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Direct Detection
Spin - independent DM DM

N N

Lower thresholds

Lower backgrounds

Larger detectors 
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DM Capture in the Sun and in the Earth
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The Sun, 1985

The Earth, 1987

1980s
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DM capture in Compact Stars 
Neutron Stars, 1989

White Dwarfs, 2008
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• DM scatters, loses energy, becomes gravitationally bound to the Sun.


• Accumulates and annihilates in the centre of the Sun.

Scattering

Scattering

Annihilation
<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫
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DM Capture in the Sun
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DM Capture in the Sun
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• In equilibrium, annihilation rate proportional to the DM-nucleon scattering cross section.


• Neutrinos from DM annihilation can be detected in the Earth (Super-Kamiokande, Antares, IceCube).

DM

DM

Scattering

Scattering

Annihilation
<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

SuperK

Image credit: Institute for Cosmic Ray Research,The University of Tokyo
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The simple picture

• DM with velocity  before the collision scatters off aw

Prob. to scatter to 
v ≤ vesc

Total scant. rate

DM flux

Scattering rate

Capture rate Scattering rate

<latexit sha1_base64="DlhH213ypj/dXOrNJZYB9ABeHzk="></latexit>

⌦�(w,�) = � n(r)w(r)P (w ! v  vesc)

<latexit sha1_base64="34e+muLuN4nv4R3NxmV0dBnjr54="></latexit>
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dr 4⇡r2
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0
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m�

fMB(u�)

u�
w(r)⌦�(w,�)

Gould 1987

Garani & Palomares-Ruiz, 2017

Busoni et al., 2017

DM
<latexit sha1_base64="cggXf5YHoluVxXYc+EKEI2clTB8=">AAACD3icbVC7SgNBFJ31bXytWtosBiUihN0g0UYQbSwjmAdkk2V2cmOGzD6cuRsNS/7Axl+xsVDE1tbOv3HyKNR4YOBwzrncucePBVdo21/GzOzc/MLi0nJmZXVtfcPc3KqoKJEMyiwSkaz5VIHgIZSRo4BaLIEGvoCq370Y+tUeSMWj8Br7MTQCehPyNmcUteSZ+3c5eXDqqluJaeK5rMObhcOe5yLcYwqKDZoFHRh4ZtbO2yNY08SZkCyZoOSZn24rYkkAITJBlao7doyNlErkTMAg4yYKYsq69AbqmoY0ANVIR/cMrD2ttKx2JPUL0RqpPydSGijVD3ydDCh21F9vKP7n1RNsnzRSHsYJQsjGi9qJsDCyhuVYLS6BoehrQpnk+q8W61BJGeoKM7oE5+/J06RSyDvFfPHqKHt2PqljieyQXZIjDjkmZ+SSlEiZMPJAnsgLeTUejWfjzXgfR2eMycw2+QXj4xuRMpxi</latexit>
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DM capture rate in the Sun
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DM Capture in the Sun
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• Evaporation


➡Captured DM can be up-scattered to speeds greater than the escape velocity


➡Highly dependent on the stars’s central core temperature for the Sun ~ 


➡Negligible for
1.6 × 107 K

m� & mevap

<latexit sha1_base64="rtTY02VphPWXfn1wQK4tn5Tb1HE=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJpKLLohuXFewDmhAm02k7dCYJM5NCCdn4K25cKOLWz3Dn3zhts9DWAwOHc87lzj1hwpnSjvNtldbWNza3ytuVnd29/QP78Kit4lQS2iIxj2U3xIpyFtGWZprTbiIpFiGnnXB8N/M7EyoVi6NHPU2oL/AwYgNGsDZSYJ+IwCMjhryhNiGBRJDRCU7ywK46NWcOtErcglShQDOwv7x+TFJBI004VqrnOon2Myw1I5zmFS9VNMFkjIe0Z2iEBVV+Nj8gR+dG6aNBLM2LNJqrvycyLJSaitAkBdYjtezNxP+8XqoHN37GoiTVNCKLRYOUIx2jWRuozyQlmk8NwUQy81dERlhiok1nFVOCu3zyKmlf1tx67eqhXm3cFnWU4RTO4AJcuIYG3EMTWkAgh2d4hTfryXqx3q2PRbRkFTPH8AfW5w/a3JaX</latexit>

mevap ' 4GeV

<latexit sha1_base64="Od/okb2KmZzifHmlAW1Vr7YYysc=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCBymJVPRY9KDHCvYDmhA222m7dDeJu5tCCb158a948aCIV/+CN/+N2zYHbX0w8Hhvhpl5QcyZ0rb9beWWlldW1/LrhY3Nre2d4u5eQ0WJpFCnEY9kKyAKOAuhrpnm0IolEBFwaAaD64nfHIJULArv9SgGT5BeyLqMEm0kv3go/BSGJB5jVzEBD7iC3VOculLgG2iM/WLJLttT4EXiZKSEMtT84pfbiWgiINSUE6Xajh1rLyVSM8phXHATBTGhA9KDtqEhEaC8dPrHGB8bpYO7kTQVajxVf0+kRCg1EoHpFET31bw3Ef/z2onuXnopC+NEQ0hni7oJxzrCk1Bwh0mgmo8MIVQycyumfSIJ1Sa6ggnBmX95kTTOyk6lfH5XKVWvsjjy6AAdoRPkoAtURbeohuqIokf0jF7Rm/VkvVjv1sesNWdlM/voD6zPH2I7mFs=</latexit>

DM

Scattering

Evaporation

DMDM

Caveat for light DM

<latexit sha1_base64="b3j+wcxG34ICdlGWPDxIiMt/FV8=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSElEqhuh6MaVVOgLmhAm00k7dCYJM5NCCdm78VfcuFDErT/gzr9x2mahrQcuHM65l3vv8WNGpbKsb2NldW19Y7OwVdze2d3bNw8O2zJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9LxR7dTvzMmQtIobKpJTFyOBiENKEZKS55Z4l7qCA7JGMXZdVBpevjMkXTAkZfeO3hIs1PPLFtVawa4TOyclEGOhmd+Of0IJ5yECjMkZc+2YuWmSCiKGcmKTiJJjPAIDUhP0xBxIt109ksGT7TSh0EkdIUKztTfEyniUk64rzs5UkO56E3F/7xeooIrN6VhnCgS4vmiIGFQRXAaDOxTQbBiE00QFlTfCvEQCYSVjq+oQ7AXX14m7fOqXavWHi7K9Zs8jgI4BiVQATa4BHVwBxqgBTB4BM/gFbwZT8aL8W58zFtXjHzmCPyB8fkDbkmarQ==</latexit>

mevap = f(Tc,�N�)
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Spin - dependent proton
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Captured DM annihilating in the Sun
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• Limits on the SI cross section from DM annihilation to neutrinos much weaker than DD.

