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Very high energy gamma ray astronomy

e Gamma-rays :

- Cosmic photons with energy E > 10°eV

- Very high energies : E > 100 GeV
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Very high energy gamma ray astronomy

e Gamma-rays :

- Production by ultra-relativistic charged particles

 Leptons:

- vy : Inverse Compton on radiation
fields (or BremsstrahlungQ)

- radio - X : Synchrotron of
accelerated electrons

Hadrons :

-y : heutral pions decay, from

inferaction with surrounding
matter

- radio - X : Synchrotron from
secondary electrons
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Very high energy gamma ray astronomy

« Gamma-rays :

- Production by ultra-relativistic charged particles

e Leptons:

- vy : Inverse Compton on radiation

fields (or Bremsstrahlung)

- radio - X : Synchrotron of
accelerated electrons

Hadrons :

-y : neufral pions decay, from

inferaction with surrounding
matter

- radio - X : Synchrotron from
secondary electrons

Spectra and flux reflect
those of accelerated
particles




Very high energy gamma ray astronomy

« Study of charged parficle acceleration in astrophysical sources

« Search for the sources of cosmic rays

Spectre du
rayonnement cosmique

({1 particule par m? et par seconde)

o ~00% protons

e Deviation by magnetic fields :
= Impossible to identify the
sources
= Production of neutral tracers :
high & very high energy |
photons ! N,
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Very high energy gamma ray astronomy

Study of charged particle acceleration in astrophysical sources

Search for the sources of cosmic rays

Study the processes at play in AGNs or binary systems
study extragalactic background light

Search for dark matter, LIV, axions...



Very high energy gamma ray astronomy

« Detection

< 100 GeV : detection from satellite (Fermi)
> 100 GeV : detection from ground (H.E.S.S.) :
2> Imaging atmospheric Cherenkov technique




The imaging atmospheric Cherenkov fechnique

y inferacts in the atmosphere

Development of a particle shower

Emission of a brief (~ few ns) and weak
flash of Cherenkov light

Image of the shower with cameras at
the focal plane of felescopes :
stereoscopy




The imaging atmospheric Cherenkov fechnique

* The technigue works best with :
- Large mirrors
- Fast and finely pixelated cameras

- Stereoscopy

H.E.S.S. combines these advantages, inherited from the previous
generations of instruments




The imaging atmospheric Cherenkov technique

First detection of a TeV gamma-ray
source (1989) : The Crab nebula
5o detection in 50h




The imaging atmospheric Cherenkov technique

First detection of a TeV gamma-ray
source (1989) : The Crab nebula
5o detection in 50h

Sensitivity : 1% of the Crab nebula
flux in 25h




H.E.S.S. : 10 years of operation

tevcat.uchicago.edu

— all experiments

. 140r — HES.s.
~ 10 000 hours of observations
- ~80% Galactic / 50% extragalactic 5 100
- 6x10? events > 0!

~ Q0 new sources

40

- ~ 60 Galactic / ~ 30 extragalactic

20 -

0

2000 2002 2004 2006 2008 2010 2012 2014

ear
All: Whipple, Crimea, Telescope Arréy, Durham, MAGIC, VERITAS, H.E.S.S.

w 1990 4 = 2000
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The H.E.S.S. array

« High Energy Stereoscopic System

4 telescopes of 107 m2

Cameras with 960 PMTs

Field of view : 5°

100 GeV - 50 TeV (resolution ~ 10%)

Angular resolution < 0.1°

11



The H.E.S.S. array

* High Energy Stereoscopic System

4 telescopes of 107 m?2

Cameras with 960 PMTs

Field of view : &5°

100 GeV - 50 TeV (resolution ~ 10%)

Angular resolution < 0.1°

« Real » astronomy in d new energy band

- A sensitive instrument (1 % « Crab ») ...
... On more than 2 orders of magnitude in energy
- Morphology sfudies

- Survey capabilities

- Detailed light-curves

11



The H.E.S.S. array

« High Energy Stereoscopic System

- 4 telescopes of 107 m?2

- Cameras with 960 PMTs

- Field of view : &5°

- 100 GeV - 50 TeV (resolution ~ 10%)

- Angular resolution < 0.1°

MPI Kernphysik, Heidelberg, Humboldt Univ. zu Berlin, Ruhr-Univ. Bochum, Univ. Erflangen-Nurnberg, Univ. Hamburg, LSW Heidelberg,
Univ. Potsdam, Univ. Tubingen, DESY,

Ecole Polytechnique, Palaiseau, APC Paris, Univ. Paris VI-VII Paris, Univ. Bordeaux, Observatory, Meudon, LAPP Annecy, LUPM
Montpellier, CEA Saclay, . . i
38 institutes from 13 countries
Durham Univ., Univ. Leceister, Dublin Inst. for Adv. Studies,

Polish Academy of Sciences, Warsaw Jagiellonian Univ., Cracow Charles Univ., Prague, Yerewan Physics Inst.

