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Abstract: The standard model of cosmic ray propagation has been very successful in explaining all kinds of galactic
cosmic ray spectra. However, high precision measurement have recently revealed an appreciable discrepancy between
data and model expectations, from spectrum observations of y-rays, e /e~ and probably the B/C ratio starting from
~10 GeV energy. In this work, we propose that a hard galactic plane component, supplied by the fresh cosmic ray
sources and detained by local magnetic fields, can contribute additional secondary particles interacting with local
materials. By properly choosing the intensity and spectral index of the harder component up to multi-TeV energy, a
two-component y-ray spectrum is obtained and agrees very well with the observation. Simultaneously, the expected
neutrino numbers from the galactic plane could contribute ~ 60% of IceCube observed neutrino number below a few
hundreds of TeV under our model. In addition to these studies, we find that the same pp-collision process responsible
for the excess gamma ray emission could account for a significant amount of the positron excess, but a more detailed
mechanism is needed for a full agreement. It is expected that the excesses in the p/p and B/C ratio will show up
when energy is above ~10 GeV. We look forward this model being tested in the near future by new observations

from AMS02, IceCube, ASy, HAWC and future experiments such as LHASSO, HISCORE and CTA.
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1 Introduction

Recent decade has witnessed great progress being
made in Cosmic Ray (CR) physics. With the new genera-
tion of space-borne and ground-based experiments, CRs
are stepping into an era of high precision. PAMELA
discovered a clear positron excess for energy between
10—100 GeV in 2009 [1]. Recently, the AMS2 collab-
oration has released its first result, i.e. the positron
fraction e™/(e™ +eT) measurement with energy between
~ 0.5 GeV to ~ 350 GeV [2], which confirmed the
PAMELA positron excess with unprecedented high pre-
cision. These results have stimulated a lot of theoretical
studies from the point of view of either exotic processes
[3—7] or astrophysics processes [8—11].

Due to the fact that anti-proton excess has not been
observed, the contribution to the e™ excess from the in-
teraction between CRs and InterStellar Medium (ISM)
was constrained by the p/p and B/C ratio [12-16]. High
precision observation of diffuse «-rays obtained by Fermi-
LAT shows that a discrepancy between data and model
prediction above ~10 GeV is evident [17]. The Fermi-
LAT excess actually is consistent with the multi-TeV ex-
cess observed by MILAGRO in the inner galactic plane
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[18] by taking into account the contribution from a Hard
Galactic Plane Component (HGPC) [19]. The diffuse
~-ray in the CYGNUS region within tens of degrees ob-
served by Fermi-LAT and MILAGRO [20] is also explain-
able by HGPC [21]. The continued excess all over the
galactic plane and no excess outside the galactic plane
does not favor the dark matter interpretation. By con-
sidering the fast energy loss, the IC scattering process of
electrons is constrained by an earlier study [22]. In short,
the diffuse y-ray excess tends to suggest the existence of
the extra CRs, which interact with the ISM.

The neutrino, being only generated from the interac-
tion between CRs and ISM, provide a unique probe to
study the origin and acceleration of CRs. Thanks to the
IceCube experiment, very high energy neutrino observa-
tion has made great progress. The IceCube collaboration
reported the detections of two PeV neutrino events and
26 other neutrino events from 30 to 400 TeV with 2 years
of data [23, 24]. The number of events exceeds the back-
ground by 2.80 and 3.3¢ respectively. Recently updated
results with a total number of 37 neutrino events from 30
TeV to 2 PeV corresponding to 5.7¢ has been published
for 3 years of data combined [25]. By including the TeV
energy neutrinos, the spectrum can be described by a
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power law with an index of —2.46 [26]. Two types of
origins have been discussed in the literatures: galactic
and extra-galactic sources. The galactic origins include
the TeV y-ray point sources [30, 31], the galactic center,
Fermi bubble region [32-34] and the diffuse CR inter-
action with the ISM [35-37]. Most recently , Neronov
and Semikoz found that both diffuse y-ray and IceCube
neutrino excesses can be well described if the spectral
index of galactic CRs is —2.5 [29]. As the HGPC allows
a harder spectrum than the one required in [29], its con-
tribution to the IceCube neutrino excesses may not be
ignorable.

