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Abstract

Many theories beyond the Standard Model of particle physics predict the existence of
axionlike particles (ALPs) that mix with photons in the presence of a magnetic field.
Searching for the effects of ALP-photon mixing in astrophysical gamma-ray observa-
tions of blazars—jetted active galactic nuclei with their jets pointed towards us—has
provided some of the strongest constraints on ALP parameter space so far. The focus
of this thesis is a type of search where the magnetic field of the blazar jet itself, as op-
posed to the various other mixing environments usually used, is the dominant region for

ALP-photon mixing.

I show that mixing in jets can be important for an un-probed region of ALP parameter
space at high masses (close to the ALP dark matter space), making them promising mix-
ing environments for an actual search. In order to perform such a search, however, the
modelling of the jet field structure, and the effects of photon-photon dispersion within
the jet, must be understood. I develop a framework to investigate and address these

challenges.

This framework is then used to perform an ALP search. In previous searches, only
individual sources have been analysed. I perform a search with a combined analysis
of Fermi Large Area Telescope data of three bright, flaring flat-spectrum radio quasars.
For the first time, I include a full treatment of photon-photon dispersion within the
jet, and account for the uncertainty in the B-field model by leaving the field strength
free in the fitting. Overall, I find no evidence for ALPs, but am able to exclude ALP

masses, m, < 200 neV, and ALP-photon couplings, g,, = 5 x 10712 GeV !, with 95%

Y

confidence. This is an improvement on previous gamma-ray constraints in this mass

range.

Finally, I develop a proof-of-concept for an ALP search based on population-level ob-
servations of blazars, as opposed to individual source spectra. From simulated number
counts with and without ALPs, I show that this method could potentially allow cou-

plings down to g,, ~ 1 x 10712 GeV~! to be probed for masses m, ~ 10 neV.
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1| Introduction

1.1 Preamble

The Standard Model of particle physics has proven to be a very successful de-
scription of the universe. It provides a powerful categorisation of the fundamental
particles of matter—quarks and leptons—as well as a self-consistent mathemat-
ical theory of the strong nuclear, weak nuclear, and electromagnetic interactions
between them. Many predictions of the Standard Model have been experimentally
verified, predominantly by collider experiments such as the Large Hadron Collider
(LHC). One particularly prominent experimental success of the Standard Model
was the discovery of the Higgs boson at the LHC in 2012—the first spin-zero
boson to be found (Aad et al., 2012; Chatrchyan et al., 2012).

Despite its various experimental and theoretical successes, however, the Standard
Model is not a complete theory of nature. Many questions remain unanswered.
A fundamental issue is the fact that the Standard Model does not provide a quan-
tum description of gravity (as described by the theory of General Relativity, with
its own plethora of experimental verifications—see, e.g., the detection of gravi-
tational waves (B. P. Abbott et al., 2016)). One important and well-known set of
attempts to unify the Standard Model with General Relativity are string theories
(see, e.g., Aharony, Gubser, Maldacena, Ooguri, & Oz, 2000 for a review). Other
problems include the fact that the Standard Model does not provide an explana-
tion for the values its parameters take (e.g., the lepton masses, Sumino, 2009);
the observed matter/antimatter asymmetry of the universe (e.g., Canetti, Drewes,
& Shaposhnikov, 2012); the fact that the neutrinos must have masses because
of observed neutrino oscillations (e.g., Farzan & Téortola, 2018); or the strong

charge-parity problem (discussed below).
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These problems can be seen on paper or in collider experiments, but astrophysical
and cosmological observations also point to another profound deficiency of the
Standard Model: visible (i.e., baryonic) matter can only account for ~ 6% of the
energy density of the universe. The rest of the energy makes up the so-called dark
sector (Planck Collaboration et al., 2020). In particular, ~ 26% of the universe
must be in the form of dark matter, a particle population that can only very weakly
interact with Standard Model particles (see, e.g., G. Bertone, Hooper, & Silk,
2005 for a review). Because of this weak coupling, evidence for dark matter is

seen primarily through its gravitational effects.

On a galactic scale, strong evidence for dark matter comes from galaxy rotation
curves—the rotational velocity of stars and gas as a function of distance from the
galactic centre. According to Newtonian dynamics, at large radii (i.e., beyond
most of the visible mass), the circular orbital velocity should decrease as roughly
v oc TR, Many rotation curves remain flat at large radii, however, suggesting the
presence of an invisible halo of matter with enclosed mass M (1) o r (see, e.g.,
Rubin, Ford, & Thonnard, 1978; Begeman, Broeils, & Sanders, 1991 for many

examples).

Other evidence for dark matter comes from larger scales. For example, weak
gravitational lensing observations of the interacting cluster 1E 0657-558, where a
sub-cluster has passed through the main cluster. After passing through the main
cluster, the mass-centre of the sub-cluster is separated from its x-ray gas, which
was caught up in the cluster interaction, and instead lies closer to its galaxy con-
centration (Clowe, Gonzalez, & Markevitch, 2004). Therefore, most of the mass
of the cluster does not lie in the x-ray gas (where most of the baryonic matter is to
be found) but rather in dark matter halos that cannot interact strongly with either

themselves or regular matter.
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There is also evidence for dark matter at even larger scales. The cosmic microwave
background (CMB) is a pervasive black-body radiation field (7T¢yp = 2.726 K to-
day) left over from when photons decoupled from matter in the early universe. Itis
isotropic at the 10~° level, but the power spectrum of the anisotropies can be used
to constrain cosmological parameters such as the total baryonic and dark matter
energy densities of the universe (see measurements from, e.g., the Planck (Planck
Collaboration et al., 2020) or Wilkinson Microwave Anisotropy Probe (WMAP)
(Hinshaw et al., 2013) satellites). Complementary constraints come from other
cosmological observations, such as large scale structure formation (which also

means dark matter must be ‘cold’, i.e., not too relativistic) (Peebles, 1982).

All of these considerations lead to fractions of the critical density of the universe,
Q, ~ 0.3, Q ~ 0.06 and 2, ~ 0.26, for matter, baryons, and dark matter
respectively. The rest of the universe is in an even more mysterious, seemingly
non-particle form known as dark energy, thought to be responsible for the current
accelerated expansion of the universe (see, e.g., Copeland, Sami, & Tsujikawa,
2006 for a review). I will not cover dark energy here, other than to say that
throughout this thesis I use matter density €2, = 0.3 and dark energy density

4 = 0.7 for cosmological calculations.

It seems reasonable then that physics beyond the Standard Model is required to
explain this breakdown of the content of the universe, probably in the form of
at least one new type of particle. Naturally, many theoretical candidates exist.
One prominent class of dark matter candidates are Weakly Interacting Massive
Particles (WIMPs), which seem to be able to produce the correct relic dark matter
density thermally in the early universe (G. Bertone et al., 2005). These WIMPs
would have masses in the 10s of GeV to few TeV range, and could even quite
naturally be made up of particles from other well-motivated theories beyond the

Standard Model, such as supersymmetry (Jungman, Kamionkowski, & Griest,
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1996). These particles are being looked for at most particle colliders, as well
as dedicated direct-detection experiments, so far without success (Arcadi et al.,

2018).

The interplay between astronomy and particle physics—astroparticle physics—
also provides interesting opportunities for detecting, testing and constraining physics
beyond the Standard Model. For example, the non-observation of a WIMP anni-
hilation line at gamma-ray energies from the Galactic centre can be used to rule
out certain WIMP models (Ackermann et al., 2013). This thesis focuses on using
astrophysical observations to investigate another type of dark matter/beyond the

Standard Model candidate, namely, axionlike particles.

1.2 Axionlike particles

The axion is a theoretical particle beyond the Standard Model, proposed in order
to solve the strong charge-parity (CP) problem (Peccei & Quinn, 1977; Weinberg,
1978; Wilczek, 1978). Most fundamental interactions described by the Standard
Model conserve CP symmetry (swapping the charge and parity of all particles
concerned). Weak interactions can violate CP symmetry, however. Within the
quantum chromodynamics (QCD) Lagrangian (the theory concerning the strong
nuclear force), there is a term proportional to a vacuum angle, 6, that should vi-
olate CP symmetry as well. A direct observational consequence of this violation
would be an electric dipole moment of the neutron, the non-observation of which
means the CP violating term must disappear, placing very strong limits on the
value of the vacuum angle, |#| < 1071°. The fine-tuning question of why this
angle is so close to 0 (when it could in principle take any value between 0 and
2m) is known as the strong CP problem. A dynamical solution to this problem

can be found by promoting 6 to a/f,, where a is the axion field (the pseudo-
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Nambu-Goldstone boson of a new global U(1) symmetry) and f, is the energy
scale associated with it. During the QCD phase transition (when the temperature
of the universe falls to the point where quarks and gluons are bound into pro-
tons, neutrons, etc.), the axion potential will be altered in such a way as to favour
(a) = 0, sending 6 to 0 too (see Chadha-Day, Ellis, & Marsh, 2022 for a recent
review). The masses that axions would aquire during this phase transition would

generally be very small (sub-eV).

Importantly, axions would couple to the electric field (E) of photons in the pres-

ence of an external magnetic field, B, as described by the Lagrangian,

1 [V
Loy = —ngFWF’“‘ a = g, E - Ba, (1.1)

where g,, o< 1/f, is the axion-photon coupling, F),, is the electromagnetic field
tensor and F* = %e‘“’""F v 18 its dual (G. Raffelt & Stodolsky, 1988). In order
to solve the strong CP problem, the axion mass and energy scale must be related

to those of the neutral pion, m, f, ~ M f, which means m, o gq.

This solution to the strong CP problem is not the only extension to the Standard
Model that would lead to new pseudo Nambu-Goldstone bosons, however. In
fact, it is quite common for more unified extensions of the Standard model to
require new symmetries and hence produce new light particles that resemble the
axion (see, e.g., Jaeckel & Ringwald, 2010 for a review). One prominent example
is the compactification of the many extra dimensions required by string theories
into the four of ordinary spacetime, which can frequently lead to such particles
(Turok, 1996; Ringwald, 2014). This broad category of light bosons are known
as axionlike particles (ALPs). The defining feature of ALPs is that they couple to
photons in the same way as the axion (i.e., as in Eq. (1.1)), though they do not

necessarily couple to gluons or solve the strong CP problem, and are therefore not
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constrained by the m, o g, relation.

For certain regions of mass-coupling parameter space, ALPs are also one of the
leading candidates for dark matter (Preskill, Wise, & Wilczek, 1983; L. F. Abbott
& Sikivie, 1983; Dine & Fischler, 1983; Arias et al., 2012). ALP dark matter
would be produced non-thermally in the early universe, and so could be ‘cold’ de-
spite a very small ALP mass (unlike Standard Model neutrinos). This wave-like
dark matter would manifest similarly to a background field, as opposed to the dis-
crete particles of heavier candidates such as WIMPs'. Interest in ALP dark matter
has gradually increased as WIMP searches at the LHC and elsewhere have con-
sistently turned up empty (see Arcadi et al., 2018 for a review). Many direct and
indirect searches for ALPs have been undertaken; unusually (for particle physics),
they have mostly been unassociated with colliders, which are optimised for higher

energy scales.

1.2.1 ALP searches

The coupling between photons and ALPs has been the basis of many direct and
indirect ALP searches. So far no ALPs have been discovered. Without a detection,
most searches can therefore exclude regions of ALP parameter space. Figure 1.1

shows the current constraints on m, and g, .

The diagonal yellow region shows the QCD axion (where g,, o m,, see Sec.
1.2 above). Solid coloured regions show current bounds (red for experimental,
green for astrophysical, blue for cosmological) and transparent regions show pro-
jected constraints. A very large range is shown in mass and coupling, highlighting

the very large range of parameters an ALP could feasibly take. In particular, it

I'The local density of dark matter is thought to be ~ 0.3 — 0.4 GeV cm~2 (G. Bertone et al.,
2005), which would require extremely high occupation numbers for a ~neV mass ALP, but only
a few hundred per cubic metre for a TeV mass WIMP.
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Figure 1.1: Plot taken from https://cajohare.github.io/
AxionLimits/docs/ap.html (accessed on Jul 7, 2022), showing the
current experimental (red), astrophysical (green), and cosmological (blue)
constraints on m, and g,,. Solid regions show current bounds; see-through

regions show projected constraints.
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is worth noting that the mass range extends to very low masses—for reference,
the upper limit on the combined masses of the neutrinos is currently ~ 0.23 eV

(Planck Collaboration et al., 2016).

< 1072 eV, comes from

~Y

the CERN Axion Solar Telescope (CAST) experiment. CAST uses a ~ 10 m

The primary experimental constraint on g, for m,

LHC prototype magnet (~ 9 T), which is continuously pointed at the sun. ALPs
would be produced from thermal photons in the core of the sun via the Pri-
makoff process—conversion in the Coulomb fields of charged particles in the
stellar plasma. These ALPs could then be reconverted into x-ray photons within
the CAST magnet, which in turn could be detected. By not detecting any ALPs,
CAST has set an upper limit on the ALP-photon coupling, g,(95% CL) = 6.6 x
107" GeV~! (Anastassopoulos et al., 2017). This type of experiment is called
a helioscope. The International Axion Observatory (IAXO) is a next-generation
(prototype currently under construction) helioscope, which hopes to obtain a signal-
to-noise ratio roughly 5 orders of magnitude better than CAST. This would allow
IAXO to probe couplings down to ~ 3 x 1072 GeV ! (see Fig. 1.1) (Armengaud
et al., 2014).

Two astrophysical constraints are related to the same process that helioscopes
exploit, because ALPs produced in the cores of stars would also provide an addi-
tional stellar cooling mechanism. For the surface properties of the sun to remain
unchanged, despite ALPs, more energy than is usually assumed would need to
be produced in nuclear burning. Neutrino observations of the sun can strongly
constrain the conditions in the solar core, however, enabling high values of g, to
be ruled out (the region labelled ‘Solar »”) (Vinyoles et al., 2015). An additional
cooling mechanism would also show up in population observations of giant stars.
Specifically, it would reduce the amount of time stars spend on the horizontal

branch of the Hertzprung-Russell diagram. Comparing the ratio of the number of
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stars on the horizontal branch to those on the red giant branch, for Galactic globu-
lar clusters, provides similar ALP constraints to those from CAST (region labelled

‘Horizontal branch’) (Ayala, Dominguez, Giannotti, Mirizzi, & Straniero, 2014).

It is also possible to search for ALPs using a resonant cavity in a magnetic field.
These ‘haloscopes’ look for resonant conversion of ALPs constituting the dark
matter halo of our galaxy (and so depend on such a halo existing). Current gen-
eration limits come from many experiments—the Axion Dark Matter eXperiment
(ADMX) most prominent among them (see, e.g., Graham, Irastorza, Lamoreaux,
Lindner, & van Bibber, 2015 for a review)—and many future experiments are
planned, including TOORAD (Schiitte-Engel et al., 2021), MADMAX (Beurthey
etal., 2020), LAMPOST (Baryakhtar, Huang, & Lasenby, 2018), and an upgraded
ADMX (Stern & Experiment, 2016). Generally, these searches can probe very low
couplings (often down to the QCD axion scale; see Fig. 1.1), but, because they are
looking for a resonance, are only sensitive to a small mass range (where the ALP
Compton wavelength is similar to the cavity length). One exception to this will be
the upcoming ABRACADABRA experiment (A Broadband/Resonant Approach
to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus), which,
as the name suggests, will be capable of broadband as well as resonant detection,
and so able to cover a much larger mass range (Kahn, Safdi, & Thaler, 2016). The
advanced LIGO interferometer (Nagano, Fujita, Michimura, & Obata, 2019), and
the DANCE (Michimura et al., 2020) and ADBC (Liu, Elwood, Evans, & Thaler,
2019) experiments could also be used to probe a similar mass range, but with less

sensitivity.

There are also light-shining-through-wall (LSW) experiments, which do not re-
quire an ALP dark matter halo. Here, a laser is directed through a magnetic field
at an opaque wall. Photons converted to ALPs in this magnetic field would then

pass through the wall, where another magnetic field on the other side can recon-
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vert some of them into detectable photons. The most prominent of these LSW
experiments is the upcoming Any Light Particle Search-II (ALPS-II) experiment,
which should reach g,, ~ 2 x 1071 GeV~! for m, < 10~* eV (Diaz Ortiz et al.,
2020).

Cosmological observations can also provide some strong constraints on ALP pa-
rameters. These exclusions rely on the existence of the decay channel a — 7.
First of all, if ALPs make up dark matter, this decay could lead to excesses in the
observed extragalactic background light (EBL), or x-ray lines in galaxy spectra
(see Cadamuro & Redondo, 2012 for both). Because this decay has a lifetime,
T = 64m/(mjg2, ), the limits are at high mass (regions labelled ‘EBL’ and ‘X-
ray’ in Fig. 1.1 respectively). These decay photons could also re-ionise neutral
primordial hydrogen, increasing the optical depth for CMB photons; too much
of this process would be inconsistent with WMAP CMB observations, leading
to the exclusion labelled ‘Ionisation fraction’ (also to be found in Cadamuro &
Redondo, 2012). Similarly, ALP decay into photons in the very early universe
could dilute the baryon and neutrino densities, which could affect the observed nu-
clear abundances from big bang nucleosynthesis (BBN), or the effective number
of neutrinos, N.g (together the region labelled ‘BBN + N.g¢’; Depta, Hufnagel, &
Schmidt-Hoberg, 2020). Narrower limits can also be found from searches for de-
cay lines in XMM-Newton blank-sky observations (Foster et al., 2021), or specific
galaxy-cluster or dwarf spheroidal galaxy spectra with the VIMOS and MUSE
spectrographs on the Very Large Telescope (Grin et al., 2007; Regis et al., 2021).

At low masses, astrophysical observations at x- and gamma-ray energies currently

place some of the strongest” bounds on g,,. As gamma-ray searches will be the

2The main exception being radio polarisation measurements of magnetic white dwarfs (‘MWD
Pol.” in Fig. 1.1), which can be affected by ALP-photon mixing in their extremely strong (~ 10°
G) magnetic fields (e.g., Dessert, Dunsky, & Safdi, 2022).

10
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central topic of this thesis, I will now briefly outline these constraints before in-
troducing gamma-ray detection methods (and the Fermi-LAT instrument in par-

ticular) in more detail in Secs. 1.3 and 1.3.1.

An early high-energy-astrophysics constraint came from the fact that many ALPs
would be created from the Primakoff process in core-collapse supernovae, some
of which would re-convert to gamma-rays in the magnetic field of the Milky Way.
The fact that the Solar Maximum Mission (SMM) did not detect a gamma-ray
signal coincident with the detected neutrinos from supernova SN1987A has con-
strained go, < 5.3x10712 GeV ! form < 4.4x1071° eV (region labelled ‘SN-v")
(Brockway, Carlson, & Raffelt, 1996; Payez et al., 2015). Weaker constraints at
high mass can also be found simply from the decay of these produced ALPs, or
even just the maximum additional energy loss allowed by the neutrino signal (‘y’
and ‘v’ regions respectively) (Caputo, Raffelt, & Vitagliano, 2022). If a similar
supernova goes off while the Fermi satellite (see Sec. 1.3.1) is operational, much
stronger constraints could be placed at low masses (‘Fermi SN’ region) (Meyer,

Giannotti, Mirizzi, Conrad, & Sanchez-Conde, 2017).

Somewhat similarly, ALPs could also be produced within magnetars (highly mag-
netised neutron stars) by nucleon bremsstrahlung, and escape to the surround-
ing magnetosphere where they are then converted into gamma rays. The non-
observation of this effect allows limits on the product of the ALP-photon and
ALP-nucleon couplings to be placed (see Lloyd, Chadwick, Brown, Guo, & Sinha,

2021, limits not shown in Fig. 1.1).

As well as ALP production within a source, ALP-photon mixing in astrophysi-
cal magnetic fields between us and a source could also affect our observations of
it. There are two main effects. Firstly, ALPs would not undergo pair-production

interactions with the EBL, as high-energy photons do. This could essentially re-

11
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duce the opacity of the universe at the highest energies: a gamma-ray temporarily
converted to an ALP could freely traverse large regions of space before recon-
verting to a photon. Interestingly, evidence for such a reduced opacity has been
claimed in the past (e.g., De Angelis, Roncadelli, & Mansutti, 2007; De Angelis,
Mansutti, Persic, & Roncadelli, 2009; de Angelis, Galanti, & Roncadelli, 2011;
Horns & Meyer, 2012). ALPs in the range of g,, > 107! GeV~' for m, < 1077
eV were even demonstrated to explain these hints (Meyer, Horns, & Raue, 2013).
More recent studies, however, using larger samples of gamma-ray spectra and
more detailed instrument response modelling have found that standard EBL ab-
sorption can explain observations very well (Sanchez, Fegan, & Giebels, 2013;
Dominguez & Ajello, 2015; Biteau & Williams, 2015). Moreover, an analysis of
Fermi-LLAT data at the highest energies has specifically shown no preference for

the ALP-reduced opacity model (Buehler et al., 2020).

The other observational effect ALP-photon mixing could have is to produce oscil-
latory features in otherwise-smooth energy spectra. This can happen for observed
energies around the critical energies (discussed in detail in App. A), where the
ALP-photon oscillation length depends strongly on energy. The remaining astro-
physical bounds have all been obtained by looking for this effect—a type of search

that will be the focus of this thesis.

These searches tend to use active galactic nulcei (AGN, discussed in more detail
in Sec. 1.4 below) as their targets. Specifically, blazars—jetted AGN with the jets
pointing towards us—are often used because they are very bright extragalactic
sources of high-energy photons, and good photon statistics are essential. Limits
from the AGN Hydra A, M87, and NGC 1275 are derived from x-ray observations
by the Chandra satellite (Wouters & Brun, 2013; Marsh et al., 2017; Reynolds
et al., 2020); The High Energy Stereoscopic System (a ground-based gamma-
ray telescope in Namibia) observed the blazar PKS2155-304 (Abramowski et al.,

12
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2013); The Fermi-LAT gamma-ray telescope found limits by observing the AGN
NGC 1275 (Ajello et al., 2016).

Solving the ALP-photon mixing equations to find the expected ALP signal re-
quires a model of the magnetic fields along the line of sight to the source. All
of the studies just listed use the galaxy cluster magnetic fields surrounding the
central AGN as their main mixing region. Other fields along the line of sight,
however, generally have to be included as well—and some have also been sug-
gested as good mixing regions in their own right. These fields include the ubig-
uitous intergalactic magnetic field (IGMF; e.g., Montanino, Vazza, Mirizzi, &
Viel, 2017; Galanti & Roncadelli, 2018) and the Galactic magnetic field (GMF)
of the Milky Way (Majumdar, Calore, & Horns, 2018; Carenza, Evoli, Giannotti,
Mirizzi, & Montanino, 2021). The blazar jet itself has also been suggested as
a viable mixing region (Hochmuth & Sigl, 2007; Bassan & Roncadelli, 2009;
Sanchez-Conde, Paneque, Bloom, Prada, & Dominguez, 2009; Fairbairn, Rashba,
& Troitsky, 2011; Mena & Razzaque, 2013; Harris & Chadwick, 2014; Tavecchio,
Roncadelli, & Galanti, 2015), though so far no search has been performed using
it. The bulk of this thesis will be concerned with this kind of search, culminating

in new constraints on g, in Chapter 4.

For now, I will briefly introduce gamma-ray astronomy, before reviewing AGN—

and the emission processes at work within blazar jets in particular—in Sec. 1.4.

1.3 Detecting gamma rays

The atmosphere is not transparent for gamma rays (£ > 100 keV); in fact, it is
only transparent for the visible, parts of the IR and the microwave/radio regions of
the electromagnetic spectrum—predominantly due to absorption by atmospheric

gases. Gamma-ray telescopes are therefore either in space (like the Fermi satellite
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described below), or they make use of the very process that makes the atmosphere
opaque to gamma rays in the first place to detect them from the ground. When
a gamma ray with energy £, > 2m. ~ 1.02 MeV enters the atmosphere, it can
undergo pair-production (v — e*e™) in the electric field (to conserve momentum)
of an atmospheric nucleus. This electron/positron pair, each with energy ~ E. /2,
will then emit bremsstrahlung radiation as they are deflected by nearby nuclei.
These bremsstrahlung photons in turn undergo pair production and so on, leading
to an air shower of electrons, positrons and photons which continues to grow
until collisional energy losses become more important than radiative ones (e.g.,
Longair, 2011). These showers are initiated ~ 10 — 20 km up in the atmosphere

(although the height will depend on the energy of the initial photon).

Importantly, particles in showers induced by gamma rays will have a lot of kinetic
energy, and can therefore have velocities greater than the phase velocity of light
in the atmosphere. This means they will emit Cherenkov radiation, in a narrow
cone around their direction of motion, arriving on the ground in a very faint light
pool hundreds of meters across. Ground based gamma-ray telescopes, known as
Imaging Atmospheric Cherenkov Telescopes (IACTs; see, e.g., Aharonian, Buck-
ley, Kifune, & Sinnis, 2008 for a review), use arrays of very sensitive cameras
to image these flashes (~ 20 ns in duration) of Cherenkov radiation and hence
reconstruct the direction of travel and energy of the original gamma ray. Only
gamma-ray energies above ~ 50 GeV produce light pools bright enough to be

detected from the ground in this way.

By nature, gamma-ray astronomy is statistical: individual photon events are counted,
and sources are detected as an excess above the background. At TeV energies,
fluxes as low as ~ 1 photon m~2 per year are common (see, €.g., flux values in
Fig. 1.6). Arrays are therefore generally used to increase the effective area of

the instrument, allowing very infrequent high energy showers to be significantly
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observed. The dominant source of background is high-energy cosmic rays, which
generally outnumber gamma rays by a factor of > 10 — 10%, even for a bright
source (e.g., Weekes et al., 1989; Berge, Funk, & Hinton, 2007). For IACT ob-
servations, showers initiated by cosmic rays can be distinguished from gamma-
ray showers by their shape—another reason why arrays of telescopes are useful.
A hadronic shower (from, e.g., a proton) is generally spread more broadly than
an electromagnetic one, because of the larger transverse momentum transfer in
strong interactions (Aharonian et al., 2008). This also means that the light pool of

hadronic showers is less homogeneous.

Cherenkov radiation peaks strongly at short wavelengths; atmospheric absorption
means the observed spectrum peaks at around 300 nm (blue/UV), and so the cam-
eras are optical, and cannot be used during the day, or even during very light

moonlight without damaging the photo-multipliers.

Current IACTs are the High Energy Stereoscopic System (HESS; Aharonian et al.,
2004) in Namibia, the Major Atmospheric Gamma Imaging Cherenkov (MAGIC;
Aleksi¢ et al., 2016) telescope on La Palma, and the Very Energetic Radiation
Imaging Telescope Array System (VERITAS; Holder et al., 2006) in Arizona. All
of these consist of arrays of telescopes, the five telescopes of HESS being the most
numerous. The upcoming Cherenkov Telescope Array (CTA) will consist of two
arrays—one in each hemisphere—comprising 100 telescopes in total. They aim
to improve angular resolution and sensitivity by roughly an order of magnitude

over current IACTs (Acharya et al., 2018) (see Fig. 1.2).

It is also possible to detect particle showers themselves by placing arrays of wa-
ter tanks at high altitude; as the particles travel through the tanks, the Cherenkov
light they produce can be detected. These are survey instruments, which can oper-

ate continuously though without any directional capability. Their peak sensitivity

15



University of Oxford CHAPTER 1. INTRODUCTION

L
=10 SPI - OMPTEL
g 10| /
1L IBIS-PICSIT
g0 10 CSI EGRET MAGIC
3 4
o™ HAWC
2 \
B>
Z . \ HESS/VERITAS
o 10 —
2 IBIS/ISGRI . HiSCORE
Fermi-LAT
10 -13 CTA South
JEM-X —
14 LHAASO
10
0?2 10" 1 1w 10° 100 10t 100 10 1w 10 10’ 10"
Energy (MeV)

Figure 1.2: Sensitivity of current and future/proposed gamma-ray instruments.
Taken from De Angelis et al., 2021.

is at high energies, ~ TeV. Examples of water Cherenkov detectors are the Large
High Altitude Air Shower Observatory (LHAASO; Cao, 2010) in Sichuan, China,
and the High Altitude Water Cherenkov observatory (HAWC; Abeysekara et al.,
2017) in Mexico. While ground based gamma-ray detectors currently provide
the best sensitivity for very high energies (= 100 GeV), they cannot reach down
to energies lower than ~ 25 GeV. For these energies, the telescope must be in
space—where the atmosphere is no longer a problem, but where it is not practi-
cal to have an effective area large enough to significantly detect photons above
a few hundred GeV. At the moment, the world-leading space-based gamma-ray

instrument is the Fermi satellite.

1.3.1 The Fermi satellite

In the course of this thesis (Ch. 4 in particular), I will make use of gamma-ray
observations of blazars from the large-area telescope (LAT) on board the Fermi

satellite (W. B. Atwood et al., 2009). Fermi was launched in 2008, and since then
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Tracker I Anti-coincidence
detector

Figure 1.3: A diagram of the Fermi-LAT instrument, adapted from Fig. 4.2 in
Bouvier, 2010. An incoming gamma ray is converted to an e~ /e™ pair in the
tracker, and its energy is measured in the calorimeter.
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its primary instrument, Fermi-L AT, has been scanning the whole sky for gamma
rays roughly every three hours. The data is made public almost immediately. Be-
cause of the nature of gamma rays, Fermi-LAT more closely resembles a particle
detector than a conventional telescope. It is a 1.8m cube housing a tracker and
a Csl calorimeter (see Fig. 1.3). The tracker is made up of alternating layers of
tungsten conversion foils and silicon strip detectors. Incoming gamma rays are
converted into e* /e~ pairs within the instrument—usually in a conversion foil
layer because of the high atomic number of tungsten—which are then tracked
by the silicon detectors. This enables a 3-D reconstruction of their path through
the instrument, which in turn enables the direction of the incoming gamma ray
to be reconstructed. Fermi detects gamma rays with energies between 20 MeV
< E <300 GeV, so the produced pairs have high kinetic energy and a small open-
ing angle. Finally, these pairs induce an electromagnetic shower in the calorime-
ter, where they deposit all their energy. This total energy (and hence the energy
of the incoming gamma ray) is measured using CslI scintillating crystals®. The
tracker and calorimeter modules are surrounded by a layer of scintillating tiles—
the anti-coincidence detector—which enables showers caused by charged cosmic
rays (the greatly dominant background) to be rejected. Overall, Fermi-LAT has a
field of view of ~ 2.5sr (roughly 20% of the sky); a point spread function < 0.15°
for £ > 10 GeV and < 3.5° for £ = 100 MeV; and an energy resolution < 15%
for £ > 100 MeV*. The improved angular resolution, sensitivity, and energy
coverage over previous instruments (e.g., the Energetic Gamma-Ray Experiment
Telescope (EGRET) on board the Compton Gamma-Ray Observatory (CGRO)
between 1991 and 2000 (Casandjian & Grenier, 2008)) has enabled Fermi to dis-

3Showers initiated by high-energy gamma-rays may not be entirely contained in the instrument,
but longitudinal segmentation of the calorimeter allows this energy leakage to be corrected for
energies up to ~ TeV (W. B. Atwood et al., 2009)

4See https://www.slac.stanford.edu/exp/glast/groups/canda/
lat_Performance.htm (accessed Oct 5, 2022) for full performance plots.
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Figure 1.4: A skymap showing all sources in the Fermi 4FGL catalogue, taken
from (Abdollahi et al., 2020). Blue squares show AGN (98% of which are
blazars); they dominate the gamma-ray sky above and below the Galactic plane.

cover more than 5000 gamma-ray sources (Abdollahi et al., 2020).

Figure 1.4 shows a skymap of all the sources in the Fourth Fermi point source
catalogue (4FGL; Abdollahi et al., 2020), based on 8 years of data. The Galactic
plane is full of local sources such as supernova remnants (SNRs), but the extra-

galactic sky is dominated by AGN—98% of which are blazars.

It will be useful to review AGN, and blazars in particular, in more detail.
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1.4 Active Galactic Nuclei

Most galaxies—including our own (Eckart & Genzel, 1997)—are thought to host
a super-massive black hole (SMBH) at their core (Lynden-Bell, 1969; Event Hori-
zon Telescope Collaboration et al., 2019). Observational evidence for these ob-
jects includes, e.g., very high mass to luminosity ratios in galactic nuclei (Kormendy
& Richstone, 1995); velocity measurements of the gas (Miyoshi et al., 1995) and
stars (Ghez et al., 2005) in the centre of nearby galaxies; and, more recently, direct
very-long-baseline interferometry (VLBI) images of event-horizon scales (Event
Horizon Telescope Collaboration et al., 2019). Inferred SMBH masses are, of
course, large: between ~ 10° — 109 M. Some of these galactic cores are ‘active’,
which means they produce extremely bright, non-thermal emission in the infrared
to x-ray range, often capable of outshining their host galaxy. These active galactic
nuclei (AGN) are the brightest known steady sources of electromagnetic radiation
in the universe, and some are capable of launching collimated relativistic jets of
plasma out to ~ Mpc scales. Within the current paradigm, these extreme systems
are powered by the release of gravitational energy as matter is accreted onto the

central black hole (see, e.g., Urry & Padovani, 1995).

In the context of ALP searches, this thesis will be predominantly concerned with
blazars—jetted AGN with their jets pointing right at us—and their high energy
emission, which is enhanced by relativistic effects within the jet (see Secs. 1.4.3
and 1.4.3.1 below). As with many astronomical objects, however, our understand-
ing of AGN first proceeded along many disparate observational lines before a
coherent view of the underlying physics emerged (see, e.g., Shields, 1999 for an

extensive historical review).
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1.4.1 Historical context (Observational Classification)

The defining property of AGN is that their emission cannot be produced by stars—
i.e., they are not just bright galaxies. AGN can be split into two broad observa-
tional categories based on whether they emit strongly in the radio or not—Radio
Loud and Radio Quiet (RLAGN/RQAGN) respectively. A further observational
distinction is then the presence, width and strength of emission lines in their opti-

cal/UV spectra.

Fath first noted optical emission lines in the spectrum of NGC 1068 in 1909 (Fath,
1909), and in 1943, Seyfert conducted the first systematic study of galaxies with
nuclear emission lines (Seyfert, 1943). The two main observational categories of
RQAGN—Seyfert galaxies (~ 10% of galaxies)—are today named in his honour
(Khachikian & Weedman, 1974). They are divided into Seyfert type-Is, which
show broad emission lines in their optical spectra, and Seyfert type-1Is, which

show only narrow lines.

