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Zusammenfassung

Diese Masterarbeit untersucht die Ausdehnung des Krebsnebels in Energiebereichen, in denen
die Inverse-Compton-Komponente seines Strahlungsspektrums dominiert. Die Gréfe des In-
verse-Compton-Krebsnebels wurde auf den Radius 0.040° bestimmt, mit einem 95%-Konfi-
denzintervall von 0.035° bis 0.050°. Die Hypothese des Inverse-Compton-Krebsnebels als
Punktquelle wurde mit einem Signifikanzwert von p < 10 ausgeschlossen. Ferner wurde die
Ausdehnung des Krebsnebels entlang seiner Haupt- und Nebenachsen bei denselben Energien
vermessen. Diese wurden auf die Radii 0.045°, bzw. 0.040° bestimmt, mit einem 95%-Konfi-
denzintervall von 0.030° bis 0.050°, respektive 0.020° bis 0.045°. Eine Uberpriifung der Ana-
lysemethoden anhand der Referenzquelle Markarian 421 wurde durchgefiihrt. Diese konnte

Markarian 421 nicht als Punktquelle reproduzieren.



Abstract

This Master's thesis examines the spatial extension of the Crab nebula in energy ranges, in
which the inverse Compton component of its spectrum dominates. The size of the inverse
Compton Crab nebula was determined to be of radius 0.040°, with a 95% confidence interval
ranging from 0.035° to 0.050°. The hypothesis of a pointlike inverse Compton Crab nebula
could be excluded with a significance of p < 10™. Additionally, the extension of the Crab neb-
ula along its major and minor axes was measured at the same energies. They were determined
to be of radii, 0.045° and 0.040°, with 95% confidence intervals from 0.030° to 0.050° and
0.020° to 0.045° respectively. A cross check of the analysis process was performed on the ref-
erence source Makarian 421. This analysis could not reproduce Markarian 421 as a point

source.
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1 Introduction

Photons travel on geodesics. Specifically, they do not interact with magnetic fields as charged
cosmic rays do, meaning they do not get refracted on their way to earth. The ability to determine
their source is solely limited by one's ability to reconstruct its incoming direction. They provide
the most universal insight to all astronomical objects, and for the most of human history, the
study of stars was equivalent to the study of photons from the night sky. As photons are created
through the interaction of charged particles, they even provide information about other particle

types, and in many ways, help us gain a deeper understanding of astrophysics and the universe.

The high-energy gamma-ray sky is the upper energy boundary in the study of astronomical
photons. It provides a direct link to the most energetic particle interactions in the known universe,
and could potentially reveal the open question of the source of cosmic rays. Through the use of
ever larger and ever more advanced detectors, more and more gamma-ray sources have been

identified, and the study of these sources remains a field of high interest.

The Crab pulsar and its adjoining nebula have long been a staple of both pulsar physics as well
as gamma-ray physics. Many phenomena of pulsars and pulsar wind nebulae have first been dis-
covered in the Crab, with potentially many more to be revealed yet. As a source that is both ex-
ceptionally bright and exceptionally stable, it has become a gateway to the understanding of the
high-energy gamma-ray sky, so much so, that the flux of other very high-energy gamma-ray ob-

jects are commonly measured in units of Crab flux.

At gamma-ray energies, the Crab nebula's properties have changed significantly from that of
the radio Crab nebula. The biggest change is the change in the dominant radiative process
through which it generates very high-energy gamma-rays. While from radio to high-energy gam-
ma-rays most of the Crab nebula's emission stem from synchrotron radiation, at very-high ener-

gies a new spectral component, the inverse Compton component, which had previously been al-
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most completely suppressed, takes over. At these energies, the inverse Compton radiation could

provide insights about the Crab nebula which had been completely inaccessible before.

The aim of this Master's thesis is to take a look at the extension of the Crab nebula at energies
where the inverse Compton part of its spectrum starts to dominate. At these energies, the synchro-
tron component is reduced in size to an almost pointlike source, while the inverse Compton com-
ponent is expected to be emitted uniformly by the entire nebula. By comparing its extension to
that at radio energies, it may even be possible to see an otherwise cold electron population that

may have played a pivotal part in the formation of the nebula.
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2 The Crab

The descriptions in this chapter are largely adopted from Biihler & Blandford (2014).

The Crab nebula is a pulsar wind nebula located within the constellation of Taurus. It is a
product of the “first historical supernova" (Biihler & Blandford 2014, p.3), which can be dated
precisely to the 25" of August 1054 A.D. Aside from the nebula (figure 2.1), the other major rem-
nant of the same supernova is the Crab pulsar located within the nebula, often collectively re-

ferred to as “the Crab”.

Due to its high luminosity and its relative proximity of 2 kpc, the Crab has been thoroughly
studied, leading to an extended understanding of non-thermal processes in the universe. For in-
stance, pulsed optical emission have first been observed in the Crab before they were found in
other sources (Cocke, Disney & Taylor 1969). Major discoveries regarding the Crab are fre-
quently made to this day. Only recently, very-high-energy gamma-ray emission (E > 100 GeV)
have been detected in the Crab pulsar (Aleksic et al. 2012), as well as high-energy gamma-ray
flares (E > 100 MeV) (Tavani et al. 2011), two things never before observed in other pulsar wind

nebulae.

This section describes the Crab and in particular the Crab nebula as the object of study for this
thesis. First, this chapter gives a full description of the properties of the Crab nebula, followed by
a full description of the Crab pulsar. Then it introduces the main processes through which the
Crab produces high-energy photons, namely synchrotron and inverse Compton radiation. Lastly,
this chapter describes Markarian 421, an extragalactic point source on which a cross check of the

analysis process can be performed.
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Figure 2.1: A composite image of the Crab nebula at different energies. Radio emissions are de-
picted in red, optical emissions in green, and X-ray in blue. The shape is roughly that of an el-
lipsis tilted relative to the earth's axis. It is visible how the Crab nebula's emission region gets
smaller with increasing energy. (Biihler & Blandford 2014)

2.1 The Crab Pulsar:

The Crab pulsar (Biihler & Blandford 2014) is a pulsar located at 05" 34™ 31.97° right ascen-
sion and +22° 00' 52.1" declination. Pulsars are possible products of supernovae. At the end of its
life cycle, a star may erupt in a supernova explosion, in which the gravitational pull on the star's
interior overcomes the radiation pressure produced by nuclear fusion. The remnant of such an ex-
plosion is a neutron star, containing most of the original star's mass confined in a sphere with a
radius of only a few kilometers. This has some drastic effects on its properties. Because of con-
servation of momentum and energy, the neutron star retains its angular momentum and its
squared magnetic energy density, leading to very low rotation periods and strong magnetic fields.

Since the magnetic and rotational poles usually aren't aligned, the magnetic field rapidly changes
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upon rotating and emits strongly collimated radiation. As the star rotates, these emissions pass the
field of view of earth for short times. The emissions thereby appear to be pulsed, and such a star

is called a pulsar (Harding 2013).

The Crab pulsar has a pulsation period of roughly 33.6 ms, which is slowing down at a rate of
4.2:10". This slow-down rate, however, is prone to glitches, limited time frames in which the
slow-down rate massively increases or decreases. Because of this, ephemerides are needed, which
are tables keeping a steady track of the pulsation period and the slow-down rate for a pulsar at
specific points in time. Otherwise, the error in the pulse timing would pile up and create the illu-
sion of a (more) uniform distribution throughout the pulsar phase. An unusual characteristic of
the Crab pulsar is the occurrence of flares, where over short periods of time, the flux of radio

emissions increases hundred- or even thousandfold.

Like the majority of high-energy pulsars, the Crab pulsar has two peaks (figure 2.2) in its
phase profile. The main pulse is located at the pulsar phase ¢ = 0.0/1.0 and the inter-pulse at
¢ = 0.4 (Biihler & Blandford 2014). Throughout different energy bands, only shifts smaller than
A <0.01 in their arrival times are seen. Its spectrum mainly consists of three components: a ra-

dio component, an X-ray component, and a gamma-ray component emerging at energies greater

than 100 MeV.

2.2 The Crab Nebula:

The Crab nebula is a pulsar wind nebula. It is part of a system which can be divided into three
parts: the pulsar and its magnetosphere, the cold pulsar wind, and the synchrotron nebula. As only
about 10% of the rotational energy lost by the Crab pulsar is lost in pulsed emission, it is believed

the rest flows into the construction of its nebula. Pulsar wind nebulae are created when, at the
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Figure 2.2: Crab flux as a function of the pulsar phase over two pulsation periods. The indi-
vidual pictures refer to the energy ranges radio (1.4 GHz), optical (1.5 — 3.5 eV), x-ray(100 —
200 keV), high-energy gamma-ray (100 - 300~MeV), ultra-high-energy gamma-ray (50 —
400 GeV). (Biihler & Blandford 2014)

pulsar surface, the strong rotating magnetic field induces a large electric potential. This potential
1s big enough to rip particles out of the pulsar and fill its magnetosphere with plasma, which then
flows out and is accelerated along the magnetic field lines. This pulsar wind predominately con-
sists of electrons (and in equal part positrons). The wind itself is radiationless, until it starts inter-
acting with the nebula at the termination surface. In the case of the Crab, the termination surface
is located at a distance of about 10 arcseconds from the pulsar. At this surface, the surrounding
nebula's pressure causes the electrons to radiate, mostly through synchrotron radiation. It is also
assumed that the electrons are reaccelerated at the termination surface as an additional accelera-
tion to that at the field lines inside the pulsar wind. Three-dimensional simulations of the nebula
development even suggest that no acceleration along the magnetic field lines is needed, and the
particle acceleration is entirely done at the termination surface (Porth, Komissarov & Keppens,
2012). The properties of any individual pulsar wind nebula much depend on the properties of its

pulsar.