With all of these high precision results, one can es-
timate the energy power of the excess particles. For
simplicity, we assume that the fluxes of diffuse y-rays
are isotropic on a spherical shell with a distance of 8
kpc from galactic center. According to the integrated
flux of diffuse y-rays above 10 GeV, which is 2.5x107°
ergs - cm~2-s7 -sr! [29], the power of excess y-rays is
~ 2 x 10% ergs/s. Similarly, the power of the neutrino
excess is estimated to be ~ 10%7 ergs/s by adopting the
IceCube spectra mentioned above and extrapolating the
lower energy side to 10 GeV [26, 29]. The power of the
positron excess need to be estimated in a different way.
Based on the excess positron flux measured by AMS02,
its local energy density is ~ 107° eV. Assuming this is
the average value in the galaxy and considering the vol-
ume of our galaxy is 7(20 kpc)?(0.2 kpc) ~ 1057cm? | the
power of excess positron is estimated to be ~ 4 x 1036
ergs/s if the dominant multi-GeV excess positrons have
a lifetime of 10° years. It is interesting to notice that
the energy power of the three kinds of excess particles
is of the same order of magnitude and thus it is natural
to ask whether these excesses of y-rays, neutrinos and
positrons share the same origin. If the answer is true,
one possible explanation is that one part of the CRs is
missed by the steady state solution in the standard model
of CR propagation. Following this picture and consider-
ing that all excess phenomena happen between ~10 GeV
to sub-PeV, the involved CRs must have harder spectra
between ~100 GeV to ~PeV.

As a matter of fact, two types of HGPC have been
studied widely in the literature. The first type includes
point sources and extended sources (the apparent size of
the source really depends on its distance and age), where
the HGPC is either under or soon after acceleration. Ac-
cording to the diffusive shock acceleration theory, their
CRs should have a power law spectrum with an index
of about —2. The contributions have been well demon-
strated by the y-ray observations from galactic center
[38], Cygnus Cocoon [39, 40] and so on. The second type
of HGPC fills the whole galactic disk and is related to the
propagation of CRs. As in the simple example proposed
by Tomassetti [113], Two Halo diffusion Model (THM)
leads to a two component spectrum and could success-

fully explain the hardening of nuclei spectra at rigidity
of ~200 GV observed by ATIC, CREAM and PAMELA
[64, 65, 67]. The key point of THM is that the diffusion
coefficient has a smaller rigidity dependence in the thin
inner halo (i.e., galactic disk) than in the wide outer halo
(i.e., traditional galactic halo). The CRs, especially at
high energy, stay longer in the disk and contribute an ad-
ditional harder component. The point of this paper tends
to explain the excess of y-rays at the galactic plane by
adopting HGPC. Simultaneously, the y-rays can be used
as a direct probe of the CR densities and spectra in dis-
tant locations and can quantify the contribution of the
HGPC. The extra hadronic interactions can contribute
part of the “excesses” of other secondary particles, such
as PAMELA positrons and IceCube neutrinos. Partic-
ularly, flatter distributions of p/p and B/C ratios are
expected.

The paper is organized in the following way. Sec-
tion 2 describes the conventional propagation model of
CRs and the additional secondary production from the
HGPC interaction with ISM. Section 3 presents the re-
sults of the calculation compared with the observation.
Finally, Section 4 gives the discussion and conclusion.

