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Abstract

The analysis presented in this paper incorporated photon events received during the
full run time of the Fermi Gamma Space Telescope (FGST) Large Area Telescope
(LAT) to date. By studying the -y emission of the supernova remnant (SNR) Kes 41
for the energy range ~ 200MeV-200GeV, the -- ray morphology and spectrum were
measured. These measurements required the use of reduced log likelihood statistics
mediated by the Fermi Science Tools toolkit, developed for LAT analysis. The spatial
analysis of the -- ray emission was measured at 5- for the area within and around
the contours established during radio measurements [25]. It also resembles Kes 41's
observed, centrally bright, X-ray emission [18, 25]. Spectral analysis was also carried
out and the resulting -y-ray spectrum was successfully fit to a power-law model of
emission consistent with r0-decay, a form of non-thermal emission caused by cosmic
ray acceleration. An overall approximation of the -ray luminosity was then measured
as L, = 1.94 x 1035 erg/s using a measure of the total y-ray flux. A calculation also
measured the particle density associated with material interacting with Kes 41 emis-
sion as n = 0.15 particles/cm-3. This value resembles that from other calculations
involving SNR-Molecular cloud interaction [22]. This interaction serves to constrain
-y-ray emission to the 7r 0-decay channel, so evidence of a similar density value may be
evidence that the significant -/-ray emission observed, was due to the acceleration of
cosmic rays.
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Title: Assistant Professor, Department of Physics
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Chapter 1

Introduction

Products of cosmic ray acceleration were first discovered by Victor Hess in 1912

[23]. Following this discover, cosmic ray astronomy was pioneered by Bruno Rossi,

a professor at MIT at the time, in the 1930s and initially relied on the sea level

detection and study of cosmic ray muons [28]. These muons are produced due to a

series of successive interactions between particles of Earth's atmosphere and incoming

primary, hadronic cosmic rays. These interactions produce both electromagnetic and

hadronic showers of particles within the atmosphere including extremely energetic

muons. These muons have been detected at energies corresponding to primary cosmic

ray energies on the order of 1016- 1021 eV. Until recently these muons have been the

only outlet for particle physicists to observe the products of such extraordinarily

energetic collisions.

Despite the high energy of the resulting particles from these interactions, there

are many difficulties and sources of uncertainty involved with ground-based detec-

tion. These uncertainties stem from the turbulence and unpredictability of half of

the interacting medium in these interactions, the Earth's atmosphere. The dynamic

atmosphere is the source of numerous background production mechanisms caused

by physical processes unrelated to the muon production. This has required many

experiments to incorporate an excessive amount of shielding that restricts the ener-

gies of particles reaching the detector surfaces and significantly limits their angular

resolution [1, 21]. The Fermi Gamma Ray Space Telescope (FGST) however is now
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providing scientists with an alternative to the often noisy and uncertain ground based

measurements by avoiding Earth's atmosphere entirely, and detecting cosmic ray par-

ticles from low-Earth orbit.

A main focus of Cosmic Ray astronomers is determining the origins of these Cos-

mic Ray emissions. This has remained a mystery to astrophysicists since Rossi's first

detections using a Geiger tube setup [28] . Since Rossi's time, methods of detection

have improved greatly and multiple competing theories have been developed attempt-

ing to describe cosmic ray acceleration. This paper will attempt to provide evidence

of cosmic ray acceleration due to shock acceleration during supernova. This will be

done by studying localized high energy, y-ray emission from a region surrounding

the center of a proposed point source, supernova remnant G337.8-0.1, also known

as Kes 41. The rest of this chapter will describe the current theorized method of

shock acceleration which will be followed by a description of the origin and emission

of supernova remnants in Chapter 2. Then the paper will discuss the radio and X-

ray emission of the source of interest, Kes 41 including comments on its morphology

and proximity to a source of maser emission in Chapter 3. Following this will be a

discussion of the apparatus used to conduct this investigation, the FGST Large Area

Telescope in Chapter 4, and then an in depth discussion of the experimental methods

in Chapter 5. The results of this study are then described at length in Chapter 6,

including Kes 41's '-ray morphology and spectrum. This is then followed by a brief

summary of the analysis in Chapter 7.

1.1 Cosmic Rays and Acceleration Mechanisms

Interstellar space is composed of neutral and ionized gas, dust, photons, neutrinos and

high-energy charged particles. These high-energy particles exist typically in the form

of cosmic rays. These extremely energetic and highly relativistic streams of charged

particles are composed of roughly 90% protons and 9% helium nuclei with smaller

contributions from electrons (- 1%) and heavier nuclei [11]. The source of these

streams of high energy particles has yet to be identified but many astrophysicists
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believe that production may be tied to supernova remnants (SNRs) [11]. Blandford

suggests that expanding shock waves from these massive stellar explosions accelerate

Cosmic Ray particles through the diffusive shock acceleration process (DSA), also

known as first-order Fermi acceleration [11]. Fermi describes this acceleration as the

result of charged particles colliding against irregularities of magnetic fields as well as

against the highly heterogeneous interstellar medium [20]. Due to the massively ener-

FOKCE LME

Figure 1-1: Trajectory of orbiting charged particle about a magnetic field line [20].
If the field line is moving in the direction of a, the particle is accelerated through
collision with the high intensity region

getic ionizing processes of supernovae, magnetic fields may be created with complex

dynamic characteristics. These fields cause charged particles to orbit along the "lines

of force" [20] with a characteristic angle of orbit with respect to the field. This angle

is described as the angular difference between the direction of the field line and the

direction of the velocity of the particle, as shown in Figure 1-1. If an area of high

field intensity moves toward the orbiting cosmic ray particle, a collision will occur

that changes the angle of orbit to its maximum such that the particle experiences a

large addition to its velocity given by Equation (1.1). This is due to the fact that

sin 2a/H ~ constant, where a is the orbit angle and H is the local field intensity.

w' __ +2B3cos(a)+ B2  (

w 1 - B 2

In Equation (1.1), / can be taken as the particle's velocity while B is the velocity of

the moving area of high field intensity.

Other proposed sources of this type of acceleration include pulsar wind nebulae

such as the Crab Nebula, high-mass binary sources such as Cygnus X-3 [30], and blazar
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active galactic nuclei jets (AGNs) [7]. Within the interstellar medium (ISM) further

acceleration occurs through processes including Bremsstrahlung, inverse Compton

scattering and nucleon scattering [30]. All of these sources result in the emission of a

diffuse cosmic ray background [11,30]. We will now take a closer look on how particle

shock acceleration may occur due to stellar explosion as well as the corresponding

photon emission mechanisms.
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Chapter 2

Supernova Remnant Formation,

Morphology and Emission

Supernovae result from enormous explosions of stars caused by either core collapse

or thermonuclear reactions resulting from explosive nuclear burning. A stable stellar

system of mass M > MG steadily fuses Hydrogen nuclei and uses the resulting energy

to resist the crushing forces from its own gravity, thereby maintaining an equilibrium

of interior forces. As the Hydrogen concentration decreases, the gravitational energy

begins to compact the interior of the star, in turn heating up the core. This additional

energy prompts the fusion of Helium elements, forming a denser core of higher atomic

number. This process continues until finally the gravitational forces overcome the

results of the fusion processes and the core reaches the Chandrasekhar mass, M ~

1.44MG. At this point, the core has reached the condition for when it can be supported

by electron degeneracy pressure [14]. This results in a sudden collapse of the stellar

core prompting a rapid shedding of the outer atmospheres, driven by an enormous

magnetohydrodynamic shock wave [33]. This is defined as a Type II core collapse

supernova.

