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Earth tomography with neutrinos

The Earth’s interior: how is it inferred?
Earthquakes:
O(100/yr) with magnitude > 6

Shaking and trembling of

Earth’s surface caused by
sudden release of stress
within the crust

Seismic waves:
P-waves -> compressional: travel through liquids and solids
S-waves -> shear: travel through solids only
propagation depends on composition, temperature and pressure
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The Earth’s mass and moment of inertia:
gravitational measurements
GM: satellite laser ranging (SLR) GM =3.986004418(4) ×1014 m3s−2

Measures the gravity field
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Fig. 3 | Comparison with previous results. G values obtained in this work
compared with recent measurements (NIST-8239, TR&D-9640, LANL-9741,
UWash-0015, BIPM-019, UWup-0242, MSL-0343, HUST-0516,17, UZur-0644,

HUST-0918,19, JILA-1045, BIPM-1410,11, LENS-1447, UCI-1446) and the
CODATA-2014 value4. All error bars denote 1σ confidence level.

layer, and the correction is reduced to less than 2 p.p.m. owing to the
low density of Al.

affect the oscillation period. We measured the oscillation period of
the pendulum for a varying voltage applied on the shield. The typical
response coefficient of the period to the voltage was −28.6(1) ms V−1
near 0 V, corresponding to an extra electrostatic spring constant of
1.34(1) × 10−12 N m rad−1 per volt. When the spheres were exchanged
between the ‘near’ and ‘far’ positions, the potential variation on the
shield was measured by a digital multimeter to be less than 10 µV,
which contributes an uncertainty of no more than 0.17 p.p.m. to the
G value. We applied different voltages on the shield in the sequence
ground, 0.1 V, −0.1 V, ground, and found that the period of the pendulum changed correspondingly, but the period differences between
the ‘near’ and ‘far’ positions were consistent with each other (Extended
Data Fig. 5). This further confirms that the electrostatic effect on the G
measurement with the TOS method is very small.
In the AAF method, a grounded vacuum chamber made of aluminium alloy shields electrostatically the grounded pendulum from the
source masses. We found no substantial influence of the pendulum
oscillation on the noise spectrum when a 1-mHz square wave voltage
with an amplitude of about 10 V was applied on the upper-layer spheres
(Fig. 1b).

Q. Li et al., Nature 560:582, 2018

Air density
In the AAF method, the source masses are located in air, outside the
vacuum chamber. The volume of air displaced by the sphere introduces
a negative gravitational torque at the signal frequency. The associated
correction to G is ρair/ρsphere, where ρair ≈ 1.18 kg m−3 is the average
air density, which is monitored by an air density measurement system,
and ρsphere ≈ 7,965 kg m−3 is the average sphere density. The average
correction is 148.50 p.p.m. with an uncertainty of less than 1.51 p.p.m.
In each run, the correction for this effect is applied in real time according to the measured air density. In the TOS method, both the pendulum
and source masses are placed in the same vacuum chamber, thus no air
density effect needs to be considered.
The thermal effect
In both methods, corrections were applied for thermal effects on all
the geometrical parameters, such as the pendulum’s dimensions and
the distance between the geometric centres of the spheres. The torsion
spring constant of the fibre is also temperature-dependent owing to
thermoelasticity34. For a small range of temperature variation, the
spring constant of the fibre is linearly proportional to the temperature.
The typical thermoelastic coefficient of the silica fibre used in this work
was determined to be 101(1) × 10−6 °C−1 using a temperature modulation experiment23,35,36. This coefficient is slightly different from fibre
to fibre. According to the monitored temperature variation around the
fibre, the correction for the thermoelastic effect was applied synchronously for each run when extracting the oscillation frequency of the
pendulum in the TOS method (Extended Data Table 5).
In the AAF method, the thermoelastic effect is negligible because the
fibre does not twist. In addition, the temperature variation in the room
was increased to about 1 °C, and the response coefficient of angular
acceleration of the pendulum turntable was measured to be (2.2 ± 3.6) ×

