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0. Introduction to TeV Astronomy

= TeV photons probe the non-thermal universe

Energies and rates of the cosmic-ray particles

1 1 1

= Produced by energetic particles: e x
10° | protons only MSU —&—

cosmic rays (& dark matter?) e KASCADE
i . . KASCAD!li-GTEangg e
%, ceTop73 4

= Up to the knee in the CR spectrum ol o JApede HiRestaz e
(~PeV energies): ool Auger2013 o
sources assumed to be Galactic

Model H4a
CREAM all particle

L *

positrons
-4 \
10" X

= Standard paradigm: diffusive shock \\
acceleration in supernova remnants | /\

(GeV cm'2sr'1s'1)

. g 10° | antiprotons -
= Presumed extragalactic sources: 5 L senelorat :
Active Galactic Nuclei, gamma-ray bursts... aceeieration energy
0% Fixed target |
",'qi'?é TEVATRON
l l l LHC
10-10 ' 1 1 l 1
10° 10 10 10° 10® 10'° 10'2
. . E (GeV / particle)
— Observations of the Extreme Universe © T Gaisser
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0. Introduction to TeV Astronomy

Observations of cosmic rays
via neutral messengers

Cosmic-ray accelerators seen
as gamma-ray sources

cosmic-ray propagation
as diffuse gamma-ray emission

C:
At TeV energies, we are close to

the limit of Galactic accelerators and
the observational limit of extragal. sources
(due to gamma-gamma absorption)
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From Particles To Radiation

o5
. . C =
= Pion production and decay ¢ &
p+Ngas—>JT,o+...—>YY gﬁ
= O
S
= Inverse Compton scattering
e* + YLE — e* + YHE "
o £
= .2
= Bremsstrahlung S
et + Ngas > €t +y 'éf, @%
- QE, e\_/e

et+B—oet+y

= Synchrotron radiation 5 %,
(®)

= Need for target “material”: interstellar medium, radiation fields, B fields

" y-rays are the line-of-sight integral of CR density and target material:

F.(E,) = [dlq fdGCR+tey/dECR ni(l,b,ly) - ncr(l,b,lg Ecr) dEcr
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From Particles To Radiation

£
20
= Pion production and decay o & e
-E i - Synchrotron :eca)’/)
p + Ngas — 0+ ... —>VY © 8 Sl S (TeV: CTA)
L
S
- Hadronic accelerators
= Inverse Compton scattering
e* + YLE — e* + YHE "
o £
= .2
= Bremsstrahlung = imrso
+ + wd (4v] Synchrotron Compton
-ray: - S rin
e* + NQaS — e= + V % '5 i (T(;a\;feCTg)
- GE, Leptonic accelerators Mori et al.
= Synchrotron radiation
et+B—oet+y
107
s .W,»-;‘ \Crab nebula SED
'; 10° ii .
NE 0‘91 ': |
é 107 & .‘%.w*m. !
PR N 4
102 .
e e e
v [Hz) [R. Zanin] Q@Wersl}b}
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Observations in the electromagnetic spectrum

Cosmic microwave background, ~3 mm

1 EeV 1PeV 1TeV 1 GeV

1 MeV 1 keV 5
10%V 10°ev 10'%ev 10°ev  10%V 10%V 1eV 10 eV 10%ev  10°ev  10"%ev 10 eV

| | | | | | | tom | | | |
 UHE VHE  HE . x |w|| R » radio
< »  y-rays visible
| | | | | | | | | | |
10%m 10"%m 10"m 10°m 10%m 10°m 1m  10Mm 105
1fam 1fm 1pm 1 nm 1pm 1 mm | 1 km 1 Mm

| 300 MHz |
300 GHz 300 kHz

@% w5

50% of incident
radiation absorbed

rockets- ) % o @ __________

N2

optical
Cherenkov telescopes

1Y telescopes

fluorescence < /¢
detectors

Earth surface

particle detectors
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Observations in the electromagnetic spectrum

Cosmic microwave background, ~3 mm

1TeV  1GeV 1MeV 1keV
eV 10°eV  10°eV  10°eV  1eV 10°ev 10%V  10°ev  10™%ev 10" ev
| | | | tom | | | |

< >
HE X |uv]| IR » radio

\> YrAyS <«— visible
RN o

10%m Vo ™™m 10"%m 10°m 10% 10°m 1m 10m 105
1am fm 1pm 1 nm 1pm 1 mm | 1 km 1 Mm

| 300 MHz |
300 GHz 300 kHz

@@ w5

1 EeV
10'%ev

1 PeV
10"eV

50% of incident
___________ o radiation absorbed

N2

balloons

optical
telescopes

© \I;b‘ﬁg‘air

Earth surface

Ground-based detection at VHE energies via extensive air showers
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Observations in the electromagnetic spectrum

csee Lecture by A. Morselli

1EeV  1PeV 1TeV 1GeV 1NeV  1keV
-3 - . - R
10%Vv 10°ev 10'%v [ 10°ev  10° 10°eV  1eV 10 eV 10%ev  10°ev  10"%ev 10 eV

A N N N I N W B om | | ]

< < > i
UHE VHE HE X [uv|| IR » radio
< > Y-rays <Y} —» visible
°m 10%m 10°m  1m  10h  10%n
nm 1pm 1 mm | 1 km 1 Mm
| 300 MHz |
300 GHz 300 kHz
satellites &
100 ¥
3 50% of incident
rocket_s- ) 7/ o NS o SR o radiation absorbed
S balloons = o
a0 - e | |
optical
AN tCIherenkov telescopes Tl
-3 telescopes T~
| © Longair

fluorescence /i Earth surface

detectors

particle detectors

Ground-based detection at VHE energies via extensive air showers
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Development of gamma-ray air showers

Primary particle
(gamma ray)

first interaction
with nucleus in air
(pair production)

bremsstrahlung
on nucleus in air

pair production

bremsstrahlung

(C) 1999 K. Bernlshr

Air Showers

pair production
and
bremsstrahlung
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Air Showers
Development of cosmic—ray air showers

