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Gamma rays
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Gamma rays .. intro (1/8)

the oSt Zﬂ@@@ﬂ& roudioction (fouees UP /2 M SPZCWUVVD
non-thermal on‘gm

Produ(*)r on - nuclecr - nen-nuclecr
detection / interaction ... energy dependent
ehrdt be freused, imaged

neutrdl => poinf back fo point of* origin
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Gamma-rays - production ... iIntro (2/8)

Nucleor Nen-nucleor

¥ Y

huclear decay efectron-positron Lhﬁ} {

annlhlﬁatlon space —

neutrag pion decay

N S bremsstrangung / P g

sl [ synchrotron RS
inverse Conpton Y

_— scattering

magnetic field
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Gamma-rays - detection ... iIntro (8/8)

gamma rays ionize Matter when they pass through it

the most gikedy way that a ganmma ray wigf interact with
matter depends on its energy

Photoelectric Effect Compfon Scattering Pair Production
uuuuuuuuu /. Outnomng
¥ W e g o2 Ra
i e e () == .,
\ . /’ e /’ \ \\\.v.// / Pasiren @)
. , . & \\:\,,':’/ E, > 2mye”, where my is
“Aom the cloctron rest mass
Photoelectric Compton Pair Production
10 keV 10 MeV 10 GeV 10TeV
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Gamma—ray Astrophysics

2/
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| fihe most ZHZY@ZﬂC rodioction (fokes Up /2 eM SPZCTYUW\) |.

qamma.—rag AS‘hT’OPhHS'{:CS @ji@ non-thermal oviain

P\roduc’rion - nuclear - non-nuclear

tre st onaigfc radacon ol
(todes UP /2 M SPZCTYUVV\B detection / interaction ... energy dependent

Trevor Weekes (Fermi Summer School 2012)

Why do we study elephants when
birds are easier to find and more plentiful?

VHE Camera-ray Astrenory 101
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Gamma—ray Astrophysics /(5

Gamma rays come from the most viciént regions in our universe

. &
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the most enevgetic voudiotion (foes UP /2 M SPZCTYUVV\)
| non-thermal origin |

Gamma—ray Astrophysics 2/

PYOO{M(‘/ﬂOY\ - hucear - non-nuclear

non _‘fhey m G, Oy (ﬁl’\ cannot be focused, imoaged
neutrdl => poinf back fo point of* origin
all objects emif thermal radiafion due detection / inferaction ... enerqy dependent
fo their non-zero temperature
it is due to the thermal motion of e B o halte Vs
charged particles in maffer e f’?ﬁ'«»ﬂlw::.s ki
much of the radiafion propagating re *ﬁ q%' e
throughout space and incident on~_ H ] T,
Earth is of thermal origin it
An ideal P An actual
ideal fhermal a"d thermal spectrum = stellar spectrum
typical stellar specira ' | |

Wavelength (Angstroms) Wavelergth (4]
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the most enevgetic voudiotion (foes UP /2 €M SPZCTYUVV\)
| non-thermal origin |

Gamma—ray Astrophysics 2/

PYOO{U(‘/ﬂOY\ - hucear - non-nuclear

non _‘rhe g ma, oY lglﬂ cannot be focused, imagea

neutrdl => poinf back fo point of* origin
Penerales earth's _

Amosphe's? \/\/’\\/\ / ﬂdﬂhn“ ,WWW\AMWJ

detection / interaction ... energy dependent

Radiason lype Hadio Microwave Infrarad Vigikle Ultraviolet  Xora Gamma ray
Brrperaure of
objecsts at whch
this radiannn 15 e D
MOkt intar £6 LK 100 K 10,00C K 13,000,000 K
wavelengt aminac ALK
g =272 *C -173°C 9727 "°C =10 00C.CO¢

under extreme conditions
can get keV thermal emission

2
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the most enerpetic voudiotion (toes b /2 EM spectrum)

Gamma—ray Astrophysics 270 i gy |

PYOO{U(‘/ﬁOY\ - hucear - non-nuclear

non —ﬂ’le ¥ h'wi' oY lglﬂ cannot be focused, imaged
neutrdl => poinf back fo point of* origin
" amosgherer L] . /\ /\ /\ : H detection / inferaction ... energy dependent
| T
\ /\/ \/ a h ] V\ j\
Radiason lype Hadio Microwave Infrarad Vigikle Ultraviolet X-ray Gamma ray
Erperawre of
e ﬁ ——

under extreme conditions
can get keV thermal emission

=
L L8]
' U t Photon Energy (TeV)
900

POWER LA\/\I SPECTRA

Diffc[eutial_ Flux ( p119t0115 m™ 5'1 Te‘v"l]

gamma rays are always the dl\/ -3
result of non-thermal processes ic <5)°C o
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fine MoSt enarojetic Yaudioction (fakes vp 1/2 ern spectyum)
non-thermal origin

Gamma—ray Astrophysics 5/

| production - nuclear ~ non-nuclear |

PYOA uc‘l—'on connot be focuseq, Imagea

neutrdl => poinf back fo point of* origin

_ naé@Z@ n- naé@Z@{mE detection / interaction ... energy dependent

@?‘éADRONIC E@LECTROM/\GNETIC

neutral pion decay electron-positron anninilation
bremsstrahlung/synchr‘otr‘on"“
inverse Compton scattering

‘-”*proton
synchroton
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e nost enar@@ﬂc roudioction (fokes p /2 M SPZCTYUW\)

amma—ray Astrophysics 4b/% |0 M
q 3 P 3 non-thermal origin

production. - niiclear. . non-niiclear

C/M\Y\b't b L ‘FDC/[LS m} lm M m | cannot be focused, imaged |

neutrdl => point PACK TO poinT ot oridin

detection / interaction ... energy dependent
therefore: NG OPTICS

defecior area [ the collection areal

he photon must pass
fhrough your detector sysi
N order for it 1o be defec

ih an oPt'Ical telescOpe, the
light-gathering power is

em proportional to the ared of

od the objective lehs or Mirror

—

—t—

gamma-ray flux is distribufed as a
power law — faling RAPIDLY
with INCREASING ENERGYT
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e nost @HZY@@ﬂG roudioction (fokes p /2 M SP@CTYUW\)

amma—ray Astrophysics 4b/% |0 M
q 3 P 3 non-thermal origin

production. - niiclear. . non-niiclear

C/M\Y\b't b L %bc/us m} lm M m | cannot be focused, imaged |

neutrdl => point PACK TO poinT ot oridin

detection / interaction ... energy dependent
therefore: NG OPTICS

defecior area [ the collection areal

the photon must pass
fhrougn your defector system
n order for if fo be defecled  fux

——

gamma-ray flux is disfrbuted asa
power law — faling RAPIDLY s

l\bdo et al. (200), I\pd 108,150

with INCREASING ENERGY! . z | ENERGY

R —

Deirdre HORAN — Rencontres d'été de physique de I'infiniment grand a l'infiniment petit — LLR / Ecole Polytechnique



Gamma—ray Astrophysics 5/

heutrd! => point bdck To point of* origin

one of the big motivations for gamma-ray
astronomy was (is) the search for the
origin of the high-energy cosmic rays
their origin has been a mystery since their
discovery 105 years ago by Victor Hess

f

-
Th

sl

nairs/lem’s)

~
lon

’
’
¢
’
) o .fj
’

Altitude (km)
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e nost ener@@ﬂc youdiodion (todes UP /2 2M SPZCWUW\)
non-thermal ovigin

Produc’rion - huclear = non-nuclear
cannot be Focuced. innnnod

| neutrdl => point back to point of* origin
detection / interaction ... energy dependent
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e nost aner@@ﬂc youdiodion (todes UP /2 2M SPZCWUVV\)
non-thermal ovigin

Gamma—ray Astrophysics 5/

Produc’rion - nuelear - non-nuclear

heutrdl => point bdck To point of ONIgIN | wmt ve foeken, mases

| neutrdl => point back to point of* origin |
detection / interaction ... energy dependent

