
1	  



Outline	  
  Introduction	  

  Supernova	  Remnants	  
  Cosmic	  Rays	  

  Fermi	  Large	  Area	  Telescope	  

  Likelihood	  Analysis	  Procedure	  
  Event	  Reconstruction	  and	  Data	  Selection	  
  Likelihood	  and	  Sky	  Maps	  

  Spectral	  Analysis	  

  Conclusions	  

2	  



Supernova	  Remnants	  

  Expanding nebula of gas 

  Goes through several evolutionary 
phases 

  Most likely the sources of cosmic rays 
at ~1015 eV 

  Only ~18 detected at TeV energies in 
Milky Way 
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Cassiopeia	  A	  and	  IC	  443	  

Cassiopeia A IC 443 

  Exploded around 1680 AD 
  Last galactic supernova to be 
witnessed by humans 
  Distance of ~3.4 kpc away  

  Exploded 3,000 – 30,000 
years ago 

  Distance of ~1.5 kpc away 
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Cosmic	  Rays	  

  Cosmic rays between 1015 eV 
to 1018 eV come from both 
galactic and extragalactic sources 

  Intermediate energies (< 1 
PeV ) attributed to galactic rays 

  Cosmic rays > 1018 eV mostly 
from extragalactic sources 

 	  Spectrum	  well	  described	  by	  power	  law	  

	  	  	  	  dN/dE	  ~	  Eα     	  

  Subatomic charged particles  

Spectral energy distribution 
of cosmic rays 
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Cosmic	  Rays	  in	  SNRs	  

 	  Nonthermal	  x-‐ray	  emission	  provides	  evidence	  for	  
electrons	  accelerated	  to	  high	  energies	  

  Evidence for acceleration of hadrons far more 
indirect 

  Several mechanisms proposed to explain 
presence of energetic electrons  

  Favored process explained by diffusive shock 
acceleration 
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Diffusive	  Shock	  Acceleration	  

  Particle velocities are randomized by 
scattering from magnetic irregularities in 
downstream medium of collision-less 
shockwave 
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  Fermi originally proposed that particles 
could gain energy through elastic 
scatterings off of moving interstellar gas 

  Each time a particle crosses the shock 
front it collides head-on with material 
flowing towards it 

  Known to occur during free expansion 
and Taylor-Sedov phases 



Gamma	  Ray	  Production	  in	  SNRs	  
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  For hadrons, collisions in the medium will produce pions 

p + p -> π0 + ... + π±   

  In leptonic scenario, photons scatter off of relativistic 
electrons (inverse Compton scattering) 

  Both cases result in production of high energy gamma rays  

  π0 particle decays into 2 gamma rays 98.8% of the time  



Gamma	  Rays	  

  Can have over a billion times 
the energy of a light photon 

  Absorbed by atmosphere, 
protecting life on Earth 

  Very hard to focus in a 
telescope 

  Detectors must rely on techniques developed by particle physicists to  
observe gamma rays 
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Fermi	  Large	  Area	  Telescope	  

 	  3	  ton	  detector	  orbiting	  
space	  

 	  Surveys	  over	  2	  
steradians	  of	  the	  sky	  

 	  Detects	  gamma	  rays	  
ranging	  in	  energy	  from	  20	  
MeV	  to	  ~	  300	  GeV	  

 	  Data	  made	  publicly	  
available	  over	  the	  internet	  

 	  Complements	  VERITAS	  
data	  
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LAT	  Specs	  

  Precisely measures source locations to within 1 arcminute 

  Particularly sensitive above 10 GeV 

  Filters out 99.99% of cosmic rays 

  Surveys entire sky every 3 hours 

  Detects gamma rays via pair production 
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LAT	  components	  

  Has 4 subsystems that work together 

•  Tracker 

•  Calorimeter 

•  Anticoincidence Detector 

•  Data Acquisition System 

  All 4 systems work together to detect gamma rays and reject 
unwanted signals from the sky, i.e. charged particles 
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Likelihood	  Analysis	  
  Likelihood analysis performed with publicly available Fermi tools  
  The likelihood, L, is the probability of obtaining a given set of data 
given an input model 
  Input model is the distribution of gamma-ray sources in the sky 
  If we know a source is present we want to determine the best value of 
spectral model parameters 
  4 steps to fit a model 

•  Select the data 
•  Select the model 
•  Precompute a  number of quantities that are part of likelihood 
computation 
•  Perform actual fit 
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Data	  Selection	  
  4 years of data obtained for Cas A and 
IC 443 

