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Abstract

Combining archival data taken at TeV energies for the supernova rem-
nants, Cas A and IC 443, we create a spectral energy distribution for
both sources ranging in energy from 100 MeV to ∼ 5 TeV. The data
analyzed in this paper before combining it with archival data ranges
from 100 MeV to 300 GeV for both sources and was observed by the
Fermi Large Area Telescope. Tools that are publicly available for the
analysis of Fermi data were used to generate the spectral energy distri-
bution. The energy spectrums discussed here are also compared with
older spectrums published in Fermi papers to check that the results
match well. The spectral plots are then fit with empirical models,
as well as a simulated gamma ray emission spectrum resulting from
proton and electron emission.

1 Introduction

1.1 Supernova Remnants

A supernova is an extremely energetic stellar explosion that is thought to
occur at the end of a star’s life. A supernova is often capable of outshining
its host galaxy for weeks or even months before fading from view. Once the
supernova has faded it leaves behind a supernova remnant, an expanding
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nebula of gas. More specifically, a supernova remnant refers to the extended
structures formed following the supernova: matter ejected in the supernova
explosion in addition to any matter it sweeps up. The material released in a
supernova explosion expands and evolves through a series of phases described
by the behavior and interactions of the ejecta. Despite differences in the
original spectra of supernovae, the remnants all seem to go through the same
evolutionary phases. The first phase is know as the ejecta dominated phase,
where the ejecta expands with a uniform velocity leaving behind a lower
density interior. Once the mass of swept up interstellar (or circumstellar)
material is comparable to the mass of the original ejecta mass, the remnant
enters a period of adiabatic expansion called the Sedov-Taylor phase. The
slowing due to the swept up material causes a shock which propagates back-
wards through the ejecta. This shock slows ejecta material while compressing
and heating it. During these 2 early phases the temperature of the ejecta
and swept up material is too high to allow for radiative processes. Once the
ejecta has cooled enough to allow the remnant to radiate away energy it is in
the radiative phase, also referred to as the ”momentum conserving” phase.
This phase is characterized by the recombination of ions into atoms capable
of radiation via electron transition. At the end of the radiative phase the
remnant enters the final stage of its life where it fades out at all wavelengths
and blends into the interstellar medium[1].

Shell supernova remnants illustrate the interaction of several solar masses
of processed stellar ejecta with the surrounding circumstellar or interstellar
medium. Over 200 supernova remnants have been discovered in the Milky
Way at radio frequencies, but only ∼ 18 have been detected at TeV energies.
Supernova remnants are thought to be the most likely sources of cosmic rays,
particles with energies up to the ”knee” in the cosmic-ray spectrum, around
3 × 1015 eV. The following figure shows a distribution of the flux of cosmic
ray particles as a function of their energy. The flux energies up to the knee
(< 1 PeV) in the spectrum are attributed to galactic rays, and the flux for
rays above the ankle is usually attributed to extragalactic cosmic rays. The
region between the ankle and the knee is due to a mix of cosmic rays coming
from galactic and extragalactic sources[1].
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Figure 1: A spectrum of cosmic rays. Just below the ”knee” the spectral
index changes to ∼ 2.7, where it then shifts to ∼ 3.0. The index changes to
∼ 2.8 just above the ”ankle”.

Measurements of non-thermal x-ray emission in some remnants provide ev-
idence for populations of electrons accelerated to cosmic ray energies. It
is more difficult, however, to find direct evidence for the acceleration of
hadrons[1]. While various acceleration mechanisms have been proposed to
explain the presence of energetic electrons in SNRs, the generally accepted
idea is that the dominant process is caused by diffusive shock acceleration.
Diffusive shock acceleration is caused by particles who have their veloci-
ties randomized by scattering from magnetic irregularities embedded in the
downstream medium of a collision-less shock wave. The particle distribution
develops a nonthermal power-law tail that will extend to energies as high as
is permitted by various loss processes. These relativistic particles will pro-
duce very high energy gamma rays through multiple processes. In the case
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of hadrons, collisions between the relativistic protons and the medium will
produce pions. The π0 decays primarily (98.8%) into 2 gamma rays. The
collision target may be supernova ejecta or circumstellar material. A local
region of high density (such as a nearby molecular cloud) would enhance the
resulting TeV emission. In the case of leptonic emission, high energy elec-
tron populations up to 100 TeV are observed via their synchotron emission
in several remnants. These electrons can generate very high energy gamma
rays through inverse Compton scattering of photons off of electrons. In both
the cases of hadronic and leptonic emission the processes lead to a power-law
spectrum. This presents a key difficulty in the distinction of hadronic and
leptonic signal in high energy gamma ray emission[2].