COSMIC rays are charjea\i

- MOSTLY PROTONS

they do not Po'\V\Jc back 1o their Po'\V\Jt ot or'\j'w\ because Jcl'\ey jejc
a\eWCKeCJcea\ N MOﬁV\Q‘hC fields
the sites of acceleration of cosmic rays would also Ye sources of

L\'\ﬂh-er\erjy 9arma. rays

' we could establish the hadronic

origin of gamma rays from a class of
sources, 1t would be a strong

indication that this was the source
of the high—energy cosmic rays
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fine MoSt enarojetic Yaudioction (fakes vp 1/2 ern spectyum)
non-thermal ovigin

Gamma—ray Astrophysics ./

Produc’rion - huclear = non-nuclear

detection / interaction carnat e o, g
neutrdl => point back to boint of* oridin
on _ergy d epen Cl ent | detection / interaction ... energy dependent |
Photoelectric Compton Pair Production

10 keV

Energetic Gamma Ray Experiment
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Gamma—ray Astrophysics (/¢

Higr Energly Regirrlle - Very High Energy I?egime

1MeV 10MeV 100MeV 1GeV 10GeV 100GeV 1TeV 10TeV 100TeV

particle inferacts directly in detector particle interacts in the atmosphere
limited by physical size of detector large collection area

0.01 to 100 TeV %g
W

The Atmosphere

&.5km

20m

Fermi, EGRET, INTEGRAL ... Whipple, VERITAS, HESS, MAGIC ...
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Space=based detection
/9

N0
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Space—based detection: HE range

gamma rays < 0.1%

cosmic rays > 99.9%

Deirdre HORAN — Rencontres d'été de physique de I'infiniment grand a l'infiniment petit — LLR / Ecole Polytechnique



Space—based detection: HE range

Gamma ray interacts directly in detector
(pair prodyces)

anti-
coincidence Y
shield , Tyckeg
N\ !
\l— : HBBO[ J{lLO:’

S ° ACJCCCJC %amma rays / T‘CJCCJC back%r@und
. C]G%@Pm'lhﬁ %amma_ray OIiT‘CCJCiOh

- measure the energy of the gamma rays

™~ calogimeter
Electronics
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Space—based detection: HE range

Fermi Gamma-ray Space Telescope
— launched June 2008

- Gamma—ray Burst Monitor (GBIM)
10 keV - 25 MeVY
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Space—based detection: HE range

The video that | showed on this slide (the Fermi satellite
beéing launched) can be found here:
https://svs.gstc.nasa.gov/I02

Lots more Fermi videos (including one relating to a

question that we had about gravitational lensing of

quasar emission from B 0218+357) can be found here:
https://www.nasa.gov/content/fermi/videos
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Space—based detection: HE range
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Space—based detection: HE range

The video that | showed on this slide (a gamma ray
converting in the LAT) can be found here:
https://www.youtube.com/watch?v=ESKHDCEAqZK
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Space—based detection: HE range

/
Incoming gamma ray !

7’1‘ungsten foil

. Silicon strip
detectors

- +
€ €
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Space—based detection: HE range

Large Area Telescpe

I —
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Space—based detection: HE range

Fermi LAT (2008 ... ) i ses tesceps

energy range: 20 MeV - 300 GeV

anTi-coincidence

shield - Seg‘menfed

calopimetee - 1536 (16 Teackee- alfeanahng‘

lauers of conveptepn
qb) CKPSTMS of C/S\(T-\) ‘p %‘\'en 42\2
- posifion and ener. deTe 1’0& (silicon
deTepmination st K(p
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Space—based detection: HE range

The three sub-detectors work together to reconstruct the e*/e-
tracks and fo estimate the energy of the primary particle

the estimated direction

\-ﬁ-ﬂ

reconstructed 1’ll- |=I=T[ of the chargedq
pathns i . Z -||'[ particles

NI
=
i

enerqgy Adeposits
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Extensive Air Showers
1/

N0
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Extensive Air Showers (EAS)

Wheh @ high-ehetgy protoh or gamma ray ehters the edrth’s atMosphete .

Development of gamma-ray air showers

Primary particle
(gamma ray)

14 - ™ Sret interactio
N .\ first interaction

Je \ (pair production)

6
.’{ O = Dbremsstrahlung
9 3 on nucleus mn aw
i
1 1 . ,
/. ‘ - pair production
| [ |
| /|

g | [\ [ e——— Dbremsstrahlung
\ . ’ l ¢ )
-~ ' o | 1§
( o ' \
. Yo
C

|
ll\ (C) 1999 K. Bemlohs

with nucleus m air

Development of cosmic—ray air showers

. - Primary particle
(e.g. won nucleus)

first mteraction

pion decays

pron-nucleus
mteracnon

2\ Y f

*- 14 ' . rac
“"p! N ’ -— % second interaction
o

o ® (C) 1999 K Bemlohy

edpaccalieched
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E . . 5 Extra slide: | did not show this in the |
)([Zeﬂé\\le A\T L‘)OWG presentation. Added it so that you N

have more background information LA { o -
Wheh @ high-ehiergy ehters the edrth's atMosphete .. />\@:f@\

+ when a high energy gamma ray passes close to an atomic
nucleus in the Earth’s atmosphere, it pair produces
« radiation length =377 gcm™

Development of gamma-ray air showers

Primary particle

: (gamma ray) « total atmospheric depth ~1000 g cm™
i = gamma ray interacts close to the top of the atmosphere
”N ‘ ; frstimencion  * €€ pair subsequently undergo bremsstrahlung (similarly high
“ .,e : iy cross-section as pair-production), resulting in the production of
£y 5RO T et a highenergy ganma ray
AN pair production o this cycle of pair-production followed by bremsstrahlung continues,
o | /| i bremsstrahlung resulting in an exponentially growing cascade of particles and
S .s : ~' radiation, until shower maximum is reached
’. 'J" " o at this point, the critical enerqy (842 MeV) at which the electrons
z,x ; "‘ PR lose enerqy eqya”\f By rodiation and ionization is reached
s % "Beyond this s‘|’age, the electrons lose enerqy rapidH b\f ionization
ned\pgccgﬁechedu aEd cc;sczde multiplication ceases with The particles then belng
aocsorobe

Some MuUoNs can also be Probuced from Pion Probuction in PhotonucLear. reactionss but
the ProbabiLity for this is Low ... dvout 107 fimes that of Pair. Probuction
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Extensive Air Showers (EAS)

Whe A high-ehergy CAMMA 711V eters the edrth's atMosphere ..

Development of gamma-ray air showers

* ©

ned.ipgc.caﬁech.edJ

0 —

Primary particle
(gamma ray)

first mteraction
with nucleus m awr
(pair production)

bremsstrahlung
on nucleus m awr

pair production

bremsstrahlung

(C) 1999 K. Bemlohs

L'essetiel:
pdir production
bremsstrahlung
pdir production

bremsstrahlung

@
et

Y ANE
e“‘/\ >Y e e ! Y .
-
e C et

for each pair production,
half the energy to €
and half to ¢’

.. until e’¢” reach enerqy (84.2 MeV) at which they
are as likely to ionise as to radiate
.. from this point on on they lose energy rapidly by

ionisation
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Primary cosmic ray

E . . Extra slide: | did not show this in the
)(ljeV\é \Ve A\r 5L‘)OW| presentation. Added it so that you

have more background information

« most air showers are hadronic
+ when these particles collide with oxygen and

nitrogen, cascades of elementary particles and

Development of cosmic—ray air showers
radiation are induced

. - Prnimary particle
. et . (e.g. iron nucleus)
o the initial products include nucleons and kaons, but
primarily consist of charged and neutral pions which
subsequently decay through a number of decay chains .., - s eretion
n r’/ o’ o ""‘., .; ‘QK SRR pion decays
P 1
pron-nucleus el
: ‘lt’io v .:Q
."; ' ' = B second interaction
15 N@ ot e
LS '
' .v ‘Of
e since muons do not interact s+r‘ong|y, most of those &* = . (C) 1999 K. Berniobe
oroduced penetrate to the Earth's surface.
= relativistic effects: their lfetimes (~2.2u5) are effect ned,ipgc,cgﬁech_edu

-i\/e|\f |onger in atmosphere than in Their rest frame.

