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Searching for the Galactic PeVatrons

Galactic Origin

Extragalactic Origin

δ = -2.7

δ = -3.0

• 90% protons, 9% helium, 1% electrons

• Almost featureless spectrum 

• CRs up to the knee are believed to have a 
Galactic origin

• Galactic accelerators have to inject particles 
up to at least to the knee at PeV

• The knee for protons at about 400-500 TeV
(ARGO Collaboration 2015)

Knee ~ 3 x10 15  eV

J. Cronin, T. Gaisser, S. Swordy, Sci. Amer. 276 (1997) 44.
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Several features in the CR spectrum

More classes of CR sources       
contribute to the knee ?

                                                          

�5

the spectrum is not single power-law; it  
contains  (at least) two spectral features: 

• hardening above a few 100 GeV 
• steepening  above 10 TeV  
• hardening above 100 TeV ? 

      do we need  PeVatrons ?  

-    quasi-PeVatrons 
        up to  0.1 PeV and more 

-    nominal - PeVatrons  
       up to 1 PeV  

-   super-PeVatrons  (of Galactic origin?) 
        >10 PeV up to 100 PeV

Lipari and Vernetto 2019

CR proton spectrum

structures in HE GCR spectrum: contributions by  two or more source populations? 
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below 1015 eV    -  Galactic;   
beyond 1018 eV   -  Extragalactic;  
1015-1018 eV     ?   Galactic/Extragalactic 

Eun-Suk Seo

Cosmic Rays from sub-GeV to 100 EeV energies 

G EXG

?

Origin of Galactic Cosmic Rays ?

structure	before	the	knee	-		
																					recent	progress

Lipari & Vernetto 2019



𝑪𝑹𝒔 + 𝒈𝒂𝒔 → 𝝅𝟎 → 𝜸𝜸 (~𝟎. 𝟏 𝑷𝒆𝑽)
𝑪𝑹𝒔 + 𝒈𝒂𝒔 → 𝝅"𝝅#→ 𝝊

Direct Messangers of PeVatrons

PeVatrons emits multi-TeV to hundred TeV g-rays and ns

g detected in hundreds TeVatrons and few PeVatrons
g degeneracy leptonic-hadronic
g gg absorption within and outside sources

n difficult to detect even with 1 km2
n unique identification of hadronic processes
n no absorption – no spectral deformation
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Figure 3: The function Zν [Γ] for νµ (dotted), νµ (dashed) and νµ + νµ (solid). The red line is the approximate

expression Zνµ+νµ
[Γ] = 0.71− 0.16 (Γ+ 0.1) obtained by Eqs. (5,6) of [18].

5.2 Using raw data

RXJ1713.7-3946 is presently the best studied SNR. It has been observed by H.E.S.S. during three
years from 2003 to 2005 [8]. The data expands over three decades, exploring the energy interval
Eγ = 0.3 − 300 TeV. The energy resolution of the experiment is equal to about 20% and the photon
spectrum is sampled in 25 bins δEγ/Eγ " 0.2 plus three larger bins at high energy. In a previous
paper [22], we have discussed the information that the observational data provide on the parent CR
spectrum in the SNR. Here, we use the observational data to calculate the νµ and νµ fluxes emitted by
this object and to estimate the event rate expected in neutrino telescopes. The proposed procedure,
which does not require any parametrization of the photon flux, is general and can be applied to any
other γ-transparent source.

As a first step, we “rescale” the photon and neutrino fluxes according to:

ϕγ [E] ≡ Φγ [E] ·Eα (38)

ϕν [E] ≡ Φν [E] ·Eα (39)

where ν = νµ, νµ. For a proper choice of the parameter α, the “rescaled” fluxes are expected to vary
slowly with energy. In the following, we adopt:

α = 2.5 (40)

which is particularly appropriate for RX J1713.7-3946 (see, e.g., Fig. 3 of [22] and related discussion).

We indicate with ϕj ± ∆ϕj the (rescaled) photon flux measured in the j−th energy bin, centered
at a photon energy Ej and covering the energy range (Ej,inf , Ej,sup). We can approximate the photon
flux by:

ϕγ [Eγ ] =
∑

j

ϕj Wj[Eγ ] (41)

where Wj[Eγ ] are rectangular functions which describes the various energy bins (i.e., Wj[Eγ ] ≡ 1 for
Ej,inf ≤ Eγ ≤ Ej,sup and zero elsewhere). We immediately obtain from Eqs. (30,32) the relation:

ϕνµ [E] =
∑

j

ϕj wj[E]

12

Villante & Vissani, 2008
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Neutrino flux from g flux 

• Neutrino flux roughly the same

• Neutrino flux shifted to lower
energies

• Cutoff shifted by a factor 0.59
for a -2 spectrum

• Best range : 10-100 TeV

5.1 Using parametrized fluxes

If the photon spectrum is approximated with a power law Φγ ∝ E−Γ, one immediately sees that:

Φν [E] = Zν [Γ] · Φγ [E] (34)

where:

Zνµ [Γ] = 0.380 xΓπ + 0.0130 xΓK +
∫ 1

0
dx kνµ [x]x

Γ−1

Zνµ [Γ] = 0.278 xΓπ + 0.0090 xΓK +
∫ 1

0
dx kνµ [x]x

Γ−1 (35)

with xπ = 1 − rπ = 0.427 and xK = 1 − rK = 0.954. The functions Zν [Γ] are the (Γ − 1)-momenta of
the photon-neutrino kernels and can be calculated analytically by using Eqs. (31) and (33). They are
shown in Fig. 3 for where the dotted, dashed and solid lines corresponds to ν = νµ, νµ and (νµ + νµ),
respectively. The red line is the approximate expression Zνµ+νµ [Γ] = 0.71 − 0.16 (Γ + 0.1) obtained
by Eqs. (5,6) of [18] where the relationship between γ-ray and neutrino spectra produced by simply
parametrized primary proton spectra was studied. One sees that our calculation predicts ∼ 10% larger
neutrino fluxes. This is not surprising considering that the calculation of [18] (which is based on [29])
do not include kaons (and assume equal production of π+, π− and π0).6

The photon spectrum is expected to have a cutoff at high energies. Thus, we can write Φγ =
N ξγ [E]E−Γ, where N is a normalization factor and the adimensional function ξγ [E] which modulates
the photon spectrum is normalized to 1 at low energies. If γ-rays originate from hadronic processes,
the cutoff cannot be too sharp, since the spectral features of the parent CR spectrum are diluted in
hadronic cascades, as was pointed out in [22]. If the function ξγ [E] is sufficiently smooth, we can extract
it from the integrals in Eqs. (30) and (32), obtaining:

Φν [E] = N Zν [Γ] ξν [E]E−Γ (36)

with

ξνµ [E] $
1

Zνµ [Γ]

(

0.380xπ
Γ ξγ [E/xπ] + 0.013 xK

Γ ξγ [E/xK ] + ξγ [E/xm]
∫ 1

0
dx kνµ [x]x

Γ−1

)

ξνµ [E] $
1

Zνµ [Γ]

(

0.278xπ
Γ ξγ [E/xπ] + 0.009 xK

Γ ξγ [E/xK ] + ξγ [E/xm]
∫ 1

0
dx kνµ [x]x

Γ−1

) (37)

where xm = 0.59 approximately coincides with the maximum of the function kνµ [x]x
Γ−1 when Γ $ 2−3.

The above relations shows that, beside being suppressed by a factor Zν [Γ] with respect to the photon
flux, the neutrino fluxes are also shifted to lower energies. For Γ = 2 the numerical factors of the various
terms in the r.h.s. of Eqs. (37) become 0.069, 0.012, 0.130 and 0.051, 0.008, 0.137 respectively, showing
that the dominant contribution is provided by neutrino produced in muon decays (i.e., last terms in
the r.h.s. of Eqs. (37)). As a consequence, the features in the photon spectrum, such as the presence of
a cutoff at an energy Eγ,c, are essentially reproduced in the neutrino spectrum at an energy lower by
a factor Eν,c/Eγ,c = xm $ 0.59, as also noticed by [18].

6 We do not compare with the results of the recent publication [34] because they do not provide sufficient details to
reproduce their results. In particular, we are unable to reproduce the line labeled “Vissani, 2006” in their Fig. 2 which,
in the intention of the authors of [34], should amount to an application of [16].
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Figure 2: Minimum detectable flux computed according to the procedure described in Sec. 3 in the case of extended sources for: (a) CTA (50 hours
observation time) and for (b) KM3NeT (10 years exposure time).

4. The case of RX J1713.7-3946 and the Galactic
Center Ridge

As the origin of the cosmic-ray flux measured on
Earth is still a matter of debate, it is mandatory to
investigate sources which might be responsible for it.
Galactic sources are believed to contribute up to ener-
gies of about 1 PeV, where the so called knee is lo-
cated. Among them, young SNRs represent promis-
ing candidates, given that the strong shocks produced
during the supernova explosion might be able to accel-
erate particles, as predicted in Di↵usive Shock Accel-
eration (DSA) scenarios [36, 37]. However, the lack
of observational evidence of PeV protons from such
objects doesn’t permit yet to firmly establish the SNR
paradigm for the origin of Galactic cosmic rays, and fu-
ture gamma-ray and neutrino observations are needed
to further constrain theoretical models. In this regard,
the recent claim of a PeVatron in the center of our own
Galaxy [19] opens a new possibility to explain the flux
of cosmic rays below the knee and deserves a deeper in-
vestigation, both from the gamma-ray and the neutrino
side. For these reasons, in this Section we discuss the
case of two bright extended gamma-ray sources: the
young SNR RX J1713.7-3946 and the Galactic Center
Ridge. In the following, the muon neutrino fluxes ex-
pected from these sources are computed according to
the model in [38], assuming a 100% hadronic origin of
the measured gamma-ray flux and no internal absorp-
tion. Both the measured gamma-ray and expected neu-
trino fluxes are shown together with the detector sen-
sitivity curves. Fluxes are reported in a binned form,

such that it is directly possible to compare the expected
source flux in a given energy range with the detector
sensitivity in the same band. These binned fluxes are
defined as:

�(E) =
1
�E

Z Emax

Emin

dN
dE

dE

where �E = Emax � Emin represents the amplitude of
the logarithmic bins used in the sensitivity computation.
The fluxes are reported together with the associated er-
ror bands. In the case of gamma rays, we consider
the statistical errors of the estimated spectral parame-
ters and then, for each energy bin, we compute the up-
per/lower band as the curve defined by the combination
of parameters (± statistical errors) for which the flux is
maximized/minimized. The same approach is adopted
also for the neutrino flux error bands: a scanning of the
neutrino fluxes resulting from all the di↵erent combi-
nations of gamma-ray parameters is performed and the
maximum/minimum neutrino flux computed.

4.1. RX J1713.7-3946
The case of this source is of great interest for neutrino

telescopes, given that it is the brightest SNR in the TeV
sky. Moreover, its location in the sky makes it observ-
able with up-going events at the latitude of KM3NeT
for 70% of the time. The recent data from the H.E.S.S.
Collaboration [39] suggest a spectrum in the form of a
power law with exponential cuto↵:
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Figure 2: Minimum detectable flux computed according to the procedure described in Sec. 3 in the case of extended sources for: (a) CTA (50 hours
observation time) and for (b) KM3NeT (10 years exposure time).

