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Pevatrons: emission signatures?
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¤ Most important – pion production in nuclear or photo-nuclear reactions
ª p-p (above), p-gamma (primarily excitation of the Delta++ resonance)

ne

nµ

g
Ep=1 PeV

e.g. proton-proton 
Interactions
Ep : Eg : En
20 : 2 : 1

p0

p+ µ+

g

e+

np
n



Pevatrons: emission signatures?
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Breuhaus et al 2022
arXiv:2201.03984

Rigidity dep. cut off (1 PV)

E-2 injection spectrum 
with rigidity-dependent 
cut-off
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Pevatrons: emission signatures?
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Cao et al  2022 – Science - arXiv 111.06545

Emax ~2 PeV

¤Electrons…

Crab Nebula



Pevatron Shopping List
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¤Detected VHE-UHE Emission
¤Spectral curvature

ª Signature of Emax, KN, spectral breaks, +++
¤Spatially-resolved emission
¤Correlation with target material

ª Not perfect: i.e. emission is convolution of CR distrib. with gas
¤Energy-dependent morphology

ª Expected in general due to energy dependence of transport and/or 
cooling, exceptions:

ª Bohm diffusion of electrons ( r ~ sqrt(D tcool), D ~ E, tcool ~ 1/E)
ª Advection of protons (tcool = const, r ~v tcool)

¤A multi-wavelength counterpart!
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Part 1: Detection Techniques
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~100% duty-cycle
Steradian field of view
Modest precision
Modest collection area

~15% duty-cycle
~4 degree field of view
High precision
Large collection area



HAWC

LHAASO

MAGIC

VERITAS

HESS

Tibet ASg



Ground-particle 
Detectors

¤MILAGRO – 2001-2008
¤HAWC – 2015 -
¤Tibet AS g +ARGO – 1990s -
¤LHAASO – 2021 -
¤SWGO – 202X -

Drivers of performance: 
size, fill factor and altitude (move detector up to shower max)

Increase altitude: MILAGRO à HAWC à SWGO
Increase also fill-factor and size: Tibet à LHAASO & SWGO

4.3 km

4.1 km

4.4-5.0 km

2.5 km

4.4 km

+ muon detection

MILAGRO: 
Cygnus Region MILAGRO

Tibet

LHAASO



HAWC
(4100 m)

Pico de Orizaba
(5636 m)

4.5 m

Water-Cherenkov detector
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Cherenkov 
photons

photomultipliers

e.g. HAWC
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¤ 300 Water Cherenkov Particle 
detectors

¤ 1200 Photo-Multiplier-Tubes 

¤ Completed March 2015

¤ ~95% uptime

¤ Area 22000m2
7.3 m

+outrigger upgrade 2018



e.g. HAWC
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Typical IACT
Field of view
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HAWC

Threshold ~1 TeV
1128 days
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HAWC Coll. Preliminary
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HAWC Coll. Preliminary



LHAASO
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¤Completed 2021
ª KM2A:

ª ED scintillators, MD buried muon dets 

1 m2 ED
Green Boxes 

Below

36 m2 MD
3120x 25 m2 WCD

x5195

x1188
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Cao 2022 – Science - arXiv 111.06545



20

Cao 2022 – Science - arXiv 111.06545

HAWC



Muon Counting
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¤LHAASO

1 PeV

1 PeV
Zero muons

Zero muons

Proton mode

~80% gammas
104 rejection

Cut factor 15-
20 below mean

gammas

protons

¤ Jim

At 1 PeV



Sensitivity at b=0 

LHAASOSWGO

GC Gal. longitude



Site?
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Laguna Sibinacocha, Peru

ALPACA site
near Mt Chacaltaya, Bolivia

CUBIC site, Salta, Argentina

Chajnantor region, Chile

4.9 km

5.0 km

4.8 km

4.7 km



SWGO Design Development

24

Muon identification a key element of 
background rejection

600 GeV Gamma

Reference Config.
80000 m2 core

Reference Config.
Two-layer tank



SWGO Design Development
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Muon identification a key element of 
background rejection

600 GeV Gamma

Reference Config.
80000 m2 core

Reference Config.
Two-layer tank

20M$

Design+Site Choices 2023
Engineering Array 2024+
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1 TeV 1 PeV
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~100% duty-cycle
Steradian field of view
Modest precision
Modest collection area

~15% duty-cycle
~4 degree field of view
High precision
Large collection area



IACTs
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NB. Cherenkov light pool ~105 m2

~15% duty cycle, pointed à typ. 50 h of obs.
Exposure O(1014 cm2 s)

à For 10 events > 100 TeV à10-11 erg cm2 s
à No known source this bright
Current IACT spectra to ~80 TeV

¤Whipple, HEGRA, CAT, ++
ª Single telescope à array
ª Finer pixilation

¤HESS, MAGIC, VERITAS
ª Arrays of large telescopes, since 2004

¤à CTA



Air-shower...

