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ü Cosmic-ray origins of Knee
SNR?? Galactic Center?
à PeVatrons

ü Gamma-Ray Observation
PeV protons produces 
~100 TeV g rays via p0 decay

(p + ISM à p0 à 2g)
à Hard spectral index (-2)

beyond 100 TeV
(+ Molecular Cloud)

Knee
~4PeV

2nd Knee
~200PeV

Ankle
~5EeVGalactic?

Extragalactic?

100 TeV energy window is a key to identify Galactic CR origins!
Gaisser et al. Front.Phys.(Beijing) 8 (2013) 748

Galactic Cosmic-Ray Origin
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Different features from
Inverse Compton g rays by HE electrons



Tibet Air Shower Array
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p Site: Tibet (90.522oE, 30.102oN) 4,300 m a.s.l.

Present Performance
p # of detectors 0.5 m2 x 597
p Covering area ~65,700 m2
p Angular resolution ~0.5°@10TeV g

~0.2°@100TeV g
p Energy resolution ~40%@10TeV  g

~20%@100TeV g

àObservation of secondary (mainly e+/-,γ) in AS
Primary energy : 2nd particle densities
Primary direction : 2nd relative timings
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Underground Water Cherenkov 
Muon detectors

Measurement of # of µ in AS à g／CR discrimination
DATA: February, 2014 - May, 2017 Live 8me: 719 days

~3400m2

ü 4 pools, 16 units / pool
ü 54m2 in area ×1.5m in depth (water)
ü 2.4m soil overburden (~515g/cm2 ~9X0)
ü 20”ΦPMT (HAMAMATSU R3600)
ü Concrete pools + white Tyvek sheets

Soil & Rocks 2.6m

Waterproof & reflective materialsReinforced concrete

eγµ

1.0m

PMT

7.3m

Water 1.5m

Cherenkov  lights

20 inchAir 0.9m

Basic idea: T. K. Sako et al., Astropart. Phys. 32, 177 (2009) 
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Tibet
ASγ p/g Separation

200 TeV Gamma Ray

200 TeV Cosmic Ray

e- ・ e+ ・µ+/µ-

Air Shower
g-ray induced AS à Muon less

Enlarge around ground

underground

CosmicRay /Gamma

Muons penetrate to underground

e- ・ e+ ・µ+/µ-

underground

By Cosmos
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After Nµ cut,~99.9% CR rejection & ~90% g efficiency @100 TeV
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E (Sr) vs. Nµ Plot
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Amenomori et al., PRL (2019)
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Sr (from AS array) : 3256
SNµ (MD)                : 2.3
zenith angle             : 29.8°
Erec : 251         TeV+46

-43

Gamma-like Event from the Crab

circle size    ∝ log(# of detected par8cles) 
circle color  ∝ rela8ve 8ming [ns]
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Amenomori et al., PRL (2019)
Kawata et al, Exp. Astro., 44, 1 (2017)

S50 improves E resolu8ons (10 - 1000 TeV)
à ~40%@10 TeV ,  ~20%@100 TeV
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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ΣNµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the Σρ, where Σρ is roughly proportional to energy, and Σρ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ΣNµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ΣNµ = 10 ∼ 30 depending on Σρ. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ΣNµ to the ΣNµ on the muon cut line in Fig. 2 at the observed Σρ. Three
events among 24 photon-like evens have ΣNµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.

10-1

100

101

102

103

104

10-2 10-1 100 101 102 103

N
um

be
r o

f e
ve

nt
s

Relative muon number Rµ

Rµ=0

photon MC
Data BG
Data ON

FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
ΣNµ to the ΣNµ value on the muon cut line in Fig. 2 at the observed Σρ. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.
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For E > 100 TeV, the averaged ΣNµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ΣNµ = 10 ∼ 30 depending on Σρ. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.
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defined as the ratio of the observed ΣNµ to the ΣNµ on the muon cut line in Fig. 2 at the observed Σρ. Three
events among 24 photon-like evens have ΣNµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
ΣNµ to the ΣNµ value on the muon cut line in Fig. 2 at the observed Σρ. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.
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Gamma-ray Emission from Crab

First Detection of Sub-PeV g (5.6s)
9Amenomori et al., PRL 

Supplemental Material (2019)
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24 g rays against 5.5 CR BGs
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Energy spectrum of the Crab

The highest-E g 
~450 TeV
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Cutoff was indicated
by IACTs?
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Comparison with HAWC

Abeysekara et al., ApJ (2019)
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Confirmed by HAWC
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Extended Sources (>10 TeV)
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HAWC

5 l  Instantaneous FOV 2sr. Daily 8sr (66% of the sky). 

From Slides made by S. Casanova 2020

Site: Sierra Negra, Mexico, 19°N, 4,100 m altitude. 



Background rejection

Likely hadron showerLikely gamma shower

>99.9% rejection  
for large showers

 X

Background Rejection

13 

14From Slides made by S. Casanova 2020

Discrimination g/CRs in HAWC

Gamma-like CR-like



15From Slides made by S. Casanova 2020

Galactic Plane with HAWC (~TeV)
2nd HWC Catalog: Abeysekara et al, ApJ (2017)

2nd HAWC Catalog
Abeysekara et al, ApJ, 2017 

40 sources of which ¼ are new  
17 

2nd HAWC Catalog
Abeysekara et al, ApJ, 2017 

40 sources of which ¼ are new  
17 
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HAWC Collaboration+19 

�
Highest Energy Skymaps �

�

MGRO 2019+371 
MGRO 1908+06 

HESS J1825+137 
HESS J1826-130 

24 

From Slides made by S. Casanova 2020

100 TeV Observation with HAWC

Abeysekara et al., PRL, 124, 021102 (2020) 
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while eHWC J1907þ 063 and eHWC J2019þ 368 are
better fit to log parabolas

dN
dE

¼ ϕ0

!
E

10 TeV

"−α−β lnðE=10 TeVÞ
: ð2Þ

All three sources are extended in apparent size over
HAWC’s entire energy range. Flux points are calculated for
quarter-decade energy bins using the method described in
[19]. When fitting the differential flux, it is assumed that the
size of the source does not change with energy. Table II
shows best-fit parameter values for these sources; Fig. 3
shows their spectra.

