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(Credit:X-ray: NASA/C
Rutgers/G.Cassam-Cher
J.Hughes et al.; Radio: }
AUI/NSF/GBT/VLA/D;
Maddalena & Cornwell;
Middlebury College/F.W
NOAO/AURA/NSF/CT
Schmidt & DSS)

Tera-Elektronvolt
Gamma Rays

A young branch
of astronomy:
first sources
discovered

In 1989
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Cosmic
partlcle accelerators

“Beam” of

/‘ - cosmic pEUm

Gamma rays




Cosmic
partlcle accelerators:
The sun .
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- Supernovae as cosmic accelerators
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= Plausible mechanism - energy of
collective motion concentrated
onto few particles

Provides appropriate energy input
to sustain CR flux (if acceleration
efficiency ~10%)

(Roughly) explains CR spectrum




VemdtyQ like playing tennis with
a truck

Velocity v+2U

Velocity v




SEEING COSMIC ACCELERATORS

=» Image accelerators with gamma rays

Spectra
and flux reflect
those of acc. particles

p + nucleus 2 w +X
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How-do,cosmic particle
accelerators work?

Do do-particles. propagate?

Do do particles:influence their
cosmic environment?




Gamma rays trace annihilating /
decaying relics =» Dark Matter

Gamma rays propagate over
10°+ years =» {1V, Axions, 4.




'Detectlng very hlgh energy
gamma rays: =
Cherenkov telescopes







Cherenkov Image

Ch'erenkov “light pool”
on the ground:
area ~10°> m?




Cherenkov Image Gamma ray sky map
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SENSORS AND READOUT

O(1000) PMTs
Custom ASICS

save event

=>» J.F. Glicenstein 3 ns pixel

coincidence
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FOUR EYES
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2000

Start of H.E.S.S.
Construction

Gl

2005

The First Images
of the Milky Way

.

2002 2004 2004
Inauguration of the First Images Inauguration of the
First Telescope of a Supernova Four-Telescope

Remnant H.E.S.S. | System

=
2006 2009 2010
Descartes Prize H.E.S.S. Listed Among Rossi Prize
of the European the Top 10 Observatories of the American
Commisson Worldwide Astronomical Society

. 43 Lot B, Lol T8



KEY DESIGN CHOICES OF H.E.S.S

4-telescope stereoscopy

telescope size £ “sweet spot” in energy
large 5-degree field of view, uniform pixel size
small 0.17° pixels 2 30 m @ 10 km

Southern location

U O 0 0 0O O

“simple” telescopes



d High sensitivity
3 orders of magnitude dynamic range in flux, down to 0.01 “Crab”
d Wide spectral range
>2 orders of magnitude coverage in energy, up to 10s of TeV
10-15% energy resolution
O Resolved source morphology
~5" angular resolution
10-20" source localization
d Survey capability
H.E.S.S. Galactic Plane Survey:
better than 2% Crab sensitivity
d Well-resolved light curves
Minute-scale variability of AGN



VHE GAMMA RAY
SOURCE DISCOVERIES




R at TeV energies -

10 years later
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10 years later

=
HETES

ic par

Each object is a cosm

accelerator...




ticle

o o
(O R
Q

Each object is a cosm

accelerator...

10 years later

e
Nhis
§

T
\




DO SUPERNOVA REI\/INANTS ACCELERATE
PARTICLES? ' -

SN 1006

H.E.S.S.
arXiv:1004.2124

TeV-gamma rays




DO SUPERNOVA REMNANTS ACCELERATE
PARTICLES?

H.E.S.S. REMNANT RX J1713.7-3946

astro-ph/0611813 IN TEV GAMMA RAYS




tevcat.uchicago.edu/

-
@upernovae
ulsar wind neb.