= in hadron showers, several percent of the particles

e E——_—

reaching the ground are muons
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Primary cosmic ray

E . . 5 Extra slide: | did not show this in the
)(ljeV\é \Ve A\r L‘)OW‘ presentation. Added it so that you
have more background information

+ v Vi ¥_°
Wheh @ high-ehetgy ehters the edrth's atMosphete .. O Ther™ e
# most air showers are hadronic
+ when these particles collide with oxygen and

nitrogen, cascades of elementary particles and
radiation are induced

Development of cosmic—ray air showers

. - Primary particle
v e . (e.g. iron nucleus)
o the initial products include nucleons and kaons, but
primarily consist of charged and neutral pions which
subsequently decay through a number of decay chdins N - SRS
AN
. /LR PNE . lecay
Tr+~—}/\/\+ +)) Z - 2_ - X |O 5 B o’ ‘l,‘: ey pion decays

- -3 pron-nucleus !?u
_ e Bt i S

mreracnon

1 v \
f Fi A
o 14 : et .
| .;",: N ’ -— %¢ | second interaction
o At each genera‘l’ion of hadronic pion prodchrion ~I/3 of K 2 (C) 1999 K. Bocnsobs

the pions are 1%

‘immedia+e|\f deca\i info two gamma. rays (~TOMeV) ﬂ@d!DQCCQHGChedU

= these subseqyenﬂy pair produce

e

g e|ec+romagne+ic cascades r*apid|\f Qrow To comprise

the dominant component within the hadronic cascade
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Extra slide: | did not show this in the
presentation. Added it so that you
have more background information

Extensive Air Showi

Wheh @ high-ehetgy

ehters the edrth's atMosphete ..

+# the secondary nucleons and charged pions
continue to multiply until the energy per

Primary cosmic ray

Development of cosmic—ray air showers

Primary particle
(e.g. ron nucleus)

particle is no longer above the threshold for &
multiple pion production (~1GeV)

-+ eventually the cascade just consists of the 4
electromagnetic component fj// NN

« once shower maximum is redched, the 's and €'s are el PRE
rapidly attenuated due to ionisation i ¥ & i

o the lateral spread of hadronic showers is usua||\1 much T ‘ ‘ '\Q "
greater than that of goaneerrenrsive 4 9 T
o due fo the lardf. TRANSVERSE MOMENTUM en 4 R

to pions in s‘l’ronq inTerae et '," o ‘

» these showers dlso have a Ionger'
pene_hn ik, .que.

first imnteraction
- pion decays
second mteraction

) 1999 K. Bembody

edpaccalieched

-7a’ricles reachmg ground Ieel

R -

- |mportant later
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L'essetiel:
initial products primarily
consist of muons
- charged £ neutral

et et vV

' p )N Many of the charged
o T /muons reach the surface
S of the earth

T —) ¥ +
% J XJ o ~I/3 of the pions are 1%

= deca\f info two gammas

= these pair produce

g e|ec+romagne+ic cascades rapid|\f grow To comprise the

dominant component within the hadronic cascade

Development of cosmic—ray air showers

. 3AE Primary particle
(e.g. won nucleus)

first mteraction

y = pion decays

\
bn-nucleus ‘
eraction .’ \
, o : ‘Q.
.":5 .4 ' " X
.:"‘p. N ’ < Og second interaction
1 gy :
.
o] ° (C) 1999 K Bemlohr
edpaccalieched
=4 important later |
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Extensive Air Showers (EAS)

Wheh & high-ehergy particle or 9amma ray eters the edrth's atMosphete ..

0.01t0 100 TeV | (W

NI N

The Atmosphere coo The QhOWero O.P Charo(%ed

+—— CHER

T — e

=NKOV RAD.

parTicles is accompanyed by

AT _

ON
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Cherenkov Radiation
5/9

N0
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Cherenkov” Radiation “Cerenkov

' _when a charged particle travels through a medium with a
CHEMN K@V MD MXYTH@N * velocity greater than the velocity of light in that medium
A A

| | A
PO oBF005°L| [0 08H0,500 AN

C 0O o o © ch)o e o © N
O5Q O @ Yo Co0O~0tCC0 0

08 O~ 0 O 00 [®) P 1

606%% S0 08686 & o
0 L0 0d &R02 SYNWNIE 5B
0 9% ©589 00° &cR|§9598°
Oo%% 7 © %o 6 o[ &60% 0 P, |

o DERHESD JO OO O & 48200, O -
o) O o olqe O TR
Oo%ﬁb %}O% Oo OO o O |O OO Oop P _._;_”/

0 Q0 o “0CH0 090 o “0C-0 T AP
OOO O OO O Cp OOO O OO O (p - Cerenkov
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\ \
B B B
. . v Vpartcle = 2 X Vg
e~ MoVes e~ With VeloCiHy '
. Charged Part:cle
Yelatively slowly clos€ +0 C
e ——— T — T —

o When the cmr@ed powﬁc\a (soug, on &), passes close 10 the o When the \/zlocm of the ¢ 1S @mmr thon the phase \/e\oc'\m of \'\@N in
aroms of oL materiod, it distorts their ou'\@nmenf ueh that tine that medivm, i 1S possiole for the wavelets from ol porﬂons of the tyock

posifive: chaunies of fine nuclei e attvacted fowauds if. f0 02 I Phase witih one anofiner, s producing o conerent wawve-front
o When fhe ¢ has passed, fihe aroms velax oack 1o their originad O (e Well defined angje 10 the patin of the electvon,

Shapes cowsing o brief glectromagnefic puise - polaristion o TNIS coneronce occurs wWien the cectvon trowels from A 0 &, in tihe

moves on 1o oe centved on P etc.. saune fime as the rodiocion emifted by fine afoms of the maferial

fronels from A 1o C.
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Cherenkov Radiati

presentation. Added it so that you
have more background information

Extra slide: | did not show this in the

.~ when a cnargeq particle travels through a medium with a
CHEMN K@V MD MXYTH@N ' velocity greater than the velocity of light in that medium

/' : ‘l
Cerenkov
Rt A Wavefront

i

B I
Viparticle =2 X VGroup (/ O S @ )
v Bn
Charged Particle
S — ——

Cheyenkov andie is max oy Bl Theye is a min velcity
£0r +he Cchayged par+icle & also a threshold enevgy
) m C

Bmm: ? Em'm - 5
h-e

AC
AB

AB-fcat and  AC- TAC

A e- has velbcHy BC & i+ +ravels From A 40 B in Hne A+
P _
P, '
= AN since: Cosl =
2 1y

WE can arvrange +Hhe First +wo equations +0 ge+

. Hhe crideyion For Cherenkov
Yadiation +0 b€ emitHed

The medium

cadator - n

s the
Parjc\c\ej. J:i»e

|
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Cherenkov Radiation
CHERENKOV RADIAT ION:

- [t 1s named ar'ber the Russian scientist, Pavel
Alexseyevich Uherenkov: e snared tng Nobel
Prize In physics in 1956 wibn Lya frank an
%gor‘ Tmm for 1t discovery - made in 194,
6 Was bne tirst Lo ebect b expert mer.tallg.

