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We study the contribution of Galactic sources to the flux of astrophysical neutrinos recently observed by
the IceCube Collaboration. We show that in the simplest model of homogeneous and isotropic cosmic ray
diffusion in the Milky Way the Galactic diffuse neutrino emission consistent with γ-ray (Fermi-LAT) and
cosmic ray data (KASCADE, KASCADE-Grande and CREAM) is expected to account for only 4%–8% of
the IceCube flux above 60 TeV. Direct neutrino emission from cosmic-ray-gas (pp) interactions in the
sources will require an unusually large average opacity above 0.01. On the other hand, we find that the
IceCube events already probe Galactic neutrino scenarios via the distribution of event arrival directions.
Based on the latter, we show that most Galactic scenarios can only have a limited contribution to the
astrophysical signal: diffuse Galactic emission (≲50%), quasidiffuse emission of neutrino sources (≲65%),
extended diffuse emission from the Fermi bubbles (≲25%) or unidentified TeV γ-ray sources (≲25%). The
arguments discussed here leave, at present, dark matter decay unconstrained.
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I. INTRODUCTION

Galactic cosmic rays (CRs) interact with gas and
radiation during the acceleration in their sources or during
diffusion in the Galactic medium. Neutral pions produced
in this interaction promptly decay into pairs of γ rays and
are one component of the observed γ-ray emission of the
Galaxy. A significant component of the Galactic diffuse
γ-ray emission in the 100 MeV to 100 GeV range observed
with EGRET [1] and Fermi-LAT [2] can be attributed to CR
interactions with gas and is expected to become increas-
ingly important towards higher energies. Direct evidence of
hadronic interactions in Galactic sources could be inferred
via the observation of low-energy cutoffs in γ-ray emission
spectra related to the production threshold of neutral
pions [3].
The production of pions in the same CR interactions and

the subsequent decay via πþ → μþνμ followed by μþ →
eþνeν̄μ (and the charge-conjugate process) predicts a flux
of high-energy neutrinos. The mean energy of a secondary
neutrino produced in the production and decay of charged
pions is typically of the order of 5% of the initial CR
nucleon energy. Galactic CRs are believed to dominate the
observed CR spectrum at least up to the CR knee, a spectral
break at about 3–4 PeV. Therefore, for proton-dominated
CR spectra the Galactic emission of γ rays and neutrinos is
expected to extend to at least an energy of a few 100 TeV
and possibly even higher.
Interestingly, the IceCube Collaboration has recently

identified a flux of high-energy neutrinos in the TeV-PeV
energy range [4,5]. The analysis is based on high-energy
starting events (HESEs), i.e. events with a neutrino inter-
action vertex inside the detector, as opposed to signals
ranging into the detector. Figure 1 shows the arrival

direction of a subset of HESE events with deposited energy
of Edep > 60 TeV in Galactic coordinates. This high-
energy subsample shows a significant contribution of
astrophysical neutrinos at the 5.7σ level. The best-fit
isotropic E−2 power-law flux is at the level of E2

νdN=dEν ¼
ð0.95� 0.3Þ × 10−8 GeV cm−2 s−1 sr−1 per flavor.
The topologies of the HESE events are classified in terms

of tracks and cascades, depending on whether the neutrino
interaction produced a muon track inside the detector or
just a nearly spherical emission pattern at its interaction
vertex, respectively. In Fig. 1 these different event topol-
ogies are shown as diamonds and filled circles, respec-
tively. The area of the symbols scales with the deposited
energy of the event. The most energetic events are three
PeV cascades (14, 20 and 35). At these high energies,
absorption of neutrinos in the Northern Hemisphere due to
charged and neutral current interactions as they pass
through Earth becomes relevant. As an illustration, the
red-shaded area shows the minimal Earth absorption of
neutrinos in the sample in log10 steps of 0.1.
The IceCube Collaboration has analyzed a possible

association of HESE events with known Galactic point
sources and a diffuse neutrino emission along the Galactic
plane; Galactic emission could not be significantly estab-
lished [5]. On the other hand, an isotropic distribution of
event arrival directions is expected for an extragalactic source
population. As an illustration, the two plots of Fig. 2 show
the HESE event distribution corresponding to events already
shown in Fig. 1, but now projected onto Galactic latitude
(left) and longitude (right). In this plot we indicate the
deposited energy via the height of the symbols, correspond-
ing to the scale of the right axis. A strong emission from e.g.
the Galactic plane could be visible via an event cluster in the
center of the latitude plot. However, the presently limited
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event statistics and the systematic uncertainties of the
neutrino arrival directions make an identification of this
Galactic structure less straightforward. In other words, the
absence of a strong correlation of neutrino events with
Galactic neutrino emission templates does not necessarily
imply that a Galactic origin is already ruled out.
Indeed, some authors have suggested that a significant

contribution of this flux could have a Galactic origin (see

Ref. [6] for a recent review). Possible sources are uniden-
tified Galactic PeV sources [7,8] or microquasars [9],
pulsar wind nebulae [10], extended Galactic structures like
the Fermi bubbles [11–14], the Galactic halo [15] or
Sagittarius A* [16]. A possible association with a hard
diffuse Galactic γ-ray emission [17,18] has also been
investigated as well as a contribution of neutrino emission
from decaying heavy dark matter [19–25]. A guaranteed
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FIG. 1. Mollweide projection of the arrival directions of IceCube events from Ref. [5] with deposited energies Edep > 60 TeV in
Galactic coordinates. The events are classified as tracks (diamonds) and cascades (filled circles). We use the same event numbers as in
Ref. [5]. The relative detected energies of the events are indicated by the areas of the symbols. The thin lines around the arrival direction
of the cascade events indicate the systematic uncertainty of the reconstruction. The red shaded region shows the minimal (Eν ¼ 60 TeV)
absorption of the neutrino flux due to scattering in Earth in log10 steps of 0.1.

90 60 30 0 30 60 90
Galactic Latitude

0

1

2

3

4

5

re
la

tiv
e

ev
en

td
en

si
ty

102

103

E
de

p
[T

eV
]

2

3

4

5
9

10
11

12

13

14

17

19

20

22

23

26

27

30

33

35

180 120 60 0 60 120 180
Galactic Longitude

0

1

2

3

4

5

re
la

tiv
e

ev
en

td
en

si
ty

102

103

E
de

p
[T

eV
]

