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OUTLINE

- The nonthermal Universe and the high energy gamma rays.
- The Cherenkov telescopes.

- Astroparticlephysics with gammaays:
Astrophysics,
Cosmology and
Fundamental physics.
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Cosmic radiation-and nothermal universe
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Galactic

w Cosmic Rays (CR) have 4tloermal origin: their spectra do
not show any «characteristic temperature and a thermal
emission mechanism to their energies does not exist.

Flux (m’sr s GeV)”

w Our Galaxy is filled up of ultralativistic particles:
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- of galactic origin at least up to ~*@V Ten Ceti

- charged CR are diffused by BABnG )
(directional information lost)
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A The images of the CR accelerators are achieved by neutral
(secondary) particle€2 Gammasand Neutrinos Astronomy)
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Gamma rays-andthe nethermal universe

- The cosmic rays origin in our Galaxy is still one of the major open quest
in astrophysics:
Highenergygammaray astronomyprovides an experimental approach
for a better understanding of acceleration, propagation and interactio
mechanisms.

- Highenergygammaray astronomygives access to the most
energetic northermal phenomena in place in the observed
sources and generally studied by complex theofes.
magneto-hydrodynamic).

- In particular the VHE photons are privileged probes for a la
series of astrophysical systems.
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New detection'methods; new wavelengths

innermost layer

» outermost layer

tracking electromagnetichadronic  muon
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system calorimeter calorimeter system

C. Lipprnann - 2003

In particlephysics detectorcalorimeter
measuringhe energy oparticles through
their particle shower

Calorimetersare segmented transversely to
provide information about the direction of the
particles as well as the energy deposited

X f 2y 3 segnieRatighlcdn providihe
identity of the particle based on the shape of
the shower.
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New detectionmethods; new wavelengths

Drift Chamber

Principles of operation
R R R R R

Pre-amplifiers/
Particle Shapers

Implant, Metalisation
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Strip pitch, P
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(typ. 300um), |=.

'. " holes
clecuwons.. .

Backplane, " - type silicon + Bias Voltage

Fromsparkchamberto X X to Siliconparticle detectors.
drift chamber for measuring the doped narrow strips of siliconturned into

space coordinates of the trajectory diodes Aschargedparticlespassthrough
of a chargedparticle. Detecting the these strips, they cause small ionization
lonization electronsproducedin the currents that can be detected and
gas and measuringtheir drift times measured Silicondetectors have a much
and arrival positions on sensitive higher resolution in tracking charged
electrodes particles than older technologiessuch as
gaschambers.
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New detectionmethods; new wavelengths

Y
e+
Cutaway of the Large-Area Telescope of '
the Fermi Gamma-ray Space Telescope
Tracker

FERMI
(2008..)

Anti-Coincidence

Calorimeter Detector

A LargerFoV(2.4sr): skycoveredin 3hours

A Angularresolutionx3 better than EGRET

A Large effective arefl m2) &5 better than EGRET
A Energyib300GeV(10GeVfor EGRET)

EGRET
(19912000)

' Upper Spark

- Plastic 3 /" Ehamber Assembly .

Scintillator

Lower Spark || .
- _‘Ehambers_ || : ]
. ._Lﬁussgmbly R - Crystal .
 — ¥
. | = -....‘____,,_..-—-"Scintillamr

Phntfnjluljflp.l:ngmh E;Erliﬁ t?g&-ﬂfhﬂﬂ.
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Visible light X rays Gammarays VHEgammarays
900 m Whipple
2003 e L
I » urham
LT N m HEGRA
.. | & Unidentified
11 sources ) J | \ " -
:;‘z L ___________ \ h“‘ * SNRs

, ; : . o m HESS
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RX J1713.7-2946




New detection'-methods for’VHE: Cherenkov radiation

Cherenkov
l Primary y-ray Effect

Particle
Shower /

——

A

5nsec e —

Cherenkov radiations emittedwhen a charged particle (such as an electron)
passes through a dielectric medium at a speed greater than the phase velocity
of light in that medium. The charged particles polarize the molecules of that
medium, which then turn back rapidly to their ground state, emitting radiation
in the process.

