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ABSTRACT
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The Tibet ASy experiment just reported their measurement of sub-PeV

diffuse gamma-ray emission from the Galactic disk, with the highest

energy up to 957 TeV. These diffuse gamma rays are most likely the -

hadronic origin by cosmic ray (CR) interaction with interstellar gas in the &

galaxy. This measurement provides direct evidence to the hypothesis that &  [¥F B

the Galactic Cosmic Rays (GCRs) can be accelerated beyond PeV energies. rﬁj& 104

In this work, we try to explain the sub-PeV diffuse gamma-ray spectrum £ 1. FdGios

with different CR propagation models. We find that there is a tension & : E%%E%%gj)

between the sub-PeV diffuse gamma-ray and the local CR spectrum. To @ gl

describe the sub-PeV diffuse gamma-ray flux, it generally requires larger & 10" - E%flﬁ?c’ Goos)

local CR flux than measurement in the knee region. We further calculate & T

the PeV neutrino flux from the CR propagation model. Even all of these 105 10¢ 107 108

sub-PeV diffuse gamma rays originate from the propagation, the Galactic

E (GeV)

Neutrinos (GNs) only account for less than ~15% of observed flux, most of

which are still from extragalactic sources.

Keywords galactic cosmic ray, diffuse gamma ray, neutrino

1 Introduction

In the all-particle spectrum, the most prominent feature
is the so-called “knee” structure at ~4 PeV, where the
spectrum exhibits a slight steepening, with the change in
slope [1-5]. Meanwhile above the knee, a tendency to
the heavier nuclei has been noted [6, 7]. It is believed
that the cosmic rays (CRs) less than PeV energies are
principally of galactic origin. However, which Galactic
objects could accelerate PeV CRs, has long been in
dispute. The supernova remnants (SNRs) had long been
proposed as the sources of Galactic Cosmic Rays (GCRs)
[8]. But long gazes into most SNRs associated with the
molecular clouds indicate that the cut-off energy in the
gamma-ray spectrum is less than 10 TeV, which means
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the inferred maximum cosmic ray (CR) energy is below ~
100 TeV.

Massive strides about the PeV sources have been
made in recent years. The Galactic center, which
embodies a supermassive black hole, Sagittarius A*,
with mass up to 4 x 10° solar mass, is regarded as a
PeVatron candidate. The observation of anisotropy
phase also seems to hint at this [9-11]. The H.E.S.S.
Collaboration performed deep observations of the central
molecular zone surrounding the Galactic center. They
detected a single power-law gamma-ray spectrum up to
tens of TeV, without a break or a cutoff. This partly
indicates a PeV proton accelerator at the Galactic
center [12]. Early this year, the Tibet ASy experiment
reported their observation of SNR G106.34+2.7 [13].
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They successfully detected the 100 TeV gamma-ray
photons, which are well correlated with the nearby
molecular cloud. Therefore the morphological feature
favours a hadronic origin of such very-high energy
gamma rays. The young massive star clusters are
another possible acceleration sites. Most recently,
HAWC published their gamma-ray observation of the
Cyngnus Cocoon, a well-known superbubble, with
energy ranging from 1 to 100 TeV [14]. The 100 TeV
gamma-ray photons may originate from the accelerated
CRs in the Cyg OB2, an active star-forming region.
These recent discoveries provide hard evidence concerning
the galactic origin of PeV CRs.

Apart from searching for point sources, the observations
of 100 TeV diffuse gamma-ray emission could also be
served as the evidence of PeV CRs origin. At such high
energy, the gamma-ray photons are expected to have
interactions with the low energy background radiation,
so that the extragalactic flux is strongly suppressed. On
the other hand, the all-electron spectrum shows a clear
steepening above 1 TeV, where the spectral index
changes to ~ —3.9 [15, 16]. Coupled with the energy loss
during propagation of electrons, the 100 TeV gamma-ray
flux from the inverse Compton scattering off electrons
could be safely neglected. Such energetic gamma rays
are clearly generated from the n%decay process during
the hadronic interaction of the CR nuclei with the inter-
stellar medium (ISM). Previously, only CASA-MIA [17]
and KASCADE [18] experiments set upper limits on the
diffuse gamma rays above 20 TeV. At present, the Tibet
AS~ experiment managed to detect the sub-PeV diffuse
gamma rays in the Galactic disk, with energy ranging
from 100 TeV to 1 PeV [19]. The observed highest
energy is up to 957 TeV, very close to 1 PeV. This
discovery indicates that the Galactic sources could accel-
erate CRs to at least ~10 PeV. Some subsequent works
had been carried out to study the origin of sub-PeV
diffuse gamma-ray emission [20-23].

