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Introduction
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Direct Detection

• Stringent constraints on spin-independent (SI) 
interactions.

• Restricted by 

➡ Nuclear mass of the target

➡ Recoil threshold


• Less sensitivity to interactions with momentum 
or velocity suppressed cross sections and SD 
cross sections.

Spin - independent
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DM Capture in the Sun
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• DM scatters, loses energy, becomes gravitationally bound to the Sun.


• Accumulates and annihilates in the centre of the Sun.


• 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>⌫
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Spin - dependent
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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

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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Neutron Stars

• Neutron stars as DM probes Goldman & Nussinov 1989


• Higher density          higher efficiency at capturing DM


• Capture probability order 1 for 

1 M⊙

<latexit sha1_base64="vvZ5lMKwWZMeYeDRDL8ESaOJgws="></latexit>

�n� ⇠ O(10�45
� 10�44cm2)

• DM can heat up old, isolated, NSs in the local bubble

➡Kinetic + annihilation heating

➡Possibly within the reach of the JWST

Baryakhtar et al. arXiv:1704.01577

Chatterjee et al. arXiv: 2205.05048 (PRD Letter)

Chatterjee et al. arXiv: 2205.05048

Earth

1 M⊙

JWST (NIRcam)
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DM Scattering
Scatterings

DM

Capture Further scatterings

<latexit sha1_base64="4UUxPO8Gr0kdkmhil8Cya02AJ54=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZLSVpdFNy4r2AekoUymk3boZBJmboQS+hluXCji1q9x5984aSOo6IFhDufcy733BIngGhznwyqtrW9sbpW3Kzu7e/sH1cOjno5TRVmXxiJWg4BoJrhkXeAg2CBRjESBYP1gdp37/XumNI/lHcwT5kdkInnIKQEjeTDKhirCMy4Xo2rNsZuOQR07dv43mrhQmthdKo5TQwU6o+r7cBzTNGISqCBae66TgJ8RBZwKtqgMU80SQmdkwjxDJYmY9rPlygt8ZpQxDmNlngS8VL93ZCTSeh4FpjIiMNW/vVz8y/NSCC/9jMskBSbpalCYCgwxzu/HY64YBTE3hFDFza6YTokiFExKFRPC16X4f9Kr227Lbt02au2rIo4yOkGn6By56AK10Q3qoC6iKEYP6Ak9W2A9Wi/W66q0ZBU9x+gHrLdPjsmRdQ==</latexit>

tkin
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DM kinetic heating of Neutron Stars

Capture

• DM kinetic energy deposited through scatterings, including capture

➡DM contribution to the star luminosity

<latexit sha1_base64="arEZOp3RwhKjSOc/EtyRu6gcc0E="></latexit>

L� = Ėkin
� = 4⇡�SBR

2
?T

4
�,kin

➡Maximal capture 
local NS 1.5 M⊙

DM Scattering
Scatterings

DM

Further scatterings

<latexit sha1_base64="pVVc38Fd0Tc4f0B6e1FXeMXW/jc=">AAACAnicbVBNS8NAEJ34WetX1JN4WSyCp5KIVI9FLx4r2A9oQtlsN83SzSbsbpQSihf/ihcPinj1V3jz37htc9DWBwOP92aYmReknCntON/W0vLK6tp6aaO8ubW9s2vv7bdUkklCmyThiewEWFHOBG1qpjntpJLiOOC0HQyvJ377nkrFEnGnRyn1YzwQLGQEayP17EOPRAwJ5Ek2iDSWMnlAM6lnV5yqMwVaJG5BKlCg0bO/vH5CspgKTThWqus6qfZzLDUjnI7LXqZoiskQD2jXUIFjqvx8+sIYnRilj8JEmhIaTdXfEzmOlRrFgemMsY7UvDcR//O6mQ4v/ZyJNNNUkNmiMONIJ2iSB+ozSYnmI0MwkczcikiEJSbapFY2IbjzLy+S1lnVrVVrt+eV+lURRwmO4BhOwYULqMMNNKAJBB7hGV7hzXqyXqx362PWumQVMwfwB9bnD2jFltE=</latexit>

�n ! �n

<latexit sha1_base64="HLjnFTdb+FwpNN/onfhJFb09GFw=">AAACFnicbVDLSgMxFM34rPVVdekmWAQXtcyI1i6LbgQ3FfqCzlgyaaYNTTJDkhGGYb7Cjb/ixoUibsWdf2P6WGjrgQuHc+7l3nv8iFGlbfvbWlpeWV1bz23kN7e2d3YLe/stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3R9dhvPxCpaCgaOomIx9FA0IBipI3UK5w27l0qAp30UhcPaSl1JYcjKrLMVZRDp3phQ7cEJ/Jt1isU7bI9AVwkzowUwQz1XuHL7Yc45kRozJBSXceOtJciqSlmJMu7sSIRwiM0IF1DBeJEeenkrQweG6UPg1CaEhpO1N8TKeJKJdw3nRzpoZr3xuJ/XjfWQdVLqYhiTQSeLgpiBnUIxxnBPpUEa5YYgrCk5laIh0girE2SeROCM//yImmdlZ1KuXJ3XqxdzeLIgUNwBE6AAy5BDdyAOmgCDB7BM3gFb9aT9WK9Wx/T1iVrNnMA/sD6/AGHA55R</latexit>

T1
�,kin ⇠ 1850K
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DM capture in Neutron Stars
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Scattering off a Fermi gas of interacting baryons

• Different kinematic regime from DM capture in the Sun.

