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FIG. 1. Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

mixing with hypothetical sterile neutrinos, large nonstan-
dard interactions, spin-flavor oscillations by large non-
standard magnetic dipole moments, decays and annihila-
tion into majoron-like bosons, for the CNB large primor-
dial asymmetries and other novel early-universe phenom-
ena, or entirely new sources such as dark-matter annihi-
lation in the Sun or Earth. We will usually not explore
such topics and rather stay in a minimal framework which
of course includes normal flavor oscillations.

In the main part of the paper we walk the reader
through the GUNS plots of Fig. 1 and briefly review the
di↵erent components approximately in increasing order

of energy. In Sec. II we begin with the CNB, discussing
primarily the impact of neutrino masses. In Fig. 1 we
show a minimal example where the smallest neutrino
mass vanishes, providing the traditional blackbody ra-
diation, and two mass components which must be non-
relativistic today.
In Sec. III we turn to neutrinos from the big-bang nu-

cleosynthesis (BBN) epoch that form a small but domi-
nant contribution at energies just above the CNB. This
very recently recognized flux derives from neutron and
triton decays, n ! p+ e

� + ⌫e and 3H !
3He+ e

� + ⌫e,
that are left over from BBN.

(Standard) Grand Unified Neutrino Spectrum
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E. Vitagliano, I. Tamborra and G. Raffelt, Rev. Mod. Phys. 92:45006, 2020

https://dx.doi.org/10.1103/RevModPhys.92.045006
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dard interactions, spin-flavor oscillations by large non-
standard magnetic dipole moments, decays and annihila-
tion into majoron-like bosons, for the CNB large primor-
dial asymmetries and other novel early-universe phenom-
ena, or entirely new sources such as dark-matter annihi-
lation in the Sun or Earth. We will usually not explore
such topics and rather stay in a minimal framework which
of course includes normal flavor oscillations.

In the main part of the paper we walk the reader
through the GUNS plots of Fig. 1 and briefly review the
di↵erent components approximately in increasing order

of energy. In Sec. II we begin with the CNB, discussing
primarily the impact of neutrino masses. In Fig. 1 we
show a minimal example where the smallest neutrino
mass vanishes, providing the traditional blackbody ra-
diation, and two mass components which must be non-
relativistic today.
In Sec. III we turn to neutrinos from the big-bang nu-

cleosynthesis (BBN) epoch that form a small but domi-
nant contribution at energies just above the CNB. This
very recently recognized flux derives from neutron and
triton decays, n ! p+ e

� + ⌫e and 3H !
3He+ e

� + ⌫e,
that are left over from BBN.

Detected
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be detected)

(Standard) Grand Unified Neutrino Spectrum
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 New signal    
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DM annihilations or decays

Annihilation of 
captured DM in the 
Sun, Earth or other 
celestial bodies 

Sensitive to scattering 
cross section

Annihilations/decays 
in halos 

Sensitive to annihilation 
cross section (link to 

thermal production in the 
early Universe?) and lifetime
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Modification of energy transfer
DM accumulation in celestial bodies

G. Steigman, C. L. Sarazin, H. Quintana, and J. Faulkner, Astron. J. 83: 1050, 1978

J. Faulkner and R. L. Gilliland, Astrophys. J. 299:994, 1985

D. N. Spergel and W. H. Press, Astrophys. J. 294:663, 1985

L. M. Krauss, K. Freese, W. Press, and D. Spergel, Astrophys. J. 299:1001, 1985
R. L. Gilliland, J. Faulkner, W. H. Press, and D. N. Spergel, Astrophys. J. 306:703, 1986 
M. Nauenberg, Phys. Rev. D36:1080, 1987 

solve the solar 
neutrino problem

L. M. Krauss, M. Srednicki, and F. Wilczek, 
Phys. Rev. D33:2079, 1986

M. Fukugita, P. Hut, and N. Spergel,  
IASSNS-AST-88-26, 1988

M. Kawasaki, H. Murayama, and T. Yanagida,  
Prog. Theor. Phys. 87:685, 1992

DM annihilations and 
scatterings could heat 

up celestial bodies

http://adsabs.harvard.edu/cgi-bin/bib_query?1978AJ.....83.1050S
https://ui.adsabs.harvard.edu/abs/1986ApJ...306..703G/abstract
https://ui.adsabs.harvard.edu/abs/1985ApJ...299..994F/abstract
https://ui.adsabs.harvard.edu/abs/1985ApJ...294..663S/abstract
https://ui.adsabs.harvard.edu/abs/1985ApJ...299.1001K/abstract
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.36.1080
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.33.2079
https://inspirehep.net/literature/31567
https://academic.oup.com/ptp/article/87/3/685/1852489
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Annihilation products 
DM annihilations could 
produce neutrinos and, in 
secluded DM models, 
other detectable particles 
outside celestial bodies 

DM accumulation in celestial bodies
Collapse  

Under certain extreme 
conditions, DM could 
collapse in the interior 
of celestial bodies 
into a black hole

 I. Goldman and S. Nussinov, Phys. Rev. D40:3221, 1989

A. Gould, B. T. Draine, R. W. Romani, and S. Nussinov,  
Phys. Lett.  B238:337, 1990

J. Silk, K. A. Olive, and M. Srednicki, Phys. Rev. Lett. 55:257, 1985 
K. Freese, Phys. Lett. B167:295, 1986 

L. M. Krauss, M. Srednicki, and F. Wilczek, Phys. Rev. D33:2079, 1986

T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D34:2206, 1986

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.40.3221
https://www.sciencedirect.com/science/article/abs/pii/037026939091745W?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.257
https://www.sciencedirect.com/science/article/abs/pii/0370269386903497?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.33.2079
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.2206
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DM accumulation in celestial bodies
DM particles could scatter off the 
nuclei of celestial bodies to a 
velocity smaller than the escape 
v e l o c i t y , s o t h a t t h e y g e t 
gravitationally bound and finally 
trapped inside 

Additional scatterings would give rise 
to an isothermal DM distribution 
(small cross sections) or DM 
particles would thermalize locally 
with the medium (large cross 
sections) 

Trapped DM particles could annihilate 

Among the SM products, only 
neutrinos could escape



Capture rate 
(velocity distribution and 
scattering cross section)

Annihilation rate 
(annihilation cross section)

Evaporation rate 
(distribution in the celestial body  

and scattering cross section)

10

K. Griest and D. Seckel, Nucl. Phys. B283:681, 1987

Evolution equation

dNχ(t)
dt

= 𝙲 − 𝙰 N2
χ (t) − 𝙴 Nχ(t)

Nχ(t) = 𝙲 τeq
tanh(κ t/τeq)

κ + 1
2 𝙴 τeq tanh(κ t/τeq)

κ ≡ 1 + (𝙴 τeq /2)2

κ t ≫ τeq {If κ t ≪ τeq : Nχ ≃ 𝙲 t If
𝙴 τeq ≫ 1 : Nχ ≃

𝙲
𝙴

𝙴 τeq ≪ 1 : Nχ ≃ 𝙲 τeq

T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D34:2206, 1986

equilibrium is not reached

equilibrium between capture and annihilation

equilibrium between capture and evaporation

τeq = 1/ 𝙰 𝙲

https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.2206
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Main ingredients 
Dark matter particles:  

Maxwell-Boltzmann velocity distribution (in the galactic frame)

Targets:  
Maxwell-Boltzmann velocity distribution, with temperature T (r)

fvcb
(uχ) =

1
2 ∫

1

−1
fgal ( u2

χ + v2
cb + 2 uχ vcb cos θ ) d cos θ =

3
2π

uχ

vcb vd (e
−

3 (uχ − vcb)2

2 v2
d − e

−
3 (uχ + vcb)2

2 v2
d )

DM velocity at infinity velocity of the celestial body 
(in the galactic frame)

angle between the DM particle 
and the celestial body velocities

fi(u, r) =
1

π3 ( mi

2 T(r) )
3/2

e− mi u2
2 T(r)

DM - target particles scattering cross section

Properties of capturing celestial body
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Capture of DM by celestial bodies

flux of DM particles 
reaching a spherical 
shell at radius r

rate of scattering from 
w to a speed less than 

the escape velocity

time spent 
in a shell dr

d𝙲 = scap(r) × 4πr2 (
ρχ

mχ ) fvcb
(uχ) uχ duχ

d cos2 θ
4

× Ω−
ve

(w) ×
dl
w

w2(r) = u2
χ + v2

e (r)DM velocity at the distance r 
due to the gravitational field

Ω−
ve

(w) = ∑
i

∫
ve

0
R−

i (w → v) dv

R−
i (w → v) = ∫ ni(r)

dσi

dv
u2 + w2 − 2 u w cos θi fi(u) du d cos θi

rate of scattering from speed w to v < ve

A. Gould, Astrophys. J. 321:571, 1987

velocity distribution of target nucleidifferential scattering cross section

suppression factor 
to account for large 

optical depths

G. Busoni, A. De Simone, P. Scott and A. C. Vincent, JCAP 10:037, 2017

rdr

dl
w

uχ

W. H. Press and D. N. Spergel, Astrophys. J. 296:679, 1985

https://ui.adsabs.harvard.edu/abs/1987ApJ...321..571G/abstract
https://iopscience.iop.org/article/10.1088/1475-7516/2017/10/037
https://ui.adsabs.harvard.edu/abs/1985ApJ...296..679P/abstract
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If target particles are nuclei, the zero-temperature limit and 
neglecting the nuclear form factor, are reasonable approximations, 

so the calculation of the capture rate is relatively simple.

𝙲weak = (
ρχ

mχ )⟨v⟩0 ∑
i

Ni σi ⟨
̂ϕ

⟨ ̂ϕ⟩i (1 −
1 − e−ℬ2

i

ℬ2
i ) ξ1(ℬi)⟩i ( 3

2
v2

e (R)
v2

d
⟨ ̂ϕ⟩i)

For weak cross sections (long mean free path):

For very large cross sections (short mean free path): geometric limit

𝙲geom = πR2 (
ρχ

mχ ) ⟨v⟩0 (1 +
3
2

v2
e (R)
v2

d ) ξ̃1

ℬ2
i (r) ≡

3
2

v2
e (r)
v2

d

μi

μ2
−,i

; μi ≡
mχ

mi
; μ−,i ≡

μi − 1
2

; ̂ϕ(r) ≡
v2

e (r)
v2

e (R)
; ⟨ ̂ϕ⟩i ≡

∫ R
0

̂ϕ(r) ni(r) 4π r2 dr

Ni

A. Gould, Astrophys. J. 387:21, 1992

J. Bramante, A. Delgado and A. Martin, 
Phys. Rev. D96:063002, 2017

-> multiple scatterings

A. Gould, Astrophys. J. 321:571, 1987

Capture of DM by celestial bodies

https://ui.adsabs.harvard.edu/abs/1992ApJ...387...21G/abstract
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.063002
https://doi.org/10.1086/165653
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Γχ =
1
2

𝙰 N2
χ

dΦ
dEν

=
Γχ

4 π d2

dNν

dEν

Γχ =
𝙲
2

if equilibrium between capture and 
annihilation is reached 

and evaporation is negligible

Differential neutrino flux at detectors on Earth

Neutrinos from DM annihilations
Rate:

Neutrino spectra 
from DM annihilations 
in the celestial body

Propagation through the 
celestial body and to the 

Earth: absorption and 
oscillations
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Figure 4. Di↵erential neutrino flux at production. We show spectra for several representative annihi-
lation channels, indicated by di↵erent line colors. The top panel shows the spectra for m� = 100GeV
in the center of the Sun, generated without EW correction and with decays from stopped particles.
Features related to µ, ⇡, and K decays are indicated by their respective symbols. The two-row linear
scale panel at the bottom shows spectra for a DM mass of m� = 1000GeV with EW correction
and without decays from stopped particles. Di↵erent polarization states are averaged over. Due to
EW corrections, direct neutrino channels no longer show a two-body decay distribution, but have a
low-energy tail. The top row corresponds to the center of the Sun, while the bottom row is for the
Galactic Halo. The di↵erent columns indicate the neutrino flavor, from left to right: electron, muon,
and tau flavored neutrinos. For DM decay, m� should be multiplied by a factor of 2 and x be replaced
by x = 2E⌫/m�. Quarks not shown in this plot lie between the dashed and solid u and b lines, and
di↵er only by a normalization.

Long-lived particles: long-lived hadrons, ⇡
±, K

±, K
0

L, and neutrons, are either fully ab-
sorbed by matter or decay after being stopped. Among them, ⇡

� and K
� are captured by

matter and would form atom-like systems, which prohibits them from further decays [159].
Due to di↵erent interactions of K

0 and K̄
0 with nucleons, which causes quantum coher-

ence loss, K
0

S are regenerated from K
0

L continuously and followed by hadronic decays [160].

– 8 –
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Figure 4. Di↵erential neutrino flux at production. We show spectra for several representative annihi-
lation channels, indicated by di↵erent line colors. The top panel shows the spectra for m� = 100GeV
in the center of the Sun, generated without EW correction and with decays from stopped particles.
Features related to µ, ⇡, and K decays are indicated by their respective symbols. The two-row linear
scale panel at the bottom shows spectra for a DM mass of m� = 1000GeV with EW correction
and without decays from stopped particles. Di↵erent polarization states are averaged over. Due to
EW corrections, direct neutrino channels no longer show a two-body decay distribution, but have a
low-energy tail. The top row corresponds to the center of the Sun, while the bottom row is for the
Galactic Halo. The di↵erent columns indicate the neutrino flavor, from left to right: electron, muon,
and tau flavored neutrinos. For DM decay, m� should be multiplied by a factor of 2 and x be replaced
by x = 2E⌫/m�. Quarks not shown in this plot lie between the dashed and solid u and b lines, and
di↵er only by a normalization.

Long-lived particles: long-lived hadrons, ⇡
±, K

±, K
0

L, and neutrons, are either fully ab-
sorbed by matter or decay after being stopped. Among them, ⇡

� and K
� are captured by

matter and would form atom-like systems, which prohibits them from further decays [159].
Due to di↵erent interactions of K

0 and K̄
0 with nucleons, which causes quantum coher-

ence loss, K
0

S are regenerated from K
0

L continuously and followed by hadronic decays [160].
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Figure 5. Neutrino flux from DM annihilation at Earth’s surface. Colors and line styles have the
same meaning as in figure 4. Results in the top panel are computed with a zenith angle of 60� while
those in the bottom panel are computed with a zenith angle of 180�. The DM mass have been set to
1TeV for annihilation; for decay it should be read as 2TeV and x should be replaced by x = 2E⌫/m�.

d with energy E⌫ ; and f(⌦) is a function which encodes information about the rate of neutrino
production and the geometry of the source. The rate �is process- and location-dependent
and the specifics of this dependence are discussed in section 2.

In what follows, we give additional details relevant for the propagation in the three
production environments considered in this work. The result of these processes is summarized
in figure 5.

4.1 Galactic flux propagation

The distance between the Galactic Center and the Earth is su�ciently large that all current-
and next-generation detectors do not have su�cient energy resolution to resolve individual
oscillations. Thus, the energy and distance dependence in eq. (4.4) is given by its average
value. In this regime, the flavor transition probabilities are given by

P (⌫↵ ! ⌫�) =
3X

i

|U↵i|
2
|U�i|

2
⇡

2

4
0.55 0.18 0.27
0.18 0.44 0.38
0.27 0.38 0.35

3

5 , (4.5)

where parameters are obtained by using the best-fit values from NuFit-4.1 with normal
ordering.

4.2 Solar flux propagation

Neutrinos produced in the solar center must travel through solar matter, vacuum, Earth’s
atmosphere, and the Earth itself to get the detector. In this article, we use the standard
solar model given in [149] to propagate neutrinos from center of the Sun to the surface of the
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production environments considered in this work. The result of these processes is summarized
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with N0.95 being the number of protons within the region
where T ¼ 0.95Tχ . Only a portion of the interior of Jupiter
(the Sun) is considered because it corresponds to a region
where evaporation is significantly enhanced by the closely
matched WIMP and nucleon temperatures. For our pur-
poses, this provides a decent approximation for the overall
evaporation rate. We take N0.95 ∼ 0.1M=mp which is
known to be a reasonable approximation for the Sun
[6,24,30]. Here, we also use v2escð0Þ ≃ 1.5v2escðRÞ for
Jupiter and v2escð0Þ ≃ 5v2escðRÞ for the Sun.
The results are plotted in Fig. 3. One sees that the

evaporation is negligible for WIMP masses above 3.3 GeV
for the Sun and above 1.3 GeV for Jupiter.

E. Neutrino flux

WIMP annihilations (which occur at a rate ΓA ¼ AN2
χ=2)

can produce kaons for WIMPs with mχ ≳ 1 GeV. The
kaons, upon coming to rest, decay into muon neutrinos
via Kþ → νμμþ with a branching ratio of about 64%. The
outgoing flux is given by [14,23,28]

d2Φνμ

dEdΩ
¼ ΓA

4πD2
NKBνμδðE − E0ÞδðΩÞ ð2:7Þ

where D is the core-detector distance, NK is the average
number of Kþ produced per annihilation, and Bνμ is the
fraction of Kþ that decay into νμ. The two dirac delta terms
enforce the conditions that the energy signal is monoener-
getic (E0 ≈ 236 MeV) and that all neutrinos emanate from

the Jovian or solar core, respectively. We can express NK in
terms of the fraction rK of the c.o.m. energy that is converted
into Kþ as

NK ¼
2mχ

mK
rK: ð2:8Þ

We take rK ∼ 1=50 for simplicity [14]. As mentioned above,
the condition of equilibrium is important because it means
that the flux is maximized for t ≫ τ. However, in the region
where evaporation dominates, the flux decreases drastically
because annihilations occur far more infrequently. Note that
the value of rK is somewhat uncertain, and should these
neutrinos be detected from the Sun, this will pin down the
value and be relevant for detection in Jovian orbit.

III. DETECTION IN JOVIAN ORBIT

From Fig. 4, one can see that the flux of neutrinos in
low-Jovian orbit is comparable to the flux from the Sun at
1 AU (i.e., at DUNE) in the mass range at or above 4 GeV.
However, in the 1–4 GeVmass range, the flux at Earth orbit
is negligible where as the flux in low-Jovian orbit is
substantial (below 1 GeV, WIMP annihilation into kaons
becomes negligible due to phase space). Thus we focus on
the 1–4 GeV mass range.
If the cross section is spin-dependent, direct detection

experiments currently cannot detect WIMPs below
2.3 GeV for any cross section. One reason for this is the
energy thresholds of direct-detection experiments. For
example, PICASSO reports [31] a sensitivity to nucleus

FIG. 3. Evaporation of WIMPs inside Jupiter and the Sun.
In both cases, we note that just above a certain mass mevap
evaporation drops sharply to zero, whereas below mevap it is
comparable to the rate of WIMPs being captured. We have
estimated this mass to be about 1.3 GeV for Jupiter and 3.3 GeV
for the Sun, in agreement with previous estimates [6,22–24,30].
This is not a great restriction on Jupiter as sub-GeV WIMPs are
kinematically unable to annihilate into kaons.

FIG. 4. The dot-dashed lines give the flux of 236 MeV
neutrinos at the surface of the Earth from WIMP annihilation
in the Sun for three different spin-dependent cross sections. The
solid lines give the flux from WIMP annihilation in Jupiter, near
the surface of Jupiter. Note that the flux near Jupiter is
substantially higher in the 1–4 GeV region. We have included
the phase space factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 −m2

K=m
2
WIMPÞ

p
in the figure—this

is negligible above 1 GeV.

GEORGE M. FRENCH and MARC SHER PHYS. REV. D 106, 115037 (2022)

115037-4

But, the flux from Jupiter 
at Jupiter’s surface is 
similar to the flux from 

the Sun at Earth

For maximal capture:

Φ⊕

Φ⊙
≃

1
10 (

d⊙

R⊙ )
2

≃ 5 ⋅ 103

Φ⊕

Φ⊙
≃ 6 (

v4
e (R⊕)

v2
d v2

e (R⊙) ) (
M⊕

M⊙ ) ( mN

mχ ) (
d2

⊙

R2
⊕ ) ≃ 10−3 ( 10 GeV

mχ )

otherwise (very roughly):

Could the neutrino flux from all stars in the 
Milky Way be comparable to that from the Sun? 

( dPC
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if cross section 
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bb̄ ⌧ ⌧̄ ⌫⌫̄
Mass
(GeV)

�SI [cm2]
⇥10�41

�SD [cm2]
⇥10�39

�Exp.
SD [cm2]

⇥10�39
�SI [cm2]
⇥10�41

�SD [cm2]
⇥10�39

�Exp.
SD [cm2]

⇥10�39
�SI [cm2]
⇥10�41

�SD [cm2]
⇥10�39

�Exp.
SD [cm2]

⇥10�39

5 - - - 5.34 1.33 1.38 0.38 0.092 0.23
10 16.6 8.39 10.8 0.29 0.15 0.21 0.04 0.029 0.057
20 1.54 1.57 2.53 0.05 0.05 0.08 0.02 0.014 0.027
35 0.54 0.93 1.50 0.02 0.03 0.05 0.01 0.012 0.022
50 0.34 0.80 1.29 0.009 0.02 0.04 0.004 0.011 0.020
100 0.29 1.12 1.23 0.008 0.03 0.04 0.005 0.022 0.024

TABLE III. 90% C.L limits on the spin-independent and spin-dependent dark matter-proton cross-section for DM annihilation
to bb̄ (left), ⌧+⌧� (center) and ⌫⌫̄. The expected sensitivity from an ensemble of background-only observations is also shown
under �Exp.

SD [cm2] for each channel and DM mass.

bb̄ ⌧ ⌧̄ ⌫⌫̄
Mass (GeV) �ann [s�1] ⇥1023 �ann [s�1] ⇥1023 �ann [s�1] ⇥1023

5 139 139.3
10 396 7.0 1.37
20 29.7 0.97 0.27
35 7.41 0.22 0.09
50 3.51 0.096 0.05
100 1.39 0.038 0.027

TABLE IV. 90% C.L limits on annihilation rate for DM annihilation to bb̄ (left), ⌧+⌧� (center) and ⌫⌫̄.

FIG. 2. 90% upper limits (solid lines) and expected sensitivity (dotted) on the spin-dependent cross-section as a function of
WIMP mass obtained by 7 years of IceCube DeepCore data in this work. We validated the analysis up to 500 GeV and 300
GeV for bb̄ and ⌧+⌧� but only show up to 100 GeV in the tables for consistency.The dark and light shaded bands show the
central 68% and 95% expected limits respectively. Also shown are limits from the Super-K [33], PICO-60 [50] and ANTARES
[51] experiments.

scattering cross-section, we repeat all the analysis steps on several simulated datasets. Each simulation was pro-

IceCube/DC: 
7 years

R. Abbasi et al. [IceCube Collaboration], 
Phys. Rev. D 105:062004, 2022
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Super-Kamiokande [20] and PICO-60 [21] (shown as a full line).
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of the WIMP mass for each of the three annihilation channels. The full lines show the results obtained
in this analysis, whereas the other lines show the upper limits obtained by IceCube [18], ANTARES [19],
Super-Kamiokande [20] and XENON1T [22] (shown as a full line).
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Figure 11. Comparison of our HyperK projections with the direct detection limits from PI-
CASSO [77] (blue line) and PICO-60 [78] (yellow line and shaded region). Also shown are the limits
from IceCube [15, 27] and the projections for PINGU [73].

for DM annihilation in the Sun, to determine the HyperK sensitivity to the dark matter
spin-dependent scattering cross section.

We applied our method to project the sensitivity for 11 years of exposure time at the
HyperK detector (the same exposure as the SuperK search of ref. [12]). We find that HyperK
will be able to set limits which improve on the published SuperK results by a factor of two to
three. This is a slightly smaller improvement than the factor of three to four estimated in the
HyperK Design Report [29] for searches based on dark matter annihilation within the Earth.
As in the projections of ref. [29], we have assumed identical systematics for HyperK and
SuperK. A reduction in these systematic uncertainties would lead to better limits. However,
much of the parameter space accessible at HyperK is already constrained by direct detection
experiments such as PICO-60 [78], or by IceCube [15, 27].
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JCAP07(2019)006

Figure 9. The expected sensitivity of DUNE, assuming a 380 kT yr exposure is shown. We consider
the (⌫e, ⌫̄e) channels (red), the (⌫µ, ⌫̄µ) channels (green), and a combined analysis (blue). For compari-
son we show the region consistent with the DAMA/LIBRA signal (at 90%/3� CL) [44, 45] and current
indirect bounds from IceCube [5] and Super-Kamiokande [8]. For Super-Kamiokande no o�cial col-
laboration result on dark matter annihilation into neutrinos is available, therefore we show the ⌧+⌧�

channel for comparison. Directed detection bounds from PICO-60 [43] and PICASSO [42] are shown.
In the latter case we use a conservative choice of the intrinsic energy resolution and quenching factor.

detection bounds from PICASSO [42] and PICO-60 [43] are shown for comparison together
with the region consistent with the DAMA/LIBRA signal [44, 45]. In our comparison, we
show the latest published result from PICO-60, and note that there is a new preliminary
limit [46], with improved sensitivity in the 3-5GeV mass range. But we note that the Super-
Kamiokande bound is for the ⌧+⌧� channel, as Super-Kamiokande has not performed an
analysis for the monoenergetic neutrino channel; such an analysis would be expected to have
greater sensitivity.

Note that in our analysis (⌫e, ⌫̄e) channels are expected to provide a slightly greater
sensitivity than the (⌫µ, ⌫̄µ) channels; this is driven largely by the fact that the (⌫e, ⌫̄e) are
expected to produce contained showers whose energy can be measured with greater precision
than the (⌫µ, ⌫̄µ), whose tracks will often exit the detector.

It is interesting to compare these results to those of [47], which considered the sensitivity
of a ⇠ 40 kT yr detector to monoenergetic neutrinos arising from dark matter annihilation in
the Sun, using the (⌫e, ⌫̄e) channels. For mX ⇠ 10GeV, the expected sensitivity found in the
analysis of [47] was ⇠ 10�40 cm2, which is a factor ⇠ 10 worse than that found here, for a fac-
tor ⇠ 10 smaller exposure. These results are consistent, since in both cases it was found that
the number of background events in the (⌫e, ⌫̄e) channels was negligible; in such a case, sensi-
tivity scales linearly with exposure. Interestingly, it was found in [47] that one would expect ⇠
0.1 background events passing the cuts over a 40 kT yr exposure, assuming optimistically that
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Figure 9. The expected 90 % C.L. sensitivity limit on the WIMP-nucleon spin-dependent cross-
sections as a function of the WIMP mass. The ICAL expected sensitivity are shown for νν̄ (red solid
line), τ+τ− (red dashed line) and bb̄ (red dashed line) channels and for 10 years of running of ICAL.
Current 90 % C.L. limits from other indirect detection and direct detection experiments have been
shown. Also shown is the region compatible with the claimed signal seen by DAMA/LIBRA.

rent limits from earlier and on-going experiments. For the SI cross-sections, the limits from
the direct detection experiments are significantly better than those from the indirect detec-
tion experiments. Allowed regions from the direct searches claiming positive signal for dark
matter at DAMA/LIBRA [61, 62] is shown by metallic blue shaded region at 3σ C.L., at
CoGeNT [63] by violet diagonally cross-hatched region at 90 % C.L., at CRESSTII [64] by
the green shaded region at 2σ C.L. and at CDMS II Si [65] by brown hatched region at 90 %
C.L. The limits on SI cross-sections from direct detection experiments are shown for Super-
CDMS [66] (cyan dotted line), CDMSlite [67] (orange dotted), XENON-1T [68] (brown solid
line) and LUX [69] (solid cyan line). The limits from Xenon-1T are currently the best limits
on WIMP-nucleon SI cross-sections. Also shown are the less competitive limits from the in-
direct searches at IceCube [56] for τ+τ− (cyan solid line) and bb̄ (cyan dotted line) channels,
and SK [15] for τ+τ− (dark violet line) and bb̄ (light violet line) channels. As for the SD
cross-section case, we find that the expected sensitivity of ICAL is comparable to that from
SK for both channels and better than the current limits from IceCube. It is worth pointing
out that even though the limits on SI case from indirect detection experiments are expected
to be poorer than from direct detection experiments, they provide an independent check on
the WIMP parameters and can be used as a complementary probe of the WIMP paradigm.

