Black Hole Jets, Accretion Discs and

Dark Energy

William John Potter

Astrophysics Department

University of Oxford

A thesis submitted for the degree of

Doctor of Philosophy



To Mum and Dad.



Acknowledgements

I am indebted to a great number of people who have helped or encouraged me in
my academic life. It would be impossible to do their actions justice or mention

everyone in a few blunt words.

There are many people in the astrophysics department who have contributed to-
wards this thesis. My supervisor Garret Cotter whose help, support and good
judgement saved me a lot of time and effort and to whom I owe many an enter-
taining trip. My two best friends in the department Phil Bull and Rich Booth
for making my three years fun and for always being happy to talk about physics.
Sirichai Chongchitnan for patiently showing me how to write a paper and Steve
Balbus for introducing me to the world of accretion discs and fluid dynamics. Lance
Miller, Philipp Podsiadlowski, Pat Roche, Tony Lynas-Gray and Mike Jones for
their academic support. My office-mates, past and present, for the debates, games,
jokes and informal I.T. support. Ashling Morris and Vanessa Ferraro-Wood who

prevented me from becoming incapacitated under a large pile of forms.

Away from Oxford, I would like to thank Jim Hinton and Richard White for their
hospitality when visiting Leicester. Roger Blandford for repeatedly making the
time to see me when I was in Stanford despite being in constant demand and
Greg Madejski for being an enthusiastic and friendly face in a foreign department.
I would like to thank Sebastien Fromang and especially Julien Faure for their

patience and hospitality during my visit to Saclay.

Finally, I would like to acknowledge the ongoing support of my family, in particular
my parents for their inexhaustible kindness, helpfulness and encouragement, and
for teaching me what is important in life. My Dad for reading this thesis with

painstaking attention to detail. Ros for her help, encouragement, clear advice in



the face of indecision and for reading this thesis and listening to my talks. My

Nan for her kindness, stories, generosity and cakes.



v

Abstract
Black hole jets, Accretion discs and dark energy
William John Potter
Magdalen College, University of Oxford
Submitted for the degree of Doctor of Philosophy

Trinity Term, 2013

Black hole jets and accretion discs are the most extreme objects in modern astrophysics
whilst dark energy is undoubtedly the most mysterious. This thesis focuses on understanding
these three topics. The majority of this thesis is dedicated to investigating the structure and
properties of black hole jets by modelling their emission. I develop an inhomogeneous jet
model with a magnetically dominated parabolic accelerating base, transitioning to a slowly
decelerating conical jet, with a geometry set by radio observations of M87.

This model is able to reproduce the simultaneous multiwavelength spectra of all 38 Fermi
blazars with redshifts in unprecendented detail across all wavelengths. I constrain the syn-
chrotron bright region of the jet to occur outside the BLR and dusty torus for FSRQs using
the optically thick to thin synchrotron break. At these large distances their inverse-Compton
emission originates from scattering CMB photons. I find an approximately linear relation
between the jet power and the transition region radius where the jet first comes into equipar-
tition, transitions from parabolic to conical and stops accelerating. The decreasing magnetic
field strength and increasing bulk Lorentz factor with jet power are the physical reasons behind
the blazar sequence.

I calculate the conditions for instability in a thin accretion disc with an « parameter
which depends on the magnetic Prandtl number, as suggested by MHD simulations. The
global behaviour of the instability induces cyclic flaring in the inner regions of the disc, for
parameters appropriate for X-ray binary systems, thereby offering a potential solution to a
long standing problem. Finally, I calculate the effect of an interacting quintessence model of
dark energy on cosmological observables. I find that a scalar-tensor type interaction in the
dark sector results in an observable increase in the matter power spectrum and integrated

Sachs-Wolfe effect at horizon scales.
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Chapter 1

Introduction

The work in this thesis is broadly divided into three areas: black hole jets, accretion discs and
cosmology. This introductory chapter has been arranged into background material relating to
these three topics in turn. The majority of the work in this thesis deals with modelling the
emission from black hole jets and so correspondingly most of the content of this Chapter is
dedicated to our theoretical and observational knowledge of jets. The physics of black hole
jets and accretion discs are closely interrelated and so there is significant overlap between
the background material of the two areas. For fluency and brevity I have only included the
background material related to accretion discs and cosmology which is also relevant to jets in
this introduction. This means that Chapter 7 and section 1.3 of this introduction combined,

and Chapter 8 individually can be treated as self-contained.

1.1 Historical overview of black holes

Black holes have come to epitomise all that is wonderfully predictive and profoundly unin-
tuitive about Einstein’s theory of General Relativity. The precursors to modern black holes,
“Dark Stars”, were first postulated by John Michell in a letter to Henry Cavendish in 1783.
These were stars that were so dense that the escape velocity of a particle at their surface was
greater than the speed of light. However, Dark Stars were rooted in Newtonian physics and so
lacked the most interesting aspect of black holes: the event horizon. The idea of Dark Stars
fell out of favour when the wave theory of light was developed and light was assumed to be

massless and unaffected by gravity. It was over a hundred years until the idea of a body whose



gravity is so strong that light itself cannot escape was resurrected. In 1915, only months af-
ter Einstein published his theory of General Relativity (Einstein [1915]), Karl Schwarzschild,
whilst fighting on the Russian front in World War I, calculated the first exact solution to
Einstein’s field equations. The Schwarzschild metric components can be expressed in terms of

an invariant interval ds* = g, dz*dz”, written in spherical polar coordinates this is

ds® = <1 — E) cdt* — <1 - E>_1 dr? — r?df* — r*sin® 0dp>. (1.1)

T r

The Schwarzschild metric is the static solution for space-time outside a non-rotating, spher-
ically symmetric mass distribution. Whilst at large distances this metric produces results
tending to Newtonian gravity, if we are close to a sufficiently dense mass the effects of General
Relativity become dominant. The most intriguing property of the metric is the existence of
an event horizon at the Schwarzschild radius (ry = 2GM/c?). The event horizon is a uni-
directional surface from which no particle can ever escape (classically) but particles can enter.
Particles within the event horizon are inexorably drawn to the singularity at its centre. For
many years a mass distribution dense enough to have an event horizon was thought to be
a scientific impossibility. In 1930, at age 19, Subrahmanyan Chandrasekhar calculated the
mass limit above which the fermionic pressure of electrons would be insufficient to support a
star against gravitational collapse and predicted the collapse into a black hole (Chandrasekhar
[1931]). This idea was initially opposed on the idealogical ground that black holes were thought
to be physically impossible. In fact the Chandrasekhar mass is the maximum theoretical mass
of a white dwarf before it collapses into a neutron star. Later work by Tolman, Oppenheimer
and Volkoff (Tolman [1939] and Oppenheimer and Volkoff [1939]) extended Chandrasekhar’s
calculation to find the upper limit on the mass of a neutron star. Today neutron stars are
believed to be the penultimate dense state before formation of a black hole.

For many years black holes were treated as purely theoretical curiosities. However, in
the late 1950s and early 60s a class of bright, point-like, highly variable quasi-stellar objects
(quasars) were observed. In contrast to stars these quasars were found to have large redshifts,
which led to the realisation that they must be located at large extra-galactic distances. As
observations improved it was found that quasars were very bright sources located close to the

centre of a host galaxy, with a luminosity often exceeding that of all the stars contained in



the galaxy. Today the only plausible method known to generate such huge amounts of energy
in such a compact region is the existence of an accreting supermassive black hole.

