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• Cosmic γ-ray observation:

      - directly from satellites (HE) < O(50 GeV) and

      - indirectly from ground-based installations (VHE)  > O(50 GeV)

• Satellites: OSO-3 (1969), SAS-2 (1972), COS-B (1975-1982), CGRO (1991-2000)

       EGRET (20 MeV-30 GeV) ⇒ HE-γ-ray astronomy to maturity
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Ground-based vs satellite Ground-based vs satellite γγ-ray detectors-ray detectors

• Satellite (HE: E<10 GeV):
– primary detection
– small effective area ~1m2

• low sensitivity
– large angular opening

• survey
– large duty-cycle
– high cost
– low energy
– low bkgd

• IACT/ground based (VHE: E>100 GeV):
– secondary detection
– large effective area ~104 m2

• high sensitivity
– small angular opening

• serendipity search
– small duty-cycle
– low cost
– high energy
– high bkg
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Aug 2005

Jul 2007



Dec 2007



Cherenkov Observational Technique.Cherenkov Observational Technique.11
electrom. EAS

hadronic EAS

Rossi &
Greisen
1941

cos θ =1/βn ≤ 1/n

v>c/n  β>1/n



Cherenkov Observational Technique.Cherenkov Observational Technique.22

optical/UV light

… but Rayleigh scattering λ−4

vertical

lateral

Greisen 1956, 1960

SPECTRUM

Development in atmosphere

E0: primary γ’s energy
t: depth along shower axis 
             (in units of radiation lengths)
s: shower age (0<s<2)
R: lateral distance 
             (in units of scattering radius)
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–The Cherenkov image
shape is important to
discriminate gamma from
hadron

γ/h separation
Proton shower

Gamma shower

NSB event Hadronic shower Gamma shower

ON: Pointing to source

OFF: Pointing somewhere else

Crab 
Nebula
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Better bkgd reduction
Better angular resolution
Better energy resolution

Systems of Cherenkov telescopes
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CAT (1996-2003)

HEGRA (1993-2002)

Whipple (1969!-2003)

CANGAROO (1992-2001)

Crab nebula (Weekes+ 1989)
Mk 421 (Punch+ 1992)

First-generation IACTsFirst-generation IACTs
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Second-generationSecond-generation
IACTsIACTs

MAGIC (2004)

VERITAS (2006)

CANGAROO-III (2004)

H.E.S.S. (2003)

reduced threshold  ⇔  larger telescopes
improved sensitivity ⇔ better γ/h separation
wide-field camera  ⇔ surveys, serendipities
isochronous mirror, fast digitization ⇔ 
           Cherenkov-γ arrival times for improved γ/h separation
light structure ⇔ fast repositioning (GRB follow-up) 

IACTs established as astronomical tools (experiments  telescopes)
Big step within last few years: 
     -  quantitative (x5 detected sources) 
     -  qualitative (unprecedented high quality)
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The Major Atmospheric Gamma-ray Imaging
Cherenkov (MAGIC) telescope

956 0.5m x 0.5m aluminum mirrors
Parabolic shape
Diameter: 17m – area: 234 sq.m
f/D = 1
Al mirrors + C fiber  low weight
Slew time ~ 20 s
Hexagonal camera: 
     • FOV: 3.5° x 3.8°
     • comp’d of 397 0.1° photomultipliers
Located: La Palma, Canary Islands
Operation: cycle 1: April 2005/2006
E(threshold) ~ 50-100 GeV
Sensitivity:  0.05 Crab at >0.1 TeV
                   0.02 Crab at >1 TeV
Angular resol.: 0.1 deg at >0.2 TeV
Tracking accuracy = 0.01°
Energy resol.:  30% at 0.1 TeV
                        20% at >1 TeVWorld’s largest single-dish IACT
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Grantecan 

MAGIC and its Control House

Telescopio Nazionale GalileoTelescopio Nazionale Galileo

MAGIC

La Palma, IAC
28° North, 18° West

MAGIC

MAGIC’s site
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VHE γ-ray emission mechanisms

