High Energy Universe

Gosmic Rays & Neutrinos & Gamma Rays

The neutrino

Neutrinos have an infinitesimal mass and
trillions of them pass through the planet every
second. Carrying no electrical charge they are
not affected by Earth's magnetic ficlds
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The detection array

Qo

When muons travel faster than light
Ice they trall a blue light known
kov radiation. Tr &
detected by a dightal optical module, or
DOM - a device siightly larger than a
basketball, detalled below

Power/data cable
and connection

Photo multiplier




Possible Sources of Cosmic Rays



General Principle of Acceleration &
Probabale Sources (Hillas Plot)
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Magnetic fields themselves do
not work therefore can not be 105
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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




Neutron Stars
\ f Neutron star
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Bumning phase Collapse Supernova explosion

Density ~ 1014g/cm3, Radius ~ 10km, Mass ~ 1.5Mq

Once the Star completes all its nuclear burning - core collapses under the
gravitational force produced by its own mass : Supernova Explosion

SN explosion decreases star radius by 5 orders of magnitude, increases
magnetic field strength to 108 to 1012 G : conservation of angular
momentum and magnetic flux

Shortest known period of a pulsar is 1 ms. In that time light can travel
300 km. So emission region must be smaller than that.. compact region.
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SN - Source of Galactic CRs (Upto Knee)

Energy Density of CRs in our Galaxy 1 eV/cms3
Milky way has radius 20 kpc and height 200 pc
Total CR energy in the galaxy Eccr = MRZhp = 5X1054 ergs

On an avg a CR spends 10! secs in the Galaxy confined to its magnetic
field 3uG. Therefore there should be astronomical objects which has
accleration power 1040 erg/sec.

Avg total energy in SN explosion Esy = 105! erg
If 0.01% transferred to CR particles by Fermi Acceleration
And if there is 1 SN every 30 years then accleration power
P = 0.01 Esn/30 = 1040 erg/sec



ROTATION

AXIS O A Pulsar - A pulsating Object [Pulsating

RADIATION
BEAM

e EM radiation]
O Pulsar Period 1 ms to 10 secs
O Rapidly rotating Neutron Stars (NS)

O Most of the pulsars detected in radio
emission : electrons & positrons are

"BEAM | accelerated along the magnetized field

lines of the NS




HE Pulsed Emission from Crab Pulsar
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Due to rapid rotation of very

strong magnetic field huge electric
field is induced 10! V/m.

And they pull e away from NS
— surface overcoming gravitational
pull. These particles move along

magnetic limes and emit EM

radiation.
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HE Continuous Emission from Crab Pulsar

Pulsar and Nebula
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Ground based gamma-ray telescopes have detected both pulsed and
continuous emission from Crab. Continuous emission comes from pulsar win
nebula. This continuous emission is used as candle to calibrate telescopes.

According to some models protons are also presents along with in the
magnetized wind of relativistic plasma, p-p and p-y processes produce

Y and v

9



Energy density of extra-galactic cosmic ray :

Inner Structure of an Active Galaxy ].OBGGTQM]?C_S S— 1
IW Shock
. In order to maintain this density total power
Relativistic Jet . .
~_ requirement for a source with spectrum of E-2
Supermassive WOUId be :
Black Hole
3 1
Accretion Disk 2 >< 1037€T9Mpc 38
Opadue Brus AGNs with following source density and

(Inner Regions)

emission power has right ingredients to
maintain observed CRegc density

1 x 107" Mpc™? 10**erg/s
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Normal Galaxy

Milky Way Galaxy

About 13.2 billion years old.

Ch arac ferise d by Th ermal E m iss i o n 200-400 billion Stars, with at least 10‘0 billon Planefs, 500 milion of which may support Lif

125,000 Light Years
in Diameter.

The Milky Way is moving at a rate of 552 to 630 km per
second, being pushed away from the Local Void at You Are Here

E H 1.' 600,000 mph. Our Solar System travels at 447,000 MPH ;
' p 'Ca a axy and takes 250 Million years to complete one Galactic 26,000 light years away from the

Rotation. Black Hole at the center of the Milkyway

Spiral Galaxy

Normal Galaxies has total mass : 107 - 1012 . Contains 100 billion stars.
Luminositiy 108 to 10! times

Our Milky Way is a Spiral Galaxy. Diameter 50 kpc. Thickness 200 pc.
1 pc = 3.26 light-year or 30 trillion kms

Solar System is located almost 27000 light-years from the galactic center.
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Characterised by

Observed Properties of the Jets, the Angle to
the line of site, and the corresponding type.

