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The Tibet-ASγ Collaboration has recently reported a measurement of diffuse γ-ray flux from the outer
Galactic disk in the energy range reaching PeV. We complement this measurement with the Fermi/LAT
measurement of the diffuse flux from the same sky region and study the pion decay model of the combined
Fermi=LATþ Tibet-ASγ spectrum. We find that within such a model the average cosmic-ray spectrum in
the outer Galactic disk has the same characteristic features as the local cosmic-ray spectrum. In particular, it
experiences a hardening at several hundred GV rigidity and a knee feature in the PV rigidity range. The
slope of the average cosmic-ray spectrum above the break is close to the locally observed slope of the
helium spectrum γ ≃ 2.5, but is harder than the slope of the local proton spectrum in the same rigidity range.
Although the combination of Fermi/LAT and Tibet-ASγ data points to the presence of the knee in the
average cosmic-ray spectrum, the quality of the data is not yet sufficient for the study of knee shape and
cosmic-ray composition.
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I. INTRODUCTION

The Tibet-ASγ Collaboration has recently reported a
measurement of diffuse γ-ray flux from the outer Galactic
plane up to the PeV energy range [1]. This measurement
possibly provides information about cosmic rays with
energies above PeV residing in the interstellar medium
across the Milky Way disk. In this sense it potentially
carries information complementary to that obtained using
the local measurements of the cosmic-ray flux at the
location of the Earth.
The local cosmic-ray spectrum measurements from GeV

to multi-PeV energy range obtained by AMS-02 [2],
CREAM [3], ATIC-2 [4], DAMPE [5,6], CALET [7],
NUCLEON [8], IceTop [9], and KASCADE [10] experi-
ments reveal a range of puzzling properties of the spectrum.
Overall, the spectra of different components of cosmic-ray
flux are broken power laws dN=dE ∝ E−γ (here we use
conventional symbol E for the total energy of the particle)
in the energy range much below the knee at Eknee ≃ 4 PeV
[11–13]. The spectra of different nuclei all exhibit a
hardening break at several hundred GV rigidity [14].
The slope of the proton spectrum is changing from γp1 ≃
2.87 down to γp2 ≃ 2.56 [7,14] while the slope of the
helium spectrum is hardening to γHe2 ≃ 2.5 [8] (see Fig. 1).
The difference in the slopes of different flux components

is puzzling. Cosmic-ray acceleration and propagation
models typically evoke physical processes that universally
scale with particle rigidity. Changes in the spectra of

different nuclei are expected to be the same if the spectra
are expressed as functions of rigidity. It is not clear if the
hardening in cosmic-ray spectrum and difference of slopes
of proton and helium (and other primary cosmic-ray nuclei)
spectra are a local cosmic-ray feature or if they are generic
properties of the Galactic cosmic-ray spectrum.
Equally uncertain is the origin of the knee of the cosmic-

ray spectrum (see [15] for a recent review). It can
correspond to the highest energy of cosmic rays produced
by Galactic sources [16] or to the break in the cosmic-ray
spectrum of those sources [17,18] or it can occur at the
energy at which the particle Larmor radius is comparable to
the correlation length of the Galactic magnetic field in the
“escape” model [19–21]. The energy of the knee and the
details of the spectral changes at the knee might also be
different across the Galaxy if the knee is locally dominated
by one or few sources [22,23]. This possibility is natural in
the anisotropic diffusion model which brings phenomeno-
logical diffusion models in agreement with the realistic μG
scale magnetic field of the Galaxy [24].
Measurements of the energies of the knees of different

flux components disagree with each other. The KASCADE
experiment using the QGSJET-II-02 model has found the
proton knee at the energy about Ep ≃ 2 PeV, while
the knee in the helium spectrum is at EHe ≃ 4 PeV, so
that the two knees occur at the same rigidity [10]. ARGO-
YBJ measurements suggest that the proton knee is at lower
energy, Ep < 1 PeV [25]. On the contrary, the IceTop
experiment using the Sibyll 2.1 model finds the knees of the
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proton and helium spectra at approximately the same
energy Ep−He ≃ 4 PeV [9]. Since the all-particle spectrum
is the same in all the experiments, the origin of these
discrepancies is in large systematic uncertainty of compo-
sition reconstruction in the data analysis of different
experiments, both in the extraction of many nuclei groups
from the data and in the dependence of results on hadronic
interaction models (see [26] for an overview).
Diffuse γ-ray flux measurements from the Galactic disk

