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The search for dark matter is one of the crucial open problems in both particle physics and cosmology. If
dark matter scatters with Standard Model particles, it could accumulate inside the Earth and begin to
annihilate, producing heat within the Earth’s core. While past work has been done on the effect that this heat
would have once it reached the surface, we model the flow of heat through the Earth’s core by numerically
solving the heat equation to model dark matter’s effect on the interior of the planet. We compute how long it
takes for the core to come into thermal equilibrium and show that for a wide range of dark matter parameters,
a substantial fraction of the inner core would be melted by dark matter annihilation. Our analysis produces
new limits on dark matter annihilating in the Earth, points out important new effects that must be considered
when studying planetary heating by dark matter, and suggests new dark matter observables that could be
searched for in exoplanet populations.
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I. INTRODUCTION

Indirect detection, one of the central ways of searching
for dark matter (DM), is largely based on the principle that
dark matter may decay or annihilate into Standard Model
particles (see, e.g., [1]). Because the annihilation rate scales
with the dark matter density squared, any process that
concentrates dark matter to a high density can increase the
overall annihilation rate, as well as provide precise locations
to search for annihilation products. For this reason, searches
for dark matter annihilation often focus on locations with
high expected dark matter equilibrium density, such as the
Galactic Center [2–9] and dwarf galaxies [10–17].
However, it is also possible for dark matter to be captured
in celestial objects with high baryonic density (e.g., stars
and planets), build up inside them, and eventually begin to
annihilate.
If dark matter has a nonzero scattering cross section with

nucleons or electrons, then it should occasionally collide
with stars, planets, and other celestial bodies. If a dark
matter particle loses enough energy in such a collision, it
can become gravitationally captured, while crucially
remaining on an orbit that continuously passes through
the object. Over millions or billions of years, it can continue
scattering, losing more energy, and gradually sinking
toward the object’s center. A sizable density is thus built

up, which can begin to annihilate. If the dark matter
annihilates to neutrinos [18–31], or to long-lived mediators
that can escape the celestial body [32–41], then the products
of this annihilation or the subsequent decay chains can be
detected on Earth.
If, on the other hand, dark matter annihilates to photons

or charged particles, those particles will not escape, and
will instead contribute to heating the star or planet in
question (see Fig. 1). This can manifest in several different
observables, including affecting the measured heat flow of
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FIG. 1. Diagram of the Earth’s core, with an example dark
matter density profile superimposed. The solid-liquid boundary at
1200 km is the boundary between the inner core and outer core,
while a radius of 400 km is where the seismic data we use loses
sensitivity to the core’s structure (see text for details). Dashed
arrows denote heat flow away from the center of the Earth.
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the Earth [42–44], the surface temperature of exoplanets
[45–47], emission from planetary atmospheres [48,49], and
planet or star formation itself [50,51]. These ideas have
been used to set limits on dark matter ranging from the
MeV or GeV scale (depending on the treatment of dark
matter evaporation) up to roughly 1010 GeV.
These analyses typically begin by assuming that the

system is in equilibrium, i.e., that the dark matter capture
rate equals the annihilation rate, and that the energy
injection rate due to annihilation equals the heat flow near
the surface. However, previous works have largely
neglected the effect that this heating would have on the
interior of a planet. Nonzero heat flow requires a nonzero
temperature gradient, and given that the annihilation rate
quite generically peaks in the center of a planet, this
annihilation should heat the core of a planet more than
the surface. In this work, we show that, in the parameter
space previously constrained by Earth’s heat flow, dark
matter annihilation would have melted a substantial portion
of Earth’s inner core, which conflicts with seismic analyses
of the inner core’s structure [52]. We thus set limits that are
about an order of magnitude stronger than previous heat
flow limits over a broad mass range. We model the flow of
heat within the Earth over time, and show that the time for
Earth to come into thermal equilibrium can be significant on
geological scales. We also emphasize more generally the
impact that dark matter can have on planetary structure,
which could affect exoplanet magnetic fields and alter how
we understand dark matter’s effects on planet formation.