We investigated whether the observed high-energy
detections are compatible with being entirely due to mis-
reconstructed events (see Tables S3 and S4 of the
Supplemental Material [21]). For eHWC J1907þ 063,
the strongest highest-energy detection, emission above a
true energy of 56 TeV (100 TeV), is detected at the 7.6σ
(4.6σ) level. Note that this is more conservative than the
procedure followed in [25].
Each of the three > 100 TeV regions has also been

observed by at least one of the imaging atmospheric
Cherenkov telescopes (IACTs) (references: eHWC
J1825 − 134 [26,27], eHWC J1907þ 063 [28,29],
eHWC J2019þ 368 [30,31]). The HAWC measurements
extend the energy range of these sources past 100 TeV for
the first time. HAWC tends to measure higher fluxes (∼2x
difference) and larger source extents than the IACT
measurements. These discrepancies cannot be explained
by a misunderstanding of the HAWC detector response, as
the HAWC spectrum of the Crab Nebula agrees with IACT
measurements within uncertainties [19].
Both eHWC J2019þ 368 and eHWC J1825 − 134 have

been separated into two or more sources by IACTs (see
Table S8 of the Supplemental Material [21] for a list of
TeVCat sources within 3° of each source), and the HAWC
emission is the sum of these plus any additional unresolved
sources. For example, eHWC J1825 − 134 overlaps with
both HESS J1825 − 137 and HESS J1826 − 130. There are
also differences in the computation of the background
estimate [13,32], as well as the fact that contributions from
diffuse emission are not considered here. This will be
addressed in future Letters.
Discussion.—Although Klein-Nishina effects mean that

any IC component of the emission becomes suppressed
beginning around 10 TeV, merely detecting high-energy
emission is not enough to claim a hadronic emission origin.
The Crab Nebula is a firmly identified electron accelerator

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;

ffiffiffiffiffiffi
TS

p
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

ffiffiffiffiffiffi
TS

p
of the same integral flux fit but above Ê > 100 TeV 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 name RA (°) Dec (°)
Extension

> 56 TeV (°)
F (10−14

ph cm−2 s−1)

ffiffiffiffiffiffi
TS

p

> 56 TeV
Nearest

2HWC source
Distance to

2HWC source(°)

ffiffiffiffiffiffi
TS

p

> 100 TeV

eHWC J0534þ 220 83.61% 0.02 22.00% 0.03 PS 1.2% 0.2 12.0 J0534þ 220 0.02 4.44
eHWC J1809 − 193 272.46% 0.13 −19.34% 0.14 0.34% 0.13 2.4þ0.6

−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 J1850þ 001 282.59% 0.21 0.14% 0.12 0.37% 0.16 1.1þ0.3

−0.2 5.31 J1849þ 001 0.20 3.04
eHWC J1907þ 063 286.91% 0.10 6.32% 0.09 0.52% 0.09 2.8% 0.4 10.4 J1908þ 063 0.16 7.30
eHWC J2019þ 368 304.95% 0.07 36.78% 0.04 0.20% 0.05 1.6þ0.3

−0.2 10.2 J2019þ 367 0.02 4.85
eHWC J2030þ 412 307.74% 0.09 41.23% 0.07 0.18% 0.06 0.9% 0.2 6.43 J2031þ 415 0.34 3.07

FIG. 3. The spectra of the three sources exhibiting significant
Ê > 100 TeV emission. For each source, the line is the overall
forward-folded best fit. The error bars on the flux points are
statistical uncertainties only. The shaded band around the overall
best fit line shows the systematic uncertainties related to the
HAWC detector model, as discussed in [19]. The Crab Nebula
spectrum from [19] is shown for comparison.

PHYSICAL REVIEW LETTERS 124, 021102 (2020)
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All three sources are extended in apparent size over
HAWC’s entire energy range. Flux points are calculated for
quarter-decade energy bins using the method described in
[19]. When fitting the differential flux, it is assumed that the
size of the source does not change with energy. Table II
shows best-fit parameter values for these sources; Fig. 3
shows their spectra.

We investigated whether the observed high-energy
detections are compatible with being entirely due to mis-
reconstructed events (see Tables S3 and S4 of the
Supplemental Material [21]). For eHWC J1907þ 063,
the strongest highest-energy detection, emission above a
true energy of 56 TeV (100 TeV), is detected at the 7.6σ
(4.6σ) level. Note that this is more conservative than the
procedure followed in [25].
Each of the three > 100 TeV regions has also been

observed by at least one of the imaging atmospheric
Cherenkov telescopes (IACTs) (references: eHWC
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eHWC J2019þ 368 [30,31]). The HAWC measurements
extend the energy range of these sources past 100 TeV for
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measurements. These discrepancies cannot be explained
by a misunderstanding of the HAWC detector response, as
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also differences in the computation of the background
estimate [13,32], as well as the fact that contributions from
diffuse emission are not considered here. This will be
addressed in future Letters.
Discussion.—Although Klein-Nishina effects mean that

any IC component of the emission becomes suppressed
beginning around 10 TeV, merely detecting high-energy
emission is not enough to claim a hadronic emission origin.
The Crab Nebula is a firmly identified electron accelerator

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;
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TS
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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
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TS
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of the same integral flux fit but above Ê > 100 TeV 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°
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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 J1850þ 001 282.59% 0.21 0.14% 0.12 0.37% 0.16 1.1þ0.3

−0.2 5.31 J1849þ 001 0.20 3.04
eHWC J1907þ 063 286.91% 0.10 6.32% 0.09 0.52% 0.09 2.8% 0.4 10.4 J1908þ 063 0.16 7.30
eHWC J2019þ 368 304.95% 0.07 36.78% 0.04 0.20% 0.05 1.6þ0.3

−0.2 10.2 J2019þ 367 0.02 4.85
eHWC J2030þ 412 307.74% 0.09 41.23% 0.07 0.18% 0.06 0.9% 0.2 6.43 J2031þ 415 0.34 3.07

FIG. 3. The spectra of the three sources exhibiting significant
Ê > 100 TeV emission. For each source, the line is the overall
forward-folded best fit. The error bars on the flux points are
statistical uncertainties only. The shaded band around the overall
best fit line shows the systematic uncertainties related to the
HAWC detector model, as discussed in [19]. The Crab Nebula
spectrum from [19] is shown for comparison.
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Energy Spectra up to100 TeV
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ü Hard spectral index (~ -2)
ü Extended morphology
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is 8 ⇥ 1033 erg s�1 for a distance of 4 kpc, corresponding to the
estimated distances of the SNRs G18.45�0.42 (Karpova et al.
2019), G018.1�00.1, or G018.6�00.2 5. This would translate
into an energy output in accelerated protons Wpp = L� ⇥ tpp, of
6 ⇥ 1049 (n/1 cm�3)�1 erg, where the gas density value is n =
5 ⇥ 102 cm�3 and tpp is the typical timescale for gamma-rays to
be produced through neutral pion decay following the collision
of relativistic protons.

