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We show that the IceCube observation of the Galactic neutrino-flux component confirms the hint of
detection of neutrinos from the Galactic ridge (the inner part of the Milky Way disk within the Galactic
longitude jlj < 30°), previously reported by the ANTARES Collaboration. This confirmation indicates that
the bulk of the high-energy flux from the Galactic ridge in multi-TeV band is produced by interactions of
high-energy protons and atomic nuclei, rather than electrons. We show that both ANTARES and IceCube
measurements agree with the Fermi-LAT telescope measurements of the gamma-ray emission from the
ridge. The multimessenger (neutrino plus gamma-ray) spectrum of the ridge over a broad energy range
from 10 GeV to 10 TeV is consistent with a model of pion decay emission produced by a power-law
distribution of protons with a slope Γ ≃ 2.5, harder than that of the locally observed cosmic ray spectrum.
This provides a multimessenger demonstration of the variability of the spectrum of cosmic rays across the
Galactic disk.
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I. INTRODUCTION

The IceCube Collaboration has recently reported the
detection of neutrino signals from the Milky Way [1] in
the “cascade”-type neutrino-induced events in the detec-
tor. Evidence for the presence of the Galactic component
in the astrophysical neutrino flux in the same detection
channel has been previously seen in an earlier data
release of IceCube [2]. References [1,2] have used differ-
ent approaches for the Galactic neutrino flux search;
fitting of a theoretically motivated all-sky map template
[1] vs a sky-model-independent approach of searching
for the excess signal at low Galactic latitudes [2]. A
different approach has been considered by the ANTARES
Collaboration that has concentrated on the search for a
neutrino signal from the Galactic ridge, the central part of
the Milky Way disk within Galactic longitude jlj < 30°.
An excess of neutrino events from the ridge direction has
been reported [3]. This excess is consistent with the initial
estimates of the neutrino flux from the ridge derived from
the IceCube data [4].
The Milky Way galactic plane is generically expected to

be a neutrino source [5,6]. The motivation for the search for
a neutrino signal from the Galactic ridge stems from the
fact that the ridge projection on the sky includes the
Galactic bar and the innermost parts of the spiral arms.
Tracers of star formation including pulsars and supernovae
indicate that the star formation rate (and hence cosmic-ray
injection rate) in the Milky Way disk peaks at the distance

of about dsfr ≃ 4 kpc from the center [7–9]. Given that the
distance of the Sun from the Milky Way center is
d⊙ ≃ 8 kpc, one expects the region of the most intense
star formation to span the range jlj ≤ arcsinðdsfr=d⊙Þ ≃ 30°
of the Galactic longitude.
The Galactic ridge is a bright γ-ray source that hosts

prominent isolated sources superimposed on the diffuse
emission that has been detected up to TeV energy range by
H.E.S.S. telescope [10] and Fermi-LAT [11]. It is not clear
a priori if this diffuse TeV emission is predominantly
produced by interactions of cosmic ray protons and nuclei
in the interstellar medium or if it originates from interactions
of cosmic ray electrons (Compton scattering of starlight). If
the diffuse flux is produced by the interactions of cosmic ray
protons, its peculiar spectral properties suggest that the
spectrumof cosmic rays in the inner part of theMilkyWay is
different from that observed locally [12–14].
A definitive answer to the question of whether the γ-ray

emission from the Galactic ridge is of “hadronic” or
“leptonic” origin can be found if the neutrino signal from
the ridge direction is measured. This is because only the
hadronic emission has a neutrino counterpart. It is gen-
erated through the production and decay of pions, with
neutral pions decaying directly into γ-rays and charged
pions producing neutrinos. If the parent proton and nuclei
cosmic ray spectrum is a power law with the slope Γ, the
pion decay γ-ray and neutrino spectra are expected to be
nearly power-laws in the multi-TeV range with similar
slopes and with nearly identical normalizations [15–17].
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In what follows, we show that the IceCube detection
of the Galactic component of the neutrino flux in the
multi-TeV band provides a rather precise measurement of
the Galactic ridge neutrino signal. It confirms the ridge
neutrino flux estimate of ANTARES and resolves the
problem of the nature of the multi-TeV emission from the
ridge, confirming its “hadronic” origin.