4. The case of RX J1713.7-3946 and the Galactic
Center Ridge

As the origin of the cosmic-ray flux measured on
Earth is still a matter of debate, it is mandatory to
investigate sources which might be responsible for it.
Galactic sources are believed to contribute up to ener-
gies of about 1 PeV, where the so called knee is lo-
cated. Among them, young SNRs represent promis-
ing candidates, given that the strong shocks produced
during the supernova explosion might be able to accel-
erate particles, as predicted in Di↵usive Shock Accel-
eration (DSA) scenarios [36, 37]. However, the lack
of observational evidence of PeV protons from such
objects doesn’t permit yet to firmly establish the SNR
paradigm for the origin of Galactic cosmic rays, and fu-
ture gamma-ray and neutrino observations are needed
to further constrain theoretical models. In this regard,
the recent claim of a PeVatron in the center of our own
Galaxy [19] opens a new possibility to explain the flux
of cosmic rays below the knee and deserves a deeper in-
vestigation, both from the gamma-ray and the neutrino
side. For these reasons, in this Section we discuss the
case of two bright extended gamma-ray sources: the
young SNR RX J1713.7-3946 and the Galactic Center
Ridge. In the following, the muon neutrino fluxes ex-
pected from these sources are computed according to
the model in [38], assuming a 100% hadronic origin of
the measured gamma-ray flux and no internal absorp-
tion. Both the measured gamma-ray and expected neu-
trino fluxes are shown together with the detector sen-
sitivity curves. Fluxes are reported in a binned form,

such that it is directly possible to compare the expected
source flux in a given energy range with the detector
sensitivity in the same band. These binned fluxes are
defined as:
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where �E = Emax � Emin represents the amplitude of
the logarithmic bins used in the sensitivity computation.
The fluxes are reported together with the associated er-
ror bands. In the case of gamma rays, we consider
the statistical errors of the estimated spectral parame-
ters and then, for each energy bin, we compute the up-
per/lower band as the curve defined by the combination
of parameters (± statistical errors) for which the flux is
maximized/minimized. The same approach is adopted
also for the neutrino flux error bands: a scanning of the
neutrino fluxes resulting from all the di↵erent combi-
nations of gamma-ray parameters is performed and the
maximum/minimum neutrino flux computed.

4.1. RX J1713.7-3946
The case of this source is of great interest for neutrino

telescopes, given that it is the brightest SNR in the TeV
sky. Moreover, its location in the sky makes it observ-
able with up-going events at the latitude of KM3NeT
for 70% of the time. The recent data from the H.E.S.S.
Collaboration [39] suggest a spectrum in the form of a
power law with exponential cuto↵:
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Halzen&Katz, 2013
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l Site: Sierra Negra, Mexico, 19°N, 4,100 m altitude.
l Inaugurated March 2015.
l Instantaneous FOV 2sr. Daily 8sr (66% of the sky).



HAWC Water Cherenkov Detectors
l The WCDs are filled with 200,000 l of purified water. The particles from the shower 

induce Cherenkov light in water, detected by the 4 PMTs.

Steel frame 
construction

Water trucks 
filling the tanks

Large plastic 
bag container

8-inch 
10-inch 
PMTs

3900 tanker truck trips needed 9



Detection Technique

• The particle detectors are tanks full 
of water. Particles from the shower 
pass through the water and induce 
Cherenkov light detected by PMTs.

• High altitude means closer to the 
shower maximum

HAWC (4100m) Sea level

The reconstruction of the events 
Involves determining:

Direction of the Event

Likelihood of an event to be g

Size of the Event 
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Direction reconstruction
The concentration of secondary particles is highest 
along the trajectory of the original primary particle, 
termed the air shower core. 

Determining the position of the core on the ground 
is key to reconstructing the direction 

At first order, we fit a plane to the relative timing of 
each PMT

Sub-nanosecond precision is needed
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Gamma-Hadron Separation

• Main background is hadronic CR, e.g. 400 g/day from the Crab vs 15k CR/s.

• Gamma/hadron can be discriminated based on the event footprint on the detector: 
gamma-ray showers are more compact, cosmic rays showers tend to "break apart”

• Showers appear quite different particularly above several TeV..

HAWC Data 
Likely Gamma Ray 

HAWC Data 
Hadron ShowerGamm

a
Hadron

Simulation
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Montecarlo Shower Simulation 

Energy deposited away from the core

Protons

Gammas

Gammas
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Pass 5 reconstruction
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(a) Two months of actual data (2020) for hadronic events. (b) We used data from simulations of gamma-rays. There is
higher retention of gamma-ray events in Pass 5 (>60%).

Figure 16: Comparison between Pass 4 (faded colors) and Pass 5. There is better background rejection in Pass 5.
Moreover, there is higher retention of gamma-rays, above 60% for all FHit bins.

With previous ratios for gammas and hadrons, we calculated

Q =
E�ciencygammasp
E�ciencyhadrons

. (1)

which is shown in Figure 17

Figure 17: Q factor (equation (1)) for each FHit bin. Even though it looks small at low energies, it keeps above
1. The enhancement becomes evident for the three zenith angle bins at a higher fraction of PMT hit (also higher
energies).

In Figures 18a, 18b we show the gamma/hadron separation e�ciency for o↵-array events with cuts optimized for
large signals. Here, the e�ciency for hadrons decreases faster than for on-array events (Fig. 16a). In this case,
gamma-rays’ e�ciency is bounded between 65% and 85%. The maximum di↵erence (⇡ 10%) between the e�ciency
for the angle bins occurs at the last bin. The bins with smaller e�ciencies are from 16.1% to 47.2% fraction of
PMTs hit.

13

Large Events - Much improved background rejection 

Better Angular Resolution - doesn’t degrade at high zenith angles 

Wider FOV - Previous 45o now 60o



HAWC Pass 5 Maps 
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J. Goodman — Particle Astrophysics – Univ. of Maryland Gamma 2022

Pass 4 (1523d) vs Pass 5 (2090d)

10

Pass 4

Pass 5



HAWC Pass 5 – 2090 days maps

16

Pass 5 - 2090 map

Preliminary

Preliminary

The Galactic Center

V4641 Sgr



Sources above 56 TeV
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0.5 degree extended map

Point source map 

More than half unidentified and mostly extended
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0.5 degree extended map

Point source map 

Sources above 100 TeV

More than half unidentified and mostly extended
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Sources above 177 TeV

0.5 degree extended map

Point source map 

More than half unidentified and mostly extended



§ Point-like, central source on top of extended  (2 x 1 
deg) ridge emission coincident with CMZ

§ Central point source: cutoff @ 10 TeV

§ Diffuse emission from interactions of CRs (from 
central BH or SFRs) 

§ Diffuse Emission : cutoff @ ?…

GC PeVatron

HESS Coll, Nature2016
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(b)

Figure 3: Minimum detectable flux computed according to the procedure described in Sec. 3 for CTA and KM3NeT to: (a) the extended SNR
RX J1713.7-3946 (spherical source with radius of 0.6 deg) and (b) the di↵use emission from the Galactic Center Ridge (rectangular box with
longitudinal size of 2.0 deg and latitudinal size of 0.6 deg). The binned gamma-ray fluxes are shown as colored solid lines. The dashed curves are
the binned muon neutrino fluxes computed according to the model in [38].

given that neutrino telescopes have a quite similar an-
gular resolution to water-based Cherenkov gamma-ray
instruments. Several sources reported in [45] are tested
under di↵erent angular extension hypotheses, leading
to di↵erent spectral fits: the spectral fit corresponding
to the more extended source assumption is considered
here. Furthermore, Geminga is flagged twice in the
HAWC catalog (both as a point-like and as a 2 deg
extended object): therefore, the final list counts a to-
tal of 40 gamma-ray emitters. In the view of a neu-
trino detection, the sensitivity of the KM3NeT detector
to upward-going track events for di↵erent angular ex-
tension of HAWC sources has been studied. Although
this is not the best source sample to be investigated with
KM3NeT through upgoing muons, given their sky posi-
tion, nonetheless we here consider it since it is interest-
ing to exploit sources not previously detected in the TeV
energy region. The sensitivity of KM3NeT is reported
in Fig. 4 and Fig. 5, together with the expected neutrino
fluxes. The case of point-like sources with fluxes in
the reach of KM3NeT is reported as well. In particular
Fig. 4 shows the neutrino expectations for: 4(a) HAWC
point-like sources; 4(b) for an extension of 0.5 deg; 4(c)
for 0.6 deg; Fig. 4(d) for 0.7 deg. Analogously 5(a)
shows the results for 0.8 deg sources; 5(b) for 0.9 deg
sources; 5(c) for 1.0 deg sources and 5(d) for 2.0 deg
sources. We here recall that the computation of neu-
trino spectra are realized without accounting for possi-
ble absorption of gamma-rays, which might be relevant
for extra-galactic sources: in this case, neutrino fluxes
would increase since neutrinos do not su↵er of absorp-

tion. As visible in Fig. 4 to 5, promising sources for
a neutrino detection are represented by 2HWC J1809-
190, 2HWC J1819-150, Crab, Mrk421, 2HWC J1844-
032, 2HWC J2019+367, 2HWC J1908+063, 2HWC
J1825-134, 2HWC J1814-173 and 2HWC J1837-065.
Since we are considering only sources below the hori-
zon, the source visibility needs to be taken into ac-
count. The sources with more than 50% visibility at the
KM3NeT latitude are constituted by 2HWC J1809-190,
2HWC J1819-150, 2HWC J1814-173, 2HWC J1825-
134, 2HWC J1844-032 and 2HWC J1837-065. The
inclusion of down-going events, with specific analysis
features allowing the reduction of the atmospheric muon
background, will permit to include in the analysis the
whole data-taking period: in this case, however, the
selection e�ciency would further reduce the triggered
sample by a factor of a few. Finally, in the case of two
degree extended sources, the cascade channel might be
added, given that the source dimensions are comparable
to the shower angular resolution at high energies (about
2� on average). A combined track and cascade analy-
sis is thus the most e↵ective strategy to pursue the goal
of identifying neutrino sources in case of very extended
objects.

6. Discussion and conclusions

In this work we investigated the discovery potential
of extended sources by the future KM3NeT, in rela-
tion to the constraining power of the next-generation
gamma-ray telescope, CTA. Unless multi-TeV photons

10
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• 100 TeV photons might not escape the GC ridge
• neutrinos could be the only messenger



HAWC View of the Galactic Centre Ridge

21

• 6 s detection in Pass 5

• HAWC and HESS fluxes compatible

• No spectral cutoff

• Maximum g energy detected in HAWC 

1 sigma: 69.57 TeV

2 sigma: 50.17 TeV

3 sigma: 34.24 TeV

preliminary



The Galaxy above 100 TeV: Spectra 

4

FIG. 1.
p
TS map of the Galactic plane for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology. Black

triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33

eHWC J1839-057 279.77 ± 0.12 -5.71 ± 0.10 0.34 ± 0.08 1.5 ± 0.3 7.03 J1837-065 0.96 3.06

eHWC J1842-035 280.72 ± 0.15 -3.51 ± 0.11 0.39 ± 0.09 1.5 ± 0.3 6.63 J1844-032 0.44 2.70

eHWC J1850+001 282.59 ± 0.21 0.14 ± 0.12 0.37 ± 0.16 1.1+0.3
�0.2 5.31 J1849+001 0.20 3.04

eHWC J1907+063 286.91 ± 0.10 6.32 ± 0.09 0.52 ± 0.09 2.8 ± 0.4 10.4 J1908+063 0.16 7.30

eHWC J2019+368 304.95 ± 0.07 36.78 ± 0.04 0.20 ± 0.05 1.6+0.3
�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

p
TS

is the square root of the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular
distance to it are also provided. In addition, the

p
TS of the same integral flux fit but above Ê >100TeV is provided. All

uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2� at the Crab declination [19],
but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power-law.