Hadronic
π0-decay γ’s

p+p  p+π0  p+2γ
Ep>2mπc

2(1+mπ/4mp) ≈ 280 Mev

t~2×10-16s

Leptonic
γ’s from electron bremsstrahlung
         • primary
         • secondary

p+p  p+π−  p+µ−+νe+νµ

p+p  p+π+   p+µ+ +νe+νµ

µ−  e−+νe+νµ

µ+  e++νe+νµ
−

−−

−t~2.5×10-8s t~2.2×10-6s

… light from the NT 
side of the universe
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330°

H.E.S.S. Galactic Plane SurveyH.E.S.S. Galactic Plane Survey

Sources : 40 in GP scan !!
                           35 new !!

Typically:
•  Shell-type SNRs
•  Pulsar-Wind-Nebulae
•  Unidentified

southern hemisphere
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…… estimating the TeV luminosity of GP sources estimating the TeV luminosity of GP sources  ……

α = 4   φ(ε) ∝ ε−2
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H.E.S.S. J1834-087

>250 GeV >360 GeV >590 GeV

MAGIC

12CO VLA 90cm

W41 G23.3-0.3

VLA 20 cm
13CO



M. Mariotti 6- March  2006,  La Thuile

H.E.S.S. J1813-178

MAGIC

VLA
α=0.48

ASCA

Hadronic: 2M∼ of target gas, exp-cutoff proton distrib: α=2.1, Ec=100 TeV, 
                np=6cm-3, L(0.4-6TeV)=2.5×1034erg/s
Leptonic: B=10mG, exp-cutoff electron distrib: α=2.0, Ec=20TeV

D = 4 kpc

???
only marginally 
spat. coincident

AGILE
GLAST 
     ?

G12.82-0.02
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IC 443
X-ray

20cm

12CO

γ-ray

VHE γ-rays
correlated w.
molecular cloud,
not w. SNRslope=3.1

Supernova Remnant

MAGIC 0616+225

CYG X-1
HMXB, stellar mass BH candidate
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SNR shell  particle acceleration
Resolved shell in VHE-γ-rays
γ-rays from leptonic or hadronic channels?

X-rays: ASCA 1-3 keV (contours)
γ-rays: HESS (colour scale)

SNR RX J1713.7-3946SNR RX J1713.7-3946

Aharonian+ 2006

Berezhko & Völk 2006

     H.E.S.S.     

SUPERNOVA REMNANT

3EG J1714-3857

B=100µG
hadronic 
channel 
favored

leptonic channel favored
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RX J1717.3-3946

H.E.S.S.

SNRs: accelerators of Galactic CRs ?SNRs: accelerators of Galactic CRs ?

n



Observations I: SpectrumKnee       2nd Knee  Dip    GZK?

Cosmic-Ray SpectrumCosmic-Ray Spectrum

Gal
act

ic

Blasi 2005

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

Leptonic:
Ee ~ 20 (Eγ )

1/2 TeV
     ~ 110 TeV … but KN sets on ..  ~100 TeV

Hadronic:
Ep ~ Eγ / 0.15 ~ 30 / 0.15 TeV ~
     ~ 200 TeV = 105.3 GeV



M. Mariotti 6- March  2006,  La Thuile

‘Dark accelerators’
First discovered variable Galactic TeV source

March 04 Apr./May 04Feb. 04

PRS B1259-63
a binary system
with 3.4 year orbit

TeV source without
known counterpart
in radio or X-ray

HESS
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Mar 04

Douglas Gies (CHARA, GSU)

William Pounds

March 04

Pulsar
eclipsed

PSR B1259-63: - radio pulsar  + ~10 M �   Be star         - 3.4-yr, highly-eccentric orbit
                             - periastron: ~20 stellar radii               - correlation: HESS, RXTE, INTEGRAL
                          - emission: synchro + IC
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LS I +61 303