region provide a possibility to constrain the properties of
the average cosmic-ray spectrum in the disk [27–31]. In
general, the diffuse γ-ray flux is composed of several
components, including Bremsstrahlung and inverse
Compton emissions from cosmic-ray electrons and neutral
pion decay emissions from the interactions of cosmic-ray
protons and nuclei with interstellar medium [32–34].
However, the pion decay component is strongly boosted,
compared to the electron component of the γ-ray flux, in the
densest part of the Galactic disk (a region of about�150 pc
around the Galactic Plane) [34]. This suggests that the
spectral template of the pion decay emission component
can be isolated by subtracting the diffuse flux at Galactic
latitude above certain Galactic latitude cut (e.g., 5°) from
the flux measurements below this cut. In this way, the γ-ray
flux components sensitive to the density of the interstellar

medium (Bremsstrahlung and pion decay) would be
boosted compared to the inverse Compton component [28].
Such an approach has been chosen in Tibet-ASγ data

analysis [1], in which the sky region jbj > 20° has been
chosen as the “background estimate” region and the region
at jbj < 5° has been considered as the “signal” region.
In what follows we implement the approach of Tibet-

ASγ data analysis for the analysis of Fermi/LAT data, to
complement Tibet-ASγ measurements with lower energy
data points. In this way we obtain the spectral template for
the pion decay þ Bremsstrahlung emission from the outer
Galactic plane (Galactic longitude range 50° < l < 200°).
We model the resulting diffuse γ-ray spectrum in a broad
GeV-PeVenergy range using a “minimal” pion-decay-only
model, to get a first idea on possible range of properties of
the average cosmic-ray spectrum in the outer Galactic disk.

II. FERMI/LAT DATA ANALYSIS

Our analysis of Fermi/LAT data adopts the same
approach as Tibet-ASγ data analysis [1]. We consider dif-
fuse flux from the sky region 50° < l < 200°, jbj < 5°. To
get rid of the isolated source flux, we remove photons from
within circles of the radius 0.5° around sources from the
fourth Fermi/LAT catalog (Option 1) or around the sources
from TeVCat online catalog of TeV γ-ray sources (Option
2). We use Pass 8 Fermi/LAT dataset spanning 12 years
(2008–2020), the SOURCEVETO event selection. To
calculate the diffuse source flux we collect events in
square boxes of 5° filling the region of interest. In each
box and each energy bin, we calculate the exposure using
the gtmktime-gtexposure Fermi Science Tools routine
combination.1

Following the approach of Tibet-ASγ [1], we use photon
counts in the sky region jbj > 20° to estimate the “back-
ground” counts in each energy bin and each 5° box. As
discussed in the Introduction, this “background” flux in fact
contains the diffuse emission flux at a higher Galactic
latitude, which has a higher inverse Compton flux compo-
nent. In this way, the analysis “boosts” the pion decay and
Bremsstrahlung components and suppresses the inverse
Compton component.
The resulting γ-ray spectrum is shown in Fig. 2. Pale

blue data points show the total flux measurement (or, more
precisely, a slight underestimate of the total flux, related to
the specific background estimation procedure [35]). Full
blue data points show the diffuse emission spectrum after
subtraction of the isolated source contribution using Option
1. Subtraction using Option 2 gives a similar result. The
spectrum exhibits a noticeable hardening above approx-
imately 30 GeVenergy. In this energy range the spectrum is
consistent with a power law with the slope ≃2.5, as is clear
from the E2.5dN=dE plot representation in Fig. 2 in which

FIG. 1. Summary of local measurements of the cosmic-ray
proton (top) and helium (bottom) fluxes by AMS-02 [2],
CREAM [3], ATIC-2 [4], DAMPE [5,6], CALET [7], NU-
CLEON [8], IceTop [9], and KASCADE [10] experiments. Cyan
and green dashed curves show interpolation of the proton and
helium data points passing through IceTop and KASCADE data,
respectively. Orange and gray curves in the top panel show the
modified model proton spectra discussed in the text. For
comparisons these modified proton spectra are shown in the
bottom panel as well. Spectra are given in the total energy units.

