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An analysis of 7.5 years of data in the high-energy starting event sample has been recently published by
the IceCube collaboration. The hottest spot in a search for neutrino sources was found far above the
Galactic plane and is thus, at first sight, difficult to reconcile with a Galactic origin. In this work, we
calculate the cosmic ray (CR) density around nearby, young supernova remnants assuming anisotropic
diffusion. Combining the obtained CR densities with the matter distribution deduced from extinction maps,
we find two prominent hot spots: The one close to the most significant point in the IceCube search for point
sources is created by CRs from the Cygnus loop and has an intensity corresponding to two to four neutrino
events. Another, more extended one may be caused by CRs from Vela if CR trajectories are sufficiently
disturbed by the magnetic field in the shell around the superbubble loop 1.
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I. INTRODUCTION

Neutrinos are a unique tool to study dense environments
and the nonthermal universe [1-3]. High-energy neutrinos
may be produced together with photons in hadronic
interactions of cosmic rays (CRs) close to their sources
or during propagation. Since they travel undisturbed, being
neither absorbed as high-energy photons nor deflected in
magnetic fields as charged particles, they are an ideal tracer
of sites where the product of CR and target density is high.
Such places can be either the CR sources themselves or
dense gas clouds close to the sources. Therefore high-
energy neutrino observatories have the potential to identify
the yet unknown sources of CRs—and this capability has
been one of the key motivations for their construction.

The currently largest of these high-energy neutrino
telescopes, the IceCube observatory, has succeeded to
establish the existence of a surprisingly large flux of
extraterrestrial high-energy neutrinos [4]. In Ref. [5], the
IceCube collaboration has reanalyzed 7.5 years of data
using neutrinos which interaction vertices are contained
inside the fiducial volume of the detector. The energy
spectrum of these “HESE” neutrinos is compatible with an
unbroken power law dN/dE «x E~* with a spectral index
of a = 2.87+)3. Such a steep spectrum challenges most
extragalactic source models. In particular, it requires the
production of neutrinos in hidden extragalactic sources,
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since otherwise the accompanying photons would over-
shoot the bounds on the diffuse background of extragalactic
gamma rays [6,7].

A guaranteed contribution to the astrophysical neutrino
flux is secondary neutrinos produced in interactions of
Galactic “sea” CRs with gas [8,9]. However, the magnitude
of this flux is, even using optimistic parameters, well below
the one observed [10,11]. Moreover, the arrival directions of
the astrophysical neutrinos do not show the correlation with
the Galactic plane expected in this scenario. Therefore,
several alternatives which predict a close to isotropic
Galactic neutrino flux were suggested: Such neutrinos
may originate from a large Galactic halo, formed either
by CRs [12,13] or heavy dark matter particles [14—16], or
from the Fermi bubbles [17,18]. Alternatively, a significant
contribution to the Galactic neutrino flux may be rather local,
produced by CR interactions at the boundary of the Local
Bubble (LB) [19,20].

Studies of specific Galactic neutrino sources have mostly
been based on the gamma-ray—neutrino connection: Since
the production spectra of gamma rays and neutrinos in
hadronic interactions are correlated, estimates and strict
upper bounds on the neutrino flux can be deduced from
gamma-ray observations for specific CR sources, see e.g.,
Ref. [21]. In the case of young CR sources, the finite,
energy-dependent distance CRs diffuse may lead, however,
to a low-energy cutoff in the secondary spectrum. Therefore
gamma-ray observations which are typically limited to
energies O(TeV) restrict only weakly the neutrino flux
from such sources at O(100 TeV). As result, the brightest
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spots in the Galactic neutrino sky may be gas clouds
immersed into the CR overdensities close—but not close
enough to be visible in TeV gamma rays—to nearby young
CR sources [10].