II. NEUTRINO FLUX FROM THE GALACTIC
RIDGE DERIVED FROM THE IceCube

MEASUREMENT

The IceCube Galactic plane signal [1] has been
found by fitting a pre-defined model template to the
all-sky data. This model template, derived from the
γ-ray data of Fermi-LAT, is in fact dominated by
the flux from the Galactic ridge. This sky region provides
the dominant contribution to the test statistic of the
likelihood analysis performed in [1]. Thus, the model
fitting mostly constrains the flux from the Galactic ridge
direction, while the flux from other parts of the sky e.g.,
the outer part of the Galactic plane, or the flux from high
Galactic latitude regions cannot really be constrained,
because they provide only minor contribution to the test
statistic.
To estimate the IceCube neutrino flux from the direc-

tion of the ridge −30° < l < 30°, we use the same
approach as in the Ref. [1], where the flux from the
Galactic plane in the Galactic longitude range 25° < l <
100° and 50° < l < 200° was estimated. We use the all-sky
model template maps provided in the Supplementary
material of Ref. [1] to find the fraction of the total flux
that comes from the ridge and rescale the all-sky total flux
estimate derived in [1] to get an estimate of the flux from
the ridge. The result is shown by the darker and lighter
blue shading for the IceCube best fit of the KRAγ models
[18] with cutoffs at 5 PeV and 50 PeV. The two estimates
agree with each other in a wide energy range from 1 to
100 TeV. The difference between the two estimates can be
considered as a systematic modeling uncertainty. Further
assessment of the model uncertainty can be done consid-
ering the π0 all-sky model template of Ref. [1] instead of
the KRAγ template. The estimate of the neutrino flux from
the ridge using this model template is shown by the red
shading in Fig. 1. One can see also the π0 template model
flux estimate agrees with the KRAγ model flux estimates
in the energy range 1–10 TeV. However, the slopes of the
spectra of the ridge computed under different all-sky
model assumptions cannot agree “by design”; the π0

model assumes that the slope of the neutrino emission
spectrum is the same all over the sky (close to the slope of
the parent proton spectrum, Γ ¼ 2.7), while the versions
of the KRAγ model used in the IceCube analysis of
Ref. [1] assumed constant “sky-averaged” slope close
to 2.5.

The IceCube Galactic ridge neutrino flux estimate is
consistent with the previous report of the hint of the
neutrino signal from the Galactic ridge by the ANTARES
Collaboration [3] shown by the green shading in Fig. 1. It is
also in agreement with the estimate of Ref. [4] for the
neutrino flux from the ridge based on early IceCube
measurements of the astrophysical neutrino flux in the
high-energy starting events channel shown by the red data
point in Fig. 1.
The neutrino flux from pion decays should always have a

γ-ray counterpart that has spectral characteristics similar to
those of the neutrino signal (see model lines in Fig. 1).
Thus, the neutrino flux from the hadronic source should be
comparable to (or smaller than) the γ-ray flux, because the
γ-ray flux can have an additional “leptonic” component that
does not have a neutrino counterpart. From Fig. 1 one can
see that the neutrino flux estimates from both IceCube and
ANTARES in the TeV energy range agree well with the
γ-ray flux measurements by Fermi-LAT from the same sky
region in the same energy range.