In addition to the compact emission of an accreting disc of material, radio observations
of roughly 10% of active galactic nuclei show back-to-back narrow, extended regions of radio
emission stretching from the nucleus out to distances of hundreds of kiloparsecs (Antonucci
[1993], Urry and Padovani [1995] and Ferrari [1998]). The associated brightness temperature
of the region producing the radio emission is so large that the emission cannot be thermal due
to the extreme energy requirements (Wagner and Witzel [1995]). This has led to the idea of
a plasma containing a large proportion of non-thermal high-energy electrons which produce
radio synchrotron emission through interaction with a tangled magnetic field in the plasma
jet. These plasma jets are observed to remain collimated and relativistic until hitting a hot
spot at large distances from the black hole in the case of Fanaroff-Riley type II sources (FRII),
or to decelerate and break up due to instabilities at large distances in the case of FRI sources
(Fanaroff and Riley [1974], Baum et al. [1995] and Laing and Bridle [2002]). It is thought
that in FRII jets the jet plasma remains relativistic until kpc scales where the jet terminates
in a hot spot caused by a shock as the jet collides with the ambient gas (see for example
Blandford and Rees [1974] and Hardcastle [2008]). The heated, shocked gas expands to form
a hot bubble or cocoon surrounding the jet called a radio lobe. The energy released in the
hot spot (and contained in the radio lobes) together with observations of the speed at which
the hot spot is being driven into the intergalactic medium (IGM) have allowed astronomers
to estimate the energy and momentum of the plasma jet (Ferrari [1998]). The evidence for a
relativistic jet also comes from observations of jets in which one jet appears far brighter than
the other. Such extreme brightness ratios can only be easily explained by Doppler-boosting
of the jet emission (Urry and Padovani [1995]).

Observationally, the most extreme class of these jets are called blazars. They are the most
luminous and highly variable of active galactic nuclei (AGN) jets with observed superluminal
motion of radio components indicating relativistic jet speeds. They are believed to be the sub-
class of AGN in which one jet is travelling very close to our line of sight and so we observe the
jet to be Doppler-boosted, increasing the observed brightness and decreasing the time-scale

of variability of the jet emission (Wagner and Witzel [1995], Urry and Padovani [1995] and



Ulrich et al. [1997]). Having outlined the discovery and basic properties of jets, the rest of
this chapter will focus on presenting the theoretical and observational background material in

more detail, an understanding of which will be assumed in the rest of this thesis.

1.2 Black hole jets and blazars

1.2.1 The Kerr metric

AGN are such powerful, compact sources that it has become widely accepted that we must
be witnessing black holes accreting matter. This is because black holes offer the potential
to release a large fraction of the rest mass of infalling matter as heat and energy, making
them the most efficient energy generators in the Universe. Uncharged black holes are usually
described by the Kerr metric (Kerr [1963]): the stationary, axisymmetric solution for a point
mass with angular momentum. The solution is very well studied and there are several key
results which have applicability to astrophysical black holes. The ‘no-hair theorems’ (Israel
[1967], Israel [1968], Carter [1970], Hawking [1971] and Hawking [1972]) state that the only
observable properties of a black hole are its mass, charge and angular momentum (or spin).
Deviations from a precise Kerr black hole have been shown to decay quickly over time due
to gravitational radiation (Centrella et al. [2010]). This gives us reasonable confidence that
physical black holes are well-described by the Kerr metric. For a black hole of mass M and

angular momentum, J = Mac, the Kerr metric in spherical polar coordinates is

2 2
ds? — (1 — %) Adt? — %er _ p2d0? — (7’2 ta? ot % sin? 9) sin? Bde?...

2 in?
sl s (12)
P

where p = 7?2+ a?cos? 0, A = r*> —r,r+a* and the black hole spin a = J/Mc where .J is the
total angular momentum of the black hole chosen to be aligned with the z-axis. The metric
fully describes the geometry of space-time, the equations of motion of a particle moving in this
space-time are then derived from a variational principle. Using the Euler-Lagrange equation

particle trajectories or geodesics are calculated using a Langrangian of the form L = g, a"2"



where a dot signifies taking a derivative with respect to an affine parameter (normally the
proper time for a massive particle). This leads to the interpretation of a geodesic being the
path between two points in space-time which maximises the proper time measured between the
two points for a massive particle, or, alternatively, the path travelled by a particle experiencing

no acceleration in its rest frame (parallel transport). The Euler-Lagrange equations are

d /0L oL
Y (a_) = o (1.3)

There are several useful properties derived from the metric which are used in astrophysics,
which I will now briefly summarise. The first is that circular orbits for massive test particles
only exist down to a radius 7’ known as the innermost stable circular orbit or ISCO (Hobson

et al. [2006)).

72— 3rg’ — 3a® + day/2rgr = 0. (1.4)

The equivalent fraction of rest mass energy which is lost in falling from infinity down
to a circular orbit at the ISCO is normally used to define the expected efficiency of energy
release from accretion onto the black hole. The radius of the ISCO varies between 9rg/2 for
a maximally retrograde spin a = —0.5rg, 3rs for a = 0 and 0.5r, for a maximally prograde
spin a = 1. The second result is the existence of two event horizons which depend on the
black hole spin (a) and occur at radii r+ = 7, & (/72 — 4a2)/2, this can be calculated by
finding the condition for a singularity in the contravariant radial metric component. In this
case we confirm that these are coordinate singularities by checking that at these radii the
value of the Ricci scalar remains finite. The third result is the existence of a region outside
the event horizon in which only spacelike trajectories exist for massive particles, due to the
gy component of the metric changing sign. This region is referred to as the ergosphere and is
particularly relevant to astrophysics since it allows rotational energy to be extracted from the
black hole. This mechanism was originally discovered by Roger Penrose (Penrose [1969]); it is
referred to as the Penrose Process.

The extraction of rotational energy from the black hole to an infinite distance is allowed

because of the existence of the ergosphere where g < 0. The metric components do not depend



on ¢ or ¢ and so, from the Euler Lagrange equations (Equation 1.3), the P; and P, components
of 4-momentum are conserved along a geodesic. The energy of a particle as measured by an
observer at rest located at infinity is given by U*P, = cP,, where U* = (c,0,0,0) is the
4-velocity of the observer. In fact, due to the conservation of P, along a geodesic this is
always valid at any point along the geodesic. Inside the ergosphere however, the 4-vector U
becomes spacelike U*U"g,,, = g« < 0. For any spacelike 4-vector there exists a local Lorentz
transformation to a frame in which the 4-vector has no temporal component (Woodhouse
[1992]). So, inside the ergosphere, the energy of a particle as measured by the observer at
infinity is then related only to the spatial 3-momentum of the particle, the projected component
of which can be either positive and negative. Of course, a local observer inside the ergosphere
will always observe the particles to have positive energy and any collisions will conserve 4-
momentum (and clearly any particle with negative energy as measured by the observer at
infinity must be gravitationally bound within the ergosphere). The reason it is possible for
observers located at infinity and within the ergosphere to disagree on the sign of the particle’s
energy is because within the ergosphere any massive particle must be corotating with the black
hole since U*U,, = ¢* and the 4-velocity of a stationary observer U is clearly spacelike inside
the ergosphere. This means that within the ergosphere the energy of a particle as measured
by a local observer also includes a component depending on F.

The Penrose process operates by allowing a particle (or two) to fall into the ergosphere
and either decay into two particles or collide with another particle. For some collisions it is
possible to decay so that one particle has negative P, = Ej/c and so by energy conservation,
if the other particle escapes to infinity it will carry more energy than the initial energy (Ep)
of the particle/particles since Ey = Fq — Ey > FEy. The particle with a negative energy as
measured by the observer at infinity will fall into the black hole, reducing the energy and
momentum of the black hole and allowing global energy conservation. The Penrose process
shows us that we can in principle extract large amounts of rotational energy from the black
hole. In practice, however, the expectation value of energy gained from such collisions is
expected to be small because of the need to fine-tune the trajectories of the two massive
particles in order to produce an efficient collision and the number of such collisions occuring

naturally is insufficient (Bardeen et al. [1972]). The seminal paper by Blandford and Znajek



(Blandford and Znajek [1977]) offers, as of yet, the only plausible mechanism by which the
required energy to produce a poynting dominated jet can be extracted from a rotating black
hole. The process is much like an electromagnetic version of the Penrose process.

