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or…  
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any spherical celestial body  
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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
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J. Silk, K. A. Olive, and M. Srednicki, Phys. Rev. Lett. 55:257, 1985 
K. Freese, Phys. Lett. B167:295, 1986 
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DM accumulation in celestial bodies
DM particles could elastically scatter 
off the nuclei of celestial bodies to a 
velocity smaller than the escape 
velocity, so that they get gravitationally 
bound and finally trapped inside 

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

Trapped DM particles could annihilate 
into SM particles 

But… if DM particles are very light, 
the chances of being quickly kicked 
out after further scatterings are very 
high: DM evaporates
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Ec/Tχ ∼ 30
DM evaporation mass 

This is the result to remember

escape energy of 
DM particles at 
the core of the 
capturing body

temperature of DM 
particles at the core of 

the capturing body (similar 
to the core temperature)



Capture rate 
(velocity distribution and 
scattering cross section)

Annihilation rate 
(annihilation cross section)

Evaporation rate 
(distribution in the celestial body  

and scattering cross section)
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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)

Equilibration time: τeq = 1/ 𝙰 𝙲
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

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

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

The e vaporat ion rate g rows 
exponentially for low masses: light 
DM particles are easily kicked out

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

https://iopscience.iop.org/article/10.1088/1475-7516/2013/07/010
https://dx.doi.org/10.1088/1475-7516/2017/05/007
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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

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

suppression factor 
to account for large 

optical depths

G. Busoni, A. De Simone, P. Scott and A. C. Vincent, JCAP 10:037, 2017W. H. Press and D. N. Spergel, Astrophys. J. 296:679, 1985

Annihilation of DM in celestial bodies

After DM particles get captured, further scatterings with target nuclei 
would approximately thermalize them at a temperature  and attain a 
velocity distribution that can be approximated as Maxwell-Boltzmann

Tχ

A. Gould, Astrophys. J. 321:560, 1987 A. Gould and G. Raffelt, Astrophys. J. 352:669, 1990

𝙰 = ⟨σAvχχ⟩
∫ R⊙

0
n2

χ (r, t) 4πr2 dr

( ∫ R⊙

0
nχ(r, t) 4πr2 dr)

2

rdr

dl
w

uχ

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
https://ui.adsabs.harvard.edu/abs/1987ApJ...321..560G/abstract
https://ui.adsabs.harvard.edu/abs/1990ApJ...352..669G/abstract
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Evaporation of DM from celestial bodies

𝙴 = ∑
i

∫
R

0
sevap(r) nχ(r, t) 4π r2 dr ∫

ve(r)

0
fχ(w, r) Ω+

ve
(w) 4π w2 dw

rate of scattering from 
speed w to v > ve

suppression factor to account for the fraction of 
DM particles that, even with a speed higher than the 
escape velocity, would actually escape due to further 
scatterings on their way out of the celestial body

For weak cross sections (thin regime) and for  : mχ = mi

𝙴 ≃ ∑
i

1
Vs

2

π (
2 Tχ

mχ )
1/2

( Ec

Tχ ) e−Ec/Tχ Ni(r0.95) σi

Ec =
1
2

mχv2
e,0

escape energy at the core
number of targets within a 

radius such that T(r0.95) = 0.95 Tχ

A. Gould, Astrophys. J. 321:560, 1987 A. Gould, Astrophys. J. 356:302, 1990K. Griest and D. Seckel, Nucl. Phys. B283:681, 1987

G. Steigman, C. L. Sarazin, H. Quintana, and J. Faulkner, Astron. J. 83:1050, 1978 D. N. Spergel and W. H. Press, Astrophys. J. 294:663, 1985 

thermalized DM 
distribution

https://ui.adsabs.harvard.edu/abs/1987ApJ...321..560G/abstract
https://ui.adsabs.harvard.edu/abs/1990ApJ...356..302G/abstract
https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
http://adsabs.harvard.edu/cgi-bin/bib_query?1978AJ.....83.1050S
https://ui.adsabs.harvard.edu/abs/1985ApJ...294..663S/abstract
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Evaporation of DM from celestial bodies
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thermalized DM 
distribution

https://ui.adsabs.harvard.edu/abs/1987ApJ...321..560G/abstract
https://ui.adsabs.harvard.edu/abs/1990ApJ...356..302G/abstract
https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
http://adsabs.harvard.edu/cgi-bin/bib_query?1978AJ.....83.1050S
https://ui.adsabs.harvard.edu/abs/1985ApJ...294..663S/abstract
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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.
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fχ ∝ ( Ec

Tχ )
3/2

( w
ve )

2

e−(Ec/Tχ) (w/ve)2

R. Garani and SPR, arXiv:2104.12757

Ω+
ve

(w) ∝ e−(Ec/T)(1−(w/ve)2)

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

https://arxiv.org/abs/2104.12757
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fχ ∝ ( Ec

Tχ )
3/2

( w
ve )

2

e−(Ec/Tχ) (w/ve)2

R. Garani and SPR, arXiv:2104.12757

Ω+
ve

(w) ∝ e−(Ec/T)(1−(w/ve)2)

Only a factor of 3 in the DM mass, but many 
orders of magnitude in the evaporation rate