2

3

4

5
9

10
11

12

13

14

17

19

20

22

23

26

27

30

33

35

FIG. 2. The Galactic latitude (left) and longitude (right) distribution of the HESE 3 yr events with Edep > 60 TeV. The blue solid lines
show projections of the sum of the probability distribution of event arrival directions normalized to an isotropic distribution. The red
dashed and green dot-dashed lines show the expected distribution of an isotropic flux of 60 TeVand 1 PeV neutrinos, respectively, taking
into account Earth absorption effects. The vertical positions of diamonds and circles indicate the deposited energy (right axis) of tracks
and cascades, respectively. The dotted vertical lines indicate the central fit of the event location.
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flux of Galactic neutrinos is provided by the diffuse
emission of Galactic CRs [12,26–33].
In this study we will discuss the expected high-energy

emission of Galactic neutrinos with a special emphasis on
its morphology. We provide estimates of the diffuse
neutrino emission of the Galaxy in the TeV to PeV energy
range utilizing the GALPROP propagation code [34]. Our
results are consistent with the hadronic sub-TeV γ-ray
emission inferred by the Fermi-LAT Collaboration [2].
We will estimate the uncertainties on the overall flux from
uncertainties of the CR spectrum in the knee region. The
inferred emission rate density of Galactic CR sources can
then be utilized to estimate the direct emission of γ rays and
neutrinos, which can be parametrized by the opacity of the
sources with respect to CR-gas interactions. We then try to
estimate via an unbinned maximum likelihood test the
sensitivity and discovery potential of the IceCube obser-
vation for Galactic emission.
Our paper is organized as follows. We first calculate

the Galactic diffuse neutrino flux in Sec. II, based on the
GALPROP propagation code and with both power-law and
exponential function fit to the CR spectra. In Sec. III, we
discuss the fluxes and morphologies of pointlike and
extended sources. We then perform an anisotropy test of
Galactic emission and calculate the sensitivity and 90%
upper limit on the Galactic fraction for different neutrino
source candidates in Sec. IV. Finally, we conclude in
Sec. V. Supplemental material for our study is provided
in the appendixes. In Appendix A, we compare our
Galactic γ-ray distributions with results of the Fermi
Collaboration. We discuss the dark matter decay spectra
in Appendix B, the background and signal samplings in
Appendix C and the likelihood function in Appendix D.
In Appendix E we discuss the extragalactic neutrino
emission associated with other galaxies similar to the
Milky Way.

II. GALACTIC DIFFUSE NEUTRINO FLUX

A guaranteed component of the diffuse γ-ray emission of
the Galaxy is due to CR interactions with the interstellar
medium. Hadronic interactions with gas such as pp →
ppþ π0 produce neutral pions that decay into two γ rays.
The associated process pp → pnþ πþ can generate
charged pions, which then decay into neutrinos.
Therefore, the observation of diffuse Galactic γ-ray emis-
sion in combination with the local measurement of CRs
determines the flux and morphology of diffuse Galactic
neutrino emission [12,26–33].
To calculate the secondary diffuse neutrino flux with an

energy above 1 TeV, it is important to understand the
primary CR flux, especially at energies around the CR knee
at a few PeV. This feature could be related to the maximum
rigidity achievable in Galactic accelerators or a change in
the rigidity scaling of diffusion. In both cases we expect a
strong dependence on the chemical composition of Galactic
CRs. In this study, we will adopt two Galactic CR models.
The first one assumes a CR composition of proton and
helium following a broken-power-law spectra that we fit to
the CREAM [35], KASCADE [36] and KASCADE-
Grande [37] data. Our best-fit CR spectrum follows

E2
A
dNA

dEA
≃ aA

8<
:

�
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E�
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�
−0.58

EA ≤ E�
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EA
E�
A

�
−1.1

EA > E�
A

; ð1Þ

with A ¼ p, He, ap ¼ 0.77 GeVm−2 s−1 sr−1 and E�
p ¼

4.1 PeV as well as aHe ¼ 0.39 GeVm−2 s−1 sr−1 and
E�
He ¼ 8.2 PeV . In the left panel of Fig. 3, one can see

that our power-law fit is in good agreement with the
observed CR data up to the knee region. Note that CR
diffusion in the Galactic medium softens the observable
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FIG. 3. Left panel: a broken-power-law fit to the CR spectrum including only proton and helium contributions. Right panel: a more
sophisticated fit with exponential functions from Ref. [38], where the iron flux is important around the knee.
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spectra. As a consistency check of our implementation of
the CR injection spectrum Eq. (1) into GALPROP one can
compare the energy dependence of the resulting CR flux to
analytic expectations. The difference between the observed
CR power E−β and the injected power E−α is expected to
follow the relation β ¼ αþ δ, where δ is the rigidity
dependence of the diffusion coefficient. In this study, we
assume diffusion of CRs in a Kolmogorov-like magnetic
turbulence that predicts δ ¼ 1=3. The numerical prediction
of GALPROP shown in the plot reproduces this expected
rigidity scaling well.
As a second CR model we adopt the best-fit result of a

study by Gaisser et al. [38] modeling the CR spectrum as a
superposition of three populations with individual contri-
butions of different mass groups that have a common
exponential rigidity cutoff [39]. As in the first CR model,
the proton and helium components still provide the
dominant contribution to the neutrino flux. The CR
spectrum is given by a parametric form in Ref. [38]
[Table II and Eq. (3) therein] and is shown in the right
panel of Fig. 3. The parametrized spectra are given by the
sum over three populations,

E2
A
dNA

dEA
¼

X3
i¼1

aA;i

�
EA

E�
A;i

�
2−ΓA;i

exp

�
−

EA

E�
A;i

�
; ð2Þ

with normalization ap ¼ ð0.34; 0.020; 0.00032Þ
GeVm−2 s−1 sr−1, cutoff energies E�

p ¼ ð4; 30; 2000Þ PeV
and spectral indices Γp ¼ ð2.66; 2.4; 2.4Þ for the three
proton populations and aHe ¼ ð0.35; 0.015; 0.00025Þ
GeVm−2 s−1 sr−1, E�

He ¼ 2E�
p and ΓHe ¼ ð2.58; 2.4; 2.4Þ

for helium. The two CR models have different powers
below the knee and the power-law model provides a harder

spectrum, i.e. larger CR fluxes. In the low-energy part below
100 TeV, neutrino fluxes follow a simple power-law behav-
ior and have a power of −2.54ð−2.69Þ close to the proton
CR fluxes in Eq. (1) [Eq. (2)].
In the left panel of Fig. 4, we show our predictions for

the all-sky-averaged diffuse neutrino fluxes for the two
different CR models. We also show the best-fit power-
law flux observed by IceCube [5], E2

νdN=dEν¼
4.5 × 10−8ðEν=100 TeVÞ−0.3 GeVcm−2 s−1 sr−1 summed
over neutrino flavors. The diffuse neutrinos account for
10% (5%) for the broken-power-law (global) fit with the sky-
averaged flux and Eν=ν̄ ≥ 30 TeV (see Refs. [40–44] for
other spectral analysis). For Eν=ν̄ ≥ 60 TeV, the diffuse
neutrinos account for a slightly smaller fraction of
8% (4%) for the broken-power-law (global) fit. Compared
to the atmospherical muon neutrino background measured by
IceCube [45] (see also [46–48] for theoretical calculations),
the Galactic diffuse neutrino flux dominates over the Galactic
diffuse spectrum below PeV. However, this comparison is
based on neutrino fluxes averaged over the whole sky. As we
know from the density distribution indicated in Fig. 11 of
Appendix A, the Galactic diffuse neutrinos mainly come
from the Galactic plane. In the right panel of Fig. 4, we show
the comparison for the neutrino differential fluxes around the
Galactic plane region with jbj ≤ 7.5° [45]. The Galactic
diffuse neutrinos can have a flux over the atmospheric one for
energy above ∼300 TeV. We also note that the IceCube
HESE analysis (see Fig. 1) has reported a reduced atmos-
pherical neutrino background and demonstrated an enhanced
ability to measure Galactic diffuse neutrinos [49].
Before we move on to the next section, a few remarks are

in order. Our analysis of Galactic diffuse gamma-ray and
neutrino emission with the GALPROP code follows the
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FIG. 4. Left panel: the differential neutrino and γ-ray spectra averaged over all the sky, based on the GALPROP SSZ4R20T150C5 diffuse
model. Also shown is the IceCube best fit and all-flavor spectrum flux: E2