In addition to the Blandford-Znajek mechanism for the extraction of energy from a rotating
black hole there exists a similar Blandford-Payne (Blandford and Payne [1982]) mechanism
for the extraction of energy from a rotating disc. The Blandford-Payne mechanism considers
magnetic field lines anchored to the surface of a keplerian accretion disc, extending away from
the disc. They calculated that for field lines with an angle > 30° from vertical, charged particles
would be accelerated along the field lines away from the disc by a magneto-centrifugal force
(analogous to beads on a wire). This mechanism is widely used to explain non-relativistic,
or mildly relativistic outflows in accretion discs around young stars and black holes (see for
example Shu et al. [1994] and Balbus and Hawley [1998]). The mechanism is not adequate
to produce a highly-relativistic jet, however, because in order for a jet to be accelerated to
large bulk Lorentz factors in AGN it must start magnetically dominated at the base to avoid
Compton-drag (Sikora et al. [1996] and Ghisellini and Tavecchio [2010]). An outflow produced
by the Blandford-Payne mechanism will contain significant mass and so will not be Poynting-

dominated.

1.2.2 Blandford-Znajek process

Blandford and Znajek considered the effect of the rotation of a black hole on the magnetic
field of an accreting plasma. They showed that it is possible to extract rotational energy
from the black hole with a magnetic field threading the black hole’s event horizon. However,
unlike the Penrose process this process is expected to be efficient since the magnetic field does
not have to be fine-tuned in order to extract energy as in the case of particle collisions. The
Blandford-Znajek mechanism is currently believed to be the physical process responsible for
the production of highly-relativistic, Poynting dominated jets from accreting black holes.

In principle the calculation of the energy extracted by an electromagnetic field thread-
ing a Kerr black hole is straightforward, however, the actual calculation quickly becomes
algebraically intense and the results are difficult to understand intuitively. The calculation

involves looking for force-free solutions for the electromagnetic field in the Kerr metric. The



electromagnetic field tensor is F,, = 0,4, — 0, A, defined in terms of the vector potential
A, = (¢/c,A), where ¢ and A are the electric and magnetic vector potential respectively.
Blandford and Znajek argue that sufficient charged particles are produced close to the event
horizon by pair production from synchrotron radiation to allow the region to be considered
force-free (F),, J* = 0) where J# is the current 4-vector. The conservation of current, V,,J* = 0
must also be satisfied and the Einstein-Maxwell equations V,F* = puyJ", where V, is the
covariant derivative and the homogeneous Maxwell equations are automatically satisfied by
expressing Fj,, in terms of the vector potential A,. In this case they calculated the radial
Poynting flux at the event horizon to be w(Qy — w)(B,/(r% + a? cos? 0))*(r;. + a*)ey, where w
is the rotational velocity of the field lines and Qp = a/(r? + a?) is the angular velocity of the
black hole.

To find solutions for the electromagnetic field surrounding a rotating black hole we need to
specify the boundary conditions at infinity and the event horizon. This proves very difficult
for all but the simplest of boundary conditions. In their paper Blandford and Znajek used
a perturbative technique to calculate the properties of the field for black holes with small
spins perturbed slightly from the Schwarzschild cases. For the case of a paraboloidal field
this perturbative calculation gave an efficiency of 38% relative to the maximum extractable
energy. The solutions are back-to-back parabolic field lines extending away from the black
hole in directions perpendicular to the disc and rotating in the same direction as the black
hole. It is extraordinary that this picture still forms the basis of our understanding and models
of jets today, even following the development of relativistic MHD simulations (see for example

McKinney [2006] and Tchekhovskoy et al. [2010]).

1.2.3 Observations of blazars

Blazars are the most luminous and highly variable of AGN. They have been observed at
all wavelengths from radio to high energy ~-rays and are believed to be AGN observed at
small angles to the jet axis (Urry and Padovani [1995]) resulting in Doppler-boosting of their
emission. The characteristic spectral shape is a non-thermal continuum with two main peaked
components: the radio through to UV /X-rays show signs of polarisation typical of synchrotron

radiation whilst the second component extends from low energy X-rays through to very high



energy ~-rays and is normally attributed to inverse-Compton scattering of photons from the
synchrotron-emitting electrons (Abdo et al. [2010a]). The radio emission of blazars is predom-
inantly observed to be flat or nearly flat in flux density (see for example Owen et al. [1980]
and Abdo et al. [2010a]) whilst the majority of the synchrotron and inverse-Compton emission
can be well described by a power law and a turnover (see Figure 6.4).

For relativistic jet speeds the emission from the jet plasma is Doppler-boosted and beamed
in the direction of motion of the jets and this results in the high luminosity and rapid variability
of blazars. The observation of superluminal motion was first predicted by Martin Rees (Rees
[1966]) as being a relativistic illusion when observing an object travelling close to the speed of
light at a small angle to the direction of observation (S5 = fsinf/(1—f cos§)). Superluminal
motion has been observed in many blazar jets (Jorstad et al. [2001]) and since superluminal
motion can only occur for > 1/4/2, this immediately tells us that jets must be relativistic.

Radio observations show that AGN jets are approximately continuous axisymmetric plasma
jets. Recent observations show that on large scales jets are approximately conical in geometry
and measurements of the frequency dependent core-shift of M87 and other AGN favour a
conical jet with conserved magnetic energy (Krichbaum et al. [2006], Kovalev et al. [2007] and
Sokolovsky et al. [2011]). VLBI observations of M87 by Hada et al. [2011] show that the blunt
base of the jet is within 14 — 23 Rg of the central black hole. Observations of the geometry of
the jet in M87 by Asada and Nakamura [2011] over a large range of length scales show that
the jet is in fact parabolic close to the base becoming conical at 10°Rg. These observations
are supported qualitatively by simulations of AGN jets powered by the Blandford-Znajek
mechanism (see McKinney [2006], Komissarov et al. [2007], McKinney and Blandford [2009]
and Tchekhovskoy et al. [2010]) which show an accelerating parabolic base becoming conical

near to the point where the plasma reaches equipartition.

1.2.4 Spectral properties and the blazar sequence

Blazars have spectra which consist of polarised synchrotron emission from radio to X-rays
and inverse-Compton emission from X-rays to high energy gamma-rays produced by non-
thermal electrons. The population of blazars is split into two main spectral classifications:

Flat Spectrum Radio Quasars (FSRQs) and BL Lacs. FSRQs are blazars in which emission
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Figure 1.1: The blazar sequence, taken from Fossati et al. [1998]. This shows the anticor-
relation between radio power (used as a proxy for the jet power) and peak synchrotron and
inverse-Compton frequencies. We also see the increasing ratio of inverse-Compton to syn-
chrotron power as radio power increases.

lines are visible with equivalent widths greater than 54, BL Lacs tend to have weak or absent
emission lines (Vermeulen et al. [1995]). The important work by Fossati et al. [1998] took
average spectra in bins of radio power (which is a proxy for the jet power) and found a clear
trend in the characteristic shape of spectra (see Figure 1.1). With increasing power they found
that the peak frequency of both the synchrotron and inverse-Compton emission decreased,
whilst the Compton-dominance (the ratio of power in the inverse-Compton emission relative
to the synchrotron emission) increased. The lower power blazars are typically BL Lacs whilst
the high power blazars are FSRQs. This trend has become known as the blazar sequence.
Unification of AGN (Antonucci [1993] and Urry and Padovani [1995]) explains blazars as
a subsample of AGN with jets aligned close to the line of sight. This results in the Doppler-
boosting of the jet emission, observed superluminal speeds and short timescale variability.
Furthermore, it is believed that in general FSRQs correspond to high power FRII jets, while
BL Lacs correspond to low power FRI type jets. This is because FRSQs have higher jet
luminosities than BL Lacs (Fossati et al. [1998] and Ghisellini et al. [2009b]) and jet power is
known to be a good indicator of whether a jet is an FRI or FRII (Fanaroff and Riley [1974])
with the divide occurring at approximately 0.015Lgqq (Where Lgqgq is the Eddington luminosity

(Ghisellini and Celotti [2001])). A similar divide in Eddington luminosity between FSRQs and
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BL Lacs has also been found in blazars (Ghisellini et al. [2009a]), supporting the idea of AGN

unification.

