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γ-ray energies:
10s of GeV to
10s of TeV



H.E.S.S. Telescope System, Namibia



MAGIC II First Light April 24/25

VERITAS



MILAGRO: Shower particles @ ground



The TeV Sky
Source: J. Hinton
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H.E.S.S. Galactic Plane Survey
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Typical source distance: some kpc
Typical source size: some 10 pc
Only a handful of “point sources”



“Real Astronomy”

Sky maps
Resolved source morphologies
Highly resolved light curves
Source catalogs (http://tevcat.uchicago.edu/)
Several detection techniques
Firmly embedded in multiwavelength astronomy

VHE AGN flares
with minute rise
times

H.E.S.S., MAGIC:
speed of light varies
by less than 1.5.10-15

over a ΔE = 1 TeV
PKS 2155-304
2 minute bins



each source is a cosmic 
particle accelerator
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From particles to radiation II

Source
of particles
(e.g. pulsar)

Target 
“material”

For uniform distribution 
of targets,

γ-rays probe particle 
distribution

Typical lifetime of 
electrons is 10s of kyr, 
of protons 100s of kr

range 10s of pc,
unless confined by
strong magnetic 

fields or radiative
losses

typically large & 
diffuse sources



Source opacity: LS 5039

Binary LS 5039
VHE gamma-ray
light curve
folded using
optical period

Data repeated
for 2 cycles

γ-Period: 3.908±0.002 days

H.E.S.S., astro-ph/0607192

e+e- pair production threshold:

Eγ (TeV) EPh(eV) ~ 1

e+e- pair production threshold:

Eγ (TeV) EPh(eV) ~ 1



Beyond our GalaxyBeyond our Galaxy

>0.6 sr of extragalactic space covered
no serendipitous discoveries

about 2 dozen extragalactic sources
of VHE gamma rays known – all AGN



Extragalactic VHE gamma-ray sources

z = 0.0212008FRI3C66B(?)22

3800 kpc2009FRICentaurus A24
z = 0.00442003FRIM8723

z = 0.0311992HBLMarkarian 42121
z = 0.0341996HBLMarkarian 50120
z = 0.0441998HBL1ES 2344+51419
z = 0.0452006HBLMarkarian 18018
z = 0.0481999HBL1ES 1959+65017
z = 0.0692001LBLBL Lacertae16
z = 0.0712005HBLPKS 2005-48915
z = 0.082008HBLRGB J0152+01714
z = 0.1022008LBLW Comae13
z = 0.1161999HBLPKS 2155-30412
z = 0.1292002HBLH 1426+42811
z = 0.1382008HBL1ES 0806+52410
z = 0.142006HBL1ES 0229+209
z = 0.1652006HBLH 2356-3098
z = 0.1822006HBL1ES 1218+3047
z = 0.1862006HBL1ES 1101-2326
z = 0.1882007HBL1ES 0347-1215
z = 0.2122007HBL1ES 1011+4964
z = 0.352006HBLPG 1553+1133
z = 0.4441998LBL3C66A2
z = 0.53622008FSRQ3C2791

Source: http://tevcat.uchicago.edu/

soon more, e.g.
RGB J0710+591
VERITAS ATel 1941
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Gamma-ray horizon due to pair production
target: Extragalactic Background Light (EBL)

MAGIC
Science 
320 (2008)

EBL level depends on
star formation history

of the Universe

Relevant
EBL range:

1-10 μm



EBL limits

γ-Ray limits

red-shifted 
early stars

Raue & Mazin 0802.0129

lower limits
from galaxy counts

direct measurements /
upper limits

model
curve



Star formation in the early Universe

γ-Ray limits

Raue & Mazin 0802.0129

M. Raue et al., 
0806.2574

red-shifted 
early stars



Understanding TeV Blazars:
Mrk 421 flare

AGILE, Gasp-Webt, MAGIC, VERITAS, arXiv:0812.1500

optical

X-ray

hard 
X-ray

HE & VHE
gamma-ray

X
γ

e

e

SSC
model



3C 66A (z=0.44) vs 3C 66B (FRI, z = 0.02)

VERITAS, arXiv:0901.4527

21 σ, 4 σ away from 3C 66A
6% Crab, Index 4.1±0.4±0.6

MAGIC, arXiv:0810.4712

6 σ, with 85% prob. 3C 66B
2% Crab, Index 3.1±0.3±0.2

9/07 – 11/088/07 – 12/07



ATOM
RXTE/Swift Fermi

HESS
optical

X-rays

HE γ

VHE γ

Understanding TeV Blazars:
PSK 2155-304

SED described by SSC models
but problems with pattern of variability

SSC model

“Blob” R ~1017 cm
Doppler factor Γ ~30
Field B ~ 0.02 G

Fermi & H.E.S.S., arXiv:0903.2924

X
γ

e

e

correlation



Nearby radio galaxies: Centaurus A

AUGER
UHECR map

Centaurus A

energy flux of one UHECR
in AUGER is roughly 10-2 x Crab flux

Cen A:
6 x 107 solar mass BH

4 Mpc distance



Nearby radio galaxies: Centaurus A

3, 4, 5 σ

PSF

Flux ~0.8% Crab
Spectral index 2.7±0.5±0.2 H.E.S.S., arXiv:0903.1582

VHE
size
limit

γ-rays from core or
from extended jets?

source
c.o.g.