The relatively hard spectrum found at VHE gamma rays could
also be produced in a leptonic scenario by an electron population
with a spectral index close to 2.0 and a cut-o↵ at around 70 TeV.
These electrons could be accelerated by the pulsar PSR J1826–
1256 and up-scatter cosmic microwave background (CMB) and IR
photons to produce the observed TeV emission. PSR J1826�1256
is powering the Eel Nebula (PWN G018.5–0.4, Roberts et al.
2007), which displays an elongated X-ray trail of shocked mate-
rial associated with its fast proper motion through the surrounding
medium. An estimate for the magnetic field inside the Eel Nebula
of ⇠20–30 µG is provided in Keogh (2010). Recently, Duvidovich
et al. (2019) made use of XMM-Newton observations of the re-
gion around PSR J1826–1256 and discussed such a possibility.
Based on the spectral softening found along the nebula, they con-
sidered X-rays produced by electrons with energies Ee . 150 TeV
radiating synchrotron emission in a magnetic field B > 2µG. In a
parallel study, Karpova et al. (2019) also reported on the X-ray
analysis of this very same XMM-Newton dataset, complemented
with additional ⇠ 90 ks of Chandra observations of the region.
These data support the association of HESS J1826�130 with the
Eel Nebula, although somewhat harder spectral indices close to
the PWN are derived (�X ⇠ 1.2), followed by softer emission,
with �X ⇠ 2.5 at larger distances along the PWN tail.

The excess map reported in Fig. 5 at E > 20 TeV traces
emission from the vicinity of PSR J1826�1256. TeV photons
could be produced by these synchrotron X-ray-emitting electrons
through inverse Compton scattering o↵ the CMB and IR photon
fields. For the latter, an energy density at a distance of 4 kpc
⇠0.23 eV cm�3 was assumed (see e.g., Vernetto & Lipari 2016;
we note, however, that the distance to PSR J1826�1256 is not very
well constrained; e.g., Wang 2011 favored a distance of about 1.2
kpc, whereas Karpova et al. 2019 found a distance of ⇠ 3.5 kpc
based on an empirical interstellar absorption-distance correlation).
The CMB photon field provides uCMB ⇠0.26 eV cm�3. Electron
Lorentz factors of �e ⇠ 1.3 ⇥ 108 and �e ⇠ 3.6 ⇥ 107 would be
required to reach the VHE �-ray fluxes reported here for CMB
and IR seed photons, respectively, in agreement with the estimates
in Duvidovich et al. (2019).

The complex region around HESS J1826�130 has also been
observed at TeV energies with the HAWC telescopes. A spa-
tially coincident source, 2HWC J1825�13, is included in the
2nd HAWC catalog (Abeysekara et al. 2017). Furthermore, the
HAWC collaboration recently reported the detection of E >
100 TeV emission from eHWC J1825�134 (HAWC Collabora-
tion et al. 2019). Its position and extension are marked with a
white dotted circle in Fig. 5. With a half-width of ⇠ 0.36�, the
source encompasses a local peak of the 12CO distribution. It is
also compatible with the location of the E > 20 TeV �-rays from
HESS J1825�137, and adjacent to HESS J1826�130 emission
E > 20 TeV. On spectral grounds, both HESS J1825�137 and
HESS J1826�130 display statistically preferred cut-o↵s and/or
curvature in their spectral analysis (see Sect. 3.2 and H.E.S.S. Col-

5 We note that Voisin et al. (2016) discuss the possibility of a larger
distance to G018.6�00.2 of 11.4 kpc, disfavoring an association of
HESS J1826�130 with G018.6�00.2.
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Fig. 5. VHE �-ray excess map of HESS J1826�130 for events above
20 TeV, together with total column density map contours. The black
circle and cross show the location of the pulsars PSR J1826�1256 and
PSR J1826�1334. The cyan and blue contours show the total column
density contours of [2.5, 9.5] ⇥ 1022 cm2, derived from Nobeyama
12CO(1–0) and SGPS HI data, for gas velocities between 45–60 km/s (d:
4 kpc) and 60–80 km/s (d: 4.6 kpc), respectively. The white dashed circle
and diamond are the extension and best-fit position of recently reported
E > 100 TeV emitting source, eHWC J1825�134 (HAWC Collaboration
et al. 2019).

laboration et al. 2019a, respectively). However they may still be
able to partially contribute to the & 100 TeV flux toward eHWC
J1825-134 (HAWC Collaboration et al. 2019). In this regard, the
preliminary results reported in Salesa Greus & Casanova (2019)
seem to support this scenario.

5. Conclusions

Finally, HESS J1826�130 is a particle accelerator in the Galactic
plane capable of delivering TeV emission above several tens of
TeV. The deep observation campaign on the source reported in
this paper provides several constraints to its spectral and mor-
phological properties, although its origin is still uncertain. The
presence of nearby SNRs found in the region and/or another yet
unresolved accelerator, together with the gas density properties of
the surroundings, could make hadronic interactions responsible
for the observed emission. If protons are delivered with energies
up to hundreds of TeV, HESS J1826�130 could point to the ex-
istence of a distinct population of CR sources that, along with
the GC, significantly contribute to the Galactic CR flux around
the knee feature. In a leptonic scenario, HESS J1826�130 has
been proposed as the counterpart of the Eel Nebula powered by
the pulsar PSR J1826�1256. Our observations reveal VHE emis-
sion above several tens of TeV that comes from the vicinity of
the pulsar. Regarding the association of HESS J1826�130 with
the recently discovered & 100 TeV emitter, 2HWC J1825�13,
it is worth noting that the spectrum reported in Fig. 3 extends
at least up to ⇠ 43 TeV. Therefore, it could be possible that a
fraction of the emission reported from eHWC J1825�134 could
be partially contributed by HESS J1826�130 (see Salesa Greus
& Casanova 2019). On the other hand, HESS J1825�137 also
displays VHE emission above tens of TeV, albeit displaying a
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Figure 4. VERITAS map with CO emission contours overlaid. The black contours show the CO emission and are truncated at the
boundaries of the available CO map. The color scale shows the excess counts and the red contours are at levels of 35, 50, and 65 counts.
These approximately correspond to significance levels of 3σ, 4σ, and 5σ. The white ellipse shows the extent of SNR G40.5–0.5. The white
‘x’ shows the location of PSR J1907+0602.