The Crab nebula is roughly elliptical in shape, with a major axis of 7 arcminutes, and a minor
axis of 4.6 arcminutes across, and an angle between major axis and right ascension of 30 degrees
(Hester 2008). In optical, many substructures of the nebula can be seen, for example thin arcs of
increased emission, called wisps, which give the nebula its crab-like appearance. These substruc-

tures disappear with increased energy, since the outer regions of the Crab emit a softer spectrum.

At lower energies, the nebula mostly emits synchrotron radiation. At energies higher than
1 GeV however, another spectral component starts to dominate, which is its inverse Compton

component. Both will be more thoroughly explained in section 2.3.

Another noteworthy feature of the Crab nebula is the irregular appearance of flares, during

which the gamma-ray flux of the Crab nebula dramatically increases up to a factor of ~30. Until
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September 2013, six high-energy flares have been recorded (Mayer etal. 2013, Tavani et al.
2011). The increase in flux and spectrum during the flare vary considerably. During the flare of
April 2011, the largest of its kind, an entirely new spectral component was found (Biihler 2011).

The origin of these high-energy flares still remains unclear.

2.3 Radiation Processes:

This chapter features a short description of synchrotron and inverse Compton radiation. A
more thorough derivation of the properties of both synchrotron and inverse Compton radiation

can be found in Appendix A.

2.3.1 Synchrotron Radiation:

When a charged particle is accelerated, it radiates electromagnetically. This is true regardless
of the form of acceleration, be it an in- or decrease of the total particle momentum or deflection
of the particle. It can be shown (Rybicki & Lightman 1979, p. 140) that the total radiated power

1S:
2q2 4 2 2
P ==Ly a, +y'a))
3c

with ¢ the charge of the particle and y = E/(mc’) the Lorentz factor.

Magnetic fields deflect charged particles which have a velocity component perpendicular to
them onto a circular path (or a spiral path in case of an additional parallel component). This de-
flection leads to the particle radiating light. In the case of a relativistic particle, this emitted radi-
ation is referred to as synchrotron radiation, after synchrotron particle accelerators in which it

was first discovered. It is one of the most common types of radiation in astrophysics, as it is

8



The Spatial Extension of the Inverse Compton Component of the Crab Nebula
2 The Crab

present in all systems containing relativistic particles and magnetic fields. In the case of the Crab
nebula, the emitting particles are electrons accelerated at the shock front of the Crab pulsar,

which then interact with the nebula's ambient magnetic field.

The total power emitted by a single electron through synchrotron radiation is:

2
P = Y zvperp = grécﬁperpysz

2q2 . qZBZ
3 3 2 2
c ymc

where ry = g%/(4mesmc?) is the electromagnetic particle radius and § = v/c.

This emission is highly dependent on the particles' average Lorentz factor, so that lighter
particles (i.e. electrons) radiate much stronger than heavier ones. This equation for the total emit-
ted particle power can rearranged as:

2

P =) B Y B = Sorepy U,

with the Thomson cross section as or = 8/3 mr,* and the magnetic energy density Uz = B*/8x

The size of any synchrotron emission region is tied, on the one hand, to the distribution of its
magnetic fields. On the other hand, it is also tied to the injection location of the emitting particles.
As the particles emit synchrotron radiation, they lose energy and velocity, leading to a smaller
Lorentz factor and weaker emissions. The mean free path 4,, for an electron over which it loses

half of its energy due to synchrotron radiation is given by:

-1
My = Pety, = |%| ooy

The mean free path drops off with increasing energy. In the case of high-energy gamma-rays
for the Crab nebula, this mean free path becomes too short for the strongest synchrotron emission
to occur too far from where the electrons are injected into the magnetic field. For the Crab neb-
ula, this injection point is the shock front of the Crab pulsar, leading to the synchrotron nebula to
appear pointlike at high energies (explaining the decrease in size in figure 2.1 with increasing

photon energy).
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2.3.2 Inverse Compton Radiation:

The Compton effect occurs whenever a photon is scattered off an electron at rest. Since the
photon carries momentum, the electron can recoil, gaining energy and momentum which the
photon loses. The scattered photon therefore has higher wavelength and lower energy than the in-

coming one. The change in wavelength is always positive and is described by:
A—h = A (1—cos0)

Inverse Compton scattering

V>V
High energy e- initially
e- loses energy

Figure 2.3: A sketch of the inverse Compton effect. The incoming photon is scattered off a
highly relativistic electron and gains energy. (venables.asu.edu/quant/proj/compton.html)

with A the wavelength of the incoming and A; the wavelength of the outgoing photon, and the

Compton wavelength defined as:

_h

mc

For electrons, it is A. = 0.02426 4 .

In the rest frame of the electron, the Compton effect is always the same, and the energy trans-

fer is always from the photon onto the electron. In a different reference frame (the lab frame)

10
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however, in which the electron is highly relativistic, the momentum transfer may slow down the
electron, resulting in a net energy transfer from the electron to the photon. This case is called the
inverse Compton effect. This process is commonplace in astrophysics and generates high-energy

photons, which as a whole, are referred to as inverse Compton radiation.

The exact properties of the inverse Compton effect can be derived from the properties of the
Compton effect by solving its equations in a Lorentz-boosted reference frame. This leads to the

energy of the outgoing photon ¢, in the case optimal angles to be:

with € the energy of the incoming photon.

If €y << mc? holds, so does the approximation on the right-hand side. It is still a good approx-
imation for photons of energies ~100 keV scattered off electrons with a gamma of 1000. This

way, the inverse Compton effect can easily generate photons with energies > 1 GeV.
The total power emitted by a single through inverse Compton radiation by an arbitrary photon
density can be derived to be:

S NG

compt 3

This emitted power has very similar dependencies on most factors to the emitted synchrotron

power, so that their ratio reduces to:

Psynch<r> — UB(r)
Pcompt(r) Uph(r)

In this context, synchrotron and inverse Compton radiation can be distinguished by their de-
pendence on a single parameter. Thereby it is possible for either component to significantly dom-
inate over the other, in either the case of an electron population with a much larger surrounding
magnetic filed, or the case of an electron population with a much larger photon density. However,

while it is possible to have an electron population in the absence of magnetic fields emit only in-

11
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verse Compton radiation, the reverse is not possible. Since synchrotron emission produces
photons, it will inadvertently produce a local photon density, which also produces inverse
Compton radiation. Thus, any synchrotron source will reappear at its initial size in a higher en-
ergy range as an inverse Compton source, within the background of additional inverse Compton

sSources.

For the Crab nebula, this means that measuring the extension of its inverse Compton compon-
ent should yield at least the size of its synchrotron component. The inverse Compton Crab nebula
may also be larger, which would hint at the existence of otherwise cold electron populations with
no magnetic field within the nebula. It could appear smaller due to the measured inverse
Compton component being the boosted emissions of the X-ray synchrotron nebula, which is
smaller. In this case, the electron populations' average Lorentz factor are relatively small, and the
inverse Compton component from the radio nebula would appear at smaller energies which are
harder to locate through the background of emissions from the synchrotron nebula as well as the
pulsar. In either case, the inverse Compton component delivers vital information on the exact

composition of the nebula.

2.4 Markarian 421;

Markarian 421 (Mkn 421) is a blazar located at right ascension 11" 04™27.31%, declination
38°12'31.8", and a redshift of z =0.031 and is one of the brightest extragalactic gamma-ray
sources in the sky (Abdo et al. 2011). It is a source with major outbursts consisting of many short

flares about once every two years (Bartoli et al. 2015).

Blazars are galaxies with strong emission from the accretion of mass by a supermassive black
hole at their center (so called Active Galactic Nuclei). They have two highly collimated, relativ-

istic jets coming out the accretion disk from opposite sides, which are seen from earth at a small

12
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Y

incoming gamma ray

-‘-

electron-positron pair

angle. They are very variable regarding their emissions over extended periods of time. Blazars are
the dominant source of radiation in the extragalactic very-high-energy sky (energies > 0.1 TeV)

(Bartoli et al. 2015).

The flux and also the spectrum of Markarian 421 are highly variable. During a 4.5-year multi-
wavelength observation, Bartoli et al. (2015) observed seven flares, ranging in duration from a
few days to a few weeks, falling into three categories within the Fermi LAT energy regime: those
with little variation in spectrum and flux, those with high variation in flux only, and those with a
hardening of the spectrum only. The flux varied by a factor of up to 12, while the spectrum varied

up to 0.27 in difference of spectral indices during some of these flares.

For this thesis, Markarian 421 was chosen as a pointlike reference source, on which the ana-
lysis procedure could be repeated. It was chosen since it is an extragalactic source with a flux

comparable to that of the Crab nebula at very-high energies. The high variability of its flux is not

13
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expected to cause any problems during the analysis.

14
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3 Fermi LAT

This chapter follows the detailed description of the Fermi LAT experiment found in At-
wood et al. (2009).

The Fermi Large Area Telescope (Fermi LAT) is a high-energy gamma-ray telescope based on
the Fermi Gamma Ray Space Telescope (Fermi) mission, with an energy coverage ranging from
20 MeV up to more than 500 GeV. It started data taking on August 4™ 2008, shortly after the
launch of the Fermi Satellite on June 11" 2008. Similar to its predecessor, the Energetic Gamma-
Ray Experiment Telescope (EGRET), it is designed to survey the entire sky. Its basic layout can

be seen in figure 3.1.

Its primary mission objectives are (Atwood et al. 2009, p.3) “(1) determining the nature of
unidentified sources and the origins of the diffuse emissions revealed by EGRET, (2) understand-
ing the mechanisms of particle acceleration operating in celestial sources , particularly in active
galactic nuclei (AGNSs), pulsars, supernovae remnants, and the Sun, (3) understanding the high-
energy behavior of GRBs [Gamma Ray Bursts] and transients, (4) using gamma-ray observations
as a probe of dark matter, and (5) using high-energy gamma-rays to probe the early universe and

the cosmic evolution of high-energy sources to [redshifts] z > 6.”

