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We present, for the first time, a complete treatment of strongly interacting dark matter capture in planets,
taking Earth as an example. We focus on light dark matter and the heating of Earth by dark matter
annihilation, addressing a number of crucial dynamical processes which have been overlooked, such as the
“ping-pong effect” during dark matter capture. We perform full Monte Carlo simulations and obtain
improved bounds on strongly-interacting dark matter from Earth heating and direct detection experiments
for both spin-independent and spin-dependent interactions, while also allowing for the interacting species
to make up a subcomponent of the cosmological dark matter.
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I. INTRODUCTION

Celestial bodies are well-motivated laboratories to search
for dark matter (DM) due to their ability to capture DM
particles and enhance the flux of their annihilation prod-
ucts. The standard framework for studying DM capture and
evaporation in a variety of astrophysical objects was largely
established by Refs. [1–33], in part because the annihilation
of DM in these systems can yield signals of weakly coupled
particles which can be observed by large volume experi-
ments on Earth and various other space-based detectors.
The focus of this work is on revisiting DM capture

and evaporation in the Earth in the optically thick regime,
where dark matter is expected to be slowed down markedly
and thermalize in the overburden before reaching deep-
underground direct detection experiments [34,35], yielding

open parameter space at large couplings, even for relatively
small masses. On the other hand, novel detection techniques
have been developed in the last few years which are sensitive
to low energy deposition down to meV [36–52], paving
the way for the detection of DM thermalized in the Earth
crust [53,54]. These motivate a more detailed study of dark
matter accumulated in the Earth.
In this paper, we perform the first proper analysis of dark

matter capture in the Earth by using a Monte Carlo (MC)
simulation that fully encapsulates the dynamics of light
dark matter capture, in which the multiple scattering effect
is accurately accounted for. We find that a proper dynami-
cal treatment greatly alters the capture rate of light dark
matter, relative to previous studies’ simplified assumptions.
To show the salient feature of the analysis, we derive Earth
heating constraints on DM models that would cause excess
heating of the Earth through DM annihilation to visible
matter [55,56]. In doing so, we combine capture, annihi-
lation and evaporation processes, with important effects
arising from multiple scattering implemented throughout.
We also present the first comprehensive analysis of

current direct detection constraints on spin-dependent
(SD) dark matter interactions. We substantially improve
the previous conservative constraints where only DM
particles unscattered before reaching the detector were
considered [57], by including the important effects of
SD form factors, the angular dependence of DM particle
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trajectories in the overburden, and the velocity distribution
of DM. Confronting these newly derived limits, we find
Earth heating excludes a wide range of new parameter
space in the strongly interacting regime that is not excluded
by existing direct detection experiments.
The remainder of this paper is structured as follows. In

Sec. II we compute the capture rate of dark matter fromMC
simulations. Then, in Sec. III we describe the distribution
of dark matter number density throughout the Earth and
evaluate the evaporation rate. Section IV is devoted to the
Earth heating from dark matter annihilation. Finally,
in Sec. V we conclude by showing the cross section limits
from Earth heating and direct detection experiments.
Technical details are elaborated on in the Appendixes; in
Appendix A we provide more details on the MC.
Comparison of the MC results against the single-scatter
capture formalism is presented in Appendix B, with com-
ments on the effects of the solar gravitational potential made
in Appendix C. Comparison with the multiscatter formalism
is also given in Appendix D. The resonant capture behavior
found by MC is explained in Appendix E. Complete capture
results from MC are exhibited in Appendix F. Details of the
dark matter evaporation can be found in Appendix G and the
derivation of existing constraints from direct detection
experiments are provided in Appendix H.

II. DARK MATTER CAPTURE

A DM particle in the halo may scatter with the nuclei in
the Earth, losing part of its kinetic energy. If the particle
falls below the Earth’s escape velocity vesc ¼ 11.2 km=s, it
will be gravitationally captured. In case DM is much
heavier than Earth nuclei, then a scatter results in a loss
of energy, but a small change in direction. In the limit of
many scatters, DM is essentially guaranteed to be captured,
leading to the geometric capture rate Cgeom

⊕ at strong
coupling, where all DM particles that bombard the Earth
are captured. But if DM is much lighter than the nuclei
it scatters against, then the DM particle’s direction is
expected to be essentially randomized after every scatter,
much like a ping-pong ball scattering off a bowling ball. In
that case, even if dark matter couples arbitrarily strongly to
nuclei, it need not scatter more than once, as it may be
reflected away at the first few scatters. This would lead to a
sharp suppression in the capture rate.
To study the multiple scattering effects in dark matter

capture, we use the DaMASCUS-EarthCapture code [58], devel-
oped from the DaMASCUS code [59,60]. We improve the
code in various ways: 1) We add the crust layer and the
atmosphere of the Earth and their chemical compositions,
allowing dark matter to scatter and stop there; 2) We
consider the acceleration of halo DM particle by the Sun’s
and Earth’s gravitational potential. The halo DM velocity
uχ is drawn from the Maxwellian distribution translated to
the Earth frame. Upon arriving at the Earth, DM is assigned

a velocity w ¼ ðu2χ þ v2s þ v2escÞ1=2, where vs ¼ 42.2 km=s
is the escape velocity from the Sun at 1 AU; 3) If DM leaves
the Earth with a velocity v ≤ vesc, it reenters the Earth at the
exit point with the opposite velocity, as these dark matter
particles will follow an elliptical path and reenter the Earth
at some point due to gravity. We neglect the thermal motion
of Earth nuclei, and simulate the trajectories of DM passing
through the Earth, either streaming freely or scattering with
the nuclei. This is justified, as the thermal velocity of Earth
nuclei is much smaller than the velocity of DM in the halo.
The probability of DM scattering after traveling freely over
a length L is P ¼ 1 − expð−

R
L
0 dx=λðxÞÞ, with λ the mean

free path of DM in Earth. The scattering angle is random-
ized between 0 and π in the center-of-mass frame for
velocity and momentum transfer independent scattering,
which is then translated to the Earth frame. A DM particle
is considered lost when it leaves the Earth with a velocity
v > vesc, and captured when it reaches a velocity v < vesc
inside the Earth. We then determine the capture fraction,
fC, which is defined as the fraction of dark matter particles
reaching the surface of the Earth and subsequently cap-
tured. The MC capture rates are computed with C⊕ ¼
fCC

geom
⊕ . Additional details of the implementation of the

MC are presented in Appendix A.
We consider two types of interactions, spin-independent

(SI) and SD nuclear scattering (both taken to be velocity
independent). In the former case, the nuclear scattering
cross section at zero-momentum transfer is given by

σSIj;0 ¼
!
μAj

μN

"
2

A2
jσ

SI
χN; ð1Þ

where Aj is the mass number of a Standard Model (SM)
nucleus, μAj

(μN) is the reduced mass between DM and the
nucleus (nucleon), and σSIχN is the DM-nucleon SI scattering
cross section. For the latter, we have instead