The magnetic effect
In the TOS method, the interaction between the local magnetic field
and residual magnetic moment of the spheres produces an additional
torque on the pendulum. The contribution of this effect to the uncertainty of G was evaluated to be 2.08 p.p.m. (in TOS-I) and 0.71 p.p.m.
(in TOS-II), following the method used in ref. 37. In the AAF method,
the horizontal magnetic gradient generated by the source masses produces a periodic torque on the pendulum at a signal frequency of 2ωd.
We measured this correction to be 24.2(1.4) p.p.m. when an increased
gradient of 0.31(1) Gs m−1 is produced by a current coil placed on the
source-mass position. Because the background gradient induced by the
four spheres is about 0.05 Gs m−1, the contribution to the uncertainty
of G is less than 3.98 p.p.m. in AAF-I and AAF-II. In AAF-III, three
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the ‘near’ and ‘far’ positions were consistent with each other (Extended
Data Fig. 5). This further confirms that the electrostatic effect on the G
measurement with the TOS method is very small.
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ground, 0.1 V, −0.1 V, ground, and found that the period of the pendulum changed correspondingly, but the period differences between
the ‘near’ and ‘far’ positions were consistent with each other (Extended
Data Fig. 5). This further confirms that the electrostatic effect on the G
measurement with the TOS method is very small.
In the AAF method, a grounded vacuum chamber made of aluminium alloy shields electrostatically the grounded pendulum from the
source masses. We found no substantial influence of the pendulum
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air density, which is monitored by an air density measurement system,
and ρsphere ≈ 7,965 kg m−3 is the average sphere density. The average
correction is 148.50 p.p.m. with an uncertainty of less than 1.51 p.p.m.
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The magnetic effect
In the TOS method, the interaction between the local magnetic field
and residual magnetic moment of the spheres produces an additional
torque on the pendulum. The contribution of this effect to the uncertainty of G was evaluated to be 2.08 p.p.m. (in TOS-I) and 0.71 p.p.m.
(in TOS-II), following the method used in ref. 37. In the AAF method,
the horizontal magnetic gradient generated by the source masses produces a periodic torque on the pendulum at a signal frequency of 2ωd.
We measured this correction to be 24.2(1.4) p.p.m. when an increased
gradient of 0.31(1) Gs m−1 is produced by a current coil placed on the
source-mass position. Because the background gradient induced by the
four spheres is about 0.05 Gs m−1, the contribution to the uncertainty
of G is less than 3.98 p.p.m. in AAF-I and AAF-II. In AAF-III, three
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A. M. Dziewonski and D. L. Anderson, Phys, Earth Planet. Inter. 25:297, 1981

1-D density profile

From seismic wave data and imposing the Earth’s radius,
mass and moment of inertia as additional constraints
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Is there any other way to study the

Earth’s internal structure beyond seismic
waves and gravitational measurements?

Yes!

Weak interactions: Neutrinos!
Old idea: First mentioned in…
a 1973 CERN report

A. Placci and E. Zavattini, submitted in October 1973 to Nuovo Cimento… but never published

and a 1974 talk

L. V. Volkova and G. T. Zatsepin, Izv. Akad. Nauk. Ser. Fiz. 38N5:1060, 1974
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Using man-made
neutrino beams

Earth tomography with neutrinos

Review: W. Winter, Earth Moon Planets 99:285, 2006

oscillation tomography

Coherent effect in neutrino propagation

dφν (Eν , x)
= −i U H vac U † + Vm φν (Eν , x)
V. K. Ermilova, V. A. Tsarev and V. A. Chechin, JETP Lett. 43:453, 1986
dx