We will be mainly concerned with RLAGN. Despite work on optical emission
lines during the first half of the 20th century, AGN studies only became a major
astronomical topic with the developments in radio astronomy made in the 1950s.
Important surveys of the radio sky were undertaken at, e.g., Cambridge (sources
prefixed with 3C, Edge, Shakeshaft, McAdam, Baldwin, & Archer, 1959), Caltech
(sources prefixed with CTA, Harris & Roberts, 1960), and the Parkes Observa-
tory in Australia (sources prefixed with PKS, Bolton, Gardner, & Mackey, 1964).
As the position measurements of radio sources improved, a class of objects was
found to be bright radio emitters which appear as point-like (i.e., stellar) sources
in the optical. These would turn out to be an important class of RLAGN: quasars
("quasi-stellar radio sources"), whose optical emission outshines their host galaxy.

At the time, however, the general agreement was that they were unusual stars
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(Matthews, Bolton, Greenstein, Miinch, & Sandage, 1961), despite the fact they
showed broad emission lines at unusual wavelengths, displayed excess UV emis-
sion compared to stars, and were very bright radio emitters. It wasn’t until 1963,
when Schmidt realised that the emission-line spectrum of quasar 3C273 could
be matched to the Balmer series of Hydrogen if the source was at the large red-
shift of z = 0.158 (Schmidt, 1963), that quasars were placed at cosmological
distances from us. This also implied they had extremely large intrinsic luminosi-
ties (~ 100 times the Milky Way in the optical, for 3C273). Redshift measure-
ments of other quasars followed (Schmidt & Matthews, 1964), and, as a popu-
lation, they resembled Seyfert galaxies (UV excess compared to normal stars on
a colour-colour diagram; optical emission lines) (Matthews & Sandage, 1963;
Schmidt, 1965). A population (roughly ten times larger than the quasar popu-
lation) of radio-quiet quasar-like objects (distinct from Seyfert galaxies only by
their comparatively large luminosities) was found using the UV excess, also at
large redshifts (Sandage, 1965). The resemblance between all these types of ob-
jects implied they had a similar physical origin—which they do, see Sec. 1.4.2

below.

Not all extragalactic radio sources were quasars, however—many bright radio
emitters looked just like a normal galaxy in the optical. As observations of ex-
tragalactic radio sources also continued to develop, the morphology of these ‘ra-
dio galaxies’—another important class of RLAGN—began to be revealed in more
detail. As early as 1918, an inexplicable ray-like feature had been associated
with the galaxy M87, "apparently connected to the nucleus by a thin line of mat-
ter" (Curtis, 1918); M87 was shown to be a strong radio source in 1954 (Baade
& Minkowski, 1954)). Around the same time, the radio source Cygnus A was
resolved into two separate lobe components, straddling a central optical galaxy

(Jennison & Das Gupta, 1953). This kind of symmetrical appearance proved typ-
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ical of radio galaxies, leading to an important step in their morphological classifi-
cation made by Fanaroff and Riley in 1974, who separated them into two classes
based on whether they were edge- or core-brightened (Fanaroff & Riley, 1974).
Specifically, if the distance separating the two brightest regions of the source on
either side of the nucleus was less than half the full source extent, the source was
classified as Fanaroff-Riley type-I (FR I). These sources are core-brightened—
1.e., brightest towards the centre—and generally show initially collimated regions
of radio emission which grow more diffuse and plume-like with increasing dis-
tance from the nucleus. In contrast, FR II galaxies are edge-brightened, with a
highly collimated region of radio emission extending from the nucleus and end-
ing in bright ‘hot spots’ within large radio lobes either side of the core. It had
already been established that radio galaxy lobe emission could be explained by
synchrotron radiation of accelerated electrons in a magnetised plasma (see Sec.
1.4.3 below), but this required huge energies (~ 107 erg) (Shklovskii, 1955; Bur-
bidge, 1956).

The collimated regions seen in FRI/IIs are, of course, what we now call jets: rel-
ativistic outflows of plasma connecting the central AGN with scales up to around
1 Mpc. Generally, extended radio sources have ‘steep’ power-law spectra (radio
flux F, oc v~ with a 2 0.5 at v ~ GHz), whereas compact sources tend to have
relatively flat spectra (w ~ 0). This is because jets tend to dominate observa-
tions of compact sources, and various parts of the jet are self-absorbed at different
frequencies, which flattens out the overall spectrum; by contrast, lobe spectra gen-
erally match the synchrotron emission of a single electron population, i.e., a power

law (see Sec. 1.4.3 below for a more detailed discussion of synchrotron radiation).

In 1968, the bright ‘variable star’, BL Lacertae, was identified as an extragalactic
radio source (Schmitt, 1968). BL Lacertae showed the strong continuum emis-

sion and variability typical of a quasar, but without broad (> 5 A) optical emis-
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sion lines. Objects of this type are now called BL Lacs, and, along with flat-
spectrum radio quasars (FSRQs), they make up the important class of RLAGN
called blazars®. These are very bright, very variable, and, with the development
of gamma-ray astronomy, have been shown to emit across the whole electromag-
netic spectrum from radio to gamma rays. Indeed, blazars make up almost all the
known extragalactic gamma-ray sources (e.g., the current Fermi-LAT catalogue,
Abdollahi et al., 2020 and Fig. 1.4 above). Though gamma-ray astronomy devel-
oped comparatively late®, gamma-ray observations of blazars have been crucial
in developing our understanding of the non-thermal processes at work within jets
(see Sec. 1.4.3 below). Radio galaxies can similarly be classified by their op-
tical spectra: those with strong optical emission lines are called high-excitation
radio galaxies (HERGs), and those with weak ones are called low-excitation radio

galaxies (LERGs).

Concerning jets, as radio interferometry improved many sources were seen to
have substructure on very small scales (below an arcsecond). In 1971, compo-
nents within the quasars 3C279 (Whitney et al., 1971) and 3C273 (Cohen et al.,
1971) were found to be moving away from the nucleus with apparent velocities
much greater than the speed of light. This phenomenon had in fact been predicted
earlier by Rees (Rees, 1966) and could be explained by having the emission re-
gions move at relativistic speeds along trajectories close to our line of sight. Such
superluminal motion in jets has since been frequently observed (e.g., Lister et al.,
2013). Relativistic motion within blazars could also account for their very rapid
observed variability (observed in the radio, optical, x-rays, and gamma rays; see,

e.g., Ulrich, Maraschi, & Urry, 1997), without invoking unreasonably small phys-

3Le., the name ‘blazar’ applies to both BL Lacs and FSRQs, and is derived from a combination
of the two terms.

®The first detection of a source at very high energies (=> 100 GeV) was with the Whipple IACT
in 1989 (Weekes et al., 1989)
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ical sizes (Rees, 1966; Hoyle, 1966). Doppler boosting effects could then also
explain the extremely bright emission of blazars (see Sec. 1.4.3.1). It seemed
reasonable, therefore, that relativistic outflows from the stationary central source
were present, and evidence accumulated that these flows were continuous rather
than a series of discrete explosions (Rees, 1971). That the same outflows respon-
sible for many quasar properties could also inflate and power extended radio lobes
was suggested by Blandford and Konigl in 1979 (Blandford & Konigl, 1979). The
central engine supplying the vast amounts of energy required by quasars/radio
galaxies was first suggested to be SMBHs in 1964 (Salpeter, 1964; Zel’dovich,
1964)). Before long, accretion discs of matter around the SMBH were investi-
gated (Lynden-Bell, 1969; Bardeen, 1970), and all the pieces of the current unified

AGN model were present.

1.4.2 The current unified picture

Figure 1.5 shows a schematic of the current accepted paradigm of AGN. The
central engine is mass accretion onto a SMBH—a system which occasionally
launches a relativistic jet. AGN with jets are radio loud, due to the synchrotron
emission within them. The geometry of the jet and accretion flow means that ob-
served AGN properties can depend strongly on viewing angle (Urry & Padovani,
1995). The four main physical components of the AGN system are the accretion

disc, the broad line region (BLR), the dust torus, and the jet.

ACCRETION DISC. The ‘standard’ accretion disc is a physically thin, optically
thick, radiatively efficient flow formed when gas orbiting the black hole is capa-
ble of cooling on inflow timescales (Shakura & Sunyaev, 1973). Gas is drawn
inward from Keplerian orbits by viscous forces, such as the magnetorotational in-
stability (Balbus & Hawley, 1991), that are still the subject of investigation. Each

radius emits roughly as a black-body, with maximum temperatures of around a
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Figure 1.5: Diagram taken from https://fermi.gsfc.nasa.gov/
science/eteu/agn/ (accessed Jan 18, 2022; adapted from Fig. 1 in Urry
& Padovani, 1995), showing the current accepted unified model of AGN.
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few 10° K at the innermost stable circular orbit (King, 2008). Direct emission
from the disc therefore spans the optical/UV to soft x-ray frequency range; some
AGN spectra exhibit a ‘blue bump’, often attributed to direct disc emission (e.g.,
Sanders, Phinney, Neugebauer, Soifer, & Matthews, 1989). Radiatively ineffi-
cient, thick disc models also exist, with a much lower mass accretion rate (see,

e.g., Yuan & Narayan, 2014 for a review).

BROAD LINE REGION. Crucially, radiatively efficient discs can provide radiation
capable of photoionising gas orbiting beyond the disc. This gas will then pro-
duce emission lines in the optical frequency range from electron recombination or
transitions—precisely as seen in Seyfert I, HERG, and quasar spectra. These emit-
ted lines are broadened by the rapid orbital velocity of the emitting gas (typical
line widths for the H /3 line are a few thousand kms ™, for example (Bentz & Katz,
2015)); this region of gas is known as the broad line region (BLR). Gas orbiting
further out can also emit narrower lines (~ 100kms™!) by the same process (the
so-called narrow line region, NLR). Because BLR emission is reprocessed disc
emission, the size and shape of the BLR can be probed by measuring time de-
lays between changes in the disc continuum emission and broad line emission—a
process called reverberation mapping (Blandford & McKee, 1982). Current re-
verberation mapping measurements indicate that each line is emitted primarily at
a single radius—which is related to the line width velocity as would be expected
from Keplerian orbits (see, e.g., Peterson & Wandel, 2000)—and direct optical
interferometry measurements favour a ring-like (as opposed to shell-like) BLR

geometry (Gravity Collaboration et al., 2018).

DUSTY TORUS. Beyond the BLR, in the standard AGN model, is a dusty molec-
ular torus which absorbs accretion-disc photons and re-emits them in the IR (see,
e.g., Pier & Krolik, 1992). Importantly, for certain viewing angles, this torus can

obscure the central AGN system from an observer. Statistical surveys of AGN in-
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dicate that a covering fraction (the fraction of the sky obscured by the torus, from
the point of view of the black hole) of f. ~ 0.6 is typical (Calderone, Sbarrato, &
Ghisellini, 2012).

JET. The final physical component of the canonical AGN is the jet, launched per-
pendicular to the accretion disc. Many questions about these jets are still open
(see, e.g., Blandford, Meier, & Readhead, 2019 for a review). They emit in the
radio, via (it is generally agreed) synchrotron emission, which implies the pres-
ence of a population of accelerated electrons and a magnetic field within the jet
(see Sec. 1.4.3 below)—though the overall content of, and acceleration mecha-
nisms within, jets is still unknown. Superluminal motion measurements imply the
presence of relativistic bulk velocities of emitting blobs within the jet; radio im-
ages (of FR IIs in particular) show that this plasma flow is capable of remaining
highly collimated for huge distances; radio luminosity and the size of the lobes
inflated in the intergalactic medium imply very large jet powers (< 10°W). The
precise mechanism for launching and sustaining such powerful jets is currently
unknown, but mechanisms capable of extracting enough energy from a rotating
SMBH exist. One such possibility is the Blandford-Payne (BP) mechanism, in
which matter flows along co-rotating magnetic field lines anchored in the disc
(Blandford & Payne, 1982). At increasing distances from the disc these field lines
would rotate more slowly, causing the field to be wound up and perhaps collimat-
ing the outflow into jets. Other prominent methods of extracting energy from the
SMBH system involve the ergosphere—the region around a rotating black hole
in which frame-dragging forces everything to co-rotate with it. In the Penrose
process, it is possible for a particle to fall into the ergosphere, split in two, and
have one part escape with a higher energy than the original particle started with
(Penrose & Floyd, 1971). The currently preferred method of launching jets—the
Blandford-Znajek (BZ) process (Blandford & Znajek, 1977)—makes use of mag-
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netic field lines threading the ergosphere, as opposed to particles. As these field
lines are forced to co-rotate with the spacetime of the ergosphere, rotational en-
ergy of the black hole can be extracted electromagnetically, amplifying the field
and launching a Poynting-dominated jet along the rotational axis of the black hole.
The strong electric field generated close to the event horizon in this case could in
turn generate a leptonic plasma via pair-production, populating the jet with elec-
trons and positrons. And, as in the BP process, the toroidal component of the field
could play a role in collimating the jet. This general process can be reproduced
in General Relativistic Magnetohydrodynamics (GRMHD) simulations, such as

McKinney & Blandford, 2009.

As shown in Fig. 1.5, many observational classes of AGN can be unified by ac-
counting for different viewing angles, or the presence of a jet. For AGN viewed
at wide angles, the central accretion disc and BLR region is obscured by the dust
torus. This means that broad lines will be absent from the optical spectrum, ex-
plaining the difference between Seyfert I and Seyfert IIs. The difference between
Radio-loud (RL) and radio-quiet (RQ) AGN, which do or do not display strong
radio emission respectively, can be explained by the presence or absence of a rel-
ativistic jet. Radio galaxies (FR I/IIs, L/HERGs) are RLAGN viewed at wide
angles, and blazars (BL Lacs/FSRQs) are RLAGN viewed close to the jet axis.
The morphology of radio galaxy (FR I/II) jets depends jointly on the jet power
and environmental density—i.e., whether the jet is promptly disrupted by the in-
tergalactic medium, or whether it can remain collimated and inflate large radio
lobes. BL Lacs roughly correspond to the (generally less powerful) FR Is, and
FSRQs to FR IIs (Urry & Padovani, 1995). Because of the environmental depen-
dence of morphology, however, this rough correspondence—while still useful—is
not exact. Indeed, by definition (regarding emission lines), the correspondence

between BL Lacs/LERGs and FSRQs/HERGs is more accurate. This possibly
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indicates that the underlying physical difference between the two populations is
due to the jet-accretion flow connection, and is an interesting area of ongoing
study: radiatively efficient flows (capable of ionising the BLR, leading to the lines
observed in FSRQ/HERG spectra) could be more likely to launch powerful jets,
which are then generally seen as FR IIs (unless hosted in very dense environ-
ments); radiatively inefficient flows (incapable of ionising the BLR), however,
could launch comparatively weaker jets which tend to be seen as FR Is (see, e.g.,

Hardcastle & Croston, 2020 for a review).

It is also well accepted that the space density of RLAGN was higher at earlier
cosmic times than it is now (e.g., Schmidt, 1968), particularly for high-luminosity
sources. The cosmic density of low-luminosity sources rises slightly with in-
creasing redshift until z ~ 1, and the high-luminosity source density peaks quite
strongly at z ~ 2 — 3 (Rigby et al., 2011; Kondapally et al., 2022), similar to the
cosmic star formation rate. This behaviour could be linked to the fuelling of the
AGN, with high-powered, radiatively efficient accretion flows fueled by cold gas
(more prevalent during earlier epochs when merger rates and gas fractions were
higher—hence the larger star-formation rates as well) and low-powered, radia-
tively inefficient flows fueled by hot x-ray halos associated with massive galaxies,
which show little cosmic evolution up to z ~ 1 (e.g., Best & Heckman, 2012;
Hardcastle & Croston, 2020). I will be working with sources at comparatively
low redshifts (z < 1), however, and so will not be especially concerned with any
cosmic evolution. As blazars are the focus of this thesis, I will now take a more

detailed look at the emission mechanisms at work within them.

1.4.3 Emission processes in jets

Blazars have a characteristic double-peaked spectral energy distribution (SED)

that spans the whole electromagnetic range from radio to gamma rays. Figure 1.6
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Figure 1.6: Figure taken from (Potter & Cotter, 2015), showing a typical double
peaked blazar SED (Mrk 421). Data is taken from (Abdo et al., 2009), and mod-
elling taken from (Potter & Cotter, 2015).
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shows one such SED for the blazar Mrk 421. In looking at some of the emission
mechanisms thought to be at work within jets, I will follow the pedagogical outline
of Longair, 2011 quite closely. A particle with an electric charge, ¢, undergoing an
instantaneous acceleration, a, will radiate energy (in its instantaneous rest frame)

at a rate according to Larmor’s formula,

2 2
_ (dE) _ ol (12)

dt
where c in the speed of light and ¢, is the permittivity of free space (Larmor,
1897). This radiation takes a dipole form—the radiated power per unit solid angle
varies as sin® 6, where 6 is the angle measured from the direction of accelera-
tion. Within astrophysical jets, the emitting particles within the plasma have been
accelerated to relativistic velocities, and so the relativistic generalisation of the
Larmor equation is useful:

dE oA
N <E> = Grege® (lacl® +~7lay?) (1.3)

where v = (1—3%)71/2 is the Lorentz factor of the emitting particle, with 3 = v/c;
a and aj denote the components of the acceleration perpendicular and parallel

to the velocity vector of the particle, v, respectively.

One ubiquitous source of particle acceleration in astrophysical environments—
and one crucial for understanding the low-energy peak in blazar spectra—is mag-
netic fields. A particle of mass, m, moving in a uniform magnetic field of strength
B, will experience the Lorentz force, F = ¢(v x B). The equation of motion of

this particle is then,

ymill—‘tf =q(v x B) = quBsinf(i, X ip), (1.4)
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where 6 is the angle between v and B, and i, and ip are the unit vectors in the
direction of v and B respectively. The particle is therefore accelerated in a direc-
tion perpendicular to both v and B: a;; = 0 and a; = quBsin/ym. This leads
to circular motion of the particle around the direction of the magnetic field, with

a gyro-radius,
~ymuv sin 0
= 1.5
7ag qB ( )
Substituting aj; and a, into Eq. (1.3), we can see that an electron (¢ = e =

1.602 x 10~'°C) in a uniform magnetic field radiates at a rate,

— (i—f)m = 20pcUg 3%~ sin? 6, (1.6)
where or = e?/(6me2c*m?) is the Thomson cross-section, and Ug = B?/2p
is the total magnetic field energy density. This is synchrotron radiation. The
average rate of emission from a population of electrons with randomly distributed
pitch angles (as would be expected from, e.g., irregularities in the field, or random
scattering events) can be found by averaging over pitch angle, turning the sin® @
term into 2/3. A detailed treatment of the spectrum of this synchrotron radiation
is given in Longair, 2011. It can be found by taking the Fourier transform of the
electron acceleration—essentially relating the frequency of the observed emission
to the inverse gyro-period of the electron orbit. Crucially, most of the emission
occurs around a critical frequency, 1., which is related to the relativistic gyro-
frequency, v, = vsin0/(27r,):

3v%eB

T,

sin 6. (1.7)

3
Ve = 5731/9 sinf =

Radio emission from jets can be explained by synchrotron emission from a pop-
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ulation of non-thermal electrons’. For a power-law electron energy distribution,
N.(F)dE = kE~P, the total population emission takes the form of a power law

spectrum in frequency. Specifically, the emissivity is,

p+1 p—1

jv) x kB z vz = kBT, (1.8)

with a spectral index, «.. Typical jet spectral indices imply the presence of a pop-
ulation of electrons with p ~ 2. The mechanism by which these electrons are
accelerated is still an open question—popular theories include shock acceleration
(Fermi, 1949; Marscher, 2014), magnetic reconnection (e.g., Uzdensky, Loureiro,
& Schekochihin, 2010; Sironi & Spitkovsky, 2014), and magnetoluminescence
(Blandford, Yuan, Hoshino, & Sironi, 2017). Nevertheless, synchrotron emis-
sion can explain the low-energy peak of a typical blazar SED. At low energies,
the synchrotron emission is self-absorbed by the electron plasma (which leads to
« = —5/2), and the emission drops off at frequencies above v, for the maximum

electron energy (see Fig. 1.6).

This population of electrons can also undergo scattering interactions with photon
fields present within the jet. In particular, high-energy electrons are capable of
up-scattering low-energy photons to much higher energies. This process is called
inverse-Compton (IC) scattering, and is thought to be an essential process for pro-
ducing the high-energy peak of blazar spectra. Consider a scattering interaction
between an electron and photon, with four-momenta p, = (yme.c, ym.v) and
py = (hw/c, hw/cig) respectively, where iy, is the unit vector in the direction of

travel of the photon. Conservation of momentum gives,

pe + 0y =, + 1, (1.9)

"For example, the peak synchrotron energy for an energetic electron with v = 10%, with a
magnetic field of B =1 Gis hv, ~ 1.7 eV.
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where the prime denotes quantities after the interaction. The norms of these four-
vectors are, p. - pe = pl, - p, = moc’ and p, - p, = pl, - pl, = 0, from which
the relation, p. - p, = p, - p, can be derived by squaring both sides of Eq. (1.9).
Multiplying Eq. (1.9) by p/ from the right then gives,

Pe - Dy + Dy Dl = P Dy (1.10)

Then we can define the angle between the incoming electron and photon as 6, the
outgoing angle between them as 6’, and the photon scattering angle as «. This

gives, i, - v =wvcos#@, i, - v/ = v’ cos @, and iy, - i}, = cos a, which means,

pe-pfy = ymhw'(1 — B cosf'), (1.11)
B 2

Py P, = ww <—) (1 — cosa), (1.12)
c

Pe - Py = YMehuwo(1 — B cosb). (1.13)

Plugging these into Eq. (1.10) and rearranging gives the fractional change of the

photon energy:

hw' (1 — B cosh)
hw (1—ﬁcos€’)—|—wh;:cz(1—cosa)' (1.14)

The maximum energy increase for the photon occurs for a head-on collision (§ =
7w and ' = 0) with an electron that has a much greater energy than it (hw <

YMmec?),

ol Eijg = (14 8)"° < 49”. (1.15)

max

Photon energies (or frequencies) can therefore be increased by a factor of ~ 2.
As electrons with Lorentz factors v > 10? are reasonable within jets, IC is a com-

mon explanation for the jet high-energy emission—either using the synchrotron
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photons themselves as the seed field (synchrotron self-Compton, SSC) or other
photon fields from, e.g., the BLR or torus (external Compton, EC). The energy
loss rate of the electron can be found by transforming into the rest frame of the
electron. In this frame, the interaction becomes Thomson scattering8 and Lar-
mor’s formula can be used, with the acceleration provided by the electric field of
the photon (see, e.g., Longair, 2011; Blumenthal & Gould, 1970). After much al-
gebra, for an isotropic distribution of photons, the energy loss rate of the electron

(or, equivalently, the rate the photon field gains energy) is

dE 4
- = —gpcU, 3%~? 1.16
(dt)lc 3UTC ’yﬂ a ( )

where U, is the total energy density of the photon field. As the rate of photon

scattering events is orcU., / hw, the average energy increase per scattering event is

ho'\ 4,
~ — 1.17

which is also of the order 72. Equation (1.16) is surprisingly similar to Eq. (1.6)

(the synchrotron loss rate) once it has been averaged over pitch angle—the only
difference is U, replacing Ug. One way of thinking about this similarity is to
consider synchrotron emission as a scattering interaction between electrons and
virtual magnetic-field photons (Longair, 2011); a similar effect—dispersion off
virtual magnetic field photons—is also important for ALP calculations (see Ch.
3). The full calculation of the spectrum of IC emission from a population of elec-
trons with a power-law energy distribution can be found in Blumenthal & Gould,
1970. Crucially for ALP searches, the spectrum from such a population will be

smooth—even though, in reality, the scattered photon fields will not necessarily

8For ultra-relativistic electrons, where the photon energy is comparable to the electron mass
even in the electron rest frame, the Klein-Nishina cross-section o _ N o (fw) ™! needs to be used
instead; see, e.g., Blumenthal & Gould, 1970
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be isotropic or monochromatic, and so the precise form of the scattered spectrum
will change from field to field. Time-variability arguments imply a relatively small
gamma-ray emitting region, localised around 10°-10°7, from the central black
hole (Blandford et al., 2019) (or even closer in the case of flares, e.g., Meyer,

Scargle, & Blandford, 2019).

It is worth noting that, while leptonic emission models can fit observations very
well (see, e.g., Potter & Cotter, 2015), there are also hadronic emission models
for the high-energy peak. These include proton synchrotron, proton-pion produc-
tion, and photo-pion production, (e.g., Petropoulou & Mastichiadis, 2012; Miicke,
Protheroe, Engel, Rachen, & Stanev, 2003) and all require an accelerated popu-
lation of protons within the jet. Because a proton is much heavier than an elec-
tron, these models often require super-Eddington’ jet powers (e.g., Zdziarski &
Bottcher, 2015). They have, however, gained popularity in recent years, following
the IceCube'” detection of a high energy neutrino from the direction of the flaring
blazar TXS 05064056 (IceCube Collaboration et al., 2018)—it being much easier
to create neutrinos from protons than electrons. There no-doubt must be some
protons within the jet, but the question of how many and whether they play an
important dynamical and radiative role is still up for debate (see, e.g., Blandford
et al., 2019 for a review). Differences between the two scenarios predominantly
show up at very high energies—blazar observations by the upcoming Cherenkov
Telescope Array could prove useful in distinguishing between them (Acharya et
al., 2018). This is also one motivation for performing the kind of population mod-

elling discussed in Ch. 5, where the connection between intrinsic jet power and

9The Eddington limit is the maximum luminosity that can be radiatively released from an ac-
cretion process before the emitted radiation pressure will overcome the gravitational force fueling
the accretion itself.

10]ceCube is a cubic-kilometer sized neutrino detector built into the Antarctic ice; it detects
Cherenkov radiation from secondary particles produced by neutrino interactions with matter
(Aartsen et al., 2017)
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high-energy emission can be explored.

1.4.3.1 Boosting

To understand observed blazar emission, it is important to account for the rel-
ativistic bulk motion of the emitting plasma. It is useful to define the Doppler

factor,
1

0= ['(1— Bcosby)’

(1.18)

where v = fSc is the bulk velocity of the plasma, I' = (1 — 52)72 is its bulk
Lorentz factor, and 6; is the angle between the plasma (i.e., jet) motion and our
line of sight to the source (see, e.g., the Appendix of Urry & Padovani, 1995). The
Doppler shift of the frequency of the observed radiation is then v = ¢/, where
prime denotes the co-moving frame of the plasma. The intensity (WHz 'sr™')
transforms as, I(v) = I'(v")63, where two factors of § come from the solid angle
transformation, and one from the energy transformation (the time and frequency
intervals transform as each other’s inverse). The observed power per spectral band
(as in the SED) therefore transforms as, vF, = v/ F;,54. This means that, for
blazars, where 0, is less than a few degrees and ' = 20, the observed emission
can be greatly enhanced by relativistic effects. This is known as Doppler boosting.
The relativistic motion of the jet can also account, to some degree, for the rapid
variability seen in blazar emission, as time intervals measured in the observer

frame are shorter than those in the jet frame by a factor ¢.

1.4.3.2 The Potter & Cotter model

This thesis will be conducted in the context of the Potter and Cotter (PC) leptonic
jet framework, which has been able to fit observations of blazars remarkably well

(Potter & Cotter, 2012, 2013a, 2013b, 2013c, 2015). The PC model is a 1D
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Figure 1.7: Diagram showing the PC jet model: a magnetically-dominated
parabolic base that transitions to a conical ballistic jet once the magnetic field
and particles come into energy equipartition. Gamma-ray emission is strongly
dominated by the transition region.
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time-independent relativistic fluid flow; its structure is a parabolic, accelerating,
magnetically dominated base which transitions to a slowly decelerating, conical
jet at around 7, = 10°r, from the black hole, where ry, is the gravitational radius
of the black hole, which depends on its mass as 7, = 2G Mpy/c* (see Fig. 1.7).
This jet structure is consistent with observations, simulations, and theory: the
shape of the parabolic base is taken from VLBI images of the jet base in M87
((Asada & Nakamura, 2012)); a jet launched by, e.g., the BZ mechanism (see Sec.

1.4.3 above) would be expected to be magnetically dominated towards the base.

The jet is populated by relativistic electrons and positrons (hereafter electrons)
which are accelerated in the magnetised base (as in the case of, e.g., magnetic
reconnection or magnetoluminescence) and come into rough energetic equiparti-
tion with the magnetic field at this transition region. The model is agnostic with
respect to the precise acceleration mechanism of the particles, but they are given a
power-law distribution function with an exponential cut-off by hand, as expected.
Relativistic energy-momentum and electron number are conserved down the jet,
and the electrons are evolved with radiative and adiabatic losses. This electron
population emits synchrotron radiation towards the radio end of the spectrum, and
Compton scatters its own synchrotron photon field, as well as others along the
way to produce gamma rays. Depending on the source, photons from the ac-
cretion disc, BLR, dusty torus, NLR, CMB, and starlight can all play a role in
producing the gamma-ray emission. Emission is calculated all along the jet (it is
not a one-zone model)—though almost all the gamma-ray emission comes from
the transition region—and is found to fit the broadband spectra of many blazars

(see Fig. 1.6 for an example).
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1.5 Thesis outline

The remainder of this thesis consists of four chapters concerning blazar jets and
the possible effects within them relevant for ALP searches, and a conclusions

chapter.

Chapter 2 initially concerns the importance of jets themselves as a mixing region
for ALP searches, and whether they could enable us to probe new parameter space.
Then, because of our limited observational and theoretical knowledge of jet field
structure, | investigate how variations in jet magnetic field configuration could
affect the mixing—i.e., how detailed the modelling would have to be in order to

perform such a search.

In Chapter 3 I then investigate the effects of photon-photon dispersion within the
jet on ALP-photon mixing. Dispersion off the CMB is already generally included
in ALP works but, as discussed in Sec. 1.4.2, many other photon fields should
be present within jets—it is therefore important to understand their effects before

performing a search.

The work developed through these two chapters then culminates in Chapter 4,
where I use Fermi-LAT data to perform an ALP search using blazar jets as the
main mixing region. In particular, I perform a combined analysis of the three
brightest-flaring Fermi FSRQs (3C454.3, CTA 102, and 3C279), leading to new

constraints on ALP parameter space.

In Chapter 5, I then develop a proof-of-concept for an ALP search using popu-
lation gamma-ray number counts, as opposed to individual source spectra. The
idea behind this search is that the intrinsic gamma-ray emission from the blazar
population can be constrained—yvia the underlying jet power distribution—by ra-

dio observations of their parent radio-galaxy population, which are unaffected by
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ALPs. This contrasts with the individual-source analysis, where the normalisation
of the gamma-ray spectrum must be left free in the fitting. Also, this gamma-
ray/radio connection can in principle be used to probe the physics modelling of

the jets themselves.

Finally, in Chapter 6 I summarise the main results and conclusions of the thesis.
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2.1 Introduction

Gamma-ray ALP searches require models of the magnetic fields along the line
of sight to the source. The current exclusions from AGN observations use mix-
ing in the magnetised host cluster as their main mixing region—i.e., the region in
space where most of the ALP-photon conversion occurs (Abramowski et al., 2013;
Ajello et al., 2016). Previous works investigating other mixing regions have used
relatively simple jet magnetic field models (if any), either of a completely ran-
dom domain-like structure (Hochmuth & Sigl, 2007; Sanchez-Conde et al., 2009;
Harris & Chadwick, 2014) or of a completely ordered transverse field (Mena &
Razzaque, 2013; de Angelis et al., 2011; Tavecchio et al., 2015; Galanti, Tavec-
chio, Roncadelli, & Evoli, 2019). These simple models have been justified by
the argument that most of the mixing occurs in other magnetic field environments
along the way, such as the IGMF (e.g., Galanti et al., 2019) or a cluster magnetic

field (e.g., Ajello et al., 2016), due to the small comparative size of the jet.

The focus of this chapter is, first of all, to determine whether the jet itself can be an
important mixing region compared to the others present. Secondly, I investigate
the extent to which the magnetic field structure of the blazar jet affects the oscilla-
tory spectral features produced by ALP-photon mixing—and hence determine the

importance of detailed blazar jet field models for future ALP searches.

In Sections 2.2 and 2.3 I discuss the magnetic fields within blazar jets and other
relevant magnetic field environments along the line of sight, and their modelling.
Then, to determine whether mixing in the jet is important compared to mixing

elsewhere (IGMF, Milky Way, Intra-Cluster Medium (ICM)), I simulate spectra of
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the blazar Mrk 501, within the PC jet framework, including and excluding mixing
in the jet (Section 2.4). Next, to determine how much the detailed structure of
the jet matters, I define a jet model and scan the jet parameter space—within the
limits of current observation, simulation, and theory—with many simulations of
Mrk 501 spectra (Section 2.5). Finally, I extend the results beyond Mrk 501 to

blazars in general in Section 2.6.

2.2 Jet Magnetic Field

The gross magnetic field strength and distance dependence from the black hole
within blazar jets is relatively well agreed upon. For an optically thin synchrotron
plasma emitting at a given synchrotron luminosity, there is a degeneracy between
the possible partition of energy between the magnetic field and the radiating elec-
trons. Because the synchrotron power is given by Py, o< v*B? (Eq. 1.6), it can
be produced by low energy electrons in a strong field or vice versa. The fact that
the critical frequency, v, is proportional to v2B (Eq. (1.7)), however, implies that
the energy density of electrons in the plasma is (Begelman, Blandford, & Rees,
1984)

U,  PynB 2. 2.1)

Given that the energy density of the magnetic field is Up o< B2, the overall energy

of the plasma is minimised when

4
= (2.2)

which is close to equipartition between the field and particles. With an estimate
of the physical size of the source, this equipartition consideration allows the field

strength of the plasma to be estimated (Burbidge, 1956, 1959). It is generally
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accepted that the magnetic field in the lobes of powerful radio sources is slightly
below equipartition strength (Up < U.,) (e.g., Croston et al., 2005; Ineson, Cros-
ton, Hardcastle, & Mingo, 2017).

