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Physics from the Gamma-Ray Spectra of Blazars

Jonathan Daniel Harris

Abstract

Blazars are numerous and often bright sources of cosmic ~-rays with several hundred
such objects currently detected in this regime. However, there are several outstanding
issues surrounding them. For example, it is uncertain exactly where in the kiloparsec-
scale blazar jet y-rays are produced and what the physical mechanisms responsible for
the emission are. This thesis is an investigation in the physics and astronomy that can
be learnt from studying the y-ray energy spectra of blazars. Two studies are presented
analysing bright blazars with the Fermi-Large Area Telescope (LAT). From the smooth
spectral curvature seen in many of the objects and the lack of sharp spectral breaks it is
concluded that the emission region is likely beyond the radius of the broad line region
of 0.1 pc. It is seen that nearby confusing objects can lead to apparent breaks being ob-
served in the spectra. However, a light curve analysis is performed of the bright blazar
3C 454.3 and it is seen that spectral breaks do sometimes occur when the object is in high
flux states. From the shift in the peak of the vy-ray emission it is concluded that the high
flux states are caused by an increase in the Lorentz factor of the emission region or by
changes in the population of electrons in the emission region, but the origin of the breaks
remains unexplained. Finally, a study is presented examining the effect that hypothetical
axions or axion-like particles (ALPs) would have on the spectra if these particles should
exist. It is found that under the right conditions a sudden flux boost could appear in
the spectrum at a few TeV. The chances of the future Cherenkov Telescope Array (CTA)
detecting the effects of photon-ALP mixing in AGN spectra is considered through simu-
lated observations. These effects potentially present themselves in the spectra two ways:
firstly the aforementioned flux boost and secondly due to the fact that the existence of
ALPs could mitigate the pair absorption that y-rays undergo when they traverse inter-
galactic space. It is concluded that CTA will have good prospects of either detecting
these effects or else, if no effect is seen, setting limits on the mass and coupling constant

that ALPs could have.
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Chapter 1
Introduction and an

Overview of y-Ray

Astronomy

1.1 Introduction

Active galactic nuclei can launch powerful and luminous jets that extend several kilopar-
secs outwards from the central, supermassive black hole. If one of these jets is aligned at
such an angle that we, on the Earth, look almost directly down the jet, beaming effects
can greatly increase the luminosity even further. It is these objects which we call ‘blazars’
and which are the central topic of study for this thesis. Within the jets, charged particles
are accelerated to close to the speed of light, leading to radiation being emitted across the
whole electromagnetic spectrum, including the -ray regime which is concentrated on in
this work. Ground-based and space-based detectors have facilitated the study of blazars
in the v-ray regime for over half a century but fundamental concepts such as exactly how
and where ~-ray emission occurs are still debated. This thesis is an effort to join and
contribute to this debate by analysing the y-ray spectra of these objects. Furthermore,
the precise spectra of blazars in high energy (HE) ~-rays is needed to understand the
spectra in very high energy (VHE) y-rays where absorption effects in intergalatic space
complicate observations. At these frequencies the photons have energies far higher than
anything regularly produced on Earth and provide an important chance to understand
new physics. One proposal is that hypothetical axion particles could alter the spectra of
blazars at very high energies and the final part of this thesis examines the prospects for
the next generation of ground-based ~-ray telescopes to detect these alterations.

The rest of this chapter provides a brief overview of the field of the field of v-ray

1



1. Introduction and an Overview of y-Ray Astronomy 2

astronomy and the related field of cosmic ray astronomy from a historical perspective.
Past and present space-based and ground-based telescopes are reviewed along with the
number and nature of y-ray sources detected. Particular attention is given to the Fermi-
Large Area Telescope (LAT) which provides much of the data for the original work of this
thesis and it is seen that several hundred blazars have been detected by this instrument.
Finally, a brief look ahead is given to the Cherenkov Telescope Array (CTA), which is a

next-generation ground-based array currently in its preparatory phase.

In Chapter 2 modern instruments and how they work are discussed in more detail.
Particular attention is given to the LAT which operates on the principle of tracking e~ /e ™
pairs created by incident HE v-rays. The principles of analysing LAT data to detect and
characterise sources are given here. Next a brief overview of Cherenkov radiation is
given; Cherenkov radiation produced in the Earth’s atmosphere is utilised by ground-
based telescopes to detect cosmic ~y-ray sources. In order to do so, modern telescopes
rely on imaging the light pool of Cherenkov radiation produced, which is discussed here.
Finally, a look is given to current leading ground-based telescopes: H.E.S.S., MAGIC and
VERITAS as well as a look at the future CTA.

Chapter 3 covers the particle acceleration mechanisms and radiation mechanisms
relevant to understanding the observations of AGN jets. Firstly, diffusive shock acceler-
ation is covered as a proposed method of creating a power law spectrum of high energy
particles in the jet. Next, the Thomson cross section of the electron is derived and this is
then applied to understand inverse Compton scattering of low energy photons to v-ray
energies. After this the characteristics of cyclotron radiation are derived by treating elec-
trons in a B-field as quantum harmonic oscilators. This is then generalised to the case of

synchrotron radiation. Then 7¥ decay is considered as means of producing v-rays.

In Chapter 4 AGN are covered in more detail: what they are and what radiation they
emit along with their different classifications and how these are related to the angle an
object is viewed from. Focus is then turned to the y-ray emission of AGN jets. We look at
what we can say about the size and location of the v-ray emission region and discuss the
different possible emission mechanisms for v-rays, broadly speaking leptonic models

and hadronic models.

In Chapter 5 we introduce the extragalactic background light (EBL), which is the

diffuse light present throughout the universe. Since y-ray photons can be annihilated
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through photon-photon absorption, the existence of the EBL means that the universe
has an optical depth for y-rays. Higher energy ~-rays suffer more absorption and so the
spectra of distant objects become softened. As we see, there is some tension between ex-
isting models of the EBL and the hardness of observed AGN spectra, given the current
understanding of emission mechanisms. As a solution to this, the hypothetical axion
particle is introduced. One property of axions is that in a B-field they couple to photons.
This means that potentially y-rays emitted from a distant AGN could convert into axions
and travel through the EBL unabsorbed before reconverting to y-rays in the Milky Way’s
B-field. This has been proposed as one solution to the tension between AGN observa-

tions and EBL models.

Chapter 6 begins by introducing the Akaike Information Criterion (A/C’) as a method
of comparing models being used to fit data. Starting with the definition of information

entropy, we derive the AIC' and show how it can be used in astrophysical observations.

In Chapter 7 a research project into the spectral properties of bright LAT blazars is
presented. 9 FSRQ type blazars are analysed for evidence of breaks and curvature in
their spectra and a discussion is given on what the results tell us about the emission
region of y-rays in AGN jets.

In Chapter 8 a further research project is presented. In some ways it is an extension
of the project presented in the preceding chapter and again examines a sample of blazars
for evidence of breaks and curvature in the spectra. The sample of objects has been
expanded to include more blazars of both FSRQ and BL Lac types. Since this project was
carried out later, a new LAT instrument response function (IRF) is used and the effect
using different IRFs has on the results is compared. The effect that nearby, confusing
sources have on the identified spectral shapes is also investigated. Additionally, a light
curve analysis is performed on the bright FSRQ type blazar 3C 454.3 and the results
examined to see what they tell us about the emission mechanism in this object.

Finally, in Chapter 9, a third research project is presented. The effect that photon-
axion mixing within AGN could have on the emitted spectrum is considered. Then
simulated observations of 3 blazars with CTA are carried out and the prospects for CTA
to detect the effects of axions in the spectra, or else to set limits on the axion parameter

space, are calculated.

A brief summary and look forward is given at the end of the thesis.
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1.2 Cosmic Rays and y-Rays

Around the turn of the 20th century it was noted that if a piece of apparatus was elec-
tically charged, the charge would gradually leak away. This suggested that the air was
being continuously ionised, setting up the conditions for charge leakage. Originally it
was thought that the source of this ionisation was radiation from radium in the Earth’s
crust (59). However, although experiments performed up church towers and the Eiffel
Tower determined that the rate of leakage dropped, the fall-off was not as sharp as had
been predicted. This led to measurements being taken at even higher altitudes: firstly in
balloon-borne experiments, starting with Albert Gockell who concluded in 1911 that the
source of the ionisation was in part coming from outside the Earth’s atmosphere (72).
Further balloon-borne experiments were carried out by Victor Hess and culminated (in
terms of altitude) with Werner Kolhorster whose flights reached 9 km (117). These initial
experiments were followed by aeroplane-borne experiments (117) and expeditions in the
Rocky Mountains (107) and by the 1930s Arthur Compton had instigated a worldwide
and fairly systematic cosmic ray survey, including expeditions to a height of around
6 km in the Himalayan mountains and unmanned balloons sent as high as 27 km (35).
The data collected from these experiments supported Gockell’s conclusion that there was

a source of ionisation outside the Earth’s atmosphere.

At first, it was widely believed that this ionising source was electromagnetic radia-
tion and these so called cosmic rays were placed at the high frequency end of the elec-
tromagnetic spectrum (51). However, in the late 1920s evidence from ionisation (cloud)
chambers and coincidence detectors suggested that the vast majority of the ionisation
was due to massive particles and not photons. This hypothesis found further support
when it was realised that the varying intensity of cosmic rays with the Earth’s latitude
could be understood if they were charged particles deflecting in the Earth’s magnetic
tield (52). Despite this the name ‘cosmic ray” stuck and later it would shift to its modern
definition: cosmic rays refer to massive particles while high energy cosmic photons are

known by the same name as their Earthbound counterparts: -rays.

Cosmic rays are highly energetic (£ 2 1 GeV) particles, primarily hydrogen nuclei,
and are observed to have an energy spectrum that is reasonably well described by a

power law (see Figure 1.1). This suggests that cosmic rays and high energy (E 2 1 MeV)
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7-rays may share common origins. y-ray sources are usually seen to have power law en-
ergy spectra and, as we shall see later, this can arise from the upscattering of low energy
photons by a population of charged particles with a power law spectrum. Despite some
well-educated guesses, over 100 years after their discovery the origin of cosmic rays is
still shrouded in uncertainty. In a large part, this is due to the fact that the majority of
cosmic rays are charged particles (there is a small neutron flux (81) and of course a large
flux of neutrinos (12) which only rarely interact) and so their paths are bent by B-fields,
obscuring the direction of their origin. In fact, up to the very highest energies where
there are very few events, the arrival directions of cosmic rays are seen to be completely
isotropic. (The gyroradius of a charged particle in a B-field is proportional to its velocity,
so at the very highest energies the amount of curvature the particle undergoes is very
small.) On the other hand, since photons are not deflected by B-fields, v-rays retain in-
formation on their origin when they are detected. In this way, y-rays can give important

insights into the objects and environments in which cosmic rays are produced.

The objects producing y-rays are observed to be many and varied, but studying them
presents unique challenges. The Earth’s atmosphere is opaque to y-rays since when the
photon enters the atmosphere it will quickly interact with atmospheric particles to pro-
duce an e~ /e pair, annihilating the y-ray. As we shall see in the following chapter, if
a v-ray has a very high energy (VHE- see Table 1.1) the atmospheric particle shower it
initiates can be detected on the ground from the Cherenkov radiation it produces. How-
ever, the development of this technology into a workable state was a slow and painful
process and was hampered by the inability to distinguish y-ray events from the much
more numerous and isotropic cosmic ray initiated airshowers. It would not be until 1972
that the Whipple telescope detected the first y-ray source in the form of the Crab Nebula.
To this day, the Crab Nebula remains the one of the brightest and most important y-ray

sources.

The other strategy to detect y-rays is to get above the Earth’s atmosphere. The first
satellite to detect radiation above 30 MeV was Explorer XI, launched in 1961. Unfortu-
nately several technical problems reduced the scientific output of the mission, and only
31 cosmic y-ray events were recorded. The next space-borne v-ray telescope was aboard
0OSO-3, launched in 1967. This operated by detecting e~ /e pairs produced by incident

v-rays, a technique which will be discussed in greater detail in the following chapter.
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Figure 1.1: The composition and energy spectra of cosmic rays measured at Earth. The
solid line shows the hydrogen spectrum extrapolated into interstellar space by removing
solar effects. Not shown is the electron/positron component which is about 2% of the

total particle flux. Image credit (140)
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Table 1.1: Nomenclature for different energy bands.

Name * Abbreviation Energy Range Notes
Low Energy LE < 20 MeV Below the threshold for pair production.
High Energy HE 20 MeV-500 GeV Above threshold for pair production.

Generally accessible to satellite detectors.

Very High Energy VHE 500 GeV-100 TeV Produces Cherenkov light in the atmosphere.

Generally accessible to ground based telescopes.

Ultra High Energy UHE > 100 TeV Higher than current y-ray observations.

Cosmic Rays are observed at these energies.

"This table is only approximate, and different authors use different definitions. These definitions

will be used throughout this thesis.

This method, lacking any ability to focus the incoming radiation, has fairly poor angular
resolution compared to other fields of astronomy. Still, OSO-3 was able to detect a sig-
nificant y-ray flux from the Milky Way. The next y-ray satellite, SAS-2, was launched in
1972 and operational for 1 year. In that time it detected 3 point sources: the Crab pulsar
and 2 other pulsars. In 1975 COS-B was launched and became the first y-ray satellite to
detect persistent extragalactic sources, including one source associated with the blazar
3C 273. COS-B’s catalogue of 25 point sources was rapidly expanded on by EGRET,
a detector aboard the Compton Gamma Ray Observatory which was launched in 1991
and operated between roughly 30 MeV and 20 GeV. The third EGRET catalog (75) con-
tained 271 sources, including 93 sources associated with blazars. However, in a more
recent analysis (46) which utilised an improved instrument response function and back-
ground models the number of sources was revised down to 188. Source association was
not reanalysed in that work making the number of blazars detected by EGRET unclear.
Currently orbiting satellites with y-ray detectors onboard are AGILE (145), sensitive be-
tween ~ 30 MeV and 50 GeV, and INTEGRAL (151), sensitive between the lower energy
range of ~ 0.1 MeV to 10 MeV (and both of these satellites also have hard X-ray detectors

onboard).

The current state of the art in y-ray satellites, the Fermi satellite, was launched in 2008.

It carries on board 2 instruments. The first of these is the Gamma-ray Burst Monitor
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(GBM) which views the whole sky and is sensitive between ~ 8 keV to 40 MeV (104). As
the name suggests, the GBM’s primary purpose is to detect transient y-ray bursts. The
second instrument is a pair-production detector called the Large Area Telescope (LAT)
which operates at roughly 30 MeV to 300 GeV. As well as expanding on the energy range
of earlier launched AGILE-GRID detector, the LAT offers improved source localisation
and larger effective area (as can be seen by comparing reference (145) to the data given

in the following chapter).

With rare exceptions, the LAT operates in sky scanning mode, repeatedly imaging
the whole sky in roughly 3 hour cycles. An all sky image of LAT events is shown in Fig-
ure 1.2. Most striking is the diffuse emission from the Milky Way, produced mostly from
the interactions of Galactic cosmic rays with nucleons and low energy photons (114). A
diffuse background can also be seen, which is thought to be due to unresolved point
sources such as AGN and star forming galaxies (3); despite the many advances pair pro-
duction detectors have made over the decades the angular resolution is still a drawback
and the LAT’s 68% containment angle is as large as 3° at low energies. In 2012 the LAT
2 year point source catalog (2FGL) was published (114). AGN, which are of particular
relevance to this thesis, are the most numerous class of object detected by the LAT, with
917 sources in the 2FGL associated with AGN, 894 of which are associated with blazars,
the brightest of which are clearly visible in Figure 1.2. Only 7 non-active galaxies were
detected using the LAT (including the Magellanic Clouds and M31). In terms of Galactic
sources, only a handful of supernova remnants have firm detections in the 2FGL owing
to their diffuse nature. Also detected are 11 globular clusters and 69 pulsar wind nebu-
lae. Roughly 100 pulsars have been detected using the LAT, which are also published in a
separate and more up to date catalog (7). At the end of 2013, a new pointing strategy was
adopted which gave more coverage of the Galactic centre. This change was decided on
in order to increase the instrument’s sensitivity to young pulsars in the inner Galaxy, to
compliment multiwavelength campaigns of the G2 gas cloud complex, and to improve
sensitivity to any spectral lines from dark matter in the Galactic centre. (See (103) and

the Fermi website http:/ /fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/obs_modes.html).

While this development of satellite detectors was happening, groud based Cherenkov
telescopes also continued to evolve. The current methods will be discussed in more de-

tail in the next chapter, but we shall summarise them here. There were 2 main advances
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Figure 1.2: All sky map of five years of Fermi events above 1 GeV. Brighter colours
indicate more events. The thick band of the Milky Way aross the middle is visible as is
the Crab Nebular and several other pulsar wind nebulae close to the galactic plane and
several blazars far removed from the Galactic plane. Image credit NASA /DOE/Fermi

Lat Collaboration

in the technology to discuss, the first of which was imaging cameras. This allowed each
airshower to be characterised in order to determine from its shape whether it was initi-
ated by a y-ray or a cosmic ray. This technology was first used with an upgrade to the
Whipple telescope. Other early Cherenkov telescopes with imaging cameras were the
Crimea telescope, which detected 3C 66a in 1997 (112) and later detected BL Lacertae for
the first time at VHE (113), and the Durham telescope, which detected PKS 2155-304 in
1998 (48).

The second was the development of stereoscopic arrays of more than 1 telescope
which allowed the position of the air shower in the sky, and therefore the y-ray’s point of
impact, to be more precisely determined. This technology was first used on the HEGRA
telescopes which detected, among other objects, M87 (20) and the supernova remnant
Cassiopeia A (19).

Combining these 2 technologies to create Imaging Atmospheric Cherenkov Tele-

scopes (IACT) arrays offers several complementary advantages compared to satellite-
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based detectors. Due to the nature of the air showers they detect, IACTs have a higher
energy sensitivty threshold and typically operate at 100 GeV-TeV energies, as opposed
to the MeV-100 GeV energies of satellite detectors. IACTs also have a far larger effective
area and better angular resolution.

Currently, the field is dominated by 3 arrays of telescopes. In the northern hemi-
sphere there is VERITAS, a 4 telescope system operating in the U.S.A., and MAGIC, a 2
telescope system operating on La Palma. In the southern hemisphere is H.E.S.S. oper-
ating in Namibia which recently added a fifth telescope of particularly large collecting
area to the array, lowering its energy threshold to 50 GeV (91). As of the 28" of June
2014, there are 149 published TeV sources in TeVCat!, 54 of which are blazars. There is
some overlap between objects detected with ground-based instruments and objects de-
tected with space-based instruments, especially among the very brightest sources (e.g.
the Crab pulsar wind nebula, and the blazars PKS 2155-304 and 3C 279). However, due
to the difference in energy ranges, objects that are detected by ground based instruments
are usually not detected, or detected only weakly, by space based instruments and vice
versa.

Presently finishing its preparatory phase is the next generation IACT, the Cherenkov
Telescope Array (CTA). This will actually consist of 2 arrays, a smaller one in the northen
hermisphere and a larger one in the southern hemisphere where the galactic plane is
visible. The southern array will consist of around 60 telescopes and have a sensitivy
from a few tens of GeV to over 100 TeV (11). The sensitivty of CTA, in various proposed
layouts, has been extensively characterised through Monte Carlo simulations. CTA will

be discussed more extensively in the following chapter.

'http:/ /tevcat.uchicago.edu/



Chapter 2
Observational

Techniques and

Instruments

2.1 Introduction

In this chapter I will explain the observational techniques of modern space-based and
ground-based 7-ray astronomy and the physics underlying them. I will start by dis-
cussing the Fermi-LAT, which is a space-borne pair-production telescope used exten-
sively for work in this thesis. Next, I will discuss how VHE ~v-rays incident on the Earth’s
atmosphere can create a flash of Cherenkov light and how modern imaging atmospheric
Cherenkov telescopes (IACTs) can use Cherenkov light to detect and localise y-rays. Fi-
nally I will introduce the Cherenkov Telescope Array (CTA), which is a next generation

IACT of particular relevance to this thesis.

2.2 The Fermi-Large Area Telescope

The LAT is the main instrument on board the Fermi Gamma-Ray Space Telescope, the other
being the Gamma-ray Burst Monitor (GBM). The AGILE-GRID detector (145) and the old
Compton-EGRET detector operate on the same principles as the LAT. A detailed descrip-
tion of the LAT can be found in (32) with important updates given in (14). A schematic
of the instrument is shown in Figure 2.1.

Briefly, the instrument works in the following manner. When a ~-ray is incident upon
the LAT it first travels through the plastic anti-coincidence shielding. This shielding

allows photons through mostly unhindered but charged particles interact and produce a

11
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¥ | incoming gamma ray

electron-positron pair

Figure 2.1: Schematic of the LAT. Image credit (32).

flash of light. In this way, the shielding provides the first means of discriminating v-rays
from the large background of cosmic rays. Inside the shielding, the detector consists of
16 towers containing alternating tungsten foils, which convert y-rays to e~ /e™ pairs, and
silicon foils, to track these pairs. In the silicon strips the charged particles cause small
ionisation currents that enable their paths to be tracked. Eventually, the charged particles
are incident on a caesium iodide calorimeter at the base of the tower which measures the
particles” energies. The effective area of the instrument is energy dependent, as shown

in Figure 2.2, and is 0.8-0.9 m? between 1 GeV and 100 GeV.

From examining the particle tracks in the silicon detectors and by measuring their
energies, the original v-ray’s energy and angle of incidence can be reconstructed through
comparison with Monte Carlo simulations of events. Comparison to simulated events
also allows the LAT to discriminate between ~-ray events and cosmic ray events, which
give rise to characteristically different tracks. The instrument’s point spread function

(psf) is dependent on the energy of the y-ray and is shown in Figure 2.3. As can be seen,
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Figure 2.2: Effective area of the LAT at normal incidence (solid curve) and 60° off-axis

(dashed curve). Image credit (32).

the psf is < 0.1° for events with energy above 10 GeV but is ~ 3° for events with energy
of 100 MeV. This means that the LAT’s ability to localise the position of a source is a
function of the source’s spectral index as shown in Figure 2.4. It can be seen that the
localisation after 1 year’s survey is typically around 0.01°. For this reason, LAT sources
can be localised to far better precision if they can be identified or associated with known
sources at other wavebands. This is typically done by matching variations in the flux
seen by the LAT with those seen in one or more other wavebands (114).

The LAT’s capability to detect an incident photon with a given set of properties (en-
ergy, incident angle, etc.) is known as the instrument response function (IRF) and defines
the detector’s characteristics such as its effective area and psf. 2 different IRFs were used
in the original work of this thesis, known as Pass6 and Pass7. The newer Pass7 IRF
was updated to take into account information collected during inflight operation. The
differences between this and Pass6, described in reference (14), are quantitative rather
than qualatitive, for example the effective area as a function of energy is changed. These
differences can have a large impact on data analysis, as we shall see in Chapter 8.

With rare exceptions, the LAT operates in sky scanning mode, and its sky coverage
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Figure 2.3: The point spread function of the LAT. The y-axis shows the 68% confi-
dence containment radius for an event at normal incidence (solid curve) and 60° off-axis

(dashed curve). Image credit (32).

as a function of time is shown in Figure 2.5. This mode of operation makes the LAT an

excellent tool to monitor the variability of sources.

2.3 Data reduction for the LAT

2.3.1 Likelihood Analysis

In this section we will go through the standard analysis of a Fermi-LAT point source. We
are assuming that we have identified a target source and wish to know if it is a y-ray
emitter and, if so, what its spectrum looks like. Similar analyses can be performed for a
blind search where a target has not been identified, see e.g. reference (2).

All of the event data recorded by the LAT are available for public use *. The first step
in data reduction is to specify a region of interest (ROI) on the sky. Because the psf is

large, a fairly sizable ROI is usually required, typically ~ 10° around the target object,

'http:/ /fermi.gsfc.nasa.gov/ssc/data/
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Figure 2.4: The 68% confidence on source localisation radius in a one year survey for a

source with an integral flux of 10~7 ph cm~2 s~! above 100 MeV. Image credit (32).

and known sources within or just outside the ROI will be included in the eventual model
fitting. Time and energy cuts are also applied to the events, depending on the job at
hand. Time intervals when the instrument’s zenith angle is < 100° are not used, to avoid
v-ray contamination from the Earth. Each event is given an ‘event class’ depending
on how cleanly the event was reconstructed in the detector. The minimum event class
to be included in the analysis is also specified at this point. Specifying a higher event
class usually increases the signal to noise ratio but obviously reduces the amount of data
overall. At this stage, if the source of interest is thought to be sufficiently bright, the data
can be placed into energy bins to speed up the analysis. Doing so will increase the speed

of the analysis but information is lost in the binning.

Now that the time intervals of interest have been specified, the spacecraft’s pointing

direction over this period is reconstructed. Given this pointing history, and knowing the
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IRF, the exposure of each point on the sky is then calculated.

At this point a model can be fitted to the data. Diffuse models are published for
the isotropic background, the Milky Way 2 and a handful of known diffuse sources 3.
Known point sources are modelled as phenomenological spectral shapes (e.g. a power
law or a power law with an exponential cut off) and parameters can be fixed to previ-
ously published values or left as free parameters, depending on how bright the source is
and how close it is to the target source. Similarly, a phenomenological spectral shape is
chosen for the target and generally the parameters are left free. The model is then fitted
to find values for the free parameters which maximise the likelihood of the data coming
from the model. This is done by comparing the predicted detected number of photons
that the model produces at each point in the sky as a function of energy to the observed
number of photons. A variety of minimisation routines are provided in the Fermi anal-

ysis software and NEWMINUIT * is used for the work in this thesis. An example of a

*http:/ /fermi.gsfc.nasa.gov /ssc/data/access/lat/BackgroundModels.html
*Included in the 2FGL.
*An implementation of MINUIT:

http:/ /lcgapp.cern.ch/project/cls/work-packages/mathlibs /minuit/home.html




2. Observational Techniques and Instruments 17

Figure 2.6: The LAT view of the region around blazar 3C 279. Brightness indi-
cates the photon counts recorded by the LAT (left) and the photon counts from
a model (right). This image is from the Fermi website’s binned likelihood tuto-
rial http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_ likelihood_ tuto-

rial.html.

model prediction and actual data for the region around the blazar 3C 279 is shown in
Figure 2.6.

Each source included in the model has a test statistic (7'S). This is defined from the
ratio of the log-likelihood of a model without including the source (Lo, the log-likelihood
of a null-hypothesis) with the log-likelihood of the model with the source included (L):

L
TS = —2In =2 (2.1)
Ly

This expression is the likelihood ratio test statistic, which is asymptotically x? dis-
tributed. The T'S value of a source in a model is useful in determining if a source has
been significantly detected above the background with o ~ v/T'S.

The result of such an analysis is that the significance of the target source has been
determined along with the best fit values of the spectral parameters. The analysis could
be re-run with a different spectral shape assumed for the target. The likelihood of the two
models could then be compared to determine which, if either, is a better description of

the data. This sort of model comparison will be discussed more extensively in Chapter 6.

2.3.2 Simulated Observations

In doing the research for this thesis, it was necessary several times to perform simulated
LAT observations in order to validate analysis techniques. These simulations were done

with the standard tool gtobssim, which enacts Monte Carlo simulations of the LAT. This
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section describes how gtobssim functions.

gtobssim requires 2 inputs. The first is a model of the target source or sources along
with any nearby sources which might be expected to have an effect on the analysis. This
model contains the celestial coordinates for each source and defines a spectrum for each
source. The second requirement is a pointing history for the spacecraft, i.e. the position
and orientation of the LAT at each instant. This can either be a file that details the LAT’s
actual pointing history over a period of time or it can be a simulated pointing history.
Given that the LAT has so far spent almost all of its time in survey mode, the exact
pointing history used is normally not too important for observations longer than about
a day.