improvement, at the < 95% confidence level, over the
fit using a single 2D-Gaussian. Thus, we do not claim
detection of two separate sources of emission. However,
the observed morphology could be produced by two in-
teracting sources or two sources superimposed along the
line of sight.
Some SNRs produce TeV emission via IC interactions

of electrons accelerated in the SNR shock or via inter-
actions of accelerated hadrons with surrounding target
material such as molecular clouds. Comparison of the
1420 MHz radio continuum emission from SNR G40.5-
0.5 with the TeV emission shows there is little or no
radio emission in the regions of strong TeV emission, see
Figure 3. Figure 4 shows the VERITAS excess map with
contours of CO line emission integrated over vLSR = 45-
65 km/s overlaid (the CO map was kindly provided by
Yang et al. (2006)). The distance to the CO gas at these
velocities, 3.4 kpc, is compatible with the distance to the
pulsar and the SNR within the uncertainties. There is
CO emission, and thus molecular clouds, at the boundary
of the TeV emission, but not coincident with it. In other
middle-aged SNRs with TeV emission, the TeV emission
is positionally well correlated with CO line and/or radio
continuum emission, see Table 2. Thus, it is unlikely that
SNR G40.5-0.5 is the main source of the observed TeV
emission.
The extended morphology of the TeV emission could

be due to interaction of the pulsar wind with molecu-

lar clouds or the expanding SNR shell. A shock formed
at such an interaction could reaccelerate energetic parti-
cles. Alternatively, the molecular clouds may provide
seed photons for inverse-Compton scattering on high-
energy electrons from the pulsar wind. The dominant
seed photons in J1908 are likely microwave photons from
the CMB. IR photons from molecular clouds with typi-
cal temperatures of 10–50 K are more energetic than the
CMB photons, thus, lower-energy electrons with longer
cooling times suffice to produce TeV photons. The in-
creased radiation energy density, relative to the CMB,
near the observed clouds may brighten the TeV emission
near the clouds, causing the extended morphology.
In conclusion, J1908 appears to be physically some-

what larger than other TeV PWNe of similar age and the
TeV spectrum does not appear to soften with distance
from the pulsar, as observed in similar TeV PWNe and
expected from electron cooling. There is no strong TeV
emission associated with the radio-bright shell of SNR
G40.5-0.5. Interaction of the pulsar wind with nearby
molecular clouds or the SNR shock could explain the
large size and lack of spectral softening in J1908. It is
also possible that another PWN, associated with an un-
detected second pulsar located near the southern edge of
SNR G40.5-0.5, could contribute to the VHE emission,
but this would require the presence of a second, and as
yet undetected, pulsar.

CO

HAWC

VERITAS
(TeV image)

Aliu+, ApJ, 787, 166 (2014) H.E.S.S., A&A, in press (2020) 
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Spatially resolving MGRO J2019+37 with VERITAS 5

illustrates these results as well by showing the slices of
the uncorrelated excess events of VER J2016+371. The
directions of the slices are chosen along right ascension
(R.A.) and perpendicular to R.A., while the widths of
the slices are chosen to be 0�.2. The energy spectrum
of the VHE emission is obtained from a circular region
of radius 0�.09 centered on the nominal position of the
SNR. This spectrum, shown in Fig. 3, is well described
by a power-law (PL) model (�2/dof=1.82/2) that ex-
tends from 650 GeV up to 10 TeV with a photon index
of � = 2.3±0.3stat±0.2sys and a di↵erential flux at 1 TeV
of (3.1± 0.9stat± 0.6sys)⇥ 10�13 TeV�1 cm�2s�1. Using
these best fit parameters, an integrated energy flux of
(8.2 ± 3.4stat ± 2.9sys) ⇥ 10�13 erg cm�2s�1 between 1
and 10 TeV is obtained.

The other emission region lies in the center of the
map in Fig. 1. The result of the search with the larger
radius shows emission in a region about one degree in
extent and elongated along the R.A. axis, which is de-
tected at a post-trials significance of 7.2�. The cen-
troid and extension of the emission were estimated by fit-
ting a two-dimensional asymmetric Gaussian (�x 6= �y)
function convolved with the VERITAS PSF to the un-
correlated excess event map. The centroid is located
at ↵J2000 = 20h19m25s ± 72sstat, �J2000 = 36�4801400 ±
5800stat and, thus, labeled as VER J2019+368. From the
fitting, the 1� angular extension of the emission was es-
timated to be 0�.34±0�.03stat along the major axis, and
0�.13 ± 0�.02stat along the minor axis with the orienta-
tion angle of 71� east of north. The extended emis-
sion region contains PSR J2021+3651 and its PWN, the
Hii region Sh 2-104 and the hard X-ray transient IGR
J20188+3657, which are potential counterparts of the
observed emission. To evaluate the possibility of vari-
ous source contributions to VER J2019+368 we did a
morphology test. We extracted the profile of the uncor-
related gamma-ray excess counts along the R.A. axis, see
bottom panel of Fig 2, restricted to 0�.2 in declination,
and fitted several possible VHE morphologies, including
a single extended source and a superposition of point
sources. All fits resulted in similar reduced �2 values,
mainly due to limited statistics. Either a larger data set
or more sensitive reconstruction techniques, or both, are
necessary to determine the morphology better.
The energy spectrum for VER J2019+368 is estimated

from a circular region of 0�.5 radius centered on the best
fit position. The resulting spectrum, shown in Fig. 3,
extends from 1 to 30 TeV and is well fit by a PL model
(�2/dof = 5.79/6) with a hard photon index of � =
1.75± 0.08stat± 0.2sys and a di↵erential flux at 5 TeV of
(8.1±0.7stat±1.6sys)⇥10�14 TeV�1 cm�2s�1. Assuming
these parameters from the fit, the 1-10 TeV integrated
energy flux is estimated to be (6.7 ± 0.5stat ± 1.2sys) ⇥
10�12 erg cm�2s�1. We also attempted to fit alternative
spectral models (such as a curved PL and cut-o↵ PL
model) but they did not provide better fits. The study of
the energy dependent morphology of the emission in two
separate energy bands, below 1 TeV, and above 1 TeV,
supports the lack of any statistically significant spectral
points below 1 TeV. The excess maps for each energy
band show evidence for di↵erent centroid positions, see
Fig. 4. Above 1 TeV, a strong emission (at the level of 9�)
with a best fit location statistically compatible with that
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Fig. 3.— Di↵erential energy spectrum of VER J2016+371/CTB
87 and VER J2019+368 as measured by VERITAS. The event
excess in each bin have a statistical significance of at least 2�.
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Fig. 4.— VHE gamma-ray excess maps of the MGRO J2019+37
region as observed with VERITAS in two di↵erent energy bands.
The high energy band is above 1 TeV (red) while the low energy
band is between 600 GeV and 1 TeV (green). The number of
excess events in the maps has been obtained using a search radius
of 0�.23, which corresponds to the extended source search analysis
described in the text. The change between the red and black in
the color scale takes place at the 4� level, while between green and
black is at the 2� level.

of VER J2019+368 is observed. Below 1 TeV, there are
indications (at the level of 3�) of emission o↵set by about
0.5 degrees in the direction of the unidentified gamma-
ray source 2FGL J2018.0+3626.

