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DM Capture in the Sun and in the Earth

THE ASTROPHYSICAL JOURNAL, 296:679-684, 1985 September 15
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The Sun, 1985

CAPTURE BY THE SUN OF A GALACTIC POPULATION OF WEAKLY INTERACTING,
MASSIVE PARTICLES

WILLIAM H. PRESS AND DAVID N. SPERGEL
Harvard-Smithsonian Center for Astrophysics
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ABSTRACT

A previous calculation showed that hypothetical, massive particles, if present in The Earth, | 987
tering cross section and in a concentration as low as 10~ !2 by number, could like

discrepancy. We here suppose that the same hypothetical particles make up the m

Galaxy, providing a mass density between 0.01 and 0.1 M pc™> and with a velo RESONANT ENHANCEMENTS IN WEAKLY INTERACTING MASSIVE PARTICLE
or 300 (halo) km s~'. We compute the number of partlclfzs' which would be ca CAPTURE BY THE EARTH

present age by the capture mechanism of scattering off individual nucleons in tl}e

For scattering cross sections not too far from the value of 4 x 1073 cm?, whic Stanford Linear ﬁiﬁgzgﬂﬁanfom University

solar neutrinos, we find that just the right number can be captured. The solution Received 1987 March 2 accepted 1987 March 17

the Sun and the missing mass problem in the Galaxy may thus be one and the sa

Subject headings: elementary particles — galaxies: Milky Way — neutrinos — Su ABSTRACT

The exact formulae for the capture of weakly interacting massive particles (WIMPs) by a massive body are
derived. Capture by the Earth is found to be significantly enhanced whenever the WIMP mass is roughly
equal to the nuclear mass of an element present in the Earth in large quantities. For Dirac neutrino WIMPs
of mass 10-90 GeV, the capture rate is 10-300 times that previously believed. Capture rates for the Sun are
also recalculated and found to be from 1.5 times higher to 3 times lower than previously believed, depending
on the mass and type of WIMP. The Earth alone or the Earth in combination with the Sun is found to give a
much stronger annihilation signal from Dirac neutrino WIMPs than the Sun alone over a very large mass
range. This is particularly important in the neighborhood of the mass of iron where previous analyses could
not set any significant limits.

Subject headings: elementary particles — neutrinos
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DM capture in Compact Stars

Neutron Stars, 1989

PHYSICAL REVIEW D VOLUME 40, NUMBER 10 15 NOVEMBER 1989

Weakly interacting massive particles and neutron stars

Itzhak Goldman and Shmuel Nussinov
School of Physics and Astronomy, Raymond and Beverley Sackler Faculty of Exact Sciences, Tel Aviv University,
Tel Aviv 69978, Israel
(Received 21 April 1989)

Neutron stars are used to set constraints on the characteristics of weakly interacting massive par-
ticles (WIMP’s) suggested as dark-matter candidates. Some special classes of

because they would be trapped J Whlte DW&I‘fS 2008
self-gravitating. This results in
transforming it into a black hole,

ous astrophysical systems. Compact stars as dark matter probes

—

PHYSICAL REVIEW D 77, 043515 (2008)

Gianfranco Bertone™
Institut d’Astrophysique de Paris, UMR 7095-CNRS, Université Pierre et Marie Curie, 98bis boulevard Arago, 75014 Paris, France

Malcolm Fairbairn®

TH Division, Physics Department, CERN, Geneva, Switzerland
(Received 15 November 2007; published 15 February 2008)

We discuss the consequences of the accretion of dark matter (DM) particles on compact stars such as
white dwarfs and neutron stars. We show that in large regions of the DM parameter space, these objects
are sensitive probes of the presence of DM and can be used to set constraints both on the DM density and
on the physical properties of DM particles.

—

DARK MATTER IN CELESTIAL BODIES Sandra Robles (Fermilab) e 4 e



DM Capture in the Sun

* DM scatters, loses energy, becomes gravitationally bound to the Sun.

o Accumulates and annihilates in the centre of the Sun.
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DM Capture in 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, lceCube).