1.2.5 Relativistic MHD simulations and theory

The equations of MHD can be written in a Lorentz invariant form.

vﬂ(pU#) = 07 V,U»(Tg& + T]ﬁt/ly—l—R) - Oa UVVMTHV = 07 (15)
VP = g J?,  VeFpe+ VyFoq + Vo Fy, = 0. (1.6)

These equations represent conservation of mass, conservation of energy and momentum,
the first law of thermodynamics and Maxwell’s equations. The fully general relativistic MHD
simulations of jet production from a black hole by the Blandford-Znajek process by McKinney
[2006], Komissarov et al. [2007], McKinney and Blandford [2009], Tchekhovskoy et al. [2010]
and McKinney et al. [2012] have shown that it is, in principle, possible to produce a relativistic
plasma jet from accretion onto a black hole (albeit with slightly simplified physics). These
simulations along with analytic work (for example Vlahakis and Konigl [2003] and Beskin and
Nokhrina [2006]), have allowed us to build a basic understanding of jet properties. The jet
is believed to start close to the black hole as a magnetically dominated plasma with rotating
field lines tied to the event horizon of the black hole. The plasma is initially accelerated by a
combination of thermal and radiation pressure, and magneto-centrifugal forces (particles are
accelerated by the rotation of a field line along which they travel Blandford and Payne [1982]).
In order for the plasma to accelerate it must be initially collimated by external pressure forces,
probably caused by the accretion disc and its wind (Komissarov et al. [2009]). Further along
the jet, the magnetic energy of the plasma is slowly converted into bulk kinetic energy via
acceleration by the magnetic pressure gradient produced as the jet expands radially. While
the jet accelerates it has a parabolic shape but when the plasma approaches equipartition
the jet stops efficiently accelerating since the inertia of the jet is now comparable to the
remaining magnetic energy. The jet becomes conical, eventually losing causal contact across

the jet and becoming ballistic if it is overpressured relative to the external medium (McKinney
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[2006], Zakamska et al. [2008] and Komissarov et al. [2009]). These simulations and analytical
calculations are qualititively compatible with observations (Asada and Nakamura [2011] and
Hada et al. [2011]).

Whilst it is exciting that the general principle of jet formation from accretion onto a black
hole has been verified in simulations, these simulations are not yet at the stage where detailed
quantitive properties are trustworthy. Relativistic simulations are incredibly computationally
expensive and so a lot of relevant physics must be neglected, most notably radiation processes
and particle acceleration. Jets are known to radiate a substantial fraction of their total energy
through emission from non-thermal particles and this will have an effect on the kinematics of
the jet through processes such as Compton-drag (where anisotropic inverse-Compton emission
results in a net change in momentum of the emitting plasma). Most importantly however,
we only observe the radiation produced by jets and so in order to compare these jet models
to real jets we need a realistic model for their emission. Developing a realistic model for jet
emission consistent with the results of theory, simulations and observations allows us to com-
pare the MHD properties of simulations to the spectral properties of jets. In addition we can
also use observations to determine the physical parameters of the jets and better understand
the physical processes which result in their production, propagation and morphological and
spectral characteristics. Developing such a model to understand the physical processes and

parameters of blazar jets will be the main topic addressed in this thesis in Chapters 2-6.

1.2.6 Radiation processes

The observed spectra of blazars are characterised by two humps: one extending from radio to
UV or X-ray energies attributed to synchrotron emission and one extending from X-rays to
high energy gamma-rays attributed to inverse-Compton emission. This non-thermal emission
is fitted well by the synchrotron and inverse-Compton emission of a power-law population of
electrons in a region of high magnetic field (see for example Li and Kusunose [2000], Bottcher

and Chiang [2002] and Tsang and Kirk [2007]).
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1.2.6.1 Synchrotron emission

In Chapters 2-6 I will make repeated use of the standard formula for the emitted synchrotron
power and characteristic frequency of emission for a charged particle in a magnetic field which
is derived below following the treatment by Longair [2011]. A charged particle with velocity
v travelling at an angle 6 to a magnetic field of strength B will experience an acceleration
given by the Lorenz force law F = eE + ev x B. An accelerating charge radiates a power
given by Larmor’s formula P = e%a?/(6meoc?), where a is the acceleration of the charge in the
rest frame of the charge. The power emitted by a particle is relativistically invariant since
P = 0FE, aticle/O0t and under a Lorentz transformation both energy and time will transform as
the temporal component of a 4-vector. In order to calculate the power emitted using Larmor’s
formula we require the acceleration of the charged particle measured in its instantaneous rest
frame.

In the rest frame of the charge the acceleration will be due only to the electric field since the
particle has no velocity. We calculate the electromagnetic field in the rest frame by Lorentz
transforming the electromagnetic field tensor F' = LFL where L is the standard Lorentz

transformation tensor.

v =B 00 0 —E/c —E,Jc —E./c v -8 00
i _ -8 v 0 0f|[Es/c O -B. B, =By 0 0]
0 0 10 E,/c B, 0 —B, 0 0 10
0 0 01 E./c —B, B, 0 0 0 01
0 —E,/c (B, —vB,)/c —(E,+vB,)/c
E./c 0 —v(B, —v/*E,) ~(B,+v/A?E,) @
(B, —vBJ)fe (B, - v/@E,) 0 B,
VE: +vBy)/c —v(By +v/c’E,) B, 0

The electric field in the rest frame of the particle is then given by E' = (v x B) =

vPesin OB. The acceleration is given by the Lorenz force law a = E’e/m and so using Larmor’s
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formula the synchrotron power emitted by a particle is

e*y? 3% sin? 0 B?

P = 5
6me,mzc

(1.8)

It is also useful to calculate the average power emitted by an electron travelling through a
small scale tangled field (or equivalently, an ensemble of electrons with an isotropic velocity
distribution in a region with a constant magnetic field). Averaging the power emitted over

solid angle we find the standard result

4
P= gO’Tﬁ2’)/QCUB, (19)

where we have simplified the expression using the Thomson cross section op and the
magnetic energy density Up = B?/2p. The second result, which I will repeatedly make use
of in future chapters, is the characteristic frequency of synchrotron emission v.. A detailed
derivation of the emitted spectrum of synchrotron radiation can be found in Longair [2011]

which uses the Fourier transform of Larmor’s equation to calculate the emitted spectrum.

/ o(t)e™ dt

The emitted synchrotron spectrum for an accelerating charge is sharply peaked around a

2 2

(&

I(v (1.10)

6m2enc?

critical value

3 3v%eB
Ve = =Wy =

2

= 1.11
4mm, ( )

where wy is the relativistic gyrofrequency of an electron.

1.2.6.2 Inverse-Compton emission

Inverse-Compton emission is the result of a collision between a high energy particle and lower
energy photon. The result of the collision is to transfer a fraction of the particle’s energy
to the photon. A detailed calculation of the inverse-Compton emission is carried out in sec-
tion 2.6 for an isotropic photon field and in section 3.5 for the case of a photon field which
has been relativistically beamed in the rest frame of the jet plasma. In the Thomson limit

(mec® > ~vE.,), in which the recoil of the electron is negligible in its rest frame, there are two
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useful results for the inverse-Compton emission of a particle travelling through an isotropic
distribution of photons. The power emitted by inverse-Compton scattering photons is given

by

4
P= gUTcﬁZ”yQUV, (1.12)

where U, is the energy density of the photons. The characteristic frequency of emission in

the Thomson limit is given by v?FE,.

1.2.7 Acceleration of non-thermal electrons

The observed double-humped spectra of blazars are well matched by the synchrotron and
inverse-Compton emission from a population of non-thermal electrons. A number of phys-
ical mechanisms have been suggested in the literature which could be responsible for the
acceleration of non-thermal particles in relativistic jets, however, we do not yet know which
of these mechanisms is operating in blazars. These mechanisms include shock acceleration:
non-relativistic (Bell [1978]), relativistic (Summerlin and Baring [2012]), oblique (Bell et al.
[2011]) and shearing induced (Nishikawa et al. [2013]), and acceleration by magnetic recon-
nection (Zenitani and Hoshino [2001], Zenitani and Hoshino [2007] and Cerutti et al. [2012]).
The detailed physics underlying magnetic reconnection and turbulence are not yet well under-
stood due to the complexity of behaviour of MHD fluids on small scales and so, generally, it
is assumed that the non-thermal electrons in jets are accelerated by shocks.