When gtobssim is started, it creates a sphere around the LAT, representing the celestial
sphere, and places the sources from the model file at the relevant points. The program
then “polls” each source to determine, based on the spectra in the model file, when the
next photon will be emitted, which source emits it, and what the photon’s energy is. The
LAT’s position and orientation at that moment is then determined. Whether the LAT
detects the emitted photon, and if so the energy and location that the LAT determines
the photon to have, is based on the LAT’s calculated effective area, psf, and energy res-
olution. (A more thorough simulation tool called gleam is available, where each photon
event is propagated through the detector.) After this, the sources are polled for the next
photon and the cycle is repeated until a specified end time is reached.

At the end of this simulation is a list of events in the same format as actual LAT data.
These events can then be analysed in the usual fashion, described in the previous subsec-
tion. The benefit of course is that the source parameters returned from the analysis can
be compared to the input parameters to evaluate how accurate and precise the analysis

is.

2.3.3 Aperture Photometry

Instead of performing an analysis on a large ROI, it is possible to peform a spectral
analysis using a very small ROI around an object, typically 1°, in a procedure called
aperture photometry. The flux in several energy bins is calculated directly by taking the
number of photons within the ROI and correcting for the exposure of each bin taking

the IRF into account. By using a small ROI it is assumed that the signal-to-noise will
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be kept sufficiently high that the contribution from the background can be neglected.
Alternatively, the photon counts from background regions can be subtracted from each
energy bin before the exposure correction.

Although simple to do, this technique has the drawback that it does not take into
account photons from the target source that are reconstructed to fall outside the small
ROI or photons from a confusing source that do fall within the ROI. This is a particular
problem at lower energies where, as we saw, the point spread function is quite large,
often several degrees. Additionally, the background from diffuse sources will not be
well-modelled in this approach. Because of these problems, it is not advisable to use
aperture photometry to determine the spectra of sources. However, it can be a useful tool
to provide illustrations of spectral fits determined from a full likelihood analysis, and the
spectrum of 3C 454.3 is given as an example of this in Figure 2.7. Note that as the energy
increases the flux becomes successively lower and no flux is recorded above ~ 30 GeV,
despite 3C 454.3 being a very bright source and of average spectral hardness. The low
number of photons detected is expected given that, as we saw earlier in the chapter, the
LAT’s effective area is ~# 0.9 m? at these energies. Above these energies, ground-based
telescopes with a much larger effective area can be employed which operate by detecting

of flashes of Cherenkov radiation.

2.4 Cherenkov Radiation and Extensive Air Showers

Ground based ~y-ray telescopes are sensitive to higher energies than are accessible to the
LAT and other space-based detectors. They operate by detecting flashes of Cherenkov
radiation created when a VHE 7-ray enters the atmosphere. This section will outline the
physics of how this Cherenkov radiation, or Cherenkov light, is produced.

When a -ray enters the atmosphere it quickly interacts with a massive particle in the
atmosphere via the exchange of a virtual photon. This creates an e~ /e™ pair, annihilating
the y-ray in the process. This initial pair of secondary particles produces a cascade of
further particles: the leptons emit photons via bremsstrahlung and these photons can
create further e /et pairs. These processes repeat until enough energy has been lost
that the photons can no longer pair create. (In fact at a few GeV it becomes likely they

will ionise atoms rather than create new lepton pairs.) A schematic of such a shower
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Figure 2.7: The best fit log-parabola model to the Fermi-LAT data 3C 454.3 and aperture
photometry data points.

is shown in Figure 2.8. This multitude of particles created by the impact of the y-ray
is called an extensive air shower. Hadronic cosmic rays that enter the atmosphere also
initiate extensive air showers through their interaction with atmospheric particles, and
distinguishing ~-ray events above this hadronic background has been a major challenge

to ground based 7-ray astronomy (see the next subsection).

When the initial particle strikes the atmopshere from above, conservation of momen-
tum dictates that the air shower particles will be travelling downwards with a great
speed, potentially greater than the speed of light in the atmosphere. The atmosphere is
a dielectric medium, and whenever a charged particle moves through it a dipole is in-
duced in its vicinity, which is then relaxed once the particle is past. As with all moving
charges, the relaxation of the atmospheric particles after the passage of a charged par-
ticles emits an electromagnetic wave. If the particle were slow moving, the relaxation
of the atmospheric particles would individually produce an electromagnetic wave but

these would intefere with each other destructively. On the other hand, if the charged
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Primary Y

Figure 2.8: Schematic of the evolution of an air shower initiated by a VHE ~-ray in-
cident on the atmosphere. The particles lose energy through pair production and

bremsstrahlung. Image credit: Sam Nolan (118).
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Figure 2.9: Dipole induced in particles in the atmosphere as a charged particle propa-
gates along the direction of the arrow. Left: The charged particle is slow moving. Right:

The particle is fast moving. Image credit: Sam Nolan (118).



2. Observational Techniques and Instruments 22
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Figure 2.10: Left: For a slow moving particle, as each charged particle (solid dots) in the
atmosphere relaxes it emits radiation in a sphere. These spheres interfere destructively.
Right: For a fast moving particle, the radiation from each particle inteferes constructively
along the dashed line. This radiation has an angle 6 relative to the fast moving particle’s

propagation. Image credit: Jean-Philippe Lenain (95).

particle is travelling faster than the speed of light in the atmosphere, then the relaxation
of the atmospheric particles happens in a coherent manner. This causes a wavefront of
electromagnetic radiation to be produced in the wake of the fast-moving particle. This
process is illustrated in Figure 2.9 and the geometry of the emitted wavefront is shown
in Figure 2.10.

The light emitted in this way is called Cherenkov light after Pavel Cherenkov. The
spectrum of the emitted light is described by the Frank-Tamm relation which gives the

number of photons at a given frequency over at path of length dz travelled by a particle

dE  ¢° c?
" ~ i <1 — U2n2> dx, (2.2)

where n is the index of refraction of the dielectric medium and . is its permeability. It can

of charge ¢ as (90):

be seen from this that most of the energy output is at higher frequencies v. Since the at-
mosphere quickly becomes opaque at UV frequencies, in practice most of the Cherenkov
light in the atmosphere is emitted in the visible blue regime.

Given the relativistic expression for kinetic energy,

1
Ex=|—— —1| mé, (2.3)

_ 2
C2
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and knowing that the electron rest mass is m. = 5116#, we can quickly see that a y-ray

with initial energy of £, > 20 MeV will produce particles that emit Cherenkov radiation.
(However, as we will see in the next section, the threshold for Cherenkov telescopes is
significantly higher since more than the bare minimum of Cherenkov radiation is re-
quired for a detection.)

Cherenkov emission is very faint. The emission from cosmic rays is only 10~* of
the night sky background and ~-rays are far outnumbered by cosmic rays. However,
the particles constituting an extensive air shower collectively emit a relatively bright
flash which lasts a couple of ns, the time taken for the air shower particles propagate
to the ground. It is this flash of Cherenkov light which can be detected by Cherenkov
telescopes (64). Over the ns timescale of a Cherenkov flash the night-sky background is
relatively low, providing excellent signal to noise. The rapid response times required (as
well as the small number of incident photons) means that Cherenkov telescope cameras
utilise photomultiplier tubes for their pixels, since CCDs, which are more common in

other areas of astronomy, would take too long in their readout time.

2.5 Imaging Atmospheric Cherenkov Telescopes

One of the main problems with which Cherenkov telescopes must contend is separating
the v-ray signal from the large background of hadronic cosmic rays. The air showers
produced by ~-rays evolve in a characteristically different manner from air showers pro-
duced by hadrons. However, since there is no way to track the air shower particles
directly as they propagate, all of the information must be gained from the shape of the
Cherenkov light pool that reaches the ground. The evolution of air showers of different
origins and their resulting light pools have been the subject of Monte Carlo simulations
for several decades. Modern examples of a simulated -ray shower and a simulated
hadron shower and their resulting light pools are shown in Figure 2.11. While the two
light pools are evidently very different, in order to distinguish between them in real ob-
servations it is necessary to characterise the shape of the light pool and this of course
means that the telescope camera must be capable of creating an image.

As shown in Figure 2.12, the light pool from an air shower falling onto a multi-pixel

camera will form an ellipse. Once the light pool has been imaged, the ellipse can be
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Figure 2.11: Cross section and top-down view of the Cherenkov light pool of 300 GeV
photon (left) and a 1 TeV proton (right) to illustrate the difference between photon and

hadron initiated showers. Image credit: Konrad Bernl6hr.

characterised based on its image moments such as its width, length and angle from the
source’s position in the camera. These characteristics are known as Hillas parameters
and are shown in Figure 2.13. Since vy-ray showers and hadronic showers evolve dif-
ferently through the atmosphere they have characteristically different distributions of
Hillas parameters and these are well known from Monte Carlo simulations, the results
of which have been compiled into look up tables. A shower image can be quickly clas-
sified as vy-ray or hadronic in origin by applying selection cuts on its Hillas parameters.

Modern techniques now yield a background rejection rate of > 99% (60).

Stereoscopic observations utilising multiple telescopes improve ~/hadron separa-
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Figure 2.12: Schematical cross section and top-down view of a shower that shows how
circular or elliptical images are seen in the camera plane depending upon the angle be-
tween the shower axis and the image axis. Photon paths of an air shower are shown in

black and the outline of primary mirror (which is parallel to the image plane) is shown

in red.
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Figure 2.13: The moments that characterise a shower image in the camera. Width, length

and angle « from the source’s position in the camera image.

tion. This is done by defining quantities called the mean scaled width (MSCW) and
mean scaled length (MSL). The MSCW is defined as (18):

1 width;
M = 2.4
Sew ; < width; >’ @4)

where Ny, is the number of telescopes that were triggered, width; is the measured
width in the i*" telescope and < width; > is the expected width of a y-ray event in the
it" telescope from the Monte Carlo look up table. The expected length and width of the
image is dependent on the shower’s energy. The MSCL can be similarly defined. An
event is then rejected if the observed value of MSCW or MSCL differs from the expected
value by more than a chosen amount.

Stereoscopic observations are also a boon to source localisation. The origin of the
shower in the camera image will lie somewhere on the major axis of the ellipse. With
2 images of the same airshower in different cameras, the origin of the shower on the
image can be placed where the major axes cross one another. In practice, it is usually
desirable to have more than 2 telescopes for stereoscopic observations (24) which is why
VERITAS and H.E.S.S. Phase I consist of 4 telescopes. (H.E.S.S. Phase Il saw the addition
of a fifth telescope, larger than the other 4, but this was done primarily to lower the
energy threshld to ~ 0.05 TeV (91) rather than to improve the spatial resolution.) The
specifications of the current leading imaging atmospheric Cherenkov telescopes (IACT)

arrays are shown in Table 2.1, typically they have angular resolutions for individual



2. Observational Techniques and Instruments 27

Table 2.1: Specifications of existing IACT arrays.

Array Number of Energy Range Energy Resolution Primary Mirror Altitude
Telescopes (approximate) Diameter
HESS. I 4 0.1-60 TeV 16% @ 0.4 TeV 12m 1.8 km
VERITAS? 4 0.15-30 TeV 15% @1 TeV 12m 1.3 km
MAGIC IT 2 0.06-20 TeV 14% @ 1 TeV 17 m 2.2 km
(22)
b(78) and www.veritas.sao.arizona.edu
“(50)

events on the order of 0.1° (78) (50), which compares very favourably to space-borne
v-ray telescopes, as we saw earlier in the chapter. Ground-based telescopes also yield
an advantage over space-borne telescopes in terms of their effective areas. Firstly, very
large and therefore sensitive telescopes can be constructed and, secondly, the Cherenkov
light pool typically spreads over a diameter of 200 m and a telescope anywhere within
this has a chance of detecting the flash. The effective area is usually calculated using
Monte Carlo simulations. Many events are simulated over a large area and the effective
area at a given energy is then calculated as the simulation area multiplied by the fraction
of events which pass selection cuts, and are therefore deemed to be detected. IACTs
typically have an effective area of ~ 10° m? at energies around 1 TeV (22) (compared to

the typical LAT effective area which, as we saw earlier in the chapter, is around 0.8 m?).

2.6 Cherenkov Telescope Array

The next generation of IACT is called the Cherenkov Telescope array (CTA). It is cur-
rently finishing its preparatory phase, with scientific observations planned to start in
2016 and an in-depth description can be found in reference (11). It is expected to deliver
improvements over existing IACTs in all key areas: an extra decade in energy cover-
age, a factor of 10 improvement in sensitivity, and a factor of 5 improvement in angular
resolution (=~ 2 arcmin above 1 TeV).

At the very highest v-ray energies, 2 10 TeV, the Cherenkov light pool is relatively
bright and can be detected by a telescope with a relatively small mirror area, but these
events are very rare. Therefore the best strategy for observing these events is to have

many small telescopes (~ 4-7 m primary mirror diameter) spread across a wide physical



2. Observational Techniques and Instruments 28

area. At energies < 100 GeV, events are relatively frequent but faint. Therefore the best
strategy is to have a few large telescopes (~ 24 m). In the core energy range, between
these two extremes, a compromise is required in the form of medium size telescopes
(~ 12 m).

CTA will actually consist of 2 arrays, one in the northern hemisphere and a larger one
in the southern hemisphere. Together they will provide all-sky coverage. The capabili-
ties of these arrays with various proposed telescope layouts has been well characterised
through extensive Monte Carlo simulations, details of which can be found in (36). The
layout for the southern array is currently expected to resemble proposed layout E, which
is shown in Figure 2.14. This comprises of 4 large size telescopes, 23 medium size tele-
scopes, and 32 small size telescopes. In the northern hemisphere, where the Galactic
plane is less visible, the array will focus on observing extragalactic objects where the
high energy part of the array (large size telescopes) is not required, as at these energies
the v-rays will be mostly absorbed by annihilation with the extragalactic background
light (EBL), as we will see in Chapter 5. Conversely, there is much science on Galactic
objects that CTA can do at its highest energies, e.g. studying the emission mechaisms of
supernova remnants (131), which favours including high energy telescopes in the south-
ern array.

CTA is of great relevance to this thesis, as one of its primary science drivers is the
study of AGN and the EBL, and original work for this thesis has included simulations of
CTA observations. The other primary science drivers for CTA are studying dark matter
(which could annihilate or decay into y-rays), pulsar wind nebulae and supernova rem-
nants, cosmic ray production sites in the Milky Way and other galaxies, and searching

for Lorentz invariance violation in the arrival dispersion of y-rays of different energies.
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Figure 2.14: The proposed Subarray E for the CTA southern array. Scale in metres. Image

credit: Thomas Armstrong.
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Chapter 3
Particle Acceleration and

Radiation Processes

3.1 Introduction

As we saw in the first chapter, a blazar is a class of AGN which has a jet closely aligned
with the observer’s line of sight. These objects are often bright in radio waves and ~-
rays, with the emission from the jet thought to be dominant in these regimes. However,
the exact processes by which blazars emit y-rays are uncertain. In this chapter we shall
briefly review the basic emission mechanisms for y-rays that we will need for our later
discussions, especially those discussions about the different emission models of blazars.
At lower energies (radio through to X-ray), blazars are believed to emit synchrotron
radiation: emission from fast moving charged particles within a B-field. The mechanism
of y-ray emission is less certain. Despite the high temperatures typical of blazar jets, a
thermal origin from the y-ray emission can be ruled out. High frequency peaked blazars
(HBLs, see next chapter) are typically observed to have a peak in the v-ray emission at
around 1 TeV = 1.2 x 10716 ¢cm (125) and from Wien'’s law, if this emission were thermal,
the emission region would require a temperature of around 2 x 10 K, several orders
of magnitude higher than the brightness temperaure of the region inferred from radio
observations (97). (This is of course neglecting arguments as to how the material could
maintain a Maxwellian distribution with such particle energies without cooling via other
mechanisms such as the ones covered in this chapter.)

Several explanations exist for the y-ray emission from blazars, which I will consider
only briefly here since they will be discussed more thoroughly in the following chapter.
One explanation is that high energy electrons and positrons in the jet inverse Compton

scatter photons up to y-ray energies. These low energy seed photons could be provided
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by synchrotron emission from electrons and positrons in the jet, giving an especially
good reason for examining this process in some detail, or could originate from outside
of the jet. Alternatively, the y-ray emission could be synchrotron emission of heavy,
hadronic particles or the result of decaying 7 particles.

All of these scenarios for vy-ray emission require the acceleration of particles to high
energies and likewise this is required for the synchrotron emission seen at low energies.
I will present here a scenario for accelerating particles in the jet, a class of Fermi accel-
eration called diffusive shock acceleration, which can produce particle spectra capable
of explaining the observed emission. After this, I will cover in more detail the emission
mechanisms introduced above: inverse Compton scattering, synchrotron radiation, and

70 decay.

3.2 Diffusive shock acceleration

There are good reasons to believe that blazar jets contain shocks. Firstly, there is obser-
vational evidence for their existence, in the form of luminous knots in the jets (130). Sec-
ondly, jets are sources of sustained synchrotron emission but, as we will see presently, the
observed power output of the jet dictates that the particles should rapidly cool and cease
emission. Therefore, the particles need a constant source of acceleration. As shown by
Anthony Bell (34), this acceleration can be provided by shock fronts. Bell’s work demon-
strated an acceleration mechanism that could occur in any shocked plasma, including
AGN jets and other objects such as supernova remnants. This mechanism produces a
distribution of particles with a spectral index of ~ 2.5, which is in rough agreement with
the observed indices of y-ray sources, as we saw in Chapter 1, and with that of cosmic
rays. In addition, the spatial isotropy of the cosmic ray spectrum in the sky requires a
fairly universal mechanism for their production, which diffusive shocks could provide.
A schematic of Bell’s work is shown in Figure 3.1. Bell started by considering what
would happen to highly accelerated particles in the plasma which were able to overtake
the shock. Since the particles were moving with respect to the plasma, they would lose
energy by exciting Alfvén waves and constantly decelerate until they were at rest with
respect to the plasma (154). This would mean that any particles that made it across the

shock would be decelerating and therefore the shock would eventually overtake them.
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Figure 3.1: Schematic of diffusive shock acceleration. A shock front travels up the jet
with a turbulent wake behind it. The movement of the shock front up the jet is negligible
for the timescales discussed here. In blue is shown the track of a particle that initially
over takes the shock front. At the points labelled ‘A’ the particle changes direction due
to being decelerated by Alfvén waves. At the points labelled ‘B” the particle changes
direction due to being accelerated by the turbulent wake. The particle crosses and re-

crosses the shock front many times before escaping.

The wake of the shock would be turbulent which would accelerate particles. The resultis
that particles would cross and recross the shock multiple times, caught between Alfvén
waves on one side and the turbulent wake on the other. Bell showed that after multiple
crossings, particles would on average gain energy from the shock (compared to their

initial injection energy), resulting in a particle energy spectrum of

v—1/E\""
N(FE) = — 1
v 2u9 + v1 n Ovl — Uy (3.2)
U] — U2 c

where FE is energy, Ey is the initial energy of the particles, v; and v, are the mean
velocity of the particles upstream and downstream of the shock respectively (in the rest

frame of the shock). Since v; — v2 < ¢, the second term in Equation 3.2 is negligible.
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Multiwavelength observations imply v ~ 2.5 (e.g. (122)), in rough agreement with the

value of 2.5 required for the cosmic ray spectrum.

3.3 Derivation of the Thomson Cross Section

Two of the main emission mechanisms that are thought to be at work in blazar jets, syn-
chroton emission and inverse Compton scattering, arise from the interaction of electrons
with photons. The strength of this interaction is determined by the Thomson cross sec-
tion, which can be treated as the classical cross section of the electron. We shall derive
the Thomson cross section here, beginning by imagining a sinusoidal electromagnetic
wave of the form

E(t) = Eysin(wot)é, (3.3)

incident upon a stationary electron of mass m.. This causes the electron to scatter

since the electromagnetic wave provides a force! (and therefore an acceleration © ):

F =mev = qFysin(wpt)é. (3.4)

The information that the electron has moved is restricted to travelling at the speed
of light. Therefore, after some amount of time, ¢, outside of a shell of radius r = ¢ - ¢
the electomagnetic field is unchanged, whereas inside the shell the field is shifted along
with the electron, as shown in Figure 3.2. This assumes that the speed of the electron is
non-relativistic and therefore sufficiently slow that the electromagnetic field within the
shell can adapt to the electron’s movement.

Let us assume that impact of the photon gives the initially stationary electron a
change in velocity of dv. The electron’s displacement at a given time is then dv - t. Con-
sider the E-field at an angle 6 relative to the direction of the electron’s movement. Whilst
the E-field in the radial direction, E,, is constant, the E-field orthogonal to this, £y, expe-
riences a pulse as the shell passes over it during a time interval dt, as we see in Figure 3.3.

We now determine the strength of this pulse in the Ej direction. We can see that,
Ey=dv-t-sinf, (3.5)

E, =c-dt, (3.6)

!The Lorentz force, neglecting the much weaker magnetic component.
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Figure 3.2: Left: The E-field around the electron before scattering. Right: The E-field

around the electron after scattering, the dotted lines show the shell at radius r = ct.

Image credit: Malcolm Longair via Jorn Wilms.

and therefore
Ey dv-t-sinf
E.  c-dt
Additionally, from Coulomb’s law we see that

qg 1

" dweg 12’

Using this, as wellasr = ¢ -t and % = v we get,

q ..
Ey = v -sinf.
0 Admegrc?

(3.7)

(3.8)

(3.9)

Therefore, the Poynting flux of the pulse, the flow of energy per unit area per unit

time, is
2
€0C .9 .
S=—"F}= %1}2 sin? 6.
2 3214l egr

The change in power directed through a given solid angle, d(2 is

dP(0) = Sr2dQ,

q2

—327m2c3¢

By integrating over solid angle, we find the total power emitted,

dP() v? sin? 0dQ.

2

q .2 . 9

P = _ 0dS2.
/4,r 327['263601) St

(3.10)

(3.11)

(3.12)

(3.13)
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Figure 3.3: Geometry of the E-field around the shell at radius » = ct. Image credit:

Malcolm Longair via Jorn Wilms.
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P = _— . .14
/Qﬂ/7r327r26360v sin® 0dfd¢ (3.14)
pP= / éiiﬂd@dgﬁ (3.15)

— Jor 33272c3¢ ’ '

2
_ q -2

= (3.16)

Using first Equation 3.4 and then Equation 3.10 we find

4 12 4
p-_9% 45 (3.17)

C127c3m2eg 6mctmeeg

If we consider the change in power in a given direction as the incident energy flux

times the amount scattered into the angle,
dP(0) = Sdo(0), (3.18)

then o is the angle-dependent cross-section. The total power scattered through all
angles is

P = So. (3.19)

By setting this equal to Equation 3.17 we find the expression for the Thomson cross

section:

q4

= e (3.20)

or
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3.4 Inverse Compton Scattering

In our above derivation of the Thomson cross section, we saw that an incident photon
can impart energy to an electron. The reverse process, where an electron imparts en-
ergy to a photon, also happens, and is known as inverse Compton scattering. Inverse
Compton scattering is an important process in high energy astronomy, since it is one of
the main mechanisms for the production of y-ray photons. For this process to happen,
the electron must first be accelerated to very high energies, which in the case of AGN
happens in shock fronts in the jet, as we saw in the previous section.

Let us consider a non-relativistic electron in a field of low energy photons. Given the
previous discussion, it is straightforward to work out the amount of power the electron
will impart to the photon field. By substituting the energy density of the field, U, 44, into

Equation 3.19, we find the inverse Compton power is
P. = orcUyqaq- (3.21)

If we now consider the electron to be moving through the photon field at relativistic
speeds, we need to consider the fact that the energy density in the rest frame of the
electron will be different from the energy density in the observer frame (although the
total power scattered is Lorentz invariant). Quantities in the electron’s rest frame are
denoted with a prime,

P, = orcll,,. (3.22)

To convert the energy density into the primed frame, we need to consider that both

the photon density NV and the photon frequency v will change:
P a=Nh/'=N(y(1+Bcos) hv(v(1+ Bcos)) = Upaq (v(1 + Bcos0))*.  (3.23)

As we can see, the expression for U, ; depends upon the angle § between the electron
and any given photon. If we assume that U, is isotropic in the observer frame, we can

recover the expression in the electron’s frame by integrating over all angles:

L d = / / Uraa (7(1 + B cos 0))? sin 0dOde, (3.24)
2w Jm

4 1
L= —Upaa [ == ). 3.25
rad 3 d <7 4) ( )
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We can substitute this into Equation 3.22 to get the amount of power from inverse

Compton scattering:

1

4
Pc = gO-TCU’I’CLd <72 - 4> ) (326)

It is customary to subtract from this Equation 3.21, the power scattered by a station-
ary electron in the radiation field, to find the net power gain from inverse Compton

scattering:

4
P, = gUTCB2’72Urad- (3.27)

Now that we have an expression for the power a single electron produces through
inverse Compton scattering, we can go on to derive the characteristic frequency at which
this power is radiated, i.e. the characteristic frequency of photons after being scattered.
The total photon scattering rate is (38)

dN

o = oren, (3.28)

where n is the photon number density. Since

dN
P =B, 3.29
c (3.29)

where E¢ is the average energy of a photon after scattering, when 5 ~ 1 it follows

from Equation 3.27 that

4 GUpga 4
E.= 7% = ~42R,, (3.30)
3 n 3

where Ej is the average energy of a photon before scattering. Equivalently, in terms

of frequency,
4

ve = 27"10, (3.31)

from which we can determine the following expressions, which we shall use later:

1
\= (3”) (332)
4 1y
and
_% 3 %
dry Ve
_wl(a)} o

We are now in a position to determine the spectrum radiated by the inverse Compton

scattering of multiple electrons in a monochromatic radiation field. We shall look at the
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case of a population of electrons that have a power law distribution in Lorentz factor, or
equivalently in their energy:

Ne = K~P. (3.34)
The emissivity (the power per unit solid angle produced in unit volume) radiated in
a small frequency interval, dvc, is? (67)

1
ecdve = EPc(’Y)Ne(’Y)d% (3.35)

i.e. the emissivity is the number of electrons with Lorentz factor v multiplied by the
power each one radiates, with the factor of 47 dividing the total power into unit solid
angles. We can proceed to change this into a more informative expression if we first

rearrange the equation,
1 d
cc = - P(IN() 3

- (3.36)

dve’

and then substitute in Equations 3.21, 3.33 and 3.34. After some rearrangement we

get
1 4, 1(3\2 -1 _1
€ = EUTCU”d§7 pKi (4) velyy t (3.37)
By substituting in Equation 3.32 we finally get
1 ra 4 “ - 1 ra —
co = Lopelrd () g (o) o L U ea (3.38)
8w 12 3 12 8m o

where a = %. We therefore see that if there is a power law distribution of electrons in

a photon field, the inverse Compton emission also has a power law distribution.

3.4.1 The Klein-Nishina regime

The expression for the Thomson cross section, o7, is only valid for the non-relativistic
hv

mec?

regime, where the initial energy of the photon is r < 1. The complete expression
derived using relativistic quantum mechanics is called the Klein-Nishina cross section

and is given as (87)

3or (14+z (2(14+z) 1 1 1+ 3z
= ——In(1+42 —In(l+2z)— — . .
v = (5 (B - gm0 + o 20) - ) 639
In the very high energy regime, when x >> 1, this expression reduces to
1
OKN ~ 35;% <1n(2x) + 2) ) (3.40)

2Ghisellini has an additional factor of m.c in his expression, which seems to be an error.



3. Particle Acceleration and Radiation Processes 40

O T T T ] T T T T T T T T T ] T T

i

In(0.5+2x)/(8x/3)

lllT[T[[I]]I[I[Illllflfl

I
i
I
|
|
I
|
I
|
I
|
|
|
I
|
|

—_ 5 I | 1 ] L 1 L l | L I I 1 I L l I L

—2 0 2 4
Log hv/m_c?

|
NN

Figure 3.4: The Klein-Nishina cross section for scattering. The dashed blue line shows

the approximation given in Equation 3.40. Image credit Gabriele Ghisellini (67).

and it can be seen that as energy increases into the Klein-Nishina regime the cross

section for scattering becomes smaller, as is shown in Figure 3.4.