- Cherenkov radiation 1§ blue - UV ight

- In PUB, it was suggested by Blackett that
there should be a small contribution (10% of
total starlight) to the light of night sky from
Cherenkov radiation

P. A. Cherenkov (1104 - 1990)

- Very briefly, 1t outshines the night Sky - need
very fast electronics to record it above this
pbackground
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VHE Technique

'\vvmﬂe intensitier P'\chures of r\'\jnjc s\<>/
with and without Cherenkov shower

SHOWER

CERENKOV RANDOM

Work by David Hill (".1.T.) and Neil forter (U.C.D.) in 1960

on short Jtimesca\es, the \\ch from the
Cherenkov shower outshines \/eja\.*

» The FIFTH brighest star in the sky
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Cherenkov Radiation

Hgure Taken rom 1. C. Weekes fakk

10% eV. (1TeV)

PRIMARY Y- RAY

UPPER or CHARGED - PARTICLE COSMIC-RAY
ATMOSPHERE
_I ——— SHOWER DEVELOPING
| ,
I
|
|
| — SHOWER AT MAXIMUM
|
I
I
TYPICALLY
16 km {I

——

|
I
I
I
I
I
I
|

|
i
\| Il SHOWER DYING
“l%
III
|
v~ 1Meter,
CHERENKOV N/,
LIGHT FLASHES }//f;/\

e

’/ ”~
- )
\ \._'—’ \B\/ RECEIVER
\ E . GROUND

/e
—10 - 100 m

B

for a 100 GeY primary,

get about 5 photons m™
out to about 120m

from the axis |

T —

at detector level, the shower
results in a pool of light of:
~120m diameter
~1m (2-3 ns) thickness
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Extra slide: | did not show this in the

cherenkov Radiat presentation. Added it so that you

have more background information

Figure adapfed from Hillas (1996). Space Science Reviews, 70, 17

the stipplcd box contains the main km
emission of Cherenkov light in a 1 TeV

13- /|\

Main emission
region of light

gamma~ray shower

the median altitude is 8.1 km
at these heights, half the eMISSION 0CCURS
at radidl distaNces WithiN the box

the dashed-box indicates the mdin emission
region for Cherenkov light in a proton shower
of the same energy

\ In y-ray showers

1 TeV y-ray

8.1 km ;\

| \Main emission
region of light

for a proton shower
1 TeV proton

Mt. Hopkins

Sea Level
100m

e — E—
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First Generation YHE Telescopes
6/9

N0
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First Generation VHE Telescopes

&, (ZLOV(\
To DETECTRhe Cherenkov licghjc from an
alr showcr, we need: Cheyenkov wavefyont
ircor $o aather & focus the light \L\L\L\L\L
- a mirror o gather ocus The 9 >
- a YAST detector ‘
| | PMT D |

- a means o Jcr\jjer/ record the iMage 10 CoUNting

eleCHroniCs
miy'y oy
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First Generation YHE Telescopes

CheYenkov waveFyont

JL I

PMT |
D +0 COuN+HNg
€lecHronics
miry oy

(nalbraith and Jelley (1403), Harwell - UK.
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First Generation YHE Telescopes
The Early Days

Large Searchlight

Mirrors

I
]
"

PIT af focus =

t

Crumea Experment 1760 - 1765
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First Generation YHE Telescopes

The m@, Dayys
rie University College Dublin group

- led by Neil Forter in

collaboration with J. V. Jelley
WWIT syrelys qun. Mount

and searck—l%kz: MIrrors
TARGETS: quasars, variable stars,

supernova remnants, Grab

|
|

Aencullen, Dreland {ill very active in VHE
s 228 (T g qaTIa-ray astronomy | ( Weetes (200 Ferrm Sumer Scho)
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First Generation YHE Telescopes

Aencullen, Preland
1962-bb (i5h)
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First Generation YHE Telescopes
The w Do

bm‘ this actually wasn’t
the real limetation
.. These ’relescolzes did
suaessfu"y detect
Chevenkov vadiation from

. Gty showers

Aencullen, Preland
| 1962-bb (i54)
 pe—— -~y
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First Generation YHE Telescopes

The problem Is that > 99° of the  We need 1o extract the
events tat 1rigger the camera [Amme-rausind from his
are induced by COSIITCRAYS  overwhelming background
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First Generation YHE Telescopes

A

First generation VHE
telescopes were overwhelmed by
this background.

The breakthrough came with the
advent of ...

The problem Is that > 99° of the  We need 1o extract the
events tat 1rigger the camera [Amme-rausind from his
are induced by COSIITCRAYS  overwhelming background
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The Imaging Atmospheric

Cherenkov Technique
9/11

N0
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The Imaging Atmospheric Cherenkov Technique

remember from earlier....

- U .

‘nat+t'e e

1 )N Many of the charged
A+ T /muons reach the surface
S of the earth

=¥ Y,

bn-nucleus
o ~I/3 of the pions are TT% eraction :
o :
P —— - decay info Two gammas ,{)’ ‘o i rq‘.' Yy )
) o 14 FRSN "POL0. TOPRNN
= these pair produce ’:'w; ' ’\ i
S |
= electromagnetic cascades rapidly grow to comprise the Y
e
dominant component within the hadronic cascade o’ ..

.. Shower has a larae lateral spread due to the
transverse momentum of the strong | |
.. many muons reach the ground
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The Imaging Atmospheric Cherenkov Technique

\'/
>

~\/" IMAGING: TAKE A PTCTURE OF THE CHERENKOY LTGHT FROM THE ATR SHOWER

X TEYET TR LR B

M IrIrrrYrrrryrrYT L

YrYrrrrrrrTrrrrTrET L L
P Fr LTI I LI LY

VERITAS Collaboration (Kieda, Dave B. for +he colldvoration) arXivi302.4%49

IMAGING CAMERA
499 PHOTOMULTIPLIER TUBES

R — R
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The Imaging Atmospheric Cherenkov Technique

.Plcture

.Boundary

904

Scale: 82DC

camera cosmic ray
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The Imaging Atmospheric Cherenkov Technique

.Plcture

.Boundary

A
900e =
PAA
0as
RN
)

¥
A,
T

St
Y
A\

A A )

AN N
A )
LY Yy AL
- JT‘-\—r\,.u\? A‘ X
A V)
7

\ A
N

Scale: 56 DC

camera gamma ray
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. Extra slide: | did not show this in the .
The Imaging Atmosphe1| presentation. Added it so that you [nN1que
have more background information

the ditterent Physic;ﬂ mechanisms that take Place N 9amMma-ray & cosmic-

ray iNduced showers atfect the characteristics of their Cherenkov iMmages

v primary cosmic ray
efAe”
etAv €
et >N
e.%i_m \ Y ] et
e e et
320 GeV 1 TeV
km 20 Yoy proton
18- 4
16~
14-
12- B
10- =
-
6
4
2
0- 1 km
T — T ———
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. Extra slide: | did not show this in the .
The Imaging Atmosphe1| presentation. Added it so that you [nN1que
have more background information

S !/

Fzmna-ray ‘ Cosnic-ray

g

Nigr 1°
0 - 20kn above sea level // /(‘.herfkmf

| nage

* - < paraneters of z
S \
o> zhower _“"-~.. -1elc of view o
\ P -
- P a teleccope
e _Z ,,,,, At mf,‘(/ fajout 3 degrees)

e ( %=1 )
N\, -
Cosniz L

-~ Centre of
Camera

N

icrhpicrr.u-tokyo. ach/ hew‘hod him|

“Hillas parameters” (length, width, distance, alpha...) after A. M. Hillas

"Cerenkov light images of EAS produced by primary gamma’”, Proc. [4th ICKC (La Jolla), Vol 6 5 (80)
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. Extra slide: | did not show this in the
The Imaging Atmosphe1| presentation. Added it so that you
have more background information

T —

445
CG 90 5'3

CERENXOV LIGHT IMAGES CF EAS PRCDUCELC BY
PRIMARY GAMMA RAYS AND BY NOUCLEI

Ao M, Hilles
Physics Departrent
University of Leeds, Leede LS2 6JT, UK.