During the p-p interactions of CR with ISM, the
generated gamma-ray photons are simultaneously
accompanied with the neutrinos, which are the decay
products of the 7#s. Thereupon, the high-energy neutrinos
are also regarded as a good probe to the hadronic inter-
action. The astrophysical neutrinos have been detected
by the IceCube Neutrino Observatory [24-26]. The overall
distribution of the neutrino event samples is consistent
with an isotropic distribution, which demonstrates that
they are held to be predominantly extragalactic. The
directional searches also have found an excess from a
starburst galaxy [27] and the neutrino emission associated
with a blazar [28, 29]. However the proportion of Galactic
contribution is still uncertain. A separate fit of the
Northern and Southern hemisphere signals in the four-
year signal shows a preference to a harder spectrum in
the Northern hemisphere [30] which could potentially be
due to the presence of a softer contribution of the flux

from the inner galaxy in the Southern hemisphere.

The sub-PeV diffuse gamma-ray emission effectively
traces the spatial distribution of remote CRs, so they
could be well applied to testify the available propagation
models. Besides, it is helpful to unveil the origin of knee
region [31]. In this work, we investigate the propagation
origin of sub-PeV diffuse gamma rays. We find, when
the sub-PeV diffuse gamma-ray flux is entirely
attributed to p—p interactions of CRs, and, based on
current understandings of CR transport and gas distri-
bution, there is a tension between sub-PeV diffuse
gamma rays and local CRs measurement. To explain the
sub-PeV diffuse gamma rays measured by the Tibet ASy
experiment, the calculated local CR flux inevitably
exceeds the observed CR flux above PeV energies. One
possibility is that the propagated spectrum close to the
Galactic center is harder as for the current propagation
models, whereas the propagation around the solar
system is still unchanged. Meanwhile these sub-PeV
gamma-ray photons from point sources, especially unre-
solved, may not be entirely subtracted. We further evaluate
the Galactic contribution to the diffuse neutrino flux
and find at most 15% of observed flux come from GCRs
propagation. It should be noted that Lipari et al. [32]
have made the prediction for the diffuse gamm rays
above hundreds of TeV. But the spatial distribution of
CRs is extrapolated according to the local observations.
In this work, the whole CR spatial distribution is evaluated
by solving the diffusion equation numerically.

2 Model description

2.1 Homogeneous diffusion

In the conventional propagation model, the diffusion
process is supposed to be homogeneous and isotropic, so
the diffusion coefficient is only a function of rigidity
R = p/(Ze), namely,

D(R) = Dyf" (77;)5 | 1)

where Rg =4 GV, B is the particle’s velocity in unit of
light speed. 5 is a phenomenological constant in order to
fit the low-energy data. Dy and &, are constants representing
the diffusion coefficient and its high-energy rigidity
dependence in the outer halo respectively. Usually, the
power index &y is taken from 0.3 to 0.6, as inferred from
the fitting of boron-to-carbon ratio [33]. After propaga-
tion, the CR spectrum falls off as a single power-law,
¢ x R~~% where v is the power index of CR spectrum
at source.

2.2 Spatial-dependent propagation

However the spectral hardening of CR nuclei above
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~200 GV [34] as well as the anisotropy observation [11]
severely challenge the conventional homogeneous propa-
gation model [35, 36]. The spatial-dependent propagation
(SDP) was intially introduced to account for the excess
of CR nuclei [37]. Afterwards, it is further applied to
large-scale anisotropy [38, 39] and diffuse gamma-ray [40]
observations. For a comprehensive introduction, one can
refer to [41] and [42].