Now we show the expected sensitivity of ICAL to indirect detection due to several
WIMP annihilation channels. The 90 % C.L. expected sensitivity from 10 years of running
of ICAL is shown in figure 11 in the σSD − mχ plane for the spin dependent cross-section.
The green lines are for gg channel, orange lines for cc̄, blue for bb̄, violet for τ+τ−, azure lines
for νeν̄e, black for νµν̄µ and red for ντ ν̄τ channel. Figure 12 presents the 90 % C.L. expected
sensitivity from 10 years of running of ICAL for the spin-independent cross-section, shown in
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Figure 2. 90% CL upper limit on the spin-dependent dark matter-proton elastic scattering cross
section as a function of dark matter mass assuming zero events at KamLAND in 3600 days of data
(thick black), as well as the expected sensitivity of a liquid scintillation detector with a factor 10 larger
exposure than KamLAND and with a 3% energy resolution (thick black dashed). We assume B⌫ = 1,
⇢X = ⇢� and v̄ = 270 km/s. For comparison, the dashed, solid, and dotted magenta curves are
the upper limits from Baikal NT200 detector [28], assuming dark matter annihilation to ⌫̄e⌫e, ⌫̄µ⌫µ
and ⌫̄⌧⌫⌧ , respectively, the solid cyan curve is the upper limit from Super-Kamiokande, assuming
annihilation to ⌧+⌧� [29], and the dashed blue contour is the upper limit from the PICO-2L Bubble
Chamber dark matter experiment [30].

As is clear from figure 2, at this moment, the limit obtainable from KamLAND data
would be stronger than limits from traditional direct dark matter searches (i.e. for dark mat-
ter collisions with nuclei in terrestrial detectors) for WIMP masses . 15GeV, assuming dark
matter annihilates to ⌫⌫̄ final states with B⌫ = 1. The sensitivities of neutrino telescopes
such as Super-Kamiokande, Baksan, and IceCube are specific to the dark matter annihila-
tion final state, though harder neutrino spectra generally yield stronger constraints on the
scattering cross section. For those detectors, actual limits for monoenergetic neutrino final
states are likely stronger than the limits shown here. We encourage collaborations to perform
these searches.

Finally, we note that KamLAND’s sensitivity is signal-limited, due to its relatively
small exposure compared to that of much larger water Cherenkov detectors such as Super-
Kamiokande. As such, the utility of liquid scintillation detectors for searches for dark matter
annihilation to monoenergetic neutrinos can only be fully realized for detectors with a much
larger exposure. For example, for an exposure ten times larger than our benchmark Kam-
LAND exposure, cross sections as small as �p

SD ⇡ 10�4 (6 ⇥ 10�4) pb could be probed for
mX = 10 (100)GeV. Such an experiment would be an very powerful probe of the interactions
of dark matter with nuclei in the Sun. This is especially true at low WIMP masses, where
liquid scintillation detectors have robust sensitivity to the WIMP-proton scattering cross
section down to mX ⇡ 4GeV, below which evaporation from the Sun becomes significant.

4 Conclusions

In this work, we have considered the sensitivity of liquid scintillation neutrino detectors to
dark matter annihilation in the Sun in the case that the dark matter annihilates to monoen-
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Figure 5: Left: Spin-indenpendent DM-nucleon cross-section 90% C.L. upper limits. Limits in bold are
from this analysis, ANTARES (dashed) and Super-Kamiokande (dot-dashed) limits are included. The colour
code identifies the annihilation channels, blue for annihilation into g

+
g
� , yellow for ,+

,
� and green for

11̄. Right: Upper limits for this analysis (blue) for the jj ! g
+
g
� annihilation channel compared to direct

detection upper limits from the crystal experiments DAMA/LIBRA [22] (grey areas) and COSINE100 [23]
(green) and from XENON1T [24] (black).

In order to perform an hypothesis testing, we define a test-statistics as the likelihood ratio:

Cb = 2 log
L(b, ˆ̂�!

[ )
L(b̂, �̂![ )

= 2(logL(b, ˆ̂�!
[ ) � logL(b̂, �̂![ )), (6)

where b̂, [̂ are the estimated parameters that minimize the likelihood, L(b̂, �̂![ ), and ˆ̂
[ is the value

of [ that minimizes the likelihood for any given value of b. To claim a discovery we estimate
the agreement with respect to the null hypothesis b = 0, and so the test-statistics is defined as C0.
Assuming Wilk’s theorem [18, 19] and that the distribution of C0 under sample of null-hypothesis
follows a j

2 distribution, we can estimate the p-value in terms of number of sigmas I-score as
I � score =

p
C0.

6. Results and Conclusions

We found no significant excess over all channels and masses tested. The highest pre-trial
significance belongs to the HE analysis at 1.94f for the channel jj ! 11̄ and mass<j = 250 GeV.
The trial factor correction gives a post-trial significance of 1.06f. Upper limits in the signal fraction
of events b, can be converted into upper limits on the spin-independent DM-nucleon cross-section
f

SI
j# after assuming a value on the DM self-annihilation cross-section.

The 90% C.L. upper limits for fSI
j# are presented in Fig. 5, compared to results from the other

neutrino telescopes ANTARES [20] and Super-Kamiokande [21].
Although optimized for signals from WIMP-like particles, the results from this analysis can

also be re-casted to set limits on different DM models. An example can be found in [25], where
limits on the coupling constant of the effective field theory of dark matter [26] were computed.

With the installation of the IceCube Upgrade [27] a significant improvement in IceCube’s
sensitivity can be expected, especially in the low-mass region.
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Figure 2. The 90% CL sensitivity curves for (in order of increasing sensitivity) KamLAND (4 kTyr),
DUNE (34 kTyr), Super-Kamiokande (240 kTyr) and Hyper-Kamiokande (600 kt yr) in the stopped
K

+ (solid) channel. For DUNE also the stopped ⇡
+ (dotted) channel is shown. We assume ✏ = 10%,

a normal hierarchy, and that dark matter in the Sun annihilates only to first generation quarks.
Also plotted are the 90% CL bounds from PICASSO [47] and PICO-2L [48] (dashed grey and black,
respectively). The shaded area represents the region where interactions with the thermal bath of
nucleons in the Sun cause dark matter particles to easily be ejected (or evaporate) from the Sun [25, 26].
Scenarios motivated by the DAMA/LIBRA annual modulation signal [49] are also shown. The dark
(light) solid regions correspond to 90% (3�) CL, and the two outer contours are 5� and 7� CL.
Results are compared to sensitivities derived previously [7, 8] with 4 years of Super-Kamiokande data
(or 90 kTyr) in the inverse beta decay (IBD) channel.

hand, the monoenergetic ⇡
+ channel has a much larger signal-to-background ratio than the

K
+ channel. Although the atmospheric ⌫̄e/⌫e background flux is an order of magnitude

smaller at E = 236MeV than at 30MeV, this is compensated by the larger energy bin size
at E = 236MeV. Moreover, the number of 30MeV neutrinos produced per annihilation is
typically more than an order of magnitude larger than the number of 236MeV neutrinos.
While theK+ channel will provide better sensitivity with a fixed exposure, the monoenergetic
⇡
+ channel provides the better signal-to-background ratio.

We can compare the sensitivities from LS and LArTPC detectors with those expected
from water Cherenkov detectors. While LS and LArTPC detectors may outperform these
WC detectors in background rejection, water Cherenkov detectors are easier to realize with a
large detector volume. For 236MeV neutrinos, the sensitivity of DUNE, Super-Kamiokande
and Hyper-Kamiokande would scale as �

p
SD

/ ✏
�1/2, while for KamLAND the scaling of

sensitivity with energy resolution is more complicated because the number of background
events is neither large nor negligible. The di↵erent energy ranges for neutrinos arising from

– 10 –

C. Rott, S. In, J. Kumar and D. Yaylali, JCAP 11:039, 2015

See also: 
C. Rott, S. In, J. Kumar and D. Yaylali, JCAP 01:016, 2017

higher energy neutrinos: 
even better than 

neutrinos from pion 
decays at rest

https://iopscience.iop.org/article/10.1088/1475-7516/2021/10/065
https://iopscience.iop.org/article/10.1088/1475-7516/2015/11/039
https://iopscience.iop.org/article/10.1088/1475-7516/2017/01/016


June 18, 2019 0:9 ws-rv9x6 Book Title DMchapter page 32

32 S. Palomares-Ruiz

Fig. 6. Excluded regions in the DM mass and spin-independent cross section param-
eter space from neutrino telescopes160 (red dotted contours), from cosmic-ray con-
straints161,162 (green solid contours), from high-altitude experiments as collected in
Ref.163 (orange dashed contours), from constraints from the Earth’s heat163 (cyan
dot-dashed contours) and from surface and underground direct detection experiments as
collected and computed in Ref.164 (gray solid contours). From Ref.164 Available under
the terms of the Creative Commons Attribution 4.0 International License.

larger cross sections, these limits might not apply, as the DM particles would
su↵er so many scatterings that would not settle to the core and annihila-
tions might not be e�cient.163,166 For very large cross sections or for lower
DM masses, other observations can be used to set bounds.161,162,166–171 Dif-
ferent constraints on the (mDM, �) parameter space are depicted in Fig. 6.

4.1.3. Self-interacting DM

In addition to couplings between DM and SM particles, it is natural to ex-
pect that interactions within the DM sector would also occur. Indeed, some
of the scenarios discussed in section 3 include (or can easily accommodate)
self-interactions among the DM particles themselves.

Strong DM self-interactions would modify the inner structure of halos,
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Figure 4. Constraints on DM-nucleon scattering cross-section (red shaded regions) from Earth-bound
DM annihilation. We use the flux upper limits inferred from non-detection of di�use supernovae
background searches at Super-Kamiokande detector to derive the constraints. In the top panels,
we use the SK result with pure-water (22.5 ◊ 2970 kton-day) [36], whereas, in the bottom panels,
we use the SK result with 0.01 wt% gadolinium loaded water (22.5 ◊ 552.2 kton-day) [37]. The
existing exclusion limits from underground as well as surface detectors (gray shaded regions) including
CRESST-III [38], CRESST surface [39], XENON-1T [40], CDMS-I [41], and high-altitude detectors
(RRS [42], XQC [43]) are also shown for comparison.

on such a line signature from the Earth-bound DM annihilation by recasting the existing
searches. We use the IceCube DeepCore data with a total live-time of 6.75 years for this
purpose. More specifically, IceCube collaboration has searched this neutrino line in their data
with a total live-time of 6.75 years with the direction of the Sun. Given non-detection, it leads
to a upper limit on dark matter annihilation rate in the mass range of m‰ = [10, 100] GeV [44].
We use the corresponding upper limit to derive the exclusion limits in figure 5. The exclusion
limits are simply derived from the fact that flux of Earth-bound DM particles can not exceed
the flux upper limit: „ü Æ �90

ann/(4fiD
2), where D = 1.5 ◊ 108 km denotes the Earth-Sun

distance and �90
ann denotes the annihilation rate upper limit at 90% C.L.

We use the tabulated values of DM annihilation rate upper limit (90% C.L.) for the DM
mass range of m‰ = [10, 100] GeV [44], and extrapolate it upto m‰ = 106 GeV by scaling the
neutrino-nucleon scattering cross-section. We did not consider m‰ Ø 106 GeV as the trapping
of ‰ particles becomes more and more ine�cient with larger m‰ and as a consequence, it
does not cover any additional parameter space as compared to the underground detectors.
We show the existing constraints from underground, surface as well as the high-altitude
detectors for comparison. We found that in the regime of relatively small f‰, f‰ Æ 10≠4,
direct annihilation of Earth-bound DM into neutrinos covers a part of the parameter space
with ‡‰n œ

#
10≠26–10≠28$

cm2, which is otherwise unexplored.
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Figure 5. Constraints on DM-nucleon scattering cross-section (red shaded regions) from direct anni-
hilation of ‰ particles (‰‰ æ ‹‹̄) from the center of the Earth. We use the IceCube DeepCore upper
limits on DM annihilation rate for ‰‰ æ ‹‹̄, which is obtained by using a 6.75 years data [44]. Exist-
ing constraints from underground as well as surface detectors (which includes XENON-1T, CDMS-
I, CRESST-III, and CRESST-surface; collected in [45–47]) and high-altitude detectors (RRS [42],
XQC [43]) are also shown for comparison.

4 Conclusions

A subdominant component of dark matter with large scattering cross section on nucleons
represents a realistic possibility in several classes of dark sector models. In this work, we
investigate generic consequences of such a scenario on the neutrino signals from annihilating
dark matter. We find that in the optically think regime, i.e. when the scattering length is
much shorter than the Earth’s dimensions, the accumulation inside the Earth would provide a
larger neutrino flux than the Sun or other planets. If the annihilation proceeds primarily into
the light mesons, one should expect a new neutrino source from stopped mesons. The neutrino
signals are expected to be dominated by ‹̄e, that mostly originate from ‹̄µ æ ‹̄e oscillations.

To limit the strength of the source, one can use existing searches of the di�use supernova
neutrino background, where record sensitivity has been achieved with the Super Kamiokande
neutrino detector. The results show that neutrinos from the stopped meson source can probe
abundances of strongly interacting fraction down to f‰ ≥ 10≠4. This is not as sensitive as
direct annihilation to visible modes in the volume of the SK detector, as the probability of
detecting a neutrino passing through the volume of a detector is quite low at these energies.
At the same time, the sensitivity extends to higher range of masses, as the depletion of the
surface abundance of dark matter does not a�ect the neutrino flux. We have also shown
that if the direct annihilation to neutrinos is allowed, or a significant flux of the neutrino can
be obtained from mediators decaying in flight, the sensitivity extends to higher masses of
dark matter, and smaller abundances due to the rapid growth of the neutrino cross section
with energy.
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several surface and underground direct detection experi-
ment searches [30–35]. To adjust the experimental bounds
given for fχ ¼ 1 to the smaller fractions of interest here, we
have applied the simplified method described in Ref. [14].
As shown in Ref. [36], this approach gives a reasonable
approximation to more computationally intensive calcula-
tions such as Refs. [37–40]. We note, however, that the
simplified method we use tends to overestimate slightly the
exclusions at small fχ ≪ 1 [36]. Thus, the unexcluded

regions where our SK annihilation proposal shows new
sensitivity are expected to be robust.
Secluded relic model.—To illustrate our results in a

concrete model, we consider a dark sector with a Dirac
fermion DMC χ coupled to a dark photon A0 with the low-
energy effective Lagrangian

L ¼ −
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ϵ
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μνFμν þ 1

2
m2

A0ðA0
μÞ2

þ χ̄ðiγμDμ −mχÞχ; ð10Þ

where ϵ describes kinetic mixing with the photon,mA0 is the
mass of dark photon, Dμ ¼ ∂μ − igdA0

μ, and gd ≡
ffiffiffiffiffiffiffiffiffiffi
4παd

p
is

the dark coupling constant.

FIG. 1. Expected constraints on the DM-nucleon scattering cross-section σχn from nonobservation of DMC annihilation inside the
fiducial volume of Super-Kamiokande (red shaded). Each panel shows a specific mass fraction fχ : fχ ¼ 10−10 (top left), fχ ¼ 10−8 (top
right), fχ ¼ 10−6 (bottom left), fχ ¼ 10−4 (bottom right). For comparison we also show the estimated constraints from direct detection
experiments including CRESST III [30], CRESST surface [31], XENON [32], EDELWEISS surface [33], RRS [34], and Darkside-50
[35] (gray shaded).
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conclude that the limits from SK are robust, and should be
applicable to a wide class of models.
Also shown in Fig. 1 for comparison are exclusions from

several surface and underground direct detection experi-
ment searches [30–35]. To adjust the experimental bounds
given for fχ ¼ 1 to the smaller fractions of interest here, we
have applied the simplified method described in Ref. [14].
As shown in Ref. [36], this approach gives a reasonable
approximation to more computationally intensive calcula-
tions such as Refs. [37–40]. We note, however, that the
simplified method we use tends to overestimate slightly the
exclusions at small fχ ≪ 1 [36]. Thus, the unexcluded

regions where our SK annihilation proposal shows new
sensitivity are expected to be robust.
Secluded relic model.—To illustrate our results in a

concrete model, we consider a dark sector with a Dirac
fermion DMC χ coupled to a dark photon A0 with the low-
energy effective Lagrangian

L ¼ −
1

4
ðF0

μνÞ2 −
ϵ
2
F0
μνFμν þ 1

2
m2

A0ðA0
μÞ2

þ χ̄ðiγμDμ −mχÞχ; ð10Þ

where ϵ describes kinetic mixing with the photon,mA0 is the
mass of dark photon, Dμ ¼ ∂μ − igdA0

μ, and gd ≡
ffiffiffiffiffiffiffiffiffiffi
4παd

p
is

the dark coupling constant.

FIG. 1. Expected constraints on the DM-nucleon scattering cross-section σχn from nonobservation of DMC annihilation inside the
fiducial volume of Super-Kamiokande (red shaded). Each panel shows a specific mass fraction fχ : fχ ¼ 10−10 (top left), fχ ¼ 10−8 (top
right), fχ ¼ 10−6 (bottom left), fχ ¼ 10−4 (bottom right). For comparison we also show the estimated constraints from direct detection
experiments including CRESST III [30], CRESST surface [31], XENON [32], EDELWEISS surface [33], RRS [34], and Darkside-50
[35] (gray shaded).
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Figure 1. Capture rates as a function of the DM mass, for DM-electron interactions (solid
red curves), DM-nucleon SD interactions (dashed green curves) and DM-nucleon SI interactions (dot-
dashed blue curves). Left panels: capture rates for the three types of interactions. The geometric
capture rate is also shown (dashed black curves.) Right panels: ratio of capture rates with respect
to the limit of targets at rest (T�(r) = 0). Top panels: constant (velocity-independent and isotropic)
scattering cross section with �i,0 = 10�40 cm2. Middle panels: v

2
rel-dependent scattering cross section

with �i,0 = 10�42 cm2. Bottom panels: q
2-dependent scattering cross section with �i,0 = 10�42 cm2.
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Fig. 7. Upper limits, at 90% confidence level, on the DM self-scattering cross section
as a function of the DM mass, using IC79176 and DeepCore177 data. The results assume
annihilations into W

+
W

� and ⌧
+
⌧
� and a DM-nucleon cross section � = 10�47 cm2.

Above the dashed green line, small-scale observations can be alleviated. The hatched and
shaded regions are excluded from a Bullet cluster analysis178 and of halo shapes.179 Fig-
ure from Ref.174 c� SISSA Medialab Srl. Reproduced by permission of IOP Publishing.
All rights reserved.

4.1.4. Secluded DM

Modifications of the simple scenario with contact interactions and constant
scattering cross sections have also been considered. For instance, a sim-
ple realization of self-interacting DM models includes the presence of light
mediators which couple to SM particles and keep the DM secluded from
the SM.34 In these scenarios, the correct relic density can be obtained via
annihilations into mediators in the early Universe, but keeping the coupling
to the SM su�ciently small to evade experimental constraints. Yet, this
implies non-trivial momentum and velocity dependence of the scattering
o↵ nuclei and of self-scatterings and Sommerfeld-enhanced DM annihila-
tions.175,180–182 Therefore, in this type of scenarios, the self-scattering and
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and D. S. Robertson, JCAP 02:047, 2014
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Suppresses small-scale structure

FIG. 27: Left: Linear matter power spectra for four ETHOS models that differ in the DM coupling strength
to dark radiation, resulting in different damping and acoustic oscillation scales. ETHOS-1, 2, 3 have
�/m� & 5 cm2/g on dwarf scales, while ETHOS-4 has �/m� ⇠ 0.1 cm2/g. CDM and thermal-relic
warm DM models are also shown. Right: The number of subhalos as a function of their maximal circular
velocity for four different ETHOS models, compared to observed satellites of the MW with a sky coverage
correction [583]. DM acoustic damping can reduce the tension between the number of observed satellites
and simulated CDM subhalos. Reprinted from [125].

decoupling temperature Tkd [570, 571, 572, 573, 574, 575]. To estimate Tkd, one equates the
Hubble rate to the momentum transfer rate for scattering

� = nr h��rvreli
T

m�

, (38)

where nr ⇠ T
3 is the radiation number density, h��rvi is the velocity-weighted scattering cross

section between DM and radiation, and T is the temperature of the thermal bath. Parametrizing
the cross section to be h��rvi = T

2
/m

4

�
, where m� represents the mediator mass scale for DM-

radiation interactions, yields29

Tkd ⇠ 10 MeV
⇣

m�

100 GeV

⌘⇣
m�

100 GeV

⌘1/4

. (39)

For WIMPs, the mediator � represents weak-scale degrees of freedom that couple DM � to SM
radiation, with all masses m�, m� set by the weak-scale. Thus, the damping scale is O(10 pc),
much smaller than current observational limits.

van der Aarssen, Bringmann & Pfrommer [380] suggested that a light mediator coupled to both DM and neutrinos
will generate DM self-interactions and DM-neutrino interactions to solve these issues plus the core-cusp problem.
However, couplings between SM neutrinos and the dark sector are subject to various experimental constraints [567,
568, 569].

29 If the two sectors have different temperatures, Tkd also depends on the temperature ratio, see, e.g. [124, 141].
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FIG. 9: Left: Density profiles for halo with mass ⇠ 1010 M� (dubbed “Pippin”) from DM-only simulations
with varying values of �/m. Right: Rotation curves for Pippin halo with �/m & 0.5 cm2/g are broadly
consistent with measured stellar velocities (evaluated at their half-light radii) for field dwarf galaxies of the
Local Group. Reprinted from Ref. [111].

50 cm2
/g, leads to an increasing central density, indicating this halo has entered core collapse.

Nevertheless, core collapse is mild. Density profiles with �/m = 0.5 � 50 cm2
/g, spanning

two orders of magnitude, vary in their central densities by only a factor of ⇠ 3. Comparing with
data for field dwarfs in the Local Group, Fig. 9 (right) shows that predicted SIDM rotation curves
for 0.5 � 50 cm2

/g are consistent with the velocities and half-light radii inferred from several
observed galaxies. This illustrates not only how SIDM affects both the core-cusp and TBTF
problems simultaneously, but that �/m need not be fine-tuned to address these issues.

The conclusion from these studies is that �/m & 0.5 cm2
/g can produce O(kpc) cores needed

to resolve dwarf-scale anomalies [111]. However, the upper limit on �/m at these scales—due to
core collapse producing a too-cuspy profile—remains unknown.

Cluster scales: Next, we turn to clusters (Mhalo ⇠ 1014�1015 M�). The first cosmological sim-
ulations at these scales were performed by Yoshida et al. [101], which studied a single 1015 M�
halo for �/m = 0.1, 1, and 10 cm2

/g. More recently, Rocha et al. [94] performed simulations
targeting similar scales, but over much larger cosmological volume, for �/m = 0.1 and 1 cm2

/g.
The best-resolved halos in their volume span 1012�1014 M�. For 1 cm2

/g, the central density pro-
files are clearly resolved for the Yoshida halo and for ⇠ 50 Rocha halos. On cluster scales, SIDM
halos have O(100 � 200 kpc) radius cores and central densities ⇢0 ⇠ few ⇥ 10�3 M�/pc3. For
�/m = 0.1 cm2

/g, the simulations lack sufficient resolution to fully resolve the cored inner halo,
though O(30 kpc) radius cores seem a reasonable estimate. For �/m = 10 cm2

/g, the Yoshida
halo has a similar density profile compared to 1 cm2

/g, although the former is considerably more
spherical (ellipticity is discussed below).

It is important to note that SIDM halos exhibit variability in their structure. Within the Rocha
et al. [94] halo sample, SIDM halos, with fixed �/m = 1 cm2

/g and fixed Vmax, show an order-of-
magnitude scatter in their central densities. The dwarf halo samples from Davé et al. [102] show a

28

FIG. 6: Left: Abundance of subhalos within the MW (dashed) and Virgo cluster (solid) in ⇤CDM simu-
lations, compared with the distribution of observed MW satellites (filled circles) and galaxies in the Virgo
cluster (open circles). Reprinted from Ref. [70]. Right: Circular velocity profiles for MW subhalos with
Vmax > 10 kms�1 predicted from CDM simulations (purple lines). Each data point corresponds to Vcirc

evaluated at the half-light radius for nine brightest MW dwarf spheroidal galaxies. Reprinted from Ref. [75].

simulations. This conflict is referred as the “missing satellites problem.” We note that a similar
descrepancy does not appear for galactic-scale substructure in galaxy clusters (shown in Fig. 6
(left) for the Virgo cluster).

One possibility is that these subhalos exist but are invisible because of the low baryon content.
For low-mass subhalos, baryonic processes may play an important role for suppressing star for-
mation. For instance, the ultraviolet photoionizing background can inhibit gas collapse into DM
halos by heating the gas and reducing the gas cooling rate, which could suppress galaxy formation
in halos with circular velocities less than 30 km/s [204, 205]. In addition, after the initial star for-
mation episode, supernova-driven winds could push the remaining gas out of the shallow potential
wells of these low mass halos [206].

The discovery of many faint new satellites in the Sloan Digital Sky Survey has suggested that
as many as a factor of ⇠ 5 � 20 more dwarf galaxies could be still undiscovered due to faintness,
luminosity bias, and limited sky coverage [207, 208, 209]. More recently, seventeen new candidate
satellites have been found in the Dark Energy Survey [210, 211]. Given these considerations, the
dearth of MW subhalos may not be as severe as thought originally.

A similar abundance problem has arisen for dwarf galaxies in the field of the Local Volume.
The velocity function—the number of galaxies as a function of their HI line widths—provides
a useful metric for comparing to CDM predictions since HI gas typically extends out to large
distances to probe Vmax for the halo [212, 213]. While in accord with observations for larger
galaxies, the velocity function for CDM overpredicts the number smaller galaxies with Vmax .
80 km/s [36, 72, 73]. For example, Klypin et al. [214] find ⇠ 200 nearby galaxies within 10
Mpc with Vmax ⇠ 30 � 50 km/s, while CDM predicts O(1000). Unlike the satellites, which
are considerably smaller and fainter, these galaxies are relatively bright dwarf irregulars where
observations are essentially complete within this volume.

One explanation for this missing dwarf problem is that HI line widths may be biased tracers
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Fig. 7. Upper limits, at 90% confidence level, on the DM self-scattering cross section
as a function of the DM mass, using IC79176 and DeepCore177 data. The results assume
annihilations into W

+
W

� and ⌧
+
⌧
� and a DM-nucleon cross section � = 10�47 cm2.

Above the dashed green line, small-scale observations can be alleviated. The hatched and
shaded regions are excluded from a Bullet cluster analysis178 and of halo shapes.179 Fig-
ure from Ref.174 c� SISSA Medialab Srl. Reproduced by permission of IOP Publishing.
All rights reserved.

4.1.4. Secluded DM

Modifications of the simple scenario with contact interactions and constant
scattering cross sections have also been considered. For instance, a sim-
ple realization of self-interacting DM models includes the presence of light
mediators which couple to SM particles and keep the DM secluded from
the SM.34 In these scenarios, the correct relic density can be obtained via
annihilations into mediators in the early Universe, but keeping the coupling
to the SM su�ciently small to evade experimental constraints. Yet, this
implies non-trivial momentum and velocity dependence of the scattering
o↵ nuclei and of self-scatterings and Sommerfeld-enhanced DM annihila-
tions.175,180–182 Therefore, in this type of scenarios, the self-scattering and
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FIG. 27: Left: Linear matter power spectra for four ETHOS models that differ in the DM coupling strength
to dark radiation, resulting in different damping and acoustic oscillation scales. ETHOS-1, 2, 3 have
�/m� & 5 cm2/g on dwarf scales, while ETHOS-4 has �/m� ⇠ 0.1 cm2/g. CDM and thermal-relic
warm DM models are also shown. Right: The number of subhalos as a function of their maximal circular
velocity for four different ETHOS models, compared to observed satellites of the MW with a sky coverage
correction [583]. DM acoustic damping can reduce the tension between the number of observed satellites
and simulated CDM subhalos. Reprinted from [125].

decoupling temperature Tkd [570, 571, 572, 573, 574, 575]. To estimate Tkd, one equates the
Hubble rate to the momentum transfer rate for scattering

� = nr h��rvreli
T

m�

, (38)

where nr ⇠ T
3 is the radiation number density, h��rvi is the velocity-weighted scattering cross

section between DM and radiation, and T is the temperature of the thermal bath. Parametrizing
the cross section to be h��rvi = T

2
/m

4

�
, where m� represents the mediator mass scale for DM-

radiation interactions, yields29

Tkd ⇠ 10 MeV
⇣
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100 GeV
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100 GeV

⌘1/4

. (39)

For WIMPs, the mediator � represents weak-scale degrees of freedom that couple DM � to SM
radiation, with all masses m�, m� set by the weak-scale. Thus, the damping scale is O(10 pc),
much smaller than current observational limits.

van der Aarssen, Bringmann & Pfrommer [380] suggested that a light mediator coupled to both DM and neutrinos
will generate DM self-interactions and DM-neutrino interactions to solve these issues plus the core-cusp problem.
However, couplings between SM neutrinos and the dark sector are subject to various experimental constraints [567,
568, 569].

