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 The Cosmic Ray Spectrum at Earth
 
•  90% protons, 9% helium, 1% electrons
•  Almost featureless spectrum and isotropically distributed up to very high energies
•  CRs up to the knee are believed to have a Galactic origin
•  Galactic accelerators have to inject particles up to at least the knee at PeV (1015 eV) energies, maybe 1017 eV.  
•  The knee for protons might be earlier at about 400-500 TeV (ARGO Collaboration 2015). 
•  CR production rate = (0.3-1) 1041 erg/s or cosmic-ray energy density roughly 1 eV cm-3 
•   

Knee ~ 3 x10 15  eV 



       

 
•  The candidate PeVatron emits VHE γ-ray. Its γ- ray 

spectrum is relatively hard and extends up at least 
several tens of TeV without a break

•  The γ radiation is hadronic   

•  We can quantify the energetic input in accelerated 
protons

     

 

Relevant tests of candidate PeVatrons

Lγ ∝  Wp  t
−1∝  Wp  n



SNR Paradigm

•  Theoretically SNRs provide adequate conditions to have 
efficient CR acceleration through Diffusive Shock Acceleration  
-> 10%  efficiency and hard E-2 type particle spectrum 
continuing up to very high energies

•  SN explosions provide the necessary amount of available 
energy –  1051 erg – to sustain the Gal CR population                      

•  Is there any observational evidence of CR acceleration up to 
PeV energies in SNRs ?

•  Can we constrain how much of the SN burst energy goes in 
CRs ? Can we prove that each SNR inject 1050 erg ?

 



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 

  SNR RX J1713-3946



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
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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 



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 



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 
 
Lγ    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
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§  Very hard spectrum, index 2.07  
§  No preference for a cutoff 
§  Data points until 20 TeV 
§  Lower limit on proton cutoff energy: 100 TeV 
§  Wp = 1050 n-1 erg 
§  Leptonic scenario implies particle spectra up to  
at least 700 TeV 
§  Several sources like HESS J1641–463 needed  

Runaway cosmic rays ? 
HESS Collaboration 2014 



§  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. 



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 



Large Zenith Angle Observations of the GC

VERITAS Collaboration, COSPAR (2018) 

§  No cutoff observed up to 40 TeV.  
§  Further observations planned at LZA.  

MAGIC Collaboration Texas Symp (2017) 

Reshmi Mukherjee, Hillas Symposium, Heidelberg, December 2018 20 



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 



A survey for PeVatrons
Source class approach: select a source (GC) or a source class (SNRs or 
YSCs) and investigate the feasibility of such class as contributors to the 
cosmic ray flux. 

Survey approach :  look for powerful gamma-ray emitters in the multi 
TeV range and investigate how these different particles factories 
contribute to the spectrum of cosmic rays. We expect the contribution 
of different sources or source classes to be different

 

For each of the PeV candidates we wish to determine

1)  fraction of available energy converted to nonthermal particles 

 2)  maximum possible energy achieved  

 



The tip of the iceberg :�
HAWC high energy sky  

HAWC sky above 56 TeV

HAWC sky above 100 TeV



Extending the energy range: HAWC 
outriggers

HAWC @ GH 2018

HAWC expansion

Sparse array of 350 small WCDs around HAWC now 
extending its effective area above 10 TeV to 100,000 m2.

"58

HAWC @ GH 2018 "59

Collection area of several 104 
m2  above 10 TeV   



Energy resolution in HAWC

Even with an event by event energy 
reconstruction not ideal spectroscopy ! 
Surely room for improvement !



A PeVatron survey with CTA 
Search for sources of cosmic rays close to PeV 
energies à High sensitivity at 10-100 TeV

Resolve hadronic-leptonic degeneracy.   à Good 
energy resolution at TeVs 

Search for different and possibly unexpected classes 
of sources à Survey

Resolve sources which might be hidden in the tails 
of bright sources and compare and correlate with 
gas surveys à  Good angular resolution at arcmin 
level



Strategy for PeVatron searches 
with CTA

 
 
•  CTA will perform a survey of the GPS with unprecedented 

sensitivity in the unknown 50 to 300 TeV range observing 
each location on average for 15hr

•  PeV selection criteria (PeVatron metrics) based on the lower 
limit of cut-off energy with 40 hours of CTA observations 
(obtained by extrapolating 10 h obs). 