® Stellar clusters,..
® Binary systems
_30.0’ Unidentified

® Starburst-Gal.
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. Pulsar or BH
" in binary system

Multi-color TeV gamma ray image
“blue” =» hard-spectrum source
“red” =» soft-spectrum source




Large Magellanic Cloud

(© H.E.S.S. Collaboration, optical: SkyView, A. Mellinger)

Science 347 (2015) 406

..
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optical (B band): G: Bothin) * .
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Large Magell

(© H.E.S.S. Collaboration, optical: SkyView, A. Mellinger)

Science 347 (2015) 406
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“Steady” synchrotron
and Inverse Compton
radiation from

pulsar wind nebula
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Excess Counts/(Bin Width/0.00

PULSED GAMMA-RAYS FROM THE

CRAB NEBULA TO BEYOND 100 GEV
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VERITAS &
MAGIC

Aleksic et al.
arXiv:1042.4219



i Beyohd OU P

| Galaxy: -
| mostly AGN

(c) F. Acero & H. Gast




Blazar, looking

TeV tlux into the jet
——

l T 1 Ll l

Aharonian et al.
arXiv:0706.0797
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galaxy, jets
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variability ——

1 | l 1 | I |
3.95 56244 56244.05 56244.1

Time [MJD]

5 Crab

1 Crab




through mtergalactlc
~photon fields,
magnetlc flelds
space tlme




PHOTON PROPAGATION: OPTICAL DEPTH

e+
)ZIR/Optical EBL
\ e’ i -~
: H.E.S.S. |

Extragalactic background h: arXiv:1212.3409 _
light (EBL) measures integrated o8] arXivi1211.1671 .
star formation history i
in the Universe 2 o8 ) 0.03 ;
Direct measurement difficult g ool -
because of foregrounds
State-of-the-art star "2l ;
formation models describe ol =
data within ~30% error T T T T

Energy [TeV]



Plasma waves excited by
gamma pair conversion heat
extragalactic gas:

1K= 10°K@z=2
Slows down structure formation

Broderick, Chang, Pfrommer
arXiv 1106.5494,1106.5504,1106.5505

Image: V. Springel




PHOTON PROPAGATION:

»

10

source

Sanchez-Conde et al.,
arXiv:0905.3270

Horns & Meyer
arXiv:1201.471

M. Meyer et al.
arXiv:1302.1208

08| !Y—}!Y
VWA 06
*— 102 16" 1
a Energy [TeV]
EBL T
e \eor]
B IGMF

AXxion conversion ?7?

= Increased transparency of Universe
= Modulation of spectra

In neV Axion mass range comparable to
or better than dedicated experiments

e.g. H.E.S.S. arXiv:1311.3148



PHOTON PROPAGATION: LI VIOLATION

Velocity dispersion across TeV energy range
less than ~20 s for ~10° y travel = 10-1>

=» LIV mass scale > 2:1018 GeV (~E), 6:1010 GeV (~E?)

HESS, arXiv:1101.3650
arXiv:0810.3475



= . Galactic Center

~mysteries

(c) F. Acero & H. Gast




Source consistent with BH
within 13" error

0.600

]

359,500

5 sigma
contours

300 pc






Complex, structured VHE source Dark matter halo emission?
Gas clouds illuminated by Pevatron? Launch of Fermi bubbles?

4
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40:00.0

5 sigma contours




Gamma rays trace violent cosmic events

Gamma ray sources = cosmic particle accelerators, are
ubiquitous in the Cosmos

In the last decade, 10-fold increase in number of GeV,
TeV sources

Instruments now produce sky maps, resolve complex
sources and follow light curves

Variety of acceleration mechanisms, often related to life
cycle of massive stars (wind, SN explosion, pulsar / BH)

Qualitative understanding of (some) mechanisms, but
many issues open (are SNR the dominant source of CR?)

Now also at the verge of addressing fundamental issues in
cosmology, DM, axion searches, Lorentz inv. violation






cta

cherenkov telescope array

REQUIREMENTS & DRIVERS

Sensitivity &
Collection Area

Energy x10 — all topics

Resolution Field of View

=8° — surveys,
extended objects

=10% — lines,
features

Angular
Resolution

Few arcminute —
morphology

Rapid Slewing

20 seconds —
transients

C a Energies up to

Energies down
cherenkov telescope array 300 TeV

to 20 GeV

— Cosmology++

—> Pevatrons



CTA SCIENCE

In-depth understanding
of known objects and
thelr mechanisms

Expected discoveries
of new object classes

The fun part:

Things we haven’t thought of




