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The interior of Earth’s core can be explored using weak interactions of atmospheric neutrinos. This
would complement gravitational and seismic measurements, paving the way for multimessenger
tomography of Earth. Oscillations of atmospheric neutrinos passing through Earth are affected by the
ambient electron density. We demonstrate that atmospheric neutrinos can probe the possible existence of
dark matter inside Earth’s core in a unique way—by measuring the amount of baryonic matter using
neutrino oscillations. We find that a detector like ICAL at INO with muon charge identification capability
can be sensitive to dark matter with ∼5%–6% mass of Earth, at 1σ level with 500 kt yr exposure. We show
that, while it will not be possible to identify the dark matter profile using neutrino oscillation experiments,
the baryonic matter profile inside the core can be probed with atmospheric neutrinos.
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I. INTRODUCTION

What lies in the interior of Earth has been a longstanding
puzzle and active research is being carried out in this
direction. The regions deep below Earth’s surface are
inaccessible due to large temperatures, pressures, and
extreme environments. Therefore, the information that
can be obtained about them is only indirect, via gravita-
tional [1,2] and seismic measurements [3]. Complementary
to gravitational and seismic measurements, other probes
can also be helpful viz. geoneutrino detection [4–8],
neutrino absorption [9,10], and neutrino oscillations [11].
These complementary approaches have paved the way for
the multimessenger tomography of Earth. Broadly speak-
ing, Earth is composed of two concentric shells—the outer
one is the mantle, and the inner one with a much higher
density is the core. Some of the pressing issues regarding

the details of the interior are (i) establishing the existence of
a high-density core, (ii) measuring the location of the core-
mantle boundary, (iii) determining the chemical composi-
tion of the core, and (iv) identifying the state of matter
inside the core. These issues are crucial for a detailed
understanding of the internal structure and dynamics
of Earth.
The information about the internal structure of Earth, in

terms of the radial distribution of its density, is obtained
using the studies of propagation of seismic waves as they
travel inside Earth [3]. When seismic waves generated near
the outer mantle travel through Earth, the varying density
induces varying refractive index for the propagation of
these waves and can bring some of them back to the surface
due to total internal reflection. Wherever the density
changes sharply, for example, at the core-mantle boundary,
the waves also undergo partial reflection and refraction.
Based on the data available on seismic waves, various
models for Earth’s density profile have been studied in the
literature [12–17]. Out of them, one of the most widely
discussed model is the preliminary reference Earth model
(PREM) [18].
The PREM profile is based on two empirical equations

relating the velocities of the shear (S) and pressure (P) waves
with the density of the layer they are passing through—
Birch’s law [19], which is valid for the outer mantle, and the
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Adams-Williamson equation [20], which is valid for the
inner mantle and core. Both of these are empirical relations,
with parameters that depend upon temperature, pressure,
composition, and elastic properties of Earth, which give rise
to uncertainties. The uncertainty in the density of the
mantle is about 5%, whereas that for the core is significantly
larger [21–23].
The core is the least understood region of Earth. The

outer core is inferred to be liquid because it has been
observed that it does not allow the propagation of S waves,
and the velocity of P waves drops sharply therein [3]. On
the other hand, the inner core is likely to be solid since the
velocity of the P waves is found to be higher in that
region [24,25]. A recent study has claimed a decrease in the
velocity of S waves in the inner core, indicating the
possibility of a soft inner core consisting of an exotic state
of matter called the superionic state [26]. For an issue as
important as the detailed internal structure of our planet, it
is crucial to augment the seismological data with com-
pletely independent measurements. In this paper, we focus
on obtaining information on the structure of the core,
assuming that the total mass of the core is known and the
density profile of the mantle is completely understood.
Neutrinos provide such an independent avenue for the

determination of the internal structure of Earth, through
their absorption and oscillations. The large cross sections of
neutrinos at energies above a few TeV [27] give rise
to the attenuation of neutrinos passing through Earth.
Using this to probe the internal structure of Earth has
been proposed [28,29], and detailed studies involving
neutrinos from different sources, such as man-made neu-
trinos [28–43], extraterrestrial neutrinos [36,44–47], and
atmospheric neutrinos [9,48–50], have been carried out.
This is often referred to as “Earth tomography” [35]. In
Ref. [10], the authors used the absorption of TeV-PeV
neutrinos inside Earth, using one year of IceCube data, to
determine its mass using weak interactions for the first
time. Their results on the mass of Earth (with a 24%
error) are in agreement with present gravitational measure-
ments. The exploration of Earth’s structure using diffrac-
tion patterns produced by coherent neutrino scattering
inside Earth’s matter does not seem to be technologically
feasible [51].
The advancement in the precision of oscillation param-