GraSPA&013 G.Lamanna


//upload.wikimedia.org/wikipedia/commons/6/6b/Cherenkov.svg

New detection'-methodsfor’VHE: Cherenkov radiation

Atmospheric showebéveloppement
- Cherenkov light cone:
a=arccogl/nb); a=1°at 10 km
- Flash of blue light lasting 5 ns
- Pool surface of 100 m radius

- Ligth~ atm.path ~E

Camera images analysis:
- Energy and direction of the shower
- Proton background rejection

Stereoscopy:
- Improving angular resolution and big).
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Theatmosphericshower

The atmosphere as a caloremeter:
-1000 gr/cn? thick

-r =r,e"ho h,~8km

Heitler Model:

Bremsstrahlung and paproduction The electromagnetic shower:

dominate the longitudinal shower development -~ 40 gr/cnd, | pair = %

T E, - First interaction @ ~20 km
X : - Maximum shower evolution @ ~ 10 km (for aeVphoton)
y \ - - Xuax~ l0g(k)
%, | : " - The number of electrons at the maximum of the shower is
v\ e v\ e proportional to the gamma primary energy
: / By

Shower morphology (and imaging):
- Gammashowers more compact . : ,.
- Proton-showers more disrupted and sub " 8 % from Jamie Holder

structured i "
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H.E:S:Ss/HighEnergy-Stereoscopic-Syste

System of élescopesn the Khomasdsland, in Namibia (1800 m)
(4 t. in operation since 2004): :

- 13 mdiametremirror (dish): 107 n%
- 15 m focal distance
- Camera with 960 pixels of 046
- Good gamméhadron discrimination
(rejet ¥ I OU 2 NJ Fpoimlikersurces) T 2 NJ

- Sensitivity within 10@GeV¢ 100TeV
(Crab nebula detected in 30 s and 1% Cdabeen 25 h)

- Moon-free observations: ~1000 h / an
- 15% energy resolution

Eseui] X

»
(0p))
¢

-4'-c W Fy3dzd | X NdE 2FoNET disihstiR a4 2 dzZNDSa v

HESS 5 telescopesince2013) :
- 2048 pixels (0.0

-3.5° (f.o.v)

- 30 mdish

- Lowerenergythreshold
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The man VHEACT

The current (succesful) generation of Imaging Atmospheric Cherenkov Telescopes

- A mature discipline
- Towards a new wavelength astronomy in the next decade
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Visible light X rays Gammarays VHEgammarays

> 100 VHE sources
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Visible light

10 -

10

-13

10

E x F(>E) [Te\Vicm *g]

Mono-mode
Just 30m tel.

m™

X rays

Hybrid-mode

130m + one 12m

CEININEEWS

AGIC-I

HESS-II

=2 12m + 30m
Improved
reconstruction

1)

E [GeV]

VHEgammarays

small FoV
Camera on 30m
Little improvement

10




What we can ' learn using VHE - Gamma rays

« High energy astrophysics
« Acceleration, propagation and energy losses of \\

ultra-relativistic particles in astrophysical |
environments
« Specific question:

» Where are the “cosmic rays” accelerated?

« Astroparticle Physics N

« Indirect search for Dark Matter g I8
- Search for energy dependence of the speed of light ; !

« Cosmology o My

« Indirect measurement of the Extragalactic P B
Background light | f" i

« Probing the star formation history of the universe | % ';,
B,

« Non-thermal content of galaxy clusters
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Gamma ray

Radio Infrared Visible light | X-rays VHE

Non -thermal radiation tracing
e /

rggindstia relectEmnss siechhadrons.
Y

\
lored :
R

087 (B/m5 X E, 1% €V
ReV [@ReV for large B) g)

Bremsstrahlung:
4+ - dE/dt ~ (mass density) =

sEﬁﬁ}. 3;98( tai‘relh
(>2=4 cm- Oﬁﬁ%
(10 TeVe->5 TV )

nt,
B)

? F(B)

‘| Ex.) Electrons spectrum S)rlggir;rt(i);;on
dN/dE ~ E' 2¢' B Inverse Compton
(Ec =100 TeV) Diffusion
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Gamma rays

Radio Infrared Visible light X rays VHE

Protons Synchrotron Emission : /

- Strongly reduced by the factor (m¢/m)* s ) U

B X

Hadronic Interactions (e.g. p+p):
- dE/dt ~ (mass density), (e.g. p+p: S,, ~ constant)
- Average 17% proton energy trasnferred to photons via ° decay
- Secondary electrons (viap» —»e) m
contribute as well via Sync. Emission and IC diffusion.

