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Outline

& What are gamma rays?

< How are they emitted?

@ How can we detect them?
& What are the major results?
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Gamma Rays
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% gamma rays:
-E > 100 keV
-high energy (HE) gamma rays: 100 MeV ... 100 GeV
-very-high-energy (VHE) gamma rays 100 GeV ... 100 TeV
 emission mechanisms
-inverse Compton scattering
—-pion production and decay

N. Komin AVN training, HartRAO, 29/05/2019 5



Synchrotron Radiation

 charged particles spiral
around magnetic field lines

w energy loss

- photon emission

& energy E,, of photon

depends on

Y Y YOV OYOY

—magnetic field B
—electron energy E,

Ok 2
Fim2 e i eV
100uG |\ 1TeV

w TeV electrons produce synchrotron radiation in keV

—X-ray observations
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Inverse Compton Scattering

w relativistic electron hits
low-energy photon

-blue-shifting of photon
w energy of IC photon depends on

—energy of electron

-energy of photon

e typically: Cosmic Microwave Background
e but also: star light, infra-red, ...

w simple case, only CMB:

E
EIC,CMB = ( 1TeV

w TeV electron emits GeV photon - y-ray observations

2

GeV
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Hadronic Emission

T ———p Z,

v v o
-0 photons
pions

w inelastic proton-proton scattering - pion production
—target density!

@ pion decay - photon production
—Ein, ohoton = 72 M2 = 67.5 MeV
mE ol ke — Ol B b B0 100 eV
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Gamma Ray Detection

 space based
—direct detection
-small effective area
—high duty cycle
—full-sky coverage
-Fermi/LAT

w ground based

—indirect detection
(air showers and Cherenkov light)

—large effective area
-small field of view
-H.E.S.S., Veritas, MAGIC
% ground based
—indirect detection (air showers)
—large field of view
—high duty cycle
-HAWC
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The Fermi Large Area Telescope

w NASA satellite (launched 11/06/2008) E/ :
s ermil
& Large Area Telescope B

—pair conversion: y = e- + e+
—silicon strip detector for direction
—caesium iodide calorimeter for energy

j

J-' Anticoincidence

! = Detector (background rejection)
............................. erere———

' "I Conversion Foll
..................................................... =
e || Particle Tracking e R

Detactars — detects individual photons!
i Calorimeter

= (energy measurement)
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The Fermi Large Area Telescope

wenergy range: 100 MeV ... 500 GeV / a
L S erml
wsurface ~1 m2 - sensitivity (4 years) 10-9 cm-2s-1 J Gommarey

w field of view: ~40°
w angular resolution; 0.2° ... 10°
& observation mode: sky survey

—satellite is orbiting Earth
—satellite changes orientation

w high duty cycle: 24/7
w operated as observatory

—data publicly available:
http://fermi.gsfc.nasa.gov/cqgi-bin/ssc/LAT/LATDataQuery.cqi

w advantages:

—large FoV + scanning mode = full-sky coverage
—high duty cycle
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http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi

The Fermi Large Area Telescope

nearly 7 years of data @, P ML

Gamma-ray

# Space Telescope
1/

diffuse emission from
electrons and protons

- wind net
SUpernova remnants pulsar wind nebulae
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The Fermi Large Area Telescope

U
Normal Galaxies_ Globular Clusters Pulsar Wind  Supernova | / A
Other AGN ‘/ Nebulae Remnants ESserml

e T 2 / i
\

Space Teiescope
B A lala:
ovae Binaries
6% \ p
Galactic

Associations >3033 sources
2% >100 MeV

Based on 3FGL
[E. Hays, ICRC 2015]

Unclassified
Blazars
19%

Unassociated
BL Lacs (high latitude)
22%

80% extragalactic
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Fermi/LAT: Pulsars

> > H @

Radio-loud pulsar
Radio-quiet pulsar
Millisecond pulsar
Unpublished LAT MSP

Recent >5a pulsar

N ROTTTITT

< many radio-quiet pulsars
« growing fraction of MSPs: 43% of all y-ray pulsars

H. Laffon, 5th Fermi Symposium,
AVN training, HartRAGY29/05/2019
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Fermi/LAT: Pulsars

Note:
“Galactic Centre pulsar”
lies above the Galactic plane!