Jets, however, particularly towards the base, are not optically thin at all frequencies—
some of the synchrotron emission, up to a peak frequency, v, is self-absorbed (see
Sec. 1.4.3 above). In particular, the brightness temperature of the synchrotron
plasma cannot be greater than the kinetic temperature of the emitting electrons,
T ox v x v2 B~2, which means the frequency at which the plasma becomes opti-
cally thick will depend on B. Very Long Baseline Interferometry (VLBI) images
of radio jets show a ‘core’, associated with the point at which the plasma becomes
optically thin. If the magnetic field and electron density change with r along the
jet, the location of the VLBI core, 7., Will therefore change with observed fre-
quency, reore o V¥ (Konigl, 1981). In a conical jet, conserving magnetic energy
leads to B  1/r, and conserving electron number gives n, o< 1/r2. These rela-
tions would lead to k£ = 1, and indeed, numerous observations see k ~ 1 (Pudritz,
Hardcastle, & Gabuzda, 2012). Then, assuming equipartition, multi-frequency
observations allow the magnetic field strength of the core to be estimated as a
function of r (the ‘core-shift’ technique) (Lobanov, 1998). Observations con-
firm the B o 1/r behaviour down the jet, and generally give field strengths ~
G at r ~ 1 pc from the black hole (O’Sullivan & Gabuzda, 2009; Zamaninasab,
Clausen-Brown, Savolainen, & Tchekhovskoy, 2014).

VLBI observations of the very base (< pc scales) of the very nearby jet of M87
find parabolic structure (Walker, Hardee, Davies, Ly, & Junor, 2018). GRMHD
simulations also show a parabolic, magnetically dominated, accelerating jet base
(albeit with parabolic index dependent on the collimating interaction with the sur-
rounding medium; e.g., McKinney, 2006; Tchekhovskoy, McKinney, & Narayan,
2008; Chatterjee, Liska, Tchekhovskoy, & Markoff, 2019). This parabolic struc-
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ture is included in the PC model, which gives magnetic field strength all down the

jet (Potter & Cotter, 2013a).

Because of the E - B term in £,,, ALPs only see the component of external mag-
netic field transverse to their direction so we need to model the magnetic field
direction as well as the strength along the whole of the jet to solve the mixing
equations (Eq. A.21 in App A). In contrast to the overall strength, the jet mag-
netic field orientation structure is currently not very well understood, especially at
small scales close to the black hole. Conserving magnetic flux down a flux-frozen
conical jet, one would expect the transverse component of magnetic field to be
o 1/r and the component down the jet to be < 1/r? (Begelman et al., 1984).
Therefore, naively, the overall magnetic field should become dominated by the
transverse component with strength oc 1/r (this is what is used in current ALPs
work, e.g., Galanti et al., 2019). But jet magnetic field structure is certainly more
complicated, particularly at small radii. For one thing, in a parabolic base the
same flux argument would make the transverse component go as 1/7* where a is

the parabolic index (~ 0.58 in M87).

Moreover, observations also suggest a more complex picture. When a linearly
polarized photon (such as that produced by synchrotron emission) of wavelength
A passes through a magnetised plasma of length L, its polarisation angle will be
rotated by

» = RMM% 2.3)

RM is the rotation measure, given by

e3 L rad cm? L
RM=—+—— eBjdl = 812 | —/——— Bydl, 2.4
8megm?2c? /0 Hell (m2 kpc MG) /0 Hell @24)

and is proportional to the integral along the line of sight, [, of the product of the
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electron density, n., and Bj, the component of the magnetic field along [ (Burn,
1966). This so-called Faraday rotation can be used to constrain the magnetic field
of a source by measuring the polarisation angle and many different wavelengths.
Because the RM depends on the component of B along the line of sight, it can be
used to constrain both the magnitude and structure of the magnetic field—albeit

dependent on how the electron density varies within the plasma.

Many rotation measure maps of jets show asymmetry across the jet axis in a way
indicative of helical magnetic fields at both parsec and (for powerful sources) kilo-
parsec scales (e.g., Pudritz et al., 2012; Murphy, Cawthorne, & Gabuzda, 2013;
Gabuzda, 2018; Larionov et al., 2020)—meaning the field is not purely transverse.
From a theoretical perspective, one would expect a helical magnetic field near the
base of jets launched by something like the Blandford-Znajek mechanism, where
a poloidal field threading the black hole is wound up. In this scenario a helical
magnetic field might be expected with pitch angle starting roughly as the ratio of
jet flow and black hole rotation speeds and increasing down the jet as the jet ex-
pands and the magnetic energy is used to accelerate particles. Many simulations
of relativistic jets are able to produce this helical field behaviour as well (e.g.,
McKinney & Blandford, 2009; Broderick & McKinney, 2010 or Tchekhovskoy,
2015; Davis & Tchekhovskoy, 2020 for reviews).

It also seems unlikely that the magnetic field within such a violent environment
would be entirely ordered. A tangled field could change the transverse field dom-
inance, even at large radii, because a large poloidal field with many reversals
could nevertheless have a small net flux down the jet. Entrainment of matter and
surrounding field would likely have a tendency to disorder the magnetic field,
producing a tangled component (as well as changing the dependence from flux
conservation). Fitting of models to RM maps has provided observational support

for this idea, deriving fractions of magnetic energy density in a tangled compo-
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nent up to around 0.7 (e.g., Zamaninasab et al., 2013; Gabuzda, 2018; X. Li et al.,
2018). So, for ALP searches, it is not obvious how to model the transverse mag-
netic field component in the jet in detail. All these considerations mean it would
be unrealistic to attempt to model the jet magnetic field in precise detail—though
this may not be necessary to perform an ALP search. Therefore, in this Chapter
(after verifying that the jet can be an important mixing region in its own right),
I investigate how variations in jet magnetic field structure can affect ALP-photon
mixing, and hence how detailed the jet modelling for a robust ALP search would

have to be.

2.3 Other Magnetic Field Environments

There are other magnetic field environments to be considered. In order to model
the effects of ALP-photon mixing on astrophysical observations, magnetic field
environments all along the whole line of sight must be modelled. As well as the
jet, I model the Intergalactic Magnetic Field (IGMF) and the Galactic Magnetic
Field (GMF) of the Milky Way. Other searches have used a Cluster Magnetic
Field (CMF) as the main mixing region (e.g., Ajello et al., 2016). For simplicity
and generality I do not at first model a cluster magnetic field as I am trying to find
the general relevance of jet magnetic fields, and the cluster environment is very
source dependent. I will, however, discuss the effects of a cluster field in Section

2.6.

The origin and structure of the IGMF are not well known, and various mod-
els have been proposed (see Durrer & Neronov, 2013 for a review). In mod-
elling the IGMF, I follow much previous work (Ajello et al., 2016; Galanti et al.,
2019; Galanti & Roncadelli, 2018 for instance) in having a randomly oriented,

domain-like structure. This might be expected by, e.g., the turbulent amplifi-
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cation of the field drawn from ionised galactic plasma by primordial outflows
(i.e., jets, or galactic winds caused by star-forming activity (S. Bertone, Vogt, &
EnBlin, 2006))—a prominent model for the source of the IGMF, originally pro-
posed in Rees & Setti, 1968. Comparison of modelling with Faraday rotation
measurements—particularly the evolution of source RMs with redshift—indicate
that coherence lengths between 0.2 Mpc and 10 Mpc, electron density ~ 1077
cm—3, and field strengths up to ~ nG are reasonable (Blasi, Burles, & Olinto,
1999; Pshirkov, Tinyakov, & Urban, 2016). Here, I use the strongest IGMF con-
sistent with Faraday rotation measure observations (1 nG), in order to provide the
strongest possible IGMF ALP-photon mixing. This is desirable as I am trying to
tell whether there are regions of ALP parameter space for which mixing in the
jet is important—i.e. not just dominated by the IGMF—so I need to model the
strongest IGMF possible. I take the electron number density in the IGMF to be
nismf = 1x10~7cm~? throughout, as in Galanti et al., 2019; Galanti & Roncadelli,

2018.

Another factor concerned with intergalactic space that affects the gamma-ray spec-
tra is absorption from the Extragalactic Background Light (EBL). As discussed in
Sec. 1.2.1, the EBL is made up of starlight and light absorbed and re-emitted
by dust, integrated over the history of the universe. High-energy gamma rays
can have enough energy to pair produce (yy — e*e™) with photons of the EBL.
This causes an exponential attenuation of the gamma-ray signal at high energies,
essentially an optical depth (Dwek & Krennrich, 2013). I include EBL absorp-
tion as an energy-dependent mean free path in the photon propagation term of
the mixing equations (Eqgs. (A.6) and (A.7) in App. A). This absorption must
be included as part of the ALP-photon beam equations of motion and cannot just
be super-imposed onto the spectrum afterwards as ALPs do not suffer from EBL

absorption, and so ALP-photon mixing changes the simple exponential form of

49



University of Oxford CHAPTER 2. RELEVANCE OF JET FIELD STRUCTURE

the absorption. A detailed discussion of the effects of various photon fields on
ALP-photon mixing is given in Ch. 3 below. I use the EBL model of Dominguez

et al., 2010, calculated directly from galaxy observations.

For the GMEF, I use the model of Jansson & Farrar, 2012, which includes a disc
field and a halo field with strength OpuG. This model is derived from the WMAP
Galactic synchrotron emission map, as well as many extragalactic rotation mea-
sures. I take the electron number density in the Milky Way to be n2*™ = 1.1 x
1072cm™3, as estimated from the dispersion of Galactic pulsar signals (Cordes &
Lazio, 2002) (the same as used in Jansson & Farrar, 2012 and, in the context of

ALPs, e.g., Galanti et al., 2019).

2.4 The Importance of Mixing in the Jet

To investigate the relevance of more detailed jet structure for blazar ALP searches,
it is first important to investigate whether the jet itself is important at all. As
discussed above, so far only very simple jet magnetic field models have been used
for ALP searches because the IGMF or CMF have been assumed to dominate the
mixing. For the jet to be important for ALP searches in general, there would have
to be mixing in the jet that is not afterwards washed out by the IGMF. In order
to investigate this possibility, I simulate the effects of ALP-photon mixing on the
gamma-ray spectrum of blazar Mrk 501 (see App. A for mixing equations). Mrk
501 is a very bright, fairly nearby (z = 0.034) BL Lac whose magnetic field has
been fairly well studied. It is also a candidate for upcoming CTA ALP searches

and is already the subject of simulations in this area (Galanti et al., 2019).

I use the standard ALP-photon mixing equations (see, e.g., G. Raffelt & Stodol-
sky, 1988; de Angelis et al., 2011 for a detailed discussion) an outline of which
is given in Appendix A. The oscillation length of ALP-photon mixing depends on
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Figure 2.1: Photon conversion probability, F,, vs. energy for an ALP-photon
beam with m, = 10 neV and g,, = 3 x 107'! GeV~! propagated through a
completely transverse field of B = 10 uG and n, = 1072 cm~3 for a distance of
100 kpe. Critical energies are shown as vertical lines.

the ALP mass (m,), the ALP-photon coupling (g,,), the photon energy (£), and
the transverse field strength (B7) and electron number density (n.) of the mix-
ing environment. The mixing equations can be used to propagate ALP-photon
beams of various energies through a series of magnetic field environments, and
find the photon conversion probability (P, (£)) at the end. The observed gamma
ray spectrum from the source is then just the intrinsic spectrum multiplied by the

photon survival probability P,,(E) = 1 — P,

wy- Figure 2.1 shows the conver-
sion probability vs. energy for an ALP-photon beam with m, = 10 neV and
gay = 3 x 107 GeV~! propagated through a completely transversal field of
B =10 G and n, = 1072 cm~? for a distance of 100 kpc. The conversion prob-
ability oscillates in energy around the two critical energies, where the ALP-photon

oscillation length depends linearly on energy. Between the two critical energies,
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strong conversion occurs independent of energy. Similar features will be seen in
mixing in astrophysical environments, even though they are more complex than
a single coherent field cell of course. In the modelling process, I split each en-
vironment into many consecutive cells and follow the same procedure as much
previous work to propagate ALPs through them, with a slight alteration because a
relativistic jet is not a cold plasma. A key term in the mixing equations (defining
the lower critical energy, Eq. (A.15)) is proportional to the difference between the
ALP mass and the effective mass of the photon in the medium. In the jet, the pho-
ton effective mass depends on the non-thermal distribution function of electrons
(a power-law with an exponential cutoff, see Sec. 1.4.3.2 above) instead of simply

being the plasma frequency as it is in a cold plasma (see Appendix A for details).

Figure 2.2 shows some simulated spectral energy distributions (SEDs) of Mrk
501 for various ALP masses and couplings—displaying the kind of spectral os-
cillations ALP-photon mixing can cause. The energy range plotted is 1 GeV -
10 TeV, roughly the important energy range for Mrk 501 with Fermi-LAT and
CTA (Hassan et al., 2017). At this stage, I use the simple fully-transverse jet
magnetic field model of Tavecchio et al., 2015 and Galanti et al., 2019, as I am
just trying to find whether the jet is relevant. That is, By = B o 1/r with
B(rem = 0.3pc) = 0.8G and n¢(Ter) = 5 x 10%em ™2, where 1, is the location of
the gamma-ray emission region measured from the black hole. The blue (dotted)
lines are the gamma-ray peak of a a fit to broadband data', from the PC model
taken from Potter & Cotter, 2015, without any ALP-photon mixing (hereafter
ALP-less spectra).

The green (dashed) lines show the SED produced by mixing only in the jet, and the

'The data for this fit was taken from many telescopes at many frequencies (e.g. Fermi for
gamma-rays, Swift (UVOT, XRT, BAT) for X-ray to optical, RATAN-600 for radio, as well as
others) and was collected in Abdo et al., 2009 to obtain quasi-simultaneous broadband spectra for
sources in the Fermi-LAT Bright AGN Sample.
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Figure 2.2: High energy peaks of Mrk 501 spectra, showing ALP-photon mixing
induced oscillations for different values of ALP mass (m,) and coupling (gq).
Blue (dotted) lines are the fit to data from the PC model. Red (solid) lines show
the spectrum when mixing in the jet, IGMF, and Milky Way is included. Green
(dashed) lines show the spectrum when only mixing in the jet is included.
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red (solid) lines show the total effects of mixing in the jet, IGMF and Milky Way.
For ALP searches, the important property of these spectra are how well they can be
distinguished from the ALP-less spectrum. l.e., for an ALP of a certain mass and
coupling to be excluded (or discovered), it must produce large enough changes in
the spectrum to be noticed. I use a least square fit to quantify how distinguishable
a given ALP spectrum is from the ALP-less spectrum (see Fig. 2.3). The value
used is the minimum sum of the squared difference (least squares) between the
ALP-spectrum (¢*?) and ALP-less spectrum (¢) across the relevant energy range,
allowing the ALP-spectrum to shift vertically’: F = ¥;(¢; — ¢>°)2/0.01. The
value of the error (0.01) is arbitrary and is chosen for the benefit of the fitting
function. F' cannot be used to actually exclude ALP parameters because it is a
comparison of idealised observed spectra with and without ALPs as opposed to
a comparison of actual observed spectra. An actual ALP search would require
folding the simulated intrinsic spectra with the IRF of a specific telescope and
then using a log-likelihood method to compare expected counts with observed
counts across the significant energy bins. Ajello et al., 2016, for example, uses this
methodology with Fermi-LAT data to exclude a region of ALP parameter space.
And, in Ch. 4, I will also perform an actual search with Fermi data. But /' can be
used to find what areas of parameter space could potentially be excluded. Also,
by seeing how mixing in different regions contributes to the fits, we can tell how
relevant each of the regions are for future searches in a general and instrument-

independent way.

Figure 2.3 shows the values of F' for the full (jet, IGMF, Milky Way) ALP spectra
over the relevant ALP (m,, gq) parameter space. The white dashed contour shows

the current gamma-ray exclusions (see Sec. 1.2.1); the top of the plot corresponds

2This is because a uniformly down-shifted ALP-spectrum (i.e. uniformly strong mixing) with
a higher intrinsic normalisation is observationally indistinguishable from an ALP-less spectrum
with lower normalisation. In other words, we only care about changes in the shape of the spectra.
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Figure 2.3: Values of F' — sum of least-squares fit between ALP and ALP-less
spectrum — calculated over ALP mass-coupling parameter space. Dashed line

shows current gamma-ray exclusions (see Sec. 1.2.1).
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Figure 2.4: F' — Fj,, over ALP mass-coupling parameter space. I is the fit in-
cluding mixing in the jet, IGMF, and the Milky Way. Fj is the fit only including
mixing in the jet. Dashed line shows current gamma-ray exclusions (see Sec.
1.2.1).
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to the CAST limits. These axes are the same as those of Fig. 1.1, but zoomed
in to the mass and coupling range where astrophysical magnetic field strengths
could produce mixing in the gamma-ray energy range. The higher the value of £,
the worse the fit between the ALP and ALP-less spectra and so the easier those
parameters would be to exclude; it makes sense that the highest values of F' are
in the region of (m,, g.,) space that has already been excluded. In principle, any
pair of mass and coupling that produces a non-zero fit is accessible to future ALP
searches of Mrk 501 and (as discussed in Sec. 2.5.2) probably to BL Lac objects
in general. It can be seen from Fig. 2.3 that there is a fairly large region of un-
probed parameter space with F' ~ 100, similar to the values in the previously

excluded region, which is therefore accessible to future searches.

Figure 2.4 shows F' — Fje; for the same region of (m,, g,,) parameter space. Fje
is the value of the F' when only mixing in the jet is included (i.e., without IGMF
or MW mixing). A low value of I’ — Fj, means that for this pair of mass and
coupling mixing in the jet contributes most to the fits, and a high value means
that the IGMF or the Milky Way dominates. For much of the parameter space,
the jet contributes strongly to the mixing (/' — Fje is small). In particular, the jet
dominates the fits in the region outside the current exclusions that was shown in
Fig. 2.3 to be relevant for future searches. In other words, mixing in the jet could
be used to extend ALP exclusions—and, in fact, if this region is to be probed with

blazar spectra in general, mixing in the jet has to be taken into account.

The reason mixing in the jet has such a large effect on the fits (and therefore the
possible exclusions) is that it sets the large scale shape of the spectrum, whereas
mixing elsewhere causes small scale oscillations around this shape (compare green
(dashed) and red (solid) lines in Fig. 2.2). When fitting across the whole spectrum,
small oscillations have a tendency to cancel out, whereas differences in large-scale

shape do not. The difference in the oscillations caused by the two environments

57



University of Oxford CHAPTER 2. RELEVANCE OF JET FIELD STRUCTURE

is because in the strong magnetic field of the jet the propagation equations of-
ten enter the energy-independent strong mixing regime for large portions of the
spectrum, with large oscillations occurring at the boundaries of this regime (see
Appendix A). In contrast, the IGMF is made up of many randomly oriented cells,
meaning the transverse magnetic field can take on many values, leading to oscil-
lations across the spectrum. For the region of ALP parameter space where the
jet dominates, the difference in scale of the oscillations due to the IGMF and the
jet can be intuitively understood by looking at the difference in length of the two
regions compared to the average ALP-photon oscillation length within them. In-
tergalactic space is very large compared to the average oscillation length within it,
so propagation in the IGMF goes over many oscillation lengths, leading to rapid
oscillations in energy space. The jet is comparatively much smaller, so (even with
the shorter average oscillation length within it) propagation through the jet goes
over much fewer oscillation lengths, inducing comparatively slow oscillations in
energy space. For example, for a pair of ALP parameters where the jet is impor-
tant (m, = 40 neV and g,, = 6 x 107'? GeV ') and a photon energy of £ ~ 10
GeV, the ALP-photon beam traverses around 10° oscillation lengths in intergalac-
tic space, but only about 35 within the jet. For lower masses, where the jet is
not dominant, the situation can be different because the ALP-photon oscillation

length depends on the ALP parameters.

2.5 The Importance of Jet Magnetic Field Structure

Above, we have shown that the blazar jet is an important mixing region for pos-
sible ALP exclusions, and so will have to be included for future searches. The
analysis of Sec. 2.4 was done using the simple jet model of Tavecchio et al., 2015

and Galanti et al., 2019. As was shown in Sec. 2.2, actual jet magnetic field
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structure is certainly more complicated and is not very well understood. It there-
fore makes sense to explore what effects a more complicated jet magnetic field
structure can have on the mixing. That is to say: given that we need to include a
jet model, we want to find out how detailed our model has to be. To this end, I
parameterize a more detailed jet model (Sec. 2.5.1) and then investigate how the

fits vary across this new magnetic field parameter space (Sec. 2.5.2).

2.5.1 Jet Model

All the ALP calculations are done in the comoving jet rest frame. Practically,
this means the jet-frame energy of an ALP-photon beam must be used while it is
propagating through the jet, instead of its observed energy. This transformation
is done by Eit = FEops/d(r), where § is the Doppler factor (see Sec. 1.4.3.1).
For simplicity, T assume the viewing angle to be small (~ 1/T"), which gives
d(r) ~ I'(r) where I is the jet bulk Lorentz factor, which depends on r. Bulk
Lorentz factors can be read from the PC model; the best fit PC model for Mrk
501 has I'(rem) ~ 9 and the deceleration from then on is logarithmic, I'(r >
Tem) X log(rem/r). The overall magnetic field strength is taken from the PC
model, consistent with observations: o 1/r in the parabolic base, and o 1/r
in the conical jet with a smooth transition between the two, i.e., always inversely
proportional to the jet width. Figure 2.5 shows the overall B-field strength used.
It also shows that the emission between 0.1 GeV and 100 GeV from the PC model
is very localised at the transition region, which justifies the use of a single point

as the gamma-ray emission region.

Our jet magnetic field model is made up of a tangled component and a helical com-
ponent that turns from poloidal (pointing down the jet) to toroidal (transverse) as

it moves down the jet’. This model fits with theory, observation, and simulations

3 have included this model in the publicly available gammaALPs PYTHON package, hosted
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Figure 2.5: One realisation of the jet magnetic field (a« = 1, f = 0.7), showing
the overall field strength (blue dashed) and the transverse magnetic field strength
(orange, calculated from 7., onward) used for calculating ALP-photon conver-
sion, against r, the distance down the jet. v F,, from the PC model is also shown,
showing that a very localised gamma-ray emission region is reasonable.
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(Sec. 2.2)—and dealing with the tangled and helical components at this level of
detail is not a feature of current models. I describe the helical component with two
parameters, and the tangled component with one (see Table 2.1). The rate at which
the transverse component of the helical field changes with distance down the jet is
governed by a (Br o< r~) and the distance along the jet at which the helical com-
ponent becomes toroidal is given by rp. This is, of course, a simplification, but
allowing « to be different from 1 can take into account the parabolic base and the
fact that we do not know how fast the helical field turns from poloidal to toroidal.
The tangled component is a constant fraction of the total magnetic energy density,

as in Murphy et al., 2013:
BtQangled _ f
Bﬁelical 1 - f

Figure 2.5 also shows one realisation of the transverse magnetic field (B7) for one

(2.5)

set of field parameters (o« = 1, f = 0.7).

We can now vary the parameters within realistic ranges to see how the jet structure
affects the fits. The exact ranges the parameters could take are hard to pin down. I
allow « to vary between 0.2 and 1.5, consistent with the change in toroidal compo-
nent found in MHD simulations (e.g., McKinney, 2006; Broderick & McKinney,
2010; Bromberg & Tchekhovskoy, 2016) (even though the variation is not always
a simple power-law in simulations) and, e.g., the range covered by the analytic
modelling of Zdziarski, Stawarz, Sikora, & Nalewajko, 2022 or RM modelling
of Laing, Canvin, Bridle, & Hardcastle, 2006. The reason for this large range
of parameters is that the rate of transition depends on various factors such as the
initial ratio of the toroidal to the poloidal field, the shape of the jet, as well as its

launching and collimation mechanism or interactions with its environment. Nev-

on GitHub (https://github.com/me-manu/gammaALPs; accessed Jul 19, 2022) and
archived on Zenodo (Meyer, Davies, & Kuhlmann, 2021b). See Meyer, Davies, & Kuhlmann,
2021a for an overview.
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Table 2.1: Parameters used for jet magnetic field structure model.

Name Description Values used

« Helical By o< r—¢ 02-1.5
Radius at which helical field becomes

rr . 0.1-10pc
toroidal
Fraction of magnetic energy density in 0-07

/ tangled field

ertheless, because of flux conservation, eventual toroidal dominance is a common
feature of simulations. As this transition from poloidal to toroidal is only expected
down near the base, r is varied between 0.1 pc and 10 pc, which covers the tran-
sition between the accelerating parabolic base and the decelerating conical jet at
rem = 0.3 pc. A constant pitch angle helical field could be consistent with RM
observations out to kpc scales for powerful jets, but for ALPs, which only see the
transverse component, this is just equivalent to a weaker field (e.g., Pudritz et al.,
2012). Following Murphy et al., 2013, who fit f to RM maps of Mrk 501, I take
f to vary between 0 and 0.7. This range is reasonable for observations of other
sources as well (e.g., Zamaninasab et al., 2013; X. Li et al., 2018), and crucially
means that the whole field cannot be in the tangled component as is sometimes
assumed for ALP works. The large range of possible values all these parameters
can take indicates how little we know about jet magnetic fields, and hence why
their effect on ALP-photon mixing should be understood before a simplistic jet

model is used to find ALP exclusions.

2.5.2 Varying Jet Structure

Figure 2.6 shows AFje;/Fax over the ALP (mg, ¢o,) space, where AF is the

change in [y (maximum minus minimum) running over the values of 77, o, and
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Figure 2.6: AFje/Fnax over ALP mass-coupling parameter space. AFje is the
change in Fj.; when the jet magnetic field parameters are varied within the limits
shown in Table 2.1. F,,x 1s the maximum value of Fj. obtained during this
variation. Dashed line shows current gamma-ray exclusions (see Sec. 1.2.1).
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Figure 2.7: Fj, vs. magnetic field parameters for m, = 1 neV, g,, = 2 X
10*12GeV_1 (left column) and m, = 100 neV and g,, = 7 X 10*12GeV_1 (right
column). Shaded regions show values of Fj., that can be obtained by varying the
other magnetic field parameters.

f shown in Table 2.1, and [}, is the maximum value of Fje at that point. This
shows how much reasonable changes in magnetic field structure can change the
fits. As can be seen from Fig. 2.6, varying the magnetic field parameters has a
large effect on the fits: AFje/Finax > 0.3 for almost all the ALP parameter space.

Fig. 2.7 shows how each of the magnetic field parameters affect the fits for two
choices of ALP parameters in the interesting un-probed region. The plots show
Fie vs. a given parameter (17, v, f). The shaded bands show the range of values
of Fje that can be produced by varying the other parameters while keeping the
parameter in question fixed. For example, the band in f is calculated by fixing
f at multiple points (e.g. 0., 0.2, 0.4, etc.), each time finding the maximum and
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minimum Fje that can be produced by changing the other parameters (o and ry
in this case). These maxima and minima give the top and bottom of the band
respectively. The bands therefore show how much a given parameter is contribut-
ing to the fits when it takes on any given value. A broad shaded region means
that that parameter is not strongly affecting the fits at that point—i.e., changing
the other parameters can change the fits a lot. A narrow shaded region means the
opposite: that changing the other parameters does not alter the fits much because
this parameter is dominating them. For both values of (m,, gq-) in Fig. 2.7, the
values of 77 and « have a larger effect on Fj.; (narrower shaded regions) than
f does; and r starts to have less of an effect as it increases above a few par-
secs. Also, the fact that the bands in 7 remain relatively horizontal at low values
means that if a strong upper limit on r < pc could be found, the overall values
of AFje/Fiax could be significantly reduced. That is to say that the structure of
the helical component of the jet magnetic field right down at the base of the jet is
making the strongest difference to the fits. This is a similar effect to what we saw
earlier when comparing mixing in the jet with the IGMF (discussed in Sec. 2.4).
The tangled jet component, f has a similar effect on the spectra as the random
domains of the IGMF, causing small oscillations of the spectrum around its large
scale shape. The large scale shape is caused by the strong mixing that happens in

the strongest magnetic fields at the jet base where the helical component matters.

In Sec. 2.4 (Figs. 2.3 and 2.4) we showed that for a specific set of reasonable jet
parameters, the jet could be used as a mixing region to probe new ALP parameter
space. By letting the magnetic field parameters vary over a reasonable range, Fig.
2.6 we show that in general the jet could still be used to probe this region—F' will
tend to stay greater than zero. This is promising for future searches. However, the
large values of A Fe;/ Fiyax (shown in Fig. 2.6) mean that for any individual blazar

we would need to treat the specific jet magnetic field parameters carefully to ac-
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curately model the ALP-spectrum and obtain these constraints; and at the moment
we do not know the specific jet magnetic field structure of individual sources in
sufficient detail from VLBI measurements to completely pin down these param-
eters. One way of approaching this problem would be, at the cost of exclusion
capability, to leave the jet magnetic field free in the fit, which is the approach
taken in Ch. 4.

2.6 Beyond Mrk 501

We have only simulated spectra of Mrk 501. In order to extend our conclusions to
other sources we must consider the intrinsic differences in jets and the differences
in their environments. Firstly, the values of magnetic field parameters used (Table
2.1) and the reasons for using them are not only applicable to Mrk 501 but to any
similar BL Lac type object. It is not only the structure of the magnetic field in
Mrk 501 that we do not know precisely, but that of jets in general. The fact that
the same PC model including a highly magnetised base fits so many blazar spec-
tra suggests that the basic structure and mechanisms within other blazars should
be similar. This means that, in general, if mixing within the jet is important for
a source, the magnetic field structure of the source will need to be known more
precisely than current models or observations can necessarily determine. Extend-
ing beyond Mrk 501 is therefore a question of whether intrinsic or environmental

differences in other sources prevent the jet from being an important mixing region.

The relevant intrinsic properties that vary between sources are the field strength,
the location of the emitting region, the jet length, and the viewing angle. Changing
the viewing angle is essentially just changing the length of the jet that the ALP sees
before passing out of it (it will also change the Doppler factor, which will shift the

ALP spectrum in energy). The 1/ dependence of the overall field strength down
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Figure 2.8: Fj for four different values of B
becomes unimportant.

. Below B,__ ~ 0.05G the jet

Tem

the length of the jet described in Sec. 2.2 applies to jets in general. As shown
in Sec. 2.4 it is mainly the mixing in the strong magnetic field at the base of
the jet that makes the jet an important mixing region. Indeed, excluding regions
of jet after the field has dropped below 10~* G doesn’t change the P,.’s very
much at all. Therefore changing the length of the jet does not matter much as it
amounts to lengthening or shortening the region of weak field at the end of the jet,
which is unimportant. The PC model provides emission information all down the
jet, but finds in all cases that gamma-ray emission is strongly dominated by the
transition region between the parabolic base and conical ballistic jet. Changing
the location of the gamma-ray emission region is therefore equivalent to changing
the magnetic field at the emission region. Therefore the only intrinsic property
that matters is the magnetic field strength at the transition (emission) region. For
Mrk 501, the PC best-fit value is 0.8 G. This is the value used in Sec. 2.4 for
finding the importance of the jet as a mixing region. In Potter & Cotter, 2015, the
blazar spectra of 42 Fermi blazars are fitted with the PC model. The largest best-fit
value they found was 2.91 G (J2143.2+174 / S3 2141+17), and the smallest was
0.0057 G (J1504.3+1030 / PKS1502+106).

Figure 2.8 shows the values of Fj.; for 4 values of the magnetic field at the emis-

sion region (B, ) between 0.01 G and 0.2 G. Decreasing B, increases the low-

Tem Tem
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est value of g, for which mixing in the jet is important. This makes sense: with a

stronger field you can probe weaker couplings. As B, drops below 0.05 G, how-

ever, i, quickly becomes very small everywhere; mixing ceases to occur at all
= 0.01 G).
< 0.05G

Tem ~v

for ALPs in this parameter space (note the different colourbar for 5,
This means that jets with magnetic fields at the emission region B
are not important mixing regions for ALPs—though the precise value will depend
on the shape of the B-field profile, and hence the scale of the jet at the emission
region (cf. Figs. 2.5 and 3.1). These sources could then be used for ALP searches
without requiring a detailed knowledge of the jet magnetic field structure. 0.05 G
is a very weak magnetic field strength for the emission region of a BL Lac (see,
e.g., O’Sullivan & Gabuzda, 2009), but could be reasonable for many FSRQs (and
is above the best fit for many of the blazars fitted in Potter & Cotter, 2015 or from

estimates from radio core-shift measurements, e.g., Zamaninasab et al., 2014).

Of course, in order for these searches to probe new parameter space, a mixing
region other than the jet must be used. Fig. 2.9 confirms the fairly obvious result
that changing the redshift of the source only affects the fits for regions of ALP pa-
rameter space where the IGMF is already dominant; the regions of (m,, g.) space
where the jet dominates remain unaffected by changes in redshift. This means that
even for sources with larger z (e.g., 1ES 0229+200 considered in Galanti et al.,

2019 for CTA searches), the IGMF cannot be used to probe new parameter space.

One option is to use a source that is located in a highly magnetized cluster. This
has been done in Ajello et al., 2016 and Abramowski et al., 2013 to obtain ALP
exclusions with the Fermi-LAT and H.E.S.S. spectra of NGC1275 (in the Perseus
cluster) and PKS2155-304 respectively (see, Sec. 1.2.1). Faraday rotation mea-
surements of cool core galaxy clusters like Perseus suggest magnetic fields that
are turbulent, with strengths of around 10 G. Figure 2.10 shows Fusier fOr one

realisation of the cluster field model used in Ajello et al., 2016, with the parame-

68



University of Oxford CHAPTER 2. RELEVANCE OF JET FIELD STRUCTURE

800 i
—e— m,;=0.4 neV
- my=4.0neV
6007 ... m, =40.0 neV
—e— m,;=400.0 neV .
w 400 Mrk 501
—— 1ES 0229+200 ]
200
0
102

Figure 2.9: Redshift dependence of F' for different values of m, at coupling
strength g,, = 1.5 x 107"GeV~'. Fig. 2.4 shows that the jet starts to domi-
nate the fits at around m, = 10 neV, which is where F’ ceases to change with z.
Redshifts of blazars Mrk 501 (black) and 1ES 02294200 (purple) are shown for
reference; these are the two blazars discussed in the context of CTA ALP searches

in Galanti et al., 2019.
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Figure 2.10: Fi,ster fOr cool core cluster parameters as used in Ajello et al., 2016,
with B,,,s = 10 uG. Dashed line shows current gamma-ray exclusions (see Sec.

1.2.1).
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Figure 2.11: F; — Fje for cool core cluster parameters as used in Ajello et al.,
2016, with B,,,; = 10 uG. Fg; is the value of [' when the beam is propagated
through the jet and the cluster, and Fj.; when it is propagated through just the jet.
Dashed line shows current gamma-ray exclusions (see Sec. 1.2.1).

ters shown in their Table 1. As can be seen from the figure, the cluster can provide
an important mixing region for a large region of ALP parameter space, much of
which is beyond current constraints. This is because the cluster has a roughly
104G magnetic field (much stronger than the IGMF), over a large distance (500
kpc, which is longer than the jet), so that it can produce a mixture of small- and

large-scale oscillations in the energy spectra.

