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Preface

Chapter 4 of this thesis is taken from “Fermi Large Area Telescope Detection of

Extended Gamma-Ray Emission from the Radio Galaxy Fornax A,” [1] published in The

Astrophysical Journal in 2016, of which I am the primary author. It has been edited for

clarity for its inclusion into the thesis.

Chapter 5 is taken from “The γ-ray spectrum of the core of Centaurus A as observed

with H.E.S.S. and Fermi-LAT,” [2] accepted into Astronomy & Astrophysics in 2018. The

paper was led by the H.E.S.S. Collaboration, and I am the primary author for the LAT

analysis. I have removed details of the analysis for which I did not take part, referring the

reader to the article where appropriate, and edited it for clarity for its inclusion into the

thesis.

Chapter 6 covers my own analysis which is planned to result in a paper soon, title

and journal yet to be determined.
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Chapter 1: Introduction

Active galactic nuclei (AGNs) are the most luminous persistent sources of radiation

known. The activity, thought to be caused by mass accretion into a central supermas-

sive black hole, is capable of accelerating individual particles to greater energies than

man-made accelerators have been capable of achieving. This makes AGNs great natu-

ral astrophysical laboratories for extreme physics. One particular variety is called the

radio galaxy, characterized by its misaligned relativistic jets and observable diffuse lobe

structures. These objects are the subject of study in this work.

The measurements done in support of this work were mainly performed from astro-

physical observations of extraterrestrial γ rays. γ rays are the quantized particle represen-

tation of electromagnetic radiation, photons, which occupy the highest range of energies,

typically above ∼ 100 keV. Because of their high energies, γ rays can only be significantly

produced by a limited set of celestial objects, most notably AGNs. γ-ray interactions with

matter are limited to Compton scattering (interactions with electrons), electron-positron

pair production (interaction with nuclei), photofission (nuclei splitting from absorbed γ-

ray), and photodisintegration (nuclei emitting a subatomic particle from absorbed γ-ray),

making them impossible to detect with conventional focusing optics and light collection.

Instead, astrophysical observations require particle detectors designed specifically for one
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(or multiple) of these processes.

1.1 Thesis Organization

In this work, three studies are presented on the emission mechanisms, especially

of γ-ray emission, taking place in radio galaxies. The investigation is centered around

analysis of the γ-ray data taken by the Fermi Large Area Telescope (LAT). In Chapter 2,

AGNs and the radiative emission mechanisms that are thought to take place within them

are introduced. In Chapter 3, a description is given of the instrument whose data makes up

the basis of this work, the Fermi-LAT. In Chapter 4, a discovery of γ-ray spatial extension

in the radio galaxy Fornax A and an unexpectedly high γ-ray flux is discussed. Chapter 5

covers an investigation into an unexpected spectral feature in the core of the radio galaxy

Centaurus A (Cen A) across high- and very-high-energy γ-ray regimes using Fermi-LAT

and the High Energy Stereoscopic System. Chapter 6 introduces a γ-ray morphological

study of the Cen A outer lobes, in particular a discovery of fine filamentary structures. In

Chapter 7, the physical interpretations of the work of this thesis are discussed. Finally,

this work is summarized in Chapter 8.

2



Chapter 2: Active Galactic Nuclei

Some galaxies host a nucleus that is more luminous than all of the galaxy’s stars

combined. These are called AGNs. These objects are extreme non-thermal emitters over

a very wide range of wavelengths, including radio, microwave, infrared (IR), visible,

ultraviolet (UV), X-rays, high energy (HE; 100 MeV–100 GeV) γ rays, and very high

energy (VHE; 30 GeV–30 TeV) γ rays. Many AGNs produce a pair of relativistic, highly

collimated jets directed roughly normal to the plane of the host galaxy. AGNs are thought

to be powered by matter from a surrounding disc accreting into a central supermassive

black hole (108–9 M�).

2.1 History

[27] The origins of our understanding of the AGN can be traced back as far as 1909,

when Edward Arthur Fath, while looking at spectral lines from spiral nebulae using the

optical Lick Observatory near San Jose, CA, noticed an unusual spectroscopic signature

from NGC 1068 featuring a combination of emission and absorption lines [28]. The

lines were generally wider than expected, and this was attributed to Doppler shifting by

Carl Keenan Seyfert in his 1943 study of emission lines from six spiral nebulae outside

the galactic plane [29]. The addition of radio astronomy starting with work from Karl
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Guthe Jansky in 1931 led to the ruling out of thermal emission as the major mechanism

to produce the observed radiation around 1947 because the necessary temperatures were

too high to be physical. The synchrotron process with local magnetic fields was proposed

in 1950 by Alfvén & Herlofson [30] to explain this radio emission. Finally, in 1963,

enough evidence had accumulated that quasi-stellar objects (quasars) have significantly

high redshift (measurement of the amount which known nuclear spectral line frequencies

are decreased, or reddened, by some process). The best explanation for the observed

redshifting was Hubble expansion caused by separations of cosmological distances.

The inclusion of radio galaxies into the category of AGNs began in 1978 when

Blandford & Rees proposed that BL Lacertae (BL Lac) objects could actually be radio

galaxies but viewed down the jet. Eventually, this idea has largely been accepted into a

full unified model of AGNs (see Sect. 2.2).

Prior to the launch of Fermi, the best observations of AGNs in the HE range came

from the Energetic Gamma Ray Experiment Telescope (EGRET) onboard the Compton

Gamma Ray Observatory (CGRO). EGRET is a pair production detector, similar to Fermi-

LAT, sensitive to γ rays between 20 MeV and 30 GeV. Although operating with similar

principles, EGRET could not match the detection capabilities of its successor, Fermi-

LAT, according to every metric, e.g., effective area, field of view, angular resolution, and

sensitivity. However, EGRET played an important role in trail-blazing our knowledge

of the HE band of astrophysical γ rays. After a series of viewing periods between April

1991 and September 1995, EGRET positively identified 67 AGNs, only one of which was

a non-blazar (see Sect. 2.2), Cen A, the nearest AGN to our current location [31,32]. The

detection of Cen A by EGRET created the expectation for potentially many more similar
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non-blazar AGNs in the HE regime with the anticipated launch of the Fermi observatory

about a decade later. Particularly, with its improved angular resolution, Fermi offered the

possibility of morphology studies of radio galaxies with HE γ rays. These extended and

relatively nearby objects had since only been morphologically observed with radio waves

and microwaves.

2.2 AGN Taxonomy

Many AGNs which were historically identified as different types have more recently

been thought to be the same type of object, varying mainly because of the perspective

from which we view them [33]. There are two broad categories of AGNs which are

important to this work, those with their relativistic jet pointed in the direction or close to

the direction of the viewer (blazars), and those whose relativistic jet is pointed away from

the viewer (radio galaxies).

2.2.1 Blazars

Blazars are a broad category which refer to AGNs with the special case that one rel-

ativistic jet is aligned towards the viewer as shown in Fig. 2.1. Because of this alignment,

their emission is much brighter than it would appear when misaligned. Blazars make up

the vast majority of sources visible in γ rays (> 86%), with most of the remaining being

pulsars (∼ 6%) [34]. Looking only outside of the plane of our Milky Way Galaxy, where

this work is focused, they dominate the sky even more. A high degree of variability is

often observed in blazars in HE γ rays [35], with flux change timescales as short as days

5



Figure 2.1: Color composite image of radio galaxy Centaurus A showing typical fea-

tures of an AGN. Arrows show viewing angle with respect to the jet. Image made

with data from ESO/WFI (Optical), MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre),

NASA/CXC/CfA/R.Kraft et al. (X-ray).
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or even minutes [36]. They can be broken down into two classes, flat-spectrum radio

quasars (FSRQs) and BL Lacs. The main distinction is that FSRQs are more distant,

more luminous, and have stronger emission lines than BL Lacs.

Because AGN jets are well-collimated, alignment to the viewer is actually a very

rare occurrence. However, in addition to the high luminosity offered by the jet’s energy

remaining confined to a small angle, these relativistic jets are also Doppler boosted to

further increase their apparent brightness. This boosting offsets their low probability of

occurrence, making them the most populous visible sources in the γ-ray sky, as well as

the most distant observable objects known [33].

2.2.2 Radio Galaxies

When the jet of an AGN is misaligned with respect to the viewer as shown in

Fig. 2.1, it is called a radio galaxy. They are much less luminous than blazars. It is by

observing the structure of radio galaxies that we’ve been able to understand much more

about the nature of all AGNs. Radio galaxies feature large extended structures, referred

to as lobes, believed to be created by past material from the jet cooling and diffusing

into the surrounding medium. Radio galaxies have been taxonomized into two classes

by Fanaroff-Riley (FR) [37]: FR 1, with large jet opening angle, lobes brighter closer to

the core, smooth falloff away from the core, high luminosity, often symmetric jets; and

FR 2, with highly collimated jets, lobes brighter away from the core, sharper edges, and

low luminosity. See Fig. 2.2 for typical morphologies of these two types. The nature and

composition of radio galaxy lobes is a key subject of study in this work.
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Figure 2.2: Very Large Array (VLA) radio images of four radio galaxies, showing clear

morphological differences between FR 1 type (top) and FR 2 type (bottom). Observ-

ing frequency of top-left is 1477 MHz; top-right, 608 MHz; bottom-left, 1650 MHz; and

bottom-right, 4860 MHz.
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2.3 Emission Mechanisms of Radio Galaxies

Radio galaxies are non-thermal emitters of light across a broad spectrum. Unlike

blazars, which appear as point-like sources at HE, some of the radio galaxies are spa-

tially resolved and appear extended at HE. Thus, radio galaxy emission has the potential

to be observed from both the central engine (core) and the extended lobe regions sepa-

rately. High energy radio galaxy radiation is thought to be created by some combination

of three fundamental processes: two leptonic, synchrotron and inverse-Compton, and one

hadronic, neutral pion decay.

2.3.1 Leptonic

In the leptonic scenario, the low-energy emission (radio to optical) is mainly pro-

duced by the synchrotron process, while inverse-Compton scattering is responsible for

the high-energy emission. While the literature is generally biased toward leptonic models

on studies of AGNs, hadronic models remain a viable option. Multiwavelength spectra

from most blazars are not in conflict with the leptonic scenario. For example, in Fig. 2.3

we see a very convincing match with the leptonic hypothesis across every available band

in the spectrum of bright blazar Markarian (Mrk) 421 [4]. As with this example, spectra

from AGNs, including radio galaxies, usually feature a low energy synchrotron “bump"

peaking in the radio/microwave band and an inverse-Compton “bump", peaking in the

hard X-ray to γ-ray band.
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Figure 2.3: Spectral energy distribution (SED) of bright blazar Mrk 421 from all available

wavelength bands from radio through TeV. This shows a very clear case of the typical

double-bump structure of AGN spectra which can be explained as synchrotron emission

creating the lower energy bump and inverse-Compton creating the higher energy bump.

Shown in red and green lines are two possible synchrotron self-Compton models which

can fit the data [4].
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2.3.1.1 Synchrotron Radiation

Synchrotron radiation occurs when charged particles are forced to change direction

by an external magnetic field. A single charge with mass m and charge q moving with

velocity v through a magnetic field B will experience a force given by the Lorentz force

law (in cgs units)

F =
q
c

v × B,

assuming no electric field is present. When |v| is nearly c, we can use the relativistic mass

γm, where γ = 1√
1− v2

c2

is the Lorentz factor. Using Newton’s Second Law, we get that the

acceleration experienced by the charge is

a =
F
γm

=
q
γmc

v × B,

or,

|a| =
qvB
γmc

sinα,

where α is the angle between v and B. The Larmor formula gives us the total power

radiated by the accelerating charge as

P =
2
3
γ4 q2a2

c3 =
2
3
γ4 q2

c3

q2v2B2

γ2m2c2 sin2 α =
2
3
γ2q4v2B2

c5m2 sin2 α. (2.1)

If we want to find the average synchrotron power from each charge in a set of charges all

with speed v and an isotropic distribution of directions, we can calculate it by averaging

Eq. 2.1 over all directions:

〈P〉 =
2
3
γ2q4v2B2

c5m2 〈sin2 α〉.
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We can do this by integrating over the solid angle:

〈sin2 α〉 =

∫
sin2 α dΩ∫

dΩ
=

1
4π

∫
sin2 α dΩ.

Then, changing to spherical coordinates with dΩ = sinα dα dφ,

〈sin2 α〉 =
1

4π

∫ 2π

0

∫ π

0
sin3 α dα dφ =

2
3
.

We substitute using the Thomson cross section σT ≡
8π
3

q4

m2c4 (∼ 6.65 × 10−25 cm2 for

electrons), the energy density of the magnetic field UB = B2

8π , and β ≡ v
c to get the average

synchrotron power of

Psyn =
4
3
σT cβ2γ2UB. (2.2)

In AGNs, the charged particles are usually assumed to be electrons accelerated to

relativistic energies by the mass accretion into the supermassive black hole. The process

by which this occurs is still unknown, however one prevailing theory is the Blandford–

Znajek process, wherein magnetic field lines from currents in the surrounding disk thread

a rotating black hole, inducing an electric potential [38]. By this explanation, the presence

of these relativistic electrons nearer the AGN is expected, since synchrotron emission is

the primary process of cooling of energetic charged particles which is assumed to take

place as they travel outward within the lobes of radio galaxies.

2.3.1.2 Inverse-Compton Radiation

Compton scattering refers to the collision of photons with electrons. In the rest

frame of the electron, the photon will always lose energy to the electron. In this frame,

we can define the direction of the incoming photon along the x axis and all final momenta
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within the x-y plane without sacrificing generality. We can write the initial and final

4-momenta of the photon as

Pγ0 =

(
hc
λ0
,

hc
λ0
, 0, 0

)
Pγ1 =

(
hc
λ1
,

hc
λ1

cos θ,
hc
λ1

sin θ, 0
)
,

where λ0 is the photon wavelength before scattering, λ1 is the wavelength after scattering,

h is Planck’s constant, c is the speed of light, and θ is the angle between the incoming and

outgoing photon propagation directions. We can write the initial and final 4-momenta of

the electron as

Pe0 =
(
mc2, 0, 0, 0

)
Pe1 =

(
mc2, . . .

)
,

where m is the rest mass of the electron and the final momentum components can be

ignored. Then, by using the conservation of 4-momentum, Pγ0 + Pe0 = Pγ1 + Pe1, we can

calculate

(
Pγ0 + Pe0 − Pγ1

)2
= P2

e1

P2
γ0 + Pγ0Pe0 − Pγ0Pγ1 + Pe0Pγ0 + P2

e0 − Pe0Pγ1 + P2
γ1 − Pγ1Pγ0 − Pγ1Pe0 = P2

e1

P2
γ1 + P2

e0 + P2
γ1 + 2Pe0

(
Pγ0 − Pγ1

)
− 2Pγ0Pγ1 = P2

e1

m2c4 + 2
(
hmc3

λ0
−

hmc3

λ1

)
−

2h2c2

λ0λ1
(1 − cos θ) = m2c4

mc
(

1
λ0
−

1
λ1

)
=

h
λ0λ1

(1 − cos θ) ,

which gives us Compton’s scattering relation

λ1 − λ0 =
h

mc
(1 − cos θ).

However, in a frame where the electron is not at rest, it is possible that the electron

loses energy to the photon, thereby giving the photon an energy boost. This process

13



is called inverse-Compton (IC) scattering. The power radiated through inverse-Compton

by an isotropic distribution of electrons all with speed v = βc scattering with an isotropic

distribution of photons with energy density Uph is given by

PIC =
4
3
σT cβ2γ2Uph.

The inverse-Compton process requires the presence of high energy electrons and a

photon field, often called seed photons in the case of AGNs. Under the standard leptonic

model of AGN radiation production, it is assumed that the electrons which are boost-

ing photons are the same distribution of relativistic electrons which are emitting via the

synchrotron process. For the seed photons in radio galaxies, there are three main fields

that may contribute to inverse-Compton scattering: diffuse extragalactic background ra-

diation (see Appendix A), starlight from the host galaxy, and photons created by local

synchrotron radiation. When the seed photons are from local synchrotron radiation, the

process is called synchrotron self-Compton (SSC). Otherwise, it is called external Comp-

ton (EC). SSC is the most common model attributed to blazar emission, as, for example,

with Markarian 421 whose SED is shown in Fig. 2.3. EC is the most common for radio

galaxy emission, however, FSRQs also require a EC component.