νdN=dEν ¼ 4.5 × 10−8ðEν=100 TeVÞ−0.3 GeV cm−2 s−1 sr−1

[5]. For the γ-ray spectrum, absorbing effects become significant only above 10 TeV due to the CMB absorbing effects [50]. We also
show the IceCube measured atmospherical muon neutrino background flux in the green and cross points [45]. Right panel: the same as
the left one but for the Galactic plane region with jbj ≤ 7.5°.
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standard approximation of homogenous and isotropic CR
diffusion in the Milky Way. It also assumes that the
observed CR spectrum can be approximated as a steady-
state solution of a smooth distribution of continuous
sources. All these assumptions can only be considered
as a first-order approximation. Deviations from these
assumptions can decrease or enhance the diffuse emission.
For instance, it is well known that diffusion along the
regular component of the Galactic magnetic field is
stronger compared to orthogonal directions, e.g. [51].
This can lead to local variations of the CR flux normali-
zation compared to the Galactic average [52]. A similar
effect can be observed for models accounting for non-
azimuthally symmetric source distributions including the
Galactic spiral arms. This has been studied with three-
dimensional propagation codes like DRAGON [53,54] and
PICARD [55,56]. It was also shown that nonhomogenous
Galactic diffusion implemented in the propagation code
DRAGON [53] can enhance the hadronic gamma-ray and
neutrino emissions in the multi-TeV region [57]. Finally, it
was argued that time-dependent and local CR injection
episodes could also result in locally observed CR spectra
that are softer than the Galactic average [17]. This harder
average emission would increase the diffuse emission in the
multi-TeV region after normalization to Fermi data.

III. NEUTRINO FLUXES FROM POINTLIKE AND
EXTENDED SOURCES

Pointlike sources in the Milky Way may also contribute
to the observed neutrino flux. Since there is presently no
evidence for a correlation of the IceCube HESE events with
Galactic pointlike sources [58] we do not expect a strong
contribution of individual Galactic sources, but rather look
for hints in the data for their combined (stacked) emission.
The most likely candidates of this neutrino emission are the
sources that contribute the bulk of Galactic CRs. Candidate
sources include supernova remnants (SNRs) and pulsar
wind nebulae (PWNe).
To first order, the observed density nCR of CRs can be

related to the time- and volume-averaged CR emission rate
of the Galaxy hQCRiðEÞ via the energy-dependent diffuse
escape time τescðEÞ as nCR ≃ τeschQCRiðEÞ (see e.g.
Ref. [59]). The escape time from the Galactic plane with
half height H can be estimated as τesc ≃H2=DðEÞ for a
diffusion coefficient DðEÞ. The initial spectrum of CRs is
therefore softened by the energy dependence of DðEÞ.
The fit to the observed CR data via GALPROP presented in

the previous section can also be utilized to determine the
in situ contribution of the sources of Galactic CRs more
precisely. From the GALPROP fit we know the time-averaged
differential source emission rate of Galactic CR sources
QCRðr; z; EÞ for a given source distribution and propaga-
tion model. The difference to the diffuse neutrino emission
of Galactic CRs is that here we assume that secondary
neutrinos are directly produced at the source location via

interaction with gas in the source environment, e.g.
Refs. [60,61]. This is quantified via the optical thickness
τpp. So, one can directly relate the source emission rate of
neutrinos (per flavor) and CRs as

E2
νQνðr; z; EνÞ≃ 1

6
ð1 − e−κineτppÞE2

pQCRðr; z; EpÞ; ð3Þ

with inelasticity κine ≃ 0.5. The overall factor of 1=6 is a
rough estimation of the total neutrino energy over the total
proton energy accounting for the per flavor emission (1=3),
the total neutrino energy fraction in the charge pion decay
(3=4) and for the charged pion fraction in pp collisions
(2=3). Furthermore, for the individual neutrino energy, one
can use the approximate relation Eν ≃ Ep=20 with a factor
of 1=4 for the neutrino (each flavor) energy in the pion
decay and a factor of 1=5 for the average energy of the pion
produced in pp interactions.
For a source with dynamical time scale tdyn and average

gas density ngas the opacity is given as τpp ≃ ctdynngasσpp
for an inelastic scattering cross section σpp ≃ 34þ
1.88Lþ 0.25L2 mb for L ¼ lnðEp=TeVÞ [62,63]. We
estimate the dynamical time scale as 104 yr corresponding
to the beginning of the snowplow phase, where the
acceleration efficiency in typical supernova remnants is
expected to cease [64]. We therefore estimate the optical
thickness, following Refs. [60,61] as

τpp ≃ 3 × 10−4
�

tdyn
104 yr

��
ngas

1 cm−3

�
: ð4Þ

For a given class of sources, the approximate Galactic
source distribution is typically expressed in cylindrical
galactocentric coordinates ρðr; zÞ, which is related to
spherical heliocentric coordinates ðs;l; bÞ as r2 ¼
s2cos2bþ R2⊙ − 2sR⊙ cosl cos b and z ¼ s sin b. The dis-
tance from the Sun to the Galactic Center is R⊙ ≃ 8.5 kpc.
To keep track of the source distribution in the sky map, it is
convenient to introduce the normalized “J” factor after
integrating along the line of sight

Jðb;lÞ ¼ 1

4π

1

Ns

Z
dsρ½rðs;l; bÞ; zðs;l; bÞ�; ð5Þ

with the total number of sources Ns ¼ 2π
R
dz

R
drrρðr; zÞ.

The total J factor is defined to be Ĵ ≡ R
dΩJðb;lÞ ¼R

dbdl cos bJðb;lÞ. We can then express the all-sky-
averaged neutrino diffuse neutrino flux via the total
neutrino spectral emission rate Q̂ν as

E2
νϕνðEνÞ ¼

1

4π

Z
dΩJðb;lÞE2

νQ̂νðEνÞ ¼
Ĵ
4π

E2
νQ̂νðEνÞ:

ð6Þ
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A. SNRs and PWNe

In the following, we study two CR source densities that
are expected to approximate the distributions of SNRs and
PWNe in our Milky Way. For SNRs we use the para-
metrized distribution from Case and Bhattacharya in [65],
while for the PWNe, we take the pulsar distribution from
Lorimer et al. in [66]. Both can be described by the
following function

ρðr; zÞ ¼ ρ⊙
�

r
R⊙

�
α

exp

�
−β

r − R⊙
R⊙

�
exp

�
−
jzj
h

�
; ð7Þ

with α ¼ 2, β ¼ 3.53 and h ¼ 0.181 kpc (Case and
Bhattacharya [65], SNR) and α ¼ 1.93, β ¼ 5.06 and h ¼
0.181 kpc (Lorimer et al. [66], pulsars). Both models
give Ĵ ≃ ð16.2 kpcÞ−2.
In Fig. 5 we show the estimated all-sky-averaged

neutrino flux from CR sources in our Galaxy assuming
a distribution following that of SNRs. We assume
an average optical thickness of the sources of τpp≃
3 × 10−4 following the SNR benchmark values shown in
Eq. (4). Note that the flux level is proportional to the source
opacity as long as τpp ≪ 1 and saturates for τpp ≫ 1. To
have the flux not overshoot the observed IceCube flux, the
averaged opacity is required to be hτppi ≲ 0.01. The overall
normalization is determined from the GALPROP fit to CR
data assuming two different fitted CR spectra in Eqs. (1)
and (2) resulting in a total Galactic CR power of about
ð3–5Þ × 1040 erg=s. This is consistent with a Galactic
supernova rate of 3 yr−1 if a few percent of the kinetic
energy of supernova ejecta of typically 1051 erg is con-
verted into CRs. Since the spectrum is harder than the
diffuse emission by the diffusion parameter δ ¼ 1=3, the
source spectrum can dominate at high energies unless
the opacity of the sources becomes too small.