29 If the two sectors have different temperatures, Tkd also depends on the temperature ratio, see, e.g. [124, 141].
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FIG. 9: Left: Density profiles for halo with mass ⇠ 1010 M� (dubbed “Pippin”) from DM-only simulations
with varying values of �/m. Right: Rotation curves for Pippin halo with �/m & 0.5 cm2/g are broadly
consistent with measured stellar velocities (evaluated at their half-light radii) for field dwarf galaxies of the
Local Group. Reprinted from Ref. [111].

50 cm2
/g, leads to an increasing central density, indicating this halo has entered core collapse.

Nevertheless, core collapse is mild. Density profiles with �/m = 0.5 � 50 cm2
/g, spanning

two orders of magnitude, vary in their central densities by only a factor of ⇠ 3. Comparing with
data for field dwarfs in the Local Group, Fig. 9 (right) shows that predicted SIDM rotation curves
for 0.5 � 50 cm2

/g are consistent with the velocities and half-light radii inferred from several
observed galaxies. This illustrates not only how SIDM affects both the core-cusp and TBTF
problems simultaneously, but that �/m need not be fine-tuned to address these issues.

The conclusion from these studies is that �/m & 0.5 cm2
/g can produce O(kpc) cores needed

to resolve dwarf-scale anomalies [111]. However, the upper limit on �/m at these scales—due to
core collapse producing a too-cuspy profile—remains unknown.

Cluster scales: Next, we turn to clusters (Mhalo ⇠ 1014�1015 M�). The first cosmological sim-
ulations at these scales were performed by Yoshida et al. [101], which studied a single 1015 M�
halo for �/m = 0.1, 1, and 10 cm2

/g. More recently, Rocha et al. [94] performed simulations
targeting similar scales, but over much larger cosmological volume, for �/m = 0.1 and 1 cm2

/g.
The best-resolved halos in their volume span 1012�1014 M�. For 1 cm2

/g, the central density pro-
files are clearly resolved for the Yoshida halo and for ⇠ 50 Rocha halos. On cluster scales, SIDM
halos have O(100 � 200 kpc) radius cores and central densities ⇢0 ⇠ few ⇥ 10�3 M�/pc3. For
�/m = 0.1 cm2

/g, the simulations lack sufficient resolution to fully resolve the cored inner halo,
though O(30 kpc) radius cores seem a reasonable estimate. For �/m = 10 cm2

/g, the Yoshida
halo has a similar density profile compared to 1 cm2

/g, although the former is considerably more
spherical (ellipticity is discussed below).

It is important to note that SIDM halos exhibit variability in their structure. Within the Rocha
et al. [94] halo sample, SIDM halos, with fixed �/m = 1 cm2

/g and fixed Vmax, show an order-of-
magnitude scatter in their central densities. The dwarf halo samples from Davé et al. [102] show a
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FIG. 6: Left: Abundance of subhalos within the MW (dashed) and Virgo cluster (solid) in ⇤CDM simu-
lations, compared with the distribution of observed MW satellites (filled circles) and galaxies in the Virgo
cluster (open circles). Reprinted from Ref. [70]. Right: Circular velocity profiles for MW subhalos with
Vmax > 10 kms�1 predicted from CDM simulations (purple lines). Each data point corresponds to Vcirc

evaluated at the half-light radius for nine brightest MW dwarf spheroidal galaxies. Reprinted from Ref. [75].

simulations. This conflict is referred as the “missing satellites problem.” We note that a similar
descrepancy does not appear for galactic-scale substructure in galaxy clusters (shown in Fig. 6
(left) for the Virgo cluster).

One possibility is that these subhalos exist but are invisible because of the low baryon content.
For low-mass subhalos, baryonic processes may play an important role for suppressing star for-
mation. For instance, the ultraviolet photoionizing background can inhibit gas collapse into DM
halos by heating the gas and reducing the gas cooling rate, which could suppress galaxy formation
in halos with circular velocities less than 30 km/s [204, 205]. In addition, after the initial star for-
mation episode, supernova-driven winds could push the remaining gas out of the shallow potential
wells of these low mass halos [206].

The discovery of many faint new satellites in the Sloan Digital Sky Survey has suggested that
as many as a factor of ⇠ 5 � 20 more dwarf galaxies could be still undiscovered due to faintness,
luminosity bias, and limited sky coverage [207, 208, 209]. More recently, seventeen new candidate
satellites have been found in the Dark Energy Survey [210, 211]. Given these considerations, the
dearth of MW subhalos may not be as severe as thought originally.

A similar abundance problem has arisen for dwarf galaxies in the field of the Local Volume.
The velocity function—the number of galaxies as a function of their HI line widths—provides
a useful metric for comparing to CDM predictions since HI gas typically extends out to large
distances to probe Vmax for the halo [212, 213]. While in accord with observations for larger
galaxies, the velocity function for CDM overpredicts the number smaller galaxies with Vmax .
80 km/s [36, 72, 73]. For example, Klypin et al. [214] find ⇠ 200 nearby galaxies within 10
Mpc with Vmax ⇠ 30 � 50 km/s, while CDM predicts O(1000). Unlike the satellites, which
are considerably smaller and fainter, these galaxies are relatively bright dwarf irregulars where
observations are essentially complete within this volume.

One explanation for this missing dwarf problem is that HI line widths may be biased tracers
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Figure 7. The IceCube-PINGU sensitivities to DM self-interaction cross section ��� as a function
of m�. The DM-nucleus interaction inside the Sun is assumed to be dominated by SD interaction.

the neutrino-proton/neutron cross section which can be approximated by [41–44]

�⌫N (E⌫)

E⌫
= 6.66⇥ 10�3 pb ·GeV�1, (3.5a)

�⌫̄N (E⌫)

E⌫̄
= 3.25⇥ 10�3 pb ·GeV�1, (3.5b)

for 1 GeV  E⌫  10 GeV. As the neutrinos propagate from the source to the detector, they
encounter high-density medium in the Sun, the vacuum in space, and the Earth medium.
The matter e↵ect to the neutrino oscillation has been considered in P⌫j!⌫i in eq. (3.2).

The atmospheric background event rate can also be calculated by eq. (3.3) with d�⌫/dE⌫

replaced by the atmospheric neutrino flux. Hence

Natm =

Z Emax

Eth

d�atm
⌫

dE⌫
A⌫(E⌫)dE⌫d⌦. (3.6)

In our calculation, the atmospheric neutrino flux d�atm
⌫ /dE⌫ is taken from ref. [45, 46]. We

set Emax = m� in order to compare with the DM signal.
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Figure 7. The IceCube-PINGU sensitivities to DM self-interaction cross section ��� as a function
of m�. The DM-nucleus interaction inside the Sun is assumed to be dominated by SD interaction.

the neutrino-proton/neutron cross section which can be approximated by [41–44]

�⌫N (E⌫)

E⌫
= 6.66⇥ 10�3 pb ·GeV�1, (3.5a)

�⌫̄N (E⌫)

E⌫̄
= 3.25⇥ 10�3 pb ·GeV�1, (3.5b)

for 1 GeV  E⌫  10 GeV. As the neutrinos propagate from the source to the detector, they
encounter high-density medium in the Sun, the vacuum in space, and the Earth medium.
The matter e↵ect to the neutrino oscillation has been considered in P⌫j!⌫i in eq. (3.2).

The atmospheric background event rate can also be calculated by eq. (3.3) with d�⌫/dE⌫

replaced by the atmospheric neutrino flux. Hence

Natm =

Z Emax

Eth

d�atm
⌫

dE⌫
A⌫(E⌫)dE⌫d⌦. (3.6)

In our calculation, the atmospheric neutrino flux d�atm
⌫ /dE⌫ is taken from ref. [45, 46]. We

set Emax = m� in order to compare with the DM signal.
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Figure 1. Left: self-capture (black) and self-ejection (purple) rates in the Sun as a function of DM
mass, for constant self-interaction cross-section �xx = 10�24cm2. Right: self-capture and self-ejection
coe�cients in the Earth as a function of DM mass again with �xx = 10�24cm2. Self-capture is shown
in black for direct capture (dashed) and free space (solid). Self-ejection is shown in dashed red for
direct capture and solid purple for free space.

is everywhere negligible compared to self-capture [9]. This result can be seen from figure 1
for constant self-interactions, and also holds for long-range self-interactions �xx / v�4 [36].

For DM masses above 10GeV, both Csc and Cse follow very closely a 1/M power law.
This dependence is simply due to the local DM number density, nDM = ⇢�/MDM. The
complicated velocity and volume integrals have a very weak mass dependence.

This calculation assumes that the Sun is not optically thick to DM. As self-interaction
cross-sections of astrophysical interest can be very large, it is instructive to check the validity
of this assumption. To do so, we require that the self-capture cross-section multiplied by
the number of targets, i.e., the number of captured DM particles, be smaller than the cross-
sectional area of the captured DM ball. Defining rX as the radius containing 95% of the
captured DM, we thus require

h�sciN(⌧�) < ⇡r2X , (2.22)

where the average self-capture cross-section h�sci is defined by integrating over the incident
DM velocity distribution,

h�sci ⌘

R rX
0 dV

R
d3uf⌘(u)

w
u �scR rX

0 dV
R
d3uf⌘(u)

w
u

. (2.23)

Here �sc is defined to incorporate the kinematic restrictions on the recoil energy that lead to
self-capture. Through N(⌧�), eq. (2.22) depends on the nuclear cross-section �p and the DM
annihilation cross-section as well as the DM self-interaction cross-section. We find for DM
with a thermal annihilation cross-section that we are always in the optically thin regime for
nuclear cross-sections allowed by direct detection and self-interaction cross-sections allowed
by the Bullet Cluster. A similar calculation for self-ejection in the Earth shows that the
Earth is always optically thin to DM when the Sun is.

Meanwhile, the self-evaporation of DM through isotropic, velocity-independent scat-
tering can become important for MDM . 4GeV [10]; see the left panel of figure 2. Our
main regime of interest will be in the range MDM > 10GeV, where self-evaporation can be
neglected in comparison to annihilation.
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Figure 7. The IceCube-PINGU sensitivities to DM self-interaction cross section ��� as a function
of m�. The DM-nucleus interaction inside the Sun is assumed to be dominated by SD interaction.

the neutrino-proton/neutron cross section which can be approximated by [41–44]

�⌫N (E⌫)

E⌫
= 6.66⇥ 10�3 pb ·GeV�1, (3.5a)

�⌫̄N (E⌫)

E⌫̄
= 3.25⇥ 10�3 pb ·GeV�1, (3.5b)

for 1 GeV  E⌫  10 GeV. As the neutrinos propagate from the source to the detector, they
encounter high-density medium in the Sun, the vacuum in space, and the Earth medium.
The matter e↵ect to the neutrino oscillation has been considered in P⌫j!⌫i in eq. (3.2).

The atmospheric background event rate can also be calculated by eq. (3.3) with d�⌫/dE⌫

replaced by the atmospheric neutrino flux. Hence

Natm =

Z Emax

Eth

d�atm
⌫

dE⌫
A⌫(E⌫)dE⌫d⌦. (3.6)

In our calculation, the atmospheric neutrino flux d�atm
⌫ /dE⌫ is taken from ref. [45, 46]. We

set Emax = m� in order to compare with the DM signal.
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Figure 1. Left: self-capture (black) and self-ejection (purple) rates in the Sun as a function of DM
mass, for constant self-interaction cross-section �xx = 10�24cm2. Right: self-capture and self-ejection
coe�cients in the Earth as a function of DM mass again with �xx = 10�24cm2. Self-capture is shown
in black for direct capture (dashed) and free space (solid). Self-ejection is shown in dashed red for
direct capture and solid purple for free space.

is everywhere negligible compared to self-capture [9]. This result can be seen from figure 1
for constant self-interactions, and also holds for long-range self-interactions �xx / v�4 [36].

For DM masses above 10GeV, both Csc and Cse follow very closely a 1/M power law.
This dependence is simply due to the local DM number density, nDM = ⇢�/MDM. The
complicated velocity and volume integrals have a very weak mass dependence.

This calculation assumes that the Sun is not optically thick to DM. As self-interaction
cross-sections of astrophysical interest can be very large, it is instructive to check the validity
of this assumption. To do so, we require that the self-capture cross-section multiplied by
the number of targets, i.e., the number of captured DM particles, be smaller than the cross-
sectional area of the captured DM ball. Defining rX as the radius containing 95% of the
captured DM, we thus require

h�sciN(⌧�) < ⇡r2X , (2.22)

where the average self-capture cross-section h�sci is defined by integrating over the incident
DM velocity distribution,

h�sci ⌘

R rX
0 dV

R
d3uf⌘(u)

w
u �scR rX

0 dV
R
d3uf⌘(u)

w
u

. (2.23)

Here �sc is defined to incorporate the kinematic restrictions on the recoil energy that lead to
self-capture. Through N(⌧�), eq. (2.22) depends on the nuclear cross-section �p and the DM
annihilation cross-section as well as the DM self-interaction cross-section. We find for DM
with a thermal annihilation cross-section that we are always in the optically thin regime for
nuclear cross-sections allowed by direct detection and self-interaction cross-sections allowed
by the Bullet Cluster. A similar calculation for self-ejection in the Earth shows that the
Earth is always optically thin to DM when the Sun is.

Meanwhile, the self-evaporation of DM through isotropic, velocity-independent scat-
tering can become important for MDM . 4GeV [10]; see the left panel of figure 2. Our
main regime of interest will be in the range MDM > 10GeV, where self-evaporation can be
neglected in comparison to annihilation.
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Figure 1. Left: self-capture (black) and self-ejection (purple) rates in the Sun as a function of DM
mass, for constant self-interaction cross-section �xx = 10�24cm2. Right: self-capture and self-ejection
coe�cients in the Earth as a function of DM mass again with �xx = 10�24cm2. Self-capture is shown
in black for direct capture (dashed) and free space (solid). Self-ejection is shown in dashed red for
direct capture and solid purple for free space.

is everywhere negligible compared to self-capture [9]. This result can be seen from figure 1
for constant self-interactions, and also holds for long-range self-interactions �xx / v�4 [36].

For DM masses above 10GeV, both Csc and Cse follow very closely a 1/M power law.
This dependence is simply due to the local DM number density, nDM = ⇢�/MDM. The
complicated velocity and volume integrals have a very weak mass dependence.

This calculation assumes that the Sun is not optically thick to DM. As self-interaction
cross-sections of astrophysical interest can be very large, it is instructive to check the validity
of this assumption. To do so, we require that the self-capture cross-section multiplied by
the number of targets, i.e., the number of captured DM particles, be smaller than the cross-
sectional area of the captured DM ball. Defining rX as the radius containing 95% of the
captured DM, we thus require

h�sciN(⌧�) < ⇡r2X , (2.22)

where the average self-capture cross-section h�sci is defined by integrating over the incident
DM velocity distribution,
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Here �sc is defined to incorporate the kinematic restrictions on the recoil energy that lead to
self-capture. Through N(⌧�), eq. (2.22) depends on the nuclear cross-section �p and the DM
annihilation cross-section as well as the DM self-interaction cross-section. We find for DM
with a thermal annihilation cross-section that we are always in the optically thin regime for
nuclear cross-sections allowed by direct detection and self-interaction cross-sections allowed
by the Bullet Cluster. A similar calculation for self-ejection in the Earth shows that the
Earth is always optically thin to DM when the Sun is.

Meanwhile, the self-evaporation of DM through isotropic, velocity-independent scat-
tering can become important for MDM . 4GeV [10]; see the left panel of figure 2. Our
main regime of interest will be in the range MDM > 10GeV, where self-evaporation can be
neglected in comparison to annihilation.
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Metastable mediator (dark photon, dark scalar…)  
coupled to DM, that subsequently could decay into SM particles

Neutrino signals from the Sun:  
Once captured, DM would annihilate into 

mediators, which would (partially) escape the 
Sun and decay into SM before reaching the Earth 

27than the neutrino spectra because of the importance of
entering muons, which lose energy outside the detector.
Finally, to estimate the sensitivity, we compute the

number of signal and background events in two energy
bins. This is motivated by the realization that neutrino
telescopes can estimate the muon energy above ∼1 TeV,
when the muon energy loss becomes radiative [82]. The
sensitivity is determined when the signal counts reach the
background counts in either energy bin, similar to our
gamma-ray analysis. Here we also take Psurv to be ∼0.4
(γcτ ¼ R⊙). There is some freedom in choosing the precise
values for the energy bins. We find that the choice of
½101.8; 103# GeV and ½103; 106# GeV allows us to reproduce
the IceCube limit [43] up to factors of a few for the short-
lived cases. Our approach is simplifying: it is conservative
to require the signal to be as high as the background; but
this is compensated by the fact that we ignore the back-
grounds from atmospheric muons, various detector effects,
and reduction of signal efficiency from various data
reductions [83]. However, for our purpose of estimating
the improved sensitivity from long-lived mediators relative
to the “short-lived” case, this is sufficient.

B. Discussion of results

Figure 8 shows our estimated sensitivity compared with
current constraints for standard WIMPs (short-lived case)
from Super-K [71] and IceCube [43,70]. We also show
the result obtained by Antares [72], which searched for
secluded DM via the process χχ → YY → νν̄νν̄. We find
that IceCube and KM3NeT can offer a significant improve-
ment in sensitivity for the case of long-lived mediators,
especially for high DM masses. For the τ final state, at

lower masses, the long-lived mediator sensitivity is com-
parable to and even slightly weaker than the current limit.
This is expected from softer spectra and the Psurv factor.
Much of the improved sensitivity comes the high-energy
bin >1 TeV, which causes the kink near 1 TeV. Nominal
WIMPs are not expected to produce such high-energy
signals due to severe neutrino absorption in the Sun. Hence,
a detection of a high-energy muon from the Sun could
signal the existence of long-lived mediators in the dark
sector.
As neutrino telescopes improve, DM searches from the

Sun will eventually run into a sensitivity floor, due to the
background flux of neutrinos produced by cosmic-ray
collisions with the Sun [84–86]. (This newly noted indi-
rect-detection “neutrino floor” is different than the direct-
detection “neutrino floor” [87,88]; the latter is caused by
elastic scattering of MeV neutrinos produced in various
sources, such as fusion in the Sun.) The indirect-detection
neutrino floor is a hard floor, because of the large present
uncertainties in predicting the flux of solar atmospheric
neutrinos. In Ref. [85], it is shown that it is important to
separate neutrino signals above and below about 1 TeV, and
that this can be done by whether the muons they produce
have radiative losses or not. It is also shown that >1 TeV
muons from solar atmospheric neutrinos can be detected
soon. How could these be recognized as a signal of
DM with a long-lived mediator? A key test will be the

FIG. 7. The muon spectrum (enteringþ starting) for a gigaton
neutrino detector with 317 days of exposure, obtained with the
neutrinos fluxes from Fig. 6. Eμ is defined as the energy of the
muon when it first appears at the detector.

FIG. 8. Constraints and sensitivities for the spin-dependent DM
scattering cross section. The dashed lines are the sensitivities for
DM in the Sun annihilating to pairs of long-lived mediators that
decay to the particles labeled (γcτ ¼ R⊙). We also show current
limits on short-lived mediators (solid lines with shaded region)
from Super-K (SK), IceCube (IC), and PICO-60 C3F8, as well as
the limit from the search for secluded DM by Antares (ANT).
This highlights the significantly improved sensitivity that could
be achieved by long-lived mediators. See text for details about the
model assumptions for the limits and sensitivities.
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rest, producing only low-energy neutrinos [58,73].)
However, if the mediators escape the Sun, the
neutrinos from pions and kaons will be emitted at
high energy, substantially increasing the flux.

(2) Less neutrino absorption from the solar matter.
High-energy neutrinos (>100 GeV) produced at
the core of the Sun are exponentially suppressed
due to absorption from the solar matter. If the
mediators decay outside the core, beyond which
the density falls exponentially, this suppression is
lifted and the high-energy neutrino flux is greatly
enhanced. This is especially important as neutrinos
with higher energies are more detectable, due to
increased cross section and decreased backgrounds.

These enhancements are especially significant for high-
mass DM, where the secondary multiplicity is large and
neutrino absorption is important. Therefore, we focus our
discussion on large neutrino telescopes such as IceCube
and KM3NeT. In any case, except for pure neutrino final
states, the sensitivity to gamma rays (Sec. IV) is much
stronger than that for neutrino detectors such as Super-K.

A. Procedure

We first consider the neutrino flux from DM annihila-
tions through long-lived mediators. The muon neutrino
flux at Earth is obtained from ðνe; νμ; ντÞ at production
(Sec. III D) multiplied with the weighting (0.27, 0.35, 0.38)

FIG. 5. Optimal sensitivity for DM scattering cross sections from current and future solar gamma-ray observations, for DM in the Sun
annihilating to pairs of long-lived mediators decaying to the particles labeled. Here the mediator decays just outside the Sun (γcτ ¼ R⊙).
Our new limits from Fermi-LAT solar gamma-ray data are shown (shaded, solid), while our calculations of the estimated 1-year
sensitivity from HAWC (dashed) and LHAASO (dotted) can be tested in future analyses. PICO-60 C3F8 [7] 90% C.L. limits are shown
in gray. See text for details about the model assumptions for the limits and sensitivities.
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Figure 3: The limits on the spin dependent dark matter-nucleon scattering for di�erent mediator lifetimes
In this plot a mediator mass of 100 GeV and a mediator decay length of one solar radius was assumed.

background causing the likelihood method to fit a small and insignificant number of less than 0.6
signal events. The TS at these masses is still within the 90% C.L. background intervals, however
the limit that can be set here is weaker causing the kink.

A comparison to other experiments is shown in figure 4. These results present the thus far
strongest limits on SDM from any neutrino experiment. Even the strong limits from the HAWC
experiment are being approached. It is to be expected that for mediator decays into neutrinos
IceCube would be able to produce the strongest limits.

For shorter mediator lifetimes it is unlikely that the HAWC experiment would be able to surpass
IceCube as the Sun becomes opaque to gamma rays more quickly as to neutrinos. However there
are currently no limits from gamma-ray experiments that could be used for such a comparison.

4. Conclusion

The results presented here show exclusion limits comparable to those of other neutrino exper-
iment for SDM. If the same decay channels were used results surpassing those of other neutrino
experiments could be provided. Although other experiments can present stronger limits on some
cases this type of analysis can be expected to yield leading results for other scenarios. These can
be explored in a future analysis that will also include more data and use a more accurate signal
simulation that includes electroweak corrections.
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FIG. 7. Ten year signal event rates for a space-based detector in low Earth orbit, such as Fermi/AMS. Colors and bounds are the same
as in Fig. 1.
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floor,” where coherent neutrino scattering affects direct detection experiments [11]; the dashed line is an extrapolation.
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Figure 2. Sensitivities of SI (left) and SD (right) DM-nucleon scattering cross-sections for neutrino
channel due to captured DM annihilation in a galactic NS population for the DM density profiles given
in table 1 with a mediator mass of 2 TeV. We have shown the direct detection limits [105, 106] and also
the constraints from captured DM annihilation to photons for the Sun [61, 65], NS population [72].

below the horizon which is ≥ 37% of the total exposure time [103]. For this exposure
the Earth can shield the large atmospheric muon background. Note that for this exposure
neutrinos will have to traverse within the Earth leading to an attenuation. The attenuation
is significant at large energies which can be a factor ≥ 2 in neutrino flux at ≥ 1 PeV energy,
as reported in [103]. To remain conservative we have multiplied the obtained neutrino flux
by a factor of half at all energy scales to obtain our limits. For IceCube, the galactic center
remains above the horizon throughout. The events from the galactic center are observed as
down-going muon events at the detector which might submerge in the atmospheric muon
background. Hence to detect the events from the galactic center at IceCube one can utilize
a smaller inner volume within the detector so that the external regions can act as muon
shield [104]. Admittedly the KM3NeT is more optimised to observe these neutrino signals
from the galactic center.

To estimate the sensitivity, we have calculated the number of signal events and the total
background events in individual energy bins [max(Ethres, m‰/5), m‰] following [107, 108].
The energy binning is carefully chosen to be greater than the energy resolution of a typical
gigaton detector [74, 109, 110]. Our limits are conservative by requiring that signal events
to be as high as the background events to be detected. In figure 2, we show the SI and SD
limits for neutrino decay channel of the mediator of mass mY = 2 TeV. We have also shown
the variation in the limits for di�erent DM profiles discussed in section 2. Additionally the
bounds are sensitive to the decay channel of the mediator. Though in figure 2, we have
shown the most optimistic limits for neutrino channel, we have summarised the sensitivities
due to all the other prominent channels in appendix A. The limits are determined by the
interplay of the capture rate and the background neutrino flux presented in figure 1. As
the background event rate decreases with energy, the sensitivity increases with DM mass.
There is a distinctive change in slope of the exclusion limits at m‰ ≥ 106 GeV. This can
be traced back to the combined e�ect of the change in the scaling of the capture rate with
m‰ and the domination of the astrophysical neutrino background around the PeV scale.
We have plotted the extrapolated SD direct detection limits using PICO-60 results [105]
and recently reported PandaX-4T results for SI interactions [106], which at present is more
constraining than the XENON1T limits [111]. We have also shown indirect detection limits
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(assuming equilibrium) on the rate at which dark matter is
accumulated on neutron stars, controlled by the micro-
physics of the dark matter scattering. In particular, IceCube
[42], and ANTARES [43] have upper limits on the muon
neutrino flux from the direction of the Galactic Center
(defined by −40° < l < 40° and −3° < b < 3° in Galactic
coordinates), and IceCube [65] has measured the all-sky
diffuse high energy muon neutrino flux from TeVup to PeV
energies. In the future, the proposed ARIA experiment is
expected to be able to measure neutrinos up to 1011 GeV
[47,66]. We assume that the mediator decays democrati-
cally into all three flavors of active neutrino. Given the
large distances involved from production to the detector, we
further assume that neutrino flavor oscillations wash out
such that the signal incident on the Earth is well-described
by a flavor ratio of 1∶1∶1. Under the maximally optimistic
assumption that the capture rate is large enough to saturate
at Cmax and Psurv ¼ 1, we show the largest possible signal
for different choices of the dark matter inner slope profile γ
are shown in Fig. 5, with the flux limits and measurements
overlaid for context. For an NFW profile (γ ¼ 1), one could
expect to see features from dark matter producing neutrinos
for a narrow range of dark matter masses. For steeper
profiles, the impact of dark matter annihilations becomes
pronounced.
Moving away from the maximally optimistic scenario,

we derive limits on the cross section for spin-independent
scattering of dark matter with neutrons, as a function of the
dark matter mass and in the limit in which mX ≪ mχ and

for mediator lifetimes R ≪ ηcτX ≪ D. We make the
conservative assumption that the entire neutrino flux arises
from the dark matter signal, ignoring contributions e.g.
from supernovae [67,68]. Realistic modeling of back-
grounds could reduce the potential contribution from dark
matter annihilation, and lead to stronger limits. We com-
pare with the IceCube observations of the Galactic center
(which are strongest for mχ ≲ 106 GeV) and measure-
ments/limits of the diffuse flux (which are important for
106 GeV≲mχ ≲ 107 GeV) and with projected flux limits
from ARIA, which provide key information for dark matter
masses ≳107 GeV. In Fig. 6, we show the resulting limits
and projected limits (for dark matter profiles with γ ¼ 1,
1.5), together with existing limits from terrestrial dark
matter searches [69,70], for comparison. These results
make it clear that existing high energy neutrino observa-
tories provide unique information about theories of dark
matter with light long-lived mediators decaying into
neutrinos, and that future proposals such as ARIA can
dramatically extend this information to probe new regimes
of dark matter parameter space.