As a satellite-based telescope, Fermi LAT has some advantages and some disadvantages over
ground-based telescopes. Its main advantage is to be able to detect the incident photon right at its
interaction point, as the initial photon interaction takes place inside the detector. Ground-based
experiments can only measure particles on ground-level, after they have started a particle cascade
within the earth's atmosphere. In theory, this should lead to a much superior resolution in energy,
direction and identification of incoming particles for satellite-based experiments, although in
practice, ground-based experiments have found sophisticated analyses to reach similar resolutions

and identification through the use of multiple detector types and the measurement of additional

15
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Figure 3.1: Highlighted is one of the 16 identical modules that make up Fermi LAT. Incoming
gamma-rays convert into an electron-positron pair in the tracker (top). This electron pair is then
tracked before its energy is measured in the calorimeter (bottom). The Anti-Coincidence Detect-
or which surrounds the structure can be seen to the side. (Atwood et al. 2009)

parameters, such as direct Cherenkov light deposition or muon count (Aharonian et al., 2007,
PAC 2015). Its main disadvantage is its limited size due to the limited size of the host satellite.
While modern ground-based detectors cover square kilometers of effective target area, satel-
lite-based detectors are limited to sizes less than a square meter. As the particle flux quickly drops
off with energy, satellite-based detectors can only cover smaller energy ranges (MeV to GeV
scale) to maintain the same event rates, which does complement the ground-based telescopes, as

these energies are not entirely covered by them (GeV to TeV scale).

This chapter will deliver a detailed account on the makeup and workings of Fermi LAT. The
first part goes over each of its individual components. The second part gives a summary of the

total event reconstruction and subsequent acceptance/rejection. The third part will explain the

16
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Fermi tools, software provided by the Fermi Science Support Center (FSSC) to analyze Fermi

LAT data.

3.1 Fermi LAT Components:

At the energy range covered by Fermi LAT, gamma-rays mainly interact with matter via the
production of electron-positron pairs. The cross section of this process is highly dependent on the
electron density of the target material, meaning substances with a high atomic number Z are pre-
ferred. The produced electron-positron pair can then be tracked and its properties measured to in-
fer the properties of the initial photon. Thus, the detection of high energy gamma-rays is a two
part process: first is the conversion of the gamma-ray into an electron-positron pair within suit-
able converter material, followed by measurements on the electron-positron pair in the following

detector parts.

Fermi LAT consists of detector technologies with “an extensive history of application in space
science and high-energy physics with demonstrated high reliability” (Atwood et al. 2009, p.4),
with its systems and subsystems being tested in accelerator beams. Its main features are a preci-
sion converter-tracker (section 3.1.1), a calorimeter (3.1.2) supported by a low-mass aluminum
grid structure, a segmented anti-coincidence detector (ACD), as well as a programmable trigger
and data acquisition system (DAQ, 3.1.3), all arranged into 16 identical modules in a four-by-
four grid. These parts will be discussed in the following subsections. The aspect ratio of its height
to width is 0.4, to maximize its field of view, while also ensuring that as many pair-conversion
events as possible pass into the calorimeter after triggering. Fermi LAT is able to self-trigger,
thanks to the silicon strip detectors it uses not requiring an external trigger. The DAQ uses
onboard processing to reduce the rate of events transmitted to a manageable 1 Mbps by focusing

on the rejection of cosmic ray events. None of its components use any consumables such as gas.

17
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Figure 3.2: The whole 4-by-4 array of converter-tracker modules before integration with the
ACD. (Atwood et al. 2009)

3.1.1 Precision Converter-Tracker:

Each converter-tracker module (figure 3.2 and 3.3) consists of 18 tracking planes, each made
up of two layers of single-sided silicon strip detectors (SSDs). Strips of the same layer are paral-
lel, while those of the proximate layer are rotated by 90 degrees, to allow for proper resolution in
both x- and y-direction. The first 16 planes also contain a layer of high-Z tungsten for conversion
on top. So, each conversion layer is followed by at least three double-layers of SSDs (see fig-
ure 3.4).

One of the most important features of the Fermi LAT tracker is its division into two regions.
The first twelve layers make up the “front” region. Here the converter foil of each layer is relat-
ively thin (0.03 radiation lengths), allowing for an immediate, and thereby more precise, tracking

of the electron-positron pair after conversion and an improvement of the point-spread function.

Figure 3.3: One of the 16 converter-tracker modules opened at one side. (Atwood et al. 2009)
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The remaining six layers make up the “back” region, containing four much thicker converter foils
(0.18 radiation lengths). This allows for a significant increase in effective area available for de-
tection. The general idea is to first attempt to track each incoming photon with the maximum ob-
tainable precision, then try to catch as many of the photons having slipped through the front re-
gion, with less of a regard towards precise tracking. The front and back regions are balanced in
such a way that they have roughly the same sensitivity to a LAT point source, although the exact

ratio is dependent on each source's specific spectral characteristics.

The silicon strip detectors are 8.95 cm x 8.95 cm x 400 pm in size, with aluminum readout
strips spaced at distances of 228 um. Sets of four SSDs are bonded into “ladders” of about 35 cm
length, with four of these ladders mounted next to one another at 0.2 mm distance. The SSDs
contain dead area of roughly 1 mm length off to their sides. The tungsten converter foils only

cover the active part of the SSDs.

The ability to track an incident photon is measured in terms of the point-spread function
(PSF). This function describes how the reconstruction of photons originating from a single point
source are distributed and is usually denominated by its 68% containment radius. The PSF is
mostly limited by the multiple scattering of and production of bremsstrahlung by the electrons.
As these effects get less distorting with increasing energy, the PSF improves. This makes the PSF

strongly dependent on energy.
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Figure 3.4: Illustration of the Fermi Converter-Tracker design principle. Photons are first con-
verted into charged particles in the W converter foil (gray) and then tracked in the Si detectors
(white). The additional y-axis tracking is not portrayed. The illustration shows an ideal photon
conversion and tracking (a), as well as suboptimal tracking due to a missed hit (d) and conver-

sion within structural elements (e). The latter cases significantly decrease the resolution. (At-
wood et al. 2009)

Triggering is achieved through measuring a coincidence in successive layers. Additionally, the
time-over-threshold for each readout is kept and later used for background rejection.
The rest of the tracker design is for the most part focused on minimizing dead area and maximiz-
ing sustainability. For example, each plane is embedded into a tray made of carbon, chosen
primarily for its small weight and long radiation length. Also, each tracker layer has two readout

electronics, which are placed at the side, as not to interfere with the tracking.
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3.1.2 Calorimeter:

Each calorimeter module consists of 96 Csl crystals of size 32.0 cm x 2.7 cm x 2.0 cm, ar-
ranged in eight layers of twelve crystals. Its depth of 2.0 cm corresponds to a total length of
8.6 radiation lengths (10.1 when including the tracker) for the entire setup. Neighboring modules
are rotated by 90 degrees for segmentation in x- and y-direction to form a hodoscopic array

(Carlson et al. 1996). All crystals are optically isolated from one another.

Each crystal has four PIN-photodiodes as readouts, two on either side of its long dimension.
They measure the scintillation light transmitted to their respective ends. The layout of the diodes
allows for a more precise measurement of the shower position, based on light asymmetry. Along-
side the position of the crystal within the module, this means the shower can be reconstructed in

all three spacial dimensions. The photodiode pairs consist of a large diode (area of 147 mm?),
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covering an energy range from 2 MeV to 1.6 GeV and a small diode (area of 25 mm?) covering

100 MeV to 70 GeV.

The longitudinal segmentation allows for measurements up to TeV energies. These energies
are reached through the readout of multiple crystals (catching the electron and the positron) and

through estimates of shower leakage. The energy resolution is only limited by the statistical fluc-
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tuation of shower leakage.

3.1.3 Trigger and Anti-Coincidence Detector:

The Fermi LAT Data Acquisition System (DAQ) works hierarchically. At the lowest level,
there are 16 Tower Electronics Modules (TEMs), one for each detector module, directly connec-
ted to the tracker and calorimeter pair. These can initiate a trigger request by two means: (1) if a
tracker channel is over threshold and additional criteria, such as hits in three successive planes,
are met, or (2) if any of the calorimeter crystals exceeds a certain energy threshold. In either case
the trigger request is sent to the Global-trigger Electronics Module (GEM). This request is com-

plemented with input from the Anti-coincidence detector (ACD).

The ACD consists of plastic scintillators covering the outside of the module array. These scin-
tillators detect incoming charged particles based on the signal they leave inside, a signal that is
not left by charge-neutral photons. This signal is used for the rejection of charged particle back-
ground. The plastic scintillators are made up of tiles (segmented parts), with the light collected by
wavelength-shifting fibers. The ACD achieves a 99.97% detection efficiency of charged particles,

meeting the requirement to reduce the background to rates below those of gamma-ray acceptance.

A challenge of the ACD is the so-called backsplash effect. Secondary photons produced within
the calorimeter shower may Compton scatter in the ACD and create false vetoes. To avoid this,
the ACD is segmented and only the segment near the incident photon track is considered. At
high-energy events (above ~20 GeV) the trigger ignores the ACD and the data is recorded in all

cases to get analyzed using more complex software on Earth.

If the trigger request meats the criteria posed by the GEM, a trigger accept message is sent to
each TEM and ACD module, responded to by a trigger acknowledgment signal. This causes the

entire instrument to be read out.

The signal is then sent to the instrument-level event builder module (EBM), which passes it on
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to the Event Processor Units (EPUs). There are two EPUs on board, applying filter algorithms to
reduce the event rate from 2-4 kHz down to 400 Hz which can then be downlinked to and further
processed on earth. The filter algorithms are largely focused on rejecting charged particle events

while also maximizing the number of gamma-ray kept within the manageable rate.

