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News about CTA PeVatrons Paper

E.O. Angiiner, G. Spengler, H. Costantini,
P. Cristofari, T. Armstrong and L. Giunti for the
CTA Consortium, CTAC2022 (CTA PeVatrons Paper)

CTA PeVatrons paper is ready to be submitted!

Main results :

Sensitivity of the Cherenkov Telescope Array to spectral signatures of hadronic PeVatrons
with application to Galactic Supernova Remnants
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- The PTS method can be used for mapping spectral
parameter space of PeVatrons.
(PeVatron detection & rejection maps)

Abstract

The local Cosmic Ray (CR) energy spectrum exhibits a spectral softening at energies around 3 PeV. Sources which are capable
of accelerating hadrons to such energies are called hadronic PéVatrons. However, hadronic PeVatrons have not yet been firmly
identified within the Galaxy. Several source classes, including Galactic Supernova Remnants (SNRs), have been proposed as
PeVatron candidates. The potential to search for hadronic PeVatrons with the Cherenkov Telescope Array (CTA) is assessed. The
focus is on the usage of very high energy y-ray spectral signatures for the identification of PeVatrons. Assuming that SNRs can
accelerate CRs up o knee energies, the number of Galactic SNRs which can be identified as PeVatrons with CTA is estimated within
a model for the evolution of SWRs. Additionally, the potential of a follow-up observation stralegy under moonlight conditions for
PeVatron searches is investigated. Statistical methods for the identification of PéVatrons are introduced, and realistic Monte—Carlo
simulations of the response of the CTA observatory to the emission spectra from hadronic PeéVatrons are performed. Based on
simulations of a simplified model for the evolution for SNRs, the detection of a y-ray signal from in average 9 Galactic PeéVatron
SNRs is expected to result from the scan of the Galactic plane with CTA after 10 hours of exposure. CTA is also shown to have
excellent potential to confirm these sources as PeVatrons in deep observations with ( 100) hours of exposure per source.

- 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)

https:/Igithub.com/residualsilencelecpli/tree/v0.18.2

Keywords: Gamma rays: general, Cosmic rays, Galactic PeVatrons, (Stars”) supernovae: general, Methods: data analysis,

Methods: statistical

L. Iniroduction

The term “PeVatron” is now widely used to designate astro-
physical accelerators which energize particles (electrons, pro-
tons, and nuclei) up to the PeV (10'% éV) energy range. The
interest in these objects is directly linked to the unsolved prob-
lem of the origin of cosmic rays (CRs) detected on Earth. More
than a century of experiments have provided detailed measure-
ments of the CR energy spectrum. For protons, accounting for
~ UMy of Galactic CRs, the spectrum follows a power—Law in
energy with an index of ~ —2.7 up to the "knee” at -3 PeV ener-
gies (Blumer et al., 2009}, where the index steepens to ~ —3.0.
The ARGO-YBJ experiment has reported that the knee of the
cosmic hydrogen and helium spectrum is measured below 1 PeV
(ARGO-YBJ Collaboration et al., 2015). Magnetic effects can
confing CRs with energies below the knee within the Galaxy
(Ptuskin et al., 1993). The observation of Galactic CRs up
to at least PeV energies motivates the search for their source,
ie. “Galactic PeVatrons”™. With PeVatrons becoming a recog-
nised class of y-ray sources, the importance of PeVatrons is well
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known across the wide range of multi-messengers, from radio
0 Xfy rays, and then even further to CRs and neutrinos (Fil-
ipovic and Tothill, 2021). Several source classes . SUPETnva
(SN) Remnants {SNRs) (Bell, 1978), mas:
clusters {Aharonian et al., 2019), core—collapse SNe (Tatischeff,
2009; Bell et al., 2013; Zirakashvili and Ptuskin, 2016), pulsar
winds (Amato, E. et al., 2003: Amato and Olmi, 2021; Guépin.
Claire et al., 2020, star formation regions (SFRs) (Bykov et al.,
2020), microguasars (Abeysekara et al., 2018) and superbub-
bles (Higdon and Lingenfelter, 2003; Binns et al., 2005), have
been proposed as potential PéVatrons.