. - Primary particle
(e.g. iron nucleus)

first interaction fragmentation,
strong interactions
producing hadrons,
decays,
el.-mag. subcascades

= pion decays

pion—nucleus
interaction

second interaction

(C) 1999 K. Bernlohr

Wersg;,,
G 11('9}
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Electromagnetic shower

Hadronic shower
Z

Air Showers

Detailed air-shower simulations contain
atmospheric information,
possible interactions and decays

X axis exaggerated
for visualisation purpose

Clear differences seen between
electromag. and hadronic showers

Wersg;,,
G 13;,?
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Cherenkov Radiation one of the favourite
techniques for detecting

relativistic air-shower particles

= |n a medium with refractive index n:

= Speed of light: ¢/n

= Charged particle moving with v>c/n | _—
emits Cherenkov light -

= Emission angle: Y.
////
1 < %
cos 0, = — n ! € s
¢ nﬁ . 0 ///
ct A
B \\\\\\
= ~1%in air, ~40° in water \\\\\
o

Charged air-shower particles can emit Cherenkov light
either in the air or in a suitable medium like water
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Two Techniques for Ground-Based Observations

Very high energy
gamma-ray

Electro-
Magnetic
Cascade

Few ns spread in
particle arrival at
each detector

Particle Detector Arrays

Few ns light flash (PDAS)

7 - ) Cherenkov

Light

Imaging Atmospheric Cherenkov Telescopes
(IACTs) © Jim Hinton



Two Techniques for Ground-Based Observations

Particle Detector Arrays
Cherenkov light in water
24/7 observations

observation of full sky above detector

Imaging Atm. Cherenkov Telescopes
Cherenkov light in atmosphere
(moon-less) night observations

small field of view/
pointed observations
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gamma-ray Imaging Atmospheric Cherenkov Telescopes

Particle
shower

~ 10 km

S
N
A
o
N
%)
N
%)
O

/ ~120 m

y <

© W. Hofmann



Gamma

~ 100 Photons per TeV and m2
large mirrors
dark skies
short exposures (~ 10 ns)



Cherenkov light on the ground

10°

Cherenkov photon densitiy [1/mz]
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Cherenkov light on the ground
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© W. Hofmann
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axis ...
Need several views !

somewhere on the image

Image of source is

Stereoscopy for better direction reconstruction



Background discrimination / y-hadron separation

Electromagnetic shower Hadronic shower
y4 Z

p Difference between elmag. and
hadronic showers used for classification
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Background discrimination / y-hadron separation

Electromagnetic shower Hadronic shower
Z

| Z |
p Difference between elmag. and
hadronic showers used for classification

@ 4000
S - ——e— PKS 2155-304 (ON-OFF)
@ 35001
3000 E_ —»— Background (OFF)
2500 E_ ——— Background in SG < 0.6 cut
2000 [—
1500 E—
1000 f—
500 E—
’.OOO.. ..OOO.. 0:.1111 [ [ L1 [ Y VY wwew
0 6 15 30 60 150 300 p.e. 0 6 15 30 60 150 300 p.e. 3 _2 _1 o 1 2 3 4 5
Gamma shower Hadron shower Mean Scaled Length
o Width of the camera image
normalised to width of
y-distribution
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Background Subtraction

S —
= Necessary because of imperfect gamma/ i s Sy U
hadron separation -

= Performed in background
measurements in the FoV
(+ assumption on system response)

= |terative exclusion of regions with

Galactic Latitude (deg)
o

....................

Excfusijbn
~Regjoh 7]
7

L,

gamma-ray emission ** Galactic Longitude (deg)

» Advantage: 1st order cancelation of systematics
related to condition of instrument and atmosphere

» Disadvantage: Results in subtraction of any large-scale
gamma-ray emission together with the background

— method optimised for sources much smaller than the field of view



Current IACT Instruments

Effect/vé area: “

Field of view: few degrees
Duty cycle: ~1000 hours/year

Background
separation: imperfect

Angular resolution: <1’

Energy resolution: ~15% ' 1% 6’14 m2 (sm ce 20

\ —
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Particle Detector Arrays

= Particle detectors can be scintillators or water tanks

= Detection of the tail of the air shower reaching the ground
— preferably in high locations / higher energy threshold

= Observables: Particle density and time of arrival at each detector position

Very high energy
gamma-ray

Electro-
Magnetic
Cascade

Few ns spread in
particle arrival at
each detector
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Particle Detector Arrays

= Particle detectors can be scintillators or water tanks

= Detection of the tail of the air shower reaching the ground
— preferably in high locations / higher energy threshold

= Observables: Particle density and time of arrival at each detector position

SHOWER - SHOWER

------- - i : /  Time gradient and center
of gravity used for

SN f SRS AN direction

..............

« Energy from total signal

...............

[ e 0\ et ne « Uniformity for gamma/

L Tl B e hadron separation

‘| Arrival times

<
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Hadron Background

= Patchiness of the signal — compactness parameter

= Subtraction of remaining background: Direct

integration from the data collected prior to and after
the source transited in local coordinates (9,9)

y [meter]

S o

H.E. S . S .Q Cherenko

-100

E=29TeV, 0=116"

100 ‘
Gamma Ray

501

=50}

—-100 -50 0 50
X [meter]
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Current Particle Detector Array Instruments

The Yangbajing Cosmic Ray Laboratory

L HAWC Coll :

CSTTRRCN  /
e R T

T e {4(‘%’ .
: SRR e L2

e 18

Duty cycle: 2417

Background
separation: modest

Angular resolution: ~0.5

Energy resolution: ~50%

Antarctica

\]
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Sensitivities

107

10"

-2 8.1)

ExF(>E) (TeV cm
s 3

—

Q
.
a

-
=

-

-

QQQ A Kathrin Egberts . Ground-Based Gamma-Ray Astronomy . Erice . July 2024 31
! Za