Univ. Adelaide, North-West Univ. Potchefstroom, Univ. of Namibia, Windhoek
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The H.E.S.S. array
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Instruments currently in operation




A southern hemisphere

observatory

TeVCat




A soufthern hemisphere observatory




The Galactic Plane Survey



The Galactic plane survey

 Goal : Map the inner regions of the Galaxy to discover new TeV
sources

 First survey (2004) :
- ~ 230 hours of observation
- -30° to +30° in longitude

- -3°to +3° in latitude

“— Optimal H.E.S.S. visibility
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The Galactic plane survey

 Goal : Map the inner regions of the Galaxy to discover new TeV
sources

HESS Collaboration (2005)

 First survey (2004) :
- ~ 230 hours of observation
- -30° to +30° in longitude

- -3°1o +3°in Iatitude
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The Galactic plane survey

 Goal : Map the inner regions of the Galaxy to discover new TeV
sources

 Since 2004 :

- ~ 2800 hours of observation
- -120° to +80° in longitude

- -5°to +5°in latitude

- Optimal H.E.S.S. visibility
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The Galactic plane survey
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The Galactic plane survey

More than 60 new sources detected at very
high energies with H.E.S.S.
- Large variety of source types : supernova
remnants, pulsar wind nebulae, binaries...

Other _.

Unidentified

PWN

Binary

Massive Stellar Cluster

SNR Shell

SNR MC
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The Galactic plane survey

 More than 60 new sources detected at very
high energies with H.E.S.S.
- Large variety of source types : supernova
remnants, pulsar wind nebulae, binaries...

e ] Other _.
HESS J1420.607 A B”ﬂlar’},‘Ir

Vela pulsar

Massive Stellar Cluster

SNR Shell

sssssssssssss

SNR MC
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The Galactic plane survey

More than 60 new sources detected af very
high energies with H.E.S.S.
- Large variety of source types : supernova
remnants, pulsar wind nebulae, binaries...

Other _.

Unidentified

PWN

Binary

Massive Stellar Cluster

SNR Shell\

SNR MC
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Supernova remnants

« Good candidates as sources of Galactic cosmic SN1006 el <

g = e ! A 1 ; o
= —'.Jf » ) ®,.
e 2
G ; -
¥

rays (< 105 eV)

- Remnants of massive stars explosions
(E~ 10%erQ)

- Shockwave (shell) : stochastic acceleration of
charged particles (Fermi mechanism)

Radio (red) +X (blue) + Optical (yellow)
Credits : NASA/ESA/Zolt Levay (StScl)

y rays detected -> charged particles

i A
accelerafion CeV TeV/
Nature of these particles : leptons or Ll Neutral pions
hadrons ? 2 decay
Z Tl'o—)yy
O
« Expected spectrain y rays are o
different B Ryse
Compton

Models/observations comparison to
(try o) discriminate

INCE)
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Supernova remnants

e Good candidates as sources of Galactic cosmic

rays (< 105 eV)

- Remnants of massive stars explosions

(E~ 10%erQ)

-  Shockwave (sheld) : stochastic acceleration of

charged particles (Fermi mechanism)

y rays detected -> charged particles
acceleration

Nature of these particles : leptons or
hadrons ?

« Expected spectrain y rays are
different

Models/observations comparison to
(try o) discriminate

E2 dN/dE

= —'.Jf . 3 ).
o :
7 ; -
s

Radio (red) +X (blue) + Optical (yellow)
Credits : NASA/ESA/Zolt Levay (StScl)

TeV |

[ GeV

Neutral pions
decay

T-yy

Inverse
Compton

Multi-wavelengths observations
particularly useful to constrain the
emission processes
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Supernova remnants at high energies

« Young » remnants : 1st shells resolved at TeV with H.E.S.S.