In contrast to the homogeneous diffusion, the entire
diffusive halo in the SDP model is split into two zones
characterized by diverse diffusion properties, i.e., inner
halo (IH) and outer halo (OH). The Galactic disk and
its surrounding areas within a few hundred parsecs are
called IH, where the diffusion is slower and relevant to
the radial distribution of sources. The diffusion in
extended regions outside of IH, i.e., OH, is faster and
approaches to the conventional propagation. The diffusion
coefficient D in the whole region is thus parameterized
as

S0 F(r,2)
R ) , 2)

D.y(r,2,R) = DoF(r,z)5" (

Ro
where r and z are cylindrical coordinate, the other
parameters are same as the conventional propagation
model. The spatial dependence function F(r,z) is shown
as follows:

o)+ =02 () <l
1, |z| > €L
®

in which g(r,z) is N,,/[1+ f(r,2)], and f(r,z) is the source
density distribution. N,, is a constant characterized the
particle’s diffusion velocity in the inner halo. [, is the
half-thickness of the propagation cylinder, and ¢L is the

half-thickness of the inner halo. The factor (?L " descr-
ibes the smoothness of the parameters at the transition
between the two halos. Note that the spatial dependence
of the diffusion coefficient is phenomenologically
assumed. Physically it may be related with the magnetic
field distribution, or possibly the turbulence driven by
CRs [43]. We adopt the diffusion reacceleration model in
this work, with the reacceleration being described by a
diffusion in the momentum space. The momentum diffusion

F(r,z) =

coefficient, D,,, correlates with D,, via D,,D,, =
%, where v, is the Alfvén velocity, p is the

momentum, and § is the rigidity dependence slope of the
spatial diffusion coefficient [44]. The spatial distribution
of CRs is obtained by numerically solving the diffusion
equation with the DRAGON package. The diffuse
gamma-ray distribution around the Galactic disk is
calculated based on the CRs spatial distribution
obtained with DRAGON. The employed gas distribution
follows the default setup in the GALPROP.

2.3 Background source distribution

Supernova remnants (SNRs) are considered to be the
most plausible candidates for the acceleration of CRs.
The spatial distribution of SNRs are approximated as an
axisymmetric form parameterized as

0= (2) o[22 en () . 0

where ro =8.5 kpc represents the distance from the
Galactic center to the solar system. Parameters o and 3
are taken to be 1.69 and 3.33 [45]. The density of the
SNR distribution decreases exponentially along the
vertical height from the Galactic plane, with z, = 200 pc.

In the calculations below, the injection spectra of all
propagation models are assumed to have a power-law
plus a high-energy exponential cutoff, i.e.,

w®) =i (o) oo [ ] 5)

for the i-th composition. where ¢, is the normalization
factor, p is the spectral incides, Ry, is break rigidity
fixed at 2.2 GV, R, is the cutoff rigidity.

2.4 Nearby source

The propagation of particles from the nearby source is
calculated using the Green’s function method, assuming
a spherical geometry with infinite boundary conditions.
Assuming instantaneous injection from a point source,
the CR density as a function of space, rigidity, and time

can be calculated as
2
Xp 5,2 ) (6)

Gini(R)
( 2770)3

where ¢,;(R) is the injection spectrum as a function of
rigidity, o(R,t) = /2D(R)t is the effective diffusion
length within time ¢. The diffusion coefficient D(R) takes
the solar system value of Eq. (2). The function form of
ginj(R) is assumed to be power-law with an exponential
cutoff, gii(R) = qoR*exp(—R/R.). The normalization g,
is determined through fitting to the CR energy spectra.
The distance and age of the local source are set to be
d =330 pc and 7 = 3.4 x 10° years [38], respectively.

o(r,R,t) =

3 Results

In this work, to make a detailed study of the propagation
origin of sub-PeV diffuse gamma rays, we compare two
kinds of common propagation scenarios, i.e. homogeneous
diffusion (HD) and spatial-dependent propagation (SDP).
We have introduced two SDP models according to the
origin of spectral harding. In the model SDP-A; the
excess of CR nuclei above 200 GV is regarded as a local
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effect, which originate from a local SNR. A nearby SNR
is also favored in order to describe the evolution of
anisotropy amplitude and phase with energy [38, 39, 46].
For model SDP-B, the excesses chiefly originate from
the spatial variation of diffusion coefficient. The excess
of diffuse gamma-ray emission at Galactic plane above a
few GeV has also been well accounted for in model SDP-
B [40], due to the spectral hardening of CRs in the
whole diffusive halo.