In this work, which is an extension and update of Ref. [22],
we study if the nearest Galactic CR accelerators may be
visible as neutrino sources. We calculate the CR density
around nearby, young supernova remnants (SNR), assuming
anisotropic diffusion as suggested in Refs. [23-25]. The
faster diffusion of CRs along magnetic field lines implies
that gas clouds can give an important contribution to the
secondary neutrino flux at larger distances than in the case
of isotropic diffusion, if their perpendicular distance to
the magnetic field line through the CR source is small. In
addition, the slow diffusion perpendicular to the magnetic
field enhances the CR density close to magnetic field lines
connected to the CR sources. We extract the local matter
distribution acting as a target for neutrino production from
extinction maps derived in Refs. [26,27]. Combining then
this matter map with the calculated CR densities, we find two
prominent hot spots: The one close to the most significant
point in the IceCube search for point sources is created by
CRs from the Cygnus loop supernova remnant (SNR). We
estimate the neutrino intensity of this hot spot and find it
compatible with two to four events observed by IceCube with
energy above 60 TeV. The other one, produced by CRs from
the Vela SNR, is at first sight absent in the IceCube HESE
sample. However, the CR flux from Vela should be spread
out by the enhanced magnetic field in the wall around the
superbubble loop 1. We point out that the region around the
intersection of loop I with the peak of the predicted CR
intensity has an excess of observed neutrino events, support-
ing this interpretation.

II. LOCAL COSMIC RAY SOURCES

We choose to use as potential CR sources SNRs which
are younger than 30 kyr and located closer than 1 kpc from
the Sun. Table I summarizes the available information' on
these sources. For the calculation of the CR density around
these SNRs, we use the same approach as in Refs. [20,28]:
We calculate the trajectory of individual CRs using the
Lorentz equation, and find the CR density from the time
spent by CRs in space cells. We approximate the Galactic
magnetic field (GMF) by the Jansson-Farrar (JF) model
[29,30], with a reduced turbulent field as suggested in
Refs. [23-25]. Turbulent magnetic fields are generated
using nested grids as described in [31,32] which allows us
to include a large dynamic range of spatial scales contrib-
uting to the turbulence. The turbulent magnetic field is
taken to be randomly directed with modes distributed
between L, =1 AU and L, = 25 pc according to an
isotropic Kolmogorov power spectrum.

'Data were extracted from http://snrcat.physics.umanitoba.ca/
SNRtable.php.

TABLE I. Cosmic ray sources considered with average values
for their age 7 and distance d from the Sun.

Source Name 7/kyr d/kpc
G065.3 4- 05.7 .. 20 0.8
G074.0 - 08.5 Cygnus loop 15 0.75
G106.3 + 02.7 Boomrang 10 0.8
G114.3 +00.3 e 7.7 0.7
G160.9 + 02.6 HB9 5.5 0.8
G263.9 - 03.3 Vela 11 0.29
G266.2 -01.2 Vela Jr 3.8 0.75
G330.0 + 15.0 Lupus loop 23 0.33
G347.3 -00.5 e 1.6 1
B1737 - 30 e 20.6 0.4

Moreover, we modify this model as described in
Ref. [20] to take into account the LB. We apply an
exponential damping of the magnetic field inside the
bubble as a function of the distance z to the Galactic plane
with height scale z;, = 100 pc. We assume that the strength
of the regular magnetic field inside the bubble depends
only on the radius r and z, setting B;, = 0.1 uG inside the
bubble and By, = 8-12 uG in the wall. We assume inside
the bubble and the wall a clockwise oriented magnetic field
for y > 0 and an anticlockwise one for y < 0. We inter-
polate the transition between different magnetic field
regimes by logistic functions 7'(r). The width of the two
transitions is parametrized by w,_; ,, while w denotes the
extension of the wall. We set