- RXJ 1713-3946, Vela Jr, RCW 86, SN 1006, RXJ 1/731-347
- Particles accelerated at more than 100 TeV in the shell

- Nature of the particles not clear

RX J1713.7-3046 W* 3 RX J0852.0-4622 !“’
g
70 35

N

H.ES.S.
RXJ1731-346

\
I
’
’

0.8

Declination (J2000)

0.6

0.4

0.2

0

= ¥ B S ¥ 3 i

-0.2

-0.4

14"40" 15h04m 15h02m
Right Ascension (J2000) RA (hours) 17h34m 17h30m

Right ascension



Supernova remnants at high energies

« QOlder remnants, interacting with molecular clouds

- Molecular cloud

> overdensity in the interstellar medium
> farget material for the hadronic processes

Bringing to light the hadronic
processes

P
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Supernova remnants at high energies

« QOlder remnants, interacting with molecular clouds

- Molecular cloud

2> overdensity in the interstellar medium
> farget material for the hadronic processes

Bringing to light the hadronic
processes

- Severdl objects detected in GeV and TeV
« W28, CTB 37A, W51C, G359.1-0.5, IC 443, WA9B (F. Brun ef al., 2011)

o . Preliminary

Right ascension
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Supernova remnants at high energies

W44

A B
i IC 443 i
1070 1075 =
o = ._." _ =
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o 2
8 10 3 10
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2 B o B
2 | s |
o = = Eegqi{l'lx%ke" power law o T B e Best-fit broken power law
- o VEAITAS 50 B8 ®  Fermi-LAT
10712 |— 5 MAGIC (2! 1012 — * AGILE (19)
s *  AGILE (31) = n’-decay
= | seseeeee ﬁré‘jrﬁggi’ramg C ------. Bremsstrahlung ]
= —— . — Bremsstrahlung with Break L Bremsstrahlung with Break
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Abdo et al., 2013

GeV detection with Fermi :
Spectral shape -> characteristic
signature of pion decay !
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Supernova remnants at high energies

A B
- IC 443 - w44
1070 i 1010
v | PR
ol L £ o L
E =
(] = | S L
o ()]
o 101 3 101
L - L =
=2 B B =
s | g |
o O Fes -l broken power law o - ~------ Best-fit broken power law
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o | M N
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108 10° 10'° 10" 10'2 10° 10° 1010 oM 1012
Abdo et al., 2013 Energy (eV) Energy (eV)

GeV detection with Fermi
Spectral shape -> characteristic
signature of pion decay !

WA49B spectrum : similar feature

Currently working on the H.E.S.S.+Fermi
publication
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E® dN/dE (erg cm®s™)

Abdo et al., 2013
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Supernova remnants at high energies

Sp

GeV detection with Fermi :

ectral shape -> characteristic
signature of pion decay !

W

49B spectrum : similar feature

Currently working on the H.E.S.S.+Fermi
publication

A B
- IC 443 - w44
— 10710 =
= 101 =
I es —i| L$ EN PpOWer [aw - ------- Best-fit broken power law
i |fAS 3 [ ] Fermi-LAT .

. VAGIC (28 1012 % AGILE (19
= ﬂGcliLE (317) = n-decay b
- 3 = g:érﬁgg?rahlung 2 ERia i Bremsstrahlung .
= —— . — Bremsstrahlung with Break E — Bremsstrahlung with Break 5

LiLl 1 L L1Lll L L lJlm lIth] I NN I 1 iJiJUI L IlIlIJI 1 A IlIIIII 1 s Illl

10° 10° 101 10™ 1012 108 10° 1010 oM 1012
Energy (eV) Energy (eV)

22



Supernova remnants at high energies

A B
i IC 443 i oo w44
1 W= 1070 -
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* SNRs are sources of cosmic rays !

« Are they the (dominant) sources
of cosmic rays ?
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Supernova remnants at high energies

A B
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* SNRs are sources of cosmic rays !

« Are they the (dominant) sources
of cosmic rays ?

—» Population studies
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The Galactic plane survey

Population studies on-going in the
collaboration are based on the latest Galactic
plane survey maps

Since the first H.E.S.S. Galactic plane survey publication (2005) :
« x10 observation time

» x5 observation area

New publication in preparatfion (corresponding author) :

* Maps and sources catalog will be available outfside of
H.E.S.S.!




The Galactic plane survey : latest version

« Maps:

- New tools for the background substraction

> Adaptive ring background method
> Aufomated alogorithm to find exclusion regions

 Available soon:

- Significance, sensitivity, flux (+errors) and upper limits maps

Thamm maox: TkaE mnnkx Brek RMhox ThEoE ek

N
i~



The Galactic plane survey : latest version

So sensitivity for point-like

sources.

