillations: solar  type  oscillations 
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The p-mode Fourier spectrum from 

GOLF, using a 690-day time series of 

calibrated velocity signal, which exhibits 

an excellent signal to noise ratio.  

 The low-frequency range of the P-

modes from above spectrum, showing 

low-n order modes.

I. Lopes Co-I GOLF  Team

OBSERVING THE SUN FROM SPACE: 

GOLF/SOHO ACOUSTIC MODES Lazrek  et al. (1997)
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Rendall et al. (2006), Pereira & Lopes (2005)

p-mode spectra of several solar-like stars. Stellar 

masses increase from the bottom upwards.

Linear adiabatic oscillation 

Stellar oscillations: 
solar  type  oscillations 

¶  An Observational Problem (again): 

¶ The stellar spectrum is convolved with the temporal window + Earth 

atmosphere, contaminating spectrum.



Huber (2014)
Asteroseismology

Stochastically 

excited oscillations 

in stars with a 

convective 

envelope

Sun-like oscillationsé



Asteroseismology

Main sequence and subgiant stars  (~ 1Mṩ)

Kepler observations Solar-like oscillations 

Red giant stars  (~ 1Mṩ)



Hertzsprung-Russell diagrams showing populations of stars with detected solar-
like oscillations (Detections made by the Kepler mission): The large coloured 
circles mark the stars whose spectra are plotted in the left Figure. Solid lines in 
both panels follow evolutionary tracks (Ventura, DôAntona & Mazzitelli 2008).

Asteroseismology Chaplin & Miglio. ( 2014)



PLATO observing strategy
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Baseline observing strategy:

Å 6 years nominal science operation

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



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)]

Sun, Solar neutrinos and helioseismology:  constraints low-mass DM candidates [Bottino, 

Bertone, Casanellas, Cumberbatch, Kouvaris, Frandsen, Guzik, Lopes, Iocco, Panci, Meynet, 

Ricci, Sarkar, Scott, Silk, Vicent, Taoso, Turck-Chièze, Watson, Vincent]

Dark matter impact in Stars (Sun and red giant stars, . . .) [Gould, Bouquet, Dearborn, 

Edsjö, Freese, Raffelt,  Salati, Silk. , . . .  ]

Stars and asteroseismology: Constraints on low-mass  DM candidates [Casanellas,  Lopes,  

Silk,  Brandão, Lebreton, Bramante, Lebreton,. . .  ]

Neutron stars: Constraints on  DM candidates (including Axions) [ Kouvaris,  Tinyakov,  

Ivanytskyi, Sagun,  Lopes, Panotopoulos, Rincón, Perez-García, Silk, Kokkotas.]

Pioneer Works:

How does dark matter influence stars?

Stars in the Galactic Center: Constraints on low-mass  DM candidates [Casanellas, Lopes, 

J. Lopes, Edsjö, Silk, Sakstein, Acevedo, Leane, Linden, John,  Smirnov ]



Studying dark matter (DM) properties is greatly advanced using helio- and asteroseismology, as 

well as solar neutrino datasets in sun-like stars, subgiants, and red giants, rather than in 

compact stars like neutron stars, for several key reasons:

Advantages of Using Stars to Study Dark Matter

ï Sun-like stars (ñknown Physicsò) and their evolved forms offer for studying dark matter (DM) interactions. This is 

in contrast, to cosmological studies and neutron star constraints, which are affected by uncertainties in the 

equation of state and the presence of intense gravitational and magnetic fields.

ï Asteroseismology (and helioseismology) allow precise measurements of these stars' internal structure and 

dynamics, revealing detailed insights into potential DM-induced signatures.

ï Solar neutrino data provide direct evidence of processes in the cores of the Sun, helping to constrain DM 

particles interacting with nuclear matter.

Starôs Dector: These reasons collectively make sun-like stars, subgiants, and red giants, 

Excellent ñLaboratoriesò for DM research.

ï The extensive observational data from these types of stars, such as the approximately 30 frequencies of low-

degree eigenmodes measured with a precision of  ͯπȢρ ʈ(Ú in sub-giant stars, enhance statistical reliability and 

reduce uncertainties in DM property estimations.

Experimental detectors ï Stars (including asteroseismology), Compact Stars, 

Cosmological  Tests



(A)                                  (B)                               (C) 
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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 Energy 

Production (C). 

Capture/Evaporation               Cooling                   Energy Production

Generic properties

How does dark matter influence stars?



DM Particle Physics

DM Astrophysics

Stellar Physics

Lopes & Lopes (2021)

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?

Capture/Evaporation

(A)                         

Lopes et al. (2011)]



Cooling

How does dark matter influence stars?

(B)                         

Reduction of the starôs core 

temperature 

Cooling mechanisms:

-  Dark Matter Energy Transport: Dark Mater 

Particles (i.e., WIMPs) can transport energy from the 

core to the outer layers of the star or even outside the 

star.

- Axion emission: Axions and ALP particles, can 

carry energy away from the star's core without 

requiring particle capture.



Cooling

How does dark matter influence stars?

(B)                         Taoso et al.  (2010)

Sun 

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). 

Reduction of the starôs core 

temperature 

Subgiant Star

ά  9 GeV

„ ςȢσ ρπ  ὧά

Energy Transport (by ADM particles)

Pato, Lopes & Lopes (2021)



Cooling

How does dark matter influence stars?