For truly massive stars, M > 4MO - 8M,2,, the fusion process will continue as

heavier element groups fuse until silicon fuses to form 56Fe. Because 56Fe has the

most strongly bound nuclei, more energy must be absorbed than is actually released

by fusing two nuclei. This causes a rapid core collapse resulting in an enormous
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shock wave of liberated gravitational energy on the order of > 1051 erg that ejects

the surrounding atmospheres. For such massive stars the end result may be either

a neutron star, that is a star supported by neutron degeneracy pressure, or even a

black hole [14, 27, 33].

The second type of supernova, Type Ia, occurs when stellar objects, generally

thought to be white dwarfs, begin to acquire matter from surrounding astrophysical

bodies. The most predictable source of this matter exchange is from white dwarf

binary systems where the white dwarf siphons off material, believed to be mainly

Hydrogen and Helium, from the outer atmospheres of its companion star. As the

white dwarf adds to its mass, it reaches a point where its mass becomes greater than

the Chandrasekhar mass, M ~ 1.44M 0 [14]. This prompts further core collapse by

itself but this also simultaneously increases the core temperature to a point where

Carbon can begin nuclear fusion before the collapse fully initiates. This causes a

runaway nuclear fusion reaction which release enough energy to completely unbind

the star causing a thermonuclear explosion [33]. Because Type la supernovae are

the result of the explosion of stars of similar mass, white dwarfs, these supernovae

have very similar properties including a characteristic luminosity. Astronomers use

these so called "standard candles" to more accurately estimate the red shift of nearby

astrophysical objects.

Supernova explosions are often extremely luminous, emitting broadband radiation

across a large range of energy. Occasionally these stellar explosion outshine their

entire host galaxy and are visible with the naked eye. This includes the supernova

SN1006 which occurred in the year 1006 AD and was observed and recorded by

civilizations all over the world. The ejected circumstellar medium travels at velocities

up to several thousands of kilometers per second, causing electromagnetic and plasma

shock waves that interact with and rapidly heat surrounding interstellar material

through collisionless interactions to temperatures on the order of millions of degrees

Kelvin. The result of this expanding shock wave is a supernova remnant (SNR) which

can extend for tens of parsecs and last for hundreds of thousands of years.

Such explosions typically result in the formation of visible shells, radiating at
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radio wavelengths near their shock fronts. These SNRs are termed shell-type. When

supernova result in the formation of a pulsar at the center of the shell, the energy lost

from this rotating neutron star produces a "wind" relativistic charged particles. These

particles emit -7-rays at GeV and TeV energies which appear as a cloud of high energy

photons near the center of the SNR, and are classified as pulsar-wind nebula SNRs.

This affect dominates the radio emission from the shock front creating a center-filled

appearance of X-ray and -7-ray energy [27,33] The final classification is the composite

SNR which has characteristics of both pulsar-wind nebula and shell SNRs. These can

include either pulsar produced X-ray emission or high energy emission from plasma

heated by the shock front. Both have shells emitting at radio wavelengths [27,33].

These supernova remnants provide a unique look into the composition of stars and

even the chemical evolution of the universe. Both the spatial and spectral qualities

of individual SNRs tell a great deal about the type of star and the influence of the

resulting shock wave on the surrounding material. Through careful analysis of the

broadband spectrum of supernovas we may understand the emission processes of

supernovae and hopefully gain insight into problems including the nature of cosmic

ray acceleration.

2.1 Thermal Emission

Following a supernova event, shock waves transform a majority of the kinetic energy

into thermal energy. Heating is typically due to Coulomb interactions where the

distance of closest approach, the impact parameter b, is given by

1 mim 2  2 Z 1Z 2e 2

- y = (2.1)
2m 1 +m 2  b

where mi and m 2 are the particle masses, Z1 e and Z 2e are the particles charges and

v is their relative velocity. This typically results in a collision time scale that is much

slower than the expansion of SNRs. Therefore, the plasma heating due to the SNR

shock waves must be the result of fluctuating electric and magnetic fields [33]. Also,
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the collision density is thirteen orders of magnitude smaller than the range Coulomb

collisions may occur. Due to the inherent low density of astrophysical shocks, this

energy is exchanged with the surrounding material through collisionless processes in-

stead of particle-particle interactions. This creates a broadband continuum spectrum

due to bremsstrahlung emission and two-photon emission.

Bremsstrahlung emission is essentially derived from the Lorentz force of electro-

magnetism. As a particle moves into the field caused by another charged particle,

it is decelerated by the force exerted on it. This deceleration results in the emission

of radiation because of a second EM result, that accelerating charges emit radiation.

For the case of a moving, low density, astrophysical plasma, which is the case of su-

pernova shock waves, this type of radiation is termed free-free radiation. This refers

to the fact that the charged particles involved are free both before and after the

interaction. Bremsstrahlung radiation forms a continuum including photon energies

ranging from radio wavelengths to X-ray emission. They provide the majority of the

thermal continuum which is given as a Maxwellian emissivity distribution,

hi'

e5o (1/2)e-k h-e c T-1 ~ kBT (2.2)

where T is the electron temperature and hv is the energy of the photon [33].

Another source of SNR thermal emission is line emission due to excited emis-

sion of materials, typically ions, within the SNR. This excitation is dominated by

electron-ion collisions [33]. The photons emitted in these lines correspond to the

separation in quantum energy levels of the ions themselves and are used to deter-

mine the composition of astrophysical objects including SNRs. For the case of very

low density astrophysical plasmas, these ions can be assumed to begin in the ground

state and both collisional de-excitation and further excitation can be ignored. The

emission is characterized as line emission because its presence is seen in the form of

a near delta-function rising from the emission spectrum from the thermal continuum

emission.

Evidence for non-thermal emission, that is emission of photons not directly tied to
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heating, has been noticed in several SNRs. Many SNR shells have a radio brightness

that is much too high to be explained by interstellar electron compression and the

resulting magnetic fields. The next four emission mechanisms fall under the category

of non-thermal emission as they incorporate charged particles accelerated by the

expanding supernova shock wave. Therefore, the emission from these non-thermal

processes are theoretically the result of cosmic ray acceleration due to supernovae.

Significant detection of photons at energies characteristic of these three processes will

provide evidence that the proposed source, SNR Kes 41, does accelerate cosmic rays.

2.2 Synchrotron Radiation

A basic tenant of electromagnetism is that accelerated charges emit radiation. In the

case of SNRs, we must consider electrons and positrons accelerated by shocks to rela-

tivistic speeds, called leptonic cosmic rays. These particles are constantly interacting

with the complex electromagnetic environment. As the magnetic fields change and

the relativistic electrons are manipulated by the fields, the electrons change direction

as given by the Lorenz force. This change of direction is different than what was

described for Bremsstrahlung because instead of the electrons interacting with other

charged particles, these relativistic electrons are manipulated through collisionless

processes, meaning they are influenced by the intense magnetic field lines themselves.

Because of their high energies, these electrons can emit photons ranging from low

frequency radio emission up to X-ray energies [33]. In fact nearly the entire range of

radio emission from SNRs comes from the synchrotron process [27].

The majority of SNRs are radio sources because synchrotron emission typically oc-

curs at energies corresponding to radio wavelengths with synchrotron X-ray emission

given by electrons near the maximum energy of the relativistic electron distribution.