In fact, as shown in Figure 2.11, mixing in the cluster dominates even when the
jet is highly-magnetised. Figure 2.11 shows F; — Fjc, where [y; is the value of
F when the ALP-photon beam is propagated through both the jet and one cluster

realisation. Unlike in Figure 2.4 (F' — Fie), Fo; — Fie, does not become very small
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over the region of un-probed parameter space. Mixing in the jet will change the
initial conditions for mixing in the cluster, and so will slightly change the exact
form of an ALP-spectrum for an individual realisation of a cluster magnetic field
(hence F; — Fj.; doesn’t look exactly like Fijyster — Fict) but not enough to be dis-
entangled from simply another realisation of pure cluster mixing. This means that
the jet does not contribute strongly for searches using an ensemble of cluster real-
isations as has been used to get the current exclusions. Therefore, sources located
near the center of magnetised clusters (like NGC1275 in the Perseus Cluster used
in Ajello et al., 2016) can be used to search for ALPs without requiring a detailed
model of the jet. In particular, the current important constraints from Fermi-LAT
and H.E.S.S. are still valid, and the same method could be used to probe further
ALP parameters in the future (e.g., with CTA as discussed in Abdalla et al., 2021).
These searches require a model of the cluster field, changes in which can also af-
fect the mixing (see Libanov & Troitsky, 2020), and which gets harder to put
observational constraints on as redshift increases. Indeed, there are many sources
for which the cluster environment is unknown. However, blazars observed more
accurately at higher redshift in the future, by CTA for example, are likely to be
of the brighter quasar type. These have been shown by radio and x-ray studies to
be more likely to reside in less rich and therefore less magnetized cluster environ-
ments (Croston et al., 2019; Gendre, Best, Wall, & Ker, 2013). This is probably
because of two factors. Firstly, for a given jet power a denser environment is
more likely to disturb the jet. Secondly, environmental differences can affect the
accretion mode of the central engine, with low excitation objects in denser envi-
ronments being fed by hot ICM gas and high excitation objects in less dense envi-
ronments being fed by a traditional cooler accretion disc (Heckman & Best, 2014;
Hardcastle & Croston, 2020). This could mean that in the future our ignorance

of cluster field strengths and configurations could be less important as mixing in
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weaker clusters is less dominant, and that mixing in the jet will therefore be cru-
cial to these future searches. The dominance of the cluster field would also be less

for sources closer to the edge of their cluster, even if it is highly magnetized.

Another option is to use the lobes of powerful FSRQ sources as discussed in
Tavecchio et al., 2015. They show that, for ALP masses m, < neV, efficient mix-
ing in the lobes can wipe out oscillations from the jet and cause equipartition be-
tween the ALP and photon states—a constant conversion probability independent
of energy. While the lack of spectral oscillations is not good for ALP searches, it
does mean that our lack of knowledge about the jet magnetic field structure is not

important for these sources when searching in this parameter range.

2.7 ALPs as probes

It is worth pointing out that next generation experimental axion searches (partic-
ularly IAXO, Armengaud et al., 2014) will be covering the same region of ALP
parameter space for which mixing in the jet is important (cf. Figs 1.1 and 2.3).
This means that, in the event of a discovery, ALPs could be used as probes of
jet magnetic field structure. If the values of m, and g, are known, a sort of re-
versed ALP search could be performed where the magnetic field parameter space
is scanned as opposed to the ALP space, allowing certain magnetic field param-
eters to be excluded as opposed to ALP parameters. This kind of process could
potentially be used to identify the emission region of gamma ray flares in blazars,
the subject of ongoing debate (e.g., Meyer et al., 2019). One difficulty of this
process (other than the obvious difficulty of ALPs having to be discovered first)
involves the oscillatory nature of ALP-photon mixing. For example, there is a
degeneracy between possible emission regions, as shifts of one oscillation length

reproduce almost exactly the same spectrum. This could also be done to inves-
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tigate cluster magnetic fields, particularly around distant blazars whose cluster

environment is difficult to constrain with other observations.

2.8 Conclusions

In this chapter, I have investigated the relevance of jet magnetic field structure for
blazar ALP searches. ALP-spectra of Mrk 501 have been simulated by propagat-
ing ALP-photon beams through all the magnetic field environments along the line
of sight. By comparing fits to ALP-less spectra with and without mixing in the
jet for a specific set of reasonable jet field parameters, I have shown that the jet is
an important region for ALP-photon mixing. This is because mixing in the strong
magnetic field of the jet tends to put the mixing equations into the strong-mixing
regime for a large range of energies, which sets the large scale structure of the
spectrum. Mixing in the IGMF, however, tends to produce small scale oscillations

around this shape.

In particular, mixing in jets is important for the un-probed ALP parameter space
likely to be the target exclusion region for future blazar ALP searches. Or, in
other words, mixing in the jet could enable us to probe new regions of the ALP
parameter space. It is therefore important to investigate how variations in jet mag-
netic field configuration affect the ALP-photon mixing in jets, to see how detailed
our jet magnetic field models have to be for these searches, and whether current
observational and theoretical constraints enable us to build such a model. I have
done this by imposing a reasonable jet field structure onto the PC jet framework.
This model is composed of a helical component that transitions from poloidal to
toroidal, and a tangled component. The field structure can be described with three
parameters: f, the fraction of magnetic field energy density in the tangled compo-

nent; «, the power law index of the transverse component of the helical field; and
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rr, the distance along the jet at which the helical component becomes toroidal.
By scanning feasible magnetic field parameter space (i.e., allowing these three
parameters to vary within observational and theoretical limits), I have shown that
reasonable changes in jet magnetic field structure, particularly the helical compo-
nent at the highly-magnetised base of the jet, have a large effect on ALP-photon
mixing and hence on possible exclusions. Changing the magnetic field parame-
ters rarely reduces the mixing to zero, so the jet will still be able to probe new
ALP parameter space. The strong dependence of the fits on the specific mag-
netic field parameters does mean, however, that future ALP searches that want
to probe the un-excluded region of ALP parameter space, where mixing in the
jet is important, require a detailed model of the specific jets they are looking at
to reliably exclude ALP parameters with blazar spectra. This will require better
knowledge of jet magnetic fields than we currently have, or enough computing
power to marginalise over magnetic field parameter space. I have shown that
these results are applicable beyond Mrk 501, to any blazar with a magnetic field
at its emission region larger than about 0.05 G. This is a very weak field for BL
Lac type objects, but could be reasonable for some FSRQs (Zamaninasab et al.,
2014). In the case of a weaker field, our ignorance of jet structure is unimportant,
but another mixing region between us and the source would then be required to
probe new ALP parameter space. I have demonstrated that, for sources located
in a highly magnetised cluster, the intra-cluster magnetic field is capable of wip-
ing out the effects of jet mixing. This means that the current limits set on ALP
parameter space from gamma-ray spectra are still valid, because they have used
the Perseus Cluster as their mixing region. These results are particularly impor-
tant for the upcoming ALP searches planned with CTA, and are the basis for the
search performed in Ch. 4. It has also been pointed out that this could work the

other way around, with ALPs acting as probes of jet structure in the event of their
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discovery.
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3| Photon-photon dispersion

3.1 Introduction

In the previous chapter, we saw that the jet itself could be a promising mixing
region for blazar ALP searches, but that our limited knowledge of the detailed
jet field structure would have to be carefully considered when modelling the jet.
In this chapter, I consider another effect that could be relevant for ALP-photon

mixing within jets: photon-photon dispersion.

In 2015, Dobrynina, Kartavtsev, & Raffelt, 2015 showed that, because these searches
depend on slight differences between propagation in the ALP and photon states,
the very small effect of photon-photon dispersion off of the CMB can make a
discernible difference and should be included in the calculations. Photon-photon
dispersion adds to the dispersive part, x, of the refractive index of the propagation
medium, n = 1 + x + ik (k is the absorptive part). Essentially, y will affect the
photon propagation terms in the ALP-photon mixing equations, but not the ALP
propagation terms, leading to a change in oscillation length. Here, I investigate
the effects of dispersion off of other fields that could be found within the source,

beyond just the CMB.

As discussed in Sec. 1.4, blazars can be broadly classified into flat spectrum radio
quasars (FSRQs) and BL Lacs depending on the strength or weakness respectively
of broad emission lines in their optical spectra (for reviews, see, e.g., Blandford
et al., 2019; Hovatta & Lindfors, 2019). These broad lines imply, for FSRQs,
the presence of rapidly-moving clouds of gas close to the central black hole—the
broad line region (BLR)—which are reprocessing accretion disc photons. Infrared

observations of some objects also imply the presence of a dusty molecular torus
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beyond the BLR, reprocessing disc photons at a lower energy. For FSRQs, then,
background photons from the accretion disc, the BLR, the dust torus, as well as the
synchrotron photons produced in the jet itself, can be expected within the source.
Also, unrelated to the AGN, starlight from the host galaxy will be present. The
effects of all these fields on ALP-photon mixing within jets has not previously

been studied.

To investigate the importance of dispersion off of these fields, I model the jet (Sec.
3.2.1; as in Ch. 2) and fields (Secs. 3.2.2 to 3.2.8; following Finke, 2016) of the
FSRQ 3C454.3, and simulate broad-band spectral energy distributions (SEDs) for
both a flaring and a quiescent state, checking them against observations to ensure
the self-consistency of the modelling (Sec. 3.2.7). I then propagate ALP-photon
beams through the model both with and without the full dispersion calculation
and compare the photon-survival probabilities (F,s) between the two cases (Sec.

3.3).

3.2 Modelling 3C454.3

To assess the possible effects of dispersion within the jet, we need a model jet to
propagate ALPs through, and a model of the relevant background photon fields. I
choose to model 3C454.3, a powerful FSRQ at redshift z = 0.859 that is bright
in gamma rays and has been observed in both flaring and quiescent states (e.g.,
Cerruti, Dermer, Lott, Boisson, & Zech, 2013). Indeed, 3C454.3 has produced
the brightest blazar flare detected by Fermi so far (Meyer et al., 2019), which also
means it is one of the sources I use for the Fermi-analysis search of Ch. 4, making

it a particularly useful source to study here.
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Figure 3.1: (Top) Total magnetic field B’ vs r showing the transition region from
the highly magnetised parabolic base to the conical jet in rough equipartition.
Core-shift estimate from Zamaninasab et al., 2014 plotted for comparison. (Bot-
tom) Bulk Lorentz factor I' vs r. I increases, peaks at 60 at the transition region,
then decelerates logarithmically down the jet.
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3.2.1 Jet

I model the jet within the same jet framework as the previous chapter. Specifi-
cally, I use the implementation of my model (Sec. 2.5.1) within the gammaALPs
PYTHON package. To reiterate, the structure of this jet is an accelerating, parabolic,
magnetically dominated jet base which transitions to a decelerating conical ballis-
tic jet in rough equipartion at around 10°r,. Within the parabolic base, the overall
field strength drops as r~* where a ~ 0.58 is the parabolic index, and in the
conical jet B drops roughly as r~!. Because I am investigating the effects of the
photon fields within the jet, I will not at this stage be concerned with the detailed
modelling of the field structure parameters, and take o = 1, f = 0.3 throughout

this chapter'.

Within the PC model, the steady-state gamma-ray emission is strongly dominated
by the transition region (ryn,. = 59.8 pc for 3C454.3). A large portion of the
synchrotron emission is also produced here, though synchrotron emission from

the rest of the jet is also important.

Figure 3.1 shows how the overall magnetic field strength varies along our jet. The
field at the transition region is, B(rype) = 1.3 X 1072 G, which means the field at
1 pc is slightly lower than the core-shift estimate from Zamaninasab et al., 2014,
though they use a conical jet model at all distances. Figure 3.1 also shows the
bulk Lorentz factor, I', along the jet. As the jet accelerates in the parabolic base,
the bulk Lorentz factor increases (I' o< 7'/2) up to a maximum of 60. Beyond the
transition region, as the jet decelerates, it decreases (I" o log(r)), until the end of
the jet, ;e = 100 kpc. The jet radius at the transition region is about 2 = 0.7 pc,

and the electron density is (from equipartition considerations) n, = 4.71 cm™3.

IThese values will be shown to be reasonable for 3C454.3 in Ch. 4 below, where the field
structure of 3C454.3 needs to be considered in order to perform a real ALP search.
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The electron density varies as n, oc R~ as usual to conserve particle number

(though notably this means n, o¢ r~2 in the parabolic base).

3.2.2 Photon Fields

Far from pair production energies, a background electromagnetic field of energy
density u will lead to dispersion y o u (see Eq. (1) in Dobrynina et al., 2015).
At z = 0, this low energy dispersion off the isotropic CMB field is xcup =
5.11 x 10743, This term and the analogous dispersion off the B-field itself (Eq.
(A.10)) are usually included in ALP studies.

More generally, from Equation (8) in Dobrynina et al., 2015, the dispersion of a
photon with energy w off of a photon field with differential energy density u(e, €2)

at energies ¢ (related to frequency by € = hv) is given by:

440(2 27 1 fe’e) 3 ) w
X(©) = Tz / a0 [ du / deule )31 -l () G

with . = cos 6 where 6 is the angle of the background photon with respect to the
dispersed photon. wy is the threshold energy for pair-production, wy = 2m?/e(1 —
w). The function g is plotted in Fig. 3.2 and describes the dispersion energy
dependence around pair-production energies (see Equation (9) of Dobrynina et al.,
2015). This more general form of  is also valid around pair-production energies

and includes an angular dependence of the background field.

Of course, above pair-production energies, a background photon field will also
lead to the absorption of gamma rays. The absorption rate (v = I',/(2w)) for

this process is given by

2T 1 [e'e)
I (w) = /0 dé /_ dn /0 de(1 = infe, Qo (@ e 1), (3.2)
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Figure 3.2: The functions g, and f, which describe the dispersion and pair-
production cross section energy dependence respectively. wy is the threshold en-
ergy for pair-production.

where n(e, Q) = u(e, Q) /e is the differential number density of the background

field and
T’ w
Oyy = Z_me (w_o) (3.3)

is the total vy — eTe™ cross section (Breit & Wheeler, 1934; Karplus & Neuman,
1951). The function f(w/wyg) is also plotted in Fig. 3.2 (see equation (7) of
Dobrynina et al., 2015).

There are two reasons why considering absorption is important. Firstly, at en-
ergies where absorption from the background fields is significant, the effects of
dispersion will be unobservable. Also, I',, must be included in the ALP-photon
mixing equations because ALPs are not absorbed by pair-production, but pho-
tons are. Therefore, an investigation into the effects of dispersion on ALP-photon

mixing should also include absorption.
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To calculate the dispersion and absorption using Eqgs. (3.1) and (3.2), we require
the differential energy densities, u (¢, 2) of the relevant fields. These are the CMB,
the extragalactic background light (EBL), starlight (SL) from the host galaxy, the
AGN fields (accretion disc, broad line region, dust torus), and the synchrotron

field within the jet.

3.23 CMB

The CMB field at a redshift z is an isotropic black-body radiation field with tem-

perature, 7' = To(1 + z), where T = 2.726 K. The spectral energy density of the
CMB is the black-body spectral radiance, B,, divided by c,

B, 24 1
up, Q) == 2 (3.4)

3
C C eksT — 1]

which can be converted into the differential energy density by dividing by h:
u(e, ) = u(r,Q)/h. Note that, even in the low energy case, the redshift de-
pendence of the CMB temperature (and therefore energy density) means that the
term included in ALP calculations should be xcup(1 + 2)?* instead of simply the

constant ycymp Which is commonly used.

3.2.4 EBL and starlight

The EBL is the total starlight emitted and reprocessed throughout the history of the
universe. Most of the emission lies in the ultraviolet to infrared range, with direct
starlight emission at the high-frequency end and reprocessed emission at lower
frequencies. As in the previous Chapter, I use the EBL model from Dominguez

etal., 2010. The ebltable PYTHON package’ allows the extraction of the EBL

2Available at ht tps: //github.com/me-manu/ebltable (accessed Nov 21, 2022).

83


https://github.com/me-manu/ebltable

University of Oxford CHAPTER 3. PHOTON-PHOTON DISPERSION

photon density at a given redshift, dn/de, which gives the differential energy den-
sity, u(e, Q) = (e/4m) x dn/de.

Most of the starlight seen within the jet, however, is produced from the host galaxy
itself. I follow, e.g., Giommi et al., 2012; Potter & Cotter, 2013a in modelling
the host galaxy as a giant elliptical, as is generally expected for blazars (Scarpa,
Urry, Falomo, Pesce, & Treves, 2000; Urry et al., 2000). The observed luminosity
density of large elliptical galaxies, as a function of distance from the galaxy centre,
stays quite flat within the core (py, o< r® with —1.3 < a < —1) and then decreases
more rapidly at larger distances. At r3y = 30 pc, typical luminosity densities
of large ellipticals are between 2 and 10 L., pc~3; I take p3g = 5L pc~ as in
Potter & Cotter, 2013a. I use r.ore = 20 kpc, which seems to be typical for blazar
hosts (see, e.g., Nilsson et al., 2003; Olguin-Iglesias et al., 2016). Specifically, the
luminosity densities are,

T304 1.2 .
de(_) ) if 1PC S x S Tcore

pr(r) = " (3.5)

T 4 .
PL (rcore)( C;re) ) ifz > T'core

with a constant luminosity density for » < 1 pc and a maximum galaxy radius of
100 kpc. For Eq. 3.1, we also require the energy dependence of the field. I use
a black-body spectrum, BT, at a temperature of Tx = 5000 K to approximate
the emission of a typical K-type star, which should dominate the emission of an
elliptical galaxy (e.g., Tinsley & Gunn, 1976). I calculate u(e, §2) as in Finke,

2016. Each point in the galaxy emits isotropically, with emissivity

BT«
) e
[ g0 [ de Bl

j(E, Qg; Rgal) = pL(Rgal (36)

where Ry, is the radial distance from the centre of the galaxy and (24, is the solid

angle measured in the galaxy frame. A point in the galaxy at angle fiz, = c0S(6ga1)
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Table 3.1: Parameters used for the AGN Fields.

Disc

Lise 2 x 100 erg s7*
MBH 1.2 x 109M@

Ry, 6,
Rout 200,
n 1/12
Broad Line Region

Lyg 4.18 x 10" erg s71
RHB 4.3 x 1017 cm

Torus
C) 103 K
Sat 0.1
¢ 1
Ry 1.6 x 10" cm
R, 1.6 x 10%° cm

b/a 0.527 (f. = 0.6)

above the plane perpendicular to the jet and a distance 24, from the galaxy centre
will be a distance 22 = R2al e 2r Ry ftga1 away from a point 7 along the jet.

From 7, this point will be at an angle
Rga1\ 2
p=1— () (- ). 3.7)
Overall then, integrating over the galaxy, the starlight field observed at » will be

6 Q T 47'('0/ d(bgal/ d,ugal/ ngal

( f“) 7(€, Qgat; Rea) (3.8)

X 5(¢ - ¢gal)5(:u - ,ur)'
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3.2.5 AGN fields

The models of the AGN photon fields are based on those from Finke, 2016, who
uses them in the context of Compton-scattering calculations. The sources of the
disc and BLR fields are modelled as thin, i.e., they only extend radially from the
black hole and do not extend vertically in the direction of the jet. This radial
coordinate is denoted by R, and the distance from a point R to a point r in the
jet is given by # = /R2 + r2. Therefore, in the galaxy frame, a photon emitted
at R will have an incident angle © = cosf = r/x at r (see Figure 9 in Finke,
2016). For the torus, I extend the flat model of Finke, 2016 to include an elliptical

cross-section.

3.2.5.1 Disc

The accretion disc is modelled as a flat Shakura-Sunyaev disc (Shakura & Sun-
yaev, 1973)—the thin disc model discussed in Sec. 1.4.2—but with a delta ap-
proximation meaning each radius (R) emits isotropically but at only one fre-
quency, egm.c?, instead of a blackbody spectrum. The temperature associated
with each radius depends on the local energy dissipation rate per unit area (the
inner radius is the hottest), derived from viscous dissipation calculations. The
differential energy density can be written (Shakura & Sunyaev, 1973; Dermer &
Schlickeiser, 2002),

3 L iscR
ule, &r) = 77 ;Rgugso(R)é(e — «o(R)), (3.9)
with
o(R) =4/1— }Z", (3.10)
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and

€o(R) = 2.7 x 10—4<§\4E—:j7>‘1*(%)_2, 3.11)

where Lgis 1S the disc luminosity, 7 is the accretion efficiency (the fraction of
infalling mass energy transformed into escaping radiation, ~ 1/12 for a Shakura-
Sunyaev disc (Shakura & Sunyaev, 1973)). The black hole mass is Mgy and its
gravitational radius is R, = GMppy /c®. My is defined as Mg = Mpy /(10°My,).
Ry, 1s the inner radius of the accretion disc (612, for a non-rotating Schwarzschild
black hole, R, or 9R, for a disc rotating in either the same or opposite direction
as a spinning black hole respectively (Tsupko, Bisnovatyi-Kogan, & Jefremov,
2016)). lggq = Laise/ Lraqa where Lggq = 1.26 x 10%6 Mg erg s~ is the Eddington
luminosity—the maximum luminosity an accreting black hole can radiate at be-
fore radiation pressure will overpower the gravitational force of the accretion flow

(e.g., Longair, 2011).

3.25.2 BLR

The BLR is similarly approximated as a series of rings, where each ring (at a given
Ry;) corresponds to the emission from a given emission line in the BLR spectrum
and emits isotropically at only one energy, €. As discussed in Sec. 1.4.2, rever-
beration mapping measurents indicate that each line in the BLR spectrum is emit-
ted at a single radius (Peterson & Wandel, 2000), and GRAVITY observations
of BLRs support a ringlike BLR model as opposed to a shell-like one (Gravity
Collaboration et al., 2018). Also, the optical depths of the concentric-ring model
of Finke, 2016 agree with those found by a detailed modelling of the BLR in
Abolmasov & Poutanen, 2016, as discussed in Meyer et al., 2019. I use all 26
lines in the appendix of (Finke, 2016); the Ly« spectral line of Hydrogen is the

brightest. For each line,
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5!2' Ldisc r

U(G, Q, 7") = W&(u — 5)(5(6 — 611’)7 (312)

where &;; is the fraction of the disc luminosity re-emitted by the line, L;; = &j; Lqsc-
Reverberation mapping indicates that the ratios of line luminosities and line radii
between lines within a source remain roughly constant between sources (e.g.,
Kaspi et al., 2005). This means that estimates of the luminosities, L;; (or equiva-
lently &;;) and radii R;; (needed for x) of the lines can be obtained from an estimate
of Lyp and Ry for 3C454.3. Finke does this in the appendix of Finke, 2016, the
values are listed in Table 4.3, and come from the optical observations of Isler et

al., 2013.

3.2.5.3 Torus

The torus in Finke, 2016 is modelled as a flat, extended disc, where every radius
(R) emits at the same energy, € = 2.70 which depends on the temperature of
the torus, ©. Allowing the cloud number density within the torus to drop as B¢,

the differential energy density for this torus model is

gdt Ldisc

u(e, Q, 7”) :Wé(ﬁ — 27@) 3 13
B qRrR / R —45 3-13)
X/Rl §<R—l> (n—r/z),

where &4 is the fraction of the disc luminosity re-emitted by the disc, Ly =

Eat Laisc, R1 and Ry are the inner and outer radii of the disc respectively, and

Ry

RyIn(22). if¢=1
1
R.pr— ¢ (3.14)
o AL
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However, unlike the disc and BLR (see Sec. 3.2.5.1 and 3.2.5.2), actual dusty
tori are not thought to be thin (e.g., Calderone et al., 2012). As the calculation
of x depends on the geometry of the fields and not just their energy density (Eq.
(3.1)), the height of the torus could possibly affect the dispersion off the torus field
quite a lot, especially on scales similar to the height of the torus. Observations
indicate that a covering fraction (the fraction of the sky obscured by the torus,
from the point of view of the black hole) of around f. ~ 0.6 is typical (Calderone
etal., 2012; Galanti, Landoni, Tavecchio, & Covino, 2020), meaning that the torus

height is not insignificant compared to the radius of ~pc to 10s pc scales.

Therefore, I extend the model of Eq. (3.13) to include an elliptical cross-section
for the torus. The covering fraction of the torus can then be set by varying the

ratio of the semi-major (a) and semi-minor (b) axes of the ellipse.

Figure 3.3 shows the geometry of this torus model with an elliptical cross-section.
As before, R denotes the radial distance from the black hole in the plane perpen-
dicular to the jet. I model the emission as coming from the torus surface. The
surface of the cross-sectional ellipse is defined by the equation,

a2 52

2 + i 1, (3.15)
where « is the distance from the ellipse centre along the semi-major axis, and [
is the distance from the ellipse centre along the semi-minor axis (see Fig. 3.3). A

point on the surface is therefore a distance, v* = a? + 32 from the ellipse centre.

Viewed from a distance r above the black hole, a point on the torus surface will

be a distance x away, with

x=+/(r—p)>+ R2, (3.16)
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u=cos(@)= #

x= G- PET R

R1 Rmid R2

Figure 3.3: Diagram showing the geometry of the torus model. The torus has an
elliptical cross-section. The distance along the jet from the black hole is measure
by r. As in the disc and BLR models, [ measures the radial distance in the plane
perpendicular to the jet, and x measures the distance between point r and the
background photon emission region—in this case the surface of the torus above
point R.
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where R = R,,;q — o, and will be seen at an angle,

§= , (3.17)

as opposed to p = r/z for a flat disc.

For the integral, it is convenient to define the coordinates of the ellipse parametri-
cally:
a = acos(t), (3.18)

f = bsin(t). (3.19)

Then an interval along the perimeter of the ellipse, [/, is given by dl = ~dt, and
the visible portion of the torus surface is defined by ¢; and t,, the angles which
cause [ to be largest and smallest for a given r respectively (these are easy to find
computationally). Finally, the integral over the torus surface is then,

gdtLdisc
(471') 2CReff

<m0,

where {4, Laisc, 121, T2, and R,y are defined as before. As in the flat torus model

u(e, 4 r) = d(e —2.79)

(3.20)

of Finke, 2016, each R is weighted by R~ to account for the radial dependency of
the cloud number density. [ use &4 = 1 as in Finke, 2016, based on the comparison
of modelling with observations in Nenkova, Sirocky, Nikutta, Ivezi¢, & Elitzur,

2008.

The inner and outer radii of the torus, R, and R, respectively, define the semi-
major axis of the ellipse, a = (Ry — R;)/2. Changing b will therefore change the

covering fraction of the torus. The covering fraction is defined as follows (see,
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e.g., Galanti et al., 2020):

fc =1- 2 - COS(gbmax)y (321)

47

where (2 is the solid angle of the visible sky and ¢,,,., is the angle between the jet
axis and the tangent of the ellipse that runs through (r, R) = (0,0). This angle
can be found by transforming into a coordinate frame in which the cross-section
is circular (& = «/a, 5 = [/b), where it is simple to find the tangents, and then

transforming back. This gives,

b
VP + R, —a?

mid

coS(Omaz) = (3.22)

I use a covering fraction of f. = 0.6, which is considered typical (Calderone et al.,
2012). Using R; = 1.6 x 10 cm and R; = 1.2 x 10?° ¢cm as in Finke, 2016, this
gives a ratio b/a = 0.527. Table 4.3 shows all the values of the field parameters
used for 3C454.3.

3.2.6 Transformations

In this model, the AGN fields all emit isotropically in the galaxy frame and each
radius, R, from the black hole emits at only one energy. This means the photon
fields in the co-moving jet frame are anisotropic and non-thermal, i.e., not de-
scribed by a black-body spectrum. Equation (3.1) requires the energy densities
and angles to be measured in the same frame as the dispersed photon energy, w.
I choose the co-moving jet frame (denoted by a prime) as opposed to the galaxy
frame as this will simplify the synchrotron calculations (Sec. 3.2.7) and because
this is the frame the rest of the ALP calculations are done in. It is worth stressing

that, because the bulk Lorentz factor, I', changes along the jet (see Fig. 3.1), the jet
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frame is a local frame—i.e, it will depend on r. The energies, energy-densities,
and incident angles of the background photon fields therefore need to be trans-
formed into the jet frame at each r. This is done through the Doppler factor, o

which will depend on r through I':

1
Sp;r) = N (3.23)

Then,
¢ = g (3.24)
W€, Q) = “(2’39), (3.25)

= (3.26)

1— By’
where 3 = /1 —1/T'2. Using these transformations, du' = §(u)*dp, de' =
d(u)"tde and d¢’ = d¢. Then from Eq. (3.1), inserting u for «’ from Eq. (3.25),
x for the AGN fields can be found by

/

(=iVe(S)  G2D)

0

4402 e
2
x(wsr = 13mmi " / /

Note that, even though the jet is receding from the fields by the black hole, all
photons with © < 5 (0.9993 < 5 < 0.9999 in our jet) will have 1/ < 0 and so will
be seen in the head-on hemisphere in the jet frame. This means that, counterintu-

itively, the (1 — y/)? term in Eq. (3.27) can actually increase the dispersion off of
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the AGN fields as opposed to suppressing it. Similarly, most of the CMB photons
are viewed close to head-on, which enhances the dispersion off of the CMB. This
makes sense by comparison to the well-known Doppler boosting of blazar syn-
chrotron radiation. A synchrotron radiation field that is seen as isotropic in the jet
frame is seen as close to co-linear to the jet in the galaxy frame. Therefore, doing
the reverse transformation, photons seen as close to co-linear in the galaxy frame

can be seen as isotropic (i.e., more head-on) in the jet frame.

The pair-production absorption rate can be similarly transformed:

27 1 0o 0
I (W) :/0 dqb/l d,u/o de(1 —u’)ngz;L))aw(w’,e'7ﬂ’). (3.28)

Regarding absorption, it is useful to calculate the optical depth of the background
photon fields in the observed frame. This can be done by accounting for the
redshift transformation and the (r-dependent) Lorentz transformation from the co-
moving jet frame. Because the jet frame is a local frame, a given observed energy,
Wobs, Will correspond to different jet-frame energies along the jet. Assuming we
look directly down the jet, w'(r) = wes(1 + 2)/2I(r). T, itself also has to be
transformed (not being dimensionless): Fg’,’f = 2I'(r)I";,. The optical depth of

the fields for a photon propagating from 7 is then,

T (Wi 7o) = 2 / C T (L (). (3.29)

70

3.2.7 Synchrotron Field

In order to include the synchrotron field, we need an estimate not only for the total
synchrotron emission but for the synchrotron energy density seen by a photon at

each point down the jet, including angular dependence. At each point in the jet
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Figure 3.4: SED from our jet model, showing synchrotron and inverse-Compton
emission from the flare and steady state regions, and the synchrotron emission
from the rest of the jet. Data is from Cerruti et al., 2013. Black points show data
taken during a flare, grey points show steady-state emission.
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Table 3.2: Parameters used for the blobs down the jet. The steady-state and flaring
gamma-ray emission is produced from blobs at ;. and 7., respectively.

Parameter T'vhe Tem rest of jet
r (pc) 59.8 0.1 -

B (G) 0.013 1.9 -

n. (cm™3)  4.71 7.9%x10° -

E. (MeV) 1.3x103 250 1.3

15} 1.95 2 2

there will be synchrotron emission because there is a magnetic field and a pop-
ulation of electrons, but some parts of the jet will emit much more brightly than
others. A photon in the jet frame will see an isotropic distribution of synchrotron
photons emitted in its vicinity, as well as an an-isotropic distribution of photons

emitted by the rest of the jet.

To get an estimate of the synchrotron emission, as well as to test the self-consistency
of our overall AGN fields and jet models, I use the agnpy PYTHON package® to
calculate a spectral energy distribution (SED; Fig. 3.4). agnpy facilitates the fast
computation of synchrotron and inverse-Compton emission (using the equations
outlined in Sec. 1.4.3) from a spherical blob of plasma populated with electrons—
i.e., it is a ‘one-zone’ modelling package. I model the jet with multiple spherical
blobs lined up along the jet axis, each with a radius, field-strength, electron den-
sity and bulk Lorentz factor taken from the global jet model described in Sec.
3.2.1. Every blob is given a power law electron spectrum with an exponential
cutoff in energy, N.(E) = kE~# exp(—FE/E.). Throughout the jet, the electron
population is assumed to have a cutoff of £. = 1.3 MeV (see Table 4.4). The

synchrotron emission from these blobs is shown in Fig. 3.4 as the red line.

3 Available online: https://doi.org/10.5281/zenodo.4687123 (accessed Nov 21,
2022).
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Gamma-ray emission from blazars is expected to be quite localised. As men-
tioned in the previous Chapter, within the Potter & Cotter framework, which is
a steady-state model, almost all the inverse-Compton (IC) emission comes from
the transition region (r;,) between the parabolic and conical parts of the jet where
the electrons come into rough equipartition with the magnetic field. Electrons
here are accelerated, perhaps by a standing shock, though the precise accelera-
tion mechanism is not modelled. Similarly, I accelerate electrons in the blob at
Tvhe t0 @ cutoff energy of F. = 1.3 GeV*. I then calculate the synchrotron and
(steady-state) inverse-Compton emission from this blob using our photon fields".
The orange and brown lines in Fig. 3.4 show this synchrotron and IC emission
respectively. The IC emission agrees quite well with the observed steady-state
gamma-ray emission. At this large distance (. ~ 60 pc) most of the seed pho-

tons for IC are from the torus.

The width of the jet at the steady-state emission region is too large to undergo
causal variations on flare timescales. Rather than assume a large-scale change in
the jet properties, [ assume the flare emission is caused by a localised acceleration
of electrons in the parabolic base, as might be expected from, e.g., magnetic re-
connection or magnetoluminescence (e.g., Blandford et al., 2017; Uzdensky et al.,
2010; Sironi & Spitkovsky, 2014). I therefore model the flare emission region as
a smaller blob (Ry,, = Rje/2.8) in the highly magnetised base of the jet, where
the electrons are accelerated up to £, = 250 MeV. Though the precise location
of the flare emitting region is unknown, I use the lower limit from Meyer et al.,
2019, remy = 0.1 pc, derived from the absence of BLR absorption in the Fermi

spectrum; they also show that values of r.,, much larger than this lower limit

“The values of E,. used come from the SED modelling of Fig. 3.4, though they are similar to
those found from PC fits (Potter & Cotter, 2015)

Sagnpy uses a ring torus model instead of our elliptical cross-section model. We have taken
the ring radius to be the midpoint of our torus. All other photon field models and parameters are
the same.
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would be inconsistent with radiative cooling on flare timescales. The synchrotron
and IC emission from this region are shown as the green and pink lines in Fig.
3.4 respectively. The gamma-ray emission, mostly off the BLR at this r, is very
consistent with the observed flaring spectrum, but the x-ray emission is slightly
low. The overall synchrotron emission—adding up the emission from all blobs
down the jet—is largely consistent with observations. Therefore, our jet and field

models seem to be reasonable.