Man-made beams
Solar neutrinos

A. N. Ioanissian and A. Smirnov, hep-ph/0201012
Supernova neutrinos

E. K. Akhmedov, M. A. Tórtola and J. W. F. Valle, JHEP 0506:053, 2005
Atmospheric neutrinos

S. K. Agarwalla, T. Li, O. Mena and SPR, arXiv:1212.2238
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Incoherent effect in neutrino propagation

dφν (Eν , x)
≈ −n(x) σ (Eν ) φν (Eν , x)
dx

Cosmic neutrinos

T. L. Wilson, Nature 309:38, 1984
Atmospheric neutrinos

M. C. González-García, F. Halzen, M. Maltoni and H. K. M. Tanaka,
Phys. Rev. Lett. 100:061802, 2008
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Figure 1 | Zenith angular distribution of the atmospheric muon
neutrino events in the IC86 sample. a, Schematic representation
of the Earth subdivided in the five concentric layers used in this
work. Some representative neutrino trajectories and their associated
zenith angles, ✓z , with respect to the IceCube detector are also indicated. b, Number of atmospheric up-going muon neutrino events
collected in the first year of IceCube data-taking as a function of the

cosine of the zenith angle ✓zrec for differen
ergy thresholds. The uppermost curve show
for the entire IC86 sample (that is, 20145 m
400 GeV . Eµrec . 20 TeV) and the low
to the highest threshold in this plot, Eµrec >
trinos correspond to cos ✓zrec = 1. For al
bars represent one standard statistical deviat
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Figure 1 | Zenith angular distribution of the atmospheric muon
neutrino events in the IC86 sample. a, Schematic representation
of the Earth subdivided in the five concentric layers used in this
work. Some representative neutrino trajectories and their associated
zenith angles, ✓z , with respect to the IceCube detector are also indicated. b, Number of atmospheric up-going muon neutrino events
collected in the first year of IceCube data-taking as a function of the
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(2)

where Pµµ (Eν , L = 2R |cos θ|) is the oscillation probability. For Eν ! 1 TeV, Pµµ ≃ 1. X(θ) is the column
density of the Earth, and R its radius:
! L=2R|cos
" θ|
X(θ) = NA
ρE ( R2 + z 2 + 2Rz cos θ) dz . (3)

using atmospheric neutrinos (for IceCube)
0

NA is the Avogadro number, and ρE (r) is the Earth matter density assumed to be spherically symmetric.
Equation (2) embodies the physics that makes Earth
tomography with HE neutrinos possible. At suﬃciently
high energies, Eν ! 10 TeV, the attenuation facα
tor exp{−X(θ)[σNC (Eν ) + σCC
(Eν )]} becomes relevant.
νµ
Thus measuring Nev one can get information on ρE (r).
In the left panel of Fig. 1 we show the expected zenith
angle distribution of atmospheric νµ -induced events in
IceCube for diﬀerent Eµfin,min energy threshold as obtained using the Earth matter density profile of the Preliminary Reference Earth Model (PREM) [20]. In the
PREM the Earth consists of a mantle extending to radial distance r ∼ 3000 km below the Earth surface and
a core under it with a sharp core-mantle transition in
density of about a factor 2. Thus neutrinos arriving with
θ ! 147 degrees (cos θ " −0.84) will cross the core in
their way to the detector.
In the figure one notices, at suﬃciently high energies, a
reduction of the number of events for trajectories which
cross the core resulting in a “kink” in the angular distribution around θ ! 147. This feature is more clearly
illustrated in the right panel of Fig. 1 where we plot the
ratio of the zenith angle distribution of events with energies above Eµfin,min divided by the number of events with
no additional energy cut, which eﬀectively corresponds
to events with a threshold energy Eµfin,L2 ∼ 100 GeV.
Figure 1 illustrates the potential of doing Earth tomography with the IceCube ATM-ν samples. However
one must realize that the angular dependence in the
ratio shown in the right panel of Fig. 1 is not only
due to Earth attenuation factor: there is an additional,
Earth-independent, contribution from the variation of
the zenith angle distribution of the fluxes with Eν which
does not cancel out in the ratio of events at diﬀerent energies. In principle this eﬀect could be removed by comparing the ratio of upgoing (θ > 90 degrees) and downgoing
events (θ < 90 degrees). In practice, the overwhelming
atmospheric muon background makes the measurement
of downgoing νµ events impossible at these energies.
In order to quantify the sensitivity of IceCube to the
Earth density profile we study the ratio of observed
events above a given energy threshold to the one expected
for an Earth of equal mass as ours but with an homogeneous matter distribution, ρhom = 3MEarth /(4πR3 ):

M. C. González-García, F. Halzen, M. Maltoni and H. K. M. Tanaka, Phys. Rev. Lett. 100:061802, 2008
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FIG. 2: Ratio of zenith angle distribution of expected events
for the PREM over the expectations with an homogeneous
Earth matter distribution for diﬀerent values of the energy
threshold of the events. The error bars in the figure show the
expected statistical error in 10 years of IceCube.