eters with a nonzero value of reactor mixing angle θ13 has
opened the door for Earth tomography based on matter
effects on the oscillations of neutrinos in the multi-GeV
energy range, which easily penetrate through the core. The
possibility of such “neutrino oscillation tomography” has
been studied using man-made neutrino beams [52–62],
solar neutrinos [63–69], supernova neutrinos [65,70], and
atmospheric neutrinos [11,71–82]. During this propaga-
tion, neutrinos undergo charged-current (CC) interactions
with ambient electrons and experience an effective Earth
matter potential,

VCC ¼ �
ffiffiffi
2

p
GFNe ≈�7.6 × 10−14Ye

�
ρ

g=cm3

�
eV; ð1Þ

where Ye ¼ Ne=ðNp þ NnÞ is the relative number density
of ambient electrons, and ρ is the ambient matter density.
The � sign is for neutrinos and antineutrinos, respectively.
Earth matter effects change the effective masses and
mixing angles of neutrinos [83–85], and this change
may be detected through its effect on the neutrino oscil-
lation probabilities. These effects are prominent and dis-
tinct near neutrino energies of 5–10 GeV, where the
Mikheyev-Smirnov-Wolfenstein resonance [83–85] takes
place. Moreover, when neutrinos with energies 2–6 GeV
pass through the core of Earth, they experience the neutrino
oscillation length resonance (NOLR) [86–90] or parametric
resonance (PR) [91,92].
Atmospheric neutrinos have energies in the multi-GeV

rangewhereEarthmatter effects are significant. Since∼20%
of the upward-going atmospheric neutrinos observed at a
detector would have passed through the core, they would
serve as probes of the core. The use of atmospheric neutrinos
for constraining the average densities of the core and the
mantle using ORCA [11,78,81] and DUNE [79], for
detecting the core-mantle boundary (CMB) using the iron
calorimeter (ICAL) detector [77], and for determining the
position of the core-mantle boundary using DUNE [80]
and ICAL [82] has already been proposed. Note that Earth
matter effects on neutrinos depend on the electron density, as
opposed to the overall matter density that the seismic waves
are mainly sensitive to. Therefore, the information obtained
from neutrinos is complementary to that obtained from
seismology and can be used to gain information on the
chemical composition of the core [72–75,78].
In this paper, we explore whether atmospheric neutrinos

can also detect the presence of physics beyond the Standard
Model (SM) of particle physics, at the same time probing
the internal structure of the core. In particular, we analyze
the effects of the possible presence of dark matter (DM) in
Earth on neutrino propagation, and whether these effects
may be observed at an atmospheric neutrino detector. In the
present study, we work in the context of a scenario
where DM has minimal coupling with SM particles as
well as with itself. Therefore, it does not directly affect
neutrino oscillations. In other words, the effective
Hamiltonian for neutrino propagation does not involve
DM. However, the total amount of DM would matter
because it determines how much baryonic matter is present
inside Earth, and hence, how much electron number density
is permitted. Therefore, the data could be sensitive to the
total DM content inside Earth, though it will not be
sensitive to the distribution of DM inside Earth. The
presence of DM inside Earth may be indicated by the
deviations of the neutrino oscillation probabilities from
their expected values. Of course, other scenarios beyond
the SM like nonstandard interactions can also cause such
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deviations, leading to possible degeneracies among new
physics scenarios.
Although there are strong constraints on the amount of

ambient DM captured by Earth [93], exotic scenarios like
the formation of Earth around a DM seed may still be
viable, similar to the formation of galaxies around DM
cores [94], or the proposed scenarios of dark stars [95] and
primordial planets [96]. Since DM in our scenario has
minimal coupling with SM particles (just enough to allow
the formation of Earth), the cross section for direct
interaction of DM with SM, as well as the cross section
for annihilation of DM to SM particles, will be extremely
small. Therefore, no signal is expected at the direct or
indirect DM search experiments, and this scenario will not
be in conflict with any of the current bounds [97] on the
relevant cross sections.
In any case, it is always desirable to obtain constraints