B. Unidentified TeV sources

Other than the cumulative contribution of SNRs and
PWNe, we also consider the contribution from unidentified
TeV (UnID TeV) γ-ray sources [7], which may originate in
hypernova (superluminous supernova) remnants of our
Galaxy [69] and contribute to high-energy neutrinos from
hadronic pp interactions. For instance (cf. data points in
Fig. 5), one of the bright sources, MGRO J1908þ 06,
observed first by the Milagro Collaboration, has
the differential γ-ray flux of E2dN=dE ¼ 1.3 ×
10−9ðE=1 GeVÞ−0.20GeVcm−2 s−1 sr−1 (after multiplying
the source flux by 1=4π), from a more precise measurement
by the VERITAS Collaboration [68] which is just 1 order of
magnitude below the IceCube neutrino flux. Two of the
UnID TeV sources studied in [7] have since been identified
(HESS J1018 − 589 and HESS J1837 − 069) whereas one
new unidentified source has been announced (VER
J2019þ 368). Consequently, we have updated the UnID
source catalog from the tabulated list provided in Ref. [7].

C. Fermi bubbles

Beyond the pointlike sources, there are also a few
candidates of extended neutrino sources. The Fermi
bubbles [70] are two large structures extending to latitudes
of about 55° above and below the Galactic plane. The
precise mechanism of the γ-ray emission is unknown and,
both, hadronic [71] and leptonic scenarios [72,73] have
been proposed in the literature as an explanation. A
possible connection to the IceCube HESE flux has been
pointed out in Refs. [11–14]. The Fermi-LAT
Collaboration [74] has also performed a dedicated search
to understand the energy spectrum and morphology of the
Fermi bubbles. For the hadronic origin, a power-law CR
proton spectrum with an exponential cutoff at about
15 TeV provides a better fit than a power-law spectrum
without a cutoff [74]. The corresponding cutoff in the
neutrino emission would then be below TeV. However, the
significance of this cutoff is weak and it is possible that
the emission continues with a softer power towards higher
energies and then contributes to the IceCube data above
10 TeV [74]. Future γ-ray observations with CTA [75,76]
and HAWC [77,78] in the (0.1–100) TeV range will be
able to identify the spectrum [12,14].

D. Decaying dark matter

Another more exotic scenario that has been proposed as a
source of the IceCube flux is decaying dark matter with a
dark matter mass of Oð5 PeVÞ and a lifetime of Oð1028 sÞ
[19–21,24,25]. The contributions of Galactic emission
from the Galactic dark matter halo and an extragalactic
isotropic emission are of similar magnitude [20,25,79,80].
The relative intensity of the Galactic emission is again
calculated from Eq. (5). For the dark matter density
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FIG. 5. The data points are the γ-ray flux for one representative
UnID TeV source: MGRO J1908þ 06 [67,68], after multiplied
by a factor of 1=4π. The solid lines are calculated neutrino fluxes
directly from the supernovae remnant sources.
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distribution in our Galaxy, we use the isotropic Einasto
profile [81] with

ρDMðrÞ ¼ ρ⊙ exp

�
−
2

β

��
r
rs

�
β

−
�
r⊙
rs

�
β
��

; ð8Þ

with ρ⊙ ¼ 0.4 GeV=cm3, rs ¼ 20 kpc, r⊙ ¼ 8.5 kpc and
β ¼ 0.17. The total dark matter mass in the Milky Way is
then approximately Mtotal

DM ≃ 2.7 × 1012M⊙.
Note that the contribution from extragalactic dark matter

will be mostly isotropic, except for close-by galaxies and
galaxy clusters [25]. This isotropic background and the
very extended Galactic diffuse neutrino emission will make

it difficult to identify the emission by anisotropy studies
alone. However, the dark matter decay spectrum can be
identified by spectral properties, like strong line features
and mass thresholds that are unexpected in astrophysical
scenarios. Two representative dark matter decay spectra are
shown in Fig. 12 of Appendix B.

IV. ANISOTROPY TEST OF GALACTIC
NEUTRINO EMISSION

In general, Galactic neutrino emission is expected to be
anisotropic. The diffuse emission from CR propagation is
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required to follow the integrated column density along
the line of sight. This emission is structured due to the
higher gas concentration towards the Galactic plane (GP)
and Galactic Center, but it also has high-latitude fine
structure due to molecular gas clouds. Emission from
CR-gas interactions in the vicinity of CR sources is also
correlated with the Galactic plane. In the following we
will consider two source density distributions already
introduced in the previous section, approximating super-
nova remnants (Case and Bhattacharya [65]) and pulsar
wind nebulae (Lorimer et al. [66]). On the other hand, a

hypothetical signal from the decay of heavy dark matter
(DM) is expected to follow the DM density distribution
producing an extended emission around the Galactic
Center. As a template we use the Einasto profile [81].
To test for extended diffuse neutrino emission from the
Fermi bubbles, we use the gamma-ray emission template
provided by the Fermi-LAT Collaboration [74]. The
collective emission from Galactic hypernovae [7] is
already covered by a test of emission along the
Galactic plane. In addition to that we also include the
unidentified and dark TeV γ-ray sources that have been
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summarized in Ref. [7] which we update with recent
observations. In Fig. 6, we show the geometric distribu-
tions of all six Galactic emission templates in the
Galactic coordinate. For Galactic diffuse, supernovae
remnants (Case and Bhattacharya [65]), pulsar wind
nebulae (Lorimer et al. [66]) and decaying dark matter
templates, we show their flux density distributions with
respect to an isotropic distribution.
Correlations of the neutrino arrival direction with

Galactic structures can be tested using an unbinned
maximum likelihood test (see e.g. [82]). The IceCube
Collaboration [5] has tested emission along the Galactic
plane via a top-hat template, wGPðΩÞ ¼ ΘðbGP − jbjÞ=
ð4π sin bGPÞ, where �bGP is the Galactic latitude width
of the emission region. A scan over bGP revealed a maximal
excess over background at bGP ¼ 7.5°, with post-trial
significance of only 2.8%.
Here, we want to improve on previous tests in several

ways. First, the likelihood ratio in our statistical test
accounts for the intrinsic anisotropy of atmospheric back-
grounds and Galactic emission as well as the expected
anisotropy due to Earth absorption and detector acceptance.
This intrinsic dependence on the zenith angle does not
cancel in the likelihood ratio and is not accounted for in the
IceCube analysis. The likelihood ratio with respect to the
background hypothesis (a full isotropic astrophysical sig-
nal) can be written in the form

