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GeV/TeV radiation is ubiquitous to a wide range of
astrophysical environments
non-thermal processes
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GeV/TeV radiation is ubiquitous to a wide range of
astrophysical environments
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Gamma-ray astronomy: GeV-TeV photon a

How do cosmic particle |
accelerators work?

Science News Reports on the Top Mysteries w

Dark Energy

S

Reionization Cosmic Rays Planetary Diversity Hot Solar Corona

true mysteries must have staying power
(as opposed to mere “questions” that researchers might resolve in the near future)
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Supernova Starburst Active Galactic
Remnants Galaxies | | Nuclei
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Systems Nebulae
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How do jets
accelerate |

Particle

Starburst

highest | il

Systems

_energies? |

Galaxies

Active Galactic
Nuclei

Gamma-ray | Pulsars and

Bursts Pulsar Wind
Nebulae
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Ultra-high energy cosmic rays - 10?0 eV

M.Hillas (1984)

MAGNETIC
A STARS

MAGNETIC FIELD STRENGTH

INTERPLANETARY  CR AB\.’

SPACE % SNRZ

- )’ "/ ‘oo
GALACTIC{P % /‘

1km 10°%km ,,, 1pc 1kpc Mpc
SIZE
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Active Galactic Nuclei

blue light:

synchrotron radiation
from HE electrons RS

jet:
relativistic hot, : $Q9.o”
magnetized plasma V.
outflow - hot spots:
S . shocked jet
v%ﬂié 2 »«ﬁ@y R
e “ plasma
S B -j-"-_.:w;
b 4

UV AND
OPTICAL
RADIATION |

.

8¢ RELATIVISTIC
e JET

ACCRETION - Jf

DISK (~10° km)

SPINNING

¥ SUPERMASSIVE
4 BLACK HOLE




Active Galactic Nuclei: The power of accretion

Gravitational energy released :

AE,.. = GMm/R,

UV AND
OPTICAL
RADIATION &

SUPERMASSIVE

Nuclear fusion of hydrogen to helium:

AE, .= 0.007mc”




Active Galactic Nuclei: The power of accretion

Gravitational energy released :

AE,.. = GMm/R,

Neutron star with R~ 10 km and I\/I Mo:

AEqec/m ~{10%erg /g
Black hole with R~ 6x1O9 anc-M- x1O9 Mg

AEaCC/m 5 X 1023erg/ g

Nuclear fusmn of hydrogen to helium:

AE,, . = () ()()mc

RADIATION {

Accnenon
DISK (~10° km) SPINNING

SUPERMASSIVE
BLACK HOLE




acceleration | ==
(electron & | = 0~ .
protons)

log energy
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acceleration
(electron &
protons)

log energy

TeV-Blazars:

AGN seen under
small viewing angle

Energy Flux (log uFy) | ,;

‘Leptonic emission:
Inverse Compton emission
(synchrotron self Compton and
external Compton)

Hadronic emission:
m%- decay; proton and
secondary p/e-synchrotron
radiation; cascades

radio

>

log energy
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Doppler boosting in jets Doppler boosting of a power-

law source:
1—52 Iﬁm(y) X I/—a

2% = DI ()

beam opening angle Op ="
PEng A . Mlueshifted,

even mildly relativistic jets
. . . boosted
result in a large intensity boost
into the forward direction D>1
_____ Observer 1
Observer 5 I O, St T
ey
D<1 oo NG Wiy LR
Source . Tteell
redshifted, —— B _Pgsewer 2
de-boosted ;- D=10-30 °. .. Ox,
"' \, 1’1/51;1;; ~~~~~
" ss ..
! . Variability time
/. . scale shorted
Y 4 S
y A by 1/D

i Observer 3 ‘4
»" Obse rver 4 Gernot Maier | Cosmic Jets and Gamma Rays | June 2012



Ground-based gamma-ray astronomy

a it BN >1 TeV:~10 ys/m?/year
n 5 g EmEEEEEsEEsEEs==== >
o %
\E/‘lO—jr /\Sp: 4
TR oo 00
108l ik o)
C:U 10 &
> P, T k
= 10 T1. ©
= Energy L | 8
o Spectrum of the | =
- Crab Nebula Rk
1 (Whipple 10m) |