1https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/.
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the E−2.5 spectrum appears as a horizontal line. One can
also notice that the Tibet-ASγ measurements in the same
representation fall below the extrapolation of the E−2.5

power law to the PeV band.

III. MODELING

The simplest model of the combined Fermi/LAT and
Tibet-ASγ diffuse γ-ray flux spectrum shown in Fig. 2 is
that of γ-ray emission from neutral pion decays. As it is
discussed above, the spectral extraction method used by
Tibet-ASγ and implemented in our analysis for Fermi/LAT
data boosts the pion decay component with respect to the
inverse Compton flux component that might also contribute
to the flux. However, the nonboosted pion decay compo-
nent is already expected to largely dominate the inverse
Compton component for the flux from the direction of the
outer Galactic plane [32,34]. The Bremsstrahlung compo-
nent gives only a minor contribution to the flux and only in
the GeVenergy range and can also be neglected in the first
approximation [32]. This is illustrated by the blue lines in

Fig. 2, where we plot the pion decay, inverse Compton, and
Bremsstrahlung spectra corresponding to the local inter-
stellar medium emissivity from Ref. [34]. The Solar system
is located in the outer Galactic disk and the local emissivity
can be considered representative for the emissivity across
the outer Galactic disk. If the pion decay spectrum
normalization is fixed to match the Fermi/LAT data, the
inverse Compton contribution to the flux is expected to be
at a several percent level in the energy range of interest.
To model the pion decay flux from different cosmic-ray

nuclei we use the AAfrag package [37] based on the
QGSJET-II-04m model. We combine AAfrag calculations
in the energy range above 15 GeV with low energy
parametrizations of Kamae et al. 2006 [38] to obtain the
γ-ray spectrum for the full range of cosmic-ray energies
(the boundary between two models is shown with dashed
gray line in Fig. 1). In our calculations we propose that the
interstellar medium consists of 91% of hydrogen and 9% of
helium. The AAfrag package allows us to calculate the
differential cross section of γ-ray production separately for
different cosmic-ray species while in the model of Kamae
et al. 2006 only pp interactions are considered. To account
for pHe, Hep and HeHe interactions at low energies, we
calculated and applied an additional nuclear factor of 1.4 to
the results of γ-ray production using the Kamae et al. code
for primary p energy from the threshold energy to 15 GeV.
For our reference model we take local measurements of

cosmic-ray flux (proton and helium component measure-
ments and our interpolation are summarized in Fig. 1). We
complement the local flux measurements with a model of
local interstellar spectrum below 40 GeV to take into
account the solar modulation effect [39]. This model also
explains the Voyager experimental data [40].
It is important to notice that the local cosmic-ray flux

component measurements suffer from systematic uncer-
tainties, both in the energy range between the sub-TeV
break and the knee and in the knee energy range (see
Fig. 1). The discrepancy in the measurements of different
experiments reaches a factor of 2 in the 100 TeV range (it is
accounted for within either systematic or statistical uncer-
tainty, depending on the experiment). In the knee energy
range, even though the total flux measurements of different
experiments agree with each other, measurements of the
spectra of different nuclei are inconsistent. This is illus-
trated in the top panel of Fig. 1 in which one can see that
KASCADE and IceTop measurements of the proton knee
are inconsistent with each other.
Assuming that the measurements of all experiments

agree at approximately TeV energy (see Fig. 1), a factor-
of-two difference in measurements of different experiments
at 100 TeV corresponds to a δγ ≃ 0.15 uncertainty of the
slope of the spectra of cosmic-ray protons and nuclei in the
1–100 TeV energy range.
These uncertainties of the local cosmic-ray spectrum