Bell, Dolan & SR, arXiv: 2107.04216 (JCAP)

Limited by 
evaporation

mevap ' 4GeV

<latexit sha1_base64="Od/okb2KmZzifHmlAW1Vr7YYysc=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCBymJVPRY9KDHCvYDmhA222m7dDeJu5tCCb158a948aCIV/+CN/+N2zYHbX0w8Hhvhpl5QcyZ0rb9beWWlldW1/LrhY3Nre2d4u5eQ0WJpFCnEY9kKyAKOAuhrpnm0IolEBFwaAaD64nfHIJULArv9SgGT5BeyLqMEm0kv3go/BSGJB5jVzEBD7iC3VOculLgG2iM/WLJLttT4EXiZKSEMtT84pfbiWgiINSUE6Xajh1rLyVSM8phXHATBTGhA9KDtqEhEaC8dPrHGB8bpYO7kTQVajxVf0+kRCg1EoHpFET31bw3Ef/z2onuXnopC+NEQ0hni7oJxzrCk1Bwh0mgmo8MIVQycyumfSIJ1Sa6ggnBmX95kTTOyk6lfH5XKVWvsjjy6AAdoRPkoAtURbeohuqIokf0jF7Rm/VkvVjv1sesNWdlM/voD6zPH2I7mFs=</latexit>
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Direct Detection DM Capture in the Sun

Lower thresholds

Lower backgrounds

Larger detectors 

Lower core Temp. Lower backgrounds

Higher density

DARK MATTER IN CELESTIAL BODIES
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White Dwarf 
0.5 M⊙

White Dwarf 
1.3 M⊙

The Sun
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DM Capture in Celestial Bodies
Figure of merit

Depends on the 
particular star/planet

Capture 
probability ~ 1

• For a given DM mass

The region we are 
usually interested in

<latexit sha1_base64="Kofr+R8ijw4TKegoGsPKXw4fPCY=">AAACAHicbVDNSgMxGMzWv1r/Vj148BIsgqeyK1I9FnvxJBWsLXSXJZtm29BsEpKsUJZefBUvHhTx6mN4821M2z1o60BgmPk+vszEklFtPO/bKa2srq1vlDcrW9s7u3vu/sGDFpnCpI0FE6obI00Y5aRtqGGkKxVBacxIJx41p37nkShNBb83Y0nCFA04TShGxkqRe9QMpBLSCBhoOkhRlN8GeEgnkVv1at4McJn4BamCAq3I/Qr6Amcp4QYzpHXP96QJc6QMxYxMKkGmiUR4hAakZylHKdFhPgswgadW6cNEKPu4gTP190aOUq3HaWwnU2SGetGbiv95vcwkV2FOucwM4Xh+KMkYtHmnbcA+VQQbNrYEYUXtXyEeIoWwsZ1VbAn+YuRl8nBe8+u1+t1FtXFd1FEGx+AEnAEfXIIGuAEt0AYYTMAzeAVvzpPz4rw7H/PRklPsHII/cD5/AOgdlqE=</latexit>

C / �N�

Threshold (geometric) 
cross section

• For σNχ ≲ σth
No sensitivity 
to σNχ ≳ σth
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Examples
• White Dwarf


Bell, Busoni, SR & Virgato, arXiv: 2404.16272 (JCAP) 

• Neutron Star


SR, Vatsyayan and Busoni, arXiv: 2507.22881

R⋆ = 13 km

<latexit sha1_base64="Kofr+R8ijw4TKegoGsPKXw4fPCY=">AAACAHicbVDNSgMxGMzWv1r/Vj148BIsgqeyK1I9FnvxJBWsLXSXJZtm29BsEpKsUJZefBUvHhTx6mN4821M2z1o60BgmPk+vszEklFtPO/bKa2srq1vlDcrW9s7u3vu/sGDFpnCpI0FE6obI00Y5aRtqGGkKxVBacxIJx41p37nkShNBb83Y0nCFA04TShGxkqRe9QMpBLSCBhoOkhRlN8GeEgnkVv1at4McJn4BamCAq3I/Qr6Amcp4QYzpHXP96QJc6QMxYxMKkGmiUR4hAakZylHKdFhPgswgadW6cNEKPu4gTP190aOUq3HaWwnU2SGetGbiv95vcwkV2FOucwM4Xh+KMkYtHmnbcA+VQQbNrYEYUXtXyEeIoWwsZ1VbAn+YuRl8nBe8+u1+t1FtXFd1FEGx+AEnAEfXIIGuAEt0AYYTMAzeAVvzpPz4rw7H/PRklPsHII/cD5/AOgdlqE=</latexit>

C / �N�
<latexit sha1_base64="Kofr+R8ijw4TKegoGsPKXw4fPCY=">AAACAHicbVDNSgMxGMzWv1r/Vj148BIsgqeyK1I9FnvxJBWsLXSXJZtm29BsEpKsUJZefBUvHhTx6mN4821M2z1o60BgmPk+vszEklFtPO/bKa2srq1vlDcrW9s7u3vu/sGDFpnCpI0FE6obI00Y5aRtqGGkKxVBacxIJx41p37nkShNBb83Y0nCFA04TShGxkqRe9QMpBLSCBhoOkhRlN8GeEgnkVv1at4McJn4BamCAq3I/Qr6Amcp4QYzpHXP96QJc6QMxYxMKkGmiUR4hAakZylHKdFhPgswgadW6cNEKPu4gTP190aOUq3HaWwnU2SGetGbiv95vcwkV2FOucwM4Xh+KMkYtHmnbcA+VQQbNrYEYUXtXyEeIoWwsZ1VbAn+YuRl8nBe8+u1+t1FtXFd1FEGx+AEnAEfXIIGuAEt0AYYTMAzeAVvzpPz4rw7H/PRklPsHII/cD5/AOgdlqE=</latexit>

C / �N�

R⋆ = 5377 km
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Geometric DM-nucleon cross section

Pauli blocking 
Momentum transfer 

> neutron kF

The Sun

White Dwarfs

Neutron Stars

C ∝ σNχ

C ∝ σNχ

C ∝ σNχ

Multiple Scattering 
 transfer in single collision 
not sufficient for capture

q

WDs 
Evaporation

Finite Temp

Corrections

Spin-Independent 
Local stars
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Geometric Limit

• Stars and white dwarfs

• Neutron Stars
<latexit sha1_base64="PZD6zYb/ESoo1dDVVmC37o5aXQs="></latexit>

Cgeom =
⇡R2
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<latexit sha1_base64="o+kGIIwGzOW0DkFjPMa/XVqZGvQ="></latexit>

Cgeom =
⇡R2

?⇢�
m�

Z umax
�

0

u2
� + v2esc(R?)

u�
f(u�, v?)du�

DM relative velocity 
distribution

• Usual choice

➡Maxwell-Boltzmann


➡Works well only in 
the local bubble


• Inner regions
Lopes et al., arXiv:2007.15927

DM escape velocity 
from the Galaxy

GR correction

DM Capture in Celestial Bodies
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Observable signatures