r—Riw/Z)]—l‘ 0

T|/2 = |:1 +exp <—11
W12
The Sun is assumed to be at the center of the LB. In this
configuration the turbulent magnetic field strength is
set as follows. For r > R —w/2: By, = Byeg/2, and for
r>R—w/2: By = 5By, Where we use as numerical
values w; = 1 pc, w, = 0.1 pc,w =2 pcand R = 100 pc.
No detailed model for the time-dependent escape spec-
trum of accelerated CRs exists. Since we are interested only
in CRs with the highest energies which are accelerated
before the end of the Taylor-Sedov phase, we can however
assume that these CRs escaped at a time much smaller than
the age 7 of the source. Moreover, we employ the same
injection spectrum for all sources for which we choose
motivated by the results of Ref. [20] a broken power law in
rigidity R = E/(Ze) with a break at Ry, = 2 x 10" V and
an exponential cutoff at R, = 8 x 101V,

A N/R22, if R <R
sz _ { i 1 br (2)

dR | N/R3 exp(=R/Ruas).  if R = Ry,

We inject 5.000 protons per energy at the position of each
source and propagate them for the time 7 in our magnetic
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field model. Then we calculate the CR density n(E) in
each cell of size (6 pc)®. The energy injected in CRs by
each source is chosen as 3.5 x 10°° erg in protons and
2.6 x 10°° erg in helium, respectively, which is compatible
with the expectation that ~50%—-60% of the explosion
energy is transferred into relativistic particles in the case of
efficient CR accelerators [33-35].

III. LOCAL MATTER DENSITY
FROM DUST MAPS

While dust contributes only a small mass fraction to the
interstellar medium (ISM), it efficiently absorbs and scat-
ters photons with wavelengths in the visible and ultraviolet
range. Therefore the distribution of dust can be used as
a tracer of, e.g., gas which serves CRs as a target for
secondary neutrino and gamma-ray production.

Most efforts to build 3D maps of Galactic dust have been
concentrated on charting dust on large scales. For instance,
Ref. [36] mapped three quarters of the sky, while Ref. [37]
constructed a map extending out to 3 kpc with 25 pc
resolution. These maps succeeded modeling Galactic dust
on large scales, but they failed to recover features on small
scales because of their missing resolution. In contrast, the
authors of Refs. [26,27] concentrated their study on the
closer neighborhood of the Sun, building a dust map for a
740? x 540 pc? cube with a superior resolution of 1 pc.
Using Gaia, 2MASS, PANSTARRS, and ALLWISE data,
they deduced the G band extinction of five million stars
with known parallaxes. Their results for the 3D distribution
of dust are publicly available as a grid containing the e-
folds of extinction per cell.

The extinction due to dust is proportional to the hydro-
gen column density along the grid cell as [38]

Ny = 2.87 x 10*! cm™2 Ay /mag. (3)

Using moreover Ag/Ay = 0.789 as the selective extinction
in the GAIA G band from Ref. [39], we obtain

Ny = 3.63 x 10’! cm™2 A /mag. 4)

In addition, we account for helium which contributes 9.1%
to the number density of the ISM.

In order to check the completeness of this map, we
calculate the resulting average surface density . Summing
over the z coordinate, and multiplying by a factor 1.4 to
account for helium and heavier elements, we obtain
¥ = 10.4 M /pc®. The comparison with the estimate ¥ =
13 M /pc? for the local surface density from Ref. [40]
indicates that the map includes ~80% of the total gas.

Combining the obtained matter map with the CR
densities and integrating along the line of sight, we define
the function

0.0000 0.0001 0.0002 0.0003

eV -islsr-lgm ™

0.0004 0.0005

FIG. 1. The function E(E, [/, b) in Galactic coordinates for the
proton energy E = 3 PeV.

EAN(E,1,b) = /) Cds @) (Ex) ()

with 72, (E) as the CR intensity of nuclei with mass number
A. The intensity of nuclei is in turn connected to their
differential number density as I3y (E) = ¢/(4n)nix(E).
We find in EPP the two prominent hot spots visible in
Fig. 1: An extended region produced by CRs from the Vela
SNR interacting with gas in the wall of the LB and another,
smaller one produced by CRs from the SNR G074.0-08.5
in the Cygnus loop. The latter one is close in position with
the hottest spot in the IceCube neutrino data, and we will
therefore discuss this possible excess first.