The purpose of this paper is to present an analysis of two well-studied super-
nova remnants, Cassiopeia A (Cas A) and IC 443, using data from Fermi’s
Large Area Telescope (LAT). Cas A is known to have exploded around AD
1680 and is probably the last galactic supernova witnessed by humans. Cas A
is bright across the electromagnetic spectrum and has already been detected
at TeV energies by HEGRA, MAGIC, and VERITAS[6]. The remnant of
Cas A has an angular size of 2.5’ in radius which corresponds to a physical
size of 2.34 pc at a distance of ∼ 3.4 kpc. The J200 coordinates of Cas A,
according to the Fermi catalog, have an RA=350.84 and Dec=58.815 Like
Cas A, IC 443 has also been detected at TeV energies by the previously men-
tioned detectors[7]. By possessing strong molecular line emission regions IC
443 makes a strong case for a remnant interacting with molecular clouds.
Although not confirmed, the distance to IC 443 is assumed to be ∼ 1.5 kpc.
The J2000 coordinates of IC 443 have an RA=94.51 and Dec=22.66.

The LAT data for Cas A and IC 443 provide opportunities to study the
interaction of supernova remnants with interstellar (and circumstellar) ma-
terial and cosmic-ray acceleration. This is possible due to the energy range
in which the LAT operates (20 MeV to 300 GeV). The importance of GeV
observations of supernova remnants is stressed by the fact that the energy
density of accelerated particles is measurable due to well-constrained gas and
radiation density.
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1.2 Fermi Large Area Telescope

The Large Area Telescope is the primary instrument aboard the Fermi Gamma-
ray Space Telescope, which is accompanied by the GLAST Burst Monitor
(GBM). The LAT explores pulsars, active galactic nuclei, globular clusters,
comsic-ray electrons, gamma-ray bursts, binary stars, supernova remnants,
and diffuse gamma-ray sources. The LAT surveys over two steradians of the
sky (∼ 1/5th of the entire sky) every 3 hours, and measures the location of
bright sources to within 1 arcminute. The LAT catches photons with energies
ranging from 30 MeV to 300 GeV, in particular, the LAT is very sensitive
above 10 GeV because little is known about cosmic rays at such energies.
Because of the high flux of cosmic rays, which can mask the flux of gamma
rays, the LAT must reject 99.99% of signals generated by cosmic rays[8].

The LAT is a pair-conversion telescope with four subsystems that work to-
gether to detect gamma rays and to reject signals from the bombardment
of cosmic rays. The four subsystems that enable the LAT to operate ef-
ficiently are: the Tracker, Calorimeter, Anticoincidence Detector, and the
Data Acquisition System. The Tracker consists of a 4 × 4 array of tower
modules which can convert a gamma ray into an e−e+ pair. Each module
consists of layers of silicon-strip particle tracking detectors interleaved with
thin tungsten converter foils. The silicon-strip detectors measure the paths
of the e−e+ pair precisely. The Calorimeter measures the energy of a particle
when it is totally absorbed. It is made of a material called cesium iodide
that produces a flash of light whose intensity is proportional to the energy of
an incoming particle. The Anticoincidence Detector forms a ”hat” that fits
over the tracker. It is made of specially formulated plastic tiles that produce
flashes of light when charged particle cosmic rays hit the detector. The Data
Acquisition System collects information from the Tracker, the Calorimeter,
and the Anticoincidence Detector in order to make the initial distinction be-
tween unwanted signals from cosmic rays and real gamma-rays. The LAT
was launched on 11 June 2008, and has been surveying the sky since 2008[8].
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2 Likelihood Analysis Procedure