Non-homogeneity at (3.4-4.7)σ after 10 years

few percent error after 10 years

E. Borriello et al., Earth Planets Space 62:211, 2010

Study of lateral heterogeneities (with IceCube)
N. Takeuchi, Earth Planets Space 62:215, 2010

First attempt using 1 year of IC-40 data
K. Hoshina and H. K. M. Tanaka, Poster at Neutrino 2012
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R=

4.4

4.5

4.6

4.7

TABLE I: Number of expected
Ρm!g cm"3"atmospheric νµ -induced muon
events in 10 years of IceCube operation in the diﬀerent anguFigure
The 68 and
and 95%energy
C.L. contoursthresholds
of the marginalized likelihood
function
L for the measured
lar 5.bins
for the
PREM.

mantle and core Earth densities, for 10 years of data taking at a NT. The point denoted by M is
the sPREM ≡ (ρm = 4.48, ρc = 11.0) g cm−3 , while A ≡ (ρm = 4.48, ρc = 11.5) g cm−3 and
B ≡ (ρm = 4.53, ρc = 11.0) g cm−3 (see text and table 2).

Needs ~300 years

Another study of Earth non-homogeneity (with IceCube)
I. Romero and O. A. Sampayo, Eur. Phys. J. C71:1696, 2011

10.6

Nµ (Eµfin > Eµfin,min, cos θ, ρPREM )
Nµ (Eµfin > Eµfin,min , cos θ, ρhom )

(4)
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In Fig.
2 we show this ratio
obtained by integrating the
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events
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ergy:
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Figure 6. One dimensional likelihoods for the Earth densities, ρ and ρ .
PREM in 10 years of IceCube (see Table I).
As expected, events with low energy threshold have
illustrates the level of sensitivity of the angular bins with respect to ρ and ρ . A variation
of no
the expected
number of events
bin which
is typically
less than and
5% is fully
compatible
sensitivity
to per
the
Earth
density
consequently
the
with a statistics larger than 10 in ten years of running time.
fin,L2
It is worth
reminding
obtained in
simplified PREMconstant
model,
ratio
for
Eµ that these
∼results
100areGeV
isa very
practically
and
equal to 1. As Eµfin,min increases the ratio becomes increasingly
diﬀerent from
– 7 – 1, reflecting the fact that the
PRELIMINARY
eﬀect of the Earth matter profile becomes more evident. The strategy is then obvious. One uses the measured zenith angular distribution of the L2 event sample as normalization to obtain the expectations for a
constant density Earth at higher energies, Nµ (Eµfin >
Eµfin,min, cos θ, ρhom ). By comparing the expectations
with observation, one can quantify the sensitivity to the
Earth matter profile.
After normalizing to the observed L2 distribution
residual theoretical uncertainties remain associated with
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Earth tomography with neutrinos

IceCube data set
1 year of up-going high-energy muon neutrino events (IC86)
used and prepared for the IC sterile neutrino analysis
M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev. Lett. 117:071801, 2016

Energy range: ~ 400 GeV - 20 TeV
Zenith angle range: cos θ = [-1, 0.2]

Number of events: 20145 (343.7 days)
>99.9% muon neutrino purity
Publicly available!
Figure
1 | Zenith angular distribution of the atmospheric muon
Sergio
Palomares-Ruiz

A. Donini, SPR and J. Salvado, Nature Physics 15:37, 2019

cosine of the zenith angle ✓zrec for Earth
differenttomography
reconstructedwith
muonneutrinos
en-

