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Plan of Talk

O Why do we need to study high energy Universe?
O Importance of Multi-Messenger Astronomy
O Messengers at high energy regime and detection methods

O Current Status & Future Prospects of Ground Based
Telescopes - Gamma-ray & Neutrino

O Connection with Gravitational Waves



Science @ Very High Energies



Study of Non-Thermal Universe

O Understanding the Origin and Role of Relativistic Cosmic Particles

® Where they are produced, How they are produced, What role
they play

O Probing Extreme Environments
® What happens close to NS/BH, Understanding relativistic jets
O Exploring Unknown Universe

© Dark matter, Quantum Gravitational Effects etc



Main Motivation @ High Energies
Solve Cosmic-ray Puzzle

Jux of Cosmic Rays

«—— 1 particle per m? - second O MOS'HY COmposed of PrOfon (90%)

o
0

O Source of Origin not known

,  Knee
*, (1 particle perm

/4 O Upto around knee probably produced in
the galaxy by Supernova

< year)

do
dx

X E—2.7

\\ O Higher energy component has extra-
\ galactic origin, sources could be AGN,

Ankle = \% GRBs

(1 particle per km? - year) % |
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(source : Swordy - U.Chicago)



Cosmic-Ray Sources & Acceleration
Mechanism (Hillas Plot)
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Astrophysical
beam dump

Gamma-rays: Absorbed at highest
energies, multiple emission mechanisms

Scrambled by magnetic fields,
only point at extremely high energies

Neutral charge and low cross-
section mean they point back to source
and are not absorbed

Absorption of Gamma-rays :
Cosmological Studies




Normal Galaxies (e.g. Milky Way) : Characterised by
Active Galaxies : Characterised by Non-Thermal Emission

Observed Properties of Jets and

They are very bright objects brightness >> luminosity the Angle to the Line of Sight

Host Galaxy AGN Angle

of normal galaxy
They are detected across the entire electromagnetic
spectrum

They are believed to be powered by accretion of mass onto a
Super Massive (106-10% Mg,,) Black Hole at the centre

Radius of SMBH ~ 1013 em

Radius of accretion disk ~ 1014 cm
Inner radius of dusty torus ~ 1017 em
Extension of radio jets upto 1024 cm




Blazars : A Class of AGN

Narrow Line MQJC}T‘L&? C}‘{: &h@. SOMT‘&QS ~ §O%

Region

Broad Line @ Ewnergies » GeV are Blazars

Region

Blazar - jets are closely aligned with line of sight
Accretion
Disk Two Classes :: BL Lac & FSRQ

Obscuring
Torus — -

Unique tool to probe physics
of extreme environments
Jets are extended upto Kpc or even Mpc

Doppler Boosting

mIf a relativistic jet is viewed at small angle fo its axis, the observed
emission is amplified because of relativistic beaming

m Given the compactness of Blazars - as suggested by their observed
short variability timescales - all GeV/TeV photons would absorbed through
pair-production with target X-ray/IR photons

m Beaming ensures that y-photon encounters less opacity and therefore
manages to escape the source



ROSAT

M o YR Db Many Blazars Dectected

Optical "UV  X-rays Y rays

Infrared +-H— y i o GCI"OSS EM SPQC'l'rum

Characterised by Double
Hump Structure

Flux per decade (vF,), erglcm? second

15 20
log frequency (Hertz)

Rapid variability
puts Limit to Size of
emission region
due to light crossing

Time [min] time arguments

lera(>50 GeV) [ 10° cm2 s]
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Emission Mechanisms @ Very High Energies

Leptonic Models

Synchrotron-Self Compton
External Compton

VHE ~-rays from Blazars

Space-borne and ground based
telescopes has detected VHE ~-rays :
can be explained by leptonic models
If they are source of cosmic rays
then protons are also accelerated

Hadronic Models

Proton-Proton Collisions
Proton-Photon Collisons
By Product Neutrinos

E2 dF/dE X

nPdeca

energy E 11
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Gamma-ray Universe is Limited
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Extra-galactic Background Light (EBL)