(B)                         

The axion emission (like neutrinos) in the cores of main-sequence stars leads to a decrease in the core 

temperature. In other stars, such as subgiants, once energy production occurs off-centre, in the nuclear energy layer 

just above the helium core, the emission of particles occurs in that region. The cooling of stellar cores due to axion 

emission is identical to the cooling by neutrino emission (Fordham & Lopes 2024). 

Reduction of the starôs core 

temperature 

Subgiant Star

Axion  Emission (subgiant and supergiant 

stars)

Fordham & Lopes (2024)

Raffelt (1999)
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Energy Production inside stars Energy produced by DM 

annihilation:

Energy Production

(C)                       

Lopes & Lopes (2021)Red Giant 

Star WIMP impact in low-mass RGB stars (πȢψ ρȢτ ὓἄ)

A&A 651, A101 (2021)

star, which accounts for a maximum variation of 2% and 9% in
the temperature and density, respectively. Higher-mass DM par-

ticles will even cluster strongly in the center of the star, which
reinforces our argument. After thermalization, we can therefore

assume that DM particles occupy a spherical region with uni-
form temperature and density, in which case theDM distribution

iswell described by aMaxwell-Boltzmann distribution given by

nɢ(r) = N0 exp

0
BBBB@

r2

r2
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1
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where N0 is a normalization constant deýnedby the total num-
ber of particles, Tc andᶌc are the central temperature and den-

sity, respectively, and the length scale rɢcan be interpreted as

the radius of the DM distribution. The energy produced by DM
annihilation at agiven radius r per unit massand per unit time is
thus given by

"ɢ(r) = fЅ
hůvin2

ɢ(r)mɢ

ᶌ(r)
, (5)

whereᶌ(r) is the local nuclear matter density, and fЅis adimen-
sionless factor that accounts for the energy lost through annihi-

lation byproducts (such as neutrinos) that escape the star before
loosing any energy within the stellar plasma. Di eδrently from

most assumptions made so far, the factor fЅ is highly model
dependent. We assumed that the amount of energy carried away
from the degenerate helium core by neutrinos is very small and
thus fЅ 1. Thetotal luminosity dueto DM annihilation isgiven
by the integral of Eq. (5),

Lɢ= 4ᶋ

Z R

0

ᶌ(r)"ɢ(r)r
2dr = fЅmɢC, (6)

where the last equivalence, which can be obtained by using
Eq. (A.12) and assuming captureïannihilationequilibrium (see
Eq. (2)), shows that both Lɢand "ɢare independent of the anni-
hilation cross section hůvi .

It should be noted that DM particles that have thermalized
and settled in the stellar interior can scatter with the hot plasma
and act as an additional heat transfer mechanism, which can
have an eδ ect on the structure of the star (e.g., Gilliland et al.
1986). While this additional energy transport mechanism is
mostly irrelevant in the core of an RGB star (where the electron
degeneracy renders conduction the most efficient heat transfer
mechanism), it can haveasigniýcanteδ ect during thepreceding
hydrogen coreburning phase, when, for example, asmall change
in the heat transfer balance can dictate the onset of convection
(e.g., Casanellas et al. 2015; Lopes & Lopes 2019; Raen et al.
2021). The efficiency of the DM heat transfer is directly related
to the number of DM particles captured inside the star, that is,
Nɢ, and thus is considerably suppressed for DM with a non-
negligible annihilation cross section, which is the central ingre-
dient of this work. For this reason we did not take DM energy
transport into account and focused on the eδ ects caused by DM
annihilation only.

5. Effects of DM annihilation on the RGB

To study the eδ ects of DM in the evolution of lowïmassRGB
stars, wemodiýedthe MESA stellar evolution code2 taking into

2 The subroutines and ýlesnecessary to reproduce the results in this
work can be found in doi:10.5281/zenodo.4769667 .

Fig. 6. HR diagram for lowïmassRGB stars (Z = 0.0187) with DM
energy production for di eδrent DM models (mɢandůɢᶌɢ). Therespec-
tive benchmark models (i.e., with no DM) are also shown. All models
begin in theZAMS and evolveuntil the ignition of helium.

account DM energy production as described by Eq. (5). The
number of DM particles at each time step was obtained by com-
puting capture and annihilation and solving Eq. (4). The DM
energy term aswell as thecorresponding partial derivativeswith
respect to the structural variables of the star was then computed
and included in the set of di eδrential equations that govern stel-
lar evolution.

Figure 6 shows the HR diagram for a set of RGB stars
(M = 0.8 1.4 M , Z = 0.0187) embedded in DM halos with
di eδrent properties (ůɢᶌɢ = 10 33 10 32 GeV cm 1), starting
from the zero-age MS (ZAMS) and stopping when helium igni-
tion occurs, that is, at theTRGB. Because thecapture rate ispro-
portional toůɢᶌɢ, we use this parameter to present our results.
Non-DM related physics inputsarethesameasin thebenchmark
models described in Sect. 2.