2.3.2 Hadronic

In addition to leptonic emission, γ rays can be produced via hadronic processes

as well. These require the presence of relativistic protons. The three main hadronic

processes which produce γ rays are photohadronic, in which protons interact with lower-

energy photons to produce pair cascades resulting in pions; hadronuclear, in which pro-
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tons collide with other protons or nuclei to produce pions as shown in Figure 2.4; and

direct synchrotron radiation of protons. Charged and neutral pions emerging from the

first two interactions cascade and produce neutrinos and γ rays in their decay chain.

The relativistic jets of AGNs are composed of leptons and hadrons. If the system

is capable of channeling enough power into accelerating protons to relativistic energies,

then hadronic interactions may also contribute to the emitted electromagnetic radiation.

Most blazar broadband spectra have been so far successfully modeled in the context of

a leptonic scenario. However, it may be possible to fit a spectrum with either scenario.

For example, the broadband SED shown in Fig. 2.5 shows the same data as is shown in

Fig. 2.3 but fit to a hadronic model instead of a leptonic.

Models requiring contributions from hadronic emission have been proposed by sev-

eral authors, legitimately assuming that at least some fraction of the hadrons may be

accelerated along with the electrons. Protons undergoing hadronuclear collisions in the

vicinity of the black hole are predicted in, e.g., AGN core models [39–41], while the

strong shocks thought to be present in the relativistic jets offer another ideal environment

for accelerating protons [42]. In AGN jets where there are sufficient lower-energy photons

present, especially in the UV band from the accretion disk, photo-hadronic processes are

thought to be the dominant interaction for possible hadronic γ-ray emission, with some

contribution possible from proton synchrotron emission as well [43]. In the lobes of radio

galaxies, where the lower-energy photon fields originating from jet activity and the accre-

tion disk are decreased due to a much greater distance, the dominant potential hadronic

process is thought to be from proton-proton collisions, for example with surrounding gas

2https://www.hawc-observatory.org/science/cosmicrays.php

15

https://www.hawc-observatory.org/science/cosmicrays.php


Figure 2.4: Example particle cascade from a proton colliding with a nucleus. Notably,

γ-ray photons and neutrinos may be produced.2
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or plasma nuclei [44, 45].

The “smoking gun” signature of hadronic emission from AGNs is the observation

of neutrino emission. While photon emission, including γ rays, may be produced in other

processes rather than the hadronic one, neutrinos are not produced in leptonic processes,

and thus constitute a unique tracer of hadronic processes. Neutrinos are always a prod-

uct of charged pion decay. If proton-proton collisions are producing neutral pions, they

must also be producing charged pions. Therefore, neutrinos must be produced along-

side the process of hadronic γ-ray emission originating from proton-proton collisions. In

September 2017, an astrophysical muon neutrino was detected by the IceCube Neutrino

Observatory at the South Pole whose origin was found to spatially coincide with a blazar

in a flaring state, TXS 0506+056 [46]. The combined significance of the spatial and tem-

poral coincidence of the flaring blazar and the neutrino was estimated at the 3σ level.

Assuming the neutrino originated from the blazar, this joint detection would be definitive

evidence that an AGN is creating cosmic-ray protons, and that it is creating γ rays via

hadronic processes.
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Figure 2.5: Broadband spectrum of bright blazar Mrk 421 showing a hadronic model

of the high-energy bump with the low-energy bump modeled with electron synchrotron

emission. The neutral pion cascade component is shown in the purple dotted line, the

charged pion cascade is shown in the green dashed-dotted line, the muon synchrotron and

cascade is shown in the blue triple-dot-dashed line, the proton synchrotron and cascade is

shown in the red dashed line, and the sum of all components is shown in the black solid

line. Note the significant difference between this and the leptonic model in Fig. 2.3 in the

MeV energy band. [4]
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Chapter 3: Fermi Large Area Telescope (LAT)

3.1 Overview

The LAT is one of two instruments onboard the Fermi Gamma-ray Space Telescope,

the other being the Gamma-ray Burst Monitor (GBM). The Fermi satellite operates in

orbit around the Earth where it can observe without being hindered by Earth’s atmosphere.

In low Earth orbit, it can obtain a fresh glimpse of the γ-ray sky every 90 minutes. The

LAT detects and analyzes individual γ-ray photons in energies between tens of MeV and

hundreds of GeV [5]. The LAT is a pair-conversion telescope, which means it detects

γ rays by creating an environment conducive for photons to interact with protons, an

interaction which then creates electron-positron pairs. It is these pairs which are truly

detected, providing information about the photon’s energy, propagation direction, and

arrival time. This functionality is obtained with contributions from three components all

shown in Fig. 3.1, the Tracker (TKR), the Calorimeter (CAL), and the Anti-Coincidence

Detector (ACD).
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Figure 3.1: Cutaway of the LAT showing an example path of a γ ray converting into an

electron-positron pair. [5]
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3.2 Instrument

3.2.1 Tracker (TKR)

Information in this section was gathered from the Tracker design paper [7].

The Tracker contains 16 towers of 19 trays. Each tray can hold silicon strip de-

tectors (SSDs), tungsten foil, and readout electronics. The Tracker’s primary purpose is

to measure the direction of the incident γ ray. The tungsten has a high atomic number

(74) which gives it the higher cross-section for interaction of its nuclei with incoming

γ rays needed to produce the traceable electron-positron pairs. These pairs then create

signals in the SSDs, which allow their paths to be traced, or tracked. These paths can be

reconstructed to provide the direction of the original incoming γ-ray photon.

SSDs operate with a series of p–n junctions aligned into long strips. A reverse bias

voltage is applied to the junctions, increasing the size of the depletion region so that only

negligible current can flow. The p–n junction naturally creates a stable electric field within

the depletion region which pulls any free electrons towards the n side and any free holes

towards the p side. A high energy charged particle (electron or positron as created by the

original incoming γ ray) will separate electrons in the depletion region away from their

atoms, creating free electrons and holes along its path. These free holes will be pulled

by the electric field to the nearest p strip, creating a small current signal. This process is

shown in Fig. 3.2.

Each tower consists of layers of tungsten, single-sided SSDs oriented along the x

direction, single-sided SSDs oriented orthogonally along the y direction, and structural
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Figure 3.2: Side view diagram showing a charged particle traveling through the active

depletion region of an SSD. The depletion region is increased with a reverse bias, wherein

the n side is held at a greater electric potential than the p side. [6]
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material as shown in Fig. 3.3. The use of layered SSDs oriented orthogonally allows

for full detection of the position of the particles within the plane of the SSDs. In the

top twelve layers (“Front”), the tungsten conversion foils are thin, with a thickness of

0.095 mm. Four of the bottom layers (“Back”), contain foils which are thick, with a

thickness of 0.72 mm, and three trays have no foil. This was done to reduce multiple

scatterings in lower energy γ rays while providing sufficient opportunity for conversion

of higher energy γ rays. These towers fully assembled are shown in Fig. 3.4. In contrast

to the Calorimeter, the Tracker is not designed to stop as many particles as possible, but to

convert the γ rays into pairs, producing a simple track so that the direction of the original

γ-ray can be determined.

3.2.2 Calorimeter (CAL)

Information in this section was gathered from the LAT description paper [5]. See

also the Calorimeter paper for more details [47].

The Calorimeter’s primary purpose is to measure the energy of the incident γ ray. It

absorbs the electron-positron pair, along with any additional secondary particles, using the

scintillating material crystalline thallium-activated cesium iodide, CsI(Tl). The crystals

are shaped into long rods with square cross section as shown in Fig. 3.5. Bound electrons

in the CsI(Tl) are boosted into excited states by the incoming radiation, then drop back

into lower energy states and release a photon via spontaneous emission. Most of the light

emitted by the CsI(Tl) is trapped within the crystal and propagates to the end of the rod.

That emission has a maximum emission wavelength in the green around 550 nm, making
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Figure 3.3: Side view diagram of a Tracker tower showing the arrangement of layers [7].
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Figure 3.4: Fully assembled Tracker instrument showing the 16 towers [5].
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Figure 3.5: Exploded view of the Calorimeter, showing alternating orientations of the

CsI(Tl) crystal elements, each with a photodiode attached to both ends [5].

it easy to detect using a photodiode on both ends of each crystal. CsI(Tl) is a good choice

for the Calorimeter because it has a high light yield, high density, and high atomic number

which increases the probability of interaction with incoming radiation. It is therefore

good at stopping most particles so they are detected and not lost. By capturing the entire

shower, we can measure the full energy of the original γ ray. With its crystals oriented in

alternating orthogonal directions as shown in Fig. 3.5, some spatial information and thus

imaging can be obtained of the particle shower, allowing for further constraints on the

energy.
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Figure 3.6: Photograph of a single plastic scintillating ACD tile showing embedded

wavelength shifting (WLS) fibers to collect signal light bundled into two clusters for

detection by two photomultiplier tubes [8].

3.2.3 Anti-Coincidence Detector (ACD)

Information in this section was gathered from the ACD paper [8].

The primary purpose of the ACD is to detect charged cosmic rays and provide a

veto to the rest of the LAT for such non-photon background events. This is crucial, since

the event rate for cosmic rays is significantly greater than the event rate of signal γ rays.

The ACD works by surrounding the LAT on 5 sides in 89 plastic scintillator tiles. As

shown in Fig. 3.6, embedded into the tiles are 1 mm diameter WLS optical fibers. The
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plastic scintillators are optimized to emit light in the violet–blue, and this light then causes

the WLS fibers, which are designed to fluoresce with green light when exposed to blue

light, to fluoresce within the fiber core. A fraction of this green light with sufficiently

small incidence angle relative to the longitudinal direction of the fiber is trapped by total

internal reflection of the fiber. These fibers are fed to the bottom of the LAT where two

bundles from each tile are each coupled to a photomultiplier tube (PMT) for detection.

The PMTs and readout electronics for the ACD are positioned there so they are out of the

way of incoming radiation.

The ACD tiles are designed and positioned for the smallest gaps and leakage pos-

sible. To that end, the ACD tiles are overlapping in the optimized pattern as shown in

Fig. 3.7. In addition, there are 8 flexible scintillating fiber ribbons underneath the tiles

along the edges of the tiles to further decrease gaps and leakage.

The choice of plastic scintillators as a detection mechanism for cosmic rays but not

for γ rays is good because HE γ rays naturally penetrate matter unless the density and

atomic number (Z) are sufficiently high. The plastic scintillators have very good cross

section for fluorescing by other radiation, but are not dense enough or high enough in Z

to interact with γ rays. Thus, they carry out their role of detecting background while not

obstructing incoming γ rays.

The LAT’s ACD offered a large improvement over the ACD of its predecessor,

EGRET. From the EGRET experiment with its single channel ACD and no spatial infor-

mation, it was learned that HE events would frequently create showers within the detector

with some of the charged particles reversing direction and traveling back up through the

ACD, thus creating a false veto. This phenomenon is called backsplash, and an example
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Figure 3.7: Diagram of the ACD tiles, showing overlapping tile positioning pattern and

location of the ACD PMTs and electronics [5].
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event from simulation is shown in Fig. 3.8. By segmenting the ACD on Fermi, it becomes

possible to identify such backsplash events by comparing the reconstructed direction and

position to the location of the ACD tile(s) that was(were) triggered.

3.2.4 Uncertainties

The LAT is a one-at-a-time high energy particle detector in space. Using its three

primary instruments collectively, it reconstructs as much information as possible about

each individual incoming γ-ray photon. This process of measurement and reconstruction

has only limited effectiveness, which means the direction and energy of the γ ray comes

with statistical and systematic uncertainties determined by many factors, such as the de-

tector design, the direction and energy of the γ ray, as well as random specifics about the

event like where the pair conversion occurred. The probability distribution of energies for

a given measurement is called energy dispersion, and the probability distribution of the

2-dimensional direction is called the point spread function (PSF).

An idealized, infinitesimally small source of light, when observed by the detector,

will appear smoothed out into a larger shape roughly in a 2-D Gaussian distribution3. The

PSF is this shape, a point source as observed by the detector. The PSF is particularly

important to spatial studies with γ rays, and therefore plays a significant role in this work.

2http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
3The exact form of the PSF is a double Moffat distribution [48], each which has the basic functional

form

I(r) = I0

(
1 + (r/R)2

)−β
. (3.1)

For more details, visit https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/

Cicerone/Cicerone_LAT_IRFs/IRF_PSF.html
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Figure 3.8: Showing two examples of simulated backsplash events in the LAT. Red lines

indicate charged particles and blue lines indicated photons [8].
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Figure 3.9: 68% containment PSF of the LAT with the latest Pass 8 dataset, as derived

from Monte Carlo simulations. Also shown are the containment angles for each of the

divided PSF event type quartiles.2
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The LAT PSF is relatively large when compared with many other astronomical telescopes,

which creates the problem of source confusion, when nearby source signals blur out spa-

tially enough that they become difficult to distinguish. The LAT PSF is energy dependent,

decreasing significantly with greater energy, as shown in Figure 3.9.

3.3 LAT Data

The process of turning all of the raw data from the LAT’s sensors into γ-ray photon

data is called event reconstruction. This reconstructed photon data is publicly available

in Flexible Image Transport System (FITS) format from the LAT Data Server4 on the

Fermi Science Support Center (FSSC), hosted by NASA Goddard Space Flight Center.

The LAT Data Server provides γ-ray data in real time, with a typical delay of only about

4–5 hours from the time of onboard detection, depending on the status of the LAT and the

communications network, the Tracking and Data Relay Satellite System (TDRSS). The

data is automatically processed at a computer cluster at the SLAC facility in Menlo Park,

CA, and each data run (i.e., data taken during one 90-minute orbit) goes through a series

of checks for quality and potential instrument malfunctions and is inspected and approved

by a human being on call.

In its simplest form (“photon data”), this high-level representation of the data con-

sists of a list of photon events, with each entry containing basic information about the

individual photon, primarily its energy, its originating sky position, and the time it was

observed. It also contains a few pieces of secondary information, notably four angles de-

4https://fermi.gsfc.nasa.gov/ssc/data/access/
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scribed in the next paragraph. These data FITS files containing photon events are called

FT1 files.

The angles provided are θ, the angle between the incident direction and a line nor-

mal to the top surface of the LAT, φ, the angle between the incident direction and a line

normal to the sun-facing side of the spacecraft, the zenith angle, measured between the

incident direction and a line passing through the center of the Earth and the spacecraft,

and the Earth azimuthal angle, indicating the second coordinate for the complete origina-

tion position on the Earth. The most important of these for this work is the zenith angle,

which can be used to quickly cut out potential γ rays which have terrestrial origin.

Each photon is also classified by its probability of being a photon (as opposed to

non-photon background, such as cosmic rays) and the quality of its reconstruction. The

classifications based on probability of being a photon, called “event class”, are named, in

order of increasing probability, Transient, Source, Clean, and Ultraclean. In this order,

each of these event classes contain all events in the one following. All of the LAT analysis

in this work was done using data from the Source class, recommended for source analysis

and providing a good balance of sensitivity and suppressed background. The photons are

also classified into “event types” according to the specifics and quality of the reconstruc-

tion. Prior to the release of Pass 8 (see Sect. 3.3.1), there were two event types, Front and

Back, referring to the location in the Tracker (see Sect. 3.2.1) where the photons were

converted into electron-positron pairs. Events converted in the Front, where the tungsten

conversion foil is thinner, generally have better reconstruction and thus angular resolution

than those converted in the Back.

Finally, another form of data required for analysis (and also available from LAT
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Data Server) are spacecraft files, also known as FT2 files. These files come in FITS

format, and they describe the position and orientation of the Fermi Gamma-ray Space

Telescope as a function of time. This information is necessary to calculate the LAT’s

exposure. The FT2 also includes information about time periods when the spacecraft was

in a favorable condition to take data (e.g., when not in a place of its orbit with known

regions of high background flux, such as the South Atlantic Anomaly), called Good Time

Intervals (GTIs). These GTIs can be used to quickly cut out bad photon data from the

FT1 based on their detection times.