Casares + 2005

MAGIC observation: 54hrs total

X-Ray binary system with radio jet     µQSO??
(other known γ-ray binaries: LS 5039, PRS B1259-63, by HESS

Cygnus X-1, by MAGIC)

Orbit:               high eccentricity (_~0.7),  P=26.5 d
Normal star:    B0 main sequence star, ~18M⊗,
                        a Be star with circumstellar disc
Compact star: BH / NS < 4M⊗
Distance  ~  2kpc

D = 2 kpc
Binary: Be + compact, P = 26.5 d
Compact: NS or BH
Periodic radio bursts
X-ray bursts at f=0.4-0.6 (Rosat,
     RXTE)
Radio jets (precessing):   µQSO?
>100 MeV mesured by COS B
      correlation w. radio bursts
GeV emission (EGRET) variable,
    max. at φ=0.5    correl. with
    X-ray variability
TeV emiss. & variability (MAGIC)
   X-ray vs TeV correlation
   jets longer than binary separation
     leptonic channel favored

 MAGIC
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Ten points at equal phase intervals from Φ = 0 to Φ = 0.9,
with MAGIC observations (where available) on the right.
The periastron is at Φ = 0.2.
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LS I 61+303LS I 61+303
µµQSOQSO

>400 GeV

MAGIC

Variability averaged over several orbits

… with LS 5039 (HESS)  new class of Galactic TeV sources?
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Pulsar
s

−+ee
    

Vela pulsar

Daugherty &
Harding 1996

Romani 1996

•Single NS powered by fast rotation
•B≈1011-13G
•Magnetospheric TeV detection unlikely: flat GeV spectra steepen at

high E due to attenuation by γ,B e+e- in psr B-field:
cutoff energy E0 depends on location of emitting region
(polar cap vs outer gap)

GLAST and low-threshold (<20 GeV) IACT observations to provide crucial test for competing models !

Daugherty 
& Harding
1982, 1996

Cheng+ 1986
Romani 1996

Harding 2001
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Pair production: strong B field, γ    e+ + e−
                       weak B field, γ+γ  e+  + e−

If particle acceleration
            and
   emission  occur farther out (r > 5R0)    γγ pair production  

           (sub)exp cut    Emax ≥ 50-100 GeV   

 near NS surface (r ~ R0)     magnetic pair production
             super-exp cut     Emax  <1-10 GeV

<

Emax due to magnetic pair production
in rotating magnetic dipole (Baring 2004)

εmax = 0.1 GeV   r  ~ 1.3 R0

          1                    2.5 
          5                    4
          25                  6.3
          60                  8.1

Crab pulsar: P=0.033 s
                     B0=8_1012G
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Crab pulsar
First detection of pulsed emission at >25 GeV.
Searches going on for ~35 years!!

EGRET + MAGIC: pl * exp [–E/16.3 GeV)]
                              pl * exp [–(E/20.7 GeV)2]

p   r
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   I
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   a
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P   r 
  e   l  

 i   m
   i  

 n   a   r 
  y

MAGIC

  at least for Crab pulsar, 
  polar cap scenario challenged

More psr obs’s: 
ms pulsars?
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MillisecondMillisecond
pulsars (pulsars (msPSRmsPSR))

• Spun-up by accretion torques due to mass flow 
from companion  ( binary systems)
• B≈108-10G: much lower than for canonical PSRs
• Low P  high potential drop (in spite of low B)
• Low B  • inefficient pair-production
                    • high E cutoff from  pair-production 
attenuation (E0∝B-1)

  Polar-gap model efficient !
 Curvature radiation: hard spectrum E-Γe-E/E0

                                   Γ=2/3,  E0~10-50 GeV
G10 108−≈B

G10 108−≈B

1−∝ BEc

Harding+ 2005

Harding+ 2005

Harding 2006
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msPSR

MAGIC observed:

PSR B1957+20
PSR J0218+4232
PSR 1951+32
no detection!!