Analysis ingredients
Primary cosmic-ray spectrum

Akeno
Fly's Eye

HiRes1
JACEE

HiRes2
KASCADE Grande 2011

KASCADE QGSJet01
Telescope Array 2011

MGU

Gaisser-Honda 2002

combined GH+HGp

104

σel
600

Hillas-Gaisser, mixed
Zatsepin-Sokolskaya/PAMELA

3

50

Tibet 07
Auger 2011

poly-gonato

10

σinel

QGSJET-II-04
C (8 TeV c.m.)
800 p+p → EPOS-LHC
10
SIBYLL-2.3
QGSJET

p

Fe

HEGRA

Tien-Shan
Hillas-Gaisser, protons

102

σtot

700

5

10

6

10

107

8

10

9

10

10

10
E0 / GeV

FIG. 1. All particle spectrum as measured by ground based arrays. The data are from [18–31]. The solid and dashed lines
represent the power law models used as the parametrization of the primary cosmic-ray flux for this work. Data compilation
after [32].

A. Fedynitch, J. B. Tjus and P. Desiati,
Phys. Rev. D86:114024, 2012

sources [36].

In order to have a description of the expected atmospheric neutrino flux arising from cosmic-ray interactions
in the Earth’s atmosphere, a careful parametrization of
the cosmic-ray composition is necessary. Some of the
previous Monte-Carlo calculations reached neutrino energies up to 10 TeV e.g. Barr et al. [37] who uses a primary spectrum from Agrawal et al. [38] or Honda et al.
[39] who use BESS [40] and AMS [12] cosmic-ray data.
Analytical calculations above the PeV region were performed by Sinegovsky et al. [41]. In particular the latter uses the model of the cosmic-ray spectrum following
Zatsepin and Sokolskaya [42] (ZS), who assumed three
classes of Galactic sources. The first source class is the
explosion of Supernovae into the interstellar medium, the
second class is motivated by the explosion of supermassive stars into the local super-bubble and the third class
explains the flux of nuclei below 300 GeV by Nova explosions. The ZS model provides a smooth transition
from the all-particle spectrum measured in the direct experiments to that measured with extensive air showers,
and it is compatible with the all-particle spectrum by
KASCADE [27] and GAMMA [43]. All considered models with a (rigidity-dependent) knee are motivated by
the fact that both acceleration and propagation in models involving collisionless di↵usion in magnetized plasmas lead to the expectation of a rigidity-dependent cuto↵ for each individual component with a particle charge
Z, Ecut,Z / Z [44–48]. This can explain the steepening of the spectrum around the knee and can be taken

into account in the modeling of the cosmic-ray spectrum
using a smoothed power law function as summarized in
e.g. [45, 49]. To e↵ectively describe the all-particle spectrum of cosmic-rays, five di↵erent primary mass groups,
namely H, He, CNO, Mg-Si and Fe, are usually used to
obtain a realistic representation, see e.g. [50, 51]. The individual spectra of the five components are summed up
to get the all-particle spectrum. Recently, the PAMELA
Collaboration has provided a new set of parameters for
the proton and helium components of the first and third
source class of the ZS model. These parameters are derived through a fit to their data [13]. The agreement to
the data is significantly improved, thus in the following
we use these updated parameters and refer to the model
as (ZS/PAMELA).
The poly-gonato model [45, 49] describes the individual mass spectra up to the knee region fairly well, nevertheless the relatively steep dependence above the knee
is not in agreement with the all-particle spectrum observations above about 1017 eV. Primary particles in this
energy range contribute to the production of leptons in
extensive air showers in the 100 TeV to PeV region. It is
still disputed whether at this energy extragalactic cosmicrays can be considered as valid source class, or if a second
Galactic component contributes to the primary spectrum
between the knee and the ankle. In Hillas [52] it is suggested that the primary cosmic-ray spectrum is composed
of three populations. The first population is associated
to particles accelerated in Supernova Remnants with the
knee indicating the cuto↵. The second population (the
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In order to have a description of the expected atmospheric neutrino flux arising from cosmic-ray interactions
in the Earth’s atmosphere, a careful parametrization of
the cosmic-ray composition is necessary. Some of the
previous Monte-Carlo calculations reached neutrino energies up to 10 TeV e.g. Barr et al. [37] who uses a primary spectrum from Agrawal et al. [38] or Honda et al.
[39] who use BESS [40] and AMS [12] cosmic-ray data.
Analytical calculations above the PeV region were performed by Sinegovsky et al. [41]. In particular the latter uses the model of the cosmic-ray spectrum following
Zatsepin and Sokolskaya [42] (ZS), who assumed three
classes of Galactic sources. The first source class is the
explosion of Supernovae into the interstellar medium, the
second class is motivated by the explosion of supermassive stars into the local super-bubble and the third class
explains the flux of nuclei below 300 GeV by Nova explosions. The ZS model provides a smooth transition
from the all-particle spectrum measured in the direct experiments to that measured with extensive air showers,
and it is compatible with the all-particle spectrum by
KASCADE [27] and GAMMA [43]. All considered models with a (rigidity-dependent) knee are motivated by
the fact that both acceleration and propagation in models involving collisionless di↵usion in magnetized plasmas lead to the expectation of a rigidity-dependent cuto↵ for each individual component with a particle charge
Z, Ecut,Z / Z [44–48]. This can explain the steepening of the spectrum around the knee and can be taken