3.3.1 Pass 8

The LAT event reconstruction process has evolved over time since well before

Fermi’s launch in 2008 in a series of iterations called “Passes”. With each new pass

release, all of the raw data (i.e., the full dump of readouts from every sensor and detector)

prior to its release are reprocessed as well. From the time of launch until August 2011,

Pass 6 was used to process the data. Pass 7 followed it, which took advantage of improved

calibration that was possible with data from years of real operations. Next, Pass 7 repro-

cessed was released which used up-to-date calibration constants, mainly resulting in an

improvement to the PSF [49]. Finally, Pass 8, released in June 2015, was the result of a

major overhaul in the entire analysis chain. Whereas Pass 7 and Pass 7 reprocessed were

primarily an improvement of the calibration resulting in a reduction of the systematic un-

certainties, Pass 8 marked the first improvements made to the event-level reconstruction

from the ground up.
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Pass 8 changed the processing in several key areas. It alleviated the problem of

instrumental pile-up, called “ghost events”. This occurs when remnants of electronic

signals from events a few µs prior appear as a background for events immediately fol-

lowing. It adopted a new tree-based pattern recognition algorithm, replacing the prior

combinatoric algorithm, which does not depend on information from the calorimeter and

is less sensitive to track-confusion from backsplash (see Sect. 3.2.3). A new clustering

stage was added during reconstruction from calorimeter data, which allows for separately

identifying ghost signals from proper signals. The calorimeter energy reconstruction was

reworked, reducing the effects of crystal saturation, when signals exceed the dynamic

range of the readout electronics. This is achieved by recovering some of this lost infor-

mation with information from nearby crystals that are not being saturated. Pass 8 included

an improved algorithm for using particle tracks with ACD tile information. Also, boosted

decision trees were employed for an improvement in separating classifications of pho-

tons and cosmic rays [50]. These changes led to a significantly improved effective area,

acceptance, and PSF at all energies.

Another new feature relevant to this work that was introduced with Pass 8 was the

expansion of photon event types. Because the photon reconstruction can be different

for different events, some photons can be much better constrained in space and energy

than others, all else being equal. By lumping all photons together as an average, we

lose a lot of information from certain photons that could contribute much more from

their better tracking. In the ideal case, we would perform analysis with every photon

each with its own PSF and energy containment. Unfortunately, because of limitations in

computation, this quickly becomes impractical. However, with the expansion of event
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types in Pass 8, photon events are categorized into four quartiles based on the quality

of the reconstruction, with each quartile containing equal numbers of events. With this

setup, the analysis can be performed with reasonable computation while using much more

of the individual photon information. One can select only the best-constrained quartile of

photons, or, as was done in this work, one can still use all photons in summation while

treating each quartile with its own unique instrument response function (IRF), thereby

extracting the maximum information possible from the data. In addition to the existing

event types from Pass 6 and 7, Front and Back, selection of event types PSF0–3 and

EDISP0–3 became possible, with 0 being the worst quartile in PSF and energy dispersion,

and 3 being the best. See Fig. 3.9 for a comparison of the Pass 8 PSF quartiles.

3.4 LAT Analysis

3.4.1 Basics

Most astronomical observations of electromagnetic radiation flux are done using

aperture photometry. This is done by defining a hard cut region of the sky with size

according to the PSF and summing the total counts observed within it. Then, to estimate

the background level for subtraction, the surrounding regions without visible sources are

observed in the same way. This technique is rarely possible with the LAT, apart from

observations of very bright transients. As mentioned in Sect. 3.1, the large PSF of the

LAT causes source confusion, wherein individual photons can often be roughly equally

probable of originating from two or more source sky locations. Also, signal from most

persistent γ-ray sources end up appearing only barely above the background (whether
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from galactic interstellar emission or isotropic γ-ray background). For these reasons,

analysis with LAT data requires careful statistical treatment starting by fitting the data to

a model of not just the source of interest (SOI), but all sources in a region at least 1–2

PSF lengths away (using the largest PSF possible in the analysis to be conservative). This

region is called the region of interest (ROI), and is typically at least 10◦ × 10◦ in size

and centered at the SOI. The ROI model is defined in an Extensible Markup Language

(XML) formatted file with all sources within the ROI and their properties. The XML

model can be constructed by hand or, more conveniently, by script. One notable script is

make3FGLxml, authored and maintained by Tyrel Johnson and available on the FSSC5,

which generates an XML model from the Fermi-LAT Third Source Catalog (3FGL) [34].

There are two basic modes of performing LAT analysis, unbinned and binned. In

unbinned mode, all events are carried through and treated in the analysis, with all indi-

vidual data about each photon intact. In binned mode, the events are initially binned both

in spatial direction and energy, thereby reducing the resolution of this information to the

size of the bins. Unbinned analysis is always more accurate, however since in unbinned

mode the computation time scales as the number of photon events, it is usually much

more intensive and slow when compared to binned analysis. Binned mode, on the other

hand, only scales as the number of bins, so unbinned only has the potential to be as fast

as binned when there are fewer events than the number of bins there would be in binned

mode. Because of the enormous savings in computation, binned analysis is always the

preferred method for data taken from more than a few days or so of observing, and the

loss of information by binning is minimal when the spatial and energy bins are chosen to

5https://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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be smaller than the PSF and energy dispersion, respectively. All of the LAT analysis in

this work was done using binned mode, and all further descriptions of the analysis here

assume binned mode.

Typically, analysis of LAT data then proceeds by making use of the Fermi Science

Tools6 software package. These tools provide all of the low-level functionality needed to

do analysis. First, the gtselect tool is used to make the primary cuts on the data, such as

the selection of events contained within the spatial ROI, within a specified time interval,

within a specified energy range, having less than a specified maximum zenith angle, and

having specified event classes and types. Next, the tool gtmktime is used to select data

only during GTIs. The gtbin tool is then used to bin the data in both direction and

energy, generating a counts cube (i.e., count maps across energy bands). Three derivative

data files needed for the analysis are then computed from the model and the resulting

reduced FT1 and FT2 files: the integrated livetime as a function of sky position and off-

axis angle via gtltcube, the exposure map from the livetime cube via gtexpcube2, and

finally the source map generated from convolving the model with the instrument response

via gtsrcmaps. With a model of all sources in the ROI at hand, we can generate a model

map using the gtmodel tool. The model map is a full grid of predicted counts, represented

as the LAT data would be through convolution with the IRF.

3.4.2 fermipy

In the process of using the low-level Science Tools to do LAT analysis, one usually

ends up scripting the repetitive tasks. After a while, every scientist often ends up using

6https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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either their own personal set of higher-level scripts to facilitate the analysis or a collection

of borrowed scripts from someone else. Built on top of the Science Tools, fermipy7

is an open source collaborative coding project in Python which attempts to unite these

individual efforts into a single usable set of high-level LAT analysis scripts [51]. fermipy

was utilized for both the Cen A core (see Chapter 5) and Cen A lobes (see Chapter 6)

projects in this thesis.

In addition to offering scripts to expedite existing tools, fermipy brings important

new algorithms to the analysis process. In particular, the optimize method proves an

invaluable tool for fitting an ROI containing a large number of sources and parameters.

On its own, the fitting functionality in the Science Tools is quite limited in the number of

parameters that can be fit simultaneously by the fitting algorithm, usually Minuit [52] or

similar. optimize provides an alternative solution by iteratively freeing key sources and

parameters in the model in a sensible order, most significantly detected sources first, and

then running the fit in each case. This allows for the convergence of a whole potentially

large and complex ROI to its maximum likelihood while keeping the number of free

parameters given to the fitting algorithms low.

Another key feature provided with fermipy is the find_sources method which

quickly and iteratively searches for and adds point sources to the model which are detected

to be missing from the existing model. This works by first creating a test statistic (TS)

map. A TS map is a spatial map of the region where each pixel is made by adding a

new putative point source to the model at that location and fitting the model to check the

change in likelihood caused by its inclusion. The name “TS map” comes from the value

7http://fermipy.readthedocs.io/en/latest/index.html
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mapped at each location being the TS of the existence of a point source there. The TS

map is a great tool for locating spots in the model which underpredict γ-ray emission in

the form that is fit well by a point source. find_sources uses peaks in this TS map to

add the most probable missing sources.

In addition, fermipy offers tools for spatial extension fitting and faster creation of

residual and TS maps to check for how well the model fits the data, all of which are not

available from the Science Tools.

Primary original feature contributions to the fermipy project consisted of improve-

ments made to the light curve creation script, GTAnalysis.lightcurve. An approach

to the calculation of flux variability was added, which could not easily be done prior. See

Appendix C for details. Other contributions to fermipy include some minor improve-

ments to optimize, including the option to skip optimization of certain sources as well

as other developments in the fitting logic. Additions to the plotting scripts, including

code to generate histograms from residual maps, were incorporated. These were broadly

useful in all of the analyses of this thesis utilizing fermipy. Finally, several other small

contributions were made fixing bugs throughout the code. 8

8https://github.com/fermiPy/fermipy/pulls?utf8=%E2%9C%93&q=is%3Apr+author%

3Ajefemagril
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Chapter 4: Fornax A

The work described in this chapter is published in an article in The Astrophysical

Journal [1]. It has been included it here, edited for clarity for its inclusion into the thesis.

The study follows work from William McConville [10], who is also a contact author for

the paper.

4.1 Introduction

The radio galaxy Fornax A, well known for its radio lobes spanning ∼ 50′, with a

lobe-to-lobe separation of ∼ 33′ [15], is one of the closest and brightest radio galaxies,

located at a distance of only 18.6 Mpc [53]. Hosted by the elliptical galaxy NGC 1316,

the radio source contains a low-ionization nuclear emission-line region nucleus, which

has been imaged to arcsecond-scale resolution and features a flat spectrum (α = 0.4; S ν ∝

ν−α) core with dual-opposing “s”-shaped jets that are detected out to ∼ 5 kpc from the

core [54]. The radio lobes are characterized by a complex polarized filamentary structure

with no observable hotspots [9].

Fornax A was the first radio galaxy reported to emit diffuse, non-thermal X-ray

emission from within its radio lobes from observations with ROSAT [21] and ASCA [55],

which were later confirmed through dedicated observations of the east lobe with XMM-
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Newton [18] and the west lobe with Suzaku [56]. The non-thermal X-rays have been

widely attributed to IC emission of relativistic electrons scattering on cosmic microwave

background (CMB) photons, with the same population of relativistic electrons producing

both synchrotron and IC emission [57]. To date, similar leptonic IC/CMB emission has

been detected in X-rays from tens of extended lobes in radio galaxies and quasars. In

general, such detections imply that the ratio of relativistic electron pressure to magnetic

field pressure within the lobes is ∼ 1–100 [58–60]. More recently, a detection of thermal

emission was reported from the western lobe of Fornax A using combined Suzaku and

XMM-Newton data [61]. Thermal emission in the lobes of a radio galaxy is typically not

seen, although evidence for this has also been reported in the giant lobes of the nearby

radio galaxy Centaurus A [62, 63].

Motivated by the observed (and presumed IC/CMB) X-ray emission from the lobes

of Fornax A, it was predicted that the high-energy tail of the IC/CMB would be detected

by the Fermi-LAT [5] at > 100 MeV [64]. Following this, it was predicted that the lobes

would also be detected in γ rays at higher energies by the LAT due to IC upscattering of

the infrared and optical extragalactic background light (EBL) photons, analogous to the

CMB photons upscattered to X-ray energies [11]. The association of Fornax A with the

Fermi-LAT second year catalog (hereafter 2FGL) [65] source 2FGL J0322.4−3717 thus

raised an important question regarding the origin of the γ-ray source, which at the time

had no evidence presented for significant extension. In particular, a distinction between

emission arising from the lobes and possible contamination from the central core region

could not be established from the γ-ray data alone, although X-ray and radio observations

[66] suggested that the contribution from the core was likely to be minimal. Previous
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attempts to search for spatial extension with 44 months of Pass 7 LAT data yielded only a

marginal indication at the ∼ 2σ level, and attempts to distinguish between core and lobes

with γ rays was unsuccessful [10]. This was likely due to insufficient exposure time and

the reduced spatial sensitivity of Pass 7 compared to Pass 8.

In a recent study [44], the spectrum of the Fornax A lobes was modeled in multiple

wavelengths using both leptonic and hadronic production scenarios without knowledge

of γ-ray spatial extent or γ-ray contamination from the galaxy core. They concluded the

most likely source of γ-ray production is hadronic processes within filamentary structures

of the lobes. Our study follows the successful γ-ray detection of the extended lobes from

Centaurus A [25], and LAT studies of the lobes of NGC 6251 [67] and Centaurus B [68].

Gamma-ray upper limits using High Energy Stereoscopic System (H.E.S.S.) and Fermi-

LAT observations have been used to constrain the hadronic cosmic-ray population within

the radio lobes of Hydra A [69].

Fornax A is not associated with a γ-ray source in the most recent, third Fermi-

LAT catalog based on four years of LAT data [34, 35]. However, the centroid of the

source 3FGL J0322.5−3721 is offset by 0.◦15 from the core of Fornax A. This offset is

greater than the 95% position uncertainty of the 3FGL source. In the following we discuss

possible reasons for this offset, detail a significant γ-ray detection of extended emission

from Fornax A using 6.1 years of Fermi-LAT data, and present modeling under leptonic

and hadronic scenarios. Detecting extended emission from Fornax A with the LAT is

challenging because the 68% containment PSF radius is ∼ 0.◦8 at 1 GeV, which is larger

than the Fornax A lobe-to-lobe separation. The LAT PSF is energy dependent going from
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5◦ at 100 MeV to 0.◦1 at 100 GeV with 68% confidence1 (see Fig. 3.9).

4.2 Observations & Analysis

4.2.1 Fermi-LAT Observations

Unlike all studies mentioned in Section 4.1, we used 6.1 years (from 2008 August

4 to 2014 September 4) of Pass 8 LAT data. Compared to previous iterations of the

LAT event-level analysis, Pass 8 provides greater acceptance and improved PSF [50] (see

Sect. 3.3.1). These factors allowed for a firm detection of extension of Fornax A. We

selected from all-sky survey data at energies from 0.1 to 300 GeV extracted from a ROI

with 10◦ radius centered at the J2000.0 radio position of Fornax A (R.A. = 50.◦673, Decl. =

−37.◦208) [54]. We used the “source” event class, recommended for individual source

analysis, a zenith angle limit of 100◦ to greatly reduce contamination from the Earth

limb, and a rocking angle limit of 52◦ (see Sect. 3.3). Fermi Science Tools v10r01p00

and IRFs P8R2_SOURCE_V6 were used for this analysis2.

To model the LAT data, we included all sources from the 3FGL within 10◦ of the

radio core position of Fornax A. The Galactic diffuse background model was template_-

4years_P8_V2_scaled, and the isotropic background model was isotropic_source_-

4years_P8V33. Several tests were performed, and we determined that the results pre-

sented here with the preliminary diffuse models are compatible with those obtained with

the finalized models. We used the same spectral models as in the 3FGL catalog for all

1http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
2http://fermi.gsfc.nasa.gov/ssc/data/analysis/software
3http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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background sources, and the normalization and spectral shape parameters of all point

sources were left free during optimization. For the diffuse models, only the normalization

parameters were left free.

We initially modeled Fornax A as a point source located at the position of the radio

core, removing 3FGL J0322.5−3721 from the model since it is offset from the radio core

by 0.◦15. We optimized the localization using the gtfindsrc tool provided in the Science

Tools in unbinned mode. The best-fit localization is R.A. = 50.◦73, Decl. = −37.◦28 with

a 95% confidence error circle radius of 0.◦14, slightly southeast of the position of the

Fornax A core and consistent with the reported 3FGL localization. Figure 4.1 shows the

best-fit localization (point B) and the core (point A) as well as the 2FGL and 3FGL error

contours plotted on top of the relative residual counts map. Optimizing the model with the

single point source at point B, we detect γ-ray emission with TS = 121 (see Sect. B.2.1).