σSDj;0 ¼
!
μAj

μN

"
2

SJjðaphSpiþ anhSniÞ2σSDχN; ð2Þ

where SJ ¼ 4ðJ þ 1Þ=ð3JÞ and J is the total nuclear spin,
σSDχN is the DM-nucleon SD scattering cross section, and hSpi
and hSni represent the average spin of protons and neutrons
in a nucleus, respectively. We also explore three scenarios,
isospin-independent scattering ap ¼ an ¼ 1, proton-only
scattering ap ¼ 1, an ¼ 0 and neutron-only scattering
ap ¼ 0, an ¼ 1. We will set the momentum-dependent form
factor to unity unless explicitly stated, the inclusion of which
turns out not to change the results significantly.
We show the capture fraction of DM in Fig. 1. For

relatively small cross sections σSIχN ≲ 10−33 cm2, the cap-
ture fraction becomes suppressed when the DM mass is
much smaller than the target nucleimχ ≪ mA, as the energy
transfer ∝ q2=mA in a typical scatter becomes small (where
q ∝ mχ is the momentum transfer), implying that more
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scatters are necessary before a DM particle can be captured.
In most Earth layers, O or N is the dominant scattering
target and is relatively light and abundant, except in the
core, where Fe has the largest mass fraction. This sup-
pression tends to get milder as the cross section increases,
since DM may scatter more often as it crosses the Earth. At
σSIχN ≳ 10−30 cm2, the capture saturates down to keV DM
mass, ı.e., increasing the cross section further contributes
little to the capture fraction. However, note that for
mχ ≪ mA, the fC saturates to a value which is ≪ 1. A
numerical fit suggests that the saturation capture fraction
fC ∝ ffiffiffiffiffiffimχ

p , which is consistent with the fraction of
reflected dark matter in analytical treatment. We also notice
that the capture fraction of light dark matter (mχ ≪ mA) is
peaked near σSIχN ≳ 10−26 cm2. This is due to the summation
of possible dark matter trajectories as discussed in
Appendix E. On the other hand, the capture fraction is
close to 100% for mχ ≳ 10 GeV when σSIχN ≳ 10−35 cm2.
For large scattering cross sections, dark matter capture is
dominated by scattering with N in the atmosphere. For
smaller cross sections, capture is instead dominated by
scattering with O, Si, or Fe in the crust and mantle. For even
smaller cross sections, capture is dominated by scattering
with Fe in the core. Trends similar to those discussed above
for SI interactions also apply to SD interactions, with DM
scattering with nuclei with nonzero proton or neutron spins,
but for much higher dark matter nucleon-scattering cross
sections. Full results of dark matter capture with different
types of interactions are presented in Appendix F.
For comparison, we also show the analytical treatment of

dark matter capture due to single scatter in Appendix B and
multiple scatters in Appendix D. We find that MC typically

provides more exact descriptions of the capture rate, as
the full kinematical properties of the capture processes are
addressed. We also stress that the acceleration of dark
matter due to the solar gravitational potential is usually
neglected. Although this does not change the MC capture
rates, it may significantly affect the results considering only
single scatter. This effect is discussed in Appendix C.

III. DARK MATTER EVAPORATION

In the optically thick regime where the cross section is
large [for SI (SD) this corresponds to σSIχN ≳ 10−36 cm2

(σSDχN ≳ 10−32 cm2)] where the Knudsen number K ≲ 1,
dark matter particles may thermalize with their local
ambient environment due to frequent scattering momentum
exchange. In this case, we may take the DM to be in local
thermal equilibrium (LTE); essentially, we may assume that,
in every small volume element, DM is an ideal gas in thermal
equilibrium with SM matter at temperature TðrÞ at radius r,
and in diffusive equilibrium with DM in the surrounding
volume. For relatively light DM (mχ ≲ 0.1 GeV), captured
DM dwells towards the surface of the Earth due to the
temperature gradient in the upper mantle and the crust.
Heavy DM particles tend to sink down.
Due to the thermal motion of Earth nuclei, DM may

scatter with a nucleus and acquires a high enough velocity
to escape from the Earth. The corresponding evaporation
rate is described as [8]

E⊕ ¼
X

j

Z
R⊕;atm

0
4πr2nχðrÞsðrÞdr

×
Z

veðrÞ

0
4πu2χf⊕duχ

Z
∞

veðrÞ
Rþ
j ðuχ → vÞdv; ð3Þ

where f⊕ is the thermal distribution of captured DM, nχðrÞ
is the LTE density profile, veðrÞ is the Earth escape velocity
at radius r and Rþ

j describes the scattering effects. The
integral is carried out through the Earth including the
atmosphere and R⊕;atm ¼ 6471 km. Note that in the opti-
cally thick regime, DM particles with a velocity above the
escape velocity may not actually evaporate, as they may
scatter with the Earth matter several times before making
their way out. This effect is encapsulated in the sðrÞ factor.
Since the total evaporation rate depends on the total number
of captured DM NC ¼

R
4πnχðr0Þr02dr0 which is yet to be

solved for, we define the evaporation rate per particle
≡E⊕=NC, which now depends only on the DM mass and
scattering cross section. We find that DM with mass mχ ≳
10 GeV can hardly escape from the Earth regardless of
the cross section, while evaporation is significant for
mχ ≪ mA. More details on dark matter evaporation are
found in Appendix G.

FIG. 1. Dark matter capture in the Earth from Monte Carlo
simulation using DaMASCUS-EarthCapture. The black and blue lines
depict the fraction of dark matter particles that are captured
among those that impinge on the Earth as a function of SI and SD
(ap ¼ an ¼ 1) dark matter nucleon scattering cross sections
respectively, for the various dark matter masses indicated by
different line styles.
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IV. EARTH HEATING

The DM depletion rate due to annihilation, normalized
by the total number of DM particles, is given by

A⊕ ¼
hσviχχ
N2

C

Z
R⊕;atm

0
n2χ4πr2dr; ð4Þ

where we assume the thermal-averaged s-wave annihilation
cross section hσviχχ ≃ 3 × 10−26 cm3=s. The rate of change
of the number of DM particles captured within the Earth is
then expressed as

dNC

dt
¼ C⊕ −

!
E⊕
NC

"
NC − A⊕N2

C; ð5Þ

assuming the DM particle is its own anti-particle. In the
equilibrium limit, we find dNC=dt ¼ 0. But more gener-
ally, we solve Eq. (5) for NCðtÞ, and evaluate the total
annihilation rate,

Γ⊕ðtÞ ¼ ð1=2ÞA⊕NCðtÞ2; ð6Þ

at present times.
Bounds on Earth heating by DM are obtained by

requiring that DM annihilating inside the Earth cannot
contribute more thermal energy than that observed flowing
out of the Earth’s surface. It is well-established that the
heat presently flowing from the Earth is less than ∼44 TW
[61–68], where a substantial portion of this heat flow is
attributable to the decay of potassium and uranium [69].
Complementary to the Earth heat measurement, recent
observation of geoneutrinos at Borexino shows the Earth’s
radiogenic heat is 38.2þ13.6

−12.7 TW [70,71], while the neutrino
measurement at KamLAND indicates a lower radiogenic
heat of around 14.6 TW [72]. We conservatively require the
heat flow from DM annihilation to be no more than 44 TW,
but note that a better determination of the radiogenic heat
may substantially improve this limit. Since the temperature
profile of the Earth should be mildly different at early
geological times, we evaluate the number of DM trapped
in the Earth by solving Eq. (5) after t ¼ 109 years. This is
conservative in the sense that additional heating of the
Earth over geological timescales should only increase the
predicted present-day heat flowing from the Earth’s sur-
face. The total annihilation rate is obtained using Eq. (6),
which, multiplied by 2mχ, yields the heat flow powered by
DM annihilation. We always assume DM annihilates to
visible final states, and the annihilation deposits 100% of its
mass energy in the form of heat.
To determine the maximum cross section for which the

