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THE FOLLOWING SLIDES ARE A BIASED OVERVIEW 



Outline 
• Motivations

• the origin of the cosmic ray flux

• the nature of the most extreme particle accelerators

• g-ray signatures of particle accelerators

• The search for the Galactic PeVatrons

• Testing the SNR paradigm

• Gamma-ray signatures of PeVatrons in MC close to SNRs

• Galactic Centre

• Star Clusters

• Gamma-ray binaries

The leptonic part of the cosmic ray spectrum

• Future



The cosmic ray flux at Earth

Galactic Origin

Extragalactic Origin

δ = -2.7

δ = -3.0

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

• Almost featureless spectrum 

Knee ~ 3 x10 15  eV

J. Cronin, T. Gaisser, S. Swordy, Sci. Amer. 276 (1997) 44.
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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



The cosmic ray flux at Earth

knee

ankle

• < 1015 eV  Gal CRs 
• 1015 - 1018 eV -
transition region
• > 1018  ExtraGal CRs

Theorically challenges : 

ü sources of particles 
>1015 eV : PeVatrons

ü sources of particles 
> 1020 eV : ZeVatrons

Objectives : understand the origin of the local cosmic ray flux and the physics 
of the extreme particle accelerators,  which inject the relativistic non-thermal 
plasma known as cosmic rays.



Accelerators with efficiency close to 100%

• fraction of the astrophysical source energy converted in non-
thermal particles close to 100% (examples: PWNe and SNRs)

• acceleration rate close to the maximum rate allowed in 
electrodynamics and MHD (examples: Crab and sources of 1020eV 
protons)

dE/dt = q c E =  η q c B     η = Eeff/B ≤ 1

η -> 1  extreme accelerator

Extreme Particle Accelerators 



Hillas criterion

Hillas 1984

c > v > 1000km/s

Particles acceleration as long as
rL < R
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Energy losses or even only 
curvature losses reduce the 
max energy achievable

Ultra-relativistic bulk flows can
help reach the highest energies 
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Fig. 2: The “Hillas plot” for various CR source candidates (blue). Also shown are jet-frame parameters for blazers,
gamma-ray bursts, and microquasars (purple). The corresponding point for the LHC beam is also shown. The red
dashed lines show the lower limit for accelerators of protons at the CR knee (⇠ 1014.5eV), CR ankle (⇠ 1018.5eV)
and the GZK suppression (⇠ 1019.6eV). The dotted gray line is the upper limit from synchrotron losses and proton
interactions in the cosmic photon background (R � 1 Mpc). From Ref. [31].

4 Propagation of extragalactic cosmic rays

4.1 Energy losses of protons

There are three main energy loss processes for protons propagating over cosmological distances: Adia-
batic energy losses due to the expansion of the universe, �dE/dt = H0, pair production (p� ! pe

+
e
�)

and pion-production p� ! ⇡N on photons of the cosmic microwave background (CMB). Collisions
with optical and infrared photons give a negligible contribution.

The fractional energy loss due to interactions with the cosmic background radiation at a redshift
z = 0 is determined by the integral of the nucleon energy loss per collision multiplied by the probability
per unit time for a nucleon collision in an isotropic gas of photons [32]. For interactions with a blackbody
field of temperature T , the photon density is that of a Planck spectrum, so the fractional energy loss is
given by

�
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dE
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ckT
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!0j

d!r �j(!r) yj !r ln(1� e
�!r/2�kT ) , (7)

where !r is the photon energy in the rest frame of the nucleon, and yj is the inelasticity, i.e. the average
fraction of the energy lost by the photon to the nucleon in the laboratory frame for the jth reaction
channel. The sum is carried out over all channels and d!, �j(!r) is the total cross section of the jth
interaction channel, � is the usual Lorentz factor of the nucleon, and !0j is the threshold energy for the
jth reaction in the rest frame of the nucleon.

At energies E ⌧ memp/kT = 2.1 ⇥ 1018eV, the reaction (p� ! pe
+
e
�) takes place on the

photons from the high energy tail of the Planck distribution. The cross section of the reaction approxi-

mated by the threshold values is �(!r) =
⇡
12 ↵ r

2
0

⇣
!r
me

� 2
⌘3

, ↵ is the fine structure constant and r0 is
the classical radius of the electron [33]. The inelasticity at threshold results y = 2 me

mp
. The fractional
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Hillas criterion

Particles acceleration as long as
rL < R
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Energy losses or even only 
curvature losses reduce the 
max energy achievable

Ultra-relativistic bulk flows can 
help reach the highest energies 

Dova,2016



Cosmic Ray Abundances < 100 GeV 

§ Secondary particle production (B/C 
ratio) implies CR pass through 5-10 
g/cm2 in lifetime
§ Average Galactic plane density 

of 1 H atom/cm3 implies CR 
traverse 1000 kpc for a lifetime 
of 3 x 106 yr

§ Ratio decreases with energy 
implies higher energy CR 
escape Galaxy more quickly

§ Long lived radioactive isotope (e.g.
Be10) implies even longer lifetime so 
CR spend considerable time in 
Galactic halo

Kachelriess, Semikov, 2019



• High quality information about the locally measured 
primary and  secondary components of CRs

• CR factories can be revealed only by neutral & stable 
astronomical messengers:  photons and neutrinos

• Charged CRs do not provide information about the 
acceleration sites

Astrophysics with CRs ?



Acceleration and transport in 
the Galaxy



Acceleration and transport in 
the Galaxy

€ 

τescape Q source   α dNobserved

dEobserved

€ 

Qsourceα E -2 to -2.4

€ 

τ escapeα E -0.3 to -0.7



Acceleration and transport in 
the Galaxy

g



    
Gamma-ray Emission : 
a probe of CR origin and propagation

 CRs + gas -> πo -> 2 γ
• CRs + gas -> π++π−-> ν    

 CR signatures for γ-rays
• Morphology
• Spectrum

 But electrons produce gamma-
rays, too and very efficiently 
through IC and bremsstrahlung.

Synchrotron

Inverse

Compton

Bremstrahlung



𝑪𝑹𝒔( 𝟏 𝑷𝒆𝑽 ) + 𝒈𝒂𝒔 → 𝝅𝟎 → 𝜸𝜸 (~𝟎. 𝟏 𝑷𝒆𝑽)
𝑪𝑹𝒔 + 𝒈𝒂𝒔 → 𝝅+𝝅3 → 𝝊

g-ray signatures of PeVatrons

Lγ ∝  Wp  t
−1∝  Wp  n

Roughly hundredTeV g-rays

The g radiation is hadronic

Ideally, estimate of energetic input in accelerated particles -

Detecting 100 TeV photons means that there are PeV particles colliding off gas target.  The 
emission does not necessarily coincide with the location of the particle accelerator.



Gamma-Ray Observatories

AGILE
EGRET
Fermi-LAT

H.E.S.S.
MAGIC
VERITAS
CTA

Milagro
Tibet ASg

ARGO-YBJ
HAWC, LHAASO

Wide FOV continuous operation TeV sensitivity

Ground-basedSpace-based

IACTEASSatellites



Simulation
(CORSIKA)

Extensive Air Shower (EAS) 
Detector

Imaging Atmospheric Cherenkov 
Telescope (IACT)

Satellite 
Detector

Wide Field of View,
Continuous 
Operations

TeV Sensitivity

NASA

VERITAS

High Energy Gamma-Ray Detectors



SNRs as major suppliers of Galactic CRs

SNR hypothesis based on two arguments:

SNRs provide adequate conditions to have efficient CR 
acceleration 

SN explosions – 1051 erg – can sustain the Gal CR 
population

• Observationally 

• Evidence of CR acceleration up to PeV energies in SNRs ?

Fraction of SN burst energy budget in CRs ?  



Young (~1.5 kyr) and nearby (~1 kpc) SNR

First, and brightest resolved TeV shell

10 years of H.E.S.S. data

§ Factor 2 improvement in statistics over last 
publication (> 27 000 γ’s)

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

§ Spatially resolved spectra!

The first suspects: young SNRs



Two famous shell-type SNRs resolved with H.E.S.S. 

H.E.S.S.

RCW 86

§ Vela Junior:

deep analysis reveals a cutoff at 6.7 TeV

§ RCW 86: 
deep exposure confirms TeV shell appearance

§ Good correlation between TeV and hard X-ray 
(IC vs. synchrotron), likely leptonic dominated, B ~20 μG

§ Steepening in the spectrum ~ 3 TeV



X-ray – TeV correlation Uchiyama, et al Nature 2007

flux increase - particle acceleration
flux decrease - synchrotron cooling *)

both require B-field of order 1 mG in 
hot spots and, most likely, 100µG 
outside. Supporting amplification of B-
field through non-resonant streaming 
instability 

Correlation  X-ray TeV images electrons
Are accelerated in the shell up to 
hundreds 
TeV.  

