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Cosmic ray origin and acceleration

¢ Supernova remnants
# Starburst galaxies
# Unidentified galactic sources / Surveys

# Clusters of galaxies

Astrophysics of compact objects
¢ AGNs

# Micro-quasars and Stellar-mass black holes

#  Pulsars

# Gamma-ray bursts

Cosmology

# Diffuse extragalactic radiation fields
via cutoff in AGN spectra and AGN halos

# Clusters of galaxies

Astroparticle physics

# Neutralino annihilation in DM halos s
B. Khélifi, MPIK of Heidelberg La Thuile, 28/02/2005
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Arra

¢ Sijtuated in Namibia, 1800 m asl
¢ 4 telescopes, separated by 120 m

Telescope

e Mirror area ~107 m?
¢ Focal length: 15 m (f/d ~ 1.2)
Camera

¢ 960 PMTs (0.16°)

¢ 5°field of view

¢ Readout integrated in camera body

¢ 16 ns integration, 1 GHz sampling
Central Trigger system

¢ Allows for telescope multiplicity

requirement
B. Khelifi, MPIK of Heidelberg

La Thuile, 28/02/2005
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Arry

¢ Sijtuated in Namibia, 1800 m asl

¢ 4 telescopes, separated by 120 m g Operati(A)CnaI cince Dec. 20’(’)3

+ Southern hemisphere
Telescope

+ Relatively large field of view
» Mirror area ~107 m*

« Focal length: 15 m (f/d ~ 1.2)
Camera

* 960 PMTs (0.16°)

© 5°field of view

© Readout integrated in camera body
© 16 ns integration, 1 GHz sampling

Central Trigger system

¢ Allows for telescope multiplicity

requirement . |
B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005




» Large collection area
gamma-ray

» Discrimination between
gamma-rays and hadrons:

Rk vl | LU ETI R 1Tt [ (1| QR (A1 LR N
xar

Proton, 500 GeV

B. Khélifi, MPIK of Heidelberg From W. Hofmann La Thuile, 28/02/2005



From M. Punch

Determination of arrival direction per photon:
0.14° in mono —» en stereo

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005
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Centre of gravity
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Determination of shower impact: £20m

— No more degeneracy between intensity and shower impact
Energy resolution:

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005

Not in scale

From M. Punch



Time Required for 5 Sigma Detection Use MC to predict time required to

detect a source of a certain strength
at zenith angle=20°:
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Progress in the detection of Crab
10

Flux (Crab Units) Whipple in 1989: 50 h

CATin 1997 : 1h 20 min

H.E.S.S. in 2003: 30 sec

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



Millisecond pulsar
Acceleration of electrons: nebula

CHANDRA (X-rays): Crab nebula

Previous detections in VHE:

* 1 confirmed (Crab), 2 detected by
CANGAROO

Issue:

How are these particules accelerated?

(=)
B. Khélifi, MPIK of Heidelberg La Thuile, 28/02/2005



H.E.S.S. Observations
» 2003 data set (3 Tel), 2.8 hrs

Accelerated electrons

» Synchrotron radiation
dE/dt,, = ky’U,,,,~ B?

® Inv. Compton scattering

dE/dt, = ky’U

rad

log10{E/eV)

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



H.E.S.S. Observations
» 2003 data set (3 Tel), 2.8 hrs

Accelerated electrons
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» Synchrotron radiation
dE/dt,, = ky’U,,,,~ B?
® Inv. Compton scattering

dE/dt_ = ky’U

rad

B. Khelifi, MPIK of Heidelberg

Emission
Synchrotron

! !