Extra-Galactic Background Light is consists of Stellar light
emitted and partially reprocessed by dust throughout the
entire history of cosmic evolution. This also includes light
emitted from hypothetical stars before galaxies were formed

Study of EBL is important from Cosmological point of view - It
contains informations about evolution of the Universe.

vi, (nW m~2 sr—1)

Direct measurements of EBL very difficult due to foreground
emission from our solar system & galaxy

Redshiffed stellar light Redshifted dust light

13



Study Several Sources at Different Distances Helps us to Measure EBL

= Stars and Dust
o Yeaain glaxies

UV/O/IR
Photons

Nitishov (1962), Jelley (1966), Gould & reder (1966)

14
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Most Violent Events of the Universe

o Releases 10°3-10°* ergs/sec in few seconds

@ Long GRBs (> 2s) - Collapse of massive star into a black hole
@ Short GRBs (< 2s) - Merger of two compact objects (NS-NS

or NS-BH) into a black hole

15

Solar rest mass worth
of gravitational
energy released in few
Seconds




Gamma Ray Bursts

' GRB Neutrinos

H envelope
./ ,He/CO star

-
ot
''''
----------

P
Y
 {

Internal shocks

External Shock

The Flow decelerating into

Internal Shock the surrounding medium

Collisions betw. diff.

/ - \\ parts of the flow

A

\,'

External shocks

_ Prompt y-ray (GRB) Afterglow X,UV,0
Buried shocks Bursty's Afterglow ,/’s
No y-ray emission
P recursor \"’S Waxman & Bahcall ‘97 Waxman & Bahcall 00

Murase & Nagataki 07
Razzaque, ieszaros & Waxman Uo
TeV PeV EeV
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Scaled flux  E*° J(E) (m°2 sec sl eV’

Cosmic ray - Neutrino Connection : GRBs
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RHIC {p-p)

10"

10"
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10'®
Energy

LHC ip-p)

10 107
(eV/particle)

Waxman (1995)

GRBs could provide environment and energy
to explain the highest energy cosmic rays!

L
10'®
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W+ 1

LHC {C-C)

10%

102

Energy Density of EG CR
pcr ~ 107 ergs/yr/Mpc> I

Gamma-ray Bursts

pGres ~ 10% ergs/yr/Mpc?
From :
(2-3)10°ergs x300/yr/Gpc3




Galactic Source : Crab Pulsar

— Light cylinder

= 130 stellar radii

Rotation axf/

T

Polar
cap

Neutron
star

region

region

Slot' gap

N\
\l
:‘T
f Magnetic
/ field

) \
/ |
// Closed
field lines /

Crab Pulsar
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@ Rotating neutron stars

@ Detected across electromagnetic
spectrum from radio to
gamma-rays

@ Cherenkov telescopes have
detected both continuous and
pulsed emission from Crab

@ According to some models
protons or ions are also present
along with e* in the magnetized
wind of relativistic plasma, p-p
and p-7y processes produce 7's

& v's through meson decays
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PSR 1055-52
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GAMMA RAY

10 0 5 1.0
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Indirect Search for Dark Matter

Low-energy photons Positrons

» €

Medium-energy Electrons
\ gamma rays

Quarks

i Neutrinos
P "o
/ Leptons \Z

Antiprotons

Supersymmetric . \/\/\N\‘»} o

neutralinos T Wrotons

Decay process )

WIMP Searches

@ Look for objects where dark matter might have accumulated over the
evolution of the Universe

@ Search for v's & v's from WIMP annihilation

@ Probable sources : Sun, Earth, Galactic Center, Dwarf Spheroids

20



Search for Lorentz Invariance Violation

* 4 t= ] ‘ =1

At=0 Abm == ===

| orentz Invariance

@ Some theories of QG suggests that Lorentz invariance may breakdown
near Planck length (1.62 x 10™33cm)