➡DM accelerated to quasi-relativistic speeds

➡Degenerate targets

Bell, Busoni, SR & Virgato, arXiv: 2004.14888, + Motta & Thomas, arXiv: 2012.08918

Pauli Blocking target 
initial and final statesRelativistic kinematics

DM flux

B(r) ⇠ 1� v2esc(r)

<latexit sha1_base64="ZHrnZ6U5sF4CqnCKN2vycZz+wfY=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgYhFobdENEyxMYygnlAsi6zk9lkyMzsMjMbCEtKG3/FxkIRWz/Bzr9xNkmh0QMXDufcy733BDGjSjvOl5VbWV1b38hvFra2d3b37P2DlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Drz22MiFY3EnZ7ExONoIGhIMdJG8u1jaFAvyTPYU5RDF57DsZ8Shaf3FaMWfLvolJ0Z4F/iLkgRLNDw7c9eP8IJJ0JjhpTquk6svRRJTTEj00IvUSRGeIQGpGuoQJwoL509MoWnRunDMJKmhIYz9edEirhSEx6YTo70UC17mfif1010eOWlVMSJJgLPF4UJgzqCWSqwTyXBmk0MQVhScyvEQyQR1ia7LAR3+eW/pFUpu9XyxW21WKsv4siDI3ACSsAFl6AGbkADNAEGD+AJvIBX69F6tt6s93lrzlrMHIJfsD6+AT1qllY=</latexit>

Interaction rate

Capture rate
Prob. to scatter to v ≤ vesc

<latexit sha1_base64="ysa7jd8+rkEoV47ZjQeiGJpC1HI="></latexit>
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• Two important effects missing in all previous calculations:


➡Momentum transfer 

➡Momentum dependence of the hadronic matrix elements


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

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

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

mn me↵
n (r)

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

cn(q) =
cn(0)

(1� q2/Q2
0)

2

<latexit sha1_base64="e0jB0iTIvW61ZL97VTMVW7InWGw="></latexit>

d�n�

d cos ✓cm
(me↵

n (r), cn(q), s, t)

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

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918



><Sandra Robles (Fermilab)DM HEATING OF OLD NEUTRON STARS 10

DM heating of Neutron Stars
NS sensitivity

• Maximal capture = geometric limit


No sensitivity 
to σnχ > σth

Geometric limit

Bell, Busoni, SR & Virgato, arXiv: 2004.14888
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Scattering Operators for Fermionic DM

�̄� q̄q yq/⇤
2

�̄�5� q̄q iyq/⇤
2

�̄� q̄�5q iyq/⇤
2

�̄�5� q̄�5q yq/⇤
2

�̄�µ� q̄�µq 1/⇤2

�̄�µ�
5� q̄�µq 1/⇤2

�̄�µ� q̄�µ�5q 1/⇤2

�̄�µ�
5� q̄�µ�5q 1/⇤2

�̄�µ⌫� q̄�µ⌫q 1/⇤2

�̄�µ⌫�
5� q̄�µ⌫q i/⇤2

Operator Coupling Interaction Momentum 
supressed

SI ✘ p-wave

SI ✔ s-wave

SD ✔ p-wave

SD ✔ s-wave

SI ✘ s-wave

SI, SD ✔ p-wave

SD ✔ s-wave

SD ✘ s-wave

SD ✘ s-wave

SI ✔ s-wave

⟨σannv⟩
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NS sensitivity to DM-nucleon interactions
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�̄�5� q̄�5q  suppressedq4