LðfisoÞ
Lð1Þ ¼

Y
j

�
μsigj ðfisoÞ þ μbgrj ðfisoÞ

μbgrj ð1Þ

�
; ð9Þ

where the signal and background expectation values μsigj
and μbgrj , respectively, for the jth event depend on the
fraction fiso of the total number of expected events from the
best-fit E−2.3 spectrum that is due to an isotropic emission
(see discussions in Appendixes C and D). The complement
fGal ¼ 1 − fiso is the event fraction associated with
Galactic sources. The maximum log-likelihood ratio

λ ¼ 2 ln
Lðf̂isoÞ
Lð1Þ ; ð10Þ

with maximum point f̂iso is then defined as our test statistic
(TS), which will be used to estimate the sensitivity of the
IceCube Observatory for Galactic emission and the sig-
nificance of emission in the HESE analysis and a classical
upgoing νμ search.
For the sensitivity and significance studies of Galactic

emission in the HESE data and the classical upgoing νμ
data we generate event maps following the prescription
outlined in Appendix C. The left plots in Fig. 7 show
examples of samples for the full signal case (fiso ¼ 0, top),
a partial distribution (fiso ¼ 0.5, middle) and the back-
ground case (fiso ¼ 1, bottom). The titles of the plots

indicate the test statistics value λ and the value f̂iso at
maximum.
Figure 8 shows the TS distribution of 5000 samples

generated for the background case (fiso ¼ 1) and a full
contribution (fiso ¼ 0). The test statistics of the HESE 3 yr
data are indicated as vertical green lines and summarized as
the second column of Table I. For all six emission models
we find that the data are consistent with the background
distributions, i.e. an isotropic arrival distribution of the
astrophysical signal. This is consistent with previous
findings of the IceCube Collaboration [5]. The highest
excess above background is obtained with the PWN
distribution with a chance probability of 9%.
The medians of the TS distributions (vertical red dashed

lines) are well separated from the background distribution
in most cases. This indicates that the nonobservation of
significant Galactic anisotropies in the HESE 3 yr data
(vertical green line) is constraining the contribution of most
Galactic emission scenarios. The 90% sensitivity to a
Galactic fraction is defined as the minimum isotropic
fraction fiso where 90% of the signal samples have a TS
larger than the median TS of the background distribution
[84]. For the likelihood defined via Eq. (9) the median for
all six Galactic emission templates is 0. We estimate the
sensitivity via a scan over fiso with Δfiso ¼ 0.05 steps and
show our results in Fig. 9 and the sixth column of Table I.
All scenarios considered in this paper have been sug-

gested before to explain a part of the HESE data. Therefore
our study does not correspond to a “blind” analysis and it is
no surprise that all models show an up-fluctuation above
background. The 90% upper limit from this analysis
corresponds to the maximum Galactic fraction where
90% of the signal samples have a TS larger than the value
observed in the data. We derive this upper limit via a scan
over Galactic contributions fGal ¼ 1 − fiso and show the
result in the right panel of Fig. 9 and the fifth column of
Table I. Interestingly, for the case of Galactic dark matter
decay we cannot obtain a (nontrivial) upper limit on the
Galactic fraction based on the HESE 3 yr data and hence we
leave the entry empty in Table I.
With our method we can also estimate IceCube sensi-

tivities for the various Galactic scenarios with increased
statistics and with alternative upgoing muon neutrino
searches. For the classical upgoing (θzen > 85°) νμ þ ν̄μ
search we assume a total astrophysical event rate of ten
events per year and a total conventional atmospheric
background rate of ten events per year. This approximates
the expected integrated event rate above muon energies of
100 TeV [85], comparable to the cut of 60 TeV in deposited
energy used for the HESE search. The details of the
expected signal and background distributions are described
in Appendixes C and D. The right plots in Fig. 7 show
examples of samples for the full signal case (fiso ¼ 0, top),
a partial distribution (fiso ¼ 0.5, middle) and the back-
ground case (fiso ¼ 1, bottom) over a period of three years.
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Note that this approach is not sensitive to contributions
which dominate in the Southern Hemisphere and therefore
we leave out the Fermi bubbles and UnID sources in
this study.
The left plot in Fig. 10 shows the result of the sensitivity

scan for the muon neutrino search and the last column of

Table I summarizes the results. Note that the sensitivities
are not much different compared to the HESE 3 yr search
for the four scenarios, although the muon search offers a
better angular resolution of the order of 0.5°. The reason for
this lies in the fact that the templates themselves correspond
to extended emission such that the improved pointing
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precision does not matter that much. The right plot in
Fig. 10 shows the result of the sensitivity scan for ten years
of HESE observations and the sensitivity level is also
summarized in the seventh column of Table I. The
sensitivity compared to the three years of data improves
by about a factor of 2 in this period.
Note that our result is not a full replacement of an

IceCube analysis. Several steps of this analysis can be
improved, in particular the zenith and energy dependence
of the events. We expect that a dedicated IceCube analysis
will improve the sensitivity of the analysis by a factor of a
few. In particular, for very-high-energy neutrinos the
classical muon neutrino is also sensitive to emission in
the Southern Hemisphere, although at a much lower level
[58]. A strong Galactic contribution can also alter the

best-fit value of the astrophysical contribution which
requires a simultaneous fit in the first place.

V. DISCUSSION AND CONCLUSIONS

We have studied the contributions of extended Galactic
TeV-PeV neutrino emission sources in relation to the
IceCube observations. A guaranteed contribution to
Galactic emission is from CR propagations and interactions
in the Galactic medium. We have studied the corresponding
diffuse emission of gamma rays and neutrinos with the
numerical cosmic ray propagation code GALPROP. In our
calculations we have assumed that the locally observed
CR flux corresponds to the steady-state solution of the
diffusion-convection equation with a homogeneous and
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isotropic diffusion coefficient. We have found that under
these assumptions the expected Galactic diffuse neutrino
emission that is consistent with γ-ray (Fermi-LAT) and CR
data (KASCADE, KASCADE-Grande and CREAM) can
only contribute 4%–8% above 60 TeV. We have also
derived the neutrino emission from the Galactic CR sources
parametrized by the opacity of the sources to CR-gas
interactions. We have shown that the same CR model
assumptions require an unusually large average opacity of
hτppi≃ 0.01 to reach the flux level of IceCube integrated
over the whole sky.
However, a more realistic study of CR injection and

diffusion can alter these results, for instance time-
dependent and inhomogeneous sources as well as inho-
mogeneous and/or anisotropic diffusion in the Galaxy. For
instance, it was argued that remnant CRs from a locally
enhanced CR emission episode could soften the CR spectra
observed today compared to the global Galactic average
[17]. Anisotropic diffusion in our local environment would
similarly introduce local fluctuations from the Galactic
average leading to, both, enhancements or reductions of the
expected all-sky hadronic gamma-ray and neutrino emis-
sion [52]. A similar effect has been discussed in the context
of more realistic source distributions following the Galactic
Arms [55,56]. The combined effect can reach to local
enhancement and deficits of the CR spectrum at the level of
0.5–3.0. Note, however, that these studies do not account
for the Fermi gamma-ray data to constrain their model
parameters and the actual range might be somewhat
smaller. Finally, inhomogeneous diffusion could enhance
the local concentration of CRs [53]. It was argued in
Ref. [57] that this would also increase the multi-TeV
hadronic emission of the steady-state solution in the inner
Galaxy by a factor of 2 in better agreement with Fermi and
Milagro data.
An independent limit on Galactic neutrino emission that