3.2 Data Format:

All Fermi data is publicly available from the FSSC (2016) website. Fermi data consists of two
types of files. The first type is the event file, in which all information about the reconstructed
photons, such as energy and position, is stored. The second type is the spacecraft file which stores
all positional and timing information about the Fermi satellite. The latter is mostly used to de-
termine Fermi's momentary field of view or calculate barycentric corrections, while analysis

work is mostly done on the former.
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Figure 3.5: The 68% and 95% containment radii of the PSF for front- and back-converted
events. Front-converted events have an improved PSF of a factor of 2, due to the proximity of
converter foil and tracker. (SLAC 2016)
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Figure 3.6 & 3.7: The 68% and 95% containment radii of the PSF for the different PSF classes.
Each PSF corresponds to 25% of event data. Through this partition, the PSF can be improved
by a factor of 10 between poor PSF events (PSFO class) and good PSF events (PSF3 class).
(SLAC 2016)

The reconstruction of Fermi data has, over time, undergone a few changes. The current itera-
tion of data reconstruction (so called Passes) is Pass 8, which offers a number of improvements
over the previous Pass 7 installment. Most important for this Master's thesis is the extension of
the photon event classes. Previously, the data was only partitioned into front-converted and back-
converted events (see figure 3.5), each with its own set of Instrument Response Functions (IRFs).
With Pass 8, the data is additionally partitioned into quartiles by PSF and energy dispersion, with
each partition having its own IRFs that can not be mixed. The division of the data into these
quartiles has been confidently determined over time and is based on information from all Fermi
LAT detector parts, such as the total number of tracker hits and the number of additional tracks
within the tracker. Figures 3.6 and 3.7 show the difference in PSF between each PSF type. For
more information on Pass 8 see Atwood et al. (2016) or SLAC (2016).
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3.3 Fermi Tools:

A number of computer programs to evaluate Fermi LAT data, called Fermi tools, are readily
made available at the Fermi Science Support Center (FSSC 2016). The purpose of these programs
ranges from simple cuts on data over likelihood analyses to full simulations of event and space-
craft data. The programs frequently used over the course of this Master's thesis are explained be-

low.

gtselect:

gtselect is used to apply additional cuts on data in order to create smaller subsamples. The cuts
are mostly the same as those already applied upon data selection, such as cuts on energy, time, or
event class. One additional cut is that on the maximum apparent zenith angle, advised to be

90 degrees. These cuts are then compatible with the usage of other Fermi tools.

gtmktime:

gtmktime is used to make cuts on data based on the spacecraft file. It uses information from the
spacecraft file to create so-called “good time intervals”, based on satellite orientation and the
earth's position to ensure that the data is valid, especially checking if the source was, at the mo-

ment of data taking, not too close to the earth's limb.

gtpphase:

gtpphase is used to calculate the pulse phase of incoming photons. It uses the pulsar's ephemeris
information, fed to the program separately, then applies barycentric corrections to calculate the

arrival times from the pulsar's frame of reference.

gtobssim:

gtobssim is used to simulate data sets based on source input and spacecraft files. It is able to

26



The Spatial Extension of the Inverse Compton Component of the Crab Nebula
3 Fermi LAT

handle point as well as extended or even isotropic sources. It works by generating photon events
based on the sources spectral information, then randomly applies errors to the photon reconstruc-
tion based on the instrument response functions. Note that the instrument response functions for
these simulations are simplified compared to real data. It is only possible to simulate singular
IRFs, i.e. those for front-converted events only or for PSF3 events only. “Real” simulations are

therefore generated through the stacking of multiple gtobssim simulations.
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4 Data Selection

4.1 Initial Data Set:

The analyzed data set was downloaded from the FSSC website (see section 3.2) using the fol-

lowing input parameters:

Object name or coordinates: Crab (RA = 83.6331°, DEC =22.0145°)

Coordinate system : J2000

Search radius (degrees): 15

Observation dates: START (2008-08-04 15:43:36 ), 2015-06-30 23:59:59

Energy range: 1000, 2000000

The data covers a time span of almost seven years, from August 2008 to June 2015. A second
identical data set was created by cutting the first (hereafter referred to as full time data) into
pieces covering a time span of one month each (hereafter referred to as piecewise data). All
pieces cover exactly one month starting from the 1* day of the month to the last with the excep-
tion of September 2011 and November 2011, which were further cut into two and three parts re-
spectively to account for rapid changes of the pulsar phase during these times. The piecewise data
allows for an easier handling of the Crab pulsar ephemeris, as it is also defined individually over
the same 1-month time periods (including September 2011 and November 2011). The energy
range was chosen to begin at a point where the nebula's inverse Compton component signific-
antly dominates over its synchrotron component (1000 MeV), and end at the highest energies de-
tectable by Fermi LAT (> 1000000 MeV). The search radius of 15 degree is a standard value for
Fermi LAT searches. It is designed to locate any other sources whose radiation may partially be

reconstructed in proximity to the Crab nebula. It has to account for both the Crab nebula's as well
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as the other source's PSF. Since the PSF improves with energy (see figure 3.6), and the radius of
15 degrees was chosen for the worst PSF at 30 MeV, this radius could have been made smaller,

but was kept the same out of convenience.

In this case, the word radius refers to the angular separation on the celestial sphere and is
therefore calculated differently from the radius on a flat plane. The haversine formula is used to

calculate the angular separation between two points (R4;, DEC)) and (RA4,, DEC>) as:

r = sin'(Vsin(A DEC ) +cos( DEC, )cos(DEC,)sin(A RA)?)

One additional cut was applied through the Fermi tools gtselect and gtmktime in their standard
settings. This cut requires the remaining photon data to have a maximum apparent zenith angle of
90°. It is made as to not include any secondary photons created by cosmic rays within the earth's
atmosphere.

To account for the remaining background from the Crab pulsar, all photons were assigned a
pulsar phase through the use of the gtpphase Fermi tool and proper ephemeris data. As per norm,
this pulsar phase ranges from 0.0 to 1.0, with 0.0 corresponding to the main peak of the current
and 1.0 to the main peak of the next pulse. For this analysis, ephemeris data was taken from the
Jodrell Science Bank of Astrophysics (Lyne, Pritchard & Graham-Smith 1993). As the ephemeris
are defined for individual months, the pulsar phase was only assigned to the piecewise data.

Some days were not covered by the ephemeris and subsequently cut.

gtpphase was unable to evaluate the proper times of arrival and recreate the main peak at the
pulsar phase value 0.0. Instead, the main peak was located at a random phase for each month. The
location of the main peak was shifted to 0.0 manually. For this, the pulsar phase was divided into
100 bins, each corresponding to 0.01 pulsar phase. Then the bin with the maximum number of
entries was assigned the value 0.0. A veto required the secondary peak (as a local maximum) to
be located at 0.3 - 0.5, roughly corresponding to the expected peak position at 0.4 (see figure 2.2).
Otherwise, the main peak value would be reassigned to the secondary peak value and the require-
ment checked again. The veto did not trigger for any of the monthly data, meaning that the main

peak was exclusively stronger than the secondary peak. The full data phasogram can be seen in
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figure 4.1.

The off-pulse phase was estimated to be at 0.49 < ¢ < 0.89. A cut was made on the piecewise
data to keep only the off-pulse data. This cut elimantes all pulsar photons, keeping only photons
stemming from the Crab nebula (synchrotron and inverse Compton) and other background
sources. This cut also reduces the number of nebula events by the relative size of the oft-pulse

window to the full pulsar phase, which is a factor of 0.4.
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Figure 4.1: A phasogram of the whole Crab data set. The energy range covered is 1 —
2000 GeV. The bin size is 0.02 of the pulsar phase. The data shows the typical Crab pulsar pro-
file (compare to figure 2.2) with the main pulse located at 0.0 and the secondary pulse located at
0.4. The off-pulse region was determined to be between 0.49 and 0.89 (yellow).

4.2 Simulations:

A number of models were created to describe the Crab nebula in its spatial extension. All mod-
els assume a “tophat” profile for the Crab nebula, in which the flux is homogeneous inside a cer-
tain radius » around the center and drops off to 0 at the edges. The radii for these tophat models
ranged from a pointlike source in steps of 0.05° to a maximum of 0.10° for a total of 21 models.
As the radio Crab nebula is elliptical in shape, these models are not expected to recreate the Crab

data fully, but instead give a general idea of its average extension.

A data set was simulated for each nebula model using the Fermi tool gtobssim. The simulated
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spectrum was the same for each model. This spectrum was an amplified version of the inverse
Compton Crab nebula spectrum taken from Biihler (2011) with the amplification factor 100 to in-
crease the amount of test statistics. They were done in both a piecewise and a full time fashion. In
the same fashion, models for Markarian 421 were created, using the same spatial templates, but a
different spectrum and a smaller amplification factor of 10. The spectrum for Markarian 421 was
taken from the Fermi LAT 4-year catalogue (FERMI 2016), which has compiled information on

all sources Fermi LAT has identified in the first 4 years of its running.

Additional background simulations were created. For this, the Fermi LAT 4-year catalogue
was browsed for all sources within a 15 degree radius around the Crab pulsar. These sources were
then collectively simulated in one background file using the listed spectra and, if existent, spatial
extensions. All sources with no listed spatial extension were assumed to be pointlike. Addition-
ally, the galactic background and the isotropic background were simulated in the same file, using
the models provided at FERMI (2016). The total flux of the galactic and isotropic background
were calculated through integration of the provided spectra and spatial maps. The only sources
excluded from the background simulation were the three Crab sources: the Crab pulsar, the syn-
chrotron Crab nebula, and the inverse Compton Crab nebula. A background simulation for
Mkn 421 was done the same way, except with only sources in a 5 degree radius around Mkn 421

included (save for Mkn 421 itself).