Cao et al 2022

= DR AT,
i . Tibet ASy
o

— @
Fermi 10y (1=120,b=45) .°*
e o, ‘", © o

: v, O 2
- oor "-,"oo A ’oo-
l Ll lllllll Ll lllllll Ll lllllll Ll lllllll ‘61' Ll l.l'lﬁ.' Ll l’qu
0

107 10" 1 10 10°
E (TeV)

H.E.S.S. Cherenkov Telescope Array Observatory

%
< |!!illl!!!|
o, LD

%m



Two Techniques for Ground-Based Observations

Particle Detector Arrays Imaging Atm. Cherenkov Telescopes
Angular resolution of ~0.5 deg Angular resolution of =0.1 deg
Wide fields of view Small fields of view
Large duty cycle Larger instantaneous sensitivity

(put into perspective by small FoV
and low duty cycle)

Survey instruments Pointed precision
at somewhat higher L iInstruments with
energies Very strong complementarity! somewhat lower energy

T — T

threshold
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TeV Observations

A rapidly developing field

104

2
[ IIIIIII| I IIIIIII| [ T TTTHI

Number of sources
o
N

-
o

L IIIIIII|

1960

Fermi-4yr - -® Fermi-8yr
» - ‘
Y 2
o=" . O CTA?
=" Fermi-1yr
.- (1FGL)
- -
- - -
®- - ‘.’
. _ - =® |ACTs+HAWC
e EGRET o-"" +LHAASO+ARGO
-
- -
X-rays HE y-rays . HESS-II+MAGIC-II
P - L . +VERITAS
- cosB _# fiEss
4 - L
'O o
. VHE y-rays
I' , id
L4 ” >
.’ ® HEGRA
4 L4
L4 4
® SAS-2 /& Whipple
, . rd
! L d e .
1 1 | L " Whipple | 1 1 1 ] ] L
1980 2000 2020
vear

Galactic Sources

u PWN

B SNR
Binary

M Pulsar

B Massive Star Cluster
Superbubble

H Nova
Unidentified

with a large variety in sources!

Extragalactic Sources

HBL Lac

B FSRQ
Radio-Galaxy (FRI)

B Other AGN

W Starbust Galaxy
GRB

Mathieu de Naurois (2021)
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Two Techniques for Ground-Based Observations

Particle Detector Arrays Imaging Atm. Cherenkov Telescopes
Angular resolution of ~0.5 deg Angular resolution of =0.1 deg
Wide fields of view Small fields of view
Large duty cycle Larger instantaneous sensitivity

(put into perspective by small FoV
and low duty cycle)

Survey instruments Pointed precision
at somewhat higher L iInstruments with
energies Very strong complementarity! somewhat lower energy

T — T

threshold
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Galactic Gamma-Ray Astronomy
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3
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')‘2‘

I antiprotons

=
&

LHC acceleration energy: .

Cosmic-ray accelerators: Jiu e

10-10 l 1

gamma-ray sources Propagating cosmic rays: T ey
diffuse gamma-ray emission

with 230 TeV gamma-rays
probing CRs up to the knee
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The View on our Milky Way
The H.E.S.S. Galactic Plane Survey

~ Planck CO(1-0) map

," HGPS flux > 1 TeV (% Crab)

U AR o WSy o | g i o ¢
. L "
P Ny [

e |

60 40 20 0 340 320 300 280 260
0O 1 3 10 30 100 300
I

HGPS observation time (hours)

5 ) — S S Ty T - N —
 “eovempaning eMee s vagre tm

60 40 20 0 340 320 300 280 260
Galactic Longitude (deg)

H.E.S.S. Collaboration, A&A 2018

Major effort of almost
10 years of pointed
observations

2004 - 2013

2673 hours of high-
quality data

Covered area:
| = 250° to 65°,
Ib| < 3°

Inhomogeneous
exposure

\] 7
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The View on our Milky Way ;
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The View on our Milky Way

= Detection of 78 VHE

p sources along the
5 plane,

;; 25 20 15 T 10 5 N 0 T 355 N 345 - 36

ﬁ R ‘ - - R Not firmly identified

b , = A PeVatron in the
i ; 340 335 330 325 320 315 310 305 300 295 Galactic Center,
g - -

D = And a component of
518 large-scale diffuse
= emission

o 290 285 280 275 270 265 260 255 250

Galactic Longitude (deg)

H.E.S.S. Collaboration, A&A 2018
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Pulsar Wind Nebulae

Powerful winds driven by pulsars
Consisting of electromagnetic energy and highly relativistic particles
Wind interaction with ambient medium gives rise to a complex structure

HESS J1303-631

1 Sl
)
/3018261302

e )
I'd l/\
S
) |
1
i \ >
4 Sy h¥
r ; AN {__; se
L, PSR J1826-133
I I 1
N
\l ,./‘/;- !
> 3 /:‘ .~~‘. >

/ \ )
. e e
"
VY VAN
] {
2 A -
! N
) NG .
7
i 12

Many known X-ray PWN identified as TeV emitters and almost all of the highest
spin-down power radio pulsars have associated TeV emission

Efficient particle accelerators (leptonic emission)
Exist in many sizes, shapes, morphologies, distances to PSR
Many of our unidentified sources may be PWN

\] \
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Supernova Remnants

Shells created by a supernova explosion (E~1 0°1 erg)

Consist of a mixture of supernova ejecta and shocked circumstellar medium
Initial velocities >~10,000 km/s, young SNRs (~500 yr) ~2000-5000 km/s
Site of particle acceleration by 1st order Fermi mechanism
~250 Galactic SNRs identified as extended radio sources (Green’s catalog)

RX J0852.0-46 RX J1713.7-3946 SN1006 HESS J1734-347.

4
/
/
/
/
4
/
7/
I

Morphology

correlation with gas”? — hadronic origin
correlation with radio? — leptonic origin

— angular resolution crucial! oRversiy,
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Going from single sources to source populations

20

15 A

10 A

Y (kpc)
o

_10 .