3.2.7.1 In the jet frame

The agnpy model gives the observed synchrotron emission from each blob down
the jet (Fig. 3.4),
L /

W) 5.2, (3.30)

v (y = —

v ( obs) 47Td% s
at observed frequencies vys = 050/, where d4(r) is the Doppler factor of the
source (8, = 0.8°, consistent with estimates from VLBA observations in Jorstad

et al., 2017), and L(v') is the synchrotron luminosity in the blob frame. d;, is the

luminosity distance to the source, (1 + z) times the comoving distance, d..:

: 4z
d= (42 = (04 2)e | g, (3.31)
where
H(z) = Hy [Qu(1+ 2)* + Q4] (3.32)

is the expansion rate of the universe®. For the y calculation, we need the total

synchrotron photon field in the jet frame at each point along the jet. First, the

6As mentioned in Sec. 1, Tuse Hy = 70 km s—! Mpc’1 and the critical densities €2, = 0.3

and Q24 = 0.7 throughout this thesis, though none of the calculations depend strongly on the
precise cosmology used.
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Figure 3.5: Diagram to show the solid angle approximation used for the flux from
the synchrotron blobs. Each blob not containing r is flattened so each p corre-
sponds to one radius R(y). The energy density is then weighted at each u by the
area of the red cylinder—a slice through the original un-flattened blob.

observed fluxes can be transformed into the blob frame for each blob,

/ obs
Y FYob () = L(v)  vFy (Vobs)< dr )2' (3.33)

C4nRY,, o3 Riion

S

Then the flux from this blob will be seen at a point » down the jet as,

L o5\ 2
VET (1) = (_”grgff - ijlob(y')<Rb’ ") T, (3.34)

dnr T

where 7 = |r — ry0|, and I'cyy is the effective bulk Lorentz factor of the blob
when it is observed from 7, which depends on the difference in bulk jet velocity,
Berr = B(r)—B(Tbion)s Lepr = (1—52”)_%, and shifts the frequency, v, = /T’ ;.
Because all of the jet is moving very relativistically (I'y,, > 27), I'e¢s is always
very close to 1 (within 1 x 10~7). For simplicity I set I'.;; = 1 always, which

means v, = v/'.

A given flux can then be converted into spectral energy density by dividing by c,
u(v) = vF,(v)/(vc). The total energy density seen at a point r will be the blob-
frame energy density of the blob containing r (from Eq. (3.33)) plus the energy
density of all the other blobs as seen from r (from Eq. (3.34)).
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Equation (3.27) (x(w')) also requires the solid angle dependence of the energy
density. The field from the surrounding blob (indexed by s in what follows) will
be isotropic. For speed of computation, I flatten every other blob (indexed by ¢) to
a disc (as shown in Fig. 3.5), and assume there is no radial energy dependence of
the blob emission. This means, for each blob i # s,

P(p)

u' (v, Q) = u'(v) 5

(3.35)

Looking at a given blob, each y corresponds to a radius R(pu) = 7/p~2 — 1 on
the flattened disc. I weight the energy density by the area of a cyclindrical slice of

radius R(u) through the blob (see Fig. 3.5),

P(p) = roR(p)y/ Riyop, — R(10)%, (3.36)

with normalisation,

MHmax -1
Ko = [/ R(p)r/ Bijop — R(WQdM} : (3.37)
@

As T'cyy = 1, the angles subtended by the blobs do not need to be transformed.
Finally, then,
1 , .
/ N blob (. 1 i, i
) = g [P £ 23 P (0] FEERTS
where F°°(1/) is the isotropic emission in the blob containing r, and the other

blobs each have a position r; and a radius R}, ,. u(v, ) can again be converted to

u(e, 2) by diving by h.
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Figure 3.6: Total photon energy densities (Eq. (3.39)) in the co-moving frame of
the jet at each r. Each field (apart from the EBL or starlight, SL) dominates the
total energy density at different radii. The green vertical line shows 7., and the
orange vertical line shows ..
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3.2.8 Total energy densities

The overall photon field energy densities,
o) 1
/ ! 11y /.
U.(r) :27r/0 de /1 dp'u' (e, 1), (3.39)

integrated over energy and solid angle, in the co-moving frame of the jet are
shown in Fig. 3.6. Each of the AGN fields dominates when r is on the scale
of Rgelq, beyond which it becomes strongly de-boosted and begins to look like a
point source. Beyond a few 100 pc the boosted CMB field then dominates, just
above the starlight. The synchrotron field never quite dominates the overall pho-
ton field energy density, but comes close very briefly at the steady-state emission

region.

3.3 Results

3.3.1 Absorption

We are now in a position to calculate the absorption and dispersion terms for the
individual photon fields. Figure 3.7 shows the optical depth, 7, seen by a gamma
ray of observed energy w,;s emitted at r, calculated using Eq. 3.29. The coloured
contours show where 7 = 1 for absorption from each of the fields that reach 7 = 1:
the BLR (blue), the torus (green), and the CMB (orange). The black dashed line

is the total 7 = 1 contour, including all the background fields.

Figure 3.8 shows the photon survival probabilities, P,.,, vs. observed energy
for gamma rays propagated from the two emission regions—r.y, (top) and 7y
(bottom)—only including absorption within the jet (so P,, = exp(—7) in this

case). Again, the coloured lines show the absorption from the individual fields,

102



University of Oxford CHAPTER 3. PHOTON-PHOTON DISPERSION

104

103

r[pcl

102

101 =1

— Torus
~—— CMB
=== Total

10°

1071

1071 10° 10t

Wops [TeV]

1072

Figure 3.7: Optical depth, 7 vs 7 for pair-production with the background photon
fields. 7 is calculated by integrating the pair-production absorption rate over the
whole jet from r, so it shows the optical depth at a given energy for an emission
region placed at r. Energies are in the observed frame, i.e., taking into account
redshift and Lorentz transforms from the (r-dependent) comoving jet frame. Lines
show the 7 = 1 contours for absorption from the individual fields that reach 7 =
1—the BLR (blue), torus (green), and CMB (orange)—and for the total from all
the fields (black dashed).
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Figure 3.8: Photon survival probabilities, P,,, vs. observed energy only includ-

ing absorption from the background fields within the jet, for our two emission
regions, 7y, (top) and 7,1, (bottom). Coloured lines show the absorption from the
individual fields and the black lines show the total. Dashed grey lines show the
EBL absorption in intergalactic space for two redshifts for comparison, z = 0.859
(3C454.3) and z = 0.189 (PKS 07364017, the closest FSRQ).
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and the black line shows the total. Photons from the BLR, torus, and CMB each
dominate gamma-ray absorption at progressively larger distances down the jet and
at progressively higher energies. Absorption by starlight is always negligible. For
gamma rays emitted from 7., = 0.1 pc, absorption from BLR photons dominates.
This absorption starts at around 45 GeV (around the energy of intergalactic EBL
absorption for 3C454.3), whereas torus absorption would only begin at around 800
GeV, and CMB absorption at around 30 TeV. Gamma rays emitted from the steady
state emission region 7y, = 59.8 pc, however, can avoid any significant absorp-
tion up to CMB absorption energies. This threshold would increase for sources at
lower redshift (where the CMB energy density is lower) but it is already a long
way above the energy of intergalactic EBL absorption (shown by the dashed grey
lines in Fig 3.8), even for PKS 0736+017, the closest FSRQ.

These absorption energies define the energy ranges where it is sensible to discuss

the effects of dispersion.

3.3.2 Dispersion

Figure 3.9 shows Yot (w’)/xcup evaluated at distances r down the jet (by per-
forming the integral in Eqn. 3.27, including all photon fields). xcup = 5.11 X
10~*3 is the low energy (far from pair production energies) value of y for the
isotropic CMB field at z = 0 (see Sec. 3.2.2). For the whole jet, x is greater than
XcMB at most energies by at least a factor of 100, and up to a factor of about 102,
As in Dobrynina et al., 2015, x(w) for a given field is constant at low energies,
peaks around the pair production energy, and then rapidly becomes negative be-
fore returning to zero (roughly the shape of g, see Fig. 3.2). The energy w at
which the pair production threshold is reached is different for the different fields
(see Sec. 3.3.1 above). x(w) will therefore peak at different energies for each

field. If w has just exceeded the pair production threshold for the dominating
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Figure 3.9: Total log(|x10t|/XcmB) Vs w’ (the photon energy in the jet frame) and
r. Absolute values are shown, the hatched region corresponds to negative Y.
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Figure 3.10: Total x (as a ratio of xycump) Vs 7 in the jet frame for a low energy
photon of 1 MeV. The BLR, torus and boosted CMB fields dominate for increasing
r. The synchrotron field is important around r.y.. Dispersion off the magnetic
field (defined in Eq. (3.41)) is shown in grey for comparison. The green vertical
line shows 7, and the orange vertical line shows 7.

field, the total, x:.t, can be negative (the hatched regions of Fig. 3.9).

Figure 3.10 shows y vs r for w’ = 1 MeV, with a breakdown of the contributions
from the different fields. The main fields that contribute are the BLR, torus, and
CMB fields which dominate at progressively larger radii respectively, where they
each dominate the overall energy density (Fig. 3.6) and absorption (Fig. 3.7).
Dispersion off the CMB is not constant and is not equal to xcyp everywhere
because in the jet frame it is boosted and is not at z = 0. The synchrotron field
briefly comes close to dominating at 7,4, at all energies, and dominates at small r

only at very high energy w’ 2 100 TeV (the bottom right of Figure 3.9) because
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the pair production threshold off of the synchrotron photons is so high.

3.3.3 Effect on photon survival probability

For a photon of energy E propagating in a homogeneous, transverse field, B,
the wave-number for ALP-photon oscillations into an ALP with mass m, and

coupling g, 1s given by,

. |m§—m%| -F”/'y 2 2
AOSC—\/{ ¥ +FE b+x+z2E + (9ar B)?, (3.40)

where m is the effective mass of the photon, x and I',, are the total dispersion

and absorption terms for the surrounding photon fields respectively, and

o B \2
:457<B ) (3.41)

is the vacuum QED term describing dispersion off the magnetic field, with B,
the critical magnetic field B., = m?/le| ~ 4.4 x 10'® G, where ¢ is the electric
charge (this term comes from the Euler-Heisenberg Lagrangian, see App. A, and
is o< Up). To focus on the effects of dispersion, in the following discussion I
assume that F is such that 7(E) << 1 for all photon fields, so we can ignore
the I'y, term. As discussed previously, Eq. (3.40) then leads to two ‘critical
energies’, around which the ALP-photon oscillation length depends strongly on

energy, leading to oscillations in energy spectra:

low __ |m2 B m%|

wo— 3.42
crit QQaVB ( )
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which depends only on the effective mass difference between the ALP and the

photon and is independent of , and

. B
Bt = —gl % (3.43)

Between these two energies (if B9 < E?riigth) is the so-called ‘strong mixing

regime’, where photons are maximally converted into ALPs with an oscillation

length independent of energy. x can affect ALP-photon mixing by affecting E?;ﬁh
Because a magnetic field is required for any mixing at all, b is always greater than
0. Therefore, whether y will have an effect or not depends on the comparative
sizes of b and x. If b > y, x will not affect mixing and E™&" will remain inde-

crit

pendent of changes in x. On the other hand, if y > b, E™M8" will become o 1 /X

crit

and the value of y will be important.

Figure 3.11 shows b/ for xycus = 5.11 x 10743 and for y,,; down the jet, from
Tem, for a low energy w’ = 1 MeV, when all the fields are taken into account. Be-
low the dotted line, y > b and so  starts to become important. Y, is comparable
to or larger than b until about 7. and then becomes much larger than b as B
decreases down the jet, whereas ycyp only becomes comparable to b in the very
weak field at the end of the jet. This implies that the full photon-photon dispersion

calculation could be important within the jet.

Figure 3.12 shows some photon survival probabilities, P, ., for various values of

Rek
(Mg, gay) With and without ;.. The ALP-photon beams are propagated through
one realisation of the jet, with 30% of the field in a tangled component, and the
rest of the field fully toroidal (i.e., f = 0.3 and « = 1, see Sec. 2.5.1). In
both cases (with and without x;.;) I include absorption from the photon fields in

the ALP-photon mixing equations, hence the exponential cutoffs. Plots with blue

and orange-dashed lines are for propagation from 7., and plots with green and
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Figure 3.11: Ratio b/ as a function of r for a low energy photon of 1 MeV. The
green vertical line shows 7., and the orange vertical line shows rp.. x becomes
important when y > b (below the horizontal dashed line).
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Figure 3.12: Photon survival probabilities, P, ., for different values of ALP mass,
Mg, and coupling, g4, with and without x;.;. The plots are arranged with increas-
ing m, from left to right, and decreasing ¢, from top to bottom. ALP-photon
beams are propagated through one realisation of the jet, from either 7oy, Or rype:
Blue and orange-dashed lines show propagation from 7., with and without ;..
respectively; green and red-dashed lines show propagation from 7. with and
without . respectively. 30% of the field is in a tangled component (as described
in Ch. 2). The P,,s are averaged over roughly Fermi-sized energy bins (16 per
decade), though the energy range extends beyond Fermi energies to 100 TeV for

the 71 plots.
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Figure 3.13: Average absolute differences in P, between using X, and just
XcmB Vs observed energy for 100 logarithmically spaced points in (12,, g4+ )-Space
between m, = 1 — 1000 neV and g,, = 0.1 — 10 x 10~ GeV~'. The blue line is
for ALPs propagated from r.,,, including all photon fields. The green line is from
rem but not including the BLR. The orange line is from ry., including all fields
(steady-state), and the black line is with the CMB only. Dispersion has the largest
effect above 100 GeV. The difference when B is adjusted by 20% is also shown
as grey shaded regions for each line.
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red-dashed lines are for propagation from r.,.. The two cases therefore show
absorption at different energies (cf. Fig. 3.8). The P, s are averaged over energy
bins which are roughly Fermi-sized (16 bins per decade), though the energy range
extends beyond Fermi energies to 100 TeV for the 7, plots. As can be seen from

the figure, x can have a large effect on P,,.

Figure 3.13 shows the average (over m, and g,,) absolute difference in P, with
and without ;. for a 10 x 10 logarithmically spaced grid in (m,, g.,)-space be-
tween m, = 1—1000 neV and g,, = 0.1 —10 x 10~* GeV~!. The different lines
show the differences when ALPs are propagated from the two emission regions,
including various fields. Again, absorption is included in both cases (with and
without x;.;) and therefore the differences go to zero above the relevant absorp-
tion energies. In general, the differences are largest at the highest energies. This is
because the effect of x is to lower E?riﬁh, often meaning that mixing is strongly re-
duced at the highest energies as they are now above the maximum energy at which
efficient mixing occurs. This could have implications for future searches at very
high energies (with, e.g., the Cherenkov Telescope Array, Acharya et al., 2018;
Abdalla et al., 2021), potentially reducing the effectiveness of those using blazars

as their source, especially those looking for a reduced opacity of the universe at

the highest energies.

In detail, the blue line in Figure 3.13 shows the differences for ALPs propagated
from 7y, (the flare emission region), including all the photon fields. Including the
full dispersion calculation causes ~ 6% average differences for all energies up to
where BLR absorption becomes important (7 = 1 at around 100 GeV for gamma-
rays emitted from r.,,, see Fig. 3.7). The green line is also for ALPs propagated
from 7, but excluding the BLR field—allowing the differences to extend out
to ~ TeV, where torus absorption kicks in. This approximates an FSRQ seen

at energies above BLR absorption energies, where the emission region must be
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further out from the BLR. In this case, the differences are not quite as large at low
energies (where BLR dispersion dominates), but are still substantial because of

dispersion from the torus photons.

The orange line in Fig. 3.13 shows the differences for propagation from 7, (the
steady state emission region), including all photon fields. In this case, because the
very largest xs are produced by the AGN fields at smaller radii (see Fig. 3.10),
dispersion does not make a significant difference until around 100 GeV. Absorp-
tion, however, is not important until CMB absorption energies at around 40 TeV
(see Fig. 3.8). Comparing the green and orange lines shows that dispersion from
torus photons is still important briefly until around 1 TeV. Beyond that energy, it
is the boosted CMB field which dominates dispersion—Fig. 3.10 shows that the
CMB dominates Y, for a large amount of the jet (r = 100 pc), and comparison
with Fig. 3.11 shows that this is where b/y is smallest. Indeed, the black line
shows the differences when only the boosted CMB field is included, and it is very
similar to the full steady-state case (orange line) above torus-dispersion energies.
This also shows that, in this case, the starlight does not contribute strongly and so
the detailed modelling of the starlight field is not important—though for a source
at lower redshift the CMB energy density would be lower and so the starlight

contribution would likely be greater (cf. Figs. 3.6 and 3.10).

The 7,1, and CMB-only cases also roughly approximate a BL Lac-type source,
where the AGN photon fields are not present (see Sec. 1.4). Figure 3.13 also
shows (grey shaded regions), for all cases except the CMB-only, the effects of
changing the jet magnetic field by +20%, and therefore changing the synchrotron
photon field. Because the synchrotron field does not dominate x, varying the jet
magnetic field does not affect y very strongly in any case. This means that the
modelling of the synchrotron photon field does not need to be extremely precise

for either FSRQs or BL Lacs.
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In all cases then, dispersion off the boosted CMB should be included for observed
energies above 100 GeV. And for emission regions at distances comparable to the
AGN field scales, the full dispersion calculation should be included at all observ-
able gamma-ray energies. This will be important for the search performed in the

following chapter.

3.4 Conclusions

Photon-photon dispersion off the CMB is known to be an important effect for
ALP-photon mixing calculations, but no other photon fields are usually included.
Firstly, I have pointed out that the CMB dispersion term should have a (1 + 2)*
redshift dependence instead of being constant as is commonly assumed. Further,
I have investigated the relevance of dispersion off of the background photon fields
likely to be found in blazar jets—the accretion disc, BLR, dust torus, starlight,
and synchrotron fields—motivated by the fact that blazars are common sources
for gamma-ray ALP searches and that the jet itself looks like a promising mixing

environment for future searches (see Ch. 2 above).

I have used the bright FSRQ 3C454.3 as an example, again modelling the jet
within the PC framework’, and using the field structure model developed in the

previous chapter.

Performing the full x calculation within the jet requires an energy- and angular-
dependent photon energy density in the comoving jet frame at each point r (which
includes doppler boosting the redshift-dependent CMB field). For the starlight,
I have modelled the emission as that of a typical large elliptical galaxy, with a

spectrum dominated by K-type stars. I have modelled the sources of the AGN

Other possibilities for the bulk Lorentz factor and magnetic field profiles within the jet exist
(see, e.g., Ghisellini & Tavecchio, 2009), though I would not expect these to drastically affect the
general results of this chapter.

115



University of Oxford CHAPTER 3. PHOTON-PHOTON DISPERSION

fields as a flat accretion disc, a BLR of concentric rings, and a torus with an
elliptical cross-section, each emitting isotropically and monochromatically at a

given radius.

By calculating full SEDs (flaring and steady-state) of 3C454.3 and checking them
against observations, I obtained an estimate for the total synchrotron field at each
point —as well as confirming the self-consistency of the overall jet and field
models. Then, by propagating ALP-photon beams through the jet with and with-
out dispersion off of all these fields (and including absorption from them), I have

shown that the full dispersion calculation can have a large effect on the P,,s.

high
Ecrit ’

x affects ALP-photon mixing by adjusting the upper critical energy around
which strong mixing occurs. The relative importance of x can be found by com-
paring it to b, the equivalent dispersion term due to the magnetic field. When
X > b, the value of y becomes significant. Including all the fields, x;; = b all
along the jet, with the BLR field, the torus field, and the boosted CMB dominating
at increasing distances. The synchrotron field only contributes strongly to x;.; at
very high energies (pair production off the low-energy synchrotron field occurs at

higher energies than the AGN fields), and around the steady-state emission region.

The effects of x are particularly strong at observed energies above 100 GeV as in-
creasing x reduces E--2". This could have consequences for future ALP searches,
particularly those looking for a reduced opacity of the universe at the highest en-
ergies (see Sec. 1.2.1). The effect at high energies is predominantly caused by
dispersion off the boosted CMB, and so remains important even in the BL Lac-
type case or in the steady state emission case (where the emission region is beyond
most of the AGN field scales). This means that the transformed CMB should al-

ways be included in the dispersion calculations for observed energies above 100

GeV. Also, while individual photon fields will vary from source to source, for jet
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models with emission regions on AGN field scales, the full dispersion calculation
should be included for all observable gamma-ray energies, up to where absorption

from these same fields becomes significant.
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4| Fermi ALP Search

4.1 Introduction

The previous two chapters have been concerned with the possibility of a gamma-
ray ALP search using the blazar jet itself as the main mixing region, and the vari-
ous effects that would have to be taken into account in the process. In this chapter,
I perform such a search. As mentioned before, looking for irregularities in AGN
spectra has been the basis for constraints with Fermi-LAT, H.E.S.S, and Chandra
observations in the past (Abramowski et al., 2013; Ajello et al., 2016; Reynolds et
al., 2020). Specifically, these studies have each been of individual sources (NGC
1275 and PKS 2155-304), and have used the magnetised host cluster environments
as the dominant mixing region. As the power of these searches lies in their ability
to detect oscillations in the observed spectra, they require good photon statistics in
the gamma-ray data, which is why bright blazars make good targets—especially
when in a flaring state (see, e.g., the improvements of the flaring state constraints

compared to the steady-state constraints in Abdalla et al., 2021).

Here, I perform a similar search with a combined analysis of Fermi-LAT data for
three bright, flaring FSRQs (3C454.3, CTA 102, and 3C279), using the blazar jets
as the main mixing regions for the first time. This should be an improvement over

previous searches in multiple ways.

Firstly, as discussed in Ch. 2, the strong field in the jet could lead to ALP-photon
mixing in a region of ALP parameter space (at higher masses and slightly lower

couplings) previously un-probed by gamma-ray searches.

Secondly, by combining observations from multiple sources, it should be possible

to strengthen the constraints, both in terms of the parameter space reached and
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the robustness of the limits—if an ALP signature is seen in one source, it should
be seen in the others too. The standard method of performing these searches is
a likelihood ratio test (to be discussed in more detail in Sec. 4.4), which can be

simply extended to include multiple sources at once.

The final improvements concern the magnetic field modelling. These previous
searches use fixed models of the cluster field, motivated by X-ray observations and
Faraday RM maps of the sources in question, or others similar to it. The turbulent
nature of the cluster fields is treated statistically, but the overall field strength and
radial dependence is fixed. As discussed in Ch. 2, observations of jets do not
tightly constrain a general model of jet field structure, and variations in the field
parameters can affect mixing within the jet. Even on a source by source basis, be-
cause of the small size of the jet, it is hard to pin down the field parameters exactly.
First of all, this problem can be partly addressed by performing the SED modelling
described in Ch. 3 for each of our sources (and which is also required because, as
detailed in that chapter, dispersion off the photon fields must be included). This
enables us to make sure our magnetic field model is consistent not only with core-
shift and RM measurements, but also with the observed gamma-ray emission and
photon field observations under a standard inverse-Compton scenario. Secondly,
in this analysis, I make the magnetic field strength within the jet a free parameter
in the fitting (with a likelihood prior based on core-shift observations), as opposed
to fixing it as in previous work. While this comes at the cost of reduced exclusion
power (the field strength can be adjusted so as to produce oscillations that more
closely match the data) and increased computational cost (the full photon survival
probabilities have to be recalculated each time the field strength changes), it will
again improve the robustness of the final results by reducing their dependence on

a specific field model.

The outline of this chapter is as follows: In Sec. 4.2, I discuss the Fermi data
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analysis of the three sources, before discussing the jet modelling and simulated
ALP spectrain Sec. 4.3.1. In Sec. 4.4, I will then discuss the fitting and statistical
analysis used to compare the ALP and no-ALP hypotheses and place limits on
ALP parameter space—extending previous work to include multiple sources and
a free magnetic field strength. Finally, I will present the results of the search in

Sec. 4.5.

4.2 Data Analysis

As introduced in Sec. 1.3.1, the Fermi-Large Area Telescope (LAT) is a pair-
conversion, imaging gamma-ray detector on board the Fermi Gamma-ray Space
Telescope (W. B. Atwood et al., 2009). Fermi data is made publicly available
almost immediately upon being taken. I also use the publicly available PYTHON
package FERMIPY v1.0.1' (Wood et al., 2017) for the analysis. Our aim is
to look for oscillations in Fermi-LAT gamma-ray spectra caused by ALP-photon
mixing. [ target the three sources with the brightest flares over the Fermi lifetime:
3C454.3 (z = 0.859), CTA 102 (z = 1.037), 3C279 (z = 0.5362) (see Meyer et

al., 2019 for whole-lifetime, and flaring, light-curves).

4.2.1 Data Selection

Initially, I analyse each source over a significant fraction of the Fermi-LAT life-
time (11.7 years between Aug. 4, 2008 and Apr. 1, 2020) to get an average model
for each region of interest (ROI). This average lifetime ROI model can then be
used as an initial condition for fitting the flare observations. Each ROI is centred
on the respective source and has a size of 15° x 15°. As mentioned in Sec. 1.3.1,

Fermi-LAT has a point spread function of up to 3.5° for £/ > 100 MeV (scatter-

ISee https://fermipy.readthedocs. io (accessed Jul 23, 2022).
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ing interactions within the instrument being required by design). This means it
is necessary to simultaneously model an entire ROI around the source of interest,
containing multiple sources, as opposed to simply the source itself. Nonetheless,
our sources of interest (especially during the flaring periods) greatly dominate the

photon counts of each ROL.

To avoid including gamma-rays produced from the Earth limb—i.e., gamma-rays
emitted as cosmic rays collide with the outer atmosphere—I only use events with
a zenith angle 6, < 90°. 1 choose a spatial binning of 0.1° pixel™*. I use the
P8R3_SOURCE_V2 instrument response functions” and only use events that pass
the P8R3 SOURCE event-level selection cuts (see W. Atwood et al., 2013 for de-
tails). Because I am looking for spectral oscillations, I make use of the EDISP
event classes available with the Pass 8 IRFs. Events are classified into four
classes, EDISPO to EDISP3, depending on the quality of their energy recon-
struction (worst to best respectively). These classes each contain a similar number
of events, and are analysed separately with their corresponding IRFs, found with
dedicated Monte Carlo simulations (W. Atwood et al., 2013). This allows the best

possible spectral information to be extracted from the data.

I choose an energy range of 100 MeV to 500 GeV, where the sensitivity and en-
ergy resolution of Fermi is optimal (though we would not expect much detected
emission beyond ~ 50 GeV for any of our sources because of EBL absorption,
see Fig. 3.8). For the whole-lifetime analysis, as it is only used to get the global
ROI models and does not require much spectral resolution, I use 8 energy bins
per decade. Then, for the flare analyses, I choose the binning so as to reach the

smallest resolvable energy scale. This is done by extracting the detector response

2See https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone_LAT_IRFs/IRF_overview.html (accessed
Oct 5, 2022).
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matrices for our observations and choosing the bin width to match the minimum
AFE/FE for the best energy dispersion class (EDISP3). Figure 4.1 shows AE/E
for each of our sources over the observation periods. For logarithmically spaced
bins with Ny,,q bins per decade, B, = E;10"rd. Taking AE = F;;; — E; and
E = /E; {1 E;, the maximum N4 to use, matching min(AE/E) = 6, of the
detector, is then
-1
1 de +4/02+ 4
Nppa = = q logyg | ————— . 4.1)

2 2

This gives Nypq = 65 (3C454.3), Nypqa = 67 (CTA 102), and Ny,pq = 61 (3C279)

bins per decade for each of the three sources.

4.2.2 ROI fitting

Once the data selection cuts have been defined, we are in a position to optimise
the ROI models. First, I optimise the ROI model for each of our sources, for all
the event types combined, over the entire 11.7 year time range defined above. The
initial model includes every point source in the Fourth Fermi source catalogue
(4FGL; Abdollahi et al., 2020) and the standard Galactic and diffuse isotropic
background templates’. The Galactic gamma-ray background is produced by
cosmic-ray interactions with interstellar nuclei or interstellar photons, the tem-
plates for which are based on Galactic gas templates and fits to LAT data (Acero
et al., 2016). All of our sources have Galactic latitude |b| > 38°, so the details
of the Galactic plane modelling are not important. The isotropic diffuse back-

ground is from extragalactic diffuse emission, unresolved extragalactic sources,

’We use iso P8R3_SOURCE_V2 templates for the isotropic background for each
EDISP class and gll_iem_v07.fits for the Galactic background, which can
be found here: https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html (accessed Oct 5, 2022).
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Figure 4.1: EDISPO03 energy dispersion, AE/FE (68% containment) for each
of our sources over our observation periods; 3C454.3 (top), CTA 102 (middle),
3C279 (bottom). The minimum AF/FE is used to set the number of bins per
decade for the analyses.
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and residual cosmic-ray emission. The isotropic diffuse background templates are

found from all-sky fits to Fermi-LAT data.

Once the models for all the sources in the ROI have been defined (4FGL and
backgrounds), I then free the normalisation of all sources, including the diffuse
backgrounds. Point sources within 5° of the ROI centre or with test statistic T'S >
10 have the rest of their spectral parameters freed too. TS = —21In(Ly /Ly /o) is
the log-likelihood ratio of the likelihoods with and without the source (Mattox et

al., 1996). These likelihoods are simply £ = II,,p,,, where

Hay e—ﬁxy

_ My

- 4.2)
Ty

pa:y

is the Poisson probability of observing the observed ., counts in pixel zy when
the model predicts fi,, counts. The spectral index of the Galactic background is
freed as well. These free model parameters are then fitted to the data by maximis-

ing the overall likelihood of the model.

Within this fitted ROI, I then search for new point sources to add to the model
by calculating a T'S map. This is done by adding a potential point source (with a
power-law index, I' = 2) at each pixel of the ROI and calculating its T'S. Sources
with v/TS > 5 are then added to the overall ROI model at the position which
gives the highest T'S. The entire ROI is then re-optimised, and the process is
repeated until no more sources are found. 4 additional point sources are added
to the 3C454.3 and 3C279 ROI models, and 3 to the CTA 102 ROI model. This

gives the final best-fit model for each of our ROIs over the Fermi-LAT lifetime.

The time ranges used for the flares are taken from the light-curve analysis of
Meyer et al., 2019, and are listed in Table 4.1. For each of these ranges, I redo
the entire above analysis using these final best-fit ROI models, including the new

sources, as the initial conditions. I fit each event type separately, essentially treat-
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Table 4.1: Time ranges (tsiart tO tstare + At) and best-fit spectral parameters (see
Eqgs. 4.3 and 4.4) for a combined event-type analysis of the flares.

tstart At No Iy K E. I'y Ey
—9 1
MID days LU MeV MeV MeV
cm 4 s ]

3C454.3 (4FGL J2253.9+1609)

55,516.55 8.93 525.7 £48.46  1.443+0.029 - 2.614+0.414 0.2274+0.005 410.0

CTA 102 (4FGL J2232.6+1143)

57,749.10 4.99 2.113+0.175  1.813+0.036 - 9848 + 2315 0.819+£0.134 1000

3C279 (4FGL J1256.1-0547)

57,188.07 1.87 12.47+£0.262 2.004+0.018 0.126%0.013 - - 442.1

ing them as separate measurements (as in Ajello et al., 2016). Once fitted ROI
models have been found for each of our flares, I calculate spectral energy distribu-
tions (SEDs) for our sources of interest. Within the 4FGL catalogue, the spectra
of 3C454.3 and CTA 102 are both best fitted* by a power-law with a superexpo-

AN E\ E\"

whereas the 3C279 spectrum is best fitted with a log-parabola,

nential cutoff:

N E 7(F1+KIH(E/E0))
d —NO( ) . 4.4)

dE U\ E,
For both the flaring and the long-term analyses, I use the same spectral shapes as

those in the 4FGL catalogue. Each event type will have different best-fit spectral

parameters, i.e., there are four SEDs for each source, one for each EDISP class.

4A curved spectral shape for a source is used if TScurve = —2In(Leurve/Lpower—1aw) > 9,
and the specific shape that maximises T'Scy,ve 1S chosen (Abdollahi et al., 2020).
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For considerations of space, the best-fit parameters for a combined event-type
analysis are shown in Table 4.1; they are all within the 1o errors of those found in
Meyer et al., 2019 from an analysis of the same flaring periods®. The correspond-
ing SEDs (E?dN/dFE) are shown in Figures 4.2 and 4.3. For clarity, only every

other energy bin is plotted.

For each event type, k, I then extract likelihood curves, £¥(y;)® in each energy
bin, 7, as a function of expected counts, ;, from these best-fit SEDs (shown as
blue bands in Fig. 4.2). These are calculated in model counts and model en-
ergy space; the energy dispersion and reconstruction from the IRFs is taken into
account internally by FERMIPY. As can be seen, the best statistics are at low
energies: 3C454.3 has ~ 380 counts per bin at 150 MeV, compared to ~ 10 at
6 GeV, and no detected emission is seen at energies above about 80 GeV. These
curves can then be used to perform a likelihood ratio test between models with
and without ALPs (see Sec. 4.4). For each event type, the total likelihood for the

no-ALPs model is then
co=11c ) 4.5)

for each source, where [i; are the expected counts from the best-fit spectral models,
including all photon absorption (see Fig. 4.8 below), but without ALPs (best-fits

with ALPs will later be denoted with a hat as opposed to a bar).

4.3 ALP-photon oscillations

To test whether an ALP signature is present in the data, we must model the spectral

oscillations caused by ALP-photon mixing.