3.5 Cyclotron Radiation

Cyclotron radiation is the name given to the radiation emitted by a charged particle
moving at non-relativistic speeds in a B-field. For clarity, I will assume the charged
particle is an electron, which is the scenario most commonly encountered in this thesis,
but the following discussion is easily generalised to other particles. Cyclotron radiation
is not encountered much in this thesis, but is a precursor for its relativistic counterpart
synchrotron radiation, which is a very common and important radiation process in high
energy astrophysics.

Landau levels describe the wave functions of particles (in this case electrons) in a B-

o)}
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tield. We will derive them here and show how they lead to the emission of radiation at a

characteristic frequency. We begin with the Hamiltonian for electrons in a B-field,

1 N R e 2
H = <‘pm + py + *AD s (3'41)
2m c

where p is the momentum operator and A is the electromagnetic vector potential. By

defining the Landau gauge as

we get
_ L ) L

= 2m (p;p cBy) + 2mpy' (343)

Since p, = —iha% etc.,
By = o=~ (il — 8 2¢+i(—'h)262—¢ (3.44)

B “om \ "or ¢ om oy?’ ‘
B 9%y (iheB \ oy 1 (eB \* = 9%

o=y St () o (F0) v g 649

Since this expression is independent in  and y (no x - y terms), we can separate the
solution as ¥ (z,y) = ¢z(x)¢y(y). Here, ¢, () has the usual plane wave solution of the

Shrodinger equation,

Pu(x) = e, (3.46)
%gf) = ikyeiFe, (3.47)
2

0 g;gﬂ = —kZeke", (3.48)

and the equivalently for ¢, (y). By dividing both sides of Equation 3.45 by ¢,(x) we get,

o, = (25 0,0~ (22 ) 00+ o (20 s~ (1) T

2m m c 2m 2m
(3.49)
R\ 92 B \?
H6,0) =~ (52 ) 542+ g (W= ) a4t (350

We can get the solutions to this equation by comparing it to the well known Hamil-
tonian of a quantum harmonic oscillator, Hgpo, with the position operator y shifted by

a quantity yo,

~2

p 1
Hono = =% + —mw? (§ — -
QHO = 5 -+ gmw (9 — o), (3.51)



3. Particle Acceleration and Radiation Processes 42

which has the solutions,

g () e (), o

where H,(y) are the Hermite polynomials.

To do this comparison, let us first rearrange Equation 3.50,

2 2 _ 2 2

Hoy(y) = — @n) 0 ;’;5”) - % ( iB> (— hecg’f + y> (3.53)
R\ 02 B\? kg \ 2

Hoy(y) =~ (2m> gj;gy) +5m (;{) (y— 5 ) , (3.54)

and we see that Equation 3.52 is a solution where,

Yn = dy(y), (3.55)
hck,,

Yo = eB ) (356)

w = §. (3.57)
me

The quantum harmonic oscillator has energy levels of
1
E, = (n + 2) hw. (3.58)

This means that the electron can raise or lower energy levels by respectively absorb-

ing or emitting a photon of energy
E, = Ankhw = Ay (3.59)
2T

or equivalently of frequency

B An B AneB

= —w= .
27 2mme

(3.60)

Uy

Of course, the primary means of absorption and emission is between the ground state
and the first excited state, An = 1. In practice, absorption and subsequent emission is
so rapid that the electron effectively scatters the photon (158). Therefore, we see that the

electron scatters photons of the B-field with a characteristic frequency v, = 22& - which

is called the cyclotron frequency. Equation 3.60 is valid for particles other than electrons,
providing suitable substitions for the particle’s charge and mass are made. It can be seen

that for a given B-field strength, heavier particles radiate at lower frequencies.
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3.6 Synchrotron Radiation

We now consider synchrotron radiation which, as mentioned earlier, is similar to cy-
clotron radiation but with the electron moving at relativistic speeds with respect to the
observer. Due to do Doppler boosting, the radiation scattered from the B-field increases
in frequency:

Ve eB
vy = Y

= —. 3.61
vy 2Tymec ( )

As with cyclotron radiation, this expression is valid for particles other than electrons
if suitable substitutions for charge and mass are made.

We can determine several properties of synchrotron radiation very easily by analogy
with those found for inverse Compton scattering derived earlier. The two processes are
essentially the same, but for synchrotron radiation the energy density of the radiation
field is the energy density of the B-field, Up = g—j. We can easily write expressions for
the total power a single electron emits via synchrotron radiation:

4
P, = gam?cUB, (3.62)

and the synchrotron emissivity from a large number of electrons distributed in en-
ergy by a power law with index n,

4@ —a
= Lo UeG) g (”) , (3.63)
47 140) 2 IZ40)

where a = p—;l. Again we find a power law energy spectrum, with the index related
to the index of the electron energy spectrum.

For a given source, the ratio of the inverse Compton emissivity to the synchrotron
emissivity is simply given by the ratio of the external radiation field’s energy density to

the B-field’s energy density:
— == (3.64)

and of course the same relationship is true for the observed flux.

As we shall see in greater detail in the following chapter, the synchrotron self-Compton
(SSC) scenario of AGN jets is where a single population of photons both emits syn-
chrotron radiation and inverse Compton scatters the radiation to higher energies. We

can find the emissivity in this case by starting with Equation 3.38 and recognising that if
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the seed photons are the synchrotron emission, then 1y = v, and the energy density of

the synchrotron emission is (67)

Urad = 471'@65, (3.65)
4c

31 being the light crossing time for the source, with R being its radius. This yields

4 a—1 2 — 4 a—1 2 —
€s (3) 4ry 2w Rymeg (3) 4ry
ssc — ——== K| — = K . .
€ UTRVS 5 < 3 > orc— & 5 3 (3.66)

Since €5 x K, we see that €45, x K2.

As well as providing seed photons for upscattering, synchrotron emission can also
contribute directly to the v-ray flux if the radiating particles are highly accelerated pro-
tons. This will be covered in more detail in the following chapter but, put briefly, protons
can become accelerated to higher energies than electrons since the cooling time for the
more massive particles is longer. In order to undergo such accelerations large B-fields
would be required and in these sorts of environments other emission processes will also
become important, such as emission from 7 particles, which we shall cover presently,

that are produced via the interaction of the accelerated protons with photons.

3.7 7w Emission

One further mechanism for producing y-rays which deserves mention is the decay of 7
particles. As discussed in (41), it has been proposed that within AGN jets 7¥s could be

created through the interaction of accelerated protons with photons,
p+~—p+a’. (3.67)
The 7°s would then decay directly into two v-rays:
0 — 7, (3.68)

contributing to the AGN’s y-ray emission. These y-rays may not escape directly from
their emission region. There would likely be a high density of photons in that area, for
example the synchrotron emission of electrons co-accelerated with the protons. The -
rays and low energy photons could then interact to create e~ /e™ pairs, which could then

emit synchrotron radiation which could potentially create further e~ /e™ pairs. Through
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synchrotron emission and pair production, the energy of the original y-rays cascades
down to lower energies (for further details see reference (110)).

0is only 2 x 10716 g

70 decay process occurs very rapidly. The mean lifetime for a 7
(142), which means that in order to produce a steady emission of y-rays, 7’s must be
constantly created. If protons are accelerated to high enough energies in AGN to produce
v-rays via this mechanism, then the AGN will also be a source of UHE cosmic rays
(133). Proton-photon interaction can also create charged 7 particles. These would be
expected to be present if protons were accelerated to high energies, along with their
decay products: e, e and p particles, which would emit synchrotron radiation below

v-ray energies, and neutrinos. We will examine these cascades and their emission in

slightly more detail in the next chapter.
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Chapter 4
AGN Classification and

Blazar Emission Models

41 Introduction

Although the original research of this thesis concerns only blazars, it is obviously nec-
essary to place these objects in a wider context. For this reason, this chapter will cover
the modern picture of active galactic nuclei (AGN) and the diverse observational ob-
jects that are understood within the framework of the unified AGN model, the idea that
many seemingly different classes of objects are in fact very similar objects viewed from
different angles. We will then go on to discuss the size and location of the y-ray emission

region within AGN jets and cover the possible 7-ray emission mechanisms.

4.2 The Unified Model AGN Classification

A small fraction of galaxies is observed to consist of active galaxies with high luminosity
in some part of the electromagnetic spectrum (83). These were first discovered in the ra-
dio waveband in the 1950s, although it was not immediately evident what these bright
objects were. Rapid variability observed in some of them meant that the region dom-
inating the luminosity could be no larger than the size of the solar system, ruling out
nuclear fusion as the source of the luminosity since this would require the region to be
far denser than was credible. In 1969 Donald Lynden-Bell suggested that the luminosity
could be powered by accretion onto a compact object (98).

In the modern view, it is now understood that this compact object is a supermassive
black hole (the term black hole had been coined only a few years before Lynden-Bell’s
paper) in the centre of the galaxy, leading to these objects being named active galactic

nuclei. The disc of accreted material is highly luminous, and in fact the accretion disc is

47
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the primary and dominant source of luminosity in AGN that lack a jet. Surrounding the
black hole are two clumpy regions of material: the broad line region (BLR) and, further
out, the narrow line region (NLR). The whole system is surrounded by a dusty torus, as

shown in Figure 4.1.

The luminosity of the accretion disc can be understood as the infalling matter being
heated by friction and radiating thermally. Observationally, this is seen as a bump in the
blue part of the optical specrum (the big blue bump) with significant emission in the UV
and X-ray bands. The emission from the accretion disc heats the BLR, NLR and dusty

torus, which then reradiate this energy.

The BLR has its namesake broad emission lines because, compared to the NLR, it
is close to the central black hole. The material that composes the BLR therefore has
large Keplerian velocities which broaden the emission lines. Even so, it is inferred that
the BLR is composed of individual clouds and their relative motions further broaden
the lines, otherwise the calculated BLR temperature would be around 10'° K, at which
point the atoms would be ionised and not produce any lines (137). Despite this extra
broadening, the temperature of BLR clouds is still inferred to be high, typically on the
order of 10* K. This is because of the BLR’s proximity to the central black hole which
means it receives a large amount of heat from the accretion disc. The high temperature of
the BLR material means that collisions between gas particles are more frequent, quickly
de-exciting the gas. This is not true of the cooler NLR, where the relatively infrequent
collisions allow gas particles to exist in ‘forbidden” states, leading to the observation of

forbidden emission lines in the NLR.

The thick, dusty torus, further out, absorbs the radiation of the accretion disc and
re-emits it predominantly in the infrared regime. As well the radiation it emits, the
dusty torus has very important effects on AGN observations due to the radiation that it
obscures. If the object is viewed side-on to the dusty torus, which we define as a large
viewing angle, then only emission from the dusty torus and the NLR is seen, the rest of
the object being blocked by the dusty torus. As we see in Figure 4.1, this type of object is
known as a Seyfert II galaxy. As the viewing angle is decreased the BLR becomes visible
and the object is known as a Seyfert I galaxy. Finally, at smaller viewing angles, radiation

directly from the accretion disc is visible and this is known as a quasar.

The next major consideration for AGN classification is the amount of radio emission.
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Figure 4.1: Schematic of the unified model of AGN. Different radio quiet object types

and their viewing angles are also shown with arrows.

The objects described so far are the so-called radio quiet objects. If the ratio of the flux

at 5 GHz to the flux in the optical B band, £ 7z, is greater than 10, then the object
is considered radio loud. This radio loudness is generally attributed to the existence
of a jet in the object, although some objects without a jet can meet the aforementioned
definition and some objects with a jet are still classed as radio quiet (39). About 10% of
AGN have relativistic jets which produce non-thermal radio emission, and these objects
are on average 1000 times brighter in the radio band than radio quiet AGN. Whether an
object is radio loud is thought to depend on several factors: having a large spin, having

a large accretion rate, and having a geometrically thin accretion disc. These factors are

products of the object’s accretion and merger history (149).

The classification of an object is different if it is radio loud: quasars are simply clas-

sified as radio loud quasars as opposed to being classified as a radio quiet quazars.
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Figure 4.2: Schematic of the unified model of AGN. Different radio loud object types and

their viewing angles are also shown with arrows.

Seyfert I galaxies become broad line region galaxies (BLRGs), and Seyfert II galaxies be-
come narrow line region galaxies (NLRGs) or LINERS (low-ionisation nuclear-emission-
line regions). The latter objects resemble NLRGs with faint lines, although it is debatable
whether these objects are actually AGN (157). An object being viewed with with a small
angle to the jet axis is classified as a blazar. The unified model of radio loud objects is

shown in Figure 4.2

Radio loud AGN can be further split into two observational groups. In Fanaroff-
Riley I (FR I) galaxies the brightest emission from the radio jet is close to the core, while
in Fanaroff-Riley II (FR II) galaxies the brightest emission is seen from lobes where the
radio jet terminates. Examples of an FR I and an FR II galaxy are shown in Figure 4.3.
The cause of this difference is believed to be the amount of kinetic energy contained in

the jet.
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Figure 4.3: Left: Example of a Fanaroff-Riley I galaxy, 3C 449. Right: Example of a
Fanaroff-Riley II galaxy, 3C 47. Image credits, (121), (42) via http://ned. ipac. caltech.
edu/
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Most relevant to this thesis are blazars where the viewing angle is very small. As we
shall see in the following section, blazars can be very powerful emitters of both radio
waves and ~-rays. The emission is especially bright since the jet travels towards the
observer at relativistic speeds and therefore the radiation becomes beamed and Doppler
boosted.

Blazars can be further subdivided into two classes. Firstly, there are BL Lacertae
type objects (BL Lacs) in which emission from the BLR is weak or not observed. These
objects are thought to be FR I galaxies viewed at a small angle. Secondly, there are flat
spectrum radio quasars (FSRQs) which do have appreciable emission from the BLR and
are thought to be FR II galaxies viewed at a small angle (108). In addition, there are also
steep spectrum radio quasars (SSRQs), defined such that the spectral index of the radio
emission o > 0.5. These are thought to be the same objects as FSRQs but viewed at
slightly larger angles.

The broad picture given above has changed little since the 1970s, and seems unlikely
to undergo paradigm shifts. The most significant change in recent years is the idea that
the dusty torus probably has a clumpy structure which leads to the object classification
being a probabilistic function of viewing angle (57). For example, it may be possible to
view an object at large angles and directly see the BLR or accretion disc if, by chance,

none of the clumps forming the dusty torus intersects the line of sight.

4.3 ~-ray Emission from Blazars

Blazars emit radiation right across the electromagnetic spectrum. On a plot of log(v)
against log(vL, ), where L is the luminosity, blazars are characterised by a twin-peaked
shape (see Figure 4.4). The low energy peak occurs at radio through to X-ray energies
and the high energy peak, where observed, is at y-ray energies (62). In FSRQs, this
synchrotron peak frequency, v,, tends to be lower than in BL Lacs. Indeed, for FSRQs
the synchrotron peak tends to be observed in the infrared and has never been observed
above optical frequencies. The wider spread in synchrotron peak frequencies v, in BL
Lacs leads to them being subdivided into low-synchrotron peaked BL Lacs (LBLs) with
10'* Hz < vs < 10' Hz and high-synchrotron peaked BL Lacs (HBLs) with v5 > 10'° Hz

(71). (These numbers are only approximate, and different authors use different defi-
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Figure 4.4: Example SEDs of four representative blazars, objects in the left column are
FSRQs and objects in the right column are BL Lacs. The red lines are non-thermal emis-
sion, blue lines are emission from the disc and BLR, and orange lines are emission from

the host galaxy. Image credit (71).

nitions, with some also defining intermediate-peaked BL Lacs.) The low energy (syn-
chrotron) peak and the high energy peak correlate with one another (62). In their 1998
study, Giovanni Fossati et al. (62) also assert that the greater the intrinsic luminosity of
a blazar (based on either its radio or bolometric luminosity), the lower its synchrotron
peak energy (the ‘blazar sequence’). However this claim has been disputed by Paolo
Giommi et al. (71) who claim that the blazar sequence is due to a selection effect. Essen-
tially, they suggest that BL Lacs with high intrinsic luminosity and a high synchrotron
peak energy evade being included in samples since the non-thermal jet emission tends
to drown out emission lines, which makes it difficult to establish a redshift and therefore

an intrinsic luminosity.

We now turn to the question of how blazars produce y-ray emission. The first ques-
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tion is whether the emission is leptonic or hadronic, i.e., is the y-ray emission produced
by leptons or hadrons? We saw in Chapter 3 how both cases could work in principle. In
the leptonic scenario, low energy seed photons are provided by synchrotron emission or
an external source and then high energy electrons and positrons in the jet inverse Comp-
ton scatter these seed photons to y-ray energies. In the hadronic scenario, decaying 7's

or the synchrotron emission from high energy protons produces the y-ray emission.

To be pedantic, the answer of course is that both processes play a role. As long as
there is one electron and one proton accelerated to high energies in the jet then there will
be both leptonic and hadronic emission, but it is sensible to ask which process domi-
nates. Since the composition of the jet is still uncertain, the question cannot be answered
definitively. Jets are known to be electrically neutral since they are not observed to at-
tract charged objects, so we can at least be confident that electrons exist in the jet in
large numbers and therefore some leptonic emission is expected. Leptonic models are
presently favoured in the literature and have had broad success fitting multiwavelength
observations. Some challenges remain, including explaining the variability timescales
observed at v-ray energies. The cooling timescales of the synchrotron and Compton
processes (the time taken for electrons to radiate their energy away) is highly model de-
pendent, since they are defined by the B-field and photon field that the electrons are in.
Typically though the synchrotron cooling time is of the order of 1 x 10* s and the Comp-
ton cooling time is of the order of 1 x 10 s (136). The observed «-ray variability of around
10 s requires detailed modelling to explain in an SSC scenario, taking into account both

the geometry of the emission region and the varying, time-dependent cooling across it
(e.g. (159)).

The very short timescale variability that is sometimes observed poses an even larger
hurdle for hadronic models, given that proton synchrotron radiation, the dominant hadronic
emission mechanism, has typical cooling times of several days (although lower under
certain conditions, e.g. (17)). Efforts to solve this problem are compounded by the com-
putational demands of modelling time variability in hadronic models (41). Variability
could arise from causes other than radiatitive cooling, for example it could be due to
changes in the viewing angle leading to a change in the Doppler beaming. There has
also been interesting research showing that rapid variability can occur if a red giant star

or similar object crosses the jet (33).
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Before we look at leptonic and hadronic models in slightly more detail, we need to

consider the size and location of the emission region within the jet.

4.3.1 Size of the Emission Region

We can set a lower limit on the size of the emission region from an argument about
the opacity of the source (67). v-rays can interact with a low energy photon to form
an ¢~ /et pair which annihilates the photons. In order that we can observe the high
energy emission, the density of low energy photons at the emission region, u, must be
low enough that the emission region does not become opaque. The optical depth of the
emission region is

7'(6)://EO',W(E,E)U(E,T)dEd’F, (4.1)

where € is the y-ray energy, I is the low energy photon energy, r is the distance

the v-ray must travel to escape. 0., is the photon-photon cross section which peaks at

0y = 0.207 when n’ngc‘l ~ 4 (58).
If we make the approximation that u is constant throughout the emission region of

radius R and consider only the energy E that leads to maximum o, then we can say

3R
T= O.2UTUT, (4.2)

where 3£ is the average distance for the v-ray to travel to escape (67). In this case,

L/
U = Vtesa 4.3)

where L' is the rest frame luminosity of the emission region and V is the proper

volume of the emission region. tes. = % is the average escape time for a low energy

photon, for a given luminosity, if the escape time is longer then more photons will be
within the source at a given instant. This gives

3L/ 3R 9 L

U= ——a—— = ————.

4TR3 4¢c 447 R?c

We can relate the observed luminoisty to the luminosity in the rest frame, L' = 5t

where ¢ is the Doppler factor with respect to the observer to get

L

AmdiR%c (45)

u—g
4
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We can relate u to the observed photon flux at low energy, Fys, using L = 47rd%FOb5,

where d, is the object’s luminosity distance from us.

9 d7 Fops
=- 4.
YT AR *6)
From Equation 4.2, this leads to
9307 d3 Fys
T = 0217 54RC y (47)
and since we require 7 < 1 for all visible energies of ¢,
9 301 d2 Fops
0.2—— 4.8
> 4 4 e (48)

For an example, let us take the archetypal object BL Lacertae which has has a low
energy peak of vF, = 1 x 10'3 JyHz at 1 x 10'* Hz (41).

At 1 x 10! Hz each photon has energy E = 6.63 x 1072 J. This leads to a photon
flux of

F, : _ _
& =T 1x 10° phs™t em™2. (4.9)

BL Lacertae is at redshift z ~ 0.07 which corresponds to d;, = 3 x 108 pc 1. Substitut-

ing this into Equation 4.8 we get

3 x 10*
R> 274 pe. (4.10)

While the Doppler factor is an unknown, realistically 10 < § < 100 leading to
R>3x10"*pc. (4.11)

Blazars are highly variable objects, and variation of more than a factor of unity on
minute timescales has been observed. This observed variability timescale ¢, lets us set
an upper limit such that the size of the emission region is less than the light crossing
time:

5Ct0bs
R<—— 4.12
142z (4.12)

BL Lacertae has been observed to vary on time scales ¢,,s = 15 minutes (29). Then we

can see an upper limit of

R <625 x 10" m = 68 x 1079 pe. (4.13)

'Ned Wright Cosmology calculator http:/ /www.astro.ucla.edu/ wright/CosmoCalc.html
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Table 4.1: Typical Emission Region Parameters for a Blazar
B-Field o R r

G pc pc
02 20 3x1073 5x1072

Typical parameters for the y-ray emission region found in blazars (156). See text

for explanations of the column headings.

And keeping our assumption that 10 < § < 100, this leads to
R <8x107* pc. (4.14)

Combined with the upper limit we calculated, this tells us that the emission region
is well constrained to be on the order of 10~ pc. This assumes of course that the flaring
emission and the quiescent emission come from the same region of the jet, which may
not be true. Either way, this result tells us that a really quite small region can dominate
the y-ray emission. It is still uncertain what this region is. For simplicity it is usually
assumed to be a blob-in-the-jet, i.e. a region of denser material that is injected for some
reason. Other suggestions for this region include a boundary between structures within

the jet (69) or a site of magnetic reconnection (70).

4.3.2 Location of the Emission Region

It is especially surprising that such a small region is responsible for the y-ray emission
when the size of the jet itself is considered. By definition, blazars are viewed at a small
angle down the jet and the projection effect makes it hard to determine the size of the
jet. However, arguments can be made about the jet size, most robustly by studying
AGN viewed at large angles. A well-collimated jet extending tens of kpc is common,
especially in FR II galaxies (74), whereas collimation in FR I galaxies is typically less
than a few kpc (143). (There are, of course, exceptions, e.g. E1821+643 which is an FR I
galaxy with jet extending ~ 280 kpc (39).) These well-collimated regions tend to feed
into large structures of kpc to several hundred kpc size such as plumes, lobes or hotspots
(127).

So where in these massive structures is the y-ray emission region located? As men-

tioned, Martin Rees (130) originally identified bright knots in the jet as shock fronts,
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where we have reason to believe v-ray emission could originate. It has been suggested
that in M87 one of these knots, located r = 120-200 pc from the central black hole, could
dominate the TeV energy emission (49). At GeV energies, a recent paper modelled the
emission region in PKS B1424-418 to be r ~ 5-10 pc from the central black hole (147).
The requirement that the emission region remain transparent to y-rays also allows us to
constrain the position of the emission region. As we saw in the previous subsection, if
the density of low energy photons is great enough then the optical depth to -rays be-
comes very high. The region close to the central black hole would be rendered opaque
due to the large amount of low energy photons from the accretion disc (and BLR where
present). This generally requires the y-ray emission region to be placed beyond the ra-
dius of the BLR (0.1 pc, (84)). We shall discuss this again in greater detail in Chapter 7
where we look for, and fail to find, evidence of absorption from BLR photons, leading us
to the conclusion that the emission region is beyond the BLR.

In summary, it would appear that typically the y-ray emission region is ~ 10~ pc
in size and located ~ 0.1 - 200pc from the central black hole. For context, the typical
parameters for the y-ray emission region of a blazar found in an observational study
are shown in Table 4.1. The B-field strength in blazar jets are sometimes estimated to be

much higher, on the order of 1 - 10 G (116) (68).

4.3.3 Leptonic models

Since the low energy peak in the SED is due to synchrotron emission from electrons in
the jet, it is unavoidable that these synchrotron photons are also available as targets for
inverse Compton upscattering by the same electron population. This type of emission
process is known as the synchrotron self-Compton (SSC) model. Because the same pop-
ulation of electrons produces both the synchrotron and the inverse Compton emission,
there are several observational links between the two energy bands that can be expected
from this type of emission during flares. The exact trends depend upon the parameters
that change to cause the flare, for example the B-field or the energy distribution of the
electrons, but in general both the synchrotron and inverse Compton emission would be
expected to vary together or with a slight time lag due to the light crossing time of the
seed photons and the different cooling timescales in different wavebands. This mod-

elling has been successfully applied to multiwavelength data (e.g. (102), (141)).
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If another source of target photons exists other than the synchrotron photons, then
these too can be inverse Compton scattered and contribute to, maybe even dominate,
the y-ray emission. This is called the external Compton (EC) model. Depending upon
the site of y-ray production, there are many external photon fields that could provide
the seed photons: the accretion disc, the BLR, the dusty torus or the CMB. Due to the
stronger emission observed from their BLRs, FSRQs are expected to have a higher con-
tribution of EC emission compared to BL Lacs. This picture is also consistent with the
fact that the high energy peak of FSRQs tends to be at lower energies than in BL Lacs: the
additional target photons allow for more efficient cooling. In fact, it has been shown (40)
that as the density of the external photon field increases, the high energy peak decreases

proportionally.

4.3.4 Hadronic models

We can see from Equation 3.60 that for a particle as massive as a proton to emit syn-
chrotron radiation, very large B-fields are required (=~ 30-100 G (17) as opposed to values
of ~ 0.1 - 1 G which are more typical in leptonic models as we saw earlier). Although
the requirement of large B-fields poses a theoretical hurdle, proton synchrotron radiation
could account for y-ray emission from blazars. This is because protons could be accel-
erated to higher energies than electrons. For all particles there is a synchrotron cutoff
energy when the cooling time via synchrotron emission roughly equals the acceleration
time for the particle. The cutoff for electrons appears at lower energies than for pro-
tons (17), because the cooling time for electrons (=~ 103 s in these B-fields) is far shorter
than for protons (= 10° - 108 s). Still, the cutoff in the emitted synchrotron spectrum of
electrons coaccelerated in large B-fields could be as high as ~ 0.16 GeV (17)

Proton synchrotron radiation would be the main contributor to the TeV v-ray emis-
sion in these hadronic models since other processes have longer cooling times (e.g. photo-
meson production has a cooling time of order 107 s (17)). But in such an extreme envi-
ronment many processes must be considered that that would contribute across the elec-

tromagnetic spectrum. The simplest process is Bethe-Heitler pair production (109):
p+y—pte +e . (4.15)

Another simple process is the interaction of a proton and a low energy photon to
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produce a stable particle and a 7 particle:

p+v—p+n° (4.16)

pty—ontat. (4.17)

Less straightforwardly, proton-photon interaction creates 7 particles of all charges
along with unstable A particles (111) which decay into further 7 particles.

The neutral 7° particles decay directly into v-ray photons while the charged 7 parti-
cles undergo further decay (30):

at =t + vy — et v, + Uy + e, (4.18)

T = u v, —e Fu Uyt e (4.19)

Synchrotron radiation from the y particles contributes significantly to the high-energy
peak while radiation from the electrons formed in these decays contributes to the low-
energy peak along with the original electrons (41). The shape of the emitted spectrum
will be defined not only by the directly emitted photons but also those emitted in the
cascades resulting from pair production (110), as mentioned in the previous chapter.