, however TeV extends beyond X-ray 
shell at all energies. Interpretation : 
VHE CRs are leaving the main shock 
Region or particle acceleration in shock 
precursor



Fermi Spectra of RXJ1713-3946 

leptonic models hadronic models

Fermi:  GeV data contradict hadaronic origin of γ-rays  (?)

Questions:   (i)  can we compare GeV and TeV fluxes within one-zone models?
                                        they could come from quite  different regions
                    (ii)  cannot we assume hard proton spectra ?
                           nonlinear theories do predict very hard spectra with α -> 1.5 
                                        

Does this speak against hadronic models ?
•GeV and TeV fluxes are from the same region ?
•What about if the proton spectra are hard? nonlinear theories do 
predict very hard spectra with α -> 1.5 

Fermi Collaboration 2012



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
can be realized in the forward and reverse shocks, in which the magnetic fields are
essentially different [94].

In the hadronic models, the spectral break in the proton population cannot be
explained by the radiative cooling effects. At low energies, the proton spectrum is
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
hard spectra in SNRs cannot be excluded, at least formally, from first principles
(see, e.g., Ref. [71]). Moreover, the proton spectrum derived from the γ-ray data
is representative not for the entire proton population in the nebula, but for the part
confined currently in the region where from the γ-rays are observed. Therefore, in

sabrinacasanova@gmail.com

.

Both hadronic and leptonic can explain
the GeV to TeV emission 

The content in accelerated hadrons in 
unknown because of the uncertainty in the 
estimate of the gas density

Zabalza2015



An exceptionally bright 
SNR G338.3-0.0

Core collapse SNR from a massive 
star. Strong winds have created a 
cavity surrounded by high density 
shell

Lg at TeV close to 1035 erg/s
Wp =  4 1052  (d/10 kpc ) (n/1cm3 )-1

erg -> rich target density -> optimism 
for detecting more of these objects 
with CTA

The Spitzer MIPS 24µm images 
show abundance of interstellar dust 
and HII region. Gas density up to 
600 cm-3 

2832 HESS Collaboration, A. Abramowski et al.

Figure 3. Comparison of the HE and VHE γ -ray spectra of HESS
J1640−465 (filled circles) and RX J1713.7−3946 (open squares). Data
for RX J1713.7−3946 are from Abdo et al. (2011) and Aharonian et al.
(2011), GeV data of HESS J1640−465 are from Slane et al. (2010). Also
shown is the best-fitting exponential cut-off power-law model to the full
γ -ray spectrum (Table 1).

Fermi and HESS energy range is required in order to describe the
data.

3 XMM–Newton DATA A NA LY S I S

Funk et al. (2007) reported the detection of the candidate PWN
XMMU J164045.4−463131 with XMM–Newton and introduced it
as a potential counterpart of HESS J1640−465. As becomes clear
from Fig. 1, the VHE γ -ray emission region also overlaps with the
northern part of the shell of SNR G338.3−0.0. To investigate the
γ -ray emission scenarios related to the SNR, the XMM–Newton
data (ObsID: 0302560201) were re-analysed to derive an upper
limit for diffuse X-ray emission originating from the northern part
of the shell. For the analysis, the Science Analysis System (SAS)
version 12.0.1 was used, supported by tools from the FTOOLS package
and XSPEC version 12.5.0 (Arnaud 1996) for spectral modelling.
The data are affected by long periods of strong background flaring
activity resulting in net exposures of only 5.9 ks (PN) and 13.5 ks
(MOS), following the suggested standard criteria for good-time-
interval filtering. To detect and remove point-like X-ray sources, the
standard XMM–Newton SAS maximum likelihood source detection
algorithm was used in four energy bands [(0.5–1.0), (1.0–2.0), (2.0–
4.5) and (4.5–10.0) keV]. Events around all sources detected in any
of these bands were removed from a region corresponding to the
95 per cent containment radius of the XMM–Newton PSF at the
respective source position in the detector. The total flux upper limit
was derived assuming that the remaining count rate from a polygon
region enclosing the northern part of the shell is due to background.
A power-law model with photon index "X = −2 was applied to
constrain non-thermal leptonic emission. Two different absorption
column densities as found in the literature, NH, 1 = 6.1×1022 cm−2

(Funk et al. 2007) and NH,2 = 1.4×1023 cm−2 (Lemiere et al. 2009),
have been considered. No diffuse X-ray emission coincident with
the SNR shell was detected with this data set. The resulting 99 per
cent confidence upper limits for the unabsorbed flux [(2–10) keV]
are F99(NH,1) = 4.4 × 10−13 erg cm−2 s−1 and F99(NH,2) = 8.3 ×
10−13 erg cm−2 s−1. These values have been scaled up by 11 per cent
to account for the missing area due to excluded point-like sources.

4 D ISCUSSION

The HESS source encloses the PWN candidate XMMU
J164045.4−463131 as well as the northwestern (NW) half of the
incomplete shell of G338.3−0.0. The comprehensive multiwave-
length data available together with the new HESS and XMM–
Newton results allow for a much more detailed investigation of
the SED and hence the underlying non-thermal processes to be car-
ried out. As the evolutionary state of G338.3−0.0 is essential for the
discussion, the age of the SNR is estimated, and the environment
in which it likely expanded is investigated. These estimates will
form the basis for the discussion of the origin of the non-thermal
emission in a PWN and SNR scenario.

4.1 Age and environment of G338.3−0.0

The age and environment of the SNR have a large influence on
the interpretation and modelling of the emission scenario and thus
deserve discussion in this context. Previous estimates put the age of
the SNR in the range of (5–8) kyr (Slane et al. 2010); however, as
becomes evident from the discussion below, it may be significantly
younger than that.

If the X-ray PWN is indeed related to the SNR, then G338.3−0.0
originated from a core-collapse supernova (SN) explosion of a mas-
sive star. Such stars usually modify the surrounding medium through
strong stellar winds, creating a cavity of relatively low density sur-
rounded by a high-density shell of swept-up material. (see Weaver
et al. 1977; Chevalier 1999). Such a wind-blown bubble scenario
has never been considered for this object, but needs to be explored
for a detailed discussion of the γ -ray emission mechanisms possi-
bly at work in HESS J1640−465. These cavities have significant
impact on the evolution of the subsequent SN shock front, and such
scenarios have been evoked to explain the properties of other SNRs
like the Cygnus Loop (e.g. Levenson et al. 1998), RCW 86 (Vink,
Kaastra & Bleeker 1997) and RX J1713.7−3946 (Fukui et al. 2003),
all of which have physical diameters similar to G338.3−0.0. Cheva-
lier (1999) estimated the size of wind-blown cavities by requiring
a pressure equilibrium between the inside of the bubble, which has
been pressurized by the total energy of the wind: 1/2Ṁv2

wτ , and
the surrounding medium. Here, Ṁ is the mean mass-loss rate, vw

is the wind speed and τ is the lifetime of the star. With a dis-
tance of 10 kpc, the radius of the observed shell of G338.3−0.0
is 10 pc, which is assumed here to be comparable to the size of
the wind-blown bubble. Such sizes can be achieved by a typical
∼20 M$ O-type star with τ % 7 Myr, Ṁ % 10−7 M$ yr−1 and
vw % 2600 km s−1, evolving in an H II region with temperature 10 kK
(Osterbrock 1989) and average density of n ∼ 150 cm−3 (see below;
Kudritzki & Puls 2000; Muijres et al. 2012). This corresponds to a
total mass-loss in the main-sequence phase of 0.7 M$. An extreme
case that may provide a lower limit to the age of the SNR can be de-
rived by the assumption that the remaining material inside the cavity
solely originates from the stellar wind. The mean number density
then is n0 ∼ 0.01 cm−3 with a total mass swept up by the SNR shock
of 0.7 M$. This means that the SNR shock would evolve freely
expanding up to the radius of the wind-blown bubble. Assuming
average shock velocities between (5000–10 000) km s−1, the age of
the SNR would be (1–2) kyr, which is considerably younger than
the estimate of (5–8) kyr by Slane et al. (2010), owing to the lower
density.