Due to the dependence of this process on the magnetic field, we can see that the

higher the magnetic field intensity, the higher the radio synchrotron flux. A rel-

ativistic electron radiates a continuous synchrotron spectrum of radiation with its
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maximum emission occurring at the characteristic frequency,

vmax = 1.82 x 1018BE 2 Hz

1B / £ 2 (2.3)
humax =19.3 (keV

10pG 10OTeV

For inside SNRs, the magnetic field, B typically ranges from B = 10-500pG, creating

TeV electrons, resulting in photon emission energy spectrum extending into a few 10s

of keV [27,33].

Synchrotron radiation is one of three leptonic, non-thermal emission processes

typically associated with SNRs. The term leptonic indicates that the emission is

caused by the movement of leptons, specifically electrons. These electrons are also

considered non-thermal because the synchrotron radiation is not due to their heating

but rather their movement due to the DSA process, a non-thermal effect.

2.3 Non-Thermal Bremsstrahlung

As was explained in Section 2.1, thermal bremsstrahlung radiation results from elec-

tron deflection off of another charged particle. Non-thermal electrons also emit

bremsstrahlung radiation but at even higher energies. The same shock acceleration

processes that prompt synchrotron radiation at keV ranges also contributes MeV-

GeV, and even TeV, bremsstrahlung photons [33]. An accelerated electron of non-

relativistic to mildly relativistic energy, E, can emit photons of energy E/3. Therefore

this range can emit X-ray radiation even for electrons of non-relativistic energies. This

form of emission is not nearly so dominate as other TeV and GeV emission processes

because of the low particle density of supernova shocks. It is most likely contained in

a thin band of the shell of supernovae. It could however, offer astrophysicists some

insight into the lower range of cosmic ray distributions [27].
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2.4 Inverse Compton Scattering

A relativistic electron can also emit radiation independently of interactions with mag-

netic fields or other particles. Highly relativistic electrons can also upscatter low

energy ambient photons to -7-ray energies through a process called inverse Compton

scattering. For SNRs, this is an important mechanism for the production of MeV-

GeV and TeV photons and depends on the absolute highest, most relativistic range

of the electron distribution [27]. This high energy condition is necessary to produce

high energy photons because scattering typically results in an increase of the photon

momentum by a factor of ~ 272.

The most likely source of seed photons for this inverse Compton scattering process

is the cosmic microwave background (CMB), [27]. The photon spectrum is therefore

given by a blackbody distribution at a temperature of T ~- 2.73K, expressed by

Planck's law,

Bv(T) 2hv3  1 (2.4)
B,()= 2 hv

This results in a roughly Maxwellian distribution of the resulting high energy photons,

assuming the electron flux is mono energetic. As we can see, this process creates

some of the most energetic photons. This production mechanism can sometimes

be the largest producer of non-thermal emission from some SNRs. However, this

is commonly rivaled by another non-thermal mechanism which is not leptonic but

hadronic in nature.

2.5 r0 Decay

We have just explored three emission mechanisms and their associated photon distri-

butions caused by leptonic cosmic ray acceleration within supernova remnants. These

three processes resulted from either the deflection of an electron through interactions

with another charged particle, or with a magnetic field, or by the upscattering of

ambient photons. While these processes all result in significant X-ray and '7-ray en-

ergy photon spectra, the commonly dominant production mechanism for '7-ray energy

21



photons is a hadronic process involving particle collisions. A hadronic process is sim-

ply one that results from hadronic cosmic ray acceleration through the DSA process,

described in Section 1.1. Supernova may accelerate protons to enormous energies,

and may even indirectly prompt their collision.

V

Figure 2-1: Diagram of neutral pion decay

Proton-proton collisions produce huge cascades of intermediate particles that then

decay into even more particles, as described briefly in the Introduction. One of

these intermediate particles is the neutral pion, -r0 . As a result of the high energy

collision that created them, an isotropic distribution of 7rO's will follow a r - y + y

decay process and releases photons of -y-ray energies [27]. Despite the low cross

section for proton collisions, the massive number of protons accelerated by the shock

results in enough neutral pion-producing collisions, that r0 decay is typically the

dominant TeV -- ray photon production channel. The spectral distribution, dN/dE

of hadronic cosmic ray emission is typically modeled as a power law distribution with

an exponential energy cut off, E0 ,

dN E Q( E

-= aE-e o) (2.5)
dE

The interaction of cosmic ray protons with regions of high-density material promise

a larger number of proton-proton interactions [16].

2.6 OH Masers

Interaction with surrounding material should result in more 'y-ray production due to

a higher density of material [16]. Evidence of gamma ray production for several SNRs
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adjacent to molecular clouds (MC) has been observed [3,16]. In fact they are among

the most luminous GeV sources in the galaxy [22]. The connection between SNRs and

MCs could potentially provide interesting knowledge on the physical characteristics

of both. Typically stars develop in close proximity to their progenitor clouds of ma-

terial. During the life of a star, they constantly influence these clouds [25]. Following

supernova, the SNR continues to interact and by better understanding this interac-

tion through study of the emission, advances may be made on topics including stellar

evolution. Also, SNR-MC interaction help to constrain the source of - -ray emission

from SNRs to proton-proton collisions due to DSA [22]. This therefore allows better

confidence in observations of cosmic ray acceleration.

Sources of stimulated spectral line emission were first discovered in 1963 by Wein-

breb. This emission is typically at radio wavelength and has been empirically tied

to the composition of MCs it has been observed near or within. This first source

was located within Cassiopeia A, and had a 18-cm absorption line corresponding to a

Hydroxyl, OH, absorption. The ground state of the Hydroxyl molecule has two main

line emissions and two satellite lines. Of the satellite lines, 1720.530 MHz is the one of

interest in this paper. This was first observed by Goss and Robinson in 1968 toward

the SNRs W28 and W44 [25]. These SNRs became prototypes for SNRs interacting

with molecular clouds [25].

OH maser emission has become the most commonly observed type of maser emis-

sion associated with SNR-MC interactions. Criteria for these interactions includes

close agreement in both measured position of the OH (1720 MHz) maser and the SNR

of interest, and also that the maser emission be observed interior to or at the radio

continuum edges of the SNR [25]. Also, while detection of OH maser emission within

an SNR is strong evidence of shock interaction with a molecular cloud the absence of

maser emission does not mean there are not interactions. In this way maser emission

can be used as a tool to locate SNR-MC interaction but is not the only one. There-

fore, by finding SNRs in the vicinity of compact maser emission, astrophysicists can

better predict the existence of proton-proton collisions [25].

The emission spectrum of supernova has been modified and improved following
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observation of the broadband spectrum of individual SNRs. Figure 2-2 shows the

observed emission spectra, and fitted theoretical models, for each emission channel

of SNR G347.3-0.5. The gray curve can be interpreted as typical radio emission due

to synchrotron radiation while the high energy end of the plot shows X-ray and -y-

ray emission due to non-thermal Bremsstrahlung, inverse-Compton scattering, and

neutral pion decay. This paper will perform a spectral analysis on Kes 41's high

energy emission, corresponding to the 7-ray band seen in this plot.
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Chapter 3

Kes 41

The focus of this investigation is the supernova remnant G337.8-0.1, also known as

Kes 41. This remnant was chosen because of its proximity to an OH Maser emitter as

well as the detection of thermal X-ray emission at its center, which indicate favorable

circumstances for studying cosmic ray acceleration [18, 25]. As was described in

Section 2.6, the presence of a nearby maser means that the SNR is interacting with

more dense material, meaning that any significant -7-ray production will most likely

be the result of the r0-decay mechanism because of the increased likelihood of proton-

proton collisions.