_15 -

-20

— preference for small fraction of electrons

QQQ c I A O Kathrin Egberts . Ground-Based Gamma-
_ BVl

Only a small and based subsample of sources visible

Requires population synthesis to derive population properties

« all emitting SNRs o
# detectable SNRs s
X Sun ®e
° :‘.o .
o oo... 4 Se
.% ' .
b s.?'sf 2
+ 'ﬂ.ﬁ' r.h.
* ~g.£o.
» ‘:Q% 3 o
° £§ b
< L NN o
‘0 ® oo"o‘e hd
G e
. < e
(] * s, ‘o.’.:w' Lad oc: ®
oo' & 03.0.
[ ] " {
F)
%
-20 -10 0 10 20
X (kpc)

while having decent number of
leptonic-dominated SNRs detected

H.E.S.S\J

Number of sources

103

102 ]

101 ]

100 4

1. Simulation of population

. Determination of detectable

subsample (detection
threshold)

3. Comparison with data

Detectable SNRs

10—1< -

log N -log S

mm= H.E.S.S. firmly identified SNRs ™

Strict upper limit

mmm Stringent upper limit
10-50

example:
variation of the e/p ratio:
102 - 10-5

|
|
i Batzofin et al. 2024

10_'-;L4 10713 10712 101
Flux (cm~2s71)
. Wers;,
see poster by Rowan Batzofin | ©° %
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Do SNRs accelerate cosmic rays up to the knee?

= Besides differentiation of leptonic vs hadronic, need spectral information!

= Most SNRs (and other sources as well) feature cutoffs at few TeV

T 100

[$] .

4 2

> ~

= =
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S

2 -

©

ol:u 10—1] —
1072

= 3

£ 2
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g
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107

gQQ CTA O Kathrin Egberts .
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H.E.S.S.

wevs mommararos RX J1713.7-3946-

—e— H.E.S.S. Data (this work)
Systematic uncertainty

———— Best-fit model 2016

Best-fit model 2007
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Cherenkov Telescope Array Observatory
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Could be timing problem...
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What About Other Experiments?

L]
Markarian 501 Markarian 421

Geminga

Beautiful view on the Northern Hemisphere

\ C AL
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What About Other Experiments?

c) HAWC > 1 TeV
+90° 25

% ............... ,6
3 15 =
+ [0)
";U‘ V]
AL T . T 3 CCE T AR R 150 SO iR R ek » ¢ c

©
U RN O B et P et e e g 8]
._8 Y=

c
- o
(D PR wn

4 F5

.............
.............
et
e,
e

.
.
.

~90°
Galactic Longitude
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What About Other Experiments?

75,000 ly|

NASA/JPL-Caltech/R. Hurt

o <o is

. ent in the Southern hemisphere

| HESS GPS

LHAASO
& HAWC

+MAGIC/VERITAS

/30,000y

150° 210°

180°

© Jim Hinton




HAWC - H.E.S.S. Comparison

In the region of overlap

Galactic latitude (°)

n w T

60 o0 40 30 20 10

Galactic longitude (°)

-3 -1.2 0.59 24 4.2 6 78 9.6 11 13 15
Significance

Completely different pictures of the same sky
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HAWC - H.E.S.S. Comparison

In the region of overlap

Galactic latitude (°)

60 50 40 30 20 10
Galactic longitude (°)

-3 -1.2 0.59 24 4.2 6 78 9.6 11 13 15
Significance

Consequence of the different point spread functions!

QQQ c I A‘O Kathrin Egberts . Ground-Based Gamma-Ray Astronomy . Erice . July 2024 49 S @Iﬁ@
- = s

H.E.s.S\ Jom



Example of a Very Extended Source

HAWC

Geminga and Monogem pulsars ) o o
surrounded by a spatially extended 8 ]
region (~20 pc) emitting multi-TeV ¢
gamma'rays 013 : e e 100 GeV e*
TeV halos as new source class e . A

X offset [pc]

= Diffusion coefficient two orders of o .

Distance from Pulsar [degree] 0 2 4 6 8

i 0 P R N SR SO ,
magnitude lower"
10 A 4 Data ¢ Data

—— BestFitD+1o —— BestFitD+ 10

o
&

= H.E.S.S. results dependent on the
applied background subtraction

o
o

0.2+

o
s
T

Surface Brightness [10712 TeV cm~2 s~1 deg?]
Surface Brightness [10712 TeV cm~2 s~ deg™

technique ay ;
00f ' oy +
4 ' T8
0.0 I j i I
H.E.S.S. % %@ wE o w @ % %%
o s Distance from Pulsar [pc] Distance from Pulsar [pc]
- ¢ Data | —e— FoVv Background .
+ ' —— FoV Background —&— On-Off Background 1 HAWC Collaboration 2017
0.6 1 + 4 On-Off Background 1 —— On-Off Background 2

¥ On-Off Background 2 201

(! Crucial for IACTs: subtraction of

the background of charged cosmic rays!
Di t fomp ulsa (d g) ' 0- s 110 F{Z Ra dZiO(d eg) & 0 \yo.xversjf@"
H. E S. S Collaboration 2023 «
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Example of a Very Extended Source

HAWC

Earth

Geminga and Monogem pulsars
surrounded by a spatially extended
region (~20 pc) emitting multi-TeV ¢
gamma-rays °

-50 L

Y offset [pc]

=100

TeV halos as new source class

= Diffusion coefficient two ~~-'
magnitude low-~"~

g 0
[\dd‘“g Crucial for IACTs: subtraction of

the background of charged cosmic rays!

Wers;,
G 149)

H.E.S.S. Collaboration 2023 .
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Where are the PeVatrons?