ABSTRACT

Lt 1s shown that 1t should be possible Lo distinguish very
effectively betwesn background hedronic showers anc TeV ganma-ray
showers from a point scurce on The basis of the width, length and
orientation of the Cerenkcv light images of the shower, scer in
the focal plane of a focusing mirrer, even with a relatively
coarse pixel cize such as employed in the Mt. Hopkins detector,

Bl c/tj‘ﬁfubémon for
....... s S

o o 1 29 2

s A
o o o om0 ; S;W 6/

W———-
"Cerenkov light images of EAY produced by primary gamma’, Proc. [9th ICKC (La dolla) ol 9, 110 (198
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. Extra slide: | did not show this in the
The Imaging Atmosphe1] presentation. Added it so that you

have more background information
Original Hillas paper - simulated
parameter distributions (148)

nique

parameter distributions
from VEKITAS (~ZO08)

Image width

T

ZO0NE 1

Events

Events

shaded reaions are Gamma cays

"Cerenkov light images of EAS produced by primary gamma’,
Proc. 19th ICKC (La Jolla), Vol. 3, 139 (1480)

0 0.2 0.4 06 0.8 1
Length [deg]
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The Imaging Atmospheric Cherenkov Technique

= CHERENEOV IMAGES

The Whipple I0m Telescope

" The inaging techmique was pioneered

. at the Whipole Telescone in Arizona
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The Imaging Atmospheric Cherenkov Technique

OBSERVATION OF TeV GAMMA RAYS FROM THE CRAB NEBULA USING THE e
ATMOSPHERIC CERENKOV IMAGING TECHNIQUE

T. C. Weekes,! 'M. F. Cawiey,” D. J. FEGaN,® K. G. Giees,! A. M. HiLLas* P. W. Kwok,! R. C. LamB,*
. A, LEwis,® D. MAcoMB,® N. A. PORTER,® P. T. REYNOLDS,'> AND G. VACANTI®

R s— - ———————N
With the advent of imaging came the
first ever TeV gamma-ray source,

et . e

ToOoWok, MOF . Cawoev? 100 twan? K G Gres' A M Hiay® W Leac! ® ¢ Laun”
DA Dewss D Matoas? N A Poeto B T Xvmninac= wwsds Yarsen?®
Crnon O Ay emonnd MY Sronalw @

ABSTRACT

The Whople Dbsecsarcds (0 ndlocioe, ameraling 3¢ 3 07 2isel i, bas lan wzid b olezre the
Ui Nebuly dn TeV penis e He szbocmag gamma-oay 123ges basal oo thee peadizized pencerws, rore
than #2825 of Ul bactpmnen:d » =mpacd - 3 deweon is reomtel el the %0 0 (evzl eorrgranding 10 2 Dus o
1A 10 Y platrs emt et ahave 07 TeV 1wtk ¢ factor of 3 urezetainey in baey £y and edzigy] Leo
Hlan 25% of tee nrarved Mx & pubied a1 Ihe peicad o€ TAR IS There b5 20 evbdem for caratilits te
tmz ezl rom monthe o seea Allbough carcnuam smienar Tom the pelae vt B rdod cul, v e

the Crab Nebula,
shing The field of

-RAY ASTRONOMY

fhus establ

TN GAMMA

annz likedy it the nreervd Bus comies Lou the b d Cuirpten eerchralrea spacmruz of the etula.

ST Adidiops. g cae: ezl — rehulee Crabh Nebglo

LN e

The Sewsswin of polaresdion = 1he ramio, apaca | and
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The Imaging Atmosphe1| presentation. Added it so that

Extra slide: | did not show this in the

have more background information

you hnique

The 1Imaging atmospheric Cherenkov techrique enabled the detection of the Crab
nepula, thus establishing ViE garmma-tay astronomy as a nable new field

Maging Atmospheric Cherenkov Telescopes (

ACTS) were coNstructed

at other locatioNs drOUNG

he WORLA

[n recognition of his contribution to the field of very-high-energy astrophysics,
[revor Weekes was awarded the Rossi prize” in 1937

“The 1997 Rossi Prize of the High Energy Division of the
American Astronomical Society is awarded to Trevor C.
Weekes for his key role in the development of very
high energy gamma-ray astronomy and the discovery of
TeV gamma radiation from the Crab nebula and Mrk 421.”

The Rossi Prize 1s awarded by Hhe High energy Astrophysics Division of the American Astronomical
Society annually v honor of Bruno Rosst “for a signicant condribution 0 High energy Astrophysics, with

particular emphasis on recent, origwnal work."
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The Imaging Atmospheric Cherenkov Technique

“Second generation” instruments: 1989 - ~2003

i 161~ =P

antarctica

whipple I o ___
Irizona, LS8 HEGRA ~—

L9 Pama, Canary sands [

CANGAROO

Woomera. Australi
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The Imaging Atmospheric Cherenkov Technique

For the current status of
the TeV sky, go to TeVCat:

6 http://tevecat.uchicago.edu
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. Extra slide: | did not show this in the .
The Imaging Atmosphe1| presentation. Added it so that you [nN1que
have more background information

Anatomy of" an o
elecironlcsS an
LAC Telescope >

‘ communicalion

| ——

focal PIAne

insteumentation

/
optical suppoet aeﬂed’ing‘
steucture b supface

PedeSTM
~
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. Extra slide: | did not show this in the
The Imaging Atmosphe1| presentation. Added it so that you
have more background information

elecTeonics and
communication

focal PIAne VERITAS
insTrumentation

HESS OPTICM Suppoﬂ' &e%lec‘\'ing‘
supface MAGIC

S“'Kucfuae &

PedeSTdI
~
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The Imaging Atmospheric Cherenkov Technique

Some notes on the imaging atmospheric Cherenkov technique:

observafions can only be performed on dark™ nights
low duty cycle ~I000 hours per year

nsfruments are pointed
small fields of view therefore need targets

nO calibrafion source™ 1o defermine the enerqy scale
rely on simulations fo calibrate the instruments

Limitations:

low energy limif | | ¥ Moor\-\'\ch observations
local muons, night sky noise wx Crab” - cheao\y7

high energy limit
collection area
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Extra slide: | did not show this in the

have more background information

The Imaging Atmosphe1| presentation. Added it so that you [nN1que

propor-tion reach the earth's surface

Jecaq

REAL & SIMULATED MUONS WITH

DIFFERENT IMPACT PARAMETERS

|

energy

—

OW

froma
(aMMa-ray snower

bnerenkov lignt, trom loca
nolist
|

= the "penetrating component” of cosmic rays

. do not interact §+rongb with matter so a Iar%e

MULOY\§ rroJuceJ (Mosl'ltj) in hadronic showers From rion
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| did not show this in the

Extra slide

have more background information

The Imaging Atmosphe1| presentation. Added it so that you [nN1que

MLQOY\Q rroduceé (Mosl'ltj) in hadronic showers From pion Jecmj

. do not interact stron

propor-tion reach the earth's surface

35 with motter so a Iar%e

of cosmic rays

= the "penetrating component

gamma ray

partial muon

rd

\

ment grand a l'infiniment petit — LLR / Ecole Polytechnique
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Gamma-ray Telescopes of Today
10/11

N0
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Gamma-ray Telescopes of Today

The success of Whipple, HEGRA, CAT and
CANGAROO led to a growth in the fiecld of
ground-based gamma-ray astronomy. New

instruments were developed (and the %}\\)P\j\é}
teams of people building them grew too). el
y arrajs

' Iar er enerqy range
. moge, se,nsijf%je,

’ &)e;'er,r e,ne,r{ﬂ re,solujfion HEGRA WAs an aw\{)
’ l\ijne,r anju ar T&SO'UhOH N\AGIC WAas a §m9Le_
felescope system ar ﬁ:as’rL
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Gamma-ray Telescopes of Today
“Third generation” instruments: ~2003 - present MAGIC

antarctica

Khomas Highlands, llamipis

Waker
U\e,re,ntov
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Gamma-ray Telescopes of Today

Stereo observations enable us to distinguish local muons from low-energy gamma rays
.. multi-telescope trigger requirement helps us operate with lower energy threshold

0C \D >")%' .0C "‘3 H‘\!)g‘ :i
4 \X >:}O§':::\ ‘YY‘Y - “‘ VY\K :\;Q S’ \l‘)\ _ ...'
_ ?:?w e 3‘3\)\';‘\ S \h lﬁng\*~ 0000 YY*'*‘ "

0000080¢ X ;“‘ 5000 Q:l ;