As gtobssim can only handle one set of IRFs at a time, the simulations were done individually
for each PSF class. Additional simulations for exclusively front- or back-converted data were
considered, but decided against. Cuts on the conversion type could help further improve the PSF,
as front-converted events have a much better PSF than back-converted events, but conversion
types and PSF types are correlated enough to make such an additional cut needless (see fig-
ure 4.2). Therefore, the data was simulated as the different PSF types only, and the full model is

reconstructed by adding up some or all of these four PSF simulations.

All simulated energy spectra drop off at 500 GeV due to simulation limitations. The effect of

this cutoff is manageable, since at this energy range the PSF function has already reached a plat-
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eau and the Crab only records about two dozen events above these energies, which behave like

500 GeV events. These events can reliably be compensated by reweighting lower energy simula-

tions to compensate.
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Figure 4.2: The composition of conversion types for the different PSF types in the full time
data set. Less than 10% of events in the highest PSF quartile are back-converted, implying a
correlation between these two partitions.

4.3 Applied Cuts:

In addition to the cut on the pulsar phase, three other cuts were considered to increase the ob-

tainable resolution of the data set. These were cuts on angular separation, energy, and PSF class.

Angular separation cut:

The initial search radius of 15 degrees still contains a large portion of the sky, including many
background sources. For a proper source analysis, it is necessary to eliminate as many of these
background sources as possible. Since most of these sources are far away from the Crab, this can
be most easily achieved by a cut on the angular separation between the photons and the Crab
pulsar. The exact cut value needs to be as small as possible to eliminate as many background
sources as possible, while still being large enough to contain most of the data and simulation neb-

ula photons, to make a distinction between the different model templates possible. The latter is
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the case, if the cut value is several times larger than the PSF. Only two cut values were con-
sidered: 0.5° in the case of a low energy cut, and 0.25° in case of a high energy cut.
Figure 4.3 showcases the percentage of simulated photons contained in a 0.25° radius around the
center after the final cuts were applied. This percentage does not drop off significantly up to the

largest model, meaning this angular separation cut fulfills the demanded requirement.

Energy:

A cut on energy has several effects on the data set. First, it reduces the number of signal Crab
nebula events. At the same time, it also reduces the number of background events. The ratio of
signal to background improves with increasing energy, as the inverse Compton nebula has a
harder spectrum than all considered background sources. Also, the PSF improves considerably

with increasing energy. An optimal cut would balance these three effects.

Nine energy cuts in total were considered on energies in roughly logarithmic steps of 0.25
from 10° to 10°.

Figures 4.4 and 4.5 show the energy dependence of the PSF for each PSF class individually
and for every PSF class stacked with higher PSF classes for the pointlike model simulation.
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Figure 4.3: The amount of simulated photons contained in a 0.25° radius around the center for
all spatial models after the final cuts were applied. The red line represents PSF3 data, the blue
line PSF2 data. In both cases, more than 97% of the photons are contained inside this radius, in-
dependent of the template used.

PSF Class:

A cut on the PSF class has a similar effect as a cut on energy. It also improves PSF and re-
duces both signal and background, although it does leave the signal to background ratio largely
untouched. Again, an optimal cut will compromise between the improvement of PSF on the one
side and the reduction of signal on the other. The PSF cuts considered were on any number of the
lowest PSF classes. This results in four possible cuts from cutting no PSF classes to cutting the

PSF classes 0 to 2 from the data.

Figure 4.4 & 4.5: The 68% containment radii for the different PSF types as a function of En-
ergy as determined from the simulation of the pointlike model template. At the top are the PSFs
for each PSF class individually. At the bottom are the total PSFs of each PSF class stacked with
higher PSF classes. PSFO+ corresponds to the total PSF. The PSFs are in accordance with the
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model PSFs (figure 3.6)

Figures 4.6 and 4.7 show the energy dependence of Crab data and simulated background for
the different PSF classes in a 0.25° radius around the Crab pulsar. The exact PSF composition
shows an interesting behavior for the data. At first higher PSF classes dominate. This is due to the
PSF of lower classes being too large to fit entirely inside the cut radius. At medium energies, the
composition becomes more equalized, as all PSFs improve to a level which fits inside the radius
(although the PSFO class does not achieve values lower than 0.25°). At higher energies, the exact
composition is dominated by statistical error, although here lower PSF classes may start to dom-
inate. At higher energies, events are more likely to deploy multiple tracker and calorimeter hits,
which makes reconstruction much more uncertain. Events with too much uncertainty then cannot

fulfill the strict PSF2 or PSF3 requirements.

To find the cuts to gain the best obtainable resolution, this best obtainable resolution needs to
be quantified. For this thesis, the obtainable resolution will be quantified as the total error on the
position of the center of a data set in right ascension and declination. This error can be estimated

from the data as follows:

For a single signal photon, the error on the data center is given by the error on this photon's
position. This error is proportional to the point spread function, since right ascension and declina-
tion are only correlated by a scaling factor. As it does not contribute to the relative precision, the

proportionality factor is set to one for simplicity:
2 2
Orotal ( Nsignal = 1) = 0PSF
For n signal photons, the center location becomes the mean value of all photons, and their er-
rors add quadratically. As their errors are assumed to be the same, this simplifies to:

N () : O 2
2 _ v« Opgp \ PSF
O Total ( Nsignal) - Zl—:1 ( ) - Nsignal 2
signal signal
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Figure 4.6 & 4.7: The energy dependence for the different PSF classes in the background (top)
and signal (bottom) simulations in a 0.25° radius around the Crab pulsar. The logarithmic bin
size is 0.25. The number of background events drops off much quicker than the number of sig-
nal events. For the signal, the composition is dominated by higher PSF classes at low energies,
and by lower PSF classes at higher energies. For the background, the PSF composition is
mostly determined by statistical fluctuation.

The influence of background photons is harder to predict. They do not only contribute through

their PSF, but also through the difference in the position of their source. Since the exact position

41



The Spatial Extension of the Inverse Compton Component of the Crab Nebula
4 Data Selection

can only be obtained for some but not all background sources, it is best to estimate the back-
ground photons as white noise to be subtracted from the data. The number of signal events is thus
the difference between the number of recorded events (Neens) and the number of background
events. Through error propagation, this means the PSF of all background events contributes
double, once as an error on all detected events and once as an error on the background events.

The total error of the whole data set then adds up from their signal and background contributions:

News | Opgp -~ Now , Opsp +

2 _ events PSF bkg PSF
GTatal(Nevents) - Zi:l (N ) +Zi:l ( )
events events
N -1
signal 2
2 2 Nevents(l+( ) >0PSF
2 . (Nsignal + kag) OPSF+ kag O‘PSF _ kag

Orotal = 2 - N2

(N signal + N bkg) events

This total error estimate is not exact, but it does show the behavior needed for an effective dis-
criminator. If the number of signal events increases, the total error improves. If the signal to back-
ground ratio improves, the total error improves. Lastly, if the PSF improves, the total error also
improves. Therefore, the total error provides the means to distinguish between optimal and sub-

optimal cuts.

Table 4.1 shows the calculated total error estimates for some of the considered cuts with the
lowest total error estimate of their PSF class. The first three entries refer to the applied cuts, spe-
cifically the minimum energy in GeV, the minimum PSF class, and the maximum angular separa-

tion in degree still kept in the data set. The entries are determined as follows:
— N.. the number of events in the data set after the pulsar phase cut.
— N, the number of events in the data set before the pulsar phase cut.

—  Nugar the number of events in the background simulation before the pulsar cut
weighted with the prefactor 0.4. The prefactor is a more exact estimate of the effect of

the pulsar cut, as there is no pulsed emission in the background simulation.
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Niigor: the number of events in the the background simulation without the prefactor,
plus the number of expected pulsar events N, This number is calculated from the
number of events with and without pulsar phase cuts, N, and N,, respectively. This
assumes N, to be the true value of nebula events (plus other background) extended
over the entire pulsar phase. N, 1s then simply the difference between recorded
events and nebula events: Ny = Nie— 2.5 * N In the unphysical case that the num-
ber of pulsar events is negative, because statistical fluctuations dominate, it is manu-

ally set to 0.

PSF: the 68% containment radius of the pointlike simulation (see figure 4.5) in de-

gree.

o the variance of the entire sample o, calculated from the given statistics with a

pulsar phase cut applied.

owt: the variance of the entire sample o, calculated from the given statistics without a

pulsar phase cut applied.

The first thing to notice is that the total error estimates are universally better without a cut on

the pulsar phase than with a cut. This may hint at a systematic error in the calculation of the total

error estimate, undervaluing the background statistics. Still, a region with a minimum total error

estimate emerges, where it is smaller than 3.00 * 107, As the total error is only an estimate, all

cuts in this region are equivalent, and since the estimate may undervalue background, the cuts

with the smallest remaining background was chosen. These were the cuts on events with energy

lower than 18 GeV and a PSF Class worse than PSF2. Since this cut can be considered a high en-

ergy cut, the more restrictive 0.25° cut was chosen.

The final data set is then created by applying these cuts to the initial data set. Therefore

photons in the final data set meet the following requirements:

Energy £ > 18 GeV

Angular Separation r < 0.250°
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— PSF Class either PSF2 or PSF3

No cut is applied on the pulsar phase. The ephemeris and the piecewise data thus become ob-
solete, and all analysis is done exclusively on the full time data. This results in a slight increase of
photon events compared to table 4.1 and the total number of photon events after cuts becomes

587. The phasogram at energies of the energy cut can be seen in figure 4.8

16

Phasogram at E > 18 GeV

0.0 0.2 0.4 0.6 0.8 1.0
Pulsar Phase

Figure 4.8: A phasogram of the Crab data set at energies above 18 GeV. The bin size is 0.02.
The off-pulse region is marked yellow. At these energies, the contribution of the pulsar is signi-
ficantly reduced, and the number of pulsar events is hard to determine, due to large statistical
uncertainties.