Units : % Crab flux > 1 TeV

b (deg)

b (deg)
L«'»I'\:'_oi_.wm.n

ALVl orvwa

b (deg)

AUVt~ wLA

3
4

2

70 60 50 40 30

290 280 270 260 250
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The Galactic plane survey : latest version

So sensitivity for point-like
sources.

Units :

% Crab flux > 1 TeV

Latitude = -0.3°

IIII‘IIII‘IIII‘IIIIIIIII [TTTTTTTTTIIT]

o Ty

Sensitivity at 2 % Crab or
petter !



The Galactic plane survey : latest version

« Maps:

- New tools for the background substraction

> Adaptive ring background method
> Aufomated alogorithm to find exclusion regions

 Catalog:

- Uniform analysis of all the Galactic plane sources

- Maximum likelihood fit of the photons mayps, taking exposure,

PSF and background model into account

- Spectral analysis of the obtained sources

26



The Galactic plane survey : complementary
studies

 Maps : basis for complementary studies

* Populations studies on-going in H.E.S.S.

- Supernovo remnants Fernandez et al., 2013 (ICRC)

- Pulsar wind nebula Klepser et al., 2013 (ICRC)
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The Galactic plane survey : complementary
studies

 Maps : basis for complementary studies

* Populations studies on-going in H.E.S.S.

- Supernova remnants Fernandez et al., 2013 (ICRC)

- Pulsar wind nebula Klepser et al., 2013 (ICRC)
« Study of diffuse emission in the Galactic plane

- Detected at the Galactic center

Galactic center

G 0.9+0.1
Excess map O °
G0.9+0.1
SINIR

'
.
3EG J1744-3011 °,

1

HESS Collaboration, 2007
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The Galactic plane survey : complementary
studies

 Maps : basis for complementary studies

* Populations studies on-going in H.E.S.S.

- Supernovo remnants Fernandez et al., 2013 (ICRC)

- Pulsar wind nebula Klepser et al., 2013 (ICRC)
« Study of diffuse emission in the Galactic plane

- Detected at the Galactic center

Contours (CS) =
matter density
TeV map after
sources
substraction Cosmic ray

inferacting with
molecular material

HESS Collaboration, 2007 27



The Galactic plane survey : complementary
studies

-40

Total flux outside sources
regions versus Galactic
lafifude :

Flux [cm? s TeV " sr]

N N - T U 7 N T Y

~ 75% = Unresolved sources

HESS Collaboration, published in December 2014
27



The Galactic plane survey : complementary
studies

Horizons for 10% and 1% of the Crab luminosity

|

Galactic

Galactic Y (kpc)

_10 -
.Crab nebula

-10 -5 0 5 10
Galactic X (kpc)

S. Carrigan, F. Brun et al., 2013 (ICRC)



The Galactic plane survey : complementary
studies
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The Galactic plane survey : complementary
studies
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The Galactic plane survey : complementary
studies
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The Galactic plane survey : complementary
studies

\ ]

Galactic her @
\

“ V

\
oo.
\ Vr
RX J17 &7 46
Sun

.Crab nebula
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The exftragalactic sky



Beyond the Milky way

« Cosmic accelerators in the Large Magellanic Cloud

- Galaxie of the local group (d = 50 kpc)

Large Mageﬂanic/cloud

N
N
N
AN

Science 347 (2015) 406 (contribution : internal review of the analysis)
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Beyond the Milky way

« Cosmic accelerators in the Large Magellanic Cloud

- Galaxie of the local group (d = 50 kpc)

30 Dor C
| | SN 1987A
’/— 3 " :";.' ° 'A.o '; " 8
i i\ :

///
o
Large Magcﬂanic/cloud

N
N
N
N
AN

Science 347 (2015) 406 (contribution : infernal review of the analysis)
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The extragalactic sky with H.E.S.S.

e ~ 50 % observation time

« ~ 30 sources

- Mainly active galactic nuclei
- Starburst galaxy

- Measurement of extragalactic background light, LIV, oxtions

evcat.uchicago.edu

— all experiments
— H.E.5.5.

# of extragalactic TeV sources

2000 2002 2004 2006 2008 2010 2012 2014
year
All: Whipple, Crimea, Telescope Array, Durham, MAGIC, VERITAS, H.E.S.S.

M87 (Hubble)
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The extragalactic sky with H.E.S.S.