10 TeV protons —*>gof~1 Tev\
(but a large range of possible spgEiel

E2 F(E)

Ex.) Proton spectrum
dN/dE ~ E' 2%e' B
(Ec =100 TeV)




What we can ' learn using VHE - Gamma rays

In general it is expected
Tosee the sites of high energy particle production!
- Either bottom up (acceleration) or top down (decay)

A Protonacceleratordo produceTeV" 9-decaygammaraysc
correlatedwith the distribution of target materialgas) and not
muchradiation at lower energies

A Must be many in our galaxy to explain local cosmic ray flux up to
thed {1 Yy SSReVI & m™m

A Electronaccelerators to produc@&eVIC andkeVXray synchrotronemission
A Mustbe some to explain local @Rectrons
A Wouldexpect ceacceleration withprotons
A Butmuch more rapid (factor ~100) energy losses

Sowhat do we actually see???

GraSPA&013 G.Lamanna
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SupernovaRemnantg SNR)

SNR bestandidates for accelerationf the bulk of the galactic cosmic rays
Well establishedmechanism(diffusive shockacceleratior)
Energetics are OK (10% kine#éinergyinto cosmicrays)
Nonthermal Xraysfrom young (lessthan ~1000 year old¥upernovaremnants

contours

- HESSTeVICinterpretation of
the SEDequireslow Bfields
(Horotons)

- Spectrakhape(+ protons)

- Strongmorphological
correlationkeV TeV(+electrong

- FirstTeVgray SNR
- Age: 1000 ans

o B -+ B=7uG et -

s  nsca B= oG Distance ~ kpc

G - \ --B=11uG

E 10"°§— \\

w F \ | el oo S

T C ol

Z wi / Synchrotron . O
| / o ‘, . . 5

o 10 E y /' Radiation 3 IC Radiation . /+{1.E.8.SM: g
e / \ A :
B 7'/ ':.l ."- ’ % 1

u o 1 L o
10 122_ S/ynC gBZ \‘ IC ,.,D,e,-
-5, I'.|| ’,
Bs [
10-13?'/ :.ll. .Z‘: ________

%% I SN SN NN S SRS B S N N
10° 10° 10" 10 100 10 10 10 10" 10"

=)

Energy (eV)

Actually ~, ~ 10F , impliesU, .~ 10U 4

But forU,,, of CMBRB = 3765 x sqrt(10) =10 m6>

B too weak?

Hypothesis « Magneticfield amplification» -> 100 76
and densematter (+protons)
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SupernovaRemnantg SNR)

Another approach towards demonstrating CR
acceleration in SNRs isltmk fordense molecular f
clouds adjacent to, or interacting with, an SNR SNR interior

Cloud shock

~ Molecular
: cloud _

In clouds, interaction®f accelerated protons and — T
nuclei will give rise to aanhanced gammaay flux
LINE LJ2 NII A 2 ¥V I inass Bher@afCS3adigiibn? ¢ 5
from electronsis not enhanced. Reflected shock—> ~ —

OH masers

Shocked cloud
material

SNR shock

W28 a candidatesystem: anold remnantwhich
has most likely released most db CRs
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SupernovaRemnantg SNR)

The W 28 Region

« ~10° year old
supernova
remnant, 2-3
Kpc distant

« At least 3 new
y-ray sources
discovered in
this region by
H.E.S.S.