PSF



Nearby AGN: M 87 

VHE

X-rayHST-1

Nucleus

H.E.S.S. / MAGIC / 
VERITAS Campaign



Progress in understandingProgress in understanding
galactic source populationsgalactic source populations

“Classical” cosmic particle accelerators: Supernova shocks



Massive stars, the first stage: Stellar winds

Westerlund 1

H.E.S.S.
preliminary

most massive compact 
young star cluster
13+ WR stars, 30+ hot 
supergiant stars
in 0.5o gas bubble Similar for Wd 2



RX J1713.7-3946

SN1006

preliminary

Maps ~ to scale

RCW86
H.E.S.S. 2008 H.E.S.S. 2008

H.E.S.S. 2004 H.E.S.S. 2005

Supernova shocks
here: resolved
shell-type SNR



SN 1006         off the Galactic plane in uniform environment

smoothed X-ray contours

Flux: 1% Crab

2 – 4.5 keV X-rays VHE γ-rays

H.E.S.S. prelim.



Knowns and unknowns

Supernova shock fronts accelerate particles to energies 
approaching a PeV
SEDs can be reproduced with plausible energetics
assuming X-rays from electrons and gamma-rays from 
protons; e/p ~ 10-3

SEDs can also be approximated as electronic emission 
only; low magnetic fields (O(10 μG)) required to 
reproduce gamma-ray/X-ray flux ratio are at variance 
with data on (local) field strength

Do (these) SNR really accelerate protons and nuclei ?
Do we understand the morphology of remnants ?
Do SNR shocks produce cosmic rays up to the knee and 
beyond ?
Do SNR quantitatively account for the observed cosmic-
ray density ?



Supernovae interacting with clouds

Wardle et al.  2002

W28



Supernovae interacting with clouds

W28

arXiv:0801.3555



Supernovae interacting with clouds

Wardle et al.  2002

IC 443

MAGIC 2007, arXiv:0705.3119
VERITAS 2007, 2008: arXiv:0810.0799

maser

VERITAS 2008 prel.
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The final stage: 
Pulsar wind nebulae

PWN candidates



Last stage: Pulsar wind nebulae (& plerions)

van der Swaluw, Downes, & Keegan 2003

SN shock
accelerates particles

for O(10 ky)

Pulsar sustains
pulsar wind nebula

for O(100 ky)

relatively inefficient
source of gamma rays

IC: very 
efficient source 
of gamma rays



Interaction of shell and PWN



Unidentified sources turning into PWN

Chandra

RXTE

Gotthelf & Halpern 2008

HESS J1837-069



PWN candidates

60

280

20

320

Compact X-ray PWN
centered on pulsar -
X-ray emitting electrons
have livetime O(kyr)

Extended γ-ray PWN –
γ-ray emitting electrons
have livetime of 10s of
kyr

Lγ/LX can be large
since  γ-ray emitting 
electrons accumulate
over 10s of kyrs
(“relic electrons”)



HE vs VHE sky

about 1/4 of LAT galactic sources have VHE counterpart 
in H.E.S.S. survey

Fermi LAT 
Bright Source List



Correlation with LAT bright source list: 
of 34 Fermi sources in region, 14 have >3σ in MILAGRO (>10 TeV)
arXiv: 0904:1018

arXiv:0904.1018  

MILAGRO 2007: 4 sources, 4 candidates
E ~20 TeV

IC 443 (SNR)
3.0 σ

PSR J0631+1036
3.7 σ

Geminga (PSR)
3.5 σ

unid
4.3 σ

MGRO J1908+06
LAT-PSR
7.4 σ

HESS J1923+141
SNR
3.4 σ

LAT-PSR
4.0 σ

MGRO J2019+37
PSR J2021+3651
12.4 σ

MGRO J2031+41
LAT-PSR
7.6 σ

PSR J2229+6114
6.6 σ



Also: Gamma-ray binaries



4) Gamma-ray binaries

HESS J0632+057

XMM X-ray map

Variable X-ray source coincident
with B0pe star MWC 148

A new binary?
Hinton et al., arXiv:0809.0584



First ground-based
detection of pulsed
emission from a 
pulsar
MAGIC, Science 322, 2008
using special low-energy trigger



Origin of pulsed emission: outer gap

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

MAGIC

EGRET



No time for flux limits for …

Pulsed emission from other pulsars
Starburst galaxies
Galaxy clusters
Dark matter annihilation at/around

Galactic center
Dwarf galaxies
Intermediate mass black holes

… other potential source classes

Limits approaching the interesting range, but not 
yet constraining



Cosmic-ray electrons

Spectrum of 
electrons in CR

H.E.S.S. 
arXiv:0811.3894

cutoff due to
radiative losses

local sources
(e.g. Vela)



• VHE gamma ray sky is rich in sources and source types
• Some objects were first seen in VHE gamma rays
• Combination of radio, X-ray, gamma ray data essential 

for understanding nonthermal phenomena in the 
Universe … together with Fermi unprecedented coverage

• Much left to do – only scraping the tip of the iceberg



Next-generation observatories

CTA: a Cherenkov Telescope Array 10 x more sensitive 
than H.E.S.S., MAGIC, VERITAS & wide energy range

strong recommendation in ASTRONET, ASPERA roadmaps
in ESFRI list for future research infrastructures

AGIS: a Cherenkov Telescope Array 10 x more 
sensitive than H.E.S.S., MAGIC, VERITAS
HAWC: a high-altitude water Cherenkov detector 10 x 
more sensitive than MILAGRO
LHAASO: a km2-sized Large High Altitude Air Shower 
Observatory in Tibet, combining scintillation detectors, 
water Cherenkov detectors and Cherenkov telescopes

CTA AGIS HAWC


