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Multiwavelength Astronom

Cosmic microwave background, ~3 mm
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gth Astronom

Cosmic microwave background, ~3 mm
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Very ngh Energy Gamma Ray Astronomy
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Very High Energy Gamma-Ray Astronomy

« Gamma-rays are ideal messenger particles
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The dawn of VHE y-Ray Astronomy

Situation before =2004:

Energy gap between satellite-borne detectors (<10 GeV) and ground-based
telescopes (>300 GeV).
For extragalactic sources — absorption due to Extragalactic Background Light (EBL).

VHE Gamma Sources (E > 300 GeV)

’ Ground-based
B v IAARNRNSYY > 300 GeV
i

' | SN 1006\
RXJ 1713 “'

LT 1 e
e - " || " THIRD EGRET CATALOGUE OF GAMMA-RAY POINT SOURCES
| CrabNetuia

B = SNR/Pulsar @ = Active Galactic Nuclei

m Pulsars
Galaxies
® EGRET Unidentified Sources
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Ground-Based y-ray Astronomy

® Today a crucial window in the
electromagnetic spectrum of cosmic radiation

0 Today we can speak of ’ astronomy because

RICAP 11, 2011 May 25
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IACT installations: the Key Players
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IACT installations: the Key Players
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Performances of IACTs

Observatory | Elevation | Telescopes | Mirror Area | FoV (°) | Threshold | Sensitivity

J (km) (#) (m"2) (GeV) | (% Crab®)
= RE 4 428 B~ 120 0,5

1.3 424 3.5 120 0,5

2x236 B 5 0@y ey

Typléal effectlve area >>10°m
Typical angular resolutlon <0.1°
Typical energy resolution ~15%
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Performances of IACTs

Observatory Elevation | Telescopes | Mirror Area | FoV (°) | Threshold | Sensitivity
(km) €] (mt2) (€12 (% Crab*)

LE S5 1.8 4 428 5 120 0,5

VERITAS 1.3 4 424 3.5 120 0,5
2.2 2 G | 35" 50(30).| - 07

NAI_OZ A

30.5GeV  guzse

1 R N
' BGO_01
LAT_BACK +
4 LAT_FRONT ©

Typical effective area >>10> m?

Typical angular resolution <0.1° Fermi-LAT

GRB090510

Rate (counts s™" kev™')

Typical energy resolution ~15%

10*
Energy (keV)
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* Detect the Cherenkov radi
# A mirror reflects and cor
% An image of the showeT
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% Detect the Cherenkov radi
# A mirror reflects and cor
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Hadron event

=10—-15 km

Hadrons (background) dominate over
gammas (signal). They must be rejected

statistically in the analysis

. Works excellent > 100 GeV
RS *b.u ‘c.h'aﬂ'sngng < 100 GeV
‘ \C\.& \\\

“{ \lks universitet, March 29, 2010
\ l < . S

’ e y -
~ 4 &Wagner TeVﬁ
L gt




Scientific Objectives inton O, Harm 08, o Angeisi03
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TeV astronomy reviews e.g.,

S C i e n tifi C O bi ECtives Hinton 07, Horns 08, De Angelis+08
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Scientific Objectives inton 07, M 08, b Angeisi08
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VHE y-ray sources
VHE y=ray Sky Map ® Blazar (HBL)
A\ AT Blazar (LBL)
(E >1 OO GeV) il ®. Flat Spectrum Radio Quasar
v - Lot ' Radio Galaxy
Pulsar Wind Nebula
Supernova Remnant
Binary System
Open Cluster
Unidentified
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http://www.mpp.mpg.de/~rwagner/sources/
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http://www.mpp.mpg.de
http://www.mpp.mpg.de

Seminal discoveries since 2003

* Massive flares of Active Galactic Nuclei

* Imaged Supernova Remnant Shells

* Dark accelerators

* Constraints on Extragalactic Background Light
* Constraints on Lorentz invariance violation
* Cosmic ray electron and iron spectra