10 1 10 10°

Energy (TeV)

started operation in 1968
first source in 1986
retired in 2011

compare to flux >100 MeV: ~30 ys/m?/day
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Extensive Air Showers and Cherenkov Emission
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Extensive Air Showers and Cherenkov Emission

~ charged
particles in

Cherenkov
emission
angle
depend o
atmospheri
density

08 —e— Fluka gamma 500 GeV
IIIIIIIIIIIQinIIIIIIIIIIIl+Flukagammasmeev
N 6 Fluka gamma 200 GeV
—¥— Fluka gamma 150 GeV
Fluka gamma 100 GeV
—+— Fluka gamma 80 GeV
Fluka gamma 50 GeV
Fluka gamma 30 GeV
Fluka gamma 10 GeV

2

10

" Cherenkov photon
» densities on ground

-1
III!lilljilll!IiIII!lllilll
I

Cherenkov photon densitiy [1/m7]

—h

-1IIllIIIllIllllllllllllllllllllIlllllll ab; K] 1
10 0 50 100 150 200 250 300 350 400

distance to shower [ml

Cherenkov light from air showers:
weak (~10 ph/m?), short (~ns),
blue (300-550nm) flash of light
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Very High-Energy Observatories

Fermi LAT

VERITAS

B e
e —
EEEaTE
. T

Angular resolution |<0.1 deg
Sensitivity 1% Crab in <30 h
Duty cycle 10-12% (1200 hr/yr)




Acceleration: related to accretion or ejection?

injection/
acceleration

(electron &
rotons)

N

i} RELATIVISTIC
§ JET

energy

UV AND ,
OPTICAL  #
RADIATION #

ACCRETI?& ] ?. fodi e
DISK(~10 km) & SPINNING

4 SUPERMASSIVE
4 BLACK HOLE
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injection/
acceleration
(electron &
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rotons)

energy

Fermi acceleration in
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Acceleration: related to accretion or ejection?

LN

radio lobe (B), angular resolution of imaging atmospheric Cherenkov telescopes
kilo-parsec plasma jet, 2 kpc (C
VLBA resolution (43 GHz

radius of VHE region

10" 10® 10® 10*

length scale [cm]




Variability: related to accretion or ejection?

- 1g10°
n — 10°
“‘E 16 E_ ::;25 I 17 February 2010 flare E>300 GeV
> 14— ” m’ h
Saf 1 Wby 1 il
cg) 10:_ 10 m’m‘l || | “I
A E 2 minbins
E 8 = 5824435 552444 5524445 '5'525:{’50
T oL
o | °
O 41—
S F e d
2!!.¢.‘. ° °
: .I | I | 1 1 I | | 1 L 1 1 l 1 1 1 I |
0 55160 55180 55200 55220 55240 55260
MJD
> Jet(e.g. turbulences, | Causality argument: Doooler factor
jets-in-a-jet”) R< ot S — PP 1
- >~ Clyar ) =
> accretion ~(1—5 cos ©)

- see as well variability observed in
.............. PK82155-304’Mrk501’ Gernot Maier | Cosmic Jets and Gamma Rays | June 2012



Jets on all scales: universal mechanism?

key features: central compact object, an accretion disk, a jet,
non-thermal particle population, Vjet/Vescape~1

HH30:
1995 - 2000

/)]
(/p)
Amy Mlodms zegski
Michael Npe&;
Craig \7\81\6'1"
Greg T#or

175

VLBA

Quasar 3C

VLA

©
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O
=
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/-5-\
B,
b
=
LU
£
S
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O
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Jets on all scales: universal mechanism?

key features: central compact object, an accretion disk, a jet,
non-thermal particle population, Vjet/Vescape~1