HAWC Collaboration+20
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MGRO 2019+371 MGRO 1908+06
HESS J1825+137
HESS J1826-130

but

4

FIG. 1.
p
TS map of the Galactic plane for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology. Black

triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33

eHWC J1839-057 279.77 ± 0.12 -5.71 ± 0.10 0.34 ± 0.08 1.5 ± 0.3 7.03 J1837-065 0.96 3.06

eHWC J1842-035 280.72 ± 0.15 -3.51 ± 0.11 0.39 ± 0.09 1.5 ± 0.3 6.63 J1844-032 0.44 2.70

eHWC J1850+001 282.59 ± 0.21 0.14 ± 0.12 0.37 ± 0.16 1.1+0.3
�0.2 5.31 J1849+001 0.20 3.04

eHWC J1907+063 286.91 ± 0.10 6.32 ± 0.09 0.52 ± 0.09 2.8 ± 0.4 10.4 J1908+063 0.16 7.30

eHWC J2019+368 304.95 ± 0.07 36.78 ± 0.04 0.20 ± 0.05 1.6+0.3
�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

p
TS

is the square root of the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular
distance to it are also provided. In addition, the

p
TS of the same integral flux fit but above Ê >100TeV is provided. All

uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2� at the Crab declination [19],
but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power-law.

HAWC Collaboration+20
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Figure 5: Muon neutrino fluxes (solid lines) of the sources reported in the HAWC catalog [45] and KM3NeT minimum detectable flux (dashed
line), as computed according to the procedure described in Sec. 3, to: (a) 0.8 deg extended sources, (b) 0.9 deg extended sources, (c) 1.0 deg
extended sources and (d) 2.0 deg extended sources.

appear to have a spectrum with a cut-o↵ around an en-
ergy of 10-50 TeV. Therefore, CTA will significantly re-
duce the limits on the neutrino source expectations, set-
ting conclusions on possible Galactic neutrino emitters
through its extremely strong constraining power.
Our analysis shows that, assuming a source emitting a
gamma-ray E�2 di↵erential energy spectrum through a
fully hadronic mechanism, a minimum gamma-ray flux
of E2��(10 TeV) > 1 ⇥ 10�12 TeV cm�2 s�1 is nec-
essary in order for its neutrino counterpart to be de-
tectable with a 3� significance on a time scale of 10
years with KM3NeT. This result assumes that the source
has an angular size of Rsrc = 0.1 deg. In the ex-
treme case of a source with a radial extent of Rsrc =

2.0 deg, only sources brighter than E2��(10 TeV) >
2 ⇥ 10�11 TeV cm�2 s�1 will be within the reach of neu-
trino telescopes. These estimates (obtained according
to Eq. 34 in [38]) are very weakly dependent on the
source spectral index and are consistent with previous
evaluations performed in [46] for the case of point-like
sources.
In particular, RX J1713.7-3946 and the Galactic Center
Ridge remain potential sources for neutrinos. We found
that a decade of observations is required for a 3� (in
each energy bin) neutrino detection from the SNR and
from the most optimistic set of parameters considered
for the Galactic Center Ridge (a cut-o↵ in the gamma-
ray spectrum at energies above 100 TeV).
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Figure 4: Muon neutrino fluxes (solid lines) of the sources reported in the HAWC catalog [45] and KM3NeT minimum detectable flux (dashed
line), as computed according to the procedure described in Sec. 3, to: (a) point-like sources, (b) 0.5 deg extended sources, (c) 0.6 deg extended
sources and (d) 0.7 deg extended sources.

are absorbed inside the sources or during their propa-
gation through the interstellar or intergalactic radiation
fields, gamma-ray observations can safely be consid-
ered a powerful tool to explore the potential for find-
ing astronomical neutrino sources. In order to accom-
plish this purpose, we here explored the sensitivities
of both instruments to extended sources. We here ar-
rived to the following conclusions: (i) the sensitivity
to extended sources shows a degradation with increas-
ing source angular size such that it is maximum at low
energies, reducing at intermediate energies and tend-
ing to disappear at very high energies; (ii) the most
important energy region for the detection of neutrino
sources is above 10 TeV. In this energy region, we see

no strong dependence of the CTA minimum detectable
gamma-ray flux with source size, with a comparison of
the performances of the two instruments showing that
above this energy a joint exploration of the VHE sky in
gamma rays and neutrinos will be possible. Nowadays,
we do have gamma-ray observations above 10 TeV, as
the surveys of the Galactic Plane realized by the current
ground-based telescopes, HAWC and H.E.S.S. These
observations are already constraining from the point of
view of their counterpart neutrino detection. However,
still room is available for the presence of Galactic neu-
trino emitters. In the near future CTA will explore the
entire Galactic Plane in the 10-100 TeV energy domain,
which is critical for Galactic sources, since most of them
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important energy region for the detection of neutrino
sources is above 10 TeV. In this energy region, we see

no strong dependence of the CTA minimum detectable
gamma-ray flux with source size, with a comparison of
the performances of the two instruments showing that
above this energy a joint exploration of the VHE sky in
gamma rays and neutrinos will be possible. Nowadays,
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the surveys of the Galactic Plane realized by the current
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Candidate PeVatron MGRO J1908+06 3

Figure 2. The 12CO (top) and 13CO (bottom) summed spectra in the region
of MGRO J1908+06. The velocity interval between the two dashed lines (58–
78 km s�1) represents the bulk of the emission, while the red zone marks the
velocity range between 58 and 62 km s�1 (shown in Fig. 3) that is the velocity
range considered for the molecular cloud analysis (section 3.1).

the FOREST Unbiased Galactic Plane Imaging (FUGIN) survey1.
This project aims at investigating the distribution, kinematics, and
physical properties of both di�use gas and dense molecular clouds
in the Galaxy by observing simultaneously the 12CO, 13CO, and
18CO J=1-0 lines. This survey achieves the highest angular resolu-
tion to date (⇠2000) for the Galactic plane, making it possible to find
dense clumps located at farther distances than those seen in previous
surveys.

We recovered the spectra in brightness temperature )⌫ as a func-
tion of the local standard of rest velocity (+!(') for the whole region
corresponding to the 3f contours of the TeV emission, both in 12CO
and 13CO. As shown in Fig. 2, the bulk of the emission is concen-
trated between 50 and 80 km s�1.

We plot in Fig. 3 the 12CO and 13CO molecular line emission
integrated from 58 to 62 km s�1. The contours presented in the
figure are those of the VERITAS TeV emission (Aliu et al. 2014) and
of the SNR G40.5-0.5 at 1.4 GHz from the VGPS. We denote the
three maxima of W-ray emission as lobes A, B, and C (see Fig. 1).
The maps of Fig. 3 show that lobe A overlaps with CO emission, lobe
B partially overlaps with CO emissions, while no obvious molecular
clouds association is seen for lobe C.

We concentrate on the molecular cloud in the 58–62 km s�1 ve-

1 Available at http://jvo.nao.ac.jp/portal/

locity interval, as it overlaps both the A-B lobes and the southern
border of the SNR. We obtain the distance of the cloud using the
Galaxy rotation curve from Clemens (1985), with '�= 8.5 kpc and
E� = 220 km s�1. The first Galactic quadrant presents distance
ambiguity for positive radial velocities, so adopting 60 km s�1, we
obtain near and far distances of 3.0 and 9.4 kpc, respectively.

To study the properties of the molecular gas, and in particular to
estimate their density, we use the dendrogram technique (Rosolowsky
et al. 2008). A dendrogram is a topological representation of the sig-
nificant local maxima in N-dimensional intensity data and the way
these local maxima are connected along contours (or isosurfaces)
of constant intensity. A local maximum, by definition, has a small
region around it containing no data greater than its value and, hence,
a distinct isosurface containing only that local maximum can be
drawn. The local maxima determines the top level of the dendrogram,
which we refer to as the “leaves” , defined as the set of isosurfaces
that contain a single local maximum. We identify and characterize
molecular clouds in the CO data cube between 58–62 km s�1 us-
ing �����������2. This python algorithm e�ciently constructs a
dendrogram representation of all the emission in the selected region.
The minimum value to consider (any value lower than this will not be
considered in the dendrogram) is set as the “detection level”, namely
5 f) , where f) is the median RMS noise level in the dataset, so that
only significant values are included in the dendrogram (Tmin = 3 K).
Another consideration is about how significant a leaf has to be in
order to be considered an independent entity. The significance of a
leaf is measured from the di�erence between its peak flux and the
value at which it is being merged into the tree. This parameter is set
to 1 f) , which means that any leaf that is locally less than 1 f) high
is combined with its neighboring leaf (or branch) and is no longer
considered as a separate entity.

Once an index of structures in the data has been produced by the
algorithm, it can be used to catalog the properties of each structure,
such as integrated intensity, centroid position, spatial position angle,
spatial extent, and spectral line-width.

We estimate the luminosity based on the zeroth moment, i.e., the
sum of the intensity, and then translate the moments into estimates
of physical quantities. For these calculations, we consider the pixels
in a cloud mask M, i.e. only the pixels belonging to a single cloud
identified by the segmentation algorithm. We measure the luminosity
of each cloud as:

!CO = �pix�E
’
8

)8 (1)

where �pix is the projected physical area of a cube pixel in pc2, �E
= 4 km s�1 is the channel width, and )8 is the brightness of the
cube pixels measured in K in the cloud mask M. We convert from
luminosity to mass, scaling the extrapolated luminosity through the
CO-to-H2 conversion factor, UCO.

"CO = !COUCO (2)

where we take UCO= 4.35 "� pc�2 (km s�1 K)�1 at solar metallicity
(Bolatto et al. 2013). To measure cloud radii we convert from the
deconvolved major and minor sizes, fmaj and fmin, to a cloud radius
measurement using:

' = [
p
fmajfmin (3)

The factor [ depends on the light or mass distribution within the
cloud. We adopt [=1.91 following Rosolowsky & Leroy (2006). Our

2 Available at http://www.dendrograms.org/

MNRAS 000, 1–7 (2020)

4 S. Crestan et al.

Figure 3. Maps of 12CO (left) and 13CO (right) emission in the MGRO J1908+06 region integrated between 58–62 km s�1. The white solid lines are the same
as in Fig. 1, while the green contours are the continuum emission from SNR G40.5-0.5 at 1.4 GHz.

model approximates the cloud as a spherically symmetric object so
that R also characterizes the object in three dimensions. Therefore,
we do not apply any inclination corrections to R. The resulting mean
cloud density is ⇠ 180 particles cm�3 assuming a distance of 3 kpc,
while it is ⇠ 60 particles cm�3 assuming 9 kpc.

3.2 Fermi-LAT data analysis

We analyzed 12 years of Fermi-LAT data, obtained from 2008-09-01
to 2020-12-16, exploiting the Pass 8 data processing (P8R3) with
the public ���������� (v2.0.0) and ������� packages (v1.0.0). We
selected the Pass 8 ‘source’ class and ‘front+back’ type events coming
from zenith angles smaller than 90° and from a circular region of
interest (ROI) with radius of 10° centered at R.A. = 286.97° and Dec.
= 6.03° (J2000). The instrument response function version P8R3-
SOURCE-V3 was used. We selected only the events in the 10 GeV–
1 TeV energy range, to avoid the contribution from PSR J1907+0602
(see fig. 4 of Abdo et al. 2010). We included in the background model
all the sources from the 4FGL catalog within the ROI, as well as the
Galactic (gll-iem-v07.fits) and the isotropic (P8R3-SOURCE-V3-v1)
di�use components.

We performed a binned analysis with five bins per energy decade
and spatial pixel size of 0.05° . In the maximum likelihood fitting,
the normalization parameter of all the sources within 3° of the ROI
centre, as well as the di�use emission components, were left free to
vary. Instead the parameters of all the other sources at more than 3°
were fixed to the values given in the 4FGL catalog (Abdollahi et al.
2020). To describe the spatial morphology of MGRO J1908+06, we
used the VERITAS emission region at 3f level (i.e. the outermost
contour in Fig. 1 ), while for the spectral model we assumed a power
law with photon index � = 1.6. This leads to a detection significancep
)( ⇠ 6 in the energy band considered. The W-ray flux was obtained

by binning the W-ray data in the range from 10 to 1000 GeV into four
energy intervals, and performing a binned likelihood analysis in each
energy bin. The resulting Fermi-LAT spectral energy distribution is
plotted in Fig. 4.