10GeY  300GeV 10TeV

Horns et al., 2004
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4 6
log1 O(E/eV)

100 TeV

Emission
Compton inverse
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Clear PWN inside an SNR
» Age: 1.7-20 kyrs, Dist: 5.4 kpc
® «jets», no torus

MO ST at 843M 1w CH ANDRAA - il
ROSAT at 0.1-2 keV S~/ 0.3-8.0 keV

108 It
En (TRO0Q)

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



Clear PWN inside an SNR
» Age: 1.7-20 kyrs, Dist: 5.4 kpc

® «jets», no torus

H.E.S.S. observations
22 hrs, E,, ~ 280 GeV

Excess of

Asymmetric excess
Flux of 15% Crab, I = 2.3+0.03

16h16m 16h14m 16h12m
RA (hours)

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



Clear PWN inside an SNR
» Age: 1.7-20 kyrs, Dist: 5.4 kpc

® «jets», no torus

B=17 uG
2.3 eV/cm3 of dust IR
- 4%1
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H.E.S.S. observations
» 22 hrs, E, ~ 280 GeV
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— Total

€ EXCE S S Of . . Synchrotron

----1C on CMBR

* Asymmetric excess

IC on IR from dust

* Flux of 15% Crab, I' = 2.3+0.03 I N

i ' " 10" 10° 10” 10"
|C Interpretation Energy (eV)

» Need an age >5 kyrs ... Aharonian et al., 2005, for A&QA
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Clear PWN inside an SNR
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® Asymmetric excess

IC on IR from dust

» Flux of 15% Crab, I' = 2.3+0.03  [RT I SR
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|C Interpretation Energy (eV)

© Need an age >5 kyrs ... Aharonian et al., 2005, for A&A
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wind interfage

periastron 1 £.5.5.02/2004 , T-17 days
epoch T

" wind flow line

PSR B1259-63

A
pulsar orbit SS& 0
period = 3.4 years %200,
eccentricity = 0.87 D = 1.5 kpc

B. Khelifi, MPIK of Heidelberg

La Thuile, 28/02/2005



wind interfage

periastron
epoch T

1-17 days

WL.E.8.5.02/2004

pulsar orbit
period = 3.4 years

~
&g
6@004
eccentricity = 0.87 D = 1.5 kpc

Data set: 50 hrs, > 130
Aharonian et al., 2005, for A&A

B. Khelifi, MPIK of Heidelberg

February
2004

Cf. later...

Significance [o]

-

|
PSR B1259-63

12h50m

)
ataulale]d

13h00m

13h20m 13h10m

Spectrum: Flux of 4.5% Crab, I' = 2.7+0.2

La Thuile, 28/02/2005



wind interfage

periastron | E.5.5.0212004
epoch T \

SS 2883
" wind flow line

PSR B1259-63

stellar disc
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H ; E . S ; S pulsar o:r:bit

period = 3.4 years

PSR B1259-63 eccentricity = 0.87

Data set: 50 hrs, > 130
Aharonian et al., 2005, for A&A

B. Khelifi, MPIK of Heidelberg

February
2004

Significance [o]

Cf. later...

*

|
PSR B1259-63

13h20m 13h10m 13h00m 12h50m

)
ataulale]d

Spectrum: Flux of 4.5% Crab, I' = 2.7+0.2
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wind interface

February

periastron HE.S.5.02/2004 2004

epoch T ) \

SS 2883

Significance [o]

Cf. later...

“=wind flow line 7

o

PSR B1259-63

%
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PSR B1259-63

stellar disc
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H ; ESS pulsar o;r:bit

period = 3.4 years

PSR B1259-63 eccentricity = 0.87

13h20m 13h10m 13h00m 12h50m

)
ataulale]d

Data set: 50 hrs, > 130 Spectrum: Flux of 4.5% Crab, I' = 2.7+0.2
Aharonian et al., 2005, for A&A
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Sources with no counterpart in
radio, optics, X-ray, MeV, GeV,

New type of sources?

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



Detection by HEGRA

Cygnus Field (6x6 deg): HEGRA TACT-System Aharonian et al., 2001, 2004
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Spectrum
5% Crab, I = 1.940.1
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Extended source
Radius = 6.2'+1.2'

Ln .
Excess si
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Detection by HEGRA

Aharonian et al., 2001, 2004
3EGJ2033+4]1 18

: ;@ﬁ Spectrum
%r T 5% Crab, I' = 1.9+0.1

Changra 5ksec

Extended source
Radius = 6.2'+1.2'

Type of accelerated particles-
Almost not compatible with
electrons

TVLA u.l.