The spectrum was modeled as a single power law with a resulting maximum-likelihood

photon index Γ = 2.08 ± 0.08 and a full-band energy flux of (5.34 ± 0.78stat
+0.03
−0.05 sys) ×

10−12 erg cm−2 s−1 (see Table 4.1). Systematic errors are due to the systematic uncertainty

in the LAT effective area4. These fluxes and indices are consistent with those reported in

the catalogs for sources 2FGL J0322.4−3717 and 3FGL J0322.5−3721.

4http://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html
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Figure 4.1: Relative smoothed (4.7 px, 0.◦24 Gaussian FWHM) residual γ-ray counts

((counts - model)/model) in the 1.◦5 square region around the core of Fornax A between

1 and 300 GeV. Overlaid are the radio contours (gray lines) from the VLA observations

of [9] with the radio core (position indicated by A) subtracted. The γ-ray residual counts

are elongated in a similar way to the radio lobes. Also shown are the 95% confidence

error ellipses for 2FGL J0322.4−3717 and 3FGL J0322.5−3721; the 3FGL source has

the smaller ellipse. The dashed circle shows the 95% confidence error circle from our

maximum-likelihood localization of the region as a single point source centered at posi-

tion B. The other points (labeled C, D, E) are the locations of various sources and test

sources, as detailed in the text and in Table 4.2. This figure is reproduced here from the

publication [1].
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4.2.2 Extension and Morphology

In the following, we describe several tests performed to determine the morphol-

ogy of the observed γ-ray emission from the direction of Fornax A, as summarized in

Tables 4.1 & 4.2. All tests on extension and morphology made full use of the additional

spatial information brought about by the new Pass 8 PSF event type partitions. The broad-

band flux and spectrum optimizations in addition to these tests were performed using all

PSF types in composite likelihood (see Sect. 3.3.1).
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4.2.2.1 Spatial Extension

To determine if the γ-ray emission is extended beyond that of a point source we

modeled Fornax A as a flat circular disk of various sizes (0.◦03 to 0.◦75 in steps of 0.◦03)

by producing several disk templates centered at the best-fit location of the LAT source

described in Section 4.2.1 (point B in Figure 4.1). The uniform disk is the simplest diffuse

spatial model, and the use of a Gaussian profile has typically been shown to produce

comparatively little difference in the overall likelihood and best-fit spectral parameters

[70]. Using gtlike in binned mode (with bin size 0.◦05), we determined the overall

likelihood L as a function of the disk radius r. As shown in Figure 4.2, L is peaked at

r = 0.◦33 ± 0.◦05, which is roughly compatible with the extent of the lobes as observed in

radio (1.5 GHz at 14′′ resolution [9]). By comparing the likelihood of the peak radius with

the near-zero radius of 0.◦03 (effectively a point source), we found that the γ-ray emission

is spatially extended with 5.9σ confidence (∆ logL = 17.3, 1 degree of freedom [71]).

See Tables 4.1 and 4.2 for more information, and Appendix B for more on the likelihood

formulation.

4.2.2.2 Blind Tests for Morphology

With the aim of making no prior assumptions about the morphology of the γ-ray

emission in this region, we used the ROI fit with our position-optimized point source as

described in Section 4.2.1 and removed that point source from the model, thereby leaving

only the background sources. Using this background model, we created a map of residual

counts above 1 GeV in the ROI by subtracting the model’s predicted counts from the
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Figure 4.2: ∆ logL between a flat disk of radius 0.◦03 (i.e., point-like) and flat disks of

various radii. A cubic fit gives a maximum likelihood radius of 0.◦33± 0.◦05. The increase

in L from 0.◦03 to the maximum likelihood radius indicates the emission is not point-like.

This figure is reproduced here from the publication [1].
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Figure 4.3: ∆ logL between the non-rotated radio lobe template and the template rotated

around the central core indicating that the unrotated radio morphology is preferred. This

figure is reproduced here from the publication [1].
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observed counts in each bin. Apart from the emission near Fornax A, the map of residuals

is flat in significance and the distribution of significance values for the bins is Gaussian,

indicating there are no significant systematic deviations from the ROI model. The map

of residual counts shown in Figure 4.1 is cropped to a 1.◦5 × 1.◦5 region centered around

the Fornax A core. The shape of the residuals suggests a non-circular morphology that

resembles the known extended radio morphology. The contours of radio emission from a

VLA 1.5 GHz image at 14′′ resolution [9], with the radio core subtracted, are overlaid in

Figure 4.1.

We also tested a model which included two separate point sources whose initial

locations were chosen by eye based upon the residual counts. The locations of these two

point sources were then optimized using gtfindsrc. The best-fit location of the western

point source (labeled D in Figure 4.1) matches well the western lobe’s centroid while the

eastern point (labeled E in Figure 4.1) is offset from the centroid of the eastern lobe. The

double point-source model is preferred over the single point-source model at a confidence

level of 4.8σ. Table 4.2 details these results and Table 4.1 lists the fit parameters. Note

that the spectral index is statistically compatible with the single point-source model and

for both point sources in the double point-source model.

4.2.2.3 Radio-Motivated Tests for Morphology

Assuming that the same electron energy distribution determined from the radio

emission scatters optical EBL photons to produce γ rays, then a reasonable guess for the

γ-ray morphology should be the observed radio structure. The lobes of Fornax A were
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found to emit non-thermal IC scattered X-rays, with excellent spatial coincidence to the

radio structure produced by synchrotron-emitting relativistic electrons [21]. Diffuse hard

X-ray emission associated with the east lobe has been confirmed with XMM-Newton [18],

implying the magnetic field is reasonably uniform, further supporting the expectation that

the γ rays should match the radio morphology. Under these circumstances, as was ob-

served in Centaurus A [25], the relativistic electrons will trace the γ-ray emission [11].

(Whereas this assumption was used at the time of this analysis, we later discovered this is

not the case with Cen A in Chapter 6.) However, for the purpose of constraining the EBL

with the γ-ray flux, using the radio structure is the best choice for the spatial distribution.

Physically, Fornax A images from the Wilkinson Microwave Anisotropy Probe (WMAP)

might be a better choice of template for the γ-ray emission because the synchrotron ra-

diation within ∼ 23 – 94 GHz should be originating from the same band of relativistic

electrons that IC scatter into ∼ 0.1 – 10 GeV γ rays. We revisit this topic later in the

section.

We created a spatial template of the lobe emission using VLA 1.5 GHz radio data

[9], which offers a more-than-adequate spatial resolution of 14′′. Both the central core of

Fornax A and various radio point sources inside the lobe structure were manually removed

from the spatial template, the former by reduction to zero and the latter by interpolation of

the adjacent lobe-dominated flux. The central core was reduced to zero because the lobes

do not overlap with the central core [15]. This template is shown in Fig. 4.4. Further

details on the creation of the template can be found in Appendix A of McConville’s Ph.D.

thesis [10]. We found this template in addition to a point-source model of the core is

preferred over just the point source at the core with a confidence of 6.0σ (∆ logL = 19.8,
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Figure 4.4: Plot of the template for the Fornax A lobes used in this study created from

data from VLA at 1.5 GHz. Creation of the template is described in Sect. 4.2.2.3 and with

greater detail in Appendix A of McConville’s Ph.D. thesis [10].
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2 degrees of freedom). However, this combined model is preferred over the lobes template

alone by only 0.7σ. Moreover, in the combined point-source-and-lobes template fit only

14% of the energy flux is assigned to the core point source. See Tables 4.1 and 4.2 for

more information. We consider this as evidence that the γ-ray emission from the core

of Fornax A is insignificant. Minimal γ-ray flux from the central core is expected, as it

is assumed to be synchrotron self-Compton, and the radio flux from the core has been

reported to be relatively weak compared to the luminous galaxy lobes [54].

In order to test the uniqueness of the radio template morphology and its rotational

symmetry, we rotated the template around the central core in increments of 9.◦2 and com-

puted the likelihood at each one. The results from this test are shown in Figure 4.3 and

indicate that the template in its original orientation is preferred. In particular, we see

the original orientation is a better model than the one rotated 90◦ clockwise with 5.1σ

confidence (∆ logL=12.9, 1 degree of freedom) and 90◦ counterclockwise with 6.1σ

confidence (∆ logL=18.9, 1 degree of freedom). The maximum likelihood rotation was

−20◦±10.◦ Additionally, our plot of logL over template rotation angle shows a sinusoidal

profile with a similar peak in likelihood around 180◦ as around 0◦. This degeneracy in-

dicates that the data are not constraining enough to statistically differentiate the lobes.

Modeling the lobes as separate point sources (see Section 4.2.2.2) results in the measure-

ment of similar fluxes and spectral shapes for the two regions, but this is at odds with

radio observations of the lobes. According to the 1.5 GHz VLA observation [9], the west

lobe has about twice the total flux than the east. In fact, the two point-source γ-ray anal-

ysis indicated the east lobe may be slightly brighter (but is within the statistical errors).

This disagreement may be a symptom of our use of 1.5 GHz VLA data instead of the very
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similar but more physically motivated ∼ 23 – 94 GHz WMAP data as a spatial template

for the γ-rays. Indeed, the flux ratio of west to east is ∼ 1.3 in the WMAP 41 and 61 GHz

maps [11], closer to the γ-ray result. However, Fornax A is at the resolving power of

the LAT in this analysis and the PSF is broad enough (∼ 0.◦8 radius at 1 GeV) that fine

scale changes would be smoothed out and indistinguishable from the original, and small

changes in the flux ratio between the lobes should leave the average flux nearly the same.

This is highlighted by the similarity in overall likelihood we observe between 0◦ and 180◦

rotations of the 1.5 GHz VLA template, where the rotation of 180◦ is identical to a flux

ratio of ∼ 0.5. In addition, even when using the spatial morphology of a single point

source, the flux is nearly consistent with the radio template flux (see Section 4.2.1).

With the aim of testing the region for the possibility of a contaminating background

γ-ray source, we added a point source to the lobes template model and optimized its

position using gtfindsrc. The optimized position of this point source (labeled C in

Figure 4.1) was R.A. = 50.◦67, Decl. = −37.◦46 with a 95% confidence error circle radius of

0.◦42 (large enough to encompass the whole Fornax A emission region). The resulting fit

was marginally preferred over the lobes template alone with 2.7σ significance. Therefore,

we do not consider any contribution from a background point source to be significant.

4.2.3 Spectral and Temporal Analysis

In the following we assume the radio morphology template (without any core con-

tribution) is the best description of the Fornax A γ-ray emission. The likelihood ratio

technique cannot quantify whether the radio template is statistically preferred with respect
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to the best-fit disk model because these models are not nested (see Sect. B.2.1). However,

the radio template is the physically motivated model based on the leptonic scenario of

γ-ray production. Further, the rotation study presented above indicates a preferred axis of

the γ-ray emission which mimics the elongated emission observed at radio frequencies,

in turn supporting the similarity between the γ-ray and radio emission morphology.

We tested several broadband spectral models (log-parabola, broken power law, and

broken power law with an exponential cutoff), and found none were significantly preferred

over the single power law. Then, we measured spectral points by fitting each of 6 equal

logarithmically spaced energy bins from 0.1 to 300 GeV to a power law and optimized the

flux normalizations by maximizing the likelihood function. In each bin, the normalization

parameters for all sources were free, and all other parameters were fixed to the values

obtained from the broadband fit. These spectral data points are shown in Figure 4.5 and

Table 4.3. The source is detected in 4 of the 6 spectral bins with TS > 5, and 95%

confidence upper limits were calculated for the two lower-significance bins (at the highest

energies).

To test the γ-ray variability over the 6.1 year period, we made a 0.1–300 GeV light

curve in time bins of 185 days, which was found to be the smallest possible time scale

while maintaining a reasonable significance of detection in the majority of bins. For

each time interval, the emission associated with Fornax A was fit to a single point source

(positioned at the best-fit location B in Figure 4.1), as we expected any potential variable

emission to be associated with a point source at the core and not the lobes. All sources

included in the 6.1 year analysis were fit with all spectral shape parameters fixed to their

optimized values from the full fit, while all normalizations were left free. Upper limits
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Table 4.3: Fornax A total lobe LAT spectral flux assuming radio lobes template spatial

model. For bins with a * added, energy fluxes given are 95% confidence upper limits.

Bin energy range (GeV) Energy flux (×10−12 erg cm−2 s−1) TS

0.10 – 0.38 0.7 ± 0.4 6.1

0.38 – 1.4 1.0 ± 0.2 49

1.4 – 5.5 1.1 ± 0.2 87

5.5 – 21 0.8 ± 0.2 22

21 – 79∗ < 1.7 3.5

79 – 300∗ < 2.6 4.3

were calculated for time bins within which the TS fell below 4 (< 2σ). The significance of

variability was determined following the method described in [65]. Our analysis yielded a

1.3σ confidence that the emission is variable, and so we conclude that we do not observe

significant variability. This result is consistent with previous work on Fornax A variability

using Pass 7 LAT data [10].
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Figure 4.5: Broadband SED of the lobes of Fornax A (bottom panel) and detailed view of

the high-energy part of the SED (top panel). As in [11], we used archival measurements

of the total lobe radio flux densities (shown in red) from [12–17], as collected by [18],

replacing an extrapolated 100 MHz data point from [12] with an 86 MHz measurement

[19]. The 3-year integrated WMAP data are shown in magenta [20], and X-ray data from

ROSAT [21] are shown in green. The LAT data points from this study are shown in blue.

The black upper limit point is from EGRET [22]. The black solid lines from left to right

show the synchrotron (< 1013 Hz), IC/CMB (> 1013 Hz), and IC/EBL (on the assumption

of the model of [23]) flux models (> 1015 Hz). The dashed black line shows the IC/EBL

flux models assuming the fast evolution model of [24]. The dotted red and cyan lines

show the IC upscattered host galaxy photon flux from infrared and optical, respectively.

The solid green line shows the hadronic model flux, while the solid magenta line shows

the combined hadronic and leptonic model flux. This figure is reproduced here from the

publication [1].
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Chapter 5: Centaurus A Core

As of the time of this writing, an article on the work described in this chapter has

been accepted for publication into the journal Astronomy & Astrophysics. The preprint

version is available online [2]. It has been included it here, edited for clarity for its

inclusion into the thesis.

5.1 Introduction

Active galaxies host a small, bright core of non-thermal emission. At a distance

of d ' 3.8 Mpc, Cen A is the nearest active galaxy [72, 73]. Its proximity has allowed

for a detailed morphological analysis over angular scales ranging from milli-arcseconds

to several degrees (1◦ ' 65 kpc). A variety of structures powered by its AGN have been

discovered using observations in radio [74–76], infrared [77–79], X-ray [74, 80], and γ-

ray [25,81,82] bands. These structures include a radio emitting core with a size of ≤ 10−2

pc, a parsec-scale jet and counter-jet system, a kiloparsec-scale jet and inner lobes, up to

giant outer lobes with a length of hundreds of kiloparsecs.

Based on its radio properties, Cen A has been classified as a radio galaxy of Fanaroff-

Riley type I [37]. According to AGN unification schemes, radio galaxies of this type are

thought to correspond to BL Lac objects viewed from the side, the latter showing jets
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aligned along the line of sight and corresponding to a subclass of blazars [33]. BL Lac

objects are the most abundant class of known extragalactic VHE emitters1, and exhibit

double-peaked SEDs. It is commonly thought that their low-frequency emission in the ra-

dio to ultraviolet (and X-ray, for high-peaked BL Lacs) band is synchrotron emission from

relativistic electrons within a blob (zone) moving at relativistic speeds in the jet. Syn-

chrotron self-absorption implies that the lower-frequency observed radio emission cannot

be produced by a compact blob and is likely produced by synchrotron from a larger jet

component. The high-energy emission (hard X-ray to VHE γ-ray) from high-peaked BL

Lac type objects has been satisfactorily modeled as SSC radiation resulting from the in-

verse Compton upscattering of synchrotron photons by the same relativistic electrons that

produced the synchrotron radiation [83, 84], although other more complex models (in-

volving e.g. external inverse Compton emission, hadronic interactions, or multiple zones)

are conceivable [85].