The basic principle of shock acceleration was first discovered by Enrico Fermi (Fermi
[1949]). This theory was then further developed into the acceleration of high energy particles
via diffusive shocks by Axford et al. [1977], Krymskii [1977], Bell [1978] and Blandford and
Ostriker [1978]. This led to an understanding of the origin of Cosmic Rays (high energy
particles permeating our galaxy) by acceleration in the shock fronts from supernovae explosions
and predictions of a power-law slope close to that observed. Today X-ray observations of
supernovae show a thin shell of synchrotron emission from high energy electrons coincident

with supernovae shocks believed to be accelerated by diffusive shock acceleration (Vink [2012]).
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1.2.7.1 Diffusive shock acceleration

In the following subsection I will outline the basic principle of shock acceleration following
the intuitive treatment of Bell [1978] by deriving the accelerated particle spectrum for an
unmagnetised, non-relativistic perpendicular shock (see references in the previous subsection
for details on more complex shocks). A shock forms when a disturbance or perturbation
travels through a fluid at a speed exceeding the sound speed of the fluid. Information about
the disturbance propagates at the sound speed and so the shock front is the discontinuity
between the shocked and unshocked fluid. Energy and momentum are conserved when a
shock front passes through a fluid and these quantities allow us to calculate the conditions in

the shocked and unshocked regions via the Rankine-Hugionot conditions

op _ 0 dpu) 9 opE) 0 u o p
o = " e T Ta Mt T ~ e e\t e ) Y

where E = e + u?/2 and e is the internal energy per unit mass. For a strong shock (the
shock velocity is much greater than the sound speed of the unshocked gas) the properties
of the shocked and unshocked fluid (subscripts 1 and 2 respectively) become, 4p; = py and
v1 = 4vy. In the frame of the unshocked gas the shock front travels at a speed v towards the
gas whilst the shocked gas travels with a speed u = 3v/4 towards the unshocked gas. In the
frame of the shocked gas the shock front travels away at a speed v/4 whilst the unshocked gas
travels towards the shocked gas with speed v = 3v/4. A high energy particle which travels
across the shock front always sees a ‘wall” of gas travelling towards it and so will gain energy
by colliding with this wall. In diffusive shock acceleration the particle scatters off tangled
magnetic field lines on either side of the shock and its velocity becomes isotropic (on average)
in the rest frame of the gas. A particle which is fortunate enough to travel back through the
shock front multiple times will be accelerated to a much larger energy than it initially had.
In Fermi’s original work particles were repeatedly reflected from randomly moving gas clouds
acting as magnetic mirrors but this process was found to be inefficient as the mean energy
gain per collision is proportional to the velocity of the magnetic mirrors squared (v/c)* = 52

In diffusive shock acceleration high energy particles are assumed to diffuse randomly in
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an isotropic tangled magnetic field on either side of the shock. Consider a particle with
energy P’c = E; in the shocked frame, which diffuses through the shock to the unshocked
frame. In the unshocked frame it will have an increased energy P'°c = Ey = L(u/c)? PYc =
Y1 (14 5, cos ). Averaging the energy gained over the distribution of solid angle of particles
crossing the shock we find an average energy gain of 23,/3 per shock crossing. Particles are
being advected behind the shock at a rate nv/4, where n is the number density of high energy
particles (which is assumed to be the same on either side of the shock as the shock speed
is much less than the particle speed). The number of particles crossing the shock from the
unshocked gas is given by kinetic theory to be nc/4 and so the fraction of particles which cross
the shock and are advected downstream of the shock and lost is (nv/4)/(nc/4) = B,. The
probability of a particle which crosses downstream of the shock later recrossing the shock is
P = (1—wv/c) and its average energy gain is € = 40,/3 = (.

To find the steady state particle distribution we consider the particle distribution and
energy after a shock crossings. The number of remaining particles is N = NyP* and the
average particle energy is £ = Ey(1 + €)® Taking the logarithm of both distributions and

eliminating a in the non-relativistic limit (8, < 1, i.e. In(1+ 8) ~ ) we find

N ElnP/lne

—_ == InP/lne=—1 1.14
Y% o WmP/he=-1 (1.14)

So the differential electron distribution is N(E)dE = AE2dE. This result is close to
the power law index for the distribution of Cosmic rays, ~ 2.7, (Abraham et al. [2010] and
Longair [2011]) and also close to the average value inferred from modelling blazar spectra.
There has been much work extending this calculation to the cases of relativistic shocks (Kirk
and Schneider [1987]), oblique shocks (Bell et al. [2011] and Summerlin and Baring [2012]) as

well as shearing flows (Nishikawa et al. [2013]).

1.3 Accretion discs

1.3.1 Thin accretion disc equations

The majority of astrophysics boils down to the study of the emission of gas moving under

the influence of gravity. The minimum energy configuration (considering only the kinetic
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plus gravitational potential energy of the gas and excluding thermal energy and any emitted
radiation) of a body of self-gravitating gas with some net angular momentum is a disc with an
axis in the direction of the net angular momentum; this way no excess kinetic energy is wasted
in a way which doesn’t contribute to conserved momentum. This is because the moment of
inertia of a disc is the largest for any continuous density distribution. The eventual disc
formation in a host of different sized astrophysical systems such as galaxy clusters, galaxies
and stellar and planetary systems is inevitable (albeit on very different timescales) since forces
act to maximise the entropy of a system (minimise the combined kinetic and gravitational
potential energy of the gas) through dissipating any excess energy as high entropy radiation
while conserving the total momentum. So the formation of self-gravitating discs is an inevitable
consequence of the second law of thermodynamics combined with conservation of angular
momentum.

The physical properties and emission from accretion discs were first calculated by Shakura
and Sunyaev [1973]. They made the assumptions that the gas in the disc was in approximately
circular orbits and the gravitational potential energy of an infalling particle was released locally
as heat. They parameterised the kinematic viscosity in terms of a dimensionless number «, the
thermal sound speed of the gas ¢; and the disc height H as v = ac,H. At the time the cause
of the viscosity was not known to be the magneto-rotational instability (Balbus and Hawley
[1991] and Hawley and Balbus [1991]) i.e. v = cqH, where ¢y = B/(uop) is the Alfven
velocity. In the following section I shall derive the standard thin accretion disc equations
(see for example Frank et al. [2002]). Treating the gas in the disc as ideal (P = nkgT,
p =mP/(kgT)), where m is the mean particle mass, the equation for hydrostatic equilibrium

perpendicular to the plane of the disc using cylindrical coordinates is

dP GMpz
dz R3

(1.15)

Integrating the equation (assuming the disc is thin, z < R) we find an expression for the

scale height of the disc H

3
— pe(#)’ _ ) Zplelt
P=Pe\u) H TR (1.16)
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where P, is the central pressure, T, is the central temperature and M is the mass of the

body onto which the gas is accreting. The torque acting between annuli on circular orbits

with angular velocities Q = /(GM/R3/?) is given by

G = ,uAﬁ—XR—I/pARX(R

o0}
OR 0

—) =2 R*vX(Y. (1.17)
R
where 3 = pH is the surface density. Mass is conserved in the disc so the rate of change
of mass in an annulus AM = 2rRYAR is given by the net mass flux out of the annulus
0x 0

Rr + 5 5(RS0,) =0. (1.18)

The rate of change of angular momentum of the annulus (AL = AM Ruv,) is given by the
net torque acting on the inner and outer boundaries (G(R + AR) — G(R)) and the change in

mass of the annulus.

o, B o e
5 (2TRPSOAR) = ~2r AR (R*S0,Q) + S AR, (1.19)
o8 , 0 ) o 1 9G
Q4 ——(RYv,)R2XQ + RY Q)= —. 1.2
R RPQ 4 o5 (RS0 RQ + R0, 5w (RQ) = o= (1.20)

Eliminating the first two terms by using the mass conservation equation and substituting
in the torque G, we find the time-dependent diffusion equation for the surface density of the

accretion disc.