Maximal capture

unsuppressed�̄� q̄q

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

Pauli blocking 
 transfer > baryon q kF

Multiple Scattering 
 transfer in single collision 
not sufficient for capture

q

<latexit sha1_base64="KWMHoPvab0SsLqAhEgf3QZEXEi4=">AAACDnicbVA7T8MwGHR4lvIKMLJYVJVYqBJUHmMFCwNDkehDakLkOE5r1U6C7SBVUX4BC3+FhQGEWJnZ+De4bQZoOcnS6e77bN/5CaNSWda3sbC4tLyyWlorr29sbm2bO7ttGacCkxaOWSy6PpKE0Yi0FFWMdBNBEPcZ6fjDy7HfeSBC0ji6VaOEuBz1IxpSjJSWPLPqSNrnyMuogwc0h04i4kTF0LnWdwTIu7/Ljuq5Z1asmjUBnCd2QSqgQNMzv5wgxiknkcIMSdmzrUS5GRKKYkbyspNKkiA8RH3S0zRCnEg3m8TJYVUrAQxjoU+k4ET9vZEhLuWI+3qSIzWQs95Y/M/rpSo8dzMaJakiEZ4+FKYM6rzjbmBABcGKjTRBWFD9V4gHSCCsdINlXYI9G3metI9r9mnt5KZeaVwUdZTAPjgAh8AGZ6ABrkATtAAGj+AZvII348l4Md6Nj+noglHs7IE/MD5/AFNwnEg=</latexit>

�i� / ⇤�4
q

NS
Sensitivity

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



Neutron stars are sensitive to 
interactions that direct detection 
experiments will never be able to 
probe

next 13
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Kinetic Heating Timescale
• Capture • Further scatterings

Scatterings
DM

DM

Scattering

• Sum of average time between collisions since capture till 
<latexit sha1_base64="vbvuj/kHPtlUMvMRpoxAfbpC7pQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqj0IRS9CQSrYD0hD2Gw37dJNNuxuhFL6M7x4UMSrv8ab/8Ztm4NWHww83pthZl6Ycqa043xZhZXVtfWN4mZpa3tnd6+8f9BWIpOEtojgQnZDrChnCW1ppjntppLiOOS0E45uZn7nkUrFRPKgxyn1YzxIWMQI1kbyGsHdlWPXao3ACcoVx3bmQH+Jm5MK5GgG5c9eX5AspokmHCvluU6q/QmWmhFOp6VepmiKyQgPqGdogmOq/Mn85Ck6MUofRUKaSjSaqz8nJjhWahyHpjPGeqiWvZn4n+dlOrr0JyxJM00TslgUZRxpgWb/oz6TlGg+NgQTycytiAyxxESblEomBHf55b+kfWa7Vbt6f16pX+dxFOEIjuEUXLiAOtxCE1pAQMATvMCrpa1n6816X7QWrHzmEH7B+vgGDm2P0g==</latexit>

KN = 0.99K0
<latexit sha1_base64="H5M48TjBHt7Z6EHieFwcal/UITU="></latexit>

tkin '
KN=0.99K0X

n=1

1

��(Kn)

<latexit sha1_base64="g/i7IrnNDUTqkgRHB5mez/N5f70="></latexit>

Kn = KN1

✓
1� h�K�i

K�

◆n

Bell, Busoni, SR & Virgato, arXiv:2312.11892
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Kinetic Heating Timescale

�̄�5� q̄�5q

• Maximal Capture

�̄�5� q̄�5q

<latexit sha1_base64="Ij+/GA6h0te6whtqPYR8eTbLEYg=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmaSyXYLevEYwSwwCaGn00ma9PQM3TVCGPIZXjwo4tWv8ebf2FkEFX1Q8Hiviqp6QSy4Bsf5sDIbm1vbO9nd3N7+weFR/vikraNEUdaikYhUNyCaCS5ZCzgI1o0VI2EgWCeYXi/8zj1TmkfyDmYx64dkLPmIUwJG8mGQ9lSIp1zOB/mCY1drXsn1sGO7Xtmp1wxxiqVysY5d21migNZoDvLvvWFEk5BJoIJo7btODP2UKOBUsHmul2gWEzolY+YbKknIdD9dnjzHF0YZ4lGkTEnAS/X7REpCrWdhYDpDAhP921uIf3l+AqNaP+UyToBJulo0SgSGCC/+x0OuGAUxM4RQxc2tmE6IIhRMSjkTwten+H/SLtpuxa7ceoXG1TqOLDpD5+gSuaiKGugGNVELURShB/SEni2wHq0X63XVmrHWM6foB6y3T9X0kaY=</latexit>

tkin
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Kinetic Heating Timescale

• Depends on the cross section. E.g.
<latexit sha1_base64="xjLvq63JvfgdoWk7RoTjHFeb/jc=">AAACCnicbVC7SgNBFJ31GeNr1dJmNAg2ht0Qo40QtLGMYB6Q3Syzk0kyZGZ2mZkVwrK1jb9iY6GIrV9g5984eRSaeODC4Zx7ufeeMGZUacf5tpaWV1bX1nMb+c2t7Z1de2+/oaJEYlLHEYtkK0SKMCpIXVPNSCuWBPGQkWY4vBn7zQciFY3EvR7FxOeoL2iPYqSNFNhHnqJ9joJUeHhAsyvX6aRn5fMs9SSHmHdKWWAXnKIzAVwk7owUwAy1wP7yuhFOOBEaM6RU23Vi7adIaooZyfJeokiM8BD1SdtQgThRfjp5JYMnRunCXiRNCQ0n6u+JFHGlRjw0nRzpgZr3xuJ/XjvRvUs/pSJONBF4uqiXMKgjOM4FdqkkWLORIQhLam6FeIAkwtqklzchuPMvL5JGqehWipW7cqF6PYsjBw7BMTgFLrgAVXALaqAOMHgEz+AVvFlP1ov1bn1MW5es2cwB+APr8wdESpn/</latexit>