measurements propagate into uncertainties of the pion

FIG. 2. Gamma-ray flux from the 50° < l < 200°; jbj < 5°
region of the outer Galaxy. Total Fermi/LAT gamma-ray flux
measurements are shown with thin blue data points, the spectrum
of diffuse emission component of the flux shown with thick blue
data points. (Background level is shown by light-blue color.)
Tibet-ASγ measurements [1] are shown with red data points.
Dash-dotted and solid blue lines show model pion decay spectra
calculated for the locally measured cosmic-ray spectra with
composition corresponding to KASCADE and IceTop measure-
ments. Dash-dotted and solid red lines show the γ-ray flux for the
Models I and II of the proton spectrum consistent with local
measurements of He spectrum, as described in the text. For
comparison, inverse Compton and Bremsstrahlung flux levels
corresponding to the local interstellar medium emissivity [34] are
shown by blue dashed and dotted lines. Thick solid and dashed
gray lines show sensitivities of LHAASO [31] and CTA-North
[36] for diffuse γ-ray flux.
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decay γ-ray flux model. One of these uncertainties, of the
energy of the proton knee, is illustrated in the model curves
in Fig. 2. In this figure, the two dashed lines show models
based on the local proton knee spectra from KASCADE
and IceTop. One can clearly see that the two γ-ray flux
models strongly differ exactly in the energy range of Tibet-
ASγ. This indicates that the energy range covered by Tibet-
ASγ (and LHAASO) is crucially important for exploration
of the nature of the knee with γ-ray data.
Both models, based on KASCADE and IceTop mea-

surements, underpredict the γ-ray flux compared to the
Tibet-ASγ measurement. However, as it is discussed above,
the measurements of the local cosmic-ray flux in the TeV-
PeV range suffer from systematic uncertainties. The esti-
mate of the pion decay flux in the PeV range vary
depending on assumptions about the energy of the proton
(and other nuclei) knee and on the slope of the spectra of
cosmic-ray flux components in 1–100 TeV range. It is thus
worth exploring what kind of modifications of the cosmic-
ray spectral components can make the pion decay model
consistent with the data.
All the cosmic-ray nuclei spectra have a break at several

hundred GV rigidity. The simplest possibility (theoretically
motivated) is that the slopes of the average cosmic-ray
nuclei spectra above the break are the same. We consider
this possibility by modifying the slope of the proton
spectrum by δγ ¼ 0.1 above a break at 100 GeV, by
multiplying the proton flux Fp by a broken power law

Fp;mod ðEÞ ¼ Fp

�
1þ

�
E

100 GeV

�
2
�

0.1=2
: ð1Þ

After such a modification, the proton spectral models in the
1–100 TeV range match the shape of the helium spectrum,
while the KASCADE and IceTop proton knees bracket the
error bars of the helium knee measurements with both
KASCADE and IceTop, see Fig. 1. (We call Model I the
“hardened” proton spectrum with the knee shape based on
KASCADE data and Model II the model in which the knee
shape is based on the IceTop data.)
This modification of the proton spectrum increases the

strength of the break in the γ-ray spectrum at approximately
1–30 GeVenergy and makes the pion decay spectrum in the
energy range above 30 GeV consistent with Fermi/LAT
measurements (see Fig. 2). The solid lines in Fig. 2 show
the pion decay flux in the modified proton spectrum model
for the two knee models based on KASCADE and
IceTop data.
One can see that after such minor modification, the

model γ-ray spectra for both KASCADE-based and
IceTop-based composition models provide a satisfactory
description of the joint Fermi=LATþ Tibet-ASγ γ-ray
spectrum.