@ Causing ¥'s & v's of different energies travelling at different speed

@ Transient sources (AGN/GRBs) needed to measure such delays

21



Sky @ Very High Energies



@ PWN,BIN

HBL, IBL, FSRQ, FRI, Blazar, BL Lac
(class unclear), LBL

o Shell, SNR/Molec. Cloud, Composite SN1

O Starburst, Superbubble

S |
ola

© UNID,DARK

.
O Binary, Gamma BIN, PSR

@ Extended TeV halo, UNID

. Massive Star Cluster, Globular Cluster

So far no GRBs are detected by Ground Based Gamma-ray telescopes

23



Skymap - High Energy Neutrino Events

0.0 TS =2 InEL,Lo; 12.6

No Significant Clustering Found Including Around Gralactic Plane

o PoS (ICRC2017) 981
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Detection Techniques @ Very High Energies
Current Gamma-ray & Neutrino Telescopes



Detection of

high-energy

gamma rays
Particle

using Cherenkov
telescopes

10°m?2
Fermi-LAT - 1.8m?2

As the energy increases Flux of Gamma-rays & Neutrinos Decreases
So we Need Big Detectors !
Fortunately Secondary Particles Produced by Their Interaction
Emit Cherenkov Light in Optical-UV Range
Therefore We Need Natural Transparent Medium
For Gamma-rays : Atmosphere
For Neutrinos : Ice / Water

27



Ground Based Gamma-ray Telescopes
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IceCube Neutrino Telescope

T E————r——

|BECUBE e ot

Soum+ Poue NmND O ESERVATORY

Amundsen-Scott South

; (AL B ARRRRY Pole Station, A
IceCube Laboratory | vl IZSﬁeters apart A National Science Fou
Data is collected here and ' ~

managed research facili
sent by satellite to the data
warehouse at UW-Madison T

IR cooon
OrRch Absarp&iom Length
string
| tap water 2m

- distilled waker 10m

DOMs
are 17 {
meters 1

| ulkra pure Lce 200m
apart 2 A

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Antarctic bedrock
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The ANTARES detector

Buoy

® 12 lines of 75 PMTs
& | @ Storey . * 25 storeys/line
@

® 3 PMTs / storey

. *8 ®
- .. : ® ~goo PMTs

>® °®
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Future @ Very High Energies



Cherenkov Telescopes Array ( Cta

~km? array of

few large telescopes , ,
medium-sized

(~400 m? mirror area)

for lowest energies telescopes
(~100 m? mirror area)
\ / large 7 km? array of
| LSTs small telescopes

(few m?2 mirror area)

/

~70 SSTs

/ “V.ﬁ“’y 1/ \t

'

7.\




Cherenkov Telescopes Array ( Cta

Mediu'm Size

-~ Telescope

~ Small Size

~ Telescopes

Large Size
Telescope

fast slewing




cta

cherenkov telescope array

¥ -ray enters the

Primary ¥y
atmosphere

Electromagnetic cascade

: Stereoscopy RN
| Betterbackground rejectlon o |
. Better angular resolutron |

Better energy resolutlon

0.1 km? “light pool”, a few photons per m2.
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Cherenkov Telescopes Army

10-10

vF,

(erg/cm?s)

10-11

10-12 g

10-13

0.01 0.1

e Improve sensitivity by an order of magnitude

,-.

Al |

vey

background and
systematics limited

LST

|3

MST

' Full array + <

LSTs only —e—
MSTsonly =«

SSTs only —w»—

MSTs and SSTs

Required (CTA South) —— -

background limited

-

\ urrentipstrumegnts

Crab Nebula

SST

rate (=area) limited

e |

’ 4

4

A B
4

g

g

4

-4
p

—4

Sl A A LR
1

Energy [ TeV ]

10

100

e Extend energy range 20 GeV to 300 TeV

e Improve energy and angular resolution (factor 2-3)

e Widen telescope field of view
e Survey full sky
e Observe fast transient phenomena

36
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cherenkov telescope array




Particle Acceleration Dark Matter

Cosmic Rays

Supernova
Remnants

— 1 Pulsars
Y ’ /f
Active Galactic ’
Nuclei
i

4

Gamma-ray Bursts

Annihilation

Cosmology
Spape Time

L.

