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Open questions after  100 years

 What and where are the sources?

 How do they work?

 How are the particles really accelerated?...

 …or due to new physics at large mass scales?

 And how do cosmic rays manage to reach us?



Cosmic rays (1930-1945)
First detection of Air showers

Cosmic rays, gamma rays and neutrinos are all linked



Shock acceleration mechanism
(by Enrico Fermi)

Predicts a E-2.0  
spectrum 

Particles (electrons and hadrons) get scattered many 
times in shock front and gain energy in each cycle 
(TeV energies  several 100 years)
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Max. Energy about 1015 eV
Efficiency ~ 10%, needed for
CR from SNR
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Fermi Acceleration 

Stochastic Mechanism
Charged particles collide with 

clouds in ISM  and
      are reflected from 

irregularities 
in galactic magnetic field :

2nd order acceleration 

Charged particles can be 
accelerated to high 

energies in astrophysical 
shock fronts :

1st order acceleration 

Diffusive Shock Acceleration : an efficient variant of Fermi acceleration
shock compression ratio is 4 (can be easily shown for monatomic gas)
Linear theory , easy to convert energy dissipated in shock into non thermal 
energy of the particles
Predicts smooth power-law spectrum to high energies
For Emax, non linear theory required due to amplification of B 



Magnetic Field Amplification

Linear Theory of DSA : Alfven waves are generated by CR 
as they diffuse through the plasma

Insert typical parameters of shock,  B values ==> Maximum Energy well 
below the knee of the spectrum  (Lagage and Cesarky, 1983 )

Take energy density of CR, pressure of the cosmic rays => 
        Magnetic Field amplification takes place. 
                                                  (Volk, Drury and McKenzie 1984)
A shock moving with 10^4 km/s, medium ~ 1 proton/cc,  
B ~ few micro Gauss

 One can show that mangetic field gets enhanced by a factor 1000 

   ==> Linear Theory of DSA breaks down , (Bell and Lucek, 2001)
                  go over to non-linear theory  (fine, but has observable 
problems, let's discuss this a bit later ) 



Maxm Energy and Magnetic Field Amplification

The maximum particle rigidity : BRdR/dt

Solving eqn of motion of expanding shell 
(Sedov-Taylor phase) : 
 

Mass of the ejecta

==>
McKenzie and Volk (1982)
Bell and Lucek (2001)
Berezhko et al (1996) and others
Ptuskin & Zirakashvili (2003)



 
How do we see 

Sources of Cosmic Rays ? 



Origin of  
cosmic rays ?
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-ray astronomy and cosmic rays (CR)
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leptonic acceleration 

=> shape of spectrum



Very High Energy -ray Astronomy
TeV Gamma-rays
(1012eV)

Youngest astronomic discipline  
First significant measurement of TeV -ray 

emission from Crab Nebula  by Whipple 
telescope in 1989  

   > 50 hrs for 9 sigma detection> 50 hrs for 9 sigma detection

 Current generation since 2004
    1% of Crab nebula flux 1% of Crab nebula flux 
  You can now see TeV gammaYou can now see TeV gamma

  rays from Crab nebula in rays from Crab nebula in 

< 2 mins< 2 mins  
MAGIC-I MAGIC-II



Pair Conversion Telescopes
● Fermi Observatory



• Launched successfully in 2008 June, delivering 
a wealth of data on gamma ray sources, > 1500 
point sources

• Skymap for first 4 years
• Renamed as Fermi    
Observatory

                                                                                   



Imaging Air Cherenkov Telescopes

~ 10 kmParticle
shower

~ 1o

~ 120 m

Gamma
ray

Cherenkov light Image of particle 
shower in telescope camera

reconstruct: 
  arrival direction, energy
 have to reject hadron 
background



 Current generation of IACTsCurrent generation of IACTs

HESS CANGAROO  III

VERITAS

MAGIC

TACTICTACTIC



At 100 GeV

~ 10 Photons/m2

   (300 – 600 nm)~ 120 m

~ 10 km
Particle
Shower

Gamma rays have
 small values of theta

Density
 Shower Energy

Timing
 Shower Direction

Detection of Cosmic Rays and Gamma Rays using 
Wavefront Sampling Technique

Cherenkov 
Light

120 m



5 nsec

True Source direction

Reconstructed direction

Direction offset, space angle
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 Wave front Sampling    Cerenkov 
Telescopes



 

HAGARHAGAR
(High Altitude Gamma-Ray)(High Altitude Gamma-Ray)

Telescope systemTelescope system

2008: complete array of



 The Milky Way as seen by H.E.S.S

Numerous galactic sources seen : PWNe, SNRs, Unidentified 
gamma ray objects , in total > 75 interesting objects 



Sources of galactic cosmic rays 
prime candidates:  Supernova Remnants
• Energetics ~ 1051 ergs (rate 1/30 years)
• Necessary power to GCR population. 
• E>100TeV acceleration time: ~1000 years

via non linear amplification of seed B and
10% efficiency 
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powerlaw spectrum: powerlaw spectrum: 
      ~ E      ~ E-2.0-2.0

End of the lifetime of a star when it runs out 
of fuel,  pressure imbalance creates core to 
collapse and release of huge energy. 