As shown in Fig. 1 of the Appendix A, CRs emitted by
the Cygnus SNR propagate along a magnetic field line
away from the Galactic plane until they reach a region of
increased gas density close to the boundary of the LB
where the interaction probability o« E(E, [, b) has a maxi-
mum. The position of the hot spot is approximately
determined by the intersection of the ellipsoid filled by
CRs and the boundary of the LB. From the left panel of
Fig. 2, we see that the hot spot predicted by us using the
Jansson-Farrar model for the GMF is around 10°-15° offset
against the most significant point in the search for point
sources found by IceCube. However, rather small changes
in the direction of the magnetic field line connected to the
Cygnus SNR could reconcile the predicted and the
observed position of the hot spot: In Fig. 3, we show
the projection of the JF magnetic field line passing through
Cygnus (blue line) on the Galactic plane and perpendicular
to the Galactic plane, together with the position of the
IceCube hot spot varying its distance as a red line. (Since
the hot spot is observed on 2D, its 3D projection results in a
line.) From the bottom panel of Fig. 3, we can see that the
MF line passing through Cygnus crosses the hot spot line
in the x — z plane. From the top panel of Fig. 3, it is clear
that a rather small rotation (anticlockwise) by ~5° of the
magnetic field line in the Galactic plane would be sufficient
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FIG. 2. Neutrino intensity E>I,(E,a, &) in equatorial coordinates close to the hot spot for neutrino energies E = 100 TeV; in the
Janson-Farrar model (left) and the Prouza-Smida model (right). The yellow circle shows the most significant region in the IceCube

search for point sources.
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FIG. 3. Projection of the magnetic field line passing through the

Cygnus loop SNR is shown in blue and the position of the Sun in
black. The red line represent the position of the IceCube hot spot
for varying R, the red point corresponds to the position of the
IceCube hot spot for R;,; = 194 pc.

to align CRs from the Cygnus loop SNR with the position
of the IceCube hot spot. Note also that small changes in the
position of the hot spot would not lead to large changes in
the resulting neutrino intensity, because the gas density in
the hot spot is not atypically large, n,, ~0.6/ cm?, com-
pared to other, close parts of the boundary of the LB.

In order to support this statement, we have also studied
the resulting neutrino hot spot in another GMF model,
the one of Prouza and Smida [41], where we adjusted the
ratio between the turbulent to regular magnetic field in
order to obey to B/C measurements. The resulting neutrino
intensity is shown in the right panel of Fig. 2. One can see
that the predicted hot spot in this model overlaps nicely
with the observed excess in the IceCube search for point
sources.

Finally, we want to discuss the second hot spot produced
by CRs from Vela which is predicted by our model.
Although more prominent, the corresponding neutrino
signal is, at first sight, absent in the IceCube HESE sample.
In order to investigate this issue more, we show in Fig. 4 the
arrival directions of the public IceCube neutrino events
together with the position of Vela (black triangle) and
the superbubble loop I (orange circle). This superbubble
interfaces with the LB, while the Vela SNR is close to its
boundary. Both bubbles should lead to large deviations
from the global regular field predicted in GMF models like
the ones of Jansson-Farrar and Prouza-Smida. However, the
two GMF models used by us have been only modified to
account for the presence of the LB, while our calculations
of CR trajectories do not take into account the effect of loop
L. If CRs would be deflected by the enhanced magnetic field
in the wall of loop I similarly as in the wall of the LB, an
increase of neutrino events along the shell of loop I close to
Vela should result. As an illustration of this effect, we show
in Fig. 4 the segment of loop 1 close to the intersection of
the magnetic field line in the Jansson-Farrar model as a
hatched area. The number of HESE neutrino events in this
area is ten, while six neutrinos are expected. Thus one may
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FIG. 4. HESE (red dots) and muon (blue boxes) neutrino
events, Vela (black triangle), loop I and the chosen segment
(hatched area) are shown in equatorial coordinates.

speculate that this excess is connected to CRs from the
Vela SNR.