•  Deep observations (50 hr) devoted to the best candidates

 

  



Towards a PeVatron metrics
 
  
 
-  
-  Simulate CTA Events. (spectra : Power-law, morphology : Point source)  
-  Perform fit to spectral models. (Power-law and Exp. Cutoff Power-law)  
-   Derive 95% lower limits on the cut-off parameter for each simulation. 
-   The outcome distribution spreads are due to statistical fluctuations. We 
take the median of the distributions as estimate of the cut-off energies 
lower limits. 
 
 
The final selection of promising candidates is made by estimating parental 
proton spectra parameters (proton Ec) with NAIMA. ISM gas density (ngas) 
and distance estimations are needed. 
 
 
 
 

Anguner + 2018 



Results 
Pure Power-law (intrinsic) ECPL 200 TeV (intrinsic) 

1.7 Index 
 

2.0 Index 2.3 Index 

Pure PL 5 mCrab 13 mCrab 34 mCrab 

Ecut 200 TeV 21 mCrab 48 mCrab - 

l  The black dashed lines show a conservative 95% lower-limit of 100 TeV for determining a 
source as a PeVatron candidate. Ep / Eg = 10 (can go up to 30-40). 

Required minimum flux at 1 TeV (mCrab) of a source for being tagged as a PeVatron candidate after 10h of 
CTA observation (assuming a conservative limit of 100 TeV). 

Anguner+2018 



Hadronic Modeling 
l  We simulated (100 times) the spectrum of the PeVatron candidate source HESS 

J1641–463 [10] using the published results, assuming different γ–ray cut-off 
energies at 50 TeV, 100 TeV and 200 TeV (40 hr observation time) to investigate 
parent proton spectrum properties. 

 

Simulate 100  
J1641 Spectra 

Produce flux  
points 

Naima [11]  
hadronic model 

Derive proton  
spectrum 

Ecutoff 200 TeV 
 

Ecutoff 100 TeV Ecutoff 50 TeV 

Gamma-ray Ecutoff 
95%  

L.L. Median 

83 TeV 53 TeV 31 TeV 

Proton Ecutoff  
Median  

6.16 PeV 2.33 PeV 0.81 PeV 

Proton Index 
Mean 

2.13 2.14 2.14 

Γ : 2.07  
Ф0(1 TeV) : 3.91 x10-13 

Ngas : 100 cm-3  

Distance : 11 kpc 
Assume  
ECPL model 

Anguner+2018 



Conclusions and outlook on the PeV metrics 
l  The results for different PL and ECPL models show that as the source spectrum gets 

harder and/or as the source brightness increases, the lower limits on the γ–ray cut-off 
energies increase. 

 
l  Preliminary investigation based on hadronic modeling of HESS J1641-463 suggest that 

setting a conservative lower limit (95%) on the cutoff energy of 100 TeV may leave 
promising PeVatron candidate sources unnoticed.  

 
l  The studies under PeVatron TG is extending for being able to determine efficient 

selection criteria. The future studies include :  
 
(On-going studies) 
→ Generation of the PeVatron metric for extended sources 
→ Investigation of Large zenith angle observations. 
→ Number of PeVatrons expected in the CTA GPS, using population model                     

described in the study (Cristofari et al. 2018). 
 
(Future studies) 
→ Application on the known PeVatron candidate sources (hadronic modeling).  
→ Investigation of Moon nights observations (SSTs, increase duty cycle). 
 
 
 Anguner+2018 



  Constraining the energy content in CRs 
 Upcoming high resolution (<arcmin) ISM surveys :

Southern Hemisphere:

Mopra CO(1-0) http://newt.phys.unsw.edu.au/mopraco/

ASAKP (GASKAP) HI/OH –  https://www.atnf.csiro.au/research/GASKAP/
index.html

Northern Hemisphere:

Nobeyama FUGIN CO(1-0) - https://academic.oup.com/pasj/article/
69/5/78/4060573
VLA THOR HI - http://www2.mpia-hd.mpg.de/thor/Overview.html



(G.Rowell) 



l  HESS J1641–463 (15% > 0.64 TeV) 
 l  HESS J1826–130 (40% > 0.4 TeV) TeV) 

l  Source confusion, especially for the ones located in the 
vicinity of bright sources.  

l  Analysis in energy bands is a powerful technique for new 
discoveries. Contamination decreases with the increasing 
energy threshold. 