DM d®, _ C(U) dN,
' dE, SID?D dE,

SuperK

Scattering

Annihilatio

DM LN

;
I
B L

Image credit: Institute for Cosmic Ray Research,The University of Tokyo
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DM capture rate in the Sun

The simple picture

* DM with velocity w before the collision scatters off a ‘
w(r) = /u2 + v2(r)

Capture rate [ DM flux ] [ Scattering rate ]
\V V
R, o0
C(o) = / dr 47TT2/ At Px fMB(uX)w(r) Q0 (w, o)
0 0 My Uy

Scattering rate
QA (w,0) =cn(r)w(r) Pw — v < V)

Gould 1987 , /\ , , /\

Garani & Palomares-Ruiz, 2017 Prob. to scatter to
Total scant. rate

Busoni et al., 2017 L ) v < Vesc
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DM Capture in the Sun

» Evaporation Caveat for light DM

=) 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 ~ 1.6 X 10’ K

=) Negligible for My 2 Mevap

Mevap = ,(Ta'lx)

| —— P
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Captured DM annihilating in the Sun

o Limits on the Sl cross section from DM annihilation to neutrinos much weaker than DD.

Spin - dependent proton

HyperK, 11 yrs, 90% CL
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Complementarity to Direct Detection

Direct Detection DM Capture in the Sun
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DM Capture in Celestial Bodies

Figure of merit

* For a given DM mass

Optically thick (Geometric)

100 = —;—) Capture
- - probability ~ 1
10711 | .
- = | =
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O : i : .
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—Xamples

o White Dwarf * Neutron Star
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(Geometric DM-nucleon cross section
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DM Capture in Celestial Bodies

Geometric Limit

o Stars and white dwarfs
o Usual choice

) Maxwell-Boltzmann

IMmax

U 2 2
O — T R3p, / o oul 4 v (Ry) Fluy v))du, = \Works well only in
My Jo /\

Uy, the local bubble

: * Inner regions
DM escape velocity

from the Galaxy d LS TOORN Lopes et al., arXiv:2007.15927

o Neutron Stars

Imax

O - WRsz /ux ui + vgsc(R*)
SEOHL my (1 —2GM, /R,) J, Uy
A

GR correction

f Uy, vi)duy,
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DM Capture in Celestial Bodies

Observable signatures

* Annihilating DM
m Byproducts of annihilation that escape the star
=) X — vV  Neutrino experiments & telescopes
m XX — @@ — YYYY Gamma ray signals

= [ncrease in luminosity (heating)

* Non-annihilating DM
=) Compact star destruction via supernova or BH formation
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* Jupiter vs the Sun

= \uch lower core temperature
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SR & Meighen-Berger, arXiv: 2411.04435 (PRD Letter)
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Jupiter

Neutrino Experiment Sensitivities

Spin - dependent proton
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Gamma Ray Signal

DM annihilating into long-live mediators

» Long-live mediators decay into photons outside the Sun XX — ¢@® — YY"

Aoy _ Tanm (dNy)
dE, 4nD2 \dE,) ™

10_37 UL T IIIIIIII T T T I

1042 Fermi

5 (updated from
Leaneetal.2017)

@
DM

107 Xx -4y

Leane et al., arXiv:1703.04629 LOTH [pt b i St e
HAWC Collab., arXiv:1808.05624 m, [GeV]
Bell et al., arXiv:2103.16794 (dark photon mediator)

Batell et al., arXiv:0910.1567
Rothstein et al., arXiv:0903.3116
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Compact Stars

e > 90% of the stars in the Galaxy are WDs. * The densest stars known.
e Supported against collapse by electron * Supported against collapse by neutron
degeneracy pressure. degeneracy pressure.

H, He

Atmosphere: H, He

® Quter crust: Heavy ions, e

* Inner crust: Freen,p,e

Outer core: npe -

: Inner core?: hyperons,
image Credit: Feryal Ozel kaon condensates, quarks

Atmosphere
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DM capture in White Dwarts

lons o

@ eﬂ’ = Non-relativistic

DM = Nuclear form factors
*He/'2C/1°0/*"Ne =) S| interactions

®m» C calculated as in the Sun

Electrons

* Degenerate electrons

@
) Relativistic

= Pauli blocking

“\l‘l ‘ = C calculated as in neutron stars

‘He/12C/100/2Ne
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Gamma Ray Signal

DM annihilating into long-live mediators

Long-live mediators decay into photons outside the WD XX — @@ — Y¥Y7Y

Local WDs : WDs within 13 pc from the Sun
Limbach et al., arXiv:2209.12914
S itering CTA, LHAASO, SWGO
A}~  Tamn (de)
\nnihilation gy dE,  4ndgp \dE,