• Annihilating DM

➡Byproducts of annihilation that escape the star


➡                        Neutrino experiments & telescopes


➡                                      Gamma ray signals  


➡ Increase in luminosity (heating)

<latexit sha1_base64="JxHOYC7q0xfGAsfSTlxBxFtb6qI=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSK4KolIdSVFNy4r2Ae0odxMJ8nQmSTMTJQS+jdu/BU3goro0j9xmmZhWw/c4cw59zJzj5cwKpVtfxulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0fVAEkYj0lJUMdJNBAHuMdLxRjdTv/NAhKRxdK/GCXE5BBH1KQalpYF51cchzUvQIFQgRPzYT/Q1mZcC4ByWz4FZtWt2DmuZOAWpogLNgfnWH8Y45SRSmIGUPcdOlJuBUBQzMqn0U0kSwCMISE/TCDiRbpbvObFOtDK0/FjoipSVq38nMuBSjrmnOzmoUC56U/E/r5cq/9LNaJSkikR49pCfMkvF1jQ0a0gFwYqNNQEsqP6rhUMQgJWOtqJDcBZXXibts5pTr9XvzquN6yKOMjpCx+gUOegCNdAtaqIWwugJvaB39GE8G6/Gp/E1ay0ZxcwhmoPx8wuh+KhC</latexit>

�� ! �� ! ����

<latexit sha1_base64="C2EDHTqAoQvuODkXQ1/oKNWWsFY=">AAACC3icbZDLSsNAFIYnXmu9RV26GVoEVyURqS6LblxWsBdoQjmZTtqhk0mYmSgldO/GV3HjQhG3voA738ZJm4W2/nDg4z/nMHP+IOFMacf5tlZW19Y3Nktb5e2d3b19++CwreJUEtoiMY9lNwBFORO0pZnmtJtIClHAaScYX+f9zj2VisXiTk8S6kcwFCxkBLSx+nbFIyOWF/YkG440SBk/YE+k2AtAZgamfbvq1JyZ8DK4BVRRoWbf/vIGMUkjKjThoFTPdRLtZyA1I5xOy16qaAJkDEPaMyggosrPZrdM8YlxBjiMpSmh8cz9vZFBpNQkCsxkBHqkFnu5+V+vl+rw0s+YSFJNBZk/FKYc6xjnweABk5RoPjEARDLzV0xGIIFoE1/ZhOAunrwM7bOaW6/Vb8+rjasijhI6RhV0ilx0gRroBjVRCxH0iJ7RK3qznqwX6936mI+uWMXOEfoj6/MHQSCbNg==</latexit>

�� ! ⌫⌫̄

• Non-annihilating DM

➡Compact star destruction via supernova or BH formation

DM Capture in Celestial Bodies
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Jupiter
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• Jupiter vs the Sun


➡ Much lower core temperature

Evaporation in 
Jupiter

Evaporation in 
the SunSR & Meighen-Berger, arXiv: 2411.04435 (PRD Letter)
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Jupiter
Neutrino Experiment Sensitivities

Spin - dependent proton

SR & Meighen-Berger, 
arXiv: 2411.04435 (PRD Letter)

Super-K/Hyper-K

IceCube Upgrade

95% CL
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Gamma Ray Signal
• Long-live mediators decay into photons outside the Sun

DM annihilating into long-live mediators

DM

DM Scattering

Scattering

The Sun

Annihilation

ϕ

ϕ

<latexit sha1_base64="JxHOYC7q0xfGAsfSTlxBxFtb6qI=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSK4KolIdSVFNy4r2Ae0odxMJ8nQmSTMTJQS+jdu/BU3goro0j9xmmZhWw/c4cw59zJzj5cwKpVtfxulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0fVAEkYj0lJUMdJNBAHuMdLxRjdTv/NAhKRxdK/GCXE5BBH1KQalpYF51cchzUvQIFQgRPzYT/Q1mZcC4ByWz4FZtWt2DmuZOAWpogLNgfnWH8Y45SRSmIGUPcdOlJuBUBQzMqn0U0kSwCMISE/TCDiRbpbvObFOtDK0/FjoipSVq38nMuBSjrmnOzmoUC56U/E/r5cq/9LNaJSkikR49pCfMkvF1jQ0a0gFwYqNNQEsqP6rhUMQgJWOtqJDcBZXXibts5pTr9XvzquN6yKOMjpCx+gUOegCNdAtaqIWwugJvaB39GE8G6/Gp/E1ay0ZxcwhmoPx8wuh+KhC</latexit>

�� ! �� ! ����

Leane et al., arXiv:1703.04629

HAWC Collab., arXiv:1808.05624

Bell et al., arXiv:2103.16794 (dark photon mediator) 
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<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�

Batell et al., arXiv:0910.1567

Rothstein et al., arXiv:0903.3116

DARK MATTER IN CELESTIAL BODIES
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Compact Stars 

•  90% of the stars in the Galaxy are WDs.


• Supported against collapse by electron 
degeneracy pressure.

≳

Inner core?: hyperons, 
kaon condensates, quarks 

Atmosphere: H, He 

Outer crust: Heavy ions, e−

Outer core: npe−μ−

Inner crust: Free  n, p, e−

• The densest stars known.


• Supported against collapse by neutron 
degeneracy pressure.

Ions: He/C/O/Ne
Degenerate e−

H, He

Atmosphere

Core

White Dwarfs Neutron Stars

Image Credit: Feryal Ozel
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DM capture in White Dwarfs
• Ions


➡ Non-relativistic


➡ Nuclear form factors


➡ SI interactions


➡ C calculated as in the Sun

4He/12C/16O/20Ne

• Degenerate electrons


➡ Relativistic


➡ Pauli blocking


➡ C calculated as in neutron stars

Ions

Electrons

DM

4He/12C/16O/20Ne

e−

Targets

DM
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Gamma Ray Signal
• Long-live mediators decay into photons outside the WD

Bhattacharjee, SR, Meighen-Berger & Calore, arXiv: 2505.13629

DM annihilating into long-live mediators

DM

DM Scattering

Scattering

Local WDs

Annihilation

ϕ

ϕ

<latexit sha1_base64="JxHOYC7q0xfGAsfSTlxBxFtb6qI=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSK4KolIdSVFNy4r2Ae0odxMJ8nQmSTMTJQS+jdu/BU3goro0j9xmmZhWw/c4cw59zJzj5cwKpVtfxulldW19Y3yZmVre2d3z9w/aMs4FZi0cMxi0fVAEkYj0lJUMdJNBAHuMdLxRjdTv/NAhKRxdK/GCXE5BBH1KQalpYF51cchzUvQIFQgRPzYT/Q1mZcC4ByWz4FZtWt2DmuZOAWpogLNgfnWH8Y45SRSmIGUPcdOlJuBUBQzMqn0U0kSwCMISE/TCDiRbpbvObFOtDK0/FjoipSVq38nMuBSjrmnOzmoUC56U/E/r5cq/9LNaJSkikR49pCfMkvF1jQ0a0gFwYqNNQEsqP6rhUMQgJWOtqJDcBZXXibts5pTr9XvzquN6yKOMjpCx+gUOegCNdAtaqIWwugJvaB39GE8G6/Gp/E1ay0ZxcwhmoPx8wuh+KhC</latexit>