SFor the whole-lifetime analysis, my best-fit spectral parameters are also within the 1o errors
of those quoted in the 4FGL catalogue (Abdollahi et al., 2020)
®Throughout this Chapter, I use the shorthand £() = £(u|z), where z is the observed data.
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Figure 4.2: SEDs for sources during the flares: 3C454.3 (top), CTA 102 (bottom).
Best-fit spectral parameters (corresponding to the red lines) and time ranges used
are listed in Table 4.1. Shaded regions show the likelihood curves for each energy
bin. For clarity, only points for every other energy bin are plotted.
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Figure 4.3: SED for 3C279 during the flare. Best-fit spectral parameters (corre-
sponding to the red lines) and time range used are listed in Table 4.1. Shaded
regions show the likelihood curves for each energy bin. For clarity, only points
for every other energy bin are plotted.
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As has been discussed at length in the previous chapters, in order to model these
spectral oscillations, we need a model of the field strength and orientation of the
magnetic fields along the line of sight between us and the gamma-ray sources. The
magnetic fields I include along the line of sight are the jet field and the Galactic
magnetic field (GMF) of the Milky Way, as I choose a mass range slightly higher
than that of Ch. 2 where the IGMF does not contribute strongly (see Sec. 4.4
below) and these sources are not thought to be in highly magnetised clusters. For
the GMEF, I use the model of Jansson & Farrar, 2012, as used in, e.g., Ajello et al.,
2016; Abdalla et al., 2021, and discussed in Sec. 2.3. I also include EBL absorp-
tion for propagation through intergalactic space, using the model of Dominguez

et al., 2010. The dominant mixing region I am using, however, is the jet field.

4.3.1 Jet modelling

As seen in the previous two chapters, for mixing within a jet, the detailed structure
of the jet field needs to be taken into account, as well as dispersion and absorption

from the various photon fields within the jet.

I continue to use the jet model of the previous chapters: the PC jet framework
for the overall jet properties (shape of the field strength, bulk Lorentz factors, and

electron density), onto which I impose a more detailed magnetic field structure.

For the location of the gamma-ray emitting regions during the flares, I use the
lower limits found in Meyer et al., 2019, derived from the absence of attenuation
due to pair-production with BLR photons in the gamma-ray spectra. For 3C454.3,
this is the same as the flare emission region, 7y, from Ch. 3. As mentioned
there, values of r.,, much larger than these lower limits would be inconsistent
with radiative cooling on flare timescales. The values I use are slightly larger

than those found in Acharyya, Chadwick, & Brown, 2021, based on variability
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Table 4.2: Jet properties for our sources.

Param. Unit 3C454.3 CTA 102 3C279
Tom pc 0.103 0.104 0.016
Tr pc 59.8 56.6 47.9
Tiet kpc 100 75.3 32.4
Bo(re:) mG 16.0 26.2 6.28
Ne(Ter) cm ™3 4.7 2.5 5.0

L (re) - 60 52 37
['(7et) - 35 29 18

rr pc 59.8 56.6 47.9
Qo - 1 | 1

f - 0.3 0.3 0.3

timescales, though they assume the emission comes from the entirety of the jet
width—correcting for an emission region only a fraction of the jet width in size
(see Sec. 4.3.2 below) can bring our values into agreement. I use the B(1pc)
values found in Potter & Cotter, 2015 from fits with the PC model to set the
initial value of the magnetic field strength, B, which is then left free in the fitting
(see Sec. 4.4 below). These initial values are slightly lower than those derived
from very-long-baseline interferometry core-shift measurements for each of our
sources in Zamaninasab et al., 2014, where they assume a conical jet throughout’.
The electron density varies as n, o< R~2, where R is the jet width, with the value
at ry, derived from energetic equipartition. Values for the jet parameters used are

listed in Table 4.2.

I then model the detailed field structure as in the previous chapters, with a tangled
component (5;) and a helical component (B},) that transitions from poloidal to
toroidal as r increases down the jet. A constant fraction, f, of the total field

energy density is in the tangled component. The radius at which the helical field

" also found that these larger values were incompatible with the SED modelling performed in
Sec. 4.3.2 below.
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component becomes toroidal is 77; the transverse component of the helical field
varies as By o« r~¢ for r < rp. The three parameters f, rr, and « therefore
govern the detailed field structure (along with a treatment of the coherence length

of the tangled field).

Ideally, these parameters would be allowed to vary in the fit in the same way B is.
However, because of computational constraints (F,, has to be recalculated every
time one of them changes), it is necessary to fix them. As discussed in Ch. 2, care
must be taken to understand how the choice of these parameters affects the final

results.

For our sources, the combination of the jet field strengths and the Fermi energies
we are observing at (which are slightly lower than those discussed in Ch. 2) means
f has the strongest effect on the oscillations—see, e.g., how ‘strong mixing’-type
oscillations generally occur above 10 GeV in Fig. 3.12. Also, as we are now
performing a binned likelihood analysis on data (as opposed the comparison of
smooth models in Ch. 2), small-scale oscillations in the P,.s are now important,
and these are more strongly produced by the tangled field component. In partic-
ular, a very low value of f < 0.05 can greatly reduce the magnitude and severity
of the oscillations produced by mixing in the jet (indeed, the lowest values of F'

in Fig. 2.7 are all at f = 0).

Fortunately, f can be somewhat constrained on a source-by-source basis from
radio polarisation observations—particularly for bright, well-studied sources such
as ours. In general, the fractional polarisation of radio emission from a source
is higher for a uniform field, and lower for a disordered field. Zamaninasab et
al., 2013 compare VLBA fractional polarisation maps of 3C454.3 to simulations,
using a uniform helical field. They find that the asymmetry of the maps matches

a helical field well, but an additional disordered field component is required to
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Figure 4.4: Average best-fit P, differences (weighted by Fermi counts) for
3C454.3, over 50 realisations between a uniform distribution of tangled coher-
ence lengths (/) and the other distributions: Normal (top), linearly increasing
(middle), linearly decreasing (bottom). Differences are < 2.5%.
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reduce the overall fractional polarisation to observed levels. In particular, for
their best fit, they need B? ~ 0.45B7, which equates to f ~ 0.3. Also, the
MOIJAVE (Monitoring of Jets in AGN with VLBA Experiments) program observe
a significant transverse RM gradient on ~ 1 — 10 pc scales in 3C454.3, suggestive
of a helical component, but also indicating that the entire field cannot be tangled

(Hovatta et al., 2012).

There has not been any modelling of CTA 102 fractional polarisation maps com-
parable to that done for 3C454.3, but maps have nonetheless been taken. Those
presented in X. Li et al., 2018) have similar fractional polarisation values as those
of 3C454.3, which would be hard to produce with a purely ordered field. They
also show similar asymmetry, again indicating at least a fraction of the field could

be in a helical component.

Homan, Lister, Aller, Aller, & Wardle, 2009 have done similar modelling to that
done for 3C454.3, but with circular polarisation as well, for 3C279. All of their
best-fit models have 0.19 < f < (.51, again ruling out very low tangled field

fractions, and their best fit value is f = 0.36.
Motivated by these results, I choose a fixed value, f = 0.3, for all three sources.

Another factor concerning the tangled field component is which coherence length,
[. to use. I take the jet width, R as an upper limit for the tangled coherence
length at a given r. The length of each tangled domain can then be drawn from
a distribution of lengths smaller than the jet width. To investigate the effects of
changing this distribution, I calculate best-fit (i.e., maximising the likelihood of
the ALP model spectrum, see Sec. 4.4 below) P,.s for 50 realisations of the
tangled field (fixing o« = 1, r7 = ry, and f = 0.3) in the jet of 3C454.3, for four

different /. distributions®: uniform, normal (with (I.) = R/2), linearly ascending

81 have made all four of these distributions available within the gammaALPs code.
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(x [.), and linearly descending (ox lgl). Over the N, = 50 realisations, I can
then calculate the average P, differences between two distributions, weighted by
Fermi expected counts because differences in energy bins with more counts are

more significant:

1 2 |AP (6 )|
opw = — ! o ) (4.6)
FW Ny ZJ: Zz 12

where ¢ denotes the energy bins and j the field realisations. Fig. 4.4 shows
these Fermi-weighted (FW) differences between the uniform /. distribution and
the other distributions for 3C454.3; they are all small. The average differences
are below 2.5% for all sources. This means that the differences between separate
realisations of the tangled field outweigh the differences between specific distri-
butions of tangled coherence lengths. We therefore do not need to model the [,

distribution in detail, and can fix it to a uniform distribution with [, < R.

The precise values of 7 and « are hard to constrain observationally, but we can
test their effects on the oscillations with the same average P, method. When
a = 1 is fixed, the differences between r = 0.3 pc and rp = 1y, (for 3C454.3)
are shown in the top panel of Fig. 4.5. The differences are below ~ 1%, and
are similar for the other sources. It seems that the differences in the ordered
component of the field produced by varying r, are swamped by the differences
between separate realisations of the tangled component, and also, By can vary in
the fit to compensate for any changes. Therefore it is reasonable to take rp = 7y,
for each of the three sources. The lower plot of Fig. 4.5 shows the differences
between o = 0.5 and = 1 for rp = ry, when By is left free in the fit, again
for 3C454.3. The differences in this case can be larger (~ 10%), but only in a
few isolated regions. « has a larger effect than 7, because varying it can produce
a larger change in the transverse field strength at the emission region. It is, of

course, possible that these relatively large percentage differences in the P,.s will
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Figure 4.5: Average best-fit P, differences (weighted by Fermi counts) for
3C454.3, over 50 realisations for different jet field parameters: r = 0.3 pc and
rp = 1y for a = 1 (top); a = 0.5 and a = 1 for r = r, (bottom).
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Figure 4.6: One realisation of the transverse component of the magnetic field, Br,
for 3C454.3, using the parameters, f = 0.3, « = 1, and r = r,. Vertical dashed
line shows 7+,.

not greatly affect the final results because they do not occur in important regions
of parameter space. I perform the analysis using o = 1 throughout, and in Sec.

4.5 I assess the differences that changing o would have on the final results.

Overall, then, the field structure parameters used are f = 0.3, « = 1 and rp = ry,
for every source. Figure 4.6 shows one example field realisation for 3C454.3 with

f=03,a=1andrr =r, = 59.8 pc.

4.3.2 Photon fields

As well as the magnetic field structure, background photon fields can also affect
ALP-photon mixing (as shown in the previous chapter). Specifically, gamma rays
will be affected by photon-photon dispersion and absorption via pair-production

from background photon fields, whereas ALPs will not. Our sources are all FS-
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Table 4.3: Parameters used for the AGN Fields.

Parameter Unit 3C454.3% CTA 102° 3C279¢
Disc
Lyise  ergs™t 2 x 1046 4 x 106 3 x 10%
Mpy M, 1.2 x 10? 8.51 x 108 3 x 108
Ry R, 6 6 6
Rout R, 200 200% 430
Broad Line Region
Lpyg  ergs™™  418x10% 493 x10%  1.73 x 10%P
Rpg cm 4.3 x 1017 6.1 x 1017 2.8 x 1017
Torus
e K 1000 1000 500
Ry cm 1.6 x 10% 1.6 x 1092 1.6 x 1092
Ry cm 1.6 x 10%° 1.6 x 10?2 1.6 x 10202
bad B 0.527 0.527 0.527

(fe =0.6) (fe =0.6) (fe =0.6)

& Values taken from Finke, 2016, unless marked otherwise.

b From Meyer et al., 2019 unless marked otherwise.

¢ From H. E. S. S. Collaboration et al., 2019 unless marked otherwise. For
Ry for 3C279 Luse the relation of Ry g and Ry, in Finke, 2016 to convert
from Rpyq.

d From Ch. 3
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RQs, and, as such, should host all the AGN fields discussed in Sec. 3.2.5. As
found in Sec. 3.3.2, because our emission regions are on the scale of the AGN
fields, dispersion off of them will dominate and should be included in the calcula-
tions. In particular, for our 7, ~ 0.1 pc, we expect the BLR and torus fields to be
the most important, as the disc is only relevant at much smaller scales. Dispersion
from the CMB can play a large role within the jet at energies above 100 GeV, but,
as can be seen from Fig. 4.2, we are only interested in lower energies. (In fact,
gamma-rays at these energies would likely be absorbed by BLR photons in our
sources anyway, see Fig. 4.8 below). As seen in the previous chapter, modelling
of the starlight and synchrotron fields therefore does not have to be extremely pre-
cise. Nevertheless, I include all the photon fields described in Ch. 3 (AGN fields,
EBL, starlight, synchrotron, and CMB fields) for each of the sources, using the
same method and models. The only differences in the AGN fields are the values
parameters take for CTA 102 and 3C279, which are slightly different to those of
3C454.3, and are motivated by observations of those sources. The various param-
eters I use for the AGN fields, along with their sources in the literature, are given

in Table 4.3.

In order to model the (subdominant) synchrotron photon field within the jet, I
then follow the method of Sec. 3.2.7 and model broadband SEDs for each of
our sources (in both flaring and steady states) and compare them to observations.
This is not supposed to be a detailed SED-modelling of our sources (indeed, the
spectral parameters and magnetic field strength will be left free in the actual fits),
but rather simply confirms the overall self-consistency of the jet and photon-field

models, assuming a typical inverse-Compton emission scenario.

As before, to calculate these SEDs I line up spherical plasma blobs down the
jet, each with a field strength (within o, the errors derived from Zamaninasab

et al., 2014, see Sec. 4.4), electron density, and bulk Lorentz factor taken from
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Figure 4.7: Modelled SEDs for our sources during flare and steady states:
3C454.3 (top), 3C279 (middle), CTA 102 (bottom). Data for 3C454.3 taken from
(Cerruti et al., 2013), for 3C279 from (Potter & Cotter, 2015; H. E. S. S. Collab-
oration et al., 2019), and for CTA 102 from (Gasparyan et al., 2018).
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Table 4.4: Parameters used for the blobs down the jet. The steady-state and flaring
gamma-ray emission is produced from blobs at ;. and 7., respectively.

Parameter Tss Tem rest of jet
3C454.3

r (pc) 59.8 0.103 -

B (G) 0.013 1.9 -

Ne cm ™3 4.71 7.9%x103 -

E. (MeV) 1.3x103 250 1.3

15} 1.95 2

Nem - 2.8 -
CTA 102

r (pc) 56.6 0.104 -

B (G) 0.026 3.64 -

ne (cm™3) 2.5 3.7x10° -

E. (MeV) 1.3x103 350 1

153 1.68 1.92 2

Nem - 1.8 -

3C279

r (pc) 47.9 0.016 -

B (G) 0.0063 2.85 -

ne (cm™3) 5 5.25x10* -

E. (MeV) 1.6x103 380 1.3

15} 1.75 2.05

Nom - 2.5 -
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our global jet models (see Table 4.2). agnpy can then be used to calculate the
emission from each blob. Again, the steady-state emission is assumed to come
from ry. = 7. For the flare emission regions, we use a blob located within the
jet at 7ep, with a radius Rey = R/7em, Where R is the jet width and 7., > 1.
To reiterate, this roughly simulates, e.g., a reconnection or magneto-luminescence
event within the highly-magnetised region of the jet, as opposed to a large-scale
change in jet structure for the flares which is disfavoured because of the small

flaring timescales.

Table 4.4 shows the parameters used for the various blobs in each source. Figure
4.7 shows the model SEDs; they are largely consistent with observations in both
the flaring and steady-state cases, so we can have confidence in our overall jet
and field models. As mentioned, this process also enables us to calculate the
synchrotron fields within our jets. Dispersion off the synchrotron field within the
jet is always sub-dominant, however, and so I do not recalculate it every time B,
changes in the fits (recall that changes of 20% in the field strength made very little
difference in Fig. 3.13).

Another effect associated with the photon fields is absorption via pair-production.
The total absorption from all the photon fields (including intergalactic EBL ab-
sorption), for each of our sources, is shown in Figure 4.8. Absorption is included
in every calculation, both with and without ALPs. Note that keeping the syn-
chrotron field fixed is reasonable in the case of absorption, because observed
photons never reach high enough energies to pair-produce with the synchrotron

photons.
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Figure 4.8: Total absorption for each of our sources, including all photon fields.

4.4 Statistical methods

We are now in a position to compute photon survival probabilities, P, (1, govy, B;)
for ALP-photon beams propagated through our sources, where B = (B, f, o, 1)
and j denotes a realisation of the random magnetic field. Figure 4.9 shows an ex-
ample P, (Eqps) for one pair of ALP parameters for 3C454.3, including both dis-
persion and absorption from the background fields. The aim is to compare models
with ALPs to the observed Fermi data. I follow the statistical methods of, e.g.,
Abramowski et al., 2013; Ajello et al., 2016; Abdalla et al., 2021 closely. For a
random B-field realisation, j, and spectral parameters, 8 (those of Eq. (4.3) or 4.4

depending on the source), the expected counts including ALPs are then

:ui(maa gawj) = <P’Y’Y(ma7 Gav, Bj)>z : [LZ(O), (47)
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where (P,,); denotes the average over energy bin, 4, which is necessary because
P, can vary on energy scales much smaller than the bin width. I calculate P,
in 500 fine energy bins, logarithmically spaced across our energy range, before

averaging.

It is worth noting that possible systematic uncertainties in the instrument response
functions used within FERMIPY could possibly slightly affect this expression. In
Sec. 4.5 below, I show that the inclusion of an extra shift or smear in the energy

reconstruction or dispersion would not greatly affect the overall results.

For each source, then, one set (1m,, oy, B;, @) corresponds to a likelihood,
‘CALP(mav ga'y; B]7 0) = p(BO) H £(lui(ma7 gaw j))’ (48)

where L(/1;) are the likelihood curves extracted from the Fermi SEDs, evaluated

at the expected ALPs counts, and,

1 /By — B\
»(By) =exp{—§ (%) } 4.9)

is the prior on By, which takes the form of a Gaussian. By is the initial value
used (see Table 4.3) and op is the error derived for the magnetic field strength
in Zamaninasab et al., 2014°. In each case, o is around 20% of B,. For each
field realisation, I fit the ALP-spectrum to the data by varying B, and € in such a
way as to maximise Lapp (1, Jay, Bj, 0). Again, I use the iminuit PYTHON
package for the fitting. Note that every time B, is changed in the fit, P, has
to be recalculated completely. When B, changes, only the overall field strength

is affected—the random field orientations and domain lengths remain the same

9Errors are derived from their Eq. (4), and the errors on the values quoted in their Table 1 and
references therein.
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Figure 4.9: Example photon survival probability, P, for one realisation of the

3C454.3 field, using f = 0.3, = 1, and r = 1. Twenty more realisations
are shown in the background. Dispersion and absorption off of the background
photon fields are included.

for a given j. Large variations of B, such as removing the field completely, are
discouraged by the prior term in the likelihood. Best-fit values of the field strength

and spectral parameters are denoted with a hat: B; and 6.

I scan an 8 x 7 log-spaced grid in (m,, g,,)-space, with m, € [5,5000] neV and
Jary € [0.1,10] x 10~ GeV . This region is where we might expect mixing in
the jets (see Ch. 2), with the critical energies (Egs. (3.42) and (3.43)) lying around
the Fermi energy range. For masses m, < 5 neV, the precise jet-length becomes
important, as does conversion in the IGMF—i.e., lower masses are affected by
the weaker fields that we can ignore otherwise. Higher couplings are ruled out
by experiment (Anastassopoulos et al., 2017), and lower couplings would lead to
oscillations too small to be detectable (indeed, comparing to previous limits found

with Fermi-LAT, it is unlikely we will reach the bottom of this range anyway).

CHAPTER 4. FERMI ALP SEARCH
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In order to treat the random field statistically, (following, e.g., Ajello et al., 2016;
Abdalla et al., 2021), for each (m,, gq,) I perform the fits for 100 magnetic field
realisations, and then sort them by L£a1p and choose 7 = 95 corresponding to the
0.95 magnetic field realisation quantile. This ensures we are not simply ruling out
ALPs because of a particularly poorly fitting field realisation. Each point on the
ALP grid then corresponds to a likelihood value, £X; 1(m4, gay, Bos, 8), for each

event type.

For each source, the overall ALP and no-ALP hypotheses can be compared with

the test statistic,

TS=-2) In ( £5(6) — ) , (4.10)
K LY 1p(Ma; Jay, Bos, 0)
defined in the standard way for a likelihood ratio test, where £’g are the maximum
likelihoods for the no-ALP model, found in Eq. (4.5), with best-fit spectral pa-
rameters, 0, and the additional hats in the denominator denote the maximum like-
lihood over the whole ALP grid (Rolke, Lépez, & Conrad, 2005). In other words,
TS compares the no-ALP case with the best-fitting ALP case; A high value of T'S
would mean that the ALP hypothesis is more likely than the no-ALP hypothesis.
To quantify how confidently we could reject the no-ALP hypothesis for a given
TS, we have to use Monte-Carlo simulations to find the null TS distribution'’ For
this, [ use the simulate_roi function within FERMIPY to generate 100 simu-
lated ROIs for each event type (for each of our sources), every time removing the
source and injecting a new one from the best-fit spectral model, including photon
absorption. This works by generating new Poissonian observed counts from the

ROI model. The whole analysis—i.e., fitting across the whole ALP grid, for 100

10We cannot use Wilks’ theorem (often used to find the null distribution for a log-likelihood
ratio test; Wilks, 1938) because the oscillations do not scale trivially with the ALP- or magnetic
field parameters, and the null (no-ALP) hypothesis is independent of them.
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Figure 4.10: Cumulative distribution functions (CDF) for the TS values for the
individual sources (solid), and the total T'S;,; distribution (black). Dashed lines
show the best-fit gamma distributions. Dot-dashed vertical lines show the 95%
thresholds and dotted vertical lines show the T'S values of the data.

field realisations—is then repeated on each simulated ROI, and TS is calculated
for each one. This gives a cumulative distribution function in T'S, which is shown
in Fig. 4.10 as the solid lines. The TS thresholds can then simply be read from
these distributions. Specifically, because we only have 100 simulations, we fit
gamma distributions to the TS distributions (dashed lines), from which we can
take the 0.95 threshold values (dot-dashed lines in Fig. 4.10). As can be seen,
TS > 10.5 is required to reject the no-ALP hypothesis with 95% confidence for
3C454.3; TS > 12.52 for CTA 102; and TS > 8.29 for 3C279.

Regardless of whether we can claim an ALP detection, we would also like to
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find which ALP parameters a given observation is inconsistent with—i.e., which
values of m, and g,, can be excluded. This can be done with a different test

statistic:

By, 6
)\(mcuga,y _ _221 (’CALP maaga’Ya 95 :>> ’ (411)
‘CALP (mm gava B957 0)

which compares the best fit at each point (m,, g.,) with the overall best fit of the
whole grid. A large A at (m,, g.,) means that the best fit at that point is signifi-
cantly worse than the best fit overall, and so can be rejected by the data. The un-
derlying distribution of A(m,, g.,) can be found in the same way as the T'S distri-
bution, except this time an ALP spectrum is injected into the simulated ROIs—i.e.,
the new Poissonian counts are drawn from Eq. 4.7, the expected counts including
P, (Mg, gay) (Fig. 4.9 shows an example injected P, for 3C454.3). This dis-
tribution could, in principle, be different for each point in ALP parameter space,
as the oscillations do not depend trivially on m, and g,,. Doing the simulations
for every point (mg, gq) 1s not computationally feasible, however. Therefore I
calculate the A distribution at various points and interpolate between them to get
the 95% A thresholds across the grid, Ag5(1q, gay). For CTA 102, I use 8 points,
spread over the region of parameter space where we might expect exclusions;
the top panel of Fig. 4.11 shows Ag; for CTA 102. The black points show the
injected (Mg, ga,) pairs. Within the region bounded by these points, Ags is in-
terpolated, and it can be seen that \g; is not constant, but varies smoothly across
the grid—generally lowering for decreasing coupling and increasing mass, i.e.,
for weaker oscillations. Outside the region bounded by the injected points, I use
nearest-neighbour \g5 values to set the threshold. This is generally a conservative
estimate, as \g; would continue to decrease into the un-probed parameter space
beyond the lower right edge of the interpolation region, where it would approach
the TS threshold. Because of the smoothness of the CTA 102 \g5 distribution, I

use fewer injected points for 3C454.3 and 3C279—7 and 3 respectively—to save
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on computing time.

So far, I have only discussed individual source analyses. It is possible to com-
bine the likelihoods from the different sources in the same way as those from the
different event types within one source (or even different energy bins within one
event type). The total ALP and no-ALP likelihoods are just the product of the
individual source likelihoods, £ = II,L,, where s indexes the different sources.

This means the final T'S;.; and Aot (114, 9oy ) formulae are

.
TSi = -2 In ( % (9) . ) , (4.12)
k 14, § )

k N
’SALP (ma7 ga’ya B957 0

and

e (Mo, ga ,B 0
Not(Mas Gar) = 221 ( Avp o, Jury, 205 3), (4.13)
e (Mas Gays Bg5, 0)

where the minima are found after the product over the sources is taken. The dis-
tributions for these two test statistics can be found in the same way as those for
the individual sources. Figure 4.10 also shows the TS, distribution; a value
TSiot > 18.2 would be required to reject the no-ALP hypothesis with 95% con-
fidence for all the sources combined. The lower panel of Fig. 4.11 shows the
A5 thresholds across the ALP parameter space. The same interpolation method
is used as before, and, again, the overall distribution varies smoothly. For those
points where either one or both of 3C454.3 and 3C279 is missing injected simula-
tions, I use the sum of the individual g5 thresholds. This again is a conservative
(i.e., over-) estimate of A%, as by definition A\}%, < >~ \S; everywhere (the two
are only equal if the minima of the likelihood profiles for all the sources lie at the
same point). Only the point at 1000 neV does not have injected simulations for
both CTA 102 and 3C454.3, which together should dominate the overall thresh-

olds, so in the relevant region of parameter space this approximation is small.
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Figure 4.11: A5 thresholds for CTA 102 (top) and all sources (\i) (bottom).
Points show injected (1m,,9,~) points, which are interpolated between. Outside the
bounds of the injected points, the nearest neighbour is used to for the threshold.
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4.5 Results

Figure 4.10 also shows (dotted vertical lines) the data T'S values for all the sources
both individually and in combination. The T'S values for 3C454.3 and 3C279 are
below their respective T'S thresholds: TS3cy54.3 = 4.97, and TS3c079 = 3.88. For
CTA 102, however, there is a slight preference (20) for the ALP case: TScra102 =
13.37, which is over the threshold of 12.52. TS = 13.37 is in the 97% quantile
of the gamma-function fitted to the CTA 102 T'S distribution, but falls to the 91%
quantile if the distribution is simply read from the simulations. Therefore, this is
not a very significant preference for the ALP case, and, indeed, it disappears in the
combined analysis: T'S;,; = 16.03. Overall then, we cannot rule out the no-ALP

hypothesis, or, in other words, we have not found an ALP signal in the data.

Nonetheless, we are able to place limits on the parameters m, and g,,. Figures
4.12 and 4.13 show A for each of the sources. The white contours enclose re-
gions where A > \gs5, and so show the 95% exclusion contours for each individual
source. It is worth noting that none of the contours follow lines of constant \—
i.e., producing a \g5 threshold map of the relevant parameter space is important.
For CTA 102, the regions of 10 (68%) and 20 (95%) preference over the null hy-
pothesis are also shown as green dot-dashed and red solid contours respectively.
The best-fit point (m, = 100.8 neV and g,, = 4.64x 1072 GeV ') is also plotted
as a gold cross, along with its significance (0.97). As can be seen, because of this
slight preference for the ALP case, the 95% exclusions contour from the CTA 102
data extend to high masses and low couplings (which approximates the no-ALP
case). Aside from CTA 102, the constraints from 3C454.3 are the strongest, as
would be expected from the comparatively good statistics of the 3C454.3 obser-
vations (see Fig. 4.2). Constraints from 3C279 data are much weaker than the

other sources not only because its statistics are not quite as good, but also because
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Figure 4.12: A\(myg, goy) for 3C454.3 (top), CTA 102 (bottom). White contours
show the 95% exclusions, i.e., they enclose regions where A > \g5. The green
dot-dashed and the red solid contours show the 1o and 20 preference (over the
no-ALP hypothesis) regions for CTA 102 respectively, and the gold cross shows
the location of the best-fit point.
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Figure 4.13: A\(myg, gqy) for 3C279. White contour shows the 95% exclusions, i.e.,
enclosing the region where A > Ags.

the configuration of the field parameters means that, with B, free, good fits are
generally able to be found to the data; for 3C279, A is smaller for much of the re-
gion that is excluded by the other sources than it is in the high-mass—low-coupling
region. This highlights the importance of leaving the magnetic field strength free

in the fitting.

As was shown in Fig. 4.10, the preference for the ALP case shown in the CTA
102 data disappears in the combined analysis; we would therefore expect 3C454.3

to contribute most strongly to the combined exclusions.

Figure 4.14 shows Ay for the whole scanned parameter space, and, indeed, the
95% exclusions (again shown by the white contour) are only marginally better
than the 3C454.3 exclusions. In particular, the high-mass—low-coupling region is

not excluded. This highlights the benefits of using a combined analysis to derive
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Figure 4.14: Ao (Mq, goy) for all the sources combined. White contour shows the
95% exclusions, i.e., enclosing the region where Ay > A5,

robust exclusions. Figure 4.15 shows our 95% exclusions, compared to other
constraints on ALP parameter space, shown as black and red dashed contours.
The dark matter line is shown as a grey dash-dotted line, below which ALPs could
make up all of dark matter (Arias et al., 2012). As can be seen from the figure, the
combined analysis performed here allows the previous gamma-ray constraints to

be extended.

As mentioned in Sec. 4.3.1, however, we have fixed the field parameter o = 1
despite indications that varying it could affect the P,,s by ~ 10% in isolated
regions of parameter space. Of course, ideally, & would be left free in the fitting.
Unfortunately, this is not computationally feasible. In order to test the effects of
changing «, therefore, I have performed a single analysis of 3C454.3 and CTA 102
with a = 0.5, calculating A\(my,, g,,) in the same way as described in Sec. 4.4.

Figure 4.16 shows how the total (combined) exclusions would vary in this case,
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Figure 4.15: Overall 95% exclusion contours for each source, and for the com-
bined analysis. The black dotted contour shows constraints from magnetic white
dwarf radio polarisation (Dessert et al., 2022). Black dashed contours show pre-
vious gamma-ray constraints (Abramowski et al., 2013; Ajello et al., 2016). The
red dot-dash contour shows the CAST experimental constraints (Anastassopoulos
et al., 2017). The dark matter line is shown in grey dot-dash.
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Figure 4.16: Overall 95% exclusion contours for the combined analysis (black),
and the same when o« = 0.5 (red). The black dotted contour shows constraints
from magnetic white dwarf radio polarisation (Dessert et al., 2022). Black dashed
contours show previous gamma-ray constraints (Abramowski et al., 2013; Ajello
et al., 2016). The red dot-dash contour shows the CAST experimental constraints
(Anastassopoulos et al., 2017). The dark matter line is shown in grey dot-dash.

using the same A%, threshold calculated with the ordinary analysis. As can be
seen, the overall 95% exclusions are only slightly changed by changing « to 0.5;
in some places the exclusions are slightly better, in some places they are slightly
worse. This is because the regions where o can make a large difference to the
P, s are generally beyond, or at the edge of, our exclusion region. Overall, then,
particularly at lower masses (m, < 200 neV), our exclusions are robust despite

the approximations made concerning the magnetic field structure.

Another factor that could possibly affect the results, mentioned in Sec. 4.4, is that
there could be systematic uncertainties associated with the Fermi instrument re-

sponse functions, which, as pointed out in Abdalla et al., 2021, could be important
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Figure 4.17: 3C454.3 TS distribution with (orange) and without (blue) additional
systematics (s = 0 = 0.04). Vertical dashed lines show the 95% thresholds;
vertical dotted lines show the T'S value of the data.

156



University of Oxford CHAPTER 4. FERMI ALP SEARCH

for ALP searches because of the spectral resolution they require. Uncertainties
associated with the energy dispersion and reconstruction could slightly affect Eq.
(4.7). Energy dispersion is included in the analysis within FERMIPY, with dif-
ferent detector response matrices (DRM) associated with each EDISP class (see
Sec. 4.2). There are, however, slight uncertainties in these DRMs. In particular,
there could be an additional shift and smearing in the reconstructed energy and
energy dispersion. These uncertainties can be included with a new expression for
the expected counts (Abdalla et al., 2021):

1 [e%e) E _ El 2
1(Mas Garys E) :N-/O dE' exp (—W>

x u((1— 5)E',6) ¢-19)

X Py (Mg, Gary, B, (1 — $)E')

where the parameters s and J deal with an energy shift and smear respectively,

0o _ I\2
N:/ dE" exp (—M) . (4.15)
0

and

2(0F)?
Unfortunately, having to perform this integral at every fine energy that P, is
calculated at greatly increases the computation time, and so it is not feasible to

perform the whole analysis in this way—especially as By is left free in the fitting.

These errors are expected to be < a few percent for Fermi''. Therefore, to test the
possible effects of s and § on the final results, I again perform a single analysis of

3C454.3, this time using s = § = 0.04.

Changes in the systematics would also likely affect the Ag5 thresholds, so the
comparison used in Fig. 4.16, with the same thresholds as the regular analysis, is

less useful in this case.

lISee  https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats
.html (accessed Jul 1, 2022).
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Nevertheless, we can compare the T'S distributions for the two cases (with and
without additional systematics) because the smooth no-ALP spectrum should be
unaffected. Figure 4.17 shows TS distributions, for the s = § = 0 (blue) and
s = 0 = 0.04 (orange) cases, for 100 simulated data sets that do not include
an injected ALP signal. The vertical dashed lines show the 95% thresholds, and
the vertical dotted lines show the TS values of the data. As can be seen, the TS
distributions are very similar in the two cases. An extra shift and (particularly)
a smear in the energy reconstruction reduces our ability to distinguish the ALP
and no-ALP cases, both slightly reducing the TS value of the data and slightly
increasing the 95% threshold. Therefore we would expect the additional system-
atics to slightly shrink our exclusion regions (in Ajello et al., 2016, they show
that including similar systematic errors would reduce their exclusion region by
~6%). This is to be expected, as the Gaussian () term effectively smooths out
the oscillations. Nevertheless, even in this case, our observations would likely still
constrain ALP parameter space previously un-probed by gamma-ray searches—

though more computing power would be required to perform the full analysis.

Overall, the parameter space m, < 200 neV and g,, = 5 x 107'2 GeV~! can
be excluded with 95% confidence. This is an improvement on previous gamma-
ray searches in this mass range, though is almost completely contained within the
magnetic white dwarf polarisation constraints of Dessert et al., 2022. These con-
straints not quite reach the dark matter line, but are limited in coupling to similar
Ja~ values as previous Fermi limits (see Ajello et al., 2016). Nonetheless, I reach
lower couplings than those projected to be reached by the future ALPS II experi-
ment in the same mass range (Diaz Ortiz et al., 2020), and comparable couplings
to the projected limits of the future IAXO helioscope experiment (Armengaud et

al., 2014) (see Sec. 1.2.1).