Batell et al., arXiv:0910.1567
Rothstein et al., arXiv: 0903.3116

cattering

@

IN, 46(E — E_)O(E, — E)

dE, AE

Bhattacharjee, SR, Meighen-Berger & Calore, arXiv: 2505.13629
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Gamma Ray Signal

DM annihilating into long-live mediators

* Future gamma ray telescopes and observatories

10_36 = LR L L L L
10737 - _=
aa ; 2 ;
— 10 38? LZ Single _
Ng 10_392_ Scatter _
- & WD Wolf 28
1040 L — CTA North _
— CTA South *
10741 L SWGO -
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—42 SRR R ETI B AR BRI AN B SR ETIT

102 103 10* 105 10°® 107 108

| | | Ty (GeV)
Bhattacharjee, SR, Meighen-Berger & Calore, arXiv: 2505.13629
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DM-Induced heating of old Compact Stars

o Captured DM annihilates in the star’s core

WDs in DM rich environments

py = O(100 GeV cm™*)

DM
@

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

NSs in the local bubble

Q near IR

T ~ 2400 K

L n|)

Scattering Annihilatic

1-2um

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

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




White Dwarts iIn DM-rich environments
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DM capture in Neutron Stars
M, =15M,

» Baryons

neutrons . neutrons
89% _ 86% - =) Strongly interacting

= Pauli blocking
(interacting Fermi gas)

* Leptons
=) Relativistic
neutrons | . .
819 * v = Pauli blocking (free

) 0% & Fermi gas)
i AO + =" + EO & & & &
Hyperons & & 000
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DM capture in Neutron Stars

» Different kinematic regime: » Scattering off a sea of degenerate targets
= DM accelerated to quasi-relativistic speeds " Pauli blocking  m, < m,,
=) Relativistic kinematics
=) GR corrections

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

Escape velocity

Neutron Fermi energy
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0.8F E : :
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—~~ - - > — 7]
Q - ’ D N ]
S 0.6F - @ QMC :
S) E E L:ﬁ 5 [ — M* :]..OM@ j
_ — W < | —
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DARK MATTER IN CELESTIAL BODIES Sandra Robles (Fermilab) (< BT >)




DM capture in Neutron Stars

Scattering off a Fermi gas of interacting baryons

* Two important effects missing in all previous calculations:

- MOmentum tranSfer @(10 GeV) 101 E 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII | | IIIIIII | | IIIII;_|:
. . = e, =200 MeV :
=) Momentum dependence of the hadronic matrix : - ©h ° )
elements 107 E
1. Nucleon couplings %\ 101 _ _
S : E
cn(0) . N -
n(9) (1—¢%2/Q3)? °S : Vesc(€) 5
; B — 0.8 °
107 & R —=
QO ~ 1 GeV : 0.7 ]
i 0.6 1
1 _4 | IIIIIII L1 IIIIIII L1 IIIIIII | IIIIIII | IIIIIII L1 IIIIIII L1 11l
103 104 10! 10° 10Y 10% 103 10¢

m, (GeV)
Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918 (PRL), + Anzuini arXiv: 2108.02525 (JCAP)
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DM capture in Neutron Stars

Scattering off a Fermi gas of interacting baryons

* Two important effects missing in all previous calculations: 2. Nucleon effective mass
= Nucleons undergo strong interactions, free Fermi gas -
. : : c
IS not a good approximation. mqy * m, (1‘)
1-1 :I 1 I I(il\l/‘[(ljl 1 I 1 1 I I 1 1 I 1 1 I 1 I:
- . QMC (1.9M )
1.0:—_M*:1.0M® e 1.1:...|...|...|...|...|...|...
0oF — M, =15Mg E
S - :_ T M* :19M@ —:
T = - e
= 5
0.6 -
0.5EF =
0.4 - | | L0 T | -
0 2 4 6 8 10 12 14
r(km)

Bell, Busoni, Motta, SR, Thomas & Virgato, arXiv: 2012.08918 (PRL), + Anzuini arXiv: 2108.02525 (JCAP)
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DM capture rate in Neutron Stars

Scattering off a Fermi gas of interacting baryons DM

» (Capture rate derived using TOV equations and Schwarzchild metric .
ds® = —dr? = —B(r)c*dt* + A(r)dr?® + r*dQ°

[ B(r) ~1—v2_(r)

€SC

Capture rate \
R 00
* 1 _
C = / dr 47‘(‘7‘2/ duy Px_Jus(ty) \/ B(r) Q™ (r)
0 0 My Uy B(r)

Scattering rate

_ 1 E@ B(’f‘) S ddi /
Q — = i X i — :

")~ g3 | oy \/1 = B(r) Bs,meT)y (s, me) deos iy o 0T~ JenlEeT)

Pauli Blocking

Relativistic kinematics
target final states

‘ /\
,
- o s Nadel =¥
‘ :

.
-

- < - - Y

‘ .