N
(7
Amy Mlodm; zegski

HH30:
1995 - 2000

Michael Npe&;
Craig \7\81\6'1"
Greg T#or

(
[$)
O
>
n
ok
~
(&)
=
b
=
ne

Object AGN [L—quasars H-H GRB
Size [pc] ~ 10° < 10 <afew ~107°—-10""
Luminosity (L] 107 — 10" < 10° 10" — 10* 10%
Central mass [M;] 10°-10° 1-10 < 10 1—10
Lorentz factor [I'] 10 — 103 > 10 < 1.0000005 100 — 300
Magnetic field [G]  ~ 100 ~ 100 < 200 ~ 10
\ Huarte-Espinosa & Mendoza (2006)




jet

visible in radio
(synchrotron emission
of accelerated
electrons)

massive star
dense and isotropic
photon field

accretion disk

thermal X-rays
Taisk ~ M-1/4

jet / ISM

interaction




Microquasars - the nice side

superior

conjunction |
periastron

Observer

inferior
conjunction

Binaries are particle
accelerators operating under
varying, but regularly
repeating, environmental
conditions




Microquasars - the nice side

superior

. . i i inferior con;.
conjunction superior con;. I

periastron 1.0T e
unabsorbed flux e
/
/
/
S exp(—T
p p(=T) ‘
' \

Observer
F(>1TeV)

' attenuation by
conjunction - , ' pair pl‘OdUCtiOh

inferior

(8002) HusH ‘WnJeD ‘sngn

y-rays through
Inverse Compton

- \——
0.0L

periastron apastron




porary accretion disks,
lisk precession

clumpy wind

stellar disk
(non-stationary,
precessing, ...)

Fluxes can be

jet interaction with modulated by:
circumstellar environment geometry
photon fields
matter densities
unknown geometry (e.g. inclination) magnetic fields

unknown nature of compact object




X-ray binaries as gamma-ray emitters

> Liu catalogues

= 114 high-mass X-ray binaries

galactic latitude [deg]

= 187 low-mass X-ray binaries

> <20 microguasars known

= identified by radio jet

100 0 -100
galactic longitude [deg]

Name Companion Accretor Jet size (AU)

HMXBs
LSI+61 303 BOV NS/BH? 10-700
V 4641 Sgr BOIIL Black Hole  — Name GeV | TeV
$3433  cwohedA NSBH?  10-10° PSR B1259-64 v ¥

evolv ) -

Cygnus X-1 09.71ab Black Hole 40 LS 5039 v v
Cygnus X-3 WNe NS/BH? 10* LS I +61 303 ‘/ V

LMXBs
Circinus X-1 Subgiant Neutron Star  10* LS VI +05 11(HESS J062+057) ) 4 v
XTE J1550-564  G8-K5V Black Hole 10°

nus X-1 ?

Scorpius X-1 Subgiant Neutron Star 40 Cyg us v ( )
GRO J1655-40  F3/51V Black Hole 8000 \ CygnUS X-3 v X
GRS 1915+105 K-MIII Black Hole 10-10
GX 339-4 Black Hole <4000 1FGL J1018.8-5856 v X
1E 1740.7-2942 NS/BH? 10°
XTE J1748-288 NS/BH? 10*
GRS 1758-258 NS/BH? 10° Gernot Maier | Cosmic Jets and Gamma Rays | June 2012




LS | +61 303: VERITAS observations 2006-2012

Superior Conyj.
1.081

Apastron

ors 0.7AU = Be star + neutron
star or black hole

> 26.5 day orbit;

Periastron
0.1 AU U n k_n OV\_/n
P(TG) = Aragona et al |nCI|nat|On
0270 (ApJ 2009)
0.313
Inferior Cony.
l To observer
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LS | +61 303: VERITAS observations 2006-2012

Superior Conyj.
1.081

2006-2007

Apastron

ors 0.7AU = Be star + neutron
star or black hole

> 26.5 day orbit;
unknown

Aragona et al Inclination
R : (ApJ 2009)

l Inferior Cony.

To observer

Periastron
0.1 AU

high X-ray activity throughout orbit (large variations)
radio emission peaks at periastron and apastron
MeV-GeV emission throughout orbit

(2008-2009: peak after periastron)

Gernot Maier | Cosmic Jets and Gamma Rays | June 2012



LS | +61 303: VERITAS observations 2006-2012

Superior Conyj.
1.081

Apastron 2006-2007
ors 0.74U = Be star + neutron

star or black hole ¢=01 7
>/ 10-20% Crab

> 26.5 day orbit;
penastron unknown
p(1G) Aragona et al inCIination
T N (ApJ 2009)
Inferior Cony.
l To observer Fa“ 2010
2008-2009 _ B
$=0.775 b=01 -~ \
’— y throughout ork | o
eaks at periastro “spcap [/ YVINTer
All dota FO" 2009 p / 20”/20]2

/

~10% Crab

’ ‘New!