SNRs have long been the preferred candidates since several
strong arguments support the SNR hypothesis (Blasi, 2013,
2019; Gabici el al.. 2019). For example, the conversion of a
reasonable fraction of the total explosion energy of SNEs into
CRs can explain the measured CR energy density. Additionally
the detection of y-ray emission from aumerous SNRs confirms
that SNRs accelerate particles efficiently and diffusive shock
acceleration can somewhat account for the measured slope of
the CR spectrum (Cristofari, 20210, although the exact spectral
index of particles accelerated at SNR shocks, and injected in the
1SM is still a matter of active debate (Malkov and Drury, 2001;
Amato and Blasi, 2006; Recchia and Gabici, 2018; Celli et al
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https://github.com/residualsilence/ecpli/tree/v0.18.2

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.

B HEMNEHH

PTS Paper (in preparation)
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Search for the Galactic accelerators of Cosmic-Rays up to the Knee with the Pevatron Test Statistic®
Exnem Otuznan Anciverd awo Genmrr Srencies 7

VTUBITAK Research Fnstitute for Fundamental Scences, {1470 Gebze, Kocaeli, Turkey
nstisut fiir Physik, Humboldt-Universitds zu Berlin, Newtonstr, 15, 18§55 Ferlin, Germany

ABSTRACT

The recently introduced Pevatron Test Statistic (PTS, see CTA Collsboration (2022)) is, for the first
time, applied to dats from y-ray observatories to test for the origin of Cosmic Rays (CRs) at energies
around and sbove the knee of the CR spectrum. Public dats from -ray obserwstories are analyzed
within hadronic emission models, and conservative assumptions with respect to possible systematic
errors. It is outruled with & high statistical significance of more than 5 that the two shell type
Supernova remnants (SNRs) BX J1713.7-3046 and Vela Jr., ss well as the y-ray source HESS J1745-
200, which is spatially coincident with the dynamical center of the Galexy, are Pevatrons. These results
were previously derived by other mesns but the analyses confirm the performance and relisbility of the
PTS. A new result is that an association between the -ray emission from the region which contains
the SNR (G106.3+2.7 and the Boomerang nebula is also outruled with a statistical significance of more
than 57. No statistically significant conclision with respect to an sssociation to & Pevatron is drawn
for the diffuse v-ray emission around the Galactic Center (GC), and the two unidentified -ray sources
LHAASO J210845157 and HESS J1702-420A. However, it is argued that dats from the northern
Cherenkov Telescope Array (CTA) and the Southern Wide-field Gammea-ray Observatory (SWGO)
will respectively allow to decide whether these two sources are sssociated to s Pevatron or not. For
SWGO, it is shown that the sensitivity with 5 years of data will be sufficient to probe large parts of
the relevant parameter space of pointlike Pevatrons.

Keywords: Acceleration of particles — Astroparticle physics — Methods: statistical

1. INTRODUCTION

The flux of Cosmic Rays (CHs) which enter the atmosphere of the Earth is now being investigated for more than
a century after its first detection (Hess 1912), for which the years 1936 Nobel prise was awarded. As, for example,
reviewed in Amato & Blas (2018); Amato (2014); Blasi (2013), the flux of CRs which are detected on Earth is
dominated by protons, with helinm being the second most abundant muclei. The energy spectrom above ~ 30 GeV
up to the so called "knee” is very well approximated by a power-law with spectral index —2.7, although significant
devistions from this simple model were meanwhile detected. The "knee” is a prominent festure in the CR energy
spectrum whene the spectral index steepens significantly. Although some recent evidence exists that the knee is even
below 1 PeV for protons and helium {Bartoli et al. 2015), it is at least for heavy elementa clear that the knee extends two
energies well above 1 PeV (Horandel 2003). As a characteristic energy of the knee, the valoe of 1 PeV is therefore nsed
in the following. The origin of the knee is debabed ever since its first discovery (Kulikov & Khristiansen 1958), with
two medels being particularly popular. As reviewed in Blimer et al. (20089), the first model is to identify the energy
where the knee i observed in the CR spectrum with the maximal achievable energy of Galactic particle accelerators,
and the second model proposes & connection between the knee and the maximal energy for which electrically charged
particles are magnetically confined within the Galaxy. In addition to the origin of the knee, it remains to this date an

oguzhan unguns tubitak. gov.tr
spengleriphysik.hu-berlin.de
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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. Definition based on
(i.e. a strong source with 500 — 600 TeV particle cutoff can be enough) max energy of
— They can be hadronic or leptonic accelerators. individual particles

— No clear physical motivation (1 PeV is an arbitrary number).

We focus on this definition

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. Definition based on
particle spectrum

— 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.




Search for spectral signatures of
PeVatrons

Currently there are two traditional methods to search for PeVatron sighatures, 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)
(SNR) RX J1713.7-3946 [1]

-10
10 ~
AY
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The 1-year straw-man design sensitivity of SWGO (green) is taken from
https:/Igithub.com/harmscho/SGSOSensitivity. 4



Search for spectral signatures of
PeVatrons

LHAASO E > 100 TeV Skymap [2]
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- 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.