Near Cygnus OB2

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



In the field of view of PSR B1259
21 cin 48 hrs (2004)

Aharonian et al., 2005, for A&A ' ' *
# *

Radius ~ 0.16° Feb. 04 March 04 Apr./May 04

Morphology

B. Khélifi, MPIK of Heidelberg La Thuile, 28/02/2005



In the field of view of PSR B1259
Morphology

HESS J1303-631

Spectrum
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» Steady flux
* Flux of 18% Crab, I' = 2.4+0.1

10
Energy [TeV]

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



In the FoV of PSR B1259
Morphology

Spectrum
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No counterpart at other wavelengths

But within a stellar association T
and possibly a superbubble mmge(v:_ziki;s}

Source of power for proton acceleration?

B. Khélifi, MPIK of Heidelberg

310

305 300
GLON (degrees)
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Expected to accelerate charged
particules

Source of galactic CRs??

Established as VHE vy-ray
sources

= CANGAROO: 4
» HEGRA:1

Big issue:

» Leptonic or hadronic
scenario for y-ray production

B. Khélifi, MPIK of Heidelberg
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Example: RXJ 1713.7-3946

I T TTTIT]

Energy
flux o
E?dn/dE £

| IIIIII]

Photon energy [eV]
B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005




Example: RXJ 1713.7-3946

T TTTI

Energy
flux o
E>dn/dE [

Photon energy [eV]
B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005




Example: RXJ 1713.7-3946

T TTTI

b

Energy
flux o
E>dn/dE [

tlectrons + prot@ns
high B field (> 20 uG)

0 |, 2 :
T~ P%1sMm

CANGAROD

1?172

1

Photon energy [eV]
B. Khelifi, MPIK of Heidelberg

La Thuile, 28/02/2005



2003 data set
18.1 hrs, >15 &

2004 data under analysis

Rim revealed in VHE y-ray
(Nature, 2004, 432, 75)

B. Khélifi, MPIK of Heidelberg

[ -30d30°

17h15m

La Thuile, 28/02/2005



2003 data set
18.1 hrs, >15 &

2004 data under analysis

—«— HESS 2003 Whole SNR
.+~ CANGAROO 2001

Rim revealed in VHE y-ray
(Nature, 2004, 432, 75)
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Spectrum
» Flux of 66% Crab, I" = 2.19+0.09

» CANGAROO: I' = 2.84+0.15
10
Energy ( TeV)

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



2003 data set

18.1 hrs, >15 ¢
2004 data under analysis

—«— HESS 2003 Whole SNR
.+~ CANGAROO 2001

Rim revealed in VHE y-ray
(Nature, 2004, 432, 75)
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Spectrum
» Flux of 66% Crab, I" = 2.19+0.09

» CANGAROO: I' = 2.84+0.15
10
Energy ( TeV)
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2004 data set
3.2 hrs,>12 ¢

X-rays (ASCA)

Rim revealed in VHE y-ray

09h00m 08h50m 08h40m
RA (hours)

Aharonian et al., 2005, for A&A

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



2004 data set
3.2 hrs,>12 ¢
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Rim revealed in VHE y-ray
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Spectrum
» Flux of 1 Crab, I' = 2.2+0.1
» CANGAROO: I =4.3+1.7-4.4

B. Khelifi, MPIK of Heidelberg

» H.E.S.S.2004 \Whole SNR
o CANGAR00 2002 N\\/ Rim

10Energy [TeV]
Aharonian et al., 2005, for A&A
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Source of gamma-rays?