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

Maximal capture

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

XX 99 unsuppressed x¥°x @v°q q* suppressed
10’ 1044
]_()5 | S tkin _ 1021 B - tkin N
18
3 | ttherm 10771 ttherm
10° - | ; — 1015 - y |
10t | : - _ 1012 L _ = N
| Age of the Universe
10| | | 107 -
— | — 6
> | & > 107K 7
= 107 1 :m” Q‘//]/bf, 71T 103k Cap. Ann. Equilibrium —
10 |- Kinetic H ! /(//)7 100 _
} Inetic Heating 03k | PR )
107 | . p ] ! i
1079 | I - 9 | R :
: 107 - , Kinetic Heating-
10-11 T R R IR IR R IR AN AN INETTT ANETITT ARETT IR I 10-12 N
10°10%10310210110°10110%210°10%10°10°10710%10° 10°10%10310210110°10110%210°10%10°10°10710%10°
m, (GeV) m, (GeV)

Bell, Busoni, SR & Virgato, arXiv:2312.11892 (JCAP)
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DM Thermalization in WWDsS

* \Very short thermalization timescales

m, = 10°GeV, Opy = 10~ *cm?

103 | | | | I | | | | I | | | | I | | | | I | |A| |
102 M, =111M /
|
101 |
& 100° : — This work
fé 10-1 — | —— Acevedo & Bramante
_ | |
g 5 s Crystallization Janish et al.
< 10 : — Steigerwald et al.
10°3 |
|
10~ Thermalization
10_5 m 'R KN TN NN NN NN NN NN SN NN I SO Y NN NN N M N NN N N tlmeSCaIe
0 1 2 3 4 5
tcool(Gyr)

Bell, Busoni, SR & Virgato, arXiv: 2404.16272 (JCAP)
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DM Thermalization in NSs

45 .2
Ony = 10~ *cm? 0 Ony = 107 cm
102 I I I I I I I I 10 : | I IIIIIII 1 IIIIIII | I IIIIIII | I IIIIIII | I IIIIIII 1 Illlli
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. 1nl i o @ @ _
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. 107 blocking —10° . I o o ° )
~> 1073 —10° 4 > .
SD/ %8: \ %10_1;_Te_q_:_10_£<__1____1 _______ o 2
< ) & _ |
Ne 106 i _
10° oy (GeV) :
10 10l 103
10 3 o 10 e 10 :
10_11 I I I I I _ 10_2 L1 IIIIIII L1 IIIIIII L1 IIIIIII | | IIIIIII | | IIIIIII L. L 11
1011102 107 10> 103 101! 10! 103 10° 10’ 104 102 103 104 10° 10° 10’
t(yr) t(yr)
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NS sensitivity to SI DM-nucleon scattering cross section

Signal: Anomalous heating

10—38

10-39 S NS o

10-40 22 — QMC 1.5M,

g a 7 = EoS QMC
gg 10742 Protons B Coldest NS observed
S 1043 ¥ | T.. < 42000 K
X g
mbz 10744 Neutrons Guillot et al. arXiv: 1901.07998

1045 NS

1 0-46 NS o't \ Sensitivity

— QMC 1.5M
104/ :?OS OMC . Xe v floor
0—48
10°10410310410110°10110410310%410°10°10710%10°

m, (GeV)

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

* Equation of state of nuclear dense matter

= Binary NS merger: GW170817 Prior —— Astro. Posterior
m) X-ray and radio observations pQCD Posterior —— Combined Posterior
] ! | | | l | ! | | l | ! ! | I | ! ! | I | ! ! !
=) Perturbative QCD 2.5 -
1037 1 b ) l; LI ll; ; ) : :
psat 2psat: 4psat‘| | 2.0 [ -
1036 | | . B .
— : | : \'.-" i -
NE 10 35 ! l6psat. ! ]-Opsat q\ 1.5 — —
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— Combined Posterior / :
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plg/cm?] Cuceu & SR, arXiv: 2410.23407 (PRD) R km|
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https://arxiv.org/abs/2410.23407