2 CR propagation and interactions in
the galaxy

Expanding diffusive shocks, generated in the active
phase of astrophysical object such as SNRs [42-44] and
the galactic center [45-49], are able to accelerate CRs
to very high energy. Then these particles would diffuse
away from the acceleration site, and travel in the galaxy
for ~ 107 years. The journey involves many processes
which are described by the following propagation equa-
tion:

Mgi’f’“ —4(7p,0)+ V- (DY~ Vov)
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where (7, p,t) is the density of CR particles per unit
momentum p at position 7, ¢(¥,p,r) is the source dis-
tribution, D,, is the spatial diffusion coefficient, V. is
the convection velocity, D,, is the diffusion coefficient
in momentum space and is used to describe the re-
acceleration process, p = dp/dt¢ is momentum loss rate,
and 7; and 7, are the characteristic time scales for frag-
mentation and radioactive decay respectively. Conven-
tionally, the spatial diffusion coefficient is assumed to
be space-independent and has a power law form D,, =
BDo(p/po)° of the rigidity p, where § reflects the prop-
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erty of the ISM turbulence. The re-acceleration can be
described by the diffusion in momentum space and the
momentum diffusion coefficient D, is coupled with the
spatial diffusion coefficient D,, as [50]
4dpvs 5

30(4—062)(4—6)w @)
where v, is the Alfven speed, and w is the ratio of
magnetohydrodynamic wave energy density to the mag-
netic field energy density, which can be fixed to 1. The
CRs propagate in an extended halo with a characteristic
height z,, beyond which free escape of CRs is assumed.
The values of the key parameters of CR propagation are
listed in Table 1, which is similar to previous studies
except for the tuned injection spectrum [5, 51-53]. De-

tailed studies of the uncertainties about the conventional
model can be found in Refs. [54-56].

Dppo =

Table 1. Propagation parameters.
D%/(10%® cm?-s71) 5.5 po/GV
1) 0.45 va /km-s71) 32
Rmax/kpC 20 Zh/kpC 4

It is generally believed that SNRs are the sources of
galactic CRs. The spatial distribution of SNRs is usually
described by following empirical formula:

o2 (e ().

where ro = 8.5 kpc is the distance from the Sun to the
galactic center, z, ~ 0.2 kpc is the characteristic height of
galactic disk, and a=1.25 and b=3.56 are adopted from
[57], which are suggested from Fermi-LAT studies on dif-
fuse 7y-ray emission in the 2nd galactic quadrant [58].
The accelerated spectrum of primary CRs at the source
region is assumed to be a broken power law function:

i) — gi (p/Poe) ™
TAr) = { (0/por) " 1 (5)

where i denotes the species of all nuclei and electron, p
is the rigidity, and ¢ is the normalization factor for all
nucleus and electron, relative abundance of each nuclei
follows the default value in the GALPROP package [59].
Dur is the broken energy and vy, v, is the spectrum index
before and after the broken energy py.. f(p) is used to
describe the high energy cut-off and p is the break rigid-
ity. For the primary electrons, a soft spectrum index
with the value of —3.5 at the rigidity 2 TV is adopted in
order to agree with HESS observations [61]. For the nu-
clei, to reproduce the knee structure of CRs, f(p) can be
described as the following formula based on the Horandel
model [62]:

if (p < pbr)7 (4)
if (p >Pbr)

Ay

F (Prenee) = [1+ (g) ] (5)

where A~y and €. characterize the change in the spec-
trum at the break rigidity p. Detailed information of the
parameters is listed in Table 2.

Table 2. The injection spectrum of primary CRs.
parameters nuclei electron
log(qf) —8.31 —9.367
V1 1.92 1.5
v 2.31 2.7
Por/GV 9 5.7
p/PV 3.68
Ay 0.44
€c 1.84

When the low energy CRs arrive at the solar environ-
ment, the direction of motion will be affected by the so-
lar wind. This is called solar modulation. The force-field
approximation is used to describe the solar modulation
by the modulation potential ¢ [60]. In this work, the
modulation potential @ is fixed as #=550 MV for proton
and anti-proton, =300 MV for B/C, $=600 MV for
positron and electron, as discussion Ref. [52].