II. DARK MATTER HEATING OF EARTH

A. Dark matter capture in the Earth

The study of DM capture in the Earth and/or Sun goes
back to the 1980’s [53–55]. When DM particles scatter
with nuclei or electrons in a planet or star, they may lose
enough energy to be gravitationally captured. Once cap-
tured, they will continue to scatter and, given enough time,
may thermalize within the planet/star. For DM with a mass
comparable to the masses of the target nuclei, capture may
be possible with a single collision (see, e.g., [55]). On the
other hand, DM much heavier than nuclei typically
requires many collisions in order to be sufficiently slowed
[56]. DM lighter than about the GeV scale is expected to
evaporate from many celestial objects, i.e., its thermal
velocity would be above escape velocity, suppressing the
capture rate [57]; this effect can be evaded in some models,
see, e.g., Ref. [58].
To compute the capture rate within the Earth, we use the

Python package Asteria [59], developed by the authors of
Ref. [60]. We use the same parameters for the Earth
provided in the public distribution of Asteria, including a
local DM density of 0.4 GeV=cm3 and a mean incoming
velocity of 270 km=s, which reproduce the capture rates
shown in Ref. [60]. While we do not derive the capture rate

within the Earth here, we direct the reader to a series of
recent papers presenting both analytic and simulation-based
treatments of DM capture [56,60–63].

B. Earth’s core: Physical parameters

The Earth’s core is difficult to study directly. As a result,
many of its properties must be inferred from laboratory
analogs and/or theoretical calculations. Two such proper-
ties are important inputs for modeling how DM affects the
inner core’s temperature profile; the thermal conductivity
of the inner core and the temperature at the inner core
boundary (ICB). Efforts have been made to measure or
predict the thermal conductivity of various iron alloys at
extremely high temperatures and pressures. However,
these have resulted in values ranging from ∼30 W=m=K
[64] to over 200 W=m=K [65]. We adopt an intermediate
value of 100 W=m=K, consistent with the measurement
reported in Ref. [66] (see also Refs. [67,68], which give
values around 150 W=m=K).
Similarly, the temperature of Earth’s inner core is subject

to uncertainties at the Oð10%Þ level; reported temperatures
of the ICB range from 4500–6500 K, with the very center
of Earth being a couple hundred Kelvin higher (see
Refs. [69–71] and references therein). We adopt an inter-
mediate value of 5500 K.

C. Dark matter heating

The form of the DM density profile within the Earth
depends on the strength of the DM’s interactions with
Standard Model particles. When the interaction is strong
and the mean free path short, DM can be treated as being in
local thermal equilibrium, as was done in Ref. [72]. In this
work, we consider relatively weak interactions, such that the
mean free path is typically at least comparable to the scale
radius of the DM distribution. We therefore work in the
isothermal regime, which was treated in Ref. [73]. In this
limit, the DM density profile is given by [74]

nχðrÞ ¼ n0
e
−r2

r2χ

π3=2r3χ
; ð1Þ

where n0 is the total number of DM particles and rχ is a
scale radius given by

rχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3kBTc

2πGρcmχ

s

: ð2Þ

Here Tc is the core temperature, ρc is the core density, kB is
Boltzmann’s constant, and G is the gravitational constant.
The annihilation rate is simply proportional to the DM

density squared. We assume that capture and annihilation
of DM are in equilibrium, i.e., Γcap ¼ Q̇χ , where Γcap is the
mass capture rate and Q̇χ is the total dark matter heat
injection. This assumption may not be valid if the
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annihilation cross section is too small. However, this
assumption is satisfied for weak-scale cross sections,
assuming s-wave annihilation [42,44]. We furthermore
assume that all of the DM mass energy is converted into
heat, which is a reasonable assumption as long as the DM
is much heavier than its annihilation products (or their
eventual decay products); as shown below, the DM masses
we consider are at least 10 GeV, making this a well-
justified assumption.
We model heat flow due to DM using the heat equation

in spherical coordinates. Assuming spherical symmetry
(i.e., that the temperature profile has no dependence on θ or
ϕ), this equation is

1

α

du
dt

¼ d2u
dr2

þ 2

r
du
dr

þ 1

k
q̇: ð3Þ

Here k is the thermal conductivity, and α is the thermal
diffusivity, given by α ¼ k

cρ, where c is the specific heat
capacity and ρ is the mass density of the material. As
mentioned above, we use a fiducial value of k ¼
100 W=m=K. However, we will vary this value to study
its impact on our conclusions, and a value of α ¼ 24 ×
10−6m2=s [75]. q̇ ∝ nχðrÞ2 is the volumetric DM heat
injection rate, with a normalization set by the capture rate.
To solve this equation, we assume that the inner core

initially has a constant temperature T0, that the temperature
at the inner core boundary is T0 at all times, and that the
radial derivative of the temperature profile at r ¼ 0 is zero.
For most of our results, we set T0 ¼ 5500 K, but we will
vary this value to study how a different value would affect
our conclusions.
Figure 2 shows the steady-state temperature profile and