3.1 Radio Observations

Kes 41 was first detected in 1970 with the Molonglo telescope at 408 MHz and is

reported in the Molongo Observatory Synthesis Telescope (MOST) catalog as a bright

small-diameter SNR and distorted shell with a center at coordinates in right ascension

and declination, (RA, Dec) = (249.75, -45.983333) [31]. This detection is shown in

Figure 3-1a. Figure 3-1b shows the results of an additional radio observation made by

Whiteoak and Green in 1996 which gives the most accurate image of the SNR's radio

characteristics to date [32]. This is an 843 MHz continuum image which includes

contours for 55, 140, 290, 380, 420, 470, 540, 630, 710 and 780 mJy beam-1 . From

this image we can clearly describe Kes 41 as a distorted, shell-type SNR. This is
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Figure 3-1: Radio observations and contours for Kes 41

because the radio emission appears to come from the shock front and it does have

a non-spherically symmetric morphology [18]. This emission appears particularly

concentrated in two separate points indicated by darker colored portions in the figure.

Koralesky also observed Kes 41's radio emission in 1998 and made a measure of its

kinematic distance using the observation of OH-maser emission, marked in the image

by the small cross [25]. This measure put Kes 41 a distance of 12.3 kpc and established

that its 6'x 9' size corresponds to an actual diameter of 15 x 20 pc [25]. Kes 41

therefore has all of the radio criteria to suggest its interaction with a molecular cloud.

Also, this radio emission can be interpreted as the result of non-thermal, synchrotron

radiation from accelerated high-energy electrons [18].

3.2 X-ray Emission

Astronomers have also made observations of X-ray emission from Kes 41. Figure 3-2

shows an X-ray image taken by Combi in 2008 using the XMM-Newton Observatory

[18]. Several early attempts to detect Kes 41's X-ray emission failed due to lack

of X-ray sensitivity of observing apparatuses. In this image, taken for the energy
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range 0.5-10 keV, the radio contours from the MOST catalogue is superimposed in

yellow [31].

There is a clear concentration of X-ray photons in the center of picture with

a concentration toward the southwest "peak". This serves to characterize Kes 41

as centrally bright for X-rays with out indication of pulsar-wind nebula attributes.

Combi's analysis included flux measurements for four different energy ranges. The

range from 2-4 keV was measured to have a flux F = 1.6 x 10-13 erg s-' cm- 2 ,

corresponding to 58 % of the flux. This range includes hard X-rays, suggesting that

observation of -- ray energies is quite possible. This analysis also serves to restrict the

source of X-ray emission to that dominated by thermal X-rays, labeling the SNR as

a thermal composite remnant [18]. This restriction was made by Combi due to not

only the apparent filled-center morphology, but also through his analysis of the SNRs

spectral lines.

Figure 3-2: Image of X-ray emission from Kes4l taken by the XMM-Newton Observa-
tory. Superimposed in yellow is the measured radio continuum from 1996. The mor-
phology is clearly centrally bright and well contained within the radio contours [18].
The area of significant localized X-ray emission is contained by the red ellipse

Combi's spectral analysis analysis of the SNR was conducted using a similar

method to what will be done during the analysis presented in this paper. By compar-
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Figure 3-3: XMM-Newton spectrum for diffuse X-ray emission including the solid
line of best fit based on X2 statistics, and plot of its corresponding residuals. The
most intense spectral lines are given by the Sxv and Sixiv indicators [18]

ing predictions of a theoretical model to the actual data, a statistic was measured and

reported. This resulted in the spectrum given by Figure 3-3. Here we have a plot of

the data along with the best fit model, red line, derived using x 2 statistics for several

energy ranges [18]. These images and this spectrum give a strong point of comparison

for future observations of Kes 41 at higher energies, such as the work presented in

this paper. During analysis, both the radio contours and the X-ray image will be

cross reference in order to validate the significance of -y- ray detection.
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Chapter 4

Fermi Large Area Telescope

The data set that is used during this research comes from the FGST's Large Area

Telescope (LAT) seen in Figure 4-1, and represents events collected from August 4,

2008 through March 8, 2013. The Fermi Gamma Ray Large Area Telescope can detect

particles within an effective energy range ~30MeV - 300GeV. The LAT has a field

of view of roughly 20% of the sky and is positioned in low Earth orbit. Starting in

August 2008, the telescope entered a survey mode which saw the LAT observing the

entire sky every two Earth orbits. This corresponds to a new picture of the gamma-

ray sky every 3 hours. This is certainly a huge step forward in gamma-ray astronomy

but is also very promising for the study of cosmic rays and their potential sources [91.
High energy -y-rays cannont be reflected or refracted as would be incorporated in

the detection techniques of most telescopes, including Hard X-ray telescopes. Instead

The LAT detects these high-energy particles by incorporating a typical high energy

physics particle detector setup, that includes a converter-tracker system fabricated of

silicon and high-Z material layers and an electromagnetic calorimeter.

The converter-tracker is formed using 16 separate modules with 16 layers of tung-

sten paired with silicon scintillators sheets positioned immediately below. Figure 4-2

shows the arrangement of the converter/detector layers within the LAT tracker. The

telescope takes advantage of the fact that -y rays do not reflect or refract and in-

stead of direct detection, as can be done for even high-energy X-ray sources, uses the

tungsten layers to convert the photon into an electron-positron, e-e+, pair through
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Figure 4-1: Diagram of the Large Area Telescope including the ACD layer (gold),
the tungsten-silicon tracker (raised out of image), the electromagnetic calorimeter
(lowered out of image), and DAQ attached at the bottom of the calorimeter [91

weak interactions, that can be detected with high accuracy. In this way the tracker

allows a precise determination of the direction of approach of incident particles as

well as catalyzes their conversion so that it may be contained within the 0.72 m

depth of the telescope [9]. Multiple scattering and bremsstrahlung production within

the tracker has been shown to limit the the obtainable resolution, therefore optimal

results require measurement immediately following the conversion [9].

After passing through the tracker, the resulting e-e+ pair pass into an electromag-

netic calorimeter which is used to determine the energy of the incident particles, and

reconstruct the energy of the incident photon. The reconstructed energy provides an

important defining characteristic used in reconstructing the electromagnetic particle

shower resulting from incident photons and determining important characteristics re-

garding the source and method of . The detection capability of the LAT is limited

by the short depth of the telescope itself. As reported by Atwood et al. in 2009,

the LAT calorimeter has a depth of 8.6 X, on-axis for EM showers [6, 9]. Here X,

is the radiation length defined as the typical amount of matter needed for a gamma

ray to convert into an e-e+ pair with units of g/cm2. To overcome this depth issue,
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Figure 4-2: Image of tracker design. (a) shows the ideal conversion by the tungsten,
W, layer and detection immediately following by the Si tracker. (b) segmentation
allows detection of both particles resulting from conversion improving the point spread
function and background rejection [9]

the longitudinal segmentation of the calorimeter enables energy measurements up to

I TeV and also contributes significantly to background reduction [9].