RICAP 11, 2011 May 25
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Origin of VHE y-rays

After acceleration of charged particles,
two processes can produce TeV emission:
nt® decay: accelerated ions collide with ambient medium,
producing «i® — vy
Inverse Compton (IC): accelerated electrons up-scatter ambient
photons
Proton acceleration

High-energy proton

e e
Nucleus

X-ray(synchrotron)
ANANANAANANANTD
22g o

Magnetic Field PN NS W NN N
JJJ Gamma-ray(IC)

2. 7K CMB photon

Y-rays produced after the annihilation of neutralinos
in regions with high p,,: €.g., Galactic center, Clusters of Galaxies,

Spheroidal Dwarfs, Intermediate-mass BHs

R. M. Wagner: Ground Based VHE Astronomy RICAP 11, 2011 May 25




Overlap with Fermi-LAT

High-Enerqy peak, X-calibration
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Galactic
VHE Gamma-Ray Sources

RICAP 11, 2011 May 25
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HESS Galactic Plane Scan"s "H> siactic opservations
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Eger, HESS galactic observations
Thu parallel

Galactic Discoveries in VHE y-ray Astronomy

8 B

[«
o

8
H.E.S.S. Galactic Plane Survey

n
o

# of known Galactic VHE y-ray sources
D
o

0
1990 1993 1995 1998 2001 2004 2006 2009 2012 2015
Discovery year
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Galactic Discoveries in VHE y-ray Astronomy

) SRR e e o e e e e ) )

n
o

— —
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o
H.E.S.S. Galactic Plane Survey

# of known Galactic VHE y-ray sources
[*2]
o

.........................

o __ __ - - y w—— ry
1990 1993 1995 1998 2004 2006 2009 2012 2
Discovery year

© In all cases, VHE gamma rays
trace nonthermal X-rays

R. M. Wagner: Ground Based VHE Astronomy

Investigating Morphology

r, HESS galactic observations

Thu parallel

VelaJr
Massive 1° shell

RX J1713.7-3946

First resolved morphology
in VHE y-ray astronomy

RCW 86
To be confirmed

SN 1006

Deep exposure of
historical SNR

HESS J1731-347
First VHE y-ray discovery
to trigger SNR discovery

RICAP 11, 2011 May 25




Binary Systems: e.g., LS | +61 3003 )

'@ September 2006 | 1 VERITAS__
l

- October 2006 1 ) [ e Ferml
& November 2006 1 14x107" } 1 \«»\;.

-¥- January 2007
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orbital phase

Superior
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0775

Inferior
conjunction

Aragona et al. ApJ 2009
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MAGIC Collaboration,

C ra b p u Isa r Science 322 (2008) 1221

Observations from October 2007 to February 2008

’ MAGIC
@ Novel trigger system: >60 GeV

threshold from 50-60 GeV down to 25 GeV
@ Observed about 8.5k pulsed y-ray events
@ clear pulsed signal at a 6.4 o confidence level
@ pulses in phase with EGRET

R. M. Wagner: Ground Based VHE Astronomy RICAP 11, 2011 May 25




Crab pulsar

Observations from October 2007 to February 2008

@ Novel trigger system:
threshold from 50-60 GeV down to 25 GeV

@ Observed about 8.5k pulsed y-ray events
@ clear pulsed signal at a 6.4 o confidence level
@ pulses in phase with EGRET

. MAGIC 20 U.L. (Albert et al. 2008)
Celeste (De Naiurois 2002) '

. Whipple.(Lessard.2000)

. EGRET (Nolan; 1993)

16.4 GeV expofnential cutoff

- 20.5 GeV supe}exponential cutofff

. Thiswork

R. M. Wagner: Ground Based VHE Astronomy

'
- IIIIIIIIIIII-...