Source confusion and contamination



CTA sensitivity for crowded regions

•  CTA sensitivity estimated for isolated 
sources. CTA observations will increase 
the number of detected sources. What 
about  source confusion in regions dense 
of sources? The effective sensitivity 
reduced by background from nearby 
gamma-ray sources 

 

 PeVatrons searches above 10 TeV 

•  PSF optimal 

•  More compact tails of bright sources 

•  Limited number of multi Tev sources 

 Ambrogi + 2017 



Summary and outlook

•  Source class approach 

•  Survey approach (unexpected PeVatron sources, population 
studies of SNRs to estimate the energy content in CRs for 
different classes of SNRs)

•  Selection criteria for PeVatrons from CTA GPS survey

•  Upcoming high resolution ISM surveys



Backup Slides



Dame+1987, Dame+2001,Rice+2016 

 The CfA Survey of Molecular Gas



The Milky Way in Molecular Clouds (Nanten survey)

 (courtesy: Y. Fukui) 



    The 4PiHI Survey of Atomic Gas



Interstellar gas tracers & telescopes
HI  (atomic H), OH, CS                   CO                             CO, NH,CS, SiO...  
 
~10

1to 4
 cm

-3 
                               ~10

3
 cm

-3
                               >10

 3 to 4
cm

-3
 

ATCA 

Parkes 

ASKAP-
GASKAP 

HEAT – THz (Antarctica)   
 [CI] + [CII]    
 

www.atnf.csiro.au/research/HI/sgps 





Nobeyama CO survey (North): Current Status 
20	arc-sec	resolution												Torii	et	al	2016 



MALT45   7mm Survey with ATCA
> 5x more sensitive than Mopra   ( 1 arc-min resolution )  

     (Jordan etal 2013, 2015) CS(1-0) peak pixel image with HOPS NH3(1,1) contours   

CS(1-0) position/velocity → can see far side of galaxy in dense gas! 

From 2017  “Full Strength MALT 45”   l = 300 to 360   (Breen et al..) 
→ dense gas ISM survey over southern gal. plane 



ASKAP  -  Australian Square Kilometre Array Pathfinder 
Phased array feeds (PAFs) 30-beams  
- Continuum survey, HI & OH lines, B-field strength & turbulence, transients  

New HI + OH survey with the ASKAP 
- 30 arc-sec resolution 
- Commencing 2018 

www.atnf.csiro.au/research/GASKAP/ 



CRs escaping SNR RXJ1713.7-3946  (Casanova et al 2010) 

Image from Giovanni Morlino 

        Particle escape from young SNRs: RX J1713.7-3946 

 
 
 
 
 
 
 

 
 
 

 (Acero+2013 



•    Each SNR is expected to inject about 1050 erg in protons. This is what we wish 
to test with our gamma-ray observations but : 
²  hadronic-leptonic degeneracy (unknown density, magnetic and radiation fields) 

²  Even if emission is hadronic, Wpp α n-1 Lgamma 

² Maybe not all SNR classes inject the same amount of explosion energy in 
accelerated cosmic rays 

 High energy acceleration is believed to proceed very efficiently only at the very 
early stages. For the non thermal dominated youngest SNR in the Galaxy: 
G1.9+0.3, age~ 100 yr and highest energy protons cannot propagate beyond 
several pc. LHESS( >1 TeV) < 1e32 erg/s -> <1045 erg in protons. Shock speed 
14000km/s, Expected synch peak at 20 keV instead only 1 keV _> not efficient 
accelerator (Sun et al, 2018) 
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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
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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 –

c⃝ 2014 RAS, MNRAS 000, 1–9

SNR energy input in accelerated hadrons 



Prompt X-rays from a PeVatron

124 F. Aharonian and S. Casanova

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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