Surrounding the LAT tracker and calorimeter layers is a segmented, 10 mm thick

anti- coincidence detector (ACD) layer used to provide initial charged-particle back-

ground rejection. The ACD was designed to provide a minimum of 0.9997 effi-

ciency [9]. This is achieved using scintillator tiles attached to wavelength shifting

fibers embedded in the tiles coupled to two photomultiplier tubes. The entire ap-

paratus is also covered in a low-mass micrometeoroid shield to protect the telescope

from damage. The on board Data Acquisition System (DAQ) performs the initial

filtering of the data before sending it to ground based servers [6,7,9]. This filtering

returns information concerning the quality of each recorded event. The data used in

this study was all categorized as P7SOURCE V6, which represents the highest quality

photon events. At times data was analyzed using the these events that were converted

at the front of the machine which the DAQ distinguishes as P7SOURCEV6:FRONT

events [6].
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To summarize, the Fermi Gamma-ray Space Telescope spacecraft is an excellent

tool for studying -y-ray emission because of its improved angular resolution from other

experiments, such as EGRET and ground based experiments, as well as its position

in low Earth orbit. These studies include investigations into cosmic ray acceleration

and high energy emission from supernova remnants [30]. The Large Area Telescope

was designed to detect photons from radio to -- ray energies, allowing for broadband

analysis of SNR emission spectra and also morphology. The processes needed to

analyze LAT data is introduced in the next section. These steps and this instrument

will allow a more complete understanding of Kes 41's spectrum and structure and

will ultimately shed light on the existence of cosmic ray acceleration therein.
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Chapter 5

Methods

Since August 8, 2008, the FGST LAT has been in obit, collecting data for the entire

night sky every three hours in what is called survey mode. This collection is more

or less a passive process where particle events are collected for an enormous range

of energy. The LAT's onboard Data Acquisition System (DAQ) performs initial

filtering of recorded events based on several parameters in an attempt to establish

that recorded events are of cosmic origin and not false positives [6, 9]. This restricts

the total amount of information retained and passed on to the space craft's data

servers where additional filtering is conducted, further restricting the data set to

events corresponding to cosmic phenomena.

The data set used in this analysis was collected over the entire runtime of the

experiment, ranging from the start of data collection on August 8, 2008, MET =

239557417, to March 8, 2013, MET = 384612418, where MET stands for mission

elapsed time. Analysis of LAT data is typically carried out by utilizing the Fermi

Science Tools, a command line and python based software toolbox developed specifi-

cally to aid in Fermi LAT analysis. Figure 5-1 shows the organization of this tool kit.

We can see that this is a complex framework which includes data selection tools and

a large classification of tools used for likelihood analysis. These two categories will

be very important to the data analysis presented in this paper and will be further

explained in the next section. This analysis will also use the gtbin tool as part of

the analysis on Kes 41's -y-ray morphology. The following discussion will follow the
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Figure 5-1: Diagram of the analysis tools used for Fermi LAT data analysis [30]

descriptions given by the Fermi Science Tool online Reference Manuel and Cicerone

Documentation, online guides produced and maintained by the NASA Goddard Space

Flight Center for Fermi LAT analysis.

5.1 Event Selection

The first step to LAT data analysis is downloading data sets from the LAT data

server, shown in Figure 5-1 as the Photon Database. This requires the first instance

of researcher-inputted restrictions on the data, referred also as cuts. These cuts

include establishing the energy range, time of detection and reconstructed location

of the events to be used in analysis. The location restriction is done by selecting a

center coordinate in right ascension and declination for which the server then provides

a full data sets that include this point. This allows focus on a point source as well

as extended objects such as supernova remnants through further selection steps. The

data sets produced by the data server include several photon data sets corresponding
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to different detection time intervals, as well as a spacecraft file containing important

information regarding the operation of the LAT during the time range inputted.

Following the acquisition of data sets, we then apply further cuts to the data using

the gtselect tool from the Fermi Science Tools toolbox. This tool allows an additional

opportunity to restrict data sets in time and energy range, which is used during the

spectral analysis part this work. Again we also input the coordinates of a selection

cone that includes a cone center corresponding to that inputted to thte data server,

which for Kes 41 is (RA, Dec) = (249.75, -45.983333), as well as a radius around this

center for which data will be used. For this analysis, selection radius was set to 20

degrees. We also may restrict events based on what depth within the LAT tracker

the incident photons were converted. For the analysis on Kes 41's morphology, events

recorded in the 'Front" of the detector, the first 8 scintillator/converter layers, were

used exclusively because this ensures a better quality photon data set by helping to

eliminate false positives caused by multiple scattering deeper in the tracker. It also

allows more accurate direction reconstruction due to the longer recorded track result-

ing in a better overall angular resolution. Finally, we set a maximum reconstructed

zenith angle allowed in the data set. This prevents the inclusion of events that could

be created by terrestrial photon emission due to cosmic ray interactions with the

Earth's atmosphere. A common chosen value, and the one used during this work, is

1000, where the zenith angle is defined as the angle from the LAT's line of sight at

the moment of detection to the reconstructed direction of the photon.

Because of the complexity of the FGST and its ability to be remotely pointed

and boosted to maintain its orbit etcetera, there are times when events recorded by

the LAT correspond to time intervals when some type of adjustment to the telescope

was being made. This adds a systematic error to the affected events and can greatly

affect the results of the entire analysis. In order to restrict analyzed photon events to

those that occurred at times of optimal telescope performance, another Fermi Science

Tool, gtmktime, is used to establish "good time intervals" (GTI). These GTI's are

established through the incorporation of the spacecraft file which contains information

including the LAT live time, the pointing of the telescope, the spacecraft altitude,
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and other characteristics regarding the state of both the LAT and the FGST at the

time of each event detection. Once these intervals are set, the tool produces a final

data set containing all events that occurred within the GTI's.

5.2 Adjust for Livetime and Exposure Systematics

Just as there are GTI's for proper data collection, there are systematic effects of

the space craft that skew the efficiency of data collection including livetime and the

amount of time the telescope's line of sight is pointing in a particular direction.

Livetime refers to the time the telescope is actively taking data. This can vary quite

a bit as Figure 5-2 demonstrates. This plot was created using events of reconstructed
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Figure 5-2: Sample distribution
data taking, [24]

of recorded 1TeV events for the first 800 days of LAT

energy > 1TeV and cuts that restricted analyzed events to those of cosmic ray proton

detection [24]. This plot of counts received for bins of time, despite the different

energy scale and applied cuts, still gives a clear idea of moments when the LAT

recorded events and did not. The fluctuations in the height of each bin includes a
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great deal of physics but many of the fluctuations, especially the particularly large

drops, correspond to moments when the LAT was simply not recording data.

Therefore, proper analysis of Fermi LAT data requires accounting for the livetime

of the telescope. This is done by creating a livetime cube using the GTI data produced

by the gtmktime tool, and the spacecraft file. The livetime can be viewed as a function

of the three dimensional space comprising both the sky position, in right ascension and

declination, and the inclination angle. We can define the detector's line of sight as the

z-axis of the apparatus. The pointing of the telescope affects the data by varying the

inclination, the "off-axis angle", of reconstructed events. The tool which creates the

cube is called gtltcube and it operates by extracting the spacecraft pointing history

from the spacecraft file along with the time range and GTI selections established

during the gtmktime step. The tool creates a record of the livetime spent at each

position in the sky for the entire sky to be used later in the likelihood analysis steps.

To put this livetime information into a form that can be used during future anal-

ysis, we need to create an exposure map. This map calculates the overall exposure

of the telescope for different energies at different inclination angle. This calculation

consists of essentially integrating the total response of the LAT at different energy,

time and position. This integral therefore includes the effective area, the energy dis-

persion times, and the point spread function of the LAT for the entire spatial and

energy range of interest. This is done using the tool gtexpmap. Instead of creating

a map that covers the entire sky, this tool only does so for a set region of interest

(ROI) around the chosen central point.