 Active Galactic Nuclei (z < 0.5)

- Supermassive black hole, jets

- Blazar : observer looking info the jet

32



The extragalactic sky with H.E.S.S.

 Active Galactic Nuclei (z < 0.5)

« Particularly variable objects

PKS 2155-304

L
W O s

N
3]

Flux (>200 GeV) 10° cm™?s’!
;n N
IIIIIII|IIII|IIII|IIII||I|I|IIII|IIII|II1

—

o
o

1 ] 1 1 | 1 1 1 1 1 1 1 I 1
0 40 60 80 100 120
Collaboration HESS (2007) Time (Mmin)



The extragalactic sky with H.E.S.S.

I
—
o

Log vF, [erg cm™2 s7!]
|

I
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Ay}
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| Energy oufput per decade

spectrum
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Analysis methods o search for transient/variable
sources

 Development of analysis methods based on the time intervals
pbetween individual events (F. Brun, PhD fthesis)

- Source detection and characterization
- Production of variability maps : allowing for blind searches

Declmatl_nn
(J2000) &3

-30°

-32°

22"10™p0"22"05™00° 22"00™00°21"55™00°21"50™ 00"
Right Ascension (J2000)
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Analysis methods o search for transient/variable
sources

 Development of analysis methods based on the time intervals
pbetween individual events (F. Brun, PhD fthesis)

« On-going analysis for the whole H.E.S.S. daftaset

|dentification of a flare in the active galactic nucleus
PG 1563+113
Collaborations HESS+Fermi, published in

December 2014 (corresponding author)

Developpement of new methods 10 :

e Estimate the redshift of the source
« Constrain a potential Lorentz
invariance violation

EZIN/JE [ erg cm? s1]

10

1077 -
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H.E.S.S. . High Energy Stereoscopic System

An array of telescopes for very-high energy gamma ray astronomy

Mont Khomas, Namibia « H.ESS. |:4telescopes - 2004

« H.E.S.S. II': 5 telescopes - 2012

35



The H.E.S.S. array

* High Energy Stereoscopic System

- 4 telescopes of 107 m?2

- Cameras with 960 PMTs

- Field of view : &5°

- 100 GeV - 50 TeV (resolution ~ 10%)

- Angular resolution < 0.1°

« H.E.S.S. Il : additionnal 5th
telescope at the center

- 28 m in diameter, 600 mz2

- Energy threshold lowered
to ~ 50 GeV

- Improved sensitivity and
angular resolution

36
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H.E.S.S. Il : Central trigger

« Cameras trigger independently
» Decision to record (or not) the event taken by the
Central trigger (if temporal coincidence)
« Send the readout signal to the cameras

SN

Responsible for the system from December 2011 to June 2014




H.E.S.S. Il : Central trigger

« Tests, implementation and on-site installation for H.E.S.S. |I

 Hardware upgrade

New electronic boards / firmware modifications

> Coordination of MPIK's electronicians

Opfical Fibers

converter boards
Monitoring

boards
Delay boards

Scaler board

Cenftral Trigger
board

+ possibility to tfake data no matter the location of the camera
(dish/shelter)
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H.E.S.S. Il : Central trigger

« Tests, implementation and on-site installation for H.E.S.S. |I

 Hardware upgrade

New electronic boards / firmware modifications

2> Coordination of MPIK's electronicians

e Soffware upgrade

Management of the new pieces of hardware

Communication and data streams from/to the centfral data acquisition
software

New capabilifies :

» Different event types : Mono, Hybride, HESS |
OpO €0 © __0©

( )
\ N Y /
@

» Possibility o split HESS Il and HESS | observations (subarrays)

Documentation

39



H.E.S.S. Il : Camera

A better camera (IN2P3)

- 100 times smaller dead time (compared to H.E.S.S. |)
- 2048 pixels instead of 960
- ~2kHz (H.E.S.S. | ~ 500 Hz)

- Smaller field of view... but better sampled

w

40



H.E.S.S. Il : Camera

Crédits : V. Marandon, R. Marx 40



H.E.S.S. Il : Camera

40

Crédits : V. Marandon, R. Marx



H.E.S.S. |l

Event seen by the 5 telescopes in coincidence

First « hybrid » array of Cherenkov telescopes !

41



H.E.S.S. |l

Event seen by the 5 telescopes in coincidence

First « hybrid » array of Cherenkov telescopes !