Diffuse Emission in the Galactic Centre ridge

g, * TR ' AT AT L ‘g ot le® | st 160.0
————— +00.4 Y
+00.4 8 161.7
- | —~ +00.25%
g +oo.2 g 23.0
% +00.0 % +00.0 .
= -00.2 S
§ % -00.2 Lo
© 0048 3
-00.4 &4 -0.5
-00.6 8 ~ -
010 005 000 355 3590 004 002 000 3598 359.6 3504
Galactic Longitude (deg.) Galactic Longitude (deg.)
H.E.S.S. Collaboration, Nature 2016
30 \
} \
Cosmic-ray density from NN
: . . : 5 N
ratio of gamma-ray luminosity and gas density S N,
S b ST 60 ioca commiaydensty
° AN
K k \jF\+j—\
Cr ~
— Central accelerator located within 10 pc from GC, T
injecting CRs continuously over more than 1000 years R
— ‘ml. |
N T
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Where are the PeVatrons?

10710
= Gamma-ray spectrum up to 50 TeV AN/AE = @ E7
with no (statistically significant) energy s : T
cut-off . (R Ean P NE -
_ o ~ x10 for better %\\ Y
= From transport equation for p injected v | visibility y _4:\\
at GC and fitted to H.E.S.S. data: = s
a pure power-law primary proton ;310“25— T
spectrum with index ~2.4 "~ AN/GE = @ ETexp(-E/Ea)| ol T
m 68% CL with cut-off 2.9 PeV ] |
= 90% CL with cut-off 0.6 PeV e |

.95% CLW|th Cut-OffO4 PeV Lo (IR AW A IR N B

0.600

— Indirect evidence for the first

$
PeVatron! e, @
I cxclusion of a source:
™ Lemiére et al. arXiv:1510.04518
Q H.E.S.S. Collaboration, Nature 2016 SOWVETSy
&
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PeVatrons everywhere!

LHAASO Sky @ >100 TeV

12 sources with
energies between

100 TeV and 1.4 PeV!

5 — consequence of the

LHAASO sensitivity at

E~100 TeV

g

o

o

2 —

[+

0

=

K=

wn
Source name RA(°) dec.(°) Significance above 100 TeV (xo) E, .. (PeV) Fluxat100TeV (CU)
LHAASO JO534+2202 83.55 22.05 17.8 0.88+0.11 1.00(0.14)
LHAASO J1825-1326 276.45 -13.45 16.4 0.42+0.16 3.57(0.52)

o4 LHAASO J1839-0545 279.95 -5.75 77 0.21+£0.05 0.70(0.18)

LHAASO J1843-0338 280.75 -3.65 8.5 0.26 -0.10'0-16 0.73(0.17)
LHAASO J1849-0003 282.35 -0.05 10.4 0.35+0.07 0.74(015)
LHAASO J1908+0621 287.05 6.35 17.2 0.44 +0.05 1.36(0.18)
LHAASO J1929+1745 292.25 1775 74 0.71-0.07016 0.38(0.09)
LHAASO J1956+2845 299.05 28.75 74 0.42+0.03 0.41(0.09)
LHAASO J2018+3651 304.75 36.85 10.4 0.27 +0.02 0.50(0.10)
LHAASO J2032+4102 308.05 41.05 10.5 1.42+0.13 0.54(0.10)
LHAASO J2108+5157 31715 51.95 8.3 0.43+0.05 0.38(0.09)
LHAASO J2226+6057 336.75 60.95 13.6 0.57+0.19 1.05(0.16)

LHAASO J22

)

Galactic latitude (deg)

H.E.S.S\J

26460587

Dec=60 Dec=50

LHAASO J2032+4102

O

LHAASO J2108+5157

Dec=40°
LHAASO J19

O \
0
O O
O

LHAASO J2018+3651

Dec=30
56+2845

LHAASO J1929+1745

70 60
Galactic longitude (deg)

QQQ c I A O Kathrin Egberts . Ground-Based Gamma-Ray Astr
_ BVl

Dec=20°"
LHAASO J19084+0621

LHAASO J1849-0003

50

LHAASO J 6-13»()338

Dec=0

LHAASO J1839,0545

Dec=-10

825-132¢

LHAASO J1¢

Cao et al 2022

Vi AR X

10"
B ARGO-Y
- Tibet ASy
10‘“ 5_ n
P " . '
o _ HAWC
510-'2 = '
> F “
° -
1’1\110-13 - s
B = ... CTA
1074 |
10"°
10° 102 10" 1 10 10°
E (TeV)




Diffuse Emission at TeV energies (IACTs)

= Complicated due to the bright sources everywhere

B 2
7]
-

significantly detected y-ray sources

T12F

&

%10

= Accumulated large-scale signal outside W of
source regions 5o

3 2F

= Affected by background subtraction of
-2k

— measurable only a relative excess

= Signal is mixture of

m hadronic component from n® decay
m inverse Compton component

Flux [cm? g Tey™ ="
N b O o N W

® unresolved gamma-ray sources

QQQ A Kathrin Egberts . Ground-Based Gamma-Ray --2 15 -1 -05 0 05 1 1.5 2
! s\ b [deg]

H.E.S.S\J H.E.S.S. Collaboration, PRD 2014




Diffuse Emission at TeV energies (IACTs)

= Complicated due to the bright sources everywhere
2

~
o
7]

=

significantly detected y-ray sources

Minimum contribution of hadronic emission

with protons only/inclusion of heavier nuclei:

F.(E) = Jdly fdo,_ /dE;-n(l,b,ly) - J(E;) dE,
m Target material n(l,b,l,):

m HI (Leiden-Argentine-Bonn survey)
m H, traced by CO (NANTEN) with
conversion factor X.5 = 2-1020 cm-2 K-1 km s-

= Cosmic-ray spectrum J(E;): measured at Earth

\]
QQQ c I A‘O Kathrin Egberts . Ground-Based Gamma-Ray
H.E.s.SN ot

H.E.S.S. Collaboration, PRD 2014



dJ/dE x E?7 (GeV'” cm2 s sr)

dJ/dE x E*7 (GeV'” cm2 s sr)

xxxxx

?
o
o
o
S

°s
—e

Diffuse Emission
(Particle Detector Arrays)

2

%s
P

)
o

i i
R

= Many recent measurements

Differential Flux at 7 TeV [TeV~1s~1 cm~2sr-1]

[
K4

= Careful in detail comparisons
— different regions, different signal!