[Astrophys.J.Suppl. 208 (2013) 17]
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100

Relative Count Rate

Fermi/LAT: Vela Pulsar

[ApJ 696:1084 (2009)]

Qo
()

o)
&

S
()]

4]
&)

90
80
5= 70

60

0.12

0.14

0
0.7 08 0.9

0.54

0.56

Counts/(0.01 phase bin)

N. Komin

1

Phasen training, HartRAO, 29/05/2019

30
20

10

600
400
200

1008
800
600
400
200

T Tl

Tl T

TT‘T‘TTT{TTT‘ {TTT TTT‘TTT‘TTT‘TTT‘

E 0.03-0.1GeV

} | |

il [

E | |

E |

K | |

e e

ot 10.1-0.3GeV

IS I

E | |

R |

C I | |

= | | |

[ | I | |

s B B L S v o e

2 0.3-1.0Gev | 1 >10.0GeV ]

£ | | 3

= I | I i

’E | I | I j

B | | | I F

E o \ [ \ ]

= | | | I &l

E i I | | 3

:‘ | (LR #%] (i || . \‘ \‘\UH \‘MHH \‘H}_H ‘M\ ‘\ ‘\ ‘\ | ‘\ ‘\ U7
IRadid ‘ 1] ‘ ]

0.4 0.6
PSR Phase

0.2

0.4 0.6
PSR Phase

3 500
1 400

300
200

1100

100

90



Galactic Latitude (deg)

Fermi/LAT: Supernova Remnants

[Fermi (2017)]

267.0 266.0 265.0
Galactic Longitude (deg)

“pion bump”
- Clear indication for
proton acceleration
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resolve the shells of SNRs
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[Science 339:807 (2013)]
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Fermi/LAT: Diffuse Emission

D3PO: denoised, deconvolved, decomposed Fermi sky [Selig et al. A&A 581:A126 (2015)]
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Fermi/LAT: Diffuse Emission

point sources removed - diffuse emission
colour coding: ~1 GeV, ~100 GeV

N. Komin AVN training, HartRAO, 29/05/2019 18



Fermi/LAT: Diffuse Emission

0.1 1.0 10.0 100.0

IR emission, 2.2 um, from Porter (ICRC 2015)

w inverse Compton emission
w traces

—electron distribution
-photon distribution

N. Komin AVN training, HartRAO, 29/05/2019 19



Fermi/LAT: Diffuse Emission

Planck - CO

b
. a, i

w bremsstrahlung and pion production
w traces

—Ccosmic-ray protons
—-matter distribution in Milky Way

N. Komin AVN training, HartRAO, 29/05/2019 20



The Fermi Bubbles

outflow from Milky Way
electrons? protons? source is still unknown

Gamma-ray emissions

X-ray emissions

B e AT AP - 50,000 lightyears
- Milky Wayis s wwe . . vl I
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Electromagnetic Air Shower

- cascade of photons
and electrons/positrons

pa”' produc“on emlt CherenkOV ||ght

/ bremsstrahlung

O pair production

bremsstrahlung

N. Komin / %/%%émnmo 29/05/2019 23



Cherenkov Emission of Air Shower

! Primary y-ray

Particle
Shower

- detects individual photons!

