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News about CTA PeVatrons Paper

CTA PeVatrons paper is ready to be submitted!

Main results : 

- The PeVatron Test Statistics (PTS) method can offer a 
new approach to detect spectral signatures of PeVatrons.

- The PTS method can be used for mapping spectral 
parameter space of PeVatrons.
(PeVatron detection & rejection maps)

- The PTS method is tested on simulations of synthetic 
SNR PeVatron populations in the paper, 
also in CTA GPS simulation study. 
(Estimation of expected number of PeVatrons in CTA GPS)

- Deeper follow-up observation of PeVatron candidate 
sources with CTA is promising (order of 100 h). 

- Moonlight observations of PeVatrons is promising 
(similar sensitivities with twice the observation time) 

- Appendix : Derivation of lower limits 
(Different statistical methods, gammapy API) 
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Motivation : PTS Paper

- The missing part was to test the PTS method 
on real observation data. 

- In the PTS paper, we use public data from 
different gamma-ray observatories to look for 
Galactic PeVatrons by using the PTS method. 

- In addition, The Southern Wide-field Gamma-
ray Observatory (SWGO) sensitivity to spectral 
signatures of PeVatrons is investigated. 
(Off-collaboration paper, straw-man design)

- The paper is in a good shape, we plan to 
submit it after CTA PeVatrons paper is 
(hopefully) accepted.
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PTS Paper (in preparation)



What is a PeVatron ? 

There is an ambiguity for the definition of “PeVatron” in the literature. In the PTS paper, we discuss it.

1 – Textbook definition : CR sources which can accelerate CR at least up to PeV energies.

   – This means that PeV particles should exist at the acceleration site.
   – They do not necessarily need to have particle spectral cutoff at or above 1 PeV.  
      (i.e. a strong source with 500 – 600 TeV particle cutoff can be enough) 
   – They can be hadronic or leptonic accelerators.
   – No clear physical motivation (1 PeV is an arbitrary number).

2 – Historical definition : CR sources which can contribute significantly to the knee seen at CR spectrum
  
   –  This means that PeV particles should exist at the acceleration site.
   –  Because the energy of the knee is well above 1 PeV, the maximum energy must be much larger than 1 PeV.
       (This requires particle cutoff energy above 1 PeV)
   –  They can be only hadronic accelerators.
   –  It must be possible to explain the steepening in the CR spectrum at knee. 
       (i.e. propagation effects & intrinsic properties of PeVatrons)
   –  Physical motivation is the search for the origin of Galactic CRs.

We focus on this definition
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Definition based on 
max energy of 
individual particles 

Definition based on  
particle spectrum



Search for spectral signatures of 
PeVatrons

Currently there are two traditional methods to search for PeVatron signatures, but both are not enough.

1 – The 95% C.L. lower limit on the proton energy cutoff (i.e. > 1 PeV) 
      (Not enough for robust identification, still a very good criterion for candidate selection)

2 – Significance of gamma-ray emission above 100 TeV (i.e. LHAASO sources)
      (No information on spectral shape)

A LHAASO-like experiment 
will see ~10σ detection 
above 100 TeV, even this 
source is far from being a 
PeVatron 
(Historical definition) 

(SNR) RX J1713.7-3946 [1]
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The 1-year straw-man design sensitivity of SWGO (green) is taken from 

https://github.com/harmscho/SGSOSensitivity.



Search for spectral signatures of 
PeVatrons

LHAASO E > 100 TeV Skymap [2]

- Not all sources giving significant E > 100 TeV emission *must* be PeVatrons (by historical definition). 
Indeed, E>100 TeV detection is needed for PeVatron detection, but not enough alone. 

- One needs a method for quantifying the PeVatron nature of a source in an understandable way 
(i.e. significance), combining both lower limits on proton cutoff energy and E > 100 TeV detection.