PSF cut |[E cut |r cut [°] | New Niot Niigeur | Nogror  |PSF [°] |6t [°] |Gt [°]
[°] [GeV]
PSFO 5.6 0.25 870.0 4107.0 4.01 1942.0| 0.1961)0.00666| 0.00371
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PSFO 5.6 0.5 1007.0| 4769.0 12.8| 2283.5| 0.1960| 0.00622 | 0.00345
PSFO 10 0.25 556.0| 2056.0 241 672.0| 0.14590.00620/| 0.00371
PSFO 10 0.5 623.0| 2323.0 4.4 776.5| 0.1459]0.00587| 0.00350
PSF1 5.6 0.25 717.0 3395.0 2.8 1609.5| 0.1400)0.00524 | 0.00292
PSF1 5.6 0.5 773.0 3682.0 9.2 1772.5| 0.1400]| 0.00506 | 0.00281
PSF1 10 0.25 456.0| 1689.0 1.2|  552.0) 0.1021{0.00479|0.00286
PSF1 10 0.5 480.0| 1774.0 320 582.0) 0.1021]0.00468|0.00279
PSF2 5.6 0.25 480.0| 2268.0 2.4 1074.0| 0.1144|0.00524 | 0.00292
PSF2 5.6 0.5 498.0| 2356.0 5.6 1125.0) 0.1144|0.00516 | 0.00287
PSF2 10 0.25 300.0| 1129.0 1.2) 382.0| 0.0825|0.00477 | 0.00284
PSF2 10 0.5 307.0) 1150.0 1.6 386.5| 0.0825)0.00472|0.00281
PSF2 18 0.25 188.0 555.0 0.8 87.0| 0.06290.00460 | 0.00287
PSF2 18 0.5 192.0 562.0 0.8 84.0) 0.06290.00455 | 0.00284
PSF3 10 0.25 150.0| 576.0 0.8| 203.0| 0.0679 0.00556 | 0.00329
PSF3 10 0.5 152.0 580.0 1.2)  203.0) 0.0679|0.00553|0.00327
PSF3 18 0.25 89.0, 282.0 0.4 60.5| 0.0503|0.00534 | 0.00330
PSF3 18 0.5 91.0) 285.0 0.4 58.5| 0.0503]0.00528 | 0.00327

Table 4.1: Calculations of the total error estimates
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5 Data Analysis:

All histograms in this section and the next sections were calculated for all 21 template models.
The portrayed histograms only show an excerpt of these 21 models, including the smallest,
middle, and largest template, as well as the best fit. The full histograms for all 21 models can be

found in Appendix C with the exception of the partial data plots in section 5.2.

S.1 Angular Separation of the Crab Nebula:

There is no reason to assume the Crab nebula to be symmetrical around the Crab pulsar. It is
possible for the nebula's center of gravity to slightly deviate from the location of the pulsar.
Therefore it has to be calculated separately via:

Y, R4,

<RA> = —
N

This gives a Crab nebula center of R4 = 83.6331°, DEC = 22.0220°, located at a slightly lar-
ger declination than the Crab pulsar at R4 = 83.6331°, DEC = 22.0145°. The angular separation

to center will from this point onwards be calculated in respect to the nebula's center of gravity.

It is worth mentioning, that this creates a slight bias on events closer to the Crab pulsar, as the
cut on the data set was performed in regards to the pulsar position. However, the difference in
pulsar and nebula position is small in comparison to the cut radius of 0.25°, and concerning a re-

gion with the lowest probability distribution of photons, so that this bias can be neglected.

Although the center of Mkn 421 should be Mkn 421 itself, its center of gravity is also calcu-

lated, to be consistent with the analysis. The center of gravity is determined as R4 = 166.120°,
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DEC = 38.207°, slightly different from the Mkn 421 location R4 = 166.114°, DEC = 38.2088°.

After the final cuts were applied, a data sample of 587 photon events remains. An attempt was
made to distribute these sources onto PSF classes and sources. The distribution onto PSF classes
could be done exact, as these are recorded in the data, while the attribution to sources was done
based on the ratios found in table 4.1 (first the ratio nebula to pulsar, then PSF2 to PSF3, rounded
to the nearest integer). The distribution of these remaining events onto PSF classes and sources

can be seen in table 5.1.

Crab Events Nebula Pulsar Background
PSF2 241 44 1
PSF3 254 46 1

Table 5.1: Distribution of Crab events to sources

Figure 5.1 shows a histogram of the Crab nebula photon distribution and stacked distributions
for all simulated model templates in regards to the angular separation 7 in bins of 0.01°, including
the best fit in black. The model template distributions were created from stacks of a PSF2 tem-
plate simulation, a PSF3 template simulation, a PSF2 pointlike simulation around the Crab pulsar,
and a PSF3 pointlike simulation pulsar. The latter two were included to properly simulate the

pulsar background. Background from other sources was considered small enough to be neglected.

All simulations were weighted to match the number of data events of their respective category.
The PSF2 template simulation was weighted to match 242 PSF2 nebula + background events, the
PSF3 template simulation was weighted to match 255 PSF3 nebula + background events, the
PSF2 pointlike simulation was weighted to match 44 PSF2 pulsar events, and the PSF3 pointlike

simulation was weighted to match 46 PSF3 pulsar events. The overall weighting is in the size of

1/200.

The different template simulations show two defining characteristics, from which they can be
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Figure 5.1: A histogram of the angular separation distribution of Crab data to its center of mass.
The simulated templates shown correspond to the smallest (red), medium-sized (yellow), and
largest (green), as well as the best fit (black).

most easily distinguished: the location of their peak photon bin and the event count in the first
bin. For larger template sizes, the peak flux value is still centered around 0, but the overall peak
flattens. This causes the photon count in the first bin, covering the smallest area around the cen-
ter, to decrease with increased template size, as well as the shift of the peak value, denoted by
flux times area, to shift further outward. Both these characteristics will ultimately be the most in-

fluential in distinguishing the different models.

To determine the template which best fit the data, a binned likelihood analysis is performed

and the maximum likelihood determined. The likelihood is calculated in the following way:

The probability to detect k£ photons in any bin with an expectation value of 4 follows a Poisson

distribution:

Ae™
k!

pPi =

The total probability P to detect k; photons in all i bins, is then simply the product of the indi-

vidual probabilities:

Pi:HjV:lpi

From this, the likelihood L can be calculated. There are a number of ways in use to define the

likelihood. For this thesis, the definition of the likelihood is given by:

N

L =—log(P,) = _Zi:]10g<pi)

Through this definition, the likelihood reaches a global minimum for the same distribution, for
which the total probability reaches a global maximum. This value is then called maximum estim-

ated likelihood (with the name originating from a different definition of likelihood; in this con-
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text, the used definition of the likelihood is then referred to as negative logarithmic likelihood).

According to Wilks's theorem, the difference between different model likelihoods follows a
x? distribution with the same n degrees of freedom as were present in the different models. As the

most sensible comparison is to the best fit L,,,, this is:

Xz(”) = 2(LX_Lmin)

In this case, the only degree of freedom is the radius of the model template, and thus n = 1. A
95% confidence interval is then defined by the value at which the cumulative density function of
the y? distribution reaches 95%. The exact value can be looked up in most statistic textbooks (Roe

1992):
Xz
[7 % (n=1)dx = 095 & x> = 3.84

Thereby, the 95%-confidence interval is defined by a likelihood difference of:

ALy = 192

Figure 5.2 shows the calculated likelihoods of all model templates. The threshold of the 95%
confidence interval as well as the exclusion region are marked in red. The maximum estimated
likelihood is found for the 0.04° radius template, with the 95% confidence interval ranging from
0.03° to 0.05°. The deviation from the pointlike template simulation is AL = 18.2 and corres-
ponds to a p-value of p < 10™. This proves the size of the Crab nebula starts increasing from a
pointlike source to an extended source again, upon the change of the dominating spectral com-

ponent from synchrotron radiation to inverse Compton radiation.

The length of the radio Crab nebula's minor and major axis are roughly 4.6 and 7 arcminutes
respectively, which corresponds to a radial length of roughly 0.038° and 0.058° in these direc-
tions. These two values are the upper and lower limits for the expected Crab nebula radius and
are entirely consistent with the calculated 95% confidence interval. It is therefore plausible, that
the detected Crab nebula inverse Compton radiation originates from the same electron population

as the Crab nebula's radio synchrotron emissions. The exact size of the inverse Compton Crab
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nebula cannot be resolved, and it remains equally possible to originate from a smaller or even lar-

ger region, in direction of the minor axis, than the size of the radio Crab nebula.
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Figure 5.2: The likelihood for each model template as a function of the model template radii
for Crab data. The 95% exclusion region is marked in red. The maximum estimated likelihood
is located at 0.040°. The pointlike template can be excluded with a certainty p < 10,

5.2 Angular Separation of Markarian 421:

For confirmation of the analysis, the same analysis is applied to Markarian 421. As a blazar,
Markarian 421 is expected to appear as a pointlike source, and a valid analysis should be able to
confirm this. In the final Mkn 421 data set, 544 events, distributed into 292 PSF2 and 252 PSF3
events remain. These events were entirely believed to be signal, as the Mkn 421 background sim-
ulations had not a single recorded photon event left after cuts, which is not unlikely for an ex-

tragalactic source.

Figure 5.3 is the same histogram as for the Crab, with the same bin size, only showcasing the
Mkn 421 data and Mkn 421 simulations instead. Again, simulations were weighted by PSF class
to match their respective number of Mkn 421 data events. The corresponding calculated likeli-

hoods can be seen in figure 5.4.

The first thing to notice is that the likelihood plot is not monotonous up to the minimum, loc-
ated at the » = 0.020° template. The minimum likelihood drops off very quickly when comparing
the 0.015° and the 0.020°. This is a hint that the given models may not describe the Mkn 421 data
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very well, since a likelihood analysis states nothing about the absolute goodness of fit for the in-
dividual models. Another hint comes from the absolute value of the likelihood when compared to
that of the Crab. While it is dangerous to assign too much importance to the absolute value of a
likelihood, the fact that the Crab and the Mkn 421 analysis use the same number of bins and al-
most the same number of events does mean, their absolute likelihoods should be comparable.
That the minimum likelihood of Mkn 421 is a value of 2 higher than the minimum likelihood of
the Crab nebula again hints at a goodness of fit for the Mkn 421 data which is generally worse
than for the Crab.