IV. CONCLUSIONS

In this paper, we have examined the prospects to use
neutrinos produced by the decay of long-lived mediators,
themselves produced by the annihilation of the cloud of
dark matter that is expected to accumulate around neutron
stars in the Galaxy. These types of theories are notoriously

FIG. 6. Upper limits on the spin-independent cross section of dark matter scattering with neutrons, in the scenario in which
accumulated dark matter annihilates into mediators which escape the neutron star and subsequently decay into neutrinos, for dark matter
profiles described by γ ¼ 1.0 and γ ¼ 1.5. The limits are derived from IceCube observations of the Galactic center (red) and the diffuse
neutrino flux (green). Projected limits from ARIA are shown in dark blue. Existing direct detection limits are indicated by the dark
shaded region.
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Figure 10. The exclusion limits with neutrino experiments and direct-detection experiments on the
parameter space of mass-splitting (”) and spin-independent scattering cross-section with nucleon (‡SI

‰p)
are shown for two choices of DM mass (M‰). The limits for DM annihilation to light-quark channel
(left) and heavy-quark channel (right) are shown separately. The projected 90% C.L. exclusion limits
from DUNE with 400 kton-yr exposure are shown for spike and shoulder neutrinos independently.
The existing 90% C.L. exclusion limits from Super-Kamiokande with 3903 days exposure are shown
using the red solid curve (using eq. (2.8) and limits on elastic interactions from ref. [8]). The projected
sensitivity of Hyper-Kamiokande with 11 years exposure is shown with the red dashed curve (using
eq. (2.8) and ref. [16]). The existing limits from IceCube-DeepCore with 7 years of exposure is shown
in green (using eq. (2.8) and ref. [12]), but note that they are weaker than Super-K at these DM
masses. The limits from Super-Kamiokande and Hyper-Kamiokande are dominated by upward-muons
and only available for DM annihilation to bb̄. The shaded region is ruled out from the direct detection
experiments LZ [33] PICO-60 [36].

background from atmospheric neutrinos. However, their source-pointing resolution is di�cult
to determine without dedicated detector simulations, and we encourage DUNE collaboration
to consider this. In figure 11, we show the limits and projected sensitivities of neutrino
experiments and direct detection experiments for four benchmark values of the mass splitting
”. For brevity, we show the limits from light-quark channel and the heavy-quark channel in
the same figure, even though they can be mutually exclusive.

The main result of our new analysis of the current neutrino experiments, Super-
Kamiokande and IceCube, is that they already rule out a large portion of the inelastic
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JCAP01(2024)030Figure 11. The complementarity of neutrino experiments and direct-detection experiments on the
parameter space of DM mass (M‰) and spin-independent scattering cross-section with nucleon (‡SI

‰p)
is shown for four choices of mass-splitting (”). The projected 90% C.L. exclusion limits from DUNE
with 400 kton-yr exposure are shown for spike and shoulder neutrinos separately and assuming light-
and heavy-quark annihilation channels independently. The existing limits Super-Kamiokande and
the projected sensitivity of Hyper-Kamiokande are obtained using eq. (2.8) and refs. [8] and [16]
respectively. Note that the limits from Super-(Hyper-) Kamiokande assumes annihilation to bb̄ channel.
The gray-shaded region is ruled out from the direct detection experiments. The existing limits from
IceCube-DeepCore [12] are not shown because they are weaker than Super-Kamiokande at lower DM
mass and weaker than direct-detection at larger DM mass.

dark matter parameter space that is usually inaccessible to direct-detection experiments.
We find that for the heavy-quark channel, the projected sensitivities from both spike and
shoulder muon neutrinos at DUNE are weaker than the Super-Kamiokande limits we have
determined here. Note that the limits from Super-Kamiokande are dominated by upward
going muons which originate outside the detector volume, and thus have a much larger target
mass, resulting in better sensitivity. In the heavy-quark channel, only Hyper-Kamiokande is
expected to improve the limits in future. For the light-quark channel, DUNE can detect the
‹µ-spike e�ciently. In the light-quark channel, the projected limits from shoulder neutrinos is
weaker than the spike, as expected. As figure 10 and figure 11 show, DUNE can constrain a
region of (M‰, ”) parameter space for inelastic dark matter annihilation to light quarks where
Super-Kamiokande, Hyper-Kamiokande and DD experiments do not have sensitivity.
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We present a new inelastic dark matter search: neutron stars in dark matter-rich environments
capture inelastic dark matter which, for interstate mass splittings between about 45 � 285 MeV,
will annihilate away before becoming fully trapped inside the object. This means a sizable fraction
of the dark matter particles can annihilate while being outside the neutron star, producing neutron
star-focused gamma-rays and neutrinos. We analyze this e↵ect for the first time and target the neu-
tron star population in the Galactic Center, where the large dark matter and neutron star content
makes this signal most significant. Depending on the assumed neutron star and dark matter distri-
butions, we set constraints on the dark matter-nucleon inelastic cross-section using existing H.E.S.S.
observations. We also forecast the sensitivity of upcoming gamma-ray and neutrino telescopes to
this signal, which can reach inelastic cross-sections as low as ⇠ 2⇥ 10�47 cm2.

I. INTRODUCTION

The detection of dark matter through its e↵ects on
compact astrophysical objects has been investigated in
many prior works, see e.g. [1] for a review. These have
established neutron stars as all-purpose next-generation
detectors for any dark matter that interacts with nucle-
ons, since these objects are extremely dense, reach very
low temperatures as they age, and accelerate dark matter
to semi-relativistic velocities, which altogether o↵ers the
possibility of detecting a kinetic heating signature that
is robust across a wide range of models [2–28]. The us-
age of neutron stars as dark matter detectors has also
drawn an increasing interest over the years in the con-
text of asymmetric dark matter that accumulates inside
celestial objects and eventually converts them to black
holes [29–49].

Neutron stars also exhibit a unique sensitivity to
inelastic dark matter models [2, 6, 27], often defined
as those with leading-order endothermic interactions
of the form �1 + n ! �2 + n, where n is the nucleon
and �1,2 are the initial and final dark matter states,
with di↵erent masses. This scattering process thus
requires a threshold energy roughly determined by the
mass splitting between both dark matter states [50–53].
Since dark matter is accelerated to a semi-relativistic
velocity as it falls into a neutron star, this kinematic
condition is met for mass splittings around ⇠ 100 MeV,
which exceeds what is accessible by direct detection
experiments on Earth, of order ⇠ 100 keV [53]. In other
words, owing to their strong gravitational field, neutron
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Figure 1. Schematic representation of our e↵ect: captured
dark matter that scatters through leading-order inelastic in-
teractions is unable to rapidly thermalize with the neutron
star if the inelastic transition becomes forbidden, forming a
“halo” around the object. If the dark matter density at the
neutron star position is su�ciently high, a sizable fraction of
these particles will annihilate outside before they fully ther-
malize through loop-level elastic scatterings. This sources a
directly observable gamma-ray or neutrino signal.

stars have the potential to probe parameter space for
inelastic dark matter that, at present, cannot be reached
by other means.

In a related but distinct context, it has recently been
demonstrated that neutron stars and white dwarfs re-
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Figure 6. Inelastic dark matter-nucleon cross-section constraints derived from H.E.S.S. Galactic Center gamma-ray observations
[102] (blue), assuming a gNFW profile and a fraction fout = 0.95 of dark matter annihilating outside neutron stars. Also shown
are 90% sensitivities for neutrino telescopes (solid) with a 10 yr exposure in all cases, and projected 5�-sensitivities of future
Southern Hemisphere gamma-ray observatories (dashed) with a 50 hr exposure for CTA and 5 yr exposure for SWGO.
Projections are drawn using the most optimistic neutron star density model. For reference, we indicate the inelastic cross-
section for which approximately all the incoming dark matter is captured (grey); projections and bounds terminate on this
line when their observational sensitivity threshold requires more dark matter annihilation than can be produced by all dark
matter falling onto the Galactic Center neutron stars.

B. Sensitivity of Gamma-Ray Observatories

There are various running or proposed ground-based
gamma-ray experiments with sensitivity to very-high-
energy gamma-rays. We will focus on those located in
the Southern Hemisphere, which have exposure to the
Galactic Center. Note that at energies above tens of TeV,
attenuation due to the pair production mainly with the
cosmic microwave background and the infrared emission
by dust become non-negligible for gamma-rays as they
propagate through the interstellar medium [111]. We in-
corporate this correction by multiplying Eq. (36) by a
survival probability given by

Psurv = exp (�⌧��(E�)) , (40)

where ⌧��(E�) is the energy-dependent optical depth be-
tween the Galactic Center and an observer at the Milky
Way. We use the optical depth data from Ref. [111].

We compute inelastic cross-section constraints from ex-
isting observations performed by the High Energy Stereo-

scopic System (H.E.S.S.), which currently has the lead-
ing sensitivity to very-high-energy gamma-rays toward
the Southern Sky. To draw these limits, we compare our
predicted fluxes to the energy di↵erential fluxes reported
in the Galactic Plane Survey [102], which roughly cover
an energy range of about 0.1�100 TeV, and require that
our flux must not exceed the observed flux in any energy
bin.

We also forecast the sensitivity of the Southern Array
of the Cherenkov Telescope Array (CTA) and the South-
ern Wide-field Gamma-ray Observatory (SWGO), which
will significantly improve observations of the Galactic
Center in the near future. The energy di↵erential point-
source sensitivities of these telescopes have been evalu-
ated in Refs. [112, 113], which correspond to a total ob-
servation time of 50 hours with the Southern Array of
CTA and a 5 yr exposure for SWGO. The projected sen-
sitivity for each case is then obtained following the same
procedure as with H.E.S.S. observations. Note that the
reported sensitivities in Refs. [112, 113] correspond to a
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If DM particles are very light, the chances of being 
quickly kicked out after further scatterings are very high: 

DM evaporates

Can DM particles of any mass be efficiently captured?

NO

What is the minimum DM mass for evaporation not to be efficient?

The e v a po r a t i o n r a t e g r ows 
exponentially for low masses: light 
DM particles are easily kicked out

Adapted from R. Garani and SPR, JCAP 1705:007, 2017

Nχ(t; mevap) −
𝙲(mevap)
𝙴(mevap)

= 0.1 Nχ(t; mevap)

e.g., G. Busoni, A. De Simone and W.-C. Huang, JCAP07:010, 2013

If equilibrium is reached: 

𝙴(mevap) τeq(mevap) = 1/ 0.11

https://dx.doi.org/10.1088/1475-7516/2017/05/007
https://iopscience.iop.org/article/10.1088/1475-7516/2013/07/010
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Figure 1: The two tails of the evaporation rate . The probability for a DM particle with speed w to scatter off a
target in the medium, with temperature T , and gain enough energy to escape from the gravitational potential of the
capturing object, ⌦+

ve(w) (solid lines), and the velocity distribution of DM particles, with temperature T� = 0.9T ,
f�(w) (dashed lines), both in arbitrary units. We show these distributions for Ec/T� = 10 (blue lines) and Ec/T� = 30
(green lines), using µ = 1.

unless the DM mass closely matches the mass of some of the targets or they are close to the center of their host halo
(high ⇢� and low vd).

All in all, the exponential dependence of the evaporation rate, which sets the DM evaporation mass along the
exponential tail, is really a tale of two tails [21]. On one hand, a DM particle in the high-velocity tail of its distribution
could scatter off a target with typical thermal speed, and be promoted to a speed higher than the escape velocity. On
the other hand, a DM particle with typical thermal speed may be kicked off the celestial object due to the scattering
with a target in the high-velocity tail of its distribution. The first process is the most important one [21].

One way to visualize the exponential suppression of the evaporation rate is by plotting the thermal velocity distri-
bution of DM particles (with temperature T�), which scales as ⇠ (Ee/T�)

3/2 (w/ve)2 exp[�(Ee/T�) (w/ve)2], and the
probability for a DM particle with speed w to interact with a target particle (with a thermal distribution of tempera-
ture T (r)) and gain enough energy to escape. The latter probability is proportional to ⌦+

ve(w) =
R1
ve

R
+(w ! v) dv [3],

and approximately scales as ⇠ exp[�(Ee/T )(1�(w/ve)2)]. We evaluate Ee at the core, Ec, because in the thin regime
DM evaporation mostly occurs close to the center of the celestial body. In Fig. 1 we show both distributions as a
function of w/ve, for two values of Ec/T�. As can be clearly seen, the smaller Ec/T�, the larger the overlap of the two
distributions, or in other words, the higher the evaporation rate. For small Ec/T�, more DM particles have speeds
close to the escape velocity (which after evaporation get repopulated by the thermalization process), so they need less
energy to evaporate. Moreover, the smaller Ec/T�, the higher the probability for DM particles to end up with speeds
higher than the escape velocity. Therefore, the overall probability for this to happen is higher, and in relative terms,
the ratio of probabilities for two values of Ec/T� approximately scales as the exponential of the difference between
the two values of Ec/T�. These two effects go in the same direction and result in a huge evaporation rate when a
significant overlap occurs. As a consequence, in order to suppress sufficiently the evaporation rate to maintain an
equilibrium population of DM particles, the two distributions should only overlap far in their exponential tails and
Ec/T� ⇠ 30 is generically required. We stress that this is a robust result, which not only applies to the Sun, but to
all round celestial bodies in hydrostatic equilibrium, and provides the correct result within . 30% accuracy.

34

fχ ∝ ( Ec

Tχ )
3/2

( w
ve )

2

e−(Ec/Tχ) (w/ve)2

Ω+
ve

(w) ∝ e−(Ec/T)(1−(w/ve)2)

Evaporation of DM from celestial bodies 
a tale of two (exponential) tails

R. Garani and SPR, JCAP 05:042, 2022
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Figure 2: Radius of planetary bodies, brown dwarfs and main-sequence stars, as a function of the mass of
the object and using the mass–radius relation described in the text. We also show a compilation of data corresponding
to planetary bodies [97] (solar system planets and satellites in blue), brown dwarfs with measured radius [98–105],
low-mass stars [106], intermediate-mass and massive stars [107].

For a white dwarf with M = M� (R ' 0.9 R�) and Tc = T� = 4⇥ 105 K, this results in Ec/T� ' 29, which is in the
same ballpark as the values for other objects. In this case, the DM evaporation mass is mevap ' 1.0 MeV, where we
have used v2e(r = 0) = 3.9 v2e(r = R).

In the case of neutron stars, the equation for the DM evaporation mass, E(mevap) tNS = ln(11), can be written as
✓
Ec

T�

◆3/2

e�Ec/T� ' 3⇥ 10�12
⇣ pF

0.8 GeV

⌘ ✓
105 K
T�

◆3/2 ✓
R

11.5 km

◆✓
4.5 Gyr
tNS

◆
. (2.26)

For a neutron star with M = 1 M�, R = 11.5 km, Tc = T� = 105 K and tNS = 4.5 Gyr, this results in Ec/T� ' 32,
again very similar to the values for other objects. Using v2e(r = 0) = 1.5 v2e(r = R), the DM evaporation mass is
mevap ' 1.4 keV.

Thus, the DM evaporation mass for white dwarfs and neutron stars is also approximately given by Ec/T� ⇠ 30.
We stress that this is a general and robust result which applies to all the objects we consider in this work, that
is, to all spherical celestial bodies in hydrostatic equilibrium. In any case, these are approximate estimates, which
allow us, nonetheless, to obtain the DM evaporation mass with a precision of a few tens of percent. We obtain
our results in Section IV following Ref. [71] for the calculation of the evaporation rate in neutron stars for DM
scattering off non-relativistic degenerate neutrons, and we follow the discussion above [66] for all other objects.
Although for the calculation of DM evaporation mass in neutron stars a more accurate treatment must use relativistic
kinematics [72, 96], the required corrections do not significantly change the results obtained here.

III. MAIN PROPERTIES OF CELESTIAL BODIES

In this section, we describe the average properties of celestial round bodies in hydrostatic equilibrium, spanning a
wide mass range, [10�10

�102] M�. In order to determine the DM evaporation mass, the required main characteristics
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Figure 3: Core temperature of planetary bodies, brown dwarfs and main-sequence stars, as a function of
the mass of the object and using the mass–core temperature relation described in the text. From detailed models and
data, the estimated core temperature for the Moon, Earth and Sun is also indicated.

of the capturing objects are the mass M , radius R, and their density ⇢(r) and temperature T (r) profiles. We stress
that, for a given object’s mass, radius and core temperature, the DM evaporation mass depends little on the shape of
the density (mainly via the ratio of the gravitational potential at the center and at surface) or temperature profiles.
The kinematics of elastic scattering depends on the mass of the DM particles as well as that of the targets, so an
important factor is the composition of the material. For the sake of simplifying the discussion, we include hydrogen
(in terms of the XH ⌘ X mass fraction), helium (XHe ⌘ Y mass fraction) and as representative of heavier elements
we consider carbon, oxygen, water, silicate perovskite (MgSiO3) and iron (the mass fraction of these heavier elements
is generically denoted by Z).

Given that some generic features of celestial bodies can be approximately described in terms of polytropes, we first
briefly introduce the properties of objects with this kind of equation of state. We shall later use them as ballpark
models for some cases. Next, we provide an overview of the general properties of planetary objects, brown dwarfs,
main-sequence stars, post-main-sequence evolutionary phases of stars, white dwarfs and neutron stars. The process
of DM capture is assumed not to modify their properties in a significant way, so that we can still use results from
standard modeling without including DM effects.

Throughout this work, we consider the mass as the single variable that determines the rest of the properties of
celestial bodies, in an average way. We provide parameterizations for the radius, core temperature, density and
temperature profiles and composition, as a function of the mass of the object. All of them are based on actual data
and modeling. We just impose continuity at the transitions from one mass range to another.

The mass–radius and mass–core temperature relations reported in this section are shown in Figs. 2 and 3, respec-
tively. The escape velocity at surface is shown as a function of the mass of celestial bodies in Fig. 4. For those objects
located far enough from the center of the host halo such that their local dispersion velocity is higher than the escape
velocity of the object, the capture rate is suppressed (except at mass-matching, where resonance-like features appear)
and hence, the equilibration time is longer (see below) and the DM evaporation mass is larger (assuming equilibrium
is reached).
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briefly introduce the properties of objects with this kind of equation of state. We shall later use them as ballpark
models for some cases. Next, we provide an overview of the general properties of planetary objects, brown dwarfs,
main-sequence stars, post-main-sequence evolutionary phases of stars, white dwarfs and neutron stars. The process
of DM capture is assumed not to modify their properties in a significant way, so that we can still use results from
standard modeling without including DM effects.

Throughout this work, we consider the mass as the single variable that determines the rest of the properties of
celestial bodies, in an average way. We provide parameterizations for the radius, core temperature, density and
temperature profiles and composition, as a function of the mass of the object. All of them are based on actual data
and modeling. We just impose continuity at the transitions from one mass range to another.

The mass–radius and mass–core temperature relations reported in this section are shown in Figs. 2 and 3, respec-
tively. The escape velocity at surface is shown as a function of the mass of celestial bodies in Fig. 4. For those objects
located far enough from the center of the host halo such that their local dispersion velocity is higher than the escape
velocity of the object, the capture rate is suppressed (except at mass-matching, where resonance-like features appear)
and hence, the equilibration time is longer (see below) and the DM evaporation mass is larger (assuming equilibrium
is reached).
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Figure 2: Radius of planetary bodies, brown dwarfs and main-sequence stars, as a function of the mass of
the object and using the mass–radius relation described in the text. We also show a compilation of data corresponding
to planetary bodies [97] (solar system planets and satellites in blue), brown dwarfs with measured radius [98–105],
low-mass stars [106], intermediate-mass and massive stars [107].

For a white dwarf with M = M� (R ' 0.9 R�) and Tc = T� = 4⇥ 105 K, this results in Ec/T� ' 29, which is in the
same ballpark as the values for other objects. In this case, the DM evaporation mass is mevap ' 1.0 MeV, where we
have used v2e(r = 0) = 3.9 v2e(r = R).

In the case of neutron stars, the equation for the DM evaporation mass, E(mevap) tNS = ln(11), can be written as
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For a neutron star with M = 1 M�, R = 11.5 km, Tc = T� = 105 K and tNS = 4.5 Gyr, this results in Ec/T� ' 32,
again very similar to the values for other objects. Using v2e(r = 0) = 1.5 v2e(r = R), the DM evaporation mass is
mevap ' 1.4 keV.

Thus, the DM evaporation mass for white dwarfs and neutron stars is also approximately given by Ec/T� ⇠ 30.
We stress that this is a general and robust result which applies to all the objects we consider in this work, that
is, to all spherical celestial bodies in hydrostatic equilibrium. In any case, these are approximate estimates, which
allow us, nonetheless, to obtain the DM evaporation mass with a precision of a few tens of percent. We obtain
our results in Section IV following Ref. [71] for the calculation of the evaporation rate in neutron stars for DM
scattering off non-relativistic degenerate neutrons, and we follow the discussion above [66] for all other objects.
Although for the calculation of DM evaporation mass in neutron stars a more accurate treatment must use relativistic
kinematics [72, 96], the required corrections do not significantly change the results obtained here.

III. MAIN PROPERTIES OF CELESTIAL BODIES

In this section, we describe the average properties of celestial round bodies in hydrostatic equilibrium, spanning a
wide mass range, [10�10

�102] M�. In order to determine the DM evaporation mass, the required main characteristics

12

Figure 4: Escape velocity at the surface of planetary bodies, brown dwarfs and main-sequence stars, as
a function of the mass of the object and using the mass–radius relation reported in the text. The values for the Moon,
the Earth and the Sun are shown. We also indicate two values of the galactic dispersion velocity vd (dashed lines),
which are references for the local neighborhood and near the galactic center. The DM capture rate by objects with
ve < vd is suppressed by a factor proportional to (ve/vd)4, but with resonance-like features for DM masses matching
targets masses.

III.1. Polytropic models

The interiors of some celestial bodies are reasonably well described by gases with polytropic equations of state, such
that P (r) = K ⇢(r)1+1/n, where P (r) is the pressure, ⇢(r) is the density, K is a proportionality constant and n is the
polytropic index. This index evolves in mass from n & 0, corresponding to rocky planets with Earth-like masses, to
n = 3, corresponding to massive stars with a radiative core [108]. For intermediate masses, from Jovian planets up to
low-mass brown dwarfs, objects are well approximated by n ' 1, and brown dwarfs by n ' 3/2. This variation covers
a range of about nine orders of magnitude in mass. The main advantage of this type of models is that pressure only
depends on density, so only the hydrostatic and Poisson equations are needed, with no reference to heat transfer or
thermal balance. Although this might seem an oversimplification, these models have proven to be remarkably useful
in the interpretation of many features of the structure of celestial bodies and have already been used in the context
of DM capture and evaporation in stars [6, 43, 49, 50, 95, 109], so we consider them to obtain a generic description.
Therefore, we first describe the distribution of density, pressure and temperature of polytropic models.

We consider a celestial body with mass M and radius R constituted of a material with an equation of state of a
polytrope of index n. The Poisson and hydrostatic equations (assuming spherical symmetry) can be written as
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By substituting the expression of the pressure in terms of the density for a polytrope, the hydrostatic equation can
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Figure 3: Core temperature of planetary bodies, brown dwarfs and main-sequence stars, as a function of
the mass of the object and using the mass–core temperature relation described in the text. From detailed models and
data, the estimated core temperature for the Moon, Earth and Sun is also indicated.

of the capturing objects are the mass M , radius R, and their density ⇢(r) and temperature T (r) profiles. We stress
that, for a given object’s mass, radius and core temperature, the DM evaporation mass depends little on the shape of
the density (mainly via the ratio of the gravitational potential at the center and at surface) or temperature profiles.
The kinematics of elastic scattering depends on the mass of the DM particles as well as that of the targets, so an
important factor is the composition of the material. For the sake of simplifying the discussion, we include hydrogen
(in terms of the XH ⌘ X mass fraction), helium (XHe ⌘ Y mass fraction) and as representative of heavier elements
we consider carbon, oxygen, water, silicate perovskite (MgSiO3) and iron (the mass fraction of these heavier elements
is generically denoted by Z).

Given that some generic features of celestial bodies can be approximately described in terms of polytropes, we first
briefly introduce the properties of objects with this kind of equation of state. We shall later use them as ballpark
models for some cases. Next, we provide an overview of the general properties of planetary objects, brown dwarfs,
main-sequence stars, post-main-sequence evolutionary phases of stars, white dwarfs and neutron stars. The process
of DM capture is assumed not to modify their properties in a significant way, so that we can still use results from
standard modeling without including DM effects.

Throughout this work, we consider the mass as the single variable that determines the rest of the properties of
celestial bodies, in an average way. We provide parameterizations for the radius, core temperature, density and
temperature profiles and composition, as a function of the mass of the object. All of them are based on actual data
and modeling. We just impose continuity at the transitions from one mass range to another.

The mass–radius and mass–core temperature relations reported in this section are shown in Figs. 2 and 3, respec-
tively. The escape velocity at surface is shown as a function of the mass of celestial bodies in Fig. 4. For those objects
located far enough from the center of the host halo such that their local dispersion velocity is higher than the escape
velocity of the object, the capture rate is suppressed (except at mass-matching, where resonance-like features appear)
and hence, the equilibration time is longer (see below) and the DM evaporation mass is larger (assuming equilibrium
is reached).
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Figure 2: Radius of planetary bodies, brown dwarfs and main-sequence stars, as a function of the mass of
the object and using the mass–radius relation described in the text. We also show a compilation of data corresponding
to planetary bodies [97] (solar system planets and satellites in blue), brown dwarfs with measured radius [98–105],
low-mass stars [106], intermediate-mass and massive stars [107].

For a white dwarf with M = M� (R ' 0.9 R�) and Tc = T� = 4⇥ 105 K, this results in Ec/T� ' 29, which is in the
same ballpark as the values for other objects. In this case, the DM evaporation mass is mevap ' 1.0 MeV, where we
have used v2e(r = 0) = 3.9 v2e(r = R).

In the case of neutron stars, the equation for the DM evaporation mass, E(mevap) tNS = ln(11), can be written as
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For a neutron star with M = 1 M�, R = 11.5 km, Tc = T� = 105 K and tNS = 4.5 Gyr, this results in Ec/T� ' 32,
again very similar to the values for other objects. Using v2e(r = 0) = 1.5 v2e(r = R), the DM evaporation mass is
mevap ' 1.4 keV.

Thus, the DM evaporation mass for white dwarfs and neutron stars is also approximately given by Ec/T� ⇠ 30.
We stress that this is a general and robust result which applies to all the objects we consider in this work, that
is, to all spherical celestial bodies in hydrostatic equilibrium. In any case, these are approximate estimates, which
allow us, nonetheless, to obtain the DM evaporation mass with a precision of a few tens of percent. We obtain
our results in Section IV following Ref. [71] for the calculation of the evaporation rate in neutron stars for DM
scattering off non-relativistic degenerate neutrons, and we follow the discussion above [66] for all other objects.
Although for the calculation of DM evaporation mass in neutron stars a more accurate treatment must use relativistic
kinematics [72, 96], the required corrections do not significantly change the results obtained here.

III. MAIN PROPERTIES OF CELESTIAL BODIES

In this section, we describe the average properties of celestial round bodies in hydrostatic equilibrium, spanning a
wide mass range, [10�10

�102] M�. In order to determine the DM evaporation mass, the required main characteristics
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Figure 4: Escape velocity at the surface of planetary bodies, brown dwarfs and main-sequence stars, as
a function of the mass of the object and using the mass–radius relation reported in the text. The values for the Moon,
the Earth and the Sun are shown. We also indicate two values of the galactic dispersion velocity vd (dashed lines),
which are references for the local neighborhood and near the galactic center. The DM capture rate by objects with
ve < vd is suppressed by a factor proportional to (ve/vd)4, but with resonance-like features for DM masses matching
targets masses.

III.1. Polytropic models

The interiors of some celestial bodies are reasonably well described by gases with polytropic equations of state, such
that P (r) = K ⇢(r)1+1/n, where P (r) is the pressure, ⇢(r) is the density, K is a proportionality constant and n is the
polytropic index. This index evolves in mass from n & 0, corresponding to rocky planets with Earth-like masses, to
n = 3, corresponding to massive stars with a radiative core [108]. For intermediate masses, from Jovian planets up to
low-mass brown dwarfs, objects are well approximated by n ' 1, and brown dwarfs by n ' 3/2. This variation covers
a range of about nine orders of magnitude in mass. The main advantage of this type of models is that pressure only
depends on density, so only the hydrostatic and Poisson equations are needed, with no reference to heat transfer or
thermal balance. Although this might seem an oversimplification, these models have proven to be remarkably useful
in the interpretation of many features of the structure of celestial bodies and have already been used in the context
of DM capture and evaporation in stars [6, 43, 49, 50, 95, 109], so we consider them to obtain a generic description.
Therefore, we first describe the distribution of density, pressure and temperature of polytropic models.