FIG. 1. Multimessenger spectrum of the diffuse emission from
the Galactic ridge. Fermi-LAT γ-ray data are from [11]. IceCube
neutrino flux estimate shown by the red data points is from [4].
ANTARES hint of the signal from the Galactic ridge is from [3].
Lighter and darker blue shaded regions show the estimates of the
IceCube signal from the direction of the ridge done following the
method of Ref. [1] assuming the KRAγ all-sky model templates
with cutoffs at 5 PeV and 50 PeV. Red shaded region shows the
estimate of the Galactic ridge flux derived using the π0 all-sky
model template of [1]. Black (gray) curves show the γ-ray (solid)
and neutrino (dashed) pion decay spectra calculated for power-
law distributions of protons with slope Γ ¼ 2.5 (Γ ¼ 2.75),
calculated using AAFrag code [17,19]. All neutrino fluxes corre-
spond to the all-flavor νþ ν̄ emission with 1σ uncertainty
bands.
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III. IMPLICATIONS FOR THE COSMIC RAY
SPECTRUM IN THE MILKY WAY

The consistency of the IceCube and ANTARES neutrino
flux estimates from the Galactic ridge with the measure-
ments of the diffuse γ-ray emission from the ridge in the
TeV energy range with Fermi-LAT shows that the bulk of
the multimessenger emission from this part of the sky
originates from the decays of pions produced in interactions
of high-energy protons and atomic nuclei, rather than
from electron interactions. This is the first time when such
an unambiguous distinction between “hadronic” and “lep-
tonic” emission mechanisms can be done. Multimessenger
measurements of high-energy emission from the Galactic
ridge region suggest that the locally observed slope of the
cosmic ray spectrum is not representative of the average
cosmic ray spectrum in the Milky Way. Instead, the cosmic
ray spectrum varies depending on the position in the
Galactic disk.
The multimessenger data provide a measurement of the

cosmic ray spectrum in the Galactic ridge region extending
up to about 4 kpc distance from the Galactic Center. Solid
and dashed black model lines in Fig. 1 show model fits to
the multimessenger Galactic ridge spectrum. The solid line
corresponds to the γ-ray emission from the decays of
neutral pion decays produced in interactions of high-energy
protons with the power-law spectrum with the slope
Γ ¼ 2.5. One can see that such a model describes the
γ-ray data on the diffuse emission from the ridge, over a
broad energy range from 10 GeV up to 3 TeV. The dashed
line shows the all-flavor neutrino flux from the decays of
charged pions produced in interactions of the same protons.
One can see that this model also correctly describes the
neutrino data in the multi-TeV energy range.
Gray solid and dashed lines in Fig. 1 show the model of

pion decay emission from cosmic rays distributed according
to a power law with the slope Γ ¼ 2.75, close to that of the
locally observed cosmic ray spectrum slope.One can see that
if the model neutrino spectrum is normalized to the IceCube
estimate of the neutrino flux, the gamma-raymodel spectrum
over-predicts the Fermi-LAT γ-ray flux measurements at
nearly all energies below TeV. The tension of the “π0

template” model has already been noticed in the original
IceCube publication [1]. The inconsistency of the π0 tem-
plate model with multimessenger spectrum of the Galactic
ridge strengthens this tension; it disfavors the possibility that
the spectrum of cosmic rays in the Galactic ridge has a slope
close to that of the locally measured cosmic ray spectrum.
We notice that the same problem is encountered if the all-

sky Galactic neutrino spectrum reported in Ref. [1] is
considered. The all-sky flux estimate obtained using the π0

template with the assumed slope Γ ≃ 2.7 [1] largely over-
predicts the diffuse all-sky γ-ray flux measured by Fermi-
LAT [9], and even overpredicts the total (diffuse plus
resolved sources) all-sky γ-ray flux [20] by at least a factor-
of-two in the GeV band.

The all-sky neutrino flux estimates obtained in [1] using
both KRAγ templates with the sky-averaged slope Γ ≃ 2.5
predict the GeV band pion decay γ-ray flux that is an order-
of-magnitude below the γ-ray diffuse emission flux mea-
sured by Fermi-LAT in the GeV range [9]. At the same
time, Ref. [9] analysis suggests that about half of the all-sky
diffuse emission flux in the GeV range originates from the
neutral pion decays.