3.3 X-ray Analysis

To study the X-ray emission in the vicinity of PSR J1907+0602 we
used a 52 ks long observation carried out on 2010 April 26 with
the XMM-Newton satellite. We analyzed the data of the EPIC-MOS
instrument that was operated in full frame imaging mode and with
the medium thickness optical filter. We excluded time intervals with
high background, resulting in net exposure times of 36 and 38 ks for
the two MOS cameras.

Using the Extended Source Analysis Software (ESAS3), we ex-
tracted the spectra from a circular region of 5 arcmin radius centered
at the position of PSR J1907+0602 (excluding a circle of 3000radius
around the source) and from a concentric annular region with radii
5 and 12.5 arcmin. The latter was used to estimate the X-ray back-
ground (which in this sky region is dominated by the Galactic Ridge
di�use emission). Comparison of the two spectra showed no evi-
dence for di�use emission associated with PSR J1907+0602, with
an upper limit (at 95% c.l.) of 1.2⇥10�15 erg cm�2 s�1 arcmin�2 on
the surface brightness in the 1–10 keV energy range.

4 ORIGIN OF THE W-RAY EMISSION

Emission at TeV energies indicates the presence of ultra-relativistic
particles which, in principle, can produce it through Inverse Compton
(IC) scattering of the CMB, IR and/or star-light seed photons by
electrons, or through the decay of neutral pions resulting from proton-
proton (and/or other nuclei) interactions. In this Section, we first
explore the possibility that a single mechanism is responsible for
the emission from the whole trilobed region in either the leptonic or
hadronic scenario.

We then consider the possibility of a two-zone model, in which
both components (hadronic and leptonic) are present. This scenario

3 https://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/xmm-esas.html
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8.5 kpc away, as some distance estimates suggest, it is much
further away than PSR J1907+0602 and the source we see may
actually consist of two superimposed sources. Crestan et al.
(2021) also suggest that the emission is comprised of two
populations.

Recent observations using Fermi-LAT (Li et al. 2021) have
resulted in the detection of extended GeV gamma-ray emission
in this area, said to be the GeV counterpart of the TeV emission.
This emission contains two components: a soft, low-energy
(<10 GeV) component and a harder (>10 GeV) component.
The first component is attributed to molecular clouds surround-
ing the supernova remnant, while the second is likely leptonic in
origin and originates from the PWN of PSR J1908+0602.

1.3. Description of HAWC and HAWC Data

In this work, we use data from the HAWC Observatory to
study 3HWC J1908+063. The HAWC detector consists of 300
water Cherenkov detectors, each instrumented with four
photomultiplier tubes. It is designed to detect the byproducts
of the extensive air showers that are induced when a gamma
ray or a cosmic ray enters the Earth’s atmopshere and interacts
with particles there.

Located in the state of Puebla, Mexico, HAWC is sensitive
to sources with declinations between −26° and +64°. It is
capable of continuously monitoring the sky and has achieved a
sensitivity of a few percent of the Crab flux over the last five
years (Albert et al. 2020). More information on the design of
HAWC can be found in Smith (2015) and Abeysekara et al.
(2017a).

This paper uses a data set consisting of 1343 days of data
collected between 2015 June and 2019 June. The data is binned

using a 2D scheme of the estimated energy (Ê) and the fraction
of the HAWC array hit during an air-shower event, as
described in Abeysekara et al. (2019). The estimated energy
bins are each a quarter decade in width in log10 space; the first
bin starts at Ê = 1 TeV and the last bin ends at Ê = 316 TeV.
The “ground parameter” energy estimator is used. This
algorithm uses the fit to the lateral distribution function to
measure the charge density 40 m from the shower core, along
with the zenith angle of the air shower, to estimate the energy
of the primary gamma ray. The standard quality cuts described
in Abeysekara et al. (2019) are used.
The paper is organized as follows. In Section 2, we describe

the diffusion model we use to fit data in the 3HWC J1908+063
region. Section 3 gives the best-fit results using this diffusion
model. We also compare the results presented here to those
obtained by other observatories. A potential spectral hardening
feature at the highest energies is also discussed. In Section 4,
we discuss possible models to describe the TeV emission from
HAWC. In Section 5, we discuss implications of this model for
detection by observatories operating at different wavelengths
and with different messengers. In Section 6, we present the
conclusions.

2. Description of the Diffusion Model

The model we fit to the region contains three sources: 3HWC
J1908+063 as well as the east and west lobes of SS433. The
lobes of SS433 overlap the edge of the significant 3HWC
J1908+063 emission.
Both lobes of SS433 are modeled as point sources with their

locations fixed to the reported location in Abeysekara et al.
(2018). As in that paper, they are assumed to emit according to
power-law spectra with spectral indices fixed at 2.0:

( )f=
-dN

dE
E

20TeV
. 10

2.0⎛⎝ ⎞⎠
The spectral indicies are fixed as it is not possible to fit them
due to the low number of counts for these sources. This
statistical limitation does not have an effect on the fit
parameters of 3HWC J1908+063, which is brighter by orders
of magnitude. The normalization of each lobe, f0, is allowed to
float separately in the fit.
The source 3HWC J1908+063 is modeled as an extended

source with the centroid fixed at the location from the 3HWC
catalog (R.A.= 287°.05, decl.= 6°.39) (Albert et al. 2020).
Three spectral shapes are considered: a power-law, a power-
law with an exponential cutoff, and a log-parabolic function. The
log-parabolic function is found to be significantly preferred,
using the Bayesian information criterion (Schwarz 1978; Kass &
Raftery 1995) (BIC), over other spectral shapes:

( )
( )

f=
a b- -dN

dE
E

10TeV
. 2

E

0

ln 10TeV⎛⎝ ⎞⎠
The flux normalization f0, the spectral index α, and the

curvature parameter β are all free parameters in the fit. The BIC
for this fit is 139,459, while the BIC for a power-law fit is
139,523 and the BIC for a power-law with an exponential
cutoff is 139,491. The ΔBIC between this model and the
power-law (power-law with an exponential cutoff) is 64 (32). A
ΔBIC value of >10 implies very strong evidence against the
higher BIC (Kass & Raftery 1995).

Figure 1. HAWC significance map of the region, in Galactic coordinates, with
the two pulsars and the SNR labeled. PSR J1907+0631 and SNR G40.5-
0.5 are only 0°. 03 away from each other so their markers on this plot overlap.
The maximum significance is 38.82σ. The contours are the 5, 10, 15, 20, 25,
30, and 35σ significance contour levels.
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following values: αγ= 2, kγ= 2× 10−12 (TeV cm2 s)−1, and
no gamma-ray cutoff (Ecut,γ=∞ ). The lack of cutoff allows us
to neglect the exponential terms in Equations (18) and (19).

Using the conversion between kν and kγ given above, kν is
equal to ∼7.5× 10−13 (TeV cm2 s)−1.

Now that the expected neutrino flux has been computed, we
can discuss whether IceCube will see this source. We assume
that the neutrino source, if it exists, is extended. IceCube’s
discovery potential for extended sources is given in Figure 3 of
Pinat et al. (2017). The discovery potential increases as the size
of the source decreases, but even if the source is only 1° across,
the predicted neutrino flux is approximately an order of
magnitude below the discovery potential.

The proposed next-generation IceCube-Gen2 will have a
better discovery potential and may be able to detect this source
if the lepto-hadronic hypothesis is true. The predicted neutrino
flux is near the discovery potential, as can be seen in Figure 8
of Aartsen et al. (2021). In the absence of a detection in 10
years of IceCube-Gen2 observations, it will be possible to place
constraints on the hadronic emission.

6. Conclusions

We report HAWC observations of the spectrum of the ultra-
high-energy source 3HWC J1908+063, which emits to at least
200 TeV. The source is modeled using an electron diffusion
model. There is potential spectral hardening observed at the
highest energies, although more data is needed to test this
hypothesis.

We investigate the origins of the TeV gamma-ray emission
and conclude that an entirely hadronic scenario is unlikely. Due
to the unconstrained parameter space, one-population leptonic,
two-population leptonic, and lepto-hadronic models are all
allowed. In the case of a lepto-hadronic model, the hadronic
contribution is most important at the highest energies. Multi-
messenger and multiwavelength observations will be important
in distinguishing between these two scenarios.
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Appendix
HAWC Data Points

The two tables in this section (Tables 2 and 3) contain the
HAWC flux points for 3HWC J1908+063.
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Table 2
HAWC Flux Points for the Nominal Fit

Energy E2
flux (TeV cm−2 s−1) Test statistic

1.19 ´-
+ -1.95 100.15

0.14 11 187.88
1.82 ´-

+ -1.98 100.13
0.14 11 216.88

3.12 2.00 ± 0.13 × 10−11 265.03
5.52 1.57 ± 0.09 × 10−11 351.59
9.96 1.18 ± 0.07 × 10−11 372.40
18.65 ´-

+ -7.19 100.53
0.55 12 234.39

34.17 ´-
+ -4.70 100.45

0.46 12 178.21
59.71 ´-

+ -2.75 100.42
0.43 12 74.18

103.07 ´-
+ -2.13 100.47

0.44 12 42.98
176.38 1.38 ± 0.54 × 10−12 13.37

Note. This table contains the HAWC flux points for the nominal best fit, which
is shown in Figure 4.

Table 3
HAWC Flux Points for the Subdivided Fit

Energy E2
flux (TeV cm−2 s−1) Test statistic

1.19 1.94 ± 0.15 × 10−11 187.82
1.82 1.98±0.14 × 10−11 216.59
3.12 ´-

-1.99 100.12
0.13 11 265.04

5.52 1.56 ± 0.09 × 10−11 351.51
9.96 1.18 ± 0.07 × 10−11 372.20
18.65 7.17 ± 0.5410−12 234.28
34.18 ´-

+ -4.66 100.43
0.45 12 178.19

54.08 3.24 ± 0.60 × 10−12 53.24
71.30 ´-

+ -2.07 100.56
0.58 12 22.29

93.89 ´-
+ -1.88 100.56

0.57 12 19.12
124.36 ´-

+ -2.23 100.65
0.66 12 23.80

166.97 ´-
+ -2.26 100.79

0.80 12 19.30
224.45 7.91 × 10−13 0.39

Note. This table contains the HAWC flux points for the scenario where the
highest-energy bins are subdivided into smaller energy bins to look for
evidence of spectral hardening, which is shown in Figure 7. The last point is an
upper limit.
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Location R.A. 287.05°  Dec. 6.39° R.A. 287.05°  Dec. 6.35°

Maximum measured energy >200 TeV 440 TeV

Origin of TeV emission

Suggest leptonic in nature. Powered by 
PSR J1907+0602  

one-population leptonic, two-population 
leptonic, and lepton-hadronic allowed 

Both hadronic and leptonic origin are 
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No preference in current data
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Some HAWC PeV candidates are 
promising neutrino sources

Neutrinos seen in coincidence with a 
PeVatron candidate would 
unambiguously indicate hadronic origin

J1908+06 one of best p-values in 
IceCube point source searches, although 
still consistent with background-only 
hypothesiss
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eHWC J1842-035
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HAWC > 100 TeV
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LHAASO > 100 TeV

HAWC LHAASO

Location R.A. 280.72°  Dec. -3.51° R.A. 280.75°  Dec. -3.65°

Maximum measured 
energy >56 TeV  260 TeV

Morphology 0.39° extension 0.3° extension template 

• Multi-source analysis reveal 3 
components in Pass5 data 

• The extended component 
spectrum shows great agreement 
with LHAASO flux point at 100 
TeV 