We consider a celestial body with mass M and radius R constituted of a material with an equation of state of a
polytrope of index n. The Poisson and hydrostatic equations (assuming spherical symmetry) can be written as

1

r2
@

@r

✓
r2

@�

@r

◆
= 4⇡G ⇢(r) , (3.1)

@P

@r
= �

@�

@r
⇢(r) . (3.2)

By substituting the expression of the pressure in terms of the density for a polytrope, the hydrostatic equation can
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Figure 6: DM equilibration time , for the DM evaporation mass, as a function of the mass of the capturing object, for
planetary bodies, brown dwarfs and main-sequence stars. We take the geometric SI cross section,

P
i Ni �

geom
i = ⇡R2,

and h�Av��i = 3 ⇥ 10�26 cm3/s. Also depicted are the current solar age, t� = 4.5 Gyr (black dashed line) and the
stellar lifetime, tlife,MS, when shorter than t� (blue dashed line). The jump at M = 2 M� is mainly due to the
non-smooth transition in composition and the fact that ve < vd.

evaporation mass only varies within an order of magnitude, mevap ⇠ (1 � 10) GeV, and grows for smaller objects
(rocky planets and satellites) due to their small size. This behavior follows the scaling mevap / T�R/(M �̂c), with
�̂c ⌘ v2e(r = 0)/v2e(r = R), which can be understood from the fact that Ec/T� ⇠ 30, as discussed in Section II. To
illustrate the robustness of this result, we show the range Ec/Tc = (20 � 40) with a band, which fully embeds the
values of the DM evaporation mass for all objects and roughly accounts for systematics in modeling of celestial bodies
properties. Furthermore, the small variation of the DM evaporation mass can be understood by considering the virial
theorem, which implies that the factor Tc R/M varies little for a given class of objects. Similarly to the jump in the
equilibration time at M = 2 M�, the discontinuity at that value on the DM evaporation mass is caused by the abrupt
transition in the composition and density profile, from rocky planets to icy planets and to the fact that ve < vd. For
the considered parameters, equilibration is not reached for M . 3⇥ 10�8 M� (see Fig. 6) and this explains the slight
bending of the curve towards smaller DM evaporation masses, as in those cases, the DM evaporation mass grows with
time until reaching equilibrium. The same occurs for M & 60M�, but in those cases equilibrium cannot be reached,
as it would require a time longer than the age of those stars. Super-Earths, M . 10 M�, with a larger fraction of
metals than what is assumed here, would have a slightly larger DM evaporation mass. Note, however, that for a given
mass, heavier compositions generically imply smaller sizes [114, 115].

Remarkably, as evident from Eqs. (2.20) and (2.23), changes in parameters as cross sections, DM density or velocity
dispersion, affect the DM evaporation mass only logarithmically. Therefore, given that Ec/T� ⇠ 30, in order to
obtain a value of the DM evaporation mass smaller by a factor of two, the term log (⇢�h�Av��i/vd) for ve � vd,
or log

�
⇢�h�Av��i/v3d

�
for ve ⌧ vd, must be larger by a factor of the order of ⇠ (12 � 15). This implies that the

sensitivity of the DM evaporation mass to changes on these parameters is relatively weak and thus, its value is rather
stable against different particle physics models or for different locations of celestial bodies within the host galactic
halo.

Nevertheless, the results in Fig. 7 correspond to approximately the largest possible value of the DM evaporation
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Figure 7: DM evaporation mass as a function of the mass of the capturing object, for planetary bodies, brown
dwarfs and main-sequence stars. We take the geometric SI scattering cross section,

P
i Ni �

geom
i = ⇡R2, the canonical

value of the DM annihilation cross section h�Av��i = 3 ⇥ 10�26 cm3/s, and assume a position within the local
neighborhood, ⇢� = 0.4 GeV/cm3 and vd = 270 km/s, although with other values similar results are obtained. We
also indicate the DM evaporation mass using detailed models and data for the Moon, Earth and Sun. The shaded
band depicts the range Ec/Tc = (20� 40).

mass for each celestial body (aside from variations on the average properties here considered), that is, the one obtained
for a capture rate close to the saturation value. Next, we also study its variation with the value of the SI scattering
cross section. This is depicted in Fig. 8. The maximum value for all celestial bodies is visible in the figure, which
is indeed close to that obtained for the geometric cross section (dashed line). For M & 2 ⇥ 10�7 M�, due to the
exponential suppression of the evaporation rate in the thick regime, the smallest DM evaporation mass is achieved for
the largest value of the scattering cross section we consider,14 �p = 10�31 cm2. For M . 2⇥ 10�7 M�, the transition
between the thin and thick regimes takes place at values of the cross section closer to �p = 10�31 cm2, so the smallest
DM evaporation mass is found in the thin regime, for the smallest cross section we consider, �p = 10�41 cm2. Note,
however, that the DM evaporation mass never reaches values below ⇠ 250 MeV in the parameter space shown in
Fig. 8. Therefore, even in the extreme situation with ⇢�h�Av��i/vd for ve � vd (or ⇢�h�Av��i/v3d for ve ⌧ vd)
being many orders of magnitude larger than what we have assumed for this figure, DM evaporation masses below
⇠ 100 MeV are very unlikely.

Along with the most massive stars, the objects for which the smallest values are obtained are super-Jupiters and
small brown dwarfs, as correctly pointed out in Refs. [32, 68, 76]. Nevertheless, in those papers, the estimated values
of the DM evaporation mass down to a few MeV are incorrect and thus, the conclusions reached for those very low
masses are not valid; the DM evaporation mass is rather mevap > 250 MeV in the entire parameter space shown
in Fig. 8. This can be understood from the fact that the authors of those papers incorrectly neglected the critical
exponential tail of the DM evaporation rate, as explained in Section II. The importance of this tail, for the case of the
Sun, is not a new finding, but has been known for over three decades [2, 3, 21, 70]. We do stress that the fact that

14 For larger cross sections, the assumed scaling with the atomic mass is not entirely reliable for contact interactions [245].
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for a capture rate close to the saturation value. Next, we also study its variation with the value of the SI scattering
cross section. This is depicted in Fig. 8. The maximum value for all celestial bodies is visible in the figure, which
is indeed close to that obtained for the geometric cross section (dashed line). For M & 2 ⇥ 10�7 M�, due to the
exponential suppression of the evaporation rate in the thick regime, the smallest DM evaporation mass is achieved for
the largest value of the scattering cross section we consider,14 �p = 10�31 cm2. For M . 2⇥ 10�7 M�, the transition
between the thin and thick regimes takes place at values of the cross section closer to �p = 10�31 cm2, so the smallest
DM evaporation mass is found in the thin regime, for the smallest cross section we consider, �p = 10�41 cm2. Note,
however, that the DM evaporation mass never reaches values below ⇠ 250 MeV in the parameter space shown in
Fig. 8. Therefore, even in the extreme situation with ⇢�h�Av��i/vd for ve � vd (or ⇢�h�Av��i/v3d for ve ⌧ vd)
being many orders of magnitude larger than what we have assumed for this figure, DM evaporation masses below
⇠ 100 MeV are very unlikely.

Along with the most massive stars, the objects for which the smallest values are obtained are super-Jupiters and
small brown dwarfs, as correctly pointed out in Refs. [32, 68, 76]. Nevertheless, in those papers, the estimated values
of the DM evaporation mass down to a few MeV are incorrect and thus, the conclusions reached for those very low
masses are not valid; the DM evaporation mass is rather mevap > 250 MeV in the entire parameter space shown
in Fig. 8. This can be understood from the fact that the authors of those papers incorrectly neglected the critical
exponential tail of the DM evaporation rate, as explained in Section II. The importance of this tail, for the case of the
Sun, is not a new finding, but has been known for over three decades [2, 3, 21, 70]. We do stress that the fact that

14 For larger cross sections, the assumed scaling with the atomic mass is not entirely reliable for contact interactions [245].
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Figure 8: 2-D contour of the DM evaporation mass as a function of the SI scattering cross section and the mass
of the capturing objects, for planetary bodies, brown dwarfs and main-sequence stars. We take the canonical value of
the DM annihilation cross section h�Av��i = 3⇥ 10�26 cm3/s and assume a position within the local neighborhood,
⇢� = 0.4 GeV/cm3 and vd = 270 km/s, although with other values similar results are obtained. The value of the
SI geometric scattering cross section (dashed line),

P
i Ni �

geom
i = ⇡R2, is approximately proportional to R2/M , as

expected.

the DM evaporation mass is approximately given by Ec/T� ⇠ 30 can be generalized to all spherical celestial bodies
in hydrostatic equilibrium. Indeed, note that Ref. [33] did correctly estimate the DM evaporation mass for the most
massive brown dwarfs and low-mass stars in the context of asymmetric DM scenarios. Additionally, notice that we
have considered temperatures of brown dwarfs corresponding to late evolutionary stages. From this point of view,
our assumption is conservative, as younger brown dwarfs are warmer, which results in a higher DM evaporation mass.
Note that even older (& 10 Gyr) brown dwarfs would have a slightly lower core temperature (. 20% cooler than at
5 Gyr for the most massive ones and even more similar for the least massive ones), which implies a correspondingly
lower DM evaporation mass. On another hand, let us stress again that uncertainties on the density or temperature
profiles have a small impact on the DM evaporation mass. All in all, these uncertainties are approximately accounted
for by the gray band in Fig. 7.

As we have discussed above and can be seen from Fig. 8, the DM evaporation mass for a given object mass is rather
stable, within about a factor of two at most, against variations by ten orders of magnitude in the scattering cross
section. Therefore, this is a robust result. We emphasize, however, that these results correspond to simplified and
average properties of all the celestial bodies we consider. Given that, for the geometric value of the scattering cross
section, mevap ' 30T�R/(GM �̂c), the uncertainty in the DM evaporation mass is also driven by the scatter over the
properties of the capturing objects. As mentioned above, the virial theorem implies a small variation of Tc R/M for
a given class of objects, and thus, a small variation of the DM evaporation mass.

IV.2. Further comments on the dependence of the DM evaporation mass on cross sections

All the above results are obtained for SI scattering cross sections, such that DM particles couple to the nuclei mass.
In the case of SD interactions, DM couples to the spin of the target, so not all nuclei could contribute to the capture
and evaporation processes. Moreover, SD interactions are not enhanced by the coherence factor A2

i , as happens in
the SI case. This is particularly important for planetary bodies, made up mainly of silicates and metals. For solar
abundances, only a small fraction of their elements, . 1%, could contribute to DM scattering via SD interactions.
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Figure 5: Mass–radius relation for white dwarfs (left panel) and neutron stars (right panel). We also show a
selection of observed cool white dwarfs with Te↵ < 104 K and S/N � 10 [219]. For neutron stars, we use the equation
of state from Ref. [220], based on the nuclear energy-density functional BSk20 [221].

Here z2 = (pF/me)
2 + 1, with pF the Fermi momentum, and zc = z(r = 0), with z 2 [1,1). Note that this equation

reduces to the Lane-Emden equation for polytropes in the limits of z ! 1 (n = 3) and z ! 1 (n = 3/2).
The density profile, radius and mass of white dwarfs are given by

⇢(r) =

✓
µe mu m3

e

3⇡2

◆�
z2c '

2
� 1

�3/2
' 1.95⇥ 106 g/cm3 �

z2c '
2
� 1

�3/2
, (3.23)

R =

r
3⇡

4G

⇣1
(µe mu me zc)

' 0.61
⇣1
zc

R� , (3.24)

M =

p
3⇡

2

1

(µe mu)2 G3/2

��⇣21 '0(⇣1)
�� ' 0.72

��⇣21 '0(⇣1)
�� M� , (3.25)

where µe ' 2/(1+X) is the mean molecular weight per free electron and ⇣1 ⌘ ⇣(z = 1). The Chandrasekhar solution
does not imply a lower bound on the radius (R ! 0 for zc ! 1), which decreases as the central density increases,
keeping the total mass at a fixed value, MCh ' (2/µe)2 1.456 M�; this is the so-called Chandrasekhar mass. For
zc ! 1, ⇣1 ! 1 and

��⇣21 '0(⇣1)
�� ! 0 and thus, R ! 1 and M ! 0. These limiting conditions are modified

once several corrections (general relativity, equation of state, Coulomb interactions) are incorporated. The resulting
maximum values, which slightly depend on composition, are Mmax ⇠ 1.3 M� and R(Mmax) ⇠ 0.02 M�.

White dwarfs have been observed with masses M ⇠ (0.2�1.3) M�, with a distribution peaked at M ' 0.6 M� [218,
219]. Here, we consider this range of masses and solve the Chandrasekhar equation to obtain the mass–radius relation
and the density profile. The former is shown in the left panel of Fig. 5, along with a selection of observed cool white
dwarfs with Te↵ < 104 K [219], which illustrates that Chandrasekhar solution represents a reasonable approximation.

Most white dwarfs have a carbon-oxygen core surrounded by a thin helium envelope (Y . 0.01), which is in turn
surrounded by an even thinner hydrogen envelope (X . 10�4), although low-mass white dwarfs can have a helium
core (those stars not massive enough, M . 0.3 M�, to burn helium) and the most massive white dwarfs (M & 1 M�)
can develope an oxygen-neon core. As representative of the core composition, we consider white dwarfs with ZC = 0.4
and ZO = 0.6 (see, e.g., Refs. [222, 223]), although differences on the composition do not affect our results.

In order to approximately describe the thermal properties of white dwarfs (at least of relatively cool and evolved
ones), we point out that the core constitutes more than 99% of their mass and that the main contribution to the heat
capacity comes from the non-degenerate gas of ions. Degenerate electrons are very efficient in transporting energy
outwards, so the core can be approximately described to be isothermal. Finally, energy is radiated away through the
non-degenerate envelope, which cools down the white dwarf. A simple description in terms of a two-layer model [224]
provides a very good agreement with more refined predictions of the cooling evolution of white dwarfs [225, 226].
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Figure 5: Mass–radius relation for white dwarfs (left panel) and neutron stars (right panel). We also show a
selection of observed cool white dwarfs with Te↵ < 104 K and S/N � 10 [219]. For neutron stars, we use the equation
of state from Ref. [220], based on the nuclear energy-density functional BSk20 [221].

Here z2 = (pF/me)
2 + 1, with pF the Fermi momentum, and zc = z(r = 0), with z 2 [1,1). Note that this equation

reduces to the Lane-Emden equation for polytropes in the limits of z ! 1 (n = 3) and z ! 1 (n = 3/2).
The density profile, radius and mass of white dwarfs are given by
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where µe ' 2/(1+X) is the mean molecular weight per free electron and ⇣1 ⌘ ⇣(z = 1). The Chandrasekhar solution
does not imply a lower bound on the radius (R ! 0 for zc ! 1), which decreases as the central density increases,
keeping the total mass at a fixed value, MCh ' (2/µe)2 1.456 M�; this is the so-called Chandrasekhar mass. For
zc ! 1, ⇣1 ! 1 and

��⇣21 '0(⇣1)
�� ! 0 and thus, R ! 1 and M ! 0. These limiting conditions are modified

once several corrections (general relativity, equation of state, Coulomb interactions) are incorporated. The resulting
maximum values, which slightly depend on composition, are Mmax ⇠ 1.3 M� and R(Mmax) ⇠ 0.02 M�.

White dwarfs have been observed with masses M ⇠ (0.2�1.3) M�, with a distribution peaked at M ' 0.6 M� [218,
219]. Here, we consider this range of masses and solve the Chandrasekhar equation to obtain the mass–radius relation
and the density profile. The former is shown in the left panel of Fig. 5, along with a selection of observed cool white
dwarfs with Te↵ < 104 K [219], which illustrates that Chandrasekhar solution represents a reasonable approximation.

Most white dwarfs have a carbon-oxygen core surrounded by a thin helium envelope (Y . 0.01), which is in turn
surrounded by an even thinner hydrogen envelope (X . 10�4), although low-mass white dwarfs can have a helium
core (those stars not massive enough, M . 0.3 M�, to burn helium) and the most massive white dwarfs (M & 1 M�)
can develope an oxygen-neon core. As representative of the core composition, we consider white dwarfs with ZC = 0.4
and ZO = 0.6 (see, e.g., Refs. [222, 223]), although differences on the composition do not affect our results.

In order to approximately describe the thermal properties of white dwarfs (at least of relatively cool and evolved
ones), we point out that the core constitutes more than 99% of their mass and that the main contribution to the heat
capacity comes from the non-degenerate gas of ions. Degenerate electrons are very efficient in transporting energy
outwards, so the core can be approximately described to be isothermal. Finally, energy is radiated away through the
non-degenerate envelope, which cools down the white dwarf. A simple description in terms of a two-layer model [224]
provides a very good agreement with more refined predictions of the cooling evolution of white dwarfs [225, 226].
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Figure 9: DM evaporation mass for compact objects, white dwarfs (red upper lines) and neutron stars (green
lower lines), for two temperatures: T = 4 ⇥ 105 K (red solid line) and T = 4 ⇥ 106 K (red dashed line) for white
dwarfs; and T = 105 K (green solid line) and T = 106 K (green dashed line) for neutron stars. We take the geometric
cross section,

P
i Ni �

geom
i = ⇡R2, and h�Av��i = 3 ⇥ 10�26 cm3/s for white dwarfs and h�Av��i = 0 for neutron

stars, and assume a position within the local neighborhood, ⇢� = 0.4 GeV/cm3 and vd = 270 km/s. The shaded
bands depict the range Ec/Tc = (20� 40).

IV.3. DM evaporation mass in post-main-sequence stars and compact objects

As the internal properties of stars after they leave main sequence change significantly in short periods of time,
the calculation of the minimum mass of DM particles that can be efficiently trapped during these stages becomes
non-trivial and highly time dependent. The study of this time dependence is beyond the scope of this work, but the
general trend is that the DM evaporation mass grows in time with respect to its value at main sequence during stages
with an inert core and it is similar during periods with a burning core. At the last stage of the life of stars, when
nuclear fusion cannot take place any more and they live on as cool compact remnants, with a high escape velocity,
the DM evaporation mass is significantly reduced.

We do not attempt a full study of the post-main-sequence evolution of the DM evaporation mass, but we qualitatively
describe it based on the simplified description presented in the previous section. Whenever capture and annihilation
processes are not in equilibrium, the DM evaporation mass would grow, attaining its maximum value at equilibrium,
if the properties of the star do not significantly change and if the DM thermalization time is short enough. Note
that during main sequence, the equilibration time is ⌧eq ⇠ (105 � 106) yr, for the parameters considered in Fig. 6,
so in general, equilibrium could be reached during the post-main-sequence phases. Therefore, the discussion can be
driven by the robust result we found for all spherical objects in hydrostatic equilibrium: the DM evaporation mass
is approximately determined by Ec/T� ⇠ 30, which implies that it scales as mevap / T�R/(M �̂c). Recall that the
average DM temperature inside celestial bodies is very close to their core temperature.

As a general trend, whenever a star has an active shell burning material surrounding an approximately inert core,
core contraction results in envelope expansion and core expansion in envelope contraction. The former implies larger
radius and �̂c and a hotter core, whereas the latter implies the opposite.

For low-mass stars, M . 2.3 M�, during their phase as subgiants, the core temperature and radius are slightly
larger than those during main sequence, and their mass is similar. Given the larger density gradient, the ratio of escape
velocities at core and surface is slightly larger than during main sequence. This implies that the DM evaporation mass
during this phase does not significantly change. While climbing the red giant phase, the core temperature increases up

White dwarfs

Neutron stars
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The DM evaporation mass in the Sun 
( ) is known for over three decadesEc/Tχ ≃ 30

Similarly, the DM evaporation mass in the Earth 
( ) is also known for over three decadesEc/Tχ ≃ 35

In addition to performing a systematic study,  
recently, there have been claims in the literature of  

DM evaporation masses in the MeV range for  
Jupiter-like planets and brown dwarfs, 

with equally strong phenomenological claims 
(or even that there could be no evaporation at all)

Moreover, the DM evaporation mass 
had also been estimated for other 
planets, brown dwarfs and other stars
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Figure S5. Spin-independent DM-nucleon scattering cross section sensitivity estimates for Jupiters and brown dwarfs, for
exoplanets in a local DM velocity (left column) or GC DM velocity (right column) calculated in this work. The solid (min)
lines show cross sections assuming e↵ectively all DM is captured, and the dotted (max) lines show the maximum expected
reach. Complementary constraints are also shown; Earth is the limit on Earth DM-heat flow [99], DD is a collection of direct
detection experiments [102, 103, 108–111], Xenon1T (CR) [105] corresponds to cosmic-ray boosted DM signals.

Figure S5 shows our spin-independent results, for exoplanets in local and GC velocities. Compared to the spin-
dependent results, the exoplanet sensitivities are the same, however the complementary constraints vary. Most notably,
the direct detection constraints are stronger.

C. DM-Electron Scattering Sensitivity

To obtain the limits on DM-electron scattering in exoplanets, we also assume a hydrogen sphere for the exoplanets.
As the chemical composition is dominantly hydrogen, this allows the assumption that the proton number density is
identical to the electron number density. A subdominant correction comes from the helium abundance, which we
neglect to be conservative. Note that given the hydrogen target, relativistic shell e↵ects play no role in the considered
processes. We assume a momentum independent DM-electron cross section ��e, i.e. the electron form factor is F = 1.

Figure S6 shows the DM-electron scattering sensitivity estimates, alongside existing limits from direct detec-
tion [112–123] and solar reflection [124, 125]. Note that these limits have di↵erent assumptions; the direct detection
limits do not require any minimum annihilation cross section. While the region of sensitivity of Jovian planets is
already constrained by direct detection experiments, brown dwarfs will have some sensitivity to new DM-electron
scattering parameter space. We show the sensitivity for when about all (95%) and the likely smallest possible de-
tectable amount (10%) of DM is captured. Electron-dominated interactions may be found in for example leptophilic
DM models [126–130].

Note that the di↵erence in results between scattering o↵ di↵erent targets such as nuclei and electrons is simply due
to their di↵erent masses. When the dark matter mass is comparable to the target mass, scattering is most e�cient.
This is why the shape of the electron scattering cross section plots and the nucleon scattering plots are di↵erent – the
nucleon (proton) scattering is most e�cient around the proton mass of 1 GeV, and therefore strongest around this
mass. On the other hand, the electron scattering is most e�cient around the electron mass of about 0.5 MeV, and
therefore the cross section limits are strongest approaching this mass.

D. Additional Cross Section Results Discussion

For all of Fig. S4, Fig. S5, and Fig. S6 (and Fig. 3 of the main text), the sensitivity region would be all filled in as a
constraint if a statistically significant number of su�ciently cold Jupiters or brown dwarfs were measured. For instead
discovery of a DM-heating signal, the DM parameters would lie above the lines shown. As both these figures show
95% (max) and 10% (min) values of the DM capture rate, in principle even stronger sensitivity to DM cross sections
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Figure S4. Spin-dependent DM-proton scattering cross section sensitivity estimates for Jupiters and brown dwarfs, for exo-
planets in a local DM velocity calculated in this work. The solid (min) lines show cross sections assuming e↵ectively all DM
is captured, and the dotted lines show the maximum expected reach. Complementary constraints are also shown; Earth is the
limit on Earth DM-heat flow [99], DD is a collection of direct detection experiments [102, 103, 108–111], Borexino (CR) [105]
corresponds to cosmic-ray boosted DM signals. Two di↵erent DD bounds are shown; if the proton ap and neutron an couplings
are equal, the light pink line would be filled, if the neutron coupling an is zero, the magenta shaded region is the DD limit (the
exoplanet limits are not a↵ected by this choice).

A. Spin-Dependent DM-Proton Scattering Results in Local Velocities

We now briefly provide additional details for the spin-dependent results. For these interactions, we parametrize the
cross section in the following way:

�SD
�A = �SD

�N

✓
µ(mA)

µ(mN )

◆2 4(J + 1)

3J
[aphSpi+ anhSni]

2 , (S23)

where J is the total nuclear spin, hSpi and hSni the e↵ective proton and neutron spins of the nucleus respectively,
and ap and an the model dependent DM-proton and DM-neutron coupling strength respectively. For our scenario
only the couplings to protons will be relevant, since our targets are dominantly made of hydrogen and helium, and
the latter has zero total nuclear spin. We assume ap = 1. For simplicity, as per the SI limits, we approximate our
targets as proton spheres.

Figure S4 shows our sensitivities to spin-dependent DM-proton scattering in local DM velocities. In the main text,
we only showed the results for spin-dependent DM-proton scattering in GC DM velocities. We see that the scattering
limits in the local DM velocities are not as strong; this is because the velocities are higher, and therefore there is
much less boost from gravitational focusing. As per the main text results, the “min” cross section corresponds to the
case where e↵ectively all DM is captured. The “max” cross section corresponds to the smallest DM capture fraction
(about 10%) that can be probed in the near future with JWST. This is likely the maximum cross section reach, as
the temperatures corresponding to this lower scattering rate are approaching either the JWST minimum temperature
detection threshold, or the expected background temperature, in most of the parameter space.

Note that the scattering sensitivity arises predominately from DM-proton interactions. This is because gas giants
and brown dwarfs are predominately hydrogen and helium; hydrogen only has a proton, and helium has zero total
nuclear spin, thus DM-neutron interactions are not significant. We also show the earth heat flow bounds from Ref. [99]
for comparison, and direct detection bounds [100–103]. We also show limits on boosted DM from collisions with cosmic
rays [104–107], shown as“Borexino (CR)”. Note that these limits have di↵erent assumptions; the direct detection limits
do not require any minimum annihilation cross section.

B. Spin-Independent DM-Nucleon Scattering Results

In the main text, we only showed the spin-dependent results. Here, we now show our spin-independent results.

Heating of exoplanets and brown dwarfs
Secluded DM in brown 

dwarfs and Jupiter
10

FIG. 5. Scattering cross section limits for DM annihilation to long-lived mediators decaying to �� in Brown Dwarfs (using
Fermi), the Sun (using Fermi and HAWC [45, 47]), and Neutron Stars (using H.E.S.S.). The BD and NS limits are new
calculations in this work, calculated using the full Galactic Center population of BDs or NSs. The � = 1.0, 1.5 values
correspond to the inner slope of the DM density profile. Our limits have some assumptions; see text for details.

for varying Lorentz interactions. As such, we only show
the NS limit range with a dashed line – in full model-
dependent contexts, the limits will likely be contained
somewhere within this range.

We note several ways to construct models that can
change the relative strength of these limits. First, we
note that the solar and BD limits require proton scatter-
ing, while the NS limits require neutron scattering, so in
the case that only one coupling is present, the other limits
will disappear. We also note that we have assumed that
the mediator has a su�ciently long lifetime and/or boost
that it escapes the celestial body in question. However,
each of these systems shown have di↵ering radii, and as
such, if the mediator lifetime or boost were shorter, the
Sun, BD or NS limits may disappear, in that order. Fur-
thermore, much longer lifetimes may be probed by the
GC populations of BDs/NSs compared to the Sun – a de-
cay length that is much longer than an A.U. suppresses
the flux from the Sun, and depending on mediator boost,
can also enlarge the angular region that the signal ap-
pears to emanate from. In this sense, the BD/NS limits
are the most general; they apply to a wider range of decay
lengths.

While we have only shown mediator decay to gamma
rays �� ! �� ! 4� in Fig. 5, other final states can also
be probed. For electron final states, there is some ad-
ditional sensitivity at lower DM masses with BDs than
can be probed with the Sun, however this is only a few
GeV improvement, as the electron gamma-ray spectrum
is very soft, it peaks outside Fermi ’s energy range for any

lower DM masses. For b-quarks or ⌧ leptons, there is no
additional sensitivity with BDs using Fermi compared
to current constraints from the Sun. The main reason
why b-quarks or ⌧ spectral types do not gain new sub-
GeV sensitivity is that their softer spectral shapes peak
outside Fermi ’s sensitivity. As such, upcoming MeV tele-
scopes such as AMEGO and e-ASTROGAM could pro-
vide strong limits for these additional final states. Note,
however, that generically, the direct decay to photons will
provide the strongest constraints.

It also is possible to probe final states other than � !

2 SM with BDs/NSs. For example, constraints could also
be set on � ! 3� processes (motivated by light vectors)
and or � ! �

0+� (e.g. a long-lived dipole-type transition
between two massive dark sector states). However due to
their spectral shape, we expect these will likely produce
weaker constraints.