Ec < 32 GeV: constrains
Outer Gap models?

⇓
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Crab PWNCrab PWN

IC emissionSynchrotron
emission

B~0.4 mG: not an
effective IC emitter!
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Extragalactic VHE astrophysics

Physics of AGN jets
Density of cosmological
extragalactic background light (EBL)

EBL x

xx

γVHEγEBL → e+e-



TeV detections: current statusTeV detections: current status
BLAZARSBLAZARS

  1.  Mrk 421                z=0.031         Whipple        1992
  2.  Mrk 501               z=0.034         Whipple        1996
  3.  PKS 2344+514     z=0.044         Whipple        1998
  4.  Mrk 180               z=0.045         MAGIC          2006
  5.  1ES 1959+650     z=0.047         7Tel.Array     1999
  6.  BL Lacertae         z=0.069         MAGIC         2007
  7.  PKS 0548-322     z=0.069         HESS           2007
  8.  PKS 2005-489     z=0.071         HESS           2005
  9.  RGB 0152+017     z=0.080         HESS            2007
10.  W Comae              z=0.102         VERITAS      2008
11.  PKS 2155-304       z=0.116         Mark VI         1999
12.  1ES 1426+428      z=0.129         Whipple         2002
13.  1ES 0806+524     z=0.138         VERITAS       2008
14.  1ES 0229+200     z=0.139         HESS            2006
15.  H 2356-309         z=0.165         HESS            2006
16.  1ES 1218+304      z=0.182        MAGIC           2006
17.  1ES 1101-232       z=0.186        HESS             2006
18.  1ES 0347-121      z=0.188        HESS             2007
19.  1ES 1011+496      z=0.212        MAGIC           2007
20.  PG 1553+113        z>0.25?    HESS/MAGIC    2006
21.  3C 279                z=0.536        MAGIC           2007
22.  S5 0716+714       z=  ?             MAGIC           2008
23.  M 87                   z=0.044        HEGRA          2003
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TeV BlazarsTeV Blazars

• TeV blazars: highly variable, NT emission
• All but one are HBL (high-peaked BL Lacs)
• Emission: leptonic (mainstream:                                      )

Kino+ 2002, ApJ, 564, 97

SSC model parameters:
Plasma blob: R, B, δj
Electron pop: n0, α1, α2, Ebr, Emin, Emax

EBL:          uEBL(z)

Spectral Energy Distribution

Costamante & Ghisellini 2002



Mrk 421Mrk 421



1ES 1218+3041ES 1218+304 (z=0.182)

B~0.5G, Γ ~15 

Soft Energy Spectrum

Bretz  2006



Cross section (differ.):

Optical depth:

−+→ eeEBLHE γγ
TeV γ: E
soft  γ: ε E ~ 1TeV

 σγγ max
for ε~0.5 eV
(~2µm, K-band)

Heitler 1960

Stecker+ 2006

IBLIBL

IBL absorption

Slkkkàkàk-lknStecker 1999

Hauser & Dwek 2001

x=1+cosθ



Cosmological γ-ray horizon:   τ(Eγ,z) = 1 (Fazio & Stecker 1970)

Stecker + 2006

IBL(ε,z)

τ(Eγ,z)
Stecker + 2006

τ(Eγ,z)=1 Stecker + 2006

w. active evolution



A low IBL?

high z, hard spectrum   low IBL? Aharonian+ 2006

H.E.S.S.

z=0.186

IBL data points from 
Hauser & Dwek 2001

         from         H S T , S p i t z e r ,  I S O       counts

IRTS / NIRCOBE / DIRBE

O/UV from Subaru

O from HST+LasCampanas



Mrk 501 MAGIC



Mrk 501 – cont’d

Jun 30, 2005 Jul 9, 2005

PKS 2155-304 (H.E.S.S.): 
VHE variab. on ~200s timescale
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and ∃ no conventional  explanations 

Gt

gt

Mrk 501 – cont’d

, 2005
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Mrk 501 – cont’d



GalaxiesGalaxies

M82: most promising candidate (MAGIC)M82: most promising candidate (MAGIC)

Arp 220

…… round the corner? round the corner?