The 95% confidence interval in this case only ranges from 0.020° to 0.025° and specifically
excludes a pointlike template. This means the analysis process is unable to confidently reproduce
Mkn 421 as a point source. To still consider the used analysis process valid, an explanation for
this inability needs to be found.

Mkn 421 Dlata Pholton Events

100

Data
Sim r = .000°
Simr = .020° |

Simr = .050°
Simr = .100°

i

0.00 0.05 0.10 0.15 0.20 .25
Angular Separation to Center [°]

Figure 5.3: A histogram of the angular separation distribution of Mkn 421 data to its center of
mass. The simulated templates shown correspond to the smallest (red), medium-sized (yellow),
and largest (green), as well as the best fit (black).
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Figure 5.4: The likelihood for each model template as a function of the model template radii
for Mkn 421 data. The 95% exclusion region is marked in red. The maximum estimated likeli-
hood is located at 0.020°. The pointlike template is specifically excluded.

As mentioned before, the bin most sensitive to the pointlike template is the first bin with the
bin edges 0.00° < » < 0.01°. This is also one of the bins with the most deviation from the point-
like template. The other bins with an increased distinctive power are also bins with smaller 7,
since this is where the photon peak values for the smaller model templates are located. To ac-
count for these bins specifically, a subsample of the data only considering events up to » < 0.05°
and » < 0.10° is analyzed, and the simulations are then reweighted to the number of remaining

events. The corresponding histograms and likelihood functions can be seen in figures 5.5 through
5.8.

The likelihoods for these subsamples are much more compatible with the pointlike template
than before, although this is to be expected due to an increase in uncertainty through the decrease
in data. The 95% confidence intervals in both cases include the pointlike template and range from
0.000° to 0.030°. This indicates that the main problem of reconstruction emerges from the out-

liers of photon events with a high reconstructed angular separation and this effect may be dimin-
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ished by cutting on these events. However, it can not be excluded, that the total error comes from

errors in both the small angular separation and the large angular separation region piling up.

Two other subsamples were created: one with only PSF2 events, the other with only PSF3
events. Since their individual PSFs differ considerably, these samples could illuminate problems
in the reconstruction of individual events. The histograms and likelihoods of these subsamples

can be seen in figures 5.9 through 5.12.

Due to its lower PSF, the PSF3 subsamples appears much more peaked around smaller angular
separation values. Although the resolution of this subsample is still far too large to observe any
substructures, the existence of such substructures would show more dominantly in the PSF3

sample.

The likelihoods of the PSF2 and PSF3 subsamples do not differ much from the likelihoods
found for the full data set, although their change in values for the different templates appears
much more erratic. Their 95% confidence intervals include, in the case of the PSF2 sample, the
pointlike, the 0.005° template, as well as the 0.020° to 0.030° templates, and in the case of the
PSF3 sample, only the 0.010° template, as well as the 0.020° template. It is impossible to make

out a difference between the overall reconstruction of PSF2 and PSF3 events.
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Figure 5.5 & 5.6: Histogram of the angular separation distribution of Mkn 421 data only evalu-
ating events in a 0.05° radius (top) and 0.10° radius (bottom).
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Figure 5.7 & 5.8: Likelihoods for each model template as a function of the model template

radii for r < 0.05° cut (top) and r < 0.10° cut (bottom) Mkn 421 data. The 95% exclusion region
is wider than for the full data set, but still peaks at 0.020°.
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Figure 5.9 & 5.10: Histogram of the angular separation distribution of Mkn 421 data only eval-
uating PSF2 events (top) and PSF3 events (bottom) respectively. The PSF3 distribution is more
peaked in both data as well as simulation, due to its improved PSF.
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Figure 5.11 & 5.12: Likelihoods for each model template as a function of the model template
radii for PSF2-only (top) and PSF3-only (bottom) data. Neither subsample shows significant
improvement in reconstructing Mkn 421 as a point source over the full data set.
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Lastly, a direct comparison between the Crab data and the Mkn 421 data is made. Figure 5.13
shows a histogram of both data sets in direct comparison, with the Mkn 421 data weighted to
match the number of Crab events. The weighting was done differently from previous histograms.
To compensate for the difference in spectra of the Crab nebula and Markarian 421, all photons
were partitioned into energy ranges alongside their PSF classes, and each of these partitions
weighted individually. This was done because photons inside one energy range with the same
PSF class correspond to roughly the same PSF. The energy ranges considered were
E, =18-32GeV, E; =32-56 GeV, and E; = 56 - 2000 GeV. The specific event count and rates
can be seen in table 5.2. As these weights (w,, w», w;) are all highly correlated, for the purposes of
error propagation a universal weighting of w = 1.08, which is the ratio between all Crab events to

all Mkn 421 events, is assumed.

Source |PSF E, E, E; Wi W W3
Class
Crab PSF2 136 68 82 1.00 1.00 1.00
PSF3 143 80 78 1.00 1.00 1.00
Mkn 421| PSF2 110 90 92 1.24 0.76 0.89
PSF3 105 71 76 1.36 1.13 1.03

Table 5.2: Distribution of Crab and Mkn 421 events to energies and PSF classes,
and their according weights

A chi-squared test is performed for the first ten bins, to compare the goodness-of-fit. In the
first ten bins, the photon count is deemed large enough to assume Poissonian errors. Therefore,

the total error on each bin is:

O = \/(\/Ncmb)z +(wyy NMkn421)2

The y? statistic then becomes:
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2

2 (Ncrab_NMkMZI)
x = 2
Otot

Between the Crab and Mkn 421, y? is y? = 10.48, which shows high goodness-of-fit for n = 10
degrees of freedom. This is unsurprising, as Mkn 421 data as a model has very large uncertain-
ties, which are even scaled up by the weighting, and is hence easy to fit to any data. The signific-
ance of this fit is therefore very low. It is worth noting however, that the peak photon value for
the Crab is located at higher  values than that of Mkn 421, which does indicate that it is larger.

Other than this, no definite conclusions can be drawn.

Direct Comparison Crab - Mkn 421

I Crab
T Mkn421

100

o =
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Figure 5.13: A histogram directly comparing Crab data to Mkn 421 data. Crab error bars are
drawn purple, Mkn 421 error bars were drawn orange. All errors are assumed to be Poissonian.

All of the data subsamples show the same estimated maximum likelihood for the 0.020° tem-
plate, leading to the conclusion that the inability to reproduce Mkn 412 as a point source origin-
ates from the analysis process as a whole. This can be interpreted as a systematic uncertainty on

the modeling process as a whole, although it can not be said whether this results in a scaling error
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or shift in size. Ultimately, this would lower the validity of the Crab analysis significantly.

An alternative explanation is provided by Chen, Buckley, and Ferrer (2015). Their analysis of
24 low redshift blazars (z < 0.5) around ~1 GeV found an excess of their spatial extension over
pointlike sources. Chen, Buckley, and Ferrer interpret these findings as gamma-ray pair halos
around the blazar. Gamma-rays from these halos may still be present at the analysis energies
> 18 GeV, and since Mkn 421 is a source very close to earth (z = 0.031), the size of its halo could
be particularly big. In this interpretation, Mkn 421 cannot be considered a point source in the

eyes of a high-energy Fermi LAT analysis.

This leads to the final conclusion that Mkn 421 is a poor choice of a reference point source, as
it is dubious whether it appears as a gamma-ray point source to Fermi LAT to begin with. It is
best to regard the Crab analysis completely independently, and proceed without complete con-
firmation of the analysis process, and let its validity be determined by the first principles from

which it is derived.

5.3 Crab Minor and Major Axis:

Since the radio Crab nebula has the shape of an ellipsis, the inverse Compton nebula is expec-
ted to have the same shape, and it may be possible to spot a difference between the Crab nebula's
photon distribution along the major axis and along the minor axis. In order to evaluate this, it is
necessary to transform the photon coordinate system into a coordinate system defined by these

axes.

The original coordinate system is defined as:
cos(0)cos (o)
r = |cos(0)sin(q)| ,
sin(0)

with ¢ the right ascension and 6 the declination.
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This can be transformed into the minor-major-axis system through three rotations: first along
the z-axis, to align the origin with the Crab right ascension, then along the y-axis to align the ori-
gin with the Crab declination, and then along the x-axis, to align the two axes with the minor and
the major Crab axis respectively. The angles for these rotations are 83.6331°, 22.0145°, and 30°,
with the last value being taken from Hester (2008).

cos(a)cos(B) cos(0)cos ()

r" = |cos(a)sin(B)| = |cos(8)sin(¢p)|-D.-D, D,
sin(ot) sin (0)

By solving this equation, the angles for the Crab major axis a and the minor axis f are :
a = sin”’ ([sin (0)cos(0¢,q) —cos(0)sin (¢, )cos (A @)]cos (30 °)—cos(0)sin( Ag)sin (30 O))

[ [sin(0)cos(0,,,,)—cos(0)sin (0, )cos(Ag)]sin(30°)—cos(0)sin(Ag)cos(30°)

= tan_
b= tan cos(0)cos(A@)cos(0,,,)+sin(0)sin(6,,,)

Figures 5.14 through 5.17 show the histograms and likelihoods for the Crab data photon distri-
bution from -0.25° to 0.25° along the major and minor Crab axes. Since a and f can take on neg-
ative values, the bin size has been increased to 0.02° to amount to the same number of total bins.
This also makes the distribution of o and  much more peaked and centered around 0. The bins

by which the different models can best be distinguished are therefore the ones close to 0.