MAGIC Collaboration,

Science 322 (2008) 1221

o}
SN

MAGIC
>60 GeV

‘HH‘HH‘H\
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MAGIC Collaboration,
C ra b p u Isa r Science 322 ?2802;012051

Observations from October 2007 to Fel

@ Novel trigger system:
threshold from 50-60 GeV down to

- @ Observed about

: : ‘ . Celeste (D4
B S S 0t Whipple (L4
3 3 3 . EGRET (Nd
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DC Signal from the nebula 50-80 GeV

Fermi

CGRO COMPTEL
CGRO EGRET
HESS

MAGIC
CANGAROO
VERITAS

HEGRA
CELESTE

OFONPOX %0

=740 .
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Extragalactic
VHE Gamma-Ray Sources:
Blazars and Radio Galaxies

RICAP 11, 2011 May 25
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AGNs & the Blazar Phenomenon "=

I QZQr— Jetof high-speed
particles
Magnetic field

’___
N / \ Imes

Small fraction of observed galaxies are “active”

Supermassive black holes of 10 — 10 solar masses

Rotating accretion disk
ission of collimatec

, relativisticjets

Accretion

RICAP 11, 2011 May 25
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AGNs & the Blazar Phenomenon "=

——————

Small fraction of observed galaxies are “active”
Supermassive black holes of 10 — 10 solar masses
Rotating accretion disk

Emission of collimated, relativistic jets
Blazars:

of high-speed
particles

B\lgzcﬂ'— Jet

\

- Magnetic field
"\ lines

Accretion
disk ™

Radio galaxies: “Misaligned blazars”?

Other mechanisms? synchrotron
® _ Y (eV=keV)
p* (>>TeV)

inverse Compton

R. M. Wagner: Ground Based VHE Astronomy RICAP 11, 2011 May 25



Particle Acceleration in Blazars

Y-rays are crucial messengers:
=Dynamics of emission regions in the jets 5

=Study acceleration & energy loss timescales b s Y, A0 S010 3000
=Decide: leptonic vs hadronic acceleration? )

d) HESS. MJD 53944

® leptonic models favored:

HES.S. E>200 GeV

&> Hadronic models challenged by
observed X/VHE correlations
and by very rapid y-ray variability

2> Variability needs to be explained:
Matter crossing the jet? sub-shocks?
...|et structure

2> Shape of spectrum, multiwavelength observations

R. M. Wagner: Ground Based VHE Astronomy RICAP 11, 2011 May 25



Particle Acceleration in Blazars

# We still do not know: # Open questions:
® Variability time scales? ® Spatial origin of y-rays?
® Other correlations (optical, radio)? ® Physical conditions in the jet?

® Reason for the variability?
% Exact location of the blazar engine

“ , RADIO-LOUD AGN EMISSION |

o SHOCK /SUPERLUMINAL KNOT
MM —WAVE -mnmf?—m'f , ,

_cosssladbe §

o
=]
Ly i

courtesy A. Marscher
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Blazar Highlights: SED Modeling

SSC appears to work for 3C 66a and W Comae need
incl. flare states. SSC + EC components.

Swift XRT r—@—
Intrinsic VHE Spectrum « « = -

vF,[erg s'cm)

1 11010

vF, [Jy Hz]

PRI MR
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.
i .
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ApdJ, 715, L49, 2010 ApJL 684, 73, (2008) ApJ 707, 612 (2009)

" " 1
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v, [erg em s

® F-GAMMA . ® XRT Oct 04

A MDM Oct 06 ¥ ® XRT Oct 05

v ANDM Oct 10 @ Fermi=1AT flare
UYOT Oct 04 ® Fermi=1AT darkrun

1ES 23444514 | > Emme e
| ApJ, submitted, 2010

: 10 15 20 25
10" 10 10 10" 10" 10" 107 10" 10" 10 10" 10% 10* 10 105 10°° 107 107 10 10 10 10
vIHz) Frequency [Hz]

ApdL 693, 104, (2009) ApJ submitted (2010)
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VHE/Radio Collaboration Reveals...

@ VLBA Monitoring of the M87 jet
at 43 GHz (2007/8), Walker et al.