4. MULTIWAVELENGTH PROPERTIES, INTERPRETATION
AND DISCUSSION

Both VHE emitting regions coincide with non-thermal
emission detected in radio, X-rays and HE gamma rays.
In the following sections we examine in detail the loca-
tions, morphologies and spectral properties of these low
energy counterparts in order to be able to establish the

Spatially resolving MGRO J2019+37 with VERITAS 5

illustrates these results as well by showing the slices of
the uncorrelated excess events of VER J2016+371. The
directions of the slices are chosen along right ascension
(R.A.) and perpendicular to R.A., while the widths of
the slices are chosen to be 0�.2. The energy spectrum
of the VHE emission is obtained from a circular region
of radius 0�.09 centered on the nominal position of the
SNR. This spectrum, shown in Fig. 3, is well described
by a power-law (PL) model (�2/dof=1.82/2) that ex-
tends from 650 GeV up to 10 TeV with a photon index
of � = 2.3±0.3stat±0.2sys and a di↵erential flux at 1 TeV
of (3.1± 0.9stat± 0.6sys)⇥ 10�13 TeV�1 cm�2s�1. Using
these best fit parameters, an integrated energy flux of
(8.2 ± 3.4stat ± 2.9sys) ⇥ 10�13 erg cm�2s�1 between 1
and 10 TeV is obtained.

The other emission region lies in the center of the
map in Fig. 1. The result of the search with the larger
radius shows emission in a region about one degree in
extent and elongated along the R.A. axis, which is de-
tected at a post-trials significance of 7.2�. The cen-
troid and extension of the emission were estimated by fit-
ting a two-dimensional asymmetric Gaussian (�x 6= �y)
function convolved with the VERITAS PSF to the un-
correlated excess event map. The centroid is located
at ↵J2000 = 20h19m25s ± 72sstat, �J2000 = 36�4801400 ±
5800stat and, thus, labeled as VER J2019+368. From the
fitting, the 1� angular extension of the emission was es-
timated to be 0�.34±0�.03stat along the major axis, and
0�.13 ± 0�.02stat along the minor axis with the orienta-
tion angle of 71� east of north. The extended emis-
sion region contains PSR J2021+3651 and its PWN, the
Hii region Sh 2-104 and the hard X-ray transient IGR
J20188+3657, which are potential counterparts of the
observed emission. To evaluate the possibility of vari-
ous source contributions to VER J2019+368 we did a
morphology test. We extracted the profile of the uncor-
related gamma-ray excess counts along the R.A. axis, see
bottom panel of Fig 2, restricted to 0�.2 in declination,
and fitted several possible VHE morphologies, including
a single extended source and a superposition of point
sources. All fits resulted in similar reduced �2 values,
mainly due to limited statistics. Either a larger data set
or more sensitive reconstruction techniques, or both, are
necessary to determine the morphology better.
The energy spectrum for VER J2019+368 is estimated

from a circular region of 0�.5 radius centered on the best
fit position. The resulting spectrum, shown in Fig. 3,
extends from 1 to 30 TeV and is well fit by a PL model
(�2/dof = 5.79/6) with a hard photon index of � =
1.75± 0.08stat± 0.2sys and a di↵erential flux at 5 TeV of
(8.1±0.7stat±1.6sys)⇥10�14 TeV�1 cm�2s�1. Assuming
these parameters from the fit, the 1-10 TeV integrated
energy flux is estimated to be (6.7 ± 0.5stat ± 1.2sys) ⇥
10�12 erg cm�2s�1. We also attempted to fit alternative
spectral models (such as a curved PL and cut-o↵ PL
model) but they did not provide better fits. The study of
the energy dependent morphology of the emission in two
separate energy bands, below 1 TeV, and above 1 TeV,
supports the lack of any statistically significant spectral
points below 1 TeV. The excess maps for each energy
band show evidence for di↵erent centroid positions, see
Fig. 4. Above 1 TeV, a strong emission (at the level of 9�)
with a best fit location statistically compatible with that
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Fig. 4.— VHE gamma-ray excess maps of the MGRO J2019+37
region as observed with VERITAS in two di↵erent energy bands.
The high energy band is above 1 TeV (red) while the low energy
band is between 600 GeV and 1 TeV (green). The number of
excess events in the maps has been obtained using a search radius
of 0�.23, which corresponds to the extended source search analysis
described in the text. The change between the red and black in
the color scale takes place at the 4� level, while between green and
black is at the 2� level.

of VER J2019+368 is observed. Below 1 TeV, there are
indications (at the level of 3�) of emission o↵set by about
0.5 degrees in the direction of the unidentified gamma-
ray source 2FGL J2018.0+3626.

4. MULTIWAVELENGTH PROPERTIES, INTERPRETATION
AND DISCUSSION

Both VHE emitting regions coincide with non-thermal
emission detected in radio, X-rays and HE gamma rays.
In the following sections we examine in detail the loca-
tions, morphologies and spectral properties of these low
energy counterparts in order to be able to establish the

eHWC J2019+368 (Cygnus region)

100 TeV Sources Resolved by IACTs

VERITAS

Aliu+, ApJ, 788, 78 (2014) 
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ü SNR is situated near source
ü Molecular clouds (CO) are located near the source
ü Hard spectral index a = ~ -2 
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PeVatron Candidate: SNR G106.3+2.7
Albert+, ApJL (2020)4

Figure 1. Left: HAWC significance map of the region, large scale view. There are no other significant
gamma-ray sources nearby that could a↵ect the measurement. The black frame marks the size of the region
shown on the right. Right: Molecular hydrogen column density around HAWC J2227+610. See Section B
in the supplemental materials for more details. The pulsar position as well as the centroids of the VERITAS
and Milagro sources have been marked. The grey contours show the 1�, 2�, 3� confidence regions for the
HAWC source position. The pink contours show the 1.4GHz continuum brightness temperature from the
Canadian Galactic Plane Survey (Taylor et al. 2003) in 50 logarithmically spaced steps from 1K to 100K.
Both maps have been smoothed and interpolated for display.

ulation, for two models, assuming either a hadronic or a leptonic origin of the VHE emission. The
potential sources of the particles producing the gamma-ray emission are discussed in Section 3. Fu-
ture prospects are summarized in Section 4. Details on the data analysis can be found in Section A
in the supplemental materials.