Earth heating bound is applicable it is necessary to consider
the maximum cross-section for which DM annihilation
occurs predominantly below the surface of the Earth. For a
large enough DM nucleon-scattering cross section, DM can
drift slowly enough through the Earth’s atmosphere that it

annihilates predominantly within the atmosphere before
reaching the Earth’s surface. We obtain a conservative
upper limit on the Earth heating bound cross section by
requiring that no more than 10% of the DM captured
annihilates on its way to the Earth’s surface Γ⊕;atm <
C⊕=10. To determine this condition, we sum over annihi-
lation in atmospheric shells of one kilometer thickness,

Γ⊕;atm ¼
XR⊕;atm

ri¼R⊕

hσviχχðC⊕tdriftðri; riþ1ÞÞ2

Vshell
; ð7Þ

where the volume of each shell is simply Vshell ¼
4π
3 ðr

3
iþ1 − r3i Þ. The time for the DM to drift within a

shell is [73]

tdriftðri; riþ1Þ ¼
X

j

σj
Gmχ

Z
riþ1

ri

nj
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3mAj

T
p

MðrÞ=r2
dr; ð8Þ

where σj is the dark matter nuclear scattering cross section
which we approximate by σj;0 in Eq. (1) or Eq. (2) as
appropriate, and we sum over all nuclear targets in the Earth
atmosphere.

V. RESULTS AND DISCUSSIONS

We show the Earth heating constraints in Fig. 2 along
with constraints from existing experiments that are mostly
newly derived in this work (see also [57,74] for relevant
discussions). We also allow χ to be a subdominant
component of the cosmological DM and show the
corresponding constraints in Fig. 3. The Earth heating
limit in this case is obtained by setting the capture rate
C⊕ ¼ 0.05fCC

geom
⊕ . Assuming thermal freeze-out, we also

adopt a correspondingly larger cross section hσviχχ ≃
6 × 10−25 cm3=s. The number of DM is again obtained
by solving Eq. (5) with the new capture rate and the total
annihilation rate is computed using Eq. (6). The upper
boundary of the exclusion region is derived using the
conditions Γ⊕;atm < C⊕=10 with the reduced capture rate
and enhanced annihilation cross section. The derivation of
the constraints from direct detection experiments is pre-
sented in Appendix H.
For SI interaction, the Earth heating places constraints

on the DM scattering cross section for mχ > 0.84 GeV
(6.2 GeV) assuming 100% (5%) cosmological DM in the
parameter space where our analysis is valid, i.e., we
constrain the cross section σSIχN > 10−36 cm2, where local
thermal equilibrium is justified, and σSIχN ≲ 10−20 cm2,
where DM dominantly drifts down below the surface of
the Earth and annihilates there. This effectively cuts the
exclusion region of Mack et al. [55] at lower masses and
extends the upper and lower cross section reach. For SD
interactions of all types, the lower mass limits shift to
0.93 GeV (∼5.5 GeV) assuming 100% (5%) DM. The
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excluded cross section is above 10−32 cm2 to satisfy the
local thermal equilibrium distribution, and below about
10−17 cm2 for DM to drift down. The Earth heating limits
exclude a wide range of parameter space that is not covered
by direct detection experiments. For SD scattering Earth
heating closes the gap between CMB and CRESST in the
0.9 GeV and 2.4 GeV mass window, and the gap between
CMB, XQC and RRS above about 10 GeV, particularly for
proton-only interaction. Earth heating also excludes the
SD neutron-only scattering cross section above the XQC
exclusion region. Even more parameter space is precluded
if χ makes up a fraction of the cosmological DM.
We have focused on the accumulation of DM in the Earth

for the case in which DM can annihilate to visible matter,
leading to anomalous heating of the Earth that may be
bounded by data. In addition, DM annihilation in the Earth
can also produce a flux of neutrinos that may be observed at
neutrino detectors. Thus our analysis framework is equally

useful for constraining this neutrino flux, which would be
an interesting topic of future work. Our work can also be
employed to the accumulation of DM particles in the
Earth crust, which may facilitate the direct detection of
DM in low-threshold detectors. The analysis can also be
easily generalized to other astrophysical bodies, including
the Sun.
Apart from the velocity-independent SI and SD inter-

actions which we have been considered, dark matter may
also scatter with SM nucleons through interactions which
depend more generally on momentum transfer, velocity or
spin, as well as the combination of these [84–86]. Such
scenarios were investigated in various direct-detection
experiments [87–89], where the experimental limits on
the scattering cross section were found to be modified as a
result of these different interactions [89]. The effects of
momentum and velocity-dependent interactions on dark
matter accumulation can be assessed qualitatively. For

FIG. 2. Earth heating limit from dark matter annihilation for SI and SD nuclear scattering interactions. Also shown are results from
CMB [75,76], XQC [77], RRS [78], CRESST 2017 surface run [79], CDMS-I [80], CDMSlite [81], CRESST-III [82], and XENON1T
[83]. See text for details. χ is assumed to constitute 100% of the dark matter. Upper Left: SI interaction. The region enclosed by the
dashed gray lines is the Earth heating limit from Mack et. al. [55]. Upper Right: SD interaction with isospin-independent nuclear
response ap ¼ an ¼ 1. Dashed gray lines display the Earth heat limit from Bramante et. al. [56]. Lower Left: SD interaction with proton
only scattering. Lower Right: SD interaction with neutron only scattering.
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example, if the cross section scales as a positive power of
the relative velocity, the evaporation process is more
suppressed relative to the capture process. If the cross
section peaks at low momentum, then low-mass dark matter
is more likely to be captured, as the small reduced mass
implies that a larger fraction of final state phase space
involves small momentum transfer. A more sophisticated
exploration of these scenarios is left for future work.
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APPENDIX A: EARTH MODEL AND DETAILS
OF MONTE CARLO SIMULATIONS

We use the PREM [90] model for the density profile of the
Earth. The temperature profile is adapted from Ref. [91]. We
also use the Earth composition listed in Table 1 of Ref. [56].
The isotope abundance and spin information of nuclei
relevant for spin-dependent interactions are listed in
Table I. We take into consideration the effect of the
atmosphere on the capture, evaporation and annihilation
of dark matter. The atmosphere is assumed to be 100 km
thick, beyond which the number density of atmospheric
particles is negligibly small. As a consequence, the geo-
metric size of the Earth is R⊕;atm ¼ 6471 km. We use the
NRLMSISE-00 atmosphere model [92] with the average
oxygen, nitrogen, argon, helium mass fractions of 23.18%,
75.6%, 1.2%, and 7.25 × 10−7, respectively.
We assume that dark matter follows a Maxwell-

Boltzmann distribution in the rest frame of the Galactic
Center, with the velocity dispersion vd ¼ 270 km=s, which
translates into the rest frame of Earth with the Earth
velocity v⊕ ¼ 220 km=s. The halo dark matter velocity
distribution given by [8]

fðuχÞ ¼
ffiffiffiffiffiffi
3

2π

r
uχ

v⊕vd

!
exp

$
−
3ðuχ − v⊕Þ2

2v2d

%

− exp
$
−
3ðuχ þ v⊕Þ2

2v2d

%"
: ðA1Þ

A dark matter particle in the halo will be accelerated by the
Sun’s and Earth’s gravitational potential. If an infalling
dark matter particle has speed uχ when far from the Sun, we

assume that it will have speed wðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2χ þ v2s þ veðrÞ2

q

at a distance r from the Earth center, where vs ¼ 42.2 km=s
is the escape velocity from the Sun at 1 AU and veðrÞ is
the escape velocity of the Earth at radius r. We neglect the
subtleties in the solar velocity boost in the frame of the
Earth, see for example [95]. We have also neglected
the effect of the Galactic escape velocity of dark matter
at the position of the solar system, as the Maxwellian
distribution above the escape velocity only makes up a
small fraction of dark matter, and the capture of dark matter
is dominated by the low velocity part. The geometric
capture rate at which all dark matter particles that bombard
the Earth are captured is