Upgrade of the H.E.S.S. | cameras planned in 2015

41



Science with H.E.S.S. i

Lower energy threshold :
- Pulsars (MAGIC & VERITAS detection of the pulsed emission of the Crab)
- Supernova remnants

- Dark matter ?
- AGN less absorbed by EBL

> More objects
- Part of the energy range common with Fermi

Faster structure : re-pointing < 2 minutes
- GRB detection ?
Increased sensitivity to variable/fransient sources

42
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Cherenkov Telescope Array



The next step : CTA

 CTA (Cherenkov Telescope Array) : several number of
telescopes (~2020)

- 10GeV -100TeV
- Better sensitivity on the whole energy range (x10 at 1 TeV)

- Beftter angular resolutfion

A few H.E.S.S. Il -like : Several H.E.S.S. I-like Field of small telescopes
low énergies telescopes : sensitivity and (~6 m) : collection area +
energy reconsfruction very high energies

45



The next step : CTA

 CTA (Cherenkov Telescope Array) : several number of
telescopes (~2020)

- 10GeV -100TeV
- Better sensitivity on the whole energy range (x10 at 1 TeV)

- Beftter angular resolutfion

« Southern + Northern sites : complete sky coverage
» Flexible observatory :

- Surveys, deep fields, monitoring...

e

Monitoring . - Survey mode:
4 telescopes Full §k_y_at current
: .. sensitivity in ~1 year

: O.;Ve‘rfy deep field
()

SOSNE N

O Deep field

~1/3 of telescopes
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The next step : CTA

 CTA (Cherenkov Telescope Array) : several number of
telescopes (~2020)

- 10GeV -100TeV
- Better sensitivity on the whole energy range (x10 at 1 TeV)

- Beftter angular resolutfion

« Southern + Northern sites : complete sky coverage

» Flexible observatory :

— E=25GeV
—— E =40 GeV

- Surveys, deep fields, monitoring... % 10

............. E=75GeV

- Sensitive o fransient events

10 years

> Alerts | 5 10°

Differential
o o o
~ = >

-
< i
@

1 HHHIl 1 lIHH\‘ 1 IIIIII\l Il HIIIIIl 1 HHHI‘ 1 IIHHI‘ 1 IJIIIIll 1 HHHII 1 \HHU‘ 111
10 10> 10° 10* 10° 10° 10 10®° 10° 10"
Time (s)

Funk & Hinton, 2013
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Galactic Y (kpc)

—10}

The Galactic plane survey with CTA

e ~ /5% unresolved sources

Horizon (H.E.S.S.) for sources at 10%

and 1% of the Crab luminosity

Galactic P

e 00 |
...I
\

(<)
o w

®
®'p a

RX J1713.7- 46'0
Sun.’

A

esterlu

.Crab nebula

d’1

Point Source Sensitivity (% Crab)

-10

-5 0

Galactic X (kpc)

10

b

0. 3°

S. Carrlgon F. Brun eT al., 2013(ICRC)
. H ESS 2800h

i
60

i
40

i i i i i
340 320 300 280 260

Galactic Longitude (deg)

3 MCrab in 250 h. With CTA
(G. Dubus et al. 2012)

i i
20 0

« Extragalactic sky survey capabilifies :

- 1/4 sky at 30 mCrab in ~ 370 h. . bubus et al. 2012)
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Pl PR SRRV PRRY

The Galactic plane survey with CTA

5 @}\ \\"/“
\\

G. Dubus et al.(2012)
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b (deg)
Significanc

Counts (100GeV—100TeV)
I I

0.00E+00 1.25E+02 2.50E+02 3.75E+02 5.00E+02

Population studies, Highest energy limit of

cosmic accelerators

Study sources with
(intrinsic) spectral breaks

Detailed analysis of
interesting sources
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The Galactic plane survey with CTA

tevcat.uchicago.edu .

140

120

=
o
o

# of TeV sources

L 4

all experiments
H.E.S.S.

2000

2002 2004 2006 2008 2010 _ 2012 2014

year
All: Whipple, Crimea, Telescope Array, Durham, MAGIC, VERITAS, H.E.S.S.

CTA : ~1000 sources 1?



summary

Gamma ray sources are cosmic particle accelerators
Accelerating particles at mulfi-TeV energies is easy (for Nature)

H.E.S.S. first 10 years of operation

- 10 times increase in number of known TeV sources (same as at GeV)
- Real astronomy : detailed sky maps, detfailed spectra and light curves

Large variety of accelerafion mechanism, often related to life cycle
of massive stars

Qualitative understanding of some mechanisms buft still many open
issues

Near to addressing fundamental issues in cosmology, DM, axion
searches, LIV...