As expected, the main eδ ect caused by DM energy pro-
duction in RGB stars is the early onset of helium ignition and
end of the RGB phase, which results in an overall lower lumi-
nosity at the TRGB. The reason for this is that a localized net
energy source in thecenter of thehighly degenerate helium core
increases thecentral temperature of thestar, which promotes the
conditionsnecessary to trigger thehelium runaway reaction. The
higher the DM energy output "ɢ, or equivalently, the higher the
DM luminosity Lɢ, the earlier the conditions for helium igni-
tion are met. It should be noted that thecauseïeeδct relation of
theDM energy injection and temperature increase isintrinsically
linked to the degenerate nature of the inert helium core. This is
in contrast with nondegenerate stars such as the Sun, in which
the energy released in nuclear reactions acts as añthermostatò
by counterbalancing contraction.

Another eδ ect of DM energy production in RGB stars that
is shown in Fig. 7 concerns the region of the core in which
helium ignitesýrst:while in stars without DM, helium ignition
occurs o -δcenter due to energy loss by plasmon neutrinos (e.g.,
Kippenhahn et al. 2013), the energy released by DM annihila-
tion (maximum at r = 0 by deýnition)ensures that the con-
ditions necessary for helium nuclear fusion are ýrstmet in the
center of the core. Moreover, while forůɢᶌɢ= 10 33 GeV cm 1

the temperature proýleexhibits a second maximum coincident
with the region of ignition in the standard case (M 0.2 M ),
for ůɢᶌɢ = 10 32 GeV cm 1, the triggering of helium burning
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In stars without dark matter, helium ignition happens off-center. However, in stars with dark 

matter, the energy from dark matter annihilation causes helium ignition to start at the core.

Temperature profile for a solar mass RGB star just before the onset of ╗▄ burning.  
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Energy Production inside stars Energy produced by DM 

annihilation:

Energy Production

(C)                       

Casanellas & Lopes (2011)Stellar Cluster

A&A 651, A101 (2021)

star, which accounts for a maximum variation of 2% and 9% in
the temperature and density, respectively. Higher-mass DM par-

ticles will even cluster strongly in the center of the star, which
reinforces our argument. After thermalization, we can therefore

assume that DM particles occupy a spherical region with uni-
form temperature and density, in which case theDM distribution

iswell described by aMaxwell-Boltzmann distribution given by
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where N0 is a normalization constant deýnedby the total num-
ber of particles, Tc andᶌc are the central temperature and den-

sity, respectively, and the length scale rɢcan be interpreted as

the radius of the DM distribution. The energy produced by DM
annihilation at agiven radius r per unit massand per unit time is
thus given by

"ɢ(r) = fЅ
hůvin2

ɢ(r)mɢ

ᶌ(r)
, (5)

whereᶌ(r) is the local nuclear matter density, and fЅis adimen-
sionless factor that accounts for the energy lost through annihi-

lation byproducts (such as neutrinos) that escape the star before
loosing any energy within the stellar plasma. Di eδrently from

most assumptions made so far, the factor fЅ is highly model
dependent. We assumed that the amount of energy carried away
from the degenerate helium core by neutrinos is very small and
thus fЅ 1. Thetotal luminosity dueto DM annihilation isgiven
by the integral of Eq. (5),

Lɢ= 4ᶋ

Z R

0

ᶌ(r)"ɢ(r)r
2dr = fЅmɢC, (6)

where the last equivalence, which can be obtained by using
Eq. (A.12) and assuming captureïannihilationequilibrium (see
Eq. (2)), shows that both Lɢand "ɢare independent of the anni-
hilation cross section hůvi .

It should be noted that DM particles that have thermalized
and settled in the stellar interior can scatter with the hot plasma
and act as an additional heat transfer mechanism, which can
have an eδ ect on the structure of the star (e.g., Gilliland et al.
1986). While this additional energy transport mechanism is
mostly irrelevant in the core of an RGB star (where the electron
degeneracy renders conduction the most efficient heat transfer
mechanism), it can haveasigniýcanteδ ect during thepreceding
hydrogen coreburning phase, when, for example, asmall change
in the heat transfer balance can dictate the onset of convection
(e.g., Casanellas et al. 2015; Lopes & Lopes 2019; Raen et al.
2021). The efficiency of the DM heat transfer is directly related
to the number of DM particles captured inside the star, that is,
Nɢ, and thus is considerably suppressed for DM with a non-
negligible annihilation cross section, which is the central ingre-
dient of this work. For this reason we did not take DM energy
transport into account and focused on the eδ ects caused by DM
annihilation only.

5. Effects of DM annihilation on the RGB

To study the eδ ects of DM in the evolution of lowïmassRGB
stars, wemodiýedthe MESA stellar evolution code2 taking into

2 The subroutines and ýlesnecessary to reproduce the results in this
work can be found in doi:10.5281/zenodo.4769667 .

Fig. 6. HR diagram for lowïmassRGB stars (Z = 0.0187) with DM
energy production for di eδrent DM models (mɢandůɢᶌɢ). Therespec-
tive benchmark models (i.e., with no DM) are also shown. All models
begin in theZAMS and evolveuntil the ignition of helium.

account DM energy production as described by Eq. (5). The
number of DM particles at each time step was obtained by com-
puting capture and annihilation and solving Eq. (4). The DM
energy term aswell as thecorresponding partial derivativeswith
respect to the structural variables of the star was then computed
and included in the set of di eδrential equations that govern stel-
lar evolution.