Detecting Very 
High Energy 
Gamma-Rays 
with Cherenkov 
Light

~ 120 m

Focal 
Plane

Offset ~ r/hmax~ 1° (impact /100 m)
Length ~ Offset
Width ~ O(20 m) / hmax ~ 0.2°

Particle
Shower

g-ray

r

Image of Shower

Dt ~ (n–1) L/c ~ 5 ns
+~10 ns/100 m outside lightpool



Background

proton

gamma



Muons
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HESS CT5 
Camera 
Images



Muons
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HESS CT5 
Camera 
Images

~105 rejection
Possible in principle
~200 TeV



Muons
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~105 rejection
Possible in principle
~200 TeV



¤a

Paranal
La Palma

1 km

LST
23 m
4 N+S

MST
12 m
15 N+
25 S

SST
4 m
70 S



SST
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¤Design based on ASTRI and CHEC 
prototypes
ª 9 degree cameras, Gsample/s, 0.17 deg. pixels

¤Looking forward to construction in Chile 
starting soon!
ª ASTRI miniarray in Tenerife in the meantime
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e.g. proton accelerator µ E-1.9 up to 1 PeV:
p0 decay emission, 1050 erg in CRs, n=1cm-3, 2.5 kpc

Wide Energy Coverage
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50 hours



Wide Energy Coverage

ESO Council – CTA Science, June 2016 37
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Angular Resolution
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TeV

o

o

CTA

Current IACTs

Current WCDs

LHAASO KM2A



Angular Resolution

39

TeV

o

o

CTA

Current IACTs

Current WCDs

LHAASO KM2A

16 SSTs 300 TeV γ



Part 2: Observations
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¤The usual suspects: SNR
¤The LHAASO sources
¤Cygnus Cocoon
¤Galactic Centre
¤Westerlund 1
¤SS 433
¤A comparison of VHE-UHE spectra 



Supernova Remnants?
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¤Brightest objects are ambiguous in terms of electron v. proton 
acceleration (e.g. RX J1713 + Vela Junior)

HESS



Protons?

¤ Interacting SNRs
ª Accelerated protons & nuclei interacting 

in gas clouds
ª But no evidence for protons>100 TeV…

e.g. IC443



To the Knee?
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MAGIC

¤Steepening in spectra of all 
known TeV SNR at <=10 TeV
ª Lack of protons/nuclei > 100 TeV

¤e.g. Cassiopeia A
ª Young SNR (~300 years), dense 

environment – looked like best 
chance for PeV acceleration…

ª Second component?
¤SNRs not the main 

contributor at/beyond the 
knee?

NASA/CXC/SAO
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HESS J1825HAWC J1908

VERITAS Cygnus Survey

MAGIC
Boomerang



Relatively Steep Spectra
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¤Such that IC interpretation is still possible
¤At least in radiation dominated environments

ª Need to separate acceleration and cooling zones

e.g.
M. Breuhaus, B. Reville, J. A. Hinton A&A 2022

¤ In general high-
powered pulsars 
can be found 
nearby



The Boomerang
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MAGIC Coll - T. Oka et al. ICRC 2021

Kothes et al 2006

Liu et al 2020

Giacinti et al 
A&A 2020

( G106.3+2.7 )



Cygnus Cocoon
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¤Large-scale diffuse emission GeV-(almost)PeV around star-
forming region Cyg OB2 in Cygnus

HAWC

See also LHAASO
HAWC Coll. Nature Astronomy,  2021



Cygnus Cocoon

48

¤Large-scale diffuse emission GeV-(almost)PeV around star-
forming region in Cygnus

HAWC

See also LHAASO
HAWC Coll. Nature Astronomy,  2021



A Tale of Two Hemispheres
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LHAASO 
& HAWC

HESS GPS

NASA/JPL-Caltech/R. Hurt



The Central Molecular Zone

CS Line Emission 
Smoothed to HESS PSF

TeV Sources

H.E.S.S. Coll. Nature 2015



The Central Molecular Zone

¤ Diffuse emission 
correlated with 
molecular gas + a few 
individual objects 

CS Line Emission 
Smoothed to HESS PSF

TeV Sources

H.E.S.S. Coll. Nature 2015

APEX+Planck: Dust



The Central Molecular Zone

TeV Sources

Aharonian* et al Nature 2006

Wind/Ballistic

Diffusion

H.E.S.S. Coll. Nature 2015

¤ Ratio of gamma-ray emission to target material à cosmic ray density



The Central Molecular Zone
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TeV Sources

Aharonian* et al Nature 2006

Wind/Ballistic

Diffusion

• Acceleration to ~PeV
energies

H.E.S.S. Coll. Nature 2015

¤ Ratio of gamma-ray emission to target material à cosmic ray density
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Westerlund 1
HESS Coll ICRC 2021
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No clear E-dep. 
morphology

Westerlund 1
HESS Coll ICRC 2021
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¤No 
correlation 
with target 
material
ª Low density 

target –
inside 
bubble – or

ª IC emission

Westerlund 1
HESS Coll ICRC 2021



SS 433
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¤20 TeV gamma-ray emission 
with hard spectrum 
ª From zones where jets are thought 

to decelerate
¤A very high energy accelerator
¤ IC origin seems likely 

ª cf X-ray synchrotron
ª density likely low in these regions

¤BUT
ª Very plausible (unavoidable?) that 
protons are co-accelerated to at 
least the same energies!

ª Plenty of power and v=0.3 c shock !

Watch this space!

HAWC

Goodall et al MNRAS 2011



VHEàUHE Spectra
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Crab

1908

CMZ

W1

A*

RXJ1713



VHEàUHE Spectra
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Crab

1908

CMZ

W1

A*

RXJ1713

CTA 200 h 5 sig
ma

CTA 50 h 5 sigma



VHEàUHE Spectra
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Crab

1908

CMZ

W1

A*

RXJ1713

CTA 200 h 5 sig
ma

CTA 50 h 5 sigma
LHAASO+

SWGO



Conclusions
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¤Gamma-ray VHE-UHE measurements are a powerful tool for 
understanding particle acceleration up to and beyond PeV
ª Huge step forward in sensitivity at UHE with LHAASO

¤Need for southern hemisphere measurements up to PeV!
ª CTA South – in particular the SSTs
ª SWGO
ª (HESS is not dead yet!)

¤Need for wide-band coverage and excellent resolution as well 
as UHE sensitivity