IV. NEUTRINO INTENSITY

We concentrate first on the neutrinos produced by CRs
from SNR G074.0-08.5 in the Cygnus loop. In this section,
we report the results of our numerical calculations which
we compare in the Appendix A with analytical estimates.
Because of the rather large uncertainty in the distance to
this SNR, d = (0.5-1) kpc, we consider two cases, choos-
ing as the distance the average (d = 0.75 kpc) and the
minimal value (d = 0.5 kpc) of this range, respectively,
and choosing for the GMF the JF model. The intensity
I,(E, 1, b) of neutrinos with energy E emitted along the line
of sight with direction (/, b) is given by

dO.AA’—w(EI7 E)

[D(E’Lb):Z/EoodE/EA,A’(E/’l’b) i ) (6)
AA

We include both for the target gas and the CRs the
contribution of protons and helium nuclei, A,A" =
{p.He}. The neutrino production cross sections are evalu-
ated with AAFRAG [42]. In the left panel of Fig. 2, we show
the resulting neutrino intensity /, for the energy E =
100 TeV in equatorial coordinates, i.e., as a function of
right ascension a and declination 6 for d = 0.5 kpc. For the
larger source distance, d = 0.75 kpc, the hot spot in the
neutrino intensity shrinks slightly in size, while its position
is nearly unchanged. The maximum of /,(E,a,d) corre-
sponds to ~400 times the isotropic neutrino intensity
measured by IceCube. In the case of the larger source
distance, d = 0.75 kpc, the neutrino intensity is reduced by
one third.

We define the equivalent isotropic intensity of a specific
source as

1©) = [@wEnELy o

with the weight w(E) set to 1. Since the observed neutrino
intensity I9"(E) is approximately isotropic, the ratio
I(E)/IS®(E) corresponds to the fraction of neutrino
events with energy E from a given source observed by
an experiment with uniform exposure. In Fig. 5, we show
the isotropic neutrino intensity (I,(E)) produced by CRs
from the Cygnus loop together with IceCube data from
Ref. [43]. Note that the neutrino flux is dominated by the
contribution from helium primaries which have a larger
interaction probability and dominate above E ~10'* eV
the CR injection spectrum defined in Eq. (2). Additionally,
we compare the intensity of photons to the sensitivity of the
LHAASO experiment estimated in Ref. [44].

For a specific experiment like IceCube, we have to
account for the declination dependence of the effective
area A.(E, 8). For the HESE dataset, we use the effective
area Aq;(E) from Ref. [5] and deduce the declination
dependence from Ref. [45], see Appendix B for details.
Since the extension of the hot spot is small, we can neglect
the declination dependence of the weight, setting w =
At (E, 85)/Acir(E) = 1 with §~0° for the hot spot of
IceCube.

We estimate the number of expected neutrino events
above the minimal energy E| as

N,(E > Ey) = wT / " dE / dQA(E)L, (E.1.b),  (8)

where T is the observation time. With Ey = 60 TeV, we
find that the hot spot produced by CRs from the Cygnus
loop corresponds to two neutrino events, while four
neutrino events in the HESE (event ID 44, 67, 74 with
corresponding energies of 84.6, 165, 71.3 TeV respectively,

1034 — LHAASO sensitivity
® Ice Cube
—— Neutrino Vela

& 1024 --- Gamma Vela *
g —— Neutrino Cygnus l
0 Gamma Cygnus l
& 10t
Iln —
3
=3 0
i 10
~
w

10—1 B

1072 ; T T T T T kY

10° 10%° 10%! 10%2 10%3 10 10% 1016
E [eV]
FIG. 5. Equivalent isotropic intensity of neutrinos and photons

produced by CRs from the Cygnus loop in green and Vela in red
are compared to IceCube data [43] and the estimated sensitivity
of the LHAASO experiment [44].
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and event 105) may be associated with the hot spot found in
the IceCube analysis. Repeating these calculations for the
GMF model of Prouza and Smida, the estimated number of
neutrino event increases to ~3—4.