» Shocks in Sgr A* from accretion flow
or jet

= Acceleration in stellar winds from OB
dINES

» Acceleration in supernova shocks
(Sgr A East)

» Diffuse CR interacting with gas
(p~103/cm3)

» Proton acceleration near event
horizon and curvature radiation

* Neutralino / Wimp annihilation

B. Khelifi, MPIK of Heidelberg

Naval Research Laboratory

Wide-Field Radio Image of the
Galactic Center
A =90 cm

Sgr D HII g ,
(Kassim, LaRosa, Lazio, & Hyman 1999)

»

Sgr D SNR \/ y
SNR 0.9+0.1
Sgr B2 /}'\ New SNR 0.3+0.0
Ser Bl b Threads
New Feature:
4..—-—-"
87 7 The Cane
"'—__—'Background Galaxy
“L > Threads
Sgr A . —
T New thread: The Pelican

*‘. Sgr C  Coherent
' structure?

Snake

Mouse = Sgr E

SNR 359.0-00.9 =%

R

SNR 359.1-00.5

~0.59
~75 pc

~240 light years Tornado (SNR?)

-

[Image processing at the Naval Research Laboratory using DoD High Performance Computing Resources

[Produced by N.E. Kassim, D.S. Briggs, T.J.W. Lazio, T.N. LaRosa, J. Imamura, & S.D. Hyman

[Original data from the NRAO Very Large Array courtesy of A, Pedlar, K. Anantharamiah, M. Goss, & R. Ekers

La Thuile, 28/02/2005
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Sagittarius A’
_&wu_n_n_l_,:‘ |||||||||||||||||||||| T l:_L ____ -

§ Kosack et al. 2004

&
N

3EGJ1746-2851
(95%)

B(deg)
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CANGAROO ~
2001/2002 52 b
>100c

0.4 | |
0.4 0.3 0.2 0.1

Hooper et al. 2004
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2003 data set
» 2 Tel, 17 hrs, E,, ~ 160 GeV

* 11 o close to Sgr A*
» See A&A, 425, 13 (2004)

2004 data set
4 Tel., 50 hrs
*35G

B. Khelifi, MPIK of Heidelberg

— -28

— -28.5

— =29

— =29.5

17h47m

250

200

=130

=100

17h44m
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2003 data set
» 2 Tel., 17 hrs, Eth ~ 160 GeV

® 11 o close to Sgr A*
» See A&A, 425, 13 (2004)

2004 data set

4 Tel., 50 hrs
*35¢6

B. Khelifi, MPIK of Heidelberg

— -28

— -28.5

— =29

—-29.5 17h47m

Aharonian et al., 2005, for A&A

250
SNR
G0.9+0.1 200
=150
1100
® 150
17h44m

La Thuile, 28/02/2005



_ . - Chandra GC survey -
Point source emission - NASA/UMass/D.Wang et al.
Position e o
» Compatible with Sgr A*

» But SNR Sgr A East not

ruled out
. L]
Sgr A East .
Chandra & Radio b, o
NASA/G.Garmire (PSU) e les*® 'HESS.
F.Baganoff (MIT) o/ T
Yusef-Zadeh (NWU) ' 95% limit on rms
’ source:size:

B. Khélifi, MPIK of Heidelberg 3 or~7pc La Thuile, 28/02/2005



Steady flux
Pure power-law

» Flux of 5% Crab
o [ =2.240.1

B. Khélifi, MPIK of Heidelberg
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Steady flux

107° g | . . 5

F Sgr A ]

Pure power-law 100 [ ]
- (o) /)] E ) .
Flux of 5% Crab om0 [ f ! =1 ]

_ 0 : J XMM \_ [INTEGRAL 5 4
- — ™~ are

I'=2.2+0.1 Pl A e 1

i :

8 ++ f HE.S.S

Pt —-12 [ Bl ]

SR I

o-13 [+ Shandrs X ]

10—14 L L O S S ——— -
—9 0 2 10 15

Log E (eV)

B. Khelifi, MPIK of Heidelberg
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Steady flux ————————

1077 |
Pure power-law :
o 10-10 _ N%
* Flux of 5% Crab g : Jr
| ™ 10711l ﬂ
o ['=2.2+0.1 a i,f
& otz ] +
Nm
10713}
10714 ': '

E, =100 TeD
r=2

See also Atoyan and Dermer

i astro-ph/0410243
Interpretation

» Data can be explained as
radiation of accelerated protons...