In addition to the SNR age, also the density of the ISM in the
immediate vicinity of the shock region has major impact on the
interpretation of the emission scenario. The density in the shell
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An exceptionally luminous TeV γ -ray SNR 2835

Figure 4. Spitzer MIPS 24 µm image in units of MJy sr−1 with overlaid
contours from the smoothed HESS excess map (white) and contours of the
NW part of the SNR shell from the 610 MHz image, convolved with the
HESS PSF (magenta, cf. Fig. 1).

contours are overplotted on the Spitzer image in Fig. 4 and show a
good agreement with the VHE γ -ray excess contours from HESS

Fig. 5 shows the measured SED of G338.3−0.0 along with the
new HESS data and XMM–Newton limits. Also shown is a single-
zone time-dependent model for the continuous injection of elec-
trons and protons over an assumed age of G338.3−0.0 of 2.5 kyr
(e.g. Funk et al. 2007). HE electrons produce synchrotron and IC
γ -ray emission in interactions with magnetic and radiation fields,
respectively. HE protons produce π0-decay γ -ray emission in inter-
actions with material in the SNR shell. The broad-band SED can be
explained in this scenario with a reasonable choice of input param-
eters. The leptonic component can be constrained by the observed
synchrotron spectrum from radio to X-rays. In this model calcula-

Figure 5. HE and VHE γ -ray spectrum of HESS J1640−465 as given in
Slane et al. (2010) and shown in Fig. 2, respectively. The X-ray limit has
been derived in the northern part of the radio shell and assuming the higher
column density as derived by Lemiere et al. (2009) (see Fig. 1 and the text),
and the radio data are from Castelletti et al. (2011), scaled by a factor of
0.5, assuming that half of the radio emission comes from the northern part
of the shell. The long dashed blue and red dash–dotted curves represent
synchrotron and IC emission from non-thermal electrons, respectively. The
green dashed curve represents the bremsstrahlung component and the solid
black curve represents the hadronic π0-decay γ -ray emission.

tion, a magnetic field of B = 35 µG, maximum electron energy of
Ec,e = 10 TeV and electron spectral index of #e = 2.0 are required
to reproduce the radio spectrum and to not violate the X-ray limit.
The target radiation fields have been chosen based on Lemiere et al.
(2009), with a dust component that has been increased to account
for the five times higher radiation field energy density in the north-
ern part of the shell. It is clear from Fig. 5 that the predicted IC
emission is at least two orders of magnitude below the observed γ -
ray emission for an assumed electron-to-proton (e/p) ratio of 10−2.
Furthermore, the smooth connection of the HE and VHE γ -ray
spectrum cannot be explained. A considerably higher e/p ratio of
"0.1 (and lower magnetic field of B " 10 µG) is required to reach
the TeV flux. Even in this case, the IC spectral shape and max-
imum energy are not supported by the VHE γ -ray spectrum. In
dense environments, bremsstrahlung can significantly contribute to
the non-thermal emission. Densities as high as 500 cm−3 and e/p
ratios of 0.1 are, however, required to reach the flux observed by
HESS

In a hadronic scenario, a total energy transferred into protons
of Wp = 2.5 × 1050 erg, maximum proton energy Ec,p = 50 TeV
and spectral index of #p = 2.2 as well as an average ambient
density n̄H = 150 cm−3 are required to reproduce the GeV–TeV
spectrum. The measured TeV flux coupled with the large esti-
mated distance of ∼10 kpc would imply that HESS J1640−465
is the most luminous Galactic VHE γ -ray SNR detected so far
[L>1 TeV " 4.6 × 1035(d/10 kpc)2 erg s−1] . The TeV luminosity
is therefore about one order of magnitude higher than that of the
W51C SNR (Aleksić et al. 2012). Due to the harder γ -ray spectral
index, HESS J1640−465 has a total γ -ray luminosity comparable to
W51C. The product of total energy in interacting protons and mean
ambient density of Wpn̄H " 4 × 1052(d/10 kpc)2 erg cm−3 requires
a considerable amount of SN kinetic energy that is transferred to
HE protons and/or a high average density of the target material as
motivated before. With the gas densities estimated above, a very
large energy in protons is needed to reach the measured GeV and
TeV flux. This implies that either the SN explosion was as energetic
as ESN " 4 × 1051(d/10 kpc)2 erg (assuming that a canonical 10
per cent of SN explosion energy is channelled into cosmic rays)
and/or that the fraction of ESN transferred into relativistic protons
is significantly larger than the canonical 10 per cent, i.e. up to
∼40 (d/10 kpc)2 per cent for a typical ESN = 1051 erg. Note that
this estimate can be even higher, as only the northern half of the
SNR shell seems to be illuminated by cosmic rays.

5 C O N C L U S I O N S A N D O U T L O O K

The detailed HESS results presented in this work show that the VHE
γ -ray emission from HESS J1640−465 significantly overlaps with
the NW part of the SNR shell of G338.3−0.0. Moreover, the VHE
γ -ray spectrum smoothly connects with the Fermi spectrum and has
a HE cut-off that implies that particles with tens of TeV energies are
present in the acceleration region. The TeV morphology, new radio
measurements and the overall γ -ray spectrum are hard to explain in
a scenario where most of the non-thermal emission is coming from
the PWN. The broad-band SED and morphology of the non-thermal
emission from HESS J1640−465 can be better explained in a sce-
nario where protons are accelerated in the shell of G338.3−0.0 and
interact with dense gas associated with the G338.4+0.1 H II com-
plex. In this case, the product of total energy in interacting protons
and mean ambient density Wpn̄H ∼ 4 × 1052(d/10 kpc)2 erg cm−3

required to explain the flux measured by Fermi and HESS is
comparable to the γ -ray-emitting SNR W51C, although the TeV

MNRAS 439, 2828–2836 (2014)
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The youngest SNR in the Galaxy: G1.9+0.3   
TeV γ-ray observations of SNRs G1.9+0.3 and G330.2+1.0 5

traction when measuring the VHE γ-ray flux from both SNRs. In
this method, both ON and background (OFF) regions are identical
in size and have identical offsets from the camera center, such
that they are affected by the radially-varying acceptance in the
same manner. Nearby regions with known VHE γ-ray emission,
including the diffuse emission near the GC, were excluded from
all OFF regions in order to avoid contaminating the background
estimation.

Results were cross-checked using the alternative Model analy-
sis technique3 (de Naurois & Rolland 2009) as well as an indepen-
dent calibration of the raw data and quality selection criteria. The
results obtained with these different analysis chains are consistent.

3.3 Flux upper limits

Despite relatively deep exposures with the H.E.S.S. telescopes,
no significant VHE γ-ray signal was detected from G1.9+0.3
or G330.2+1.0. The upper limits (ULs; 99% confidence level)
(Feldman & Cousins 1998) on the integral fluxes above the
0.26 TeV (G1.9+0.3) and 0.38 TeV (G330.2+1.0) energy thresh-
olds were calculated for three assumed spectral indices, Γ = 2.0,
2.5 and 3.0. The event statistics and ULs are summarized in Ta-
ble 2, where NON and NOFF are numbers of ON and OFF region
events, respectively, and α is the normalization factor between ON
and OFF regions such that excess can be defined as NON − αNOFF.
The dependence of the integral flux UL on the energy threshold can
be seen in Fig. 1. Since the UL measurements are not strongly de-
pendent on the value of Γ, ULs with assumed spectral index Γ = 2.5
are used hereafter in this paper.

4 DISCUSSION

The synchrotron nature of the X-ray emission indicates that elec-
trons in both SNRs are accelerated to very high (TeV) energies. For
such high energies, the acceleration process should run very sim-
ilarly for electrons and hadrons. Some important differences arise
from the cut-off in the electron spectrum (due to electron radia-
tion losses; see e.g. Reynolds & Keohane (1999)) and in the num-
ber of accelerated particles in each distribution. Nonetheless, the
existence of high-energy electrons directly shows that there should
also exist hadrons accelerated to energies at least as high.

This leads to the expectation of γ-ray emission from inverse
Compton (IC) scattering of relativistic electrons on photon fields
and/or from hadronic (e.g. proton-nucleus) interactions. The non-
detection of this emission allows constraints to be placed on pa-
rameters such as the magnetic field strength, the ISM density, the
distance and the cosmic-ray (CR) efficiency, the latter defined as
the fraction of SN explosion energy that is transferred to the parti-
cle acceleration.

4.1 Leptonic scenario

Although the comparison of the X-ray and radio data reveals gen-
eral anti-correlation for both SNRs indicating that radio and X-ray
emitting electrons may not come from the same population, the
one-zone leptonic model is used to obtain constraints on physical
parameters of the remnants and ambient media. Assuming that the

3 ParisAnalysis software version 0-8-18
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Figure 1. The upper limit (99% confidence level) of the integrated TeV γ-
ray flux from G1.9+0.3 (top) and G330.2+1.0 (bottom) for three different
assumed spectral indices, Γ = 2.0, 2.5 and 3.0.

Table 3. SED model fitting parameters.

SNR Γe B Ecut Wtot
[µG] [TeV] [erg]

Uncooled electron spectrum

G1.9+0.3 2.2 > 12.1 < 44 < 4.2 × 1048

G330.2+1.0 2.2 > 8.0 < 21 < 13.2 × 1048

Dominating synchrotron losses

G1.9+0.3 2.0 > 8.6 < 80 –
G330.2+1.0 2.0 > 4.3 < 56 –

c© 2014 RAS, MNRAS 000, 1–9

• non thermal dominated 
youngest SNR 

• age~ 150-220 yr
• highest energy protons 

cannot propagate beyond 
several pc. 

