
Letters
https://doi.org/10.1038/s41567-018-0319-1

Neutrino tomography of Earth
Andrea Donini   1, Sergio Palomares-Ruiz   1* and Jordi Salvado   1,2

1Instituto de Física Corpuscular (IFIC), CSIC-Universitat de València, Valencia, Spain. 2Departament de Física Quàntica i Astrofísica and Institut de Ciències 
del Cosmos, Universitat de Barcelona, Barcelona, Spain. *e-mail: sergiopr@ific.uv.es

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

NAtuRE PhySicS | www.nature.com/naturephysics

http://orcid.org/0000-0001-6668-5477
http://orcid.org/0000-0001-9049-2288
http://orcid.org/0000-0002-7847-2142
mailto:sergiopr@ific.uv.es
http://www.nature.com/naturephysics


2.5 5.0 7.5 10.0
Mν
⊕[1024kg]

0.2

0.4

0.6

0.8

1 a

0.0 1.5 3.0 4.5 6.0
Mν

core[1024kg]

b

0 4 8 12 16
Iν⊕[1037kg m2]

0.2

0.4

0.6

0.8

1 c

0 10 20 30 40
(ρ̄νcore − ρ̄νmantle) [g cm−3]

d

HG-GH-H3a + QGSJET-II-4

HG-GH-H3a + SIBYLL2.3

ZS + QGSJET-II-4

ZS + SIBYLL2.3

Supplementary Figure 1 | Systematic uncertainties among different atmospheric neutrino fluxes. Posterior probability distributions (nor-
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
and SIBYILL2.3. All measurements are dominated by statistical uncertainties, being the systematics introduced by differences among atmo-
spheric neutrino fluxes a subdominant effect. a, Earth’s mass. b, Earth’s core mass. c, Earth’s moment of inertia. d, Difference of the average
density between the Earth’s core and mantle. The p−value for a mantle denser than the core corresponds to the area in the region where
ρ̄νcore ≤ ρ̄νmantle. Our default model, HG-GH-H3a + QGSJET-II-4, has the larger p−value.
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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: ρ1 corresponds to the inner core, ρ2 and ρ3 to the equal-thickness layers
of the outer core, ρ4 and ρ5 to the equal-thickness layers of the mantle. We show the results for the four different combinations of primary
cosmic-ray spectrum and hadronic-interaction model indicated in Methods and in Supplementary Fig. 1. With current data, the results are
dominated by statistical uncertainties. On the rightmost panels, we depict the one-dimensional marginalized posterior probability distribution of
the density of the layer corresponding to each column, normalized such that the maximum is 1.
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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
use our default atmospheric neutrino fluxes: 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 model. a, Earth’s mass. b, Earth’s core mass. c, Earth’s moment of inertia.
d, Difference of the average density between the Earth’s core and mantle.
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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
value at the center of each layer. For the atmospheric neutrino fluxes, we consider 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 model. With current data, the results
are dominated by statistical uncertainties. On the rightmost panels, we depict the one-dimensional marginalized posterior probability distribution
of the parameter corresponding to each column, normalized such that the maximum is 1.
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Piecewise flat Earth’s profile PREM Earth’s profile
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Mν
⊕ [1024 kg] 6.0+1.6

−1.3 5.5+1.5
−1.3 6.2+1.4

−1.2 5.5+1.3
−1.2 5.3+1.5

−1.3

Mν
core [1024 kg] 2.72+0.97

−0.89 2.79+0.98
−0.85 3.27+0.92

−0.89 2.84+0.89
−0.88 2.62+0.97

−0.84

Iν⊕ [1037 kg cm2] 6.9± 2.4 5.4+2.3
−1.9 6.7+2.3

−2.0 5.5+2.2
−1.9 5.3+2.3

−1.7

ρ̄νcore − ρ̄νmantle [g/cm3] 13.1+5.8
−6.3 14.0+6.0

−5.9 15.9+6.0
−5.9 13.5+6.1

−5.5 12.3+6.3
−5.4

p− value

1.1× 10−2 2.4× 10−3 9.4× 10−4 4.6× 10−3 3.8× 10−3

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)
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 (ρ̄νcore ≤ ρ̄νmantle). 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
model.
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Supplementary Figure 5 | Ten-year forecast versus current results. Posterior 68% and 95% probability contours for the densities of the
five constant-density layers: ρ1 corresponds to the inner core, ρ2 and ρ3 to the equal-thickness layers of the outer core, ρ4 and ρ5 to the
equal-thickness layers of the mantle. We compare the results obtained with the current one-year IC86 data assuming a piecewise flat profile (red
contours), with the forecast for 10 years (blue contours). For the forecast analysis, we simulate the future data assuming the PREM density profile
and fit it with a model with five layers following the PREM profile in each layer (but with free normalization), so that the values indicated in the
plots correspond to the central value in each of the layers. In all cases, for the atmospheric neutrino fluxes, we consider 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
model. For the forecast, we use the same systematic uncertainties that we have used throughout the paper. However, it is reasonable to think
that they would be improved in the future. The outcome of the forecast is that, whereas with current data the results are dominated by statistical
uncertainties, impressive improvements can be achieved already with a factor of ten larger statistics. The mantle density would be known with
approximately five and ten times better precision for the lower and upper mantle, respectively, while the determination of the core density would
improve by at least a factor of two, both for the inner and the outer core. Finally, note that currently more than seven years of data have already
been collected, although data are not publicly available in the adequate form to perform this kind of analysis. On the rightmost panels, we depict
the one-dimensional marginalized posterior probability distribution of the density of the layer corresponding to each column, normalized such
that the maximum is 1.

7



0 1000 2000 3000 4000 5000 6000 7000
Earth Radius [km]

0.3

1.0

3.0

10.0

30.0

De
ns

ity
 [g

cm
−

3
]

PREM Model
Max 1D pos.
Max 1D pos. (10 yrs.)

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
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
the main text). The red bands and points represent the expected results after ten years of observation. We have simulated the future data assuming
the PREM density profile and fitted it with a model with five layers following the PREM profile in each layer (but with free normalization), so
that the values indicated in the plots correspond to the central value in each of the layers. For the atmospheric neutrino fluxes, we consider 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 model. The purple curve represents the PREM density profile. Note that these results are obtained from one-dimensional
marginalized posterior probability distributions and, therefore, correlations among all the parameters in the fit (five densities and four nuisance
parameters) cannot be represented here. They give, therefore, a conservative representation of the allowed ranges for the density of individual
layers.
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Further references. Here we present a comprehensive list of references that have studied how to infer the internal structure of the Earth1

from effects on neutrino propagation in matter 1. There are three ways to do this. On one hand, the technique discussed in this work, neutrino2

absorption tomography, has been considered with neutrinos of different origins, such as man-made neutrinos 2–17, extraterrestrial neutrinos 11, 18–21
3

(first suggested by J. Learned and H. Bradner in the late 1970s) and atmospheric neutrinos 22–26. On the other hand, neutrino oscillation4

tomography, based on neutrino oscillations in matter, has been studied with man-made beams 27–40, with solar 41–44, atmospheric 45–50 and5

supernova neutrinos 42, 51, and general considerations have also been discussed 52, 53. Finally, although technologically unfeasible, the diffraction6

pattern of Earth’s matter caused by coherent neutrino scattering has also been studied 54, 55.7

Note that some of these references have also been quoted in the main text and in Methods, but they are indicated again here for the sake of8

completeness.9
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