Cgeom
⊕ ¼ πR2

⊕;atm

ffiffiffiffiffiffi
8

3π

r
ρχvd
mχ

!
1þ 3v2esc

v2d

"
ξ; ðA2Þ

where

ξ ¼
"
v2de

−
3v2⊕
2v2

d þ
ffiffiffiffiffiffi
3π
2

r
vd
v⊕

!
v2esc þ v2⊕ þ v2d

3

"
Erf

! ffiffiffi
3

2

r
v⊕
vd

"#

× ð2v2d þ 3v2escÞ−1; ðA3Þ

We take ρχ ¼ 0.3 GeV=cm3 for the local dark matter
density. Essentially, the geometric capture rate is the
product of the Earth’s geometric cross section (πR2

⊕;atm),
the dark matter flux (∼ρχvd=mχ) and a factor which
accounts for the gravitational version of Sommerfeld
enhancement. We do not consider the indirect capture of
particles which first become gravitationally bound to the
Sun after scattering in the Sun, the Earth, or Jupiter, and are
then subsequently captured by the Earth. Our estimate is, in
that sense, conservative.

APPENDIX B: COMPARISON WITH
ANALYTICAL APPROACHES FOR SINGLE

SCATTER CAPTURE

In the analytical approach for single scatter capture, one
calculates the probability for a dark matter particle in the
halo to scatter once in the Earth and get captured. We will
review this approach here, and highlight aspects of the
capture process which are not fully described in this
approach, and are more completely revealed by numerical

TABLE I. The fractional isotope abundance, nuclear spin J,
average proton spin hSpi, and average neutron spin hSni for
isotopes with non-zero spin in the Earth. The average spins for
29Si, 27Al 23Na, 73Ge, 129Xe, and 131Xe are taken from Ref. [93],
and the rest from Ref. [94] (EOGM gA=gV ¼ 1). The spin
information of Ge and Xe isotopes is used to produce the
spin-dependent results for CDMSlite and XENON1T.

Isotope Abundance [%] J hSpi hSni
14N 99.6 1 0.5 0.5
15N 0.4 1=2 −0.145 0.037
17O 0.04 5=2 −0.036 0.508
29Si 4.7 1=2 0.016 0.156
27Al 100 5=2 0.326 0.038
57Fe 2.12 1=2 0 0.5
43Ca 0.135 7=2 0 0.5
23Na 100 3=2 0.224 0.024
39K 100 3=2 −0.196 0.055
25Mg 10 5=2 0.040 0.376
47Ti 7.44 5=2 0 0.21
49Ti 5.44 7=2 0 0.29
61Ni 1.14 3=2 0 −0.357
59Co 100 7=2 0.5 0
31P 100 1=2 0.181 0.032
33S 75 3=2 0 −0.3
73Ge 7.76 9=2 0.031 0.439
129Xe 26.4 1=2 0.010 0.329
131Xe 21.2 3=2 −0.009 −0.272
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simulation. For this we primarily follow the approach
outlined in [8] (dubbed Model 1 or M1), and briefly
mention the approach in [10] (dubbed Model 2 or M2).
If the interaction between dark matter and nuclei is weak, a
dark matter particle will likely scatter at most once as it
crosses the Earth. The corresponding capture rate is [2]

Cweak
⊕ ¼

X

j

ρχ
mχ

Z
R⊕

0
4πr2

Z
∞

0
duχfðuχÞ

wðrÞ
uχ

×
Z

veðrÞ

0
R−
j ðw → vÞjFjðqÞj2dv: ðB1Þ

The sum runs over all nuclear targets j in the Earth and
R−
j ðw → vÞ describes the rate for a dark matter particle of

velocity wðrÞ to slow down to v < veðrÞ by scattering with
nucleus j (see [8] for the explicit expressions of R%

j ). The
R%
j are proportional to the dark matter-nucleus scattering

cross section. In the weak scattering limit the capture rate
increases with cross section. However, no matter how large
the scattering cross section is, the capture rate can never
exceed Cgeom

⊕ , which is the rate at which dark matter is
incident on the Earth. The capture rate can thus be
approximated by [8,96]

C⊕ ¼ Cweak
⊕ ð1 − expð−Cgeom

⊕ =Cweak
⊕ ÞÞ: ðB2Þ

The capture rates computed from Eqs. (B1) and (B2) are
shown in Fig. 4 (dashed lines, M1). The capture is
maximized when the dark matter mass matches the mass
of the target nucleus, and the typical recoil energy is

maximized, resulting in the peaks around 10–100 GeV. For
spin-independent scattering, from left to right we can
identify the peaks caused by scattering with O, with Mg,
and with Si and Fe. For spin-dependent scattering, there are
instead two peaks arising from scattering with 29Si, 27Al,
25Mg, as well as 57Fe. At large cross sections, the peaks are
smeared out as the capture saturates the geometric rate.
For comparison we also show in Fig. 4 the results

extrapolated from [10] (dash-dotted lines, M2), where the
capture rate is computed using Eq. (B2), but with Cweak

⊕
given by [10]

Cweak
⊕ ¼

X

j

ρχ
mχ

σj;0

Z
R⊕

0
4πr2v2eðrÞnjðrÞ

Z
uχ;max

0
duχ

fðuχÞ
uχ

×
!
1 −

u2χ þ v2s
u2χ;max þ v2s

"
; ðB3Þ

with nj the number density of an isotope j in the Earth.
Note that we have included the solar gravitational accel-
eration explicitly but discarded the momentum transfer
dependence of the form factors. In a single scattering, the
maximum momentum transfer is qmax ¼ 2μAj

w, causing
the maximum kinetic energy loss ER;max ¼ 2μ2Aj

w2=mAj
. If

the dark matter particle is captured, the dark matter kinetic
energy after scatter must satisfy the relation Eχ;f ¼
1
2mχw2 − ER;max ≤ 1

2mχv2eðrÞ. This caps the dark matter
initial velocity at

FIG. 4. Total dark matter capture rates in the Earth in the optically thick regime for various dark matter-nucleon scattering cross
sections. The dashed, dash-dotted, and solid lines show the capture rates from [8] (M1), [10] (M2) and from Monte Carlo simulations
using DaMASCUS-EarthCapture, modified from the DaMASCUS code [59,60], respectively. Different line colors mark different dark matter-
nucleon interaction cross sections. Solar acceleration of halo dark matter is included. The capture fractions from simulations are
extrapolated below 10−5 GeV. See text for details. The dashed gray line depicts the Earth geometric dark matter capture rate when all
dark matter particles that encounter the Earth get captured. Left: Results for spin-independent scattering. Right: Results for spin-
dependent scattering with ap ¼ an ¼ 1.
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w ≤
&&&&
mχ þmAj

mχ −mAj

&&&&veðrÞ: ðB4Þ

With the relation wðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2χ þ v2s þ veðrÞ2

q
, this trans-

lates to the maximum dark matter halo speed such that
single-scatter capture is possible:

uχ;max ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mχmAj

ðmχ −mAj
Þ2
v2eðrÞ − v2s

s

: ðB5Þ

If the dark matter speed (at infinity) is greater than uχ;max in
the halo, its speed after infall to radius r will be such that,
even if scatter results in the maximum momentum transfer,
the dark matter still will not have dropped below the escape
velocity. Hence, gravitational capture with a single scatter
is highly improbable. This is intuitive as the dark matter
velocity change in scattering is proportional to the momen-
tum transfer q, which decreases with smaller dark matter
mass. It is also understood that the square root in Eq. (B5)
has to be real, which determines the minimum captured
dark matter mass in single scattering

mχ;min ≃mA;min

!
1 − 2

ve
vs

þ 2
v2e
v2s

−
v3e
v3s

"
≃ 0.59 mA;min;