from completely independent means, and further, the
capabilities of new detectors for obtaining such constraints
are worth examining. In that spirit, in this paper, we would
not like to go deeper into the question of the extent of DM
inside Earth. Our aim is to determine the sensitivity of an
atmospheric neutrino experiment like the proposed ICAL
detector at the India-based neutrino observatory (INO) [98]
to the presence of DM inside Earth. Note that the results
of Ref. [10] using one-year IceCube data may be inter-
preted as ruling out the presence of more than 32% (24%)
of the mass of the core (Earth) in the form of DM at 1σ
level. The mass of Earth has also been estimated using
matter effects in atmospheric neutrino oscillations at the
Super-K experiment [99]. Their results can be interpreted as
ruling out more than 21% mass of the entire Earth in the
form of DM at 1σ level. There are also a few more
sensitivity studies for measuring the mass of Earth which
can be interpreted as constraining the amount of DM inside
Earth. For example, the future atmospheric experiment like
the ARCA detector may be expected to constrain DM up to
25% of the mass of Earth at 1σ in ten years using neutrino
absorption [100]. The ORCA detector may be expected to
constrain DM to be less than about 6% of the mass of Earth
at 1σ in the same time, using neutrino oscillations [100].
Similarly, the atmospheric DUNE experiment may be
expected to constrain DM to be less than about 9% of
the mass of Earth at 1σ in ten years [79].
The mass of Earth has been determined to a very high

precision using gravitational measurements [1,2]. These
measurements are sensitive to the sum of the DM and
baryonic mass and hence would not be able to distinguish
between the two. We denote the baryonic mass fraction of
the core as

ρBðrÞ ¼ fBðrÞρPREMðrÞ; ð2Þ

and the average baryonic mass fraction of the core as

hfBi ·Mcore ¼
Z

RCMB

0

4πr2ρBðrÞdr; ð3Þ

where ρPREMðrÞ and ρBðrÞ are the density distributions for
the standard PREM profile and the actual baryonic profile,
respectively, and RCMB is the core-mantle boundary.
Since the difference between Mcore and hfBi ·Mcore should
be compensated by the DM, we use the parameter fD ≡
1 − hfBi to quantify the amount of DM inside Earth. The
correspondence between the parameter fD and the fraction
of DM inside Earth is given in Table I for some represen-
tative values. Note that, since neutrino oscillations depend
only on the electron number density and are blind to the
DM, the neutrino oscillation experiments will be sensitive
only to the value of fD and not to the specific DM profile
that gives rise to that value of fD.
To start with, we choose a uniform fBðrÞ. That is, the

mass of the DM is compensated by decreasing the density
of the core by a uniform fraction fD. We further require
that, at the core-mantle boundary, the baryonic density of
the core is greater than that of the mantle, i.e., ρBðR−

CMBÞ >
ρBðRþ

CMBÞ. This implies 0 ≤ fD ≤ 0.4. Figure 1 shows the

TABLE I. Some representative values of DM fractions. Here,
ME is the mass of Earth andMDM is the mass of DM inside Earth.

fBð%Þ fDð%Þ MDM=MEð%Þ
100 0 0
90 10 3.2
80 20 6.5
70 30 9.7
60 40 13.0
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FIG. 1. Representative baryonic density profiles of Earth,
obtained with a uniform fBðrÞ ¼ hfBi inside the core. The
curves are labeled by the parameter fD ≡ 1 − hfBi. In the
absence of DM, the density is taken to be the 25-layered PREM
profile.
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baryonic density profiles based on the 25-layered PREM
profile, with some representative values of fD.

II. OSCILLATION PROBABILITIES WITH
ATMOSPHERIC NEUTRINOS

Atmospheric neutrinos cover a wide range of
energies (multi-GeV) and baselines (∼15–12750 km).
Our numerical results have been presented by using the
benchmark values of oscillation parameters as sin2 2θ12 ¼
0.855, sin2 θ23 ¼ 0.5, sin22θ13 ¼ 0.0875, jΔm2

32j ¼ 2.46×
10−3 eV2, Δm2

21 ¼ 7.4 × 10−5 eV2, and δCP ¼ 0. These
values are consistent with current global fits of neutrino
data [101–103]. We keep the values of these parameters
fixed, since at the timescales of 20 years when our
results on Earth tomography will be significant, these
parameters are expected to be measured with a high
precision [104]. For the neutrino mass ordering, which is
also expected to be determined over this timescale, we
consider normal ordering for our analysis. We illustrate our
results for the isoscalar Earth, where Nn ¼ Np ¼ Ne,
or Ye ¼ 0.5.
Figure 2 shows the three-flavor oscillograms for survival

probabilities of νμ with energy Eν and arrival zenith angle
θν, for the PREM profile without dark matter (left panel)
and with 40% dark matter fraction in the core (right panel).
The difference in the oscillation probabilities is apparent,
especially in the NOLR/parametric resonance region near
the left bottom region.