• LHESS( >1 TeV) < 1e32 
erg/s -> Wpp<1045 erg 

• Shock speed 14000km/s, 
Expected in Bohm regime 
synch peak at 20 keV 
instead only 1 keV - not 
efficient accelerator

A&A proofs: manuscript no. ms
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Fig. 1: Images from the observation 40001015007 for the FPMA (left) and FPMB (right) modules. The source and background
regions are indicated by the white and green contours, respectively.
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Fig. 2: The spectral points of G1.9+0.3 (this work; black circles) and RX J1713.4-3946 (red square) from Tanaka et al. (2008). The
energies of the points of RX J1713.4-3946 are rescaled by the factor of the square of the ratio of shock speeds of J1713.4-3946 and
G1.9+0.3: (14, 000 km/s/4000 km/s)2 = 12.25.

Table 1: Spectral Fitting results for G1.9+0.3

model PL index cutoff (keV) β χ2/d.o. f .
PL 2.54 (2.52 - 2.56) 1089.4/666
PL+ecut 2.04 (1.98 - 2.10) 11.8 (10.5 - 13.3) 697.7/665
PL+ecut (β=0.5) 1.65 (1.60 - 1.70) 1.68 ( 1.50 - 1.90) 0.5 686.2/665
PL+ecut (β free) 1.62(1.48 - 1.75) 1.41 (1.30-1.55) 0.48 (0.40-0.56) 685.8/664

of G1.9+0.3 in hard X-rays by NuSTAR provide unique infor-
mation about the acceleration efficiency of electrons. Together
with Chandra data at lower energies, these data allow model-
independent conclusions. Although the general shape of the en-
ergy spectrum of X-rays is in a very good agreement with pred-
ications of the diffusive shock-acceleration theory, the acceler-
ation rate appears an order of magnitude slower relative to the
maximum acceleration rate achieved in the nominal Bohm diffu-
sion limit. To a certain extent, this is a surprise, especially when
compared with young SNRs like Cas A and RX J1713.4-3946 in

which the acceleration of electrons proceeds in the regime close
to the Bohm diffusion. If the acceleration of protons and nuclei
proceeds in the same manner as the electron acceleration, this
result could have a negative impact on the ability of G1.9+0.3 to
operate as a PeVatron. Apparently, the observations of G1.9+0.3
alone are not sufficient to conclude whether this conclusion can
be generalised for other SNRs.

Article number, page 4 of 6

Sun, Yang, Aharonian, 2018



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



PeVatron signatures from nearby molecular clouds
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Fig. 4. The average CR proton energy density in four different regions of 0.2 × 0.2 degrees around

the positions a = (346.8, -0.4), b = (346.9, -1.4), c = (347.1, -3.0) and d = (346.2, 0.2). The CR

density is averaged over 200 parsecs around 1 kpc along the line of sight distance. The CR energy

distributions in the panels a,b,c and d, corresponding to the different locations, are plotted for different

diffusion coefficients D0. The background CR distribution is also shown in each panel for comparison.
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Fig. 5. The γ-ray energy flux in four different regions of 0.2 × 0.2 degrees around the positions a

= (346.8, -0.4), b = (346.9, -1.4), c = (347.1, -3.0) and d = (346.2, 0.2). The emission produced

along the line of sight distance between 900 and 1100 parsecs is plotted in dashed lines, while the

emission obtained by summing the radiation contributions over the whole line of sight distance, from

50 parsecs to 30000 parsecs, is shown in solid lines. The emission in the panels a,b,c and d, cor-

responding to the different locations, is plotted for different diffusion coefficients D0. The emission

from background CRs is also shown in each panel for comparison. The contribution to the emis-

sion from inverse Compton scattering of background electrons is indicated with a dashed light blue

line. For the modeling of the inverse Compton contribution we follow Aharonian & Atoyan 2000 .
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Dame+1987, Dame+2001,Rice+2016

The CfA Survey of Molecular Gas



The Milky Way in Molecular Clouds (Nanten survey)

(courtesy: Y. Fukui)
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RELATED  L INK

NAO J  Web  S i t e / COMING  Web  S i t e / S t a r  fo r m a t i o n  We b  S i t e

Copy r i gh t  ©  20 18  FUG IN .  A l l  R i gh t s  Re s e r ved .

About
The FUGIN (FOREST Unbiased Galactic plane Imaging survey with the Nobeyama

45-m telescope) project is one of the legacy projects uti l izing the new multi-

beam receiver FOREST (FOur-beam REceiver System on the 45 m Telescope).

This project aims at investigating the distribution, kinematics ,  and physical

properties of both diffuse and dense molecular gases in the Galaxy observed in

the 12 CO, 13 CO, and C 18 O J = 1-0 l ines s imultaneously. The mapping area

extends over a large parts in the first quadrant (10° <= l <= 50°, |b| <= 1°) and

the third quadrant (198° <= l <= 236°, |b| <= 1°) of the Galactic plane, which

include spiral arms, the bar structure, and the molecular ring of the Milky Way.

FUGIN provides us the highest angular resolution data to date (~20") among

the existing Galactic plane CO surveys. The high quality data enable us to

study Galactic interstel lar medium (ISM) in wide aspects from galactic-scale

structures to dense molecular f i laments/clumps/cores, and their evolution and

star formation. The archival dataset is available for al l  astronomers worldwide.

Scientif ic Purposes

1 .Molecular Cloud Formation & Evolution

Physical process of transit ion from HI to H2

Evolution of mass, structure, and density of MCs

2. Star Formation

Mechanism of massive SF (CCC)

Dominant mode of SF

3. Feedback & Cloud Destruction

Destruction time scale of Macs

Energy budgets of feedback

Home / Member s / P ro jec t / S ta tu s / Data / Pub l i ca t ion s
FUGIN 



§ Very hard spectrum, index 2.07 
§ No preference for a cutoff
§ Lower limit on proton cutoff :100 TeV
§ Wpp = 1050 n-1 erg
§ Leptonic scenario -> Ecut = 700 TeV
§ Runaway CRs from HESS J1640-465

PeV particles illuminating a MC ?
HESS Collaboration 2014



The Cosmic Ray Spectrum at Earth

SNRs

Extragalactic



The Cosmic Ray Spectrum at Earth

SNRs

Extragalactic
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PeVatron Candidate Source Classes

Young SNRs Superbubbles

Stellar clusters

Galactic Centre



The Central Molecular Zone (containing 
10% of the Galactic gas) 



§ Point-like, central source on top of extended (ridge) 
emission

§ Central point source: cut-off @ 10 TeV

§ Diffuse emission shows no cut-off well > 10 TeV

§ Origin of diffuse emission:

§ Interaction of CR (from central BH) with 
interstellar medium ?

§ CR acceleration in CMZ (and in particular star
forming regions) ?

§ …

GC PeVatron : Spectral Studies with H.E.S.S. 

HESS Coll, Nature2016



GC PeVatron : Morphological studies 

§ Emission profile consistent with propagation of 
protons accelerated continuously from a region 
< 10 pc from GC 

§ Current bolometric lum of Sgr A* is 100-1000 
times less than required to support CR 
population. PeVatron more powerful in the past 
? Other PeVatrons in the Galaxy ?

Diffusion regime,
Continuous injection

Wind advection regime,
Continuous injection

H.E.S.S. data



Young Stellar Clusters 

Extended gamma-ray emissions around young star clusters (50 ~ 200 pc). Gamma-ray
luminosity ~ 1e36 erg/s. 