3.1  CR energy spectra

Before calculating the diffuse gamma-ray distribution
from the n%decay, the CRs spatial distribution in the
Galactic halo have to be evaluated by certain propagation
and injection parameters. For this purpose, the local
observations of CR energy spectrum have to be fitted
first, in order to obtain the propagation and injection
parameters. In the HD propagation, the essential propa-
gation parameters includes Dy, 8y and L. As for the SDP
models, three additional parameters have to be involved,
i.e., N, & and n. Figure 1 shows the fitting to the latest
B/C ratio published by AMS-02 experiment [47], and
the corresponding propagation parameters are listed in
Table 1. Compared with the conventional propagation,
the SDP models anticipates a flattening for the B/C
ratio above hundreds of GeV.

Given the propagation parameters, we further fit the
local CR energy spectra to obtain the source’s injection
parameters. The calculated proton and helium spectra
are illustrated in Fig. 2, both of which are the major
elements of CRs less than 10 PeV. The injection parameters
are listed in Table 2. The green lines are the propagated
proton and helium spectra in the HD model. For the HD
model, we do not taken into account the local source,
since the nuclei excess between 200 GV and tens of TeV

10°

L

O
R 107
1 —— AMS-02 (2016)
il HD RS
— SDP-A
1 —SDP-B
10?2 “-—rrmr—— 1y
100 10! 102 103

E, (GeV/nucleon)

Fig. 1 Calculation of B/C ratio to obtain the propagation
parameters in HD, SDP-A and SDP-B models, with B/C
data taken from the AMS-02 measurement [47].

Table 1 Diffusion parameters of three propagation

models.

Model Dg (cm?-s71) dy Np & n wu (km-s™') L (kpe)
HD  4.75 x 10%® 0.46 22 5

SDP-A  5.64 x 10%® 0.56 0.51 0.1 3.5 6 5

SDP-B  5.84 x 10%® 0.55 0.49 0.1 3.5 6 5

productivity. Compared with the observations less than
100 TeV, both proton and helium spectra measured by
the KASCADE experiment indicate a visible steepening.
In this work, the cutoff rigidity of different elements is
assumed to have z-dependence. To fit KASCADE
observations, the cutoff rigidity of proton and helium
are set to 7 PV for HD and SDP-A model, but 3.5 PV
for SDP-B model.

The SDP-A model is marked as the red lines, in which
the dash-dot, dash and solid lines denote the fluxes from

does mnot affect the sub-PeV gamma-ray photon background sources, local SNR and sum of them

—a— AMS-02 —e— KAS Grande HD
—e— CREAM —— KAS QGSJET —— SDP-A
—s— DAMPE KAS SIBYLL —— SDP-

= Nuc IC IceTop

% 104 Nuc KLEM HAWC 1

k2

B

>

[

ST

@ 10°

g

m r . i J!

10% s L

100 100 10t 105 105 107
E (GeV)

108 10? 10° 10 10° 10° 107 108

E (GeV)

Fig. 2 Calculated proton and helium energy spectra in propagation models of HD, SDP-A and SDP-B. The proton and
helium data are taken from AMS-02 [50, 51], CREAM-II [48], NUCLEON [52], DAMPE [49] and KASCADE [53], IceTop [54]

and HAWC [55].
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Table 2 Injection parameters of the background and local sources in three propagation models.

Model Parameters P He C N O Ne Mg Si Fe
Normalization* “ A . . A
20 01 16.8 2.26 19.3 2.2 2.78 .20 2.92
HD 1075[(m?-sr-s-GeV) 1]
v 2.32 2.26 2.31 2.37 2.32 2.31 2.31 2.41 2.27
R. (PV) 7 7 7 7 7 7 7 7 7
Normalization
5 4090 259 1.40 13.3 1.50 1.86 2.05 2.21
107°[(m2-sr-s-GeV) 1]
SDP-A background
v 2.37 2.29 2.32 2.37 2.34 2.32 2.33 2.45 2.32
R. (PV) 7 7 7 7 7 7 7 7 7
do
1049(Gev_l) 2800 1400 36 5.2 40 6.2 6.6 5.7 5.2
SDP-A local
e} 2.10 2.10 2.05 2.05 2.05 2.05 2.05 2.05 2.05
RL (TV) 28 28 28 28 28 28 28 28 28
Normalization 4500 282 12.8 1.84 15.8 1.93 2.59 2.64 2.89
107°[(m2-sr-s-GeV) 1] ' ' ' ’ ' ’ ’
SDP-B
v 2.34 2.26 2.33 2.39 2.34 2.35 2.37 2.41 2.35
R (PV) 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

*The normalization is set at kinetic energy per nucleon Fy = 100 GeV/n.

respectively. To reproduce the softening at 20 TeV [48,
49], the cutoff rigidities of local CRs are set to 28 TV. It
has been shown that this break is relevant to the peak
in the anisotropy amplitude at ~ 10 TeV and the flip of
anisotropy phase at ~ 100 TeV. In this SDP model,
energetic CRs principally propagate within the IH.
Therefore compared with HD, the background spectra
(i.e., red dash-dot lines) gradually harden above 10* GeV,
so that the calculated fluxes above 10* GeV are higher
than HD model. The corresponding sub-PeV diffuse
gamma-ray flux is expected to be higher in the SDP
model.