heat injection rate, as a function of radius, for mχ ¼ 1 TeV
and σχN ¼ 10−36.9 cm2. We only solve for these quantities
out to the inner core boundary at 1200 km; the extension of
the x-axis is purely to make the position of this boundary
apparent. Note that for this value of mχ , virtually all of the
heat is deposited deep within the inner core.
If heat is deposited deep within the Earth’s core, which is

the case for DM heavier than about 10 GeV and a
temperature of 5500 K, it will take a finite time for that
heat to be conducted toward the surface of the planet.
Figure 3 shows the amount of DM-produced heat flowing
out through a shell of radius 1000 km, assuming a DM
mass of 1 TeVand various choices for the cross section σχN .
The values of σχN used are chosen to correspond to
Q̇χ ¼ f5 TW; 10 TW; 20 TWg. We see that, depending
on the value of k, but roughly independently of the power
injected, it can take of order 109 years for the full power
injected to begin flowing through a radius of 1000 km.
Although this timescale of 109 years is valid for setting

limits based on the properties of the Earth, this may not be
true for other (exo)planetary observables. Convection in the

liquid cores of planets, or the atmospheres of gas giants,
would transfer heat much more efficiently than the con-
duction we consider. Several references have proposed
using exoplanets as DM detectors [45–47,50]. Planets near
the Galactic Center (where the DM density is high) would
capture much more DM than similar planets in the Solar
System. In contrast, planets with particularly low temper-
atures would be sensitive to relatively small DM heating
rates. The very formation of gas giants has even been used
to set constraints on DM properties. In setting constraints
based on young planets, it is important to be sure not
only that the capture and annihilation rates have time to

FIG. 2. Steady-state temperature (solid blue) and heat injection
(dashed red) profiles for mχ ¼ 1 TeV and σχN ¼ 10−36.9 cm2,
assuming k ¼ 100 W=m=K and T0 ¼ 5500 K. Note that the
temperature axis begins at 5500 K.

FIG. 3. Dark matter-sourced heat flow through a spherical shell
of radius 1000 km as a function of time. All curves assume mχ ¼
1 TeV and a uniform starting temperature of 5500 K for the inner
core. We show results for three values of the inner core’s thermal
conductivity k (shown in different line styles), and three values of
the cross section σχN (in different colors).
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equilibrate, but also that the planet’s temperature profile has
come into equilibrium as well.

D. Melting the Earth’s core

Here, we derive a limit on the DM-proton cross section
based on the requirement that DM annihilation not melt
Earth’s inner core. We begin this section by noting that the
inner core has not been solid for the entirety of Earth’s
history, though estimates of when it solidified differ;
Ref. [66] reports an age of less than 700 Myr, and
Ref. [76] finds a value of 1–1.3 Gyr. At the same time,
Ref. [64] allows for a solid inner core as old as 4.2 Gyr.
Because our heat-transport calculations have assumed a
solid inner core, one might object that our results are not
applicable if the core was entirely liquid for most of the
Earth’s history. However, this does not affect our con-
clusions, for the following reason; if DM produces enough
heat to melt the core from solid and subsequently keep it
liquid, then it certainly produces enough to keep it in liquid
form if it was already molten.
As mentioned above, seismic data provide measurements

of the porosity of the inner core down to quite large depths.
Kilometer-scale inhomogeneities in the inner core scatter
high-frequency seismic waves, producing a time-delayed
signal that can be used to study the structure of these
inhomogeneities. We refer to Ref. [52], which provides
measurements of the heterogeneity of the inner core down
to depths of 800 km below the inner core boundary (about
400 km from the center of the Earth), losing resolution at
lower depths. In setting a limit, we very conservatively
allow that DM could have melted the inner 400 km of the
inner core. However, note that extending this melted region
any further would conflict with seismic data. We also noted
above that there is a disagreement of thousands of K on the
melting point of iron (or various iron alloys) at core
conditions. To be extremely conservative, we assume that
any inner core material that reaches 104 K would be fully
melted (compare to the melting point of 7600� 500 K for
iron at inner core boundary conditions reported by
Ref. [69]). Following both of these assumptions, we set
a conservative and straightforward requirement; DM is
ruled out if it would cause the temperature to rise to at least
104 K throughout a sphere of radius rmelt > 400 km
centered on the center of the Earth.
In Fig. 4, we show the temperature at a radius of

400 km as a function of time, assuming mχ ¼ 1 TeV
and Q̇χ ¼ 5 TW. For reference, we also mark the age of
the Earth, the half-lives of several isotopes that contribute to
radiogenic heating, and a rough estimate of the time it took
Earth to form. This plot is similar in shape to the curves
shown in Fig. 3, with the temperature initially constant, then
rising to an equilibrium value (in this case, around
12,000 K). We see that the time for this equilibrium
temperature to be reached is again around 1 Gyr, well
shorter than the age of the Earth. Given this plot, we can

conclude that any value of the DM-nucleon cross section
σχN that produces 5 TW of power for mχ ¼ 1 TeV is
ruled out.