Each source has hard spectrum
~ 2.2, without cutoff

CR distribution derived by
gamma-ray profile and
gas distributions. 1/r
profile implies a
continuous injection
in the lifetime of clusters

Aharonian et al 2018



Fermi - Argo -HAWC-LHAASO cocoon 

39

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



HAWC survey for Galactic PeVatrons
PeVatron Searches:	Recent	More	Detailed	Results

PRL	124,	021102	(2020)

14
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The Galaxy above 56 TeV
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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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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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Source Energy Radius
p
TS RA (�) Dec (�) Nearest 2HWC source Distance to 2HWC source (�)

eHWC J0534+220 > 56 TeV PS 11.6 83.63 22.02 2HWC 0534+220 (Crab) 0.0
eHWC J0534+220 - 0.5� 9.42 83.67 22.06 - 0.06
eHWC J0535+220 - 1.0� 5.72 83.94 22.06 - 0.31
eHWC J1809-193 > 56 TeV PS 6.75 272.42 -19.39 2HWC J1809-190 0.35
eHWC J1809-193 - 0.5� 6.73 272.46 -19.31 - 0.27
eHWC J1810-192 - 1.0� 6.30 272.55 -19.27 - 0.25
eHWC J1825-132 > 56 TeV PS 12.1 276.46 -13.25 2HWC J1825-134 0.15
eHWC J1825-133 - 0.5� 13.9 276.42 -13.36 - 0.06
eHWC J1824-133 - 1.0� 13.2 276.24 -13.36 - 0.22
eHWC J1825-132 > 100 TeV PS 6.75 276.42 -13.21 - 0.19
eHWC J1825-134 - 0.5� 7.34 276.42 -13.44 - 0.06
eHWC J1824-134 - 1.0� 6.76 276.20 -13.40 - 0.26
eHWC J1839-057 > 56 TeV PS 5.57 279.84 -5.79 2HWC J1837-065 0.92
eHWC J1839-056 - 0.5� 6.41 279.84 -5.64 - 1.06
eHWC J1837-056 - 1.0� 5.99 279.45 -5.60 - 0.98
eHWC J1842-035 > 56 TeV 0.5� 5.74 280.68 -3.51 2HWC J1844-032 0.47
eHWC J1843-036 - 1.0� 5.85 280.85 -3.66 - 0.47
eHWC J1849+000 > 56 TeV PS 5.27 282.31 0.04 2HWC J1849+001 0.11
eHWC J1850+001 - 0.5� 5.05 282.57 0.19 - 0.20
eHWC J1849-004 - 1.0� 5.50 282.44 -0.45 - 0.56
eHWC J1908+065 > 56 TeV PS 7.27 287.01 6.50 2HWC J1908+063 0.12
eHWC J1907+063 - 0.5� 9.54 286.96 6.39 - 0.09
eHWC J1907+062 - 1.0� 9.63 286.83 6.20 - 0.29
eHWC J1908+065 > 100 TeV PS 5.70 287.01 6.50 - 0.12
eHWC J1907+063 - 0.5� 7.03 286.79 6.32 - 0.27
eHWC J1908+065 - 1.0� 6.71 287.01 6.50 - 0.12
eHWC J2020+367 > 56 TeV PS 9.73 305.02 36.80 2HWC J2019+367 0.08
eHWC J2019+367 - 0.5� 9.48 304.85 36.80 - 0.08
eHWC J2019+371 - 1.0� 7.15 304.89 37.12 - 0.32
eHWC J2019+367 > 100 TeV PS 5.39 304.94 36.80 - 0.00
eHWC J2019+368 - 0.5� 5.36 304.89 36.84 - 0.06
eHWC J2030+412 > 56 TeV PS 5.74 307.70 41.26 2HWC J2031+415 0.34
eHWC J2031+412 - 0.5� 5.94 307.84 41.21 - 0.31

TABLE S1. The results of the high-energy catalog search. The column “Radius” denotes which map the source was found in.
PS stands for “point source”.

p
TS is the square root of the test statistic of detection, assuming a power law spectrum with

an index of 2.0 and the specified source radius. The distance between each source and the nearest 2HWC source is also given.
After the catalog search is run, each source’s Right Ascension, Declination, and extension are concurrently fit; these results are
in Table I of the main text.

Source F (10�14 ph cm�2 s�1)
p
TS > 56 TeV

p
TS > 100 TeV

eHWC J0534+220 1.5+0.3
�0.2 11.7 4.27

eHWC J1809-193 2.6+0.7
�0.6 6.76 4.69

eHWC J1825-134 5.4+0.7
�0.6 14.0 7.35

eHWC J1839-057 1.7+0.4
�0.3 6.63 3.03

eHWC J1842-035 1.7+0.4
�0.3 6.06 2.52

eHWC J1850+001 1.3+0.4
�0.3 5.18 3.09

eHWC J1907+063 3.4+0.5
�0.4 10.3 7.17

eHWC J2019+368 1.9 ± 0.3 9.86 5.55

eHWC J2030+412 1.1+0.3
�0.2 6.16 2.96

TABLE S2. The integral flux values calculated assuming a spectral index of -2.0. An index of -2.7 is assumed in the main text.

source and the eHWC source. Note that not all TeVCat
sources are detected by HAWC.

HAWC Collaboration+19Optimising SWGO Harm Schoorlemmer

Figure 3: Di�erential point source sensitivity of several experiments[9–12] and the phase-space that will be
explored in the design studies for SWGO (see text for more detail).

sation, which takes into account the constrains and exact properties from the proposed site of the130

observatory, as well as the decisions made on detector hardware implementation.131

References132

[1] D. Heck et al., CORSIKA: A Monte Carlo Code to Simulate Extensive Air Showers133

(Forschungszentrum Karlsruhe GmbH, Karlsruhe, 1998)134

[2] S. Bass et al., Microscopic models for ultra-relativistic heavy ion collisions. Prog. Part. Nucl.135

Phys. 41, 255–369 (1998)136

[3] S. Ostapchenko, Monte Carlo treatment of hadronic interactions in enhanced Pomeron scheme:137

QGSJET-II model. Phys. Rev. D 83, 014018 (2011).138

[4] M. Doro et al., this conference.139

[5] S. Agostinelli et al.,Geant4 - A Simulation Toolkit, Nucl. Instrum. Meth. A 506 (2003) 250-303140

[6] https://gamma-astro-data-formats.readthedocs.io/en/latest/141

[7] L. Olivera-Nieto, this conference.142

[8] U. Barres de Almeida, et al (this conference)143

[9] Vernetto, S. (2016). Journal of Physics: Con Series. 718. 052043.144

[10] https://www.cta-observatory.org/science/cta-performance145

6

Differential point source sensitivity of several experiments
and the phase-space for the design studies for SWGO  

Schoorlemmer, for SWGO Coll 2021



1yr LHAASO Survey

46

Galactic plane survey

10 102 103

energy (TeV)

10-14

10-13

10-12

10-11

E2 dN
/d

E 
(e

rg
 c

m
-2
s-1

)

a

LHAASO J2226+6057

 102 103

energy (TeV)

b

LHAASO J1908+0621

 102 103

energy (TeV)

 

 

 

 

c

LHAASO J1825-1326

12 UHE sources detected �Cao et.al Nature 594, 33� 

11 Months data of Half KM2A-array 
Definitely PeVatrons (hadronic or leptonic) 
The Galaxy full of powerful accelerators

Galactic plane survey

10 102 103

energy (TeV)

10-14

10-13

10-12

10-11

E2 dN
/d

E 
(e

rg
 c

m
-2
s-1

)

a

LHAASO J2226+6057

 102 103

energy (TeV)

b

LHAASO J1908+0621

 102 103

energy (TeV)

 

 

 

 

c

LHAASO J1825-1326

12 UHE sources detected �Cao et.al Nature 594, 33� 

11 Months data of Half KM2A-array 
Definitely PeVatrons (hadronic or leptonic) 
The Galaxy full of powerful accelerators

LHAASO Coll Nature 2021



1 yr LHAASO Survey

47

2 | Nature | www.nature.com

Article

the slope of the tangent. For all three spectra, the log-parabola fits 
are preferred over simple power-law fits. The gradual steepening of 
multi-hundred-teraelectronvolt γ-rays is partly due to the γ–γ absorp-
tion that occurs during their interactions with the diffuse far-infrared 
and microwave radiation fields. However, as follows from Fig. 1, for 
all sources the effect of absorption appears to be small, even at the 
highest energies. These results demonstrate the capability of KM2A 
for spectral measurements of sharply declining γ-ray fluxes. This 
achievement is the result of the combination of: (i) a 1-km2 detection 
area providing adequate UHE photon statistics; (ii) suppression of the 
CR background at the level of 10−5, enabling background-free detec-
tion of γ-rays; and (iii) an energy resolution of <20% constraining the 
spillover that mainly occurs in the neighbouring energy channels with 
a width of ∆(logE) = 0.2.

In Fig. 1, we show also the significance maps of γ-rays with E ≥ 25 TeV. 
The two-dimensional images of these sources extend to at least 1°, 
implying that γ-ray emitters occupy huge (≥104 pc3) regions in the 
Galactic plane. Although γ-ray emission itself indicates the presence 
of active or recent particle accelerators inside or in the proximity of 
γ-ray-emitting regions, the localization and identification of particle 
accelerators is not a trivial task and requires deep theoretical and phe-
nomenological studies based on comprehensive multi-wavelength 
data.

Not surprisingly, in the vicinity of the extended UHE sources, one can 
find potential counterparts for both the γ-ray production regions and 
the nearby particle accelerators (see Extended Data Table 2). The list 
includes candidates that are potentially responsible for the electron and 
proton PeVatrons in the Milky Way: pulsars and pulsar wind nebulae, 
supernova remnants and young massive star clusters. Detailed studies 
of the spectral and morphological features of UHE sources and their 
astrophysical implications are beyond the scope of this paper. The 
results of in-depth studies of individual LHAASO sources, including the 
data from both WCDA and KM2A, acquired over three decades from 
1 TeV to 1 PeV, will be published elsewhere. Here we limit the discussion 
to a few general comments on the origin of the UHE radiation.