  Energy range of 100 MeV – 300 GeV 
chosen 

  ROI of 10° for Cas A, 15° for IC 443 

  Gamma-rays coming from a zenith 
angle > 105° cut 

  Diffuse class data chosen for strong 
background rejection 
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Cas A (7° square region) 

IC 443 (10° square region) 



Input	  Models	  
  Sources to be analyzed come from 2FGL 

  Latest isotropic template and galactic diffuse model chosen 

  Includes sources up to 5° outside the ROI 

  Model includes intensity and spectra of all sources as well as 
source location 

  Written to an XML file 
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Likelihood	  and	  Sky	  Maps	  
  Spectral parameters are varied until likelihood is maximized 
  Results written to an output file 
  Output file used to create a sky map 
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Cas A (7° square region) IC 443 (10° square region) 



Residual	  Maps	  

  Tells us how well the model fit the data 
  A good residual should result in a very low count value everywhere on 
the map 
  Obtained by subtracting raw counts map from model sky map 
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Spectral	  Analysis	  

  Plot of flux vs. energy 

  Fermi-LAT collaboration published spectral plots results after 
obtaining 1 year of data for Cas A and IC 443 

  Our results differ from Fermi’s results 

  Results added with VERITAS data to get spectrum in range of 
100 MeV to 5 TeV for both remnants 

  Fitting models to SEDs will hopefully tell us something about 
mechanisms of gamma ray emission 
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Cas	  A	  Spectral	  Plots	  
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IC	  443	  Spectral	  Plots	  
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Fitting	  Empirical	  Models	  	  

  Best described by 
broken power law with a 
χ2/ndf = 12.23/13, α1 = 
-1.57, α2 = -2.35, EB = 2.8 
GeV 

  Power law with 
exponential cutoff: χ2/ndf 
= 61.12/14, α = -1.99, β = 
0.14, EB = 100 GeV  

  Power law doesn’t 
describe spectrum too well 
with χ2/ndf = 121/15, α = 
-2.2 

Cassiopeia A 
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Fitting	  Empirical	  Models	  (cont.)	  
IC 443 

  Power law: χ2/ndf = 3484/13, α = -0.33 
  Broken power law: χ2/ndf = 276.5/11, 
α1 = -1.9, α2 = -2.8, EB = 4.8 
  Power law w/ exp. cutoff: χ2/ndf = 
543/12, α = -1.98, β = 1, EB = 200 

  Log parabola function fits spectrum 
well, however, no studies have shown 
that parameters connect with any real 
physical quantities related to source 
emission 
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Proton	  Emission	  (Cas	  A)	  

  Proton emission spectrum explained 
equally well by both broken power law and 
power law with exponential cutoff functions 
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α1 = -2.01 
α2 = -2.34 
EB = 10 

α = -2.26 

α = -1.952 
β = 0.291 
EB = 266 



Proton	  Emission	  (IC	  443)	  

  A proton emission model described 
by a power law with an exponential cut 
off and a break energy at 33 GeV best 
fits the IC 443 spectrum 
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α1 = -2.2  
α2 = -5.7  
EB = 1000 α = -2.16 

β = 0.87 
EB = 33 

α = -2.43 



IC	  Emission	  
Cas A IC 443 

  Although neither model of IC emission gives a good fit, it does a much 
better job of fitting to Cas A than to IC 443 
  An injection electron spectral index of -2.9, and -3 were used for Cas A 
and IC 443, respectively 
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Conclusions	  
  After analyzing 4 years of data we note that Fermi’s 
instrument response functions, galactic diffuse models, 
and isotropic templates have been modified since the 1st 
year it took data 
  Adding sources to input model significantly impact 
likelihood fit 
  Cas A emission is well described by a broken power 
law 
  IC 443 emission not well described by any simple 
empirical models. Could require a more complicated 
function and model to describe the flux we observe 
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Conclusions	  

  The emission in Cas A seems likely attributed to 
acceleration of hadrons although further modeling of 
inverse Compton scattering required 
  Different break energies along Cas A spectrum give 
equally good fits for hadronic emission, further 
observation and modeling could give definite answer 
  While a hadronic emission scenario seems likely in IC 
443, no great fits leave room for doubt. Possible 
complications to physics added by nearby molecular 
cloud 

28	  



Acknowledgements	  

29	  

  John Parsons 

  The entire VERITAS group at Nevis 
•  Brian Humensky 

•  Manel Errando 

•  Daniel Nieto 