Gal. Lat. (deg)

7 TeV diff. flux, 43° < 1 < 73°

(HAWC 2023)
= Large contribution of diffuse emission
] [ 7:— E
to total emission " e— : »
(a) LHAASO-KM2A —o— T sE .
~ i power-law fit ——— ;; 5 '
5 ~&— ; 15°<1<125°, -5°<b<5° S F
T, i =< ~_ o ] p%—’ o=
N XJ. ; =
i *}*\ 3 3
g i s f
7 10" +{L\i§i + E 7
() * 5 1=
e Local CR densities + gas = -
B : >< oF
[ = Teovas” = :
— Sp:z: in:z;:‘enednent CR 2 -1
[ [ Is’zlsar:a'ro n?od;ICR ’_':”a,,: -+-\ % M| i Galactic Latitude(°
e N LHAASO collaboration (2023) PRL 131 151001 z = I, 2015
¥ e \‘ 10'11 1 1 1 1 1 1 11 1 l2 1 1 1 1 1 11 1 3
. 10 10 107 —— HAWC: 43<I<73
E (TeV) : wesss. DRAGON (Total): 43<1<73
. Rz ---- DRAGON (n°-decay): 43<I<73
(a) 25°</<100°, Ibl<5° IE ] B ARGO-YBJ: 40<I<100
10°% il el Ll o . LHAASO-KM2A: 15<i<125
107 10" 1 10 102 10 10* '-I‘
[ e TibetAS+MD Tibet ASy collaboration (2021) ;
|7 ShsAmim PRL 126 141101 S
| pace Independent CR H E
- - - Space Dependent CR h—
ot =
104 . I ! T
E  Empirical models fitted to + % E :
C Fermi LAT at 12 GeV ___—=====< e
- ~ % . B
- { ARGO -YBJ collaboration (2015) &
o0 (O ’ ' | Ap) 806 1 20
(b) 50°</<200°, 1bl<5 ) . .
el e et s N athrin Egberts . Ground-Based Gamma - | HAWC collaboration (2024) Ap) 961 104 s .w,
107 10" 1 Energ1yo(TeV) 10? 10° 10° 10° 10! 102 1
E [TeV] .




TeV sky dominated by sources or diffuse emission?

diff. flux [cm=2s 1sr-1Tev1]
o

o ©c o = ¥
N o

©
o

o N

EN

le—8

Imaging Atm. Cherenkov Telescopes

Small fields of view

Angular resolution of =0.1 deg

Larger instantaneous sensitivity
(put into perspective by small FoV

and low duty cycle)

H.E.S.S.

"y

4 total
¥ L) $ diffuse emission

'
Sy bt "
e ALY Wmﬁ,
i“ﬂ #ﬂmﬂh #++M+*H+++++

-20 -15 -10 -05 00 ©05 10 15 20

lat [deg]

1 TeV diff. flux, -75° <1< 60° (H.E.S.S. 2014)

Particle Detector Arrays

Wide fields of view

Angular resolution of ~0.5 deg

Large duty cycle

:::::

0000000000000000000

........................

////////

7 TeV diff. flux, 43° < | < 73°
(HAWC 2023)
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TeV sky dominated by sources or diffuse emission?

Imaging Atm. Cherenkov Telescopes
Small fields of view

Angular resolution of =0.1 deg

Larger instantaneous sensitivity

(put into perspective by small FoV
and low duty cycle)

le—8 H IEISISI
o L2 } total
2 1.0 s ¢ diffuse emission
= +¢ ' ++
L 0.8 +" b
7 # 4
b 0.6 +# “ﬂ
£ 04 *
S,
5 02 *N”* W# + } ++$
£ 00 W *Wr*ﬁ ¥ #M N#WH*
-20 -15 -1.0 -0.5 0.0 0.5 1.0 15 20
lat [deg]

1 TeV diff. flux, -75° <1< 60° (H.E.S.S. 2014)

Particle Detector Arrays

Wide fields of view

Angular resolution of ~0.5 deg

Large duty cycle

:::::

0000000000000000000

/////////

7 TeV diff. flux, 43° < | < 73°
(HAWC 2023)

Causes double drawback for IACTs:

1. limits the data set and the region to be probed
\J 2. renders background estimation from within FoV challenging
QQQ c _— underestimation of diffuse signal in IACTs 9

nod

\WErg,
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TeV sky dominated by sources or diffuse emission?

Imaging Atm. Cherenkov Telescopes Particle Detector Arrays
Small fields of view Wide fields of view
Angular resolution of =0.1 deg Angular reso!l*- 6 deg
\OW
Larger instantaneous sensitivity QLo 6(\“‘\\0\)\_\0
(put into perspective by small FoV ‘eﬁ\e OO(\
and low duty cycle) 65\) ed

/////////////////

aaaaaaaaaaaaa

) ] 7 TeV diff. flux, 43° < | < 73°
) —75° <1<60° (H.E.S.S.2014) (HAWGC 2023)

Helps not only in resolving structures
but also in the discrimination of y-ray sources

measurable diffuse = truly diffuse + unresolved sources oWersz,

Ve

HQESQS‘: overestimation of diffuse signal in air shower particle detectors m@%@



Outline

0. Introduction \,ec“?‘ﬁ\
. Detection Principles and Instruments—
ll. Ground-Based Galactic \_ectu@

Gamma-Ray Astronomy

lll. Ground-Based Extragalactic W\
Gamma-Ray Astronomy, \_ec’t/&
Non-Gamma Science —_

V. Outlook/Future
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Outline

0. Introduction \_eCNE
. Detection Principles and Instruments™
ll. Ground-Based Galactic \_ec’t\“e/“

Gamma-Ray Astronomy

lll. Ground-Based Extragalactic
Gamma-Ray Astronomy, \_ec'gufe/‘“
Non-Gamma Science @ —