Lastly, we comment on our expectation that the cross
sections shown in Fig. 5 will lead to equilibrium being
reached. Most stars in the Galactic center nuclear star
cluster are expected to be very old, potentially older
than ⇠ 5 Gyr [55]. Therefore, to check the equilibration
timescale, we calculate the minimum scattering cross sec-
tion for all BD/NS within 100 pc that allows teq to be less
than O(1 Gyr). Conservatively, we consider the e↵ective
annihilation volume V to be the volume of the celestial
body BD/NS. For NS, and for both s� and p� wave DM,
teq will be smaller than 1 Gyr for scattering cross sections
of O(10�50 cm2) and higher, which is much lower than
the sensitivity for NS as shown in Fig. 5. For BDs, the

4

significant.

Dark Matter in Jupiter–DM from the Galactic halo
can fall into Jupiter, scattering and losing energy. Once
the kinetic energy of the DM is less than the gravitational
potential, the DM particle is captured. DM capture can
occur via single or multiple scatters with Jovian matter
[40, 55–57]. The DM capture rate for N required scatters
is given by [55]

CN = ⇡R
2
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where vesc =
p

2GMX/RX ⇠ 60 km/s is Jupiter’s
escape velocity with G as the gravitational constant,
MX = 1.9 ⇥ 1027 kg and RX = 69, 911 km are the
mass and radius of Jupiter respectively. v̄ is the DM
velocity dispersion, n�(r) is the DM number density at
the Jupiter position, related to the mass density via
n�(r) = ⇢(r)/m�, and vN = vesc(1 � �+/2)�N/2 with
�+ = 4m�mn/(m� +mn)2. Note that here we have as-
sumed that a scattering variable z = sin2(✓CM/2), where
✓CM is the CoM scattering angle, takes its average value
of hzii = 1/2, which is not a perfect assumption for the
single scatter limit, but is accurate within a factor of a
few in our case. The probability of a single DM particle
undergoing N scatters is

pN (⌧) = 2
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0
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where y is the cosine of the incidence angle of DM enter-
ing Jupiter, and ⌧ is the optical depth,

⌧ =
3

2

�

�sat
, (3)

and �sat is the saturation cross section of DM capture
onto nucleons given by �sat = ⇡R

2
/Nn, where Nn is the

number of Jovian nucleons. We assume for simplicity
that Jupiter is 100% hydrogen. The total capture rate of
DM in Jupiter CX is then given by

CX =
1X

N=1

CN . (4)

Assuming that equilibrium between capture and annihi-
lation of DM within Jupiter is reached, the annihilation
rate (�ann) is simply �ann = CX/2.

We assume that DM annihilates into two mediators
� that have a su�ciently long lifetime ⌧ or large boost
factor � ⇡ m�/m� such that the decay length L exceeds
the radius of Jupiter RX, as

L = ��⌧ ' �c⌧ > RX. (5)

FIG. 4. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihilation
to long-lived particles, from our new Jovian �-ray search. We
show complementary constraints from direct detection [59–
62], as well as DM annihilation to long-lived particles in the
Sun [43, 45], and brown dwarfs in the Galactic center [31].

The total flux at Earth from long-lived particles in
Jupiter is given by [43]

E
2 d�

dE
=

�ann

4⇡D2
�
⇥E

2
�
dN�

dE�
⇥BR(X ! SM)⇥ Psurv, (6)

where D� is the average distance of Jupiter to Earth,
BR(X ! SM) is the branching ratio of the mediator to a
given SM final state. The probability of the signal sur-
viving to reach the detector near Earth, Psurv, provided
the decay products escape Jupiter is [43]

Psurv = e
�RX/�c⌧

� e
�D�/�c⌧

. (7)

In Eq. 6, the E2
� dN�/dE� term corresponds to the �-ray

energy spectrum. The relevant DM annihilation process
is �� ! �� ! 4 SM. DM annihilation to two medi-
ators is dominant over DM annihilation to one media-
tor, as it is not phase-space suppressed. This yields the
characteristic �-ray box spectral shape [58]. As we con-
sider mediators at least a factor few lighter than the DM,
the highest energy �-rays always peak close to the DM
mass. This means that our results are approximately
independent of the mediator mass (provided it is su�-
ciently boosted/long-lived to escape Jupiter).

Figure 4 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
�-rays at 95%C.L., for mediator decay to �-rays, via
�� ! ��, � ! 2 �. In this plot we take the mediator to
decay at the Jovian surface. We show for comparison,
limits from direct detection (DD) [59–62], which loses
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R. K. Leane,T. Linden, P. Mukhopadjyay 
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FIG. 8. Constraints on the dark matter-nucleon scattering cross section against the dark matter mass as derived from failed
star formation (assuming in situ formation) (left panel) and disruption of migrated stars (right panel) for our four S-stars:
S2, S4711, S62, S4714. For comparison we show complementary constraints, which arise from direct detection experiments
from either spin-independent “SI DD” or spin-dependent “SD DD” scattering; whether these are applicable will depend on the
dark matter particle model. Additionally, we show projections for a hypothetical 1 M� star (orange) with an even closer orbit
around Sgr A*, which would exceed our constraints from observed stars by another order of magnitude.

ing cross section from CRESST-III [84], DarkSide [85],
XENON-nT [86], and LZ [87]. We also show limits on
the spin-dependent cross section (assuming pure inter-
actions with protons) from CRESST-III [88] and PICO-
60 [89]. As we have assumed the simplifying case of pure
hydrogen in our stars, our stellar limits do not change be-
tween spin-independent and spin-dependent scattering,
and only the complementary direct detection bounds will
change depending on whether the dark matter model has
spin-independent or spin-dependent scattering. We see
that our constraints cover more new parameter space in
the spin-dependent scenario, but that we also deliver new
sensitivities for spin-independent models. There are also
classes of dark matter models where these direct detec-
tion limits may not apply, but we show them regardless
to facilitate comparison.

In Fig. 8, we do not include any dark matter evapora-
tion, as it is highly model dependent [90]. Evaporation
truncates the lightest dark matter mass that is probed
by our search, due to the fact that the thermal kicks im-
parted to the dark matter become too large given the
gravitational potential energy of the star, allowing the
dark matter to simply leave the system. While the pur-
pose of our paper is not to investigate any detailed par-
ticle dark matter models, we provide for reference some
evaporation cut o↵s in benchmark scenarios. In the case
that the dark matter scattering is purely via contact in-
teractions, we find that the evaporation mass in our pa-
rameter space is about a GeV, depending on the star and

the cross section. In the case of attractive long-range
interaction model classes, the evaporation mass can be
sub-MeV [90]. In a similar vein, including enhanced dark
matter capture rates expected from attractive long-range
particle models could increase our cross section sensitiv-
ity by orders of magnitude, depending on the specific
model parameters. However to avoid detailing any spe-
cific model, and to be conservative, we only show cross
section limits under the assumption of capture via purely
contact interactions.
We note that the constraints that we have derived here

operate under the assumption that the S-cluster stars are
typical main sequence stars. This assumption is compat-
ible with current observational constraints on S-star stel-
lar parameters [40–46], but it is possible that the extreme
environment near Sgr A* produces stars with extremely
di↵erent physical characteristics than assumed in stan-
dard stellar evolution models (e.g., MESA). While this is
not likely given current observations, if future scenarios
strongly a↵ect the structural parameters of these stars,
the limits in this work would need to be re-evaluated.

V. SUMMARY AND OUTLOOK

In this paper, we have shown that stars in close prox-
imity to Sgr A* are strongly a↵ected by the high dark
matter density in the innermost 10�3 pc of the Galactic
Center. Dark matter that is e�ciently captured and an-
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FIG. 7. Dark matter-nucleon cross section bounds from celestial body searches, compared to other current bounds from Ref. [4].
Left: Bounds in the 10 MeV to 10 GeV dark matter mass range using Fermi-LAT data. The red-violet solid and dashed lines
are for brown dwarfs near the Galactic center, with gNFW profiles that have � = 1.0 and 1.5 respectively. The orange line
is the bound calculated from observations of Jupiter. We include the bound coming from CMB and Small Scale Structure in
green, as well as direct detection and XQC limits in magenta shaded. Right: Bounds for 500 GeV to 100 TeV dark matter.
The cross-section upper limits using HAWC solar observations are the red solid lines. The H.E.S.S. bound for all neutron stars
near the Galactic center, assuming the gNFW profile with � = 1.5, is the light-blue dashed line. The Xenon neutrino fog region
is the gray area, along with both the current bound from Direct Detection (magenta shaded), and the projection from currently
operating direct detection experiments (green dashed line) (LZ, XENONnT, PandaX-4T, SuperCDMS SNOLAB, SBC) [94].

from Direct Detection [98] as magenta lines from a com-
bination of the results from XENON [99], COSINE-
100 [100], CRESST-III [101], DAMA/LIBRA [102], and
DarkSide [103]. We also include bounds from the X-
ray Quantum Calorimeter (XQC) [104], as well as con-
straints from CMB and Small Scale Structure in green
solid line [105–108]. For TeV dark matter (right), we
show the projection from the operating experiments such
as LZ [109], XENONnT [110], PandaX-4T [111], Super-
CDMS SNOLAB [112], SBC [113]. The Xenon neutrino
fog region, taken from Ref. [94], is shown in the gray
area.

For low-mass dark matter (left), we show constraints
based on all brown dwarfs near the Galactic center red-
violet lines, in the case of a classical NFW profile (� =
1.0, solid), and for the gNFWwith � = 1.5 (dashed). Due
to the large uncertainty in the dark matter profile, the
actual bound is likely to lie in between these two curves,
from 10�35 down to 10�37 cm2. This shows that brown
dwarfs can probe cross sections smaller than the bounds
from direct detection by 4–6 orders of magnitude for dark
matter masses near 100 MeV, and 6–9 orders of magni-
tude smaller than the CMB and Small Scale Structure
bounds from 10 MeV to 10 GeV. On the other hand,
Jupiter (orange line) can provide cross-section bounds
that are 2–5 orders of magnitude stronger than brown

dwarf limits and extend down to nearly 10 MeV.
Comparing the results, we see that Jupiter provides

cross-section bounds that are stronger and with a wider
dark matter mass range than brown dwarfs near the
Galactic center. Bounds from Jupiter also do not su↵er
from the high uncertainty coming from the dark matter
density profile like brown dwarfs. On the other hand,
since we require the dark photon to decay before reach-
ing Earth from the annihilation source, brown dwarfs can
probe much larger decay lengths, opening more param-
eter space for the kinetic mixing coupling and the dark
photon mass, compared to Jupiter.
Moving to the heavier dark matter models in Fig. 7

(right), we show constraints from the Sun (red line) with
HAWC, along with neutron stars near the Galactic cen-
ter (light-blue dashed line) using H.E.S.S. Bounds from
the Sun are already excluded by direct detection since
spin-independent cross-section constraints in this regime
are very stringent. For neutron stars, as shown in Fig. 4
(right), the classical NFW profile cannot produce strong
enough photon signals to be probed by the H.E.S.S. data.
Thus, we only show the constraint for the gNFW profile
with � = 1.5, On the other hand, the large optical depth
of neutron stars can push the cross-section upper limit
down to 10�46 cm2 up to 70 TeV dark matter masses,
surpassing the projection from current direct detection
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FIG. 8. Cross section required for 99% of dark matter par-
ticles that pass through a 55 Jupiter mass brown dwarf with
with the radius of Jupiter to be captured. An example fixed
dark matter number of N� = 5 ⇥ 10�12NSM is used here,
where NSM is the number of Standard Model nucleons in the
object. A fixed force range � equal to 100 times the brown
dwarf’s radius is also chosen. The dashed blue line represents
dark interaction strengths ↵ = 0, displaying the required cross
section in the absence of a long range force, and the solid lines
represent di↵erent values of ↵. The values of N� and ↵ are
arbitrarily chosen to demonstrate the e↵ect on �max of a long
range force, as N� is a function of time for any chosen value
of ↵.

E. Scattering Cross Section Sensitivity

Figure 8 shows the cross section corresponding to
the assumption that any dark matter particle passing
through a benchmark brown dwarf is captured with 99%
probability, �max, which we had so far assumed. After
some dark matter has been accumulated, the required
cross section for 99% capture changes, and Fig. 8 also
shows �max as a function of dark matter mass for a few
values of the interaction strength ↵ at a fixed dark mat-
ter accumulation number. The transition cross section of
this object, corresponding to the switch between the sin-
gle and multi scatter regimes, is at about 2⇥ 10�35 cm2.
In the case of a gravitational potential only, i.e. ↵ = 0,
we observe the usual expectation for a local brown dwarf,
which is that it usually requires multiple scatters to cap-
ture all of the incoming dark matter. The fact it requires
multiple scatters is clear because the �max value is always
above the transition cross section of about 2⇥10�35 cm2,
and approaches it only when the dark matter mass be-
comes comparable to the target mass of around 1 GeV,
when scattering is kinematically e�cient.

Interestingly, we see that as the interaction strength of
the long-range force increases, the value of the cross sec-
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Cross Section Required for 750K DM Heating

FIG. 9. Cross section required for dark matter to kinetically
heat a 10 Gyr old, 55 Jupiter mass brown dwarf with Jupiter’s
radius to 750 K. Various values of interaction strength ↵ are
plotted, all with force ranges � set to 100 times the radius
of the brown dwarf. Complementary constraints from direct
detection on spin-independent scattering “SI DD” and spin-
dependent scattering “SD DD” are also shown, see text for
details.

tion which captures the bulk of the dark matter rapidly
approaches the transition cross section, i.e. we see the
cross sections going flat with dark matter mass. This
means that the e↵ect of the long-range force is to greatly
increase the capture e�ciency, and therefore greatly in-
crease the regime for which �max is the cross section re-
quired for the dark matter to scatter once, particularly
in the low dark matter mass regime. As dark matter
mass increases above 1 GeV the long range force be-
comes weaker until �max matches the gravity only case.
This e↵ect occurs because for heavier dark matter the
same potential di↵erence will correspond to slower incom-
ing speeds, as per the discussion in Section IIC. Fig. 8
was generated assuming a fixed dark matter number of
N� = 5 ⇥ 10�12

NSM, chosen simply to display the e↵ect
of the long range force on �max at some arbitrary snap-
shot in time. Note that the interaction values ↵ on this
plot are not in direct parallel to those shown in previous
Figs. 2–4, as this plot is showing a particular snapshot in
time for the dark matter number.
Figure 9 shows the minimum cross section to obtain

750 K or higher of dark kinetic heating as a function
of dark matter mass for varied interaction strengths, for
a benchmark brown dwarf. The value of 750 K is cho-
sen as an example, as it is su�cient to overcome the
background Standard Model temperature of this bench-
mark brown dwarf, and be detectable by telescopes.
We also show complementary bounds on the dark mat-
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achieved across a wide range of parameters. For the case
of short-lived mediators, or mediators with small kine-
matic boosts, fiono is generally less than one, and results
can be rescaled accordingly [16].

The equilibrium mass annihilation rate is obtained
when dark matter annihilation and capture are in equi-
librium. This is given by [43]

�ann = fcap ⇥ ⇡R
2
⇢�v�

r
8

3⇡

✓
1 +

3

2

v
2

esc

v2�

◆
, (10)

where m� is the dark matter mass, ⇢� = 0.4 GeV/cm3 is
the local dark matter density, v� = 270 km/s is the local
dark matter velocity dispersion, vesc is the planetary
escape velocity, and fcap is the fraction of particles
passing through the planet that are captured. For the
maximal geometric rate, corresponding to su�ciently
large dark matter-nucleon scattering cross sections,
fcap ⇡ 1. As the scattering cross section decreases, fcap
also decreases. We calculate the captured fraction of
dark matter particles that are above our Cassini data’s
detection threshold as discussed in the previous section,
and set limits by linking it to the dark matter nucleon
scattering cross section using the Asteria package [54].

Dark Matter Parameter Space– Figure 2 shows our
calculated limits on the dark matter-nucleon scattering
cross section as a function of dark matter mass, using
our ionization search strategy. The dark-shaded region
corresponds to the Jovian night side limits we derive from
Cassini VIMS flyby data, labeled “Jupiter Night SideH+

3

(Cassini)”, with the orange band covering the uncertainty
on this limit. As we will discuss, the exact shape of the
bounds in Fig. 2 can vary with particle physics models.
Despite this, the search strategy that we present here
can be many orders of magnitude more sensitive than
existing searches, especially for light dark matter. For
example, in this figure, we have taken fiono ⇠ 1, which
corresponds to the dark matter-rest mass energy being
deposited fully in the ionosphere, but this can be easily
rescaled depending on the dark matter model of interest.
For example, in the case of a one-mediator model which
is short-lived and also not kinematically very boosted,
fiono ⌧ 1 and the bounds would apply only at larger cross
sections. We also assume dark matter annihilation into
electrons, though annihilation into any ionizing species
will be e�cient. These bounds will be largely unchanged
if the final state is instead hadronic.

In Fig. 2 we also show projected sensitivities to the
dark matter-nucleon scattering cross section for a dark
matter ionization search, for benchmark inner-Galaxy
Jovian exoplanets, i.e. super-Jupiters with 10 times
Jupiter’s mass. For these example sensitivities we have
simply assumed that the dark matter signal matches or
exceeds the ionization background. Cosmic-ray ioniza-
tion is not expected to exceed 100 times the value mea-
sured near the solar position [55, 56]. We therefore as-
sume that the Jovian auroras dominate the background,

Figure 2. New constraints on the dark matter-nucleon scat-
tering cross section using planetary ionosphere measurements.
The orange band covers our uncertainty in limits with night
side Cassini VIMS JovianH

+
3 measurements; the dark-shaded

region is excluded. We also show sensitivity projections for
a benchmark Jovian exoplanet at 1 kpc or 100 pc from the
Galactic center (dashed), see text for details. We also show
limits from direct detection, spin-independent “SI DD” and
spin-dependent proton scattering “SD DD”.

with the auroral ionization intensity of these benchmarks
being the same as Jupiter’s, which is about a factor of
100 higher than the solar EUV [57]. This is required as
the low latitudes exploited for our Cassini Jupiter search
cannot be disentangled from the auroral emission at large
distances. While the inner-Galaxy Jovian exoplanets
have larger ionization backgrounds, they are also embed-
ded in larger dark matter densities than Jupiter, leading
to larger sensitivities. Furthermore, super-Jupiters are
more massive than Jupiter and have the additional bonus
of larger capture rates, leading to larger expected dark
matter signals. Our benchmark exoplanets are shown at
100 pc and 1 kpc, and in the optimistic case that further
towards the Galactic center is detectable, we see that the
dark matter parameter space sensitivity can substantially
increase. For the inner Galaxy dark matter distribution,
we have assumed a standard NFW dark matter profile.

Fig. 2 assumes no evaporation, as the minimum dark
matter mass that can be retained without evaporating
is model dependent [58]. Given the focus of our work is
pointing out this new search strategy, we do not focus on
any detailed particle models, but provide some character-
istic numbers in some benchmark models for context. For
contact-interaction dark matter models, in our parame-
ter range shown, the evaporation mass ranges between
about ⇠ 200 MeV�1 GeV. For long-range attractive in-
teraction models, the dark matter evaporation mass can
be instead sub-MeV [58]. It is also important to note that
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DM ionization 
on Jupiter

FIG. 2. Constraints on spin-dependent parameter space. The
filled purple contours demonstrate the cross sections for which
the formation of Jupiter stalls at 10M�, before gas is cap-
tured (see text for motivation of this benchmark). The green
contours demonstrate the cross sections for which the forma-
tion of Jovian planets near the GC stalls at this same mass.
Continuous contours assume that the environment in which
the planet forms is 115K; dashed contours assume it is 20K.
Reflection of light DM is considered for all but the outer pur-
ple T = 115K contour. As we discussed above reflection is
a model dependent phenomenon, and can be strongly sup-
pressed in models with a long range force mediator. Finally,
in the region below the orange dotted line DM evaporates
from the forming planet as discussed in appendix A, given
short-range interactions only. We also show constraints from
direct detection (filled gray contours) and from the CMB [99]
and MW-satelites [100] (dashed lines).

to satisfy (2) does grow as a function of time, we ex-
pect that formation of Jovian planets in the GC halts
at 10M� in the parameter range indicated by the con-
tours, and proceeds as normal below these contours.
We also project constraints based on the observation
of Jovian planets in the GC (for which we have as-
sumed ⇢DM = 103 GeV cm�3 and vDM = 10 km s�1) in
chartreuse (note that the premature ending is already in
tension with inferences of Jovian planets in the GC from
lensing events [101–103]). We show these constraints and
projections for two di↵erent benchmarks for the proto-
stellar disk temperature; the more conservative 115 K
and 20 K, for planets forming further away from the star.
We note that this is not the only parameter degeneracy;
most notably, the unavailability of nearby gas and dust
can also cause a protoplanet to stop accreting, and the
migration of a planet away from the star can likewise
change its accretion rate. Therefore, while one can inter-
pret the observation of a large gas giant as a constraint on
DM, the non-observation cannot directly be interpreted
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FIG. 3. Constraints on spin-independent DM interactions
from the existence of Jupiter, and expected sensitivity from
the non-existence of Jovians in the GC, as well as direct de-
tection and cosmology dependent constraints – as in Fig.2.

as positive evidence.
For comparison we show current direct detection con-

straints as gray contours. Here we show the maxi-
mal reach in the sensitivity to the direct nuclear recoil
process, which are least model dependent. The reach
is dominated by the CRESST results at lower masses
for spin-independent [104], and spin-dependent [105]
cross sections, while at higher masses the LUX [106]
results dominate for spin-dependent interactions, while
the XENON experiment dominates the spin-independent
sensitivity [107]. For large spin-independent cross sec-
tions, we also show the XQC constraint [108, 109]. Note
that searches based on the Migdal e↵ect [110] could po-
tentially reach lower DM masses, however, the results
have large theoretical uncertainties [111], and are not dis-
played here.
The sensitivity ceiling of direct detection experiments

at large cross sections for light DM from Ref. [112] and
for heavy DM from Refs. [96, 113] is shown. Since at the
large cross sections considered the scaling with atomic
mass number is uncertain [95], we do not rescale the re-
sults for spin-dependent interactions and a more detailed
analysis to obtain a precise ceiling values is needed. Note
that in contrast the sensitivity of our constraints and
suggested search is only a↵ected at cross sections above
10�22cm2, where large drift times would require a more
detailed analysis of the DM distribution [28, 114] and
annihilation outside the core.
We also show complementary cosmology-dependent

constraints from the CMB [99]. DM which scatters
with a velocity-independent cross-section can also be con-
strained from the lack of MW satellites produced in such
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Figure S5. Spin-independent DM-nucleon scattering cross section sensitivity estimates for Jupiters and brown dwarfs, for
exoplanets in a local DM velocity (left column) or GC DM velocity (right column) calculated in this work. The solid (min)
lines show cross sections assuming e↵ectively all DM is captured, and the dotted (max) lines show the maximum expected
reach. Complementary constraints are also shown; Earth is the limit on Earth DM-heat flow [99], DD is a collection of direct
detection experiments [102, 103, 108–111], Xenon1T (CR) [105] corresponds to cosmic-ray boosted DM signals.

Figure S5 shows our spin-independent results, for exoplanets in local and GC velocities. Compared to the spin-
dependent results, the exoplanet sensitivities are the same, however the complementary constraints vary. Most notably,
the direct detection constraints are stronger.

C. DM-Electron Scattering Sensitivity

To obtain the limits on DM-electron scattering in exoplanets, we also assume a hydrogen sphere for the exoplanets.
As the chemical composition is dominantly hydrogen, this allows the assumption that the proton number density is
identical to the electron number density. A subdominant correction comes from the helium abundance, which we
neglect to be conservative. Note that given the hydrogen target, relativistic shell e↵ects play no role in the considered
processes. We assume a momentum independent DM-electron cross section ��e, i.e. the electron form factor is F = 1.

Figure S6 shows the DM-electron scattering sensitivity estimates, alongside existing limits from direct detec-
tion [112–123] and solar reflection [124, 125]. Note that these limits have di↵erent assumptions; the direct detection
limits do not require any minimum annihilation cross section. While the region of sensitivity of Jovian planets is
already constrained by direct detection experiments, brown dwarfs will have some sensitivity to new DM-electron
scattering parameter space. We show the sensitivity for when about all (95%) and the likely smallest possible de-
tectable amount (10%) of DM is captured. Electron-dominated interactions may be found in for example leptophilic
DM models [126–130].

Note that the di↵erence in results between scattering o↵ di↵erent targets such as nuclei and electrons is simply due
to their di↵erent masses. When the dark matter mass is comparable to the target mass, scattering is most e�cient.
This is why the shape of the electron scattering cross section plots and the nucleon scattering plots are di↵erent – the
nucleon (proton) scattering is most e�cient around the proton mass of 1 GeV, and therefore strongest around this
mass. On the other hand, the electron scattering is most e�cient around the electron mass of about 0.5 MeV, and
therefore the cross section limits are strongest approaching this mass.

D. Additional Cross Section Results Discussion

For all of Fig. S4, Fig. S5, and Fig. S6 (and Fig. 3 of the main text), the sensitivity region would be all filled in as a
constraint if a statistically significant number of su�ciently cold Jupiters or brown dwarfs were measured. For instead
discovery of a DM-heating signal, the DM parameters would lie above the lines shown. As both these figures show
95% (max) and 10% (min) values of the DM capture rate, in principle even stronger sensitivity to DM cross sections
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Figure S4. Spin-dependent DM-proton scattering cross section sensitivity estimates for Jupiters and brown dwarfs, for exo-
planets in a local DM velocity calculated in this work. The solid (min) lines show cross sections assuming e↵ectively all DM
is captured, and the dotted lines show the maximum expected reach. Complementary constraints are also shown; Earth is the
limit on Earth DM-heat flow [99], DD is a collection of direct detection experiments [102, 103, 108–111], Borexino (CR) [105]
corresponds to cosmic-ray boosted DM signals. Two di↵erent DD bounds are shown; if the proton ap and neutron an couplings
are equal, the light pink line would be filled, if the neutron coupling an is zero, the magenta shaded region is the DD limit (the
exoplanet limits are not a↵ected by this choice).

A. Spin-Dependent DM-Proton Scattering Results in Local Velocities

We now briefly provide additional details for the spin-dependent results. For these interactions, we parametrize the
cross section in the following way:

�SD
�A = �SD

�N

✓
µ(mA)

µ(mN )

◆2 4(J + 1)

3J
[aphSpi+ anhSni]

2 , (S23)

where J is the total nuclear spin, hSpi and hSni the e↵ective proton and neutron spins of the nucleus respectively,
and ap and an the model dependent DM-proton and DM-neutron coupling strength respectively. For our scenario
only the couplings to protons will be relevant, since our targets are dominantly made of hydrogen and helium, and
the latter has zero total nuclear spin. We assume ap = 1. For simplicity, as per the SI limits, we approximate our
targets as proton spheres.

Figure S4 shows our sensitivities to spin-dependent DM-proton scattering in local DM velocities. In the main text,
we only showed the results for spin-dependent DM-proton scattering in GC DM velocities. We see that the scattering
limits in the local DM velocities are not as strong; this is because the velocities are higher, and therefore there is
much less boost from gravitational focusing. As per the main text results, the “min” cross section corresponds to the
case where e↵ectively all DM is captured. The “max” cross section corresponds to the smallest DM capture fraction
(about 10%) that can be probed in the near future with JWST. This is likely the maximum cross section reach, as
the temperatures corresponding to this lower scattering rate are approaching either the JWST minimum temperature
detection threshold, or the expected background temperature, in most of the parameter space.

Note that the scattering sensitivity arises predominately from DM-proton interactions. This is because gas giants
and brown dwarfs are predominately hydrogen and helium; hydrogen only has a proton, and helium has zero total
nuclear spin, thus DM-neutron interactions are not significant. We also show the earth heat flow bounds from Ref. [99]
for comparison, and direct detection bounds [100–103]. We also show limits on boosted DM from collisions with cosmic
rays [104–107], shown as“Borexino (CR)”. Note that these limits have di↵erent assumptions; the direct detection limits
do not require any minimum annihilation cross section.

B. Spin-Independent DM-Nucleon Scattering Results

In the main text, we only showed the spin-dependent results. Here, we now show our spin-independent results.

Heating of exoplanets and brown dwarfs
Secluded DM in brown 

dwarfs and Jupiter
10

FIG. 5. Scattering cross section limits for DM annihilation to long-lived mediators decaying to �� in Brown Dwarfs (using
Fermi), the Sun (using Fermi and HAWC [45, 47]), and Neutron Stars (using H.E.S.S.). The BD and NS limits are new
calculations in this work, calculated using the full Galactic Center population of BDs or NSs. The � = 1.0, 1.5 values
correspond to the inner slope of the DM density profile. Our limits have some assumptions; see text for details.

for varying Lorentz interactions. As such, we only show
the NS limit range with a dashed line – in full model-
dependent contexts, the limits will likely be contained
somewhere within this range.