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

https://arxiv.org/abs/2104.12757
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DM evaporation mass

𝙴(mevap) τeq(mevap) =
𝙴(mevap)

𝙲(mevap) 𝙰(mevap)
= 1/ 0.11

𝙲sat =
3
4

π R2 (
ρχ

mχ )⟨v⟩0( 3
2

v2
e (R)
v2

d )
1 ; 3

2
v2

e (R)

v2
d

μi

μ2
−,i

≫ 1

1
4 ( 3

2
v2

e (R)

v2
d ) μ

μ2
−

; 3
2

v2
e (R)

v2
d

μi

μ2
−,i

≪ 1

𝙰 ≃
⟨σAvχχ⟩

Vs
𝙴 ≃

1
Vs

2

π (
2 Tχ

mχ )
1/2

( Ec

Tχ ) e−Ec/Tχ N0.95 σgeom

Vs = 4/3π r3
s N0.95 σgeom ≃ 0.1 π R2

(in equilibrium)

Ec =
1
2

mχv2
e,0escape energy at the core:

μi ≡
mχ

mi
; μ−,i ≡

μi − 1
2

rs ≃ 0.1 R

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

https://iopscience.iop.org/article/10.1088/1475-7516/2017/10/037
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( Ec

Tχ ) e−Ec/Tχ ≃ 7 × 10−12 ( M
M⊙ )

1/2

( 1.5 × 107 K
Tχ )

1/2

( ρχ

0.4 GeV/cm3 )
1/2

( 270 km/s
vd )

1/2

(
⟨σAvχχ⟩

3 × 10−26 cm3/s )
1/2

For  3
2

v2
e (R)
v2

d

μi

μ2
−,i

≫ 1

DM evaporation mass

For the Sun:

Ec/Tχ ≃ 29 → mevap ≃ 3.2 GeV [v2
e,0 = 5 v2

e,R , Tχ = 0.9 Tc]
K. Griest and D. Seckel, Nucl. Phys. B283:681, 1987

T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D34:2206, 1986
D. N. Spergel and W. H. Press, Astrophys. J. 294:663, 1985

A. Gould, Astrophys. J. 321:560, 1987

https://ui.adsabs.harvard.edu/abs/1985ApJ...294..663S/abstract
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.2206
https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
https://ui.adsabs.harvard.edu/abs/1987ApJ...321..560G/abstract


12

( Ec

Tχ ) e−Ec/Tχ ≃ 7 × 10−12 ( M
M⊙ )

1/2

( 1.5 × 107 K
Tχ )

1/2

( ρχ

0.4 GeV/cm3 )
1/2

( 270 km/s
vd )

1/2

(
⟨σAvχχ⟩

3 × 10−26 cm3/s )
1/2

For  3
2

v2
e (R)
v2

d

μi

μ2
−,i

≫ 1

DM evaporation mass

( Ec

Tχ ) e−Ec/Tχ ≃ 2 × 10−14 ( 3 μ
μ2

− )
1/2

( M
M⊕ ) ( R⊕

R )
1/2

( 6000 K
Tχ )

1/2

( ρχ

0.4 GeV/cm3 )
1/2

( 270 km/s
vd )

3/2

(
⟨σAvχχ⟩

3 × 10−26 cm3/s )
1/2

For  3
2

v2
e (R)
v2

d

μi

μ2
−,i

≪ 1

For the Sun:

Ec/Tχ ≃ 29 → mevap ≃ 3.2 GeV [v2
e,0 = 5 v2

e,R , Tχ = 0.9 Tc]

Ec/Tχ ≃ 34 → mevap ≃ 13 GeV [v2
e,0 = 1.9 v2

e,R , Tχ = Tc]

For the Earth:

K. Griest and D. Seckel, Nucl. Phys. B283:681, 1987
T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D34:2206, 1986
D. N. Spergel and W. H. Press, Astrophys. J. 294:663, 1985

A. Gould, Astrophys. J. 321:560, 1987

A. Gould, J. A. Frieman and K. Freese, Phys. Rev. D39:1029, 1989
L. M. Krauss, M. Srednicki and F. Wilczek, Phys. Rev. D33:2079, 1986
K. Freese, Phys. Lett. B167:295, 1986

R. Garani and P. Tinyakov, Phys. Lett. 804:135403, 2020

https://ui.adsabs.harvard.edu/abs/1985ApJ...294..663S/abstract
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.2206
https://www.sciencedirect.com/science/article/pii/0550321387902938?via=ihub
https://ui.adsabs.harvard.edu/abs/1987ApJ...321..560G/abstract
https://www.sciencedirect.com/science/article/pii/S0370269320302070?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.39.1029
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.33.2079
https://www.sciencedirect.com/science/article/abs/pii/0370269386903497?via=ihub
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So what is the DM evaporation mass 
for all those celestial bodies out there?