III. EARTH TOMOGRAPHY WITH
ATMOSPHERIC NEUTRINOS AT INO-ICAL

As an example of an atmospheric neutrino detector, we
consider the proposed ICAL detector at INO [98]. ICAL is

sensitive mainly to muons produced from charged-current
interactions of atmospheric muon neutrinos and antineu-
trinos at multi-GeV energies and can identify the muon
charge. The 50 kton ICAL detector has an energy reso-
lution of 10%–15% for muons in the energy range of
1–25 GeV and an excellent angular resolution of better
than 1°. The magnetic field of about 1.5 T [105] enables
ICAL to distinguish between μ− and μþ events and, hence,
between muon neutrinos and antineutrinos. We will show
later that this charge identification (CID) capability of
ICAL would play an important role in measuring the
amount of DM inside Earth. Other atmospheric neutrino
experiments such as IceCube/DeepCore [9,10], Super-K/
Hyper-K [106], DUNE [79,80], and ORCA [81] can also
perform this study. Though these detectors may not have
CID capability, they can take advantage of their sensitivity
to electron neutrinos.
We simulate the unoscillated events at ICAL using the

NUANCE [107] neutrino event generator with the Honda
3D flux at the INO site [108,109]. We incorporate the full
three-flavor oscillation probabilities in the presence of
Earth matter effects using the reweighting algorithm
[110,111]. The detector responses for muons [112] and
hadrons [113] have been incorporated using the ICAL
migration matrices. To calculate the expected median
sensitivity of ICAL to the presence of DM, we use the
reconstructed muon energy Erec

μ , muon direction
cos θrecμ , and hadron energy E0rec

had ≡ ðEν − EμÞrec as
observables [114], the binning scheme optimized for
matter effects in Earth core [82], and the procedure for
calculating Δχ2 outlined in [114]. The results are
quantified in terms of Δχ2DM between the model with
DM and the scenario without DM for which data are
simulated.

FIG. 2. Three-flavor neutrino survival probability for νμ → νμ in Earth in the (Eν, cos θν) plane. Left: PREM profile without dark
matter. Right: modified PREM profile with fD ¼ 40% in the core (see the dash-dot-dotted red curve showing the corresponding
baryonic density profile in Fig. 1). The NOLR/PR around (5 GeV, −0.9) is highly diluted in the right panel.
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IV. CAN THE DM MASS FRACTION INSIDE THE
CORE BE MEASURED?

Figure 3 presents the sensitivity at which fD may be
excluded, in terms of the Δχ2DM value corresponding to it,
compared with the hypothesis of no DM. The results are
presented for the PREM profile with 25 layers. The figure
shows that the sensitivity to DM increases with fD: for
fD ∼ 0.4, it reachesΔχ2DM ≈ 4 (i.e., 2σ) with an exposure of
20 years, utilizing the CID capability of ICAL. Without this
CID capability, the sensitivity for DM would be lower by
almost 40%. This is because the matter effects modify
ν and ν̄ oscillation probabilities differently, and CID
capability helps to preserve this information. Note that,
since the mass of the core is approximately 30% of Earth’s
mass, fD ∼ 0.4 corresponds to DM comprising about 12%
of Earth’s mass.
Figure 3 shows that ICAL may be expected to be

sensitive to DM at 1σ level in 10 (20) years if the DM
forms ∼5.5% (3.5%) of the mass of Earth. Currently
running neutrino experiments like IceCube and Super-K
would have collected a large amount of events by the time
ICAL comes online and may have reached better than
∼10% sensitivity at 1σ with improved analysis techniques.
However, once ICAL starts taking data, within a decade it
would become quite competitive with the reach of other
experiments, including the future ones that have been
mentioned in the Introduction. This is not unexpected,
since ICAL is optimized for the multi-GeV range of
energies where the matter effects, crucial for DM detection

as indicated in this paper, are significant. The ability of
ICAL to separate neutrino and antineutrino modes allows
us to measure these matter effects efficiently.
It must be emphasized that the neutrino oscillation

experiments have sensitivity to fD, but not to the
DM density profile, since neutrinos interact only with
baryonic matter. However, realistic DM density profiles can
be accommodated for a given fD as discussed in the
Appendix.

