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 Very-High-Energy Gamma-rays at photon
energies E, > 10TeV

+ Produced through non-thermal emission
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Extensive Air Showers
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Atmosphere is opaque to gamma-rays

Cosmic microwave background, ~3 mm
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Imaging Atmospheric Cherenkov Telescopes Ak&\v n; /A U
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Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are

detected
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Photosensors detect
Cherenkov light

e.g. HAWC, LHAASO, SWGO...

Shower image, 100 GeV yray adapted from: F. Schmidt, J. Knapp, “CORSIKA Shower Imoges”, 2005, N
/A ki ot to scale
httpsy//www-zeuthen.desy.de/~jknopp/fs/showerimages.hitml

Air showers are short duration ~ns —> cameras are therefore fast imaging with trigger rates ~kHz
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Current Facilities @ FA\\\U
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Galactic Gamma-Ray Sources

TeVCat Source Types (308 total)
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Cosmic Ray Spectrum
PeVatrons
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Supernova Remnants

« Prime PeVatron candidates —> yet spectrum ends ~100 TeV
« Only act as PeVatrons for a short time?

« Escaping cosmic rays may illuminate nearby clouds
—> detailed knowledge of clouds required!
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Supernova Remnants

Gamma-ray emission traces shocks - particles accelerated at shock fronts.
ALMA data corroborates this with evidence for cosmic ray interactions

Note the vastly different fields of view and PSFs

(a) H.E.S.S. Gamma-ray (€ > 250 GeV) . \\ (b) ALMA 2CO(J = 1-0) (Visr: ~16.0 - -6.0 km s°')
( - " . Contours: Chandra X-rays (E: 1.0-2.5 keV)

Contours: Total interstellar proton column density

b
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Declination (J2000)

The Crab Nebula (or Taurus A) “‘% F/A,é\\\u
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MAGIC detected TeV pulsed emission from the pulsar
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Pulsar Wind Nebulae
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Pulsar Wind Nebulae

Stage 1 (t < 10 kyr)
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Novae
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Thermonuclear outbursts from WD + companion accreting binaries

Pre-Outburst

PHASE

Figure 1

TNR
(peak burning)
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Outflow

UV/Optical
UV/X-rays

Fast
Outflow

Shock
Emergence

Supersoft
Phase

Quiescent

~secs-mins

hrs-days

days-months

months-yrs

~1-107 yr

Schematic timeline of the physical processes and electromagnetic signals from novae. The figure
includes modified images of convection/mixing during the thermonuclear runaway from Casanova
et al. (2016, reproduced with permission (©ESQO) and internal shocks from Metzger et al. (2015).
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H.E.S.S. collaboration Science 376 p.77-80 (2022)

VHE (TeV) gamma-ray emission was detected from a nova for the first time in 2021: RS Ophiuchi

The next highly anticipated outburst is from the recurrent nova T Coronae Borealis —> due imminently
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Microquasars

Binary systems with a stellar mass black hole &
massive star producing jets

e.g. SS 433 / W50 “manatee” nebula —>
e.g. LS 5039 binary with 3.9 day orbital period
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Very-High-Energy Gamma-ray Sky ‘\é
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H.E.S.S. Galactic plane survey : 78 sources

2700 hours of observations from 2004-2013

LHAASO (particle detector array) in 2024 :
43 “ultra-high-energy” sources > 100 TeV
Highest energy photons ever ~2.5 PeV from Cygnus region
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Galactic Centre Region
Central Molecular Zone —> Galactic Centre Ridge

HESS J1745-290 is a point-like source consistent with Sgr A*
—> formally unidentified as the emission mechanism remains unknown
G0.9+0.1 is a compact pulsar wind nebula

Two bright point-like sources - contributions removed via modelling

A bright ridge of emission remains, consistent with CO gas contours

—> Evidence for diffuse emission in the central 200 pc of our Galaxy

—> Cosmic Ray energy density profile implies a continuous accelerator
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Satellite trails caught in the data @ |§/A\U

IAU : Dark and Quiet Skies; UN COPUOS (Committee on the peaceful use of outer space)
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Intensity interferometry with IACTs

Optical telescopes in arrays separated by O(100m)
—> resolution ~ A4_../B,,,, at mas level possible at optical wavelengths

From quantum optics: chaotic light sources (e.g. thermal) will have
temporally correlated photons.

Can optimise for High Photon Rates or High Time Resolution
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“Observatory

*  More than 1400
scientists

i | s ~«  More than 200
: institutes

CTAO: Cherenkov Telescope Array Observato'ry

31 countries
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Outlook to the future
Radio - Gamma-ray Synergies

Origins of Cosmic Rays

—> shocks, jets, particle transport...

Transient phenomena

High resolution astronomy: u-v plane

Understanding particle acceleration processes

Unidentified & extended gamma-ray sources —> radio counterparts?

Supernova Remnants, Pulsar Wind Nebulae, Molecular Clouds...

Things | didn’t mention: AGNs, GRBs, FRBs, CWBs, diffuse emission,
galaxy clusters, DM searches, HO measurements, LIV & beyond SM physics...

« Joint MWL observations —> further insights

« Major forthcoming facilities: SKAO + CTAO
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Imaging Atmospheric Cherenkov Telescopes

Combining images from multiple telescopes improves direction

reconstruction —> better resolution

Image brightness corresponds to amount of Cherenkov light & the

energy of the initial particle

Parameterising images and using e.g. a BDT provides excellent
discrimination of signal from background

Rgconstructed
Direction ‘
o : .
@ - Major Axis

True . '
Direction

W

H.E.S.S. collaboration A&A 457, 899-915 (2006)

- EAU

0.25

0.2

0.15

©
—

Angular Resolution (°)

2 18
14}~
12f

10

a4

2~

% Signal

E] Background

0.05

IIIIIIIIIIIIIIIIIIIIIIII

— CTAO Northern Array
CTAO Southern Array

I IIIIIII| I IIIIlIII

Y

Al

X
.\73

Il lllllIlI 1 llllIllI 1 Illlllll 1 IIIIllII

|

II[I|IIII[I[IIIIIII|IIII

| AV | 'R

)1~ 08 -06 -04 -02 0 02 04

Ohm et al. Astropart. Phys. 31, 383-391 (2009)

10" 1 10
Reconstructed Gamma-ray Energy E_ (TeV)

102

https/fwvave cta-observatory org/science/cta-performance (prod5, v0.1)

A. Mitchell

Galactic Astrophysics with IACTs: gamma-ray & radio synergies

24



Cosmic Ray Spectrum

In reality, much more complex spectrum
Global spline fit to composition —>

Cosmic Ray sources should produce a
hadronic (pion-decay) emission signature

Cosmic Ray electron spectrum —>

Need nearby leptonic accelerator
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