©Babak Tafreshi/SSPL/Getty Images
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Main properties of celestial bodies

https://arxiv.org/abs/2104.12757
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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
R. Garani and SPR, arXiv:2104.12757

Main properties of celestial bodies

https://arxiv.org/abs/2104.12757
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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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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.
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(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).
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of DM capture is assumed not to modify their properties in a significant way, so that we can still use results from
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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
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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).
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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.
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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
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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.
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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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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.
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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
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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 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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being many orders of magnitude larger than what we have assumed for this figure, DM evaporation masses below
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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
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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
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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 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].
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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

R. Garani and SPR, arXiv:2104.12757

see also: N. F. Bell, G. Busoni, M. E. Ramírez-Quezada, S. Robles and M. Virgato, JCAP 10:083, 2021
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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

14

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
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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
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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:
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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
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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:
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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.
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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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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:
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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.
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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
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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.
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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

8
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As we consider mediators at least a factor few lighter
than the DM, the highest energy gamma rays always peak
close to the DMmass. This means that our results are ap-
proximately independent of the mediator mass (provided
it is su�ciently boosted/long-lived to escape Jupiter).

IV. DARK MATTER RESULTS AND

DISCUSSION

Figure 5 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
gamma rays at 95%C.L., for mediator decay to gamma
rays, via �� ! ��, � ! 2 �. For definiteness, in this plot
we take the mediator to decay at the Jovian surface. We
show for comparison, limits from direct detection [112–
115], and complementary searches for DM and long-lived
particles in the Sun [60, 62], and the Galactic Center
population of brown dwarfs [47].

We now discuss how these results compare to other
searches, equilibrium assumptions for these results, what
can be done with upcoming MeV telescopes, and particle
model interpretations.

A. Comparison with Other Searches

In models including DM annihilation to long-lived me-
diators, searches for Jovian gamma rays provide a supe-
rior reach to direct detection searches. In the sub-GeV
DM regime, direct detection experiments lose sensitivity
as the recoils become increasingly weak, and are even-
tually below detector thresholds. Jupiter on the other
hand, is optimized to search for DM particles with masses
of around the proton mass, and has strong sub-GeV DM
sensitivity. Note that compared to the Jupiter limits,
the direct detection limits do not require any minimum
annihilation cross section.

Searches for DM annihilation to long-lived particles
in the Galactic Center from a population of brown
dwarfs [47] have the most overlap with our new Jovian
parameter space. Brown dwarfs in the Galactic bulge are
generally old (&Gyr), such that their radii are compara-
ble to that of Jupiter (brown dwarfs cool over time, even-
tually settling into this common radius). Their capture
radius is, however, enhanced by the fact that they are
more massive, and benefit from gravitational focusing.
A large population of brown dwarfs exist in the Galactic
center, where they also benefit from large DM densities

FIG. 5. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihila-
tion to long-lived particles, from our new Jovian gamma-ray
search. We show complementary constraints from direct de-
tection [112–115], as well as DM annihilation to long-lived
particles in the Sun [60, 62], and brown dwarfs in the Galac-
tic center [47]; see text for details.

compared to the local position. However, despite these
many benefits, the Galactic center signal is much weaker
due to its large distance, with the expected flux diminish-
ing proportionally to the inverse square of the distance.
Jupiter on the other hand, is only one object in a compa-
rably low DM density, but it is very close to Earth. This
is the main reason the new Jovian search sensitivities are
strong in comparison. Note however that brown dwarfs
can reach equilibrium for smaller annihilation cross sec-
tions than Jupiter (see equilibrium subsection below).
Another nearby, and even bigger object, is the Sun. In

Fig. 5 we show limits from DM annihilating to long-lived
mediators in the Sun, as calculated in Refs. [60, 62]. We
see that the solar limits extend to much lower cross sec-
tions, owing to the Sun being much larger than Jupiter
and closer to the Earth. However, the Jupiter limits ex-
tend to lower DM masses, because Jupiter’s cooler core
temperature in part can prevent evaporation of sub-GeV
DM.
We note that these indirect detection targets are also

optimized for di↵erent decay lifetimes/boosts of the me-
diator. The Solar DM search is not sensitive to as short
decay lifetimes/as small boosts as Jupiter, as the Sun
is an order of magnitude larger in radius, and the par-
ticles must therefore travel further to escape the Sun.
The GC brown dwarf search has comparable decay life-
time requirements as Jupiter, but has the advantage of
probing a wider range of decay lengths; very long decay
lengths are still likely to be detectable as there is a large

Secluded DM: gamma-rays
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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.
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2 SM with BDs/NSs. For example, constraints could also
be set on � ! 3� processes (motivated by light vectors)
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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
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As we consider mediators at least a factor few lighter
than the DM, the highest energy gamma rays always peak
close to the DMmass. This means that our results are ap-
proximately independent of the mediator mass (provided
it is su�ciently boosted/long-lived to escape Jupiter).

IV. DARK MATTER RESULTS AND

DISCUSSION

Figure 5 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
gamma rays at 95%C.L., for mediator decay to gamma
rays, via �� ! ��, � ! 2 �. For definiteness, in this plot
we take the mediator to decay at the Jovian surface. We
show for comparison, limits from direct detection [112–
115], and complementary searches for DM and long-lived
particles in the Sun [60, 62], and the Galactic Center
population of brown dwarfs [47].

We now discuss how these results compare to other
searches, equilibrium assumptions for these results, what
can be done with upcoming MeV telescopes, and particle
model interpretations.