2.1 Event Reconstruction and Data Selection

In the Fermi data there are different gamma-ray candidates defined in classes
on the gamma-ray probability, background, and understanding of source
gamma-ray fluxes[8]. The diffuse class (event class = 2) was used for the
analysis of Cas A and IC 443 for having the strongest background rejec-
tion of the different classes. Any gamma-rays coming from a zenith angle
of greater than 105◦ were cut due to a bright source of gamma-rays com-
ing from the edge of the field of view. The background of a galactic diffuse
model which captures gamma rays not attributed to any particular source.
The data analyzed here were obtained between 4 August 2008 and 5 July
2012. The events in the data set are binned in 10 logarithmic steps for IC 443,
11 logarithmic steps for Cas A, starting from 100 MeV ranging to 300 GeV.
The region of interest was a circular region with a radius of 15◦ and 10◦ for
IC 443 and Cas A, respectively. Sources included in the model to be analyzed
came from the 2nd Fermi-LAT catalog (2FGL). The latest galactic diffuse
model (gal 2yearp7v6 v0) and isotropic spectral template (iso p7v6source)
were also included in the model. Because IC 443 is an extended source, un-
like Cas A which is a point-source, the corresponding spatial function used
in the likelihood and source map generator requires a template of the spatial
extension. The fermi website offers an archived template of the IC 443 ex-
tension, whose profile is described by a 2-d gaussian. This template was used
in the analysis for IC 443 as the spatial map. The following figures show a
smoothed counts map of the data to be analyzed for Cas A and IC 443.
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Figure 2: A raw counts map of Cas A at the center; off-center cross hairs
correspond to other sources in the 2FGL. The displayed map is a square
inscribed in a circular region of 10◦.

Figure 3: A raw counts map of IC 443 also at the center. This map is again
a square region but inscribed in a circular region of 15◦.
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2.2 Likelihood Analysis and Sky Maps

The analysis of LAT data begins with a list of counts detected by the LAT.
The list results from processing by the LAT instrument team that recon-
structs events from the signals from different parts of the LAT and catego-
rizes the event as photon or non-photon. Events categorized as photons are
known as ”counts”. While qualitative exploration of the data can suggest
the presence of sources, a quantitative analysis requires fitting models to the
data. This approach is required by the instruments aboard the LAT due
to their energy dependent point spread function and geometry dependent
effective area[8]. The very nature and contribution of the gamma-ray sky
background also requires that one fits a model to the data for any quan-
titative analysis. The likelihood L is the probability of obtaining the data
given an input model. In this case, the input model is the distribution of
gamma-ray sources on the sky including their intensity and spectra. 2FGL
sources surrounding IC 443 and Cas A within a radius of 20◦ and 15◦, re-
spectively, were included in the input models. If we know a source is present,
we want to determine the best value of the spectral model parameters. The
likelihood analysis is done by the tool gtlike, which is part of a set of publicly
available tools for analyzing Fermi data. Because the best model should have
the highest probability of resulting in the data, the spectral parameters are
varied in gtlike until the likelihood is maximized. The model should include
position of sources, spectral parameters of the sources, a model of the diffuse
emission, and a functional form of the source spectra. Both Cas A and IC
443 had a log parabola functional form for their spectra in the input model.
The output file can be used to create a map of the model using gtmodel.
By subtracting the model sky map from the counts map and examining the
residuals we can determine how well the model was fit to the data. The
following figures show maps of the sky resulting from gtmodel as well as the
residuals for Cas A and IC 443.
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Figure 4: The sky maps of Cas A and IC 443 that result from gtmodel (which
requires the output file from the likelihood analysis).