�n� = 10�45cm2

Bell, Busoni, SR & Virgato, arXiv:2312.11892

<latexit sha1_base64="Ij+/GA6h0te6whtqPYR8eTbLEYg=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmaSyXYLevEYwSwwCaGn00ma9PQM3TVCGPIZXjwo4tWv8ebf2FkEFX1Q8Hiviqp6QSy4Bsf5sDIbm1vbO9nd3N7+weFR/vikraNEUdaikYhUNyCaCS5ZCzgI1o0VI2EgWCeYXi/8zj1TmkfyDmYx64dkLPmIUwJG8mGQ9lSIp1zOB/mCY1drXsn1sGO7Xtmp1wxxiqVysY5d21migNZoDvLvvWFEk5BJoIJo7btODP2UKOBUsHmul2gWEzolY+YbKknIdD9dnjzHF0YZ4lGkTEnAS/X7REpCrWdhYDpDAhP921uIf3l+AqNaP+UyToBJulo0SgSGCC/+x0OuGAUxM4RQxc2tmE6IIhRMSjkTwten+H/SLtpuxa7ceoXG1TqOLDpD5+gSuaiKGugGNVELURShB/SEni2wHq0X63XVmrHWM6foB6y3T9X0kaY=</latexit>

tkin



DM deposits its kinetic energy 
almost instantaneously for all types 
of interactions

next 17
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DM Thermalization
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Capture Thermalization

DM Scattering

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

Teq

<latexit sha1_base64="hJSj0Bh2Ak8+zV9qN8TktOHq+50=">AAAB9XicdZDLSgMxFIYzXmu9VV26CRbB1TAtbXVZdOOygr1AW0smPdOGZjJDckYtQ9/DjQtF3Pou7nwb04ugogdCfr7/HHLy+7EUBj3vw1laXlldW89sZDe3tnd2c3v7DRMlmkOdRzLSLZ8ZkEJBHQVKaMUaWOhLaPqji6nfvAVtRKSucRxDN2QDJQLBGVp0g70Owj2mOAQdTnq5vOeWPVtF6rnTu1SmC1KmhRnxvDxZVK2Xe+/0I56EoJBLZky74MXYTZlGwSVMsp3EQMz4iA2gbaViIZhuOtt6Qo8t6dMg0vYopDP6fSJloTHj0LedIcOh+e1N4V9eO8HgrJsKFScIis8fChJJMaLTCGhfaOAox1YwroXdlfIh04yjDSprQ/j6Kf1fNIpuoeJWrkr56vkijgw5JEfkhBTIKamSS1IjdcKJJg/kiTw7d86j8+K8zluXnMXMAflRztsniv6TNw==</latexit>

ttherm
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DM Thermalization in NSs

Capture

Scatterings
DM

DM

Orbit within NS

Scattering

Thermalized

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

Teq

• After  scatterings DM reaches equilibrium temperature 
N1 + N2 Teq

1st stage:  scatteringsN1 2nd stage:  scatteringsN2

<latexit sha1_base64="LLp9szOdnHFs7gmH5RTwH3Ft8/4=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKu+DoGvXiMYB6QrMvsZJIMmZldZnqFuORLvHhQxKuf4s2/cZLsQRMLGoqqbrq7okRwA5737RRWVtfWN4qbpa3tnd2yu7ffNHGqKWvQWMS6HRHDBFesARwEayeaERkJ1opGN1O/9ci04bG6h3HCAkkGivc5JWCl0C3DQ9bVEsOQaTkJ/dCteFVvBrxM/JxUUI566H51ezFNJVNABTGm43sJBBnRwKlgk1I3NSwhdEQGrGOpIpKZIJsdPsHHVunhfqxtKcAz9fdERqQxYxnZTklgaBa9qfif10mhfxVkXCUpMEXni/qpwBDjaQq4xzWjIMaWEKq5vRXTIdGEgs2qZEPwF19eJs3Tqn9RPb87q9Su8ziK6BAdoRPko0tUQ7eojhqIohQ9o1f05jw5L8678zFvLTj5zAH6A+fzB7IRkyA=</latexit>