We note several ways to construct models that can
change the relative strength of these limits. First, we
note that the solar and BD limits require proton scatter-
ing, while the NS limits require neutron scattering, so in
the case that only one coupling is present, the other limits
will disappear. We also note that we have assumed that
the mediator has a su�ciently long lifetime and/or boost
that it escapes the celestial body in question. However,
each of these systems shown have di↵ering radii, and as
such, if the mediator lifetime or boost were shorter, the
Sun, BD or NS limits may disappear, in that order. Fur-
thermore, much longer lifetimes may be probed by the
GC populations of BDs/NSs compared to the Sun – a de-
cay length that is much longer than an A.U. suppresses
the flux from the Sun, and depending on mediator boost,
can also enlarge the angular region that the signal ap-
pears to emanate from. In this sense, the BD/NS limits
are the most general; they apply to a wider range of decay
lengths.

While we have only shown mediator decay to gamma
rays �� ! �� ! 4� in Fig. 5, other final states can also
be probed. For electron final states, there is some ad-
ditional sensitivity at lower DM masses with BDs than
can be probed with the Sun, however this is only a few
GeV improvement, as the electron gamma-ray spectrum
is very soft, it peaks outside Fermi ’s energy range for any

lower DM masses. For b-quarks or ⌧ leptons, there is no
additional sensitivity with BDs using Fermi compared
to current constraints from the Sun. The main reason
why b-quarks or ⌧ spectral types do not gain new sub-
GeV sensitivity is that their softer spectral shapes peak
outside Fermi ’s sensitivity. As such, upcoming MeV tele-
scopes such as AMEGO and e-ASTROGAM could pro-
vide strong limits for these additional final states. Note,
however, that generically, the direct decay to photons will
provide the strongest constraints.

It also is possible to probe final states other than � !

2 SM with BDs/NSs. For example, constraints could also
be set on � ! 3� processes (motivated by light vectors)
and or � ! �

0+� (e.g. a long-lived dipole-type transition
between two massive dark sector states). However due to
their spectral shape, we expect these will likely produce
weaker constraints.

Lastly, we comment on our expectation that the cross
sections shown in Fig. 5 will lead to equilibrium being
reached. Most stars in the Galactic center nuclear star
cluster are expected to be very old, potentially older
than ⇠ 5 Gyr [55]. Therefore, to check the equilibration
timescale, we calculate the minimum scattering cross sec-
tion for all BD/NS within 100 pc that allows teq to be less
than O(1 Gyr). Conservatively, we consider the e↵ective
annihilation volume V to be the volume of the celestial
body BD/NS. For NS, and for both s� and p� wave DM,
teq will be smaller than 1 Gyr for scattering cross sections
of O(10�50 cm2) and higher, which is much lower than
the sensitivity for NS as shown in Fig. 5. For BDs, the
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significant.

Dark Matter in Jupiter–DM from the Galactic halo
can fall into Jupiter, scattering and losing energy. Once
the kinetic energy of the DM is less than the gravitational
potential, the DM particle is captured. DM capture can
occur via single or multiple scatters with Jovian matter
[40, 55–57]. The DM capture rate for N required scatters
is given by [55]

CN = ⇡R
2
XpN (⌧)

p
6n�

3
p
⇡v̄

⇥ (1)

✓
(2v̄2 + 3v2esc)� (2v̄2 + 3v2N ) exp

✓
�
3(v2N � v

2
esc)

2v̄2

◆◆
,

where vesc =
p

2GMX/RX ⇠ 60 km/s is Jupiter’s
escape velocity with G as the gravitational constant,
MX = 1.9 ⇥ 1027 kg and RX = 69, 911 km are the
mass and radius of Jupiter respectively. v̄ is the DM
velocity dispersion, n�(r) is the DM number density at
the Jupiter position, related to the mass density via
n�(r) = ⇢(r)/m�, and vN = vesc(1 � �+/2)�N/2 with
�+ = 4m�mn/(m� +mn)2. Note that here we have as-
sumed that a scattering variable z = sin2(✓CM/2), where
✓CM is the CoM scattering angle, takes its average value
of hzii = 1/2, which is not a perfect assumption for the
single scatter limit, but is accurate within a factor of a
few in our case. The probability of a single DM particle
undergoing N scatters is

pN (⌧) = 2

Z 1

0
dy

ye
�y⌧ (y⌧)N

N !
, (2)

where y is the cosine of the incidence angle of DM enter-
ing Jupiter, and ⌧ is the optical depth,

⌧ =
3

2

�

�sat
, (3)

and �sat is the saturation cross section of DM capture
onto nucleons given by �sat = ⇡R

2
/Nn, where Nn is the

number of Jovian nucleons. We assume for simplicity
that Jupiter is 100% hydrogen. The total capture rate of
DM in Jupiter CX is then given by

CX =
1X

N=1

CN . (4)

Assuming that equilibrium between capture and annihi-
lation of DM within Jupiter is reached, the annihilation
rate (�ann) is simply �ann = CX/2.

We assume that DM annihilates into two mediators
� that have a su�ciently long lifetime ⌧ or large boost
factor � ⇡ m�/m� such that the decay length L exceeds
the radius of Jupiter RX, as

L = ��⌧ ' �c⌧ > RX. (5)

FIG. 4. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihilation
to long-lived particles, from our new Jovian �-ray search. We
show complementary constraints from direct detection [59–
62], as well as DM annihilation to long-lived particles in the
Sun [43, 45], and brown dwarfs in the Galactic center [31].

The total flux at Earth from long-lived particles in
Jupiter is given by [43]

E
2 d�

dE
=

�ann

4⇡D2
�
⇥E

2
�
dN�

dE�
⇥BR(X ! SM)⇥ Psurv, (6)

where D� is the average distance of Jupiter to Earth,
BR(X ! SM) is the branching ratio of the mediator to a
given SM final state. The probability of the signal sur-
viving to reach the detector near Earth, Psurv, provided
the decay products escape Jupiter is [43]

Psurv = e
�RX/�c⌧

� e
�D�/�c⌧

. (7)

In Eq. 6, the E2
� dN�/dE� term corresponds to the �-ray

energy spectrum. The relevant DM annihilation process
is �� ! �� ! 4 SM. DM annihilation to two medi-
ators is dominant over DM annihilation to one media-
tor, as it is not phase-space suppressed. This yields the
characteristic �-ray box spectral shape [58]. As we con-
sider mediators at least a factor few lighter than the DM,
the highest energy �-rays always peak close to the DM
mass. This means that our results are approximately
independent of the mediator mass (provided it is su�-
ciently boosted/long-lived to escape Jupiter).

Figure 4 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
�-rays at 95%C.L., for mediator decay to �-rays, via
�� ! ��, � ! 2 �. In this plot we take the mediator to
decay at the Jovian surface. We show for comparison,
limits from direct detection (DD) [59–62], which loses
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FIG. 8. Constraints on the dark matter-nucleon scattering cross section against the dark matter mass as derived from failed
star formation (assuming in situ formation) (left panel) and disruption of migrated stars (right panel) for our four S-stars:
S2, S4711, S62, S4714. For comparison we show complementary constraints, which arise from direct detection experiments
from either spin-independent “SI DD” or spin-dependent “SD DD” scattering; whether these are applicable will depend on the
dark matter particle model. Additionally, we show projections for a hypothetical 1 M� star (orange) with an even closer orbit
around Sgr A*, which would exceed our constraints from observed stars by another order of magnitude.

ing cross section from CRESST-III [84], DarkSide [85],
XENON-nT [86], and LZ [87]. We also show limits on
the spin-dependent cross section (assuming pure inter-
actions with protons) from CRESST-III [88] and PICO-
60 [89]. As we have assumed the simplifying case of pure
hydrogen in our stars, our stellar limits do not change be-
tween spin-independent and spin-dependent scattering,
and only the complementary direct detection bounds will
change depending on whether the dark matter model has
spin-independent or spin-dependent scattering. We see
that our constraints cover more new parameter space in
the spin-dependent scenario, but that we also deliver new
sensitivities for spin-independent models. There are also
classes of dark matter models where these direct detec-
tion limits may not apply, but we show them regardless
to facilitate comparison.

In Fig. 8, we do not include any dark matter evapora-
tion, as it is highly model dependent [90]. Evaporation
truncates the lightest dark matter mass that is probed
by our search, due to the fact that the thermal kicks im-
parted to the dark matter become too large given the
gravitational potential energy of the star, allowing the
dark matter to simply leave the system. While the pur-
pose of our paper is not to investigate any detailed par-
ticle dark matter models, we provide for reference some
evaporation cut o↵s in benchmark scenarios. In the case
that the dark matter scattering is purely via contact in-
teractions, we find that the evaporation mass in our pa-
rameter space is about a GeV, depending on the star and

the cross section. In the case of attractive long-range
interaction model classes, the evaporation mass can be
sub-MeV [90]. In a similar vein, including enhanced dark
matter capture rates expected from attractive long-range
particle models could increase our cross section sensitiv-
ity by orders of magnitude, depending on the specific
model parameters. However to avoid detailing any spe-
cific model, and to be conservative, we only show cross
section limits under the assumption of capture via purely
contact interactions.
We note that the constraints that we have derived here

operate under the assumption that the S-cluster stars are
typical main sequence stars. This assumption is compat-
ible with current observational constraints on S-star stel-
lar parameters [40–46], but it is possible that the extreme
environment near Sgr A* produces stars with extremely
di↵erent physical characteristics than assumed in stan-
dard stellar evolution models (e.g., MESA). While this is
not likely given current observations, if future scenarios
strongly a↵ect the structural parameters of these stars,
the limits in this work would need to be re-evaluated.

V. SUMMARY AND OUTLOOK

In this paper, we have shown that stars in close prox-
imity to Sgr A* are strongly a↵ected by the high dark
matter density in the innermost 10�3 pc of the Galactic
Center. Dark matter that is e�ciently captured and an-
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FIG. 7. Dark matter-nucleon cross section bounds from celestial body searches, compared to other current bounds from Ref. [4].
Left: Bounds in the 10 MeV to 10 GeV dark matter mass range using Fermi-LAT data. The red-violet solid and dashed lines
are for brown dwarfs near the Galactic center, with gNFW profiles that have � = 1.0 and 1.5 respectively. The orange line
is the bound calculated from observations of Jupiter. We include the bound coming from CMB and Small Scale Structure in
green, as well as direct detection and XQC limits in magenta shaded. Right: Bounds for 500 GeV to 100 TeV dark matter.
The cross-section upper limits using HAWC solar observations are the red solid lines. The H.E.S.S. bound for all neutron stars
near the Galactic center, assuming the gNFW profile with � = 1.5, is the light-blue dashed line. The Xenon neutrino fog region
is the gray area, along with both the current bound from Direct Detection (magenta shaded), and the projection from currently
operating direct detection experiments (green dashed line) (LZ, XENONnT, PandaX-4T, SuperCDMS SNOLAB, SBC) [94].

from Direct Detection [98] as magenta lines from a com-
bination of the results from XENON [99], COSINE-
100 [100], CRESST-III [101], DAMA/LIBRA [102], and
DarkSide [103]. We also include bounds from the X-
ray Quantum Calorimeter (XQC) [104], as well as con-
straints from CMB and Small Scale Structure in green
solid line [105–108]. For TeV dark matter (right), we
show the projection from the operating experiments such
as LZ [109], XENONnT [110], PandaX-4T [111], Super-
CDMS SNOLAB [112], SBC [113]. The Xenon neutrino
fog region, taken from Ref. [94], is shown in the gray
area.

For low-mass dark matter (left), we show constraints
based on all brown dwarfs near the Galactic center red-
violet lines, in the case of a classical NFW profile (� =
1.0, solid), and for the gNFWwith � = 1.5 (dashed). Due
to the large uncertainty in the dark matter profile, the
actual bound is likely to lie in between these two curves,
from 10�35 down to 10�37 cm2. This shows that brown
dwarfs can probe cross sections smaller than the bounds
from direct detection by 4–6 orders of magnitude for dark
matter masses near 100 MeV, and 6–9 orders of magni-
tude smaller than the CMB and Small Scale Structure
bounds from 10 MeV to 10 GeV. On the other hand,
Jupiter (orange line) can provide cross-section bounds
that are 2–5 orders of magnitude stronger than brown

dwarf limits and extend down to nearly 10 MeV.
Comparing the results, we see that Jupiter provides

cross-section bounds that are stronger and with a wider
dark matter mass range than brown dwarfs near the
Galactic center. Bounds from Jupiter also do not su↵er
from the high uncertainty coming from the dark matter
density profile like brown dwarfs. On the other hand,
since we require the dark photon to decay before reach-
ing Earth from the annihilation source, brown dwarfs can
probe much larger decay lengths, opening more param-
eter space for the kinetic mixing coupling and the dark
photon mass, compared to Jupiter.
Moving to the heavier dark matter models in Fig. 7

(right), we show constraints from the Sun (red line) with
HAWC, along with neutron stars near the Galactic cen-
ter (light-blue dashed line) using H.E.S.S. Bounds from
the Sun are already excluded by direct detection since
spin-independent cross-section constraints in this regime
are very stringent. For neutron stars, as shown in Fig. 4
(right), the classical NFW profile cannot produce strong
enough photon signals to be probed by the H.E.S.S. data.
Thus, we only show the constraint for the gNFW profile
with � = 1.5, On the other hand, the large optical depth
of neutron stars can push the cross-section upper limit
down to 10�46 cm2 up to 70 TeV dark matter masses,
surpassing the projection from current direct detection
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FIG. 8. Cross section required for 99% of dark matter par-
ticles that pass through a 55 Jupiter mass brown dwarf with
with the radius of Jupiter to be captured. An example fixed
dark matter number of N� = 5 ⇥ 10�12NSM is used here,
where NSM is the number of Standard Model nucleons in the
object. A fixed force range � equal to 100 times the brown
dwarf’s radius is also chosen. The dashed blue line represents
dark interaction strengths ↵ = 0, displaying the required cross
section in the absence of a long range force, and the solid lines
represent di↵erent values of ↵. The values of N� and ↵ are
arbitrarily chosen to demonstrate the e↵ect on �max of a long
range force, as N� is a function of time for any chosen value
of ↵.

E. Scattering Cross Section Sensitivity

Figure 8 shows the cross section corresponding to
the assumption that any dark matter particle passing
through a benchmark brown dwarf is captured with 99%
probability, �max, which we had so far assumed. After
some dark matter has been accumulated, the required
cross section for 99% capture changes, and Fig. 8 also
shows �max as a function of dark matter mass for a few
values of the interaction strength ↵ at a fixed dark mat-
ter accumulation number. The transition cross section of
this object, corresponding to the switch between the sin-
gle and multi scatter regimes, is at about 2⇥ 10�35 cm2.
In the case of a gravitational potential only, i.e. ↵ = 0,
we observe the usual expectation for a local brown dwarf,
which is that it usually requires multiple scatters to cap-
ture all of the incoming dark matter. The fact it requires
multiple scatters is clear because the �max value is always
above the transition cross section of about 2⇥10�35 cm2,
and approaches it only when the dark matter mass be-
comes comparable to the target mass of around 1 GeV,
when scattering is kinematically e�cient.

Interestingly, we see that as the interaction strength of
the long-range force increases, the value of the cross sec-
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Cross Section Required for 750K DM Heating

FIG. 9. Cross section required for dark matter to kinetically
heat a 10 Gyr old, 55 Jupiter mass brown dwarf with Jupiter’s
radius to 750 K. Various values of interaction strength ↵ are
plotted, all with force ranges � set to 100 times the radius
of the brown dwarf. Complementary constraints from direct
detection on spin-independent scattering “SI DD” and spin-
dependent scattering “SD DD” are also shown, see text for
details.

tion which captures the bulk of the dark matter rapidly
approaches the transition cross section, i.e. we see the
cross sections going flat with dark matter mass. This
means that the e↵ect of the long-range force is to greatly
increase the capture e�ciency, and therefore greatly in-
crease the regime for which �max is the cross section re-
quired for the dark matter to scatter once, particularly
in the low dark matter mass regime. As dark matter
mass increases above 1 GeV the long range force be-
comes weaker until �max matches the gravity only case.
This e↵ect occurs because for heavier dark matter the
same potential di↵erence will correspond to slower incom-
ing speeds, as per the discussion in Section IIC. Fig. 8
was generated assuming a fixed dark matter number of
N� = 5 ⇥ 10�12

NSM, chosen simply to display the e↵ect
of the long range force on �max at some arbitrary snap-
shot in time. Note that the interaction values ↵ on this
plot are not in direct parallel to those shown in previous
Figs. 2–4, as this plot is showing a particular snapshot in
time for the dark matter number.
Figure 9 shows the minimum cross section to obtain

750 K or higher of dark kinetic heating as a function
of dark matter mass for varied interaction strengths, for
a benchmark brown dwarf. The value of 750 K is cho-
sen as an example, as it is su�cient to overcome the
background Standard Model temperature of this bench-
mark brown dwarf, and be detectable by telescopes.
We also show complementary bounds on the dark mat-

J. F. Acevedo, R. K. Leane and 
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achieved across a wide range of parameters. For the case
of short-lived mediators, or mediators with small kine-
matic boosts, fiono is generally less than one, and results
can be rescaled accordingly [16].

The equilibrium mass annihilation rate is obtained
when dark matter annihilation and capture are in equi-
librium. This is given by [43]

�ann = fcap ⇥ ⇡R
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2
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v2�

◆
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where m� is the dark matter mass, ⇢� = 0.4 GeV/cm3 is
the local dark matter density, v� = 270 km/s is the local
dark matter velocity dispersion, vesc is the planetary
escape velocity, and fcap is the fraction of particles
passing through the planet that are captured. For the
maximal geometric rate, corresponding to su�ciently
large dark matter-nucleon scattering cross sections,
fcap ⇡ 1. As the scattering cross section decreases, fcap
also decreases. We calculate the captured fraction of
dark matter particles that are above our Cassini data’s
detection threshold as discussed in the previous section,
and set limits by linking it to the dark matter nucleon
scattering cross section using the Asteria package [54].

Dark Matter Parameter Space– Figure 2 shows our
calculated limits on the dark matter-nucleon scattering
cross section as a function of dark matter mass, using
our ionization search strategy. The dark-shaded region
corresponds to the Jovian night side limits we derive from
Cassini VIMS flyby data, labeled “Jupiter Night SideH+

3

(Cassini)”, with the orange band covering the uncertainty
on this limit. As we will discuss, the exact shape of the
bounds in Fig. 2 can vary with particle physics models.
Despite this, the search strategy that we present here
can be many orders of magnitude more sensitive than
existing searches, especially for light dark matter. For
example, in this figure, we have taken fiono ⇠ 1, which
corresponds to the dark matter-rest mass energy being
deposited fully in the ionosphere, but this can be easily
rescaled depending on the dark matter model of interest.
For example, in the case of a one-mediator model which
is short-lived and also not kinematically very boosted,
fiono ⌧ 1 and the bounds would apply only at larger cross
sections. We also assume dark matter annihilation into
electrons, though annihilation into any ionizing species
will be e�cient. These bounds will be largely unchanged
if the final state is instead hadronic.

In Fig. 2 we also show projected sensitivities to the
dark matter-nucleon scattering cross section for a dark
matter ionization search, for benchmark inner-Galaxy
Jovian exoplanets, i.e. super-Jupiters with 10 times
Jupiter’s mass. For these example sensitivities we have
simply assumed that the dark matter signal matches or
exceeds the ionization background. Cosmic-ray ioniza-
tion is not expected to exceed 100 times the value mea-
sured near the solar position [55, 56]. We therefore as-
sume that the Jovian auroras dominate the background,

Figure 2. New constraints on the dark matter-nucleon scat-
tering cross section using planetary ionosphere measurements.
The orange band covers our uncertainty in limits with night
side Cassini VIMS JovianH

+
3 measurements; the dark-shaded

region is excluded. We also show sensitivity projections for
a benchmark Jovian exoplanet at 1 kpc or 100 pc from the
Galactic center (dashed), see text for details. We also show
limits from direct detection, spin-independent “SI DD” and
spin-dependent proton scattering “SD DD”.

with the auroral ionization intensity of these benchmarks
being the same as Jupiter’s, which is about a factor of
100 higher than the solar EUV [57]. This is required as
the low latitudes exploited for our Cassini Jupiter search
cannot be disentangled from the auroral emission at large
distances. While the inner-Galaxy Jovian exoplanets
have larger ionization backgrounds, they are also embed-
ded in larger dark matter densities than Jupiter, leading
to larger sensitivities. Furthermore, super-Jupiters are
more massive than Jupiter and have the additional bonus
of larger capture rates, leading to larger expected dark
matter signals. Our benchmark exoplanets are shown at
100 pc and 1 kpc, and in the optimistic case that further
towards the Galactic center is detectable, we see that the
dark matter parameter space sensitivity can substantially
increase. For the inner Galaxy dark matter distribution,
we have assumed a standard NFW dark matter profile.

Fig. 2 assumes no evaporation, as the minimum dark
matter mass that can be retained without evaporating
is model dependent [58]. Given the focus of our work is
pointing out this new search strategy, we do not focus on
any detailed particle models, but provide some character-
istic numbers in some benchmark models for context. For
contact-interaction dark matter models, in our parame-
ter range shown, the evaporation mass ranges between
about ⇠ 200 MeV�1 GeV. For long-range attractive in-
teraction models, the dark matter evaporation mass can
be instead sub-MeV [58]. It is also important to note that

4
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DM ionization 
on Jupiter

FIG. 2. Constraints on spin-dependent parameter space. The
filled purple contours demonstrate the cross sections for which
the formation of Jupiter stalls at 10M�, before gas is cap-
tured (see text for motivation of this benchmark). The green
contours demonstrate the cross sections for which the forma-
tion of Jovian planets near the GC stalls at this same mass.
Continuous contours assume that the environment in which
the planet forms is 115K; dashed contours assume it is 20K.
Reflection of light DM is considered for all but the outer pur-
ple T = 115K contour. As we discussed above reflection is
a model dependent phenomenon, and can be strongly sup-
pressed in models with a long range force mediator. Finally,
in the region below the orange dotted line DM evaporates
from the forming planet as discussed in appendix A, given
short-range interactions only. We also show constraints from
direct detection (filled gray contours) and from the CMB [99]
and MW-satelites [100] (dashed lines).

to satisfy (2) does grow as a function of time, we ex-
pect that formation of Jovian planets in the GC halts
at 10M� in the parameter range indicated by the con-
tours, and proceeds as normal below these contours.
We also project constraints based on the observation
of Jovian planets in the GC (for which we have as-
sumed ⇢DM = 103 GeV cm�3 and vDM = 10 km s�1) in
chartreuse (note that the premature ending is already in
tension with inferences of Jovian planets in the GC from
lensing events [101–103]). We show these constraints and
projections for two di↵erent benchmarks for the proto-
stellar disk temperature; the more conservative 115 K
and 20 K, for planets forming further away from the star.
We note that this is not the only parameter degeneracy;
most notably, the unavailability of nearby gas and dust
can also cause a protoplanet to stop accreting, and the
migration of a planet away from the star can likewise
change its accretion rate. Therefore, while one can inter-
pret the observation of a large gas giant as a constraint on
DM, the non-observation cannot directly be interpreted
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FIG. 3. Constraints on spin-independent DM interactions
from the existence of Jupiter, and expected sensitivity from
the non-existence of Jovians in the GC, as well as direct de-
tection and cosmology dependent constraints – as in Fig.2.

as positive evidence.
For comparison we show current direct detection con-

straints as gray contours. Here we show the maxi-
mal reach in the sensitivity to the direct nuclear recoil
process, which are least model dependent. The reach
is dominated by the CRESST results at lower masses
for spin-independent [104], and spin-dependent [105]
cross sections, while at higher masses the LUX [106]
results dominate for spin-dependent interactions, while
the XENON experiment dominates the spin-independent
sensitivity [107]. For large spin-independent cross sec-
tions, we also show the XQC constraint [108, 109]. Note
that searches based on the Migdal e↵ect [110] could po-
tentially reach lower DM masses, however, the results
have large theoretical uncertainties [111], and are not dis-
played here.
The sensitivity ceiling of direct detection experiments

at large cross sections for light DM from Ref. [112] and
for heavy DM from Refs. [96, 113] is shown. Since at the
large cross sections considered the scaling with atomic
mass number is uncertain [95], we do not rescale the re-
sults for spin-dependent interactions and a more detailed
analysis to obtain a precise ceiling values is needed. Note
that in contrast the sensitivity of our constraints and
suggested search is only a↵ected at cross sections above
10�22cm2, where large drift times would require a more
detailed analysis of the DM distribution [28, 114] and
annihilation outside the core.
We also show complementary cosmology-dependent

constraints from the CMB [99]. DM which scatters
with a velocity-independent cross-section can also be con-
strained from the lack of MW satellites produced in such

5

Disruption of 
planet formation

D. Croon and J. Smirnov, 
arXiv:2309:02495

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.161101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.075030
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.071001
https://arxiv.org/abs/2402.01839
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.123041
https://arxiv.org/abs/2405.02393
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.261002
https://arxiv.org/abs/2309.02495


42

15

Figure S5. Spin-independent DM-nucleon scattering cross section sensitivity estimates for Jupiters and brown dwarfs, for
exoplanets in a local DM velocity (left column) or GC DM velocity (right column) calculated in this work. The solid (min)
lines show cross sections assuming e↵ectively all DM is captured, and the dotted (max) lines show the maximum expected
reach. Complementary constraints are also shown; Earth is the limit on Earth DM-heat flow [99], DD is a collection of direct
detection experiments [102, 103, 108–111], Xenon1T (CR) [105] corresponds to cosmic-ray boosted DM signals.

Figure S5 shows our spin-independent results, for exoplanets in local and GC velocities. Compared to the spin-
dependent results, the exoplanet sensitivities are the same, however the complementary constraints vary. Most notably,
the direct detection constraints are stronger.

C. DM-Electron Scattering Sensitivity

To obtain the limits on DM-electron scattering in exoplanets, we also assume a hydrogen sphere for the exoplanets.
As the chemical composition is dominantly hydrogen, this allows the assumption that the proton number density is
identical to the electron number density. A subdominant correction comes from the helium abundance, which we
neglect to be conservative. Note that given the hydrogen target, relativistic shell e↵ects play no role in the considered
processes. We assume a momentum independent DM-electron cross section ��e, i.e. the electron form factor is F = 1.

Figure S6 shows the DM-electron scattering sensitivity estimates, alongside existing limits from direct detec-
tion [112–123] and solar reflection [124, 125]. Note that these limits have di↵erent assumptions; the direct detection
limits do not require any minimum annihilation cross section. While the region of sensitivity of Jovian planets is
already constrained by direct detection experiments, brown dwarfs will have some sensitivity to new DM-electron
scattering parameter space. We show the sensitivity for when about all (95%) and the likely smallest possible de-
tectable amount (10%) of DM is captured. Electron-dominated interactions may be found in for example leptophilic
DM models [126–130].

Note that the di↵erence in results between scattering o↵ di↵erent targets such as nuclei and electrons is simply due
to their di↵erent masses. When the dark matter mass is comparable to the target mass, scattering is most e�cient.
This is why the shape of the electron scattering cross section plots and the nucleon scattering plots are di↵erent – the
nucleon (proton) scattering is most e�cient around the proton mass of 1 GeV, and therefore strongest around this
mass. On the other hand, the electron scattering is most e�cient around the electron mass of about 0.5 MeV, and
therefore the cross section limits are strongest approaching this mass.

D. Additional Cross Section Results Discussion

For all of Fig. S4, Fig. S5, and Fig. S6 (and Fig. 3 of the main text), the sensitivity region would be all filled in as a
constraint if a statistically significant number of su�ciently cold Jupiters or brown dwarfs were measured. For instead
discovery of a DM-heating signal, the DM parameters would lie above the lines shown. As both these figures show
95% (max) and 10% (min) values of the DM capture rate, in principle even stronger sensitivity to DM cross sections
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Figure S4. Spin-dependent DM-proton scattering cross section sensitivity estimates for Jupiters and brown dwarfs, for exo-
planets in a local DM velocity calculated in this work. The solid (min) lines show cross sections assuming e↵ectively all DM
is captured, and the dotted lines show the maximum expected reach. Complementary constraints are also shown; Earth is the
limit on Earth DM-heat flow [99], DD is a collection of direct detection experiments [102, 103, 108–111], Borexino (CR) [105]
corresponds to cosmic-ray boosted DM signals. Two di↵erent DD bounds are shown; if the proton ap and neutron an couplings
are equal, the light pink line would be filled, if the neutron coupling an is zero, the magenta shaded region is the DD limit (the
exoplanet limits are not a↵ected by this choice).