Future searches, with CTA for instance (like those outlined in Abdalla et al.,
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2021), could likely take advantage of greater instrumental sensitivity to probe
lower couplings using this same method, using blazar jets as the dominant mixing
region. It would also be interesting to see how these limits could be extended in
the event of another flare as bright as the one from 3C454.3 used here, in order to

fully take advantage of the combined analysis method.

Also, it would be good to perform this search with more computing power, and to

leave at least « free in the fits as well, if not all the field parameters.

4.6 Conclusions

Searches for ALP signals in the high energy spectra of AGN have provided some
of the strongest constraints on ALP m, and g, so far (Abramowski et al., 2013;
Ajello et al., 2016; Reynolds et al., 2020). These searches have all been analyses
of individual sources and have generally used the turbulent magnetic field of the
host cluster as their main mixing region; similar searches are also planned in the

future (e.g., Abdalla et al., 2021).

In this chapter, I have performed, for the first time, a combined analysis on Fermi-
LAT data of three bright, flaring FSRQs (3C454.3, CTA 102, and 3C279), with the
blazar jets themselves as the dominant mixing region. These sources were chosen

because they displayed the brightest flaring periods over the Fermi lifetime.

I have analysed each of the sources using the FERMIPY PYTHON package, first
over a significant fraction of the Fermi lifetime to get average ROI models which
are then used as initial conditions for detailed SED analysis of the flaring time
periods. This enabled the likelihood curves from the resulting flare SEDs to be
extracted, which can be used to compare ALP spectral models to the data with a

log-likelihood ratio test.
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To find the ALP spectra, I modelled the jets within the framework outlined in the
previous two chapters. Also, a full treatment of photon-photon dispersion within
the jet was included, as suggested by the investigation of Ch. 3. In the process, I
have performed SED modelling with the combined jet and photon-field models to
ensure they are consistent with both each other and observations—which is also

new compared to previous AGN searches.

These jet models then allowed the computation of ALP spectra for each of the
sources, which could be fitted to the Fermi observations. I treat both the tangled
field component and the errors in the data statistically, by running the analysis
for 100 field simulations on 100 simulated Fermi data sets. Also, unlike previ-
ous work, I account for the uncertainty in the B-field model by leaving the field
strength free in the fits, including a prior term in the likelihood function based on
core-shift estimates of the field strength. I also investigate the effects of the other

field parameters on the final results.

To find the underlying distributions of the test statistics used to place limits, I
performed the analysis on simulated data with various ALP-spectra injected into
it. This was done across the ALP parameter space, enabling a 2D test-statistic
threshold to be constructed, as opposed to using a single value everywhere, as is

commonly assumed.

In the CTA 102 data, I find a marginal (20) preference for ALPs, with the best
fit occurring at m, = 100.8 neV and g,, = 4.64 x 10712 GeV~! (below the
dark matter line). This slight preference disappears in the combined analysis,
however, highlighting the benefits of using multiple sources. Overall then, I find
no evidence for ALPs, but am able to exclude the ALP parameters m, < 200 neV

and g, = 5 x 10712 GeV~! with 95% confidence. This is an improvement on

previous gamma-ray searches in this mass range. Also, the same method could
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likely be used in the future, with a more sensitive instrument such as CTA, or
with more bright flares, to probe even further into parameter space, perhaps even

reaching over the dark matter line.
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5.1 Introduction

The ALP searches discussed in the previous chapters make use of individual
source spectra. While this method can be powerful, it suffers from the fact that
the normalisation and shape of the intrinsic (i.e, ALP-less) source spectrum is un-
known, and so must be left free in the fitting. ALP-photon oscillations always
lead to the loss of photon flux, but this information is generally not used. In other
words, in the simplest case, a source without ALP-photon mixing is indistinguish-
able from a source with twice the intrinsic flux normalisation but a uniform 50%

ALP conversion across the observed energy range.

In this Chapter, I explore a proof-of-concept for an ALP search which uses ra-
dio observations of radio galaxies to constrain the gamma-ray normalisation of
blazars on a population level. As described in Sec. 1.4.2, radio galaxies are the
parent population of blazars; blazars just happen to have their jets pointed directly
at us. As orientation is the only distinguishing feature of blazars, then, their in-
trinsic properties (as a population) should be the same as radio galaxies. The main
idea of this search is to model a population of radio galaxies, randomly oriented
in space and in a realistic distribution of environments, and to adjust the intrinsic
distribution of their jet powers until the simulated radio luminosity function (num-
ber density of radio galaxies per luminosity) matches the observed one. The PC
model framework (Sec. 1.4.3.2) can then be used along with the underlying jet
powers to calculate the gamma-ray emission from those galaxies pointing towards
us (i.e., blazars), which can be compared to the observed Fermi number counts.
If this matches up, the gamma-ray population observations could be used to con-

strain ALPs because the normalisation would be fixed from the radio observations,

162



University of Oxford CHAPTER 5. POPULATION MODELLING

which are not affected by ALP-photon mixing. Of course, this method is model
dependent, which means discrepancies at any step in the chain—radio observa-
tions, radio galaxy model, jet power distribution, jet emission model, gamma-ray

observations—could lead to insights regarding the astrophysical models used.

In Sec. 5.2, the radio luminosity functions and Fermi number counts are con-
structed from data. Then, in Sec. 5.3 I discuss the population modelling and

fitting. Finally, in Sec. 5.4 the effects of including ALPs are investigated.

5.2 Data

5.2.1 Radio

So far, no redshift-complete survey of radio galaxies covers the whole sky. Differ-
ent surveys cover different angular areas of the sky to different depths. Therefore,
I use data from multiple surveys to cover as much of the redshift-luminosity (z— L)
plane as possible. This allows the best construction of the radio luminosity func-
tion (RLF) in various redshift bins, which is then used for fitting the population
models to. The RLF is the space density of radio sources per unit co-moving vol-
ume as a function of their luminosity. Figure 5.1 shows the z — L plot for the all
the sources used, which come from the following surveys (summarised in Table

5.1):

3CRR. The doubly revised Third Cambridge catalogue of radio sources (Laing,
Riley, & Longair, 1983). The 3CRR survey is a 96% spectroscopically complete
sample of bright radio galaxies in the northern hemisphere (excluding declinations
less then 10° and Galactic latitudes |b| < 10°), with a flux limit of 10.9 Jy at 178
MHz. This limit translates to 12.5 Jy at 151 MHz, assuming a spectral index of
0.8 (see Blundell, Rawlings, & Willott, 1999). Data points are taken from Willott,
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Figure 5.1: Redshift vs. luminosity (z — L) plot for the four surveys used.

Rawlings, Blundell, Lacy, & Eales, 2001. The total solid angle covered by the
survey is 4.23 sr. Redshifts come from optical spectroscopy observations. Figure
5.1 shows that the 3CRR survey provides coverage of the high-luminosity region

of the z — L plane.

6CE. The revised Sixth Cambridge radio survey (Eales, Rawlings, Law-Green,
Cotter, & Lacy, 1997; Rawlings, Eales, & Lacy, 2001). The 6CE sample is a 95%
spectroscopically complete selection from the 6C survey between the flux limits
2 < Fi51 < 3.93 Jy, covering 0.103 sr of the sky. Redshifts for the sources come

from optical spectroscopy measurements.

7CRS. The Seventh Cambridge Redshift Survey (Lacy et al., 1999). The 7CRS
survey is a >90% spectroscopically complete sample of three regions of the sky,

covering 0.022 sr in total, with a flux limit of 0.5 Jy—the faintest of the three com-
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Table 5.1: Properties of the radio surveys used.

Frequency = Flux Limit Solid angle N (z <
Survey  MHz) dy) (sr) N 0.7)
3CRR 178/151 10.9/12.4 4.23 170 104
6CE 151 2 0.103 47 12
7CRS 151 0.5 0.022 90 27
LoTSS 144 (151) 5x10* 0.129 30,630 23,572

plete Cambridge surveys used. Again, redshifts are derived from optical spectra.

LOTSS. Data Release 1 (DR1) of Low-Frequency Array (LOFAR) Two-Metre
Sky Survey (LoTSS) (Shimwell et al., 2019). LOFAR is a large array of antennae
(as opposed to the dishes of the previous three surveys) based in the Netherlands
and spread across northern Europe, capable of reaching the very low frequencies
of 10 MHz with unprecedented sensitivity (van Haarlem et al., 2013). LoTSS will
eventually be a very sensitive survey of the entire northern hemisphere, though
DR1 only covers 0.129 sr, over the frequency range 120 — 168 MHz (i.e., with
central frequency 144 MHz, which is close enough to 151 MHz to be used with the
other surveys without having a large effect). The flux limit is 2 0.5 mJy—much
lower than the other surveys, providing a great sample of low-luminosity sources.
Because of this sensitivity, LoTSS contains by far the largest number of sources
of all the surveys I use. The full LoTSS sample contains 318,520 sources, though
this includes star-forming galaxies and sources without good redshift estimates
or optical counterparts. I perform the selection cuts outlined in Hardcastle et al.,
2019 to produce a sample of 30,630 radio galaxies with good redshift estimates.
However, as can be seen from Fig. 5.1, the completeness of the sample greatly
decreases beyond z ~ 0.7, where the fraction of sources with spectroscopic or
good photometric redshift estimates decreases rapidly. For this reason, I limit my

analysis to z < 0.7, leaving 23,572 sources in the LoTSS sample, estimated to
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Figure 5.2: Observed radio luminosity function (left) for 0 < z < 0.7, for each of
the four surveys used. Error bars show Poisson (v/N) errors. Right panel shows
the RLF when corrected for V..

be > 90% complete (Shimwell et al., 2019). A more detailed modelling of the
redshift distribution is left to future work.

Properties of the surveys are listed in Table 5.1.

5.2.1.1 Radio luminosity function

We can now produce observed RLFs for the various surveys. The observed density
of radio galaxies in a redshift bin between z; and 2, is simply p = N/V, where

N 1is the number of sources in the bin and,

V= ond(a) — ()], 5.1)

where d. = dy, /(14 z) is the co-moving distance corresponding to redshift, z (see

Eq. (3.31)). This can be done in each luminosity bin.

The left panel of Figure 5.2 shows the observed RLF for all four surveys, for 0 <

z < 0.7. In order to make the RLF as independent on the size of the luminosity
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bins as possible, p(L) is plotted per log(L), i.e., it is divided by the binwidth.
Error bars show Poisson (v/N) errors; errors on the LoTSS RLF are often very
small because of the large number of sources in the survey. This plot shows the
spatial density of detected radio sources in each luminosity bin. The surveys do
not produce identical RLFs, despite all being mostly complete, because they are
complete in flux rather than luminosity—i.e., surveys with a larger flux limit will
see fewer low-luminosity galaxies. Consistency across the surveys can be checked

by using
N

s 1
= (52)

i max min

where V! (F3

max min

) is the volume corresponding to the maximum and minimum
distance each source, ¢, could be detected from for a survey, s, with flux limit
F3.., which can be easily found computationally. The right-hand panel of Figure
5.2 shows the RLFs once they have been corrected for V. All four surveys are
consistent with each other. I calculate and use my own RLFs instead of those from
other authors for simplicity: I am able to perform exactly the same analysis on the
simulated population, enabling a direct comparison of the two. Nevertheless, the
RLFs shown in 5.2 are consistent with those to be found in the literature (e.g.,
Blundell et al., 1999; Willott et al., 2001; Heckman & Best, 2014). RLFs calcu-
lated from higher frequency (e.g., 1.4 GHz) observations (e.g., Mauch & Sadler,
2007) show the same general shape, but with a slightly higher normalisation, be-
cause they are contaminated by Doppler-boosted jets. Less luminous sources are
more common, with the density decreasing more steeply with increasing luminos-

ity. The observed RLF, in smaller redshift bins, will be used to fit radio galaxy

simulations.
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Figure 5.3: Redshift distribution (left) and the integrated flux number counts
(right) for Fermi blazars.

5.2.2 Gamma rays

We will also need a distribution of the observed blazar number counts. To get this,
I use the second data release of the Fourth LAT AGN Catalog' (4LAC-DR2) from
the Fermi satellite (presented in Ajello et al., 2020). It contains 2863 sources de-
tected with Fermi-LAT between 4 August 2008 and 2 August 2016 that have been
identified as AGN from positional coincidence with sources that show spectral
characteristics of AGN at radio, infra-red, optical, or x-ray frequencies. 98% of
the sources in the catalogue are blazars. As in Ajello et al., 2020, I make a cut
on the Galactic latitude |b| > 10° to avoid contamination from Galactic sources,
and I only use blazars with well-defined spectroscopic redshifts from BZCAT.
All the FSRQs have redshifts, as opposed to only 64% of the BL Lacs, whose
1). The first panel of

optical spectra are generally quite featureless (See Ch.

Figure 5.3 shows the redshift distribution of Fermi blazar population. The total

'Available online: https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
4LACDR2/ (accessed Apr 22, 2022).
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number of detected sources decreases with redshift, as does the number of BL
Lacs, though the number of FSRQs increases to a broad peak around z ~ 1 be-
fore decreasing again. The population therefore becomes dominated by FSRQs
for z 2 0.7, though overall most of the sources are BL Lacs, found at low red-
shift: there are 1236 BL Lacs and 707 FSRQs in total. The right-hand panel of
Figure 5.3 shows the distribution of time-average integrated flux above 100 MeV
for the catalogue. This is what I will call the Fermi number counts. Gamma-ray
astronomy requires model-dependent event reconstruction in the presence of non-
uniform backgrounds, meaning there is no firm lower flux limit for Fermi, though
clearly the number of detected sources begins to drop off rapidly below a few

2

x 10712 erg cm™2 s~1. Most of the lower-flux sources are BL Lacs. These number

counts are what will eventually be compared against simulations.

5.3 Modelling

5.3.1 Individual radio galaxies

Now that the RLFs and Fermi number counts have been calculated, we can simu-
late populations of sources to compare to them. Individual radio galaxies are sim-
ulated using the analytic model® developed in Hardcastle, 2018; my description
follows the one presented there. In this model, a two sided jet of a given power is
launched into a spherically symmetric environment defined by a pressure profile.
As the jet expands, it inflates lobes which drive a shocked shell into the surround-
ing medium in the shape of a prolate spheroid, with long axis R and short axis
R, . The shock equations are used to solve the dynamics of this shocked shell as

a function of time, from which the radio emission of the lobes can be calculated

2Available online at: https://github.com/mhardcastle/analytic (accessed
Mar 24, 2022).
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Figure 5.4: Diagram showing gas properties on either side of the shock. in its
stationary frame. The shock is moving at a supersonic velocity « into stationary
gas with pressure p;, density p; and temperature 77. Upstream quantities are
subscripted with a 2.

as a function of time as well, which is the ultimate goal of the model.

A shock is a disturbance in a medium that propagates faster than the speed of
sound in that medium. Properties such as density, pressure and temperature there-
fore change abruptly on either side of the shock. Figure 5.4 shows the stationary
frame of a shock propagating into a gas with pressure p;, density p;, and temper-
ature 7. The velocity of the shock, u, is supersonic with respect to the speed of
sound in the stationary gas, ¢; = \/fypT/pl , where 7 is the ratio of specific heats
in the stationary gas—vy = g for a monatomic ideal gas and v = ‘51 for a relativistic
gas. The corresponding upstream quantities are p», po, and 75. Relations between
the gas properties on either side can be found from conserving mass, energy, and

momentum flux across the shock. Conserving mass flux per unit area means,
p1U1 = P22 = J. (5.3)

It is useful to define specific volumes (volume per unit mass), V = p~!. From
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the energy conservation formula of Euler’s equations, the energy flux of a fluid
through a surface normal to the vector v is pv(3v? + w), where w = ¢, + pV is
the enthalpy per unit mass, with ¢,, the internal energy per unit mass. Conserving

energy flux then means,

1 1
5“% +w = 5“3 + wo, (5.4)
where, for a perfect gas,
V
w=2"_ (5.5)
(v=1

Conserving momentum flux across the shock gives,

P1+ p1vi = py + pavs. (5.6)

From equations. (5.3) and (5.6), it follows that,

9 DP2—D1

= 5.7

TEv Ty (5.7)
which, along with Eq. (5.4), gives,
1

wp —wy+ =(p2 —p1) (Vi + V2) =0. (5.8)

2

For a perfect gas (Eq. (5.5)), this gives a relation between the specific volumes

and pressures,
Viop(y—1+p(y+1)

- ) 5.9
Voo pa(y—=1)+pi(y +1) 62
From Eq. (5.7), we then get,

2
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which enables us to find relations for the speeds on either side of the shock:

Vi
v = VR =

5 [y = Dpa + (v + Dpal. (5.11)

As v; = u (the speed of the shock), this equation can be used to solve the dynam-
ics of the shocked shell around a simulated radio galaxy. In the direction of the
long axis, u = dR/dt; the internal pressure is po = pg and the external pressure
is p1 = pext(R); the adiabatic index is 75 = g which gives (using the definition

of the speed of sound, c;),

R _ \/(% + 15 — (1 —7%)

. 5.12
7 2. ; (5.12)
and similarly in the direction of the short axis,
dR, _ (’78‘{'1);;9:855” _(1_’73) (5 13)
dt § 27, ' '

Equations (5.12) and (5.13) require the internal and external pressures to be known.
The external pressure is supplied by the environment model (see Sec. 5.3.2 be-
low). Concerning the internal pressure, the jet is assumed to be light and relativis-
tic, with a power (), so its momentum flux along each jet is () /(2¢). A constant
fraction, &, of the energy supplied by the jet is stored as internal energy of the
lobes, so their internal pressure (in pressure balance with the shocked shell) is
pr = (v; — HU = (7; — 1)EQL/Vy, where V7, is the volume of the lobes, and
v = %. This behaviour has been seen in relativistic hydrodynamic and magneto-
hydrodynamic numerical modelling (e.g., Hardcastle & Krause, 2013; English,
Hardcastle, & Krause, 2016), with values of £ between around % and % Along the

direction of the jets (1), there is ram pressure as well as the internal pressure of
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the lobes, so,

@R (- gt

= 5.14
QCVL VL ( )

Pr

Where V7, /(eR) is an estimate of the cross-sectional area of the lobe, given that
the shell should be thin in the R direction (¢ = 4 is used in Hardcastle, 2018
based on comparison with numerical simulations). In the perpendicular direction

the pressure is just the internal pressure:

(; — 1EQ!
%) ’

PR, = (5.15)
By asserting that the lobes be in pressure balance with the shocked shell, pi,; =
ps = pr, the volume of the lobes can be found using the fact that p,V, + p,V, =
ptot(‘/s + VL) = ptot‘/tot:

V;Ot [57]'_{'(1_5)'73_1} Qt'I'NkT_%(’Ys_l):uNﬁy

where the total volume is Vi, = 47TRRQl by definition, and p;; Vios has contribu-
tions from the energy supplied by the jet () and the thermal and kinetic energy
of the material swept up by the shock: p is the mass per particle of the external

medium (11 = 0.6m,, for a fully ionised plasma of solar composition);

N= [ nav, (5.17)

Viot

is the total number of particles swept up, with n = p/kT’; and

dR\> dR, \?
R, (E) + R (_dt >

is an estimate of the expansion speed of the lobes. These differential equations

1
R+ R,

(5.18)

N
Il
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can be solved numerically after setting R = R, = cty for a short initial time

interval, £.

From these dynamics, the emission properties of the lobes can then be inferred by

assuming a completely tangled magnetic field within the lobes, which means,

. U6+UB+UNR_ (1+C+/€)Ue
B 3 B 3 ’

(5.19)

where ( = Up/U, and k = Uyg/U, describe the departure from equilibrium
between the radiating electrons and the magnetic field or non-radiating particles
(such as protons) respectively. With reasonable estimates of ( and «, the magnetic

field strength (Up = B?/(2410)) can then be estimated:

] 3p¢

Then, by assuming a power-law electron energy distribution (index, p), the syn-
chrotron emissivity can be found from Eq. (1.8), and the total radio luminosity

(per unit frequency) in the source frame is then,

e x

L=
j()V x 1+C+/‘€V

(5.21)

In order to properly calculate the radio emission of the lobes as a function of time,
however, various loss processes of the electrons (including synchrotron emission
itself) need to be taken into account. This is done by suitably correcting L,. As
can be seen from Eq. (1.6), the synchrotron radiation rate is greater for higher
electron energies. Synchrotron emission does not just uniformly shift all the elec-

tron energies down, therefore, but also makes the distribution function deviate
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from a power law. At a given time, ¢, the actual electron spectrum will be,
t
N.(E) = / Nfged(E, tinj, Beft ) dtinj, (5.22)
0

where electrons are constantly injected with the same power-law spectrum in en-
ergy, F (an assumption related to assuming the jet has constant power, () at time
tinj, and feel an effective field B.g which includes the time-dependence of B and
scattering off the CMB (see below). This correction is calculated with the spec-
tral aging model of Jaffe & Perola, 1973 within the code (i.e., from templates),
from which L, can be directly adjusted. Energy losses from the adiabatic expan-
sion of the lobes are also included at each time step. For adiabatic expansion,
T o V177, so expansion of the lobes from Vj to Vi changes the electron ener-
gies by F o (Vy/ Vl)i, which can be included by increasing the effective age as
t o< (Vinj/ V)3 because the characteristic electron energy goes like E o ™. An-
other prominent source of radiative losses for radio galaxies is inverse-Compton
scattering off the CMB—especially at high redshift. The correction for this ef-
fect is implemented as in Hardcastle, Birkinshaw, & Worrall, 1998, by integrating
over the electron and photon distributions. This process ages the electrons more

efficiently at higher redshifts, where the energy density of the CMB is larger.

5.3.2 A whole population

This simple model can be used to evolve a radio galaxy with jet power, (), in an
environmental pressure profile, pey(R), and solve for its synchrotron emission as
a function of time. In order to simulate a population of such objects, we need
a reasonable model of radio galaxy environments, and an estimate for their dis-
tribution as a population. I follow Hardcastle, 2018; Hardcastle et al., 2019 in

using the so-called universal pressure profile for galaxy clusters, which is a self-
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Figure 5.5: The universal pressure profile for galaxy clusters. Black lines show
observed cluster pressure profiles, scaled by cluster mass. The green line shows
the universal pressure profile model used here. The orange band shows the range
of simulated profiles beyond the edge of the observation regions. Figure taken
from (Arnaud et al., 2010).
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Figure 5.6: Cluster mass distribution used, as a function of redshift, for a 500 Mpc
box taken from the Millennium Simulation.

similar model derived from XMM-Newton X-ray observations of gas in many
clusters (Arnaud et al., 2010), along with the isothermal temperature profiles of
Arnaud, Pointecouteau, & Pratt, 2005. This profile depends only on the mass
of the cluster—specifically M5, the total mass within Ry, which is the radius
within which the density is 500 times greater than the critical density of the uni-
verse. A detailed formula (involving many constants) can be found in Sec. 5 of
Arnaud et al., 2010; Figure 5.5 shows many observed cluster pressure profiles,
scaled by Mj5gg (black lines), and the best fit model (green line) used here. The
pressure drops off slowly out to a radius of R ~ 0.2R5¢, when it then starts to

drop away rapidly.

With this pressure profile, the required distribution of environments for a pop-
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Figure 5.7: Lobe size R vs time for various values of jet power, (), and cluster
mass M.

ulation of radio galaxies reduces to a distribution of host cluster masses. The
distribution (i.e., relative frequency) of cluster masses, as a function of redshift, I
use is taken from the Millennium cosmological simulation (see Boylan-Kolchin,
Springel, White, Jenkins, & Lemson, 2009) accessed via the Theoretical Astro-
physics Observatory® (Bernyk et al., 2016). Figure 5.6 shows the distribution of
cluster masses between 101¥M, < M < 10°M,, at various redshifts z < 4
within a 500 Mpc box in the Millennium simulation. As the clusters accumulate
mass over time, there are fewer high-mass clusters as z increases. The shape of
these plotted distributions is used to create a 2D distribution function in mass and
redshift from which M;(y can be drawn for a simulated radio galaxy population—

providing a realistic distribution of environments.

3Accessible here: https://taoc.asvo.org.au/tao/ (Apr11,2022).
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Figure 5.7 shows how the lobe length, 12, evolves with time for various jet pow-
ers when the radio galaxy is launched within environments of masses between
108 My < M < 10% My, As expected, high powered jets in less dense environ-
ments initially expand quicker—though even the powerful, Q@ = 1037 W jets only
expand relativistically for a few hundred years (a small fraction of their lifetime)—
before slowing down. The expansion then speeds up again once the lobe reaches
the steep pressure slope beyond ~ 0.2 5. Even though the shape of the pressure
profile is self-similar, their absolute sizes are scaled by mass; by definition, Rs
is smaller for a low-mass cluster than a high-mass one. This means that, even
though its initial expansion is slower, a jet in a low mass cluster can nearly catch

one launched in a higher mass cluster by reaching the drop off in pressure sooner.

Figure 5.8 shows the radio emission at 150 MHz, L5y, as a function of time
for different source powers, cluster masses, and redshifts—calculated in the rest
frame of the source. I use light, leptonic jets (x = 0) as assumed in the preceding
Chapters, and follow Hardcastle, 2018 in setting the injected electron index as p =
2.1, which corresponds to a reasonable observed spectral index of L, oc v,
I also set ¢ = 0.1 and £ = 0.5 as in Hardcastle, 2018, matching the numerical

simulations of English et al., 2016. I do not try to model any () — « relation as in

Blundell et al., 1999 for this simple analysis®.

The radio sources generally start at a low synchrotron luminosity and rise to a
peak, before dropping off again at late times once the source reaches the steep-
ening part of the environmental pressure profile. Powerful jets are more lumi-
nous, as Li50 < @ (see Eq. (5.21)). The very low time behaviour (i.e., an-
other luminosity peak for high-power sources), is not particularly physical, and

is due to the fact that every source is initialised as an R = R = ct, sphere; as

4 also do not model any particular hot-spot emission as in Blundell et al., 1999, though they
argue that hot-spots never dominate the lobes at 151 MHz
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Figure 5.8: Radio emission at 150 Mhz, L5y, as a function of time for dif-
ferent source powers (()), and redshifts. Fainter lines are for lighter cluster
environments—103 M, < M < 10 M.
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B o \/p x \/m , powerful sources have a particularly large initial luminos-
ity (especially as synchrotron self-absorption is not modelled) and vice-versa for
weak sources. This initial phase makes up only a very small fraction of the source
lifetime, however, and is quickly corrected by the pressure-dependent expansion
of the source. Sources in less-dense environments are shown by fainter lines, and
generally have a lower luminosity because of their greater size. As all the lines
are shown in the rest frame of the source, the difference between redshifts (shown
by dashed and dotted lines) is solely due to the CMB inverse-Compton correction,

which is larger at higher redshifts where the CMB energy density is greater.

The luminosity at v,,s in the observer frame can be found by calculating both L5
and Ly400 and interpolating them at v = (1 + 2)vyps (at low redshifts two values

is sufficient as the intrinsic spectral curvature is low), and the observed flux is,

Lobs
4rd?’

E,(Vops) = (1 + 2) (5.23)

where d;, is the luminosity distance, as in Eq. (3.31).

To speed up the process of drawing many large populations of galaxies from an
underlying distribution (as will be required for fitting to the observed RLF), I pre-
calculate two lookup tables of Li50 and L1490 in (2, Q, M, t)-space, using values
103*W < Q < 10 W for jet powers, masses between 103 M, < M < 10 M,
and 0 < ¢ < 750 Myr. Given a redshift, intrinsic jet power, environment mass,
and cluster age, the observed luminosity of a radio galaxy can then be quickly
found by interpolation. For the low redshifts I will be considering, I assume that
the cosmic density of radio galaxies does not change significantly over a redshift
scale corresponding to a galaxy lifetime (~ 750 Myr). This means that observed
radio galaxy ages will be uniformly distributed. As the cluster mass distribution

is given by Fig. 5.6, a full source population requires only a redshift (i.e., den-
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sity) distribution and a jet power distribution—both of which are described by the

intrinsic jet-power luminosity function (JLF).

5.3.2.1 Fitting the JLF

We are now in a position to use this radio galaxy model to simulate populations
of radio sources, and, in turn, fit the underlying intrinsic JLF by comparing their
simulated RLFs to the actual observed ones. Note that the JLF is only fitted to
radio observations; these jet powers will then be used with an independent blazar
gamma-ray emission model to post-predict the Fermi number counts. As L,
@, with some scatter for different environments and redshifts, we would expect
the JLF to take a similar form to the RLFs (shown in Fig. 5.2)—flatter at low
powers, and dropping off more steeply at high powers. I therefore fit the JLF with

a smoothly broken powerlaw”,

(@ LE @) e

which changes slope smoothly from «; to as around the break power (), between
@)1 and Q2 where log(Q2/Qy) = log(Qy/Q1) ~ 1. The parameters to be fit are
therefore the overall density normalisation, p, (specifically, the amplitude at the

break power); the two indices, o; and aw; and the break power, ().

For computational simplicity, I perform the fitting in Az = 0.1 redshift bands,
within which these four parameters are assumed to be constant. This means that
within each band the radio galaxies are uniformly distributed in space (i.e., the
density normalisation is constant within each redshift band), but between bands

the cosmological density of sources can change. Within each band, then, co-

SFrom the ast ropy PYTHON module: https://docs.astropy.org/en/stable/
api/astropy.modeling.powerlaws.SmoothlyBrokenPowerLawlD.html (ac-
cessed Apr 19, 2022).
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moving distances to galaxies (d. = d /(1 + z)) are distributed with probabilities

p(d.) o< d2.

For a given set of parameters, the overall number of galaxies to simulate within
aband z; < z < 2 is found by integrating p(()) and multiplying by the volume
of Eq. (5.1)—that is to say, the entire sky is simulated. These N =V [ p(Q)dQ
galaxies are then each assigned a jet power from the p((Q) distribution, as well as
a redshift, environment mass, and age from the various distributions discussed
above, from which their observed luminosity is calculated using the Lis0/1400

lookup tables.

This gives an intrinsic RLF for the population. In order to compare with observed
RLFs, the source fluxes are calculated using Eq. (5.23). Simulated "observed’
RLFs can then be calculated in the same way as in Sec. 5.2 above, using only
those simulated sources with Fi;,s > Fj;, for each survey (see Table 5.1). T use 15
logarithmically spaced luminosity bins to calculate the simulated RLFs, and the
parameters (log(po),log(Qy), a1, ) are varied (again using iminuit) so as to
minimise the sum of least squares difference between the observed and simulated

RLFs in every luminosity bin in which the observed RLF is not zero (due to poor

statistics).

Figure 5.9 shows the best-fit reconstructed p(())—i.e., the powers of the actual
simulated populations, as opposed to the distributions they were drawn from—for
7 redshift bands up to z = 0.7; errorbars show Poisson uncertainties, the square
root of the number of galaxies in each bin. Because of their very low statistics, the
6CE and 7CRS surveys are not used for fitting, merely for comparison (see below).
In all cases, a; < a5 as expected, with a; ~ 0.45 in all bands. There is not much
evidence for evolution in the JLF up to z = 0.7, though the best-fit (), increases

slightly (from 103%7 to 1037-> W), and v, decreases slightly, with increasing red-
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Figure 5.9: Best-fit (reconstructed) JLFs in redshift bands up to z = 0.7, fitting
only with 3CRR and LoTSS.
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shift, perhaps indicating a slight increase in the density of high powered sources
at higher redshifts, as might be expected (e.g., Hardcastle & Croston, 2020). The
JLF matches the one found in Hardcastle et al., 2019 well at low powers, but I am

able to probe higher powers by including surveys other than LoTSS.

Figure 5.10 shows the best-fit RLFs for the same redshift bands, comparing to all
four surveys. Solid lines show the observed (data) RLFs with Poisson errorbars,
and dashed lines show the simulated RLFs—the black dashed line is the total pop-
ulation RLF, i.e., without flux cuts. As mentioned above, the simulated population
covers the whole sky, whereas the observed populations are derived from surveys
of only a fraction of the sky. For comparison, then, the coloured bands in Fig. 5.10
show 90% containment regions for RLFs derived from 100 sub-samples for each
survey. These sub-samples are of N, = N x (€);/47) randomly chosen galaxies,
where (), is the survey solid angle listed in Table 5.1, and hence each approximate
a limited ‘survey’ of the total simulated population. LoTSS is crucial for probing
low-luminosity galaxies, and the other surveys for high-luminosity ones. As can
be seen from the Figure, the simulated RLFs match the observed ones well—even
those of the 6CE and 7CRS surveys that were not used in the fitting. We can

therefore use this population to post-predict the Fermi gamma-ray number counts.

5.3.3 Blazars

The next stage is to assign each radio galaxy in the simulated population a random
inclination angle and to calculate the gamma-ray emission from the blazars—
those sources with jets pointing towards us. In particular, we need a relation

between a jet’s intrinsic power, and its observed gamma-ray luminosity.
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Figure 5.11: Correlations between jet power () and the width at the transition re-
gion, Ry (top left); and the transition region distance 7., and I', the bulk Lorentz
factor there (top right). Values from Potter & Cotter, 2015, using the best-fit val-
ues to Fermi blazars. Histograms show the respective scatters about the best fit
lines, and the Gaussians used for modelling.
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5.3.3.1 Jet properties

Within the PC jet model, the jet power correlates with the distance to, and width
at, the transition region, ry,. and Ry respectively, as well as the bulk Lorentz
factor there, I'. More powerful jets are generally larger and faster. Also, because
of the conservation of energy within the jet, and the fact that the magnetic field and
particles are in equilibrium at the transition region, the jet power also correlates

with the field strength, B}, and electron density, n., there as well.

Detailed modelling of the dependence of jet structure and speed on the jet power
would require work much beyond the scope of this thesis Chapter, such as the
modelling of the jet launching and formation processes, and their dependence on
the surrounding environment. I therefore simply derive empirical relations be-
tween the jet size, bulk Lorentz factor, and () using the best fit values from Potter
& Cotter, 2015, where fits to Fermi blazars are performed using the PC model.
Even though these relations will eventually be used to compare our population
with Fermi number counts, this method is not circular because the underlying
jet powers of our population have been derived solely from radio observations of
radio-galaxy lobes. Figure 5.11 shows how () correlates with Ry, and I'—through
Tvhe, @S the aspect ratio at 7y, is fixed within the PC model as r,;,, = Ry/0.01189,
matching M87 observations. Because bright blazars are used in Potter & Cotter,
2015, there is a tendency towards more powerful jets. Nevertheless, clear corre-
lations can be seen: jet size and bulk Lorentz factor increase with jet power. The
blue lines show the least-square best-fit lines to these data points. There is some
scatter in these relations, however, due to the detailed processes I do not model.
The histograms in the lower part of the Figure show that this scattering can be

quite well approximated as Gaussian (in log-space) around the best-fit values for
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the () — Rr and () — I relations. The relations are then,

1.06
Ry =3.36 x 1072 (103682 w) x 10N (Z001970452) pe (5.25)

and

0.22
T=245 ) 5 1QN(-0016017) (5.26)
10 pc

where N (u, o) denotes a normal distribution with average, y, and standard devia-

tion, o.