By using the publicly available numerical code GAL-
PROP and by taking the main parameters described
above, the directly measured proton spectrum up to
~100 TeV can be successfully reproduced as shown in
Fig.1. Simultaneously, the calculation can provide all
spectra of observable secondary particles for comparison
with the experimental results. We will refer to those re-
sults from the corresponding calculation as conventional
model results hereafter.
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Fig. 1. (color online) The proton spectrum in the

conventional model as shown by the solid red line
before considering solar moduation and by the
solid black line after considering solar modua-
tion. The experiment data for protons come from:
AMS02 [63], ATIC [64], PAMELA [65], AMS01
[66], CREAM [67], BESS [68], JACEE [69], RUN-
JOB [70], Zatsepin [71].

Conventional model calculations are able to describe
well the high latitude diffuse y-ray spectra but do not
give a good enough description of the spectra in the
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galactic plane [17]. Distributed along the galactic disk,
the HGPC has been discussed and expected to resolve
the deficit problem [21, 29]. The ideal way to incorpo-
rate the effects of HGPC is to include all these details
in the calculation of the propagation equation, includ-
ing the temporal variant injection spectra, the spatial
dependent discrete source distribution, the diffusion co-
efficient and so on. As a first-order approximation, this
work focuses only on the averaged production of sec-
ondary CRs by the HGPC and does not attempt to un-
derstand the individual contributions of the HGPC. For
this purpose, an effective description of the HGPC offers
an alternative approach. To some extent, this is actually
an exact approach. In other words, one effective term
for the HGPC could account for all the contributions
from point sources and extended sources in the galactic
disk.

In this work, we assume that the HGPC has the same
spatial distribution as that of the SNRs and stays in this
region. It means that the HGPC does not take part
in the propagation as the primary or secondary parti-
cles do. Furthermore, the spectum of the HGPC should
be close to the injected spectrum of primary CRs. In
fact, we simply employ the injected spectrum of pri-
mary CRs as in Formula 4, but with a rescaled nor-
malization factor. The rescaled normalization factor
is actually a free parameter and determined by giving
the best agreement between the model calculation and
observations.

3 Results on secondary particle spectra

Base on the above discussion, the secondary particles
are produced from two components: steady state CRs in
the conventional model and the HGPC. The secondary
spectra from the contribution of the conventional model
can be directly obtained from the GALPROP package
calculation. The secondary particle production from the
HGPC is calculated under the GALPROP frame work
by switching off the propagation of HGPC to keep the
HGPC spectrum unchanged and limit the related inter-
actions only in the source region. After the produc-
tion, the secondary particles follow the same propaga-
tion as those from the conventional model calculation.
In which, the spectra of additional secondary particles
can be obtained. Given a rescaled normalization factor,
the summed spectra of secondary particles can be com-
pared with the observations. By adjusting the rescaled
normalization factor, we find that a value of 0.4 offers
the best agreement.

3.1 Diffuse y-ray emission

The diffuse y-rays in the galactic plane are pro-
duced through three major processes: decay of 7° gen-

erated by pp-collisions, IC scattering off the ISRF and
bremsstrahlung by electrons. In the case of IC calcula-
tion, the widely used ISRF model is adopted [72, 73].

According to the available spectra of high energy dif-
fuse y-rays on the galactic disk, four regions are studied
in this work: (a) Inner Most Galactic Plane(IMGP:|b| <
5° & |I| < 30°), (b) Inner Galactic Plane (IGP:|b| < 8°
& || < 80°), (c) Outer Galactic Plane (OGP:|b| < 8°
& |I] > 80°) and (d) Cygnus Region(CygR). Figure 2
(a)—(c) show the comparisons of the diffuse y-rays from
region (a)—(c). All of our conventional model calcula-
tions agree well with those from the Fermi-LAT collabo-
ration [17]. The general conclusion is that model calcu-
lation can not describe the observation with the energy
above a few GeV. After adding the contribution from the
HGPC, also dominated by 7° decay, the agreement be-
tween model calculations and observations is much better
from 1 to 100 GeV.