ttherm1

<latexit sha1_base64="UVal6yhvW64NgEkQcjImr4sH3lo=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBU9gNvo5BLx4jmAck6zI7mSRDZmaXmV4hLvkSLx4U8eqnePNvnCR70MSChqKqm+6uKBHcgOd9Oyura+sbm4Wt4vbO7l7J3T9omjjVlDVoLGLdjohhgivWAA6CtRPNiIwEa0Wjm6nfemTa8FjdwzhhgSQDxfucErBS6JbgIetqiWHItJyE1dAtexVvBrxM/JyUUY566H51ezFNJVNABTGm43sJBBnRwKlgk2I3NSwhdEQGrGOpIpKZIJsdPsEnVunhfqxtKcAz9fdERqQxYxnZTklgaBa9qfif10mhfxVkXCUpMEXni/qpwBDjaQq4xzWjIMaWEKq5vRXTIdGEgs2qaEPwF19eJs1qxb+onN+dlWvXeRwFdISO0Sny0SWqoVtURw1EUYqe0St6c56cF+fd+Zi3rjj5zCH6A+fzB7OVkyE=</latexit>

ttherm2

<latexit sha1_base64="sxQ/n1SlBRduZQBp5wYVrjAT5Rk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1fKXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBRdY3W</latexit>⌧
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DM Thermalization in NSs

Pauli 
blocking

<latexit sha1_base64="DGfVGNuLQFCMMQYw46zzb4N0+vU="></latexit>

ttherm ' ttherm2 =
N2X

n=N1

1

��(Kn)
.

<latexit sha1_base64="g/i7IrnNDUTqkgRHB5mez/N5f70="></latexit>

Kn = KN1

✓
1� h�K�i

K�

◆n

• Last scatterings take longer to occur


➡E.g.  = 1 TeV last 2 scatterings are 
 apart


➡They dictate the value of  


mχ
𝒪(1 kyr)

<latexit sha1_base64="SOw5yAD2+x2TcseXrHyYwIhtuDU=">AAAB9XicbVDLTgJBEJzFF+IL9ehlIzHxRHaNQY9ELx4xkUcCK5kdGpgwM7uZ6VXJhv/w4kFjvPov3vwbB9iDgpV0UqnqTndXGAtu0PO+ndzK6tr6Rn6zsLW9s7tX3D9omCjRDOosEpFuhdSA4ArqyFFAK9ZAZSigGY6up37zAbThkbrDcQyBpAPF+5xRtNI9djsIT5jiELScdIslr+zN4C4TPyMlkqHWLX51ehFLJChkghrT9r0Yg5Rq5EzApNBJDMSUjegA2pYqKsEE6ezqiXtilZ7bj7Qthe5M/T2RUmnMWIa2U1IcmkVvKv7ntRPsXwYpV3GCoNh8UT8RLkbuNAK3xzUwFGNLKNPc3uqyIdWUoQ2qYEPwF19eJo2zsl8pV27PS9WrLI48OSLH5JT45IJUyQ2pkTphRJNn8krenEfnxXl3PuatOSebOSR/4Hz+AGWDkx0=</latexit>

ttherm
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DM Thermalization in NSs

• We can define a critical mass above 
which Pauli blocking is never in effect


• Thermalization time for constant cross 
section


1000 K

10000 K

100000 K

Bell, Busoni, SR & Virgato, arXiv:2312.11892

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

<latexit sha1_base64="al8ZNstoVSmDXBtimEffLuC/TL4="></latexit>

ttherm ⇠ 147

16

⇡2m��
me↵

i (0) +m�

�2
�i�T 2

eq

<latexit sha1_base64="CVEyLnMerHOzlio2zzrP2OCvZeA=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1WXRjcsK9gFNDJPppB06MwkzE7GE/IobF4q49Ufc+TdO2iy09cCFwzn3cu89YcKo0o7zbVXW1jc2t6rbtZ3dvf0D+7DeU3EqMenimMVyECJFGBWkq6lmZJBIgnjISD+c3hR+/5FIRWNxr2cJ8TkaCxpRjLSRArvOAw9P6EPmSQ6xpDqHgd1wms4ccJW4JWmAEp3A/vJGMU45ERozpNTQdRLtZ0hqihnJa16qSILwFI3J0FCBOFF+Nr89h6dGGcEolqaEhnP190SGuFIzHppOjvRELXuF+J83THV05WdUJKkmAi8WRSmDOoZFEHBEJcGazQxBxeMUQzxBEmFt4qqZENzll1dJ77zptpqtu4tG+7qMowqOwQk4Ay64BG1wCzqgCzB4As/gFbxZufVivVsfi9aKVc4cgT+wPn8AxtWUSQ==</latexit>

mcrit
�

<latexit sha1_base64="Lv5XiZF5XIsfzb4nAm129UPC1sw="></latexit>

mcrit
� ⇠ 2"F,n(2mn + "F,n)

Teq
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DM Thermalization in NSs
• Momentum suppressed interactions

 suppressedq4 suppressedq2

1000 K
1000 K

Bell, Busoni, SR & Virgato, arXiv:2312.11892
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DM Thermalization in NSs