LA, = 1 PeV~! . =
PTS = —21n 7T )eV 3 Sprs = sign(A) VPTS
st




Search for spectral signatures of

PeVatrons

Likelihood of proton model
with fixed Ep = 1 PeV

L, = 1PevVY)
L)

Likelihood of proton model with
all parameters free

PTS = -21In

Sst = SigH(A) VPTS
A :=1PeV™! —/fp

S _PTS >50 (50 PeVatron Detection)
S_PTS <-50 (50 PeVatron Rejection)

|S_PTS| < 50 (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%

E2 dN/dE (TeV cm~2 s71)

RXJ1713.7-3946 Vela Junior
B {T‘”’ 10-11
10 11 g
>
Q
=
L
—— Hadronic best fit g —— Hadronic best fit
—— Hadronic Pevatron S10712 —— Hadronic Pevatron
b Fermi Data - + FermiData
10 H.E.S.S. Data } H.ESS. Data
1073 1072 101 10° 10! 1073 1072 1071 109 10t
Energy (TeV) Energy (TeV)
Source Instrument Energy £ SpTs I'p Ecut,p LLcut,p p-value
Name Data Range (TeV) (%) (TeV) (TeV) (%)
Vela Jr. H (0.4, 25.0] 20 -4.6 0.95 + 0.63 21 + 10 13 100
Vela Jr. H+F [0.002, 25.0] 20 -7.2 1.71 £ 0,08 47 £ 11 33 97
RX J1713 H (0.2, 34.6] 0 -9.9 1.99 &£ 0.04 105 £ 16 82 0
RX J1713 H (0.2, 34.6] 10 -7.5 1.98 4+ 0.07 92 4+ 18 67 31
RX J1713 H (0.2, 34.6] 20 -5.2 1.98 & 0.11 81 4+ 23 52 97
RX J1713 H+F [0.0013, 34.6] 0 -28.9 1.76 & 0.02 50 £ 4 52 0
RX J1713 H+F [0.0013, 34.6] 10 -21.5 1.72 & 0.03 53 +£5 46 12
RX J1713 H+F (0.0013, 34.6] 20 -14.5 1.70 £0.04 49 £ 6 40 93




The Galactic Center Region :
HESS J1745-290 Central Source
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Source Instrument Energy £ SpTS ['p Ecut,p LLcuw,p p-value
Name Data Range (TeV) (%) (TeV) (TeV) (%)
HESS J1745-290 H+M+V [0.16, 36.5] 0 -9.0 2.12 £+ 0.03 114 £ 18 89 0
HESS J1745-290 H-+M+V  [0.16, 36.5] H-+M: 20 -5.8 2.06 + 0.09 82 + 22 54 87

V: 40
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The Galac
The Pacm

tic Center Region :
an & GC Ridge
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GC Pacman H [0.23, 39.6] 0 0.5 2.37 + 0.09 Signif. < 1o 185 68
GC Pacman H [0.23, 39.6] 20 0.4 2.38 + 0.09 Signif. < 1o 172 82
GC Ridge H+M+V [0.26, 39.8] 0 -24 2.08 £ 0.11 179 = 93 83 96
GC Ridge H+M+V  [0.26, 39.8] H4M: 20 -2.3 2.03 £ 0.14 157 + 87 69 100
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Two unidentified sources :

HESS J1702-420A and LHAASO J2108+5157

- 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). —1- B R——

Galactic Latitude

- LST-1 data, even upper limits, can

be used to put constraints on the o
hadronic models.

LHAASO |2108+5157 [6,7]
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344°

10—1(]
S PTS - _0 2 o —— Hadronic best fit (LHAASO)
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LHAASO J2226+6057 :

SNR G106.3+27 and The Boomerang PWN

LHAASO J2226+6057

- 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

i —— Hadronic best fit \ significantly exclude the PeVatron hypothesis.
= —— Hadronic Pevatron
= gt ¥ Fermi Data .- . .
- §  VERITAS Data - This is due to our (historical) PeVatron
w § Tibet-AS Data definition and assuming that the source has
10715 - LHAASO Data single component.
10~ 1672 10T 10° 10! 102 103
Energy (TeV) - But...
Instrument Energy & Sprs I'p FEeut.p LLcut,p p-value
Data Range (TeV) (%) (TeV) (TeV) (%)
F [0.005, 0.301] 20 0.1 1.88 £ 0.18  Signif. < lo 0.2 78
\Y% (1.0, 13.9] 20 03 237+ 034 Signif. <« lo 6 70
T 6.6, 114.0] 20 -0.5 2.36 £ 1.02  Signif. < 1o 46 83
L 20.0, 501.0] 0 -2.0 1.38 = 0.76 241 £+ 131 124 28
L 20.0, 501.0] 20 -1.6 1.46 £ 0.93 256 £ 174 121 69
Fp+V+T+L [0.013, 501.0] 20 -5.2 1.62 + 0.08 327 = 60 241 71
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61°15'