5
¢ 0. 1 /
0.5
All data
“1.50
/
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LS | +61 303: VERITAS observations 2012
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+61 303: VERITAS observations 2012

D

06 07 08 09 00 01 02 03 04 05 06 0.7 0.8

T S B A 7
VERITAS >350 GeV’g E

A ay-to-day varlablh}L%
g {g{ 1 1 (i 2012-01-18:9.0 ¢ ;
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Flux (0.3-300 GeV) 10 ph cm? s Fux (>350 GeV) 10”2 ph cm? s
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Situation far
more
complicated...

Microquasar

. Relativistic jets

. Compact object
of center

- Massive star

Accretion disk

| .rays/u
Ultraviolet emission L

and massive '
clumpy wind

Mirabel (Science 2012)



Microquasar

Situation far

more NS ' -
_ _ ' e Relativistic jets
complicated...

P o
+ , Compact object

5 ¢ of center

Mirabel (Science 2012)

" Massive star _ .
g g! v ¢ ¢ Accretion disk
' ;4‘ B t/

P

] . Y-rays/v
Ultraviolet emission

A
Pulsar with Be star Pulsar with massive star

Cometary radio emmission

l

&

- Pulsar

Y-rays/v

Ultraviolet emission

Disk outflow
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Microquasar

Situation far

more NS ' -
_ _ ' e Relativistic jets
complicated...

P o
+ , Compact object

5 ¢ of center

Mirabel (Science 2012)

" Massive star _ .
g g! v ¢ ¢ Accretion disk
' ;4‘ B t/

P

] . Y-rays/v
Ultraviolet emission

A
Pulsar with Be star Pulsar with massive star

Cometary radio emmissioln A 4

&

- Pulsar

Y-rays/v

Ultraviolet emission

Disk outflow
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HESS J0632+057 - A-new TeV binary!

1.2 deg

discovered by H.E.S.S. in 2004

until 2011: unidentified point source
without obvious counterpart

VERITAS: evidence for variability

Declination

1RXS J063258.3+054857

S J0632+057
star: MWC 148 S
circle: XMM-Newton best fit =
06"33™00° 06"32™55°
Right Ascension

MWC 148: BOpe star; d=1.5 kpc

no binary companion resolved in
optical observations
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HESS J0632+057 - long-term X-ray observations

e — — ~Jan 2009 - Feb 2012 —> —>

%

é{ 7] Z-transformed discrete

correlation function:

—  period of 315*64 days

H g prrpr :
; & ER —;

] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] N 0.4 B
55000 55200 55400 55600 55800 56000 | HH
0.2 B H ‘

Flux (0.3-10 keV) [x10™? erg cm2 s']

%o
(o]
o
o

MJD

Swift XRT observations OZ}H
typically 5 ks per week for ' ‘
more than 3 years

XRT data supplied by the UK Swift Science

. . . Gernot Maier | Cosmic Jets and Gamma Rays | June 2012
Data Centre at the University of Leicester.
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) C 0 onase 1oidaeg 0 :
‘%: b1 T I+ | T 1T 1 T T 1 | T 1T 1 | I L T T 1 T I_6
X-ray s
| + two maxima typical for binaries ~ _H,
- Note: large uncertainty with eccentric orbits _
|n orbital solution . —
e s e s o ++ (M~pwind/VreI3;+ * g
H Bk
DTN
H:'u"%* e R
s :0
— dip typical for binaries 7' or shadowing? =
—_ with wind-wind interaction | | | | | . 3
0I || I0.1I L1 I0.2I L1 I0-3I L1 I0.4I | 1 IO.5I L1 I0.6I | 1 I0-7I L1 I0.8I L1 Io-gl L1 I-|
phase
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HESS J0632+057 - phase folded light curve

IIIIIIIIIII

%_ | | LR | L T 1T 1 I I T 1T 1 I | L I | L I | L 6
- + v- E
X-ray + y-ray s
<51 Note: large unc;?fg;inty — ] _: 4
in olrbitall sqluftion | —
-2.0 —1. ) “I—l_._i - _—3
S aal AN L —2
% ED 0-4 — |—L—| [ | :
% { L 3
o L 0.2 N 5 —1
T -- —
Tx O #‘ T
- [ 3
.0.2 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | I | | | I I | | 1 1 1 1 | 1 1 1 1 | 1 1 ll_-1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

phase

COI_Or COdIng TeV Gernot Maier | Cosmic Jets and Gamma Rays | June 2012
- observation in different years

Flux (0.3-10 keV) [x10"? erg cm2 s°1]



Gamma-ray binaries....