HAWC result
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Maximum measured 
energy >56 TeV  260 TeV

Morphology 0.39° extension 0.3° extension template 

• Multi-source analysis reveal 3 
components in Pass5 data 

• The extended component 
spectrum shows great agreement 
with LHAASO flux point at 100 
TeV 

HAWC result

Complex morphology , 0.3-0.4 deg

Maximum energy in HAWC > 100 TeV

Study ongoing

eHWC J1842-035
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H.E.S.S. J1809-1917

• Not detected by LHAASO’s 12 UHE sources, at the edge of their FOV 

• PSR J1809-1917 is a young (age = 51 kyr) pulsar, E = 1.8 x  

• Several SNRs are in the region, G11.0-0.0 is spatially coincident with the peak of the H.E.S.S. emission 

• Possibly Hadronic PeVatron 

• Preliminary analysis shows good agreement with H.E.S.S., SED extended to 100 TeV without cutoff

1036 erg s−1

A&A 472, 489–495 (2007) A&A 612, A1 (2018)

H.E.S.S.
HAWC > 1 TeV
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Fermi - Argo -HAWC-LHAASO cocoon 
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HAWC significance map
of the Cygnus Cocoon

§ Fermi-LAT	detection	of	hard	and	
extended	GeV	gamma-ray	emission	
in	Cygnus

§ “Cocoon”	of	freshly	accelerated		
cosmic	rays	

§ Extent	~ 50	pc	between	OB2		and	
SNR	Gamma	Cygni

§ Origin	possibly	attributed	to	
Gamma	Cygni or/and	OB2

2

Cygnus	Cocoon	

Ackermann,	M.,	et	al.	2011,	Science,	334,	1103

Fermi detected hard and extended emission
from Cygnus X, between OB2 and Gamma 
Cygni SNR

§ Attributed due to a
Cocoon of freshly 
accelerated Cosmic Rays

§ Powered by Supernova 
Remnant or Star forming 
region?

§ Evidence of star forming 
region as GCR accelerator

§ Unique and only seen at 
GeV energies – no TeV
counterpart so far

Fermi-LAT Cocoon

Fermi-LAT Residual Photon Count Map 
photons/bin

Ackermann, M., et al. 2011, Science, 334, 1103

5

Ackermann, M., et al. 2011 Subtracting HAWC PWN & -	Cygni

13

§ Significance map of the region after 
subtracting HAWC PWN & γ	Cygni
with 0.5° smearing applied

§ HAWC (RA, Dec): (307.65°, 41.14°)

§ Gaussian radius of ~ 2°

§ Described by a simple power law 
spectrum

Contours:
0.16, 0.24 and 0.32  
photons/bin from 
FERMI-LAT Cocoon

HAWC Coll, NatAstr 2021



Cocoon Spectrum and morphology
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LETTERSNATURE ASTRONOMY

cosmic ray density profile above 100 GeV from ref. 19, which clearly 
favours the 1/r profile. Alternatively, the 1/r profile is less striking 
for TeV cosmic rays because of their escape time.

The angular size of the Cygnus Cocoon is about 2.1°, which trans-
lates into a radius of r = 55 pc at 1.4 kpc. The size of the Cocoon is 
similar in both the TeV and GeV energy range. Assuming a loss-free 
regime, the particles from tens of GeV to hundreds of TeV diffuse 
in the region over a time tdiff given by tdiff = r2/(2D) (ref. 20), where D 
is the particle diffusion coefficient. If D(E*) = β D0(E*), where D0(E*) 
is the average diffusion coefficient in the Galaxy at a given energy E* 
and β is the suppression coefficient, then at 10 GeV
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The diffusion time (tdiff) of 10 GeV particles detected with 
Fermi-LAT needs to be shorter than the age of the Cyg OB2 associa-
tion tage, that is, tdiff (10 GeV) < tage ≈ 1−7 Myr (ref. 21), which yields 
β > 0.002. By contrast, the diffusion time of 100 TeV particles must 
be longer than the light-travel time to the edges of the Cocoon, 
tdiff (100 TeV) ≫ Rdiff/c, where Rdiff is the diffusion radius and c is the 
speed of light. With D0(100 TeV) = 3 × 1030 cm2 s−1, we obtain β ≪ 1. 
The combination of observations by the GeV and TeV instruments 
provides unique insights to particle transport in the Cocoon super-
bubble. The ‘suppression of the diffusion coefficient’ (β) is found to 
be 0.002 < β ≪ 1. This confirms that closer to particle injectors, high 
turbulence is driven by the accelerated particles, and cosmic rays 
are likely to diffuse more slowly than in other regions of the Galaxy.

As discussed in ref. 10, although the PWN powered by PSR 
J2021+4026 and PSR J2032+4127 cannot explain this extended 
Cocoon emission, we cannot rule out that the emission could be 
from a yet-undiscovered PWN. The nearby γ Cygni SNR might 
not have been able to diffuse over the Cocoon region because of 
its young age10. The γ-ray emission measured from the Cocoon 

region over five orders of magnitude in energy is likely produced by  
protons in the GeV to PeV range that collide with the ambient dense 
gas. The spectral shape in the TeV energy range is well described by 
a power law without an indication of a cut-off up to energies above 
100 TeV. Therefore, it might be the case that the powerful shocks 
produced by multiple strong star winds in the Cygnus Cocoon can 
accelerate particles, not only to energies up to tens of TeV as previ-
ously indicated by the Fermi-LAT detection, but even beyond PeV 
energies. However, the presence of a cut-off or a break in the GeV to 
TeV γ-ray spectrum at a few TeV, as evidenced in the measurements 
of both ARGO and HAWC detectors, argues against the efficiency 
of the acceleration process beyond several hundred TeV.

The break in the γ-ray spectrum around a few TeV could be due 
to either leakage of cosmic rays from the Cocoon or a cut-off in the 
cosmic ray spectrum injected from the source. In the first scenario, 
the γ-ray emission is dominated by recent starburst activities less 
than 0.1 Myr ago. The diffusion length in the Cocoon is 100–1,000 
times less than that in the interstellar medium owing to strong mag-
netic turbulence10 that is plausibly driven by starburst activities. The 
lower-energy cosmic rays are confined by the magnetic field of the 
Cocoon, whereas higher-energy cosmic rays escape from the region 
before producing γ rays, which results in a spectral break from GeV 
to TeV regime. An injection index of α ≈ −2.1 for the cosmic ray spec-
trum is needed to explain the Fermi-LAT observation. Such a spec-
trum can be achieved by different particle acceleration mechanisms, 
for example through shock acceleration. An example of the leakage 
model is illustrated as the thick solid grey line in Fig. 2a. Assuming 
a recent activity that happened 0.1 Myr ago and a gas density of 30 
nucleons per cm3 as suggested by H i and H ii observations22, the 
proton injection luminosity is found to be Lp ≈ 4 × 1037 erg s−1 above 
1 GeV (Methods). The data above 100 TeV suggest that the stellar 
winds inject protons to above PeV with a hard spectrum.

In the second scenario, the γ-ray emission is produced by contin-
uous starburst activities over the OB2 star lifetime, 1–7 Myr. In this 
scenario, a hard cosmic ray spectrum of α ≈ −2.0, depending on the 
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Fig. 2 | Spectral energy distribution of the γ-ray emission and cosmic ray density at the Cocoon region. a, Spectral energy distribution of the Cocoon 
measured by different γ-ray instruments. Here, Φγ is the γ-ray flux, which is given by Eγ

2 × dN/dEγ and Eγ is the γ-ray energy. Blue circles are the spectral 
measurements for the Cocoon in this study. The errors on the flux points are the 1σ statistical errors. At low TeV energy, HAWC data agree with the 
measurements by the ARGO observatory shown in grey squares14. The red and grey circles are the Fermi-LAT flux points published in ref. 15 and ref. 10, 
respectively. The grey triangles are from the Fermi-LAT analysis in ref. 19. The grey solid and dashed lines are γ-ray spectra derived from the hadronic 
modelling of the region. (The leptonic modelling results are provided in Extended Data Fig. 1). b, Cosmic ray energy density profile calculated for four 
rings (0–15!pc, 15–29!pc, 29–44!pc and 44–55!pc) centred at the OB2 association. The green circles are the cosmic ray densities derived above 10!TeV 
using HAWC γ-ray data. The y errors are the statistical errors and the x error bars are the width of the x bins. The orange and blue lines are the 1/r profile 
(signature of the continuous particle injection) and constant profile (signature of the burst injection), respectively, calculated by assuming a spherical 
symmetry for the γ-ray emission region and by averaging the density profile over the line of sight within the emission region. The black dashed line is the 
local cosmic ray density above 10!TeV based on Alpha Magnetic Spectrometer measurements18. The black triangles are the cosmic ray densities above 
100!GeV from ref. 19.

NATURE ASTRONOMY | VOL 5 | MAY 2021 | 465–471 | www.nature.com/natureastronomy 467

Unique SFR seen from GeV to PeV energies

Spectral break with respect to Fermi datapoints

CR density > 10 TeV higher than local CR in the whole region

1/r profile would suggest a continous injection. A constant profile would suggest a recent 
burst event happened less than 0.1 Myr

10000 CygOB2 would be required for CRs Galactic  population

Nat Astr, HAWC 2021
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Highest energy photon

l 1.42±0.13 PeV from the Cygnus region

l Chance probility due to cosmic ray 
background  0.028%.

Nature 594:33-36 (2021)

2.7x10-7 according 
to muon-content

Slide by Ruizhi Yang



eHWC J1825-134
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9

eHWC J1825-134

The Astrophysical Journal Letters 907.2 

Point source spectrum

HAWC (point source) LHAASO

Location R.A. 276.44°  Dec. -13.42° R.A. 275.45°  Dec. -13.45°

Morphology 2 extended sources + 1point 
source 0.3 ° extension template 

Maximum measured energy >200 TeV 420 TeV

Origin of TeV emission Proton accelerated by SFR  
Electron accelerated by PSR J1826-1334

HAWC > 177 TeV LHAASO > 25 TeV

LHAASO location

• Two extended HAWC sources are 
cutoff around 25 TeV 

• Assume LHAASO > 200 TeV flux 
associate with HAWC point source 

• LHAASO spectrum shows good 
continuity with HAWC

Nature 594.7861 (2021): 33-36
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eHWC J1825-134

The Astrophysical Journal Letters 907.2 

Point source spectrum

HAWC (point source) LHAASO

Location R.A. 276.44°  Dec. -13.42° R.A. 275.45°  Dec. -13.45°

Morphology 2 extended sources + 1point 
source 0.3 ° extension template 

Maximum measured energy >200 TeV 420 TeV

Origin of TeV emission Proton accelerated by SFR  
Electron accelerated by PSR J1826-1334

HAWC > 177 TeV LHAASO > 25 TeV

LHAASO location

• Two extended HAWC sources are 
cutoff around 25 TeV 

• Assume LHAASO > 200 TeV flux 
associate with HAWC point source 

• LHAASO spectrum shows good 
continuity with HAWC

Nature 594.7861 (2021): 33-36

HAWC                        LHAASO



HAWC J1825-134
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Previously of J1825 Region

3

>200 TeV

• Spectral analysis from HAWC data 

1.Extended source HAWC J1826-128 and 
extended source HAWC J1825-138 both 
started cutoff around 30 TeV 

2.New Point like source HAWC J1825-134 
extend beyond 200 TeV and don’t showing 
any cut off in HAWC data

https://iopscience.iop.org/article/10.3847/2041-8213/abd77b/pdf

Previously of J1825 Region

4

• Proton can be accelerated at Young Star 
Cluster [BDS2003]8  

• High energy protons can travel to giant 
molecular cloud [MML2017]99 and collide 
with ambient gas to produce  

•  can decay to photons, then contribute the 
emission seen by HAWC

π0

π0

https://iopscience.iop.org/article/10.3847/2041-8213/abd77b/pdf

Above 177 TeV 

HAWC Coll  ApJL 2021



HAWC J1825-134 and LHAASO 
J1825-136 above 200 TeV 
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10

• Assume the LHAASO flux points > 200 TeV are 
coming from the same origin of HAWC 
J1825-134 

• Flux point at 200 TeV agrees HAWC J1825-134 
point source spectrum 

• The spectrum become softer beyond 300 TeV 

• HAWC Outriggers!