MP, Y.Rephaeli, Y.Arieli 2008
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GRBsGRBs
MAGIC is ideal to follow-up GRBs

(fast repositioning, low Ethr)

GCN Network member

GRB alert active since 04/2005

GRB-alarm from SWIFTGRB-alarm from SWIFTGRB-alarm from SWIFT
MAGIC data-
taking
MAGIC data-
taking

Whipple, HESS
also on track …

high z!
intrinsic TeV src’s?

…… round round
the cornerthe corner
      ??      ??
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ClustersClusters
NT side of structure formation

no IACT no IACT 
detectiondetection

……
roundround
thethe
cornercorner
??????
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extended-source

point source
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1. Galactic Center
Distance  ~ 7.5 kpc    OK

other γ-ray sources in the FOV, i.e. SNR Sgr A East

 competing plausible scenarios

... but:

Requirements:
1. Not associated with known
    conventional TeV sources
2. High DM density
3. Close by
4. Not extended

Targets for
DM searchsearch

…… round round
    the    the
  corner  corner
   ????   ????

2. Dwarf Sph galaxies
ok 1(?),  2,  3,  4
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1. The Galactic Center1. The Galactic Center >1 TeV

VLA

Gal. Eq.MAGIC

slope = 2.2

MAGIC vs HESS
agreement !

Sgr A

consistent with Sgr A* to 6’’ 
and slightly extended

Subtracted image

Diffuse GP emission revealed
     by subtracting strong sources

Correlation with molecular gas

CRs interacting with MCs

GC source coincident w. Sgr A*

Contours of CS emission 
(molecular tracer)

GC signal:GC signal:
unlikely unlikely 
to be DMto be DM

no variability,
yr-min scale

Detected:   Cangaroo 2003
Confirmed: HESS 2004
Confirmed: MAGIC 2005
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2. DRACO dSph2. DRACO dSph
Milky Way surrounded by small, faint companion galaxies

- dSph’s  very DM-dominated objects.
- Distances, M/L ratios   16<D/kpc<250 kpc,   30<M/L<300

DRACO dSph
high M/L>200

d~80 kpc

Northern source  
MAGIC ok !!
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Draco dSph: modelingDraco dSph: modeling

cusped 
profile

cored 
profile

total DM
annihil. rate

Nγ:  γ-rays / annihil.γ-ray flux

γ-ray flux

<σAv>, mχ: WIMP annihil. cross section, mass

d~80 kpc

rs = 7 – 0.2  kpc
ρ0 = 107 – 109 M∼ kpc-3

ρ0
2 rs

3 = 0.03 – 6 M∼
2 kpc-3

Bergström & 
Hooper 2006

upper limit
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MAGIC
40-h exp.

GLAST
1-yr exp.

IACT neutralino detection: 
    <σAv>  ≥ 10-25 cm3s-1

Bergström & Hooper 2006

max. cusped

min. cored

τ+τ-

W+W-

ZZ

bb
t t

_
_

Stoehr + 2003



Draco dSph obs’d MAGIC arXiv:0711.2574

7.8 hr
May 2007

m0 > 2 TeV  … Ωχ < (ΩDM+2δΩDM)WMAP=0.113
m0 > 2 TeV  … Ωχ < (ΩDM−2δΩDM)WMAP=0.09751

m0 ≤ 2 TeV … Ωχ < (ΩDM+2δΩDM)WMAP=0.113
m0 ≤ 2 TeV … Ωχ < (ΩDM−2δΩDM)WMAP=0.09751
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Exotica: QG effects
a non-trivial dispersion relation for light in vacuum