The simulation histograms reveal a slight asymmetry for both « and f, which is less present in
the Crab data, due to higher fluctuations. This asymmetry can be attributed to the Crab pulsar,
which is not located at 0 due to its difference from the Crab nebula center of mass. Through this,
the effects of Crab pulsar background on the major and minor axis distribution can be expected to
be much more significant than in the case of the angular separation distribution, and the systemat-
ic uncertainties on the center of the Crab nebula, as well as the number of Crab pulsar events

should not be completely neglected.

The maximum estimated likelithoods and the 95% confidence intervals for the major and
minor axes are slightly shifted from the angular separation likelihoods and from each other. The

maximum estimated likelihoods are 0.040° in the case of the minor axis, and 0.045° in the case of
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the major axis. The 95% confidence intervals range from 0.020° to 0.045° in the case of the

minor axis, and from 0.030° to 0.050° in the case of the major axis.

The major axis can be identified as larger than the minor axis by its maximum estimated likeli-
hood, as well as the lower and upper limits of its 95% confidence interval. In the case of the
minor axis, the confidence interval complies with its radio Crab nebula extension of 0.038°,
while for the major axis, it does not (the major axis Crab nebula extension is 0.058°). The confid-
ence intervals of the major and minor axis have an overlap region, which is much larger than the
difference in their maximum estimated likelihood. This means the statistical error on the exten-
sion of the nebula in its minor and major axis is too large to tell them apart, and that the differ-

ence in size may be entirely due to chance.

In conclusion, it can neither be said that o and f correspond to the major and minor axes of the
inverse Compton Crab nebula, nor that there even is a significant difference from a circular
shaped projected Crab nebula. But since all assumed models were circular, this is not surprising.
To resolve any substructures of the inverse Compton, more complex models are needed, which
account for its expected elliptical shape specifically. All that can be concluded from this analysis

is that it may be worth repeating the analysis with such improved models.
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Figure 5.14 & 5.15: Histograms of the distribution of Crab data along its minor (top) and it ma-
jor (bottom) axis. The bin size is increased to 0.2° to maintain the same number of bins. The
simulated templates shown correspond to the smallest (red), medium-sized (yellow), and largest
(green), as well as the best fit (black). A slight asymmetry in the simulation templates is notice-
able.
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Crab Minor Axis Data
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Figure 5.16 & 5.17: Likelihoods for each model template distribution along the minor (top)
and major (bottom) axis as a function of the model template radii. The maximum estimated

likelihood is slightly larger for the major axis, but the 95% confidence intervals of both are
compatible with each other.
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6 Results and Outlook

For the inverse Compton component of the Crab nebula, a spatial extension of the size
r = 0.040° was found, with a 95% confidence interval ranging from 0.035° to 0.050°. The point-
like source template, which describes the spatial extension of the Crab nebula's synchrotron com-
ponent extension, could be excluded with a significance of p < 10™. This proves that the high-en-
ergy synchrotron radiation and the high-energy inverse Compton radiation of the Crab nebula ori-
ginate from different electron populations. In the case of the inverse Compton component, the
electron population is most likely identical to that of the radio synchrotron component. The resol-
ution of this analysis was not enough to determine, whether the size of the inverse Compton neb-
ula and the radio synchrotron nebula were identical, or whether one is larger than the other.
Therefore, no additional insight on the existence of cold electron populations or electron popula-

tions with a small gamma-factor was gained.

The measurement of the inverse Compton Crab nebula extensions along its major and minor
axis found a statistically insignificant difference between the two, with the major axis, with an
extension of 0.045°, being slightly larger than the minor axis, with an extension of 0.040°. Their
95% confidence intervals of 0.030° to 0.050° in the case of the major, and 0.020° to 0.045° in the
case of the minor axis are compatible with each other, and in the case of the minor axis, compat-
ible with its radio synchrotron extension of 0.038°. The extension along the major axis of the ra-
dio synchrotron nebula of 0.058° is excluded by the upper limit of the 95% confidence interval.
This may be attributed to the limitations of the models used. More complex models are needed to
resolve any of the inverse Compton nebula's substructures. The simplest of these models would
be an ellipsoidal shape, with a varying size minor axis, major axis, and angle. Since these models
include three free parameters, the necessary number of models in such an analysis would increase

significantly.
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One proof this analysis owes is that of its validity to identify point sources. The analysis pro-
cess could not reproduce Markarian 421 as a point source, and regardless of whether that is due
to a systematic error, or to the presence of a halo around Markarian 421, a confirmation of the
analysis process with a different point source would be desirable. However, bright point sources
in the gamma-ray sky are few and far between, and the brightest, such as the Velar pulsar, are all
galactic and thus contaminated with background. Extragalactic sources tend to have a signific-
antly lower flux than the Crab nebula, which would provide an additional challenge to the analys-

is merely through this.

One way such a new point source could be analyzed would be through the improvement of the
applied cuts. The cuts used in this analysis are very strict in that they cut on any photon which
does not meet any one of the cut requirements. By performing individual cuts on each of the PSF
classes, one would be able to include high-energy PSFO events and low-energy PSF3 events with
a comparable point spread function in the data, and get much improved statistics. The same way,
cuts on the pulsar phase could be applied only in energy ranges in which the pulsar has a domin-
ant component, reducing the background to almost zero, while leaving high-energy events in the

data set regardless of their pulse phase.

Thus, a future analysis, using more accurate models as well as an improved statistic may be
able to find the exact extension of the inverse Compton radiation and therefore the form of the

Crab nebula's energy population independent of its magnetic fields.
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The following derivations are taken from Rybicki & Lightman (1979, p. 167 et seqq. & p. 195 et
seqq.).

When a charged particle is accelerated, it radiates electromagnetically. This is true regardless
of the form of acceleration, be it actual momentum transfer to or from the particle or deflection.
In the presence of a magnetic field, charged particles get accelerated by the Lorentz force:

F = q(E+vXB)
with the charge ¢, the velocity v, and the electric and magnetic field strengths E, B.

With the absence of electric fields, the magnetic portion of the Lorentz force acts as a
centripetal force, forcing the particle onto a circular (or spiral, in case of a parallel component)
path. By setting the magnetic force equal to the centripetal force,the gyration frequency w; of this

circular motion is found to be:

qB
ymc

Wz =

with the particle mass m, the speed of light ¢, and the Lorentz-factor y = E/(mc?).

The total radiated power, as mentioned in chapter 2.3.1, is:

2 2
P = “Ly'a, +y’d})
3¢

Thus, the total power emitted by a relativistic particle continuously accelerated by a magnetic

field is:
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pP= 613 y4 (2] 7 2 VL T _’”écﬁi.)’sz
3¢ ymce 3

For an isotropic distribution of particles, the particle speed f can be averaged to:

2 2
<p’> = f—nf sin’oud Q=%

which results in the total emitted power:
2
P = (2) Repy B =So,ep U,

with the Thomson cross section o7 = 8 7 r,°/3 and the magnetic energy density Uz = B*/ 8 .

The Compton effect occurs whenever a photon is scattered off an electron at rest. Since the
photon carries momentum, the electron can recoil, gaining energy and momentum which the
photon loses. The scattered photon therefore has a lower frequency than the incoming one. The

energy of the photon ¢, after scattering is:

with € the energy of the incoming photon.
It's wavelength is:
A —h = A (l—cos0)
with the Compton wavelength defined as:

_h
mc

I3

c

For electrons, it is Al(e) = 0.02426 A.
In the rest frame of the electron, the Compton effect is always the same. In a different reference
frame (the lab frame), in which the electron is highly relativistic, however, the momentum
transfer may slow down the electron, resulting in a net energy transfer from the electron to the
photon. This case is called the inverse Compton effect.

Let K be the lab frame, and K’ be the electron rest frame. These two frames can be transformed

into one another via a Doppler shift:
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€' = ey(I—Pcos0)
and:
€, = ¢ y(1+PBcos6,’)
with 6, 0, the angle between the incoming, outgoing photon and the direction of the Doppler
boost. If we assume maximum gain at § = w and 6," = 0 and inserting the formula, the energy for

the photon in the lab frame ¢, is:

if €y << mc? holds. Since this approximation still holds true for photons of energies ~100 keV,
the inverse Compton effect can easily generate photons with energies > 1 GeV, if they are

scattered off electrons with a gamma of 100-1000.

The total power emitted for an isotropic distribution of photons off an isotropic distribution of
electrons can be derived from the fact that v de / € is a Lorentz invariant (see Rybicki & Lightman
1979 p. 199), where v de 1s the density of photons in the energy range de. The total power emitted
in the electron rest frame is:

dE,
dt’

Assuming that the energy change in the rest frame is much smaller than that in the lab frame,

p— ! ’ !
= coTJﬂe1 v'de

one can set ¢, = ¢'. From the invariance of emitted power, it also follows that dE,/dt = dE,"/dt'.

The energy loss in the lab frame is thereby:

dE, _ 2v'de', 2vde
B g [erY Al g [erYd
dt
Inserting the photon energy ¢, this becomes:
dE,

— = con (1—PBcosb)’evd e
For an isotropic distribution of photons:

<(1-PBcos8)’> = l-l-%B2
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since <cos x> = () and <cos x>> = 1/3. The total emitted power becomes:

dE,, 1
= oy Uy [y (145 87)=1]

which uses the initial photon energy density as:

U, = fevde

and also accounts for the initial photon absorption, which, in respect to the power emitted by the

electron, is:

dE
(d—tl) = —co, [evd e=—0,cU,

Finally, using the relation y>-1 = y> 2, the total power emitted through inverse Compton

radiation is:

dEVﬂ 4
Pcompt = dfd = SGTCYZBZUP}:

Which is almost identical to the emitted synchrotron power save for one factor. Finally, their

quotient reduces to:

synch

compt U

ph
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These are the complete histograms for all model template from smallest (red) to largest (green).

For the full Crab data:
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For the Mkn 421 data:
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For the Crab minor axis:
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For the Crab major axis:
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