- The PeVatron Test Statistics (PTS) can be used for PeVatron detection. 
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Search for spectral signatures of 
PeVatrons

Likelihood of proton model 
with fixed Ep = 1 PeV

Likelihood of proton model with 
all parameters free

S_PTS > 5σ   (5σ PeVatron Detection)

S_PTS < -5σ  (5σ PeVatron Rejection)

|S_PTS| < 5σ (Data insufficient to decide)
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Validation of the PTS method and Rejecting PeVatron 
hypotheses: The Supernova Remnants RX J1713.7–3946 
and Vela Junior [3]

- First, we have to show and validate that the PTS method works fine for well-known non-PeVatron cases. 

- Very conservative → Err_stat = max {Err_stat-, Err_stat+}, Error = max {Err_stat, Err_sys}, Err_sys = 20%
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RX J1713.7-3946 Vela Junior



The Galactic Center Region : 
HESS J1745–290 Central Source

HESS J1745-290 [4] shows 
significant cutoff at 10.7 TeV
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The Galactic Center Region : 
The Pacman & GC Ridge
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Two unidentified sources : 
HESS J1702-420A and LHAASO J2108+5157 

S_PTS = -0.2 σ
S_PTS = -1.2 σ

S_PTS = +1.0 σ

- HESS J1702A [5] source is a well-know 
PeVatron candidate and a good 
example of source confusion. 

- The PTS method can be applied 
when sub-components are 
resolved, isolated cases 
(i.e. 3D likelihood).

- LST-1 data, even upper limits, can
be used to put constraints on the 
hadronic models. 
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LHAASO J2226+6057 : 
SNR G106.3+27 and The Boomerang PWN

- LHAASO J2226+6057 [2] is a well-know 
PeVatron candidate. 

- None of the data alone could confirm or reject 
the PeVatron hypothesis

- By combining all data from Fermi, VERITAS, 
Tibet-AS and LHAASO experiments, one can 
significantly exclude the PeVatron hypothesis. 

- This is due to our (historical) PeVatron 
definition and assuming that the source has 
single component. 

- But...
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LHAASO J2226+6057 : 
SNR G106.3+27 and The Boomerang PWN

12

Fermi [8] VERITAS [9] Tibet-AS [10] LHAASO [2]

MAGIC [Gamma 2022]

Indication of two component, 
A soft and a hard source… 



A word on gamma-gamma absorption

- Gamma-gamma absorption is basically due to creation of electron-positron pair in photon-photon 
interactions. Both distance to source and interstellar photon field comes into play.

- It’s a very important effect especially above E > 200 TeV energies. One has to take these effects into 
account in the search for Galactic PeVatrons.  

Infra-red 
(shoulder, 
~150 TeV) CMBR 

(~2 PeV)

Vernetto, S., & Lipari [11]
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The potential of PeVatron searches with 
spectral gamma-ray data for SWGO [12] 

- SWGO simulations of selected source (SPTS > 0) spectra assuming 5-year SWGO observations : 
GC Pacman region and HESS J1702-420.
- Two different edge-case scenarios :
1-) These sources can accelerate protons up to knee (Ep_cut = 3 PeV) so they are PeVatrons.
2-) These sources are not PeVatrons Ep_cut = 172 TeV and 436 TeV for Pacman and J1702, respectively.

- Median of the PTS distribution from 100 simulations each give : 
1-) S_PTS =  12 (Pacman) and S_PTS =  21 (HESS J1702)  
2-) S_PTS = -23 (Pacman) and S_PTS = -11 (HESS J1702)
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The 5-year straw-man design sensitivity of SWGO used in these simulations are taken from 

https://github.com/harmscho/SGSOSensitivity.
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● PeVatron detection (and rejection) maps can demonstrate the sensitivity of CTA 
(or any experiment, given the IRFs) to detect PeVatron sources in a given phase space. 

● Similar maps can also be produced using gamma-ray models (spectral cutoff detection maps). 

● These maps can be used for performance comparison of different array configuration. 