 Aharonian et al

2008, AA 481,
401
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SupernovaRemnantg SNR: W28

VLA 90cm T @ NANTEN PCO(J=1-0) 10-20 ks
4 298 I a
. Wat (Redo Bousclary) 5 § 2 E@o.«m.- ------

« Partial radio correlation, Good correlation with CO
« y-ray flux follows target material

» looks like hadronic CRs interacting with gas
Pp = T° — vy

The clouds masses imp#yCR flux which is 10 to 30 times the flux near Earth,
a plausiblevalue giventhe proximity of the remnant.
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TeVto probe awiderange of astrophysicalsystems

|
A Mofecular\cloud |

\
\n
X

Massive star \

No acceleration
expected until. ..
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TeVto probe @awiderange of astrophysicalsystems

Active cloud

- (e.g. EGRET gaiactic clouds)
T Incluster? |— -
, ,__—+ Collective wind
NC Al interactions

No acceleration
expected until. ..

57

Binary PWN

MGSSiVe N . o £r
companion? Yes :
r - NG Neutron star remain

Microquasar

(e.g. Efa Cannae)
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PulsarWind Nebulae(e.g. « Cralb»)

CrabnebulaSED:

T |R0ptlt:al
. X-ray

1) FromRadio tolow energygamma (MeV) = synchrotron radiation ™ [
by electronsacceleratedby thenebulg

< -
2) VHE #nverse Compton adameelectronsover synchrotron 3
LIK 2 0 Syhahrotos{ St ¥ / 2YLIi2ye0® g
PWN
The Pulsaemitting e+e wind whichcreates N BT T R S e T

log10{EieV)

a shockwaveacceleratingurther the electrons

The SN shock
accelerates
particles during

Pulsar supporting

O(10 4) ans.
Reverse Shock. the PWN over a
lifetime of O(10 ®)
PWN Shoc | years .
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HESS J1912+101

Ilﬂl]lllllllllllﬂllplﬂll

1

1

pu o
m
w
(/2]
<
-
@
5
g
S
[~}
©

f“‘hllllIlllllllllll[llllll[l

HESS J1857+026 HESS J1848-018
(Kes 75)

HESS J1858+020

60

50

HESS J1843-0
30

ESS J1841 055 HESS J1834 087  HESS J1825-137 HESS J1813 178 HESS J1804-216

(G18 0-0.7)

lllllﬂ]llll;[:

L4
.

I &
" (LS 5039)

HESS J1826-148 HESS J18(l)9 -193

HESS J1837-069

HESS J1801-233

HESS J1747-281
(G05+0-) HESS J1745-290

.-t (GO
“

~

HESS J1731-348

HESS J1800-240 HESS J1745-303
0

e""Illllllllll|llll|llll|llll|l

HESS J1357-645 HESS J1302-638

20 0

—HESS J1713-381 HESS J1702-420 HESS J1634-472 HESS J1616-508 HESS J1514-591 HESS J1420-607—]
= (CTB378) HESS J1713- 397 . HESS J1626-491 .- (MSH15-52)  HESS J1427-608 . =
— : (RX J1713.7-3946) : : : T =
— o 4 : : =
= . ' - HESS J1442-623 . o
EL Y ‘ 2 (RCW B6) v e
;_ . R N et 2 . _:.
—HESS J1718-385 HESS J1708-410 HESS J1640-465 HESS J1632-478 HESS J1614-518 220 HESS J1418 609—]
350 340 330

= ' HESS J1303-631 ' ' HESS J1023-575 ' —
= : 14 3
= g
= Thesourcesseenby H.E.S.S. N
= . . f 5 W o
E | @ typicaldistance:10 kpc SE
— . . 2 —
= : Typicakiye 10 pc s E
ET- (PSR B1259-63) 4 —‘:‘

310




1

“ (LS 5039)
HESS J1826-148 HESS J1899 -193

HESS J1837-069

= HESS J1912+101 HESS J1857+026 HESS J1848-018 HESS J1846-029

— % (Kes 75) =

= ) , . , HESS J18584020  HESS J1843-03&
60 50 490 30

SHESS J1841-055 HESS J1834067 HESS J1825-137 HESS J1813-178 HESS J1804-216 HESS J1747-281 '

z (618.0-0.7) : HESS J1801-233 (G05+0-) HESS J1745-290

= _ X y e {GO)

=5 » £ ' “

~

HESS J1731-348

20 10

HESS J1800-240 HESS J1745-303
0

0 Illllllllllllllllllllllllll

ESS J1713-381 HESS J1702-420

(CTB37B) HESS J1713- 397
. (RX J1713

ESS J1718-385 HESS J1708-410

HESS J1634-472 HESS J1 616-508
HESS J1626-491 .-

””|””4:

v

i.llll.lllll

HESS J1640-465 HESS J1632-478 HESS J1614-518
340 330

HESS J1514-591 HESS J1420-60
(MSH1552)  HESS J1427-608 .