N. Komin AVN training, HartRAO, 29/05/2019 24



Imaging Air Cherenkov Technique

w short light flashes in camera

N. Komin AVN training, HartRAO, 29/05/2019 25



Imaging Air Cherenkov Technique

stereoscopic reconstruction of shower axis

N. Komin AVN training, HartRAO, 29/05/2019 26



Imaging Air Cherenkov Telescopes

N. Komin AVN training, HartRAO, 29/05/2019 2



HIEISISI
& High Energy Stereoscopic System

% location Nambia
-Khomas highland, 100 km from Windhoek
w operational since

—-2004 (4 telescopes)
-2013 (5 telescopes)

28



HIE.S5. 5. C11 -4

w12 m diameter

% Mirror

—-382 mirror facets
—focal length 15 m
-108 m>

W camera:

—field of view 5°
-960 photo multipliers

N. Komin AVN training, Ha e



H.E.5.5. CITH

w28 m diameter
% mirror

—875 mirror facets
—focal length 36 m
-614 m2 area

w camera

—field of view 3.2°
—-2048 photo-multipliers

N. Komin AVN training, HartRAO-, 5



Imaging Air Cherenkov Technique

w observation of Cherenkov light of air showers
w energy range: 50 GeV ... several 10 TeV

w sensitive area: ~10 000 m>
- sensitivity 10-13 cm-2s1in 25 h

w small field of view: several degrees

w low duty cycle
—clear, moonless nights

—~1000 h per year
@ good angular resolution: 0.05° ... 0.1°

w advantages:
—large effective area, good angular resolution

N. Komin AVN training, HartRAO, 29/05/2019 31



tevcat.uchicago.edu

TeV Catalogue

M binary

= AGN 163 sources
composite SNR

®m UNID mainly galactic sources!

B Globular Cluster
Massive Star Cluster
M pulsar
PWN
M shell-type SNR
SNR/Molec. Cloud
M starburst galaxy
M superbubble B MAGIC
B H.E.S.S.
HEGRA
B VERITAS
B Whipple
Telescope Array
B Durham
Crimea
® Milagro
CANGAROO
B ARGO-YBJ

N. Komin AVN training, HartRAO, 29/05/2019 B2



http://tevcat.uchicago.edu/

H.E.S.S. Results Galactic Plane

Planck CO(1-0) map

SN 1006

225
HESS J0632+057

O H.E.S/S. Survey
[1 HEGRA Survey
VERITAS Survey
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H.E.S.S. Results: Galactic Plane

Gal. Lat. (deg)

supernova remnant
with molecular cloud

Gal. Lat. (deg)
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O

4 pulsars and
s pulsar wind nebulae

binaries
280 275 270

Galacticl gypernova remnants
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http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/612/A1

Gamma-Ray Shells seen with H.E.S.S.

17h10m

RX J1713.7-3964 (@ 1.2°)

HESS J1731-347 (3 0.5°

-34d00m

Declination

-34d30m

-35d00m

-35d30m

17h34m

N. Komin

17h30m

Right ascension AVN training, HartRAO, 29/05H/i§|8’ic§”5i0ﬂ (J2000)

Declination

[
(9}
o

BElM H.E.S.S. (2016) RX J0852.0-4622

N
W
(=]

(]

2

=
excess counts

08"50™ 08"45"
Right Ascension

Vela Junior (@ 2°)

09"00" 08"55™

RCW 86 (@ 0.9°)

120
-62°00'
100

Declination (J2000)

-62°30" &

-63°00

1 [l | 1
14"45™00° 14"40™00°

-42.4

-41.8

-42.2

=T,
o
(=]

-42

_.
5]
n

Excess counts

80

15h02m

15h04m

RA (hours)

SN 1006 (@ 0.5°)

35



Galactic Latitude

Three New TeV Shells
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w systematic search for shells in H.E.S.S. Galactic Plane Survey

—test for shell-like morphology
w HESS J1534-571: clear association with radio SNR

v two additional candidates

—one with Fermi counter-part

N. Komin

AVN training, HartRAO, 29/05/2019

36



E2 dN/dE (ergs'cm?)