@ Resolution: 0.43x0.21 mas
100 Schwarzschild radii

=0.37 mas (1 mas = 0.078 pc)

Kot ~ ~ ~

2
8

-
o

3, [107em® s

N\

s  ° ° ° 1° 1 1 1] S LR S
2.8 — —
1.9 — S—
M
I 1.9 —— —
3
i T S—
g e f— -
C _ sl ]
E -1.0 — ‘ — e e g T
¢ 45— —
20— — T i r= 12 s
- | | &
AR _l— I l l 1 I I l 1— ?v}:'oh:ucleus 1.2-5.3 mas)
8 | -2 -3 4

) 3 2 | -
R.C. Walker et al. "f8"e =€

@ et formation @ 30 x 60 Rs

@ VHE flare accompanied by radio flare
from BH ViCinity 02 Apr 2007 02 Jul 2007 01 Oct 2007 01 Jan 2008 01 Apr2008

Time
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VHE/Radio Collaboration Reveals...

Declination Offset (mas)

Declination Offset (mas)

oo B o MB O

0.0 -0.5

(C) 2008 Jan. 31

Average subtracted

(D) 2008 Feb. 25

Average subtracted

(B) 2008 Apr. 5

50 light days

70 Rs

1.0 -15 20 05 00  -0.5
Right Ascension Offset (mas)

(E) 2008 Mar. 19

Average subtracted

(F) 2008 Apr. 5

Average subtracted

40 1.5 20 05 00  -05
Right Ascension Offset (mas)
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VHE/Radio Collaboration Reveals...

S Q' S

S

: F,"L" ”y} Science 325 (2009) 444 SOM

i

Declination Offset (mas)
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nght Ascension Offset (m:

(C) 2008 Jan. 31

Average subtracted
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W (01 Time-dependent electron injection
Jlos: | w outer sheath ~VHE flux
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Starburst Galaxies NGC 253 & M82

a new TeV source class
Gamma rays expected from interaction of cosmic rays and interstellar gas and radiation.
e.g. M82: TeV emission level close to predictions (model of Persic et al., 2008)

250 eV cm3; ~500 x that of Milky Way

Both NGC 253 (HESS) and
M82 detected by Fermi LAT.

VERITAS: M82

Declination [ Degrees ]

=
E? dN/dE (MeV cm? s)

150 149 148 147 146
Right Ascension [ Degrees ]

Abdo et al., ApJ 709, L152 (2010) RICAP 11, 2011 May 25
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Very Distant Sources

3C 279, PKS 1222+2]

Background image: 3C 279 EGRET Skymap
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Teshima, RMW et al. 2007 (ICRCO7)

3C 279: Famous EGRET Blazar MAsICColl, Science 320 (2008) 1752

Flat Spectrum Radio Quasar at z=0.536

Apparent luminosity ~ 10*8 erg/s

Gamma-ray flares in 1991 and 1996:
High dynamical range in EGRET data

Fast time variation: AT ~ 6hr in 1996 flare

x10~

MAGIC Light Curve + MAGIC: E>100 GeV

23 Feb 2006

6.20

22 Feb 2006

I1

lux incompatible with const.: 5.04 o

R. M. Wagner: Ground Based VHE Astronomy

+ P1 (June 1991 flare)
+-+ P2 (Dec. 92/ Jan. 93)
e June 2003
Jan. 15, 2006
= Feb. 23, 2006

10° 10" 10" 10" 10" 10" 10* 10® 10*®
Overall SED v [Hz]

9 z=0.536! Major jump in redshift
@ First FSRQ in TeV gamma-rays:

#$ Can be used to constrain
Extragalactic Background
Light models

RICAP 11, 2011 May 25




3C 279: Re-detected in 2007 e

MAGIC (150 GeV) l 2007 January 16
i Detected again on 5.6-0 Ievel]

while high in opt
| and X-rays ” } "
3 L
0 { SEIREE |
54110 54112 54114 541 54118 54120 54122 54124
60-‘-ﬁ ----------------------------------------------------------------------------------------------------------------------------------------------------------- 4_ | | ]
y e }#HH+ i e e
DS ETL TS LI, T AT TR . | P S S
§ L s

108

. . 1 0-8 i i i i
2 > 200 300 400 500
9° [deg”] E [GeV]
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MAGIC Collab.