A. Comparison with Other Searches

In models including DM annihilation to long-lived me-
diators, searches for Jovian gamma rays provide a supe-
rior reach to direct detection searches. In the sub-GeV
DM regime, direct detection experiments lose sensitivity
as the recoils become increasingly weak, and are even-
tually below detector thresholds. Jupiter on the other
hand, is optimized to search for DM particles with masses
of around the proton mass, and has strong sub-GeV DM
sensitivity. Note that compared to the Jupiter limits,
the direct detection limits do not require any minimum
annihilation cross section.

Searches for DM annihilation to long-lived particles
in the Galactic Center from a population of brown
dwarfs [47] have the most overlap with our new Jovian
parameter space. Brown dwarfs in the Galactic bulge are
generally old (&Gyr), such that their radii are compara-
ble to that of Jupiter (brown dwarfs cool over time, even-
tually settling into this common radius). Their capture
radius is, however, enhanced by the fact that they are
more massive, and benefit from gravitational focusing.
A large population of brown dwarfs exist in the Galactic
center, where they also benefit from large DM densities

FIG. 5. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihila-
tion to long-lived particles, from our new Jovian gamma-ray
search. We show complementary constraints from direct de-
tection [112–115], as well as DM annihilation to long-lived
particles in the Sun [60, 62], and brown dwarfs in the Galac-
tic center [47]; see text for details.

compared to the local position. However, despite these
many benefits, the Galactic center signal is much weaker
due to its large distance, with the expected flux diminish-
ing proportionally to the inverse square of the distance.
Jupiter on the other hand, is only one object in a compa-
rably low DM density, but it is very close to Earth. This
is the main reason the new Jovian search sensitivities are
strong in comparison. Note however that brown dwarfs
can reach equilibrium for smaller annihilation cross sec-
tions than Jupiter (see equilibrium subsection below).
Another nearby, and even bigger object, is the Sun. In

Fig. 5 we show limits from DM annihilating to long-lived
mediators in the Sun, as calculated in Refs. [60, 62]. We
see that the solar limits extend to much lower cross sec-
tions, owing to the Sun being much larger than Jupiter
and closer to the Earth. However, the Jupiter limits ex-
tend to lower DM masses, because Jupiter’s cooler core
temperature in part can prevent evaporation of sub-GeV
DM.
We note that these indirect detection targets are also

optimized for di↵erent decay lifetimes/boosts of the me-
diator. The Solar DM search is not sensitive to as short
decay lifetimes/as small boosts as Jupiter, as the Sun
is an order of magnitude larger in radius, and the par-
ticles must therefore travel further to escape the Sun.
The GC brown dwarf search has comparable decay life-
time requirements as Jupiter, but has the advantage of
probing a wider range of decay lengths; very long decay
lengths are still likely to be detectable as there is a large
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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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As we consider mediators at least a factor few lighter
than the DM, the highest energy gamma rays always peak
close to the DMmass. This means that our results are ap-
proximately independent of the mediator mass (provided
it is su�ciently boosted/long-lived to escape Jupiter).

IV. DARK MATTER RESULTS AND

DISCUSSION

Figure 5 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
gamma rays at 95%C.L., for mediator decay to gamma
rays, via �� ! ��, � ! 2 �. For definiteness, in this plot
we take the mediator to decay at the Jovian surface. We
show for comparison, limits from direct detection [112–
115], and complementary searches for DM and long-lived
particles in the Sun [60, 62], and the Galactic Center
population of brown dwarfs [47].

We now discuss how these results compare to other
searches, equilibrium assumptions for these results, what
can be done with upcoming MeV telescopes, and particle
model interpretations.

A. Comparison with Other Searches

In models including DM annihilation to long-lived me-
diators, searches for Jovian gamma rays provide a supe-
rior reach to direct detection searches. In the sub-GeV
DM regime, direct detection experiments lose sensitivity
as the recoils become increasingly weak, and are even-
tually below detector thresholds. Jupiter on the other
hand, is optimized to search for DM particles with masses
of around the proton mass, and has strong sub-GeV DM
sensitivity. Note that compared to the Jupiter limits,
the direct detection limits do not require any minimum
annihilation cross section.

Searches for DM annihilation to long-lived particles
in the Galactic Center from a population of brown
dwarfs [47] have the most overlap with our new Jovian
parameter space. Brown dwarfs in the Galactic bulge are
generally old (&Gyr), such that their radii are compara-
ble to that of Jupiter (brown dwarfs cool over time, even-
tually settling into this common radius). Their capture
radius is, however, enhanced by the fact that they are
more massive, and benefit from gravitational focusing.
A large population of brown dwarfs exist in the Galactic
center, where they also benefit from large DM densities

FIG. 5. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihila-
tion to long-lived particles, from our new Jovian gamma-ray
search. We show complementary constraints from direct de-
tection [112–115], as well as DM annihilation to long-lived
particles in the Sun [60, 62], and brown dwarfs in the Galac-
tic center [47]; see text for details.