In Fig. 5, we show additionally the isotropic neutrino
intensity (I,(E)) produced by CRs from Vela, using our
default parameters for the injected CR power and spectra.
This intensity is around a factor of 6 higher than the one
from the Cygnus loop using the JF model and would
correspond thus to 816 neutrino events. Hence, the CR
power injected by Vela would have to be reduced by a
factor 2-3, or the CRs should be spread over a larger
segment of loop I, to be consistent with the IceCube
observations.

V. DISCUSSION

First, we should comment on the fact that our model
contains various uncertain parameters, leading to a corre-
sponding spread in our predictions for the resulting
secondary fluxes. We previously presented in Ref. [20]
the dependance of our results varying the parameters of our
magnetic field model for the LB. One should also take into
account the uncertainties of the GMF model adopted: In
this case, we employed two different models that gave
similar results. Additional uncertainties are connected to
the dust maps, which are of the order of 10%. Finally,
variations in the injection spectrum, the composition and
the power of individual sources may affect our results for
the secondary fluxes.

In the previous sections, we have considered only SNRs
with a distance from the Sun smaller than 1 kpc. Let us now
verify that other SNRs similar to the Cygnus loop but at
larger distances contribute a smaller number of events to the
IceCube data. There are about ten such sources in a 1 kpc
region around the Sun, which corresponds to about 7000
sources in the Galaxy. The Cygnus loop SNR contributes
about 2—4 events to the IceCube dataset due to the inter-
actions of CRs with the LB at the distance of ~100 pc. Thus
the same source at 1 kpc contributes 0.02-0.04 events,
bringing the contribution of nearby sources which are not
connected by a magnetic field line to the Sun to 0.2-0.4
events. For sources at 10 kpc distance, the contribution of a
single source is reduced to 0.0002—0.0004 events. With about
3000 of such sources, they add 0.6—1.2 events. All together,
we expect about one or two events in IceCube from similar
sources in the whole Galaxy, which is consistent with the
limits on the contribution from the Galactic plane deduced
from the IceCube data.

Next, we comment on the prospects for the detection of
gamma rays which are produced in association with
neutrinos in the hot spot. Since the predicted gamma-ray
emission from the hot spot is not pointlike but rather
extended, its detection is challenging and depends strongly
on the rejection capability of hadron in the considered
gamma-ray experiment. HAWC can detect a diffuse

gamma-ray flux on a level comparable to the overall
diffuse neutrino flux measured by IceCube shown, but is
not sensitive enough to detect the expected gamma-ray flux
from the hot spot shown in Fig. 5. Limits on the gamma-ray
flux at energies E ~ 100 TeV can also be derived from data
of the ASgamma experiment [46]. For instance, in Ref. [47]
a limit on the equivalent isotropic gamma-ray intensity was
derived which can be compared to flux from the hot spot
presented in Fig. 5. At 400 TeV, the expected flux is around
1 eV /cm?/s/sr, while the limit from ASgamma is an order
of magnitude higher. At 1 PeV, the expected gamma-ray
flux is 0.3 eV/cm?/s/sr, while the limit from ASgamma is
five times higher. In contrast, the more sensitive LHAASO
experiment [48] should be able to detect the photon flux
from the hot spot in the energy range E ~ 100 TeV, but the
required time of data taking will depend on the extension of
the hot spot: In the case of the JF model shown in the left
panel of Fig. 1, we can estimate the gamma flux at 100 TeV
as E°F,~FE*[, x Q~7x107'? erg/cm?/s, assuming a
radius of 3° of the hot spot with an intensity of
I, ~500eV/ cm?/s/sr. Rescaling the sensitivity S of
LHAASO for point sources, Syoin @8 S = Spoind/Ipss
where Jpgr ~0.3° is the extension of the point-spread
function and 6 the one of the extended source, it follows
S ~4x 10713 erg/cm?/s. Although being very crude, this
estimate suggests that such a concentrated hot spot should
be easily detectable for LHAASO within one year of data
taking. The hot spot is more difficult to detect if its
extension, for the same flux, is wider, since then the CR
background increases. Such a larger extension is expected
in the PS model, or more generally, for a relative increase of
the turbulent to the regular magnetic field. Moreover, the
larger extension would be still consistent with the one of the
IceCube’s hot spot.