Yellow region : Phase space region in which a 
PeVatron with 3 PeV proton cutoff can be detected.

PeVatron Detection & Rejection Maps

Distribution of 1000 PTS values in a single bin  
(True MC → Norm: 220 mCrab , Γ:2.1 , Ep = 3 PeV)

CTAC2022
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The potential of PeVatron searches with 
spectral gamma-ray data for SWGO 

CTA GPS (10 h)

CTA Follow-up (50 h)

- 1-year SWGO detection map is comparable to 50 h 
CTA map. Systematics are not taken into account in 
this plots. 

- Point souce definitions are different between CTA 
and SWGO.
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The potential of PeVatron searches with 
spectral gamma-ray data for SWGO 

- Detection Maps (Ep = 3 PeV) :

- Excellent detection power for 5-years

- Purple contours are 95% power for 
Ep = 2 PeV (solid) and Ep = 1.5 PeV 
(dashed) 

- Exclusion Maps (Ep = 400 TeV) :

- Excellent exclusion power for 5-years

- Purple contours are 95% power for 
Ep = 600 TeV (solid) and Ep = 800 TeV 
(dashed)
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The 5-year straw-man design sensitivity of SWGO used in these simulations are taken from 

https://github.com/harmscho/SGSOSensitivity.



Summary 

- Application of the PeVatron Test Statistics method on observation data :

  - RX J1713 and Vela Jr. → (Verification of the PTS method, rejection of PeVatron hypothesis)
  - Galactic Center Region → HESS J1745-290,  (Verification of the PTS method)

  - Galactic Center Region → The Pacman and GC Ridge regions
  (Further observations are needed)
  - LHAASO J2108+5157 and HESS J1702-420 
  (Further observations are needed)

  - LHAASO J2226+6057  → 
  (non-PeVatron conclusion based on PTS, single component) → (Ongoing) 

- Combination of data from different instruments would be needed for PeVatron searches 
(i.e,  CTA + SWGO). 

- Systematics will be the most challenging task and can have significant effects. 

- Gamma-gamma absorption should be taken into account for sources emitting above 200 TeV. 

- Potential of SWGO (based on straw-man design sensitivity) is investigated using the PTS.
  SWGO has excellent PeVatron detection power for 5-year observations.  
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Test case :
Flux norm (1 TeV) = 50 mCrab 
Spectral index       = 2.1 

Backup 1 : Derivation of spectral 
cutoff lower limits

https://github.com/residualsilence/ecpli → Gammapy 0.16

https://github.com/residualsilence/ecpli/tree/v0.18.2 → Gammapy 0.18.2 

● Robust derivation of spectral 
cutoff lower limits is the key 
for PeVatron searches. 

● CTA PeVatrons paper is 
designed to be ‘the reference 
paper’. 

● 3D likelihood provides the 
most sensitive method 
(if applicable). 

● A public Gammapy API 
offering all methods is 
provided.

● The statistical methods 
provided can be used for 
any experiment data 
(HESS, HAWC, etc.) 

Comparison of 95% CL lower limits obtained from different methods

https://github.com/residualsilence/ecpli
https://github.com/residualsilence/ecpli/tree/v0.18.2
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Backup 2 : Moonlight Follow-up 
Observations

10 20 30 40 50 60 70 80 90
Total Observation Time (Hours)

30

40

50

60

70

80

M
C

M
C

95
%

C
u

to
ff

L
ow

er
L

im
it

(T
eV

)

Nominal Observations

High NSB Observations (x30)

Lower limit after 50 h nominal (66 TeV)

● The aim is to investigate moonlight observations.

● We tested J1641 case (source confusion) using MCMC 
approach to derive 95% LL.

● Comparison plot show that we can reach the same level of 95% 
LL on this source (achieved by 50 h of nominal obs.) after 87 h of 
high NSB observations.

● This opens up the possibility that follow-up observations of 
selected PeVatron candidates can be performed by using 
moonlight observations.
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