At a few tens of keV to GeV photon energies, Cen A was detected by all instruments

on board the Compton Gamma-Ray Observatory in the period 1991-1995 revealing a

high-energy peak in the SED at an energy of ∼ 0.1 MeV [86–88]. An earlier investigation

found that it is possible to fit the data ranging from the radio band to the γ-ray band using

a single-zone SSC model [89], but this implies a low flux at VHE. High-energy and VHE

γ-ray observations are thus important to test the validity of the SSC scenario for modeling

of the SED of radio galaxies.

The discovery of Cen A as an emitter of VHE γ rays was reported on the basis of

115 hr of observation (labeled data set A in this study) with H.E.S.S. performed from

1http://tevcat.uchicago.edu/.
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April 2004 to July 2008 [90]. The signal from the region containing the radio core, the

parsec-scale jet, and the kiloparsec-scale jet was detected with a statistical significance of

5.0σ. In this work, we refer to this region as the Cen A γ-ray core. Subsequent survey

observations at high energies were performed by the LAT on board the Fermi Gamma

Ray Space Telescope (FGST) launched in June 2008 [5]. During the first three months of

science operation, started on August 4, 2008, Fermi-LAT confirmed the EGRET detection

of the Cen A γ-ray core [91]. Spectral analysis and modeling based on ten months of

Fermi-LAT observations [81] suggested the high-energy γ-ray emission up to ∼ 10 GeV

to be compatible with a single power law, yet indicated that a single-zone SSC model

would be unable to account for the (non-contemporaneous) higher energy TeV emission

observed by H.E.S.S. in 2004-2008. The analysis of extended Fermi-LAT data sets has in

the meantime provided increasing evidence for a substantial spectral break above a few

GeV [92,93]. This supports the conclusion that the TeV emission observed in 2004-2008

with H.E.S.S. belongs to a distinct, separate spectral component.

In this chapter, we present the results of long-term observations of the Cen A γ-ray

core performed both with H.E.S.S. and with Fermi-LAT. These include new (more than

100 hr) VHE observations of the Cen A γ-ray core with H.E.S.S. performed when the

FGST was already in orbit. We report results of the spectral analysis of the complete

H.E.S.S. data set with an exposure time that is twice that used in the previously published

data, as well as an update of the spectrum of the Cen A γ-ray core obtained with Fermi-

LAT at GeV energies. The results are discussed and put into wider context in Section 7.2.
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5.2 H.E.S.S. observations and results

Cen A is a weak VHE source with a measured integral flux above 250 GeV of

about 0.8% of the flux of the Crab Nebula.2 The discovery of faint VHE γ-ray emission

from Cen A motivated further observations with H.E.S.S., which were performed in 2009-

2010. In this section, we report the results of the Cen A observations with H.E.S.S. taken

between 2004 and 2010.

5.2.1 Observations

The H.E.S.S. experiment is an array of five imaging atmospheric Cherenkov tele-

scopes located in the southern hemisphere in Namibia (23◦16′18′′ S, 16◦30′00′′ E) at an

altitude of 1800 m above sea level [94]. At the time of the observations used in this study,

the H.E.S.S. array consisted of four 12-meter telescopes. The telescopes, arranged in a

square with 120-m sides, have been in operation since 2004 [95]. Each of these telescopes

covers a field of view of 5◦ diameter. H.E.S.S. employs the stereoscopic imaging atmo-

spheric Cherenkov technique [96] and is sensitive with these telescopes to γ rays above

an energy threshold of ∼ 0.1 TeV for observations at zenith, up to energies of tens of TeV.

For details about the H.E.S.S. analysis, please refer to the publication of this work [2].

2The observed integral flux of the Crab Nebula above 1 TeV is (2.26±0.08stat±0.45sys)×10−11 cm−2s−1

[94].
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5.2.2 Results of the observations of Cen A with H.E.S.S.

The γ-ray core of Cen A was firmly detected by H.E.S.S. at a statistical significance

of 12σ. Spectral analysis yields a photon index of Γ = 2.52 ± 0.13stat ± 0.20sys and a

normalization constant of N0 = (1.49±0.16stat
+0.45
−0.30sys)×10−13 cm−2 s−1 TeV−1 at E0=1 TeV.

The reconstructed spectrum of the Cen A γ-ray core is shown in Fig. 5.1. All of the eight

SED data points in the VHE range are above a 2.5σ significance level, while only one

SED data point exceeds a 2σ significance level in the 2009 study [90]. The derived data

points for each energy band in the VHE range, shown in Fig. 5.1, agree within error bars

with those for the first and second data sets. The VHE spectrum of the Cen A core is

compatible with a power-law function (χ2 = 3.9 with 6 DOF).

If one takes the values of the spectral parameters from the 3FGL [34] obtained from

the Fermi-LAT observations of Cen A between 100 MeV and 100 GeV assuming a single

power-law spectrum, then one finds that N0 = (0.45 ± 0.07) × 10−13 ph cm−2s−1TeV−1 at

1 TeV and Γ = 2.70 ± 0.03. Therefore, the differential flux at 1 TeV derived from the

H.E.S.S. observations in 2004-2010 is about 3.5 times larger than that inferred from a

power-law extrapolation of the 3FGL catalog spectrum. This indicates that a deviation

of the spectrum from a single power law (“hardening”) should occur at GeV energies to

match the TeV data.

We searched the combined data set for evidence of time variability at the position of

the Cen A core. No significant variability was found on timescales of 28 minutes (individ-

ual runs), months, or years. The lack of apparent flux variability along with no change in

spectral parameters between the two data sets justifies combining all available data when
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Figure 5.1: SED of Cen A γ-ray core. Fermi-LAT and H.E.S.S. data points along with a

high-energy power-law extrapolation of the γ-ray spectrum measured below the break en-

ergy. Eight years of Fermi-LAT data and 213 hours of H.E.S.S. data were used. Statistical

error bars are shown. This figure is reproduced here from the publication [2].
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comparing the spectrum to that of Fermi-LAT. We note that given the low flux level of

the Cen A γ-ray core, a flux increase by a factor of approximately ten would be needed to

allow a significant detection of variability on timescales of 28 minutes (corresponding to

a 5σ detection in individual runs).

5.3 Fermi-LAT observations and results

In HE γ rays, the core of Cen A is firmly detected with the Fermi-LAT using eight

years of Pass 8 data spanning over three orders of magnitude in energy. LAT analysis

of Cen A involves unique challenges not present in other individual extragalactic source

analyses, largely due to the massive angular extent of the Cen A non-thermal outer lobes

of ∼ 9◦ and the proximity to the Galactic plane (Galactic latitude ≈ 19.4◦), which is a

bright source of diffuse γ-ray emission. In the following, we report corroborating ev-

idence for the presence of an additional spectral component at γ-ray energies above a

break of ' 2.8 GeV. No significant variability either above or below this break has been

detected.

5.3.1 Observations and analysis

As described in Chapter 3, the LAT is a pair-conversion telescope on the FGST [5]

with a large field of view (∼2.4 sr) which has been scanning the entire sky continuously

since August 2008. Thus, the LAT can provide HE data simultaneous with H.E.S.S. to

give a clear spectral picture across a much wider band of energies.

We selected Pass 8 SOURCE class Fermi-LAT photon data spanning eight years be-
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tween August 4, 2008 and July 6, 2016 (MET 239557417 to 489507985) with energies

between 100 MeV and 300 GeV. Higher energies than 300 GeV yielded no detection. We

performed a binned analysis by choosing a 10◦×10◦ square ROI centered at the position of

the Cen A core (3FGL J1325.4-4301) as reported in the 3FGL catalog, R.A. = 201.◦367,

Decl. = −43.◦030 [34], with spatial bins 0.◦1 in size and initially eight energy bins per

decade. We applied standard quality cuts (DATA_QUAL==1 && LAT_CONFIG==1) and

removed all events with zenith angle > 90◦ to avoid contamination from the Earth’s limb

(see Sect. 3.3). In the following, models are compared based on the maximum value

of the logarithm of the likelihood function, logL. The significance of model compo-

nents or additional parameters is evaluated using the test statistic, whose expression is

TS = 2(logL − logL0), where L0 is the likelihood of the reference model without the

additional parameter or component (see Sect. B.2.1) [97].

To model the sources within the ROI, we began with sources from the 3FGL within

the 15◦×15◦ region enclosing the ROI (the 3FGL models the Cen A lobes with a template

created from 22 GHz WMAP data [98] as shown in Fig. 5.2). We included the isotropic

and Galactic diffuse backgrounds, iso_P8R2_SOURCE_V6_v06 and gll_iem_v06 [99],

respectively. We fixed the normalizations of both the isotropic and Galactic diffuse source

models to one to avoid leakage of photons from the Cen A lobes into these templates;

when free, they converged to unrealistic values. The convergence to unrealistic values is

due to unmodeled emission from the Cen A lobes. We introduced additional background

sources in order to account for excess lobe emission. After creation of the fully devel-

oped model, freeing both these diffuse sources has a negligible effect on the results. We

optimized each source in the model individually using optimize within fermipy (see
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Figure 5.2: Template of Cen A lobes created from WMAP at 22 GHz [25].
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Sect. 3.4.2), and then left the normalization parameters of sources within 3◦ and the spec-

tral shapes of only the core and lobes free during the final likelihood maximization. We

generated a residual TS map and residual significance map for the ROI and found several

regions with data counts in excess of the model (see Sec. 3.4.2). New, fainter sources may

then be identified at local maxima of the TS map. Using the residual TS map as a guide

for missing emission, we added ten additional background sources to the ROI model.

These ten sources are most likely a surrogate for excess lobe emission and should not be

considered new individual point sources. After re-optimization and creation of a residual

TS map, we observe no significant (> 5σ) regions of excess counts, and a histogram of

the residuals is well fit as a Gaussian distribution centered around zero.

The precise γ-ray morphology of the Cen A lobes is beyond the scope of the work

in this chapter and is not needed to accurately determine the SED of the core. This

work on the Cen A core does not require a high-precision model for the lobes, as the

angular size of the Cen A lobes is sufficiently larger than the PSF of the LAT, especially at

higher energies where this study is focused (< 1◦ 95% containment angle above 5 GeV)3.

However, to verify this, we tested the modeling procedure above using two alternative

γ-ray templates of the Cen A lobes. The first of these was a modification to the public

WMAP template involving “filling in” the 2◦ diameter hole surrounding the core. This

was accomplished by patching this area with nearby matching intensities. This template

is shown in Fig. 5.3. The second alternate lobe template tested was one made from radio

data from the Parkes telescope at 6.3 cm wavelength as shown in Fig. 5.4 [26]. Use of

these alternate lobe templates had no significant effect on the resulting best-fit core break

3https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm.
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Figure 5.3: “Filled in” modified version of the 22 GHz WMAP Cen A lobes template as

described in Sect. 5.3.1
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Figure 5.4: Template of the Cen A lobes created from Parkes radio data at 6.3 cm wave-

length [26].
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energy or the flux above the break energy. However, we did observe a flux deviation

below the break energy, resulting in a drop in the full band energy flux of the core by up

to 17% depending on which lobe template was being used. We believe this drop results

from the lack of a hole (circle containing values of 0) around the core of the lobe template

with the modified WMAP and the Parkes templates. We also introduced a version of the

Parkes template with a hole matching the one in the WMAP and observed a flux increase

of 2% instead of a drop, lending credence to our belief that the existence of the hole is the

most important factor for this analysis.

5.3.2 Results of the observations of Cen A with Fermi-LAT

We calculated an SED over the full range by dividing the data into 14 equally spaced

logarithmic energy bins and then merging the four highest energy bins into one for suf-

ficient statistics. In each bin, the Cen A lobe and core spectral parameters were left free

to optimize and within each bin these spectra were fit using a single power law. The re-

sulting SED is plotted in Figs. 5.1 and 7.1. To plot the data point within the wide merged

energy bin, we used the prescription from Lafferty & Wyatt 1995 [100]. The spectral

hardening in the HE γ-ray emission from the core of Cen A above an energy break of 2.8

GeV is illustrated in Fig. 5.1. A broken power-law model describes well the shape of the

Fermi-LAT γ-ray spectrum with a break energy of 2.8 GeV.

We optimized the break energy via a likelihood profile method. For this purpose,

we fixed all parameters in the ROI model except the normalizations of sources within a 3◦

radius of the core to their best-fit values from the full optimization. The logL profiles for
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the broken power-law spectral model were computed using the WMAP, modified WMAP,

and Parkes templates as plotted in Fig. 5.5. From the position of the peak in the profile

corresponding to the WMAP template, we find a best-fit break energy of 2.8+1.0
−0.6 GeV. To

determine the statistical preference of the broken power-law model over the single power

law, we subtract the overall logL from the same ROI model with a single power law

from the logL from the break energy profile at 2.8 GeV. Because these models are nested,

Wilks’ theorem yields a preference of the broken power law with 4.0σ confidence (χ2 =

19.0 with 2 DOF).

From this fully optimized γ-ray model of the Cen A core, we obtain a strong

detection at the 73σ statistical level and calculate a full-band energy flux of (4.59 ±

0.14stat
+0.17
−0.13sys,Aeff

)×10−5 MeV cm−2 s−1. The best-fit broken power-law prefactor4 is (3.64±

0.15) × 10−13 cm−2 s−1 MeV−1. In the lower-energy band, we find a photon index of

2.70 ± 0.02stat
+0.05
−0.03sys,Aeff

, and in the higher band, 2.31 ± 0.07stat
+0.01
−0.04sys,Aeff

. This provides

corroborating evidence for a spectral hardening by ∆Γ ∼ 0.4 above the break energy.

Comparisons of these results to the Cen A core spectrum from the 3FGL catalog [34] are

not meaningful, since their analysis did not include modeling of the Cen A core spectrum

as a broken power law. Using the modified WMAP template we observe a consistent pho-

ton index in the lower and upper bands, respectively, of 2.68 ± 0.03 and 2.26 ± 0.07, and

using the Parkes template, 2.67 ± 0.03 and 2.29 ± 0.07. We also tested for a log-parabola

spectral shape using a likelihood ratio test, analogous to Signif_Curve in the 3FGL cat-

alog, which was calculated as 2.3σ, with a TScurve = 4.5, or ∼ 2.1σ. The power-law

4https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html#

BrokenPowerLaw
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Figure 5.5: Change in overall logL while fixing Cen A core break energy to values within

the range 0.9 – 7.0 GeV as derived from Fermi-LAT data using the WMAP, modified

WMAP, and Parkes templates and compared to the logL value at 0.9 GeV for the WMAP

template. The solid vertical line shows the best-fit value of the break energy parameter,

while the dashed vertical lines show 1σ interval for the parameter. This figure is repro-

duced here from the publication [2].
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index that we observe above the spectral break is consistent with the index above 10 GeV

found in the 3FHL catalog [101].

Finally, we tested for variability of the Cen A core both above and below the break

energy (2.8 GeV) by calculating light curves using a single power-law spectral model for

each with the lightcurve tool within fermipy (see Sect. 3.4.2). Below the break, we

divided the data into 64 45-day bins and calculated flux variability using the method de-

scribed in the 2FGL [65] and Appendix C, with systematic correction factor f = 0.02.

Keeping the power-law index fixed to 2.70, we calculate 0.09σ (χ2 = 47.3 with 63 DOF)

significance for flux variability. Above the break, we divided the data into nine-month

bins. Keeping the power-law index fixed to 2.31, we do not see evidence for flux variabil-

ity (1.9σ, χ2 = 16.6 with 9 DOF).
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Chapter 6: Centaurus A Lobes

6.1 Introduction

As mentioned in Sect. 5.1, the radio galaxy Cen A is the closest active galaxy at a

distance of d ' 3.8 Mpc [73]. Cen A features a clear double-lobed structure with outer

lobes appearing hundreds of kpc away from the core in the same directions as the relativis-

tic jets. From the radio morphology of the lobes, Cen A is classified as Fanaroff-Riley

type I [37]. The outer lobes have been studied extensively in the radio and microwave

bands. While the core of Cen A was firmly detected in γ rays by EGRET, there was in-

sufficient sensitivity and angular resolution to observe the less intense diffuse outer lobes.