compared to the local position. However, despite these
many benefits, the Galactic center signal is much weaker
due to its large distance, with the expected flux diminish-
ing proportionally to the inverse square of the distance.
Jupiter on the other hand, is only one object in a compa-
rably low DM density, but it is very close to Earth. This
is the main reason the new Jovian search sensitivities are
strong in comparison. Note however that brown dwarfs
can reach equilibrium for smaller annihilation cross sec-
tions than Jupiter (see equilibrium subsection below).
Another nearby, and even bigger object, is the Sun. In

Fig. 5 we show limits from DM annihilating to long-lived
mediators in the Sun, as calculated in Refs. [60, 62]. We
see that the solar limits extend to much lower cross sec-
tions, owing to the Sun being much larger than Jupiter
and closer to the Earth. However, the Jupiter limits ex-
tend to lower DM masses, because Jupiter’s cooler core
temperature in part can prevent evaporation of sub-GeV
DM.
We note that these indirect detection targets are also

optimized for di↵erent decay lifetimes/boosts of the me-
diator. The Solar DM search is not sensitive to as short
decay lifetimes/as small boosts as Jupiter, as the Sun
is an order of magnitude larger in radius, and the par-
ticles must therefore travel further to escape the Sun.
The GC brown dwarf search has comparable decay life-
time requirements as Jupiter, but has the advantage of
probing a wider range of decay lengths; very long decay
lengths are still likely to be detectable as there is a large
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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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As we consider mediators at least a factor few lighter
than the DM, the highest energy gamma rays always peak
close to the DMmass. This means that our results are ap-
proximately independent of the mediator mass (provided
it is su�ciently boosted/long-lived to escape Jupiter).

IV. DARK MATTER RESULTS AND

DISCUSSION

Figure 5 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
gamma rays at 95%C.L., for mediator decay to gamma
rays, via �� ! ��, � ! 2 �. For definiteness, in this plot
we take the mediator to decay at the Jovian surface. We
show for comparison, limits from direct detection [112–
115], and complementary searches for DM and long-lived
particles in the Sun [60, 62], and the Galactic Center
population of brown dwarfs [47].

We now discuss how these results compare to other
searches, equilibrium assumptions for these results, what
can be done with upcoming MeV telescopes, and particle
model interpretations.

A. Comparison with Other Searches

In models including DM annihilation to long-lived me-
diators, searches for Jovian gamma rays provide a supe-
rior reach to direct detection searches. In the sub-GeV
DM regime, direct detection experiments lose sensitivity
as the recoils become increasingly weak, and are even-
tually below detector thresholds. Jupiter on the other
hand, is optimized to search for DM particles with masses
of around the proton mass, and has strong sub-GeV DM
sensitivity. Note that compared to the Jupiter limits,
the direct detection limits do not require any minimum
annihilation cross section.

Searches for DM annihilation to long-lived particles
in the Galactic Center from a population of brown
dwarfs [47] have the most overlap with our new Jovian
parameter space. Brown dwarfs in the Galactic bulge are
generally old (&Gyr), such that their radii are compara-
ble to that of Jupiter (brown dwarfs cool over time, even-
tually settling into this common radius). Their capture
radius is, however, enhanced by the fact that they are
more massive, and benefit from gravitational focusing.
A large population of brown dwarfs exist in the Galactic
center, where they also benefit from large DM densities

FIG. 5. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihila-
tion to long-lived particles, from our new Jovian gamma-ray
search. We show complementary constraints from direct de-
tection [112–115], as well as DM annihilation to long-lived
particles in the Sun [60, 62], and brown dwarfs in the Galac-
tic center [47]; see text for details.

compared to the local position. However, despite these
many benefits, the Galactic center signal is much weaker
due to its large distance, with the expected flux diminish-
ing proportionally to the inverse square of the distance.
Jupiter on the other hand, is only one object in a compa-
rably low DM density, but it is very close to Earth. This
is the main reason the new Jovian search sensitivities are
strong in comparison. Note however that brown dwarfs
can reach equilibrium for smaller annihilation cross sec-
tions than Jupiter (see equilibrium subsection below).
Another nearby, and even bigger object, is the Sun. In

Fig. 5 we show limits from DM annihilating to long-lived
mediators in the Sun, as calculated in Refs. [60, 62]. We
see that the solar limits extend to much lower cross sec-
tions, owing to the Sun being much larger than Jupiter
and closer to the Earth. However, the Jupiter limits ex-
tend to lower DM masses, because Jupiter’s cooler core
temperature in part can prevent evaporation of sub-GeV
DM.
We note that these indirect detection targets are also

optimized for di↵erent decay lifetimes/boosts of the me-
diator. The Solar DM search is not sensitive to as short
decay lifetimes/as small boosts as Jupiter, as the Sun
is an order of magnitude larger in radius, and the par-
ticles must therefore travel further to escape the Sun.
The GC brown dwarf search has comparable decay life-
time requirements as Jupiter, but has the advantage of
probing a wider range of decay lengths; very long decay
lengths are still likely to be detectable as there is a large
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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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As we consider mediators at least a factor few lighter
than the DM, the highest energy gamma rays always peak
close to the DMmass. This means that our results are ap-
proximately independent of the mediator mass (provided
it is su�ciently boosted/long-lived to escape Jupiter).