�̄�5� q̄�5q  suppressedq4

EFT operators

unsuppressed�̄� q̄q

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

• Captured DM thermalizes in ~ 1 Myr (unsuppressed interactions)



DM with momentum suppressed 
interactions will not be able to 
thermalize within the NS lifetime

next 24
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DM Scattering

SM

SM
DM

DM

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

Teq

Capture Annihilation

<latexit sha1_base64="o0bQAZFuuUER4KHrYfThnYI8Zuc=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadmEJHoMevEYwTxgE8LspDcZMvtwplcMSz7DiwdFvPo13vwbZ5MIKlowTFHVTXeXF0uh0XE+rNzK6tr6Rn6zsLW9s7tX3D9o6yhRHFo8kpHqekyDFCG0UKCEbqyABZ6Ejje5zPzOHSgtovAGpzH0AzYKhS84QyO5OOgh3GMKt7NBseTYNcegQh07+6s1ulRqtDxXHKdElmgOiu+9YcSTAELkkmntlp0Y+ylTKLiEWaGXaIgZn7ARuIaGLADdT+crz+iJUYbUj5R5IdK5+r0jZYHW08AzlQHDsf7tZeJfnpugf95PRRgnCCFfDPITSTGi2f10KBRwlFNDGFfC7Er5mCnG0aRUMCF8XUr/J+2KXa7b9etqqXGxjCNPjsgxOSVlckYa5Io0SYtwEpEH8kSeLbQerRfrdVGas5Y9h+QHrLdPGFSRzw==</latexit>

teq
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DM heating of Neutron Stars
• Annihilation Heating 
• Total contribution to the NS luminosity


➡Maximal capture local  NS1.5 M⊙

DM Scattering
Scatterings

DM

<latexit sha1_base64="1d4W/KG3S7AGwEHgCJXf6IVjoEY="></latexit>

L� = Ėkin
� + Ėann

� = 4⇡�SBR
2
?T

4
�

<latexit sha1_base64="ryyC/Hh6Od9fZ70N+nSz78BveNE=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2ARXNUZkSq4KbpxI1S0F+iUkknTNjSTGZIzahnmMdz4Km5cKOK2O9/G9AJq6w+Bj/+cw8n5/UhwDY7zZWUWFpeWV7KrubX1jc0te3unqsNYUVahoQhV3SeaCS5ZBTgIVo8UI4EvWM3vX47qtXumNA/lHQwi1gxIV/IOpwSM1bKPPNrjnk9UMoLUU7zbA6JU+IA9YI+Q3F6n3vkPt+y8U3DGwvPgTiGPpiq37KHXDmkcMAlUEK0brhNBMyEKOBUszXmxZhGhfdJlDYOSBEw3k/FhKT4wTht3QmWeBDx2f08kJNB6EPimMyDQ07O1kflfrRFD56yZcBnFwCSdLOrEAkOIRynhNleMghgYIFRx81dMe0QRCibLnAnBnT15HqrHBbdYKN6c5EsX0ziyaA/to0PkolNUQleojCqIoif0gt7Qu/VsvVof1uekNWNNZ3bRH1nDbzd0oSM=</latexit>

��̄ ! SM SM

SM

SM
DM

DM

Annihilation HeatingKinetic Heating

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

T1
� ⇠ 2400K 1 - 2 μm

near IR
Only “detectable” in old 

(cold) neutron stars
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Capture - Annihilation Equilibrium
Standard picture: Thermalized DM

N�(t) =

r
C

A
tanh

✓
t

teq

◆

<latexit sha1_base64="pgVpZncTAu7X0Q2zUkLhu0dpKsI="></latexit>

• Number of accumulated DM particles depends on the capture, evaporation and annihilation rates

teq =
1p
CA

<latexit sha1_base64="ya4nnDQEadqaDCQOBZD4naVGHDo=">AAACA3icbVDLSsNAFJ34rPUVdaebYBFclUQquhGq3bisYB/QhDKZTtqhk0dnboQyBNz4K25cKOLWn3Dn3zhts9DWAxcO59zLvff4CWcSbPvbWFpeWV1bL2wUN7e2d3bNvf2mjFNBaIPEPBZtH0vKWUQbwIDTdiIoDn1OW/6wNvFbD1RIFkf3ME6oF+J+xAJGMGipax5CV9FRduUGAhPlZMqVIwGqdp1lXbNkl+0prEXi5KSEctS75pfbi0ka0ggIx1J2HDsBT2EBjHCaFd1U0gSTIe7TjqYRDqn01PSHzDrRSs8KYqErAmuq/p5QOJRyHPq6M8QwkPPeRPzP66QQXHqKRUkKNCKzRUHKLYitSSBWjwlKgI81wUQwfatFBlinATq2og7BmX95kTTPyk6lfH5XKVVv8jgK6Agdo1PkoAtURbeojhqIoEf0jF7Rm/FkvBjvxsesdcnIZw7QHxifP93smFA=</latexit>