Other sources of late NS heating

* Rotation induced heating (spin down)

=) Rotochemical heating Reisenegger astro-ph/9410035, Fernandez & Reisenegger astro-ph/0502116

= Frictional motion of superfluid neutron vortices Alpar et al. 1984, ApJ, 276, 325; Shibazaki & Lamb 1989;
Larson & Link astro-ph/9810441

107 106 B 1 IIIIIIII 1 |||||||I 1 |||||||I 1 I 1T 1T TrhL
E - - Gonzalez & Reisenegger, arXiv:1005.5699 3
g 10°F 2 //
= = 10° {/
E'CD 104 3 = Elw - E
—Q‘MOCM - Rotochemical MURCA -
. = - I Rotochemical DURCA _
107 — L5Mog 3 . — Vortex MURCA _
- 1.9 Mg - — Vortex DURCA
109 10! 104 103 10% 10° 10° 107 108 1021010 10° 10’ 108 107 1010
t(yr) t(yr)
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Tip of the Red Giant Branch

Annihilating DM
o 22 globular clusters with TRGB magnitude

Hong & Vincent, arXiv:2407.08773

-
—-—-——"
-
-
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\White Dwarf destruction by SN/BH formation

SN

Asymmetric DM

ADM

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
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Self-gravitation

- GJ 3182
10_40 M*2062M@, t*:724GyI’
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ast — This work L 9=40 SDSS J232257.27 + 252807.42
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Bell, Busoni, SR & Virgato, arXiv: 2404.16272 (JCAP) mX(GeV)
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Neutron Star Destruction by BH formation

Asymmetric DM

Capture Thermalized BH formation

ADM . Scattering

Goldman & Nussinov, 1989

Kouvaris & Tinyakov, 2010, 2011 .
McDermott et al. 2011 NS destruction
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Neutron Star destruction by BH formation

Fermionic Asymmetric DM

» Local NS Mgy (kg)
1017 1016 1015 1014 1013 1012 1011 1010
10 —34
te, = 107" yr i8_35
c A 10-36 £ 1z Multiple SCATE!
XX qq 10—37
10—38
10739 BH forms
= 107 l BH evap.
\Q.')/ 10_41 T . -
§< 10—42 his WOrk _8
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SR, Vatsyayan and Busoni, arXiv: 2507.22881
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Summary
Super-K/Hyper-K lceCube/Upgrade

...................................................... J
.. :. . 100m
o" o B
A |[ceCube
m DeepCore
— ® Upgrade
XX — VvV
mx z 3 GeV mX ~1—3GeV Image credit: Institute for Cosmic Ray

Research, The University of Tokyo

* Complimentary/competitive with direct detection experiments

* Spin dependent proton

= Neutrino detectors

= | ong lived mediators Gamma ray telescopes

High Altitude Water Cherenkov

Gamma-Ray Observatory
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Summary

» Compact stars:
= Signal: Increase in luminosity (heating)

= Non-annihilating DM: star destruction

White Dwarts Neutron Stars

* Spin independent » SI, SD

» Heating: rx = O(100GeVcm™?) » Local NSs could probe sub-GeV regime
o XX ™ OO = YYYY (CTA gamma rays) * Uncertainties in composition and cooling
* Local WD destruction (heavy DM) * Local NS destruction (heavy DM)
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Thank you for your
attention!
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SACKUP

DARK MATTER IN CELESTIAL BODIES Sandra Robles (Fermilab)




Capture - Annihilation Equilibrium

Partially thermalized DM

» |f DM has not yet thermalized %« < ttherm

do oct2 = | owest temperature the DM has reached
102 ™
I I I I I I I I 1

103 toc Ko+ = -4 m, (GeV)
104
107
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1077
108
10°°

10-10
10711 I I I I I I I I I I
10~10310* 10* 103 10° 107 10°10%*10%%10%>10Y
t(yr) Bell, Busoni, SR & Virgato, arXiv:2312.11892

K, (GeV)

e 1 (ttherm + tt) 2(2(1”)
o J/CA X

T.,=10°K
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