Ratio Data / Fit

High- Energy Cut Off

1070 HESS 2016 RXJ171373946 —: J” B
- 4 § L VelaJunior
: ++'f'_':"_.,._‘__._ g0 _ : E T.
- T 18wt d=T
i E_ —— H.E.S.S. Data (this work) '+'+ \ . .t. _§ OE E I.
~ Systematic uncertain 3 — B
B Bistt-fit rT:odeI 2or1t6 Y + oo i
- - --- Bestit model 2007 Yoo i
10*‘2:— . o . o . B ‘\—_ 10"3:—
3_ e D : e i '"..» ..... - E ~ HESS.
| ) — ‘: Fermi
1__+ ...... MW+++++HM........*.M....$¢ .............................. . e Flerlmlu-ll-l|;|lz|.s.s_l = P
103 1 Energy ( TeV) L L o I ek 10|1 BN TaN/ i 0 'I:ruelenlerlg\:r (Tej\gz
: iyl E10"Ey, RCW 86
& clear detection of cut-offs (spectral indices 1.6 ... 1.8) Dt
~RX J1713.7-3964 il A ¥
©12.9 + 1.1 TeV .
« [HESS A&A 612 (2018) A6] ‘
A
-Vela Junior i
«6.7 1.2 TeV
- [HESS A&A 612 (2018) A7] i '}" | |
_RCW 86 ;i{--1--{----i--ﬁ----{"f-é--}-{:-":---H _____ i
+35+12TeV 2 1

* [HESS A&A 612 (2018) A4]

N. Komin

AVN training, HartRAO, 29/05/2019

10

10°
Reconstructed energy (TeV)

37




E2 Flux [cm?2seV]

Implications

example: RCW 86 [HESS A&A 612 (2018) A4]

10?

—#—= ATCA
— ASCA

RXTE
10 = - FermilLAT
H.E.S.S.

—&— MOST -

Leptonic Model
IC

ICCMB

IC dust

IC stars

™ decay

N\
] . \
e d
1 ‘ !\
J _‘\
\A
. \
107 = u/,//
1:II II II II II II II II II II 1 1 I}II\\II II I 1
10° 10" 102 1 102 10* 10° 10" 102 1014
E [eV]
magnetic field: B = 22 uG
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Magnetic Field Amplification

& magnetic field amplification up to mG
—-[Bell&Lucek 2001] A - Pannuti et al. 2010
& X-ray filaments

—-[Bamba et al. 2005]

—gyro-radius of electrons

—Vela Junior; several 100 pG

-or thin sheet of magnetic field
w X-ray variability

—[Uchiyama et al. 2007]

—fast variability
- short life-time

--= B up to 1000 uG

N. Komin AVN training, HartRAO, 29/



E2 Flux [cm? s1eV]

Implications I

magnetic field: B = 100 uG
example: RCW 86 [HESS A&A 612 (2018) A4]

102 £
— —®— MOST
— -===IC
— —— ATCA
| — 1 decay
— ASCA —_ e
— I'p= 2
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10 g-El-Fermi/LAT
[ HESS. /W
- \ e ;%~
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10-1 :_ ,/ '¢" ‘\ x
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E [eV]

e emission from protons possible
 proton spectral index different than expected -2
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SNRs and Target Material

N. Komin

SNR

molecular cloud
(high density ~1000cm?3)

W protons escape SNR

—gamma-ray production in nearby molecular
cloud

~[e.g. Gabici 2011]
w shock front crushes cloud
—-0OH masers tracer for shock/cloud interaction
-1720 MHz
—[Frail et al. 1996]

AVN training, HartRAO, 29/05/2019 41
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W gamma-ray emission correlated with molecular clouds
[HESS 2008]

—-12CO emission as tracer for molecular clouds
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The Pulsar Wind Nebula N 157B

=
708

7]
60 &
Q

w PWN S s >
—energy flux in gamma rays: i .
F=1.97x10-12 erg cm-2 s-1
—-total gamma-ray power:
P - F X Asphere == F X 4 I (50 kpC)z -69°36’ %
= 5.9 x 1035 erg/s A