IV. DISCUSSION

The analysis presented above allows us to formulate a
hypothesis that the average cosmic-ray proton and helium
spectra in the outer Galactic disk have identical shapes in
the TV-PV rigidity range, with the average proton spectrum
being somewhat harder than the locally measured proton
spectrum, but consistent with the local helium spectrum.
Within such a hypothesis, the spectrum of diffuse γ-ray
emission from the dense part of the Galactic disk in the
longitude range 50° < l < 200° is well described by the
pion decay model over the entire GeV-PeV range covered
by Fermi/LAT and Tibet-ASγ.
An attractive property of this hypothesis is that the

identical shapes of the proton and helium spectra are
expected on theoretical grounds. Both the acceleration
and propagation physical mechanisms are typically sensi-
tive for particle rigidity and hence the spectra of different
cosmic-ray nuclei coming from certain source type are
expected to be identical as a function of rigidity.
Indication of harder average slope of the cosmic-ray

spectrum with the slope 2.5 in the Galactic disk have been
previously found in Fermi/LAT data [28,29,33,41]. The
results presented here reveal additional evidence for this
possibility and add new details. Fits to the spectra of diffuse
γ-ray emission from the inner Galactic disk indicate that in
this part of the Galaxy the data are consistent with the
cosmic-ray spectrum slope 2.5 all over the GV-PV energy
range. This is not the case locally and it seems to be not the
case for the cosmic-ray spectrum in the outer Galactic disk.
Instead, in the outer Galactic disk the cosmic-ray spectrum
hardens to the 2.5 slope only above several hundred GV
rigidity.
The slope of the TV-PV cosmic-ray spectrum is consistent

with the model in which cosmic rays are accelerated by their
sources with e.g., dN=dE ∝ 1=E2.2 spectrum produced by
shock acceleration and propagate in Galactic magnetic field
with Kolmogorov turbulence, which will soften spectrum to
dN=dE ∝ 1=E2.5. The spectral break at several hundred GV
rigidity can be explained by several mechanisms: Cosmic-
ray induced turbulence [42,43], the two-component halo
model [44], or by two or more source populations models
[45,46]. The discrepancy between locally measured and the
average cosmic-ray proton spectrum with the ∼2.5 slope at
E > 1 TeV can be a local feature. This feature arises in the
anisotropic diffusion scenario [24] in which small number of
sources dominate the local cosmic-ray flux in multi-TV
range [23,47,48].
Better information onvariations of the spectrum of cosmic

rays across the Galactic disk can be obtained with higher
statistics measurements of the variations of the spectrum of
diffuse emissions from the Galactic disk as a function of
Galactic longitude. Closing the gap in the measurements in
3–100 TeV energy range would also provide better quality
measurements of the slope of the average cosmic-ray
spectrum in TV-PV rigidity range. This will be possible
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with the next generation of γ-ray telescopes; CTA and
LHAASO. Figure 2 shows the sensitivities of CTA-North
[36] and LHAASO [31] to the diffuse γ-ray flux from the
Galactic plane. CTA-North will be able to close the
3–100 TeV gap and provide better separation between the
truly diffuse and isolated source contributions to the γ-ray
flux in the part of the Galactic plane covered by Tibet-ASγ
measurement. LHAASO will provide high-statistics mea-
surements all theway up to the PeV range. This will allow us
to constrain the shape of the cosmic-ray spectrum at the knee
and to distinguish between different theoreticalmodels of the
knee: Maximum energy of Galactic sources, the influence of
a single source, and the change of propagation regime.
If the diffuse γ-ray emission is produced by the pion

decays, it is accompanied by the neutrino flux. The Tibet-
ASγ measurement of the diffuse flux from the outer
Galactic plane is comparable to the IceCube measurement
of the sky-average astrophysical neutrino flux [49]. This
suggests that the neutrino counterpart of the Tibet-ASγ γ-
ray flux measurement should be detectable with deeper
IceCube exposure (currently a p-value ≃0.02 is found for a

specific template of the all-Galactic emission that includes
the Galactic plane [50]) and with Baikal-GVD [51] and
KM3Net [52] neutrino telescopes. This makes the pion
decay model of the diffuse γ-ray flux from the sky region
50° < l < 200°, jbj < 5° readily falsifiable.
After publication of Tibet-ASγ analysis [1] several

publications appeared which suggested possible hadronic
[53–55] or leptonic [56] contributions to Tibet-ASγ data.
The main difference of our analysis from other approaches
is that we consider constraints imposed by the Fermi/LAT
data up to TeVenergies and concentrate on the conservative
pion-decay dominated model of emission from the Galactic
disk.
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