IV. DARK MATTER RESULTS AND

DISCUSSION

Figure 5 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
gamma rays at 95%C.L., for mediator decay to gamma
rays, via �� ! ��, � ! 2 �. For definiteness, in this plot
we take the mediator to decay at the Jovian surface. We
show for comparison, limits from direct detection [112–
115], and complementary searches for DM and long-lived
particles in the Sun [60, 62], and the Galactic Center
population of brown dwarfs [47].

We now discuss how these results compare to other
searches, equilibrium assumptions for these results, what
can be done with upcoming MeV telescopes, and particle
model interpretations.

A. Comparison with Other Searches

In models including DM annihilation to long-lived me-
diators, searches for Jovian gamma rays provide a supe-
rior reach to direct detection searches. In the sub-GeV
DM regime, direct detection experiments lose sensitivity
as the recoils become increasingly weak, and are even-
tually below detector thresholds. Jupiter on the other
hand, is optimized to search for DM particles with masses
of around the proton mass, and has strong sub-GeV DM
sensitivity. Note that compared to the Jupiter limits,
the direct detection limits do not require any minimum
annihilation cross section.

Searches for DM annihilation to long-lived particles
in the Galactic Center from a population of brown
dwarfs [47] have the most overlap with our new Jovian
parameter space. Brown dwarfs in the Galactic bulge are
generally old (&Gyr), such that their radii are compara-
ble to that of Jupiter (brown dwarfs cool over time, even-
tually settling into this common radius). Their capture
radius is, however, enhanced by the fact that they are
more massive, and benefit from gravitational focusing.
A large population of brown dwarfs exist in the Galactic
center, where they also benefit from large DM densities

FIG. 5. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihila-
tion to long-lived particles, from our new Jovian gamma-ray
search. We show complementary constraints from direct de-
tection [112–115], as well as DM annihilation to long-lived
particles in the Sun [60, 62], and brown dwarfs in the Galac-
tic center [47]; see text for details.

compared to the local position. However, despite these
many benefits, the Galactic center signal is much weaker
due to its large distance, with the expected flux diminish-
ing proportionally to the inverse square of the distance.
Jupiter on the other hand, is only one object in a compa-
rably low DM density, but it is very close to Earth. This
is the main reason the new Jovian search sensitivities are
strong in comparison. Note however that brown dwarfs
can reach equilibrium for smaller annihilation cross sec-
tions than Jupiter (see equilibrium subsection below).
Another nearby, and even bigger object, is the Sun. In

Fig. 5 we show limits from DM annihilating to long-lived
mediators in the Sun, as calculated in Refs. [60, 62]. We
see that the solar limits extend to much lower cross sec-
tions, owing to the Sun being much larger than Jupiter
and closer to the Earth. However, the Jupiter limits ex-
tend to lower DM masses, because Jupiter’s cooler core
temperature in part can prevent evaporation of sub-GeV
DM.
We note that these indirect detection targets are also

optimized for di↵erent decay lifetimes/boosts of the me-
diator. The Solar DM search is not sensitive to as short
decay lifetimes/as small boosts as Jupiter, as the Sun
is an order of magnitude larger in radius, and the par-
ticles must therefore travel further to escape the Sun.
The GC brown dwarf search has comparable decay life-
time requirements as Jupiter, but has the advantage of
probing a wider range of decay lengths; very long decay
lengths are still likely to be detectable as there is a large
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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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where ⇥ is the Heaviside function,

�E = E+ � E� =
q

m2
� �m2

� (15)

is the spectral box width, and the box edges are

E± =
m�

2

 
1±

s

1�
m2

�

m2
�

!
. (16)

As we consider mediators at least a factor few lighter
than the DM, the highest energy gamma rays always peak
close to the DMmass. This means that our results are ap-
proximately independent of the mediator mass (provided
it is su�ciently boosted/long-lived to escape Jupiter).

IV. DARK MATTER RESULTS AND

DISCUSSION

Figure 5 shows our new cross section constraints on
DM annihilation to long-lived particles using Jovian
gamma rays at 95%C.L., for mediator decay to gamma
rays, via �� ! ��, � ! 2 �. For definiteness, in this plot
we take the mediator to decay at the Jovian surface. We
show for comparison, limits from direct detection [112–
115], and complementary searches for DM and long-lived
particles in the Sun [60, 62], and the Galactic Center
population of brown dwarfs [47].

We now discuss how these results compare to other
searches, equilibrium assumptions for these results, what
can be done with upcoming MeV telescopes, and particle
model interpretations.

A. Comparison with Other Searches

In models including DM annihilation to long-lived me-
diators, searches for Jovian gamma rays provide a supe-
rior reach to direct detection searches. In the sub-GeV
DM regime, direct detection experiments lose sensitivity
as the recoils become increasingly weak, and are even-
tually below detector thresholds. Jupiter on the other
hand, is optimized to search for DM particles with masses
of around the proton mass, and has strong sub-GeV DM
sensitivity. Note that compared to the Jupiter limits,
the direct detection limits do not require any minimum
annihilation cross section.