The blue lines are the calculated proton and helium
fluxes in SDP-B model. Here the parameter N,, is 0.49,
which is smaller than 0.51 of SDP-A model, so the prop-
agated spectrum and corresponding B/C ratio are
harder than those of SDP-A model. The cutoff rigidity is
set to 3.5 PV in order to fit the KASCADE data. But
the observed softening structure at around tens of TeV
could not be explained, and both proton and helium
fluxes inevitably exceed those of HD and SDP-A models
above 100 TeV. As we will show below, these extra
fluxes are important to account for the observed sub-
PeV diffuse gamma rays.

3.2 All-particle spectrum

The diffuse sub-PeV photons principally originate from
the CRs at PeV energies, and an amount of ground-
based observations of all-particle spectrum have been
performed at this energy range with high precision. To
calculate all-particle spectrum, we fit other major
components, namely C, N, O, Ne, Mg, Si and Fe respec-
tively. All of them conform with the observations at

lower energy separately and are extrapolated the model
to the knee region. The injection parameters are summa-
rized in Table 2. The cutoff rigidity of nuclei is Z-dependent
in order to fit the knee region. It is worth noting that at
knee region, which is most relevant to the Tibet sub-
PeV gamma-ray observation, the major composition of
CR flux is proton and helium, so the fluxes of heavier
composition do not take leading role.

In Fig. 3, we compare the calculated all-particle spectra
with observations. We could see that the expected all-
particle spectrum in HD model is lower than the obser-
vations by simply extrapolating the low-energy spectrum
assuming a single power-law injection spectrum. This
would make the expected diffuse sub-PeV flux well
below the observations, as we would see. The all-particle

FEk L

10%4

] Horandel

{ +e— Tibet (2008)

IceTop (2019)

| v IceTop (2020)

1 HAWC (2017)

ARGO (2014)
ATIC (2009)

+—4— Nucleon (2019)
Kascade (2005)
HD

E*SO(E) (GeV'*m s -sr")

10°4
] — SDP-A
1 — SDP-B
T T T
10° 10¢ 107 108
E (GeV)

Fig. 3 Calculated all-particle spectra in three propagation
models. The all-particle data are taken from Horandel [56],
IceTop [54, 57], Tibet [5], HAWC [58], ARGO [59], ATIC
[60], NUCLEON [61] and KASCADE [4].

Bing-Qiang Qiao, et al., Front. Phys. 17(6), 64501 (2022)

64501-5



Fe > FRONTIERS OF PHYSICS

RESEARCH ARTICLE

spectrum could be accounted for until ~ 10 PeV in both
SDP models. Beyond that energy, the Galactic contribution
drops significantly, and these CRs may originate from
the extra-galactic sources. Furthermore the CRs above
10 PeV essentially do not contribute significantly to the
sub-PeV gamma-ray photons during the interaction with
the interstellar medium. Therefore we do not further
study the origin of such high energy CRs. It is worth
noting that the all-particle flux in SDP-B model
approaches to the upper limits of measurements above
PeV energies.

3.3

Diffuse gamma-ray emission

After reproducing the local CR observations, we further
calculate the spatial distribution of CRs and the corre-
sponding diffuse gamma-ray spectra. Above ~ 20 TeV,
the gamma-ray photons would have interactions with
low-energy Galactic interstellar radiation field (ISRF)
and the observed gamma-ray flux is expected to be
strongly suppressed [62, 63]. Figure 4 shows the diffuse
gamma-ray spectra calculated by the three propagation
models. The solid and dash lines are the diffuse gamma-
ray spectra with/without gamma-ray attenuation from
pair production respectively. As illustrated in the figure,
above 100 TeV, the gamma-ray fluxes show observable
attenuation.