The hard spectrum is expected to continue to very
high energy due to the HGPC contribution, which can
be tested by diffuse y-ray obsevation at higher energy.
Fortunately, multi-TeV observation has been performed
by ground-based EAS experiments in CygR. Figure 2
(d1) show the spectrum observed by Fermi-LAT in a
wide CygR region together with model calculations.
Though HGPC helps to explain the observation above
10GeV, the overall theoretical spectrum underestimates
the Fermi-LAT observation. This is probably because
CygR is a star formation region which contains many ac-
celerators, old and young. A full understanding should
take into account all contributions, including those from
point sources and extended sources. Another possibility
is that the ISM in this region is not properly modeled
in the calculation; if we increase the amount of gas by
25%, the calculation can have perfect agreement with
observation. ARGO-YBJ performed TeV observation in
a slightly different area in CygR as shown in Fig. 2
(d2). The calculated flux agrees with the observation
within experimental error. However, the measured flux
has a large uncertainty and precision tests are clearly
foreseen with new observations from Tibet-ASy [74] and
HAWC [75]. Figure 2 shows the spectra meaurement by
EGRET and MILAGRO from a narrow band of CygR
along the galactic plane. Model calculation shows very
good agreement with the observations from sub-GeV to
tens of TeV energy. The HGPC contributes almost all
the y-ray emission at multi-TeV energy. More accurate
observations of diffuse y-rays above multi-TeV energy
will be crucial in testing the HGPC hypothesis.

3.2 Diffuse neutrino emission

Charged pion decay will produce neutrinos accompa-
nied by y-rays. Different from y-ray observations, neu-
trinos interact very weakly with matter and a very large
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volume of target material is required to detect the neu-
trino events.

With a cubic kilometer ice telescope below the surface
of the South Pole, the IceCube collaboration reported a
detection of 37 neutrino candidate events from 30 TeV
to 2 PeV, with a background of 8.4+4.2 from CR muon
events and 6.617% from atmospheric neutrinos during a
lifetime of 988 days [25]. By including TeV measurement,
the neutrino spectrum is obtained from ~TeV to ~PeV
energy [26]. The left panel of Fig. 3 shows the IceCube
data points together with the model calculation. It can
be seen that the theoretical calculation of allsky flux as
shown by the black solid line is lower than the experimen-
tal observation. The best-fit result, shown by the gray

solid line, indicates that the HGPC contributes ~60%
of the IceCube observation. It should be noted that the
galactic neutrino flux mainly come from galactic plane
according to our model calculation as shown in the right
panel of Fig. 3 by the black solid line. This conclu-
sion apparently contradicts that of the IceCube collabo-
ration, which claimed an isotropic distribution based on
the current limited number of neutrino events. It is pos-
sible that the extrapolation of the hard component to
~ PeV is unlikely to be the right approach, which may
overestimate the galactic contribution. According to our
previous work [37], the galactic contribution of neutrino
flux is expected to be at the level of 10% by adopting the
flux of CRs from the conventional model.
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Fig. 3.

(color online) The calculated ~-ray spectrum: red shows the m° decay, green shows the IC scattering, gray
shows the bremsstrahlung process and black shows the total spectrum; here solid lines represent the contribution
from the conventional model and dashed lines represent the contribution from the HGPC. The data at GeV energy
range with black circles is from Fermi-LAT [17, 20, 27, 76] and that with red open circles is from EGRET [77].
The data at TeV energy range with red points is from the ARGO experiment [78]; the data at 15 TeV energy with
blue squre points is from the MILAGRO experiment [18].
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3.3 The ratio of p/p and B/C

There is great astrophysical interest in CR antipro-
tons and boron nuclei. It is believed that most of an-
tiprotons and boron nuclei originate from collisions of
CRs with ISM. Therefore information about CR propa-
gation can be extracted from comparison between the
spectra of secondary particles and those of primary
CRs. Based on the above discussion, the diffuse y-ray
excess, and part of the IceCube neutrinos can be ex-
plained by the HGPC. There is no doubt that antipro-
tons and boron nuclei as secondary particles should
be expected to have excesses for energy above tens of
GeV.