Searches for DM annihilation to long-lived particles
in the Galactic Center from a population of brown
dwarfs [47] have the most overlap with our new Jovian
parameter space. Brown dwarfs in the Galactic bulge are
generally old (&Gyr), such that their radii are compara-
ble to that of Jupiter (brown dwarfs cool over time, even-
tually settling into this common radius). Their capture
radius is, however, enhanced by the fact that they are
more massive, and benefit from gravitational focusing.
A large population of brown dwarfs exist in the Galactic
center, where they also benefit from large DM densities

FIG. 5. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihila-
tion to long-lived particles, from our new Jovian gamma-ray
search. We show complementary constraints from direct de-
tection [112–115], as well as DM annihilation to long-lived
particles in the Sun [60, 62], and brown dwarfs in the Galac-
tic center [47]; see text for details.

compared to the local position. However, despite these
many benefits, the Galactic center signal is much weaker
due to its large distance, with the expected flux diminish-
ing proportionally to the inverse square of the distance.
Jupiter on the other hand, is only one object in a compa-
rably low DM density, but it is very close to Earth. This
is the main reason the new Jovian search sensitivities are
strong in comparison. Note however that brown dwarfs
can reach equilibrium for smaller annihilation cross sec-
tions than Jupiter (see equilibrium subsection below).
Another nearby, and even bigger object, is the Sun. In

Fig. 5 we show limits from DM annihilating to long-lived
mediators in the Sun, as calculated in Refs. [60, 62]. We
see that the solar limits extend to much lower cross sec-
tions, owing to the Sun being much larger than Jupiter
and closer to the Earth. However, the Jupiter limits ex-
tend to lower DM masses, because Jupiter’s cooler core
temperature in part can prevent evaporation of sub-GeV
DM.
We note that these indirect detection targets are also

optimized for di↵erent decay lifetimes/boosts of the me-
diator. The Solar DM search is not sensitive to as short
decay lifetimes/as small boosts as Jupiter, as the Sun
is an order of magnitude larger in radius, and the par-
ticles must therefore travel further to escape the Sun.
The GC brown dwarf search has comparable decay life-
time requirements as Jupiter, but has the advantage of
probing a wider range of decay lengths; very long decay
lengths are still likely to be detectable as there is a large
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by a factor of ~30 and the cross 
section reach by a factor of ~20

It overestimates the mass 

reach by a factor of ~100

The DM evaporation mass for 
the most massive brown 

dwarfs had been correctly 
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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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proximately independent of the mediator mass (provided
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DM annihilation to long-lived particles using Jovian
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we take the mediator to decay at the Jovian surface. We
show for comparison, limits from direct detection [112–
115], and complementary searches for DM and long-lived
particles in the Sun [60, 62], and the Galactic Center
population of brown dwarfs [47].

We now discuss how these results compare to other
searches, equilibrium assumptions for these results, what
can be done with upcoming MeV telescopes, and particle
model interpretations.

A. Comparison with Other Searches

In models including DM annihilation to long-lived me-
diators, searches for Jovian gamma rays provide a supe-
rior reach to direct detection searches. In the sub-GeV
DM regime, direct detection experiments lose sensitivity
as the recoils become increasingly weak, and are even-
tually below detector thresholds. Jupiter on the other
hand, is optimized to search for DM particles with masses
of around the proton mass, and has strong sub-GeV DM
sensitivity. Note that compared to the Jupiter limits,
the direct detection limits do not require any minimum
annihilation cross section.

Searches for DM annihilation to long-lived particles
in the Galactic Center from a population of brown
dwarfs [47] have the most overlap with our new Jovian
parameter space. Brown dwarfs in the Galactic bulge are
generally old (&Gyr), such that their radii are compara-
ble to that of Jupiter (brown dwarfs cool over time, even-
tually settling into this common radius). Their capture
radius is, however, enhanced by the fact that they are
more massive, and benefit from gravitational focusing.
A large population of brown dwarfs exist in the Galactic
center, where they also benefit from large DM densities

FIG. 5. 95% C.L. DM-proton scattering cross section limits
as a function of DM mass m�, arising from DM annihila-
tion to long-lived particles, from our new Jovian gamma-ray
search. We show complementary constraints from direct de-
tection [112–115], as well as DM annihilation to long-lived
particles in the Sun [60, 62], and brown dwarfs in the Galac-
tic center [47]; see text for details.

compared to the local position. However, despite these
many benefits, the Galactic center signal is much weaker
due to its large distance, with the expected flux diminish-
ing proportionally to the inverse square of the distance.
Jupiter on the other hand, is only one object in a compa-
rably low DM density, but it is very close to Earth. This
is the main reason the new Jovian search sensitivities are
strong in comparison. Note however that brown dwarfs
can reach equilibrium for smaller annihilation cross sec-
tions than Jupiter (see equilibrium subsection below).
Another nearby, and even bigger object, is the Sun. In