2. RESULTS

2.1. Source search

The blind point source search described in Section A found a local maximum at RA=336.96�,
Dec=61.05�, with a statistical uncertainty of 0.16� and a systematic uncertainty of 0.1�. The signif-
icance map for the search is shown in Figure 1. The excess is well isolated and is inconsistent with
background fluctuations at the 6.2� level (pre-trials), or about 4.3� post-trials considering HAWC’s
entire field of view. It is designated as a new source, HAWC J2227+610.

2.2. Morphology

The best-fit position of HAWC J2227+610 is consistent with the VHE detections by VERITAS and
Milagro within uncertainties (see Figure 1). It is also consistent with the pulsar position.
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Figure 1. Left: HAWC significance map of the region, large scale view. There are no other significant
gamma-ray sources nearby that could a↵ect the measurement. The black frame marks the size of the region
shown on the right. Right: Molecular hydrogen column density around HAWC J2227+610. See Section B
in the supplemental materials for more details. The pulsar position as well as the centroids of the VERITAS
and Milagro sources have been marked. The grey contours show the 1�, 2�, 3� confidence regions for the
HAWC source position. The pink contours show the 1.4GHz continuum brightness temperature from the
Canadian Galactic Plane Survey (Taylor et al. 2003) in 50 logarithmically spaced steps from 1K to 100K.
Both maps have been smoothed and interpolated for display.

ulation, for two models, assuming either a hadronic or a leptonic origin of the VHE emission. The
potential sources of the particles producing the gamma-ray emission are discussed in Section 3. Fu-
ture prospects are summarized in Section 4. Details on the data analysis can be found in Section A
in the supplemental materials.

2. RESULTS

2.1. Source search

The blind point source search described in Section A found a local maximum at RA=336.96�,
Dec=61.05�, with a statistical uncertainty of 0.16� and a systematic uncertainty of 0.1�. The signif-
icance map for the search is shown in Figure 1. The excess is well isolated and is inconsistent with
background fluctuations at the 6.2� level (pre-trials), or about 4.3� post-trials considering HAWC’s
entire field of view. It is designated as a new source, HAWC J2227+610.

2.2. Morphology

The best-fit position of HAWC J2227+610 is consistent with the VHE detections by VERITAS and
Milagro within uncertainties (see Figure 1). It is also consistent with the pulsar position.

Amenomori+, ICRC2019
HAWC (>40TeV) Tibet AS+MD(>10TeV)Molecular Clouds

ü Shell-type SNR near the pulsar
ü g-ray excess is coincident with MC
ü Spectrum extends up to 100 TeV
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Figure 1. Sky map of TeV gamma-ray emission from G106.3+2.7, as measured
by VERITAS. The color scale indicates the number of excess gamma-ray events
from the region, using a squared integration radius of 0.08 deg2. The centroid
of the TeV emission is indicated with a thin black cross. Overlaid are 1420 MHz
radio contours from the DRAO Synthesis Telescope (thin black lines; Landecker
et al. 2000) and 12CO emission (J = 1 − 0) from the high-resolution FCRAO
Survey (magenta lines; Heyer et al. 1998). The CO velocity selection is discussed
in the text. The open yellow cross shows the location of pulsar PSR J2229+6114
and the yellow star at the left is the AGILE bright source 1AGL J2231+6109.
The yellow circle indicates the 95% error contour for the Fermi source 0FGL
J2229.0+6114. The circle labeled PSF represents the VERITAS gamma-ray PSF
for this analysis (68% containment).

with the small set of search cuts is also incorporated. With these
included, the post-trials significance of the peak emission point
is 6.0σ . The post-trials significance of the excess seen at the
nominal pulsar location is 3.6σ .

3.1. Morphology

Inspection of Figure 1 shows that the angular extent of the
TeV emission region exceeds the size of the 0.◦11 VERITAS
point-spread function (PSF; the radius that contains 68% of
the events coming from a point source). While the shape of
the extension in this map is apparently more complex than
a simple Gaussian in nature, a statistically acceptable fit can
nevertheless be obtained by fitting a two-dimensional Gaussian
to the uncorrelated acceptance-corrected map of excess event
counts, binned in 0.◦05 bins. The result of this analysis shows that
the TeV emission, after accounting for the PSF of the instrument,
can be characterized by a 1σ angular extent of 0.◦27 ± 0.◦05
along the major axis, and 0.◦18 ± 0.◦03 along the minor axis;
the orientation angle is 22◦ east of north. The centroid of the
fit lies at 22h27m59s, +60◦52′37′′ (J2000) and hence we assign
the identifier VER J2227+608. The statistical uncertainty in the
centroid position is 0.◦07 in R.A. and 0.◦04 in declination, with
an additional combined systematic uncertainty of 0.◦07.

3.2. Spectrum

The spectrum of the source was determined by integrat-
ing over a circular region of radius 0.◦32, positioned to en-
compass the majority of the observed emission. The result-
ing spectrum, which is shown in Figure 2, can be fitted
(χ2 = 0.76; ndf = 3) with a simple power law of the form
dN/dE = N0(E/3 TeV)−Γ, with a differential flux constant
of N0 = (1.15 ± 0.27stat ± 0.35sys) × 10−13 cm−2 s−1 TeV−1

and an index of Γ = 2.29 ± 0.33stat ± 0.30sys. The total
flux integrated over the remnant for energies above 1 TeV is
(1.11±0.25stat ±0.28sys)×10−12 cm−2 s−1, which corresponds
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Figure 2. Differential energy spectrum of G106.3+2.7 as measured by VERI-
TAS. The error bars represent 1σ statistical errors only. The solid line shows
the results of a pure power-law fit and the dotted line shows the flux of the Crab
Nebula for comparison. Also shown (triangle) is the Milagro flux point from
Abdo et al. (2009a), plotted with summed systematic and statistical errors. The
lower panel shows the residuals of the VERITAS data to the power-law fit. The
details of the analysis and the fit are discussed in the text.

to ∼5% of the steady Crab Nebula flux. Also shown in this
figure is the Milagro flux point from Abdo et al. (2009a). The
energy resolution of this analysis is better than ∼20% for ener-
gies above 1 TeV.