0¥ 30 0
R'? SRY%)| . 1.21

9t ROR OR ar"” ) (121)

If we assume a steady state thin disc with a constant accretion rate independent of radius,

the first term in Equation 1.20 is zero. Integrating the second and third terms w.r.t radius we

find

VE@ Y+ —— ¢

dR 27 R3’ (1.22)

where C'is an integration constant which can be determined by the inner boundary condi-

tion of the disc. Usually, this boundary condition is taken to be that the disc is in solid body
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rotation close to the surface of the accreting object (e.g. star), whose surface is located at
Ry. In this case, C' = M (GM Ry)'/? and substituting into Equation 1.22 we find the standard

equation for a thin disc where M = —27 R, is the accretion rate of the material in the disc

Y Ry\ 12
Y=—11-(—=
Y 3%[ (R>

1.3.2 Emitted spectrum of an optically thick thin disc

(1.23)

Under the assumption that the rotational energy of the accreting matter is dissipated locally
as heat, the emitted spectrum of a steady state, optically thick thin disc depends only on
the accretion rate and is independent of the viscosity. The viscous torques remove rotational
energy at a rate GQYAR from an annulus of width AR. Equating the power dissipated to
the power radiated by a black body with the surface area of the annulus we can calculate the

associated temperature of the disc if the disc is assumed to be optically thick.

3GMM e
) , (1.24)

4rRARoTS = GV AR, Ts = (m

where T is the surface temperature of the disc. The final piece of information required to
calculate the properties of the thin disc is an estimate of its opacity. This is usually assumed
to be Kramer’s opacity for a highly ionised plasma disc, so the vertical optical depth of the
disc is 7 = XK, = 6.6 X 1018§]pTc_7/21rr12kg_1 (Frank et al. [1992]). The equation for radiative

transfer in a plane parallel atmosphere is

o1,
0T,

=-I,+5,, (1.25)

We assume that locally the source function is that of a black body. The net energy flux
in the z-direction is given by F, = [(I, — S,) cos8dQ} (the difference between the radiation
from a hotter inner region minus the radiation from the cooler outer region). If we assume
a slow temperature gradient, the intensity [, is only slightly larger than the black body
brightness of the region, so we approximate 01,/0t, = 0B, /0T, and the optical depth is given

by d7, = k,pdz/ cosf. Multiplying equation 1.25 by cos @ and integrating over solid angle we
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find

4 B, (T 16013 0T
F,=——" dB,(T) _ 16017 0T (1.26)
3kgp dz 3Kk.p 0z

Integrating the expression for the net energy flux from the centre of the disc to the surface
and equating this to half the dissipated power in Equation 1.24 (because the disc has two
surfaces), we find a relation between the central and surface temperatures 47+/(37) = T4.
This closes the system of equations and allows the properties of this idealised disc to be
calculated (see section 7.2.1).

The steady-state optically thick thin disc seems to be a good approximation for many
astrophysical systems such as AGN, X-ray binaries and protoplanetary discs (Frank et al.
[2002]). For observed accretion rates the assumptions of the disc being optically thick and
geometrically thin can be checked numerically and are found to be self-consistent. Observa-
tions of accretion discs in X-ray binaries and AGN are well fitted by the composite thermal
spectrum of the Shakura-Sunyaev disc and give physically plausible parameters (Remillard

and McClintock [2006] and Ghisellini et al. [2009b]).

1.4 Cosmology

In this section I will briefly outline the assumptions I have made when estimating distances
and observed fluxes to blazars based on redshift information. Chapter 8 contains the details
of the ACDM model of cosmology which is currently the most successful cosmological model
consistent with observations. I will assume a ACDM cosmology when calculating predicted

blazar spectra in Chapters 2-6.

1.4.1 Cosmological distance measurements

To calculate the observed flux from an object of known luminosity we use the formula for the

luminosity distance from Hogg [1999]

Vemitpz/ ;
o sFu = T Pemit 1.27
VobsBvons = 4nD2(1 + 2)? (1.27)

where D¢ is the comoving distance of the blazar and z is the redshift. The two factors of
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redshift are due to the redshifting of photon frequency resulting in a decrease in power and

the decrease in photon arrival time.

1.5 Thesis structure

The majority of this thesis is dedicated to the modelling and understanding of the physical
processes involved in black hole jets and accretion discs with a brief foray into the realms of
cosmology.

In Chapters 2 and 3 I develop the theoretical basis for a model of jet emission. Chapter
2 focuses on calculating the synchrotron and inverse-Compton emission from a simple conical
jet with constant speed, conserving energy. In Chapter 3 this is generalised to a jet with an
arbitrary geometry and bulk Lorentz factor and includes a detailed treatment of the relevant
physics and astronomy. In Chapters 4 and 5 I use this model to fit to the spectra of different
elements of the blazar population starting with the most luminous blazars (Compton-dominant
FSRQs) in Chapter 4 and then less luminous blazars (BL Lacs) in Chapter 5. In these Chapters
I develop a hypothesis for the physical basis underlying the different classes of blazar and in
Chapter 6 I test and confirm this hypothesis by fitting the model to all of the remaining
multiwavelength spectra available.

Chapter 7 moves away from jets to understanding and modelling the properties of black
hole accretion discs. In this chapter I present a calculation and 1D simulation of an instability
induced by a viscosity which depends on the plasma temperature in an accretion disc, as shown
in simulations. I outline why the instability could plausibly occur in real accretion discs and
show that its global behaviour can explain the observations of cyclic flaring behaviour in X-ray
binary accretion discs.

The problem of the origin and nature of dark energy in the universe is currently one
of the most important and interesting questions in cosmology. In Chapter 8 I consider the
possibility of interactions (such as unstable decay) between dark energy and dark matter.
Using a quintessence (scalar field) model for dark energy I use a gauge-invariant covariant
formalism to calculate the effect of interactions on cosmological observables. By comparing
these theoretical predictions to observations and using simple physical arguments I constrain

the strength of several possible interactions between dark energy and dark matter. This
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Chapter is self-contained and contains the relevant theoretical and observational/historical
background for the reader.
Finally, Chapter 9 presents my conclusions and summarises the most important results

from this thesis.



Chapter 2

A Uniform Conical Jet Model

In this Chapter I introduce the fundamental calculations for the synchrotron and inverse-
Compton emission from a jet with a variable shape and apply these to the case of a simple
conical jet model. I include a detailed treatment of the relevant radiation processes integrating
the full Klein-Nishina cross section and taking into account energy losses to the electron
population due to radiation. I show that this model is able to reproduce the multiwavelength
spectrum of BL Lacertae across all wavelengths including radio observations. This is the first
time that a jet model has been able to reproduce observations across all frequencies for a
blazar. I calculate the synchrotron optical depth along the jet and show that this ballistic

conical jet produces a flat radio spectrum in agreement with previous work.

2.1 Introduction

Blazars are the most luminous and highly variable of active galactic nuclei (AGN). They
have been observed at all wavelengths from radio to high energy ~-rays and are believed
to be AGN observed at small angles to the jet axis (Urry and Padovani [1995]) resulting
in Doppler-boosting of their emission. The characteristic spectral shape is a non-thermal
continuum with two main peaked components; the radio through to UV /X-rays show signs of
polarisation typical of synchrotron radiation, the second component extends from low energy
X-rays through to very high energy 7-rays and is normally attributed to inverse-Compton
scattering of photons from the synchrotron-emitting electrons. The radio emission of blazars

is predominantly observed to be flat or nearly flat in flux density (see for example Owen et al.
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[1980] and Abdo et al. [2010a]) whilst the majority of the synchrotron and inverse-Compton
emission can be well described by a power law and a turnover.