A. Spin-Dependent DM-Proton Scattering Results in Local Velocities

We now briefly provide additional details for the spin-dependent results. For these interactions, we parametrize the
cross section in the following way:

�SD
�A = �SD

�N

✓
µ(mA)

µ(mN )

◆2 4(J + 1)

3J
[aphSpi+ anhSni]

2 , (S23)

where J is the total nuclear spin, hSpi and hSni the e↵ective proton and neutron spins of the nucleus respectively,
and ap and an the model dependent DM-proton and DM-neutron coupling strength respectively. For our scenario
only the couplings to protons will be relevant, since our targets are dominantly made of hydrogen and helium, and
the latter has zero total nuclear spin. We assume ap = 1. For simplicity, as per the SI limits, we approximate our
targets as proton spheres.

Figure S4 shows our sensitivities to spin-dependent DM-proton scattering in local DM velocities. In the main text,
we only showed the results for spin-dependent DM-proton scattering in GC DM velocities. We see that the scattering
limits in the local DM velocities are not as strong; this is because the velocities are higher, and therefore there is
much less boost from gravitational focusing. As per the main text results, the “min” cross section corresponds to the
case where e↵ectively all DM is captured. The “max” cross section corresponds to the smallest DM capture fraction
(about 10%) that can be probed in the near future with JWST. This is likely the maximum cross section reach, as
the temperatures corresponding to this lower scattering rate are approaching either the JWST minimum temperature
detection threshold, or the expected background temperature, in most of the parameter space.

Note that the scattering sensitivity arises predominately from DM-proton interactions. This is because gas giants
and brown dwarfs are predominately hydrogen and helium; hydrogen only has a proton, and helium has zero total
nuclear spin, thus DM-neutron interactions are not significant. We also show the earth heat flow bounds from Ref. [99]
for comparison, and direct detection bounds [100–103]. We also show limits on boosted DM from collisions with cosmic
rays [104–107], shown as“Borexino (CR)”. Note that these limits have di↵erent assumptions; the direct detection limits
do not require any minimum annihilation cross section.

B. Spin-Independent DM-Nucleon Scattering Results

In the main text, we only showed the spin-dependent results. Here, we now show our spin-independent results.

Heating of exoplanets and brown dwarfs
Secluded DM in brown 

dwarfs and Jupiter
10

FIG. 5. Scattering cross section limits for DM annihilation to long-lived mediators decaying to �� in Brown Dwarfs (using
Fermi), the Sun (using Fermi and HAWC [45, 47]), and Neutron Stars (using H.E.S.S.). The BD and NS limits are new
calculations in this work, calculated using the full Galactic Center population of BDs or NSs. The � = 1.0, 1.5 values
correspond to the inner slope of the DM density profile. Our limits have some assumptions; see text for details.

for varying Lorentz interactions. As such, we only show
the NS limit range with a dashed line – in full model-
dependent contexts, the limits will likely be contained
somewhere within this range.

We note several ways to construct models that can
change the relative strength of these limits. First, we
note that the solar and BD limits require proton scatter-
ing, while the NS limits require neutron scattering, so in
the case that only one coupling is present, the other limits
will disappear. We also note that we have assumed that
the mediator has a su�ciently long lifetime and/or boost
that it escapes the celestial body in question. However,
each of these systems shown have di↵ering radii, and as
such, if the mediator lifetime or boost were shorter, the
Sun, BD or NS limits may disappear, in that order. Fur-
thermore, much longer lifetimes may be probed by the
GC populations of BDs/NSs compared to the Sun – a de-
cay length that is much longer than an A.U. suppresses
the flux from the Sun, and depending on mediator boost,
can also enlarge the angular region that the signal ap-
pears to emanate from. In this sense, the BD/NS limits
are the most general; they apply to a wider range of decay
lengths.

While we have only shown mediator decay to gamma
rays �� ! �� ! 4� in Fig. 5, other final states can also
be probed. For electron final states, there is some ad-
ditional sensitivity at lower DM masses with BDs than
can be probed with the Sun, however this is only a few
GeV improvement, as the electron gamma-ray spectrum
is very soft, it peaks outside Fermi ’s energy range for any

lower DM masses. For b-quarks or ⌧ leptons, there is no
additional sensitivity with BDs using Fermi compared
to current constraints from the Sun. The main reason
why b-quarks or ⌧ spectral types do not gain new sub-
GeV sensitivity is that their softer spectral shapes peak
outside Fermi ’s sensitivity. As such, upcoming MeV tele-
scopes such as AMEGO and e-ASTROGAM could pro-
vide strong limits for these additional final states. Note,
however, that generically, the direct decay to photons will
provide the strongest constraints.

It also is possible to probe final states other than � !

2 SM with BDs/NSs. For example, constraints could also
be set on � ! 3� processes (motivated by light vectors)
and or � ! �

0+� (e.g. a long-lived dipole-type transition
between two massive dark sector states). However due to
their spectral shape, we expect these will likely produce
weaker constraints.

Lastly, we comment on our expectation that the cross
sections shown in Fig. 5 will lead to equilibrium being
reached. Most stars in the Galactic center nuclear star
cluster are expected to be very old, potentially older
than ⇠ 5 Gyr [55]. Therefore, to check the equilibration
timescale, we calculate the minimum scattering cross sec-
tion for all BD/NS within 100 pc that allows teq to be less
than O(1 Gyr). Conservatively, we consider the e↵ective
annihilation volume V to be the volume of the celestial
body BD/NS. For NS, and for both s� and p� wave DM,
teq will be smaller than 1 Gyr for scattering cross sections
of O(10�50 cm2) and higher, which is much lower than
the sensitivity for NS as shown in Fig. 5. For BDs, the

4

significant.

Dark Matter in Jupiter–DM from the Galactic halo
can fall into Jupiter, scattering and losing energy. Once
the kinetic energy of the DM is less than the gravitational
potential, the DM particle is captured. DM capture can
occur via single or multiple scatters with Jovian matter
[40, 55–57]. The DM capture rate for N required scatters
is given by [55]

CN = ⇡R
2
XpN (⌧)

p
6n�

3
p
⇡v̄

⇥ (1)

✓
(2v̄2 + 3v2esc)� (2v̄2 + 3v2N ) exp

✓
�
3(v2N � v

2
esc)

2v̄2

◆◆
,

where vesc =
p

2GMX/RX ⇠ 60 km/s is Jupiter’s
escape velocity with G as the gravitational constant,
MX = 1.9 ⇥ 1027 kg and RX = 69, 911 km are the
mass and radius of Jupiter respectively. v̄ is the DM
velocity dispersion, n�(r) is the DM number density at
the Jupiter position, related to the mass density via
n�(r) = ⇢(r)/m�, and vN = vesc(1 � �+/2)�N/2 with
�+ = 4m�mn/(m� +mn)2. Note that here we have as-
sumed that a scattering variable z = sin2(✓CM/2), where
✓CM is the CoM scattering angle, takes its average value
of hzii = 1/2, which is not a perfect assumption for the
single scatter limit, but is accurate within a factor of a
few in our case. The probability of a single DM particle
undergoing N scatters is

pN (⌧) = 2

Z 1

0
dy

ye
�y⌧ (y⌧)N

N !
, (2)

where y is the cosine of the incidence angle of DM enter-
ing Jupiter, and ⌧ is the optical depth,

⌧ =
3

2

�

�sat
, (3)

and �sat is the saturation cross section of DM capture
onto nucleons given by �sat = ⇡R

2
/Nn, where Nn is the

number of Jovian nucleons. We assume for simplicity
that Jupiter is 100% hydrogen. The total capture rate of
DM in Jupiter CX is then given by

CX =
1X

N=1

CN . (4)

Assuming that equilibrium between capture and annihi-
lation of DM within Jupiter is reached, the annihilation
rate (�ann) is simply �ann = CX/2.

We assume that DM annihilates into two mediators
� that have a su�ciently long lifetime ⌧ or large boost
factor � ⇡ m�/m� such that the decay length L exceeds
the radius of Jupiter RX, as

L = ��⌧ ' �c⌧ > RX. (5)

FIG. 4. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihilation
to long-lived particles, from our new Jovian �-ray search. We
show complementary constraints from direct detection [59–
62], as well as DM annihilation to long-lived particles in the
Sun [43, 45], and brown dwarfs in the Galactic center [31].

The total flux at Earth from long-lived particles in
Jupiter is given by [43]

E
2 d�

dE
=

�ann

4⇡D2
�
⇥E

2
�
dN�

dE�
⇥BR(X ! SM)⇥ Psurv, (6)

where D� is the average distance of Jupiter to Earth,
BR(X ! SM) is the branching ratio of the mediator to a
given SM final state. The probability of the signal sur-
viving to reach the detector near Earth, Psurv, provided
the decay products escape Jupiter is [43]

Psurv = e
�RX/�c⌧

� e
�D�/�c⌧

. (7)

In Eq. 6, the E2
� dN�/dE� term corresponds to the �-ray

energy spectrum. The relevant DM annihilation process
is �� ! �� ! 4 SM. DM annihilation to two medi-
ators is dominant over DM annihilation to one media-
tor, as it is not phase-space suppressed. This yields the
characteristic �-ray box spectral shape [58]. As we con-
sider mediators at least a factor few lighter than the DM,
the highest energy �-rays always peak close to the DM
mass. This means that our results are approximately
independent of the mediator mass (provided it is su�-
ciently boosted/long-lived to escape Jupiter).

Figure 4 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
�-rays at 95%C.L., for mediator decay to �-rays, via
�� ! ��, � ! 2 �. In this plot we take the mediator to
decay at the Jovian surface. We show for comparison,
limits from direct detection (DD) [59–62], which loses
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FIG. 8. Constraints on the dark matter-nucleon scattering cross section against the dark matter mass as derived from failed
star formation (assuming in situ formation) (left panel) and disruption of migrated stars (right panel) for our four S-stars:
S2, S4711, S62, S4714. For comparison we show complementary constraints, which arise from direct detection experiments
from either spin-independent “SI DD” or spin-dependent “SD DD” scattering; whether these are applicable will depend on the
dark matter particle model. Additionally, we show projections for a hypothetical 1 M� star (orange) with an even closer orbit
around Sgr A*, which would exceed our constraints from observed stars by another order of magnitude.

ing cross section from CRESST-III [84], DarkSide [85],
XENON-nT [86], and LZ [87]. We also show limits on
the spin-dependent cross section (assuming pure inter-
actions with protons) from CRESST-III [88] and PICO-
60 [89]. As we have assumed the simplifying case of pure
hydrogen in our stars, our stellar limits do not change be-
tween spin-independent and spin-dependent scattering,
and only the complementary direct detection bounds will
change depending on whether the dark matter model has
spin-independent or spin-dependent scattering. We see
that our constraints cover more new parameter space in
the spin-dependent scenario, but that we also deliver new
sensitivities for spin-independent models. There are also
classes of dark matter models where these direct detec-
tion limits may not apply, but we show them regardless
to facilitate comparison.

In Fig. 8, we do not include any dark matter evapora-
tion, as it is highly model dependent [90]. Evaporation
truncates the lightest dark matter mass that is probed
by our search, due to the fact that the thermal kicks im-
parted to the dark matter become too large given the
gravitational potential energy of the star, allowing the
dark matter to simply leave the system. While the pur-
pose of our paper is not to investigate any detailed par-
ticle dark matter models, we provide for reference some
evaporation cut o↵s in benchmark scenarios. In the case
that the dark matter scattering is purely via contact in-
teractions, we find that the evaporation mass in our pa-
rameter space is about a GeV, depending on the star and

the cross section. In the case of attractive long-range
interaction model classes, the evaporation mass can be
sub-MeV [90]. In a similar vein, including enhanced dark
matter capture rates expected from attractive long-range
particle models could increase our cross section sensitiv-
ity by orders of magnitude, depending on the specific
model parameters. However to avoid detailing any spe-
cific model, and to be conservative, we only show cross
section limits under the assumption of capture via purely
contact interactions.
We note that the constraints that we have derived here

operate under the assumption that the S-cluster stars are
typical main sequence stars. This assumption is compat-
ible with current observational constraints on S-star stel-
lar parameters [40–46], but it is possible that the extreme
environment near Sgr A* produces stars with extremely
di↵erent physical characteristics than assumed in stan-
dard stellar evolution models (e.g., MESA). While this is
not likely given current observations, if future scenarios
strongly a↵ect the structural parameters of these stars,
the limits in this work would need to be re-evaluated.

V. SUMMARY AND OUTLOOK

In this paper, we have shown that stars in close prox-
imity to Sgr A* are strongly a↵ected by the high dark
matter density in the innermost 10�3 pc of the Galactic
Center. Dark matter that is e�ciently captured and an-
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FIG. 7. Dark matter-nucleon cross section bounds from celestial body searches, compared to other current bounds from Ref. [4].
Left: Bounds in the 10 MeV to 10 GeV dark matter mass range using Fermi-LAT data. The red-violet solid and dashed lines
are for brown dwarfs near the Galactic center, with gNFW profiles that have � = 1.0 and 1.5 respectively. The orange line
is the bound calculated from observations of Jupiter. We include the bound coming from CMB and Small Scale Structure in
green, as well as direct detection and XQC limits in magenta shaded. Right: Bounds for 500 GeV to 100 TeV dark matter.
The cross-section upper limits using HAWC solar observations are the red solid lines. The H.E.S.S. bound for all neutron stars
near the Galactic center, assuming the gNFW profile with � = 1.5, is the light-blue dashed line. The Xenon neutrino fog region
is the gray area, along with both the current bound from Direct Detection (magenta shaded), and the projection from currently
operating direct detection experiments (green dashed line) (LZ, XENONnT, PandaX-4T, SuperCDMS SNOLAB, SBC) [94].

from Direct Detection [98] as magenta lines from a com-
bination of the results from XENON [99], COSINE-
100 [100], CRESST-III [101], DAMA/LIBRA [102], and
DarkSide [103]. We also include bounds from the X-
ray Quantum Calorimeter (XQC) [104], as well as con-
straints from CMB and Small Scale Structure in green
solid line [105–108]. For TeV dark matter (right), we
show the projection from the operating experiments such
as LZ [109], XENONnT [110], PandaX-4T [111], Super-
CDMS SNOLAB [112], SBC [113]. The Xenon neutrino
fog region, taken from Ref. [94], is shown in the gray
area.

For low-mass dark matter (left), we show constraints
based on all brown dwarfs near the Galactic center red-
violet lines, in the case of a classical NFW profile (� =
1.0, solid), and for the gNFWwith � = 1.5 (dashed). Due
to the large uncertainty in the dark matter profile, the
actual bound is likely to lie in between these two curves,
from 10�35 down to 10�37 cm2. This shows that brown
dwarfs can probe cross sections smaller than the bounds
from direct detection by 4–6 orders of magnitude for dark
matter masses near 100 MeV, and 6–9 orders of magni-
tude smaller than the CMB and Small Scale Structure
bounds from 10 MeV to 10 GeV. On the other hand,
Jupiter (orange line) can provide cross-section bounds
that are 2–5 orders of magnitude stronger than brown

dwarf limits and extend down to nearly 10 MeV.
Comparing the results, we see that Jupiter provides

cross-section bounds that are stronger and with a wider
dark matter mass range than brown dwarfs near the
Galactic center. Bounds from Jupiter also do not su↵er
from the high uncertainty coming from the dark matter
density profile like brown dwarfs. On the other hand,
since we require the dark photon to decay before reach-
ing Earth from the annihilation source, brown dwarfs can
probe much larger decay lengths, opening more param-
eter space for the kinetic mixing coupling and the dark
photon mass, compared to Jupiter.
Moving to the heavier dark matter models in Fig. 7

(right), we show constraints from the Sun (red line) with
HAWC, along with neutron stars near the Galactic cen-
ter (light-blue dashed line) using H.E.S.S. Bounds from
the Sun are already excluded by direct detection since
spin-independent cross-section constraints in this regime
are very stringent. For neutron stars, as shown in Fig. 4
(right), the classical NFW profile cannot produce strong
enough photon signals to be probed by the H.E.S.S. data.
Thus, we only show the constraint for the gNFW profile
with � = 1.5, On the other hand, the large optical depth
of neutron stars can push the cross-section upper limit
down to 10�46 cm2 up to 70 TeV dark matter masses,
surpassing the projection from current direct detection

Failed star 
formation
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FIG. 8. Cross section required for 99% of dark matter par-
ticles that pass through a 55 Jupiter mass brown dwarf with
with the radius of Jupiter to be captured. An example fixed
dark matter number of N� = 5 ⇥ 10�12NSM is used here,
where NSM is the number of Standard Model nucleons in the
object. A fixed force range � equal to 100 times the brown
dwarf’s radius is also chosen. The dashed blue line represents
dark interaction strengths ↵ = 0, displaying the required cross
section in the absence of a long range force, and the solid lines
represent di↵erent values of ↵. The values of N� and ↵ are
arbitrarily chosen to demonstrate the e↵ect on �max of a long
range force, as N� is a function of time for any chosen value
of ↵.

E. Scattering Cross Section Sensitivity

Figure 8 shows the cross section corresponding to
the assumption that any dark matter particle passing
through a benchmark brown dwarf is captured with 99%
probability, �max, which we had so far assumed. After
some dark matter has been accumulated, the required
cross section for 99% capture changes, and Fig. 8 also
shows �max as a function of dark matter mass for a few
values of the interaction strength ↵ at a fixed dark mat-
ter accumulation number. The transition cross section of
this object, corresponding to the switch between the sin-
gle and multi scatter regimes, is at about 2⇥ 10�35 cm2.
In the case of a gravitational potential only, i.e. ↵ = 0,
we observe the usual expectation for a local brown dwarf,
which is that it usually requires multiple scatters to cap-
ture all of the incoming dark matter. The fact it requires
multiple scatters is clear because the �max value is always
above the transition cross section of about 2⇥10�35 cm2,
and approaches it only when the dark matter mass be-
comes comparable to the target mass of around 1 GeV,
when scattering is kinematically e�cient.

Interestingly, we see that as the interaction strength of
the long-range force increases, the value of the cross sec-
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Cross Section Required for 750K DM Heating

FIG. 9. Cross section required for dark matter to kinetically
heat a 10 Gyr old, 55 Jupiter mass brown dwarf with Jupiter’s
radius to 750 K. Various values of interaction strength ↵ are
plotted, all with force ranges � set to 100 times the radius
of the brown dwarf. Complementary constraints from direct
detection on spin-independent scattering “SI DD” and spin-
dependent scattering “SD DD” are also shown, see text for
details.

tion which captures the bulk of the dark matter rapidly
approaches the transition cross section, i.e. we see the
cross sections going flat with dark matter mass. This
means that the e↵ect of the long-range force is to greatly
increase the capture e�ciency, and therefore greatly in-
crease the regime for which �max is the cross section re-
quired for the dark matter to scatter once, particularly
in the low dark matter mass regime. As dark matter
mass increases above 1 GeV the long range force be-
comes weaker until �max matches the gravity only case.
This e↵ect occurs because for heavier dark matter the
same potential di↵erence will correspond to slower incom-
ing speeds, as per the discussion in Section IIC. Fig. 8
was generated assuming a fixed dark matter number of
N� = 5 ⇥ 10�12

NSM, chosen simply to display the e↵ect
of the long range force on �max at some arbitrary snap-
shot in time. Note that the interaction values ↵ on this
plot are not in direct parallel to those shown in previous
Figs. 2–4, as this plot is showing a particular snapshot in
time for the dark matter number.
Figure 9 shows the minimum cross section to obtain

750 K or higher of dark kinetic heating as a function
of dark matter mass for varied interaction strengths, for
a benchmark brown dwarf. The value of 750 K is cho-
sen as an example, as it is su�cient to overcome the
background Standard Model temperature of this bench-
mark brown dwarf, and be detectable by telescopes.
We also show complementary bounds on the dark mat-

J. F. Acevedo, R. K. Leane and 
A. J. Reilly, arXiv:2405.02393

achieved across a wide range of parameters. For the case
of short-lived mediators, or mediators with small kine-
matic boosts, fiono is generally less than one, and results
can be rescaled accordingly [16].

The equilibrium mass annihilation rate is obtained
when dark matter annihilation and capture are in equi-
librium. This is given by [43]

�ann = fcap ⇥ ⇡R
2
⇢�v�

r
8

3⇡

✓
1 +

3

2

v
2

esc

v2�

◆
, (10)

where m� is the dark matter mass, ⇢� = 0.4 GeV/cm3 is
the local dark matter density, v� = 270 km/s is the local
dark matter velocity dispersion, vesc is the planetary
escape velocity, and fcap is the fraction of particles
passing through the planet that are captured. For the
maximal geometric rate, corresponding to su�ciently
large dark matter-nucleon scattering cross sections,
fcap ⇡ 1. As the scattering cross section decreases, fcap
also decreases. We calculate the captured fraction of
dark matter particles that are above our Cassini data’s
detection threshold as discussed in the previous section,
and set limits by linking it to the dark matter nucleon
scattering cross section using the Asteria package [54].

Dark Matter Parameter Space– Figure 2 shows our
calculated limits on the dark matter-nucleon scattering
cross section as a function of dark matter mass, using
our ionization search strategy. The dark-shaded region
corresponds to the Jovian night side limits we derive from
Cassini VIMS flyby data, labeled “Jupiter Night SideH+

3

(Cassini)”, with the orange band covering the uncertainty
on this limit. As we will discuss, the exact shape of the
bounds in Fig. 2 can vary with particle physics models.
Despite this, the search strategy that we present here
can be many orders of magnitude more sensitive than
existing searches, especially for light dark matter. For
example, in this figure, we have taken fiono ⇠ 1, which
corresponds to the dark matter-rest mass energy being
deposited fully in the ionosphere, but this can be easily
rescaled depending on the dark matter model of interest.
For example, in the case of a one-mediator model which
is short-lived and also not kinematically very boosted,
fiono ⌧ 1 and the bounds would apply only at larger cross
sections. We also assume dark matter annihilation into
electrons, though annihilation into any ionizing species
will be e�cient. These bounds will be largely unchanged
if the final state is instead hadronic.

In Fig. 2 we also show projected sensitivities to the
dark matter-nucleon scattering cross section for a dark
matter ionization search, for benchmark inner-Galaxy
Jovian exoplanets, i.e. super-Jupiters with 10 times
Jupiter’s mass. For these example sensitivities we have
simply assumed that the dark matter signal matches or
exceeds the ionization background. Cosmic-ray ioniza-
tion is not expected to exceed 100 times the value mea-
sured near the solar position [55, 56]. We therefore as-
sume that the Jovian auroras dominate the background,

Figure 2. New constraints on the dark matter-nucleon scat-
tering cross section using planetary ionosphere measurements.
The orange band covers our uncertainty in limits with night
side Cassini VIMS JovianH

+
3 measurements; the dark-shaded

region is excluded. We also show sensitivity projections for
a benchmark Jovian exoplanet at 1 kpc or 100 pc from the
Galactic center (dashed), see text for details. We also show
limits from direct detection, spin-independent “SI DD” and
spin-dependent proton scattering “SD DD”.

with the auroral ionization intensity of these benchmarks
being the same as Jupiter’s, which is about a factor of
100 higher than the solar EUV [57]. This is required as
the low latitudes exploited for our Cassini Jupiter search
cannot be disentangled from the auroral emission at large
distances. While the inner-Galaxy Jovian exoplanets
have larger ionization backgrounds, they are also embed-
ded in larger dark matter densities than Jupiter, leading
to larger sensitivities. Furthermore, super-Jupiters are
more massive than Jupiter and have the additional bonus
of larger capture rates, leading to larger expected dark
matter signals. Our benchmark exoplanets are shown at
100 pc and 1 kpc, and in the optimistic case that further
towards the Galactic center is detectable, we see that the
dark matter parameter space sensitivity can substantially
increase. For the inner Galaxy dark matter distribution,
we have assumed a standard NFW dark matter profile.

Fig. 2 assumes no evaporation, as the minimum dark
matter mass that can be retained without evaporating
is model dependent [58]. Given the focus of our work is
pointing out this new search strategy, we do not focus on
any detailed particle models, but provide some character-
istic numbers in some benchmark models for context. For
contact-interaction dark matter models, in our parame-
ter range shown, the evaporation mass ranges between
about ⇠ 200 MeV�1 GeV. For long-range attractive in-
teraction models, the dark matter evaporation mass can
be instead sub-MeV [58]. It is also important to note that
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DM ionization 
on Jupiter

FIG. 2. Constraints on spin-dependent parameter space. The
filled purple contours demonstrate the cross sections for which
the formation of Jupiter stalls at 10M�, before gas is cap-
tured (see text for motivation of this benchmark). The green
contours demonstrate the cross sections for which the forma-
tion of Jovian planets near the GC stalls at this same mass.
Continuous contours assume that the environment in which
the planet forms is 115K; dashed contours assume it is 20K.
Reflection of light DM is considered for all but the outer pur-
ple T = 115K contour. As we discussed above reflection is
a model dependent phenomenon, and can be strongly sup-
pressed in models with a long range force mediator. Finally,
in the region below the orange dotted line DM evaporates
from the forming planet as discussed in appendix A, given
short-range interactions only. We also show constraints from
direct detection (filled gray contours) and from the CMB [99]
and MW-satelites [100] (dashed lines).

to satisfy (2) does grow as a function of time, we ex-
pect that formation of Jovian planets in the GC halts
at 10M� in the parameter range indicated by the con-
tours, and proceeds as normal below these contours.
We also project constraints based on the observation
of Jovian planets in the GC (for which we have as-
sumed ⇢DM = 103 GeV cm�3 and vDM = 10 km s�1) in
chartreuse (note that the premature ending is already in
tension with inferences of Jovian planets in the GC from
lensing events [101–103]). We show these constraints and
projections for two di↵erent benchmarks for the proto-
stellar disk temperature; the more conservative 115 K
and 20 K, for planets forming further away from the star.
We note that this is not the only parameter degeneracy;
most notably, the unavailability of nearby gas and dust
can also cause a protoplanet to stop accreting, and the
migration of a planet away from the star can likewise
change its accretion rate. Therefore, while one can inter-
pret the observation of a large gas giant as a constraint on
DM, the non-observation cannot directly be interpreted
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FIG. 3. Constraints on spin-independent DM interactions
from the existence of Jupiter, and expected sensitivity from
the non-existence of Jovians in the GC, as well as direct de-
tection and cosmology dependent constraints – as in Fig.2.

as positive evidence.
For comparison we show current direct detection con-

straints as gray contours. Here we show the maxi-
mal reach in the sensitivity to the direct nuclear recoil
process, which are least model dependent. The reach
is dominated by the CRESST results at lower masses
for spin-independent [104], and spin-dependent [105]
cross sections, while at higher masses the LUX [106]
results dominate for spin-dependent interactions, while
the XENON experiment dominates the spin-independent
sensitivity [107]. For large spin-independent cross sec-
tions, we also show the XQC constraint [108, 109]. Note
that searches based on the Migdal e↵ect [110] could po-
tentially reach lower DM masses, however, the results
have large theoretical uncertainties [111], and are not dis-
played here.
The sensitivity ceiling of direct detection experiments

at large cross sections for light DM from Ref. [112] and
for heavy DM from Refs. [96, 113] is shown. Since at the
large cross sections considered the scaling with atomic
mass number is uncertain [95], we do not rescale the re-
sults for spin-dependent interactions and a more detailed
analysis to obtain a precise ceiling values is needed. Note
that in contrast the sensitivity of our constraints and
suggested search is only a↵ected at cross sections above
10�22cm2, where large drift times would require a more
detailed analysis of the DM distribution [28, 114] and
annihilation outside the core.
We also show complementary cosmology-dependent

constraints from the CMB [99]. DM which scatters
with a velocity-independent cross-section can also be con-
strained from the lack of MW satellites produced in such
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Long-range interactions

would require extreme fine-tuning 
contact DM interactions would generate strong 5th force

J. F. Acevedo, R. K. Leane and 
J. Smirnov, JCAP 04:038, 2024
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Conclusions

DM evaporation masses below ~100 MeV are very 
difficult to reach, even invoking extreme conditions, 

except for extremely large cross sections

DM accumulation in celestial 
bodies can be probed with 

neutrinos in many different ways

However, not all DM candidates could get  
efficiently captured in all celestial bodies