3C 279: SEDs 2006 / 2007 ARA 2O

Log E [eV]
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Likely different mechanisms for 2006 and 2007 flare
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AGN Emission Passes Through EBL

- - T =, = < - 2 ==

PENEEEED 20 0 O

= L= R

S )\, = 1.24 pum(E/TeV) I8

h e
N (NN ’
N e

IACT—

mprln (0) aensl y and s ape ".“‘ .................... %
in the measured GeV-TeV spectra : :

®Cross-section peaks sharply:
Ecm=1.8 x (2mec?) © N,.x = 1.24 pm(E/TeV)

#GeV-TeV spectra can be used to test EBL density
under certain assumptions about the intrinsic
spectra
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4C+21.35.aPKS 1222+21,

2010 June 17, flare state

PKS 1222+21 (4C +21.35) is a
high redshift (z=0.43) FSRQ

(only 3C279, PKS1510-089 so far)

Observations triggered by a high state
reported by Fermi-LAT

sy A

Preliminary

E Primack et al. (2005)
: Stecker et al. (2006)
5010 Kneiske et al. (2002) modified
107 & .
N [ > Universe Opaque to Gamma Rays
o~ B (=4
E [ s [
9 10 E
S E E 1
(Y] B =
E [ O
B 10° -
Z|g Z = N
u =
5 107 hreshol
10L- e Observed spectrum E MAGIC Energy Threshold " oef —u__
2 Systematics on obs. spect. i
j0'k- = Deabsorbed spectrum | - Universe Transparent to Gamma Rays
E ...... ~ - L L L L | 1 L 1 L I L 1 | 1 | 1 ] 1 L I 1 1 1 1 | 1 L 1 ] | 1 1 1 1
- | EBL models spread 1 107, 0.1 0.2 0.3 0.4 0.5 0.6 0.7
- | Redshift z
10. 4 4 4 L 4 4 4 4 4 4 !
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= allows short-term variability studies

* Preliminary analysis shows a flux
>30% of the Crab Nebula flux

+ Also detected by Fermi-LAT in
100-300 GeV energy range
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Possible solutions:
* Strong recollimation of the jet

= allows short-term variability studies

+ Preliminary analysis shows a flux ‘ “N.eedles” or “minijets” inside of
>30% of the Crab Nebula flux the jet. Already proposed for PKS

+ Also detected by Fermi-LAT in 2149-306
100-300 GeV energy range
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Gamma Astronomy at this meeting

s Aharonian, coming up next

s Ragan, VERITAS status, Thu plenary

s Vernetto, ARGO-YBJ, Thu plenary

s Doro, MAGIC stereo system, Thu parallel

s Beilicke, VERITAS galactic center, Thu parallel
s Eger, HESS galactic observations, Thu parallel
s Antonelli, CTA, Fri plenary

» DeYoung, HAWC, Fri
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Today
% Consolidation of Cerenkov telescopes as astronomical instruments
— transition from “VHE experiments” to “telescopic installations”
% Big observational step in the last few years:
quantitatively - >10 x number of detected sources, now > 100

- qualitatively unprecedented detailed studies in
Spectra, Morphology, Time Variability
s Stereoscopic systems (MAGIC with low energy capabilities and 28m HESS-2

coming up) extremely successful
o closed the energy gap between predecessor-generation of IACT and EGRET/
Fermi between 30 GeV. and 300 GeV

overlap with satellite

r-ab ulsa___r detected

o Use ground-based te
Nature and mechay
galactic and extragalactic obj

woroduction in

s Showed recent (extremely) selected results
s Importance of MWL, skipped GRB results, MMSG efforts
s Keep an eye on IACT and CTA, exciting times pertain.
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