�� ! �� ! ����

• WDs within 13 pc from the Sun


• CTA, LHAASO, SWGO

<latexit sha1_base64="d+ief+16UzLwN/eCSwDJmhe4sJk=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZyWwyZmZnmZkVQsg/ePGgiFf/x5t/4yRZQUULGoqqbrq7woQzbTzvw8mtrK6tb+Q3C1vbO7t7xf2DlpapIrRJJJeqE2JNOYtp0zDDaSdRFIuQ03Y4vpr77XuqNJPxrZkkNBB4GLOIEWys1OoNsRC4Xyx5bs3zaxcVtCTV84yUa8h3vQVKkKHRL773BpKkgsaGcKx11/cSE0yxMoxwOiv0Uk0TTMZ4SLuWxlhQHUwX187QiVUGKJLKVmzQQv0+McVC64kIbafAZqR/e3PxL6+bmqgaTFmcpIbGZLkoSjkyEs1fRwOmKDF8YgkmitlbERlhhYmxARVsCF+fov9J68z1y2755rxUv8ziyMMRHMMp+FCBOlxDA5pA4A4e4AmeHek8Oi/O67I152Qzh/ADztsnFUqPgA==</latexit>�

<latexit sha1_base64="d+ief+16UzLwN/eCSwDJmhe4sJk=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZyWwyZmZnmZkVQsg/ePGgiFf/x5t/4yRZQUULGoqqbrq7woQzbTzvw8mtrK6tb+Q3C1vbO7t7xf2DlpapIrRJJJeqE2JNOYtp0zDDaSdRFIuQ03Y4vpr77XuqNJPxrZkkNBB4GLOIEWys1OoNsRC4Xyx5bs3zaxcVtCTV84yUa8h3vQVKkKHRL773BpKkgsaGcKx11/cSE0yxMoxwOiv0Uk0TTMZ4SLuWxlhQHUwX187QiVUGKJLKVmzQQv0+McVC64kIbafAZqR/e3PxL6+bmqgaTFmcpIbGZLkoSjkyEs1fRwOmKDF8YgkmitlbERlhhYmxARVsCF+fov9J68z1y2755rxUv8ziyMMRHMMp+FCBOlxDA5pA4A4e4AmeHek8Oi/O67I152Qzh/ADztsnFUqPgA==</latexit>�

<latexit sha1_base64="d+ief+16UzLwN/eCSwDJmhe4sJk=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZyWwyZmZnmZkVQsg/ePGgiFf/x5t/4yRZQUULGoqqbrq7woQzbTzvw8mtrK6tb+Q3C1vbO7t7xf2DlpapIrRJJJeqE2JNOYtp0zDDaSdRFIuQ03Y4vpr77XuqNJPxrZkkNBB4GLOIEWys1OoNsRC4Xyx5bs3zaxcVtCTV84yUa8h3vQVKkKHRL773BpKkgsaGcKx11/cSE0yxMoxwOiv0Uk0TTMZ4SLuWxlhQHUwX187QiVUGKJLKVmzQQv0+McVC64kIbafAZqR/e3PxL6+bmqgaTFmcpIbGZLkoSjkyEs1fRwOmKDF8YgkmitlbERlhhYmxARVsCF+fov9J68z1y2755rxUv8ziyMMRHMMp+FCBOlxDA5pA4A4e4AmeHek8Oi/O67I152Qzh/ADztsnFUqPgA==</latexit>�

<latexit sha1_base64="d+ief+16UzLwN/eCSwDJmhe4sJk=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVzeMW9OIxgnlAsoTZyWwyZmZnmZkVQsg/ePGgiFf/x5t/4yRZQUULGoqqbrq7woQzbTzvw8mtrK6tb+Q3C1vbO7t7xf2DlpapIrRJJJeqE2JNOYtp0zDDaSdRFIuQ03Y4vpr77XuqNJPxrZkkNBB4GLOIEWys1OoNsRC4Xyx5bs3zaxcVtCTV84yUa8h3vQVKkKHRL773BpKkgsaGcKx11/cSE0yxMoxwOiv0Uk0TTMZ4SLuWxlhQHUwX187QiVUGKJLKVmzQQv0+McVC64kIbafAZqR/e3PxL6+bmqgaTFmcpIbGZLkoSjkyEs1fRwOmKDF8YgkmitlbERlhhYmxARVsCF+fov9J68z1y2755rxUv8ziyMMRHMMp+FCBOlxDA5pA4A4e4AmeHek8Oi/O67I152Qzh/ADztsnFUqPgA==</latexit>�

Limbach et al., arXiv:2209.12914 

<latexit sha1_base64="svoF3XaSaMsv9VQIEBDlihVImJs="></latexit>
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<latexit sha1_base64="59U+vD80H4RHTBmwBtXbbWJKCuk="></latexit>

d��

dE�
=

�ann
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Batell et al., arXiv:0910.1567

Rothstein et al., arXiv:	0903.3116

DARK MATTER IN CELESTIAL BODIES
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Gamma Ray Signal
• Future gamma ray telescopes and observatories

Bhattacharjee, SR, Meighen-Berger & Calore, arXiv: 2505.13629

DM annihilating into long-live mediators

M⋆ = 0.7 M⊙
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DM-induced heating of old Compact Stars

• Captured DM annihilates in the star’s core

DM

DM

Scattering

Scattering Annihilation

SM
SM

WDs in DM rich environments
<latexit sha1_base64="fUgSlLkEPhrkPAd0uYcx2MJYDoU=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIFbTMqFQ3QtGF7qxgL9AZh0yatqFJZkgyQhnmOdz4Km5cKOJO3Pg2ppeFtv4Q+PKfc0jOH0SMKm3b31Zmbn5hcSm7nFtZXVvfyG9u1VUYS0xqOGShbAZIEUYFqWmqGWlGkiAeMNII+pfDeuOBSEVDcacHEfE46graoRhpY/l5x5W90Hdxj8JzmLgYMXiTFh3bhu6BuUsOr0h9yJjfJ4fHabrv5wt2yR4JzoIzgQKYqOrnP912iGNOhMYMKdVy7Eh7CZKaYkbSnBsrEiHcR13SMigQJ8pLRqulcM84bdgJpTlCw5H7eyJBXKkBD0wnR7qnpmtD879aK9adMy+hIoo1EXj8UCdmUIdwmBNsU0mwZgMDCEtq/gpxD0mEtUkzZ0JwpleehfpRySmXyrcnhcrFJI4s2AG7oAgccAoq4BpUQQ1g8AiewSt4s56sF+vd+hi3ZqzJzDb4I+vrB1aMnfE=</latexit>

⇢� = O(100GeV cm�3)