How About New Point Source Energy

HAWC Coll 2021



SNR G106.3+2.7: Galactic PeVatron ?

HAWC Collaboration, ApJL 2020

• SNR G106.3+2.7 is a 10kyr comet-shaped 
radio source at 0.8 kpc  

• PSR J2229+6114, seen in radio, X-rays, and 
gamma rays 

• Boomerang Nebula is contained in the 
remnant 

• VERITAS source (energy range 900 GeV – 16 
TeV)

• HAWC emission pointlike, morphology 
compatible with VERITAS source and 
coincident with a region of high gas density
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Gamma PL  : 2.29,   Lower limit on gamma Ecut = 120 TeV

Proton PL :  2.35,    Lower limit on proton Ecut = 800 TeV,  

Wp = 1048 (n/50)-1 erg

G106.3+2.7 : a Galactic PeVatron?

VERITAS index = -2.29
HAWC index = -2.25

Joint VERITAS-HAWC PL  from 800 GeV to 180 TeV

HAWC Collaboration, ApJL 2020



HAWC J2227+ 610 (Boomerang 
region) 

12

• In new HAWC data, HAWC resolves two 
sources 

• MAGIC sees two sources 

• Head Region (Upper Source) 

• Contains PWN and PSR 

• IC scattering in the PWN 

• Tail Region (Lower Source) 

• Molecular cloud nearby 

• Both pion decay and IC scattering are  
plausible

HAWC J2227+ 610 (Boomerang region) 

HAWC Pass5 Data MAGIC

https://pos.sissa.it/395/796/pdf

3812

• In new HAWC data, HAWC resolves two 
sources 

• MAGIC sees two sources 

• Head Region (Upper Source) 

• Contains PWN and PSR 

• IC scattering in the PWN 

• Tail Region (Lower Source) 

• Molecular cloud nearby 

• Both pion decay and IC scattering are  
plausible

HAWC J2227+ 610 (Boomerang region) 

HAWC Pass5 Data MAGIC

https://pos.sissa.it/395/796/pdf



HAWC detection of microquasars
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Microquasars as
gamma-ray sources: 
SS433 Lobes

• SS 433 is a Galactic micro-quasar observed in 
radio-X-rays. 

• SS433 is a binary system formed by a 
Supergiant 30 solar masses star and a compact 
object, either a neutron star or a black hole

• Two jets, the most powerful known in the 
Galaxy, extend perpendicular to the line of 
sight and terminate in W50 nebula and 
produce western and eastern X-ray lobes

• SS433 jet  : 1039-40 erg/s  

• SS433 jet speed roughly c/4

• Baryon loaded

• Particle acceleration is believed to occur at the 
lobes where strong radiation is expected to be 
emitted at GeV and TeV energies 



Origin of the emission (e1) 13 Broadband Spectral Energy Distrib. of e1 

•  Leptonic: radio + X-ray photons are produced via synchrotron emission in a magnetic 
field and TeV γ rays observed by HAWC are produced via IC scattering of the same e-. 

 
•  Multiwavelength spectral fit (solid + dashed line) of leptonic scenario assumes 

                                
                    
                                                                          

in a magnetic field of strength B. We inferred Emax > 1 PeV. 

dN
dE

∝E−α exp( −E
Emax

),

K. Fang 
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• IC scattering off CMB photons, scattering off optical and infrared suppressed electron 
acceleration 

• Electrons of at least 130 TeV required in a magnetic field of 16microGauss  

• Hadronic emission assumes 10% conversion of jet energy into protons and 0.05 cm-3 

density

Nature, HAWC Coll 2018



The closest known microquasar : 
V4641 Sagitarii

J. Goodman — Particle Astrophysics – Univ. of Maryland Gamma 2022

V4641 Sgr - Binary System

20

• Newly discovered Tea micro-
quasar  

• One of the fastest superluminal  
jets in the Milky Way galaxy 

– Implies jet point toward us 
– but radio jet is very small 

• 9.7σ in Pass 5 
• Median E~25 TeV 

• High zenith angle for HAWC 
– 45o off zenith 
– Extent appears <0.25o 

Preliminary

42

Newly discovered Tea micro- quasar 
One of the fastest superluminal 
jets in the Milky Way galaxy 
– Implies jet point toward us –
but radio jet is very small 

9.7σ in Pass 5 Median E~25 TeV
High zenith angle for HAWC 

– 45o off zenith
– Extent appears <0.25o 

Highest energy measured 180 TeV



Diffuse g-rays at hundred TeVs
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FIG. 4. Differential energy spectra of the diffuse gamma
rays from the galactic plane in the regions of (a) |b| < 5◦,
25◦ < l < 100◦ and (b) |b| < 5◦, 50◦ < l < 200◦, respectively.
The solid circles show the observed flux after excluding the
contribution from the known TeV sources listed in the TeV
gamma-ray catalog [6], while the solid and dashed curves dis-
play the predicted energy spectra by the space-independent
and space-dependent models by Lipari and Vernetto [19], re-
spectively (see text). Solid squares in panel (a) and triangles
with arrows in panel (b) indicate the flux measured by ARGO-
YBJ and the flux upper limit by the CASA-MIA experiment,
respectively.

and space-dependent models based on the hadronic sce-
nario. The observed flux in the highest energy bin in
398 < E < 1000 TeV looks higher than the model predic-
tion, but it is not inconsistent with the model when the
statistical and systematic errors are considered. Above
398 TeV, the total number of observed events is 10 in
each of 25◦ < l < 100◦ and 50◦ < l < 200◦, which in-
cludes the Cygnus region around l = 80◦. Interestingly,
4 out of 10 events are detected within 4◦ from the center
of the Cygnus cocoon, which is claimed as an extended
gamma-ray source by the ARGO-YBJ [24] and also pro-
posed as a strong candidate of the PeVatrons [25], but
not taken into account in [19]. If these 4 events are sim-
ply excluded, the observed flux at the highest energy in
Figure 4 better agrees with the model prediction.

The high-energy astrophysical neutrino is also a good
probe of the spectrum and spatial distribution of PeV
cosmic rays in the Galaxy [26, 27]. According to Li-
pari and Vernetto [19], the diffuse gamma-ray/neutrino
flux predicted near the Galactic center (|l| < 30◦) by

the space-dependent model is more than 5 times higher
than that predicted by the space-independent model in
100 TeV < E < 10 PeV. Also PeV diffuse gamma
rays/neutrinos from the Fermi-bubble [28] could be a
good probe of the possible dark matter distribution
around the Galactic center [29, 30]. Therefore, the
gamma-ray/neutrino observation in the southern hemi-
sphere, which is capable of observing the Galactic center
region, will also play important roles to study the funda-
mental physics.

V. CONCLUSIONS

We successfully observed the galactic diffuse gamma
rays in 100 TeV < E < 1 PeV by the Tibet AS+MD ar-
ray. Particularly, in the energy region above 398 TeV, we
found 23 gamma-ray like events against 2.7 background
events, which corresponds to 5.9σ statistical significance,
in |b| < 10◦ in our FoV. The highest energy of observed
gamma-ray is 957 TeV, which reaches nearly 1 PeV. The
gamma-ray distribution are extended around the Galac-
tic plane apart from known galactic TeV gamma-ray
sources. We also found no significant signal above 10 TeV
in directions of 38 gamma-ray like events above 398 TeV,
which implies that these events are orphan gamma rays
as is expected from the diffuse gamma-ray scenario. The
measured fluxes are overall consistent with recent models
assuming the hadronic cosmic-ray origin. These facts are
hard to interpret with the leptonic cosmic-ray origin, in-
dicating that sub-PeV diffuse gamma rays are produced
by the hadronic interaction of protons, which are accel-
erated up to a few PeV energies (possibly ∼ 10 PeV)
and escaping from the source, with the interstellar gas
in our Galaxy. Hence, we conclude that the PeVatrons
inevitably exist in the present and/or past Galaxy ac-
celerating cosmic rays which spread in the Galaxy being
well confined around the Galactic disk.
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Amenomori+21, Tibet AS

• The fractional source
contribution to the diffuse
component is estimated to
be 13%.

• All events above 398 TeV
observed more than 0.5 deg
apart from known sources.
PeV electrons cannot easily
explain such emission

• Above 398 TeV 4 out of 10
events are detected within 4◦
from the centre of the
Cygnus cocoon If these 4
events are simply excluded,
the observed flux at the
highest energy agrees with
the model prediction.



Conclusions and outlook

• Both target analysis and discoveries in blind survey searches brought recently new insights 

in the search for the Galactic PeVatrons

• We have not yet pinned down the origin of PeV particles but we now know that the 

Galaxy is rich in multi-TeV up to PeV gamma-ray sources

• Both hadronic and leptonic mechanisms possible in most cases

• Gamma-ray sources such as microquasars might be suffering from absorption

• Neutrino observatories have the potential to pin down the most extreme Galactic 

accelerators. The flux of the brightest gamma-ray sources known is close to the minimum 

detectable flux by Km3Net but it seems that there are some possibilities. 
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Young (~1.5 kyr) and nearby (~1 kpc) SNR

First, and brightest resolved TeV shell

10 years of H.E.S.S. data. (> 27 000 γ’s)

Spectrum up to ~50 TeV: cuts off ~ 12 TeV

First Suspects : Young SNRs 

Theoretically: efficient CR acceleration 
mechanism 

Energetically:  energy budget – 1051 erg 
– to sustain the Gal CR population

RXJ1713-3946
HESS Collaboration+16



Spectra of young SNRs
• Cutoffs in the spectra of famous young SNRs at few TeVs. Particle acceleration 

proceeds up to 100 TeV.  No indication of particle acceleration proceeding up to 
the knee 

• SNRs thought to act as PeVatrons only during the early phases. Small chance to 
detect SNRs when they are PeVatrons. Maybe PeVatron gamma-ray signatures 
from nearby clouds illuminated by runaway CRs Gamma-ray observation of Young SNRs�

•  All gamma-ray spectrum young SNRs 
shows soft spectrum or early cutoff at ~ 
10 TeV  

•  corresponding to CR energy of 100 TeV 

•  Hard to address a single power law 
spectrum of CRs up to PeV 

�

Aharonian+2018

HESS Collaboration2018



Hadronic or leptonic ? 