Fig. 5 we show limits from DM annihilating to long-lived
mediators in the Sun, as calculated in Refs. [60, 62]. We
see that the solar limits extend to much lower cross sec-
tions, owing to the Sun being much larger than Jupiter
and closer to the Earth. However, the Jupiter limits ex-
tend to lower DM masses, because Jupiter’s cooler core
temperature in part can prevent evaporation of sub-GeV
DM.
We note that these indirect detection targets are also

optimized for di↵erent decay lifetimes/boosts of the me-
diator. The Solar DM search is not sensitive to as short
decay lifetimes/as small boosts as Jupiter, as the Sun
is an order of magnitude larger in radius, and the par-
ticles must therefore travel further to escape the Sun.
The GC brown dwarf search has comparable decay life-
time requirements as Jupiter, but has the advantage of
probing a wider range of decay lengths; very long decay
lengths are still likely to be detectable as there is a large
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(otherwise H is present in large amounts): 
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DM self-scatterings

additional source of  
DM capture and evaporation 

in the thin regime ➙ larger cross sections 
imply larger DM evaporation mass 

in the thick regime ➙ self-scatterings are 
excluded by current bounds

Uncertainties in composition
pure iron or hydrogen planetary bodies  

result in <10% variations

Uncertainties in density profiles

Uncertainties in core temperature

driven by the square of the ratio of the 
escape velocity at the center and  

at the surface of the celestial body: 

result in <10% variations 

related to mass and radius  
via the virial theorem 
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For all spherical celestial bodies in hydrostatic 

equilibrium, at the local galactic location, the DM 
evaporation mass for the geometric cross section, 

, is given by  (within ~30%)∑
i

Ni σi = π R2 Ec/Tχ ∼ 30

For all celestial bodies at the local galactic location 
and for the geometric cross section, mevap ≳ 0.7 GeV

Some recent calculations underestimate the 
DM evaporation mass by more than an order 

of magnitude, so the implied phenomenological 
applications need to be revised

DM evaporation masses below ~100 MeV are very 
difficult to reach, even invoking extreme conditions
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Main ingredients 
Dark matter particles:  

Maxwell-Boltzmann velocity distribution (in the galactic frame)

Target nuclei:  
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 - nuclei scattering cross section



26

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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Capture of DM by celestial bodies

If target particles are nuclei, the zero-temperature 
approximation is reasonable (and relatively simple) for 

the calculation of the capture rate

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 large cross sections (short mean free path): the saturation limit

𝙲sat =
π R2

∑i Ni σi (
ρχ

mχ )⟨v⟩0 ∑
i

Ni σi (1 −
1 − e−B2

i (R)

B2
i (R) ) ξ1(Bi(R)) ( 3

2
v2

e (R)
v2

d )

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
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Annihilation of DM in celestial bodies
fχ(w, r) =

e−w2/v2
χ (r) Θ(ve(r) − w)

π3 v3
χ(r) (Erf ( ve(r)

vχ(r) ) − 2

π

ve(r)
vχ(r) e−v2e (r)/v2χ (r))

vχ(r) ≡
2 Tχ(r)

mχ

After DM particles get captured, further scatterings 
with target nuclei would approximately thermalize them 
at a temperature  and attain a velocity distribution 
that can be approximated as Maxwell-Boltzmann

Tχ

A. Gould, Astrophys. J. 321:560, 1987 A. Gould and G. Raffelt, Astrophys. J. 352:669, 1990

𝙰 = ⟨σAvχχ⟩
∫ R⊙

0
n2

χ (r, t) 4πr2 dr

( ∫ R⊙

0
nχ(r, t) 4πr2 dr)

2

https://ui.adsabs.harvard.edu/abs/1987ApJ...321..560G/abstract
https://ui.adsabs.harvard.edu/abs/1990ApJ...352..669G/abstract
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that can be approximated as Maxwell-Boltzmann

Tχ

A. Gould, Astrophys. J. 321:560, 1987 A. Gould and G. Raffelt, Astrophys. J. 352:669, 1990

nχ(r, t) fχ(w, r) = (1 − 𝔣(K)) nχ,iso(r, t) fχ,iso(w, r) + 𝔣(K) nχ,LTE(r, t) fχ,LTE(w, r)

nχ,iso(r, t) = Nχ(t)
e−mχϕ(r)/Tχ

∫ R
0

e−mχϕ(r)/Tχ 4πr2 dr
; nχ,LTE(r, t) = nχ,LTE,0(t) ( T(r)

T(0) )
3/2

exp −∫
r

0

α(r′ ) dT(r′ , t)
dr′ + mχ

dϕ(r′ )
dr′ 
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Main properties of celestial bodies
Mass, radius, composition, and 
density and temperature profiles

➤ Polytropic equations of state ( ) represent a reasonable 
first-order approximation for the interior of most celestial 
bodies (for the DM evaporation mass details are not important): 
two free parameters 

    

➤ Mass-radius relation obtained from observations 

➤ Temperature profile can be obtained from the virial theorem 

➤ Core temperature obtained from models 

➤ Simplified composition (not very critical): hydrogen, helium, 
carbon, oxygen, water, silicate perovskite and iron

P = K ργ

1
r2

∂
∂r (r2 ∂Φ

∂r ) = 4πG ρ(r) ;
∂P
∂r

= −
∂Φ
∂r

ρ(r)
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Mass-radius relation
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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

https://arxiv.org/abs/2104.12757
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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).

Mass-core temperature relation

R. Garani and SPR, arXiv:2104.12757

https://arxiv.org/abs/2104.12757
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Mass-escape velocity relation 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

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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Equilibration time 
for the geometric cross section, ∑

i

Ni σi = π R2
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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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