The left panel of Fig. 4 shows the calculated p/p
and the right panel shows the B/C. The blue and red
dashed lines present the calculated results from conven-
tional and HGPC models respectively. The black solidl
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line gives the total contribution. With considering the
contribution of the HGPC, the overall calculation on the
ratio of p/p is a little higher than the PAMELA observa-
tion [79, 80]. However, the uncertainty of p production
cross section is ~ 25% in the energy range 0.1—100 GeV
[81, 82], which should lead to the same level of uncer-
tainty in the ratio calculation. Taking all of these factors
into account, the model calculation is consistent with the
observation within the errors. On the other hand, the ra-
tio of B/C is quite consistent with the AMS02 observa-
tion after considering the HGPC contribution. Owing to
its hard spectrum, the HGPC induced secondary p and
boron nuclei inherit a similar hard spectrum, which make
the ratio of p/p, B/C considerably flatter than that from
conventional model. Such a tendency is not obvious in
current observations. In the future, high statistics and
TeV energy observation can offer a crucial and definitive
identification of this model.
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(color online) The calculated p/p (left panel) and B/C (right panel). The p/p data from: PAMELA 2014

[80], PAMELA 2010 [79], BESS 1995-1997 [83], BESS 1999 [84], CAPRICE 1994 [85], CAPRICE 1998 [86], HEAT
[87]. The B/C data from: AMS02 [88], PAMELA [89], RUNJOB [90], Juliusson [91], Dwyer [92], Orth [93], Simon
[94], HEAO-3 [95], Maehl [96], Voyager [97], Ulysses [98], ACE [99] and for other references see [100].

3.4 Positron and Electron Excess

Charged pion decay will produce ete™ accompanied
by neutrinos. In this section, the contribution of sec-
ondary particle ete™ from the HGPC interaction with
ISM will be discussed.
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[ The left panel of Fig. 5 shows the positron spectra
from two contributions. The blue and red dashed lines
stand for the conventional model and HGPC calcula-
tions. Because of the energy loss during the propagation
of positron, the resulting spectrum of positrons from
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Fig. 5. (color online) The calculated positron (left panel) and electron (right pfn/gﬁvspectrum. The experiment
datas are adopted from AMS02 [101], AMSO01 [102], PAMELA [1, 103], HEAT [104], CAPRICE [105], ATIC [106],

Fermi-LAT [107], HESS [61] and BETS [108].
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the HGPC becomes softer, which makes the sum of the
two contributions not sufficient for the explanation of
the positron excess as shown by the black dashed line.
Pulsar sources or exotic physical processes are required
to account for the discrepancy. According to the pulsar
model [52], the positron spectrum from pulsars can be
described by formula 4. Combining the three types of
components, the total calculation agrees well with the
AMSO02 observation as shown by the black solid line.

The right panel of Fig. 5 contains the spectrum of
electrons from observations and calculations. The blue
dashed line is for the primary electrons from the accel-
eration sources and the red dashed line is the sum of the
three contributions for the case of positrons. In total,
they agree with the spectra measured by PAMELA and
AMSO02 as shown by the black solid line.

Because of the good agreement between the model
calculation and observation for both positron and elec-
tron spectra, the ratio of positrons to electrons is de-
scribed very well by our model as shown in Fig. 6.
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Fig. 6. (color online) The calculated positron

fraction. The experiment datas are adopted
from AMS02 [2], AMSO01 [109], PAMELA [1],
HEAT944-95 [110], HEATO0O [111] and CAPRICE
[105].

4 Discussion and conclusion

The origin, acceleration and propagation are the fun-
damental problems of CR physics. In an era when
high precision and multi-messenger observation results
are floodng in, when various excesses and new phenom-
ena continually pop up, the successful standard model
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