V. Outlook/Future
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Extragalactic Gamma-Ray Astronomy

Distances get larger, angular scales smaller

0.45

—42°56' 00.0"- NN ST £0.40
\~~
L0.35
58’ 00.0” 3
©
030
7]
Q
g £
S | Y —
S -43° 00 00.0” 025 §
= 5 _
$ 2
8 0.20
3 g
@
02 00.0" 2
015 B _
e e
&
1
04’ 00.0"- ~oel 0.10 S
--------- §
" . 0.05 “"'
c
50 significance £
— a
26min 00.00s 4800s  36.00s  24.00s 12.00s 13 h 25 min 00.00 s

RA (J2000)

VLA radio surface brightness
(smoothed and as contours)

22"05™00°22"00™00° 21"55™00° 21"50™00°
Right Ascension (J2000)

Wers;,
G 11;7/'(
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Observable energies are smaller as well

Absorption in extragalactic background light (EBL)

exponential flux decay, depending on gamma energy and EBL opacity (redshift)

We see CR "PeVatrons”™ g«
only in Galactic sources!

(Mpc)

Gamma energiesdonot | N > emitted

reflect maximum energy observed .
reached by the system -

log,, Distance

14 16 18 20 22 2
log,, E (eV)

N :
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Time-Variability!

— — ™ e
® 4 H,E.S.S. =
e F ‘ PKS 2155-304 =
o 35F , =
2 oE ' :
:?g‘z.s? @
2 -
S 'k =
A 15F 7=
1= —
S ., O TV
- ] 1 | 1 e S -

0 40 60 80 100 120
Time - MJD53944.0 [min]

— Possibility to probe size of emission region
— Timing as crucial observable

— Requires large instantaneous sensitivity

N T )
QQQ c A O Kathrin Egberts . Ground-Based Gamma-Ray A
_ BVl

H.E.S.S\J

Emission increases by factor
of 100

12 orders of magnitude
higher energy output than the
Crab nebula

Variability on time scales of

few minutes
10°
—~ 10 1 hour —— E=25GeV
2 — — E=40GeV
£ 10°
N wneee E = 75 GEV
=]
& 10° N
£ 107 .
."g
c 10
&
X 10°
o
310-10
5
S0y 0 eI~
= _
(=)
107 Funk & Hinton, 2013 \\
1013 ||||,u,|] |||||||‘ ||||||,|,|] |||||||| ||||||,|,|| |||1|,u,|] |||||u] ||||||,u] 11 ‘ 1l

10 10 10* 10* 10° 10° 10" 10®* 10° 10"
Time (s)



Sensitivity and Timing

Strong time variability, sometimes on very short scales
(e.g. short GRBs ~few seconds)
and unpredictable

Catching the event on short 0 Short signal
— large instantaneous sensitivity

time scales
— survey instruments Trade off of pointed instruments
IACTs can typically
repoint in < 1 min
if observations are possible
10°
. — E=25GeV
Crucial: ) sy
Coordination with EUE N l B
other instruments for 2 10
triggering of observations 2100
5 10°
310"
§10'11 iy, — e e e e
\ );‘5:10‘2 Funk & Hinton, 2013
QQQ c I A‘O Kathrin Egberts . Ground-Based Gamma-Ray A s uﬂz lmo':d Ly N
H.E.S.S.Q — - 10 107 10* 10* 10° 10° 10" 10° 10° 10"

Time (s)



Challenge for the Extragalactic Sky: Timing

Localisation
precision

100s deg ‘
Gravitational Vaves triggers

Neutrino
few deg? | triggers

SNRs, PWNe

arc sec azEe AGN.1 SupernoVae
| | Starbursts, ...

103s fews 100ss days years

Time scale of phenomenon
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Challenge for the Extragalactic Sky: Timing

Localisation
precision

[H: Ashkar et al.
100s deg; | @\

W)

(A0

tiling observations

based on localisation area and
additional information

(galaxy catalogs)

10-3s fews 100ss days vyears
Time scale of phenomenon

Q \S{Q\Ierkg’][&;‘
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Challenge for the Extragalactic Sky: Timing

INASA]

Gravitational Waves

S Space-based
o =

[Caltech/MIT/LIGO Lab] gamma and
e X-ray
_ s R s s T Telescopes
Radio Telescopes = % % - Gabrie¥Perez Diaz, 1AC}.
[LOFAR] R _
‘ Optical Neutrino

NS Telescopes [lcaGube] Detectors
[Rubin ObSENAHAN/NSF/AURA]

see Poster by Tiffany Collins

— Requires automated systems that filter information with
very short turn-around times and initiates follow-up observations
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Transient Phenomena

Jet collides with

Gamma'Ray BUFS’[SZ ambient medium
. (external shock wave)
some of the most energetic and ol
enigmatic events in the Universe S T e R

(internal shock wave model)
High-energy
gamma rays

Slower -
Faster shell . wx-roys
Visible light
Radio
Black hole |
: low-energy (< 0.1 GeV) to
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Ground-Based GRB Detections

All ground-based gamma-ray instruments
have been hunting GRBs for more than a decade

Then, in 2019...