B. Khélifi, MPIK of Heidelberg

5 10 1
Log E (ev) rom F.Aharonian
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Steady flux

Pure power-law

Interpretation

* Protons?

* WIMPs
required E > 15 TeV

B. Khelifi, MPIK of Heidelberg

Wimp annihilation
spectra have a cutoff 15 TeV
at ~(0.2...0.3) My WIMP
6 TeV
WIMP

Energy [TeV] 10

Horns, 2004, astro-ph/0408192

La Thuile, 28/02/2005



Steady flux

Pure power-law

Interpretation

* Protons?

*WIMPs
required E > 15 TeV

B. Khelifi, MPIK of Heidelberg

Wimp annihilation
spectra have a cutoff 15 TeV
at ~(0.2...0.3) My WIMP
6 TeV
WIMP

10
Energy [TeV]

Horns, 2004, astro-ph/0408192

La Thuile, 28/02/2005



Active Galactic Nuclei

Blazar: jet toward the Earth

Acceleration of charged particles

within jets -
at least electrons.... wvcon ™

Established as VHE y-ray et
sources >

» Southern hemisphere: 1

* Northern hemisphere: 5

B. Khélifi, MPIK of Heidelberg La Thuile, 28/02/2005



Blazar at z=0.117

» 2003 data set, >55 hrs

* >45¢c
Aharonian et al., 2005, A&A, 430, 865

» Multiwavelength campaign
(radio, optics, X-rays)
Aharonian et al., 2005, for A&A
Spectrum

» Steep spectrum: I’ = 3.32+0.06
® Only flux variability

* No correlation with X-rays
(historically lowest flux in X-rays)

B. Khelifi, MPIK of Heidelberg

' 10
Energy ( TeV)

La Thuile, 28/02/2005



Blazar at z=0.117

» 2003 data set, >55 hrs
® > 45¢
Aharonian et al., 2005, A&A, 430, 865

* Multiwavelength campaign
(radio, optics, X-rays)
Aharonian et al., 2005, for A&A
Spectrum

» Steep spectrum: I = 3.32+0.06
® Only flux variability

* No correlation with X-rays
(historically lowest flux in X-rays)

B. Khelifi, MPIK of Heidelberg
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Blazar at z=0.117

» 2003 data set, >55 hrs
® > 45¢
Aharonian et al., 2005, A&A, 430, 865

* Multiwavelength campaign
(radio, optics, X-rays)
Aharonian et al., 2005, for A&A

Spectrum

» Steep spectrum: I = 3.32+0.06
® Only flux variability

* No correlation with X-rays
(historically lowest flux in X-rays)

B. Khelifi, MPIK of Heidelberg
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Blazar at z=0.117

» 2003 data set, >55 hrs
® > 45¢
Aharonian et al., 2005, A&A, 430, 865

* Multiwavelength campaign
(radio, optics, X-rays)
Aharonian et al., 2005, for A&A

Spectrum

» Steep spectrum: I = 3.32+0.06
® Only flux variability

* No correlation with X-rays
(historically lowest flux in X-rays)

B. Khelifi, MPIK of Heidelberg
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Difficult interpretation

* Absorption of y-rays on the
Extragalactic Background Light by
v-y collision

» And EBL spectrum poorly known

B. Khelifi, MPIK of Heidelberg

La Thuile, 28/02/2005



Difficult interpretation

* Absorption of y-rays on the
Extragalactic Background Light by
v-y collision

» And EBL spectrum poorly known

B. Khelifi, MPIK of Heidelberg
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Difficult interpretation

* Absorption of y-rays on the
Extragalactic Background Light by
v-y collision

* And EBL spectrum poorly known

B. Khelifi, MPIK of Heidelberg
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Difficult interpretation

* Absorption of y-rays on the
Extragalactic Background Light by
v-y collision

* And EBL spectrum poorly known

Leptonic or hadronic scenario?