Host Galaxy AGN Angle Type

O Very Bright , brightness >> luminosity of
normal galaxies

Radio Galaxy/
Seyfert 2

O Detected across EM spectrum from radio
tfo gamma-rays

O Powered by accretion of mass onto a

supermassive BH (Black Hole) 109-10
solar masses

1-2% of all galaxies
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Blazar a class of AGN
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They are extremely interesting astrophysical laboratories - studying physical
laws under relativistic conditions
Excellent probe of the Early Universe and everything between us and them
Less than 5% of all AGN
Origin of cosmic rays above 10!° eV
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Emission Mechanisms @ Very High Energies

Leptonic Models
Synchrotron-Self Compton
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\ | *synchr.
é-\ﬁ/{ 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

IC Hadronic Models

E2 dF/dE X

nPdeca

energy E

Proton-
Proton-

Proton Collisions
Photon Collisons

By Proc

14

uct Neutrinos




Gamma Ray Burst (GRB)

O GRBs are sudden, intense and non-
repetitive flashes of gamma-rays

O They are the most luminous, most
energetic events in the Universe,
outshines everything else

O They lasts only for few seconds and
release 1034 ergs; comparable to SN,
comparable to optical light emission by
Sun over the lifetime of the Universe

O Non-thermal emission
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Variability of GRBs

150 18 6

GRB 210503 GRB 210711 GRB 920216B
trig #143 161 trig #512 ] trig #1406 §
100 - 14fF ]
1ok E so_T-r'r'l"l"l'ﬂ'l T lllul'll T llluﬂ'l ' lllllll'l'_'l—'-l"l"l"l"l'l'l'—l'—l'"'l"l'ﬂl'l
- I -
sl I ] . : Long =
" M zrww\fw \wwmmw - ;  bursts -
5 time (sec) 60 0 time (sec) 5 5 time (sec) 40 60— : T
20 12 100 “ B I |
GRB 220221 GRB 221003A GRB 221022B E [~ | ]
.5 trig #1425 - trig #1974 gof trig #1997 2 - : -
601 ] S 40— | ]
z - I -
“or ] E | Short : -
20k 1 z. bursts |
PN o] |
2 _ 0 20 |
5 time (sec) 20 5 time (sec) 20 2 time (sec) 50
30 400 12
GRB 921123A GRB 930131A GRB 931008C
25F tigweos ot trig #2151 10F trig #2571 0
sook f 0.001 0.01 0.1 1 10 100 1000
Burst Duration (seconds)
100F E
UL 2
-20 time (sec) 80 2 time (sec) 8 5 time (sec) 100
20 9 150
GRB 940210 GRB 990316A GRPB 991216 H H HH
15k trig #2812 | 8 trig #7475 trig #7906 Rapl d var|ab|l|1.y and Shorf
100 -
: timescales implies compact
50} i
5L - ° ° ° ° °
el region and relativistic motion
0 0 ]
2 time (sec) 40 50 time (sec) 300 2 time (sec) 50

16



Gamma-Ray Bursts (GRBs): The Long and Short of It Upto 30 years after discovery only

Long gamma-ray burst Short gamma-ray burst “prompf" emissions were detected from

(>2 seconds’ duration) (<2 seconds’ duration)

. Ared-giant — GRBs. Thus Location of these objects

v star collapses 4\

L Stars* in \_ and nature of compact objects not
| E!Lno!l: 1.)3;5[ em e
begin to '::J:h!l kl‘lOWﬂ
inward....
-

~Oecoming so
A Ccns-‘ that it

expels its outer Observation of afterglow changed that
/. )ay Hwn‘:
\// SUPEMov eventually scenario

xp oson colliding,
- /

Long GRBs - core of massive star
collapse [Evidence - absorption due to

The resulting torus o o
has at ts center Fe in x-ray continuum spectrum..

a powerful

blck ke \f - associated with SN]

b Short GRBs

Gamma rays
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Faster
Low-energy shell

Colliding shells emit
low-energy gamma rays
(internal shock wave)

Slower
shell

Jet collides with
ambient medium
(external shock wave)

N High-energy
gamma rays

NS\

X-rays

v

Visible light

Up
oy s = B gamma rays :
v\
A

A
Black hole
engine

Prompt
emission

Afterglow

The enormous energy release in a such a short time from very compact region
produces tremendous luminosity which overwhelms gravity.