V. IDENTIFYING THE BARYONIC MATTER
PROFILE INSIDE THE CORE

Though neutrino oscillations cannot identify the DM
density profile inside Earth’s core, they can constrain the
baryonic density profile inside the core. In order to
illustrate this, we parametrize the baryonic matter density
profile inside the core as

ρBðrÞ ¼ a − b · ðr=RCMBÞ2; ð4Þ

where a and b are positive constants with the units of
density. This profile has the desired property of monotonic
decrease of density with radius. We ensure ρBðR−

CMBÞ >
ρBðRþ

CMBÞ. Further restricting
Z

RCMB

0

4πr2ρBðrÞdr ≤ Mcore ð5Þ

makes sure that the baryonic mass inside the core is less
than the total mass of the core. In Fig. 4, each point in the
ða; bÞ plane inside the triangular region formed by the
white line, the black line, and the x axis corresponds to an
allowed baryonic profile. We already know that the
remaining mass may always be attributed to the DM.
The top right panel of Fig. 4 shows the contours of fD

within the core. The points along the black line correspond
to the profiles without DM, i.e., fD ¼ 0. Moving along a
yellow line of the form b ¼ γa corresponds to the scaling of
a baryonic profile, with the value of fD changing along the
line segment, which represents the core density profiles
(like those in Fig. 1) that look almost similar to the scaled-
down versions of the 25-layered PREM profile inside
the core.
The bottom panels in Fig. 4 show the sensitivity of the

50 kton ICAL to the baryonic matter profile, using 20 years
of exposure. It is clear that the CID capability is crucial for
an enhanced sensitivity for DM in Earth’s core. Note that
the contours of Δχ2DM in the lower panels are close to, but
not identical with, the contours of fD in the top right panel.
This indicates that, while fD is the major factor determining
the sensitivity of neutrino data to DM, it is not the only one;
the neutrino data are sensitive to both the parameters a and
b. Indeed, even in the complete absence of DM (fD ¼ 0),
moving along the black line to higher values of a and b can
be seen to change the sensitivity, albeit to a small extent.
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FIG. 3. The sensitivity in terms of Δχ2DM with which ICAL can
rule out a given value of fD, for a uniform fBðrÞ ¼ 1 − fD. The
scale on the top of the figure indicates the corresponding fraction
of DM mass inside Earth. The results are shown for 10 (thin
curves) and 20 (thick curves) years of exposure with (solid
curves) and without (dashed curves) CID.
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Therefore, these results are applicable even in the scenario
without DM and indicate the sensitivity of ICAL to
different density profiles of the core.
We also present our results in another form in Fig. 5,

where Δχ2DM is shown as function of a for two benchmark
choices of b ¼ 0.5 (left panel) and 1.5 (right panel). These
choices are motivated by the observations that b ¼ 0.5 is
close to the region where we have maximum sensitivity and
1.5 is close to the yellow line shown in Fig. 4. We can
observe that Δχ2DM is larger at smaller value of a, i.e., data
can more efficiently rule out those scenarios where the
maximum density in the core is lower. ICAL can disfavor
the scenario with ða; bÞ ¼ ð6.5; 0.5Þ with Δχ2DM ≈ 5 using
20 years of data.

VI. CONCLUDING REMARKS

The internal structure of Earth has been explored with
gravitational interactions and using seismic waves, which
are essentially electromagnetic interactions. In this paper,
we point out a way to use weak interactions to probe the
structure of Earth’s core and show that this is feasible at
upcoming neutrino experiments.
We focus on detecting the presence of DM inside the

core of Earth. In such a scenario, the three kinds of
measurements above are sensitive to three different quan-
tities. While gravitational experiments do not distinguish
between normal matter and DM and hence are sensitive to
their sum, seismological studies are sensitive to only the
normal matter, i.e., to the atoms and molecules. Neutrinos
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FIG. 4. Top left: some representative baryonic density profiles with the form ρBðrÞ ¼ a − bðr=RCMBÞ2 and their DM fraction fD. Top
right: color gradients of fD inside the core in the ða; bÞ plane, such that 0 ≤ fD ≤ 0.4. The gray regions are unphysical. Bottom: color
gradients of Δχ2DM in the ða; bÞ plane, (left) without CID and (right) with CID. The markers with different colors and types showing
density profiles in the top left correspond to the markers with the same colors and types in the other three panels. The yellow line of the
form b ¼ γa represents the various core density profiles (as shown in Fig. 1) that look almost similar to the scaled-down versions of the
25-layered PREM profile inside the core.
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are unique in their sensitivity only to the electron number
density inside Earth. These three measurements are thus
complementary to each other.
Atmospheric neutrinos have substantial flux in the