Dec

60°45"

LHAASO J2226+6057 :

SNR G106.3+27 and The Boomerang PWN
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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.

—

Vernetto, S., & Lipari [11]
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FIG. 13: Survival probability of gamma rays for three differ-
ent trajectories in the Galactic plane, plotted as a function of
the gamma ray energy. The inset shows the position of the
Sources.
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FIG. 14: Survival probabilities of gamma rays of energy
150 TeV and 2 PeV as a function of the source distance, for
lines of sight with different Galactic longitudes and fixed lat-
itude b = 0°.
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The potential of PeVatron searches with
spectral gamma-ray data for SWGO [12]

- SWGO simulations of selected source (Sers > 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)

Pacman region HESS J1702-420A
10-12 o= "}“['\-1,
= 5
w v
€107 E
o (=)
= =
e -
:uél 10714 E 10-13
Z —— Pevatron fit to HESS data = Pevatron fit to HESS data
‘W 10-15| Non-Pevatron fit to HESS data it} - Non-Pevatron fit to HESS data
+ HESS data ¥ HESS data
+ Simulated SWGO data ¥ Simulated SWGO data
10716 — e e R e e — R .
1071 10° 10! 10? 107! 10° 101 102
Energy (TeV) Energy (TeV)

The 5-year straw-man design sensitivity of SWGO used in these simulations are taken from
https:/lgithub.com/harmscho/SGSOSensitivity. 14



PeVatron Detection & Rejection Maps

Proton Index

- Yellow region : Phase space region in which a
Ecvpmton 3 PeV 1.0 PeVatron with 3 PeV proton cutoff can be detected.

L

CTAC2022

0.06 1 ==== TS Threshold : 25

1.8 I Dectection Prob. : 0.46

/ 0.8 ,
. i
4,,‘3\_ 1
1.9 0 =
&) 8
0 0.62
2.0 ‘i:
04
2.1 <
[
0.2
2.9
0 20 40 60
0.0 Test Statistics

2'%0 80 100 120 140 160 180 200 220 240 260 280 300 320 340
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(True MC - Norm: 220 mCrab, I':2.1, Ep = 3 PeV)

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

Ec,proton = 3 PeV

CTA GPS (10 h)
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- 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)

o 2.2

—

2.4

2.3

2.1

2.0

1.9
10t

Test power (%)

20
Exclusion, 1 year SWGO

Exclusion, 5 years SWGO

10°
¢o at 1 TeV (mCrab)

40
2.4

23
22
210
2.0

1.9

24
23
22
21°
2.0

1.9

60 80 100
Detection, 1 year SWGO

2.4
2.3
2.2
210
2.0

1.9

Detection, 5 years SWGO

2.4

2.4
2.3

2.3
2.2

2.2
2.1 7

2.1
2.0

2.0
1.9

1.9

10! 10°
¢o at 1 TeV (mCrab)

The 5-year straw-man design sensitivity of SWGO used in these simulations are taken from
https:/Igithub.com/harmscho/SGSOSensitivity.
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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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Backup 1 : Derivation of spectral

cutoff lower limits

Median ELL, (TeV)
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Comparison of 95% CL lower limits obtained from different methods

—— 1d: LR P
1d: Best fit bootstrap ,/"
1d: Non-parametric bootstrap ,""

—— 1d: Poisson bootstrap
1d: MCMC: Uniform priors

—— 1d: MCMC: Gamma priors

=== 3d: LR

Test case :

Flux norm (1 TeV) = 50 mCrab
Spectral index =21

----- Nominal coverage
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https://github.com/residualsilence/ecpli -» Gammapy 0.16
https://github.com/residualsilence/ecpli/tree/v0.18.2 — Gammapy 0.18.2 21

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.)


https://github.com/residualsilence/ecpli
https://github.com/residualsilence/ecpli/tree/v0.18.2

Backup 2 : Moonlight Follow-up

Observations

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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