120 F. Aharonian and S. Casanova

Fig. 9 The energy distributions of the proton and electron populations of parent relativistic particles
in RX J1713.7-3946, derived the Fermi and HESS γ-ray observations from (see Fig. 8), under the
assumptions that the detected γ-rays from sub-GeV to multi-TeV energies are dominated either the
“π0-decay” (hadronic) or “IC” (leptonic) components of radiation (V. Zabalza, private communi-
cation)

In the leptonic models, the change of the spectral index of electrons from 1.7
to 3 cannot formally be referred to the radiative (synchrotron + IC) cooling break
since the latter predicts a change in the slope of the electron spectrum by exactly 1.
Nevertheless, the uncertainties in the derived electron spectrum at low energies do
not exclude the explanation of observations by the cooling break. However, for the
given age of the remnant RX J1713.7-3946 (less than 2000 years), this interpretation
requires a very strong magnetic field, B ≥ 100µGwhich is in contradiction with the
X-ray measurements. Indeed, assuming that IC γ-rays and synchrotron X-rays are
produced by the same population of electrons and in the same region of the remnant,
one should require a quite modest magnetic field of order 15µG [85]. An alternative
assumption that themagnetic field is small but the source is much older than 103 year,
could, in principle, reproduce the cooling break in the electron spectrum around 1
TeV. But, such an assumption is not supported by the multiwavelength data either.
It should be noted, however, that the constraints on the strength of the magnetic
field are less robust, if the IC and synchrotron components of radiation are formed
in different zones [21]. Such a scenario in young SNRs is possible. In particular, it
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significantly harder than the “nominal” E−2 type acceleration spectrum predicted
by the “standard” models applied to this source [36, 47, 74, 94]. However, such
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(see, e.g., Ref. [71]). Moreover, the proton spectrum derived from the γ-ray data
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Fig. 2. Ratio φν/φγ between the neutrino and photon fluxes
at E ∼ 3 TeV, for a power law c.r. population of slope
α and p/n ratio of 10% interacting with a low density
gas target. Photon absorption is neglected. The calculation
uses the Sibyll [12] hadronic interaction model. The thick
line sums over all neutrino type. The ν flavor is calculated
at the source before the inclusion of oscillations.

production that is not symmetric for a p rich c.r.
population.

4. Neutrino Oscillations

Measurements of solar and atmospheric neu-
trinos have recently established the existence of
neutrino oscillations, a quantum–mechanical phe-
nomenon that is a consequence of the non–identity
of the ν flavor {νe, νµ, ντ} and mass {ν1, ν2, ν3}
eigenstates. A ν created with energy E and fla-
vor α can be detected after a distance L with a
different flavor β with a probability that depends
periodically on the ratio L/E. This probabil-
ity oscillates according to three frequencies that
are proportional to the difference between the ν
squared masses ∆m2

jk, and different amplitudes
related to the mixing matrix Uαj that relates the
flavor and mass eigenstates. The shortest (longest)
oscillation length, corresponding to the largest
(smallest) |∆m2|) can be written as:

λ12 = (4πEν)/|∆m2
12| ! 3.1× 1012 ETeV cm,

λ23 = (4πEν)/|∆m2
23| ! 0.99× 1011 ETeV cm.

These lengths are long with respect to the Earth’s
radius (R⊕ ! 6.371× 108 cm), but are very short

with respect to the typical size of astrophysical
sources. Therefore oscillations are negligible for at-
mospheric ν above Eν ! 1 TeV, but can be safely
averaged for (essentially all) astrophysical neutri-
nos. After space averaging, the oscillation proba-
bility matrix can be written as:

〈P (να → νβ)〉= 〈P (να → νβ)〉 =
∑

j

|Uαj |2 |Uβj|2

!





0.6 0.2 0.2
0.2 0.4 0.4
0.2 0.4 0.4



 (1)

where we have used the best fit choice for the mix-
ing parameters (θ23 = 45◦, θ12 ! 32.3◦, θ13 = 0).
The most important consequence of (1) is a ro-
bust prediction, valid for essentially all astrophys-
ical sources, for the flavor composition of the ob-
servable ν signal:

{νe + νe, νµ + νµ, ντ + ντ} = {1, 1, 1}

5. The Gamma–ray sky

The TeV energy range (the highest avaliable) for
photons is the most interesting one for neutrino as-
tronomy, because the ν signal for the future tele-
scopes is expected to be dominated by neutrinos of
one (or a few) order(s) of magnitude higher energy.
Recently the new Cherenkov γ–ray telescopes have
obtained remarkable results, and the catalogue of
high energy gamma ray sources has dramatically
increased. Of particular importance has been the
scan of the galactic plane performed by the HESS
telescope [13,14], because for the first time a cru-
cially important region of the sky has been ob-
served with an approximately uniform sensitivity
with TeV photons.
The three brightest galactic TeV sources de-

tected by the HESS telescope have integrated
fluxes above 1 TeV (in units of 10−11 (cm2 s)−1)
of approximately 2.1 (CRAB Nebula), 2.0 (RX
J1713.7–3946) and 1.9 (Vela Junior)
The fundamental problem in the interpretation

of the γ–ray sources is the fact that it is not known
if the observed photons have hadronic (π◦ decay)
or leptonic (inverse Compton scattering of rela-
tivistic electrons on radiation fields) origin. If the
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Feynman scaling for inclusive 
φcr ≃ Kcr E−α -> φnu ≃ Knu E−α
if interaction energy independent
If CR cutoff -> gradual steepening for E > 0.01 Ecutoff 
Flux roughly the same
Cutoff energy about 0.5 Cutoff energy in gamma

tergalactic space. The diffuse Galactic emission is
due to the interaction of cosmic rays (confined in-
side the MilkyWay by the galactic magnetic fields)
with the gas present in interstellar space. The an-
gular distribution of this emission is expected to
be concentrated in the galactic plane, very likely
with a distribution similar to the one observed for
GeV photons by EGRET [11]. The extragalactic
diffuse emission is dominated by the decay of pi-
ons created in pγ interactions by Ultra High En-
ergy protons (Ep

>
∼ 6 × 1019 eV) interacting with

the 2.7K cosmic radiation. These “GZK” neutri-
nos are present only at very high energy (with the
flux peaking at Eν ∼ 1018 eV).
Together with the diffuse fluxes one expects the

contribution of an ensemble of point–like (or quasi–
point like) sources of galactic and extragalactic ori-
gin. Neutrinos travel along straight lines and al-
low the imaging of these sources. It is expected
that most of the extragalactic sources will not be
resolved, and therefore the ensemble of the extra-
galactic point sources (with the exception of the
closest and brightest sources) will appear as a dif-
fuse, isotropic flux that can in principle be sepa-
rated from the atmospheric ν foreground because
of a different energy spectrum, and flavor compo-
sition.

3. Neutrinos, Photons and Cosmic Rays

In the standard mechanism for the production
of high energy ν in astrophysical sources a popu-
lation of relativistic hadrons (that is cosmic rays)
interacts with a target (gas or radiation fields) cre-
ating weakly decaying particles (mostly π±, and
Kaons) that produce ν in their decay. The energy
spectrum of the produced neutrinos obviously re-
flects the spectrum of the parent cosmic rays. A
well known consequence of the approximate Feyn-
man scaling of the hadronic interaction inclusive
cross sections is the fact that if the parent c.r. have
a power law spectrum of form φcr # Kcr E−α,
and their interaction probability is energy indepen-
dent 2 the ν spectrum, to a good approximation,

2 In the most general case c.r. of different rigidity p/Z
diffuse in different ways inside the source and have different

is also a power law of the same slope.
The current favored models for 1st order Fermi

acceleration of charged hadrons near astrophysical
shocks predict a generated spectrum with a slope
α # 2. This expectation is in fact confirmed by the
observations of young SNR by HESS, and leads the
expectations that astrophysical ν sources are also
likely to have power law spectra with slope close to
2. Such a slope is also predicted in Gamma Rays
Bursts models [20] where relativistic hadrons inter-
act with a power law photon field. It is important
to note that the high energy cutoff of the parent
c.r. distribution is reflected in a muchmore gradual
steepening of the ν spectrum for Eν

>
∼ 0.01 Ep,max.

The hadronic interactions that are the sources
of astrophysical neutrinos also create a large num-
ber of π◦ and η particles that decay in a γγ mode
generating high energy γ–rays. In general, it is pos-
sible that these photons are absorbed inside the
source, and the energy associate with them can
emerge at lower frequency, however for a transpar-
ent source the relation between the photon and
neutrino fluxes is remarkably robust. For a power
law c.r. spectrum, the γ–rays are also created with
a power law spectrum of the same slope. The ap-
proximately constant ν/γ ratio is shown in fig. 2
as a function of the slope α. The ν/γ ratio is ap-
proximately constant in energy when E is much
smaller than the c.r. energy cutoff, and depends
only weakly on the hadronic interaction model.
At the source, the relative importance of the dif-

ferent ν types is:

{νe, νe, νµ, νµ, ντ , ντ} # {1 + ε, 1− ε, 2, 2, 0, 0}

where ε ∼ 0.1 depends on the slope of the spec-
trum, the relative importance of protons and heavy
nuclei in the c.r. parent population, and the nature
of the c.r. target (gas or radiation field). The ra-
tio νµ/νe # 2 at the source is a well known conse-
quence of the fact that the chain decay of a charged
pion: π+ → µ++νµ followed by µ+ → e++νe+νµ
generates two ν of µ–flavor and one of e–type. The
presence of a νµ and an νµ in the final state insures
that the ratio νµ/νµ # 1, while the ratio νe/νe is
controled by the relative importance of π+ over π−

space distributions. For a non homogeneous target, this can
be reflected in an energy dependent interaction probability.
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Fig. 2. Ratio φν/φγ between the neutrino and photon fluxes
at E ∼ 3 TeV, for a power law c.r. population of slope
α and p/n ratio of 10% interacting with a low density
gas target. Photon absorption is neglected. The calculation
uses the Sibyll [12] hadronic interaction model. The thick
line sums over all neutrino type. The ν flavor is calculated
at the source before the inclusion of oscillations.

production that is not symmetric for a p rich c.r.
population.

4. Neutrino Oscillations

Measurements of solar and atmospheric neu-
trinos have recently established the existence of
neutrino oscillations, a quantum–mechanical phe-
nomenon that is a consequence of the non–identity
of the ν flavor {νe, νµ, ντ} and mass {ν1, ν2, ν3}
eigenstates. A ν created with energy E and fla-
vor α can be detected after a distance L with a
different flavor β with a probability that depends
periodically on the ratio L/E. This probabil-
ity oscillates according to three frequencies that
are proportional to the difference between the ν
squared masses ∆m2

jk, and different amplitudes
related to the mixing matrix Uαj that relates the
flavor and mass eigenstates. The shortest (longest)
oscillation length, corresponding to the largest
(smallest) |∆m2|) can be written as:

λ12 = (4πEν)/|∆m2
12| ! 3.1× 1012 ETeV cm,

λ23 = (4πEν)/|∆m2
23| ! 0.99× 1011 ETeV cm.

These lengths are long with respect to the Earth’s
radius (R⊕ ! 6.371× 108 cm), but are very short

with respect to the typical size of astrophysical
sources. Therefore oscillations are negligible for at-
mospheric ν above Eν ! 1 TeV, but can be safely
averaged for (essentially all) astrophysical neutri-
nos. After space averaging, the oscillation proba-
bility matrix can be written as:
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where we have used the best fit choice for the mix-
ing parameters (θ23 = 45◦, θ12 ! 32.3◦, θ13 = 0).
The most important consequence of (1) is a ro-
bust prediction, valid for essentially all astrophys-
ical sources, for the flavor composition of the ob-
servable ν signal:
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5. The Gamma–ray sky

The TeV energy range (the highest avaliable) for
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tronomy, because the ν signal for the future tele-
scopes is expected to be dominated by neutrinos of
one (or a few) order(s) of magnitude higher energy.
Recently the new Cherenkov γ–ray telescopes have
obtained remarkable results, and the catalogue of
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increased. Of particular importance has been the
scan of the galactic plane performed by the HESS
telescope [13,14], because for the first time a cru-
cially important region of the sky has been ob-
served with an approximately uniform sensitivity
with TeV photons.
The three brightest galactic TeV sources de-

tected by the HESS telescope have integrated
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of approximately 2.1 (CRAB Nebula), 2.0 (RX
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of the γ–ray sources is the fact that it is not known
if the observed photons have hadronic (π◦ decay)
or leptonic (inverse Compton scattering of rela-
tivistic electrons on radiation fields) origin. If the
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Figure 1. Sky map of TeV γ-ray sources
in Galactic coordinates together with their
visibility to neutrino telescopes. The shaded
regions represent 25 – 75% (light grey) and
> 75% (dark grey) visibility to a detector
in the central Mediterranean Sea for energies
below ∼ 100TeV. The solid curve shows
the extent of the visibility of a South Pole
detector (IceCube).

prediction of the expected neutrino fluxes in the most relevant energy band between 0.1TeV
and 100TeV.