does not rely on the overall normalization scale of CR
injection can be derived from the absence of correlations of
neutrino arrival directions with Galactic emission

templates. We have studied the published IceCube data
with respect to Galactic diffuse neutrino emission, emission
from Galactic source populations like SNRs or PWNe,
emission from the Fermi bubbles or unidentified/dark TeV
γ-ray sources and a dark matter halo. We have not found a
strong statistical excess in the 3 yr HESE data above
background expectations. This conclusion is consistent
with previous studies of the IceCube data. However, we
have shown that most of these scenarios are already
constrained by the 3 yr HESE data. The contribution at
the 90% confidence level is limited to ≲50% for diffuse
Galactic emission, ≲65% for quasidiffuse emission of
neutrino sources and ≲25% for extended diffuse emission
from the Fermi bubbles or unidentified TeV γ-ray sources.
Interestingly, the emission of PeV dark matter decay in our
Galactic Center is presently unconstrained by the data.
We have also estimated the sensitivity of IceCube for

these emission scenarios with ten years of HESE data and
with three years of a classical upgoing muon neutrino
search. We have estimated that the classical muon neutrino
search in the same time period (three years) and energy
range (muon energies above 100 TeV) has a similar
sensitivity to extended diffuse Galactic emission in the
Northern Hemisphere. The sensitivity of the HESE data
after ten years of observation is expected to increase by a
factor of 2, not accounting for an up-fluctuation of the test
statistic in the first three years.
Our analysis has only relied on published IceCube data

and cannot be considered a full replacement of a dedicated
IceCube study. We expect that our sensitivity estimates and
upper limits are conservative and can be improved for the
same data set using additional event information. In
particular, our maximum likelihood analysis does not
account for the energy dependence of individual events
and can be improved by IceCube: if the Galactic emission
spectrum responsible for the 60 TeV to 3 PeV data shows
strong spectral variations with respect to the isotropic
emission, a statistical separation between Galactic and
extragalactic components can be much stronger. In

TABLE I. Sensitivity and 90% C.L. lower limits of a Galactic fraction in the HESE data above 60 TeV. The first two columns show the
TS and maximum point n̂s using the IceCube approach via Eq. (9).

HESE 3 yr observation Sensitivity for fGal
c

Template λ p valueb f̂Gal
c f90%Gal

c HESE 3 yr HESE 10 yr Northern νμ 3 yr

Galactic diffuse νa 0.74 0.19 0.19 0.50 0.30 0.15 0.25
SNR [65] 1.68 0.10 0.34 0.65 0.35 0.20 0.30
PWN [66] 1.77 0.09 0.30 0.60 0.30 0.15 0.25
DM decay [81] 1.48 0.11 0.46 � � � 0.60 0.30 0.85
Fermi bubbles [74] 0.36 0.27 0.07 0.25 0.20 0.10 � � �
UnID TeV [7] 0.43 0.25 0.07 0.25 0.20 0.10 � � �

aThe emission template is using GALPROP. We estimate the systematic uncertainty of fGal from the diffusion model to be at the level of
�10%.

bThe p value is calculated from λ assuming a background distribution ½δðλÞ þ χ21ðλÞ�=2.cThe Galactic fraction is defined as fGal ¼ 1 − fiso.
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particular, this is expected for dark matter decay, since
narrow spectral features (e.g. line features) of close-by
Galactic dark matter are expected to be smoothed out for
extragalactic contributions due to the redshift distribution.
Finally, let us conclude with a few additional remarks.

The data-driven limit on Galactic diffuse neutrino emission
is based on a template derived with GALPROP, assuming an
azimuthal distribution of CR sources and homogeneous
isotropic diffusion. As noted earlier, the template does not
depend on the absolute normalization, but it is expected to
vary for models that predict relative enhancements of local
CR distributions [17,52,56,57]. This introduces a system-
atic uncertainty for the limit on Galactic diffuse neutrino
emission. However, due to the dominance of cascade events
in the IceCube data, which have a poor angular resolution
of more than 10°, we do not expect that the statistical
analysis of the HESE data has a very strong dependence on
the diffusion and source model.
One possibility to estimate the effect of local CR

enhancements by source and diffusion models is by a
comparison of the statistical outcome for the SNR and
PWN templates. The relative ratio of the corresponding
azimuthal source distributions (normalized to the same
number of sources) is comparable to the variation of
0.5–3.0 shown in detailed studies [56] for nonazimuthal
source distributions. The resulting templates shown in
Fig. 6 differ in the maximum-to-minimum ratio by a factor
2. However, from Fig. 9 and Table I we can see that the
different statistical results for the SNR and PWN emission
templates are within �10% and we take this as an estimate
for the systematic error associated to the modeling of
Galactic CR emission and diffusion.
A strong neutrino emission from our own Milky Way

also implies an extragalactic contribution from similar
galaxies. In Appendix E we show that this extragalactic
contribution is in general expected to be not as significant
as the Galactic emission. The situation is different for the
case of PeV dark matter decay: Here, the extragalactic flux
is comparable to the Galactic flux. In addition, any strong
spectral features from particle physics, that are possible for
the local Galactic emission in this scenario (see
Appendix B), are expected to be smoothed out due to
integration over redshift.
Hadronic production of TeV-PeV neutrino sources will

inevitably predict TeV-PeV γ rays [12], which can be
observed by large-scale γ-ray telescopes like HAWC
[14,77,78] or CTA [75,76]. In particular, the observation
of PeV γ rays would correspond to a smoking gun of
Galactic contributions due to the small absorption length of
about 10 kpc via eþe− production in the CMB [12,86–88].
For pp interactions, the relation between the γ-ray and
neutrino fluxes is shown in Fig. 4, which has small
dependence on the primary CR index. For decaying dark
matter models, a wide range of dark matter models predict
the associated γ-ray flux above 10% of the observed

IceCube neutrino flux as shown in Fig. 13 in
Appendix B. This is within the reach of HAWC-100 or
HAWC-300 with one year of data [77].
In our study we have simulated Galactic and extraga-

lactic (isotropic) event distributions assuming an equal
neutrino flavor ratio with ðfe∶fμ∶fτÞ⊕ ≈ ð1∶1∶1Þ⊕ which
corresponds to an initial flavor combination ð1∶2∶0Þs (pion
decay) at the astrophysical sources, after flavor oscillations
[89,90]. This is consistent with IceCube observations
[5,43,91,92]. Future observations could be used to distin-
guish different explanations for the observed IceCube
events [93–97], in particular ð0∶1∶0Þs (muon-damped pion
decay), ð1∶0∶0Þs (neutron decay) and ð0∶0∶1Þs (flavor-
dependent dark matter decay). This fact makes our mor-
phology studies of prime interest.
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APPENDIX A: GALACTIC DIFFUSE
GAMMA-RAY EMISSION