In 2010, using ∼ 10 months of γ-ray data from the newly launched Fermi-LAT, the first

γ-ray image of the outer lobes was created [25]. It was found to match well with the

microwave morphology as observed by WMAP at 22 GHz [98].

In subsequent years, a template for the γ-ray emission made from this 22 GHz

WMAP image (shown in Fig. 5.2) was used when modeling the Cen A outer lobes, includ-

ing in all catalogs published by the Fermi-LAT Collaboration. With increased statistics

from longer exposure time and with improvements made possible by the introduction of

Pass 8 (see Sect. 3.3.1), it eventually became clear that the WMAP template was no longer

sufficient at modeling the γ rays from these lobes. In fact, a clear outline of excess γ-ray
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emission became visible after accounting for lobe emission from the WMAP template be-

yond the known spatial extent of the lobes [45]. An example of this excess in shown in

Fig. 6.1. This unexpected emission raises many questions, as the lobe emission has thus

far been attributed to a simple leptonic model in which the same population of electrons

produce synchrotron emission in the radio band and external Compton emission in γ rays

via scattering off of the CMB photon field [25]. See Fig. 6.2 for the broadband SED. In

the SED showing detail in the LAT range in Fig. 6.3, we can see that the IC from the

CMB dominates. Therefore, we would expect good spatial coincidence between the radio

and γ radiation.

In this chapter, we describe our study of the γ-ray morphology of the outer lobes

of Cen A with the hope of better understanding this excess γ-ray emission phenomenon.

We describe how we extracted a γ-ray morphology of the outer lobes of Cen A from data

taken by Fermi-LAT using an iterative process concurrent with extraction of a background

model. We explain how we performed checks on the extracted morphology to determine

its uniqueness and specificity.

6.2 Observations & Analysis

6.2.1 Fermi-LAT Observations

We selected a 15◦ × 15◦ region of interest (ROI) around the location of the Cen A

core (RA= 201, DEC= −43.5) from the P8R2 source class (evclass 128) LAT dataset

between August 4, 2008 (MET 239557417) and April 3, 2018 (MET 544459317), about

9.7 years, in the energy range from 100 MeV to 300 GeV. Using the software pack-
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Figure 6.1: TS map of 9.7 years of Pass 8 LAT data cut above 1 GeV in the 15◦ ×15◦ ROI

surrounding Cen A. This plot highlights the significant excess γ-ray emission present after

modeling all visible point sources and the WMAP template (see Fig. 5.2) for the Cen A

lobes. White text labels indicate sources being modeled. Those starting with “PS” were

added during the analysis.
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Figure 6.2: Broadband SED of emission from each lobe of Cen A. See the article for

details [25].

Figure 6.3: Detailed SED of emission from each lobe of Cen A with 10 month LAT data

points showing IC contributions from each seed photon field. [25]
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age fermipy1 (see Sect. 3.4.2) v0.16.0 and LAT Science Tools v11-07-00, we set up

a binned likelihood analysis with spatial binning size 0.1◦ and 8 bins per decade in en-

ergy. We utilized the Pass 8 PSF types by splitting the data into 4 components, where

the first selects the PSF0 event type (evtype 4) and maximum zenith angle 70◦ and

applies the isotropic model iso_P8R2_SOURCE_V6_PSF0_v06.txt; the second, PSF1

(evtype 8), 75◦, and iso_P8R2_SOURCE_V6_PSF1_v06.txt; the third, PSF2 (evtype

16), 85◦, and iso_P8R2_SOURCE_V6_PSF2_v06.txt; and the fourth, PSF3 (evtype

32), 90◦, and iso_P8R2_SOURCE_V6_PSF3_v06.txt, respectively. This allows us to

have the greatest spatial resolution possible. We applied the instrument response function

P8R2_SOURCE_V6 and the galactic interstellar emission model gll_iem_v06.fits. We

did not turn on energy dispersion because spectral information is not the primary focus of

the analysis and it is more computationally intensive.

6.2.1.1 γ-ray Morphology and Background Modeling

We populated the ROI model with sources from the Preliminary LAT 8-year Point

Source List (FL8Y)2 and changed the spectral model of the Cen A core to broken power

law with break energy 2.8 GeV, following the results of Chapter 5. We deleted from our

model the catalog’s Cen A lobes model along with all point sources which were marked

as unassociated. We did this because we suspect many unassociated sources in this re-

gion may be modeling what is actually diffuse lobe emission. We then began an iterative

process of 1. finding unmodeled point sources, 2. searching AGN catalogs using the

1http://fermipy.readthedocs.io/en/latest/
2https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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locations of the new point sources which spatially coincide with the latest template for a

possible known blazar background source, deleting all but the assumed background point

sources from the ROI model, and optimizing, and 3. creating a new γ-ray template from

the excess emission and adding it to the ROI model. In this manner, we are simultane-

ously converging on a γ-ray morphology of the Cen A lobes while developing an opti-

mized background model. In the special case of the first iteration, we create a temporary

morphology from the excess after step 1, since we have no γ-ray template yet available.

During this entire convergence process, we keep the isotropic and galactic diffuse models

fixed to their design amplitudes with normalizations equal to 1. We do this because the

unmodeled lobe emission significantly skews the ROI fit of these diffuse sources to unre-

alistic normalization values. Upon completion of the γ-ray morphology extraction, these

diffuse sources are allowed to vary and they converge to realistic values. We required 3

iterations to converge on a template morphology which models the data well.

This method relies on two assumptions: all new point sources found which are

spatially coincident with the γ-ray lobes and cannot be identified with high confidence as a

known blazar are assumed to be modeling lobe emission, and that the shape of each lobe is

generally contiguous from our perspective. That is, we assume there are not unconnected

islands of emission associated with the lobes.

For the first step, we utilize the fermipy function GTAnalysis.find_sources(),

allowing only new sources which have a TS > 9. For each of the first two iterations, 20

new sources were found. For the third, none. In the special case of the first iteration, we

then extract a temporary morphology from the excess emission in order to have informa-

tion for spatial coincidence in step 2. Since much of the lobe emission is being modeled as
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several point sources, all that is left is diffuse and only slightly above the noise level. We

created two TS maps using the fermipy function GTAnalysis.tsmap() to find regions

of unmodeled emission, one with the full energy range and one cutting out data below

1 GeV. We use the Canny edge-detection algorithm [102] on both maps to programmati-

cally identify edges of the lobes. The first stage of the Canny process is a Gaussian filter,

whose radius we slowly increase just until the lobes appear as a closed shape. Finally, we

measure the distance from each added point source to the closest spot on the Canny lobe

edges and call everything within 1◦ as spatially coincident (1◦ is approximately the 68%

containment angle PSF of the LAT at 1 GeV, see Fig. 3.9).

For the second step, we start by optimizing the localization of each new point source

and getting containment uncertainties using the fermipy function GTAnalysis.localize().

During each localization, we allow the spectral parameters of all sources within 3◦ of the

SOI to freely vary. Then, we search AGN catalogs using the ASDC Data Explorer Tool3

for spatially coincident known blazars within the 99% containment circle. In the first it-

eration, we could find no known blazars coincident with the 20 added point sources. In

the second, we found that 4 of the 20 added sources were coincident with possible known

blazars.

For the creation of templates from γ-ray data, we used TS maps, which are good

at showing regions of unmodeled emission. We confirmed this method works well at

reproducing source morphology by testing with simulated LAT data and various tem-

plate morphologies. In particular, we use the predicted counts (npred) map generated by

GTAnalysis.tsmap() within fermipy, which was shown in our simulation tests to pro-

3https://tools.ssdc.asi.it/
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duce optimal results. For every iteration, we separated the TS map into north and south

lobe templates by cutting at the latitude of the Cen A core (DEC= −43.0◦). We used

TS maps which assume a power law spectral index equal to our current best guess of the

index for each region in question. Then, to eliminate the background, we subtracted a

constant threshold value from each map and then set all negative values to zero. This

threshold value was chosen as the smallest amount that created a clear separation of the

lobes from the background. After that, we eliminated stray regions of background from

the edges of the map by setting to zero. The new templates were then applied to the ROI

model with a power law spectral model and the ROI model was optimized.

In the first iteration, we used TS maps assuming a power law index found for each

lobe by taking a weighted average of the indices found by Sun et al. 2016 [45]. The TS

maps used were created from the full analysis energy range. During creation of this first

map, we noticed the existence of what appears to be a long tail which stretches out from

the south lobe to the east. This tail disappears completely in TS maps made above 1 GeV,

implying it is soft and/or faint, but more importantly, that it seems to have a significantly

different spectrum. Because it is significantly distinct, we separated off this tail by cutting

the south TS map along RA=205◦, which is at the outer edge of the south lobe, and

analyzing it separately.

For the second iteration, because we observed the previous templates to be insuf-

ficient at fitting spectral changes across the lobes, we separated the templates into two

energy ranges: 100 MeV–1 GeV and > 1 GeV. These templates were then applied to the

model only in their designed energy ranges. The tail was no longer visible in either of

these maps, and we believe that is because it is too faint to appear when the full energy
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range isn’t being used. The tail always appears in TS maps made with the full energy

range, and it is clearly visible as excess when applying these second templates.

Finally, for the third template, we also separated off the hotspot feature from the

high energy map via a hard cut 16 pixels (1.6◦ of right ascension) by 15 pixels (1.5◦ of

declination). After applying these 5 new templates (north lobe high energy, north lobe

low energy, south lobe high energy, south lobe low energy, and southern hotspot) and

optimizing the ROI, we made a final TS map from the excess in which only the southern

tail feature is visible. Upon creating a tail template from this, applying it to the model,

and reoptimizing, we observed that a residual map no longer shows significant excess

across the ROI and a histogram of the residual significance map is well-fit to a normal

distribution centered at zero, thus confirming the ROI model with these templates is a

good fit to the γ-ray data. Each of these finalized extracted morphologies is shown in

Fig. 6.4.

6.2.1.2 Checks on Morphology

We wanted to confirm the existence of the fine structures present in the extracted

morphologies. We tracked the likelihood of the model as a fit to the data while varying the

sigma parameter of a 2-dimensional Gaussian filter operating on each extracted template.

We started each likelihood profile from the best fit model from Sect. 6.2.1.1. We allowed

the normalization parameters of all sources within 4 degrees of the center of the tested

template to vary, as well as the template’s power law index. We increased the sigma at

each point by an amount small enough to observe small deviations in the log(likelihood).
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(a) (b)

(c) (d)

(e) (f)

Figure 6.4: 9-year γ-ray morphology of the outer lobes of Cen A extracted from Fermi-

LAT data as described in Section 6.2.1.1. Plots (a) and (c), respectively, show the north

and south lobe images below 1 GeV. Plots (b) and (d), respectively, show the north and

south lobe images above 1 GeV. Plot (e) shows the extended southern tail feature and plot

(f) shows the bright hotspot feature, both of which are applied across the full analysis

energy range. The overlayed white circles shown on plots (a) – (d) show the largest

possible 68% containment PSF within the template’s energy range.
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Data from this test on each of the templates is shown in Fig. 6.5.

We can see from these plots that the low energy templates are not very sensitive to

Gaussian smoothing, whereas the high energy templates are very sensitive to smoothing.

This indicates that the fine structures visible in the high energy templates are statistically

significant, because the overall likelihood drops quickly upon removing them. The Gaus-

sian filter σ values at which the logL drops by 0.5 (i.e., TS = 1 or 68% confidence) are

shown in Table 6.1.

6.3 Results

The best-fit spectral parameters and TS of each template is shown in Table 6.1. We

calculated spectral energy distributions for each template using the same energy binning

as the analysis. These are plotted in Fig. 6.6. We observed an inconsistency in the photon

index across the best-fit spectra of the templates, the most unique being the south lobe

hotspot.

We calculated energy flux light curves for each template using time binning on the

available statistics. The two templates with sufficient statistics, the south hotspot and the

north lobe (low), were binned in 30-day time bins. The south lobe (high and low) and the

north lobe (high) were binned into 107-day time bins, and the tail into 1.2-year time bins.

We did not detect variability with any of the templates except the southern hotspot, where

we observed marginal variability with 3.2σ confidence (TSvar = 165.4, 115 DOF).
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Figure 6.5: Likelihood profiles of each extracted γ-ray template while applying a 2D

Gaussian smoothing filter with variable sigma. The filtered templates applied are arranged

here correspondingly with their arrangement in Fig. 6.4.
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Figure 6.6: SEDs of each of the six independent lobe templates. The SEDs are arranged

here correspondingly with their arrangement in Fig. 6.4.

91



Chapter 7: Discussion

7.1 Fornax A

Our Fermi-LAT study of the region around Fornax A consistently shows that, un-

der all tests performed, the γ-ray emission region is significantly extended and the most

likely spatial distribution is delineated by the radio lobes. Using a size-optimized flat disk

model, extension beyond a point source was found to be significant at 5.9σ confidence,

with a preferred radius of 0.◦33±0.◦05. Modeling the emission as two point sources results

in a western point source well matched to the radio lobe centroid and an eastern point

source offset from the eastern lobe. This model is preferred over a single point source at

the 4.8σ level. Furthermore, using the 1.5 GHz VLA radio morphology [9] as a template

in combination with a central core point source results in a significantly greater likeli-

hood than the point source alone with 6.0σ confidence. Contamination from the core is

determined to be at most 14% based on a likelihood fit with the radio lobes template and

a point source at the core location. While it is difficult to determine the exact morphology

of the γ-ray emission, our study shows that it cannot be fully described as a point-like

source.

A few scenarios could explain the offset γ-ray point-source localization seen in

the 3FGL and in the single point-source analysis presented here. Firstly, since we now
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know the emission is extended (or at least not point-like), to use a point-source model

to localize the emission is to start with a false assumption. The distribution of the γ-ray

emitting regions may not be uniform across the lobe structure and thus would not result

in a symmetric distribution of γ-ray emission. Second, based upon the offset eastern lobe

point-source localization (point E in Figure 4.1), the existence of a background γ-ray

source is not ruled out. However, adding a point source to the lobes template model and

localizing with gtfindsrc yields only a slightly better fit at the 2.7σ level (see point

C in Figure 4.1). We also find no evidence for variability in this source over ∼ 6 years

of observations. Variability might support the presence of a common background source

such as a blazar. We note that another potential source that has been investigated in this

region is the Fornax cluster [103, 104] whose center lies 3.◦6 northeast of the Fornax A

core, and may be contributing contaminating γ-ray flux from various cluster constituents.

However, no galaxy cluster has been detected in γ rays so far.

Fermi-LAT data have been previously used by [44] to study Fornax A. They re-

ported a photon flux above 100 MeV of 6.7×10−9 ph cm−2 s−1 using a point source spatial

model, and our finding using the lobes template was close at (5.7±0.9)×10−9 ph cm−2 s−1.

Our study establishes for the first time spatial extension of Fornax A in γ rays, and dis-

tinguishes between γ-ray contributions from the core and lobes. This result was enabled

thanks to the improvements brought about by the new Pass 8 event reconstruction, rather

than the marginal increase in exposure time (i.e., 6 years of data in our study instead of 5

years in theirs).
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7.1.1 Leptonic Modeling

The γ-ray emission was modeled following Georganopoulos et al. 2008 [11], in

which the relativistic electrons in the lobes of the radio galaxy are IC scattered off of

CMB and EBL photons. For details of how this model was created, see the publication

on this work [1].

This model is shown along with the γ-ray spectral energy distribution and the radio-

to-sub-mm measurements of the total emission from the lobes presented in [11] in Figure

4.5. Note that because Fornax A is an extended source in other wavelengths as well, care

must be taken in defining the spatial structure in all wavelengths in order to draw meaning-

ful comparisons. This model makes use of currently available total lobe fluxes. WMAP

and Planck fluxes reported by [44] were obtained using resolution-dependent apertures

that did not fully enclose the extent of the synchrotron lobe emission. The extracted spec-

tral data points do not appear to match the predicted model shape based on IC/EBL emis-

sion alone. Fully accounting for the Fermi-LAT observed fluxes under the IC/EBL hy-

pothesis alone would imply an EBL level that is even higher than the Stecker model [24],

which was ruled out [105]. Consequently, the applied leptonic model cannot completely

explain the observed emission. The model relies upon the assumption that all of the X-ray

flux observed from the lobes is created by IC/CMB scattering to obtain the magnetic field

strength. If some amount of the X-ray flux is thermal emission [61], our expected IC/EBL

level would decrease, creating further discrepancy between model and data.