 A blast wave ejects the star’s envelope 
into ISM ( shock ) and leaves behind a debris 
( neutron star or a Pulsar or White Dwarf 
depending on mass ) 

One of the most important ones : Crab (Taurus One of the most important ones : Crab (Taurus 
constellation) in 1054 AD constellation) in 1054 AD 

(recorded by Chinese astronomers)(recorded by Chinese astronomers)
The last in our galaxy is Kepler’s SNR (1604)The last in our galaxy is Kepler’s SNR (1604)
One of the recent ones isOne of the recent ones is  SN1987ASN1987A in  in LMCLMC  

(Bell and Lucek 2001)



H.E.S.S. RXJ 1713.7-3946
First-ever astronomical TeV image



 

SpectraSpectra

Preliminary

Index ~ 2
Little variation across 
SNR
Cutoff or break at high 
energy not clear ?? 

 Spectrum 
    extends beyond 30 TeV
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Correlation with (ASCA) X-rays







GeV-TeV modelling with SNRs : GeV-TeV modelling with SNRs : 
Shell regions in CasAShell regions in CasA

  Calculate IC spectra for the Calculate IC spectra for the 
Southern region, cannot be Southern region, cannot be 
explained by a pure leptonic explained by a pure leptonic 
model.model.    
(IC + bremmstrahlung)(IC + bremmstrahlung)

L.Saha, T.Ergin, PM et al, A&A 563 (2014)



 
GeV-TeV modelling with GeV-TeV modelling with 
SNRs : Shell regions in CasASNRs : Shell regions in CasA

Invoke hadronic model, also Invoke hadronic model, also 
Lepto-hadronic modelLepto-hadronic model

Reasonable fit parameters for lepto-Reasonable fit parameters for lepto-
Hadronic model,Hadronic model, CasA a Pevatron ? CasA a Pevatron ?
We need to extend the energies to We need to extend the energies to 
50 TeV or beyond50 TeV or beyond

● Magnetic field amplication : > 200 Magnetic field amplication : > 200 
● micro Gaussmicro Gauss
● ~ 2% of CR energy to magnetic ~ 2% of CR energy to magnetic 
● energy (low) => MH waves by energy (low) => MH waves by 
● cosmic rays may not be enough cosmic rays may not be enough 
● ((Bell et al, 2004, Lucek and Bell 2001Bell et al, 2004, Lucek and Bell 2001))

L.Saha, T.Ergin, PM et al,  A&A, 563 (2014) 



GeV-TeV physics with SNRs : 3C391GeV-TeV physics with SNRs : 3C391

● Radio bright SNR
● Two OH maser spots at 1720 MHz
● Distance of 7.2 Kpc from H1 obs.
● Observations of CO(J = 1->0)
● ==> presence of molecular clouds

p-p collision with cut 
off at 100 TeV

D. Castro & P. Slane - ApJ, 717, 372 



GeV-TeV physics with SNRs : 3C391GeV-TeV physics with SNRs : 3C391

● Analyzed 4 years of Fermi-data from MM 
morphology SNR 3C391, detected at > 14 sigma.   

●

●

T.Ergin, L.Saha, PM, et al,  ApJ 790 (2014)



GeV-TeV modelling with SNRsGeV-TeV modelling with SNRs

Computed TeV flux ~Computed TeV flux ~ 0.05% at 1 TeV 0.05% at 1 TeV :  : 
difficult with current generation instruments but ok for future difficult with current generation instruments but ok for future 
generation telescopesgeneration telescopes

Estimate mass of cloud ~ Estimate mass of cloud ~ 
7 x 10^4 Msun7 x 10^4 Msun
Density of protons ~ Density of protons ~ 
387 protons/cm3387 protons/cm3

T.Ergin, L.Saha, PM, et al,  ApJ 790 (2014)



 

Multi wavelength Study of 
IC443 (Jellyfish Nebula)



 

Spectra from different regions 
allows study of environmental 
dependence of
cosmic ray diffusion 



Acceleration in Supernova Remnants

Some (Experimentalist’s) Questions:
● Do SNR shocks accelerate particles to VHE 

energies?   
● What is the p/e ratio among accelerated particles?
● What is the acceleration rate / acceleration time?
● Where does acceleration cut off? Do SNR 

accelerate CRs up to the knee – are there 
Pevatrons in our Galaxy?

● Why do we see fewer TeV SNRs ? Source 
distribution in the galaxy ? 



Particle Escape and Maximum Energies

RXJ1713 was probably 
a PeVatron

PeV particles are 
accelerated at Sedov 
phase, high energy 
particles escape first

Do we see fewer TeV SNRs 
because of this ? 