dN�

dt
= C � EN� �AN2

�

<latexit sha1_base64="WzLd2glAs0NUoUxkISBlVx1pPUs=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARRGhJSkU3QrUIrqSCrYUmhslk0g6dXJiZCCXkHdz4Km5cKOLWjTvfxmmbhbb+MPDxn3M4c343ZlRIw/jWCguLS8srxdXS2vrG5pa+vdMRUcIxaeOIRbzrIkEYDUlbUslIN+YEBS4jd+6wOa7fPRAuaBTeylFM7AD1Q+pTjKSyHP3I8nyOcOpdOxYe0Cz1ZHYGm5VLODUq5znc1xy9bFSNieA8mDmUQa6Wo39ZXoSTgIQSMyREzzRiaaeIS4oZyUpWIkiM8BD1SU9hiAIi7HRyUwYPlONBP+LqhRJO3N8TKQqEGAWu6gyQHIjZ2tj8r9ZLpH9qpzSME0lCPF3kJwzKCI4Dgh7lBEs2UoAwp+qvEA+QykiqGEsqBHP25Hno1KpmvXp8Uy83LvI4imAP7INDYIIT0ABXoAXaAINH8AxewZv2pL1o79rHtLWg5TO74I+0zx/qE5zm</latexit>

• When evaporation is negligible

where

�ann =
1

2
AN2

�

<latexit sha1_base64="vhwX3gv+PeP7VC2Ys/wyirQYpeo=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlIU3Qg+FrqSCrYKTQw304kdOjMJMxOhhK7d+CtuXCji1i9w5984fSx8HbhwOOde7r0nzjjTxvM+nYnJqemZ2dJceX5hcWnZXVlt6jRXhDZIylN1HYOmnEnaMMxwep0pCiLm9Crungz8qzuqNEvlpellNBRwK1nCCBgrRe5GcApCQFSAlH18gINEAfFr+AifRwHpsJta5Fa8qjcE/kv8MamgMeqR+xG0U5ILKg3hoHXL9zITFqAMI5z2y0GuaQakC7e0ZakEQXVYDF/p4y2rtHGSKlvS4KH6faIAoXVPxLZTgOno395A/M9r5SbZDwsms9xQSUaLkpxjk+JBLrjNFCWG9ywBopi9FZMO2DCMTa9sQ/B/v/yXNGtVf6e6e7FTOTwex1FC62gTbSMf7aFDdIbqqIEIukeP6Bm9OA/Ok/PqvI1aJ5zxzBr6Aef9C6gOmPY=</latexit>

Annihilation rate:

m� & mevap

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

• If t � teq

<latexit sha1_base64="SnpnCeE4IaBfvHnnJ3k0vctXTks=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAdklzA7md0MmX040yuEJb/hxYMiXv0Zb/6Nk2QPmljQUFR1093lp1JotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskU422WyET1fKq5FDFvo0DJe6niNPIl7/rj25nffeJKiyR+wEnKvYiGsQgEo2gkF4kbhgQHOX+cDqo1u27PQVaJU5AaFGgNql/uMGFZxGNkkmrdd+wUvZwqFEzyacXNNE8pG9OQ9w2NacS1l89vnpIzowxJkChTMZK5+nsip5HWk8g3nRHFkV72ZuJ/Xj/D4NrLRZxmyGO2WBRkkmBCZgGQoVCcoZwYQpkS5lbCRlRRhiamignBWX55lXQu6k6jfnnfqDVvijjKcAKncA4OXEET7qAFbWCQwjO8wpuVWS/Wu/WxaC1Zxcwx/IH1+QOwzJF5</latexit>

capture - annihilation equilibrium
<latexit sha1_base64="JuixQY+SNPYwbcAOb4W1e3MdEpo=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0HQJuyKqI0QTKFlBPOAbAh3J7PJkJnZZWZWCEtqG3/FxkIRW7/Azr9x8ig0euDC4Zx7ufeeMOFMG8/7cnILi0vLK/nVwtr6xuaWu71T13GqCK2RmMeqGYKmnElaM8xw2kwUBRFy2ggHlbHfuKdKs1jemWFC2wJ6kkWMgLFSx90PrkEI6GQg5Qhf4iBSQPwTXDkKNOsJOC503KJX8ibAf4k/I0U0Q7XjfgbdmKSCSkM4aN3yvcS0M1CGEU5HhSDVNAEygB5tWSpBUN3OJq+M8KFVujiKlS1p8ET9OZGB0HooQtspwPT1vDcW//NaqYku2hmTSWqoJNNFUcqxifE4F9xlihLDh5YAUczeikkfbBjGpjcOwZ9/+S+pn5T8s9Lp7WmxfDWLI4/20AE6Qj46R2V0g6qohgh6QE/oBb06j86z8+a8T1tzzmxmF/2C8/ENdJ+Y1A==</latexit>