One should not confuse the Cygnus superbubble which
is located in Galactic plane [49,50] with the Cygnus loop
SNR, considered here. In the case of sources located in the
Cygnus superbubble, one expects secondary gamma rays
and neutrinos in the same region. In contrast, the neutrinos
and gamma-ray emission considered here is produced after
CRs streaming away from the Galactic disk hit gas clouds
close to the boundary of the LB.

Finally, let us comment on the recent detection of
0.1-1 PeV diffuse gamma rays reported by the Tibet
ASgamma collaboration [46]. In their event sample, all
gamma rays with energies above 398 TeV were separated
by more than 0.5° from known TeV sources. In the scenario
of anisotropic CR diffusion discussed here, such a sepa-
ration arises rather naturally. This measurement combined
with Fermi LAT data at TeV energies indicate also that the
photon flux in the outer Galaxy is rather hard, 1/E>> [51].

VI. CONCLUSIONS

We have proposed in this work that CRs from the SNR
G074.0-08.5 in the Cygnus loop interacting with gas
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close to the boundary of the LB lead to a hot spot in the
neutrino flux. Anisotropic diffusion of CRs is a necessary
ingredient of this proposal, leading to enhanced CR
densities along magnetic field lines connected to CR
sources. The position of this hot spot is compatible with
the most significant point in the IceCube search for point
sources, and the neutrino intensity estimated by us
corresponds to two to four events with energy above
60 TeV. In addition, we have proposed that CRs from the
Vela SNR are spread out by the magnetic field in the
boundary of the superbubble loop I, leading to an excess
of neutrino events in a segment of loop I directed towards
Vela. The corresponding photon fluxes should be detect-
able by LHAASO soon, providing a clear signature for
a Galactic origin of the hot spot in the neutrino flux
observed by IceCube.
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APPENDIX A: COMPARISON WITH
ANALYTICAL ESTIMATES

1. Cosmic ray density

For our analytical estimates, we assume that the
Cygnus loop SNR (G074.0-08.5) injected instantaneously
6 x 10° erg in CRs, following a power law with Q(E) =
Qo(E/Ey)~* and a ~ 2.2 for the injection spectrum. To be
definite, we split the total energy between protons and
helium nuclei as 4 : 3. Choosing the lowest injection energy
of protons as the normalization energy, E, = 1 GeV, it
followsthen Q, = E,,/(5E3) ~ 4.3 x 10°?/GeV. Similarly,
it follows Qy. = 4Ey./(15E3) ~ Q , for the normalization
of the helium flux above the minimal injection energy 4 GeV.

The diffusion approximation can be applied once CRs
have reached distances from the source that are greater than
a few times the coherence length of the turbulent magnetic
field [52,53], which is around L.y, = 10 pc close to the
disk. At a given energy, the functional behavior of the
observed CR flux from a single source at the distance L and
with the age 7 can be divided into three regimes: For
2Dt <« L?, the diffuse flux is exponentially suppressed,
while for intermediate times it is given by

I(E)Ni%

TAx V(1) (A1)

Here, V(1) =4zL3L/3 is the volume of the ellipsoid
with major axis L = (2Dy7)"/? and minor axis L, =
(2D t)'/?. When the diffusion front reaches the edge of the
Galactic CR halo, CRs start to escape and the slope of the
CR intensity steepens.