A galaxy with intrinsic power () can now be assigned (with some random scatter)
a size Ry, and bulk Lorentz factor, I', at the transition region, .. The magnetic
field and electron density at the transition region can now be estimated by assum-
ing equipartition. Neglecting energy losses due to expansion and radiation in the
jet base, and assuming the flow is very relativistic (3 ~ ¢, which is reasonable for
our I's) the energy in a Im slice, at 7 = 7y, is Q/(cI'?) in the jet frame. The total
energy density there is then,

U= L (5.27)

T RZcr?
and as the jet is in equipartition here, U, = Up = U/2. The magnetic field

strength is therefore,

B(ryhe) = v/ poU. (5.28)

The electron density can then be found by assuming an exponentially cut-off

power-law electron spectrum, as in Chapters 3 and 4:

E
N, = NoE~%exp (_E) , (5.29)

c

SO

UV = / EN.dE, (5.30)
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which means,
Uuyv

- fme Bl-e exp(—Eﬁc)dE’

Ny (5.31)

where V' = mR2 and the upper limit on the integral does not strongly affect the

result because of the exponential cutoff. The overall electron density is then,

N U fme E~« exp(—Eﬁc)dE

=2 . 5.32
" Vv fme El-« exp(—Eﬂc)dE (5-32)

I use the best-fit electron parameters for Mrk 501 from Potter & Cotter, 2015,
which are similar to those found from the SED modelling of the bright FSRQs
in Chapters 3 and 4 above: o = 1.68 and E. = 1 GeV. The jet properties at
the emission region can now be found for all the ‘blazars’ in the population. I use
inclination angle 6,1 < 6° to define blazars (motivated by, e.g., Hovatta, Valtaoja,
Tornikoski, & Lihteenmiki, 2009; Fig. 5.14 below also shows that going to larger

inclination angles would only change the number of detected blazars by a few).

5.3.3.2 Gamma-ray emission

Once the properties at the gamma-ray emission region have been found for the
blazars in our population, we can find their gamma-ray emission using agnpy
with a model of the relevant photon fields. I use all the photon fields used for
3C454.3 in Chapter 3 for all sources. The black hole mass, and hence the scale of
the AGN fields, should be similar for all blazars (e.g., Heckman & Best, 2014).
This is still a simplification, however—a more detailed treatment would require
different modelling of the photon fields for the BL Lac/FSRQ populations, per-
haps with a dependence on jet power through the accretion mode. For my proof-
of-concept purposes though, a simplified model—IC off a fixed set of fields, plus
SSC—will suffice. Also, I do not include any variability of the blazar emission.

In particular, no flaring blazars are included—i.e., only the steady-state emission
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Figure 5.12: Range of v F,s in lookup table.

from 7y, is calculated.

Again, to speed things up, I calculate a lookup table for v F,, for 0,,s = 1°, n, =
10*cm™3, at z = 0.5 in (ryye, B, T')-space for 10" Hz < v < 10* Hz, which is
the Fermi frequency range. Figure 5.12 shows the range of v F, covered by the
lookup table. Comparison with SEDs shown throughout this thesis shows that it
covers the whole reasonable range. For a specific source, v F'v and v have to then

be adjusted for z, 0,1, and n:

0(Oons) 1.5
Yobs =¥ §(1E)) 1+2 (5.33)
obs dy(z = 05)\* (5(901)5))3 Ne 2
R ( dp(z) ) 5(1°) (104 Cm—3) (5.34)
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Finally, then, the integrated flux for each blazar in the population is

100 GeV
Fot — / F v, (5.35)
1

00 MeV

where the minimum and maximum frequencies define the energy range used to

generate the Fermi number counts (see Sec. 5.2.2).

5.3.3.3 Simulated number counts

Figure 5.13 shows the simulated Fermi number counts for the best-fit populations
(i.e., those of Figs. 5.9 and 5.10) for the whole z < 0.7 range. The simulated
counts are shown in blue, and the real Fermi counts in black. In a similar way to
the RLFs, I use the histogram of counts divided by the logarithm of the bin width
to reduce the dependence on the number of flux bins. For fluxes below a few

2

x 10712 erg cm2s1, actual Fermi sensitivity drops off, whereas I do not attempt

to model the flux limit in the simulations.

Because of the random scatter in the relationship between jet power and jet prop-
erties, I simulate 50 instances of the gamma-ray population—regenerating the
jet properties each time—shown as a coloured band. As can be seen, this band
can be rather broad, particularly at high fluxes, meaning the ()—gamma-ray con-
nection cannot be very strongly probed. Nevertheless, the simulated populations
are consistent with the actual Fermi number counts. This could be interesting in
the context of hadronic blazar emission models, which generally require larger
jet powers to reproduce observations (e.g., Zdziarski & Bottcher, 2015). The jet
powers in our case our fixed from radio galaxy modelling observations, entirely
independent of the gamma-ray modelling, and yet still reproduce gamma-ray ob-
servations within a leptonic emission model. This could indicate that a hadronic

emission model would under-predict the Fermi counts in a similar analysis, though
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Figure 5.13: Simulated Fermi number counts for the best-fit populations for the
whole z < (.7 range (blue) and actual Fermi counts (black).

increasing ~ (hadronic fraction) within the radio galaxy model could possibly ap-

propriately re-adjust the jet powers. A detailed investigation into this point is left
for future work.

Figure 5.14 shows the properties of a simulated blazar population (i.e., one of
the 50 instances). The whole population is in black, and those that would be
detected by Fermi (i.e., Fiyy > 2 x 1072 erg cm~2s7 ') are in blue. Very few
low-power () < 103 W) blazars are detectable; the majority of the detected pop-
ulation has Q ~ 103" W. Also, lower ,,; sources are more commonly detected,
as expected, because they are more strongly boosted. It is interesting to note that
there are two sub-populations within the detected population. This is most easily
seen in the scatter plots. In particular, there is a large population of relatively low
power, Q@ < 4 x 1037, sources, with low speeds and small sizes (., < 1 pc),

but which therefore have large magnetic field strengths and electron densities; the
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Figure 5.14: Properties of the simulated blazar population.
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other, smaller population is made up of high-power sources with correspondingly
large sizes, low field strength and low electron density. Blazars in the high-power
population are able to IC scatter off of the torus field because of their large e,
whereas those in the low-power population either scatter the smaller-scale fields,
or, because of their large B and n., emit brightly via SSC (compare the prop-
erties of the flaring and steady-state emission regions in Ch. 3). Between these
two populations is a region populated by undetected blazars, which are not large
enough to scatter off the torus, but do not have large enough B and n, to SSC, or
I' and size to brightly scatter the other fields. Of course, all the sources here are
simulated with the same AGN fields, and so no real BL Lac/FSRQ comparison
can be made. In particular, the small-r,;,, population must include both BL Lacs
and FSRQs; and, indeed, the large-r,y. population is not large enough to make
up all the Fermi FSRQs. Nevertheless, this split in the observed blazar population
would be interesting to investigate in more detail—an investigation which is left

to future work.

5.4 Including ALPs

While the actual relation between jet power and the gamma-ray emission would
require more work to investigate fully, the next step in the proof-of-concept is
to see how ALPs could affect the observed Fermi number counts. This can be
done by including ALPs for the detected blazars in the same way as in previous
Chapters, and integrating over P, F°>. Because of this integration, in principle,
the details of the ALP spectrum should be less important—particularly shifts in
energy cause by different viewing angles, which I do not include. Regarding the
jets, 7vhe, I', B and n, can be used to define the jet field model. I also use f = 0.3,

rr = rvhe and o = —1. The total length of the jet should not affect the mixing
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Figure 5.15: Fermi number counts with and without ALPs for m, = 10 neV and
Gay = 4 x 10711 GeV~L. Only the jet fields are included.

strongly for m,, 2 5 neV (see Sec. 4.4); I use 100 kpc for every source. Because
I am only concerned with Fermi energies, and all the sources have z < 0.7, I
do not include absorption from the EBL, which should have no effect (see Fig.
4.8). Figure 5.15 shows the difference in number counts for m, = 10 neV and
gay = 4 x 107 GeV~!. The bands are calculated as before, i.e., they cover
50 instances of the jet properties, with a single new field realisation each time.

For computational speed, only sources with Fi,; > 2 x 1072 erg cm 2s™! are

simulated with ALPs. It can be seen that ALP-photon mixing leads to a loss of
gamma-ray flux, though there is quite some overlap between the bands of the
ALP and no-ALP cases. This is especially true at high fluxes, where the number
of sources is small. To distinguish between the two cases, it would be useful to go

out to larger redshifts and increase the statistics in the high-flux bins.
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Figure 5.16: Least-square differences, L (see text), between ALP and no-ALP
number counts for various values of m, and g, .

Figure 5.16 shows the least square difference,
L= (log(Fp") — log(Fu))’ (5.36)

between a population with ALPs and one without, for various values of (14,94-),
and for a single instance of the simulated population. The left hand panel shows L
when only jets are included. The tangled component of the jet field would require
many realisations to treat properly. Also, for a real search, a proper treatment
of the statistics would be required. Perhaps the many jet-property instances—
for a given realisation slice—could be used to create a probability distribution
of counts in each flux bin, which could then be used to create a test statistic for
comparison with the actual observed counts. For now though, as in Chapter 2, a
simple least-square fit provides an indication of what region of (m, ¢,,) parameter
space and actual search could feasibly probe. As can be seen from the figure, the
region probed is quite similar to that excluded in the previous Chapter, though

perhaps lower couplings, g, ~ 1x 1072 GeV~!, could be reached at low masses,
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mg ~ 10 neV.

By definition, however, all of these blazars are within clusters—some of which
would be highly magnetised, as in the case of the Perseus cluster, which has been
used for previous ALP searches (e.g., Ajello et al., 2016). The question of what
fraction f. of the clusters would be magnetised, and to what extent, is not simple to
answer, because detailed analyses of the magnetic fields in clusters are still rather
rare (van Weeren et al., 2019). In lieu of a detailed model of the cluster fraction,
the right-hand panel of Fig. 5.16 shows how the least-square plot changes for
fe = 0.3. T use the cluster model used in Chapter 2, based on the model of the
Perseus cluster used in Ajello et al., 2016. It can be seen that, as in Chapter
2, mixing in the jet would be most important for probing new, low couplings,
even though cluster mixing would dominate and greatly increase the differences
in number counts for high couplings. This may suggest that detailed estimates of

fo wouldn’t be important for this type of search.

5.5 Conclusion

In this Chapter, I have developed a proof-of-concept for an ALP search using
population counts of blazars as opposed to individual source spectra. The key
feature of this analysis is that the intrinsic gamma-ray emission from the blazar
population can be constrained—yvia the jet power—by radio observations of their
parent radio-galaxy population. Also, this gamma-ray/radio connection can be

used to probe the physics of the jets themselves.

Specifically, I have used radio observations from the 3CRR, 6CE, 7CRS, and
LoTSS surveys to construct observed radio luminosity functions of radio galax-
ies. Then, with an analytic model of radio galaxies, I have used these RLFs to fit

intrinsic jet kinetic luminosity functions of simulated radio galaxy populations in
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Az = 0.1 redshift bins out to z = 0.7. These JLFs can then be used to post-predict
the Fermi gamma-ray number counts, by calculating the gamma-ray emission of
the blazars (6,ps < 6°) in the simulated populations. This was done by finding a
relation between jet power, size and speed from fits performed with the PC model,

and then using agnpy to find SSC and IC emission, assuming energetic equipar-

tition at the emission region.

The simulated gamma-ray flux counts are very consistent with the detected Fermi
number counts, and so the full chain from radio galaxy observations to blazar
emission seems to be self-consistent and reasonable—though the scatter in the Q-
rvhe and I relations, as well as the low redshifts used, means that the specifics of
the models used cannot be strongly probed. Nevertheless, as hadronic emission
models generally require larger jet powers, the consistency of our leptonic jet
scenario is noteworthy. Interestingly, two sub-populations form in the detected
blazars: those that are large enough to IC off the torus field, despite a low magnetic
field strength; and those sources that either SSC efficiently or scatter off other
fields at smaller scales. This would be interesting to look at in more detail in the
future, with a more nuanced modelling of the photon fields, in the context of the

BL Lac/FSRQ population split.

From the simulated number counts, I have shown that including ALPs would
reduce the observed gamma-ray fluxes, potentially allowing couplings down to
Gay ~ 1 X 10712 GeV~! to be probed for masses m, ~ 10 neV. Again, it seems
that the jet fields would be the most important in this case, although the effects
of a fraction of the sources being in highly magnetised clusters would have to be

considered.
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This thesis has been focused on searches for axionlike particles using gamma-
ray observations of blazars. In particular, I have concentrated on a type of search
where the magnetic field of blazar jet itself is the dominant region for ALP-photon
mixing. The potential for this sort of search had been discussed before in the
literature, though this is the first time it has been investigated in detail, and the

first time such a search has been performed.

In Chapter 2, I first investigated the relative importance of the jet field for ALP-
photon mixing, compared to other fields along the line of sight. This was done by
propagating ALP-photon beams through a simple model of the bright blazar Mrk
501, as well as the IGMF and the Milky Way fields, and comparing fits to no-ALP
spectra with and without mixing in the jet. This process showed that the jet can be
an important mixing region, and that mixing there can tend to set the large-scale
structure of the ALP spectrum. This is because the mixing equations often enter
the strong-mixing regime in the strong field at the base of the jet, and also because
the jet often only extends over a relatively few oscillation lengths (compared to the
IGMF)—both of which factors cause larger-scale oscillations in energy spectra.
Mixing in the IGMF, however, tends to produce small scale oscillations around
this shape. Fortunately, for sources located in a highly magnetised cluster, the
intra-cluster magnetic field is capable of more-or-less wiping out the effects of
jet mixing. This means that the current limits set on ALP parameter space from
gamma-ray spectra are still valid, even though they did not include a jet model,

because they have used the Perseus Cluster as their mixing region.

Interestingly, mixing in jets was shown to be important for an un-probed region of

ALP parameter space, making them promising mixing environments for an actual
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search. However, because of our limited observational and theoretical knowledge
of jet field structure, it is important to understand how variations in jet magnetic
field configuration could affect the mixing in order to perform such a search. I
have investigated this by imposing a reasonable jet field structure model onto the
PC jet framework. This model is composed of a helical field component that
transitions from poloidal to toroidal, and a tangled field component. By scanning
feasible magnetic field parameter space, and comparing fits at each point, I have
shown that reasonable changes in jet magnetic field structure can have a large
effect on ALP-photon mixing and hence on possible exclusions. Changing the
field parameters rarely reduces the mixing to zero, so the jet is still a promising
mixing region. Nevertheless, a simple, fully toroidal field model cannot be used to
perform an actual search: detailed modelling and investigation of each individual
source is required, as well as, ideally, the ability to marginalise over the field

parameters in the fitting.

In Chapter 3, I then investigated another effect that could be important for mixing
with blazar jets, namely, photon-photon dispersion. Photon-photon dispersion off
the CMB is known to be an important effect for ALP-photon mixing calculations,
but no other photon fields are usually included. Firstly, I have pointed out that
the CMB dispersion term should have a (1 + z)* redshift dependence instead
of being constant as is commonly assumed. Many other photon fields would be
expected within jets however: the accretion disc, BLR, dust torus, starlight, and
synchrotron fields. In order to test, for the first time, the effects of these photon
fields, I have used the bright FSRQ 3C454.3 as an example, again modelling the
jet within the PC framework and using the field structure model developed in the

previous chapter.

Performing the full dispersion calculation (specifically of y, the dispersive part

of the refractive index) requires the energy- and angular-dependent photon energy
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density in the comoving jet frame at each point along the jet (which includes
doppler boosting the redshift-dependent CMB field). For the starlight, I have
modelled the emission as that of a typical large elliptical galaxy, with a spectrum
dominated by K-type stars. I have modelled the sources of the AGN fields as a
flat accretion disc, a BLR of concentric rings, and a torus with an elliptical cross-

section, each emitting isotropically and monochromatically at a given radius.

By calculating both flaring and steady-state SEDs (from radio to gamma rays) of
3C454.3 and checking them against observations, I obtained an estimate for the
total synchrotron field along the jet—as well as confirming the self-consistency of
the overall jet and field models. Then, by propagating ALP-photon beams through
the jet with and without dispersion off of all these fields (and including absorption
from them), I showed that the full dispersion calculation can have a large effect

on the photon survival probabilities, P, .

x affects ALP-photon mixing by adjusting Ef;igth, the upper critical energy around
which strong mixing occurs. The relative importance of y can be found by com-
paring it to b, the equivalent dispersion term due to the magnetic field. When
X > b, the value of x becomes significant. Including all the fields, x.t = b all
along the jet, with the BLR field, the torus field, and the boosted CMB dominating
at increasing distances. The synchrotron field only contributes strongly to o at

very high energies (pair production off the low-energy synchrotron field occurs at

higher energies than the AGN fields), and around the steady-state emission region.

The effects of x are particularly strong at observed energies above 100 GeV as in-
creasing  reduces £"8". This could have consequences for future ALP searches,
particularly those looking for a reduced opacity of the universe at the highest en-
ergies (see Sec. 1.2.1). The effect at high energies is predominantly caused by

dispersion off the boosted CMB, and so remains important even in the BL Lac-
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type case or in the steady state emission case (where the emission region is beyond
most of the AGN field scales). This means that the transformed CMB should al-
ways be included in the dispersion calculations for observed energies above 100
GeV. Also, while individual photon fields will vary from source to source, for jet
models with emission regions on AGN field scales, the full dispersion calculation
should be included for all observable gamma-ray energies, up to where absorption

from these same fields becomes significant.

In Chapter 4 I perform an actual ALP search using the results of the previous
two chapters. In detail, I performed a combined analysis on Fermi-LAT data of
three bright, flaring FSRQs (3C454.3, CTA 102, and 3C279), with the blazar jets
themselves as the dominant mixing region. These sources were chosen because

they displayed the brightest flaring periods over the Fermi lifetime.

I have analysed each of the sources using the FERMIPY PYTHON package, first
over the whole Fermi lifetime to get average ROI models which are then used
as initial conditions for detailed SED analysis of the flaring time periods. This
enabled the likelihood curves from the resulting flare SEDs to be extracted, which
can be used to compare ALP spectral models to the data with a log-likelihood
ratio test. A log-likelihood ratio test is the standard method for gamma-ray ALP
searches, and can be quite simply extended to multiple sources together, though

this is the first time multiple blazar observations have been used at once.

To find the ALP spectra, I modelled the jets within the framework outlined in the
previous two chapters. Also, a full treatment of photon-photon dispersion within
the jet was included, as suggested by the investigation of Ch. 3. In the process,
I again modelled full SEDs with the combined jet and photon-field models to
ensure they are consistent with both each other and observations—this is also new

compared to previous AGN searches.
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These jet models then allowed the computation of ALP spectra for each of the
sources, which could be fitted to the Fermi observations. I treat both the tangled
field component and the errors in the data statistically, by running the analysis
for 100 field simulations on 100 simulated Fermi data sets. Also, unlike previ-
ous work, I account for the uncertainty in the B-field model by leaving the field
strength free in the fits, including a prior term in the likelihood function based on
core-shift estimates of the field strength. I fix the other field parameters accord-
ing to source-dependent observations, and specific investigations into how each

parameters would affect the final results.

To find the underlying distributions of the test statistics used to place limits, I
performed the analysis on simulated data with various ALP-spectra injected into
it. This was done across the ALP parameter space, enabling a 2D test-statistic
threshold to be constructed, as opposed to using a single value everywhere, as is

commonly assumed.

Overall, I find no evidence for ALPs, but am able to exclude new parameter space:
me < 200 neV and g,y = 5 x 10712 GeV~! with 95% confidence. This is an im-
provement on previous gamma-ray searches in this mass range, and is comparable

to the projected limits of some future experimental searches.

Also, the same method could likely be used in the future, with a more sensitive
instrument such as CTA. A rough comparison between the Fermi bounds of Ajello
et al., 2016 and the projected CTA constraints of Abdalla et al., 2021, both from
observations of NGC 1275, implies that CTA would extend the constraints found
here to slightly higher masses (perhaps a factor of 10) because of its increased
energy range and slightly lower couplings (perhaps a factor of 2) because of its
better sensitivity—in other words, CTA will likely be able to probe below the DM

line with this method (if it sees a similar flare from at least 3C454.3). With more
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bright flares, the same analysis with Fermi data could possibly also be used to
probe further into parameter space, perhaps even reaching over the dark matter

line as well.

These studies would of course be improved by a greater knowledge of the mag-
netic field structure within jets. In the future, a greater number of multi-frequency
VLBI polarisation measurements of AGN will help with this—especially those at
high resolution (as we are mainly concerned with the highly-magnetised base).
For example, work on the recent EHT measurements of event horizon scales
(Event Horizon Telescope Collaboration et al., 2019), and future EHT measure-
ments, will hopefully develop our theoretical knowledge of jet launching mech-
anisms and hence the field structure within jets. This work could then possibly
link with future space-based VLBI missions at slightly greater resolutions (i.e., ~
cm wavelengths, probing ~ pc scales (Pudritz et al., 2012)), though these are only
at the proposal stage at the moment (Lazio et al., 2020). Also, future gamma-ray
observations of blazars with CTA (Acharya et al., 2018), at energies up to ~ 300
TeV, will hopefully shed some light on the high-energy emission mechanisms at
work in jets, and narrow down the location of the emission regions, which would
also be useful for these searches (which have been conducted here within a lep-

tonic jet framework, and would have to be revised in a hadronic jet scenario).

Finally, in Chapter 5, I have developed a proof-of-concept for an ALP search
based on population-level observations of blazars, as opposed to individual source

spectra.

The idea behind this analysis is that the intrinsic gamma-ray emission from the
blazar population can be constrained—yvia the jet power—by radio observations
of their parent radio-galaxy population, which are unaffected by ALPs. This con-

trasts with the individual-source analysis, where the normalisation of the gamma-
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ray spectrum must be left free in the fitting. Also, this gamma-ray/radio connec-

tion can in principle be used to probe the physics modelling of the jets themselves.

Specifically, I have used radio observations from the 3CRR, 6CE, 7CRS, and
LoTSS surveys to construct observed radio luminosity functions of radio galax-
ies. Then, with an analytic model of radio galaxies, I have used these RLFs to fit
intrinsic jet kinetic luminosity functions of simulated radio galaxy populations in
Az = 0.1 redshift bins out to z = 0.7. These JLFs were then used to post-predict
the Fermi gamma-ray number counts, by calculating the gamma-ray emission of
the blazars (f,,s < 6°) in the simulated populations. This was done by find-
ing a relation between jet power, size and speed from fits performed with the PC
model, and then finding SSC and IC emission assuming energetic equipartition at

the emission region.

The simulated gamma-ray flux counts are very consistent with the detected Fermi
number counts, and so the full chain from radio galaxy observations to blazar
emission seems to be self-consistent and reasonable—though the scatter in the
@-ryne and I relations, as well as the low redshifts used, means that the specifics
of the models used cannot be strongly probed. Interestingly, two sub-populations
form in the detected blazars: those that are large enough to IC off the torus field,
despite a low magnetic field strength; and those sources that either SSC efficiently
or scatter off other fields at smaller scales. This would be interesting to look at in
more detail in the future, with a more nuanced modelling of the photon fields, in

the context of the BL Lac/FSRQ population split.

From the simulated number counts, I have shown that including ALPs would
reduce the observed gamma-ray fluxes, potentially allowing couplings down to
Gay ~ 1 X 10712 GeV~! to be probed for masses m, ~ 10 neV. Again, it seems

that the jet fields would be the most important in this case, although the effects
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of a fraction of the sources being in highly magnetised clusters would have to be

considered.

This type of study could also be improved by an increased understanding of
jet launching mechanisms (provided, e.g., by EHT observations), particularly
the interplay between accretion mode, environment, and jet power. These com-
plex problems will hopefully be further addressed through multi-frequency radio-
galaxy/cluster population surveys, e.g., combining LOFAR (van Haarlem et al.,
2013; Croston et al., 2019) radio data with future IR/optical surveys such as Eu-
clid (Racca et al., 2016) and x-ray observations of clusters from instruments such

as Athena (Barret et al., 2016).
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A.1 ALP-photon mixing

The full Lagrangian defining the ALP-photon propagation equations, including

the mixing term, is
1 o 1 2 2
»CALP = 56 ac?ua — §maa + »ch + »CEH; (Al)

where Lry = (2a2/45m2)[(E? — B?)? + 7(E - B)?] is the Euler-Heisenberg
(EH) Lagrangian, which governs photon-photon interactions (including effective
interactions with the magnetic field itself) (Adler, 1971; Tarrach, 1983; Kong &
Ravndal, 1998; Dobrynina et al., 2015). Mixing between ALPs and photons in an

external magnetic field is described by the Lagrangian £, given in Eq. (1.1).

As the electric field (E) of a photon is orthogonal to its wave vector (k), the dot
product in £,, means only the component of the external magnetic field (B in
L) that is transverse to the propagation direction of the beam (B+) is important
for mixing. Similarly, only the component of E in the plane spanned by B and k
is involved in the mixing (E))), meaning only photon polarisation states along E),

mix with ALPs (e.g., de Angelis et al., 2011).

For a linearly polarised photon beam of energy £ (from now on E is used for en-
ergy and not electric field) propagating in the y-direction through a homogeneous
magnetic field, it follows from Eq. (A.1) that the propagation of the ALP-photon
beam evolves according to the second-order wave equation:

d? d*
(d—y2 + E2n2> V(y) = (d—y2 +E”+ 2E/\/lo) V(y) =0. (A2)
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Here ¥ (y) = (A.(y), A.(y), a(y))? where A, and A, are the photon amplitudes
with polarisation in the (arbitrarily chosen, but orthogonal to y and each other)
x and z directions and a(y) is the amplitude associated with the ALP. M, is the
ALP-photon mixing matrix, which encodes the diagonal dispersive and absorptive
parts of the refractive index, n, as well as the off-diagonal mixing terms. As we
are considering a homogeneous magnetic field and propagation in regions where
the refractive index satisfies |n — 1| < 1, and as k = nF, the following relations

hold (G. Raffelt & Stodolsky, 1988):
(A.3)

Equation (A.2) can therefore be linearised into the Schrodinger-like equation,

d
<@@ +E+ Mo> U(y) = 0. (A.4)

Choosing the z-direction to be aligned with By (from now on, By = BZ) and
neglecting Faraday rotation (which we will generally be able to do because of the
high gamma-ray energies we will be considering; ¢rn o< A2 in Eq. (2.3)) the

mixing matrix M, takes the form,

AL 0 0
Mo=| 0 A A, (A.5)
O Aa’y Aaa

where the diagonal terms arise from the propagation of photons and ALPs (from
the dispersion relation, £? — k* = m?) and the off diagonal terms are due to ALP-

photon mixing. The photon terms, A, /| also include contributions from the EH
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Lagrangian due to dispersion off the magnetic field (often also called the QED
vacuum polarisation effect), and dispersion and absorption from any background
fields (e.g., G. Raffelt & Stodolsky, 1988; de Angelis et al., 2011; Dobrynina et
al., 2015):

I
Av=Ap+ E2xs +xy) —i (A.6)
7 'F'Y'Y

The photon propagation term depends on the effective mass of the photon in the
plasma, my (which is just the plasma frequency in a cold plasma: w,; ~ 0.037,/n.
neV with the electron density 7, in units of cm™3),

2
mr

Ay =T
°F

pl

(A.8)

An important case for this thesis will be mixing inside the relativistic plasma jet
of a blazar. Jets, and the emission processes within them will be covered in more
detail in Secs. 1.4.3 below. Inside a relativistic jet we are not dealing with a
cold thermal plasma and so the photon effective mass (my) will not simply be
the plasma frequency. In fact, my will depend on the distribution function of
the electrons in the plasma (see G. G. Raffelt, 1996 for details). In the jet, the
electron distribution function is a power law with an index related to the observed
synchrotron spectral index (covered in more depth in Sec. 1.4.3) so the effective

mass of the photon in the plasma is,

» _a(p=1) (5T B
mr =3 D Ne /me T dEL, (A.9)

where « is the fine structure constant, p is the electron distribution function in-
. e (1-p)
dex (n(E,)dE, « E~?dE, with synchrotron emissivity j(v)dv o« v 2 dv), and

£ 1s the maximum electron energy in the population. The value of m can be
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quite different to w,;, depending on the electron energies and the index, p. This
difference has not been considered in most works looking at mixing within jets
(e.g., Tavecchio et al., 2015; Galanti et al., 2019; H.-J. Li, Guo, Bi, Lin, & Yin,
2021). However, for the region of parameter space relevant at gamma-ray photon
energies and for the magnetic field strengths in jets, the ALP mass term generally

dominates the photon mass term regardless.

The QED vacuum polarisation term depends on the magnetic field as',

o B \2
xB=45—7T(B ) (A.10)

with « the fine structure constant and B, the critical magnetic field B., = m?/|e| ~
4.4 x 10 G. The CMB is always present for photon dispersion; if it is the only
background field, then ., = xcwmgs. At redshift z = 0 this has been calculated to
be (Dobrynina et al., 2015),

xoems = 0.522 x 10742 (A.11)

In ALP works, xcmp 1s often simply included as this constant (e.g., H.-J. Li et
al., 2021), but because x is proportional to the energy density of the background
field, ycup should actually be oc (1 + 2)* (see Ch. 3 for a detailed discussion of
the relevance of dispersion of ALP-photon mixing within jets). The term I, /2
takes into account any photon absorption processes with a decay rate I',,. The

propagation term for the ALPs is,

2

m

Apy = ——2, A12
°F ( )

1Higher order corrections to this term, used in, e.g., Perna, Ho, Verde, van Adelsberg, &
Jimenez, 2012, are included within gammaALPs, though they do not affect anything discussed
here.
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and the ALP-photon mixing term reads,

B
Ay, = —2 = (A.13)

Ignoring absorption, these equations of motion lead to ALP-photon oscillations
with amplitude P,,  (go,B/Aos:)? and wave number (e.g., Galanti & Ron-
cadelli, 2018),

Aosc = \/(AH - Aaa>2 + 4A?L’Y

(A.14)
_ \/<7”32;Em2T +E[%(£r>2 +x7D2 + (gay B)?.

The oscillation length for mixing between photons and ALPs, for a given en-

vironment (B and my), therefore depends on the beam energy. Importantly, it
is possible that the probability of the ALP-photon beam being in the ALP state
once it has passed through the magnetic field environment will correspondingly
oscillate in energy. This oscillatory behaviour will be particularly prevalent when
either of the first two terms (x 1/FE and x FE) become similar to the mixing
term, as then the oscillation length will depend strongly (and linearly) on energy.
This gives two so-called critical energies, around which we expect the conversion

probability to depend strongly on energy (see Fig. 2.1):

2 2
glov = Ima = mal, (A.15)
29, B
and
- a [ B \? -1
Ehish — gmB[%—W () +x] (A.16)

Around these energies, we could expect strong oscillations in energy spectra—

the basis of many searches looking for astrophysical mixing (see Sec. 1.2.1). If
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Elow > Ehish A . is always greater than g, B and so mixing is suppressed. The
form of these critical energies also explains the general shape of ALP exclusions:
depending on whether the energy range is bound by the observations or by enforc-
ing B\ < Eheh the exclusions will be bound by lines of m,, o géw OF My X oy
on either side (e.g., Ajello et al., 2016); unless m,, drops significantly below m,
in which case the exclusions will be unbounded for decreasing ALP mass (e.g.,
Brockway et al., 1996). When the third term in equation (A.14) dominates (the

‘strong mixing’ regime), mixing becomes maximal (/7 ~ 1) and independent of

energy—i.e., not producing oscillations in energy spectra.

While the treatment of a linearly polarised beam is useful for displaying this os-
cillatory behaviour, in gamma-ray astronomy we cannot measure photon polari-
sation and so we must treat the beam as unpolarised. Eq. (A.4) must therefore be
reformulated in terms of the density matrix p(y) = ¥(y)¥(y)', which gives the

Von-Neumann like equation (brackets denote a commutator):

i~ = [p, Mq]. (A.17)

It is also more useful in practice to consider a magnetic field that makes an angle
1 with £ as opposed to being aligned with it. This alters the mixing matrix by a

similarity transform, giving

Ay 0 Ay sin(e))
Mo = 0 A Agycos(i) | - (A.18)
Agysin(y) A, cos(v) Aga

Equation (A.17) can be solved using the transfer matrix U (y, yo; E') associated
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with Eq. (A.4) (W(y) = U(y, yo; £) ¥ (yo)):

p(y) = Uy, yo; ¥; B)p(yo)U (y, yo; ¥ E), (A.19)

which gives the probability of a state p; being found in state p- after propagating

from g, to y as,

Py (y) = Tr(paU (y, yo; ¥ B)pild ' (y, yoi ¥ E)). (A.20)

We will generally not be dealing with a single domain of constant field. For as-
trophysical cases, the field environments have to be sliced into /V consecutive do-
mains of constant B and 1) within which the propagation equations can be solved
exactly. From Eq. (A.20) the probability of a photon surviving, in any polar-
isation, the propagation through these N consecutive domains is (as in Meyer,

Montanino, & Conrad, 2014),

where py; = diag(1,0,0) and py = diag(0,1,0) (the two photon polarisation

states) and,
N

Uyn, yi; ¥, 1 B) = [ [ Ui, w3 05 B). (A.22)

=1

If the initial beam is unpolarised, p(0) = 1diag(1,1,0). The explicit expression
of the transfer matrices used to find the photon survival probabilities (F,) can be
found in de Angelis et al., 2011 and involves finding the eigenvalues and eigen-

vectors of the mixing matrix.

Computationally, I use the publicly available gammaALPs PYTHON package to

solve the ALP-photon mixing equations. gammaALPs is hosted on GitHub (https://
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github.com/me-manu/gammaALPs; accessed Jul 19, 2022) and archived
on Zenodo (Meyer et al., 2021b)—see Meyer et al., 2021a for an overview. [
have helped with the jet and photon field modelling within the package, as well as

various tasks involving computational speed and memory usage.
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