As we can see, the end state of the 7 decay produces several neutrinos. The search
for a neutrino flux from AGN by detectors like IceCube could provide much insight into

the emission processes (31).



Chapter 5
Extragalactic

Background Light and

Axions

5.1 Introduction

In this chapter I will start by explaining what the extragalactic background light (EBL) is
and how how it makes the universe opaque to VHE y-rays via photon-photon absorp-
tion. We will see how some early VHE observations of extragalactic sources showed the
universe to be more transparent than first imagined and discuss the current models of
the EBL. I will then introduce axions and axion-like particles (ALPs), which are hypo-
thetical particles which extend the standard model. The existence of ALPs could make

the universe more transparent to VHE v-rays by mitigating EBL absorption.

5.2 Extragalactic Background Light and its Effects

The EBL is the diffuse light present throughout intergalactic space. As we have already
seen several times in this thesis, there is a chance of an interaction between a y-ray and
a low energy photon which will annihilate both photons and create an e~ /e™ pair. Of
course, there is nothing special to exclude the EBL photons from this process, so in trav-
elling through intergalactic space a y-ray has a chance of being annihilated with an EBL
photon (66), thus giving the universe an optical depth to y-rays. Since the chance of the
annihilation ocurring is dependent on the energies of the photons involved, the optical
depth is a function of both a y-ray’s energy and the density of the EBL as a function of

energy (known as the EBL’s shape) which is a function of redshift. The complete optical
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depth is given as (21).

T(e,z):/o dl(z)/0 dEo.~ (e, E)n(E, 2), (5.1)

where di(z) = cdt(z) is a proper line element, ¢ is the y-ray energy, E is the EBL
photon energy, 0., is the photon-photon cross section and n is the EBL photon density.
When the optical depths are calculated, for example in Chapter 9, we see that as a general
rule 7 increases with e.

As it turns out, due to the shape of the EBL, it is infrared photons which provide
most of the optical depth to y-rays, with optical-UV photons also playing a significant
role (21). Due to its lower photon energies, the dominant source of energy in the EBL,
the CMB (76), does not play an important role in the absorption of y-rays. Photons of
infrared-UV energies primarily originate from stars, both by direct emission and repro-
cessed emission after absorption by dust (61). For a recent review on the subject of the

EBL and its absorption of y-rays see reference (56).

5.3 Modelling the EBL

Measuring the intensity of the EBL directly is challenging due to the fact is is very faint
compared to foreground emission, principally the zodiacal light of the Sun reflecting on
dust. Nevertheless, the team of the DIRBE instrument aboard the COBE satellite claimed
tentative detection of the EBL around 3.5 um (55). Lower limits on the EBL level can be
obtained fairly straightforwardly using a method of galaxy counts. A relatively deep
survey is performed to count the number of galaxies as a function of luminosity in an
area of sky. The total light emitted from galaxies can then be found by integrating this
luminosity function. This technique yields only a lower limit because it cannot guarantee
that there are not fainter galaxies that evade detection and thus do not contribute to
the integral. Similarly, if sources other than galaxies (e.g. Population III stars) were
to contribute significantly to the EBL these would not be included in this method. By
combining the direct DIRBE measurements with galaxy count limits and other data, a
review was published in 2001 which described the spectrum of the EBL between 0.1 and
103 pm (76).

However, in 2006 the H.E.S.S. collaboration demonstrated that intergalactic space

was more transparent to y-rays than this EBL model implied (Aharonian et al., 2006) (21).
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This claim was based the y-ray spectra of two blazars, H 2356-309 and 1ES 1101-232.
When the observed spectra were corrected for the effects of EBL absorption (‘de-absorbed’),
the intrinsic spectral indices that were inferred were extremely hard, I';,; < 1.5. Given
the understanding of particle acceleration within blazars (see Chapter 3), and measure-
ments of the spectral indices of nearby blazars less affected by EBL absorption, such hard
spectral indices were hard to credit. The conclusion was that the EBL model used was an
overestimate, one likely explanation being that the direct EBL measurements by DIRBE
were erroneous. In fact, the shape of the EBL inferred from the H.E.S.S. measurements

was very close to the lower limits set by galaxy counts.

Since then there has been much work trying to characterise or set limits on the shape
and intensity of the EBL, which is summarised in Figure 5.1. One technique, similar
to that used by Aharonian et al. (2006), is to see what shapes can be used to de-absorb
VHE blazar spectra and still obtain physically sensible results. (This technique was also
used in Hauser and Dwek (2001), but at the time only a few, fairly local blazars had been
measured.) Since the launch of Fermi additional constraints can be applied to these anal-
yses by demanding that for a given source the de-absorbed VHE spectrum is consistent
with the measured Fermi spectrum, which is at lower energy and therefore suffers less
absorption. These approaches are useful but they do have to make some conservative
assumptions. For example Orr, Krennrich and Dwek (2011) (115) and Meyer et al. (2012)
(106) require that the VHE spectrum is softer than the Fermi spectrum, which is a reason-
able assumption but there is no way of knowing just how much softer the VHE spectrum
actually is. Ackermann et al. (2012) (13) examined the LAT spectra of 150 blazars that
spanned the optically thin and thick regimes. The measured spectra from the optically
thin regime were extrapolated into the optically thick regime and an EBL shape was
found such that this extrapolation matched the observed spectrum. In this way a direct

measurement was made of 7 energies below 0.5 TeV.

Another approach is to base the EBL level on galaxy counts or surveys. Multiwave-
length models are attached to each observed galaxy in order to calculate the total lu-
minosity. These multiwavelength models are either based on local galaxies and then ad-
justed to the appropriate redshift by a phenomenological evolution (backward evolution
method, e.g. Franceschini, Rodighiero and Vaccari (2008) (63)) or based on observations

at the approriate redshift (e.g. Dominguez et al. (2011) (54)).
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Figure 5.1: Upper limits from Meyer et al. (2012) (106) along with EBL models of Frances-
chini, Rodighiero and Vaccari (2008) (63), Kneiske and Dole (2010) (88) and Dominguez
et al. (2011) (54). Image credit (106).

Finally, another method is to calculate the EBL from the amount of star formation
observed in galaxies, which is in turn based on the observation of certain tracers for star
formation such as Lyman «. The emission from the inferred stellar populations is then
calculated, see for example Kneiske, Mannheim and Hartmann (2002) (89). A similar
work has been performed fitting to the lower limits of the star formation estimates (as
opposed to the best star formation estimates), yielding a lower limit EBL model: Kneiske
and Dole (2010) (88).

Broadly speaking, these various efforts at EBL modelling are in agreement, espe-
cially in the overall shape of the EBL, as can be seen in Figure 5.1, and in the values
of 7 as a function of energy, as can seen in Figure 5.2. However, some disagreement
does exist. For example, the galaxy count models of Kneiske et al. (2002) (89), Frances-
chini, Rodighiero and Vaccari (2001) (63) and Dominguez et al. (2011) (54) are all in > 3¢
disagreement with the VHE based model of Orr, Krennrich and Dwek (2011) (115). How-

ever, that paper also claims the EBL level is consistent with the DIRBE measurement at
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Figure 5.2: Upper panel: 7 as a function of observed energy for several redshifts. Lower
panel: flux attenuation as a function of observed energy for several redshifts. The black
line is the model of Dominguez et al. (2011) (54) with the shadow region indicating
the uncertainty (see reference). The dashed purple line is the model of Franceschini,

Rodighiero and Vaccari (2008) (63). Image credit (54).

3.5 pm, which is in disagreement with other publications e.g. Aharonian et al. (2006)
(21). Kneiske et al. (2002) (89) are in > 20 disagreement with the Fermi measurements of
Ackermann et al. (2012) (13) and appear to be in disagreement with Meyer et al. (2012)

(106), although the significance was not calculated.

Despite the relatively good agreement between the EBL models, confronting them
with observations of distant blazars still yields some puzzling results. For example,
applying the model of Franceschini, Rodighiero and Vaccari (2008) (63) to the object
1ES 1101-232 yields an intrinsic spectral index of I' ~ 1.6 and models closer to Kneiske
et al. (2002) (89) would yield indicies closer to I' = 1.0 (94). Such results may indi-
cate a problem with the EBL models, or may indicate unexpected physics in the emis-
sion mechanism. For example, it has been shown that an electron distribution that is

Maxwellian (94) or has a low energy cut off (148) (85) can reproduce such hard intrinsic
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Figure 5.3: Single potential well (black) with the vacuum solution (blue).

spectra. Although these scenarios raise questions as to how plausible it is such an elec-
tron distribution can be produced and sustained, they show that at least in principle it
is possible to explain the observed spectra with current EBL models. If this is the case
then one challenge would be to explain why only distant blazars have such hard spectra.
Another possible explanation for these discrepancies is the existence of the hypothetical

axion particle, as we shall see in the following section.

5.4 Axions and their effects on the AGN Spectra

5.4.1 Instantons

I will now give a very brief introduction to instantons, which are necessary for under-
standing the motivation for axions. Imagine a single particle trapped in a potential well
of the form given in Figure 5.3. If the particle is measured to be at (z,t) = (zo, o) then the

probability for it to be found at some time dt later at (x1,t1) is given by the propagator
K (z1,t15 w0, t0) =< 1] M350 >= /Dl‘e_is/h, (5.2)

where H is the Hamiltonian of the system. The action, S, and therefore also K, are

dominated by transitions to the ground state which lead to the particle most probably
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Figure 5.4: Double potential well (black). An instanton/anti-instanton path is shown

with the arrows. The vacuum solution for the left hand well is split into two (blue).

being found in its lowest energy level, its vacuum solution, Ejy:

Eo =+ (5.3)

Now let us consider what happens if the potential forms a double well, of the form
shown in Figure 5.4. The propagator for paths where the particle starts and ends in the
left hand well must also include paths where the particle travels to the right hand well
as an instanton and travels back again as an anti-instanton. In fact, these instanton/anti-
instanton movements could occur any odd number of times. The effect of including
instantons in the propagator is that the previous vacuum solution is split into 2 (100),

the true vacuum Ej and a slightly higher energy level E, as shown in Figure 5.4, and

given by
E, :% —hR-e %" and (5.4)
E} z% +hR e/ (5.5)

where R is the ratio of the path integral including instantons to the constant path
integral not including instantons. In fact, there are two true vacuums in this example,

one corresponding to the particle in the left hand well and one in the right hand well,
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Figure 5.5: Schematic of the Lagrangian for the strong force.

both of which must be considered if we didn’t already have knowledge (from the initial

measurement) that the particle was in one well or the other.

5.4.2 Axions

The Lagrangian examined in the previous subsection had 2 true vacuums: the left hand
well and the right hand well. The Lagrangian for the strong force has an infinite number
of true vacuums (120). We can picture this as rather than having a double well we have a
sine wave extending from negative to positive infinity within which each minimum can
be labelled n, as shown in Figure 5.5. Moving from n to n + 1 would change the phase
of a wavefunction by an angle 6.

Since we now have instanton solutions between all of the different true vacuums, the
effective Lagrangian L to be used in the propagator is given by (119):

2

I__po fa (5.6)

Lg = £+i0327r2 s ot

where g is a coupling constant and F' is the gluon field strength tensor . The second
term in this equation violates CP conservation, unless of course # = 0. However, as
Roberto Peccei and Helen Quinn showed (120) CP invariance will arise naturally if the
quarks interact with (and acquire their mass from) a new scalar field with U(1) chiral
symmetry. This in essence allows any value of  to be treated as zero, since the terms

associated with § # 0 are absorbed by a chiral rotation of the new field, which is of
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Figure 5.6: Observed spectral index I' plotted against redshift z. Each point is the mea-
sured spectral index of a blazar at VHE. The light grey area shows the expected area for
the data points given standard physics and the dark grey area shows the expected area

for the data points in a scenario with photon-ALP mixing. Image credit (27).

course symmetric and therefore has no physical consequences (119). However, it was
soon shown that instanton effects spontaneously break the U(1) chiral symmetry that
Peccei and Quinn had proposed. It is relatively straightforward to show (e.g. (73)) that
generally! whenever a symmetry is broken it leads to particles called Nambu-Goldstone
bosons, or pseudo-Nambu-Goldstone Bosons. In this case, Steven Weinberg (153) and
Frank Wilczek (155) independently showed that Peccei and Quinn’s proposal would lead
to such a particle, dubbed an axion. Since under this model the quarks acquire their mass

from interation with the axion field, the axion is also a Higgs boson (155).
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5.4.3 Axion effects on y-ray Spectra

It was pointed out in these papers that the axion would form a vertex with 2 photons.
This means that in the presence of a B-field photons can oscillate into axions and vice
versa (128). For QCD axions, discussed in the previous subsection, the photon-axion
coupling constant g is related to the axion mass m,, but this need not be the case for
more generic axion-like particles (ALPs) (a recent review is given in (132)). Given cur-
rent bounds on m,, if axions exist then y-ray photons could be expected to oscillate into
axions. Broadly speaking, some 7-ray photons created in AGN jets are expected to con-
vert into axions in the B-fields at and around the source, as we shall discuss in more
detail later in the thesis. The mixed photon-axion beam then propagates through inter-
galactic space where the photons suffer the usual EBL attenuation but the axions do not
(since they are not subject to photon-photon absorption). Photon-axion conversion will
occur again when the beam enters the B-field of the Milky Way, resulting in some of
the axions converting to y-rays. In this way, a flux boost can be provided to the v-ray
spectrum since the effects of EBL absorption have been partially mitigated (139).

There is some evidence of such mitigation occuring. In 2012, a study (80) took a large
sample of VHE detected blazars and first found a fit to the optically thin (7 < 1) part
of the spectrum of each object. This fit was then extrapolated into the optically thick
(1 > 2) regime and adjusted for EBL absorption. The lower limit EBL model (88) was
used for this purpose. The result of this treatment showed that the data points in the
optically thick regime scattered above the extrapolated fit with a significance of 4.2¢0.
This suggests that, even when a lower limit of the EBL is considered, there is more flux
at the highest energies than would be expected from observations in the optically thin
regime. The authors of the study note that photon-ALP mixing is one way to explain
this anomaly.

One issue that has been raised is that this work has a potential inherent bias. The high
energy part of an object’s spectrum suffers from quite low photon numbers and there are
natural Poisson fluctuations about the mean value at a given energy. It could be that if
the object happens to fluctuate above its mean during the observation then it is detected
but if the object happens to fluctuate below the mean it is too dim to be detected. This

leads to a natural bias towards high energy data points that fluctuate above the mean.

!For an exception to this generalisation see e.g. (45)
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Two arguments help answer this point, at least partially. Firstly, in (80) the authors
re-run their analysis with the highest energy data point from each observation removed
and find that the bias still persists at a 2.60 level. Secondly, from the study’s references,
it can be seen that the spectra used do not have unusual residuals in the high energy part
of the spectra.

A further hint at the existence of ALPs is given by studying the spectral index I' of
observed VHE sources. In general, we can say that the observed spectral index I'y is

related to the intrinsic spectral index I';,; by (27)
Lobs = Lint + 7. (5.7)

Since 7 increases with redshift, if there are no evolutionary effects in the redshift
range in question then we expect I',ps to also increase with redshift. If photon-ALP
mixing occurs at the source then the level of 7 would be effectively reduced, and the
increase of I',;s with redshift would be less. This is what was found in (27) and shown

in Figure 5.6.

5.4.4 Phenomenology of Axions

In preparation for later work, I provide here the equations which describe photon-axion
mixing. Following (128) and (79), we can take the Lagrangian for coupling between the

electromagnetic field and the axion field as
L =gE - Ba, (5.8)

where E and B are the electric and magnetic fields respectively and « is the axion
field.
Over a length s of plasma with approximately constant frequency and approximately

constant magnetic field strength, the probability for a photon of energy E, to convert into

2
Py=2 (AAj() sin? <A05268) . (5.9)

*There is some disagreement as to the correct form of equation 5.9: see Ref (44) and references therein. If

an ALP (or vice versa) is?

the choice here is incorrect then Py would increase by a factor of 2. This would not have a significant impact

the work in this thesis.
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Here Ap is a term relating to the transverse strength of the magnetic field By,

Ap=17.6x 102 ( g ) ( Br ) kpe L, (5.10)

5x 1071 GeV—1 1076 G

A,sc 1s the oscillation wave number,
1
Apse = ((ACM A — AL 4A2B) 2 kpe1, (5.11)

Acr is the Cotton-Mouton term,

Br \>( E
- _ —6 T Y -1
ACM =—4x10 <10—6 G> ( T6V> kpC , (512)
A, is the plasma term,
E, \ 7! K
_ -10 y -1
Ay =1.1x10 ( TeV) (103 . 3> kpe™, (5.13)

where K is the electron density of the plasma, and A, is a term relating to the axion

mass,

—1
. _3 Mg 2 EA/ 1
A, = 7.8 % 10 (10_8 eV) ( Tev> kpel. (5.14)



Chapter 6
Information Theory and

Model Comparison

6.1 Introduction

A major portion of this thesis is devoted to a comparison of different spectral fits to LAT
data and simulated CTA data. Such comparisons are not straightforward, and this chap-
ter discusses a method by which such comparisons can be made: the Akaike Information
Criterion (AIC).

Let us imagine that we have some set of data drawn from a random variable X. These
data could be anything, but for clarity and given the subject of this thesis, let us say they
are a list of photon energies received from a coordinate on the sky. We want to know from
what spectral energy distribution (SED) the photon energies were drawn. The general
approach in the field is to proceed with model fitting: pick a spectral shape such as a
power law or a log-parabola and attempt to find the best values for the free parameters
to fit the data. Once the best fit for a particular model has been found we say that we
know the likelihood, or more commonly the log-likelihood L, of a model given the data.
(Finding the x? of a model fit is usually not possible due to the relatively low photon
numbers.) The problem then is how to compare multiple models in order to decide
which is the best description and whether the difference between models is significant.
The difference in likelihoods, or log-likelihood ratio, alone is not informative because
even if a simple model in fact represented the true distribution, a more complex model
(one with more free parameters) would be expected to provide a better likelihood simply
by fitting noise. Therefore the test statistic (TS) of the log-likelihood ratio is employed:
—21In £ This TS is x? distributed with degrees of freedom equal to the difference in free

parameters of the two models, and therefore gives the confidence with which we can say
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the difference in likelihoods was significant, and not a chance occurence.

The problem is the TS is only x? distributed if the models are nested, i.e. one model
is a special case of a more complex model and can be treated as a null-hypothesis. De-
termining if the difference in likelihoods is significant in non-nested models is difficult
to compute (96). In this thesis we often want to compare the fit of a log-parabola to a
broken power law and these two models are not nested.

In order to proceed we should realise that if we pick the wrong description of the true
SED, say we use a log-parabola when the SED is a power law or we estimate the spectral
index incorrectly, then we lose some information of the SED. If we had the complete
information of the SED then we could perfectly predict, in a statistical manner, what
photon energies we would observe from it. As we lose information our predictive ability
worsens.

As we shall see in the following section, the amount of information lost when the
probability density function g(x) is used to represent the probability density function
f(z) is given by the Kullback-Leibler information quantity:

Igp = /ln (f(gj)> f(z)dz. (6.1)
g(x)

In our example, f would be the true probability density function of the SED, and g is
the probability density of the model we are using to represent it.

As it stands this isn’t much help as ¢ is unknown. However, in a series of papers
Hirotogu Akaike demonstrated that the maximum likelihood of a model is a consistent,
asymptotic estimator of the Kullback-Lieibler information of the model (see (25) and ref-
erences therein). Akaike showed that the Kullback-Leibler information can be estimated
as

—2L+2k— K/, (6.2)

where k is the number of parameters in the model and K’ is a constant that depends
upon the true distribution.

K’ is also unknown of course, but if we are interested in comparing candidate mod-
els it is evident that its value will be common to all of them and so we can discard it.

Therefore we can define the Akaike Information Criterion (AIC) of a model m as

AIC,, = —2Lum + 2k (6.3)
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Immediately we can say several things. Firstly, the larger the likelihood of a model
given the data, the lower the AIC value for that model and therefore a lower AIC indi-
cates a better model. Secondly, if two models have an equal likelihood, the model with
more free parameters will have a worse AIC score. Thirdly, the difference in AIC' score
between multiple models easily distinguishes which one is better. If several models are
being compared, it is practical to subtract the best AIC score from all of the models and
quote this value:

AAIC,, = AIC,, — AIC . (6.4)

By definition, the best model of the group will have AAIC;,, = 0. A score of AAIC,, >
2 is usually taken to be significant. This can be seen by comparing Equation 6.3 to a like-
lihood ratio test of models m and n, the TS of which,

2w, (6.5)
n

is asymptopically distributed as x? (and therefore AAIC,, = 2 corresponds to ~ 85%
significance). In effect, the AIC test takes the number of free parameters into account
when performing a likelihood ratio test with very little additional calculation. The AIC
test is particularly well suited to work with LAT data, since the standard likelihood anal-
ysis program for the LAT, gtlike, gives the results of its fits in terms of likelihoods and the
number of free parameters in a model is easily calculated. However, it should be noted
that AIC tests are not part of a standard LAT analysis. The AIC test is a very general
extension of the likelihood ratio test, and in this thesis it is applied to simulated CTA
data as well as LAT data.

In the rest of the chapter we will examine the origins of the Kullback-Liebler infor-

mation quantity and show a derivation of the AIC.

6.2 Information and Entropy

In order to understand where the Kullback-Liebler information quantity and the Akaike
Information Criterion come from, we need to cover the basics of information theory. In
1948, Claude Shannon introduced the concept of information entropy (138). This quan-
tity is a measure of how much uncertainty is inherent in a process. Imagine that there

is a random variable X which has a probability density function p(x). If p(x) is fairly



6. Information Theory and Model Comparison 76

uniformly distributed then there would be a lot of uncertainty in what the value of the
next event drawn from the distribution would be and we would say that the system has
high entropy. Conversely, if p(x) was sharply peaked around a particular value then we
would have a high expectation that the next value we draw would be close to the peak
and we would say that the system has low entropy.

Let’s start by considering a discrete probability function. We have a process with n
different outcomes each with a probability p; of occurring. As he wrote in his 1948 paper
(138), Shannon demanded that the definition of entropy, H, statisfied the following 3

conditions:
1. H is continuous in p;.

2. If all p; are equal, p; = %, then H is a monotonic increasing function of n. With

equally likely events there is more uncertainty when there are more possible events.

3. If a choice [can] be broken down into two successive choices, the original H should
be the weighted sum of the individual values of H. The meaning of this is illus-
trated in Figure 6.1. At the left we have 3 possibilities, p; = %, po = %, p3 = %.
On the right we first choose between two possibilities each with probability 3, and
if the second occurs make another choice with probabilities 2, %. The final results

have the same probabilities as before. We require, in this special case, that

H<;;é> :H(éi) +%H <§;> 6.6)
This leads to the entropy being defined as
H=-K zn:pi log pi, (6.7)
i=1
where K is a positive constant, which we shall neglect. The choice of base for the loga-
rathim is likewise unimportant for the definition.

The information of a system can be defined as the negative of the entropy, I = —H,

and therefore is a measure of the amount of predictability in the system:
I=) pilogpi (6.8)
i=1

We can see from this that I < 0, with 0 being the maximum information we can have.

If we consider the form of the above equation, we can see that it is the weighted sum of
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Figure 6.1: Decomposition of a choice from three probabilities. Image credit Claude

Shannon (138).

log p; and we shall call this term the certainty. Therefore, each element i contributes an
amount to the total information based on its certainty and weighted by the probability
of that element being drawn from the distribution. So, if an element is rarely drawn
(pi very low) its contribution to the information carries less weight than if an element is
often drawn (p; very high).

What happens if we try and use a model probability distribution ¢ in place of p, per-
haps because ¢ is mathematically simpler to work with? For each element, the certainty
we previously had, log p;, is degraded by a negative certainty log ¢;,

Certainty Lost; = log p; — log ¢; = log bi. (6.9)
G

)

Just as p; weights the contribution of each element’s certainty to the total information,
so too it weights the contribution of each element’s certainty lost to the total information
lost:

n
Information Lost = Zpi log bi. (6.10)
=1 gl

Note the use of p; in Equation 6.10. This makes sense if we consider an element ¢
which has p; = 0, i.e. it does not contribute to the information at all. It therefore does
not matter if ¢; approximates the element very badly, it will not affect the information
we have on the true distribution.

While the preceding discussion was not very rigorous, Equation 6.10 was proved by
Solomon Kullback and Richard Liebler in 1951 (92). The quantity described in Equa-

tion 6.10 is therefore termed the Kullback-Liebler information quantity, /x7. Amongst
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its properties is that Ix;, > 0 which, given that I < 0, demonstrates that I, is negative
information, or information loss.

Equations 6.8 and 6.10 can of course be generalised to continuous distributions:

I= /p(a:) log p(x)dz, (6.11)
= x)lo p(z) x
h@—i/p()lg“@d- (6.12)

6.3 Derivation of the AIC

We now ready to derive the AIC. To start with, we give the Taylor expansion of a mul-

tivariate function ¢(y, z) around (a, b):

9(y, z) =g(a,b) + gy(a,b)(y — a) + gz(a,b)(y — b) + (y — a)'gy=(z — b)+
o (900(00)( = 2 + gox(0,5) (= — D))

where subscripts represent a derivative with respect to that value and the prime indicates

(6.13)

the transpose.

We apply this to the value of Ik, between a model defined by the true parameter
vector, §*, and the maximum likelihood estimate value in a k-dimensional parameter
space, 0. (We start here the convention of using * to denote a true parameter and " to

denote an estimated parameter.)

9= Tie0",0) = [ g (6.14)
O

We expand around the position of the parameter vector 6y, in the parameter space of
6*. In this case, y and z are both axes of the parameter space of 6*: y = 6,,, = = 0,, and a
and b are both components of the vector Op: a=0) - O, b =0 - 0,.

Since ék is the value for 6, which minimises the information loss, or at least close to
it, we can treat it as a turning point of the function Ix;, and therefore all first derivatives

of Iy, at this point are zero: g, = g. = 0. Furthermore, since ék will be close to 6%,

In Efg* ~ In 1f9* = 0, (615)

o,
and therefore

g(a,b) =0. (6.16)
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Therefore, to first order in (0, — ék) we have

IKL(Q*yék) = (0* - ék)llyz(a* - ék)v (617)

o of 1 of 1
ool [ [(2) ()], o 619

is the (m, n)!" element of the Fisher information matrix and a dash indicates a transpose.

where

As Akaike showed (25), this derivation remains valid for a larger number of dimensions.