In general, VLBI images of AGN observed at large angles to the jet axis show a continuous
axisymmetric plasma jet, which is approximately conical in geometry, (see e.g., Kovalev et al.
[2007] and Krichbaum et al. [2006]) with evidence for a small degree of curvature close to
the base of the jet (Asada and Nakamura [2011]) and a blunt base with a wide opening
angle (Hada et al. [2011]). Recent work by Sokolovsky et al. [2011] measured the frequency
dependent core-shift for 20 AGN and found the results favoured a conical jet which conserved
magnetic energy.

The early and influential model of Blandford and Konigl [1979] used a uniform conical
structure for the jet, and was able to produce the flat radio spectrum if magnetic energy in
the jet was conserved. Further investigations by Marscher [1980], Konigl [1981], Reynolds
[1982], Mufson et al. [1984] and Ghisellini et al. [1985] indicated that this class of model was a
good fit to the observed synchrotron emission. However, at the time, v-ray observations were
rare, and replenishment of adiabatic and radiative losses in some of the models were deemed
to be problematic.

More recently, models for the radio and inverse-Compton emission from relativistic jets
have predominantly considered all the emission to come from a small region of relativistic
plasma, and such models have the ability to match the v-ray spectrum of flares in blazars, e.g.
Kirk et al. [1998], Bottcher and Chiang [2002], Li and Kusunose [2000] and Tsang and Kirk
[2007]. The spherical blob is injected with a power-law (or broken power-law) electron energy
spectrum at regular time intervals and the distribution of electron energies is evolved using
the continuity or Fokker-Planck equation. The resulting emission spectrum is averaged over
time. The continuity/Fokker-Planck equation takes into account the change in the electron
population due to both electron energy losses from emission and the injection of additional
electrons, but the energy injection mechanism remains arbitrary.

Models which contain some extended jet component explicitly include those of, e.g., Marscher
and Gear [1985], Kaiser et al. [2000], Markoff et al. [2000], Spada et al. [2001] and Jamil et al.
[2010]. These have variously included some attempts to treat particle re-acceleration, but are

often aimed at X-ray binary systems and have not been concerned with the entire spectrum
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of a blazar from radio to 7-ray. Recently the conical jet was investigated by Kaiser [2006] as
part of an analytic study of the range of conditions in the jet plasma which could result in
a flat radio spectrum, although this model also neglected the inverse-Compton component of
the spectrum.

With the advent of high-quality simultaneous radio-to-y-ray spectra, especially data from
the Fermu satellite, we were motivated to re-visit the problem of the full blazar spectrum. In
particular, we wish to stress that the ultimate goal should be a model which contains both
explicit and realistic jet parameters along with a detailed treatment of the particle emission
processes and energetics within the jet.

In this Chapter we set out the details of a flexible and rigorous model which will form
the basis of a series of investigations into the properties of blazars. We use a simple conical
jet geometry as a first-order model for the structure of the jet. Our focus is on accurately
calculating both the synchrotron and the synchrotron-self-Compton components of the jet
spectrum. We do this using a full Klein-Nishina calculation of the inverse-Compton scattering
and integrating the synchrotron emission along the line of sight through the relativistic jet.
We then compare our results with the recent observations of BL Lac from radio to y-ray. For
a conical jet this is the first time a full-spectrum fit to a blazar has been attempted, and we
also recover the jet opening angle, equipartition fraction and bulk kinetic power.

In this first Chapter we investigate whether a simple ballistic conical jet can reproduce the
spectrum of BL Lac without need for significant acceleration or external Compton radiation.
We include radiative electron losses but we do not yet include adiabatic losses in the jet.
For the relatively low-power sources such as this, we find that there is no requirement for
significant re-acceleration within the jet. In the next Chapter we analyse whether this is the
case for Compton-dominant high energy sources.

Most previous investigations of the conical jet have used simplifying approximations when
calculating the opacity and observed synchrotron emission at small angles through the jet
and approximate analytical expressions for the inverse-Compton emission. We treat the cal-
culations of the line of sight synchrotron opacity and inverse-Compton emission thoroughly.
We use numerical integration of exact expressions to calculate the inverse-Compton emission.

Unlike all previous investigations we also take into account electron energy losses along the
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jet due to both synchrotron and inverse-Compton emission and take into account the effect of
these energy losses on the line of sight synchrotron opacity.

In this Chapter we will first introduce the parameters and assumptions of our jet model
including its geometry and electron population. We then calculate the inverse-Compton spec-
trum produced from the scattering of an arbitrary isotropic seed photon population, although
we shall only consider SSC seed photons in this work. We calculate the observed synchrotron
emission from the jet and the synchrotron photon population. We show that the ballistic
conical jet model is consistent with recent multi-frequency observations of BL Lacertae. We
show that this model reproduces the observed flat radio spectrum if the magnetic energy is
conserved along the jet and that this flat radio spectrum is a property which is insensitive
to the model’s parameters. Finally, we explicitly show the seed photon distribution and the

evolution of the electron energy distribution.

2.2 Jet Model

As described above, VLBA images of AGN indicate that jets flows are axisymmetric with
a constant opening angle over much of the jet length and so can be modelled by a conical
geometry. This geometry was also favoured by Sokolovsky et al. [2011] to explain the frequency
dependent core-shifts they measured. We will assume that the jet has an opening angle Oopening
initial radius Ry and length L, all defined in the centre of momentum frame of the fluid (fluid
frame), see Figure 2.1. We assume that the jet is composed of an electron-positron plasma (for
simplicity we will use ‘electrons’ to refer to both the electrons and positrons) which is injected
at the base of the jet and the electrons lose energy radiatively as they move along the jet.
Further, we make the assumption that both the electrons and magnetic field are isotropically
and homogeneously distributed within the fluid rest frame whilst the fluid is moving in the
lab frame with an associated bulk Lorentz factor ~y,x. We define the variable x as the length
along the jet axis (in the fluid frame), where = 0 is defined dynamically as the base of the
jet and x = L as the end of the jet. We can now parameterise all of our physical quantities as

functions of z. We also define the radius of the jet as R(z) where

R(x) = Ry +  tan Oypening - (2.1)
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Figure 2.1: Schematic diagram of the conical jet, showing parameters defined in the fluid
centre of momentum frame

2.2.1 Determining the Jet Parameters at the Base

We consider a jet with total power in the lab frame W;. At the base of the jet the jet material
has speed fc (where we assume a relativistic flow 5 ~ 1), so in a length in the z-direction
equal to one light-second in the lab frame the jet contains a total energy F; equal to 1s x ;.
If the jet has a bulk Lorentz factor vy then the energy E; in the lab frame is related to the

energy contained in one light-second in the frame of the fluid Ejf-lmd by

E.

J

E.
- =U. + Ug, (2.2)
Ybulk

fAuid __
Bl —

Voulk
where U, and Up are the electron energy and magnetic field energy contained in the first
light-second of the jet in the x-direction, in the fluid frame. We define the equipartition

fraction Aequi as

(2.3)

Let us now consider the electron population in more detail. It is believed from optically
thin synchrotron observations of AGN that the electron energy distribution is described by a

single power law. We impose an exponential cutoff after Ey. i.e.

N.(E.) = AE=¢ Funsx (2.4)
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where N, (FE.) is the initial injected electron distribution contained in the first light second
of the jet, A and a are constants and « is thought to be between 1 and 3 from the theory
of shock acceleration (Bell [1978], Bell et al. [2011] and Summerlin and Baring [2012]). We
assume that the electron population within a section of length dz is independent of x.

For reasonable values of W; (103*W-10"W) and Aequ (close to 1) (Maraschi and Tavecchio
[2003]) the initial jet radius will be far greater than one light-second. So for reasonable opening
angles consistent with observations we can assume that the radius of the jet at its base is
approximately constant over the first light-second in the z-direction. We define Ry to be the
radius at the base of the jet and By to be the magnetic field strength which we also assume

to be approximately constant over one light-second (I..).