The recent measurement of the diffuse Galactic γ-ray
emission by Fermi-LAT [2] covers an energy range from
200 MeV to 100 GeV. While we are interested in neutrino
energies above 1 TeV, we need to have a specific model to
perform an extrapolation. Similar to the model used by the
Fermi Collaboration, we use the GALPROP code [98–100] to
calculate the γ-ray and neutrino spectra as well as their
morphology.
As a starting point, we first reproduce the π0 background

of the H I gas part in Ref. [2]. Our corresponding results
are shown in Fig. 11. Note that for the numerical calcu-
lations in this paper we obtain the total Galactic diffuse
neutrino flux from both the H I and molecular gas
components. Figure 11 shows the spatial distributions of
γ-ray flux for four different GALPROP models:
SSZ4R20T150C5, SLZ6R20T∞C5, SYZ10R30T150C2 and
SOZ8R30T∞C2. We use the same shorthand notation
SXZzRhR

T
hT

C
S c as Fermi-LAT [2] where X is the first letter

of the CR source distribution (S: SNR [65], L: Lorimer
[66], Y: Yusifov [101], O: OB stars [102]); zh and Rh are
the vertical and radial size of the diffusion region given in
units of kpc; TS is the spin temperature in units of kelvin; c
is the EðB − VÞ magnitude cut accounting for high-
extinction regions in the determination of the gas-to-dust
ratio. As one can see from Fig. 11, our simulated results can
match those from Fermi-LAT very well.
We use GALPROPv54_r2504 [103] to model the

propagation of the CRs in the Galaxy and calculate the
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photon and neutrino diffused emission from the interactions
between the CRs and the interstellar medium. For the
neutrino flux, we use the energy spectrum and the pro-
duction cross section calculated in Ref. [104]. To be
consistent and for the γ-ray flux calculation, we also use
the photon energy spectrum and the production cross
section in Ref. [104]. Our study requires the calculation
of Galactic CRs above 100 TeV, slightly beyond the
recommended energy range of the GALPROP code.
However, since the morphology of secondary neutrino
and photon fluxes only depends on the gas target distri-
bution and since we account for uncertainties of the CR
spectrum in the knee region the additional systematic

uncertainties from this extrapolation are not expected to
be dominant.

APPENDIX B: NEUTRINO AND PHOTON
SPECTRA FROM DARK MATTER DECAY

For decaying dark matter models, several models of the
energy spectra can provide a reasonable fit to the IceCube
observed neutrino spectrum [21]. As an example, we
choose two representative models of a DM fermion χ
and boson X with coupling χHL̄ and XðHL̄Þ2, respectively,
before electroweak symmetry breaking. The former oper-
ator has the dark matter decay as χ → hþ ν, while the latter
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FIG. 11. Left panel: a comparison of diffuse γ-ray distributions in Galactic latitude in the inner part of the galaxy with −30° ≤ l ≤ 30°
and 200 MeV ≤ Eγ ≤ 1.6 GeV for four different GALPROP models: SSZ4R20T150C5, SLZ6R20T∞C5, SYZ10R30T150C2 and
SOZ8R30T∞C2. The current black and solid line is from our simulation. The red and dashed line is the H I gas part from Fermi-
LAT (the top panel of Fig. 20 in [2]). The energy range is from 200 MeV to 1.6 GeV. Right panel: a comparison of diffuse γ-ray
distributions in longitudinal latitude for −5° ≤ b ≤ 5° and 200 MeV ≤ Eγ ≤ 1.6 GeV.
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operator has the main decay mode of X → 2hþ 2ν (see
also Ref. [105] for dark matter four-body decay). We show
a comparison of photon and neutrino spectra for the two
representative dark matter models in Fig. 12 with the
energy bin size to be 10% of the corresponding energy.
Compared to the observed IceCube neutrino flux, the
associated γ-ray flux can be 10% or above for a wide
range of dark matter models. For more dark matter models,
we show the ratios of photon over neutrino fluxes for
different dark matter decay modes in Fig. 13.
One could have a neutrinophilic model with suppressed

γ-ray fluxes, although it may not provide a good fit to the
IceCube observed spectrum. One example is to have the
dark matter particle to be the electric-neutral component of
X, 31 under SUð2ÞL ×Uð1ÞY. The coupling like L̄c

LXLL
can induce a two-body decay of the dark matter particle X0

to two neutrinos [19]. The suppressed three-body decay
like X0 → νþ eþ þW− can generate a small γ-ray flux.

APPENDIX C: BACKGROUND AND
SIGNAL SAMPLING

The background samples of the HESE analysis are
produced in the following way. The expected zenith
distribution of isotropic signal events and atmospheric
backgrounds above a deposited energy of 60 TeV are
shown in Fig. 5 of the Supplemental Material of the official
IceCube publication[5]. In each of the ten declination bands
(equivalent to zenith bands, since θzen ¼ π=2þ δ) we
generate the expected number of events μ for conventional
atmospheric neutrinos (“atmo ν”), atmospheric muons
(“atmo μ”) and the best-fit isotropic astrophysical signal
(“astro”) following an E−2.3 spectrum. The zenith angle θ of
each event is uniformly sampled over the cos θ range of the
particular bin and the right ascension angle is randomly
chosen in ½0; 2πÞ.

For each of the three subsets we generate track (⋄) and
cascade (∘) events with a track fraction x⋄ ¼ 0.9 for
atmospheric muons, x⋄ ¼ 0.71 for conventional atmos-
pheric neutrinos and x⋄ ¼ 0.19 for the astrophysical signal
following the values of Table IVof Ref. [5]. The fraction of
cascades is denoted by x∘ ¼ 1 − x⋄. The median angular
error α50% of each track and cascade is randomly selected
from the actual values reconstructed for the four tracks and
16 cascades in the data set above 60 TeV (Table IV in
Ref. [5]). The background events are then resampled from
their original distribution following a von Mises distribu-
tion. The angular distance α of events from the true position
is sampled as cos α ¼ 1þ σ2 lnð1 − xð1 − expð−2=σ2ÞÞ,
where x is a random number in ½0; 1Þ and the azimuthal
direction of the scatter is a random angle in ½0; 2πÞ.
The angular uncertainty σ is related to the median provided
in Table I in Ref. [5] via cos α50% ¼ 1þ σ2 lnð1−
0.5ð1 − expð−2=σ2ÞÞ.
The signal samples are generated under the assumption

that a fraction 1 − fiso of the best-fit astrophysical con-
tribution is due to a Galactic contribution. The first step of
the sample generation is the same as for the background
except that the isotropic astrophysical expectation is
rescaled in each zenith bin to a fraction fiso. For the
Galactic distribution we sample events from the Galactic
signal map wsignal which is reweighted according to the
zenith distribution of an isotropic component in Fig. 5 of
Ref. [5] and then normalized to the expected Galactic event
fraction 1 − fiso. The distribution between tracks and
cascades and the resampling of positions in the sky via
the reconstruction uncertainty is the same as in the case of
the isotropic component.
For the classical νμ search we are looking for events

below zenith angles of 85° to avoid large backgrounds from
atmospheric muons. The only background that we consider
in this case is atmospheric νμ. As a benchmark value we
expect ten isotropic astrophysical events in one year with a
muon energy larger than about 100 TeV. This is comparable
with the 60 TeV energy cut used in the HESE analysis.
During the same period we expect ten conventional
atmospheric νμ events. Signal and background events are
exponentially suppressed at large zenith angles due to Earth
absorption [106]. Here we account for this absorption via
the charged and neutral current interaction of 100 TeV
neutrinos as they traverse Earth. We use the preliminary
Earth density model provided in Ref. [106]. The conven-
tional atmospheric νμ is enhanced towards the horizon due
to an increased atmospheric column depth. We use the
parametrization of Ref. [107] to account for this.
As in the case of the HESE event sampling we generate

Galactic signal events by a rescaling of the isotropic signal
via the fraction fiso and the corresponding Galactic
emission accounting for an event fraction 1 − fGal sampled
from the corresponding Galactic emission template. Note
that in this study we do not have the actual IceCube event
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FIG. 13. The ratio of photon over neutrino fluxes for different
dark matter decay modes.
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distribution for three years of observation and we can only
use these simulations to study the sensitivity.