Neutrino flux

into account in the modeling of the cosmic-ray spectrum
using a smoothed power law function as summarized in
e.g. [45, 49]. To e↵ectively describe the all-particle spectrum of cosmic-rays, five di↵erent primary mass groups,
namely H, He, CNO, Mg-Si and Fe, are usually used to
obtain a realistic representation, see e.g. [50, 51]. The individual spectra of the five components are summed up
to get the all-particle spectrum. Recently,-1the PAMELA
Collaboration has provided a new set of parameters for
the proton and helium components of the first and third
source class of the ZS model. These parameters are derived through a fit to their data [13]. The agreement to
the data is significantly improved, thus in the following
we use these updated parameters and refer to the model
as (ZS/PAMELA).
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Analysis ingredients
Neutrino propagation through the Earth
we propagate neutrinos with ν-SQuIDS
C. Argüelles, J. Salvado and C. Weaver, https://github.com/arguelles/nuSQuIDS

In addition to absorption, we also include neutrino oscillations
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of 343.7 days 8 (a preliminary attempt using IceCube data with very
T
limited event statistics was presented in 2012 20 ). These muons are atmo
produced by up-going neutrinos and antineutrinos which, after cross- depic
ing the Earth, interact via charged-current processes in the bedrock or in th
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Analysis ingredients

Suppl. Tab. I shows the overall results of the data selection process. Background from cosmic ray air showers
is reduced by a factor of approximately 5.8⇥107 so that it
makes up only about 0.1% of the final data, while 23.8%
of the neutrinos from a hypothetical E 2 flux which trigger the detector are expected to be retained.
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Earth’s mass
First measurement of the Earth’s
mass using the weak force!
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Gravitational measurement

M grav = 5.9724(3) ×10
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Mantle denser than core
First measurement of the Earth’s
core-mantle discontinuity using
the weak force!
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What about the future?
… Actually present
Forecast for 10 years of data
Few per cent error in
the mantle

A finer modeling can
be considered
Test of

discontinuities
Knowledge of hadronicinteraction model
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Supplementary Figure 6 | Ten-year forecast versus current results: density profile. Fitted one-dimensional Earth’s density profile with error
bars representing 68% credible intervals (defined as the highest one-dimensional marginalized posterior density intervals, see Methods) and with
the points with the highest one-dimensional marginalized posterior density indicated by dots. The blue bands and points represent the results
Sergio Palomares-Ruiz
obtained using current one-year (IC86) data and assuming the Earth is divided into five concentric layers of constant density (same as Fig. 3 in
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What about the future?
… Actually present
Forecast for 10 years of data

… but at least already 7 years of actual data!