1 - 2 μm
near IR<latexit sha1_base64="olNcvGgXSiTCzGCe4prsVmH86hY=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmZKqS6LbgQ3FfqCzlgyaaYNTTJDkhGGYT7Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3+BGjStv2t7Wyura+sVnYKm7v7O7tlw4OOyqMJSZtHLJQ9nykCKOCtDXVjPQiSRD3Gen6k+up330gUtFQtHQSEY+jkaABxUgbaVAqt+5dKgKdDFIXj2nmKsphtWbb0D2HqSs5vM1Myq7YM8Bl4uSkDHI0B6UvdxjimBOhMUNK9R070l6KpKaYkazoxopECE/QiPQNFYgT5aWzYzJ4apQhDEJpntBwpv6eSBFXKuG+SXKkx2rRm4r/ef1YB5deSkUUayLwfFEQM6hDOG0GDqkkWLPEEIQlNX+FeIwkwtr0VzQlOIsnL5NOteLUK/W7WrlxlddRAMfgBJwBB1yABrgBTdAGGDyCZ/AK3qwn68V6tz7m0RUrnzkCf2B9/gC9hpok</latexit>

T1
� ⇠ 2400K

NSs in the local bubble

Baryakhtar et al. arXiv:1704.01577 (PRL)
Chatterjee et al. arXiv: 2205.05048 (PRD Letter)

DARK MATTER IN CELESTIAL BODIES

Bell, Busoni, Ramirez-Quezada, SR & 
Virgato, arXiv: 2104.14367 (JCAP)
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White Dwarfs in DM-rich environments

Bell, Busoni, Ramirez-Quezada, SR & Virgato, arXiv: 2104.14367 (JCAP)

Evaporation

�̄� q̄q

<latexit sha1_base64="wtXs0WcbU/wjHx9QlFmBniVUHic=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwISWRii6LblxWsA9oQplMJ+3QyaMzE6GEght/xY0LRdz6E+78GydpFtp64F4O59zLzD1ezJlUlvVtLC2vrK6tlzbKm1vbO7vm3n5LRokgtEkiHomOhyXlLKRNxRSnnVhQHHictr3RTea3H6iQLArv1SSmboAHIfMZwUpLPfPQ8bBIHTJk06wh5wzlyng67pkVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQin07KTSBpjMsID2tU0xAGVbprfMEUnWukjPxK6QoVy9fdGigMpJ4GnJwOshnLey8T/vG6i/Cs3ZWGcKBqS2UN+wpGKUBYI6jNBieITTTARTP8VkSEWmCgdW1mHYM+fvEha51W7Vr24q1Xq10UcJTiCYzgFGy6hDrfQgCYQeIRneIU348l4Md6Nj9noklHsHMAfGJ8/tl+Xkw==</latexit>

<latexit sha1_base64="fUgSlLkEPhrkPAd0uYcx2MJYDoU=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIFbTMqFQ3QtGF7qxgL9AZh0yatqFJZkgyQhnmOdz4Km5cKOJO3Pg2ppeFtv4Q+PKfc0jOH0SMKm3b31Zmbn5hcSm7nFtZXVvfyG9u1VUYS0xqOGShbAZIEUYFqWmqGWlGkiAeMNII+pfDeuOBSEVDcacHEfE46graoRhpY/l5x5W90Hdxj8JzmLgYMXiTFh3bhu6BuUsOr0h9yJjfJ4fHabrv5wt2yR4JzoIzgQKYqOrnP912iGNOhMYMKdVy7Eh7CZKaYkbSnBsrEiHcR13SMigQJ8pLRqulcM84bdgJpTlCw5H7eyJBXKkBD0wnR7qnpmtD879aK9adMy+hIoo1EXj8UCdmUIdwmBNsU0mwZgMDCEtq/gpxD0mEtUkzZ0JwpleehfpRySmXyrcnhcrFJI4s2AG7oAgccAoq4BpUQQ1g8AiewSt4s56sF+vd+hi3ZqzJzDb4I+vrB1aMnfE=</latexit>

⇢� = O(100GeV cm�3)

Not a bound

<latexit sha1_base64="RAzpwKFDF9nU7DzInjRzd32G3rc=">AAACHXicbVBNS8MwGE79nPOr6tFLcAgTZLQyphdhuIsHDxPcB6ylpFm6hSVtTVJhlP0RL/4VLx4U8eBF/Dem3Q66+UDIk+d9Xt68jx8zKpVlfRtLyyura+uFjeLm1vbOrrm335ZRIjBp4YhFousjSRgNSUtRxUg3FgRxn5GOP2pk9c4DEZJG4Z0ax8TlaBDSgGKktOSZ1RvPwUN6yfMLNspTcupIOuDIS+PsNTmBDiP3UHsHiGvZLFkVKwdcJPaMlMAMTc/8dPoRTjgJFWZIyp5txcpNkVAUMzIpOokkMcIjNCA9TUPEiXTTfLsJPNZKHwaR0CdUMFd/d6SISznmvnZypIZyvpaJ/9V6iQou3JSGcaJIiKeDgoRBFcEsKtingmDFxpogLKj+K8RDJBBWOtCiDsGeX3mRtM8qdq1Su62W6lezOArgEByBMrDBOaiDa9AELYDBI3gGr+DNeDJejHfjY2pdMmY9B+APjK8fVBWheg==</latexit>

L� = m�C(m�,�p�)  L�
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DM capture in Neutron Stars

26

• Baryons


➡Strongly interacting


➡Pauli blocking 
(interacting Fermi gas)

• Leptons


➡Relativistic


➡Pauli blocking (free 
Fermi gas)

Targets
M⋆ = 1.5 M⊙

e−

μ−

p

EoS: QMC

M⋆ = 1.9 M⊙

e−

μ−

p

Λ0 + Ξ− + Ξ0

Hyperons

EoS: QMC

e−

μ−

p

M⋆ = 1 M⊙

EoS: QMC
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DM capture in Neutron Stars

27

• Different kinematic regime:

➡DM accelerated to quasi-relativistic speeds


➡Relativistic kinematics


➡GR corrections
Bell, Busoni, SR & Virgato, arXiv: 2004.14888 (JCAP)

• Scattering off a sea of degenerate targets

➡Pauli blocking <latexit sha1_base64="RXcNBlQK/eQy2ddfwEsbyc9nRZg=">AAAB/HicbVBNS8NAEJ3Ur1q/qj16WSyCp5KIVI9FLx4r2FpoQthsN+3S3U3Y3Qih1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRSln2rjut1NaW9/Y3CpvV3Z29/YPqodHXZ1kitAOSXiiehHWlDNJO4YZTnupolhEnD5E45uZ//BIlWaJvDd5SgOBh5LFjGBjpbBaE6FPRgz5nGqtmUAitGrdbbhzoFXiFaQOBdph9csfJCQTVBrCsdZ9z01NMMHKMMLptOJnmqaYjPGQ9i2VWFAdTObHT9GpVQYoTpQtadBc/T0xwULrXES2U2Az0sveTPzP62cmvgomTKaZoZIsFsUZRyZBsyTQgClKDM8twUQxeysiI6wwMTavig3BW355lXTPG16z0by7qLeuizjKcAwncAYeXEILbqENHSCQwzO8wpvz5Lw4787HorXkFDM1+APn8wdufZSm</latexit>

m� . mn

Neutron Fermi energyEscape velocity
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• Two important effects missing in all previous calculations:


➡Momentum transfer 


➡Momentum dependence of the hadronic matrix 
elements

𝒪(10 GeV)

1. Nucleon couplings

<latexit sha1_base64="I8KXPR1EBLEFZ2Kv4nx5lMKPuFQ=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEIHqQkUtRj0YMeW7Af0ISy2W7apbtJ2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/OChDOlHefbWlpeWV1bL2wUN7e2d3btvf2milNJaIPEPJbtACvKWUQbmmlO24mkWASctoLhzcRvPVCpWBzd61FCfYH7EQsZwdpIXfuw3nU8xQRykXeGMk8KdEub465dcsrOFGiRuDkpQY5a1/7yejFJBY004Vipjusk2s+w1IxwOi56qaIJJkPcpx1DIyyo8rPp/WN0YpQeCmNpKtJoqv6eyLBQaiQC0ymwHqh5byL+53VSHV75GYuSVNOIzBaFKUc6RpMwUI9JSjQfGYKJZOZWRAZYYqJNZEUTgjv/8iJpnpfdi3KlXilVr/M4CnAEx3AKLlxCFe6gBg0g8AjP8Apv1pP1Yr1bH7PWJSufOYA/sD5/AIQhlIM=</latexit>

Q0 ⇠ 1GeV

<latexit sha1_base64="rCiL5Q0pUSQkit8EgqYfOutE4q0=">AAACDnicbVDLTgIxFO3gC/GFunTTSEhgIc4Qom5MiG5cQiKPBIZJp3SgodMZ2o4JmfAFbvwVNy40xq1rd/6NHWCh4ElucnrOvem9xw0Zlco0v43U2vrG5lZ6O7Ozu7d/kD08asogEpg0cMAC0XaRJIxy0lBUMdIOBUG+y0jLHd0mfuuBCEkDfq8mIbF9NODUoxgpLTnZPHZ4YVy87noC4Th5mMVpXLDOxr3yed0xe+Virzx1sjmzZM4AV4m1IDmwQM3JfnX7AY58whVmSMqOZYbKjpFQFDMyzXQjSUKER2hAOppy5BNpx7NzpjCvlT70AqGLKzhTf0/EyJdy4ru600dqKJe9RPzP60TKu7JjysNIEY7nH3kRgyqASTawTwXBik00QVhQvSvEQ6SDUTrBjA7BWj55lTTLJeuiVKlXctWbRRxpcAJOQQFY4BJUwR2ogQbA4BE8g1fwZjwZL8a78TFvTRmLmWPwB8bnD2jjmc0=</latexit>

cn(q) =
cn(0)

(1� q2/Q2
0)

2

DM capture in Neutron Stars
Scattering off a Fermi gas of interacting baryons

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918 (PRL), + Anzuini arXiv: 2108.02525 (JCAP)
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• Two important effects missing in all previous calculations:


➡Nucleons undergo strong interactions, free Fermi gas 
is not a good approximation.

2. Nucleon effective mass

<latexit sha1_base64="OUyGsZOsNKGzBYTfNno9t18pLE0=">AAACBHicbZC7TsMwFIYdrqXcAoxdLCqkslQJqoCxgoWxSPQitSFyHKe1ajup7SBVUQcWXoWFAYRYeQg23ga3zQAtv2Tp03/O0fH5g4RRpR3n21pZXVvf2CxsFbd3dvf27YPDlopTiUkTxyyWnQApwqggTU01I51EEsQDRtrB8Hpabz8QqWgs7vQ4IR5HfUEjipE2lm+XuC9gbzRKUQgN3mc9ySGJoklFnvp22ak6M8FlcHMog1wN3/7qhTFOOREaM6RU13US7WVIaooZmRR7qSIJwkPUJ12DAnGivGx2xASeGCeEUSzNExrO3N8TGeJKjXlgOjnSA7VYm5r/1bqpji69jIok1UTg+aIoZVDHcJoIDKkkWLOxAYQlNX+FeIAkwtrkVjQhuIsnL0PrrOqeV2u3tXL9Ko+jAErgGFSACy5AHdyABmgCDB7BM3gFb9aT9WK9Wx/z1hUrnzkCf2R9/gDSnZeT</latexit>

mn me↵
n (r)

DM capture in Neutron Stars
Scattering off a Fermi gas of interacting baryons

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918 (PRL), + Anzuini arXiv: 2108.02525 (JCAP)



><Sandra Robles (Fermilab)DARK MATTER IN CELESTIAL BODIES

DM capture rate in Neutron Stars
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• Capture rate derived using TOV equations and Schwarzchild metric 
<latexit sha1_base64="sahstVOKx/AQbtjlh7gk7L+PG6o="></latexit>

ds2 = �d⌧2 = �B(r)c2dt2 +A(r)dr2 + r2d⌦2

Relativistic kinematics Pauli Blocking 
target final states

PB target 
initial states

Scattering rate

Capture rate
<latexit sha1_base64="k0LPWevWSIRbcEE6FkL+Q7rBfzY="></latexit>
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fMB(u�)

u�

p
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⌦�(r)

<latexit sha1_base64="yDhXfhQtSZyBXKXAh7mXz7TCEkU=">AAACCHicdZDLSgMxFIYz9VbrbdSlC4NFqAtLprTVZakblxVsK7TjkEkzbWjmQpIplKFLN76KGxeKuPUR3Pk2ZtoRVPSHkJ/vnENyfjfiTCqEPozc0vLK6lp+vbCxubW9Y+7udWQYC0LbJOShuHGxpJwFtK2Y4vQmEhT7Lqddd3yR1rsTKiQLg2s1jajt42HAPEaw0sgxD6FWsyROYF8yH1rwFE6chEoyu61oWnDMIirXkFYFonJ6V2swIzVozQlCRZCp5Zjv/UFIYp8GinAsZc9CkbITLBQjnM4K/VjSCJMxHtKetgH2qbST+SIzeKzJAHqh0CdQcE6/TyTYl3Lqu7rTx2okf9dS+FetFyvv3E5YEMWKBmTxkBdzqEKYpgIHTFCi+FQbTATTf4VkhAUmSmeXhvC1KfzfdCplq16uX1WLjWYWRx4cgCNQAhY4Aw1wCVqgDQi4Aw/gCTwb98aj8WK8LlpzRjazD37IePsEY9+Wcw==</latexit>

B(r) ⇠ 1� v2esc(r)