ðB6Þ

where we have dropped higher powers of ve=vs. In the
second equation we have used ve ¼ 11.2 km=s, the escape
speed at the surface of the Earth. If scattering occurred at
the center of the Earth, we would instead find mχ;min∼
0.5mA;min. Using 14N puts the minimum dark matter mass at
7.7 GeV, while He might facilitate the capture of dark
matter as light as 2.2 GeV, despite the fact that the He
abundance in the atmosphere is extremely small. Similarly,
there is a maximum dark matter mass such that capture is
possible with a single scatter, given by

mχ;max ≃mA;max

!
1þ 2

ve
vs

þ 2
v2e
v2s

þ v3e
v3s

"
≃ 1.64mA;max:

ðB7Þ

In Fig. 4 we also compare the analytical capture rates
obtained from Eq. (B2) with MC simulations. The MC
capture rates are computed with CMC

⊕ ¼ fCC
geom
⊕ . Due to

the limitation of the number of dark matter samples in the
simulations, we do not have reliable data below fC ¼ 10−5.
We therefore extrapolate the capture fraction to low dark
matter masses and compute the corresponding capture
fraction for σ0 ≤ 10−32 cm2. The extrapolation does not
affect our dark matter bounds since we are primarily
interested in mχ ≳ GeV and large cross sections, where
the capture fraction is always larger than 10−5. We find that

using Eq. (B2) to extrapolate the capture rate beyond the
weak scattering limit tends to underestimate the capture
rate, unless this approximation reaches the saturation limit.
The main difference between the M1 and M2 analyses is

that the M1 analysis incorporates the thermal motion of
nuclei in the scattering process. In both formalisms, the
weak capture rate is proportional to the scattering cross
section. Although the M2 analysis does not account for the
thermal motion of Standard Model nuclei, it agrees with
M1 remarkably well at all dark matter masses once the
effects of the solar gravitational potential are included. It is
important to note that the upper and lower limits on the dark
matter mass at which single-scatter capture is possible only
appear because the Earth-DM system is in the external
gravitational potential of the Sun. In the absence of this
external gravitational potential, single-scatter capture
would be possible for any dark matter mass, for some
choice of the dark matter speed far from the Earth. The
Sun’s gravitational potential has a major impact on the
behavior of the capture rate at large-scattering cross section.
Given the approximation in Eq. (B2), we see that if single-
scatter capture of any nonzero fraction of the incident dark
matter flux is kinematically possible, then at sufficiently
large-scattering cross section, the capture rate will saturate
to the geometric capture rate. But if the dark matter mass is
such that single-scatter capture is kinematically impossible,
then the capture rate in Eq. (B2) will vanish, no matter how
strong the coupling is.

APPENDIX C: EFFECTS OF SOLAR
GRAVITATIONAL POTENTIAL

For completeness, we also study the effect of solar
gravitational potential on the capture process, and display
in Fig. 5 (left panel) the capture rates with and without
including solar acceleration. The latter is simply achieved
by setting vs ¼ 0 in Eqs. (B1) and (B3). The agreement
between M1 and M2 analytical results remain robust in the
high mass limit above 10 GeV. However, in the low mass
end, the capture rate in M2 tends to be flat, while the M1
rate scales as 1=mχ when solar acceleration is ignored. In
stark contrast to the analytical results, the capture rates in
MC simulations change marginally with or without includ-
ing vs. As we will show in the next section, the number of
collisions of dark matter before capture in the optically
thick limit is only logarithmically sensitive to the dark
matter initial velocity. As the capture probability of low
mass dark matter is related to the number of collisions, it is
not surprising that increasing the lowest dark matter
velocity has little effect on the results.
Interestingly, we also find the analytical results yield a

result closer to the Monte Carlo result at high masses if one
fails to take into account the solar gravitational potential
than if one correctly accounts for it. If one does not account
for the solar gravitational potential, then single-scatter
capture would be possible, which is extrapolated to a
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capture rate that saturates the geometric rate at sufficiently
large cross section. However, the absence of the solar
gravitational potential implies that multiscatter capture is
not correctly accounted for. Note that the capture rate is not
correctly modeled even at large mass unless it has saturated
the geometric rate. On the other hand, at low masses, the
extrapolation in Eq. (B2) does not match the Monte Carlo
result regardless of whether or not solar acceleration is
included, because it does not account for the reflection of
dark matter from the Earth. Note, however, that such low-
mass dark matter will in any case not contribute signifi-
cantly to Earth heating, because of evaporation.

APPENDIX D: COMPARISON WITH
ANALYTICAL APPROACHES FOR

MULTISCATTER CAPTURE

The analytical formalism for multiscatter dark matter
capture has been established in Refs. [53,97–100], which
we call Model 3 or M3. We revisit the formalism in this
work with some novel treatment in both analytical and
numerical aspects. The capture rate after scattering N times
in the Earth is

CN ¼ fcapπR2pNðτÞ
ffiffiffi
6

p
ρχ

3
ffiffiffi
π

p
mχvχ

$
ð2v2χ þ 3v2escÞ

− ð2v2χ þ 3v2NÞ exp
!
−
3ðv2N − v2escÞ

2v2χ

"%
; ðD1Þ

where vχ is the average halo dark matter velocity taken to
be 270 km=s, and vesc ¼ 11.2 km=s is the escape velocity
at Earth. vN ¼ veð1 − hziβÞ−N=2 is the maximum velocity

for dark matter arriving at the Earth which could be
captured after N times (note that we have factor of 2
difference from [53]). We cut vN at 800 km=s inspired by
the local galactic-escape velocity of dark matter, regardless
of N. It is found that hzi ≃ 0.5 for isotropic scattering and
β≡ 4mχmA=ðmχ þmAÞ, where mA is the nuclear target in
the scattering. The probability of capture after N scattering

pNðτÞ ¼ 2

Z
1

0
dy

ye−yτðyτÞN

N!
; ðD2Þ

where the optical depth

τ ¼ 3

2

σ
σsat

: ðD3Þ

The scattering cross section σ with the target of mass
number A is given in the main text for spin-independent and
spin-dependent interactions. σsat ¼ πR2=Nt is the satura-
tion cross section with Nt the number of scattering targets
(note that the definition of Nt is different from [53]). As
only one scattering target is dealt with in Eq. (D1), we
assume the Earth is made of entirely oxygen or iron so that
Nt ¼ M⊕=mA for spin-independent scattering, and M⊕ is
the mass of the Earth. In this scenario, at high scattering
cross section, dark matter scatters in the Earth atmosphere
or crust where the scattering against oxygen or nitrogen
dominates. For lower cross section, dark matter may be
stopped in the mantle or the core, where the scattering with
iron contributes the most due to the large mass number
(cross section). If the dark matter mass is smaller or
comparable to the target mass, dark matter is likely to
be reflected after multiple scattering and leave the Earth.