Figure 6 shows the HR diagram for a set of RGB stars
(M = 0.8 1.4 M , Z = 0.0187) embedded in DM halos with
di eδrent properties (ůɢᶌɢ = 10 33 10 32 GeV cm 1), starting
from the zero-age MS (ZAMS) and stopping when helium igni-
tion occurs, that is, at theTRGB. Because thecapture rate ispro-
portional toůɢᶌɢ, we use this parameter to present our results.
Non-DM related physics inputsarethesameasin thebenchmark
models described in Sect. 2.

As expected, the main eδ ect caused by DM energy pro-
duction in RGB stars is the early onset of helium ignition and
end of the RGB phase, which results in an overall lower lumi-
nosity at the TRGB. The reason for this is that a localized net
energy source in thecenter of thehighly degenerate helium core
increases thecentral temperature of thestar, which promotes the
conditionsnecessary to trigger thehelium runaway reaction. The
higher the DM energy output "ɢ, or equivalently, the higher the
DM luminosity Lɢ, the earlier the conditions for helium igni-
tion are met. It should be noted that thecauseïeeδct relation of
theDM energy injection and temperature increase isintrinsically
linked to the degenerate nature of the inert helium core. This is
in contrast with nondegenerate stars such as the Sun, in which
the energy released in nuclear reactions acts as añthermostatò
by counterbalancing contraction.

Another eδ ect of DM energy production in RGB stars that
is shown in Fig. 7 concerns the region of the core in which
helium ignitesýrst:while in stars without DM, helium ignition
occurs o -δcenter due to energy loss by plasmon neutrinos (e.g.,
Kippenhahn et al. 2013), the energy released by DM annihila-
tion (maximum at r = 0 by deýnition)ensures that the con-
ditions necessary for helium nuclear fusion are ýrstmet in the
center of the core. Moreover, while forůɢᶌɢ= 10 33 GeV cm 1

the temperature proýleexhibits a second maximum coincident
with the region of ignition in the standard case (M 0.2 M ),
for ůɢᶌɢ = 10 32 GeV cm 1, the triggering of helium burning

A101, page 6 of 11

The annihilation of dark matter as an energy source for stars in the Milky Way, will only reduce the 

efficiency of the cooling mechanism. 
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). 
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star, which accounts for a maximum variation of 2% and 9% in
the temperature and density, respectively. Higher-mass DM par-

ticles will even cluster strongly in the center of the star, which
reinforces our argument. After thermalization, we can therefore

assume that DM particles occupy a spherical region with uni-
form temperature and density, in which case theDM distribution

iswell described by aMaxwell-Boltzmann distribution given by
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where N0 is a normalization constant deýnedby the total num-
ber of particles, Tc andᶌc are the central temperature and den-

sity, respectively, and the length scale rɢcan be interpreted as

the radius of the DM distribution. The energy produced by DM
annihilation at agiven radius r per unit massand per unit time is
thus given by
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whereᶌ(r) is the local nuclear matter density, and fЅis adimen-
sionless factor that accounts for the energy lost through annihi-

lation byproducts (such as neutrinos) that escape the star before
loosing any energy within the stellar plasma. Di eδrently from

most assumptions made so far, the factor fЅ is highly model
dependent. We assumed that the amount of energy carried away
from the degenerate helium core by neutrinos is very small and
thus fЅ 1. Thetotal luminosity dueto DM annihilation isgiven
by the integral of Eq. (5),

Lɢ= 4ᶋ

Z R

0

ᶌ(r)"ɢ(r)r
2dr = fЅmɢC, (6)

where the last equivalence, which can be obtained by using
Eq. (A.12) and assuming captureïannihilationequilibrium (see
Eq. (2)), shows that both Lɢand "ɢare independent of the anni-
hilation cross section hůvi .

It should be noted that DM particles that have thermalized
and settled in the stellar interior can scatter with the hot plasma
and act as an additional heat transfer mechanism, which can
have an eδ ect on the structure of the star (e.g., Gilliland et al.
1986). While this additional energy transport mechanism is
mostly irrelevant in the core of an RGB star (where the electron
degeneracy renders conduction the most efficient heat transfer
mechanism), it can haveasigniýcanteδ ect during thepreceding
hydrogen coreburning phase, when, for example, asmall change
in the heat transfer balance can dictate the onset of convection
(e.g., Casanellas et al. 2015; Lopes & Lopes 2019; Raen et al.
2021). The efficiency of the DM heat transfer is directly related
to the number of DM particles captured inside the star, that is,
Nɢ, and thus is considerably suppressed for DM with a non-
negligible annihilation cross section, which is the central ingre-
dient of this work. For this reason we did not take DM energy
transport into account and focused on the eδ ects caused by DM
annihilation only.

5. Effects of DM annihilation on the RGB

To study the eδ ects of DM in the evolution of lowïmassRGB
stars, wemodiýedthe MESA stellar evolution code2 taking into

2 The subroutines and ýlesnecessary to reproduce the results in this
work can be found in doi:10.5281/zenodo.4769667 .

Fig. 6. HR diagram for lowïmassRGB stars (Z = 0.0187) with DM
energy production for di eδrent DM models (mɢandůɢᶌɢ). Therespec-
tive benchmark models (i.e., with no DM) are also shown. All models
begin in theZAMS and evolveuntil the ignition of helium.

account DM energy production as described by Eq. (5). The
number of DM particles at each time step was obtained by com-
puting capture and annihilation and solving Eq. (4). The DM
energy term aswell as thecorresponding partial derivativeswith
respect to the structural variables of the star was then computed
and included in the set of di eδrential equations that govern stel-
lar evolution.