During the data selection step, a source region radius was set for which data was

retained. The ROI is a similar restriction on the data but because the LAT point

spread function is broad at low energies, this cube should be made for a radius 10

degrees larger than that set in the source region. The term broad refers to the fact

that ~ 68% of counts lie within 3.5 degrees of the source at energies on the order of

100 MeV. This is important to this analysis because the energy range set was from

200MeV - 200GeV. The LAT point spread function goes as roughly the energy, E-.

Therefore for energies, > 1GeV, the ROI only needs to be a few degrees larger than
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the source region. The tool also requires a spatial and energy gridding input which

we set as half-degree pixels for a 30 degree radius, and ten logarithmically spaced

energy bins used to divide the entire energy range.
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Figure 5-3: Evidence of the systematic effects on LAT data taking

Figure 5-3a shows the effects of systematic effects on data taking. Specifically, it

shows the distribution of counts over bins in declination created for the same analysis

used to produce Figure 5-2. The red line is the theoretical model for the distribution

of events per reconstructed declination, a simple cosine curve normalized to the total

number of events. There is an obvious discrepancy between this model and actual

distribution. This is due again in part to real physics but it is mainly a result of

systematic effects of the spacecraft that need to be accounted for. Figure 5-3b shows

example of an exposure map created by taking these steps.

5.3 Likelihood Analysis

The likelihood is the probability calculated for obtaining the value recorded in ex-

perimental data in reference to the predictions of a theoretical model. In this case,
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the input model is the distribution of gamma-ray sources on the sky as the LAT

would measure is including their intensity and spectra. Obviously this requires that

the response of the LAT to the incident flux is sufficiently well understood. This

knowledge will ensure accurate mapping of the input model to the data, the recorded

events. Other statistical methods typically use the maximization of a X2 statistic to

measure this probability but because the LAT data is simply too sparse, this cannot

be done for LAT analysis. Therefore, data analysis requires a full Poisson likelihood

optimization for model parameter estimation.

The LAT data is automatically organized into bins characterized many variables

of many different type and purpose including position, energy, conversion depth, time

of detection, and many more. In this analysis the likelihood L will therefore be defined

as the product of the probabilities of observing the detected counts in each bin. We

can assume that the expected number of counts in the i-th bin is ni. This number

however, is predicted differently by the different models making it dependent on the

source model chosen for the analysis. The probability of detecting mi photons in this

bin is simply given by pi = n!"-ni /mi!. The likelihood L is simply the product of

pi calculated for all i bins. This product also factors into the product of the n;"/mi!

values, that depends on both the values recorded for mi by the detector and the

product of the e-ni terms. The product of the -"i terms for all i bins is equal to

the exponential of the ni terms minus their sum. The sum of ni is simply the total

number of predicted counts, Np that the source model determined should have been

detected by the LAT.

Therefore, the likelihood L can be factored into e-Np, a function of the source

model alone, and the product of the individual ni"/mi! terms, which is a function of

both the source model and the data. This is given by,

L = e-NP Jf (5.1)

This likelihood has been written with finite size bins, and mi that may take values

greater than 1. This is the basis of binned likelihood analysis. However, the statistical
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analysis in this work will be conducted using an unbinned approach because binning

actually destroys information including the precise values of quantities that describe

individual events. With binned analysis there the number of bins, effectively the

bin size has a large effect on the accuracy of the calculations. Basically smaller bins

result in a more accurate likelihood measurement Unbinned analysis takes this to the

extreme by letting the bin sizes get infinitesimally small. This means that ni can only

equal 0 or 1. This makes the likelihood the product of e-Np, and mi where i is now

the index over the counts instead of bins.

L = e-Np Ji ni (5.2)

Since ni is calculated using the precise values for each count, and not an average over

a finite size bin, this unbinned likelihood is the most accurate method for parameter

prediction. For a small number of counts the unbinned likelihood can be calculated

rapidly, but as the number of counts increases the time to calculate the likelihood

becomes the limiting factor.

Fitting involves finding the set of parameters that maximizes the likelihood using

a given model. Since the likelihood is a non-linear function of the parameters, algo-

rithms for maximizing non-linear functions can be used. The maximum is found by

iteratively calculating the function for different sets of trial parameters; by estimat-

ing derivatives of the function with respect to the parameters, the algorithms choose

new trial parameters that are progressively closer to the set that maximizes the func-

tion. The function is calculated for new sets of trial parameters until the change in

the function value between iterations is sufficiently small or the number of iterations

reaches a maximum value. While iterating, these algorithms map out the dependence

of the function on the parameters, particularly near the function's maximum. The

uncertainties on the best fit parameters are related to this dependence. This process

requires the implementation of a specific optimizer tool or algorithm.

Generally speaking, a reasonable strategy is to run the likelihood analysis tool

gtlike with the DRMNFB optimizer until convergence, then running the tool using
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the NEWMINUIT optimizer, using the inputted best fit parameter values produced

during the first run to calculate the errors on the parameter values more accurately.

This sequence makes sense because the DRMNFB optimizer is efficient at finding the

maximum likelihood but also approximates the parameter dependence near the maxi-

mum. Because of this, the uncertainties provided may not be reliable. Conversely, the

NEWMINUIT optimizer is considered a conservative optimizer, developed by CERN

for high energy physics data analysis, that converges more slowly than other opti-

mizer algorithms. Because of this slowness, the optimizer can exhaust the number of

permitted iterations before convergence, resulting in an unreliable maximum likeli-

hood. However, NEWMINUIT actually maps the parameter space near the likelihood

maximum better than DRMNFB, providing more reliable uncertainty estimates. The

gtlike tool requires the input of the GTI file, the exposure map, livetime cube, opti-

mizer, as well as a theoretical model to be used for the optimization process.

5.4 Model Setting

Establishing the appropriate model for extended sources, such as supernova, requires

modeling local gamma-ray sources within the ROI set during the gtexpmap step as

well as several sources of background flux. This is necessary because these background

sources effectively obscure the emission from the source cone of interest, greatly effect-

ing its statistical significance. The gtlike tool requires the input of a source library

which lists the coordinates of -- ray sources nearby the source of interest and also

the appropriate model to approximate its flux. These models include various power

law models for extended objects and diffuse sources, exponential cutoff functions,

gaussians and also the choice of modeling a source as having a constant valued flux.

To model the background sources, this analysis includes both the model of the

galactic diffuse emission background and the extragalactic isotropic diffuse emission

background, which includes the residual cosmic ray background. These are approxi-

mated using models developed for LAT Likelihood analysis, gal_2year7v6_vO.fits for

the galactic emission and iso-p7v6source.txt to model the extragalactic background.
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Chapter 6

Analysis of Results

6.1 Spatial Analysis and Morphology

The first steps of the study of Kes 41's morphology used the gtbin tool to create a

counts map from the data set resulting from the gtselect process. The tool simply

appropriates the number of counts recorded at specific points in Right Ascension and

Declination into bins of specific angular size. In this analysis we used bins of 0.01

degree width. Figure 6-1a shows the result of this step, displaying event counts for

a region around the center coordinate with a 10". This map has also been smoothed

using the ds9 imaging software. Also included are the positions of surrounding 7-ray

sources lying along the galactic plane. Figure 6-1b shows the zoomed in image. Here

we can see the proximity of the peaks in -- ray events with the radio contours and the

OH-maser emission, shown by the black +. However, without a statistical measure,

we cannot yet make definitive claims regarding Kes 41's ^-ray morphology.