FIG. 5. Total dark matter capture rates in the Earth in the optically thick regime assuming spin-independent interactions. Left: The
dashed, dash-dotted and solid lines show the capture rates from [8] (M1), [10] (M2) and fromMonte Carlo simulations using DaMASCUS-
EarthCapture, respectively. We assume the spin-independent cross section σSIχN ¼ 10−34 cm2. The red curves include the effect of solar
gravitational acceleration, while the gray curves not. See text for details. Right: The fraction of dark matter particles that are captured
among those impinge on the Earth as a function of dark matter mass. Various cross sections are depicted by lines of different colors. The
dashed black line corresponds to reflection factor in Eq. (D4) assuming oxygen target.
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This is accounted for in [53] by including the reflection
factor

fcap ≃
2ffiffiffiffiffiffiffiffiffiffiffiffiffi

πNscatt
p ¼

$
2

π
logð1 − hziβÞ=log

!
vesc
vχ

"%
1=2

; ðD4Þ

which is used to compute the capture rate when mχ < mA.
When the dark matter mass is comparable to the target
mass, the kinematics could be complicated and simulations
are required, as is done in [53]. For simplicity, we set
fcap ¼ 1 for mχ ≥ mA. The total capture rate by summing
over all possible number of scattering is

Cmulti
⊕ ¼

X∞

N¼1

CN: ðD5Þ

The capture probability in Eq. (D2) peaks at N ∼ τ, and the
sum in Eq. (D5) can generally be truncated at Nmax ≃ 2τ,
beyond which pN → 0. However, if τ is large, computing
pN at large N is numerically difficult. Equation (D1) can be
greatly simplified in the limit vesc ≫ vχ and mχ ≫ mA as
in [98], which unfortunately do not hold for the Earth.
Nevertheless, the integral can still be carried out precisely if
we notice the integrand in Eq. (D1) is close to a Poisson
distribution, which is closely resembled by the normal
distribution at yτ ≫ 1. We can therefore replace the
integrand by a Gaussian function and integrate from yτ ¼
xmin to τ, which yields

pNðτÞ ≃
N þ 1

τ2

$
Erf

!
N þ 1 − xminffiffiffiffiffiffiffiffiffiffiffi

2xmin
p

"
− Erf

!
N þ 1 − τffiffiffiffiffi

2τ
p

"

− e2ðNþ1Þ
!
Erf

!
N þ 1þ xminffiffiffiffiffiffiffiffiffiffiffi

2xmin
p

"

− Erf
!
N þ 1þ τffiffiffiffiffi

2τ
p

""%
: ðD6Þ

At yτ ≫ 1, the contribution to the integral from 0 ≤ yτ ≤
xmin is small as long as xmin ≪ 1. We choose xmin ¼ 10−3,
which precisely reproduces the full integral if τ > 50.
Conservatively, we numerically calculate pN for τ < 100,
and use Eq. (D6) for larger τ.
For spin-dependent scattering, the largest contribution to

the capture comes from scattering with 29Si, 27Al, and 25Mg
if dark matter is mainly stopped in the Earth crust or mantle,
and 57Fe if dark matter matter is stopped in the core. At
very large cross section σSDχN ≫ 10−24 cm2, the captured
dark matter mainly scatters with 14N in the atmosphere. We
mainly explore the first two scenarios. In the former case,
29Si, 27Al, and 25Mg have similar nuclear mass (hence
kinematics) and nuclear response. We therefore set Nt ¼
N29Si þ N27Al þ N25Mg, and use the angular momentum and
average spin of 27Al to compute the nuclear scattering cross
section. For the latter we set Nt ¼ N57Fe and compute the
cross section correspondingly.
The comparison between Monte Carlo simulations and

the multiscatter model is presented in Fig. 6. The kinks in
the model predictions come from the abrupt shutoff of fcap
at mχ ¼ mA. At low cross section (σSIχN ≲ 10−36 cm2 and
σSDχN ≲ 10−32 cm2), the analytical formalism underestimates

FIG. 6. Total dark matter capture rates in the Earth in the optically thick regime for various dark matter-nucleon scattering cross
sections. The solid lines show the capture rates from MC simulations using DaMASCUS-EarthCapture, and broken lines depict the results
from multi-scatter capture formalism, implemented and discussed in this work (dubbed M3). Left: Results for SI scattering. The dashed
line assumes the Earth is made of O, and the dash-dotted lines assumes Fe instead. Right: Results for SD scattering with ap ¼ an ¼ 1.
The dashed lines account for the SD scattering against 29Si, 27Al, and 25Mg, and the dash-dotted lines considers dark matter scattering
with 57Fe. See text for details.
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the capture rate at high dark matter mass and overestimates
the rate at low mass. As cross section increases, the model
reproduces the MC results well at high masses, regardless
of the choice of chemical compositions in the Earth.
However, for low dark matter mass significant discrepancy
still remains before the reflection factor in Eq. (D4) is
saturated. As can be seen from Fig. 5, the reflection factor
alone correctly predicts the capture fraction at very high
cross section σSIχN ≫ 10−28 cm2 for mχ ≪ mA, except for
the resonant capture behavior that will be discussed.
Although only one scattering target is considered in

Eq. (D1), analytical formalism for multiple-target capture
is investigated in [101]. As assumptions similar to the
multiscatter model above were made in computing the

capture rates, we do not expect a substantial improvement
when comparing with the Monte Carlo results. A dedicated
comparison using multiple-target capture is left for
future work.

APPENDIX E: RESONANT LIGHT DARK
MATTER CAPTURE

As shown in the main text, for spin-independent scatter-
ing the capture fraction is peaked near 10−26 cm2 for dark
matter mass mχ ≲ 1 GeV. To understand this behavior, we
show the trajectories of dark matter captured in the Earth or
Earth’s atmosphere in Figs. 7 and 8. Assuming dark matter
with a velocity w scatters with a nucleus at rest, the

FIG. 7. Example trajectories of MeVmass dark matter captured inside the Earth or the Earth’s atmosphere from DaMASCUS-EarthCapture
simulations, for various per-nucleon spin-independent scattering cross sections. Dark matter starts from the top of the atmosphere with
r ¼ 6471 km. At each step, dark matter scatters with a Standard Model nucleus at a specific radius and finally stops at a radius
r < 6471 km.