As discussed in Section 4.2.2.3, a more physically motivated choice of spatial tem-

plate would be the higher-frequency WMAP data. However, the resulting changes in flux
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and spectral shape should be within the statistical errors of our current results, and there-

fore should not alter our result that the flux exceeds the leptonic model of the Fornax A

lobes.

Note that the intensity of the IC contribution from the host galaxy photons of For-

nax A is comparable to that of the EBL photons in the lobes, and it actually dominates

at higher energies (> 1 GeV, see Figure 4.5). This differs from the case of Centaurus A,

wherein the predicted EBL photon intensity is roughly five times that of the starlight [25].

Were it true that host galaxy photons dominate in Fornax A, the expected spatial distri-

bution of γ rays from the lobes would not be uniform, with brighter emission nearer the

center and less away from the core. Testing for this feature requires spatial resolution that

is beyond the capabilities of the LAT with current statistics.

7.1.2 Hadronic Modeling

The problem of the model not fitting the γ-ray spectrum in Fornax A may be solved

by an additional contribution from hadronic cosmic rays interacting within the lobes, as

found by [44]. A model of hadronic emission (proton-proton interactions) was created

assuming a total emitting volume of 7 × 1070 cm3, a uniform distribution of thermal gas

with number density 3× 10−4 cm−3 following [61], and a power-law cosmic-ray spectrum

with energy index 2.3 extending from ∼ 3 GeV up to more than 10 TeV. Modeling the γ

rays as entirely hadronic in origin requires a large total cosmic-ray energy of∼ 1×1061 erg,

which is twice the observed energy of ∼ 5 × 1060 erg in the lobes of comparable radio

galaxy Hydra A [69] and very high compared to an estimate of ∼ 5 × 1058 erg in the
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outburst that is assumed to have created the lobes of Fornax A [106]. We then subtracted

the lowest IC/EBL model [23] from our LAT spectral points and fit the residual flux as

hadronic emission, and found we could achieve a reasonable fit, shown in Figure 4.5. The

resulting cosmic-ray pressure fitted from this residual flux is ∼ 2×10−11 dyn cm−2 and the

total energy contained in cosmic rays is ∼ 5× 1060 erg. This total energy is similar to that

of Hydra A [69] and closer to an estimate of the total energy in the Fornax A lobes [106].

This result agrees with analogous calculations [44], in which the discrepancy is explained

by suggesting the emission is primarily hadronic and localized to relatively denser sub-

structures within the lobes, thereby decreasing the effective emitting volume. Later, we

discovered direct evidence of fine sub-structures in the lobes of Cen A in HE γ rays (see

Sect. 7.3).

7.2 Cen A Core

Prior to this study, the available data making up the broadband SED of the Cen A

core showed good agreement with a simple leptonic synchrotron/SSC model, featur-

ing the double bump structure as is commonly seen in blazars (see Sect. 2.3.1) [89].

However, the findings in this study of a high flux in the VHE regime and an appar-

ently matching spectral break in the HE regime contradict this simple model. Shown in

Fig. 7.1 is the broadband SED of Cen A, consisting of archival data from Meisenheimer

et al. 2007 [79] covering the radio, mm-, infrared and optical bands except for points at

8.4 GHz and 22.3 GHz from TANAMI [107] replacing three older radio data points, hard

X-ray 18 keV–8 MeV points from INTEGRAL SPI [108], low energy γ rays between
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1 and 30 MeV from COMPTEL [87, 109], and HE and VHE γ rays from Fermi-LAT

and H.E.S.S. It should be noted that with their reduced spatial resolution, INTEGRAL

with 2.◦5 and COMPTEL with 4◦, their flux levels could contain contributions from the

extended jet and inner lobes. While this broadband data was not observed contemporane-

ously, we would not expect significant differences at other times since we could not find

evidence of variability.

These new data from Fermi-LAT and H.E.S.S. are incompatible with the SSC model

as previously reported [89], and therefore demand an alternative or additional explanation.

One possible explanation is a dual-zone SSC model instead of the simple single-zone. Our

fit of a dual-zone SSC model to this broadband SED is shown in Fig. 7.1. Details about

how this model was built can be found in the publication on this work [2]. Our modeling

shows that, while other explanations for the new spectral feature are possible, a dual-zone

SSC is one possibility.
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Figure 7.1: SED of Cen A core with model fits as described in text. The red curve

corresponds to an SSC component designed to fit the radio to sub-GeV data. The blue

curve corresponds to a second SSC component added to account for the highest energy

data. The black curve corresponds to the sum of the two components. SED points as

derived from H.E.S.S. and Fermi-LAT data in this study are shown with open circles.

This figure is reproduced here from the publication [2].2

2Observations from the radio band to the MeV γ-ray band are from TANAMI (�), SEST (N), JCMT (.),

MIDI (O), NAOS/CONICA (/), NICMOS (�), WFPC2 (�), Suzaku (4), OSSE/COMPTEL (�).
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7.3 Cen A Lobes

This study was motivated by the curious γ-ray emission observed well beyond the

known extent of the Cen A outer lobes as shown in Fig. 6.1. This emission appears

to defy our understanding of the content and radiative processes of the lobes, because

the γ-ray emission is assumed to come from relativistic energy particles scattering off of

background photon fields such the CMB, and it is not clear how particles with such energy

could have traveled so far from the active core without cooling, or why these particles are

not also producing bright radio emission as is usually the case.

Take, for example, the bright region of residual γ-ray emission with TS > 25 in

the northern part of Fig. 6.1. This region is ∼ 4.3◦ in angular separation from the Cen A

core, which, assuming a distance of ∼ 3.8 Mpc [73], implies a physical separation of

∼ 280 kpc away from the core. If the particles originate at the core and travel at the speed

of light, they would be ∼ 9.1 × 105 years old upon arrival. The cooling time half-life of

γ-ray-producing electrons via the synchrotron process in a typical scenario using Eq. 2.2

is a few hours. In a purely relative sense, it should still be true that the radio-producing

particles should be allowed to travel farther than the γ-ray-producing particles by several

orders of magnitude, but we observe γ-ray photons farther away than radio.

From our process of extracting morphology from the γ-ray emission from the outer

lobes of Cen A, we converge on 6 separate images. Among them is an unanticipated

‘tail’ feature beyond the southeast region of the lobes. This feature entered the analysis

as a result of the unbiased procedure of mapping out diffuse emission contiguous with

the existing known scope of the lobes. The tail may or may not be truly associated with
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the lobes, but the only other alternative is that it is foreground emission from the Milky

Way Galaxy. However, this is less likely when the spectral shape is considered. Galactic

interstellar γ-ray emission usually has a photon index of 2.6–2.7 [99,110], but the best-fit

photon index of the tail from this analysis is 2.22 ± 0.08. Also, it would be unusual to

observe such an island of galactic diffuse emission above the surrounding background.

With these points considered, there is good evidence this tail is associated with the Cen A

lobes. This leads to even further difficulties in explaining γ-ray emission so far away from

the active core.

One of the features present in the extracted γ-ray lobe images, especially in the two

created from > 1 GeV photons where the spatial resolution is much better, is inhomo-

geneity and fine structure resembling filaments. Observational studies over the past few

decades reveal filamentary structures in the lobes of radio galaxies, e.g. Cygnus A [111],

3C 310 [112], Fornax A [9], NGC 193 [113], B2 0755+37 [113], etc. However, there

is still no consensus on the factor(s) responsible for the origin of the observed filamen-

tary features. Recent Giant Metrewave Radio Telescope observations at 325 and 235

MHz radio frequencies detected filamentary sub-structures in the southern lobe of Cen-

taurus A [114]. The study indicated that the filaments seem to have a higher pressure than

the lobe. The authors interpreted the origin of the filaments in terms of weak shocks from

magnetohydrodynamical turbulence or from a recent jet activity of the central AGN; it

could also be an interplay of both. The XMM-Newton observations detected no excess

X-ray emission from the filaments which indicates that the excess synchrotron emission

in the filaments simply cannot be produced purely by excess number of electron (or emit-

ting particles); the filament magnetic field strength must be higher compared to the lobe
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and greater than the equipartition value of the filament [115].

Our study, for the first time, detected the filamentary structure Cen A lobes at GeV

energies. The existence of these fine structure filaments was confirmed via Gaussian

smoothing tests as described in Sect. 6.2.1.2. This detection was made possible thanks

to the improved sensitivity and angular resolution made available with Pass 8 LAT event

reconstruction (see Sect. 3.3.1) as well as the new imaging technique as described in

Sect. 6.2.1.1. See Table 6.1 for spectral parameters obtained from each extracted mor-

phology. According to this γ-ray morphology, the outer lobes of Cen A extend about 9

degrees end-to-end and about 5 degrees in width, not including the possible tail feature

extending to the southeast.

Several aspects of our observations of the lobes indicate the possibility of local re-

acceleration of charged particles, as opposed to acceleration only occurring within the

AGN core central engine. First, as explained above, the particles necessary for γ rays are

simultaneously too far from the core and too high in energy to make sense originating

at the core. Second, the existence of large regional of differences in emission across the

lobes, both the filaments and the bright south lobe hotspot, suggest the presence of multi-

ple emitting components. This is especially true of the hotspot, assuming it is not caused

by the presence of a background object of some kind, as the observed photon index of

2.60 ± 0.04 stands out clearly relative to the surrounding emission, with photon indices

between 2.17 and 2.4. Also, the intensity of the emission from this hotspot would not be

expected of a collection of particles gradually falling off in energy away from the core.

Furthermore, the marginal variability we observe in the hotspot would seem to indicate

possible activity away from the AGN core. Some unknown form of local re-acceleration,
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potentially from magnetohydrodynamical and/or kelvin-Helmholtz instabilities, may ex-

plain these observed phenomena.

Another interpretation comes from the question of whether or not charged particles

are being trapped by a magnetic field as they travel outward. We are confident of a mag-

netic field wherever we observe low energy radiation in the radio and microwave bands,

because it is very likely to be produced from the synchrotron process, which requires a

magnetic field. We also know that the lobes are not homogeneous in radio, and thus the

magnetic field is likely not truly homogeneous. If some of the charged particles created

from the AGN jet were to avoid the filaments of high magnetic field, their cooling time

would be longer, and thus they could travel farther. If some of the particles were escaping

the field, then the higher energy ones would be able to travel farther than the lower en-

ergy. This may be another explanation for such high energy GeV γ rays beyond the radio

lobes: they are made from relativistic charged particles which have not been trapped by

the magnetic fields in the synchrotron-producing regions and which travel farther than

lower energy particles.
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Chapter 8: Conclusions

We investigated the HE γ-ray emission from two radio galaxies, Fornax A and

Cen A. We can compare them as examples typical of radio galaxies and AGNs (see Chap-

ter 2), however there are clear differences between them that may limit the usefulness of

such a comparison. While Cen A shows features more typical of FR 1 type radio galaxies,

it does not completely fall neatly into that category, since Cen A does appear to feature

a prominent hotspot like an FR 2 radio galaxy although not at the edge as is normal for

FR 2s. The classification of Fornax A is also unclear, with its wide and separated lobes

like an FR 2 type, but no visible hotspots like an FR 1 type (see Sect. 2.2.2 for an expla-

nation of FR types).

We have known for some time that radio galaxies produce γ rays, among their

emission in many other bands. As mentioned in Sect. 2.1, Cen A was the first radio galaxy

detected in HE γ rays with EGRET, along with 66 other positively identified AGNs. It

could not yet be distinguished, however, between γ rays from the core and lobes. Starting

in 2008 with its more advanced instrumentation as described in Chapter 3, the Fermi-

LAT allowed us to observe radio galaxies much more clearly, and thereby learn much

more about them.

By 2010, the LAT observed radio galaxy lobes for the first time with HE γ rays with
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Cen A, finally being able to distinguish lobe from core emission. The lobe emission was

found to fit a model of synchrotron and external-Compton emission, with seed photons

primarily from the CMB (see Sect. 2.3.1 and Appendix A) [25]. The core emission was

found to fit well from radio through HE bands with a blazar-style synchrotron/SSC model,

however, there were already hints of anomalous VHE emission [81].

With the discovery of extended emission from Fornax A in Chapter 4, it became

the second radio galaxy known to produce HE γ rays from within the galaxy lobes. In

fact, though not as clear as the picture available with Cen A (because of its distance, and

thus, angular size), we were able to largely rule out core emission as at most ∼ 14% of

the total observed flux. With its assumed lobe origin, the Fornax A γ-ray emission was

found to be too luminous for the simple IC/EBL leptonic model (see Sect. 7.1.1), even

using the highest EBL models currently proposed. Hadronic modeling was investigated

as an alternative in Sect. 7.1.2, however the energy requirement was found to be unreal-

istic. One solution to this is the possibility that the γ-ray emission in the Fornax A lobes

is confined to denser filamentary sub-structures, as was discovered here in the lobes of

Cen A in Chapter 6.

Our spectral picture of the bright core of Cen A was enhanced with a joint Fermi-

LAT and H.E.S.S. study in Chapter 5. The anomalous VHE emission previously reported

[81] was confirmed, along with a matching discovery of an upward spectral break in

the HE γ-ray band. Together, these definitively conflict with a conventional single-zone

SSC model. This could be explained with the addition of a second zone of SSC which

dominates the spectrum above ∼ 2.8 GeV. These findings seem to set Cen A apart from

Fornax A, with its core seemingly undetected in HE γ rays.
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Along with the extended exposure time and increased spatial resolution thanks to

the release of Pass 8 (see Sect. 3.3.1), a new technique for imaging using Fermi-LAT data

was developed and applied to the outer lobes of Cen A, described in Chapter 6. This

yielded a discovery of fine and probably dense γ-ray-emitting filamentary sub-structures

there. This was the first time the Fermi-LAT was used to observe such diffuse sub-

structure from any celestial object, and the first time these were observed in radio galaxy

lobes from γ rays. Filamentary structures in the Cen A lobes have been seen in radio

bands, and in other radio galaxies as well. In Sect. 7.3, it was explained how the observed

filaments and the south lobe hotspot as well as the presence of γ-ray emission farther out

than radio emission could indicate that local re-acceleration is taking place away from the

core. Another explanation for the γ-ray emission outside the radio may be possible: since

the synchrotron morphology contains filaments, the magnetic field does not fill all space

of the lobes, leaving gaps for high energy particles to escape the lobes and finally scatter

with the CMB via the IC process.

8.1 Future work

Our modeling for Fornax A was done using previously published multiwavelength

data. Further analysis in other wavelengths in the future will yield a more definitive

picture of the SED. More detailed observations, such as with the hard X-ray telescope

NuSTAR, would help determine if the X-ray emission is contaminated by thermal pro-

cesses [61], which would test our initial assumptions that the radio data traces the X-rays

and γ rays, and that the X-rays could be used to constrain the lobe magnetic field. Ob-
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servations at MeV energies should provide more information about the IC/CMB compo-

nent [64], where the emission is assumed to be much brighter than at GeV. Potentially

with greater statistics, the Fermi-LAT or a telescope at VHE could extend the lobes’ de-

tection to higher energies and additionally observe the effect of the host-galaxy photons

on the spatial distribution of γ rays in the Fornax A lobes.

Despite their faintness at γ-ray energies, radio galaxies such as Cen A are emerg-

ing as a unique γ-ray source population offering important physical insight beyond what

could usually be achieved in classical blazar sources. With its increased sensitivity, the

Cherenkov Telescope Array is expected to probe deeper into this and help to eventually

resolve the nature of the γ-ray emission in the Cen A core.