To do this, the next step of the spatial analysis used likelihood analysis to mea-

sure the significance of the recorded number of event counts over a set spatial region

surrounding Kes 41. Instead of using gtlike, where the parameter values were max-

imized according to an energy range, we used the tool gttsmap which conducts the

full likelihood analysis, previously described in Section 5.3, for many different points

within the chosen region. Basically, this tool conducts multiple gtlike optimizations

for the entire range in energy, 200MeV- 204.8GeV, for a spatial grid of points at dif-
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bins including a region file that indicates po- Superimposed are the MOST 843 MHz ra-
sition of neighboring -y-ray sources (red cir- dio contours and the location of OH-Maser
cles) emission (black +)

Figure 6-1: Smoothed counts maps produced using the selected data for a 10 degree

radius around the center of Kes 41 (RA, Dec) = (249.75, -45.983333), with 0.01 degree
bin width. Also included are the locations of other point and extended y-ray sources

along the galactic plane. OH-Maser emission and 843 MHz Kes 41 radio contours are

also plotted and are especially noticeable in the zoomed in map [25,31]

ferent RA and Dec coordinates inside the region instead one run covering the whole

region. This makes the process quite time consuming so this analysis was restricted

to using a region of 0.5 degree radius, using 0.02 degree bin widths. This region is

established by inputting the center of the region of interest and selecting a number of

spatial bins of a specific size. Therefore the input specified 50 bins in both latitude

and longitude, of 0.02 degree widths. After inputting these values, the tool essentially

moved a putative point source through the grid of bins, maximizing the test statistic,

TS = -log(Likelihood), value at each point. The value is then recorded and plotted

at the coordinate on the outputted TS-map.

The result of this analysis can be seen in Figure 6-2. Here we see a map showing the

probability of the existence of a source at each spatial point, based on the recorded

flux at each point for the total energy range. The points on the map where the

color corresponds to a test statistic > 25 indicates a 5- detection, which we claim

as statistically significant emission. This occurs over the region contained within
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the superimposed radio contours. This suggests a centrally bright -- ray morphology.

Looking closely, it appears that the largest TS values have been recorded toward the

lower right of the radio contours, corresponding perhaps to the lower peak of radio

emission seen in the radio image, Figure 3-1b [25,31].

36 70 104 137 172 205 239 273 307

Figure 6-2: Test Statistic map of -- ray emission from Kes-41 with 843 MHz radio
contours (green) overlayed and the OH-maser emission located in the upper right of
the image (black +) . Includes the position of -- ray sources given in red [25, 31,32]

Also plotted is the point of OH-maser emission which is also contained within the

region of significant -- ray emission. This proximity may be evidence for the interac-

tion of the SNR ejecta and a nearby molecular cloud. If this is true then it may also

be evidence of the acceleration of hadronic cosmic rays within the SNR. Comparing

this map with that of the X-ray emission, Figure 3-2, discussed in Section 3.2, we

can see that both spectra appear centrally bright, with the strongest emission coming

from the location of the peak radio emission. The similarity between these two high

energy spectra provides further support of the significance of the -/-ray emission, and

helps with the interpretation of its morphology. The close proximity of the maximum

TS values to the point of OH-maser emission also may provide evidence of cosmic ray
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acceleration within Kes 41. The image also begs a higher angular resolution which

may allow the detection of subtleties in the spatial distribution.

6.2 Spectral Analysis

The spectral analysis was conducted by using an initial source library including all

gamma-ray sources within a 25 degree radius of the Kes 41 center, including a modeled

source for Kes 41 itself, with its emission defined by a power law model. For those

point sources within 5 degrees of the center coordinates, the parameters were allowed

to adjust while the sources outside of this range were not allowed to change. This

is because the measured emission from sources within 5 degrees of Kes 41 may well

be influenced by either emission from Kes 41 or interaction with material in the

remnant itself. Therefore the fit being run using gtlike should adjust these values

during its optimization in order to arrive at the most physically appropriate values.

Following the recipe given in Section 5.3, the data was fitted using the DRMNFB

optimizer first. The xml file produced following this fitting was then used as the

source model for a second gtlike run using the NEWMINUIT optimizer. During this

second run, only the background sources, described in Section 5.4, and the Kes 41

source were allowed to adjust their parameter values to the fit. This restricts the

NEWMINUIT optimizer to focus on the parameter values set during the previous

run, allowing a better calculation of these parameter's errors, and reducing the time

taken to accomplish the fit.

In order to get a full understanding of the emission spectrum of Kes 41, the xml

file produced following these fitting runs was then used as the inputted source file

for a binned analysis. The only change was that the Kes 41 source emission was

modeled by a constant value instead of a power law. The data range was cut into

ten, logarithmically spaced, bins in energy and the analysis steps taken for the entire

data set were then repeated for each of the ten individual data sets. This required

rerunning the gtselect step, recalculating the GTIs, and making new exposure maps

for each energy range. The livetime cube did not have to be remade because it was
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initially made for the entire sky. Following each gtlike run, using the NEWMINUIT

optimization, the outputted xml files recorded the best fit values of Kes 41's flux

for each energy range. These values were then converted into particle flux using an

outputted scale factor.

Interval (GeV) Flux (ergs/cm2 /s) Error Log Flux TS Values

0.2-0.4 5.61 x 10-1 9  2.56 x 10-1 6  -18.25 1.8 x 10- 5

0.4-0.8 8.26 x 10-1 3  4.67x 10-1 3  -12.08 0.134
0.8-1.6 2.24 x 10-" 2.32 x 10- 2  -10.65 112.9
1.6-3.2 2.11x10-" 2.21x10-1 2  -10.68 127.4
3.2-6.4 1.09 x 10-11 1.94x 10-12 -10.96 49.13
6.4-12.8 3.27 x 10-1 2  1.59x 10-1 2  -11.48 6.401
12.8 - 25.6 1.33 x 10-12 1.81x 10-12 -11.88 0.655
25.6 - 51.2 1.43 x 10-12 2.76 x 10-12 -11.84 0.314
51.2 - 102.4 1.30x 10-18 1.85x 10- 5  -17.89 8.1 x 10-7
102.4 - 204.8 3.36 x 10-8 7.96 x 10-16 -17.47 2.0 x 10-6

Table 6.1: Table summarizing the results of gtlike optimization for 200MeV -

204.8GeV emission including TS values

Flux is typically measured in terms of energy flux in units of ergs/cm 2 /s. So the

scaled flux values were then converted into energy flux by multiplying them by the

logarithmic energy bin center, EC, and finally by the conversion factor to transform

from units of MeV to ergs, 1.602 x 10-6. The resulting values are included in Ta-

ble 6.1, along with the corresponding maximum TS values found during the gtlike

optimization.

From the table we can see that there is a large variation in the order of magnitude

of several of these values, as well as the corresponding errors. This indicates essentially

a poor fit by the optimizer which is made more apparent by correspondingly low

TS values. For energy ranges with a TS < 25, we can say there is a less than 5-

significance of the recorded flux.Therefore we have unreliable data for those ranges

and need another measure to understand the flux. In this analysis three regions had

TS values > 25, including the energy range from 0.8-6.4GeV. To gain another estimate

of the flux from those intervals with less than 5a detection, upper limit values of the

flux were calculated using the python based likelihood analysis tool, pyLikelihood.
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The results of this limit setting can be seen in Table 6.2, reported alongside the flux

values from the three significant energy intervals. From this table we see much closer

values for the flux and the upper limits than before.