In HD model, the calculated diffuse gamma-ray fluxes
are well below the observations. Compared with HD, the
gamma-ray spectra above 1 TeV show noticeable bumps
in both SDP models so that the flux has been greatly
enhanced correspondingly. This results from the spectral
hardening of CRs between 100 TeV and 10 PeV in the
entire halo. Meanwhile compared with SDP-B model,
the diffuse gamma-ray flux in SDP-A model is lower,
which means the CR flux in the whole Galaxy is always
lower than SDP-B model above 100 TeV. This is because
the excess of CR flux become softening at ~ 20 TeV in
SDP-A model, and is attributed to a local effect. Especially

(@) | = ARGO-YBJ
1054 ™ Tibet AS+MD
= E HD
o ] HD Abs.
e 1--- SDP-A
= 1 — SDP-A Abs.
3] --- SDP-
T, 1 — SDP-B Abs. +
S 10"‘-E
) ]
e
& ]
S
< 1054
3 25°</<100°, |b|<5° \
1072 107 1 10 10% 103 10*
E (TeV)

close to the direction of anti-Galactic center, i.e.,
50° < 1 < 200°, the gamma-ray flux above 100 TeV is
significantly lower than Tibet observation. Furthermore,
the flux at 1 TeV is slightly lower than ARGO measure-
ments.

Only the expectations by the SDP-B model could
marginally reaches the lower limits of both ARGO-YBJ
and Tibet AS+MD observations at 25° < [ < 100°. This is
due to the enhanced CR flux from 10 TeV to 10 PeV.
Meanwhile in SDP-B model, the hardening is regarded
as the propagation effect, which enables the CR flux
above 10 PeV in the entire diffusive halo to be
augmented overall. Close to the Galactic center, the
propagated CR energy spectra is harder. But as we have
seen that, the CR proton flux exceeds the available
observations and the softening at tens of TeV could not
be reproduced.

As can be seen, the origin of sub-PeV diffuse gamma-
ray flux has a tension with local CR observations more
or less. When the local CR observations are reproduced,
the calculated gamma-ray flux is inadequate to explain
the Tibet observations. But if the sub-PeV gamma-ray
flux is accounted for, the required CR flux surely
exceeds the local CR energy spectra. This is obvious at
50° < I < 200°, which requires an unexpectedly large CR
flux at anti-Galactic direction.

34

Diffuse neutrino spectrum

Based on the sub-PeV gamma-ray observation, we could
reckon the Galactic contribution below PeV. On average,
the p—p collision produces nearly one-third neutral pions
and two-thirds charged pions. Each neutral pion decays
into a pair of gamma rays, whereas each charged pion
decays into two muon neutrinos and one electron
neutrino (here we do not distinguish between neutrinos
and anti-neutrinos). The initial neutrino flavor ratio is
approximately v.:v,:v,=1:2:0 from charged pion
decay. After travelling, The flavor ratio is transformed

(®) | = Tibet AS+MD
- HD
. ?DDPAXSA
7 1073 — SPP-A Abs. +
& J---sppB
b ] — SDP-B Abs.
% 4 50°</<200°, |b|<5°
g -
E.q 1077
. \
= ] \

1072 10 1 10

E (TeV)

10* 10° 10*

Fig. 4 Calculated diffuse gamma-ray spectra in three propagation models. The gamma ray data are taken from ARGO-

YBJ [64] and Tibet AS+MD [19] experiments.

64501-6

Bing-Qiang Qiao, et al., Front. Phys. 17(6), 64501 (2022)



RESEARCH ARTICLE

FRONTIERS OF PHYSICS f P

t0 ve iy, v, =1:1:1 due to the vacuum neutrino oscil-
lation. The typical neutrino energy from charged pion
decay is approximately half of the gamma-ray photon
from neutral pion decay. The gamma-ray spectrum at
sourceis d®, /dE, = ¢, E; T, the resulting neutrino spectrum
is shifted relative to the gamma-ray spectrum [65], i.e.,

do, B N>t
¢VEVF = (> ¢’YEVF .

dE, ~ 2 @

In Fig. 5, we evaluate the diffuse neutrino flux in
three propagation models respectively. Compared with
the fitting result of IceCube observations, which has a
power index of ~ 2.87, the spectrum of galactic diffuse
neutrinos is softer above hundreds of TeV. Because of
the cut-off energy of background injection spectrum of
SDP-B model is smaller than another two propagation
models, it can be seen that the calculated diffuse
neutrino flux of SDP-B model is lower than that of the
other two models above ~ 500 TeV. While it is larger
than the other two models with energy less than ~ 500
TeV. Even in this case, the galactic diffuse neutrinos
generated during CRs propagation, only take up to at
most 15% of latest observations and are less than the
90% C.L. upper limit for the neutrino flux of the Galactic
plane measured by the ANTARES neutrino telescope
and IceCube.