The only firmly identified source in Table 1 is the Crab Nebula, a repre-
sentative of pulsar wind nebulae, one of the largest nonthermal source 
populations in our Galaxy. The Crab Nebula is a peculiar pulsar wind 
nebula. It differs from other members of this source population by the 
Crab pulsar’s huge spin-down luminosity, L0 ≈ 5 × 1038 erg s−1, compact 
size (a few parsecs) and large nebular magnetic field, B ≈ 100 µG. The 
latter makes the conversion of the energy of relativistic electrons to 
inverse Compton γ-rays inefficient, as low as 0.01%. Yet, thanks to the 

large spin-down luminosity, the Crab Nebula is a luminous γ-ray source. 
The rotational powers of other pulsars are smaller by orders of magni-
tude. On the other hand, the magnetic field strength in the surrounding 
nebulae is typically smaller than 10 µG. This dramatically enhances the 
γ-ray production efficiency, which scales as B−2, and thus compensates 
for the relatively modest rotational power of pulsars. On the basis of 
such arguments, pulsar wind nebulae have been predicted, and later 
established, as a prolific teraelectronvolt γ-ray source population9.

The size of a pulsar wind nebula is determined by the region in which 
electrons, being accelerated at the termination shock, advect with the 
nebular flow. Typically, it varies between a few to 10 parsecs. These 
hydrodynamical (usually asymmetric) formations are enveloped by 
larger and more regular structures consisting of relativistic electrons 
and positrons that have already left the nebula and propagate diffu-
sively in the interstellar medium9. The spectrum and energy-dependent 
morphology of γ-rays depend on the character of propagation of elec-
trons10,11; therefore, it can be used to measure the diffusion coefficient 
in the interstellar medium9,12. It has been argued13,14 that a considerable 
fraction of the extended multi-teraelectronvolt γ-ray sources detected 
by HAWC are linked to these giant ‘halos’. This could be also the case for 
some of the LHAASO sources that presumably host energetic pulsars 
(see Extended Data Table 2).

A possible realization of this scenario is demonstrated in Extended 
Data Fig. 5 for LHAASO J1908+0621. It is assumed that electrons 
are injected with a rate that closely follows the time history of the 
spin-down luminosity of the pulsar PSR J1907+0602, receiving a 
constant 6% of the spin-down power. The γ-ray spectral points with 
energies from gigaelectronvolt to several hundred teraelectronvolts 
could be explained by a power-law spectrum of accelerated electrons 
with index αe = 1.75, and a super-exponential cutoff at E0 = 0.8 PeV (see 
Methods). Although acceleration at the wind termination shock could, 
in principle, boost the energy of electrons to 1 PeV, their escape from 
the acceleration site and further propagation over distances of tens of 
parsecs is a challenge. Alternatively, UHE γ-rays can be explained by 
interactions of protons with the ambient gas through the production 
and decay of π0 mesons. If the reported fluxes at gigaelectronvolt and 
teraelectronvolt energies are linked to the UHE source, it is difficult to 
fit the spectral points in the entire gigaelectronvolt–petaelectronvolt 
energy range of γ-rays using, for example, a simple power law with an 
exponential cutoff or broken-power-law proton spectra. However, a 
more complex spectral distribution—for example, a broken power 
law with an exponential cutoff—can fit the data (see Methods and 
Extended Data Fig. 5). The production of hadronic UHE γ-rays can 

Table 1 | UHE γ-ray sources

Source name RA (°) dec. (°) Significance above 100 TeV (×σ) Emax (PeV) Flux at 100 TeV (CU)

LHAASO J0534+2202 83.55 22.05 17.8 0.88 ± 0.11 1.00(0.14)

LHAASO J1825-1326 276.45 −13.45 16.4 0.42 ± 0.16 3.57(0.52)

LHAASO J1839-0545 279.95 −5.75 7.7 0.21 ± 0.05 0.70(0.18)

LHAASO J1843-0338 280.75 −3.65 8.5 − +0.26 0.10 0.16 0.73(0.17)

LHAASO J1849-0003 282.35 −0.05 10.4 0.35 ± 0.07 0.74(0.15)

LHAASO J1908+0621 287.05 6.35 17.2 0.44 ± 0.05 1.36(0.18)

LHAASO J1929+1745 292.25 17.75 7.4 − +0.71 0.07 0.16 0.38(0.09)

LHAASO J1956+2845 299.05 28.75 7.4 0.42 ± 0.03 0.41(0.09)

LHAASO J2018+3651 304.75 36.85 10.4 0.27 ± 0.02 0.50(0.10)

LHAASO J2032+4102 308.05 41.05 10.5 1.42 ± 0.13 0.54(0.10)

LHAASO J2108+5157 317.15 51.95 8.3 0.43 ± 0.05 0.38(0.09)

LHAASO J2226+6057 336.75 60.95 13.6 0.57 ± 0.19 1.05(0.16)

Celestial coordinates (RA, dec.); statistical significance of detection above 100 TeV (calculated using a point-like template for the Crab Nebula and LHAASO J2108+5157 and 0.3° extension 
templates for the other sources); the corresponding differential photon fluxes at 100 TeV; and detected highest photon energies. Errors are estimated as the boundary values of the area that 
contains ±34.14% of events with respect to the most probable value of the event distribution. In most cases, the distribution is a Gaussian and the error is 1σ.LHAASO Coll Nature 2021
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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
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LHAASO J1825
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• BPL for protons :  index 2.0 and 
3.4 below and above 120 TeV 

• PLEC for electrons: injection 

index of 2.07 cutoff ~ 600 TeV 
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9

• LHAASO reported the gradual steepening of the 
-ray spectrum is partly due to the -  absorption  

• Around 200 TeV the attenuation start to have big 
impact  

• How does this compare to HAWC’s result?

γ
γ γ

Gamma-ray opacities

https://rdcu.be/ckK9w 

How About New Point Source Energy

LHAASO Coll Nature 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



Revisiting the SNR paradigm

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
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Significance above 10 TeV
Tibet Array, 2021

HAWC

SNR

12CO

0 3.5 7 11 14 18 21 24 28 32 35

341.0 340.0 339.0 338.0 337.0 336.0 335.0 334.0

62
.0

61
.0

60
.0

59
.0

Right ascension

D
ec

lin
at

io
n

LHAASO J2226

Pulsar 
Gas clump 
Ver J2227 

10-14

10-13

10-12

10-11

 0.001  0.01  0.1  1  10  100  1000

Sp
ec

tra
l e

ne
rg

y 
di

str
ib

ut
io

n 
(e

rg
 c

m
-2

 s-1
 )

Energy (TeV)

LHAASO J2226+6057

Fermi LAT
VERITAS
LHAASO
Hadronic
Leptonic

Need to understand the discrepancy 
between IACT and EAS

0 3.5 7 11 14 18 21 24 28 32 35

341.0 340.0 339.0 338.0 337.0 336.0 335.0 334.0

62
.0

61
.0

60
.0

59
.0

Right ascension

D
ec

lin
at

io
n

LHAASO J2226

Pulsar 
Gas clump 
Ver J2227 

10-14

10-13

10-12

10-11

 0.001  0.01  0.1  1  10  100  1000

Sp
ec

tra
l e

ne
rg

y 
di

str
ib

ut
io

n 
(e

rg
 c

m
-2

 s-1
 )

Energy (TeV)

LHAASO J2226+6057

Fermi LAT
VERITAS
LHAASO
Hadronic
Leptonic

Need to understand the discrepancy 
between IACT and EAS



HAWC J1908+06 as neutrino 
source?

54

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



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 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 leptonic part of the CR spectrum

New H.E.S.S. cosmic-ray electron spectrum
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6

Recent remarkable success of CR studies

electrons and positrons

"positron" excess! trouble?  not really - primary (nearby) sources of  
                                                         electrons and positrons positrons

AMS

HESS Coll +17

As for the hadronic part of the spectrum 
not only the local flux motivates our searches ! 



Geminga-Monogem PWNe

Both pulsars, similar in age and distance, were 

suggested as major contributors of the positron fraction.

Positron Fraction

Aharonian+1995, Yuksel+2009

PSF smoothed map

HAWC Coll +17



Geminga-Monogem PWNe

• Geminga and Monogem : about 5 deg ext

• Assuming emission from electrons diffusing in the ISM, then direct 
measurement of particle diffusion 

• D(100 TeV) = (4.5 ± 1.2) 1027 cm2/s, roughly 100 times smaller than 
diffusion from B/C ratio

HAWC Coll, Science 2017 
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HAWC Collaboration+19

Highest Energies~100 TeV

TeV-toPeV photons 
from the Crab

TeV size
50 arcsec 

18

1 PeV

Crab pulsar/wind/nebula:   Absolute  Extreme Accelerator 

 conversion of the rotational energy of pulsar  
    to non-thermal energy with efficiency ~50 % 

 electron acceleration  with 100 % efficiency

LH
AASO

HESS

Chandra

    max energy electrons: 

 

 

 

   extreme accelerator ! 