Figure 6 shows the HR diagram for a set of RGB stars
(M = 0.8 1.4 M , Z = 0.0187) embedded in DM halos with
di eδrent properties (ůɢᶌɢ = 10 33 10 32 GeV cm 1), starting
from the zero-age MS (ZAMS) and stopping when helium igni-
tion occurs, that is, at theTRGB. Because thecapture rate ispro-
portional toůɢᶌɢ, we use this parameter to present our results.
Non-DM related physics inputsarethesameasin thebenchmark
models described in Sect. 2.

As expected, the main eδ ect caused by DM energy pro-
duction in RGB stars is the early onset of helium ignition and
end of the RGB phase, which results in an overall lower lumi-
nosity at the TRGB. The reason for this is that a localized net
energy source in thecenter of thehighly degenerate helium core
increases thecentral temperature of thestar, which promotes the
conditionsnecessary to trigger thehelium runaway reaction. The
higher the DM energy output "ɢ, or equivalently, the higher the
DM luminosity Lɢ, the earlier the conditions for helium igni-
tion are met. It should be noted that thecauseïeeδct relation of
theDM energy injection and temperature increase isintrinsically
linked to the degenerate nature of the inert helium core. This is
in contrast with nondegenerate stars such as the Sun, in which
the energy released in nuclear reactions acts as añthermostatò
by counterbalancing contraction.

Another eδ ect of DM energy production in RGB stars that
is shown in Fig. 7 concerns the region of the core in which
helium ignitesýrst:while in stars without DM, helium ignition
occurs o -δcenter due to energy loss by plasmon neutrinos (e.g.,
Kippenhahn et al. 2013), the energy released by DM annihila-
tion (maximum at r = 0 by deýnition)ensures that the con-
ditions necessary for helium nuclear fusion are ýrstmet in the
center of the core. Moreover, while forůɢᶌɢ= 10 33 GeV cm 1

the temperature proýleexhibits a second maximum coincident
with the region of ignition in the standard case (M 0.2 M ),
for ůɢᶌɢ = 10 32 GeV cm 1, the triggering of helium burning
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For a cluster of stars (0.7-3.5 Mṩ) in a DM halo (ɟ~ fixed, continuous lines) and a standard 

HR diagram (dashed lines), a DM halo with particles of ~100 GeV and ⱭⱵ  ╬□ 

significantly alters the location of the main sequence in the HR diagram (Casanellas & Lopes 

2011).



Dark Matter Constraints 

using Stellar Observables

(6 case-studies) 



Dark matter constraints 

using stellar observables



Constraints on Asymmetric Dark Matter  

interaction with Hydrogen

Helio- and Asteroseismology
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Helioseismology: limits to the DM 
characteristics

Dark Sector: DM particle (long 

range interaction) - interaction 

between a DM particle (with mass 
□Ⱶ and charge ╩Ⱶ ▌Ⱶ) and a 

nucleus (with mass □▪ and electric 

charge ╩▄).  The scattering cross 
section ἶdepends of the relative 

velocity ○►▄■ of the particles, and 

there specific properties: 

ἶ(○►▄■ ╩Ⱶ , □Ⱶ, ▌Ⱶ, ╩ȟ□▪é)

Motivation:  Observational consequences (Galaxies cores): Resolves the cusp halo problem 

ï 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)
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Helioseismology: limits to the DM 
characteristics

Dark Sector: DM particle (long 

range interaction) - interaction 

between a DM particle (with mass 
□Ⱶ and charge ╩Ⱶ ▌Ⱶ) and a 

nucleus (with mass □▪ and electric 

charge ╩▄).  The scattering cross 
section ἶdepends of the relative 

velocity ○►▄■ of the particles, and 

there specific properties: 

ἶ(○►▄■ ╩Ⱶ , □Ⱶ, ▌Ⱶ, ╩ȟ□▪é)

Motivation:  Observational consequences (Galaxies cores): Resolves the cusp halo problem ï 

DM becomes collisional: as a consequence the core of galaxies becomes in agreement with 

observations (see e.g. de Blok 2010), unlike numerical simulations (see e.g. Navarro et al. 

2010). 

ñconst.  ɟò  core   

ɟ (r) ~ rŬ

Experimental Detection evidence: These DM models can also ñexplainò 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);   

ñcuspò core   

Popolo & Pace 2016 found that a  

baryonic clumps-DM interaction 

performs better than the one based on 

supernova feedback.
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Helioseismology: limits to the DM 
characteristics

Max c2
obs [=(c2

obs-c
2
ssm)/c2

ssm] ḗ  3%

Max c2
dm [=(c2

dm-c2
ssm)/c2

ssm] ḗ  3%

Helioseismology:  DM particles with a mass of 10 GeV and a longïrange 

interaction with ordinary matter mediated by a very light mediator (below 

roughly a few MeV), can have an impact on the Sunôs sound speed profile without 

violating the constraints coming from direct DM searches.