�ann =
1

2
C(�)

<latexit sha1_base64="sjrDtwy0qg7FUUh1QJ1r9UMqBto=">AAACC3icbZC7SgNBFIZn4y3G26qlzZAgxCbsircyaGNnBHOBbAizk5NkyMzuMjMbCMv2Nr6KjYUitr6AnW/jJNlCE38Y+PjPOZw5vx9xprTjfFu5ldW19Y38ZmFre2d3z94/aKgwlhTqNOShbPlEAWcB1DXTHFqRBCJ8Dk1/dDOtN8cgFQuDBz2JoCPIIGB9Rok2Vtcuim4CYxKlnmICJx4lHN+lZdcxLAWGRnrStUtOxZkJL4ObQQllqnXtL68X0lhAoCknSrVdJ9KdhEjNKIe04MUKIkJHZABtgwERoDrJ7JYUHxunh/uhNC/QeOb+nkiIUGoifNMpiB6qxdrU/K/WjnX/qpOwIIo1BHS+qB9zrEM8DQb3mASq+cQAoZKZv2I6JJJQbeIrmBDcxZOXoXFacS8q5/dnpep1FkceHaEiKiMXXaIqukU1VEcUPaJn9IrerCfrxXq3PuatOSubOUR/ZH3+AIUamhE=</latexit>

mevap ⇠ O(10eV) Bell, Busoni, SR & Virgato, 
arXiv: 2010.13257

<latexit sha1_base64="6HuxZj1PckNSyhcK2VvJeEyk80U="></latexit>

A ' h�annv�i
(2⇡)3/2r3�
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Partially thermalized DM

Capture - Annihilation Equilibrium

• If DM has not yet thermalized

<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


<latexit sha1_base64="KC4NV3yyZfaopM/rNG2x3l61QLg=">AAACJXicbZBLS8NAEMc39VXrq+rRy2IRBLUk4uvgoejFYwX7gKaWzXbTLN1kw+5EKaFfxotfxYsHiwie/Cpu0x60OjDLj//MMDt/LxZcg21/Wrm5+YXFpfxyYWV1bX2juLlV1zJRlNWoFFI1PaKZ4BGrAQfBmrFiJPQEa3j963G98cCU5jK6g0HM2iHpRdznlICROsVLlwY8S8V7ARCl5CMG1yMqheEh9jLyDNGMqCE35vcH4+eoUyzZZTsL/BecKZTQNKqd4sjtSpqELAIqiNYtx46hnRIFnAo2LLiJZjGhfdJjLYMRCZlup9mVQ7xnlC72pTIZAc7UnxMpCbUehJ7pDAkEerY2Fv+rtRLwL9opj+IEWEQni/xEYJB4bBnucsUoiIEBQhU3f8U0IIpQMMYWjAnO7Ml/oX5cds7Kp7cnpcrV1I482kG7aB856BxV0A2qohqi6Am9oDc0sp6tV+vd+pi05qzpzDb6FdbXN8KtpWE=</latexit>

�� ! tt̄, bb̄, cc̄,⇡+⇡�
• Annihilation final states
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Timescales for Maximal Capture

�̄�5� q̄�5q  suppressedq4�̄� q̄q

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

unsuppressed
• Capture-annihilation equilibrium reached in ~1 yr (s-wave) up to 10 kyr (p-wave).

Bell, Busoni, SR & Virgato, arXiv:2312.11892

Thermalization

Kinetic Heating

Cap. Ann. Equilibrium

Thermalization

Kinetic Heating

Cap. Ann. Equilibrium



Capture - annihilation equilibrium 
can be reached without full 
thermalization for all type of 
interactions in a short time

next 30
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DM-induced Heating of NSs
�̄� q̄q

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

unsuppressed
Maximal capture

• Both kinetic and annihilation heating can be realized

Bell, Busoni, SR & Virgato, arXiv:2312.11892
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DM-induced Heating of NSs
�̄�5� q̄�5q  suppressedq4

Maximal capture

• Both kinetic and annihilation heating can be realized even for

Bell, Busoni, SR & Virgato, arXiv:2312.11892



Observation of old, isolated NSs 
could probe interactions for which 
direct detection experiments have 
no sensitivity

next 33
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Summary

34

• Neutron stars could constrain different types of interactions, including those that are velocity and 
momentum suppressed.


• Captured DM would thermalize in ~ 1 Myr (unsuppressed interactions), momentum suppressed 
operators will need longer than the age of the Universe.


• Capture-annihilation equilibrium reached for all interactions in ~1 yr up to 10 kyr.


• Constraining DM interactions using DM-induced anomalous heating of neutron stars requires

➡Observation of old (cold) neutron stars.

➡Better understanding of the cooling process in neutron stars.

Thank you!