> 4 binaries detected at energies > 100 GeV

= (expected a larger population from stellar evolution models)

= first binary detected through gamma-ray observations (HESS J0632+057)
> each system is unique

= lack of exact orbital solutions and inclination hampers identification of compact object (e.g.
pulsation) and emission mechanisms

> role of massive star (Be or O type)
= (62+1 Be/X-ray binaries in the galaxies)

> no clear identification of gamma-ray microquasars >100 GeV (yet)
= LS | +61 303 best candidate? (see e.g. Masi et al 2012)

> observations difficult due to low fluxes and long orbital periods

> unhealthy situation of having far more emission models than data
points....

Gernot Maier | Cosmic Jets and Gamma Rays | June 2012



Steps forward

Collaboration

Gernot Maier | Cosmic Jets and Gamma Rays | June 2012



Steps forward

Collaboration

E? x Flux Sensitivity [erg cm? s

Sensitivity —~_| analysis improvements:
40% less observation

time needed for same
sensitivity

10% Crab

102 10" 1 10
energy [TeV]
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Steps forward

Moonlight observations

Sens|t|v|ty | analysis improvements: 1 0 :
40% less observation :

time needed for same
sensitivity

E? x Flux Sensitivity [erg cm? s

10 s —

energy [TeV]
(Photo by N.Otte)




Steps forward

Moonlight observations

Optical Filter properties

Cherenkov spectrum
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b
=
uw
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[+ 4

J.Holder

Sens|t|v|ty “ analysis improvements:
40% less observation

time needed for same
sensitivity

Wavelength (nm)
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The Cherenkov Telescope Array (CTA)

Array of >50 tlescopes

factor 10 improvement in sensitivity
2% 20 GeV to >300 TeV energy range
— significantly improved angular resolution

[ 3 B

two observatories: North and South
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The Cherenkov Telescope Array (CTA)

Array of >50 tenlescopes
factor 10 improvement in sensitivity

telescopes with 12 m G \
energy range: 100 GeV 10 TeV

High-energy section
limitation: effective area
telescopes with ~4-7 m @

energy range: > 5 TeV

" Low energles

_ limitation: photon collection and
gamma/hadron separation

. large telescopes with 23 m @

energy ‘threshold: some 10_GeV X




The Cherenkov Telescope Array (CTA)

Fermi LAT

E-F(>E)
[TeV/cm?2g]

.. 10% Crab

MAGIC-I

CTA Consortium: world-wide effort
>1000 members

\ Design Prototyping 2011-2014, Construction 2015-2019
AN L A et . B B

significant German contribution through DESY, Max-
Planck Institutes (Heidelberg, Minchen), 6 Universities




Transient sensitivity - CTA and Fermi LAT

effective areas: 1 m? (LAT) vs 10 m? (CTA) at 40 GeV
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Cherenkov Telescope Array: Array optimization
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Cherenkov Telescope Array: Site selection
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South: Namibia, Argentinia
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> Jets are powerful particle
accelerators

. .
® - ..o’ Y, y

“*I> Binaries constitute a small but
! unique population of high-
energy sources

= first binary detected through gamma-ray
observations

= excellent laboratories for particle
acceleration, gamma-ray production,
emission and absorption processes

. maybe a bit complicated...”just” a matter
of better data

> CTA will be able to probe the
physical processes in jets with
high precision
= ..and do many more cool things
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Field of View

One year of Fermi LAT
(FOV 20% of sky)

Three years of VERITAS

observations 7% E
(FOV 3.5°) 2 :

100 0 -100

galactic longitude [deg]
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More telescopes are better...

majority of effective area is inside the array
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