> Stay ftuned for the upcoming H.E.S.S. Il results !
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Thanks for your attention !
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Imaging atmospheric Cherenkov technique

~ 1y for 1000 hadrons

- EM Showers : smooth, symetrical

- hadronic showers : irregular + isolated

Fast and finely pixelated cameras
Large mirors and stereoscopy
Analysis :

Image shape -> discriminafion

Images orientatfion -> direction
Intensity -> energy

km

- M'. de. '—\l-—vg—-uro.ls an

{
AN H
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Analyse des données : reconstruction &
discrimination gamma/hadron

« Model » analysis :

- Comparison (pixel per pixel) of detected images to pre-
calaculated images, computed from a semi-analytical model

Maximmum likelihood fit to reconstruct the shower parameters :

- Energy p
- Direction
- Impact parameter (P) ®<7 J @
- First interaxtion depth @‘?j W

Goodness of fit allows for the gamma/hadron
discrimination

4 58 1
Goodness



68% Containment [°]

H.E.S.S. Il : Performances
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A southern hemisphere observatory

= Access to a large part of the Galactic plane

tfevcat.uchicago.edu

Source Types
0 PWHN

6 Binary XRB PSR Gamma
BIMN

e HEL IBL FRI FSRQ LBL
AGN (unknown type)

6 Shell SNR/Molec. Cloud
Composite SNR

0 Starburst
e DARK UNID QOther

o uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR



WA49B — SNR/MC inferaction

Composite image (Reach et al. 2006)

~1-3x10°cm?
~14-550M_

Cavity + overdensity created by Shock wave Shock in interaction with
the progenitor's wind the overdensity



WA9B — Models (Abdo et al. 201 1)

10~ 10
5

| e
= (a1) E (b1)
-1 L 0= &
5F E o
—_ 10”12 ;/ 10—12 ;_ L f.'"' s
T 5E T Et ; \
0 1{,—13 L L | L L | “ 1013 : 1 1 | I 1 | I I | 1 I | 1 rll I | I \\-I |
o -0 [0 T T T T T T “I' =10 _L T T T T T T T T T T T T T T T T T |__
s (a2) e sk (b2) 3
=11 [ -1 L -
2 O SE 2 ' sE - 3
=gtz [ S o012 b 7N 3
u SE L 5 —4‘ / . E
-;'f\ - 13 PRI IR | -E_ 10—13 T R R RN ST TS PRy i M My hat VAN 1Y
= 1°—1D =l T L T T I T T [ T - m_w T T T T ] T T I T T T T T T T ]
ﬂz 5F (a3) T sE (b3) 3
=11 [ M} THG 3
10 5 E— p— N 2: :g
-2 [ = E
10 15:_ 10=12 e 3
1{]-13 I 1 | R R I | I 10—15 1 1 | L 1 | I I |—-
10-6 10-3 100 103 10~6 10-3 100 1012
E [ev]
Abdo et al. 2010
TABLE 1
PARAMETERS OF MULTIWAVELENGTH MODELS
Parameters Energetics
Model ae/lap As Pbr B ny r ()W), or ()W, (@)Up or (b)Ue Us
(GeV 1) (1G) (em™) (10°Y erg) (eVcm™) (eVem™)
(Case al) w”-decay 0.01 0.7 4 15 10 0.6 11 1.1x10° 5.6
(Case a2) wV-decay 0.01 0.7 4 60 100 0.06 1.1 1.1 % 108 90
(Case a3) wY-decay 0.01 0.7 4 240 1000 0.006 0.10 1.0 < 108 1400
(Case bl) Bremsstrahlung 1.0 1.0 4 5 10 0.6 2.6 26x% 104 0.62
(Case b2) Bremsstrahlung 1.0 1.0 4 20 100 0.06 0.23 2.3 x 104 10
(Case b3) Bremsstrahlung 1.0 1.0 4 80 1000 0.006 0.016 1.6 x 104 160

NOTE. — Seed photons for IC include infrared (kTjgr = 3 % 107 eV, Ur=1¢eV cm_'“'). optical (AT = 0.25 eV, Uy = 1 chm_'ﬂ'). and the CMB. The total energy, W, , and energy

Asecitu TT nf wadiatine mastinlac ara naloulatad fae a ~ 10 AMat7 o1



Correction of the temporal acceptance variations

* Acceptance evolves with observation conditions (Zenith angle,
atmospheric conditions...)