FIG. 8. Example trajectories of MeV mass dark matter NOT captured inside the Earth or the Earth’s atmosphere from DaMASCUS-
EarthCapture simulations, for various per-nucleon spin-independent scattering cross sections. Dark matter starts from the top of the
atmosphere with r ¼ 6471 km. At each step, dark matter scatters with Standard Model nucleus at a specific radius and finally exits at a
radius r ¼ 6471 km.
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momentum transfer q ∼ μχAw ∼mχw for light dark matter
mχ ≪ mA. The dark matter kinetic-energy loss in each
scattering is just the recoil energy of the nucleus ER∼
q2=ð2mAÞ. Therefore, the speed change of dark matter in a
typical scattering is

Δw2

w2
∼ −

mχ

mA
; ðE1Þ

i.e., the speed change is smaller for lighter dark matter,
where more scattering is necessary to bring the dark matter
velocity down below the escape velocity. The number of
scatters required in the capture process is therefore

Nscatt ≃ 2
mA

mχ
ln

wi

wf
: ðE2Þ

If dark matter scatters with nitrogen in the atmosphere, with
wi ∼ 200 km=s and wf ∼ 10 km=s, then we find Nscatt∼
8 × 104, consistent with the number of steps in Fig. 7. The
fraction of dark matter that is captured in the Earth after
scattering and reflection can be estimated as [53,102]

fC ≃
2ffiffiffiffiffiffiffiffiffiffiffiffiffi

πNscatt
p ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

π

mχ

mA

!
ln
!
1þ v2d þ v2s

v2esc

""−1
s

: ðE3Þ

We see that fC ∼ fcap up to a small numerical factor for
mχ ≪ mA, which also reproduces the high cross section
saturation-capture fraction. However, Eq. (E3) also deviates
significantly from the capture fraction of σχN ∼ 10−26 cm2.
We will explain this behavior below.
The dark matter velocity after one scattering is

w⃗0 ¼
mAwn̂þmχw⃗
mχ þmA

; ðE4Þ

where n̂ is the direction vector of dark matter in the center
of mass frame. Defining cos α ¼ n̂ · ŵ, cos α is uniformly
distributed between -1 and 1 in the absence of the form
factor. In the lab frame, we have the scattering angle

cos α0 ¼
mA cos αþmχffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
A þm2

χ þ 2mAmχ cos α
q : ðE5Þ

In the light dark matter limit mχ ≪ mA, cos α0 ≃ cos α, and
dark matter is deflected randomly between 0 and π. As we
can see from Figs. 7 and 8, light dark matter scatters
multiple times before captured. Amid these scatterings, for
large enough cross section σχN ∼ 10−24 cm2, light dark
matter is likely to be reflected in the Earth’s atmosphere
and escape, while for small enough cross section σχN≲
10−28 cm2, dark matter is reflected in the Earth’s crust or
mantle before they leave. For cross sections in between,

dark matter reflected in the Earth’s crust might be deflected
back in the atmosphere, causing dark matter to be finally
captured after bouncing back and forth. The capture
probability is therefore the sum of all possible trajectories
(or paths) along which dark matter is captured. The path
integral is apparently larger for intermediate cross section,
where dark matter’s trajectories cross different media,
than for very high or very low cross section, where the
trajectories mostly cross one medium. The regime where
the path integral maximizes corresponds to the peak
around 10−26 cm2.
It is also worth noting that more intense scattering is

demanded for smaller dark matter mass, and the peak
moves to higher cross section. The peak is also more
pronounced for lighter dark matter, as more scatterings
before capture facilitate more viable trajectories, which
enhances the overall path integral compared with other
cross sections. The peak is also missing for spin-dependent
interactions, where the cross section up to 10−24 cm2 is not
high enough to raise the peak.

APPENDIX F: CAPTURE FRACTIONS FOR
DIFFERENT TYPES OF INTERACTION

To give a complete picture of dark matter capture,
we show the dark matter capture fraction for isospin-
independent, proton-only and neutron-only spin dependent
scatterings in Figs. 9–11. It is clearly seen from the left
panel of Fig. 9 that in the limit where single scatter
contributes significantly to the capture (σSDχN ¼10−34 cm2),
the capture fraction peaks between 10 GeV and 100 GeV,
where the dark matter mass kinematically matches the
masses of 29Si, 27Al, 25Mg, as well as 57Fe, and the dark
matter kinetic-energy loss is also maximized. A compari-
son between MC simulation and the single-scatter analyti-
cal results in the very low cross section limit is also shown
in Fig. 12. The simulation matches the analytical results
well, apart from small difference attributable to limited
statistics. However, at higher cross section, multiple scat-
tering becomes important and the peaks are smeared out.

APPENDIX G: DARK MATTER EVAPORATION

The dark matter radial distribution assuming local
thermal equilibrium follows [8],

nχðrÞ
nχð0Þ

¼
!
T⊕ðrÞ
T⊕ð0Þ

"
3=2

exp
!
−
Z

r

0

$
αðr0Þ dT⊕ðr0Þ

dr0

þmχ
dϕðr0Þ
dr0

%
T−1
⊕ dr0

"
; ðG1Þ

where nχð0Þ and T⊕ð0Þ are the dark matter density and
Earth temperature, respectively, at r ¼ 0, and ϕðrÞ is the
external gravitational potential (ϕðrÞ ¼

R
r0
0 GM⊕ðr0Þ=

r02dr0). The thermal diffusivity αðrÞ is related to the
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FIG. 9. Dark matter capture in the Earth for spin-independent interactions fromMC simulation using DaMASCUS-EarthCapture, assuming
isospin-independent nuclear response ap ¼ an ¼ 1. Left: The fraction of dark matter particles that are captured among those impinge on
the Earth as a function of dark matter mass. The orange, magenta, purple, green, light blue, and yellow lines correspond to the cross
section of 10−34, 10−32, 10−30, 10−28, 10−26, and 10−24 cm2, respectively. Right: The capture fraction of dark matter as a function of dark
matter-nucleon scattering cross section. From bottom to top, different line types delineate dark matter masses of mχ ¼ 10 GeV, 1 GeV,
100 MeV, 1 MeV, and 1 keV, respectively.

FIG. 10. Same as Fig. 9 but for SD proton-only interaction.

FIG. 11. Same as Fig. 9 but for SD neutron-only interaction.
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mean-free path of dark matter in the Earth (see [8] for its
explicit form). For the velocity-independent interaction,
α is independent of cross section and mildly dependent on
the nature of the interaction. A self-consistent study was
recently carried out in Ref. [53] including the effects of
diffusion and gravity, which can result in a floating
distribution of dark matter on the Earth’s surface. We have
checked that this “buoyant” dark matter distribution does
not change the overall distribution for masses above 1 GeV
significantly and our results remain robust.
The radial distribution of dark matter is depicted in the

left panel of Fig. 13. For relatively light dark matter

mχ ≲ 0.1 GeV, captured dark matter dwells towards the
surface of the Earth due to the temperature gradient in the
upper mantle and the crust. Due to the temperature profile
in the atmosphere, the density distribution fluctuates at a
radius R⊕ < r ≤ R⊕;atm. Heavy dark matter particles tend
to sink down. In particular, heavier dark matter mχ ≳
10 GeV is more clustered in the Earth core.
Assuming local thermal equilibrium, the velocity of

captured dark matter follows a Maxwell-Boltzmann dis-
tribution (at zeroth order in the temperature gradient), with
a cutoff at the local escape velocity

f⊕ðu⃗χ ; rÞ ¼
1

ð
ffiffiffi
π

p
vχðrÞÞ3

e−u
2
χ=v2χðrÞ

!
ErfðxÞ − 2ffiffiffi

π
p xe−x

2

"−1

× ΘðveðrÞ − uχÞ; ðG2Þ

where again veðrÞ is the escape velocity at radius r. The
dark matter thermal velocity is vχ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2T⊕ðrÞ=mχ

p
and we

define x≡ ve=vχ . Due to the thermal motion of Earth
nuclei, dark matter may scatter with a nucleus and acquires
a high enough velocity to escape from the Earth. The
corresponding evaporation rate is described as [8]

E⊕ ¼
X

j

Z
R⊕

0
4πr2nχðrÞsðrÞdr

Z
veðrÞ

0
4πu2χf⊕duχ

×
Z

∞

veðrÞ
Rþ
j ðuχ → vÞdv: ðG3Þ

Note that in the optically thick regime, dark matter particles
with a velocity above the escape velocity may not actually
evaporate, as they may scatter with the Earth matter several
times before making their way out. This effect is encapsu-
lated in the sðrÞ factor defined as [8] sðrÞ ¼ ηangηmulte−τðrÞ,

FIG. 12. Dark matter capture rate in the Earth for SD scattering
cross section σSDχN ¼ 10−36 cm2, ap ¼ an ¼ 1. The dashed, dash-
dotted, and solid lines show the capture rates from M1 [8], M2
[10], and from MC simulations using DaMASCUS-EarthCapture,
respectively.