E. DarkInferno

We developed our computational framework into a
Python package, DarkInferno [77],1 which is designed to
make our results reproducible, optimize the computational
efficiency of our model evaluations, and provide flexible
functionality to generalize our differential equation sol-
utions to other rocky planets in the Solar system and
exoplanets. DarkInferno provides solutions both for the time-
independent heat equation, assuming that the core has
reached thermal equilibrium, and the full time-dependent
heat equation using a finite difference method. In what
follows, we use the time-dependent method to determine
the time it takes for the Earth to come to thermal
equilibrium. Once we have established that this is short
compared to the age of the planet, we use the much more
efficient time-independent approach to determine the
steady-state temperature profile of the inner core. To
compute the capture rate in Earth, DarkInferno uses the
Asteria Python package, with the default inputs for Earth
capture as discussed above.

III. RESULTS

A. Limits

In Fig. 5, we show the amount of DM energy injection
required to melt the core out to 400 km, assuming k ¼
100 W=m=K and T0 ¼ 5500 K. Past work has set limits on

FIG. 4. Temperature at r ¼ 400 km as a function of time,
assuming 5 TW power injection and mχ ¼ 1 TeV. For compari-
son, we show the half-lives of several nuclei that contribute to
radiogenic heating of the Earth, as well as the age of the Earth,
and an approximate estimate of the time it took for Earth to form.

1https://github.com/AstroMusers/darkinferno
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DM annihilating within the Earth by requiring that it not
account for more than 20 TW [42], or the full observed
44 TW [44,62], of heat flow from within the Earth; we
show both these values for comparison. When DM is
lighter than about 100 GeV, the scale radius of the DM
distribution rχ is larger than 400 km, meaning that some of
the DM annihilation occurs at larger radii and has little
effect on the temperature in the innermost radii. This is
especially true at 10 GeV, for which rχ is larger than the
radius of the inner core. For larger mχ, effectively all the
annihilation occurs within the innermost 400 km. Once this
is the case, increasing mχ further has essentially no impact
on the temperature at 400 km, resulting in the curve
flattening off. At large masses, our limiting heat injection
reaches 3.4 TW, a factor of 6–13 less than was required in
previous analyses. In this sense, considering the structure of
the inner core is around an order of magnitude more
sensitive than simply comparing the DM signal with the
Earth’s internal heat flow.
As long as capture and annihilation are in equilibrium,

the heat deposition rate equals the mass capture rate, and
thus the limit on energy deposition can be converted into a
limit on σχN . Figure 6 shows our limit on σχN as a function
of mχ . At low mass, the limit becomes weaker because, as
discussed above, most of the energy injection does not
occur in the innermost 400 km of the core (see Fig. 5). At
large mass, the DM is much heavier than any nucleus in the
Earth, and must scatter many times in order to be slowed
appreciably, thus requiring a larger cross section to be
captured efficiently.
For comparison, we show several other limits that arise

from considering DM capture in planets and stars. The teal
line is the Earth heating limit from Ref. [42]. The blue limit

combines two limits from Earth heating, from Refs. [44,62].
The limit becomes flat at σχN ¼ 10−36 cm2 because, at
lower cross sections, the assumption of local thermal
equilibrium is no longer valid, and the authors of
Ref. [62] cut off their limit at that point. Their limit is
stronger than ours at large cross sections, but this is due
to them computing a larger capture rate than we obtain
from Asteria.
The purple and burgundy curves are limits that arise from

the effect of DM capture on star formation and stellar
evolution, respectively [51]. The dashed gray line is a limit
set based on the fact that DM annihilation could cause
molecular excitation and resulting ultraviolet emission in
the atmospheres of Solar System gas giants [49]; similarly,
the dashed black curve is based on a search for the
analogous production of ionized H3 on Jupiter. These latter
limits are shown as dashed lines because, for the annihi-
lation products to reach the planetary atmosphere, the
analyses require that DM annihilate via a light mediator
that escapes the core of the planet and decays in the
atmosphere. Thus, the model in question is different from
the one constrained here, and bypasses the considerations of
heat transfer and internal heating that are central to the
present work.