As shown in Fig. 6.2, the lobes are predicted to be more luminous in the MeV

range than in any other. Naturally, a space-based telescope optimized for the MeV range

such as the proposed All-sky Medium Energy Gamma-ray Observatory (AMEGO) should

teach us a lot about these strange diffuse structures. AMEGO, making good use of both

the Compton detection process between 0.2 and 10 MeV and the pair conversion process

between 10 MeV and 10 GeV, would be able to fill in theses gaps in our observation (see

Fig. 8.1). Additionally, with a much better PSF at 100 MeV than Fermi-LAT (∼ 1◦ instead

of ∼ 10◦, see Fig. 8.2), AMEGO has the potential to spatially resolve fine features at lower

energies where it is difficult with the LAT. See, for example, the lack of features in the

low energy templates in Fig. 6.4. AMEGO observations could reveal filaments at these

lower energies.

Synchrotron radiation, when generated in an anisotropic magnetic field, is polar-

ized. If the filaments of Cen A are indicative of some degree of order in the field, we
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Figure 8.1: Sensitivity over energy of various astronomy observatories in the X-rays to γ

rays.
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Figure 8.2: Angular resolution of the proposed AMEGO instrument, showing the differ-

ence between Compton and pair conversion events.
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should be able to observe it with polarization imaging at MHz radio frequencies.

109



Appendix A: Diffuse extragalactic background radiation

Diffuse extragalactic background radiation refers to the combined photon radiation

field in all frequency bands resulting from the Big Bang. Common names for the field are

usually given according to the frequency band. As shown in Fig. A.1, the brightest band

is in the microwave range, called the CMB. The CMB is the thermal black body radiation

of the Universe [116] which has a temperature of 2.7260 ± 0.0013 K, according to data

taken by WMAP [117]. The next brightest band is the EBL, which includes light in the

ultraviolet, optical, and infrared (labeled CUVOB in Fig. A.1). The EBL is the diffuse

radiation accumulated from star formation and AGNs. The EBL is much more difficult

to measure because of zodiacal light, sunlight scattering off of dust particles in the Solar

System. The EBL photon field is the cause for our inability to observe VHE γ rays from

great distances, because VHE γ rays have a high probability of destruction via photon-

photon interaction with EBL photons. This attenuation feature presents an opportunity to

measure the EBL indirectly, as was done through γ-ray observations of blazars [105]. EC

with the EBL and the CMB photon fields is important to radio galaxies, as it is assumed

they are the only seed photons present with appropriate energy to be upscattered into γ

rays in the region of the galaxy lobes.

2https://commons.wikimedia.org/wiki/File:Extragalactic-background-power-density.

jpg
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Figure A.1: Schematic representation of the spectral energy distribution of the diffuse

extragalactic background radiation.2
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Appendix B: Statistics

B.1 Parameter Estimation

Estimating higher-level parameters from the data begins by establishing a model of

the ROI with a set of parameters µ and a procedure for mapping the chosen model and

parameters to a binned map of model counts m, exactly matching the spatial and energy

binning of the data counts n. This mapping must also include convolution with the IRF

being assumed. For Fermi-LAT analysis, this is usually done using the gtmodel tool.

Because the γ-ray data is an integer count of the number of events, the probability of the

data counts given the model counts in each bin follows a Poisson distribution,

p(n|m) = e−m mn

n!
.

The likelihood is the product of these probabilities from all bins,

L(m|n) =
∏

i

pi(ni|mi).

The likelihood then becomes a single number which is the probability of the whole ROI

model and the chosen parameters being a good fit to the data. The full likelihood func-

tion L(µ|n) is the value of the likelihood at any given selection of model parameters µ.

It is a function of the model parameters given the data. It would be nearly impossible to

write down the likelihood function analytically, but it could be mapped out numerically
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by running the calculation at all possible values of all model parameters. This can be pro-

hibitively time-consuming, of course, especially with more numerous model parameters.

With the full likelihood function at hand, we can calculate the posterior probability

distribution with our choice of the Bayesian prior π as

P(µ|d) ∝ L(µ|d)π(µ),

where µ represents the set of model parameters and d represents the observed data. After

multiplying, we then normalize to get P between 0 and 1. If we are only interested in

a small subset of the model parameters, we can extract a probability distribution of the

parameters of interest by marginalizing over the remaining parameters with

p(µ0) =

∫
P(µ0, µ1, . . .)dµ1dµ2 . . . .

These parameters which are not of interest are called nuisance parameters, and they are

often made of up parameters designed for modeling the background sources in the ROI.

Here, µ0 is the single parameter which we are interested in. In this work, only non-

informative priors were used.

B.1.1 Maximum Likelihood

If we have the full likelihood function, the best estimate of the model parameters is

the global maximum of the likelihood function. That is, the set of parameter values that

have the greatest likelihood. Conveniently, even without access to the full likelihood func-

tion, we can often quickly estimate this maximum numerically by making small adjust-

ments to the model parameters and climbing the path of steepest ascent until the maximum
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is reached, i.e., until no more small changes to the parameters yields greater likelihood.

This is called the maximum likelihood technique. It is common to apply standard nu-

merical minimization algorithms such as Minuit [52] to minimize the negative likelihood

or log-likelihood. In order for this estimate of the maximum of the likelihood function

to always closely match the true maximum, the function must be monotonic leading up

to the peak and there must be only one maximum globally. These are assumed for the

maximum likelihood done in this thesis.

Another approach to reducing the likelihood function to a subset of parameters is

the profile likelihood. Instead of marginalizing over the nuisance parameters, we profile

over them. This means finding the maximum of the full likelihood function at several fixed

choices of the parameter of interest. Since this method requires choosing a range of model

parameter values to calculate the profile likelihood, it relies on the assumption that the

peak in the profile likelihood is not just a local maximum, but also the global maximum,

so it helps to have corroborating estimates of roughly the correct global maximum. One

such profile likelihood function which was calculated in this work is shown in Fig. 4.2

(copied here as Fig. B.1 for convenience). The specifics about how the plot was made are

not important here (see Sect. 4.2.2.1 for details), only that there is a model parameter, disk

radius, with its values being used on the x-axis and resulting changes in overall likelihood

with each radius on the y-axis. The profile likelihood is the method which was used in

this thesis.

With the maximum likelihood on its own, we end up with the best-fit parameters of

the model we’ve chosen, but we have no information about the statistical uncertainties of

these parameters. To obtain the credible region for a parameter, we can locate the values
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Figure B.1: Example profile likelihood
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of the parameter for which the log-likelihood drops from its maximum by the amount

matching your desired confidence level. These parameter values above and below the

peak are the upper and lower ends of the credible region at the desired confidence level.

If the peak is asymmetric about the maximum, these values will not be equidistant from

the best-fit value. This procedure works to give us the desired credible region because we

are actually using likelihood ratios and Wilks’ Theorem (see Sect. B.2.1). In Fig. B.1, we

can see that there is a maximum likelihood, it is clearly defined, and it is located at about

a radius of 0.◦33 with a log-likelihood of 17.3. We can then find a credible region with

any choice of significance. For example, if we want to know the 68% 1σ uncertainty,

we know that we need to find the location on the profile where the log-likelihood is 0.5

less than at the maximum, since that would give ∆ lnL = 0.5, TS = 2 × 0.5 = 1, and

significance =
√

1 = 1σ. We find from looking at Fig. B.1 that the profile reaches 16.8

approximately at radii of 0.◦28 and 0.◦38, therefore the 1σ uncertainty in the best-fit radius

is ±0.◦05. The same process can be used to find the uncertainty in every parameter of the

model.

B.2 Model Comparison

The comparison of two models H0 and H1 in how well the data favors H0 over H1

can be calculated using the Bayes factor

K =

∫
L0(µ0)π0(µ0)dµ0∫
L1(µ1)π1(µ1)dµ1

, (B.1)

where Li is the full likelihood function, πi is the prior probability distribution, and µi is

the set of all parameters for each model. The integration occurs over all of the model
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Table B.1: Common interpretation of the Bayes factor from Harold Jeffreys [3].

K > 1 H0 supported

1 > K > 10−1/2 Evidence against H0, but not worth more than a bare mention

10−1/2 > K > 10−1 Evidence against H0 substantial

10−1 > K > 10−3/2 Evidence against H0 strong

10−3/2 > K > 10−2 Evidence against H0 very strong

K < 10−2 Evidence against H0 decisive

parameters. Smaller K corresponds to greater evidence against H0 being favored by the

data. More specific interpretation of the magnitude of the Bayes factor is up for debate,

but one interpretation commonly cited is outlined in Table B.1. One strength of this

approach is it automatically accounts for differences in the complexity and number of

parameters, penalizing more complex models and thereby preventing overfitting. Another

strength is it does not require the models to be nested.

In the context of multivariate maximum likelihood analysis, such as is used in this

work, an approximation is often used in place of the Bayes factor. Without having access

to the full likelihood function to compute this integral, it is possible to simplify Eq. B.1

into a ratio of likelihoods at their respective maximum values. This removes the advan-

tages of automatically accounting for model complexity and introduces the requirement

for nested models.
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B.2.1 Likelihood Ratio Test

When comparing two models, a null model hypothesis with number of parameters

m and an alternative hypothesis with number of parameters h where h > m, we start by

defining the likelihood ratio

Λ =
L0

L1
,

whereL0 is the likelihood of the null hypothesis andL1 is the likelihood of the alternative

hypothesis. Since the alternative hypothesis is fit to the same data with more parameters

than the null hypothesis, it will always have a higher likelihood. So, while the ratio gives

information about how much better the alternative is compared to the null, we need a

formulation called Wilks’ Theorem [71] to know how much better it needs to be for us to

know if the alternative is significantly preferred. Wilks’ Theorem, a formulation verified

via Monte Carlo simulations [97], defines a value called the test statistic as

TS ≡ −2 ln Λ = −2 ln
L0

L1
= 2(lnL1 − lnL0) (B.2)

and then states that the TS is distributed like χ2 with h − m DOF. In order for Wilks’

Theorem to be valid, i.e., for the TS to be distributed like χ2, there must be sufficient data

— at least roughly 10–20 total counts.

This provides us with the ability to turn the likelihood ratio into a p-value, the

probability that the improvement from the alternative hypothesis is merely a fluke caused

by random statistical fluctuation, or the significance (σ) that the alternative is preferred

over the null. The p-value is equal to 1 minus the χ2 cumulative distribution function

of the TS with DOF = h − m, and the significance is the inverse normal cumulative
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distribution function of 1 minus the p-value/2. When DOF = 1, the significance is easily

calculated as the square root of the TS.

However, it’s not enough just for the alternative hypothesis to have a greater number

of parameters, Wilks’ Theorem only applies to a pair of models that are nested. When

two models are nested, the alternative hypothesis can be used to exactly replicate the null

hypothesis by fixing one or more of its parameters. For example, if the null hypothesis is

a polynomial with degree 2 (so m = 2), such as f0(x) = ax + b, and the alternative is a

polynomial with degree 4 (so h = 4), such as f1(x) = cx3 + dx2 + gx + j, then f0 is easily

reproducible from f1 simply by fixing the parameters c = 0 and d = 0. Thus, f0 and f1

are nested models. However, another alternative hypothesis may not able to reproduce f0,

such as f2(x) = kx3 + lx2 + n. Here, f0 and f2 are not nested models, but f1 and f2 are.

Looking again at the profile likelihood in Fig. B.1 and using Wilks’ Theorem, we

can compare the best-fit radius log-likelihood to the log-likelihood when the radius is

roughly zero (in the plot this is shown as the zero point of the log-likelihood as well)

to learn the significance of the existence of a radius. With its one additional parameter,

the introduction of the radius increases the likelihood by 17.3, so lnL1 − lnL0 ≈ 17.3,

TS = 2 × 17.3 = 34.6, and thus the significance of the radius is
√

34.6 ≈ 5.9σ.
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Appendix C: Light curves

A light curve is a form of astronomical data which shows the changes in flux or

intensity over time. While the primary quantity represented is the source flux, individual

spectral parameter changes over time can also be represented. A light curve is made by

dividing the data into time bins, in addition to the usual space and energy bins, and then

extracting the source flux within each window of time.

Light curves have many uses in time-domain astronomy, of course, such as studies

of transients like gamma-ray bursts (GRBs). They are also very useful for studies of

AGNs, because variability is frequently observed in blazars with HE γ rays. The lobes

of radio galaxies, however, are assumed to be very constant emitters, since we have no

evidence of local time-dependent activity. In the studies of the lobes of Cen A presented

in this thesis (see Chapter 6), this light curve code was used to quickly calculate flux

variability for each individual extracted piece of the lobe morphology, thereby shedding

light onto the possibility of activity or the presence of an active background source, such

as a blazar.
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C.1 Light curves with fermipy

The procedure for creating light curves which was implemented into fermipy in-

volves re-binning the data into equal time bins and then performing a full analysis of the

source using only the data from each bin to extract the source flux. In order to allow

for the option of multithreading, each bin analysis is performed completely separately

with no shared data. This separability of the calculation into independent parts makes it a

natural candidate for speed improvements via multithreading across multiple CPU cores.

Since the amount of available statistics can vary greatly between time bins, fermipy

makes use of intelligent freeing/fixing logic of background sources according to the user’s

specifications. Probably most frequently used is the option to free sources within a given

radius of the SOI, because these are most likely to affect the result.

C.1.1 Variability

One of the most common ways to identify flux variability from LAT data in the

context of individual source analysis is through a χ2 test, using fluxes and uncertainties

extracted from each bin and taking the sum of all χ2 values comparing them to a constant

value. While this method gives a variability, it works from a reduced form of the data,

and therefore it is less sensitive than a method which uses the data more fully to calculate

variability. The variability calculation incorporated into fermipy uses a full likelihood-

based computation of the flux variability, and it works by performing a likelihood ratio

test within each time bin (see Appendix B).

First, the maximum likelihood is computed for the full-time analysis before the
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re-binning takes place. This is equivalent to assuming all sources in the ROI model are

constant across time. The flux and spectrum of the SOI from this full-time constant fit are

saved. Then, along with primary computation of the flux in each time bin as requested by

the user’s choice of free and fixed sources in the model, two separate maximum likelihood

calculations are performed. In the first of these, with the state of free and fixed parameters

of the ROI from the successful time bin fit, the spectrum of the SOI is set fixed to values

extracted from the full-time constant fit and the likelihood is maximized. We call this

Lconst, since it is the likelihood that the source flux is constant in time. In the second

calculation, the ROI model is identical except that the normalization parameter of the SOI

is set free to vary. With this changed, the maximum likelihood is once again computed as

L f ixed (so called because it is different from the primary light curve only by the fixing of

the SOI spectral shape parameters).

With these two quantities at hand, we compute the likelihood ratio within each bin

as

Λ =
Lconst

L f ixed
.

The difference in the number of free parameters between theLconst andL f ixed calculations

is 1, the SOI normalization parameter. Then, according to Wilks’ Theorem as shown in

Eq. B.2, the TS of variability in a single bin i is

TS var,i = −2 ln Λi.

We then combine the variability likelihood ratio from all bins by taking the product, or

the sum of the log-likelihoods as

TS var = 2
∑

i

(
lnL f ixed,i − lnLconst,i

)
.
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In accordance with the procedure carried out in the 2FGL [65] and 3FGL [34], we also

introduce a systematic correction factor of f = 0.02, chosen so that known variable pulsar

PSR J1741–2054 is computed as marginally variable. The correction factor is incorpo-

rated as

TS var = 2
∑

i

σ2
Fi

σ2
Fi

+ f 2F2
const

(
lnL f ixed,i − lnLconst,i

)
,

where σFi is the error in the flux in bin i and Fconst is the flux as extracted from the full-

time constant fit. In this implementation, the bins in which the ‘fixed’ light curve fit did

not succeed are ignored. Therefore, the TS var can be interpreted as a χ2 distribution with

degrees of freedom equal to the number of successful ‘fixed’ light curve bins, since each

uses exactly one additional free parameter.

This likelihood-based flux variability calculation is more sensitive than the simpler

χ2 method because it operates using the whole ROI data in each time bin. Because it uses

the full analysis in each bin, it would be very difficult to calculate without the context of

the higher-level scripting that fermipy provides. The calculation also makes it possible

to easily compare variability determinations from individual source analysis with results

reported in existing γ-ray catalogs, such as the 3FGL [34], which have used the same

method.
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