Binary Systems (Binary): Two objects in this class have been detected by H.E.S.S.,
LS 5039 and PSRB1259−63. In general, these objects are treated as leptonic (inverse Compton)
accelerators but in the case of LS 5039 also a hadronic interpretation of the γ-ray emission
exist [4].

No counterpart (NCP): The lack of any good counterpart at other wavelengths supports
the hadronic acceleration interpretation and renders these sources good candidates for neutrino
production.

Pulsar Wind Nebulae (PWNe): As in the case of Binary Systems the observed γ-ray
emission is generally interpreted in terms of leptonic acceleration. However, again hadronic
interpretations exist as for example in the case of Vela X [5].

Figure 1 shows a sky map of all currently known TeV γ-ray sources.

3. Neutrino fluxes
For our calculations we use recent parameterisations of the pion and secondary particle
production in hadronic interactions [6] to derive the relationship between γ-ray and neutrino
spectra in the case of the primary proton spectrum given by:

dNp

dEp
= kp

(

Ep

1TeV

)

−α

exp

(

−
Ep

εp

)

. (1)

Assuming full mixing we find that the neutrino and γ-ray spectra at Earth can be well described
by:

dNγ/ν

dEγ/ν
≈ kγ/ν

(

Eγ/ν

1TeV

)−Γγ/ν

exp

(

−

√

Eγ/ν

εγ/ν

)

. (2)

The relations between the different parameters are given by: kν ≈ (0.71− 0.16α) kγ , Γν ≈ Γγ ≈
α − 0.1 and εν ≈ 0.59 εγ ≈ εp/40,. Figure 2 shows as example the neutrino spectrum of the
SNR RXJ1713.9−3946. The error bands of the neutrino and γ-ray spectrum include the 1 σ
systematic uncertainties based on the systematic uncertainties of the published H.E.S.S. spectra.

The calculation of the predicted neutrino flux is based on some essential assumptions where
the validity of each assumption has to be assessed on a source-by-source basis. The most
important assumptions are:

• No significant contribution of non-hadronic processes to the measured γ-ray signal;
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and 100TeV.

Binary Systems (Binary): Two objects in this class have been detected by H.E.S.S.,
LS 5039 and PSRB1259−63. In general, these objects are treated as leptonic (inverse Compton)
accelerators but in the case of LS 5039 also a hadronic interpretation of the γ-ray emission
exist [4].

No counterpart (NCP): The lack of any good counterpart at other wavelengths supports
the hadronic acceleration interpretation and renders these sources good candidates for neutrino
production.

Pulsar Wind Nebulae (PWNe): As in the case of Binary Systems the observed γ-ray
emission is generally interpreted in terms of leptonic acceleration. However, again hadronic
interpretations exist as for example in the case of Vela X [5].

Figure 1 shows a sky map of all currently known TeV γ-ray sources.

3. Neutrino fluxes
For our calculations we use recent parameterisations of the pion and secondary particle
production in hadronic interactions [6] to derive the relationship between γ-ray and neutrino
spectra in the case of the primary proton spectrum given by:
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The relations between the different parameters are given by: kν ≈ (0.71− 0.16α) kγ , Γν ≈ Γγ ≈
α − 0.1 and εν ≈ 0.59 εγ ≈ εp/40,. Figure 2 shows as example the neutrino spectrum of the
SNR RXJ1713.9−3946. The error bands of the neutrino and γ-ray spectrum include the 1 σ
systematic uncertainties based on the systematic uncertainties of the published H.E.S.S. spectra.

The calculation of the predicted neutrino flux is based on some essential assumptions where
the validity of each assumption has to be assessed on a source-by-source basis. The most
important assumptions are:

• No significant contribution of non-hadronic processes to the measured γ-ray signal;
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production.

Pulsar Wind Nebulae (PWNe): As in the case of Binary Systems the observed γ-ray
emission is generally interpreted in terms of leptonic acceleration. However, again hadronic
interpretations exist as for example in the case of Vela X [5].

Figure 1 shows a sky map of all currently known TeV γ-ray sources.
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spectra in the case of the primary proton spectrum given by:
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Figure 4. Number of detected events in
5 years with neutrino energies > Eν for
RX J1713.7−3946 in the KM3NeT detector.

Table 1. Selected sources from the H.E.S.S. catalogue with range of estimated neutrino event
rates within the search window in KM3NeT for 5 years of operation for neutrino energies above
1TeV and 5TeV. Also shown is the expected atmospheric neutrino background. The values
under Dia. represent the diameter of the source in γ-rays.

Eν > 1TeV Eν > 5TeV
Name Type Dia. (◦) Source Bkg Source Bkg

Vela X PWN 0.8 9 – 23 23 5 – 15 4.6
RXJ0852.0−4622 SNR 2.0 7 – 15 104 1.9 – 6.5 21
RXJ1713.7−3946 SNR 1.3 7 – 14 41 2.6 – 6.7 8.2
HESSJ1825−137 PWN 0.5 5 – 10 9.3 2.2 – 5.2 1.8
CrabNebula PWN < 0.1 4.0 – 7.6 2.0 1.1 – 7.2 1.1
HESSJ1303−631 NCP 0.3 0.8 – 2.3 11 0.1 – 0.5 2.1
LS 5039 (INFC) † Binary 0.1 0.3 – 0.7 2.5 0.1 – 0.3 0.5

† Assuming no γ-ray absorption within source. INFC specifies the phase of inferior
conjunction of the binary system as defined in [9].

5. Discussion
The brightest γ-ray sources produce neutrino rates above 1TeV comparable to the background
from atmospheric neutrinos. For KM3NeT with an instrumented volume of 1 km3 a few cosmic
neutrinos per year from each of these sources can be expected and the detection of individual
sources seems possible. However, due to low statistics of source neutrinos the detection of
TeV signals from a major fraction of H.E.S.S. sources will be difficult for 1 km3 class neutrino
telescopes.
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1TeV and 5TeV. Also shown is the expected atmospheric neutrino background. The values
under Dia. represent the diameter of the source in γ-rays.
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LS 5039 (INFC) † Binary 0.1 0.3 – 0.7 2.5 0.1 – 0.3 0.5

† Assuming no γ-ray absorption within source. INFC specifies the phase of inferior
conjunction of the binary system as defined in [9].

5. Discussion
The brightest γ-ray sources produce neutrino rates above 1TeV comparable to the background
from atmospheric neutrinos. For KM3NeT with an instrumented volume of 1 km3 a few cosmic
neutrinos per year from each of these sources can be expected and the detection of individual
sources seems possible. However, due to low statistics of source neutrinos the detection of
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Figure 2. The measured γ-ray flux and the
estimated neutrino flux with their error bands
together with the atmospheric neutrino flux.
The atmospheric neutrino flux is integrated
over the search window and averaged over one
day.

• No significant γ-ray absorption within the source, i.e. radiation and matter densities are
sufficiently low for most γs to escape;

• No significant pγ interaction (radiation density low);

• Charged pions decay before interacting (matter density is low);

• Muons decay without significant energy loss (magnetic field is low);

• Nucleus-nucleus interactions produce pion spectra which are similar enough to the pp case
that they can be treated in the same way;

• The size of the emitting region within each source is large enough that oscillations will
produce a fully mixed neutrino signal at the Earth (νe : νµ : ντ = 1 : 1 : 1).

4. Neutrino event rates
Source rate: Given a neutrino spectrum dNν/dEν at the Earth from a source the event rate
in a neutrino telescope can be calculated as:

dNν

dt
=

∫

dEν Aeff
ν

dNν

dEν
. (3)

Here, Aeff
ν is the neutrino effective area of the detector comprising the neutrino attenuation

in the Earth as well as the neutrino conversion probably into a muon and the muon detection
efficiency. Figure 3 displays the estimated effective area for muon neutrinos of a future KM3NeT
detector with an instrumented volume of 1 km3 [7]1. As an example Fig. 4 shows the integrated
number of events in 5 years for energies > Eν for RXJ1713.9−3946. Table 1 lists the calculated
ranges of number of detected neutrinos for all H.E.S.S. sources with an observed cut-off in the
γ-ray spectrum.

Background rate: Neutrinos produced in hadronic interaction of charged CR on the
opposite side of the Earth are indistinguishable from those of cosmic origin. The calculation of
the corresponding event rate is performed in the same way as for the cosmic neutrinos, using

the optimal search window for an extended source of about Θopt = 1.6 ×
√

σ2
PSF + σ2

src. Here,
σsrc is the radius of the source and σPSF = 0.3 the point spread function of the detector. For
the atmospheric neutrino flux the parameterisation of Volkova [8] is used. The corresponding
integrated daily flux from the sky region of RXJ1713.9−3946 is shown in Fig. 4.

1 Since currently dedicated reconstruction software for KM3NeT is not available yet, its effective area is calculated
requiring signals from the muon in at least 10 photo sensors.
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Figure 1: Energy dependent performance of the CTA and KM3NeT telescopes, i.e. their angular resolution (top-left), e↵ective area (top-right) and
background rates per unit of solid angle (bottom). For both the two telescopes, the black lines corresponds to the publicly available instrument
responses, respectively for CTA Southern array [22] and KM3NeT [10]. Dotted curves are the best fit, valid in the energy range E 2 [0.05�100] TeV
for CTA and above 1 TeV for KM3NeT. The corresponding analytical parameterizations are reported in Tab. 1 and in Tab. 2 for CTA and KM3NeT,
respectively. The KM3NeT angular resolution is for ⌫µ charged current events and the muon neutrino e↵ective area (six blocks) corresponds to
triggered events with a zenith angle greater than 80�, averaged over both ⌫µ and ⌫̄µ. The same trigger conditions are exploited for the background
rate computation. The atmospheric muon neutrino background here considered accounts for the conventional component from light meson decay
[23] and for contribution from heavy hadrons [24]. For the details on the CTA IRFs and their parameterizations, the reader is referred to [9].

lution is a very important goal as well: in neutrino tele-
scopes, the energy of the muon is reconstructed through
the energy deposited in the detector, therefore it is only
a lower limit to the true neutrino energy. The energy res-
olution obtained for muon events fully contained in the
detector is 0.27 units in log10(Eµ) for 10 TeV  Eµ  10
PeV [10]. The case of cascade events provides a better
energy resolution, given that they develop entirely very
close to the interaction point.

The e↵ective area of the detector to up-going events
is given in Fig. 1 (top-right): it refers to the 6 building
blocks configuration of the KM3NeT detector. This will
correspond to an e↵ective area of ⇠ 1000 m2 at high en-
ergies, where the long muon range extends the volume
within which neutrino interactions can be detected. An

analytical representation of this e↵ective area is given
in Tab. 2, valid for E⌫ � 1 TeV; similarly, an analytical
representation of the track angular resolution is given in
the same table. Some words of caution are mandatory
here: the e↵ective area strongly depends on the source
position and on the background conditions, which af-
fect in a crucial way the selection of events. More-
over, optimized selection is usually dependent on the
specific analysis: in order to properly evaluate the detec-
tor performances, detailed simulations of such features
are necessary, which are performed by the Collabora-
tion itself. Such a tailored selection might result into a
relevant improvement of the instrument sensitivity. The
e↵ective area used in the following refers to triggered
events, reconstructed with a zenith angle greater than
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