,ﬁiﬁﬁxﬂhzvﬁﬂfak,

coscooectoocooliiill o fooocosaesoocootilll =
A :SQ\ < WA‘:«‘“‘ fwm:?q\ L) ,Q;Q:,)\’)Y‘ (."“.. : ' Channel ¥46 (Telescope 2)
SRR S0 000000 %'V«:\&Nm@{ I
::m\krf&s);ﬁa:ﬁ gﬁ‘_,, «m | X2y

D A A,

,"’ : -Y-Y-Y?:i'-'- Y.Y. 500000000
rYY XY, , .'Yn oYY :
\ A,/
: . "'-;? s.zl :" o
ED 0 0000¢ é( - X Y‘ YY"“"* 3
;_&Msg ,<< ‘y)x,\swx

00
<§>¢\>~,\‘:~* T4

2 S e R e ) .., "
0 2 4 6 © 10 12 14 ‘6 10 20 2 24
sarrple number

2 ns FADC, 5.5 dc/p.e.
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Extra slide: | did not show this in the

6 amm a-raq Tc le S c presentation. Added it so that you

have more background information

NIRRT D

» ‘O'/ /.)\\:'\ \
N L K XL
XA

V

=

=
t0

L

Photon .E.HEI.' {]
in order to gather as many of the highest energy particles
as possible, we must incredse the collection area

Deirdre HORAN — Rencontres d'été de physique de I'infiniment grand a l'infiniment petit — LLR / Ecole Polytechnique



Extra slide: | did not show this in the

6 amm a-raq Tc le S Cd presentation. Added it so that you

have more background information

Stereo observations enable us more accurately characterise the properties of the

gamma rays
HOLDER, J. (2012), ASTROPART. PHYS, 39, bl

MOTG 'H'\QY\ one (\AP '[:O Ll-)

'\MOﬁe of each shower

10 km

Camera Plane

Position on Sky

— —
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Extra slide: | did not show this in the
presentation. Added it so that you

Gamma-ray Telesc o it y
have more background information

Stereo observations enable us more accurately characterise the properties of the
gamma rays

More 'H’\O.Y\ one (\AP 'tO L’-)

imaﬂe of each shower

Core location
on the ground
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Gamma-ray Telescopes of Today = .

/,@Of
% 4 656 gﬁi]@@gﬁ .
0, P %

gy, * S
/@ @57 //}7@27/7 3
5

NEW ASTRONOMY REVIEWS

-
Tceb
48 (2004),527-535 & Cebergs
g .
IS .S
N g éb G - -
WA A< g
O & &
£ ¢
) 1 /\ ‘ Current
— " o * Moo : : " Sensitivity
Distance : pe 5 P B v Gpc
......................... .?:----------:.'-_-_'----A'.----.‘.-':-------------- Future
Sensitivity
Galactic Extragalactic

A ﬁgure that T. C. Weekes created in 2004
to illustrate his view on the status of the field
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Gamma-ray Telescopes of Today

As of writing this talk, there are 198™ sources in TeVCat

200
175

(when TC. Weekes

made his Paedicﬁon) VERITAS ) 150
MAGICy HESS 195
aLL onLine
100
75
HESS sky 50
Crab (1989) survey 25

*Many new sources

(2006)
announced during the

89 91 93 95 97 99 Ol 03 05 07 09 11 13 15 17 g e ot the

International Cosmic Ray
Conference in Korea
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Astrophysical Sources of Gamma Iays

11/11
SN0
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Astrophysical Sources of Gamma Iays

High Energy Regime - Very High Energy Regime
l 5 1 —

1MeV 10MeV 100MeV 1GeV 10GeV 100GeV 1TeV 10TeV 100TeV

3033 sources at HE (01 - 300 GeV) - 1408 sources at VHE (> 200 GeV)
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Astrophysical Sources of Gamma Iays

S{:{‘é Enl\th
\'«3& u S ', ’

ngh Energy Reglrr:e - Very ngh Energy Reglme
| I

1I\/IeV 1OMeV1OOMeV 1GeV 10GeV 100GeV 1TeV 10TeV 1OOTeV

3033 sources at HE (01 - 300 GeV) - 1408 sources at VHE (> 200 GeV)
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Astrophysical Sources of Gamma Iays

im0

SN\

1 "80L 74y (0I07) 1P +2 opay

0

~ENERGY =S

S — T
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Astrophysical Sources of Gamma Iays

s A mnmnmniely

SN\

FULL SKY OBSERVED EVERY § HOURS FIELD OF VIEW .97 ; 1000 HOURS / YEAR
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Astrophysical Sources of Gamma Iays

High Energy Regime Very High Energy Regime
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Astrophysical Sources of Gamma Iays

High Energy: 3033 Sources Energy: 198 Sources

1MeV 10MeV 100MeV 1GeV 10GeV 100GeV 1TeV 10TeV 100TeV

UNTDENTIFIED ¥l
ACTIVE GALACTICNUCLEL | D
STARBURST
PULSAR WIND NEBULAE
SUPERNOVA REMNANTS
PULSARS
BINARTES
1/
o, |
RAY BURSTS INovA 1 GLOBULAR CLUSTER

FNEW PSR ANNOUNVED ATICRC
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Astrophysical Sources of Gamma Iays

D

For overview articles on

UNIDENH ¥ ) gc:tmmcx;lrc?rt as’;rtc.)lfhysics,
ACTIVE GALACTIC NUCLEL *TeV Astrophysics”
section of TeVCat:
http:/tevcat.uchicago.edu/reviews.html
PULSAR WIND NEBULAE
SUPERNOVA REMNANTS
PULSARS
BINARTES
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Astrophysical Sources of Gamma Iays

Extragalactic Physics 1
o

Gosmology 8

ACTIVE GALACTIC NUCLEL EATRAGALACTLC BACKGROUND LIGHT
INTERGALACTLC MAGNETIC FLELDS
ACTIVE GALACTEC NUCLET
PULSAR WIND NEBULAE
Galactic Physics 2 ) SUPERNOVAREMNANTS — Astroparticle / Exotic Physics
PULSAR WIND NEBULAE DARK MATTER SEARCHES
SUPERNOVA REMNIANTS BIVAES o ivane 4.
BINARIES
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Extragalactic Physics:

Extragalactic Physics 1
ACTIVE GALACTIC NUCLET
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Extragalactic Physics: Active Galactic Nuclei
CHARACTERISTICS

« central nucleus outshines the rest of the
galaxy

- high luminosity (normally)

- emission across entire spectrum ... radio

to keV, MeV, TeV
= non-thermal

* strong \/Wcabtut&
- radio-loud sources:

= relativistic jets .. superluminal
motion
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Extragalactic Physics: Active Galactic Nuclei

ADTIVE BALAYI

\What we see depends on how we view it ..

Ar- achve gilasy & osa _-di;di _.u«mmm:a.wya.nwﬁogwm
palazies Whe Many forms; S3me NENs axgakiies? BAgR nuchy pourieg ‘ot Tigh-Endngy Shokns.
hawe high-aversy racii it arpesr b Ba suncunded Sy & mase-cr-deas hama®
herve borg, ramow et o besans of mabier sbering oul fror by cmie, Disoksyed heve i o Musiad
o an rtwe galisey Mt Aa jele. The rvsie.s of i iy connrs 2 saximozshe bicck hole 88
g it gpowars e phsacalins we see Folowng s launcr, Te Canvasay Largs ted

“angle to the jet

—— —) ‘

e e <o

M e

| 2oy e vaym
. -
Viewing at en -’
-
e s sl
-

caun o el ol Jui 0 Lo weor
wv:.mﬁlhu-b. pa
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Extra slide: | did not show this in the
presentation. Added it so that you
have more background information

Extragalactic Physic uclei

high power
2
- g
%’ e FR-II
k-]
g
NLRG,
NLRG Type It
3\f°s°
Seyfert 2 yyanall
:
g A
g
H .
2
Seyfert1 | & BECKMANN & SHRADER,
ASTRO-PH/18021397
T — e ——————
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Extragalactic Physics: Blazars