-
\

:

Extragalactic
Background Light

e '

Primordial
Black Holes

Axion-like Particles

l)

Opens discovery space by major
Improvements in sensitivity, FoV,
energy range




Gentoo penguin

+ Gen2 high energy array
* PINGU low energy extension
« Surface air shower/veto array

» Sub-surface radio Cherenkov array Gen2 Surface Veto

38



y [km]

High Energy Extension

¥ kvh® T & kemaz RV Y R
-3 -2 -1 0 1 -3 -2 -1 0 1 -3 -2 -1 0 1
x [km] x [km] x [km]

Resolving the sources of o\s&rophvsiﬁ:ai neukrinos
Neubrinos from highest energy cosmic rays

Are there signature of new physics at »= PeV energies ?
Number of observed cosmic neubtrinos will be ten times

white paper (arXiv:1412.5106)

next version coming soon
39



High Energy Neutrinos from Blazars

Ve iV, v, at source o IceCube 20
_ = 0:1:0 % 1.00 Preliminary
‘é-l) o 152f0 ’ 118
C}IE 107 = 116
(@) — 114
e
S 4 ;
T P o o Mrk421 (v, prediéted)
% A0
S ;o8 —Mrk421 (y, LAT + MAGIC) ’
it - /N Tt .- .
B lceCube c'u'rrent (8 =40°) “-‘
: ’ 1 Ve
MAGIC (50h)
10° , : Detection of neutrinos
= IceCube-Gen2 (10y, & = 40°): )
. ; : from AGN also give
L AT (1) important clue about the
10—10 11 IIIlIII 11 IlIIlII 11 lIlIIII || IIlIIlI 1 IIIIIIIII 11 IIIlIII 11 lIIIIII I‘nl Li1lll surroundings e.g.
1 10 102 10° 10° 10° 10° 10 10° iati ' '
0oy G radiation density, magnetic

Highest Energy Neutrinos : observed sub-P

field

eV neutrinos, AGN cores would be

very viable source candidates strong thermal radiation fields present there
turn the cores opaque to GeV gamma-rays
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cienc ith IceCub
Multimessenger Neutrino : Neutrino ; ;
Cosmic

Accelerators

Non-standard
Supernova
ASTROPHYSICS NEUTRINO
PHYSICS

Interactions
I I PMNS Unitarity

Gamma Ray EARTH .
e SCIENCES Glaciology
TomEcgrtzphy

DARK FUNDAMENTAL
Space
Weather

MATTER SYMMETRIES Atmospheric

Sciences

Lorentz

Symmetry

s | Axi M | Neutrino DM Quantum
trangelets Xions onopolée DM Interactions Annihilation Space-time
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ARCA & ORCA @ Mediterranean
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& Gravitational Waves



Gravitational Wave on 17.08.2017

O Gravitational Waves expected to accompany by thermal,
non-thermal radiations also with neutrinos

O Due to strong absorption at early times and beaming
effect EM radiation is shrouded not neutrinos

O GWSs can provide new info about progenitor system
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IceCube & ANTARES Followed GW170817

‘ Amundsen-Scott South
THILIL BP ABR Pole Station, Antarctica
IceCube Laboratory PHINENT % A National Science Fou

set 125 meters apart
1 managed research facilit

!