FIG. 13. Left: Normalized dark matter number density distribution as a function of the distance from the center of the Earth including
100 km atmosphere, for a benchmark SI cross section of 10−30 cm2. Line styles correspond to dark matter masses of 1 keV, 1 MeV,
100 MeV, 1 GeV, and 100 GeV, separately, from top to bottom. Right: The normalized evaporation rate per captured particle E⊕=NC as a
function of dark matter mass, for the various SI dark matter-nucleon cross sections indicated.
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where ηang and ηmult take into account the angular trajectory
and multiple scattering, respectively, and τðrÞ is the optical
depth. Note that the only dark matter properties which
E⊕ depends on are the dark matter mass, scattering cross
section and the constant nχð0Þ.
The dark matter evaporation rates as obtained from

Eq. (G3) for SI interaction are displayed in the right panel
of Fig. 13. As the mass increases, the evaporation rate is
exponentially suppressed by the thermal velocity of dark
matter. Dark matter with mass mχ ≳ 10 GeV can hardly
escape from the Earth regardless of the cross section.
Evaporation is enhanced when σSIχN goes above 10−36 cm2,
thanks to the rise of the scattering rate between dark matter
and nuclei. However, further increasing the cross section to
10−34 cm2 or higher will not facilitate more evaporation, as
the sðrÞ factor becomes important and dark matter from
the inner layer could hardly find a way out of the Earth.
In this scenario, the evaporation is more and more sourced
from the dark matter particles near the Earth crust or even
the atmosphere. The combination of the effects of more
scattering and narrower evaporation region makes the
evaporation of light dark matter rather insensitive to the
cross section when σχN ≳ 10−34 cm2. Similar to the capture
analysis, Eq. (G3) might overestimate the evaporation rate
for mχ ≪ mA while the direction of the dark matter particle
is effectively randomized at every scatter when dark matter
makes its way out. A dedicated MC study is required to
obtain the proper evaporation rate at the low mass regime,
which we leave for future work. Our analysis using
Eq. (G3) is conservative.

APPENDIX H: CONSTRAINTS FROM DIRECT
DETECTION EXPERIMENTS AND COSMOLOGY

We also show constraints from CMB [75,76], XQC [77],
RRS [78], CRESST 2017 surface run [79], CDMS-I [80],
CRESST-III [82], and XENON1T [83]. For the CRESST
surface run we use the upper limit from Refs. [103,104] and
the lower limit from Ref. [79]. For CDMS-I we adopt the
upper limit from [103] and the lower limit from [80]. As
RRS placed a constraint on the dark matter-silicon scatter-
ing cross section, we translate that to a dark matter-nucleon
scattering cross section using the relations described in the
main text. To determine bounds in this parameter space for
for CRESST-III and XENON1T, we derive our limits by
assuming that dark matter particles all arrive from the
average zenith angle of 54°, and do not change their
direction of motion significantly as they pass through
the Earth. The speed change of dark matter per unit
distance is given by [103,105]

duχ
dD

¼ −
uχ
mχ

X

j

μ2Aj
nj

mAj

σj; ðH1Þ

where mAj
, μAj

, and nj are the nucleus mass, dark matter-
nucleus reduced mass, and number density in the Earth,
respectively, of the jth isotope. The final one-dimensional
dark matter velocity at the detector is connected to the halo
dark matter velocity distribution1 via

fðufÞ ¼ fðuχÞ
duχ
duf

¼ fðuχÞ exp
!Z

dD
X

j

μ2Aj
nj

mχmAj

σj

"
:

ðH2Þ

For simplicity we do not include form factors in the
overburden calculation using Eq. (H2), i.e., σj ≃ σj;0.
The expected number of events in an experiment is2

Nexp ¼
X

i

NiT
ρχ
mχ

Z
uffðufÞduf

Z
dσi
dER

ϵðERÞdER;

ðH3Þ

where

dσi
dER

¼
σi;0mAi

2μ2Ai
u2f

F2
i ðERÞ; ðH4Þ

Ni is the number of target nuclei, and T is the exposure
time. We also include the efficiency factor ϵðERÞ from the
respective experiments. For SI interactions, Fi is the Helm
form factor. We use Eq. (H3) to find the cross section limits
for CRESST-III and XENON1T. 441 dark matter candidate
events were identified with the exposure of 3.64 kg · days
using CaWO4 crystal [82], while for XENON1T we adopt
3.7 events at 90% upper limit with 0.9 tonne reference
mass [83].
We also derive the constraints when χ constitutes 5%

dark matter. To produce these limits, we scale up the
lower limit of XQC and RRS by a factor of 20. The same
scaling relation also applied to the CMB limit, as the
collision terms enters the Boltzmann equations in the form
of ρχσχp [76]. We assume the overburden line remains
robust with reduced dark matter flux for XQC and RRS. We
use the verne [103,106] code to compute the dark matter
limits from CRESST surface run and CDMS-I, where the
dark matter incoming angle and velocity distribution are
taken into consideration in the overburden calculation. We
again use Eq. (H3) to find the constraints from CRESST-III

1For this purpose, we can ignore the effects of gravitational
infall. Particles which are slow enough that gravitational effects
are important will in any case not deposit enough energy in the
detector to exceed threshold.

2Note that we do not include the momentum transfer-depen-
dent form factors in overburden calculations for simplicity, but
we always include form factors in the terrestrial experiments to
produce as accurate experimental limits as possible.
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and XENON1T, when Nexp matches the observation limit
with a reduced dark matter density.
For SI nuclear scattering, we follow Eqs. (H1)–(H4) to

derive the constraints from XENON1Tand CDMSlite [81].
The spin-dependent form factor F2

SD ¼ ðapSpðERÞþ
anSnðERÞÞ=STð0Þ, where

STð0Þ ¼
ð2J þ 1ÞðJ þ 1Þ

πJ
ðaphSpiþ anhSniÞ2: ðH5Þ

We employ the updated nuclear structure factors and
average spins in [93], which are also listed in Table I.
We use the first two energy bins in CDMSlite Run 2, which

well reproduces the results in [81]. We again use verne to
compute the limits from CRESST surface run and CDMS-I,
neglecting the form factors in the overburden, but including
them in the scattering rates in the detector, except for 17O
whose momentum dependent structure factor is still miss-
ing. The XQC and RRS limits are translated to the nucleon
scattering cross section accrodingly. For the overburden of
these two experiments we assume 14N is the main source
of dark matter deceleration in both spin-dependent and
spin-independent scattering, and translate the constraints
accordingly. For the case in which χ is 5% of cosmological
dark matter we follow the same treatment as in the SI
scattering case.
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