This outward pressure flings out matter, which gets heated up into a fireball

made of electrons, positrons, gamma-rays, protons, neutrons
18



Models Sugegsted GRBs only Source of VHE CRs

Equivalent ¢c.m. energy \Epp (GeV)
10° 10% 10* 10° 10°

*x ATIC o KASCADE (QGSJET v HiRes-MIA N
¢ RUNIOB o KASCADE :SIBYLLZ(:'J) s HiRes | Energy DenSIty Of EG CR
* MSU & HiRes || 45 3
= Akeno o AGASA pcr ~ 10 ergs/yr/ Mpc
w ##+-
Extragalactic
N Gamma-ray Bursts

fixed target (p-A) % ** P GRBs .N 1045 ergS/yr/ MpC3

M{ﬂ
HERA (y-p) LHC (p-p)

10"

10"

107

10"

10"

10"

Scaled flux E2° J(E) (m” sec”'sr eV’

RHIC (p-p) Tevatron (p-p) LHC {C-C)

1 (2-3)10°ergs x300/yr/Gpc®
Lol *numl L1 nmm&_u_l.uml L

10'*  10"™ 10" 10 10" 107 10" 10" 10® 10¥
Energy (eV/particle)

10"

This Possibility is ruled out by IceCube Neutrino Telescope



How to Detect Gamma-rays & Neutrinos
From Astrophysical Sources



Gamma Ray Astronomy
{e LECTREMMAGNETIC SPeCTRU

WHAT ALTNA RECEIVES wsr woman exes secerves

— "~
® O @ O O O G ®OG G 0 O
WAVELENGTH
(v meress) < LONGER , | : :' ! | | | SHORTER——>
i RN | purionp ! . \ | :
‘ zx ! THis PERGD ’3;:‘“‘“3’. "y o .‘
site 0Fh Uy Oy g, L g DD
WAVELENGTH BASCBALL ) PRGN Col P
B vinesd Mglécue
COMMON -Z%T 248°C s | o 10000000°C
iNFRARED ! ) ULTRAViGLET X-RAYS GAMMA RAYS
VisigLe
O Xl
A .,'.I _ ’F*
SBURCES ik a y ¢
e [; , - ‘:
T MiCRWAVe PREPLE .. AL
: FIERARG Bven ANMALS, LIVING BEINGS S X-RAY RADIBACTIVe
AN RADIG MACHINES LEMENTS

21



Comparison : Optical/X-ray/Gamma-ray

COMPOUND TELESCOPE

Radio Telescope

Rsdic Waves

Radio waves reflect
off the dish and
focus at the tip.

Receivers amplify and detect
radio signals.

Mirrors

Incoming / \
X-rays

gamma-ray /
AL (17 \ P
.‘40 ‘,, \\

ViV
detector
material

Focal
Point

electron

&

positron

Optical/radio wave is focused using a
reflector : Reflection is caused by e-s
reacting to EM field oscillating with
same frequency and emits radiation
with same frequency

X-rays can not be reflected like visible
light, as index of refraction is close to
1 focal length becomes impractically
long. However they can be reflected at
shallow angle.

None of the above works for gamma-
rays as they have very small
wavelength they simple passes through
matter. So they can be detected by
pair production.



Hubble Space telescope (Visible light) -
1/20th of arc second

Swift X-ray telescope - 18 arc second

Fermi Gamma-ray telescope - 1°




Fermi Gamma ray Space Telescope

FGST

FERMI GAMMA-RAY SPACE TELESCOPE

¥ | incoming gamma ray Y
' '
! Anticoincidence
' - = Detector (background rejection)
v
:‘ “TT— Conversion Foll
. - ..,..\N
“| [~ Particle Tracking
Detectors
Calorimeter

(energy measurement)

Area 1lmR
Energy range MeV ko CGreV

electron—positron pair
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Gamma-ray Detection Technique @ Ground
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