Emax ≈ 6η−1/2(B/100μG)−1/2

Eγ ≈ 0.37(Ee /1 PeV)1.3 PeV

η = E/B ≤ 1

η = 1

hνmax ∼ 100η MeV

hν ≈ 9.3(Eγ /1 PeV)1.5(B/100μG) MeV

HESS Collaboration+19

Crab as electron PeVatron

E-2.5

E-3.7
LHAASO collaboration 
Science 373, 425

LHAASO Coll +21
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IC-synchrotron one zone model
LHAASO Coll +21
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Figure 4: The Spectral Energy Distribution of the Crab Nebula. Panel A: The black curves represent the fluxes
of the Synchrotron and IC components of radiation of an electron population calculated within the one-zone model.
The electron spectrum above 1 TeV is assumed to be a power-law function terminated by an super-exponential
cutoff, E−α exp[−(E/E0)2]. The model’s best fit parameters are: α = 3.42 ± 0.05, E0 = 2.15+0.55

−0.65 PeV,

B = 112+15
−13 µG. The total energy in electrons above 1 TeV is We = 7.7 × 1047 erg. A break in the electron

spectrum at Eb = 0.76TeV is assumed to provide a consistency with the GeV γ-ray and low-frequency synchrotron
data (see discussions in SM and Fig. S6). The dark-grey and light-grey shaded regions show the 1σ and 3σ
error bands, respectively. The purple and the magenta circles show the X-ray and the MeV emission of the Crab
Nebula (29). The orange circles represent the Crab observations by Fermi-Large Area Telescope (LAT) in the
non-flare state (3). The blue and red squares represent WCDA and KM2A measurements reported in this work.
Panel B zooms the fluxes above 10 TeV in the presentation of E3dN/dE. The blue curve presents the log-parabola
spectral fitting shown in in Fig.3. Panel C, D and E show the 2-dimensional projected parameter spaces of the free
parameters α, B and E0.
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Figure 4: The Spectral Energy Distribution of the Crab Nebula. Panel A: The black curves represent the fluxes
of the Synchrotron and IC components of radiation of an electron population calculated within the one-zone model.
The electron spectrum above 1 TeV is assumed to be a power-law function terminated by an super-exponential
cutoff, E−α exp[−(E/E0)2]. The model’s best fit parameters are: α = 3.42 ± 0.05, E0 = 2.15+0.55

−0.65 PeV,

B = 112+15
−13 µG. The total energy in electrons above 1 TeV is We = 7.7 × 1047 erg. A break in the electron

spectrum at Eb = 0.76TeV is assumed to provide a consistency with the GeV γ-ray and low-frequency synchrotron
data (see discussions in SM and Fig. S6). The dark-grey and light-grey shaded regions show the 1σ and 3σ
error bands, respectively. The purple and the magenta circles show the X-ray and the MeV emission of the Crab
Nebula (29). The orange circles represent the Crab observations by Fermi-Large Area Telescope (LAT) in the
non-flare state (3). The blue and red squares represent WCDA and KM2A measurements reported in this work.
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−13 µG. The total energy in electrons above 1 TeV is We = 7.7 × 1047 erg. A break in the electron

spectrum at Eb = 0.76TeV is assumed to provide a consistency with the GeV γ-ray and low-frequency synchrotron
data (see discussions in SM and Fig. S6). The dark-grey and light-grey shaded regions show the 1σ and 3σ
error bands, respectively. The purple and the magenta circles show the X-ray and the MeV emission of the Crab
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non-flare state (3). The blue and red squares represent WCDA and KM2A measurements reported in this work.
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−13 µG. The total energy in electrons above 1 TeV is We = 7.7 × 1047 erg. A break in the electron

spectrum at Eb = 0.76TeV is assumed to provide a consistency with the GeV γ-ray and low-frequency synchrotron
data (see discussions in SM and Fig. S6). The dark-grey and light-grey shaded regions show the 1σ and 3σ
error bands, respectively. The purple and the magenta circles show the X-ray and the MeV emission of the Crab
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TeV γ-rays from the Crab (20) initiated a new concept allowing the location of the pulsed γ-ray

production in the wind (21–23). Although the extension of this component to the UHE domain

seems rather problematic, we plan to search for a pulsed component in the LHAASO data after

adequate photon statistics is accumulated. Below we assume that the entire flux detected by

LHAASO consists of an unpulsed component and is produced in the nebula.

The broad-band nonthermal emission of the Crab Nebula is dominated by two mechanisms

- synchrotron radiation and inverse Compton (IC) scattering of relativistic electrons interacting

with the ambient magnetic and radiation fields (24, 25). In the standard paradigm, the acceler-

ation of electrons is initiated by the termination of the wind by a standing reverse shock at a

distance R ≈ 0.1 parsec (pc) from the pulsar (26, 27). Although the details of the acceleration

remain unknown, the detection of PeV photons allows us to estimate the accelerator size l, the

magnetic field strength B, and the minimum acceleration rate η.

In the Crab Nebula, several radiation fields supply target photons for the IC scattering of

electrons. However, at energies above 100 TeV, the 2.7 K Cosmic Microwave Background radi-

ation (CMBR) dominates the γ-ray production (25, 28). Because the CMBR is well quantified,

the γ-ray data provides direct information about the parent electrons. γ-ray production above

100 TeV proceeds in the Klein-Nishina regime, where the energies of the upscattered photon Eγ

and the parent electron Ee are linked through the simple relation Eγ = 0.37(Ee/1 PeV)1.3 PeV,

which over two energy decades, from 30 TeV to 3 PeV, provides accuracy better than 10% (see

Fig.S7), or equivalently

Ee " 2.15(Eγ/1 PeV)
0.77 PeV . (1)

Thus, for the 1.1 PeV photon, the energy of the parent electron is 2.3 PeV. Correspondingly, the

mean energies of the synchrotron (εsyn) and IC (Eγ) photons produced by the same electron in

the ambient magnetic field B, are related by

εsyn = 9.3(Eγ/1 PeV)
1.5(B/100µG)MeV . (2)

10

KN regime

TeV γ-rays from the Crab (20) initiated a new concept allowing the location of the pulsed γ-ray

production in the wind (21–23). Although the extension of this component to the UHE domain

seems rather problematic, we plan to search for a pulsed component in the LHAASO data after

adequate photon statistics is accumulated. Below we assume that the entire flux detected by

LHAASO consists of an unpulsed component and is produced in the nebula.

The broad-band nonthermal emission of the Crab Nebula is dominated by two mechanisms

- synchrotron radiation and inverse Compton (IC) scattering of relativistic electrons interacting

with the ambient magnetic and radiation fields (24, 25). In the standard paradigm, the acceler-

ation of electrons is initiated by the termination of the wind by a standing reverse shock at a

distance R ≈ 0.1 parsec (pc) from the pulsar (26, 27). Although the details of the acceleration

remain unknown, the detection of PeV photons allows us to estimate the accelerator size l, the

magnetic field strength B, and the minimum acceleration rate η.

In the Crab Nebula, several radiation fields supply target photons for the IC scattering of

electrons. However, at energies above 100 TeV, the 2.7 K Cosmic Microwave Background radi-

ation (CMBR) dominates the γ-ray production (25, 28). Because the CMBR is well quantified,

the γ-ray data provides direct information about the parent electrons. γ-ray production above

100 TeV proceeds in the Klein-Nishina regime, where the energies of the upscattered photon Eγ

and the parent electron Ee are linked through the simple relation Eγ = 0.37(Ee/1 PeV)1.3 PeV,

which over two energy decades, from 30 TeV to 3 PeV, provides accuracy better than 10% (see

Fig.S7), or equivalently

Ee " 2.15(Eγ/1 PeV)
0.77 PeV . (1)

Thus, for the 1.1 PeV photon, the energy of the parent electron is 2.3 PeV. Correspondingly, the

mean energies of the synchrotron (εsyn) and IC (Eγ) photons produced by the same electron in

the ambient magnetic field B, are related by

εsyn = 9.3(Eγ/1 PeV)
1.5(B/100µG)MeV . (2)

10

Same electron population 
Simultaneous modelling (13) of the synchrotron and IC components constrains the magnetic

field strength within a narrow interval, B ! 112+15
−13µG (see Fig.4 and discussion below). The

upper is set by the requirement for the synchrotron radiation of the same electrons responsible

for the production of 1 PeV photons to not overshoot the measured MeV flux (29). The lower

limit is set by requiring the electron energy Ee and the accelerator’s linear size, l, to meet the

condition that the electron gyroradius Rg = Ee/eB (e is the charge of electron) cannot exceed

l. Using Eq.(1), we find

(B/100µG)(l/1 pc) ≥ 0.023(Eγ/1 PeV)
0.77 . (3)