Dark Sector: DM particle (long 

range interaction) - interaction 

between a DM particle (with mass 
□Ⱶ and charge ╩Ⱶ ▌Ⱶ) and a 

nucleus (with mass □▪ and electric 

charge ╩▄).  The scattering cross 
section ἶdepends of the relative 

velocity ○►▄■ of the particles, and 

their specific properties: 

ἶ(○►▄■ ╩Ⱶ , □Ⱶ, ▌Ⱶ, ╩ȟ□▪é)

Lopes, Panci and Silk (2014) 



Vincent et. al.  (2015)
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Helioseismology: limits to the DM 
characteristics

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. 

Possible solution to the solar metallicity problem.

Dark Sector: DM particle (long 

range interaction) - interaction 

between a DM particle (with mass 
□Ⱶ and charge ╩Ⱶ ▌Ⱶ) and a 

nucleus (with mass □▪ and electric 

charge ╩▄).  The scattering cross 
section ἶdepends of the relative 

velocity ○►▄■ of the particles, and 

their specific properties: 

ἶ(○►▄■ ╩Ⱶ , □Ⱶ, ▌Ⱶ, ╩ȟ□▪é)

Max c2
obs [=(c2

obs-c
2
ssm)/c2

ssm] ḗ  3%

Max c2
dm [=(c2

dm-c2
ssm)/c2

ssm] ḗ  3%



Lopes, Kadota & Silk (2014)
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Helioseismology: limits to the DM 
characteristicsDark Sector (magnetic dipole dark 

matter):  interaction between DM 

particle (with mass □Ⱶand magnetic 

dipole moment ⱧⱵ) and a baryon, 

this leads to the following expression 

for cross section:  ἶ( □Ⱶ, ⱧⱵ , é)

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 ×  10ī17 e cm. 

 is the magnetic dipole moment

Max c2
obs [=(c2

obs-c
2
ssm)/c2

ssm] ḗ  3%

Max c2
dm [=(c2

dm-c2
ssm)/c2

ssm] ṃ  3%



Lopes, Kadota & Silk (2014)

56

Helioseismology: limits to the DM 
characteristicsDark Sector (magnetic dipole dark 

matter):  interaction between DM 

particle (with mass □Ⱶand magnetic 

dipole moment ⱧⱵ) and a baryon, 

this leads to the following expression 

for cross section:  ἶ( □Ⱶ, ⱧⱵ , é)

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 ×  10ī17 e cm.

 is the magnetic dipole moment

Max c2
obs [=(c2

obs-c
2
ssm)/c2

ssm] ḗ  3%

Max c2
dm [=(c2

dm-c2
ssm)/c2

ssm] ṃ  3%



Dark Sector: ADM particle (point-like interaction) ï interaction between a DM particle (with 

mass □Ⱶ and scattering cross-section ▬ 
) and a proton inside the star. Using the the small 

frequency separations the following constrains were obtained for alpha centauri B.             
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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 Mo),  DM particles with ÍʔḐ 5 GeV and  ʎ  σ ρπ cm2 are 

excluded at  95% CL.

Casanellas & Lopes  (2013)



Dark Sector: ADM particle (point-like interaction) - interaction between a DM particle (with 

mass □Ⱶ and scattering cross-section ▬ 
) and a proton inside the star. Using the the small 

frequency separations the following constrains were obtained for alpha centauri B.
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Asteroseismology: limits to the DM characteristics

Changes in the central temperatures and densities, leads 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)

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 Mo),  DM particles with ÍʔḐ 5 GeV and  ʎ  σ ρπ cm2 are 

excluded at  95% CL.



Dark Sector: ADM particle (point-like interaction) - interaction between a DM particle (with 

mass □Ⱶ 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 (ˋ̝ /̝m˔Ṃ8.3 × 10ҍ25cm2/GeV) obtained from the galaxy bullet clusters (Harvey et al. 

2015). 
Martins, Lopes & Casanellas (2017) 
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Asteroseismology: limits to the DM characteristics

Asteroseismology: Sum of squared errors ɢ2 for the r02 diagnostic of star  KIC 
8379927 (1.12 Mṩ, 1.82 Gyr) for these DM models with ˋ̝ =̝ 10ҍнп cm2. Also shown 

are the 90%, 95%, and 99% C.L.ôs corresponding to these ɢ2ôs. 



Dark Sector: ADM particle (point-like interaction) - interaction between a DM particle (with 

mass □Ⱶ 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 (ˋ̝ /̝m˔Ṃ8.3 × 10ҍ25cm2/GeV) obtained from the galaxy bullet clusters (Harvey et al. 

2015). 
Martins, Lopes & Casanellas (2017) 
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Asteroseismology: limits to the DM characteristics

Asteroseismology: 90% C.L.ôs ascertained from the ADM scenario for:  Sun ɢ2 Tc 

(dotted red), Sun ɢ2r02 (solid red),  KIC 8379927 ɢ2r02 (solid blue), and  KIC 

7871531 ɢ2r02 (solid green). The dashed blue line is the projected 90% C.L. 

corresponding to a 10% increase in precision for the mode frequencies. For 

comparison, 90% C.L. limits from some direct detection experiments are also shown 

in black lines (like XENON100 and COUPP). 

XENON100  COUPP



Constraints on Axion Like Particles

Asteroseismology



Impact of Axion Cooling on Stellar Evolution 

Asteroseismology: Axion cooling significantly impacts stellar evolution by modifying core 

temperatures, radiative regions, and pulsation modes. Precision tools like asteroseismology 

are crucial for detecting axionic effects in stars and refining constraints on axion properties.