Ultimately we are trying to find the expected value of I, (0", ék) when we use our
maximum likelihood estimate 6. Since 6}, is restricted to a parameter space of dimension
k, the difference between the true value of the parameter and our estimate is given by
the difference between the true value and the true value in the restricted space k plus

the difference between the true value in the restricted space k and what we estimate this

value to be:
0" — O = (0" — 6}) + (6 — 01, (6.19)
and therefore
Tr(6%,0) = (0% — 05) I,.(0" — 605) + (0 — 03)' L. (65 — ) (6.20)
=A+ B. (6.21)

We can see from this that A is a bias parameter, representing the information lost due
to the model we are using having a different parameter space to the true distribution.
B is a variance parameter, representing the information lost due to not being able to
estimate the most likely parameter perfectly with the given data. As we said, the AIC'is

the expected information loss:

AIC = E[Ix1(0%,6;)] = E[A] + E[B]. (6.22)

k
B = (0; — ék)’lyz(%‘ — ;) can be rewritten as Z I, (07 — 6;)* which we can see is a
i=0
x? distribution with k degrees of freedom. Therefore

E[B] = k. (6.23)

Finding E[A] is a little harder; we cannot use the same treatment as for E[B] since 6

is of rank k while 0* is of the higher rank of the unrestricted parameter space, K. We
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therefore use the following theorem (first proved, as far as I know, in (152) but which

can be seen more explicitly in (16)):

L(0;|z)

—2In pgtyis asymptotically distributed as x/(§), that is a non-central x? distribution

with v = K — k degrees of freedom and non-centrality parameter

§= (0" —67)L.(0"—6y). (6.24)
We can therefore say that

EZ ()] =6+, (6.25)
§ = B[} (0)] —v (6.26)

_ L(0;|z)
=F [ 21In L") v (6.27)

N L(byz)

~ —2In L") v (6.28)
= —2In L(fx|z) + 2 L(6*|z) + k — K. (6.29)

We therefore end up with the following expression for the AIC:
AIC = —21In L(f)|z) + 2k + 2In L(#*|z) — K, (6.30)

however, for a given data set the last two terms depend only on the parameters of
the true distribution and not on the parameters of the model. Therefore, these terms are
usually discarded since in model comparison they are irrelevant, leaving us with our

final expression:

AIC = —21n L(0|z) + 2k. (6.31)

6.4 Example AIC test using LAT data of 3C 273

In this section I will give a brief example to illustrate model selection using the AIC. A
broken power law (BPL) and a log-parabola (LP), are fitted to roughly 1.5 years of LAT
data of the blazar 3C 273. These models are non-nested and cannot be directly compared
using a likelihood ratio test. We'll discuss more about the shape of these models and their
physical motivation in the next chapter, for the moment they just serve as an example

for model comparison.
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The data and the 2 model fits are shown in Figure 6.2. After minimisation using the

standard tool gtlike, the BPL model has a log-likelihood given the data of
Lppr, = —694057.8. (6.32)
The LP model has a log-likelihood of
Lip = —694059.6. (6.33)

The BPL model has a larger log-likelihood and might therefore be thought to be the
better description of the data. However, we should take the number of free parameters
in the model into account using the AIC value of each model. The BPL model has 4 free
parameters (normalisation constant, break energy and 2 spectral indices) while the LP
has 3 free parameters (normalisation constant, spectral index and curvature parameter).

Therefore we calculate the AIC values as

AICBpr = —2-694057.8 + 2 - 4 = 1388123.7 (6.34)

AICLp = —2-694059.6 + 2 - 3 = 1388125.2. (6.35)
We can see that the difference in AIC of the two models is
AAICgprLp = 1.5, (6.36)

so the difference between models is not significant: neither the BPL nor the LP model
is a significantly better description of the data. Having introduced these concepts we can

now move on to applying model comparison to LAT data.
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Figure 6.2: Black points are aperture photometry data for 3C 273. In blue is the bro-

ken power law model fitted to the data and red is the log-parabola model fitted to the

data. Error bars on the models are 68% confidence intervals. Underneath are shown the

residuals to the broken power law fit.



Chapter 7
Spectral Properties of

Fermi blazars I

7.1 Introduction

In this chapter I shall present a study into the spectral shape of blazars using the Fermi-
LAT. Firstly, I will provide the motivation for the study and the analysis methods used,
then I will present the results and discuss them. For the following discussion it is neces-
sary to define 3 spectral shapes: a simple power law (SPL), broken power law (BPL) and
log-parabola (LP). I will simply give the mathematical definitions at this point, the moti-
vation for SPL spectra of blazars was given in Chapter 3 and the physical motivation of

BPL and LP spectra will be given in the following section.

An SPL is defined as
dN EN\ T
— - 7.1

a5 " <Eg) ’ @D

where dN /dFE is the differential photon flux as a function of photon energy, k is a nor-
malisation constant, Ey is a normalisation energy, which we fixed at 0.5 GeV for this
study, and I' is the spectral index.

A BPL, which describes a sudden change in the spectral index of a power law from

I'1 to 'y at a break energy Ej, is defined as

N k(E£>_F1 it E<E,
dE ) (52)“ if E>FE 72

Finally, an LP, which describes constant curvature across the spectrum, is defined as

2k

e , (7.3)

AN B\ TPle(s)
Ey

where 3 defines the amount of curvature and Ej is again fixed at 0.5 GeV.

83
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7.2 Spectral Shape of blazars in the Fermi energy regime

As we saw earlier, from EGRET observations it has been known for some time that blazar
spectra can be reasonably well described by an SPL over several decades of energy in the
HE regime. The launch of Fermi, with the LAT’s improvement in effective area and en-
ergy resolution, allows a search for deviations from an SPL, for example curvature or
sharp breaks. There are several scientific motivations for doing so. Testing emission
models often involves fitting to multiwavelength data, and better fits to HE data allows
for more accurate modelling. Understanding the spectral shape is also cruicial for ex-
trapolation of HE spectra into the VHE regime, where the difference between the extrap-
olated and observed spectra can provide information on the amount of EBL absorption.
Finally, as we shall see, specific models for the y-ray emission mechanism or location can

lead to testable features in the HE spectrum.

7.2.1 Spectral breaks and curvature

From observations published in 2009 (1) and 2010 (6), the Fermi team concluded that the
spectra of FSRQs and LBLs deviated from SPL spectra. For several objects, including the
bright FSRQ 3C 454.3, a BPL spectrum with a sharp break was a better description of the
data than a smoothly curved LP spectrum.

As the authors noted, this result was somewhat surprising, for several reasons. The
double-peak shape of the multiwavelength SED suggested a curved spectrum such as
an LP might well have described the HE spectra. Observations in the X-ray waveband
in particular had shown spectra well described by an LP (101) and from what we saw
Chapter 3 we could well expect the Compton emission of this population of electrons
to have the same shape. An LP spectrum could be adequately explained assuming lep-
tons in the jet undergo stochastic acceleration processes whereby the probability for an
electron to be accelerated at a shock front is less when the electron has more energy (see
references (101), (150) and references therein).

On the other hand, a sharp break as described by a BPL was somewhat unexepected
and hard to explain. In a leptonic scenario the spectral shape of the Compton emission
is defined by both the spectrum of the low energy photons and the electrons that up-

scatter them. Simply having a BPL spectrum of electrons is not enough to produce a
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BPL inverse Compton spectrum, in fact BPL electron spectra are quite common in the
literature (e.g. (156)) due to high energy electrons escaping from the emission region. In
the case of 3C 454.3, the authors did conclude that the break was likely due to the energy
distribution of the emitting electrons however a later publication (61) pointed out that
this scenario predicted a correlation between the spectral indices in the optical and ~y-ray
wavebands, which was not observed. We therefore explore several other possible causes

of BPL spectra: the double-absorber model and the two component model.

7.2.2 Double-Absorber Model

Juri Poutanen and Boris Stern proposed (124) (hereafter PS10) that the observed spectral
breaks could be due to absorption of v-rays above the break energy by recombination
line photons originating in the blazar’s BLR. For such a mechanism to occur, the y-ray
emission region would need to be located within the radius of the BLR. PS10 used a
simple photoionisation model of the BLR (93) and the resulting emission spectrum be-
tween 1 eV and 100 keV to calculate the opacity of the BLR to v-rays as a function of
energy. This emission spectrum saw 2 sharp jumps in intensity, the first at 13.6 eV due
to He recombination and the second at 54.4 eV due to H recombination. These jumps
in intensity lead to 2 corresponding increases in the opacity of the BLR to -rays at the
points where the y-rays had enough energy to produce e~ /e pairs with the recombina-
tion line photons and the model is therefore called the ‘double-absorber” model. These
jumps in opacity occurred over 4-7 GeV and 19.2-30 GeV in the object’s rest frame. A
simplification in PS10 allowed these jumps to be treated as occurring at 4.8 GeV and
19.2 GeV.

We will now briefly show how the double-absorber model gives rise to breaks in the
spectrum. As can be seen in PS10, where there are sharp jumps in opacity the optical

depth can be approximated as

Tyy = Teff INE, (7.4)

where 7., is an effective optical depth, which is constant. Therefore if the intrin-
sic spectrum is an SPL which (neglecting the normalisation constant and normalisation

energy for clarity) has the form

F(E)=FE", (7.5)
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then above the threshold of absorption the spectrum becomes
F(E)=E Ye Tess Il (7.6)

We can see that this leads to a change in spectral index by a couple of straightforward

steps:
F(E)=E" <eln E) B 7.7)
=E YETess (7.8)
=~ T+7ess), (7.9)

Therefore the double-absorber model predicts that y-rays with an SPL spectrum that
travel through the BLR will acquire 2 breaks, at energies around 4-7 GeV and 19.2-
30 GeV. The conclusion of PS10 is that the observed spectra are well described by the
double-absorber model, although as the authors note the fits using the double-absorber
model are of the same quality as the BPL fits. In a subsequent paper (144), the authors
concluded that the intrinsic spectrum of 3C 454.3 is an LP! with 2 breaks at these ener-

gies.

7.2.3 Two Component Model

Justin Finke and Charles Dermer (61) (hereafter FD10) fitted the SED of 3C 454.3 using
a multi-component leptonic model (53) with the emission region within the radius of
the BLR at a distance of ~ 0.1 pc from the central black hole. They concluded that the
observed spectrum could be explained if emission from both the accretion disc and BLR
were fully considered. In this model, the emission above the break energy was due to
inverse Compton scattering of photons that were emitted from the disc and reprocessed
by the BLR. The reprocessed photons still have approximately the same energy with
respect to the central black hole as when they were emitted from the disc. However,
since the y-ray emission region is within the radius of the BLR the reprocessed photons
will now be scattered head on rather than approaching the emission region from behind.
This geometric effect means that this population is scattered in the Klein-Nishina regime.

In this model, the break energy should remain approximately stable in energy and exist

'The authors used a log-normal but noted that it is essentially the same as a LP but in a different repre-

sentation.
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at least over the timescale of several months, since the emission region would need to

emerge from the BLR in order for the break to cease.

7.3 Data Analysis

In the rest of the chapter, I present the study. LAT data were analysed for 9 blazars
which were selected in PS10 for their brightness in this waveband and their freedom
from contaminating sources. This study was performed after PS10, meaning that more
data had been collected for all of the objects. Additionally, the data analysis methods
employed in this work offer several improvements over those of PS10, as detailed in
subsection 7.3.4. The 9 objects analysed are shown in Table 7.1. The objects spectral

shapes were investigated to determine if:
e The objects were best described by an SPL, BPL or LP.

o If the best fitting spectral shape for each model is stable or if it change over time
and tested if the break energy of a BPL fit remains stable over time (which is a
prediction of both the double-absorber model and to a lesser extent the two com-

ponent model)

o If the spectra were consistent with the 2 energy breaks predicted by the double-

absorber model.

7.3.1 Event Selection and Background Modelling

All photons that arrived within a 15° radius of the target and reconstructed to be event
class 3 (diffuse) or better were examined using the the Fermi Science Tools v9r23p1 and
the P6_V3_DIFFUSE version of the Fermi-LAT instrument response function (IRF) (14).
Any photons received when Fermi’s zenith angle was < 105° were discarded to avoid
v—ray contamination from the Earth. An upper energy limit of 100 GeV was used. The
lower energy limit was typically a few hundred MeV, but varied for reasons discussed
in the following subsections.

The models constructed for use with gtlike incorporated point sources in the region
of interest with parameters fixed to those in the Fermi-LAT 1 Year Catalog (4). Galactic

and extragalactic emission were accounted for using the standard models, which are
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gll_iem_v02 and isotropic_iem_v02 respectivelyz, with the normalisations left as free

parameters.

7.3.2 Model Comparison

For each object, the likelihood of the data coming from an SPL, BPL and LP model were
calculated using the NEWMINUIT routine in gtlike. These 3 spectral shapes were then
compared using an AIC test to determine which, if any, was a significantly better de-

scription of the data.

7.3.3 Truncating the energy range

Searching for a break energy, caused by an absorption feature or otherwise, can require
performing an analysis only over a truncated energy range. This is because, from a priori
knowledge of the SED’s shape, over a wide enough energy range the HE spectrum will
display curvature and this is especially true around the peak in the SED. Imagine trying
to fit a BPL to a curved spectrum that also had a break caused by the onset of absorption
(as in the case of (144)). The break energy found by the fit would try to describe both
the actual break caused by absorption and the curvature in the spectrum. Therefore, if
the curvature was great enough the break energy returned by the fit would not be the
energy of the onset of absorption. In this way, interesting physics could be missed or
misinterpreted.

It was therefore necessary to determine if the spectral curvature in our objects would
be small enough to allow breaks to be correctly identified or if some truncation of the en-
ergy range would be needed. To this end Monte Carlo simulated observations were per-
formed using gtobssim of an object with an LP spectrum of I' = 2.11 and # = 0.12 which
yields a peak energy of ~ 250 MeV. These parameters were chosen to match the greatest
curvature found in the observational sample. An absorption feature was introduced to
this spectrum corresponding to a change in spectral index of AI' = 0.5 at 1.8 GeV in the
observer frame. If the peak energy was chosen as the low energy threshold for analysis,
the correct break energy was identified correctly (1.7 = 0.2 GeV). However, if the low
energy threshold was placed below the spectral peak, the break energy was frequently

misidentified and in half of the simulations the estimated break energy was incorrect by

*http:/ /fermi.gsfc.nasa.gov /ssc/data/access/lat/BackgroundModels.html
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more than a standard error. Additionally, if the threshold energy was increased from
the peak energy in 50 MeV steps the break energy identified remained stable but if the
threshold energy was decreased from the peak energy the break energy varied widely
(typically by more than a standard error between steps) demonstrating the degeneracy
in trying to fit a BPL to the highly curved spectrum about the peak energy. The absorp-
tion feature was then removed from the simulated spectra. In this case a threshold of 50

or 100 MeV above the peak energy was sometimes needed to find a stable break.

There are 2 important points can be made from these simulations. Firstly, if there
is a break in the spectrum it can be correctly identified provided the energy threshold
is above the peak energy. Secondly, if the energy threshold is above the peak energy
then the break energy will be stable if the threshold is increased by 50 MeV. Therefore,
for each object only photons above the peak energy were analysed. The spectral peaks
for most objects in the sample had been previously estimated from multiwavelength
data (5). However, any observational result has uncertainties and it was also possible
that the peak energies had shifted with time. To address this, a BPL was fitted to the
spectra of each object, first using the peak energy as the low energy threshold and then
increasing this by 50 MeV. If the break energies were not consistent the threshold was
repeatedly increased by 50 MeV until a stable break energy was found. The truncated
energy range found in this manner was then used throughout the study. In all cases
the low energy threshold was well below the break energies predicted by the double-
absorber model and so the truncation did not prevent the testing of this model in any
case. Since only bright sources were examined in this study, the loss of photon data
was not too detrimental, especially since the LAT’s point spread function at low energies
is relatively poor and thus the low energy range has a poorer signal-to-noise ratio. In
the case of PKS 2022-07 the peak energy estimated in reference (5) was not used since it
could not be estimated from multiwavelength data but was instead estimated using an

emprical relationship between an object’s spectral index and peak frequency:

In (Vpear) = —4.0 - I 4 3.16. (7.10)

For this object all of the data above 100 MeV was fitted with an LP to get the inital

estimate of the peak energy, which was determined as 290 MeV.
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7.3.4 Energy ranges for evaluating the DA model

As we saw, the double-absorber model predicts 2 breaks in the spectrum of an object, the
first between 4-7 GeV and the second between 19.2-30 GeV. However, the standard Fermi
analysis tool gtlike does not support such a spectral shape. In PS10 simplifications were
made to the IRF and background modelling, and the double-broken-power law shape
as well as a single-BPL were fitted to binned counts using a simple x? fit. However,
this approach degraded the performance of the fits and the uncertainties on the break
energy of their BPL fits were on average 50% worse than those found using the standard
analysis (6).

In order to use the standard gtlike tool, the data from each object were split it into a
low energy range and a high energy range, each of which could be fitted with a BPL.
The energy separating the 2 ranges was chosen as the middle of the 2 predicted breaks
in the observer frame. First, the low energy range was fitted with a BPL and it was then
checked whether the break was significant by testing it against an SPL null-hypothesis
(which is straightforward to perform since the SPL is a special case of the BPL). The
consistency of the observed break energy with that predicted by the double-absorber
model (both 4.8 GeV and the wider 4-7 GeV range) was then tested. All of the data
above the observed break energy were then taken to comprise the high energy set. These
data were given a similar treatment: a BPL was fitted and the break’s significance was
tested against an SPL null-hypothesis and the energy tested for consistency with the

predictions of the double-absorber model.

7.3.5 Epochs for analysing the stability

As discussed above, the double-absorber model and the two component model both
make predictions regarding the stability of spectral shapes and features. More gener-
ally, if the spectral shape is determined by physical parameters that can vary on short
timescales (injected electron spectrum, B-field strength, etc.) then it would be expected
to vary with time. With this in mind, the data from each object were split into 2 equal
time bins, epoch 1 and epoch 2, and these epochs were analysed seperately to find the
spectral shape that best described them. The best spectral shapes of each epoch and the

break energies of the BPL fits were compared to see if they were consistent between the
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Table 7.1: Simple Power Law Fits

Object Index AAIC,in
r

3C454.3 2.485 4+ 0.006 653.5
PKS 1502+106 2.41 £ 0.02 78.1
3C 279 241 £0.01 70.8
PKS 1510-08 2.48 £0.01 35.6
3C 273 2.76 £0.01 329
PKS 0454-234 2.34 £0.02 49.3
PKS 2022-07 2.52 £0.04 7.8
TXS 1520+319 2.42 £0.01 41.6
RGBJ0920+446  2.35+0.02 43.1

The best fitting parameters for simple power law fits to each object as described in
Equation 7.1. AAIC,,;, is the difference in AIC between the simple power law fit
to the object and the best fit out of simple power law, broken power law and
log-parabola, a value of 0 indicating a simple power law is the best fit to the data
and a value > 2 indicating either a broken power law or a log-parabola is a

significantly better fit to the data.

2 epochs.

7.4 Results

7.4.1 Testing For Deviation from a Simple Power Law

The spectra of all of our sources show significant deviation from an SPL. Tables 7.1, 7.2,
and 7.3 show the parameters of the best fit to each source using an SPL, BPL and LP fit
respectively along with the results of the AIC test. For illustrative purposes, the fits for

each source are shown along with aperture photometry data in Figures 7.1 - 7.3.
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Figure 7.1: Aperture photometry data for each source along with the following spectral
shapes from a maximum likelihood fit to the full dataset: simple power law (dotted),
broken power law (dashed), log-parabola (solid), and double-absorber (dot-dashed). Er-
ror bars are 68% confidence intervals for each model, see (15). Residuals ((Observed Flux
- Model Flux)/Observed Flux) for the best fitting spectral shape are shown underneath

each plot. Energies are in the observer frame.
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Table 7.2: Broken Power Law Fits

Object Break Energy Index1 Index 2 AAIC,,in
By (GeV) r Ty

3C 454.3 4.5103 2.375+0.007 3.18 +£0.03 0
PKS 1502+106 11.275% 2.2840.02  3.1+0.1 2.6
3C 279 2.1192 2.32+£0.02  2.70 £0.04 6.6
PKS 1510-08 3.570¢ 2.40£0.02  2.8140.06 0
3C 273 2.2102 2.724+0.02 34401 0
PKS 0454-234 2.6153 2.12+£0.04 2.61£0.05 1.8
PKS 2022-07 4.0158 2.34+£0.07  28+0.1 0
TXS 1520+319 4.7%52 2.36+0.02  2.76 +0.06 0
RGB J0920+446 1672 2.3+0.1 3.6+0.4 13.2

The best fitting parameters for broken power law fits to each object as described in
Equation 7.2. E}, is in the object’s rest frame. AAIC,,,;,, is the difference in AIC
between the broken power law fit to the object and the best fit out of simple power
law, broken power law and log-parabola, a value of 0 indicating a broken power
law is the best fit to the data and a value > 2 indicating a log-parabola is a

significantly better fit to the data.

7.4.2 Testing For Energy Breaks Caused By BLR Pair-Production

Splitting the dataset for each object into a low energy and high energy set allows the
predictions of the double-absorber model to be tested . After splitting the data in this
way, the results for BPL fits to each source and the significance of the improvement they
offer over an SPL fit are shown in Tables 7.4 (low energy sets) and 7.5 (high energy sets).
Plots of the likelihood of a BPL with a given break energy fitting the data are shown in
Figures 7.4 (low energy sets) and 7.5 (high energy sets). The regions where the double-
absorber model predicts breaks to occur are shown as shaded boxes.

When examining the low energy sets, in 7 of the 9 objects a BPL is found to be a
better description than an SPL to > 99% significance. However, in most of the objects,
the break energy does not lie within the energy region predicted by the double-absorber
model.

Fits to the high energy set of most objects were not significantly improved by using
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Table 7.3: Log-Parabola Fits

Object Index Curvature AAIC,.in
r p

3C454.3 2.307£0.009 0.133 £ 0.006 12.8
PKS 1502+106 2.02+0.04 0.16 £ 0.02 0
3C 279 2.36+0.01  0.071 4 0.009 0
PKS 1510-08 2.35£0.03 0.07 £0.01 24
3C 273 2.76 +0.02 0.07 £0.01 1.5
PKS 0454-234 2.11+0.04 0.12 £ 0.02 0
PKS 2022-07 2.27£0.09 0.11 £0.04 0.4
TXS 1520+319 2.38+£0.01 0.05+0.01 9.3
RGBJ0920+446  2.26 £+ 0.03 0.10 £ 0.02 0

The best fitting parameters for log-parabola fits to each object as described in
Equation 7.3. AAIC,,;, is the difference in AIC between the log-parabola fit to the
object and the best fit out of simple power law, broken power law and
log-parabola, a value of 0 indicating a log-parabola is the best fit to the data and a

value > 2 indicating a broken power law is a significantly better fit to the data.

a BPL. Of the 3 objects that do reject the SPL to > 99% significance, the break energy is
again not found in the region predicted by the double-absorber model. It is worth noting
that in PS10 evidence of absorption is found for 7 objects in which we found an SPL to

be an adequate description.

7.4.3 Testing the Stability Of Spectra

5 of the 9 sources were best fitted by different spectral shapes in each epoch (i.e. the best
tit changed from an LP to a BPL or vice versa), as shown in Table 7.6. For the BPL fits,
the break energies in 6 sources were found to differ over the 2 epochs by more than a
standard deviation, and in 3 sources they were found to differ by more than 2 standard
deviations. This is more deviation than expected from statistical variation alone, but

with a sample size of only 9 sources the evidence should be taken with caution.
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Figure 7.2: See caption of Figure 7.1.

7.5 Discussion

The double-absorber model predicts that a break should occur in the low energy set

between 4 and 7 GeV. These results do not support this because although the fit to

the spectra is in most cases significantly improved by introducing a break, the energy

at which the break occurs generally does not fall in the predicted region. In the high

energy set, the double-absorber model predicts that such a break should occur between

19 and 30 GeV. Again these results do not support this conclusion because fits to most

objects were not significantly improved by introducing a break and in cases where they
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Figure 7.3: See caption of Figure 7.1.

Table 7.4: Spectral Properties of Objects over the Whole Time Period at Low Energy

Object Min Energy Peak log(vF.) Epreart Index1  Index2 Sigover 4.8 GeV 4-7 GeV
(GeV) (GeV) Iy Iy simple PL exclusion exclusion
3C 454.3 0.46 0.244 3.3703 2.36140.008 2.86+0.03  >99%  >99% > 99%
PKS 1502+106 1.28 0.934 2.879¢ 21640.06 2.3740.05 90% 86% 93%
3C 279 0.15 0.101 16703 23040.02 2604+0.04 >99%  >99%  >99%
PKS 1510-08 0.41 0.112 4.0790 24140.02 29401  >99% 76% <1%
3C 273 0.12 0.005 21102 27040.02 34401  >99% = >99% = >99%
PKS 0454-234 0.56 0.523 21758 21340.04 245+0.06 >99%  >99% = >99%
PKS 2022-07 0.24 0.693 671 238+0.06 3.1+04  83% 42% <1%
TXS 1520+319 0.29 0.253 5t2 23640.02 3.0+02  >99% 45% <1%
RGBJ0920+446  0.32 0.139 1.3702 2.0140.07 2.4240.04 >99%  >99%  >99%

Table of results over the whole available time period in the energy region from Min Energy to 12 GeV.
Values for peak log(vF,) taken from Ref (5) except for PKS 2022-07 (see main text). Epreqr1 is the
value for the low energy spectral break which provided the best fit to the observed data. I'; and
I'; are the photon spectral indices before and after the energy break respectively. Column 7 shows
how significantly a broken power law improves the fit to the data compared with a simple power
law. Columns 8 and 9 show the confidence level to which one can exclude energy breaks occurring
at 4.8 GeV and in the 4 — 7 GeV break region as predicted in PS10. All energies given in the object’s

rest frame.
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Table 7.5: Spectral Properties of Objects over the Whole Time Period at High Energy

Object Min Energy Epyrear2 Index3 Index4 Sigover 19.2 GeV 19.2-30 GeV
(GeV) (GeV) I's I'y  simple PL exclusion exclusion

3C 454.3 3.3 73759 2.69+0.06 3.35£0.7 >99%  >99% >99%
PKS 1502+106 2.8 1271 2.36+0.05 3.1+0.1  >99% 94% >99%
3C 279 1.6 357% 26402  >5 98% 94% 95%
PKS 1510-08 4.0 15713 30401 25402  60% 40% 53%
3C 273 2.1 17732 33402  >5 52% 34% 47%
PKS 0454-234 2.1 1072 2.5040.07 2940.2  87% 93% 99%
PKS 2022-07 6.0 3179 32402 17405  90% 83% 11%
TXS 1520+319 5.0 40150 27401 34406  47% 69% 63%
RGB J0920+446 1.3 1773 2.3940.04 35403 >99% 53% 70%

Table of results over the whole available time period in the energy region after the first break. Min
Energy is the lowest photon energy for inclusion. Epreqr2 is the value for the high energy spectral
break which provided the best fit to the observed data. I's and I'y are the photon spectral indices
before and after the energy break respectively. Column 6 shows how significantly a broken power law
improves the fit to the data compared with a simple power law. Columns 7 and 8 show the confidence
level to which one can exclude energy breaks occurring at 19.2 GeV and in the 19.2 — 30 GeV break

region as predicted in PS10. All energies given in the object’s rest frame.

Table 7.6: Spectral Properties of Objects over different time periods.

Object Eyrear (GeV) AAICin Ebrear (GeV) AAIChin Epreak (GeV) AAICin
No Time cut Epoch 1 Epoch 2

3C 454.3 45702 0 4.0753 0 45707 0.32
PKS 1502+106  11.2%54% 2.6 10.7758 0.5 2.3103 0
3C 729 21702 6.6 L7158 6.1 2470 29
PKS 1510-08 3.5158 0 3158 0 3.9152 0
3C 273 2.2702 0 1.3%03 8.9 41193 0
PKS 0454-234 2.61075 1.8 3.310:3 15 14403 0
PKS 2022-07 4.0758 0 3.6%58 0 56127 0
TXS 1520+319 47102 0 44722 0.7 44729 0
RGB J0920+446 1672 0 1.0157 0 53799 0

Table of results found by splitting the data for each object into two equal time epochs. The most likely
break energy for each object, in the object’s rest frame, with no time cut and in each epoch individually
is shown along with 68% confidence intervals and the difference from the AIC minimum, a value of
0 indicating a broken power law is the best fit to the data and a value > 2 indicating a log-parabola

is a significantly better fit to the data.
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Figure 7.4: Plots of -log(Likelihood) against power law break energy, in the object’s rest

frame, for the low energy dataset of each object. The shaded box shows the region in

which the double-absorber model predicts a spectral break to occur.

were the breaks did not fall within the predicted region. These conclusions also apply to

the double-absorbed log-normal model presented in (144), since the Monte Carlo results

presented earlier show that the break energies would still be identified correctly. For

it to remain plausible that pair absoprtion with photons produced in the BLR have a

significant effect on the HE ~-ray spectrum the photoionisation models used in PS10

would require significant modification. In several of the objects in our sample, a break

at ~ 1 -3 GeV is seen. To create such a break, a region with a high ionisation parameter

line-like feature at ~ 70 - 110 eV that dominates over H and He lines would be needed.