[ ])/(1222
QGEEfEc +=p

Search for dispersion of light from GRBs 
QG effect induced by deformed dispersion relation
        f(EQG): model-dependent function of effective QG scale EQG~EP≈ 1019  GeV
If Hamiltonian eq. of motion:
    energy-dependent velocities for massless particles 
          implications for EM signals from distant astrophysical sources
At E<<EQG:                                                              , with                  dependent on dynamical framework 

Energy-dependent velocity

Vacuum responds differently to propagation of particles of different E  cf. ordinary plasma
        ‘QG medium’ to fluctuate on scale λ~ LP≈10-33 cm on timescale tP≈h/EP  cf. thermal fluct’s in plasma, t≈1/T
Time delay (w.r.t. ordinary case of v=c):                         max. when E, L large and time structure δt small

 sensitivity factor                              (being                                            and δt the time structure of the signal) 
                         GRBs: δt ~ 0.001 s, L~ 5000 Mpc, E ~ 20 MeV  η∼1
                                          100 s                                  2 TeV
                              pulsars:   δt ~ µs, L ~ 3 kpc,         E ~ eV    η~10−11

                         SN Ia:     δt ~ ms, L ~ 5000 Mpc, E ~ eV     η~10−7

Amelino-Camelia+ 1998

Stecker 2003

Phenomenologically, the effect can be studied with a

perturbative expansion. At 1st order, the arrival delay
of photons of different energy, emitted simultaneously
from a distant  source, is proportional to their energy
difference and to the path L to the source.

Mk 501: Jul 9 2005 flare
4-min delay between flux
variation @ 1-0.25 TeV
⇒ EQG > 0.6×1017GeV
(Ellis+2006: EQG > 0.9×1016GeV)
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and ∃ no conventional  explanations 

Kjbvakj
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April 23, 2007

GLASTGLAST
Launch scheduled: >May 2008Launch scheduled: >May 2008
Fully operational:    ~Fall 2008Fully operational:    ~Fall 2008
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HESS-II

New 28m telescope

2048 pixel camera.

Lower energy 40-50 GeV

First light in 2009 (?)

MAGIC-II: a clone of 1st telescope but:

• Improved 17m telescope (mirror & camera)

• Faster FADCs and a high-QE camera

• First light by fall 2008

MAGIC-IMAGIC-I MAGIC-IIMAGIC-II

85m

Outlook: What next ?   1.Outlook: What next ?   1.

VERITAS

4 12-m telescopes at Kitt Peak, AZ

Fully operational since late 2006

New technologies
to lower the threshold energy
17m diameter largest dish
High resolution camera
Ultra-fast read-out system 300M  2GHz
Analogue signal fiber transmission
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The Experimental VHE World (in progress)

STACEE
CACTUS

MILAGRO

TIBET
ARGO-YBJ

PACT

GRAPES

TACTIC

VERITAS

MAGIC

HESS CANGAROO

TIBETMILAGRO
STACEE

TACTIC
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Outlook: What next ?   2.
The Cherenkov Telescope

Array (CTA) facility

aims to explore the sky in the
10 GeV to 100 TeV energy
range

builds on demonstrated
technologies

combines guaranteed science
with significant discovery
potential

is a cornerstone towards a
multi-messenger exploration of
the nonthermal universe
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Conclusion
Breakthrough in VHE γ-ray astronomy: outstanding results from second-generation IACTs

VHE γ-ray installations: observatories, no longer experiments
  VHE γ-ray astronomy established

New VHE sources: more discovered last 2 years than in previous 20 years!
     ... more on the way

SNRs, γ-ray binaries, pulsars      particle acceleration

Blazars, EBL      SSC model of jets, measure EBL(z)  (  exotica: QG? )

GRBs      prompt emission detectable  (  exotica: QG? )

SF galaxies      TeV emission: NT indicator of current SFR

Clusters      NT side of structure formation:

Indirect DM searches      ok for IACTs if WIMP
                                                  parameter space favorable
                                                  ... collaboration w. GLAST
                                                          important!

… see review: 
De Angelis, Mansutti & Persic 2008
Nuovo Cimento, 31, 187-245