APPENDIX D: LIKELIHOOD FUNCTION

For the HESE 3 yr search the expectation values for
tracks (⋄) and cascades (∘) are defined in the following
way:

μsig⋄=∘ðΩÞ ¼
1 − fiso
N Gal

xastro⋄=∘ μastroðΩÞwsignalðΩÞ; ðD1Þ

μbgr⋄=∘ðΩÞ ¼ fisoxastro⋄=∘ μastroðΩÞ þ xatmoν⋄=∘ μatmoνðΩÞ
þ xatmoμ

⋄=∘ μatmoμðΩÞ; ðD2Þ

where x⋄=∘ corresponds to the fraction of tracks and
cascades for the three separate components and μ are the
expectation values extracted from Fig. 5 and Table IV in
Ref. [5]. The factor N Gal renormalizes the Galactic flux
such that the total number of expected events is conserved,

N Gal ¼
Z

dΩμastro⋄=∘ ðΩÞwsignalðΩÞ
�Z

dΩμastro⋄=∘ ðΩÞ
�

−1
:

ðD3Þ
Numerically, we find that N Gal is in the range 1.02
(Galactic diffuse) to 1.09 (DM decay) except for the
Fermi bubble template where N Gal ≃ 1.24.
The three year expectation values of the isotropic

astrophysical contribution (μastro⋄=∘ ), the atmospheric neutrino
(μatmoν⋄=∘ ) and the atmospheric muon (μatmoμ

⋄=∘ ) are known from
Fig. 3 and Table IV of Ref. [5]. Now, the angular
uncertainty of the events can be accounted for by replacing
the expectation values for signal and background by the
weighted values

~μi ¼
Z

dΩpdfiðΩÞμðΩÞ: ðD4Þ

The fraction xi indicates the contributions into tracks and
cascades. For normalized pdf’s this implies that ~μtot ¼ μtot
and the exponential terms in the likelihood drop out of the
likelihood ratio in Eq. (9).
The case of the classical νμ search follows the same

prescription. However, due to the good angular resolution
of tracks we choose an initial binning of the sky maps such
that each pixel has an approximate diameter of 1°, corre-
sponding to about twice the angular resolution of IceCube.
In this case we do not need to resample the angular
resolution from the true position. Also, we do not have
to account for different event topologies in the simulation,
i.e. x⋄ ¼ 1. The background and signal expectation are
both reduced towards high zenith angles due to Earth
absorption via charged and neutral current interactions. The
conventional atmospheric νμ flux is enhanced towards the

horizon due to the scaling with the atmospheric depth. We
already commented about this approximation in the pre-
vious section. The total expected astrophysical νμ event rate
is normalized to ten events per year and the total expected
conventional atmospheric νμ event rate is also normalized
to ten events per year. This approximates the expected
integrated event rate above muon energies of 100 TeV [85].
Due to the limited field of view with θzen > 85° the
normalization factor (D3) is smaller than unity: 0.79
(PWN), 0.81 (DM decay), and 0.86 (SNR and Galactic
diffuse).

APPENDIX E: COMPARISON OF GALACTIC
AND EXTRAGALACTIC EMISSION

Any mechanism that provides a strong anisotropic
Galactic neutrino emission is also expected to contribute
via an isotropic emission from similar, but distant galaxies.
If Q̂νðEÞ is the total spectral emission rate of our Galaxy
then the contribution of extragalactic source can be written
as the redshift integral [108]

ϕiso
ν ðEνÞ ¼

c
4π

Z
dz

HðzÞ ρðzÞQ̂ν½ð1þ zÞEν�; ðE1Þ

where HðzÞ=H0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þΩmð1þ zÞ3

p
is the redshift-

dependent Hubble constant in the matter-dominated era
with H0 ¼ 67.27� 0.66 kms−1Mpc−1 and Ωm ¼
1 − ΩΛ ¼ 0.3156� 0.0091 [109]. The distribution of
sources is taken to be its averaged value
ρð0Þ≡ ρ0 ≃ ð10−3–10−2Þ Mpc−3. Comparing to the aver-
age diffuse emission from the Galaxy can be expressed via
Eq. (6) and approximating the neutrino flux as power law
with index Γ, we have the relation

ϕiso
ν

ϕGal
ν

¼
Z

dz
cρðzÞð1þ zÞ−Γ

ĴHðzÞ ¼ cρ0ξz
H0Ĵ

≃ 2 × 10−3ξz

�
ρ0

10−3 Mpc−3

��ð20 kpcÞ−2
Ĵ

�
; ðE2Þ

with source evolution factor ξz ¼ Oð1Þ (ξz ≃ 0.5 for no
evolution and Γ≃ 2).
Note that the parameter Ĵ is defined as hðr − r⊙Þ−2i=

ð4πÞ averaged over the source distribution in the Galaxy.
The SNR and PWN distributions in Eq. (7) are essentially
two dimensional and have a maximal contribution
at rmax ¼ αR⊙=β. For rmax < R⊙ the size of the J factor
is then expected to be of the order of 4πĴ≃
O½ðR2⊙ − r2maxÞ−1�. However, this does not take into account
the radial width of the distribution. Numerically, we find
4πĴ ≃ ð4.6 kpcÞ−2 for both, SNR and PWN distributions.
The local Galactic emission is then typically much stronger
than the corresponding extragalactic contribution.
On the other hand the dark matter distribution in Eq. (8)

is three dimensional with a characteristic extension
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rs ≫ R⊙. The dark matter profile is extended to a wider
range compared to the SNR or PWN sources, and therefore
has a larger value of Ĵ−1=2. The characteristic length scale
of the J factor is of the order of 4πĴ ≃Oðr−2s =3Þ. This
agrees well with the numerical value 4πĴ ≃ ð34 kpcÞ−2.
For a flatter dark matter profile, i.e. larger rs, we also
anticipate a larger value of Ĵ−1=2 or a smaller value of Ĵ and

more extragalactic contributions. In the case of dark matter
decay the local density in Eq. (D6) is given by ρ0 ≃
Ωcdmρcr=Mtotal

DM ≃ 10−2 Mpc−3 [109]. Therefore, up to
uncertainties of the Galaxy density and the dark matter
distribution, the isotropic emission from extragalactic dark
matter is expected to be at a similar level as the Galactic
emission [20,25].
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