CRARACGTERIST ICS

« <5% of all AGN

- jet points “at” us

- flat radio spectrum

- radio loud AGN

*lavge amplitude vaviabdity
- optical polarisation

- spectral energy distribution

{

poweL. m
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Extragalactic Physics: Blazars Models of Slazar emission
SPECTRAL ENERGY DISTRIBUTION

poweg. | “synchrotron’ “inverse Compton”
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Extragalactic Physics: Blazars

Two fur

Lower fnfrgy emission due
T0 synchrotron emission trom
relativistc €5 in the jet

0 e

fame
i |

N

(

0

4

J different ap

igher enery ¢

Models of Ylazar emission

fl

103eles

mssion

leptonic © Hadronic
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Extragalactic Physics: Blazars Models of Slazar emission

o Pl || © Yo Tio fundamentally diferent approache

Yayih q 3 ol 0 explan the higher enerey emisson

Poweg

Leptonic

* Tadiative output dominated by e /e+
eneidy * 8 thal produced the synchrotron upscatter photons -

which photons?
* the low-enerqy photons responsible for first hump

JLrgWﬂ f\m;?y ~em|§5|qn d;e = Synchrotron sel-Compton
SYNCNroTron emission TrOM . whotons from broad-Jine region, disc orus .

reloivistic €7 in the jet = exiernal Compton
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Extragalactic Physics: Blazars

| 0+
o Dfleld || ¥

Y sy 0+ Ye

Poweg

T0 synchrotron emission trom
relativistc €5 in the jet

BOETTCHER, M. (2012) FERMI & JANSKY, ASTRO-PH/1205.0559
BOETTCHER M. (2013), APJ 768, 54, ASTRO-PH/1304.0605

= [0

Models of Ylazar emission

Two fur

0 e

= SYNChrotro
pions, muons

8

o
o {he hgher energy emisson

) an

0

—
—r
=2 .

J different approaches

Hadronic

* hoth e/e+ and p accelerated to ultra-relativistic energies
eneedy * s exceed threshold for pry photo-pion production on
soft photon field In emission region

Lower energy emission dve  * Nolenergyem
00 Synchr

= 7 (lecay pho

on dominated hy
Ol
1§

0n

Compton emission from charged
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Extragalactic Physics: Blazars

Models of Ylazar emission

» leptonic models provide good fits to many blazars

- K-ray and gamma-ray emission often correlated - a fact naturally explained by SSC models
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Extragalactic Physics: Blazars

Models of Ylazar emission

KRAWCZYNSKI ET AL (2004), APJ 601, 121

rayons Yi | “orphan” flare

from TeV blazar,
ES 1959+650

«——rayons X

4 l\adronic mocle,ls have

&)e,e,n Invo e,cl To

eltb'ain H\is k)e,l\aviour

EG., BOETTCHER (2000), ARJ, 621, 176
SAHU ET AL (2013), PHYS. REV. D

. [IN'PRESS) ASTRO-PH/1300.4985
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Extragalactic Physics: Blazars

- v
Lommo-Rg

. ';.‘",‘D' I. l‘f"‘..ﬁ.l
gy Role 7/ ,

|

.

BUCKLEY ET AL, APJ, 472, L3

VARIABILITY

Markarian 421

20 minute erruption

BH mass: ~ 10° M,
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Extragalactic Physics: Blazars VARIABILITY
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Extragalactic Physics: Blazars VARIABILITY
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Extra slide: | did not show this in the

EXT)P&Q&I&CTJIC PhySlCSI presentation. Added it so that you V

have more background information
» leptonic models provide good fits to many vlazars

IABLLITY

- K-ray and gamma-ray emission often correlated - a fact naturally explained by SSC models

» in hadronic models, the cooling times are longer, which makes it more difficult to explain the rapid

variability often seen in blazars

- Proton synchrotron can Producc raPid Variability with Very high energy Protons in
cxtrcmcly magdnetised, compact regions [OLDER, J (Z017), ASTROPART PHYS, &9, 6l

Doppler factors of
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AMY FURNISS TALK (VERITAS 10-YEAR CELEBRATION

Extragalactic Physics: Active Ga

The Ever Present Question: Why Observe

Ext lactic S ith VERITAS?
ragalactic sources wi For a summary of some of the open

® Particle Physics and Fundamental Laws questions in blazar research, see

& Particle processes at the highest energies

Amy Furniss’ talk
at VERITAS 10-year celebrations:
http:/veritasj.sao.arizona.edu/10Years/
Speakers.html

& Lorentz invariance viclation

& Origin of ultra high energy cosmic rays

& Exotic physics - e.g. evidence for axions
¢ Cosmology

® Extragalactic backpround light density

® Magnitude of the incergalactic magnetic field
® Black holes

® Supermassive black holes

® |eg physics
® Evolution

10 Years to Address
Fundamental Questions

* What types of galaxies produce gamma-ray emission?

* Where does the gamma-ray emission originate within radio galaxies and
blazars?

* How is the gamma-ray emission produced within these sources?

* |s there any pattern or mode {0 the variability of the garnrma-ray ernission from
these sources?

* How is the gamma-ray emission related to the lower-energy emission
emerging from these sources?

* How do the spectral signatures of these sources change as the sources
evolve?

* What is the astrophysical arigin of ultra-high-energy cosmic rays?

*» What secondary interactions do gamma rays undergo as they travel
extragalactic distances?

* What is the density of the low redshift optical/IR light produced by stars and
galaxies?

* What is the magnitude (and origin} or the intergalactic magnetic field?

AMY FURNISS TALK (VERITAS 10-YEAR CELEBRATION
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Galactic PththZ

Galactic Physics 2
o

PULSAR WIND NEBULAE
SUPERNOVA REMNANTS
BINARIES
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Galactic Physics: H1E.S.S. Galactic Plane Survey

2005: HESS Sky survey released:
- first published iN 2005 with ™ sources .. siNce theN has growN 10 iNclude More thaN b0 sources
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Galactic Physics: H1E.S.S. Galactic Plane Survey

2005: HESS Sky survey released:
- first published iN 2005 with ™ sources .. siNce theN has growN 10 iNclude More thaN b0 sources
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qaLac—th Pth'chi Supernova Remnants 4 Pulsar wind nebulae
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Galactic Centre
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Galactic Physics: A [PeVatron; e Galactic Centre
It can be shown that galactic accelerators can
accelerate particles to energies of ~10" eV

HESS COLLABORATION (2016), NATURE, 831, 476-479

 The HE.S.S. Collaboration carried out deep observations of the Galactic Centre
* They found evidence for particles being accelerated to petaelectronvolt energies
* They propose that the supermassive black hole, Sagittarius A” is linked to this PeVatron
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Galactic Physics: Binary systems

L5 5037: The firsl gamma-ray binary defected - now There are 6 pgamma-ray binaries
— ORrbital period 3902 +/- 0005 days
— CoNgists of a coMpact object (pulsar?) ORbitiNg a Massive star
— gaMMa-Ray €MIsSION is VaRriable but cyclic
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Galactic Physics: Binary systems

L5 5037: The firsl gamma-ray binary defected - now There are 6 pgamma-ray binaries
— ORrbital period 3902 +/- 0005 days
— CoNgists of a coMpact object (pulsar?) ORbitiNg a Massive star
— gaMMa-Ray €MIsSION is VaRriable but cyclic
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Galactic Physics: Binary systems

L5 5037: The firsl gamma-ray binary defected - now There are 6 pgamma-ray binaries
— ORrbital period 3902 +/- 0005 days
— CONsists of a compdct object (pulsare) orbiti
— JaMMa-Ray €MIsSION is Variable but period

a Mdassive star
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Galactic Physics: Binary systems

LS T+ ¢l 303 : a compact object and a BO Ve 25 sfar T i o ;;lc;.;,;,;;ab'.;a" o
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Galactic Physics: Binary systems

LS T+ ¢l 303 : a compact object and a BO Ve 25 sfar

— ORbitdl period Zbb +/- 05 days

— baseline TeV eMissioN seeN throughout Orbit

— S1RONg gamma-Ray fldres iN soMe ORbits

— Nightly TeV variability
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Galactic Physics: Binary systems