-~
HESS J1418-60¢

@

50

320

HESS J1303-631

PWN candidates

(PSR B1259-63)
HESS J1302-638

IllTH[IlII|III]|HIIIIIII|I

-645

1 2 1

HESS J1023-575

onN &

ACONE O S

'l'llIlIllll[lIllllllllllllll




Pulsar Wind\lebulae

MSH 15-52 Kookaburra K3/Rabbit i *°

g ray PWN are:

’ Extended (10 pc)

PSR J1420-6048 Close but offset
#abbit from pulsars

PSR B1509-58

0O(1%) spin -down
luminosity in
gamma rays

I LI I LI | I LI I LI I L

T T T I T T T I T | T I T T T I T T T I

| | | L | ! |
1571 2m00° 14"22M00°  14"20™M00° 14™8M00° 14™6M00°
RA (hours) RA (hours)

HESS J1825-137 Vela X In some cases:
energy

dependance of
morphology due

PSR J1826-1334 tothee *e-

‘ ' et injection from

the
magnetosphere
into teh nebula
wind

|
1574m00°

|
15"6M00°

18"30M00° 18M"25M00° 08"40™00° 08"30M00°
RA (hours) RA (hours)
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Pulsar Wind\lebulae

4 a4 4
0 £l P

4 A= -
a4 A=)

HESS J1825 -137

Evidence of cooling of ggamma
spectra and Xay size) : evolutionary
reasonsg « coolingtime »

(SynchysIC)

H.E.8.8. 0.25-30 TeV

- Molecular cloud responsible for the Offset TeV PWN
nebula offset. (confirmed by Pulsar
hydrodynamic simulations) X-ray PWN
TeV PWN

28—

MM 2-10 Ke\ks

m“m ° I

Photon Index

0. 0.8 1 1.
Distance from Pulsar (°)
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Pulsar

First ground-based ‘;-_»; |
detection of pulsed <3 ¢FL |
emission from a ] tﬂ’* £

pulsar

MAGIC, Science 322, 2008
using special low-energy trigger

"-w.«w”‘ N ettt :

-1 0.5

- inu g MAGIC  ©
- woplical 2
‘ r

BES |

“"h-d-ﬁhwﬁ“’ wﬁrﬂwmf ; "J

o=

f
»or

Pty
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Origin of pulsed emission: outer gap

Pulsar

Magnotc

Emission from polar cap
and slot gap cut off around
10 GeV due to pair production

E* dF/dE [ MeV em?s ']

v::u“

& 4 PR - |

1

f

— EGRET
0 E S

3 w—— NGy TA000 Of MEEsLTTOnT
177 GeY eapOndr iy CULOf [w?

o cmow 2200V nporeponensial GAoN (Bal
204 GV supereaponer il Uk (Aet 3

NMAGC 20UL (2%
Coome Y4

wWhiagh (100

EONET |°T
OONPTEL [T
Outer- Gz Voce! (1)
SxGap Voo ¥
Polar-Capy Mocel (27)

10 162

v
A .si—l
10° 107
Energy [ MeV )
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The extragalactic sources:Active:GalacticdNuclei (AGI

f
)

}

o

'/’_ “Quasar | Seyfert 1" .

More than 30 extragalactic VHErays sources
O
Same objectAGN E- Y
- A supermassive central black heteaccretion of
matter producing relativistic jets (mechanism under
iInvestigations and observed under different angles from t
Earth
- Acceleration of CR within the jets
(Internal Shock®eptonicor hadroni?)