<latexit sha1_base64="yw1YWxbB2Aqhje/uixXXRFPb+MU="></latexit>
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Scattering off a Fermi gas of interacting baryons

p

n

<latexit sha1_base64="Luv4NQufbjGlQ8uDlC1E+ETcNIo=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4cdmKVr0VvXis4LaFdi3ZNNuGJtklyQpl6W/w4kERr/4gb/4bs20RPx8MPN6bYWZemHCmjee9O3PzC4tLy4WV4ura+sZmaWu7oeNUEeqTmMeqFWJNOZPUN8xw2koUxSLktBkOL3O/eUeVZrG8MaOEBgL3JYsYwcZKfkekt4fdUtlzz3OcoIrrTfCblGGGerf01unFJBVUGsKx1u2Kl5ggw8owwum42Ek1TTAZ4j5tWyqxoDrIJseO0b5VeiiKlS1p0ET9OpFhofVIhLZTYDPQP71c/MtrpyY6CzImk9RQSaaLopQjE6P8c9RjihLDR5Zgopi9FZEBVpgYm0/RhvD/75+kceRWqm71+rhcu5jFUYBd2IMDqMAp1OAK6uADAQb38AhPjnQenGfnZdo658xmduAbnNcPzWWOtA==</latexit>

µ�
DM
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⌅�
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⇤0

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918 (PRL), + Anzuini arXiv: 2108.02525 (JCAP)
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Timescales for DM heating of old NSs

�̄�5� q̄�5q  suppressedq4�̄� q̄q

<latexit sha1_base64="wtXs0WcbU/wjHx9QlFmBniVUHic=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwISWRii6LblxWsA9oQplMJ+3QyaMzE6GEght/xY0LRdz6E+78GydpFtp64F4O59zLzD1ezJlUlvVtLC2vrK6tlzbKm1vbO7vm3n5LRokgtEkiHomOhyXlLKRNxRSnnVhQHHictr3RTea3H6iQLArv1SSmboAHIfMZwUpLPfPQ8bBIHTJk06wh5wzlyng67pkVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQin07KTSBpjMsID2tU0xAGVbprfMEUnWukjPxK6QoVy9fdGigMpJ4GnJwOshnLey8T/vG6i/Cs3ZWGcKBqS2UN+wpGKUBYI6jNBieITTTARTP8VkSEWmCgdW1mHYM+fvEha51W7Vr24q1Xq10UcJTiCYzgFGy6hDrfQgCYQeIRneIU348l4Md6Nj9noklHsHMAfGJ8/tl+Xkw==</latexit>

unsuppressed

Maximal capture

• Capture-annihilation equilibrium reached in ~1 yr (s-wave) up to 100 kyr (p-wave).

Bell, Busoni, SR & Virgato, arXiv:2312.11892 (JCAP)

Thermalization

Kinetic Heating

Cap. Ann. Equilibrium

Thermalization

Kinetic Heating

Cap. Ann. Equilibrium
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DM Thermalization in WDs
• Very short thermalization timescales

Bell, Busoni, SR & Virgato, arXiv: 2404.16272 (JCAP)

Thermalization
timescale
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DM Thermalization in NSs

Pauli 
blocking
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NS sensitivity to SI DM-nucleon scattering cross section
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�̄� q̄q

<latexit sha1_base64="wtXs0WcbU/wjHx9QlFmBniVUHic=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwISWRii6LblxWsA9oQplMJ+3QyaMzE6GEght/xY0LRdz6E+78GydpFtp64F4O59zLzD1ezJlUlvVtLC2vrK6tlzbKm1vbO7vm3n5LRokgtEkiHomOhyXlLKRNxRSnnVhQHHictr3RTea3H6iQLArv1SSmboAHIfMZwUpLPfPQ8bBIHTJk06wh5wzlyng67pkVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQin07KTSBpjMsID2tU0xAGVbprfMEUnWukjPxK6QoVy9fdGigMpJ4GnJwOshnLey8T/vG6i/Cs3ZWGcKBqS2UN+wpGKUBYI6jNBieITTTARTP8VkSEWmCgdW1mHYM+fvEha51W7Vr24q1Xq10UcJTiCYzgFGy6hDrfQgCYQeIRneIU348l4Md6Nj9noklHsHMAfGJ8/tl+Xkw==</latexit>

NS
Sensitivity

Neutrons

Protons

Anzuini, Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2108.02525  (JCAP)

➡ Coldest NS observed 
Teff < 42000 K

Guillot et al. arXiv: 1901.07998

Signal: Anomalous heating
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Uncertainties
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• Equation of state of nuclear dense matter


➡Binary NS merger: GW170817


➡X-ray and radio observations 


➡Perturbative QCD


Cuceu & SR, arXiv: 2410.23407 (PRD)

https://arxiv.org/abs/2410.23407
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Other sources of late NS heating
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• Rotation induced heating (spin down)


➡Rotochemical heating


➡Frictional motion of superfluid neutron vortices


Gonzalez & Reisenegger, arXiv:1005.5699

Reisenegger astro-ph/9410035, Fernandez & Reisenegger astro-ph/0502116

Alpar et al.1984, ApJ, 276, 325; Shibazaki & Lamb 1989; 
Larson & Link astro-ph/9810441
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Tip of the Red Giant Branch
• 22 globular clusters with TRGB magnitude

Annihilating DM

Hong & Vincent, arXiv:2407.08773
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White Dwarf destruction by SN/BH formation
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Asymmetric DM

• SI interactions

ADM Scattering

ADM
<latexit sha1_base64="dmJqZD1HiCIayemr2cWfViESh6Q=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIeWGyhNlJJxkyO7vOzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHcFseDauO63k1tZXVvfyG8WtrZ3dveK+wcNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYxup37zCZXmkayZcYx+SAeS9zmjxkoPtW7aUSHBx0m3WHLL7gxkmXgZKUGGarf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10dvGEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLT90mPK2RGjC2hTHF7K2FDqigzNqSCDcFbfHmZNM7K3mX54v68VLnJ4sjDERzDKXhwBRW4gyrUgYGEZ3iFN0c7L8678zFvzTnZzCH8gfP5A2q4kMQ=</latexit>

Teq

Bramante, arXiv:1505.07464 

Graham et al., arXiv:1805.07381 

Janish et al., arXiv:1905.00395 

Acevedo & Bramante, 	arXiv:1904.11993 

Steigerwald et al, arXiv:2203.09054

BH

SN
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Self-gravitation

Bell, Busoni, SR & Virgato, arXiv: 2404.16272 (JCAP) 



><Sandra Robles (Fermilab)DARK MATTER IN CELESTIAL BODIES 40

Neutron Star Destruction by BH formation
Asymmetric DM

Capture

ADM Scattering

Thermalized

ADM
<latexit sha1_base64="dmJqZD1HiCIayemr2cWfViESh6Q=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIeWGyhNlJJxkyO7vOzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHcFseDauO63k1tZXVvfyG8WtrZ3dveK+wcNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYxup37zCZXmkayZcYx+SAeS9zmjxkoPtW7aUSHBx0m3WHLL7gxkmXgZKUGGarf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10dvGEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLT90mPK2RGjC2hTHF7K2FDqigzNqSCDcFbfHmZNM7K3mX54v68VLnJ4sjDERzDKXhwBRW4gyrUgYGEZ3iFN0c7L8678zFvzTnZzCH8gfP5A2q4kMQ=</latexit>