Figure 5: Residual maps that result from the subtraction of the counts map
and the model. Note that Cas A and IC 443 are almost completely removed
indicating the likelihood resulted in a good fit

9



3 Spectral Energy Distribution Analysis

Once the likelihood has determined the best fit parameters for all sources
included in the input model we can proceed to make a spectral energy dis-
tribution (SED) plot of the source. The script used to generate SEDs for
the sources will only work if the source has a power law spectral function.
Because Cas A and IC 443 have non-power law spectral functions we must
run gtlike twice in order to determine which parameters best describe the
sources using a power law spectrum. After gtlike is run the first time, all
the parameters for sources that are not going to be analyzed are fixed, with
the exception of the prefactor parameter for the galactic diffuse model and
isotropic template. Before running gtlike the second time we give Cas A
and IC 443 power law spectral functions in order to let gtlike determine the
best fit parameters for both sources. It must be noted that throughout the
analysis IC 443 is treated as an extended source, however, for the SED it
was treated as a point source. To make sure that IC 443 was assigned all the
photons necessary for the likelihood we treat it as an extended source, run
the likelihood analysis, then fix the parameters for all the sources (including
the galactic diffuse model and isotropic spectral template) before running
the script that generates the SED.

The Fermi-LAT collaboration published the SED results of both Cas A and
IC 443 after the LAT took data for just over a year[3][4]. Here we compare
the results they got with our own, however, the data differs quite a bit in flux.
To make sure we understand the process by which the data is analyzed we
tried to generate an SED using the same pass data, time period, instrument
response function, galactic diffuse model, and Fermi catalog sources that were
used for their publication. It turns out all these factors significantly impact
the likelihood analysis, and ultimately, the results in the SED. Our 4-year
data differs from the results we got after analyzing only 1 year of data, which
resembles Fermi’s data much more. Figures 6 and 7 show the SED output
for both Cas A and IC 443 along with 1 year data from Fermi. The large
error bars in the Cas A spectrum at low and high energies can be attributed
to the fact that the source is detected with a significance of < 3σ below 200
MeV, and above 100 GeV.

10



Figure 6: A spectral energy distribution of Cassiopeia A, measured with the
LAT after 4 years of data were taken. Also plotted are the Fermi results[3],
our 1 year data, and results published in M. Araya, W. Cui paper[5] (also
analyzed shortly after a 1 year period). Note that the 4 year data are much
higher in flux than older data.

Figure 7: A spectral energy distribution of IC 443, also measured with the
LAT. Shown in red are the Fermi-LAT collaboration results[4]
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3.1 Fitting Empirical Models to the Data

For this paper we look at how the Cas A and IC 443 spectrums are described
by a simple power law, broken power law, and a power law with an exponen-
tial cutoff. It turns out Cas A can be well described by a broken power law.
IC 443, however, had no decent fits because of the rollover in the Fermi-LAT
energy range. It turns out that a log parabola function can best describe the
spectrum of IC 443 but as of yet there are no studies that connect the pa-
rameters of the log parabola function to any real physical quantities related
to source emission. For both remnants a power law does a very poor job
of describing the spectrum. In fitting the plots we add VERITAS[6][7] data
after 300 GeV to a get a spectrum that ranges in energy from 100 MeV to
5 TeV. The following tables show the functions, fit parameters, and value of
χ2/ndf . Equations (1), (2), and (3) refer to a power law, broken power law,
and a power law with an exponential cutoff, respectively. The spectral index
is given by α, the stretch factor is given by β, and the break energy is given
by EB.

Cassiopeia A
Function χ2/ndf Function Parameters
(1) N0E

α 121/15 α = -2.18
(2) E < EB N0(E/EB)α1 12.23/13 α1 = −1.57, α2 = −2.35, EB = 2.79 GeV

E > EB N0(E/EB)α2

(3) N0E
αexp(−(E/EB)β) 61.12/14 α = −1.99, β = 0.14, EB = 100 GeV

IC 443
Function χ2/ndf Function Parameters
(1) N0E

α 3483/13 α = -0.33
(2) E < EBN0(E/EB)α1 276.5/11 α1 = −1.90, α2 = −2.83, EB = 4.81 GeV

E > EBN0(E/EB)α2

(3) N0E
αexp(−(E/EB)β) 61.12/14 α = −1.98, β = 1.0, EB = 200 GeV
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Figure 8: A plot of Cas A with function fits. The blue data points are
VERITAS results[6]. The green dashed line is the power law function, the
black dashed line is the power law with an exponential cutoff, and the red
line shows the broken power law fit.