' powered by PSR J0537-6910
-E = 4.9 1038 erg/s
& pulsar efficiency: P/ E = 0.12%

N. Komin AVN training, HartRAO, 29/05/2019 46
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The Pulsar Wind Nebula N 157B
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The Pulsar Wind Nebula N 157B

w ratio of synchrotron and IC emission
-magnetic field of 41 uG
w integration of electron spectrum
—total energy in electrons 4x1049 erg
w all energy from pulsar spin-down - birth period of 10 ms

Wit = €n (Erot,O g Erot)

- enyi{(3) - (3]

/

2ol
“170% g cm?

erg

10ms)> [(10ms)\
Py P
[AGA 545, L2 (2012)]
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Declination (J2000)
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HAWC

w High Altitude Water Cherenkov Observatory
w direct detection of air showers

—- detects individual photons
v water Cherenkov tanks

w altitude 4100 m
wenergies: 100 GeV ... 100 TeV
w large field of view: 15% of sky

w large duty-cycle: 24/7

w 2/3 of sky covered in 24 h

w angular resolution 0.2°...2°

w advantages: large field of view, large duty cycle

N. Komin AVN training, HartRAO, 29/05/2019 50



HAWC Results
Big Dippef’//_,_é ?\:

L ]
Markarian 501 Markarian 421

Crab Nebula

Milky Way

sqrt(TS)

N. Komin AVN training, HartRAO, 29/05/2019


https://www.hawc-observatory.org/news/

Dec. [deg]

HAWC Results

ww “"Extended gamma-ray sources around pulsars constrain the origin of the
positron flux at Earth”

-[HAWC Collaboration (2017), Science 358, 6365, pp. 911-914]
w large extended gamma-ray emission around two pulsars

w measurement of diffusion coefficient of electrons and positrons
—- lower then expected, sources are not origin of positron flux on Earth
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https://science.sciencemag.org/content/358/6365/911

HAWC Results

w “Very-high-energy particle
acceleration powered by the
jets of the microquasar o
SS 433"

- [HAWC Collaboration (2018), Nature 562, 82-85]

W binary system, microquasar

—A7l star, compact object o

—accretion of stellar material
onto compact object

-mildly relativistic jets,
perpendicular to line-of-sight

W gamma-ray emission from jet

—acceleration in the jet, not the
central engine |

—most ||k€|y electrons Pre-trial significance, o
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https://www.nature.com/articles/s41586-018-0565-5

Gamma-Ray Instruments

Fermi/LAT H.E.S.S., VERITAS, HAWC
MAGIC
energy range 100 MeV ... 100 50 GeV ... 10 TeV 100 GeV ... 100 TeV
GeV
effective size 1 m? ~10000 m? 22500 m?
angular resolution  0.2°...10° 0.05°...0.1° 0.2°...2°
duty cycle 247 1000 h per year 247
field of view 40° 3°...5°
sky coverage full - 213
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Future: Cherenkov Telesope Array

s 100 telescopes on 2 sites

—-north; Canary Islands
-south: Chile

w prototypes done, first light observed
w construction to begin in 2019
waim for 10 times better sensitivity than H.E.S.S.

artist’s rendering
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Summary

% gamma rays:
—-E > 100 keV
—high energy (HE) gamma rays: 100 MeV ... 100 GeV
-very-high-energy (VHE) gamma rays 100 GeV ... 100 TeV
w emission:
—-inverse Compton scattering (electrons)
—inelastic proton scattering
—— probes non-thermal universe!
' detection:
—-space: Fermi/LAT -
—ground/atmosphere: H.E.S.S. and others
—ground: HAWC
—- detect individual photons
% some major results:
—pulsars, pulsar wind nebulae, supernova remnants, binaries
—-plus many more...
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