4 Conclusion

The argument that the CRs below knee region are accel-
erated by the Galactic sources, has long been the lack of
clear evidence. Most recently, the Tibet ASy experiment

HP m IceCube (2021)

— EBEIQ — IceCube Fit (2021)
o) 1074 — ' —— ANTARES UL
5 — IceCube UL (2017)
T - ==
g 1054 \‘\r ]
o | Ty T
» —
Z 107 I
S
SEURE
=

10 . r
10° 10°
E (GeV)

Fig. 5 Diffuse neutrino flux calculated by the three propa-
gation models. The data are taken from the ICECUBE 7.5
years’ observation [66]. The violet line is the power-law
fitting to the data, with normalization & = 6.37 x 10'® GeV -
cm 25 tsr! at 100 TeV and power index = —2.87. The
orange bar with arrows exhibits the 90% C.L. upper limit for
the neutrino flux of the Galactic plane using the ANTARES
neutrino telescope[67], while the gray bar with arrows is the
same as above except for using the IceCube 7 years data [68].

reported their findings of the diffuse gamma ray photons
between 100 TeV and 1 PeV, nearby the Galactic disk.
These sub-PeV photons are likely the n%decay products
from the hadronic interactions between the CR nuclei
and interstellar materials. The Galactic origin of CRs
with energy up to PeV have a definite conclusion along
with observations of Galactic center [12, 69], SNR
(G106.34-2.7 [13, 70], the massive young cluster Westerlund
1 [69, 71], Cygnus OB2 [69], gamma-ray binary source
(LS 5039, PSR B1259-63, LSI +61°303, PSR J2032+
4127) [72] as well as Cyngnus Cocoon [14] and so on.

In this work, we study the propagation origin of these
sub-PeV diffuse gamma rays by considering three
competing propagation models. One is homogeneous
diffusion and the other two are SDP models. Compared
with the homogeneous diffusion, the SDP-A model could
generate more gamma rays above 10 TeV around the
disk due to the flattenning propagated CR spectra above
tens of TeV. Nonetheless, to meet the observed sub-PeV
gamma-ray flux at 25° <1< 100°, the local CR flux in
the SDP plus local source model has to slightly exceed
the observation of the all-particle spectrum at around 10
PeV. And the calculated gamma rays are still inadequate
for the measurements of 1 TeV at 25° <[ < 100° and
above 100 TeV at 50° < I < 200°. As for the SDP-B model,
all above gamma-ray observations could be accounted
for. However, such a model meets up with severe chal-
lenges. The local CR flux would be greatly enhanced,
which far exceeds the all-particle measurements. Mean-
while the softening of CR nuclei at ~ 20 TeV could not
be reproduced, much less the observations of large-scale
anisotropies.

In the current propagation models, there is a tension
between sub-PeV gamma rays observation and local
CRs measurements. One possibility is that the propagated
spectrum is harder close to the Galactic center, whereas
the propagation around the solar system is still
unchanged, as indicated by the analysis of [73] for the
radial distribution of diffuse gamma-ray. Therefore, the
observed sub-PeV gamma rays and local CRs could be
simultaneously satisfied by the SDP model. Meanwhile,
these sub-PeV gamma-ray photons from the Galactic
disk may not entirely come from the CR propagation.
Most of CR sources and interstellar medium are located
around the Galactic disk. There may be some of gamma-
ray photons from CR sources, despite that the events
within 0.5° from the known TeV sources have been
subtracted. This has also been confirmed by the Tibet
observation in fact. Above 398 TeV, 4 events at
50° < | < 200° are detected less than 4° from the center of
the Cygnus cocoon, which is just proved to be a PeV
source by HAWC experiment. We hope more extensive
research of diffuse gamma rays and the observation of
single CR composition between 100 TeV and 10 PeV
with high precision could testify our conclusion.

We evaluate the corresponding neutrino flux from the
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