4. DISCUSSION

Figure 1 shows the TeV gamma-ray image for G106.3+2.7.
The color scale indicates the number of excess gamma-ray
candidate events, as measured by VERITAS. Radio continuum
emission at 1420 MHz measured by the Dominion Radio Astro-
physical Observatory (DRAO) Synthesis Telescope (Landecker
et al. 2000), and supplied through the Canadian Galactic Plane
Survey (Taylor et al. 2003), is indicated with thin black contours.
A high-resolution map of 115 GHz line emission associated with
the molecular 12CO (J = 1–0) transition, from the Five College
Radio Astronomy Observatory (FCRAO) is shown in magenta
contours (Heyer et al. 1998). Following the analysis of Kothes
et al. (2001), the CO velocities in the map are restricted to
between −4 km s−1 and −6 km s−1. This slice encompasses
the majority of the cloud emission overlapping the radio rem-
nant. Note that the CO contours have been smoothed with a ∼3′

Gaussian kernel. The open yellow cross marks the location of
PSR J2229+6114; its wind nebula, the “Boomerang” (∼0.◦08 in
diameter), can be seen in the radio contours around it. The yellow
star at the left is the AGILE bright source 1AGL J2231+6109
and the 95% FGST confidence contour for the source 0FGL
J2229.0+6114 is shown as the yellow circle centered on the
pulsar location.

As can be seen from Figure 1, the TeV emission appears
correlated with the position of the radio contours of the main
body of the remnant, reaching maximum flux ∼0.◦4 away from
the pulsar. Indeed, the region of greatest intensity is apparently
coincident with the location of the molecular cloud emission.
This coincidence is reminiscent of behavior seen in similar
objects (see, e.g., Acciari et al. 2009; Aharonian et al. 2008a,
2008b) and is supportive of theories of hadronically induced
(that is, p + p → π0 → γ γ ) emission (Aharonian et al.
1994; Aharonian & Atoyan 1996). The detection of OH maser
emission, a signpost of shock wave/cloud interactions (Elitzur
1976; Wardle & Yusef-Zadeh 2002), would strengthen this
claim, but no such observations have been reported.

VERITAS (>TeV)
Acciari+, ApJ (2019)
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How to Identify PeVatron
IACTs

EAS Arrays

g-ray
Satellites

X-ray 
Satellites

à Hard spectral index (-2)
beyond 100 TeV
(+ Molecular Cloud)

Spectrum example
TeV J2032+4130



• g-ray beyond 100 TeV by Tibet, HAWC etc. in North,

ALPACA,  SWGO in south will come soon

• Spectral index a ~ -2 in TeV by IACTs

• Coincident with molecular cloud observed by radio

• p0 cutoff around 70 MeV by g-ray satellites

• Dark in X-ray observaVon

• Deep observaVon by IACTs to resolve sources

• Coincident with HE neutrino by IceCube

22

Multi-wavelength Multi-particle Observations

How to Identify PeVatron
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ALPACA Experiment in Bolivia

ü Internabonal collaborabon 
(Japan + Bolivia + Mexico)

ü Mt. Chacaltaya in Bolivia 4740m asl
ü Same type of detectors as Tibet ASg

(AS 83,000m2 + MD 5,600m2)
ü Target energy : 5 – 1000 TeV
ü Construcbon of prototype is ongoing

(above picture)
ü PeVatron search in the southern sky

- Galacbc center regions, diffuse gamma
- DM search in the direcbon of G.C.

ü Cosmic-ray anisotropy
ü Sun’s shadow monitor

The ALPACA Experiment (Air Shower Array)

・Chacaltaya plateau (16° 23! S, 68° 08!W, Bolivia)

・Elevation : 4,740 m (572.4 g/cm")

・A surface air shower array (AS array : 83,000 m") 

+ underground muon detector array → BGCR rejection
・Duty cycle : > 90%

Andes Large area Particle detector for Cosmic-ray physics and Astronomy

・Physics:

1. VHE gamma-ray astronomy 

2. Interplanetary magnetic field

3. CR anisotropy & etc.

5

15 m 300 m

Muon detectors
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Abramowski+ (H.E.S.S.), Nature (2016) 
“Acceleration of petaelectronvolt protons in the Galactic Centre”
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Galactic Center Diffuse Emission

1-yr Obs.

10-yr Obs.

ü Diffuse emission
up to a few 10 TeV

ü Hard spectral index 
ü Candidate for PeVatron

à Sub-PeV g observa8on!

0 0  M O N T H  2 0 1 6  |  V O L  0 0 0  |  N A T U R E  |  1

LETTER
doi:10.1038/nature17147

Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥  10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.

© 2016 Macmillan Publishers Limited. All rights reserved
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H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

9. HESS J1828�099 is a new HGPS source described in
Sect. 5.6.8.

10. HESS J1832�085 is also a new HGPS source, described in
Sect. 5.6.9.

11. HESS J1858+020 has an association with the HE �-ray
source 3FGL J1857.9+0210 and is close to, but offset from,
SNR G35.6�0.4. A dedicated study (Paredes et al. 2014)
did not find any compelling X-ray counterpart, although
multiple possible scenarios were investigated, including CR-
illuminated molecular clouds.

5.1.3. Firmly identified HGPS sources

In this section, we go one step further and treat those HGPS
sources for which the physical origin of the VHE �-ray emis-
sion has been firmly identified. Whereas the association cri-
teria were principally based on positional evidence (angular
offset), we also perform a census of the additional evidence
that is available to reinforce spatial associations and arrive at
firm identifications. The supplementary observables we consider
are correlated MWL variability, matching MWL morphology,
and energy-dependent �-ray morphology (Hinton & Hofmann
2009). Table 3 summarizes the results, along with the respective
references for the additional evidence. Among the 78
sources in the HGPS region, we determine 31 to be firmly
identified.

Firm identifications rely on different forms of evidence that
vary depending on the source class. The VHE �-ray emission
from compact binary systems is always point-like and should
exhibit variability that is also seen at lower energies. In contrast,
the VHE emission from shell-type SNRs is extended (provided
the SNR is sufficiently large and close) and nonvariable, but
can be identified based on the specific shell morphology and
correlated morphology at lower energies.