- Higher acceptance induces lower time infervals

* Needstobe corrected . jr — a(t)dt

Events : variable background
| | | (instrument) + possible variable
— source

v

; ; ; ; » - Predict the background variability :
acceptance estimation
_ - Suppress insfrumental variability :

: , - - acceptance correction
« Acceptance estimation for &pfy position ara %‘dre uring

observations v’

>

Acceptance

« Correction of the temporal acceptance variations and
normalization (mean rate = 1) v



Implemented tests

 Once acceptance estimation and correction is performed, any
kind of tfest can be applied

% i
- Bayesian blocs (Scargle 1998) ', "
15 b 'r"u' ‘ Im i i
- Cumulative sum P Tt i i
- ON/OFF L T e

Exp-test, Inter-events test (Prahl, 1999)

Running Exp-test

2> Production of variability maps possible

20

35
30
25

. Significance map

m.
1. of the Exp-test

18



Extragalactic Background Light (EBL)

A A
% Absorption by pair w
> creation >
7 TeV +O/IR->e* e o
> >




Extragalactic Background Light (EBL)

EBL detected by H.E.S.S. at ~ 8.8¢ taking -
info account the absorpftion directly at 5
the spectrum reconsfruction step .

A [um]

Collaboration H.E.S.S., 2013



PG 15663+113
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Bayesian approach : Infroduction

Aim ; derive an UL on the redshiftf of PG 1553+113 using a
bayesian approach. We assume that the source spectrum is a
power-law from 300 MeV to TeV energies absorbed by the EBL.

d=Nx(E/E) " xe "
bayesian approach = need 1o specify:
- Data: H.E.S.S. data

- Model parameters : N, T, z

writing the Bayes Theorem, the posterior probability is :
P(O|Y)x P(O)P(Y|0)

- All the normalization factors have been dropped in the following



Likelihood and Prior

 P(YI10)is the likelihood and is estimated using the H.E.S.S. data
- Likelihood that the H.E.S.S. soft minimizes is mapped

- The parameters of the likelihood -> models parameters : N, I, z
e P(®)is the prior
- Assume a PL in the whole energy range
- infrinsic parameters: Fermi data
« We assume that all the parameters are independents
P(0) = P(z)P(N)P(T)
P(N) =cst
P(I) o< N(I', T germi, or) if I < Mgermi or P(I') =cst
P(z) o exp(—7(2))

- Fermi and H.E.S.S. uncertainfies included in 4
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The extragalactic sky with H.E.S.S.

e ~ 50 % observation time

Information on CR
* ~30sources acceleration : associated with

- Mainly active galactic nuclei massive stars or their remnants
- Starburst galaxy /

- Measurement of extragalactic background light, LIV, Oxtions

evcat.uchicago.edu

— all experiments
— H.E.5.5.

# of extragalactic TeV sources

2000 2002 2004 2006 2008 2010 2012 2014
year
All: Whipple, Crimea, Telescope Array, Durham, MAGIC, VERITAS, H.E.S.S.

M87 (Hubble)



GeV/TeV Emission from Starburst Galaxies

* Unresolved source consistent with NGC %
253 starburst region E
B .25
- Compact starburst region (100 pc) -
- enhanced SN rate (0.3 yr-1)
-25.5

> high CR density
- enhanced gas density ~ 600 cm-3

 Detected flux (0.3% Crab NebulQ) Close 0 oo

to model predictions et

T - Foo '
of! B HESS.2009
E — Pagliona 1998 prediction .
: ------ Domingo & Torres 2005 cakulaton
E 0 1': Rephaell @1 al. 3003 calcuiation .
o
3
ar m-”\
& i
| }
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GeV/TeV Emission from Starburst Galaxies

VERITAS detection of TeV g-ray emission from
the starburst galaxy M82

FERMI detection of GeV g-ray emission from
NGC 253 and M82

CRs + ISM gas

2> hadronic interactions
g-ray luminosity « Nep.Mggs
- Consistent with ner &« SN rate

- Suggests association of CR production with
massive stars or their remnants

v-ray Luminosity (100 MeV - & GeV) | 10" ergs’)
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Check runs

* Runs faken with the calibrated delay value :

C CTH-CT1 (At 859

20 40 60
Delay Shift [ns]

180 g T F— T e

CT5-CT2

a0 1]
Delay Shift [ns]

E & 8 B
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