No such features could be found in the literature.

10
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Figure 7.5: Plots of -log(Likelihood) against power law break energy, in the object’s rest

frame, for the high energy dataset of each object. The shaded box shows the region in

which the double-absorber model predicts a spectral break to occur.

When examining all of the data (not splitting the dataset by energy or time), the spec-

tra of all the sources deviate significantly from an SPL. However, without using physical

motivation to prefer one model or the other, a BPL is not always a better description

than an LP. An AIC test indicates 3 objects, PKS 1502+106, 3C 279, and RGB J0920+446,

were described significantly better by an LP than a BPL, and PKS 0454-234 was described

marginally better by an LP. It might be expected that an LP would be favoured for weaker

sources since with the normalisation energy fixed, as it is here, the LP has one fewer de-

gree of freedom than a BPL. However; these 4 sources were not the faintest in our sam-

ple, in fact 3C 279 had the second greatest flux. This suggests there is a genuine physical
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difference in these objects.

For those objects that were better described by a BPL, the break appears between
~ 2 -5 GeV in the source rest frame. The break energies determined in the low energy
set and with no energy cut are consistent in all objects except 3C 454.3, PKS 1502+106,
and RGB J0920+446, which may suggest the presence of curvature in the spectra of these
objects as well as any break. The presence of curvature in the spectra of these objects
is also supported by the fact that in each case a BPL fit to the high energy set was a
significant improvement over an SPL.

5 of the 9 sources were not best fitted by the same spectral shape in both time epochs
(i.e. the fit changes from an LP to a BPL or vice versa). There is weak evidence that
the break energies of the BPL fits varies with time, suggesting that the primary cause
of the break is intrinsic to the emission region. These observed changes in the spectra
further disfavour the double-absorber model which predicts fixed break energies. The
two component model could account for the change from a BPL to an LP shape between
epochs if the emission region travelled up the jet beyond the radius of the BLR thereby
removing the cause of the break. Likewise it could account for a change from an LP
to a BPL shape if a new emission region was ejected from the central black hole, an
event thought to cause flaring in the radio and v-ray regimes (9). Only the behaviour of
RGB J0920+446 cannot be explained with the two component model since it has a BPL
spectrum in both epochs but the break energy changes dramatically from 1.010 GeV in
the first Epoch to 5.370'S GeV in the second. Alternatively, the changes in the spectral
shape could be due to the distribution of the particles emitting the spectrum or it could
be that when a spectrum with a given spectral shape and time-varying parameters is
time-averaged it becomes best fitted by a different spectral shape, a hypothesis that we
examine further in the next chapter.

In summary, the evidence disfavours the double-absorber model for bright Fermi
FSRQs. The energy spectrum of y-rays from bright FSRQ objects is sometimes better
described by a log-parabola and sometimes by a power law with an energy break at a
few GeV which varies with time. In order to investigate the causes of these features, a
study presented in the next chapter extends the sample size, examines the spectra of BL

Lac objects as well as FSRQs and examines the spectrum of 3C 454.3 on daily timescales.



Chapter 8
Spectral Properties of

Fermi blazars I1

8.1 Introduction

In this chapter I shall present a further study into the spectral shape of blazars using the
Fermi-LAT. In some ways this study can be viewed as a continuation of the one presented
in the previous chapter in that a sample of blazars was analysed in order to determine
whether the best description of each object’s spectrum was an SPL, BPL or LP. Descrip-
tions of and motivations for these spectral shapes can be found in the preceding chapter,
although in this study a normalisation energy of Ey = 1 GeV was used for the SPL and
LP. Since this study was carried out later it used the updated Pass7 LAT-IRF. It also ex-
tends the sample size and includes objects of the BL Lac class as well as FSRQs and stud-
ies the effect that nearby, confusing sources can have on the results. The results show
that an LP is generally an adequate description of the an object’s spectrum, especially
when confusing sources are not expected to have a strong effect and BPL fits appear to
arise as a result of source confusion. This conclusion is contrary to the one from the pre-
vious chapter. Further investigation shows that the discrepancy can be attributed to the
change in the IRF between the studies. This study then goes on to probe the emission
mechanisms of the bright blazar 3C 454.3 by constructing a light curve for this object. The
results show that in its quiescent state, 3C 454.3 has a fairly stable spectrum that is well-
described by an LP and that high flux states are likely caused by changes of parameters
in the jet (as opposed to changes in an external photon field). Some high-flux blocks are
well described by a BPL which is difficult to explain after ruling out the double-absorber

and two component models described in the previous chapter.
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8.2 Data Analysis

8.2.1 Event Selection

For each target, all photons with an energy between 100 MeV and 100 GeV and detected
between MJD 54643 and MJD 56085 were analysed if they were reconstructed to origi-
nate from a 15° radius region of interest around the position of the source. These were
analysed using the Fermi Science Tools v9r27p1 and the P7ZSOURCE_V6 version of the
Fermi-LAT instrument response function (IRF) (14). Following standard practice,! it was
required that events for analysis had been suitably reconstructed (event class 2 (diffuse)
or better) and any photons which arrived while Fermi’s zenith angle was < 100° were
discarded in order to avoid y—ray contamination from the Earth.

Except where stated otherwise, throughout the study the isotropic and Galactic y-ray
emission were fitted using the iso_p7vésource and gal_2yearp7v6 models respectively?

with the normalisations left as free parameters.

8.2.2 Sample selection

Owing to the LAT’s continuous mode of observation, more data were available for this
study than the previous one and therefore fainter objects could be included. All BL Lac
and FSRQ objects from the Fermi 2-Year Point Source Catalog (2FGL) (114) were included
in the initial sample if they had an average significance of 50 or more. This value is listed
in the 2FGL and is derived from the likelihood ratio test statistic between 100 MeV and
100 GeV. The chosen value selects sources roughly as significant above the background
as the objects were in the previous study. Sources at Galactic latitude of 10° or less were
not included in the study (to avoid contamination from the Milky Way). This gave a
sample of 15 BL Lacs and 27 FSRQs.

The point spread function of the LAT is as large as 3° at 100 MeV (114) and this has
the potential to cause a significant amount of confusion between sources. This was more
of a concern than in the previous study as fainter objects were now being included and
therefore some objects may not be very bright compared to their neighbours.

The model selection entailed fitting an SPL, BPL and LP to each object and determin-

'http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/likelihood_tutorial.html
*http:/ /fermi.gsfc.nasa.gov /ssc/data/access/lat/BackgroundModels.html



8. Spectral Properties of Fermi blazars II 103

ing which (if any) of these was the best description. Therefore it was necessary to be
confident that for each target object the simplest of these models, namely the SPL, could
be fitted free from confusion. If this could not be done it suggested that noise was having
a significant effect on the fit.

To this end confusion Monte Carlo simulations were run using the standard tool gto-
bssim. For each of the target sources, an input model was created which included the
target source and all point sources in the 2FGL within 3°. The target source was mod-
elled as an SPL with the best fit values from the 2FGL. The confusing sources were each
modelled as an SPL with values selected randomly from a normal distribution about
their 2FGL values.

This input model was then used to generate simulated events equivalent to an ob-
servation spanning MJD 54643 to MJD 56085. This simulated observation was then anal-
ysed using a binned analysis in gtlike with the parameters of the target source left free
and the parameters of the confusing sources fixed to their 2FGL values.

This method was repeated 100 times and in each simulation it was recorded whether
or not the input value of the target source’s spectral index was included in the 68%
confidence interval of the estimated value. If it was, then the simulation was deemed a
"success’. If no source confusion occurs then each object should have a 68% success rate
in its 100 simulation observations with some random error. Therefore, the mean success
rate of a clean sample of objects should be 68%. Objects which suffered from source
confusion would be expected to have a success rate below 68% and therefore drag the
average of a sample down.

Once the simulations for all of the target sources were complete, the target source
with the lowest success rate was repeatedly removed until the mean success rate of the
sample was 68%. The remaining sources constituted the “clean’ sample while those that
were removed constituted the “unclean” sample. The clean sample consisted of 5 BL Lacs
and 15 FSRQs and the unclean sample consisted of 10 BL Lacs and 12 FSRQs. These
samples are listed in Table 8.1 along with the 2FGL significance and success value of

each source.
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8.2.3 Model Comparison

As in the previous study, for each object the likelihoods of the data coming from SPL, BPL
and LP models were each calculated using the NEWMINUIT routine in gtlike. These 3
spectral shapes were then compared using an AIC test to determine which, if any, was
a significantly better description of the data. A binned analysis was used and all sources
in the 2FGL within 15° of the target were included with their parameters fixed to their
2FGL values.

8.2.4 Truncation of the energy range

In order to find a suitable energy range, energy truncation was applied. The method
for this was very similar to that described in the previous chapter, with a few small
differences. Initially, data for each object over the whole energy range was fitted with an

LP. The Compton Peak energy, Ep, was then estimated as
E, = Ege?"1)/28, (8.1)

(see, e.g. (101), but note that the logarithms in this study are being taken to base e rather
than base 10). Since BL Lacs were included in this study, some objects might have high
spectral peaks, above the energy range being tested and with more significant curva-
ture towards the high end of the energy range. For this reason, if an initial LP fit to
the spectrum of an object revealed the Compton peak energy to be above the high en-
ergy threshold of 100 GeV the stability of the fit was tested by reducing the high energy
threshold (rather than increasing the low energy threshold as described in the previous
chapter). For this study 100 MeV steps were used (rather than 50 MeV) for expediency,

since work between the two studies had showed this step size to be more than adequate.

8.2.5 Light curve analysis

A daily light curve was created for the brightest object in the sample, 3C 453.3 (2FGL
J2253.9+1609), in the energy range 100 MeV to 100 GeV. The daily time bins were then
grouped into blocks of consistent flux using the Bayesian blocks technique. Identifying
blocks of consistent flux is important because different emission mechanisms may be in

effect during e.g. the stages of rising and falling flux.



8. Spectral Properties of Fermi blazars II 105
Table 8.1: List of objects
Clean Sample Unclean Sample
Object Name o Success | Object Name o Success
BL Lacs BL Lacs
J0428.6-3756 105 62% | ]0222.6+4302 59 7.3%
J0538.8-4405 164 76% | J0238.7+1637 92 54%
J0721.9+7120 115 77% | ]0449.4-4350 66 12%
J2158.8-3013 104 64% J0818.2+4223 51 61%
J2202.8+4216 59 48% J1015.1+4925 54 48%
J1104.4+3812 131 38%
FSRQs J1427.0+2347 64 58%
J0136.9+4751 52% 67% J1542.9+6129 52 59%
J0403.9-3604 67 69% | J1555.7+1111 69 0%
J0457.0-2325 126 66% | J1653.9+3945 55 0%
J0730.2-1141 93 67%
J0920.9+4441 76 68% | FSRQs
J0957.7+5522 75 65% | J0108.6+0135 60 50%
J1159.5+2914 52 67% J0442.7-0017 51 58%
J1224.9+2122 182 71% | ]0719.3+3306 52 53%
J1229.1+0202 140 61% | J0725.3+1426 58 61%
J1256.1-0547 148 73% | J0808.2-0750 71 36%
J1457.4-3540 66 66% | J1246.7-2546 57 51%
J1512.8-0906 202 74% | J1312.8+4828 67 61%
J1522.1+3144 131 70% J1428.0-4206 68 60%
J1849.4+6706 60 68% | J1504.3+1029 116 61%
J2253.9+1609 339 65% | J1635.2+3810 76 16%
J2025.6-0736 63 57%
J2025.6-0736 63 57%
<o> 68% <o> 45%

o is the average significance in the 2FGL (see (114)). Success refers to the success

rate of finding the correct input spectral index in Monte Carlo simulations, with

68% being the statistical expectation for a source with no confusion, see full text

for details.
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Details of the Bayesian blocks technique can be found in Ref (135), but I will outline
the method here. The algorithm breaks the light curve into blocks that are likely to
have constant flux. Moreover, it does so in a very computationally efficient way (if we
had f segments in our light curve then there are 2f ways of partitioning it). Briefly, we
start with the values of the daily flux bins from the light curve. Scargle et al. give a
fitness function for any block of these flux bins if we assume the underlying spectrum is
constant. This fitness function for a block is given as F'(R). The numerical value for F is
found using a likelihood technique, and the larger the value of F(R) for a given R, the
greater the likelihood of the data in R coming from the same underlying spectrum.

Let us say that we have a list of daily bins ¢ = 1,2, 3, ... f. We want to find the optimal
way of partitioning up these bins into blocks such that each block has a constant flux.
We start by considering only the first bin, i,,,, = 1. In this case, there is only one bin and
so only one way to partition the data.

If we consider iy,q, = 2 then the fitness function F'(1,2) will tell us that either it is
optimal for the bin i = 2 to be placed in a block with ¢ = 1 or for the 2 bins to be in

separate blocks, depending on whether
F(1)+ F(2) > F(1+2) - (82)

If we consider ip,q, = 3 then F(1,2,3) will tell us if it it is optimal for bin i = 3 to be
placed in a block with bins ¢ = 1,2, or to be placed in a block with only bin i = 2, or to

be placed in block on its own, based on the maximum of

F(1,2) + F(3),
F(1)+ F(2,3), (8.3)
F(1,2,3).

If we consider i,,,, = 4 we need to find the maximum of

F(1,2,3) + F(4),
F(1,2) 4+ F(3,4),
F(1)+ F(2,3,4),
F(1,2,3,4).

(8.4)

Generically for i,,q,, = * we need to find the maximum of

F(1,..N —1)+ F(N, ...z), (8.5)
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for N = 0 — z. Once this is calculated for the whole set (i;,0 = f), if we store
the value for F(1,...N) each time then we know the best way to split the bins into two
blocks. The partition should occur for the value of N which returns the maximum value

of F'. We then have our two blocks:
F(1,..N —-1), (8.6)

and

F(N,...f). (8.7)

What if we want to subdivide the partitions into smaller blocks? We would need to
find the optimal way to partition each of the two blocks that we have by calculating F
for each possible sub-partition. But for our first block these values have already been

calculated. For example, assume that the first partition was made for N = 5, then
F(1,..N —1) = F(1,2,3,4), (8.8)

which we can see above has already been calculated. This process can be repeated
until the optimal way of partitioning up the data has been found.

After this method was applied to the light curve of 3C 454.3, each block in a high
flux state was examined to see if it was best described by an SPL, BPL or LP. A high flux
was defined as as > 5 x 1075 ph cm™2 s7!. This threshold was required to distinguish
between BPL and LP spectra on daily timescales. The method for analysing each block
was the same as described in Section 8.2.3 but using an unbinned Fermi analysis, which
was computationally feasible on these smaller data sets. All of the data from the qui-
escent blocks (which were defined as having flux < the average flux plus one standard
deviation) were also analysed together and the result was compared to the high flux

blocks.

8.3 Results

8.3.1 Searching for breaks and curvature

The results of searching for breaks and curvature are shown in Tables 8.2 and 8.3. Of
the 5 BL Lacs in the clean sample, 3 were described significantly better by an LP and 2

showed significant deviation from an SPL, but in these cases distinguishing between
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a BPL and an LP was not possible. Of the 15 FSRQs in the clean sample, 11 were
described significantly better by an LP, 1 object was best described by an SPL and 3
showed significant deviation from an SPL but distinguishing between a BPL and an
LP was not possible. The single object in our clean sample that was best described
by an SPL was 4C +55.17 (2FGL]J0957.7+5522) which was found to have a spectrum of
)—2.33i0.09 phem—2 s~ MoV,

IN —11 E
= 19£04) x 107" (g
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Table 8.2: AIC results for the clean sample
Object Name AAICmin,SPL AAICmin,BPL AAICmin,LP

BL Lacs

J0428.6-3756 13.5 0.6 0.0
J0538.8-4405 86.8 29 0.0
J0721.9+7120 35.4 2.8 0.0
J2158.8-3013 14.7 1.8 0.0
J2202.8+4216 51.0 2.3 0.0
FSRQs

J0136.9+4751 19.9 1.7 0.0
J0403.9-3604 138.7 13.6 0.0
J0457.0-2325 248.6 22.8 0.0
J0730.2-1141 249 4.6 0.0
J0920.9+4441 254 0.0 1.7
J0957.7+5522 0.0 3.0 1.8
J1159.5+2914 40.3 2.7 0.0
J1224.9+2122 82.8 10.1 0.0
J1229.1+0202 25.7 0.0 0.1
J1256.1-0547 85.8 5.5 0.0
J1457.4-3540 20.7 3.5 0.0
J1512.8-0906 213.7 13.3 0.0
J1522.1+3144 109.5 4.0 0.0
J1849.4+6706 39.9 6.0 0.0
J2253.9+1609 487.9 37.5 0.0

AAICyn,s is the difference in AIC value between a model s and the best model
for that source. A value of 0 indicates the best description of the data and values

> 2 indicate a description is significantly worse than one of the others tested.
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Table 8.3: AIC results for the unclean sample
Object Name AAICmin,SpL AAICmm,BPL AAICmm,Lp

BL Lacs

J0222.6+4302 34 0.0 54
J0238.7+1637 22.7 2.6 0.0
J0449.4-4350 29 0.0 0.2
J0818.2+4223 234 3.6 0.0
J1015.1+4925 15.6 1.1 0.0
J1104.4+3812 9.2 0.6 0.0
J1427.0+2347 15.7 2.1 0.0
J1542.9+6129 0.9 1.4 0.0
J1555.7+1111 11.5 0.0 0.3
J1653.9+3945 9.8 0.0 4.8
FSRQs

J0108.6+0135 39.5 5.7 0.0
J0442.7-0017 4.6 1.4 0.0
J0719.3+3306 8.3 0.0 0.1
J0725.3+1426 9.8 1.8 0.0
J0808.2-0750 16.9 0.0 2.0
J1246.7-2546 91.5 10.4 0.0
J1312.8+4828 7.8 3.0 0.0
J1428.0-4206 73.6 7.7 0.0
J1504.3+1029 94.7 8.2 0.0
J1635.2+3810 112.8 14.8 0.0
J2025.6-0736 71.6 2.0 0.0
J2056.2-4715 55.4 1.1 0.0

AAICn,s is the difference in AIC value between a model s and the best model
for that source. A value of 0 indicates the best description of the data and values

> 2 indicate a description is significantly worse than one of the others tested.
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In the clean sample, more than half the objects were described significantly better
by an LP than an SPL or a BPL, and all the sources are consistent with the hypothesis
of an LP spectrum (i.e. neither an SPL or a BPL were a significantly better description
than an LP). Given that LP fits seemed ubiquitous and this spectral shape is capable of
describing the area around the peak energy of the SED, a further analysis was run on the
clean sample using an LP description over the entire, untruncated, energy range. The
results of these fits are shown in Table 8.4. For the 10 objects that required the use of a
truncated energy range in the earlier analysis, 8 showed a value of I' consistent at the
1o confidence level with that found using the whole energy range and 4 were consistent
in the value of 8. Among the values that did not agree there was roughly equal scatter
in the values found using the whole energy range above and below the values found
using the truncated energy range. This suggests that no bias is introduced in the values
for I and f8 by truncating the energy range, although using the whole energy range of
course includes more data and is therefore preferred. Both BL Lacs and FSRQs show a
wide range of values for I' and 5. However, T-tests determined that, compared to BL
Lacs, FSRQs have significantly softer spectral indices (I'), less curvature (3) and lower
Compton peak energies (Ep) with p-values of 0.002, 0.01 and 0.04 respectively. These
results are qualitatively consistent with the differences between the spectral parameters
of BL Lacs and FSRQs in the literature. With a p-value of 0.41, the difference in the
maximum value of the SED, log EpF(Ep), found for BL Lacs and FSRQs in the clean
sample was not significant, which is most likely a selection bias where only objects above

a certain brightness are included.

Of the 10 BL Lacs in the unclean sample, 3 were described significantly better by
an LP, 2 were described significantly better by a BPL, 4 showed significant deviation
from an SPL but distinguishing between a BPL and an LP was not possible, and 1 object
showed no significant deviation from an SPL. Of the 12 FSRQs in the unclean sample,
7 were described significantly better by an LP, 1 was described significantly better by a
BPL, and 4 showed significant deviation from an SPL but distinguishing between a BPL

and an LP was not possible.

The unclean sample contained the only sources that were identified as having BPL
spectra, and a higher incidence of sources where BPL and LP fits could not be distin-

guished from one another. Caution should be exercised when working with sample sizes
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Table 8.4: Values for log-parabola fits to the clean sample in the energy range

100 MeV to 100 GeV

Object Name Normalisation Spectral Curvature
Constant Index Parameter
107" phem™2 s~ MeV ! r I3
BL Lacs
J0428.6-3756 21+0.2 1.7 £0.1 0.16 £ 0.04
J0538.8-4405 3.98 £0.05 206 £0.01  0.069 + 0.008
J0721.9+7120 2.50 £ 0.04 1.97 £+ 0.03 0.09 +0.01
J2158.8-3013 1.97 + 0.04 1.82+£0.01 0.027 £ 0.007
J2202.8+4216 2.16 £ 0.04 226 £0.01 0.061 &+ 0.009
FSRQs
J0136.9+4751 0.74 £0.03 2.34 £0.03 0.08 £ 0.02
J0403.9-3604 1.14 + 0.03 2.69 +£0.03 0.18 £ 0.02
J0457.0-2325 2.71 £0.04 227+0.01 0.126 + 0.009
J0730.2-1141 252 £0.05 2.35+0.02 0.06 +0.01
J0920.9+4441 0.92 £+ 0.03 237 £0.03 0.10 £ 0.02
J0957.7+5522 1.44+09 21+06 0.1+0.1
J1159.5+2914 1.10 + 0.03 2.27 £0.02 0.08 +0.01
J1224.9+2122 3.60 £ 0.05 234+£0.01 0.054 = 0.006
J1229.1+0202 1.82 +0.04 2.82+0.02 0.09 £ 0.02
J1256.1-0547 3.14 £ 0.05 242 +£0.01 0.066 = 0.008
J1457.4-3540 1.04 = 0.04 238 £0.03 0.10 £ 0.02
J1512.8-0906 6.49 + 0.06 2.447 £ 0.009 0.070 £ 0.005
J1522.1+3144 2.82+0.04 242 +0.01 0.074 +=0.008
J1849.4+6706 0.79 £0.03 220 £0.03 0.11 £ 0.02
J2253.9+1609 175+ 0.1 2.475 £ 0.007 0.132 + 0.007
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this small, but it seems probable that BPL fits can be favoured as a result of source confu-
sion. This conclusion is supported by the particularly high likelihood of the sources with
BPL fits suffering source confusion in Monte Carlo simulations (see Table 8.1). The BPL
model has 1 more free parameter than the LP model, and so it would not be expected
that a BPL would be found to be a better description of fainter objects simply because
the photon numbers are worse, in fact the opposite is true. We shall return to this topic
in the next subsection.

The results from this study can be quickly compared to those in the 2FGL. Since
the work for the 2FGL was carried out at an earlier date, less data was available and
therefore we can see the effect of accumulating more data for the sources. Of the 20
objects which were reported in the 2FGL as having LP spectra, 10 had values for § that
were consistent at the 1o level with the values found for those objects in this work using
longer observation times. The values in the 2FGL that were not consistent scattered
equally above and below the values found in this work. This suggests that once enough
data have been collected for a source to identify curvature in the spectrum this value
does not then change simply by collecting more data, e.g. the spectra do not appear as

having more curvature as more data are collected.

8.3.2 Exploring the effects of Source Confusion

In the previous subsection, it was concluded that BPL fits probably became favoured as
a result of source confusion. In order to explore this hypothesis further, Monte Carlo
simulations using gtobssim were performed. The source chosen for this simulation was
3C 66A (2FGLJ0222.6+4302). This source had one of the lowest success rates for correctly
identifying the input parameters of an SPL in the initial Monte Carlo simulations (see
Section 8.2.2) and was found observationally to be best described by a BPL (see Table 8.3).

In order to see if a BPL fit could erroneously be favoured, the following simulated
observation, equivalent to the dates MJD 54643 to MJD 56085, was performed. The
input spectrum for the target was an LP. The parameters used were the SPL param-
eters from the 2FGL but with a modest curvature of 5 = 0.1 (see Table 8.4). As be-
fore, confusing sources in the 2FGL within 3° were included. There were 2 such ob-
jects: 2FGLJ0218.1+4233, which is 0.96° from the target with an integrated flux 19% the
strength of the target; and 2FGL]0230.8+4031, which is 2.9° from the target with an inte-
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grated flux 5% the strength of the target. Again, as before, these objects were given SPL
spectra drawn from a normal distribution about their 2FGL values.

After the observation was performed, a model was fitted using gtlike. Isotropic emis-
sion was included as normal, and the confusing sources were modelled as SPL and fixed
to their 2FGL values. The target source was modelled alternately as an LP and a BPL
with free parameters. The difference in AIC for the LP fit and the BPL fit was then cal-
culated. This simulated observation was repeated 60 times. In all 60 cases, the BPL fit
was found to be a better description than the LP fit. In only 1 case was the BPL found to
be a significantly better fit (A47c > 2).

The simulations were then repeated 45 times, but allowing the flux normalisations
and spectral indices of the confusion sources to vary in the fits. The results were the same
as before, with the BPL being a better fit in 42 cases and significantly better in 1 case. This
rules out BPL fits being favoured as a result of fixing too many of the parameters in the
fitting.

These simulations suggest that BPL fits can indeed be erroneously favoured over LP
fits due to source confusion. It is interesting that in the simulations the difference in
significance between the fits is not usually significant. The fact several objects in the
observational study still favoured BPL fits significantly could have several explanations:
there could be a small break in either the spectrum of the target object or the spectrum
of 1 or more confusing objects; there could be curvature in the spectrum of 1 or more
confusing objects which further disrupts the fit; there could be additional, faint point
sources not in the 2FGL which further disrupt the fit; additional confusion with Galactic
or isotropic emission could occur as the actual emission will not be perfectly modelled,
as the simulated emission is; or the significance of some of the BPL fits could occur due

to statistical chance.

8.3.3 The Effect of the Instrument Response Function

In the clean sample there are 3 FSRQ objects, 3C 454.3, PKS 1510-08, and TXS 1520+319,
which show discrepancies with the results of the study in the previous chapter. In this
study they were found to be described significantly better by an LP but in the previous
study they were described significantly better by a BPL. It seems that there are 3 possible

explanations for this:
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Table 8.5: Comparison of spectral fits using different instrument response func-

tions.

Object Name AAICrpppr Change when Change when
using P6_V3 wusing P6_V11 using P7_V6

J0457.0-2325 1.8 3.6 5.6
J0920.9+4441 13.2 -11.1 -1.3
J1229.1+0202 -1.5 -3.9 18.0
J1256.1-0547 6.6 -7.7 -3.5
J1504.3+1029 2.6 -6.0 -0.3
J1512.8-0906 2.4 -2.6 49
J1522.1+3144 9.2 -2.6 139
J2025.6-0736 -04 0.5 2.3
J2253.9+1609 -12.8 -16.0 65.7

The second column gives the difference in AIC values when fitting the spectrum
with a Broken Power Law and a Log-Parabola using the P6_V3 IRF. A positive
value shows that LP was favoured and a negative value indicates a BPL was
favoured. The third and fourth columns show how this value changes using the
P6_V11 and P7_V6 IRFs respectively. A positive value shows that an LP fit is better
than when using P6_V3 IRF and a negative value shows that a BPL fit is better than
when using P6_V3 IRF.

e By including more data the time-averaged spectra become log-parabolic.

e The difference is due to using an unbinned analysis in the previous study and a

binned analysis in this work.

e The difference is due to using the P6_V3_DIFFUSE IRF in the previous study and
the newer PZSOURCE_V6 IRF in this work.