Relate the maxm energy to the age of the SNR, use MHD simulations
Bohm limit not justified because of non-linearities  



Acceleration in Supernova Remnants

Problems for Theoreticians :
● Do SNR shocks accelerate particles to VHE 

energies?   
● Non Linear DSA predicts a very hard spectrum, 

contrary to what observations show  !!!
● Accelerate to the knee by non-linear amplification of 

the seed magnetic field (Bell & Lucek 2001)
● Energy dependent diffusion can be large, but then 

should produce anisotropy, why don't we see it ? 
● How efficiently is shock kinetic energy converted to 

CR energy? How do CRs escape from the SNRs ? 
● Can magnetic field amplification via plasma 

instabilities alter the shock compression ratio ? 
Caprioli, JCAP (2012)



Future Directions



 

Immediate Steps in future 

Year Item Status

2009 Relocation of Telescope 1 Complete

2010 Network Upgrade Complete

2011 Trigger Upgrade: faster, more 
flexible telescope trigger.

Complete

2012 Camera Upgrade: 
replacement of all 2,000 
PMTs with high-QE devices.

Completed : 
Summer 2012

VERITAS Upgrade 

                                           



 

Giant 28 mt telescope : H.E.S.S. II 



 

MC ~ at least 10 times better
Sensitivity, ~ 5 x angular resolution 
may be possible 



 

Improved Angular Resolution : What it brings ? 

angular resolution: 0.05 deg

angular resolution: 0.2 degGerman Hermann



Galactic Physics : Cosmic Ray Origin ? 



  

   SINP, 2013                                          VHE Gamma Ray Astronomy                                          Pratik Majumdar 



  



  



  

Indian Participation in CTA (SINP, TIFR, IIA, BARC)

 Site Survey at Hanle (IIA/TIFR) 
 Simulations for optimizing array configurations ( SINP, BARC, 

TIFR ) : Production at full scale at SINP APC cluster : 1st 
center outside Europe

 Calibration for the camera of the prototype LST (SINP) : 
Technical responsibility Pratik Majumdar / Varsha Chitnis

 Other tasks being identified and worked upon in collaboration 
with TIFR (Array Control Software)

 Expression of Interest (EoI) submitted to CTA, make a proper 
budget and submission soon for funding 



  

Conclusions
 VHE Gamma Ray Astronomy slowly establishing itself within 

mainstream astronomy
Current generation instruments have given a wealth of data to 

do astrophysics/particle physics 
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Conclusions - II
  

● Studied shell regions of Cas A : we show leptonic mechanisms  cannot Studied shell regions of Cas A : we show leptonic mechanisms  cannot 
satisfactorily explain GeV-TeV data together.satisfactorily explain GeV-TeV data together.

● Hadronic scenarios studies, we find a lepto-hadronic model fits the data Hadronic scenarios studies, we find a lepto-hadronic model fits the data 
best ( minimum chisq). best ( minimum chisq). FutureFuture : extend to higher energies with CTA will  : extend to higher energies with CTA will 
be very important , where are the PeVatrons ? be very important , where are the PeVatrons ? 

● Magnetic field amplication : but low conversion efficiency ~ Magnetic field amplication : but low conversion efficiency ~ 2% of CR 2% of CR 
energy to magnetic energy => MH waves by cosmic rays may not be energy to magnetic energy => MH waves by cosmic rays may not be 
enough (enough (Bell et al, 2004, Lucek and Bell 2001Bell et al, 2004, Lucek and Bell 2001))

● With With Fermi and future IACTs (LST and SST)Fermi and future IACTs (LST and SST) we start to shed light on  we start to shed light on 
particle acceleration mechanisms in cosmic rays. particle acceleration mechanisms in cosmic rays. 

  



 

Backup Slides



 

Gamma Ray Astrophysics : p-p interactions



 



Background Rejection 

hadron shower (background)

gamma shower

raw image cleaned image

Main Background:
- Cosmic Ray (hadron)
  showers

- >104 times more 
  numerous than -ray 
  showers

- Reject based on shower
  shape



Standard “Hillas” Analysis

Background rejection with 
multidimensional cuts on 
Hillas parameters:
Length, Width, Dist, Alpha, Size



WIDTHLENGTH

DIST

Hadron background:
- isotropic arrival direction
- flat Alpha distribution
Gammas:
- excess in source direction  



Cygnus Sky Survey in the North

VHE Sky Surveys:
• HEGRA (97-02): North, ~25% Crab.
• HESS (03-04): South, ~3% Crab.

and extended (05-08).
• Milagro (01-07): North, ~35% Crab

at E > 10 TeV.

HESS Survey

VERITAS Sky Survey (07-09):
• N. Hemisphere – Cygnus arm.
• 115h + 55h follow-up; done before

improvements to sensitivity.
• ~3% Crab (99%) for E > 200 GeV.
• Discovery of VERJ2019, detection

of TeV2032+4130

VERITAS Survey

VER J2019+407



-ray astronomy and cosmic rays (CR)

No escape of particles in observations yet
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