Figure 9: A plot of IC 443 with function fits. Again, the blue points are from
VERITAS[7]. The blue dashed line is the power law function, the red is the
power law with an exponential cutoff, and the black dashed line shows the
broken power law fit
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Figure 10: A plot of IC 443 with a log parabola fit. The p1 parameter refers
to break energy, p2 refers to spectral index, and p3 refers to the stretch
factor.

3.2 Proton and IC Emission

In order to determine wether the observed flux came from hadrons or inverse
Compton scattering we fit models to the data after running a code that
takes several input parameters for both cases and gives as output a simulated
gamma ray emission spectrum. For the proton emission, we give the code
a spectral index, a break energy (for both the broken power law and power
law with an exponential cutoff), and a stretch factor (for the exponential).
For the inverse Compton scattering emission the code has a wide range of
parameters, however, the ones that were changed were the injection electron
spectral index and temperature. For Cas A the electron index given is -2.9,
for IC 443 the index is -3. The proton spectrum was given a power law, a
broken power law, and a power law with an exponential cutoff to describe the
resulting emission. It turns out, for Cas A, that the proton emission spectrum
is described very well by both a broken power law, and a power law with an
exponential cutoff. For IC 443 there were no good fits, however, the power
law with an exponential cutoff does the best fit out of the three. In the case
of inverse Compton scattering emission, the resulting spectrum did not do a
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good job of fitting the Cas A and IC 443 spectrums, however, it did match
the Cas A spectrum far better than the IC 443 spectrum. The following
figures show all the fits acquired from the resulting emission spectrums.

Figure 11: The SED of Cas A and a fit resulting from proton gamma ray
emission described by a power law. The spectral index given is α = −2.26.

Figure 12: In this figure we show a fit to Cas A from proton emission
described by a broken power law. The spectral index values are α1 =
−2.01, α2 = −2.34, and a break energy of EB = 10 GeV was used.
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Figure 13: Proton emission spectrum described by a power law with an
exponential cutoff for Cas A. The spectral index value is α = −1.952, the
stretch factor is β = 0.291, and the break energy is EB = 266 GeV.

Figure 14: Leptonic emission spectrum described by a power law for Cas A.
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Figure 15: A spectral energy distribution of IC 443, fit with a proton emission
model. The spectral index used is α = −2.43.

Figure 16: Proton emission spectrum described by a power law with an
exponential cutoff for IC 443. The spectral index values are α1 = −2.2,
α2 = −5.7, and the break energy is EB = 1000 GeV.
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Figure 17: Proton emission spectrum described by a power law with an
exponential cutoff for IC 443. The spectral index value is α = −2.16, the
stretch factor is β = 0.87, and the break energy is EB = 33 GeV.

Figure 18: Leptonic emission spectrum described by a power law for IC 443.
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4 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 first year it took data. The number of 1FGL catalog sources which
were used in the input models for the analysis in the Fermi papers are far
fewer than the number of sources coming from the 2FGL sources in our
input models. Having fewer sources could result in a noisier background,
therefore bringing down the flux of Cas A and IC 443 in the spectral plots.
Another reason for the difference in flux is due to the fact that the old data
is processed differently. The instrument response functions are based on
updated event analysis and selection criteria that take into account effects
measured in flight.

It would seem that as far as fitting an empirical model to the data, the
spectrum of Cas A is best described by a broken power law. It would also
appear that the emission in Cas A is likely attributed to the acceleration of
hadrons, however, further modeling of inverse Compton scattering is required
to confirm this. Different break energies and spectral indices along the Cas A
spectrum gave equally good fits for hadronic emission. Further observation
and modeling could give a definite answer to the values of the parameters that
should be used to describe hadronic emission in Cas A. The emission from IC
443 could not be well described by any of the simple functions used in this
paper, except for the log parabola function. It could be that IC 443 requires
a more complicated function and model to describe the flux that is observed
in the spectral plots. While a hadronic emission scenario seems likely in
IC 443, no great fits leave room for doubt. There is also the possibility
that the physics of hadronic emission is further complicated in IC 443 by
the nearby molecular cloud that interacts with the remnant. Understanding
the mechanisms for gamma ray emission in both sources, especially IC 443,
still require further observation and modeling in both hadronic and leptonic
emission scenarios to explain the observed flux in the spectral plots.
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