LS T+ ¢l 303 : a compact object and a BO Ve 25 sfar
— ORbitdl period 2bb +/- 05 days
— baseline TeV eMmissioN seeN throughout orbit
— StRONG gammMa-Rray flares iN some ORbits
— Nightly TeV variabilitly
— UNCORrrelated GeV and TeV emissioN
- GeV spectrum siMilar to that of a pulsar
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MARTIN POHLS TALK (VERITAS 10-YEAR CELEBRATION

Galactic Physics: Binary system

For more information on galactic
astrophysics, see talks of
Martin Pohl & Mathieu de Naurois
at VERITAS 10-year celebrations:
http:/veritasj.sao.arizona.edu/10Years/
Speakers.html

TeV-band galactic science

VERITAS

Martin Pohl

Mzthisu de Naurois,
LLR Ecole Polytechnique

MATHIEU DE NAUROIS TALK (VERITAS 10-YEAR

HES.S\U Mathieu de Naurols, VERITAS 10 Year Ceebration 1
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Cosmology

Gosmology 3

EXTRAGALACTIC BACKGROUND LTGHT
INTERGALACTIC MAGNETIC FTELDS
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Cosmology - Extragalactic Background Light

The extragalactic background light is the second largest energy resevoir in the universe (after the cosmic
microwave background radiation field)

Tt comprises the accumulated emission from stars and dust that have lived at all ages of the universe
Tt occupies the region of the spectrum from IR through op ical to the UV (~0.1- 1000 pm)
Because of the strong foreground emissions from our solar system and galaxy - it’s difficult to measure directly

b\){ gamma-ray photons pair produce with the EBL photons and therefore get absorbed

PAIR PRODUCTION

DH
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Cosmology - Extragalactic Background Light

Gamma-ray photons pair produce with the EBL photons and therefore 931' absorbed!

AN
: : : :
S 2 S s
l . enerqy
[ncreasing distance

The further away the object
we detect, the more its TeV
photons are absorbed by the
EBL - this results in a break
in the spectrum
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Cosmology - Extragalactic Background Light
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Cosmology - Extragalactic Background Light
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Cosmology - Intergalactic Magnetic Fields

- When we detect TeN 9amma Yays from a distant source, we know that the eignal has alr&ao\y
been artenuated - only a fraction of those emitted arrive on Earth

o the garma. rays collide with Pl'\oicons of the EBL en route from the source and pair ProJuce

= if there were NO magnetic fields in the universe, these charged
pairs would not get deflected, they would travel in original direction .
until they Compton upscattered a CMB photon to MeV-GeV energies L

° in thic Waly, the Orginal TeV/ 9ammo rays get reprocessed e k.

to lower energy radiation
° \F we could identify a distant, steady™™ TeV source which had NO \

(reV emission, this could be an indication that the B-fields between the ,,
source dnd us deflected the charged pdirs such that the reprocessed SR TEr
lower energy emission was "removed” (scattered) from the signal -

the mean free path for e+/e- islow ~kpc ** if the source is at a lower level now than when the TeV
emission that we are detecting was emitted, it could be drqued that, since the radiation due fo the deflected
pairs has longer to ravel, it would be delayed by some time - and it hasn't arrived yet
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Cosmology - Intergalactic Magnetic Fields

- When we detect TeN 9amma Yays from a distant source, we know that the Gignal has alr&ao\y
been artenuated - only a fraction of those emitted arrive on Earth

o the garma. rays collide with Pl'\oicons of the EBL en route from the source and pair ProJuce

= if there were NO magnetic fields in the universe, these charged
pairs would not get deflected, they would travel in original direction
until they Compton upscattered a CMB photon to MeV-GeV energies e

* in this WO, the orlginal TeV/ 90mma rays get reprocessed

to lower energy radiation

° \F we could identify a distant, steady™™ TeV source which had NO

(e emission, this could be an indication that the B-fields between the
source and us deflected the charged pairs such that the reprocessed e
lower energy emission was "removed” (scattered) from the signal -

the mean free path for e+/e- islow ~kpc ** if the source is at a lower level now than when the TeV
emission that we are detecting was emitted, it could be drqued that, since the radiation due fo the deflected
pairs has longer to ravel, it would be delayed by some time - and it hasn't arrived yet
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Cosmology - Intergalactic Magnetic Fields

e : : - VOVE, TAYLOR, SEMIKOZ & NERONOV (2012), APJ, 747, L14

Place constraints on the intergalactic
B-figld strength using the direct and

cascade components of the GeN-TeN
spectrum of [ES 0229:200
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%s%oparﬁde / Exotic ¥ hys‘?cs

Astroparticle / Exotic Physics

DARK MATIERSEARCS
oemivne 4
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c}@s%oparﬁde / Exotic ¥ qusfics - Dark MoaHer Searches

o We know that there was 2 |arge amount of dark matter in the early universe

« We see it in the BAO - it comprses ~277% of the tolal energy budget of the

universe

- We see It astrophysioally tOddH .0 QGBGXH rotation curves

We know that there has to be some associated with it and that
that particle must be enough to have survived since the early
universe

i.. it desn't interact (much) with normal matter

+  One possibility is the WIMP - it is its own antiparticle (only interacts weakly)

* When this annhiliates with itself, it produces gamma rays

» |t clusters in dense astrophysical environments WEAKLY

N

RACTING

MIASSIVE
PARTICLE
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c}@s%opaﬁ?de / Exotic ¥ hysﬁcg - Dark MoaHer Searches

Galactic center:
Satellites:

Good statistics but source
Low background ,

confusion/diffuse background

and good source ID, Milky Way halo:

but low statistics Large statistics but

diffuse background

Spectral lines: Extragalactic:

Large statistics,

No astrophysical | e
uncertainties, good butl. dstrop.\yle,
source ID, but low Galaxy clusters: S" id‘c dd’”““
. - ‘ ackgroun
statistics Low background
but low statistics
e ———— T

HTTP:/KIPAC-WEB STANFORD EDU/RESEARCH/FGST
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JIM BUCKLEY'S TALK (VERITAS 10-YEAR CELEBRATION

Galactic Physics: Binary system

For more information on dark matter, see
Jim Buckley's talk
at VERLITAS 10-year celebrations:

http:/veritasj.sao.arizona.edu/10Years/
Speakers.html

TeV Dark Matter

James Buckley

for the VERITAS collakboration
Washington University, St. Louis

VERITAS 10 Year Celebration Tucsoun June 27,2017
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%s?mpaﬁ?de / Exotic P hys‘?cs - forentz Invariance

» The assumption of Lorentz Invariance is one of the founding principles of Modern physics

» Certain theories that attempt fo provide a unified model of quantum gravity predict that the
vacuum could have an effective refractive index

» Thus photons with different energies would travel at different velocities becoming more
pronounced ds we dpprodch the Planck Energy (10" GeV)

To search for The signature of , our Tesl sources should
have The following properties:

emil of The hiphesT energjes (effect of vacuum dispersion more pronounced)

lie o a very large disfonce firom us (Time delay will be larger)

exhibiT rapid variobility (or only emit over o very shor Time period) go That we
“know™ (aesume) phofons were dll emifed of The come Time

ConsTramTs So far have come form The N@N defection of differences m The arrival
Tmes o’f Pho’foﬂé’ ﬁ”om &isfanf 3amma—ray bU&TSTS
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%s?mpaﬁ?de / Exotic P hys‘?cs - forentz Invariance

Next-genera‘cion TeV instruments, such as the

Cherenkov

elescope Array (C

A)

wil enable us to observe many sources and source classes

as a function of redshift with high statistics so that we can
disentangle the effects of

dispersion internal to a paritcular source or source class

and

dispersion due to vacuum birefringence
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Cherenkov Telescope Array (CTA)

https://www.cta-observatory.org/

o CTA is the next 3enemjc'\on 9orma-ray o‘vservajcory
o It will consist of more than 100 Jce\escopes

o There will Ye two sites (North and South)
o CTA will have unpreceJenJcecJ sens'\Jc'\v'\ch thus ena\p\'\\r\j s
to chuJy the garma-ray sky as never efore
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