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

1450 m
\‘w I :m;ﬁa%zs[ L
Ve oo 2as0m "||U||”| (it 1
'
Searched for neutrinos In water scattering Searched for neutrinos
in coincidenze with angle is less in coincidenze with

GW170817 thus angular resolution GW170817
better

0.4° for tracks
3° for showers
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in energy range
20 TeV - 20 PeV

in energy range
1TeV - 1EeV



UHE Neutrinos - Pierre Auger Observatory

Deeply penetrating (horizo
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Localizations and sensitive sky areas at
the time of the GW170817

iceCube up—_g?_lﬂg_

N o mmepl
-'_;[(?ECLTE)'éﬁown—gom_

ot ,' : : : : O /

o N — e P O __________ + NGC 4993

¥ neutrino candidate (IceCube)

¢ neutrino candidate (ANTARES)

= = === [ceCube horizon
| = == ANTARES horizon
Auger FoV (Earth-skimming)
Auger FoV (down-going)

arXiv:1710.05839

47



Fireball model External Shock

Internal Shock

TeV neutrinos




E?F [GeVcm™?]

E?*F [GeVcm™?]

No Neutrinos found correlated in space/
time with GW170817

GW 170817 Neutrino limits (fluence per flavor: v, +7)

o o /
103} 500 sec tmewimdow|]  IF rapidly rotating NS formed & doesnt
i ANTARES ] . . .
ol collapse into BH immediately, can power
auger | relativistic wind - EE, gamma-ray
1 — ] - . .
107 deeCube —— ‘ attenuate due optical depth, HE neutrinos
T S — | can escape (+ 500 s)
T Kimura et al.
10~ yo EE moderate -
g ﬁ Also it may ftrap wind energy unfil it
1072 EKimura et al ’ S, : E .
 EE optimistic : | o "Ilfrg‘r‘r‘l‘;fetali expands and becomes transparent. This
1%? process can convert some of the wind
A I energy to HE particles, producing a long
2L I uger i . e g .
1071 | — term neutrino radiation, which can last for
[ ANTARES ]
0'k — — several days (14 days)
100 | —— IeeCube | Fang&
Metzeo . oq e
o 0doys | IceCube detector is also sensitive to
Fang & ° outbursts of MeV neutrinos via a
1072 | Metzger | . . .
 [14 day fime-window 3 days ] simultaneous increase in all PMTs for
1073 (gt s s st St Galactic core-collapse SNs

E/GeV But this event was located too far
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HESS Telescope Followed GW170817
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HESS Telescope Followed GW170817
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GWs & Neutrinos add new dimensions to
Multi-Messenger Astronomy
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b o A N )

S NP NN I P I N A P VAN I
[Low Frequency Radio |
[ LOFAR );
(_ MWA [ MWA (upgrade) )
( VLITE on JVLA --> (~2018? LOBO) ):
[Mid-Hi Frequency Radio | ¢ EAST ):
JVLA, VLBA, eMerlin, ATCA, EVN JVN, KVN, VERA LBA GBT.. (many other smaller facllltles) );
[ ASKAP ) , ;
(__Kat7 --> MeerKAT --> SKA Phase 1 ' ' ) :
' (L SKA1&2 (Lo/Mid) }
| (sub)Mllllmeter Radlo | ; ; ; :
(  JCMT, LLAMA, LMT, IRAM, NOEMA SMA, SMT SPT, Nanten2 Mopra Nobeyama . (many other smaller facilities) )}
( ALMA );
( EHT (prototype —> full ops) );
|_0pt|cal Transient Factories/Transient Finders | : : ; : ; :
t_lPalomar Transient Factory —> (~2017) Zwicky TF )_( LSST (buildup to full survey mode) ):
(_PanSTARRS1 —> PanSTARRS2 T ; : - ~ ;

N BlackGEM (Meerllcht single dlsh prototype in 2016) )
0 tlcaI/IR Lare Facilities :
: ellan...(many other smaller facilities)

Y - : {WFIRST
(JWST ) GMT )
: 5 : (GELT (full operation 2024) & TMT (timeline less clear)? )
)
) )

o

)
. : . . . )
Gamma-ra . : samma-ray + optical g[ound elements) )
' )

orade to include LIGO India—)

TeeCube (SINCE 2011)
ANTARES [KM3NET-1 YKM3NET-2 (ARCA)

| UHE Cosmic Rays [

Telescope Array = upgrade to TAx4
[ Pierre Auger Observatory = upgrade to Auger Prime

Thanks !