energy range of 1–10 GeV, where Earth matter effects
on the oscillations of core-passing neutrinos are significant.
We show that a detector like ICAL, which is sensitive to
multi-GeV neutrinos and can identify whether they are
neutrinos or antineutrinos, would be able to rule out certain
density profiles if the baryonic mass inside the core turns
out to be smaller than expected mass of the core. This
missing mass can be attributed to the dark matter. The
sensitivity to a particular baryonic profile depends mainly,
but not entirely, on the net DM fraction. The neutrino data
are insensitive to the DM density profile.
We show that, within a decade after it starts operation,

the reach of ICAL in establishing DM inside Earth would
be comparable to what we expect from the presently
running and proposed experiments. Moreover, ICAL will
enable us to test the existence of dark matter inside Earth in
neutrino and antineutrino modes separately. Even in the
absence of DM, the ICAL data will be sensitivity to the
baryonic density profile.
Our results suggest that the exclusion of tens of percent

of DM mass fractions inside a core to more than 3σ is
expected to take decades. However, for a goal as crucial as
having a better understanding of the internal structure of the
planet we all live on, it is worthwhile to have a coordinated
effort over a long time. Indeed, most of the planned
neutrino detectors will keep on taking data for long periods.
Such detectors will also play a major role in multimes-
senger astronomy, since they will be sensitive to astro-
physical phenomena that emit neutrinos. A detector like
ICAL, capable of identifying the muon charge, will have a
special advantage, as described in this paper.
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APPENDIX: ACCOMMODATING A REALISTIC
DM PROFILE

As noted earlier in this paper, the neutrino oscillation
experiments are insensitive to the DM distribution inside
Earth, as long as the total mass of DM inside Earth is given.
Here, we investigate whether it is possible to have a realistic
DM density profile that keeps the mass of EarthME and the

6 7 8 9 10 11 12 13

]3 a [g/cm

0

2

4

6

D
M

2 �
�

w/ CID

w/o CID

3b = 0.5 g/cm
20 years

co
re

  >
  M

co
re

 M
Bf

C
M

B
�

R
B�

  <
C

M
B

�
R

B�

6 7 8 9 10 11 12 13

]3 a [g/cm

0

2

4

6

D
M

2 �
�

w/ CID

w/o CID

3b = 1.5 g/cm
20 years

co
re

  >
  M

co
re

 M
Bf

C
M

B
�

R
B�

  <
C

M
B

�
R

B�

FIG. 5. The value of Δχ2DM at ICAL as functions of parameter a for two benchmark choices of parameter b, viz. b ¼ 0.5 (left) and
b ¼ 1.5 (right), respectively. The solid red (dashed blue) curve shows the sensitivity with (without) the CID capability. The shaded
regions at low and high values of a correspond to those excluded by physics consideration as in Fig. 4.

PROBING DARK MATTER INSIDE EARTH USING … PHYS. REV. D 107, 115030 (2023)

115030-7



moment of inertia of Earth IE invariant. We choose the DM
profiles of the “modified Burkert” form [115,116]

ρDMðrÞ ¼

8>><
>>:

ρ0
h�

1þ r
Rs

��
1þ r2

R2
s

�i
−1

if r ≤ r0;

ρDMðr0Þ
�

r
r0

�
α
exp

h
− ðr−r0Þ

rdecay

i
if r > r0:

ðA1Þ

Here,

α ¼ r0
rdecay

−
2c2

ð1þ c2Þ −
c

ð1þ cÞ ; with c≡ r0
Rs

; ðA2Þ

which maintains the continuity and smoothness of the DM
profile. This form has four parameters, ρ0, Rs, r0, and rdecay,
describing the distribution of DM in the core as well as
outside. Since the values of ME and IE provide two
constraints, it would typically always be possible to satisfy
these by choosing appropriate values of the above four
parameters. For illustration, we choose Rs ¼ 5000 km and
rdecay ¼ 0.05Rs and show some representative profiles in
Fig. 6, where the DM mass accounts for the decrease in the
baryonic mass of the core,

Z
REarth

0

4πr2ρDMðrÞdr ¼ ð1 − hfBiÞ ·Mcore: ðA3Þ

Thus, it is possible to have a DM distribution that
contribute a given fD ¼ 1 − hfBi, at the same time ensur-
ing that the total moment of inertia and total mass of Earth
remains conserved.
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