® Flux variability

- correlation between X-rays and

VHE disfavors hadronic scenario
- ho correlation: 7?7
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B. Khelifi, MPIK of Heidelberg
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Difficult interpretation

Leptonic or hadronic scenario?

b

-
O

* Flux variability
» Broadband spectrum

E°dN/dE [ergem &
[ ]
|

Other colors, archival data

B. Khelifi, MPIK of Heidelberg

Hadronic model

Leptonic models

La Thuile, 28/02/2005



Difficult interpretation

Leptonic or hadronic scenario?

-
=

* Flux variability
» Broadband spectrum

E*dN/dE [ergem &
(]
|

Other colors, archival data

B. Khelifi, MPIK of Heidelberg

Hadronic model

Leptonic models

La Thuile, 28/02/2005



H.E.S.S. is fully operational since 2004

» Performance is as expected

» Most sensitive detector above 100 GeV

In two years, numbers of sources almost
doubled

SNR: 3
PWN: 3
Unid: 1
GC:

AGN: 5

B. Khélifi, MPIK of Heidelberg

La Thuile, 28/02/2005



H.E.S.S. is fully operational since 2004

Source number
» Performances as expected

» Most sensitive detector above 100 GeV

X-ray spurcfés
MeV/GeV y-ray soJ-rces

With H.E.S.S. ¢

In two years, numbers of sources almost

doubled /o
GeV/TeV y-ray sources

PWN: 3 —
Unid: 1

GC:

AGN: 5

B. Khelifi, MPIK of Heidelberg La Thuile, 28/02/2005



Stereoscopic Atmospheric Cherenkov Technique (H.E.S.S.)
» Energy resolution = Fine determination of spectra
= Sensitivity = Better statistics (source number, source localisation, ...)

= Angular resolution = morphology studies (SNRs)

Better astrophysical interpretations with data from all wavelengths
X-ray satellites

"

INTEGRAL (E<MeV)

EGRET - GLAST

(MeV/GeV) n
-
'

Chandra . BeppoSAX

Detectors with Ey, ~ 20-50 GeV scheduled
MAGIC, VERITAS, H.E.S.S. I, ...
B. Khélifi, MPIK of Heidelberg La Thuile, 28/02/2005
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yray  0-3-10Gev

0.1-10TeV Very soon from H.E.S.S. (to appear in Science)
B. Khélifi, MPIK of Heidelberg La Thuile, 28/02/2005



Survey capability
* Wide-angle instruments surveying ~ 2-3rw
* But high energy threshold (>0.5 TeV)
* But poor sensitivity (~yrs) compared to ACTs (~min.)

Milagro Tibet array ARGO YB]J
USA Tibet

B. Khélifi, MPIK of Heidelberg La Thuile, 28/02/2005



Evidence for a PWN, but no pulsar
detected

Near the Gal. Center (~8.5 kpc)

H.E.S.S. observations
» 50 hrs, E, ~ 170 GeV

» Excess of
* Point source
* Flux of 2% Crab, I' = 2.4+0.1

B. Khelifi, MPIK of Heidelberg
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Evidence for a PWN, but no pulsar
detected

Near the Gal. Center (~8.5 kpc) 8 ‘ ’

H.E.S.S. observations
» 50 hrs, E, ~ 170 GeV

VLA at333MHz

» Excess of

|
ey
-

B~ 6 uG \

6.9 eV/cm3 of starlight IR

b
o

* Point source
* Flux of 2% Crab, I' = 2.4+0.1

vF, (erg cm—2s-1)

L
X

b
o

— Total

|C Interpretation Symchrotron

--- IC on CMBER

* Need starlight as seed photons @on Rrom dust

— IC on starlight

107 107 1 2 10" 10° 10°

10 10 1
B. Khélifi, MPIK of Heidelberg Aharonian et al., 2005, for AQA Energy (eV)
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