Energy Production and Loss:  Axions primarily 

produced near the star's center, affecting the hydrogen 

burning shell; Significant cooling effect from axionic 

energy loss competing with nuclear energy production.

 

Fordham & Lopes (PRD,2024)

{ǘŀǊΩǎ Detector: KIC 6933899 is a late-type G0.5IV main-

sequence star (sub-giant star)with a mass between 1.10 and 

1.14 solar masses, exhibiting 33 detected oscillation modes 

with a precision of approximately 0.1 Hz. This star displays 

acoustic behavior, as evidenced by its predominantly simple p-
modes, which are sensitive to the physical properties of the 

stellar core.

Asteroseismic diagnostics: Changes in gravity-driven 

pulsation modes provide evidence of axion effects. 
Preliminary bounds on axion-photon coupling: Ὣ

ρȢσψ ρπ ὋὩὠ (95%  CL) and Ὣ

πȢωψ ρπ ὋὩὠ (68%  CL)

Asteroseismology subgiant star



Impact of Axion Cooling on Stellar Evolution 

Asteroseismology: Axion cooling significantly impacts stellar evolution by modifying core 

temperatures, radiative regions, and pulsation modes. Precision tools like asteroseismology 

are crucial for detecting axionic effects in stars and refining constraints on axion properties.

Energy Production and Loss:  Axions primarily 

produced near the star's center, affecting the hydrogen 

burning shell; Significant cooling effect from axionic 

energy loss competing with nuclear energy production.

 

Fordham & Lopes (2024){ǘŀǊΩǎ Detector: KIC 6933899 is a late-type G0.5IV main-

sequence star (sub-giant star)with a mass between 1.10 and 

1.14 solar masses, exhibiting 33 detected oscillation modes 

with a precision of approximately 0.1 Hz. This star displays 

acoustic behavior, as evidenced by its predominantly simple p-
modes, which are sensitive to the physical properties of the 

stellar core.

Asteroseismic diagnostics: Changes in gravity-driven 

pulsation modes provide evidence of axion effects. 
Preliminary bounds on axion-photon coupling: Ὣ

ρȢσψ ρπ ὋὩὠ (95%  CL) and Ὣ

πȢωψ ρπ ὋὩὠ (68%  CL)

Stars

Asteroseismology subgiant star

https:// github.com/cajohare/AxionLimits/blob/master/docs/ ap.md



Fordham & Lopes (PRD,2024)

Ὣ ρȢσψ ρπ ὋὩὠ (95%  CL) 

and Ὣ πȢωψ ρπ ὋὩὠ (68%  

CL)



Asteroseismology:  Axion cooling significantly impacts stellar evolution by modifying core temperatures, radiative 

regions, and pulsation modes. Precision tools like asteroseismology are crucial for detecting axionic effects in stars 

and refining constraints on axion properties.

Impact of Axion Cooling on Stellar Evolution 
Asteroseismology red supergiant 
star{ǘŀǊΩǎ Detector: Betelgeuse (Alpha Orionis) is an M2Iab red 

supergiant star with a mass between 16.5 and 19 solar 

masses, exhibiting oscillation periods of 416 and 185 days 

identified as the fundamental mode and the first overtone, 

respectively, displaying complex oscillatory behavior sensitive 
to the conditions in its convective and radiative layers.

Energy Production and Loss:  Axions primarily 

produced near Betelgeuse's core affect the helium burning 

shell; significant cooling from axionic energy loss 

competes with nuclear energy production, resulting in 

increased luminosity and higher neutrino production.

 Asteroseismic diagnostics: Changes in gravity-driven 

pulsation modes in Betelgeuse provide evidence of axion 

effects. Stellar models with an axion-photon coupling 

ςȢπ ρπ 'Å6 :  Ç ς ρπ 'Å6 align with 

observational data. An upper limit will be  Ç

σȢπ ρπ 'Å6 . 

Stars Severino & Lopes (2023)

Temperature profiles of the -hOri models. The solid lines 

correspond to the model that best represents the average 

behavior for the corresponding g10, while the shaded 

regions illustrate the uncertainty.



Fordham & Lopes (PRD,2024)

Ὣ ρȢσψ ρπ ὋὩὠ 

Ὣ πȢωψ ρπ ὋὩὠ 

Ὣ σȢπ ρπ ὋὩὠ



Asteroseismology:  Axion cooling significantly impacts stellar evolution by modifying core temperatures, 

radiative regions, and pulsation modes. Precision tools like asteroseismology are crucial for detecting axionic 

effects in stars and refining constraints on axion properties.

Impact of Axion Cooling on Stellar Evolution 
Asteroseismology red supergiant 
star{ǘŀǊΩǎ Detector: Betelgeuse (Alpha Orionis) is an M2Iab red 

supergiant star with a mass between 16.5 and 19 solar 

masses, exhibiting oscillation periods of 416 and 185 days 

identified as the fundamental mode and the first overtone, 

respectively, displaying complex oscillatory behavior sensitive 
to the conditions in its convective and radiative layers.
Energy Production and Loss:  Axions primarily 

produced near Betelgeuse's core affect the helium burning 

shell; significant cooling from axionic energy loss 

competes with nuclear energy production, resulting in 

increased luminosity and higher neutrino production.