IV. CONCLUSIONS

In this work, we have shown that dark matter annihilating
inside the Earth could heat the core enough to melt it.
Despite the extreme nature of this effect, the amount of dark
matter annihilation required to accomplish it is substantially
less than can be ruled out from considerations of terrestrial
heat flow, as has been done in previous work. We thus set
bounds on dark matter’s spin-independent scattering cross

FIG. 5. DM power injection required to set a limit, as a function
of the DMmassmχ . We show the constant values of 44 TW (blue,
from Refs. [44,62]) and 20 TW (orange, from Ref. [42]) used in
previous literature, along with our limit (green). Shown in dashed
black is the percentage of energy that is injected within the
innermost 400 km (labeled on the right-hand vertical axis).

FIG. 6. Our limit from the existence of a solid inner core is
shown in red. We also show other limits from Earth heating (teal
and blue) [42,44,62], star formation and stellar disruption (purple
and burgundy, respectively) [51], and airglow in gas giant
atmospheres (dashed black and dashed gray) [48,49].
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section, which are stronger than recent bounds based on
dark matter capture in the Earth and stars.
We acknowledge that the parameter space we constrain is

already ruled out by direct detection experiments. However,
in this work, we have identified a novel signature that could
be applied to a variety of planets, as well as a variety of dark
matter models. Past work has proposed to look for signs of
dark matter capture in particularly massive planets, which
could efficiently capture dark matter that is light enough to
be unconstrained by direct detection [78]. Recent work has
also shown that additional long-range interactions could
bind dark matter to a planet, similarly preventing evapora-
tion and allowing sensitivity to quite low masses [58]. On
the other hand, by modeling the dark matter density in the
local thermal equilibrium regime, our work could be
extended to larger cross sections, where direct detection
experiments lose sensitivity due to attenuation in the Earth
[79–81].
At the same time, we have shown that the time it takes

heat injected in the center of a planet to reach the inner core
boundary—to say nothing of the planetary surface—can be
significant on geological scales. This consideration is of
crucial importance when setting limits on dark matter based
on planet formation, or on observations of exoplanets that
may be much younger than the Earth [82–84].

Note added. While this paper was in production, Ref. [85]
was published, reporting the seismic detection of a solid
inner core in Mars. This result highlights the possibility of
extending our work to planets beyond the Earth.
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APPENDIX: UNCERTAINTIES

As noted above, there are significant uncertainties in
both the initial temperature of the inner core T0 and the
thermal conductivity k within the inner core. To quantify
the impact of these uncertainties on our limit, we computed
the value of the limit at mχ ¼ 1 TeV for several hundred
combinations of k and T0. We considered 31 values of T0

spaced linearly from 4000 K to 7000 K, and 22 values of k,
sampled in log space from 20 W=m=K to 224 W=m=K,
resulting in a total of 682 points.
Figure 7 shows a histogram of the various values of our

limit at mχ ¼ 1 TeV, which we obtain by scanning over k
and T0 as described above. The black line is the limit we
obtain for k ¼ 100 W=m=K and T0 ¼ 5500 K, the values
assumed in Fig. 8. We see that the entire range of variation

FIG. 7. Histogram of values obtained for the limit at
mχ ¼ 1 TeV, for numerous combinations of the inner core’s
thermal conductivity and initial temperature. See text for
details. The black line is the value of the limit for k ¼
100 W=m=K and T0 ¼ 5500 K.

FIG. 8. Radius out to which the inner core is melted, as a
fraction of the total radius of the inner core, for different values of
mχ and σχN . Here we assume k ¼ 100 W=m=K and
T0 ¼ 5500 K. Dark blue denotes little to no melting, while
yellow denotes approximately the entire inner core being melted.
Our limit, where rmelt ¼ 400 km, is shown as the white curve.
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in the limit is a factor of ∼1.6, suggesting that the overall
range of values for our limit is less than �30%.
Our limit could also shift if we required a larger or smaller

fraction of the inner core to be melted in order to rule out
DM. In Fig. 8, we show the radius out to which the inner
core is melted, across the parameter space of σχN vsmχ . This

figure assumes that k ¼ 100 W=m=K and T0 ¼ 5500 K, as
in Fig. 6. Dark blue denotes little to no melting, while yellow
shows where essentially the entire inner core would be
melted. We see that the range of possible cross section limits
set by requiring different fractions of the inner core to melt is
only about a factor of 3.
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