Teq

BH

BH formation

NS destruction
Goldman & Nussinov, 1989

Kouvaris & Tinyakov, 2010, 2011

McDermott et al. 2011
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Neutron Star destruction by BH formation
Fermionic Asymmetric DM

SR, Vatsyayan and Busoni, arXiv: 2507.22881

• Local NS

�̄� q̄q

<latexit sha1_base64="wtXs0WcbU/wjHx9QlFmBniVUHic=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwISWRii6LblxWsA9oQplMJ+3QyaMzE6GEght/xY0LRdz6E+78GydpFtp64F4O59zLzD1ezJlUlvVtLC2vrK6tlzbKm1vbO7vm3n5LRokgtEkiHomOhyXlLKRNxRSnnVhQHHictr3RTea3H6iQLArv1SSmboAHIfMZwUpLPfPQ8bBIHTJk06wh5wzlyng67pkVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQin07KTSBpjMsID2tU0xAGVbprfMEUnWukjPxK6QoVy9fdGigMpJ4GnJwOshnLey8T/vG6i/Cs3ZWGcKBqS2UN+wpGKUBYI6jNBieITTTARTP8VkSEWmCgdW1mHYM+fvEha51W7Vr24q1Xq10UcJTiCYzgFGy6hDrfQgCYQeIRneIU348l4Md6Nj9noklHsHMAfGJ8/tl+Xkw==</latexit>
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t? = 1010 yr
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• Complimentary/competitive with direct detection experiments


• Spin dependent proton


➡Neutrino detectors  


➡Long lived mediators Gamma ray telescopes

Super-K/Hyper-K

Image credit: Institute for Cosmic Ray 
Research,The University of Tokyo

IceCube/Upgrade

Fermi-LAT
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m� & 3GeV
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m� ⇠ 1� 3GeV

The Sun Jupiter
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• Compact stars:


➡Signal: Increase in luminosity (heating)


➡Non-annihilating DM: star destruction

White Dwarfs Neutron Stars

• Spin independent


• Heating:


•  (CTA gamma rays)


• Local WD destruction (heavy DM)
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�� ! �� ! ����

<latexit sha1_base64="fUgSlLkEPhrkPAd0uYcx2MJYDoU=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAIFbTMqFQ3QtGF7qxgL9AZh0yatqFJZkgyQhnmOdz4Km5cKOJO3Pg2ppeFtv4Q+PKfc0jOH0SMKm3b31Zmbn5hcSm7nFtZXVvfyG9u1VUYS0xqOGShbAZIEUYFqWmqGWlGkiAeMNII+pfDeuOBSEVDcacHEfE46graoRhpY/l5x5W90Hdxj8JzmLgYMXiTFh3bhu6BuUsOr0h9yJjfJ4fHabrv5wt2yR4JzoIzgQKYqOrnP912iGNOhMYMKdVy7Eh7CZKaYkbSnBsrEiHcR13SMigQJ8pLRqulcM84bdgJpTlCw5H7eyJBXKkBD0wnR7qnpmtD879aK9adMy+hIoo1EXj8UCdmUIdwmBNsU0mwZgMDCEtq/gpxD0mEtUkzZ0JwpleehfpRySmXyrcnhcrFJI4s2AG7oAgccAoq4BpUQQ1g8AiewSt4s56sF+vd+hi3ZqzJzDb4I+vrB1aMnfE=</latexit>

⇢� = O(100GeV cm�3)
• SI, SD


• Local NSs could probe sub-GeV regime


• Uncertainties in composition and cooling


• Local NS destruction (heavy DM)
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Thank you for your 
attention!
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Partially thermalized DM

Capture - Annihilation Equilibrium

• If DM has not yet thermalized


Bell, Busoni, SR & Virgato, arXiv:2312.11892

<latexit sha1_base64="z9KcDLCYDRs3S/jqmSCtHhc9HXA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiFQPHopePFawH9CEsNlu26W7SdidCCXk4l/x4kERr/4Mb/4bt20O2vpg4PHeDDPzwkRwDY7zbZVWVtfWN8qbla3tnd09e/+greNUUdaisYhVNySaCR6xFnAQrJsoRmQoWCcc3079ziNTmsfRA0wS5ksyjPiAUwJGCuwjCDwNROFrDEHmKYlhxJTMA7vq1JwZ8DJxC1JFBZqB/eX1Y5pKFgEVROue6yTgZ0QBp4LlFS/VLCF0TIasZ2hEJNN+Nnsgx6dG6eNBrExFgGfq74mMSK0nMjSdksBIL3pT8T+vl8Lgys94lKTAIjpfNEgFhhhP08B9rhgFMTGEUMXNrZiOiCIUTGYVE4K7+PIyaZ/X3Hqtfn9RbdwUcZTRMTpBZ8hFl6iB7lATtRBFOXpGr+jNerJerHfrY95asoqZQ/QH1ucPW2SWRw==</latexit>

t? < ttherm

<latexit sha1_base64="rN8+BIM6FhivfmGHydOeEKxTcrw="></latexit>

teq =
1p
CA

✓
ttherm + t?

t?

◆ ↵
2(2+n)

<latexit sha1_base64="fx2MSJ/SimaxQhny4IZZBdkORW4="></latexit>

K� ⇠ Teq

✓
ttherm + t?

t?

◆ 1
2+n<latexit sha1_base64="1qgJEIjWvF8xKrKO2Gi89XYABNU=">AAACEHicbVDLSgMxFM3UV62vUZdugkWsiGWmlOpGKLoR3FSwD2jrkEkzbWgmMyQZoQzzCW78FTcuFHHr0p1/Y9oOqK0HAodz7uXmHDdkVCrL+jIyC4tLyyvZ1dza+sbmlrm905BBJDCp44AFouUiSRjlpK6oYqQVCoJ8l5GmO7wc+817IiQN+K0ahaTroz6nHsVIackxDxXshCIIVQCvnQ4e0Lv4pMCPS0cJPP9Ryolj5q2iNQGcJ3ZK8iBFzTE/O70ARz7hCjMkZdu2QtWNkVAUM5LkOpEkIcJD1CdtTTnyiezGk0AJPNBKD3qB0I8rOFF/b8TIl3Lku3rSR2ogZ72x+J/XjpR31o0pDyNFOJ4e8iIGdfxxO7BHBcGKjTRBWFD9V4gHSCCsdIc5XYI9G3meNEpFu1Ks3JTz1Yu0jizYA/ugAGxwCqrgCtRAHWDwAJ7AC3g1Ho1n4814n45mjHRnF/yB8fEN2bmbNw==</latexit>

t / K�(n+2)
� = K�4

�

➡Lowest temperature the DM has reached