Article

Teraelectronvolt emission from they-ray
burst GRB190114C

https://doi.org/10.1038/s41586-019-1750-x MAGIC Collaboration*

Received: 10 May 2019

Accepted: 2 September 2019 Long-duration y-ray bursts (GRBs) are the most luminous sources of electromagnetic

Published online: 20 November 2019 radiation known in the Universe. They arise from outflows of plasma with velocities
near the speed of light that are ejected by newly formed neutron stars or black holes
(of stellar mass) at cosmological distances"2 Prompt flashes of megaelectronvolt-
energy y-rays are followed by a longer-lasting afterglow emission in awide range of
energies (from radio waves to gigaelectronvolt y-rays), which originates from
synchrotron radiation generated by energetic electrons in the accompanying shock
waves**, Although emission of y-rays at even higher (teraelectronvolt) energies by
other radiation mechanisms has been theoretically predicted> 3, it has not been
previously detected”®. Here we report observations of teraelectronvolt emission from
the y-ray burst GRB190114C. y-rays were observed in the energy range 0.2-1
teraelectronvolt from about one minute after the burst (at more than 50 standard
deviationsin the first 20 minutes), revealing a distinct emission component of the
afterglow with power comparable to that of the synchrotron component. The
observed similarity in the radiated power and temporal behaviour of the
teraelectronvolt and X-ray bands points to processes such asinverse Compton
upscattering as the mechanism of the teraelectronvolt emission® ™. By contrast,
processes such as synchrotron emission by ultrahigh-energy protons'®22are not
favoured because of their low radiative efficiency. These results are anticipated tobe a
step towards a deeper understanding of the physics of GRBs and relativistic shock
waves.

MAGIC Coll., Nature 2019
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Very high energy particle acceleration deep in the gamma-
ray burst afterglow phase

H. Abdalla', R. Adam?’, F. Aharonian®%° F. Ait Benkhali®, E.O. Angiiner'’, M. Arakawa®®,
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H.E.S.S. Coll., Nature 2019




Two Completely Different Cases

GRB190114C (MAGIC)

= Observations after 50 seconds

= >300 GeV
(zenith of 60deg & partial moon)

= >20 sigma in first 20 min of
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— Probing GRBs as extreme accelerators over a diverse range of timescales

becomes possible!
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Two Completely Different Cases

GRB190114C (MAGIC) GRB180720B (H.E.S.S.)
= Observations after 50 seconds = Observations after 10 hours
= >300 GeV = 100 - 440 GeV
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— Probing GRBs as extreme accelerators over a diverse range of timescales
becomes possible!
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GRB 221009A - The Brightest Of All Times

= LHAASO detection >10 TeV

= ~3000 s after the trigger, >64,000

photons with energies between
~200 GeV and ~7 TeV

= EBL absorption by >2 orders of

magnitude
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Energy flux [ erg cm?s™]

Spectral Index

GRB 221009A - The Brightest Of All Times

= LHAASO detection >10 TeV

= ~3000 s after the trigger, >64,000
photons with energies between
~200 GeV and ~7 TeV

= EBL absorption by >2 orders of
magnitude
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Time since T*[ s

1 10

energy (VHE; >100 GeV) emission, the High Energy Stereoscopic System (H.E.S.S.) began
i observations 53 hr after the triggering event, when the brightness of the moonlight no longer

precluded observations. We derive differential and integral upper limits using H.E.S.S. data from
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see Lecture by Francis Halzen

A high-energy astrophysical neutrino
in conjunction with a flaring blazar

4.1 o (3 o after trials) correlation
"
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(& first extragalactic source of
cosmic rays)
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The Case of TXS 0506+056

neutrino event
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The Case of TXS 0506+056
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The Era of Gravitational Wave Astronomy Patr; -SCtup, by
The Case of GW 170817 ¢

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp). 2017 October 20

© 2017. The American Astronomical Society. All rights reserved.

OPEN ACCESS

CrossMark

Multi-messenger Observations of a Binary Neutron Star Merger”
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Non-Gamma Science

Use the TeV instruments for other types of measurements

Example: cosmic-ray electrons

Due to their isotropy, very good separation
power between hadrons and electrons required

Flux x E® [GeV> m2 s sr]

= Can expand the measurable spectrum
significantly beyond satellite capabilities
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H.E.S.S. Coll., submitted to PRL

= Also other cosmic-ray measurements (e.g. proton, iron)

= Measurements of EBL in blazar absorption

= Stellar interferometry...
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IV. Outlook

New experiments are around the corner: planning or construction phase
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The next generation: CTAO & SWGO

IACTs
H.E.S.S., MAGIC, VERITAS — CTAO
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The next generation: CTAO & SWGO

PDAs
HAWC — SWGO
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CTAO: the Key-Science-Project Surveys
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CTA Galactic Plane Survey: Performance Study
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CTA Galactic Plane Survey: Performance Study

log,o(Nexcess)
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Large-Scale Diffuse Emission in the CTAO Era

Energy range: 1-200 TeV

10—10 ]

=
o
|

[un

[

F1-200Tev [cM™2 s71]
=
o
L
N

10—13-

&\

_ background

signal

/— Hadronic background
—— IEM-varmin

—— |EM-varmin rescaled
—— |EM-base
Sources: TS>25
Sources: TS<25
—— Unresolved sources

150 100 50 0 —50
Longitude [deg]

Possibility to significantly detect large-scale diffuse \ differential log N - log S

emission

Background estimation facilitated by larger fields of
view

Contribution of unresolved sources can be
estimated by deriving population properties

# Sources

] ++- o 0
\ tf:.ot***"'i#”i
””” t ™ ++¥J°r+$
gt
N
100 4 ‘ r Y
e GPS, all
GPS, detected “
-+ Model, all
10—1_
-+ Model, detected
10-18 10'—16 10'—14 10'—12 10'—10

F1-200Tev [cm™2571]

QQQ c I A‘O Kathrin Egberts . Ground-Based Gamma-Ray Astronomy . Erice . July 2024 88 S Eﬁ@
- = s

H.E.S.S\J



Conclusion

= Gamma-rays at VHE and UHE are a crucial probe to study cosmic-ray
accelerators to highest energies

= Current generation of ground-based detectors have shown that there is an
incredible diverseness and richness in the gamma-ray sky

= Discovery space at the sensitivity limit, new detections, population studies, in-
depth understanding of our Milky Way - with the tenfold sensitivity of next-
generation instruments in reach

= Coverage of both hemispheres guarantees extragalactic as well as Galactic
science to be ideally explored

= Strong complementarity between particle detector arrays and imaging
atmospheric Cherenkov telescopes
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©Vikas Chander

Thank you!
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