Radiogalaxies 50 _ - -
- Jets et lobes detected in radio, e.g. Cen A et M 8 f 10" f R :
g 10-11;--"/ opfical " \ / ' HESS

ks =/ keV | \ Y v 3

More than 25BlazargBLLacs HBLs, LBLs etc.) - ; e
- Jets aligned with the line of sight E s rss300
- SED: large emission range (radi@J and _HI 1 day‘-MWL_-Campaign Sept. 2008 a ]
double peaked spectraSynCh.H IC . ° g_ Synchrotron Self Compton Fit | I_i

- Strongly variablein Xand&W Tf | Nb a sl sond om0 oo o ol s o e s
10°10710°10°10%10°102 10" 1 10 10% 10° 10* 10° 10° 107 10°

E [MeV]
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The gammarray propagationAGNand cosmology

Spectra of AGN (VHE) : power law but curved as ¢
function of energy and distandarp> with z >>):

- The most distant ones must be brighter to be
observed

- H.E.gabsorbed by IR (via pair productiete ) of
the «extragalactic background light (EBL)

EBL.: link between the history of the galaxies and the H.E. astrophysics.

) Frequency v [GHz]
10° 10° 10" 10° 10° 10'
T T T T T

EBL Theoretical definition: W

- « extragalactic background diffused light»: light emitted by [ ]
all objects in the Universe along its history (stars, galaxie | EBL :
guasars...) filling up the extragalactic space as an ocean E . N\ CMB ]
photons. S f
(~ 1/20 of the CMB energy inn UV, visible and IR.) w‘“%stars Lot
. . e 10‘1100" 10° 10' 10° \103 10¢ 10°

EBL observational definition : Wavflength A [um]

- All the light beyond our galaXy=0 background) Redshifted  Redshifted

star light dust emission
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« ExtragalacticBackground Light (EBk} measuringits SED

Motivations: _—_— A
- Photon archeology

- Testing star forming regions , galaxies formation evolution Xy \
: : = 7 -
and cosmological evolution models /// A -

79
/ stars /%\\
':0

->indirect measurement byseV¥Te\j AGN spectra

: eV)
— : L
10 ! 7
10 AUV |
I II _ _ EN[R
100 ! \ -
- = r
w 7]
L 1011__ &
§ : E
[=]
S =
z A
LL}
= =
ol 2
10 S
Fl1.0
10 b PRI BRI R T | Lonnnl o gl ol PO.55
10 10° 10°% 10" 1 10 4 F0.45

Energy (TeV)

- HESS upper limit at Oa8n - 3.5mMm
- Models constraints and measurements excluded.
- EBL less opaque (close to the lower limit as fragalaxy count)

Muml
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EBL qatténuation et ©Optical depth»

Spectre Observé

F obs(E):Fintr(E)* et(E’z)  Rayons gamma issus

d'un jet de quasar

F oo E):Observedspectrum
Fi.+(E):Emittedspectrum

t . Attenuationcoefficient ‘ :
([ :1:«Opticaldepth ») ' Spectre émis

- ' [,
'
‘Lwmiére de fond diffusé absorption faible .

Flux en Energie

Zgp il 1 =
T B, za) = f dz — dicosd )1 — n:c:usﬁjf denale, z)o(E, e.8)
0 as g1 Exh

Threshold condition: F'e(1 — cos#) > Eirrsef'g]g
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Gamma-ray horizon due to pair production
target: Extragalactic Background Light (EBL)

— — Kneiske et al. 2002 {moditied)
---------- Energy Threshold of MAGIC

Primack et al. {2005)
———— Stecker et al. (2006)

; II Ll

E _Ti Opacity For Gamma Rays

> 10 &

o - .lllll

5 F U

= B i

wo Y

== LA

E \I\'lll.lllllllll

g TE NN

E -

E _

L]

S |

T = ST - I
= EBL level dependson =" === -
N star formation history
- of the Universe
IIII|IIII|IIII|IIII|IIII|IIII|IIII
102
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Redshift z

MAGIC
Science
320 (2008)

Relevant
EBL range:
1-10 pm
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Fundamental Physics with VHE gamma ra

« Some quantum gravity models predict deviations
from Einstein’s postulate that the speed of light is
constant, i.e.:

cr=c(lt——t) M ~12%x10"GeV k=]

kM,

« Which would lead to a time delay between photons of
different energies:

« To detect this effect we need high energy photons,
huge distances and short timescales...
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