To determine which explanation was more likely, binned and unbinned analyses
were run for the objects in question using the time and energy cuts of the previous study
and using the P6_V3_DIFFUSE, P6_V11_DIFFUSE and P7SOURCE_V6 IRFs along with
the appropriate and isotropic and Galactic emission models. The results showed that the

decision to use a binned or unbinned analysis did not affect the result but that analyses
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Figure 8.1: Aperture photometry results from 2FGL]J2253.9+1609 (3C 454.3) for illustra-
tive purposes. The data points are taken using small, 1° regions of interest around the
source, relying on this to keep the signal to noise high rather than modelling the back-
ground. Circles are results obtained using P6_V3_DIFFUSE IRF and crosses are results
obtained using P7SOURCE_V6. In each case the best fitting model is displayed along
side the data. Each model has 68% confidence level error bars for the energies of each

data point, see (15). The P7 data and model have been divided by an arbitrary factor of
10 for clarity.

using both the P6_V3_DIFFUSE and P6_V11_DIFFUSE IRFs identified all 3 sources as
having BPL descriptions while using P7ZSOURCE_V6 identified the sources having LP
descriptions. It is clear from this that the differences between the Pass6 and Pass7 IRFs

(see (14)) have a significant effect in determining the spectrum of an object.

To explore the effect on a slightly larger sample of objects, unbinned analyses were
then performed for all of the objects from the previous study using the time and energy

cuts from that work and using the P6_V11_DIFFUSE and P7SOURCE_V6 IRFs (analyses
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using P6_V3_DIFFUSE having already been presented in the previous chapter). Ide-
ally a larger sample would be used but doing so would be problematic. P6_V3 data
are only available up to MJD 55707 and this is only enough time to distinguish detailed
spectral shapes in very bright objects such as the ones used here. For each object, the
value for AAICLp ppr, found using P6_V3_DIFFUSE is shown in Table 8.5 along with
the change in this value using P6_V11_DIFFUSE and P7SOURCE_V6. As can be seen,
using P6_V11_DIFFUSE, the AIC value for most objects finds a BPL to be a better de-
scription compared to the LP than in P6_V3_DIFFUSE, although some objects still favour
an LP. Going from P6_V3_DIFFUSE to P7SOURCE_V6, some objects favour an LP more
strongly and some a BPL more strongly, with those favouring an LP more strongly gen-
erally seeing a larger effect. For illustrative purposes, the results of the aperture pho-
tometry analysis of 2FGL]J2253.9+1609 (3C 454.3) over the time period used in Paper I,
analysed using Pass6 and Pass7 IRFs, along with the best models from the unbinned
analyses, are shown in Figure 8.1.

It seems clear that the choice of IRF can alter which spectral shape is favoured. How-
ever, there does not appear to be a systematic bias towards finding either BPL or LP
spectra when the IRF is updated from Pass6 to Pass7. It may well be that whether an
LP fit becomes more or less favoured for a given object (compared to a BPL fit) depends
upon the energy of that object’s spectral peak. As stated previously, using the Pass7 IRF,
which is the most recent IRF and hopefully the most accurate, an LP is an adequate de-
scription for all objects in the clean sample and in most cases is significantly preferred

over a BPL.

8.3.4 Light curve analysis of 3C 454.3
Spectral shapes in the light curve of 3C 454.3 and other prominent objects

As shown in Figures 8.2 and 8.3, the light curve of 3C 454.3 has 3 prominent states of
high flux. The spectral behaviour in these 3 states does not appear to be consistent. The
high states around MJD 55150 and MJD 55300 were significantly better described by
LPs at their peaks, with BPL blocks on either side of the peaks. However, the high state
around MJD 55530 was significantly better described by a BPL at its peak, with a roughly

even number of BPL and LP blocks on either side. In total, only 2 blocks were described
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Figure 8.2: The light curve of 2FGL]J2253.9+1609 (3C 454.3). The symbols indicate
Bayesian blocks which are significantly better described by simple power law (triangles),
broken power law (crosses), and log-parabola (circles) models. Blocks with no symbol
saw no significant deviation between models. The high states between M]JD 55150 and
MJD 55300 are best described by log-parabolas at their peaks, but the high state at MJD
55500 is best described by a broken power law at its peak. Zoomed in sections are shown

in the following figure.

significantly better by an SPL.

3 other bright objects from the sample, PKS 1510-08 (2FGL]J1512.8-0906), 3C 273
(2FGLJ1229.1+0202) and 4C 21.35 (2FGLJ1229.1+0202), were also selected for light curve
analyses using the same methodology. The results are shown in Figures 8.4 - 8.6. Un-
fortunately, for each object, only in a small number of blocks does one spectral shape
provide a significantly better description of the spectrum than the other spectral shapes.
This is understandable since the objects are a factor of 10 or more dimmer than 3C 454.3.
However, it can be seen that several blocks in the light curve of PKS 1510-08 are signif-
icantly better described by a BPL, demonstrating that the appearance of BPL blocks in
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Figure 8.3: A zoom in on the parts of the light curve of 2FGL]2253.9+1609 (3C 454.3)

where periods of time containing blocks that have with significant deviation between

the different spectral fits. The symbols indicate Bayesian blocks which are significantly

better described by simple power law (triangles), broken power law (crosses), and log-

parabola (circles) models. Blocks with no symbol saw no significant deviation between

models.
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Figure 8.4: Light curve of PKS 1510-08 (2FGLJ1512.8-0906). The symbols indicate

Bayesian blocks which are significantly better described by simple power law (triangles),
broken power law (crosses), and log-parabola (circles) models. Blocks with no symbol

saw no significant deviation between models.
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Figure 8.5: Light curve of 3C 273 (2FGLJ1229.1+0202). The symbols indicate Bayesian
blocks which are significantly better described by simple power law (triangles), broken

power law (crosses), and log-parabola (circles) models. Blocks with no symbol saw no

significant deviation between models.
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Figure 8.6: Light curve of 4C 21.35 (2FGLJ1229.1+0202). The symbols indicate Bayesian
blocks which are significantly better described by simple power law (triangles), broken
power law (crosses), and log-parabola (circles) models. Blocks with no symbol saw no

significant deviation between models.

3C 454.3 is not unique. This result is consistent with the more detailed study of the light
curve of the object by Anthony Brown (43). A more detailed study of the light curve
of 3C 273 (2FGLJ1229.1+0202) by Bindu Rani et al. (129) is also in agreement with the
results presented here. (Some care should be given comparing the significance of the dif-
ference in fits between different spectral shapes in these studies and in the current work

as different methods were used in each case.)

Cause of flux increases

By analysing together the data from all of the quiescent blocks it was found that the qui-
escent state was significantly better described by an LP than a BPL, with AAICLpppr, =
19. The parameters of the LP fit are shown in Table 8.6 and give Ep = 109 £ 14 MeV.
Comparing these values with those in Table 8.4 we can see that the quiescent and time-
averaged values for § were consistent, while I" was slightly harder when the higher flux
states were included. The values of I, 5, and Ep in the individual blocks of quiescent
flux were then compared to the values found analysing all of these blocks together. At

the 1o level the value of I" agreed in 59% of blocks, the value of 5 agreed in 64% of blocks,
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Table 8.6: Log-Parabola Fit to the Quiescent State of 3C 454.3

Normalisation Constant Index Curvature
10" phem2s! MeV~! r B
8.6+0.1 2.59+0.01 0.133 £ 0.007

and the value of Ep agreed in 63% of blocks. This suggests that when in its quiescent

state 3C 454.3 has a fairly stable spectrum.

We now move on to ask what could cause the observed increases in the flux from the
quiescent state. As has been shown (40), changes in the mean energy or energy density
of an external photon field do not lead to changes in the bolometric Compton luminosity.
However, such changes in the external photon field do cause the Compton peak energy
to change and this could cause the luminosity that Fermi measures to increase if the peak
shifted further into Fermi’s energy range. Because there is a large difference between the
quiescent value and the time-averaged value of the normalisation constant, k, this sce-
nario seems unlikely and changes in the external photon field are therefore disfavoured
as the cause of the observed high flux states in the light curve. In an SSC scenario, an in-
crease in the source’s B-field could drive an increase in flux and would also increase the
value of 3 (150). This scenario is also disfavoured by our results since (3 is very consistent

between its quiescent value and its time-averaged value.

Additional information can be drawn from the value of the Compton peak energy,
Ep. The LP fit to the quiescent state had Ep = 109 £ 14 MeV, which is lower than
the time-averaged value of Ep = 165 & 16 MeV at the 2.60 significance level. If Ep
does indeed increase along with flux then this could be explained by an increase in the
Lorentz factor of the emission region (in an SSC scenario) or a change in the population
of the electrons in the emission region (in either an EC or an SSC scenario), such as an
increase in the acceleration rate. On the other hand, if the difference is purely statistical
and Ep remains constant as the flux increases, this could be explained if the emission

was EC in origin and flux increases were driven by increases in the Lorentz factor.

To investigate further, for each block in a high flux state we determined Ep from
the parameters of the LP fit and compared these high flux values of Ep to the quiescent

value. The results are shown in Figure 8.7. No trend in the value for Ep with flux was
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J2253.9+1609 (3C 454.3) peak energy as a function of flux

+%% ol

10 20 30 a0 50 60
Flux (10~ phcm=2 s71)

600 -

400

200+

Ep (MeV)

—200

Figure 8.7: Peak energy as a function of flux for 2FGLJ2253.9+1609 (3C 454.3). Data
points are shown for all blocks in a high flux state. The shaded band shows the 68%
confidence interval for the peak energy in the quiescent state. Blocks best described by

an LP are shown in blue.

apparent in the flaring blocks however there are appreciable uncertainties in the data
points. The uncertainties are primarily statistical and due to the low photon numbers in
each block but the estimated values for Ep should not be systematically biased to higher
or lower energies than their true values. The high flux values of Ep scatter roughly
equally above and below the quiescent value of Ep, but on average those scattering
above deviate from the quiescent value by a greater amount than those scattering below
(91 MeV as opposed to 60 MeV). A T-test was performed see if the mean value of Ep
from the high flux blocks is consistent with the value of Ep in the quiescent state. The
test returned a p-value of 0.14 which suggests that the mean value of Ep in the high flux
states is not seen to deviate significantly from the quiescent value, with a roughly 15%

probability of occurring by chance.

One way to improve the quality of the data is to include only high flux blocks where
the spectrum was significantly better described by an LP. When this is not the case, the
value of Ep returned by an LP fit is not expected to be physically meaningful: if an LP

is not a significant improvement over an SPL then there is a high chance that the LP is
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being fitted to noise and if an LP is not a significant improvement over a BPL then the
LP is being fitted (poorly) to an additional spectral feature.

When only high flux blocks well-described by an LP are included, a T-test returns
a p-value of 0.02 that the values of Ep in the high flux blocks are consistent with the
value of Ep in the quiescent state. Although the statistical significance is borderline, this
suggests that Ep increases along with flux. The main constraint on the power of this
test is the small number of high flux blocks which are included: only 12. Therefore the

question should be revisited after more high flux states have been observed.

The cause of spectral breaks

The fact that some blocks in the light curve of 3C 454.3 are significantly better described
by BPL is very intriguing. One explanation might be that there is an additional, bright
component whose emission is superimposed over the quiescent emission. To test this, all
14 blocks that were best described by BPL spectra were examined to see if they were well
described by such a model. The quiescent component was modeled using the parame-
ters found by analysing all of the quiescent blocks together. The additional component
was first modelled as an SPL with free parameters and then as an LP with free param-
eters. In both cases, the difference in AI/C showed the BPL model to be a significantly
better description than a model with an additional component, so this hypothesis is re-
jected.

Next it was investigated whether the break energies for blocks best described by a
BPL were consistent with the double-absorber model (124). To recap briefly, this model
predicts a break at 4.8 GeV in an object’s rest frame spectrum due to pair absorption of
v-rays above this energy with low-energy photons from Helium recombination. Such a
result would indicate the emission region was within the radius of the BLR. This model
was strongly disfavoured in the previous study but it is worth re-testing in the context
of high flux periods where a different emission region may be at work than during the
quiescent state. Since the double-absorber model also predicts a second break at higher
energies which would affect fitting a BPL to the spectrum, to test for a 4.8 GeV break it
was necessary to make a high energy cut at 6.5 GeV in the observer frame, as discussed
in the previous chapter. The break energies for each block, along with the exclusion

confidence of a break at 4.8 GeV, are shown in Table 8.7. In 12 of the 14 blocks which
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Table 8.7: Break energies for blocks in the light curve of 2FGL]J2253.9+1609
(3C 454.3) that were best described by a broken power law, and the exclusion con-

fidence of a 4.8 GeV break, as predicted by the double-absorber model (124).
Block start Block Length  Break Energy 4.8 GeV Exclusion

(MJD) (Days) (GeV) Confidence
55089 3 41707 65%
55158 2 41152 59%
55163 1 473 53%
55215 2 31 76%
55289 3 0.4192 84%
55304 3 1.2703 >99%
55459 2 7t 79%
55499 1 3.2191 93%
55503 1 2.8108 83%
55512 1 552 <1%
55516 2 52709 31%
55518 1 21107 97%
55555 3 10705 >99%
55567 1 0.6703 86%

favoured a BPL spectrum, the break energy predicted by the double-absorber model was
excluded with 50% confidence or greater. Although it is worth noting that in 1 case the
break appeared where predicted by the double-absorber model, given the total num-
ber of trials there is no evidence to favour the double-absorber model and the emission

region can be constrained as outside the radius of the BLR.

Likewise, the two component model (61) seemed unable to explain the appearance
of BPL blocks. This model predicts an approximately stable break energy and, as can be

seen in Table 8.7, the observed break energies display considerable variation.
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8.4 Discussion

In this study, 15 BL Lacs and 27 FSRQs were analysed for evidence of curvature or breaks
in their spectra. For each source Monte Carlo simulations were performed to determine
if confusion with nearby sources was likely to affect the model-fitting procedure. Given
the simulation results, 5 BL Lacs and 15 FSRQs were selected from the initial sample
to form a clean sample, expected to be free of confusion effects, while the remaining

10 BL Lacs and 12 FSRQs made up an unclean sample.

Within the clean sample, an LP fit was a significantly better description of the data
in over half the objects and was an adequate description for the remainder (i.e. neither
the SPL nor the BPL were significantly better). Within the unclean sample, there were 3
objects for which a BPL was a significantly better description, roughly half of the objects
were significantly better described by an LP, and half showed significant deviation from

an SPL but distinguishing between an LP and a BPL was not possible.

The sample sizes being worked with here are fairly small, and some caution should
therefore be exercised, but it appears that an LP fit is ubiquitous in the clean sample
whereas the unclean sample contains the only objects best fit by BPL spectra and has a
higher proportion of objects where distinguishing between an LP and a BPL is not possi-
ble. Because of this, it appears that BPL fits result from source confusion. This conclusion
was further supported by Monte Carlo simulations using gtobssim which showed that a
target source with an input LP spectrum could be identified as a BPL spectrum when

confusing sources were included.

This conclusion is at odds with previous work, both presented in the preceding chap-
ter and elsewhere in the literature (e.g. (6)), where several bright, clean blazar sources
were identified as having BPL spectra. 3 sources, 3C 454.3, PKS 1510-08 and TXS 1520+319,
were in the previous chapter identified as having BPL spectra but identified in this study
as having LP spectra. Further investigation suggested that the cause of this discrepancy
was updating from the P6_V3_DIFFUSE IRF to the PZSOURCE_V6 IRF. In other words,
the choice of instrument response function can affect which spectral shape is favoured
in a fit. There does not appear to be a systematic bias that makes all fits 'more curved”
with the newer Pass7 IRF, but it is telling that now all objects in the clean sample are

adequately described by an LP. This is a fairly important result; although people work-
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ing in the field can only utilise what is available to them at the time, current work often
relies on older work done with older IRFs without analysing the data afresh. This means
that several works published after the Pass7 IRF was made available still work on the
assumption that a source or sources have BPL spectra, when this is unlikely to be the

case (e.g. (105), (47), (129)) and this may alter some of the conclusions of these works.

Further analysis was performed on the FSRQ 3C 454.3, the brightest object in our
sample, to try and shed light on the emission processes in this object. Light curve analy-
sis showed that 3C 454.3 appears to have a fairly stable spectrum and is well-described
by an LP. By comparing the parameters found by fitting an LP to the quiescent state
with those found by fitting to the whole dataset we can constrain the cause of the flux
increases. Changes in an external photon field (in an EC scenario) do not alter the bolo-
metric luminosity of the Compton emission (40), but do cause the Compton peak energy,
Ep to change. Changes in an external photon field therefore could cause the observed
luminosity to brighten if Ep shifted further into the LAT’s energy range. However, this
mechanism was disfavoured since the results showed a significant change in the nor-
malisation constant, k£, which suggests that the bolometric luminosity was changing.
Similarly, we can rule out changes in the B-field (in an SSC scenario) as the cause of flux
increases since such a scenario would lead to an increase in curvature (150) which is not

seen.

At the 2.60 level, Ep appears to increase when high flux states are included in the fit.
If Ep does increase along with flux then this indicates that high flux states are caused
by an increase in the Lorentz factor of the emission region (in an SSC scenario) or by
changes in the population of electrons in the emission region (in either an EC or an SSC
scenario) such as an increase in the acceleration rate. Alternatively, if the difference in Ep
is purely statistical and the Compton peak energy does not alter with flux then this can
be explained if the additional flux is EC in origin and the Lorentz factor of the emission
region is increasing.

To investigate further, the value of Ep was found individually for each block with a
high flux (> 5 x 1079 ph ecm ™2 s71). These values were then compared to the quiescent
value of Ep. The high flux values scattered in equal numbers above and below the
quiescent value, but those values above the quiescent value tended to deviate further. A

T-test to determine if the high flux values of Ep had the same mean as the quiescent value
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of Ep returned a p-value of 0.14, i.e. there is a small difference but it is not statistically
significant, with a roughly 15% chance that such a deviation could occur by chance.

One further way to improve the data is to look at only those high flux blocks which
were described significantly better by an LD, in these cases we can be fairly confident
that the value of Ep is meaningful and not the result of fitting noise or other spectral
features. A T-test on these values showed a borderline statistical significance with a p-
value of 0.02, i.e. there is about a 2% chance that the mean value of Ep in the high flux
blocks was consistent with the quiescent value. The biggest constraint in this test was the
low number of blocks that were significantly better described by an LP: there were only
12. As it stands, the evidence suggests that the high flux states are caused by an increase
in the Lorentz factor of the emission region (in an SSC scenario) or by changes in the
population of electrons in the emission region (in either an EC or an SSC scenario), with
only a few percent chance that the observed discrepancies occurred by chance. As more
high flux states are observed it should be possible to make a more definitive statement
either way.

Roughly a dozen blocks in high flux states were best-described by a BPL. The ap-
pearance such blocks is intriguing and difficult to explain. The energy of the breaks gen-
erally excluded the double-absorber model (124) to a high confidence, suggesting that
the emission region was outside the radius of the BLR. The two component model (61)
did not seem able to explain the observed BPL spectra either, since this model predicted

an approximately stable break energy whilst the break energies showed large variation.



Chapter 9
Photon-axion mixing

within the jets of AGN
and prospects for

detection

9.1 Introduction

As we saw in Chapter 5, VHE ~v-ray observations of distant AGN generally result in
higher fluxes and harder spectra than expected, resulting in some tension with the level
of the extragalactic background light (EBL). If hypothetical axions or axion-like particles
(ALPs) were to exist, this tension could be relieved since the oscillation of photons to
ALPs would mitigate the effects of EBL absorption and lead to softer inferred intrinsic
AGN spectra. In this chapter a research study is presented where the effect of photon-
ALP mixing on observed spectra is considered, including the photon-ALP mixing that
would occur within AGN jets. Simulated observations of 3 AGN were performed with
the CTA to determine its prospects for detecting the signatures of photon-ALP mixing
on the spectra. It is concluded that prospects for CTA detecting these signatures or else
setting limits on the ALP parameter space are quite promising. The prospects are im-
proved if photon-ALP mixing within the jet is properly considered and it is concluded
that the best target for observations is PKS 2155-304.

As we saw in Chapter 5, it was noted several times in the literature that a proportion
of the emitted y-rays may oscillate into ALPs in the B-field surrounding an extragalactic
source and these particles would no longer be attenuated by the EBL as they propagate

through intergalactic space. A proportion of the ALPs could then oscillate back into -

129
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rays in the Milky Way’s B-field and in this way provide a boost to the measured ~-ray
spectrum. It is not always taken into account that if y-rays can oscillate into ALPs in the
B-field surrounding the source then they must also be subject to oscillations into ALPs
within the source, since the plasma jet in which v-ray emission originates is universally
accepted to have a B-field. Photon-ALP mixing within the source was considered by
Séanchez-Conde et al. (134). However, only the B-field of the small (< 0.3 pc) region
around the y-ray emission region was considered, and not the B-field of the rest of the jet
through which the y-rays must propagate. Photon-ALP mixing within an AGN jet was
also discussed briefly by Hochmuth and Sigl (77), who considered conversion within a
slightly larger (parsec scale) region with a homogeneous B-field. Tavecchio et al. (146)
considered mixing in a jet of length 6.7 kpc as a model for the FSRQ PKS 1222+216 and
Mena & Razzaque (105) consider mixing in the jet of this object and one other FSRQ
object assuming a jet length of 3.2 kpc in each case.

In this project, photon-ALP mixing through jets ranging in length between 0.1 kpc
and 100 kpc is considered, with a B-field throughout that decreases steadily from a max-
imum value at the y-ray emission region and has random orientations for different cells.
Propagation of an initial beam of y-ray photons through AGN jets of various sizes was
simulated and the emitted spectrum was calculated. Simulated observations were then
performed to determine how probable it is for the effects of photon-ALP mixing to be
observed, both in the case where mixing occurs in the jet and where mixing occurs only

outside the jet.

9.2 AGN Jets

By definition, blazars are viewed at a small angle to the jet. While the beaming effects of
looking down the jet can create very bright sources it makes determining the jet size and
emission region of individual sources difficult. Some inferences can be made from VLBI
observations of nearby AGN viewed at large angles to the jet, as we saw in Chapter 4.
For Fanaroff-Riley I type galaxies, collimated jets of a few kpc are common (143) and jets
of several hundred kpc are known (39). The v-ray emission region appears to be located
relatively close to the base of the jet, at distances < 200 pc (see (49) for VLBI observations
and (147) for arguments from GeV energy observations of FSRQ type blazars). This
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suggests that, in general, the distance from the emission region to the termination of
the jet AZ is > 1 kpc. Disruption of the jet close to its base means that AZ could be
significantly smaller in some objects, although there is less chance of this being the case
in brighter objects (39). These considerations lead us to consider several values of AZ in

this work: 0.1, 1, 10 and 100 kpc.

9.2.1 Modelling

In this subsection we consider propagation of y-rays through a jet with oscillation to
ALPs along its length. The y-ray spectrum is based on the measurement of the BL Lac
object 1ES 1101-232 and the underlying physical parameters are based on the subsequent
modelling (23). At the emission region the electron density was therefore K = 900 cm ™3
and B-field strength was By = 1 G, which is consistent with the average value for the
B-field found for the emission region of v-ray loud BL Lacs in the study by Ghisellini et
al. (68). The y-ray flux F' at energy E, is therefore given by

E —2.94
F(Ey) =5.6 x 10713 (1T7V> phem™2 s ! TeV !, 9.1)
e

where 1 MeV < E, < 10 TeV. This is a considerable extrapolation from the measurement
(23), but this is not important for our current purposes where we wish only to test the
effects of photon-ALP oscillation over a wide energy range and are not too concerned
about the actual spectral shape at this stage. The extrapolation below a few tens of GeV
would be below the sensitivity threshold for CTA, but was included in the modelling of
the jet as effects in this range could be detected by other instruments e.g. the LAT.

The jet model used in this project was based loosely on the fundamental model pre-
sented by Blandford and Konigl (37). The jet was assumed to have a constant opening

angle ¢ = 0.1° relating the jet radius R to distance from the base of the jet Z as follows:
R(Z)=¢-Z. 9.2)

The ~-ray emission region was set at a distance Z;, = 1 pc from the base of the jet and
the jet terminated at a distance Z,,,, = Zo + AZ where AZ was taken as 0.1, 1, 10 and
100 kpc. The electron density and the B-field strength at the emission region, K and B,

were the maximum values for these parameters. Magnetic energy and particle number
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were conserved as Z increases and the jet widens such that

2
K(Z) = K, (ZZO> : (9.3)
B(Z) = By <?) . (9.4)

Following Sanchez-Conde et al. (134) the coherence length of the B-field (the distance
over which the direction of the B-field is constant) was taken to be 3 x 1072 pc. Beginning
with a pure photon beam with 20 energy bins, evenly spaced on a logarithmic scale, the
fraction of photons oscillating into ALPs and vice versa was calculated when travelling
over cells of one coherence length.

This jet model, although simplistic, covered all the salient points for this project. That
is, the y-rays were emitted relatively close to the base of the jet and must propagate large
distances and many coherence lengths of a B-field of changing strength. As discussed
later, the conclusions of this work should not be affected if the y-ray emission region has
a larger B-field or particle density than its surroundings, such as for blob-in-jet (86) or

magnetic reconnection (99) scenarios.

9.3 Photon ALP mixing

9.3.1 Mixing Equations

Following (79), the ALP coupling constant is taken as ¢ = 5 x 107 GeV~! and the
ALP mass as m, = 1 x 1078 ¢V, which are within the constraints determined by the
CAST experiment (26).The equations for photon-ALP mixing were given at the end of
Chapter 5, but it is worthwhile summarising them here. The probability for a phooton

of energy E., to convert to an ALP or vice versa is given as

2
Py=2 (AAB ) sin? <A25> . (9.5)
where
_ -2 g Br -1
Ap="7.6x10 <5 < 10-11 GeV—1> <10_6 G> kpc™, (9.6)

1

A, = ( (Acas + Ay — Ag)? + 4AQB) 2 pe?, 9.7)
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B 2/ E
_6 T y -1
— k 9.8
Aoy =—4x10 (10—6(}) (TeV> pe &8
E, \ ! K
=1.1x10710 7 kpc~! 9.9
By <10 <TeV) <10_3cm_3> be ©9)
f m 2/ F,\ !
A, =78x1073 a 7 kpc!. 9.10
785107 () (TeV) pe 10

For the values relevant to this work, Faraday rotation effects can be neglected (65).
When P, ~ 1, photon-ALP conversion is saturated, since for every photon converting
into an ALP there is also an ALP converting to a photon. Over energies where this strong
mixing occurs, the intrinsic spectral shape is unaltered but the photon flux will drop by
1 due to their conversion to axions (for an unpolarised photon beam as is assumed here).

We can see from Equation 9.5 that there are two conditions to be met for strong
photon-ALP mixing to take place. The first condition is that the argument of the sin?
term is non-negligible,

Aosc .
Ts > 0. 9.11)

A,sc can only be consistently small if the strength of the B-field is smalll. In this case,
Apse =\ (Ap — D)2 (9.12)

A, is a function of the electron density which, unless AZ is very small, varies over
several orders of magnitude. A, on the other hand is a function only of the ALP mass
(which is fixed) and photon energy. For this work, 1 MeV < E, < 10 TeV which leads to
3 x 10 < A, <3 x 107 kpc~!. Given the coherence path length adopted in this work
of s = 3 x 1073 pc, Equation 9.11 is easily satisfied for much of the jet.

The second condition for strong mixing is

Ag \?
(222 o1

Ap is dependent on the strength of the B-field and A, is dependent on both this
and the electron density. Unless AZ is very small, these quantities vary over orders of
magnitude through the jet, and for much of the jet Equation 9.13 will be satisfied.