Few per cent error in
the mantle

A finer modeling can
be considered
Test of

discontinuities
Knowledge of hadronicinteraction model
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Supplementary Figure 6 | Ten-year forecast versus current results: density profile. Fitted one-dimensional Earth’s density profile with error
bars representing 68% credible intervals (defined as the highest one-dimensional marginalized posterior density intervals, see Methods) and with
the points with the highest one-dimensional marginalized posterior density indicated by dots. The blue bands and points represent the results
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obtained using current one-year (IC86) data and assuming the Earth is divided into five concentric layers of constant density (same as Fig. 3 in
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Conclusions
After 44 years of being proposed, we have performed the
first Earth (absorption) tomography with neutrinos
First measurement of the Earth’s mass and

moment of inertia using only the weak force!
Although still not precise, it might become a

technique complementary to seismic wave studies
Analysis with 1 year of data

7 years of data already collected by IceCube

… and other future experiments: KM3NeT, Baikal-GVD
Sergio Palomares-Ruiz
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Different atmospheric neutrino fluxes
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malized such that the maximum is 1) of the measured quantities for the Earth using neutrino tomography for four different atmospheric neutrino
fluxes, resulting from the combinations of two primary cosmic-ray fluxes: the combined Honda-Gaisser primary cosmic-ray spectrum with the
Gaisser-Hillas H3a correction (HG-GH-H3a) and the Zatsepin-Sokolskaya (ZS) spectrum, and two hadronic-interaction models, QGSJET-II-4
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neutrino fluxes: Correlations

Sergio

Supplementary Figure 2 | Posterior 68% probability contours for the densities of the Earth’s layers. We model the Earth with a piecewise
flat profile, where each of the layers is described with constant density: ⇢1 corresponds to the inner core, ⇢2 and ⇢3 to the equal-thickness layers
of the outer core, ⇢4 and ⇢5 to the equal-thickness layers of the mantle. We show the results for the four different combinations of primary
Earth tomography
Palomares-Ruiz
cosmic-ray spectrum and hadronic-interaction model indicated in Methods and in Supplementary Fig. 1. With current data, the results are
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Impact of density profile
FLAT - HG-GH-H3a + QGSJET-II-4
PREM - HG-GH-H3a + QGSJET-II-4
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Supplementary Figure 3 | Systematic uncertainties between Earth density profiles. Posterior probability distributions (normalized such that
the maximum is 1) of the measured quantities for the Earth using neutrino tomography for two different Earth’s density profiles: a piecewise
profile with five layers of constant density (as in Supplementary Fig. 1) and a five-layer model following the PREM profile. In all cases we
Earth tomography with neutrinos
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use our default atmospheric
neutrino fluxes:
the3combination
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Impact of density profile:Correlations
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Supplementary Figure 4 | Posterior 68% probability contours for the densities of the five layers. We show the results for the densities of
the layers corresponding to two different density profiles: a piecewise profile with five layers of constant density (as in Supplementary Fig. 2)
and a five-layer model following the PREM profile. For the latter (non-constant density within the layers), the densities shown correspond to the
Earth
Palomares-Ruiz
value at the center of each layer. For the atmospheric neutrino fluxes, we consider the combination of the Honda-Gaisser primary cosmic-ray
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Impact of systematics
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mantle denser than core

Supplementary Table 1 | Results from neutrino tomography using one year of data (IC86 sample). Here we indicate the maximum of the
posterior probability and the 68% credible interval (defined as the highest one-dimensional marginalized posterior density interval, see Methods)
A. Donini, SPR and J. Salvado, Nature Physics 15:37, 2019
for each derived quantity: the Earth’s mass, the Earth’s core mass, the Earth’s moment of inertia, and the difference in average density of the core
and mantle. We also indicate the p value for a mantle denser than the core (¯
⇢⌫core  ⇢¯⌫mantle ). We show the results for four atmospheric neutrino
fluxes assuming a piecewise profile with five constant-density layers and for a PREM-like profile with five layers, and the combination of the
Honda-Gaisser primary cosmic-ray spectrum with the Gaisser-Hillas H3a correction (HG-GH-H3a) and the QGSJET-II-04 hadronic-interaction
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