Interval (GeV) Upper Limit Flux (ergs/cm2/s) Error Log Flux

0.2-0.4 4.52 x 10-" -10.34
0.4-0.8 2.81 x 10-1 -10.55
0.8-1.6 2.24 x 10-" 2.32 x 10-1 2  -10.65
1.6-3.2 2.11 x 10- 1  2.21 x 10-1 2  -10.68
3.2-6.4 1.09 x 10-11 1.94 x 10-12 -10.96
6.4-12.8 6.17 x 10-12 -11.21
12.8 - 25.6 4.88 x 10-1 2  -11.31
25.6 - 51.2 6.89 x 10-1 2  -11.16
51.2 - 102.4 3.95 x 10- 1 2  -11.40
102.4 - 204.8 4.43 x 10-12' -11.35

Table 6.2: Table summarizing the results of gtlike optimization for 5a flux values and
upper limit setting on the flux (ergs/cm 2/s) corresponding to energy intervals with
TS < 25. The Log Flux column includes logarithmic of either value as they apply to
the corresponding energy interval

Figure 6-3 shows these final flux and upper limit values plotted over the entire

analyzed energy range, 200MeV-204.8GeV. This can be interpreted as the plot of the

high energy non-thermal spectrum of Kes 41. Included in the figure is also fit to the

three flux points using a power-law function given by,

dN. E -
E2  = c E2 (6.1)

dE Eo,

where E0 , is the logarithmic center of the i-th energy interval and P is called the

spectral density. The fit resulted in parameter calculations of c = 1 x 10-9, and

F = 0.521. From this plot we can see that the power law fit approximates the

data quite well including the upper limit calculations shown as down-ward pointing

triangles. This close modeling indicates that we have obtained a predictable SNR

high energy emission spectrum, that agrees with the theorized functional form for

-- ray emission.
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Logarithmic Plot of Energy Flux as Function of Energy

-Power Law Fit

" 10 E Measured Energy Flux
4 Upper Limit on Flux

0-

-12
10 2  9 -0521

E dN/dE= 1x1O E

103
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Energy (MeV)

Figure 6-3: Logarithmic plot of the high energy -y-ray spectrum for Kes 41 emission.
The data points (black) represent flux values produced by likelihood maximization
process for 5a detections, TS > 25. The triangles correspond to calculated upper
limits set on the energy flux for energy ranges with TS < 25. Included also is a power
law fit to the TS > 25 data (red line)

6.3 Luminosity Approximation

The parameters resulting from a fit of the three significant dN/dE flux values from

Table 6.1 can be used to calculate an approximate value of the overall 'y-ray luminosity,

L, of Kes 41 for the entire energy range. This is simply an approximation because

the fit function only used the three significant flux values and therefore cannot have a

low enough x 2 value to rigorously validate the fit. Conducting this fit with the same

power law functional form gave parameter estimations of c = 6 x 10-, and I' = 2.521.

Taking an integral of the resulting dN/dE equation over the full energy range gives

an estimation of the total detected energy flux, NE, from Kes 41. This is done by

taking an integral of Equation (6.1), multiplied by the energy, over the full energy
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range, which may be written as,

1E-a dNNE = E dE (6.2)

Where dN/dE is given by the power law functional form using the parameters pro-

duced during fitting. Following through with the integration and converting to ergs

using the value stated previously results in an estimate of NE = 1.0217 x 101

erg/cm2/s. From here we can quickly calculate the approximate luminosity using the

following equation,

L^ = NE 47rD 2, (6.3)

where the 47rD 2 value corresponds to the solid angle of a distant source. D in this

case is the distance to Kes 41 which has been measured previously as ~ 12.6kpc [25].

This then results in a total 7-ray luminosity, L, = 1.94 x 1035 erg/s.
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Chapter 7

Discussion and Conclusions

In this thesis, the y-ray spectrum of an SNR, a theorized source of cosmic ray diffusive

shock acceleration, was analyzed using data recorded by the FGST LAT over the

entire mission life of the telescope, from August 4, 2008 through March 8, 2013. The

energy range used in this analysis was taken for 200MeV - 204.8GeV, corresponding to

high energy, -- ray emission from non-thermal emission processes including 7ro-decay

due to hadronic cosmic ray acceleration. This ir0-decay is theorized to result from

proton-proton collisions which are made more probable by interaction with proximate

molecular clouds due to a denser concentration of particles. SNR-MC interactions

constrain the source of -y-ray to the 7r 0-decay channel. The SNR Kes 41 was chosen

as the -/-ray source of interest because of its proximity to a source of OH-maser

emission, wihich is indicative of the presence of an MC [18,22,25].

Using the Fermi Science Tools data analysis toolkit, the -- ray morphology of Kes

41 was mapped for a 20 degree radius surrounding the center of the remnant. Then

using likelihood analysis the statistical significance, recorded as a test statistic value,

was calculated for bins over a 0.5 degree radius region. This 'y-ray morphology was

determined to be a > 5- detection over the entire region outlined by the previously

measured radio contours, and resembled the distribution of X-ray emission relatively

closely despite a lower angular resolution [18, 25]. The closeness of these emission

spectra supports the notion that this -- ray emission is due to emission processes

from Kes 41. Also, the proximity of this emission to the observed OH-maser emission
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reinforces that this emission is likely due to 0r0-decay, resulting from shock accelerated

protons.

Likelihood analysis was also used to calculate the parameter values that max-

imized the probability of the occurrence of the received event counts, based on a

theoretical model of local -/-ray sources. These values were then used to calculate the

energy flux for logarithmically spaced energy bins to produce the Y-ray spectrum for

Kes 41, Figure 6-3. For values that lacked the appropriate statistical significance, ex-

perimental energy flux values were replaced by upper limits again calculated through

a likelihood analysis process. Then a typical model of -- ray emission was fit to the

three values of significant flux, from which was derived a functional form for the par-

ticle flux per energy dN/dE [12,22]. The parameters from the fitted model were then

used to estimate the overall y-ray luminosity of Kes 41 given by, L, = 1.94 x 103.

This luminosity is on the same order of magnitude as that measured for SNRs at

similar distance reinforcing the spectral analysis reported in this paper [12,13, 25].

An additional value measured was the number density, n, of particles within the

molecular cloud that may be interacting with accelerated hadrons from Kes 41 to form

-y-ray emission through wr0-decay. Using the energy flux calculated in Section 6.3, but

taking 100MeV as the lower limit, and the distance, D, of Kes 41 from the observer,

measured in [25], we can calculate this using the equation, FE= 4.4E - 7nfESND 2 ,

where () is the fraction of the total supernova energy, ESN, converted to cosmic ray

energy [19]. ESN is typically estimated to be on the order of 10" erg and E will

be given the rather high value of - 0.4. Carrying this equation through using these

values, we arrive at an estimate of the number density, n = 0.15 particles/cm- 3 .

Compared to the density of the ISM, n ~ 10-4 cm- 3 , we can see that the value

describes a region of much greater density than "empty" space. This density is also

on the same order of magnitude of other similar measurements taken for MCs using

other SNR -- ray emission [19]. Though approximate, this value may support the

hypothesis that Kes 41's is interacting with a proximate MC, thereby restricting

the significant 7-ray emission observed in this analysis to the non-thermal wr0-decay

channel, and perhaps indicating observational evidence of cosmic ray acceleration.
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