IV. DISCUSSION

Even though the statistics of the neutrino data is
currently only marginally sufficient for detection of neu-
trino emission from the Milky Way (this is especially true
for ANTARES), it is encouraging that even this limited
statistics data provide useful insights into the physics of
cosmic rays, revealing information that cannot be deduced
from direct cosmic ray measurements. The tension between
the π0 template model, which assumes that a locally
measured cosmic ray spectrum slope of Γ ¼ 2.7, and the
Galactic ridge νþ γ-ray dataset is suggestive of a variable
cosmic ray spectrum across the Galactic disk.
Changes of the slope of the cosmic ray spectrum at

different locations in the Milky Way galaxy can be due to
several mechanisms. The properties of the cosmic ray
population in the Galactic halo are determined by the
balance between the cosmic-ray injection rates from
sources and the escape of cosmic rays from the halo. If
cosmic rays are injected with an average power-law
spectrum with the slope Γinj, while the escape time of
cosmic rays from the halo depends on energy as tesc ∝ E−δ,
the steady-state cosmic ray spectrum in the halo is expected
to be a power-law with the slope Γ ¼ Γinj þ δ. The
observation of variability of Γ across the Galactic disk
may suggest that Γinj and/or δ experience spatial variations.
For example, Γinj, the slope of the injection spectrum
averaged over source population(s), may change as a
function of the rate of occurrence of sources of different
types, or with the typical source environment in different
parts of the Galactic disk. Otherwise, cosmic rays escape
from the Galactic halo through diffusion in the Galactic
magnetic field. The exponent of the energy dependence of
the escape time, δ may depend on the structure of the
turbulent component of the Galactic magnetic field, on the
relative strength of this turbulent component compared to
the regular field component, on the geometry of the regular
field component [21]. Both the average characteristics of
the cosmic ray source populations and the structure of the
Galactic magnetic field change with position in the Galactic
disk [22]. In this sense, it is not surprising that the cosmic
ray spectrum in the MilkyWay is not “universal,” but varies
across the Galaxy. Finally, it is possible that the locally
observed cosmic ray spectrum is “peculiar,” in the sense
that it is influenced by a specific local source, or by a
peculiarity of the history of star formation in the Solar
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neighborhood [23,24]. In such a model, even though the
“average” Galactic cosmic ray spectrum may be well-
defined, any local measurement of the cosmic ray spectrum
at a fixed location may not measure it, because the spectrum
fluctuates from point to point. Modeling of such a situation
was recently performed in Refs. [25–27]. A detailed
discussion of galactic cosmic ray models was done in a
recent review [28].
It will be possible to distinguish between the three

possibilities described above when multimessenger mea-
surements of the spectra of hadronic emission from differ-
ent parts of the Milky Way disk will become available (the
spectrum of hadronic emission from the Galactic ridge
reported here is just the first example of such a measure-
ment). The new generation of neutrino telescope KM3NeT
[29] will provide additional and independent data with
good energy and angular resolution, that will help to
discriminate between Galactic cosmic ray models.

V. CONCLUSIONS

In this work, we have derived a measurement of the
neutrino flux from theGalactic ridge from IceCubedetection
of the Galactic astrophysical neutrino flux. We have shown
that the IceCube and ANTARES measurements of neutrino

flux from the Galactic ridge are consistent with each other
and with the Fermi-LAT measurement of the diffuse γ-ray
flux from the Galactic ridge at TeVenergies. There are two
important consequences of this fact.
First, the contribution of leptonic sources and diffuse

electron population to the diffuse gamma-ray flux is
subdominant in the Galactic ridge region. Thus, this region
is the first confirmed multimessenger hadronic source
found in the Milky Way galaxy.
Second, the common neutrino and gamma-ray spectrum

has a slope of around 2.5 in a wide energy range from
10 GeV to 10–100 TeV. This is different from the locally
measured cosmic ray spectrum, which has a power-law
index of around 2.7. Thus, the multimessenger data on the
Galactic ridge point to the fact that the cosmic ray spectrum
is not universal in theGalaxy. Thiswas conjectured based on
the gamma-ray measurements [12–14], but the measure-
ments of ANTARES and IceCube provide of the spatial
variability of the slope of the Milky Way cosmic ray
spectrum.
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