For the numerical values of the diffusion coefficients in the
case of anisotropic diffusion, we read from Fig. 4 from
Ref. [25] with # = 0.25 and D, ~ 1 x 10’ cm?/s valid at
the reference energy E, = 10'* eV that D| = 5D;,, while
D, ~ D, /500. Hence CRs with energy E, fill an ellipsoid
with majoraxis L =~ 700 pc and minoraxis L, =~ 14 pc. The
CR intensity of protons inside this ellipsoid can be estimated
with V~1.7x 10 cm?® as E,I(E,) ~6 x 107°/(cm?ssr).

In Fig. 6, we show for comparison the cells satisfying the
condition I(E) > 0.017,,,,(E) at E=10"eV in our
numerical simulations together with the position of the
hot spot and of the Cygnus loop SNR. One can see that the
CRs fill a tube with diameter 50 pc, which agrees quite
well with the expectation ~6 x 2D 7 ~ 80 pc for I(E) =
0.017,,,(E). Moreover, the distance between the hot spot
and the Cygnus loop SNR is around 530 pc and the CR tube
extends until it touches the LB. Note also this diameter is
much larger than the extension of a SNR at the age of a few
hundred years; thus our assumption of a pointlike injection
is justified.

2. Neutrino production

In order to obtain an estimate for the equivalent isotropic
neutrino intensity, we define first the volume )V of the
neutrino emitting region by the condition

600
y
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1000

FIG. 6. Volume satisfying 7 > 0.01/,,,, at the proton energy
E = 10" eV together with the position of the hot spot and the
Cygnus loop SNR.
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Meas () I (E,.x) > 0.01max {ny (6)Ier (E..x)}  (A2)
at a given energy E,. Then we introduce in®
LE) = > /”dEw
AAE(14}
</ - (A3)

the inelastic cross section ¢4, the spectrally averaged
energy fraction (y*~!) transferred to neutrinos, and the total
number of gas particles Ny, = >4 [1, d*x ngy (x) in the
source region V. Moreover, we neglect the extension of the

source region, obtaining

1o (E) & ST e ettt ) 1, ),

AA

(A4)

where d denotes the distance to the source volume V), f, the
fraction of proton and helium nuclei in the gas, and
(I4(E")) the spatially averaged intensity of CR protons
and helium nuclei.

At the energy E, = 10 eV, the condition (A2) is
satisfied in 750 cells of size (6 pc)?, resulting with (n4,) ~
0.56/cm? into N g, = 2 x 10%. The intensity of CR protons
obtained from our numerical simulations and averaged over
this volume is (E.1,(E,)) ~4x107°/cm?/s/sr, ie.,

*Note that a factor 1/(4z) was erroneously missed in the
corresponding formulas of Refs. [19,20].

agrees well with our estimate using the diffusion approxi-
mation in the previous subsection.

With d ~270 pc and Z(E,,a) = (y*!)ol? ~7 mbarn
for the Z factor for the production of neutrinos from a

power law with o~ 2.2, this leads to

eV

cm? s st

EXIPP(E,) ~ 1.0

for the isotropic neutrino intensity due to pp interactions.
We can estimate the contribution of helium projectiles
and targets at energies E, <10 eV setting 1,(E) ~
Iye(E) valid for primary energies 10'* eV. With o677 ~

inel —
48 mbarn, 6”1 ~ 148 mbarn, 67’ ~ 137 mbarn, and

inel — inel —
ollelle ~ 324 mbarn, it follows then

I 0.9(chl + ohel) +0.1(oper + olicle)

inel inel inel inel
PP —
5

~4, (AS)
Opp
Thus our estimate agrees again well the numerical value

shown in Fig. 5.

APPENDIX B: EXPOSURE

We subtract in the supplemental Fig. 5 of Ref. [5] the line
signal 4+ background from the background to obtain the
signal S(8) as a function of the declination 5. Then we
calculate with x = sin o:

1 /1
Suy —E/_lde((S). (B1)

The weight w of a source with declination 6 follows then
as w=5(8)/Sa-
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