Magnetohydrodynamic (MHD) models of the Crab Nebula (26, 27) postulate that electrons

are accelerated at the termination of a electron wind, then advected into the nebula through the

MHD outflow. X-ray imaging of the inner parts of the nebula (30) provides support for the

location of the acceleration site being close to the termination shock, at the distance R ≈ 0.1−

0.14 pc from the pulsar (28). The linear size of the accelerator should exceed the gyroradius,

l ≥ R; this imposes a lower limit on the magnetic field from Eq.(3), B ≥ 20µG. On the

other hand, the standard one-zone model, which assumes that both the synchrotron and IC

components of radiation are produced in the same region by the same electron population, gives

B ! 112µG (see Fig.4). Then, from Eq.(3) we find that l ≥ 0.02 pc. These constraints are

inconsistent with estimates of the characteristic size and magnetic field in the region(s) where

the flares of the MeV/GeV γ-ray emission (“Crab flares”) (31) originate. The variation of γ-ray

fluxes on timescales of days are interpreted by fast acceleration and synchrotron cooling of PeV

electrons in compact (R ≤ 0.01 pc) highly magnetized (B ≥ 1 mG) regions (see (32) for a

review). In the presence of such a large magnetic field, the IC γ-ray component is suppressed;

however this does not exclude an indirect link between the PeV electrons responsible for the

UHE γ-ray emission and the synchrotron MeV/GeV flares.

11

MeV flux not overshoot

Larmor radius constraint
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The detection of ∼ 1 PeV photons implies an acceleration rate which overcomes the syn-

chrotron losses of the parent electrons up to PeV energies. The acceleration rate of electrons is

Ė = eEc = ηeBc, where η is the ratio of the projection of the electric field E , averaged over the

particle trajectory, to the magnetic field, η = E/B. This parameter characterizing the accelera-

tion efficiency is always smaller than 1; in objects where η → 1, the accelerator proceeds at the

maximum rate allowed by the classical electrodynamics and ideal MHD (33). The maximum

energy of electrons then is determined by the balance between the acceleration and the energy

loss rates: Ee,max ≈ 5.8η1/2(B/100µG)−1/2 PeV. Using the relation between Eγ and Ee given

by Eq.(1), we find

η = 0.14(B/100µG)(Eγ/1 PeV)
1.54 PeV . (4)

Thus, for the detected Eγ = 1.1 PeV and the magnetic field B $ 112µG derived from the one-

zone model (Fig.4), we find that the acceleration proceeds at the rate η ≈ 0.16. For comparison,

at the diffusive shock acceleration in young supernova remnants (34), η is smaller by at least 3

orders of magnitude.

For the distance to the Crab, d = 2 kpc (35), the luminosity in PeV γ-rays is estimated

Lγ,PeV = 4πd2Fγ ≈ 5 × 1031 erg s−1, where Fγ ≈ 10−13 erg s−1 is the energy flux of 0.5 to

1.1 PeV γ-rays (Fig.4). In the Klein-Nishina limit, the IC cooling time of electrons in 2.7 K

CMBR is tIC $ 5 × 1011(Ee/1 PeV)0.7 s (36) or, for the given Eγ , using Eq. 1 we have tIC $

8 × 1011(Eγ/1 PeV)0.54 s. Thus, the total energy held by the ≥ 1 PeV electrons responsible

for production of ≥ 0.5 PeV γ-rays is estimated as We,PeV = Lγ,PeVtIC ≈ 4 × 1043 erg.

Because the overall cooling of PeV electrons is dominated by synchrotron losses (tsyn ' tIC),

the injection rate of PeV electrons Ẇe,PeV = We,PeV/tsyn ≈ 2×1036(B/100µG)2 erg s−1. Thus,

within the framework of the standard one-zone model with B = 112µG, the acceleration power

of PeV electrons constitutes ≈ 0.5% fraction of the pulsar’s spin-down luminosity, LSD ≈

5× 1038 erg s−1 (27).

12

Balance between acceleration and loss rates
Emax in gammas = 1.1 PeV
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Thus, for the detected Eγ = 1.1 PeV and the magnetic field B $ 112µG derived from the one-

zone model (Fig.4), we find that the acceleration proceeds at the rate η ≈ 0.16. For comparison,

at the diffusive shock acceleration in young supernova remnants (34), η is smaller by at least 3

orders of magnitude.

For the distance to the Crab, d = 2 kpc (35), the luminosity in PeV γ-rays is estimated

Lγ,PeV = 4πd2Fγ ≈ 5 × 1031 erg s−1, where Fγ ≈ 10−13 erg s−1 is the energy flux of 0.5 to

1.1 PeV γ-rays (Fig.4). In the Klein-Nishina limit, the IC cooling time of electrons in 2.7 K

CMBR is tIC $ 5 × 1011(Ee/1 PeV)0.7 s (36) or, for the given Eγ , using Eq. 1 we have tIC $

8 × 1011(Eγ/1 PeV)0.54 s. Thus, the total energy held by the ≥ 1 PeV electrons responsible

for production of ≥ 0.5 PeV γ-rays is estimated as We,PeV = Lγ,PeVtIC ≈ 4 × 1043 erg.

Because the overall cooling of PeV electrons is dominated by synchrotron losses (tsyn ' tIC),

the injection rate of PeV electrons Ẇe,PeV = We,PeV/tsyn ≈ 2×1036(B/100µG)2 erg s−1. Thus,

within the framework of the standard one-zone model with B = 112µG, the acceleration power

of PeV electrons constitutes ≈ 0.5% fraction of the pulsar’s spin-down luminosity, LSD ≈

5× 1038 erg s−1 (27).

12



The positron flux at Earth



Conclusions and Outlook

• Both target analysis and discoveries in blind surveys showed new source class candidates 

as Galactic PeVatrons (star clusters, superbubbles, SNRs, gamma-ray binaries….) 

• We have not yet pinned down the PeVatrons but we now know that the Galaxy is rich 

in multi-TeV up to PeV gamma-ray sources

• Future : Imaging and wide FoV instruments

• High discovery potentials with HAWC/LHAASO and SWGO

• Detailed morphology with HESS/VERITAS/MAGIC and CTA 

• Combined spectra over many ranges in energies from GeV to PeV

• Gas (great improvements in resolution of surveys in infrared, submm and radio) 
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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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• 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.



Prompt X-rays from a PeVatron
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Fig. 12 The luminosities of electromagnetic radiation of a PeVatron produced in interactions of
protons with the ambient gas. The calculations are performed for different energy distributions of
protons: a “power-law with an exponential cutoff,” E−α exp(−E/E0)

β with α = 2, E0 = 3 PeV
for two values of the parameter β - β = 1 (solid curve), β = 1/3 (dashed curve), and b “broken
power-law” when the spectral index is changed at E = 1 PeV fromα = 2 toα = 3. The gas density
n = 1 cm−3, magnetic field B = 300µG, and the age of the source t = 103 years

The spectrumof highest energy gamma-rays contains important information about
the shape of the proton spectrum around the cutoff E0 which is crucial for identifica-
tion of acceleration mechanisms in SNRs, as well as for the understanding of the role
of different processes responsible for the formation of the knee in the CR spectrum.

The luminosities in Fig. 12 are calculated for a constant injection rate of pro-
tons resulting in their current content in the source Wp = Lp · T " 3 × 1049 erg.
Thus, to estimate the energy fluxes (in units of erg/cm2s) from an arbitrary PeVa-
tron, one should multiply the luminosities in Fig. 12 by the normalization factor
of A ≈ 10−44(nWp/3 × 1049 erg/cm3)(d/1 kpc)−2. Remarkably, all galactic PeVa-
trons up to distances of 10 kpc and with nWp ≥ 1049 erg/cm3, can be probed
by CTA, the sensitivity of which above 10 TeV is expected to be better than
10−13 erg/cm2 s [8].

The extension of the proton spectrum to 1 PeV is crucial for the efficient neutrino
production in the 10–100 TeV range—the most optimal energy interval for the high
energy neutrino detectors [90]. However, the sensitivity of neutrino detectors, like
IceCube or KM3NeT, is limited; only the brightest SNRs in γ-rays are expected to be
marginally detectedby these instruments.Also, the potential of the neutrinodetectors,
because of their rather modest angular and energy resolutions, is quite limited for
detailed morphological and spectroscopic studies. The strength of neutrino studies is
in the absolute assurance of their hadronic origin which makes them unique among
other messengers of information of high energy processes in general, and for the
search for PeVatrons, in particular.

Finally, the synchrotron X-radiation of secondary (π±-decay) electrons has been
proposed as a complementary (to multi-TeV γ-rays and neutrinos) tool for the search
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