 
Asteroseismic diagnostics: Changes in gravity-driven 

pulsation modes in Betelgeuse provide evidence of axion 

effects. Stellar models with an axion-photon coupling: 

Ç ρȢσψ ρπ 'Å6 align with observational data. No 

compatible models for a Ç σȢυ ρπ 'Å6 . 

Stars Severino & Lopes (2023)



Constraints on Annihilating Dark Matter

Stars in the Galactic Centre



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 ⱬ > 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 Mṩ are not 

sensitive to the dark matter particles.

Dark sector: DM particle (point-like interaction) ï an interaction between a DM particle (with mass □Ⱶ and scattering 

cross-section ▬) and a proton inside a low-mass main-sequence star in the Milky Way's nuclear stellar cluster.  Lopes & 

Lopes  (2019)

Stellar Cluster



Stellar Cluster: limits to the DM characteristics
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Stellar Cluster: limits to the DM characteristics

G-mode period spacing ȹɄ1 vs. p-mode large frequency separation ȹɜfor an HB star with M=1.0 Msun from the ZAHB phase 

until the beginning of the asymptotic giant branch evolved in different DM densities. The considered DM particle has mɢ=4

GeV, ů ɢ,SI=10ī39 cm2 and < ův> = 3 10-26 cm3 s -1. The red dashed line flags the approximate region where the HB phase 

ends.
Stellar Clusters: òAsteroseismology of Red Clump Stars as a Probe of the Dark Matter Content of the Galaxy Central 

Regionò

Dark sector: DM particle (point-like interaction) ï Thermally produced DM particles in the mass range 4-10 GeV with spin-

independent annihilation and scattering cross-sections that are close to the observational upper limits from direct detection 

experiments. Lopes & Lopes, Silk  (ApJL, 2019)

Red Clump stars, in some cases with  L~102 Lsun,  can be observed throughout the galaxy and thus can give us insight into 

the DM conditions found in situ.



Constraints on Annihilating Dark Matter

Stars in the Galactic Centre



Impact of DM Annihilation on Red Giant Stars

Red Giant Star: The energy injected into the cores of low-mass red giant branch stars by the annihilation of WIMPs can 

trigger an early helium ignition, leading to a premature end of the RGB phase and a decrease in the luminosity at the TRGB, 

with significant deviations for light WIMPs in dense regions of the Milky Way.  

The total number of DM particles inside different stars with 

fixed metallicity during the RG branch phase, comparing stars 

of different masses and dark matter particle masses.

Hertzsprung-Russell (HR) diagram with the evolution of stars 

from the Zero Age Main Sequence (ZAMS) to the Tip of the 

Red Giant Branch (TRGB).

It found that DM particles stay constant in these stars during the RGB phase, mostly independent of the star's mass and 

metallicity. 

The helium core mass ╜╗▄
╬ ) is representative of the star's evolution during the RGB phase 

Dark sector: The research examines how WIMPs are captured, evaporated, and annihilated in low-mass RG stars, 

affecting their structure and evolution, ⱬⱵ  ╖▄╥╬□  , ⱭⱵ  ╬□ , Ɑ○ Ⱶ ╬□▼ ,(Lopes & Lopes 

2021).



Impact of DM Annihilation on Red Giant Stars
Dark sector: The research examines how WIMPs are captured, evaporated, and annihilated in low-mass RG stars, 

affecting their structure and evolution, ⱬⱵ  ╖▄╥╬□  , ⱭⱵ  ╬□ , Ɑ○ Ⱶ ╬□▼ ,(Lopes & Lopes 

2021).

Energy produced by DM annihilation causes an early onset of 

helium ignition in the cores of RGB stars, resulting in a 

premature end to the RGB phase (TRGB).

Relationship between the DM luminosity and the mass of DM 

particles for low-mass red giant branch (RGB) stars with the same 

luminosity [ὒέὫϳὒὒṩ ς.

The most significant reduction in TRGB luminosity is observed for WIMPs with Í ρππ 'Å6, which can cause the TRGB 

luminosity to be up to 76.4% lower than in the standard no-DM case.

Red Giant Star: DM particles accumulate inside low-mass red giant branch (RGB) stars, and the energy injected into the 

stellar core due to DM annihilation can promote conditions necessary for helium burning, leading to an early end of the RGB 

phase and a lower luminosity at the tip of the red giant branch (TRGB).



Solar Neutrinos probe  the Hidden 

Sector (dark matter and sterile 

neutrinos) 
Standard Solar Model 



Lopes (ApJ, 2018)

Solar Neutrinos: limits to the hidden  dark matter 
sector

Dark Sector (dark matter particle  and sterile 

neutrino): interaction of  DM particle and sterile 

neutrino  with baryons, this leads to the following 

expression for cross section:

Helioseismology: The strength of the interaction of the dark matter particles with neutrinos depends on an 
effective coupling constant, ἑ  , which is a Fermi constant analogue for the hidden sector. By using the latest 

8B  solar neutrino flux data, we found that ἑ  ,  must be smaller than 0. 5 109 ἑ╕ ,  for this particle physics model 

to be in agreement with the data.

Asymmetric Dark Matter Model

Neutrino Model: ( ʉ , ʉ , ʉ , ʉ)
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