At the very highest values of photon energy, E,, the Cotton-Mouton term described

in Equation 9.8 becomes important. Unless By is small, Acys > Ap and will dominate

't is of course small if Br is small solely due to the angle of photon propagation with respect to the

B-field, but on average this will not be the case.
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A,sc, meaning that Equation 9.13 will no longer be satisfied. If AZ is small, conservation
of magnetic energy dictates that Br is generally large and so photon-ALP mixing is
suppressed at high energies.

As pointed out in Ref (28), it can be useful to define a critical energy

5 x 1072|m? — w? 106 10-11 -1
- | i il ( 0 G) (5>< 0~ GeV > Tev, 9.14)
(108 eV) Br g
where w,; = —2EA,,. This allows us to rewrite Equation 9.5 as
1 Aosc :
Py = > sin® ). (9.15)
1+ (%) 2
E

From this we can see that below E, there is little photon-ALP oscillation and above E,.

there is potentially significant photon-ALP oscillation, a fact we shall refer to later.

9.3.2 Mixing within AGN jets

At this stage we are ready to examine the output of the models described in Section 9.2.1.
It was found that due to the large number of cells (> 1 x 10%) the random orientations of
the B-field in each cell had negligible effects on the results. Figures 9.1 and 9.2 show the
intrinsic and emitted spectra for AGN with different values of AZ and Figure 9.3 shows
the probabilities of photons of various energies converting into an ALP at least once, as
function of distance from the emission region. As expected from the discussion in Sec-
tion 9.3.1, strong photon-ALP mixing occurs for large ranges of E., altering the photon
flux but leaving the spectral shape the same, until Cotton-Mouton effects suppress mix-
ing at high energies. It was found that for AZ = 0.1 kpc Cotton-Mouton suppression
occurs at ~ 1.7 TeV resulting in a boost in the photon flux above this energy. For larger
values of AZ, Cotton- Mouton suppression occurs at such high energies that the effect is
negligible over the energy range considered in this study. Since no change in the spectral
shape is seen below E(v) ~ 1.7 TeV instruments operating below this energy, e.g. the
LAT, would not be expected to detect any effects due to photon-ALP mixing within the
jet for the ALP parameters assumed here.

Before moving on we should note that when considering propagation over many
coherence lengths, as we are here, the conversions should properly be treated as a 3-
dimensional problem. Relative to the direction of propagation, the photons can have 2

directions of polarisation. As we saw, photon-ALP oscillation is only dependent on the
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Figure 9.1: The intrinsic photon spectrum before any mixing with ALPs and the emitted
photon spectrum after travelling 0.1 kpc from the emission region while undergoing

mixing with ALPs. F is the flux as a function of E in arbitrary units.

transverse strength of the B-field so each polarisation state interacts separately. The axion
tield comprises the third degree of freedom. In this work the the polarisation of pho-
tons was neglected, and the equations in Section 9.3.1 are derived from a 2-dimensional
treatment. This will limit the accuracy of the results, but since the photon-ALP mixing
probability is close to unity when outside the Cotton-Mouton regime and close to zero
when inside, with a very sharp transition, it will not affect the conclusions. Even if this
were not the case, it would be expected that the results would be correct to within an
order of magnitude, which is adequate given the larger uncertainties being dealt with

such as the ALP mass and the length of the AGN jet.

=1
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Figure 9.2: The intrinsic photon spectrum before any mixing with ALPs and the emit-
ted photon spectrum after travelling 1 kpc from the emission region while undergoing

mixing with ALPs. F is the flux as a function of E in arbitrary units.

9.4 Prospects for observing photon-ALP mixing effects

9.4.1 The Cherenkov Telescope Array

The exact telescope layout for CTA is as yet undecided and several proposed layouts
have been characterised through extensive Monte Carlo design studies including calcu-
lating the effective area for numerous energy bins (36). In this work observations were
simulated using the results for the proposed layout E for the Southern array (123), which
contains 4 large (~ 24 m primary mirror diameter) size telescopes, 23 medium (= 12 m)

size telescopes, and 32 small (= 4-7 m) size telescopes.



9. Photon-axion mixing within the jets of AGN and prospects for detection 137

1.0F T e e e e

|

0.8}
0.6} '
o
(S
Q__ﬁ 1]
04+

== 37.5GeV
== | TeV
— 1.0TeV

0.0 F A

logn(Z (kpc))

Figure 9.3: The probability for (from left to right) a photon of 37.5 GeV, 1 TeV and 7.5 TeV

converting into an axion at least once as a function of distance from the emission region.

9.4.2 Target Objects
For this study, 3 blazars were chosen for simulated observations which are listed in Ta-
ble 9.1 along with their spectral parameters. The spectrum of each object has the form

-T
F(E,) =k (g) , (9.16)

where £ is the flux constant, Ej is the flux normalisation and I' is the spectral index.

All 3 objects reside within a galaxy cluster and so, neglecting any conversion within
the jet, it is expected that a fraction of roughly 0.3 of the photons convert into ALPs
before traversing the IGM (79). If there is conversion within the jet then a total fraction
of ~ 0.4 photons convert to ALPs before crossing the IGM (3 of photons convert to ALPs
within the jet, 0.3 of these convert back into photons in the B-field of the cluster, and 0.3

of the remaining Z of photons convert to ALPs). Both scenarios were considered in this
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project.

The first object is 1ES 1101-232. At redshift = = 0.186 it is relatively distant by the
standards of VHE sources but is also observed to be relatively bright (23). Observations
also show that it has a hard spectral index which leads to reasonable photon numbers at
the highest energies where EBL absorption is highest and therefore any mitigation of the

absorption is most easily spotted.

The second object considered is PKS 2005-489. This object was chosen primarily be-
cause with a redshift of z = 0.071 it is one of the closest blazars seen at VHE in the
Southern hemisphere and this makes the effects of the EBL on the spectrum less model-
dependent as we shall see in the following subsection. Also, from Figure 4 of (10), it
can be seen that there is a slight rise in flux at a few TeV. This might be construed as
evidence of a flux boost from the onset of Cotton-Mouton suppression, although with
current observations the effect is not statistically significant, and a simple power law fit

to the data provides an adequate 2.

The third object considered is PKS 2155-304, at z = 0.117, basing the spectrum on
parameters in the quiescent state (8). This object was chosen as it is one of the brightest

blazars at TeV energies.

The fraction of ALPs that reconvert in the Milky Way depends upon the line of sight
from Earth to the object. Estimates for the fraction of photon-ALP conversion in the
Milky Way’s B-field using the model of Jansson & Farrar (82) for each object are shown
in Table 9.1. A very low fraction of 0.05, consistent with the lower estimate B-field model
of Pshirkov et al. (126) was also used. As we saw earlier, photon-ALP oscillation is only
non-negligible above a certain critical energy. Under the model of Jansson and Farrar
(82), this energy is quite low. In the case of PKS 2005-489 and PKS 2155-304 it is 0.016 TeV
and 0.019 TeV respectively, below the energy threshold of CTA, and for 1ES 1101-232 it is
0.045 TeV and only the lowest energy bin of the effective area would be below the critical
energy. Since in practice this region would be subject to quite poor energy resolution this
bin was also treated as also being above the critical energy. For the model of Pshirkov et

al. (126), with the low value of B-field, the critical energy was calculated to be 0.2 TeV.
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Table 9.1: Target objects for simulations.

Object Redshift ~ Flux Constant  Flux Normalisation Spectral Reconversion Ref
Name phem™257t TevV—! TeV Index (T") Frac”

1ES1101-232  0.186 5.6 x 10713 1 2.94 0.25 (23)
PKS 2155-304  0.117 1.9 x 10712 1 3.53 0.60 (8)
PKS 2005-489  0.071 1.4 x 107" 0.4 3.20 0.70 (10)

"Reconversion of ALPs to photons in the Milky Way B-field assuming the model of Jansson &

Farrar (82).
’Quiescent State

9.4.3 EBL models

As we saw in Chapter 5, EBL absorption can have significant effects on a spectrum,
especially at high redshifts, so the choice of EBL model used could prove important.
This project made use of 2 models of the EBL. The first was that of Kneiske and Dole
(88) which aims to provide a lower limit for the level of the EBL. In this model certain
tracers for star formation such as Lyman-a emission were used to infer the level of star
formation as a function of redshift. From this the EBL level was computed by fitting star
formation models to the inferred lower limits.

The second model used is that of Franceschini, Rodighiero and Vaccari (63) which
provides a more typical estimate than the lower limit model. In this model the EBL level
was estimated by taking galaxy counts and attaching to each object an appropriate mul-
tiwavelength spectrum based on the galaxy type (e.g. AGN, starburst). These spectra
were modelled on local observations and evolved backwards to the appropriate redshift
following a simple phenomenological model.

Both models agree with the consensus that there are 2 peaks in the spectrum of EBL
intensity, one at ~ 1 ym and another at ~ 100 ym. However, there are significant differ-
ences between the models which become particularly apparent at high energies. The op-
tical depths of these two EBL models as a function of energy, at the redshift of 1ES 1101-

232, are shown in Figure 9.4.

9.4.4 Simulated Observations

We now proceed to see how probable it is that CTA will be able to detect changes in the

spectra of the target objects due to photon-ALP oscillation. From our discussion so far,
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Figure 9.4: Comparison of optical depths for the two EBL models used in this paper as a
function of energy. These results are for the redshift of 1ES 1101-232, z=0.186.

we know that the way in which the spectral shape of an object is altered by photon-ALP
oscillation depends on several factors, namely: the value of AZ, the shape of the EBL,
the structure of the Milky Way’s B-field, and whether photon-ALP oscillation occurs in
the jet.

For each target 1000 observations with CTA were simulated using the effective area
curve calculated via Monte Carlo simulations of the proposed layout Array E, described

in Ref (36). In order to test the relevant factors the following cases were considered:

e The case where Cotton-Mouton suppression is important (AZ = 0.1 kpc, leading

to a flux boost at 1.7 TeV).
e The case where Cotton-Mouton suppression is not important.
e The case where there is no photon-ALP conversion within the jet at all.

Both EBL and Milky Way B-field models discussed in the previous sub-sections were
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considered for each case. For each scenario the intrinsic spectral parameters of the source
were altered such that the measured spectrum would be consistent with current obser-
vations. This was done by altering the flux constant and spectral index of the intrinsic
spectrum so that a fit to the spectrum after EBL effects returned the values quoted in
Table 9.1, within errors.

For each simulation 50 hours of observation and a signal-free background ‘OFF’ re-
gion (or regions) 10 times larger than the signal ‘ON’ region were assumed. (Background
events are assumed to be cosmic rays with spectra based on measurements from several
instruments, see Sections 7.1 and 8.1 of (36).) A simulated observation was performed as

follows:
e The photon flux from the emission region was calculated for each energy bin.

¢ To represent photon-ALP mixing within the jet and in the magnetic field surround-
ing the object, a fraction of this flux was converted into an ALP flux. The fraction
was based on the particular scenario: 0.4 if there is conversion within the jet, 0.3 if

not, and no conversion in energy bins suppressed by Cotton-Mouton effects.

e EBL absorption was applied to the photon flux based on the particular scenario,

representing the beam crossing intergalactic space.

e A fraction of photons was converted into ALPs in the Milky Way magnetic field
based on the particular scenario, as shown in Table 9.2. These particles were then
discarded from the simulation. A fraction of the ALP flux was then converted to

photons and added to the photon flux.

e The number of events in the ON region was determined by drawing both the
source events and the background events from Poisson distributions about their

expected values.

e The number of events in the OFF region(s) was determined by drawing events
from a Poisson distribution about the expected value. This value was then used to
calculate the expected number of background events in the ON region, based on

the difference in size between the ON and OFF regions.

e The expected number of background events was subtracted from the number of
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recorded events in the ON region in order to estimate the number of events from

the source. This was then converted into an energy flux.

e In order to ensure a decent signal-to-noise ratio, at least 5 estimated source events

were required in a bin for it to be analysed.

The simulated spectrum was then fitted with 2 models. In the first model, ALPs were
not included and the flux normalisation and spectral index were the only free parame-
ters. In the second model, the fraction of photons converting to ALPs before traversing
the IGM was also a free parameter. In each case, both the generating model and the fit-
ted model used the same EBL model, Milky Way B-field model and, where appropriate,
Cotton-Mouton suppression.

To see if including ALPs in the model significantly improved the fit, the likelihood
of each model, given the simulated data, was calculated and compared using an AIC
test. Some examples of simulated spectra which are fitted significantly better by a model
with ALPs (compared to a model without ALPs) are shown in Figures 9.5 - 9.8.

Table 9.2 shows the percentage of the 1000 simulations for which there is a detection
of significant effects in the spectrum due to photon-ALP mixing, i.e. including ALPs in
the model provides a significant improvement to fitting the measured spectrum com-
pared to not including them. From here on I shall refer to a significant detection of
photon-ALP mixing effects as the detection of a ‘signature’.

The model of the Milky Way’s B-field is a larger influence on the results than the
EBL model, although both are important. With the Milky Way B-field model of Jansson
and Farrar (82) prospects for detecting a signature are very good with > 60% chance for
all 3 objects. Including the effects of photon-ALP mixing within the jet typically adds
5-10% chance to the prospects of detecting a signature. If the jet is assumed to be short,
AZ = 0.1 kpc, the flux boost due to Cotton-Mouton suppression typically adds 30% or
more to the chances of detecting a signature.

As can be seen, PKS 2155-304 is the most promising target, presumably due to its
brightness. Even with the more pessimistic Milky Way model in which only a fraction
of 0.05 of ALPs reconvert, detection prospects are always above 50%. An example of a
detection of a signature in one of the more pessimistic scenarios (high EBL absorption
but pessimistic Milky Way model, no ALP conversion within the jet and no Cotton-

Mouton suppresion boost) is shown in Figure 9.5. As expected, the difference between
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Figure 9.5: Example of a simulated spectrum of PKS 2155-304 where the effect of photon-
ALP mixing is significant. Error bars indicate the 1o statistical uncertainty on the mea-
sured photon flux in each energy bin. EBL model used is that of Franceschini, Rodighiero
& Vaccari (63), with mixing occurring in the B-field of the host galaxy cluster and using
the pessimistic Milky Way B-field level. A model including ALPs fitted to the data is

shown with crosses and a model with no ALPs fitted to the data is shown with triangles.

the 2 model fits is most pronounced at the high energy part of the spectrum, shown in
detail in Figure 9.6, where the model with no ALPs suffers more severe absorption with

the EBL.

For 1ES 1101-232 the detection prospects are still good, again over 50% in all the
scenarios considered here. An example of a spectrum with a a significant detection of a
signature is shown in Figure 9.7 (low EBL absorption, ALP conversion within the jet and
no Cotton-Mouton supression boost). Again, most of the deviation between the different

fits is seen in the high energy part of the spectrum.

PKS 2005-489 shows a wider variation in the prospects for detecting a signature.

Prospects are as low as 11% in the most pessimistic scenario, but there is a 100% chance
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Figure 9.6: Detail of the high energy part of Figure 9.5.

of detecting a signature if AZ = 0.1 kpc. This can be understood when we consider the
object’s relative closeness, in which case the additional y-rays produced at the highest
energies do not suffer much absorption from the EBL. This can be seen in Figure 9.8,
where an example of a spectrum is shown where Cotton-Mouton supression occurs at
1.7 TeV in the object rest frame. This is seen as a corresponding flux boost in the final 3
energy bins which the model without ALPs cannot fit, leading to a significant detection

of the signature.

9.5 Discussion

If the hypothetical axions or axion-like particles (ALPs) exist, then photon-ALP oscilla-
tion would be possible in the presence of a B-field. This study considered the conversion
of y-ray photons to ALPs in the B-field of AGN jets and in the B-field external to AGN
jets. The probability of CTA detecting the signature of photon-ALP mixing was then cal-
culated for 3 objects: 1ES 1101-232, PKS 2155-304, and PKS 2005-489. Such signatures can
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Figure 9.7: Example of a simulated spectrum of 1ES 1101-232 where the effect of photon-
ALP mixing is significant. Error bars indicate the 1o statistical uncertainty on the mea-
sured photon flux in each energy bin. EBL model used is that of Kneiske & Dole (88),
with mixing occurring in the jet and in the B-field of the host galaxy cluster and using
the Milky Way B-field model of Jansson & Farrar (82). A model including ALPs fitted
to the data is shown with crosses and a model with no ALPs fitted to the data is shown

with triangles.

be due to changes in the emitted spectra caused by photon-ALP mixing within the jet as
well as ALPs mitigating the absorption effects of low energy extragalactic background
light (EBL) photons on v-rays. The prospects for detecting the signature of photon-ALP
mixing in the spectra of an object vary between 11% and 100% depending upon assump-
tions in the EBL model, the Milky Way B-field model, and the length of the jet. The
assumptions about the Milky Way B-field model appear to have a bigger impact on the
results than the assumptions about the EBL model, although both are important. The
most consistently promising target is PKS 2155-304, which suggests that observations

should target relatively bright, nearby objects as well as distant hard-spectrum sources.
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Figure 9.8: Example of a simulated spectrum of PKS 2005-489 where the effect of photon-
ALP mixing is significant. Error bars indicate the 1o statistical uncertainty on the mea-
sured photon flux in each energy bin. EBL model used is that of Franceschini, Rodighiero
& Vaccari (63), with mixing occurring in the jet and in the B-field of the host galaxy clus-
ter and using the pessimistic Milky Way B-field level. A model including ALPs fitted
to the data is shown with crosses and a model with no ALPs fitted to the data is shown

with triangles.

Throughout this work an ALP mass 10~® eV and coupling constant of 5x 10711 GeV~!
have been assumed. In the jet model used, photons are initially emitted near the base
of the jet and propagate up to the jet termination. The jet conserves particle (electron)
number and magnetic energy as it widens, which means that the particle density and

B-field strength decrease with distance from the emission region.

It is found that, in general, due to the wide range of particle densities and B-field
strengths the photon beam passes through as it travels up the jet, the effects of photon-
ALP mixing preserve the spectral index of the y-ray spectrum. Including the effects of

photon-ALP mixing within the jet typically provide an additional 5-10% chance of de-
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Table 9.2: Percentage of simulations where including photon-ALP conversion in

the model fitted to the measured spectrum is a significant improvement.

Kneiske & Dole Francheshini et al.
Object Reconversion|Conv  NoConv ~ AZ = |Conv No Conv AZ =
Name Fraction |in Jet in Jet 0.1 kpclin Jet in Jet 0.1 kpc
1ES 1101-232 0.25 81% 73% 86% | 93% 88% 79%
0.05 54% 54% 96% | 63% 61% 84%
PKS 2155-304 0.60 100% 100% 100% [100% 100% 100%
0.05 76% 65% 100% | 68% 54% 100%
PKS 2005-489 0.70 71% 60% 100% | 91% 84% 100%
0.05 15% 11% 100% | 25% 19% 100%

tecting a signature, compared with assuming that photon-ALP mixing occurs only out-
side the jet, e.g. in the B-field of the host galaxy cluster. It also means that y-rays emitted
from blazars not hosted within a galaxy cluster will undergo photon-ALP mixing and

may produce detectable signatures.

If the emission region is close to the termination of the jet, AZ = 0.1 kpc, then the
prospects for detecting a signature see a large increase, especially in PKS 2005-489. This is
due to a sudden jump in ~-ray flux where Cotton-Mouton suppression occurs at around
1.7 TeV in the object’s rest frame. This suggests a search strategy of looking at relatively
nearby blazars where these additional y-rays do not suffer much absorption with the
EBL. However, in general AZ would be expected to be much larger than 0.1 kpc. Fur-
thermore, Cotton-Mouton suppression could reasonably be assumed to occur at higher
energies where photon numbers are poorer even if AZ < 0.1 kpc. If the y-ray emission
originated in a small region close to the termination of the jet, for example due to mag-
netic reconnection, the B-field strength immediately outside the emission region might
be small. Similarly, even if the jet is disrupted close to the central black hole causing
a small AZ, small B-field strengths may be encountered in the disrupted material be-
yond the termination of the jet. In these cases the lower B-field strengths would push the

Cotton-Mouton suppression to higher energies.

Other effects not considered here may degrade the prospects of detecting a signature,

although not dramatically. Firstly, the CTA’s energy resolution will not be perfect, caus-
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ing a smearing of the flux boost at high energies, which was not included in these simu-
lations. Secondly, the spectra of the objects were treated as simple power laws when in
reality they may have curvature. This would lower the flux at higher energies but again
this would not be expected to have a large effect on the results, especially taking into
account the range of spectral parameters considered in this study.

As well as the 3 targets considered in this study, several other promising targets exist
such as PKS 0301-243, 3C 279 and PKS 1424+240. There are no compelling a priori rea-
sons to assume that the EBL should be at its lower limits across a wide range of wave-
lengths or to assume that no photon-ALP mixing would occur within the jet. Therefore,
if ALPs exist with the parameters assumed here, signatures are expected to be seen in
the spectra of several objects. Conversely, if the effects are not seen, limits can be placed

on the ALP parameter space.



Chapter 10
Summary and Look

Forward

This thesis is concerned with the physics that can be learnt from studying the ~-ray
spectra of blazars. Chapter 1 provided an overview of the field of y-ray astronomy and
the related field of cosmic ray astronomy. This started with a brief history of the fields
including past and present telescopes based on Earth and in orbit. Particular attention
was given to the space-based Fermi-LAT, currently the leading space-based instrument
which was used extensively in research presented in this thesis. The number and type
of different y-ray sources were also discussed and we saw that several hundred blazars
have been detected by the LAT and that these observations are complemented by those
of ground-based telescopes which operate at higher energies. A brief discussion was
then given of CTA, a next generation ground-based telescope currently in its preparatory

phase.

Chapter 2 covered the instruments and techniques of the field in more detail. This
began with a discussion of the LAT and the principle of pair-production on which it op-
erates. The LAT data analysis techniques relevant to this thesis were then covered: in
particular how to perform likelihood analyses to measure the spectra of target sources
and how Monte Carlo simulated observations can be performed. Next the principle
of Cherenkov radiation or Cherenkov light was discussed. This is the light generated
when a charged particle moves through a dielectric medium with speed greater than
the speed of light in that medium. When a VHE ~v-ray is incident upon the atmosphere
fast moving particles are created which generate a brief pulse of Cherenkov light. This
Cherenkov light can be used by ground-based 7-ray telescopes in order to detect inci-
dent y-rays. However, we see that hadronic cosmic rays also produce Cherenkov light
and distinguishing y-ray events above this background requires imaging the Cherenkov

light pools. Often this imaging is done stereoscopically, i.e. with more than one tele-

149
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scope in operation. This not only improves ~/hadron separation but also improves the
source’s localisation as photon arrival points can be triangulated between telescopes.

This chapter concluded with a more detailed look at CTA.

Chapter 3 covered the physics necessary to this thesis of how particles are acceler-
ated and emit radiation. This began with a discussion of diffusive shock acceleration, a
mechanism thought to explain how particles are accelerated in AGN jets and how the
particles acquire a power law energy spectrum. Then the Thomson cross section of the
electron was derived and this was then used to explain how energetic electrons can up-
scatter photons into the y-ray regime. Next we saw how cyclotron radiation is produced
by charged particles in a B-field by treating the particles as quantum harmonic oscilla-
tors and this treatment was generalised to the synchrotron radiation produced when the
source is moving at relativistic speeds. Finally, a brief discussion was given on how m

particles could produce v-rays through their decays.

Chapter 4 started with a discussion of the structure of AGN and the Unified Model,
which explains how similar objects can appear very different in observations if viewed
from different angles. We saw that if the density of low energy photons in the v-ray
emission region is too high then it would become opaque to y-rays through pair absorp-
tion and this sets an upper limit on the size of the emission region. A lower limit can
be inferred from the observed variability timescales of the y-ray luminosity. These led
to the conclusion that the emission region is probably on the order of 10~* pc. Where
this is located within the kpc scale jets is uncertain, but observations and modelling sug-
gest that it is within about 200 pc of the central black hole. Different y-ray emission
mechanisms within AGN jets have been proposed. One common idea is that the en-
ergetic electron inverse Compton upscatter low energy photons into y-rays. These low
energy seed photons could be synchrotron emission from the electrons in the jet, known
as the synchrotron self-Compton scenario. Upscattered seed photons from outside the
jet, known as external Compton emission, could contribute or even dominate the y-ray
emission. Alternatively, we see that y-ray emission from the jet could be the result of syn-
chrotron radiation of hadronic protons and mesonic y particles and the decay product of

m particles.

In Chapter 5, the EBL was introduced. This is the diffuse light present throughout

the universe. It is important to this thesis because v-rays can pair produce with the EBL,
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annihilating both photons. This means that the universe has an optical depth to -rays
with IR-UV EBL photons dominating this process. However, we saw that there is some
tension between the level of EBL inferred through modelling and the relatively small
amount of absorption inferred in VHE v-ray spectra. The hypothetical axion particle was
then discussed as a solution to this problem: photons couple to axions in the presence
of a B-field and so y-rays could convert into axions or axion-like particles (ALPs) at the
source and thereby cross intergalactic space unabsorbed before reconverting to y-rays at

the Milky Way.

In Chapter 6, a brief introduction was given to the use of information theory in model
comparison. The AIC was introduced as a measure of how well a model describes a
given set of data and an example was given applying this to LAT observations of the

blazar 3C 273.

Chapters 7 and 8 covered 2 research projects into the spectral properties of bright
LAT-detected blazars. In the first study, 9 FSRQ objects were studied and a mixture of
log-parabolic (LP) and broken power law (BPL) spectra were found. The break energies
were used to test the double-absorber model which posits that 2 breaks should appear
in the ~-ray spectra if the emission region is within the radius of the broad-line region
(BLR). This theory is disfavoured in this work as the cause of the breaks due to the
energy and stability of the breaks not matching predictions. The second study made
use of an extended sample of both FSRQ and BL Lac type objects. It concluded that
LP is an adequate description of almost all objects in the sample and BPL fits appeared
to be caused by confusion with nearby sources. This conclusion is in contrast to the
previous study, and after further investigation it was concluded that the discrepancy is
due to updating the instrument response function between the studies. This suggests
that several previously published works concluding that blazars have BPL spectra may
be in error. A light curve analysis was also performed for the bright FSRQ 3C 454.3. In
its quiescent state, this object appears to have a stable spectrum well-described by an
LP. When in high flux states, the spectrum was sometimes well-described by an LP and
sometimes by a BPL. Again, the double-absorber model was disfavoured as the cause of
the breaks, constraining the emission region to be outside of the BLR. From the change in
spectral parameters it was concluded that the high flux states are caused by an increase

in the Lorentz factor of the emission region (in an SSC scenario) or by changes in the
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population of electrons in the emission region (in either an EC or an SSC scenario). As
the LAT continues to collect more data and observe more high flux states, the prospect of
pinning down the exact emission mechanism becomes a plausible goal. As we saw, the
choice of IRF can potentially alter the spectral shape inferred; the release of the Pass 8
IRF at some point in the future may alter or confirm the current conclusions depending
on how well results agree with those of the current Pass 7 IRE.

Finally, in Chapter 9, a study was presented in photon-ALP mixing within AGN jets.
The effect that such mixing would have on the emitted v-ray spectrum was calculated.
It was seen that in the right conditions a sudden jump in flux at a few TeV could oc-
cur. The prospects for detecting the effects of ALPs with CTA were calculated through
simulated observations. As well as the emitted spectrum being altered by mixing with
ALPS, absorption of y-rays by the EBL would be expected to be mitigated, as seen in
Chapter 5. It was concluded that CTA will have a good chance to either observe the
effects of ALPS or to set limits on the allowed mass and coupling constant of ALPs.
PKS 2155-304 was shown to be a particularly promising target which means a strategy
of observing nearby, bright objects with good photon statistics should be considered as
well as observing more distant, hard-spectrum sources (where the distance means that
EBL absorption is stronger and any mitigation potentially more apparent). CTA is set
to dominate y-ray astronomy for the coming decades and the instrument is hoped to
bring in many important results. It is particularly exciting to look forward to the contri-
bution of CTA to fundamental physics through the study of photon-ALP mixing within

astrophysical sources.
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