Composite SNRs have both a shell and an interior PWN
detected at lower energies and can be more complex to identify
correctly. If the angular size of the shell emission is larger than
the size of the VHE emission, we can identify the VHE emis-
sion as coming from the PWN filling the SNR. This is the case,
for example, for HESS J1747�281 (PWN in SNR G0.9+0.1) and
HESS J1554�550 (PWN in SNR G327.1�1.1). In other cases,
we are only able to identify the HGPS source with the com-
posite SNR as a whole, i.e., we are confident that the VHE
emission originates in the composite object but cannot disentan-
gle whether it comes predominantly from the PWN or the shell
(usually due to PSF limitations).

More evolved stellar remnant systems are difficult to iden-
tify firmly. We can make a firm PWN identification when
there is a PWN of comparable size and compatible position
detected at lower energies. This is the case, for example, for
HESS J1420�607 (PWN G313.54+0.23) and HESS J1356�645
(PWN G309.92�2.51). In the absence of any clear PWN, or
when its size at lower energies is much smaller than the VHE
source, we have to rely on other evidence. The clearest such
evidence is the detection of energy-dependent morphology,
expected in PWNe because of the cooling of energetic electrons
as they are transported away from the pulsar. At higher energies,
the extent of the emission shrinks and its barycenter moves
closer to the pulsar. This is the case for two sources thus far,
HESS J1303�631 (PWN G304.10�0.24) and HESS J1825�137
(PWN G18.00�0.69). In the absence of such evidence, the iden-
tification of a VHE source as a PWN remains tentative when

Fig. 10. Source identification summary pie chart. See Table 3 and
Sect. 5.1.3.

the only evidence is an energetic pulsar in the vicinity. Candi-
date PWN identifications are evaluated in detail in a companion
paper (H.E.S.S. Collaboration 2018e).

A large percentage (39%) of the 31 firmly identified sources
are PWNe. The next largest source classes identified are SNR
shells (26%) and composite SNRs (26%). Finally, �-ray binary
systems are also identified in the HGPS. It is not yet possi-
ble to identify firmly more than half of the total 78 HGPS
sources with the conservative criteria we adopted, although the
vast majority have one or more promising spatial associations
that could prove to be real identifications following more in-
depth studies beyond the scope of this work. We do not find
any physical associations for 11 of the VHE sources in the
HGPS, although for some of these, potentially related emis-
sion is seen in HE �-rays, and for others, offset counterparts are
present but simply not found by the automated association proce-
dure adopted (see previous section). Figure 10 summarizes these
identifications.

We note that one source in HGPS, HESS J1943+213, is likely
an extragalactic object. It has no measured extension and a radio
counterpart that many recent studies tend to classify as a BL-
Lac object (Peter et al. 2014; Straal et al. 2016; Akiyama et al.
2016). However, its VHE flux has not revealed any variability so
far, which is unusual for such an object (Shahinyan & VERITAS
Collaboration 2017).

5.2. Large-scale emission

In Sect. 4.6, we introduced an empirical spatial model to account
for the large-scale VHE �-ray emission we observed along the
Galactic plane to detect and characterize accurately the discrete
VHE �-ray sources. This model provides an estimate of the
spatial distribution of the large-scale VHE emission discovered
by Abramowski et al. (2014a). We find that the fit amplitude, lat-
itudinal width, and position of this model, shown on Fig. 6, are
consistent with the latitude profile of that previous work. The
width is also comparable to the HGPS source latitude distribu-
tion (Fig. 11, ff.) but smaller than that of molecular gas traced by
CO emission (Dame et al. 2001).

Owing to the observational constraints and analysis used, the
large-scale emission model cannot be considered a measurement
of the total Galactic diffuse emission. The large-scale emission

A1, page 19 of 61

2530 sources >30TeV Search for PeVatrons

Dark Accelerators

H.E.S.S. Galactic Survey

UNID with
hard index

A&A 612, A1 (2018) 

Binary
SNR

Composite
PWN
UNID

Hard spectral index (-2)
beyond 100 TeV
(+ Molecular Cloud)

ALPACA FoV

1-yr Obs.

10-yr Obs.
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11

Status of Prototype Array: ALPAQUITA

For details, please see the next talk
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5

Site?

⌾Detailed 
characterisa
tion work 
started
→ Shortlist 

by end 
2020

13Chajnantor region, Chile

Laguna Sibinacocha, Peru 4.9 km

ALPACA site
near Mt Chacaltaya, Bolivia 4.7 km

5.0 kmChajnantor region, Chile

CUBIC site, Salta, ArgenFna 4.8 km

e.g.

Muon Identification

⌾Muon tagging has huge potential 
for gamma/hadron sep. (above 
about 1 TeV)
→c.f. LHAASO

⌾Aim to incorporate muon 
identification in to (all of) the 
water Cherenkov detector units
→Double layer, or
→Multi-sensor – time and intensity 

measurements to tag single 
through-going particles

15
example

Southern Wide FOV Gamma-ray 
Observatory (SWGO)

• Formed new 
collaboration on July 1, 
2019 to pursue R&D for 
SWGO

• Based on water 
Cherenkov technique

• Looking at 5 South 
American sites all >4.5 
km up to 5km

• See www.SWGO.org for 
more info.

K. Tollefson, MSU ICRC, July 2019 34

Join Us!

H. Schoorlemmer, PoS(ICRC2019)785

ü Southern Wide FoV Gamma-ray Observatory
ü New collaborabon formed in July 2019
ü Based on Water Cherenkov technique
ü Site survey and simulabon studies are ongoing

ü Ground-particle detection based high altitude 
(>4.4 km) g-ray observatory latitude -15o to -30o

ü Wide energy range: 100 GeV to 100 TeV

www.swgo.org

http://www.swgo.org/


Summary

• The Tibet ASg experiment first detected 100 TeV g
rays from an astrophysical source.

• HAWC found a few addiVonal 100 TeV g-ray sources 

with hard spectral index.

• MulV-wavelength, mulV-parVcle observaVons will be 

important to idenVfy PeVatrons in our Galaxy.

• In the southern hemisphere, ALPACA started the 

construcVon of a prototype detectors, and SWGO 

collaboraVon formed, and site survey is ongoing.
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Personal Opinions
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• Identify/understand cosmic-ray 
origin in our Galaxy (PeVatron)

• Heavy DM search in our Galaxy

What's your 
targeted 

physics in next 
decades?

• Wide FoV sky survey > 100 TeV in 
northern and southern hemispheres

• Multi-wavelength multi-particle 
observations

What we need 
to 

accomplish?