Emax B2
U.= / E.)dE.,  Up=4rRjl.— (2.5)

mln /’LO

E; 1
= =U(1 4 Aequ) = Up(1 + Yl ), (2.6)
Voulk equi
EJ Ae uiE'

U= : Up = . (2.7)

Vo (1 + Acqui) Vot (Aequi + 1)

We can use these equations to calculate the coefficient A and to find a relation between

By and Ry.
2—a)U, 2—-a)k;
A=\ O‘)M:Q (2-a) — (2.8)
(Elgnag - Emln ) ’Ybulk<1 + AeQUi)(EIQHag - Emm )

2UB,U/0 2E; AequlMO (2 9)
ml.B2 | 2 (mleB2) (1 + Aequi) '

We choose By to be our independent parameter and determine Ry from the above equation.
For values of By < 107*T, W, > 10**W and . < 100 (Tavecchio et al. [1998] and Lobanov
2010]), Ry > 3 x 10" m so for realistic jet parameters the radius far exceeds one light-second,

hence, the approximation of a constant radius over the base is justified.
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2.2.2 Magnetic Field Strength

For a jet with a constant bulk Lorentz factor which conserves magnetic energy in each segment,
dx, is constant along the jet and for dx = [. the total magnetic energy in a segment is equal
to Ug. The magnetic field will change as a function of the radius of the jet so that the total

magnetic energy is conserved in a segment dzx.

B(x)? | 2uUp
=4 21, B(x) = | ————. 2.1
UB WR(I) 2#0 ) (I) 47TR(ZE)QZC ( 0)

Substituting in the value of Ug from equation 2.10 we find.

Ry
B .
" R(x)

Blz) = (2.11)

In this case the local magnetic energy is conserved as well as the radial and toroidal

magnetic flux, however, the magnetic flux parallel to the jet axis increases with x.

2.3 Electron radiative losses

In our calculations we evolve the electron population dynamically along the jet by taking into
account energy losses from synchrotron and inverse-Compton radiation. For simplicity we will
consider the electrons in a slab of width one light-second as it propagates along the jet. As the
slab traverses a section of the jet of width dx the electrons in the slab lose an amount of energy
equivalent to that emitted by the entire section in one second, independently of the width dx
of the section. This is because the section contains n = dx/I. slabs of width 1 light-second
and each of these slabs travels with velocity approximately c, so takes n seconds to cross the
section. The evolution of the electron population along the jet due to energy losses can then

be calculated using the equation below.

Py(z,dx, E,) x 1s

Ne(Ee,x + dx) = N(E,, x) z ,

(2.12)

where P, is the total power emitted by electrons of energy E, in a section of jet of width
dx due to synchrotron and inverse-Compton processes. We can take into account the dynamic

electron population by modifying the variable A to include a dependence on jet length and
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electron energy A(E,,x), which takes into account the changes to the electron population as

a function of jet length and electron energy.

N.(Ee, )

A(Ee,.f) =AXx m.

(2.13)

We can now calculate the synchrotron and inverse-Compton emission of a variable electron

population given by

No(E,,z) = A(E.,2)E-® X ¢ Fmex . (2.14)

2.4 Expansion losses

In this work we use a uniform conical jet model with a constant opening angle and bulk
Lorentz factor. This model represents an overpressured jet which is expanding ballistically.
An overpressured jet with a relativistic equation of state (p o p%) expands freely with a
constant opening angle (set by the relativistic constraint 6 < 1/4pu) and its expansion is
essentially ballistic after a few scale heights (Begelman et al. [1984]). A uniform conical jet
with a constant bulk Lorentz factor is necessarily ballistic. This is because its radial velocity
profile is v(r) = voﬁ, so the kinetic energy of plasma associated with the radial expansion is
constant along the jet. In this case the boundary between the conical jet and its environment
does not change over time since the conical jet occupies a fixed volume in space in the lab
frame and so it does no work expanding its environment (since pje;dVeny = 0). This can be
seen by considering the rest frame of the fluid element at the jet boundary, which is at rest
relative to the boundary with the external medium. This means that in this ballistic model
the expansion does not result in any adiabatic work done by the internal energy of the jet
expanding its environment and additionally there is no conversion of the internal energy of
the plasma into bulk kinetic energy (as in the case of a supernova explosion for example).
Realistically, we expect fluctuations in the position of the jet boundary with time due to
the fluid instabilities and inhomogeneity of the jet, however, these fluctuations will be small
relative to the jet radius and will have zero mean (dV,,) = 0, so will not lead to significant

adiabatic expansion losses or gains to the jet.
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Depending on the magnetic field configuration and particle composition the internal energy
of the expanding plasma can clearly be exchanged between the particles and magnetic field,
however, we emphasise that the important point is that the total internal energy is conserved
(ignoring radiative losses). In this work we do not wish to embark upon a detailed treatment
of the dynamics of the MHD plasma since the composition and physics of plasma jets is poorly
understood. We shall instead assume that the jet plasma remains in (or close to) equipartition
in the conical jet as shown by X-ray observations and brightness temperatures (Croston et al.
[2005] and Homan et al. [2006]).

Of course the case of a conical, ballistic jet which suffers no adiabatic expansion losses
is strictly only applicable in the case where the jet material is cold, which is unlikely to be
valid for a real jet. In Chapter 3 we shall address this problem by considering the case of an
accelerating jet in which the internal magnetic energy is converted into bulk kinetic energy
via a magnetic pressure gradient and by investigating the effect of including adiabatic losses

on the jet.

2.5 Synchrotron emission

We use the expression for the power emitted by an electron whose velocity is at an angle 6 to

a uniform magnetic field of strength B(z) (see for example Pacholczyk [1970])

ey B(x)?5%sin* 0
B 6megcm? ‘

P(E,.0,7) (2.15)

For high energy electrons, synchrotron radiation is beamed along the velocity vector of
the electron. In our model electrons are isotropically distributed in pitch angle, so integrating

over 6 we find

2
Psingle(E67 .’E) = S_/LOO-TCB<$>2§272. (216)

Considering beaming effects and rotation frequency we make the simplifying assumption

that electrons emit all their energy at a critical frequency v, (this is a reasonable assumption
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if we integrate over a large range of electron energies) which is given by

_ 3y%eB(x)
N 4mm,

ve(w) , (2.17)

see Longair [1994]. Rearranging the above equation we can define the useful relations

4rm3ct

~ 3eB(x)

E, = (e(z)v.(x))"?, e(z) (2.18)

We wish to find the synchrotron emission from a slab in the jet at a distance x with width
dx. The total power emitted at a critical frequency is simply the number of electrons which

emit at that frequency multiplied by the power they emit.

Ptot(V7x) - Psingle(%x)Ne(Vux)C;_x’ (219)
orB2B2A(E,, z)e(x)(e(x)v) =" da

3pom?2c3l.

Poy(v,x) = (2.20)

This gives our total emitted power as a function of frequency in the centre of momentum

frame of the electrons.

2.5.1 Opacity

To calculate the observed emission through the jet fluid we need to know the opacity of
the plasma. We calculate the opacity using the one dimensional radiative transfer equation.

Neglecting scattering in a homogeneous plasma we find (see Hughes [1991])

I, =22(1 — e kD), (2.21)

where [, is the emitted flux, j, is the emissivity per unit volume, k, is the opacity and D
is the length of a section of jet plasma along our line of sight. The full synchrotron opacity is
calculated by considering the absorption and emission using the Einstein A and B coefficients
for an electron in a magnetic field (see e.g. Pacholczyk [1970]). The full expression for the
synchrotron opacity requires numerically evaluating a Bessel function at a range of frequencies,

which is computationally expensive. We shall instead use an approximate expression for the
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synchrotron opacity (calculated by requiring that nothing can emit more efficiently than a
black body, see Longair [2011]) which is valid when the plasma is optically thick and results in
a significant improvement in the running time of our code. This approximation is appropriate
because when the plasma is optically thin we do not require an accurate estimate of the opacity
since the fraction of scattering events depends exponentially on the optical depth and this is
negligable in the optically thin regime. Using the Rayleigh-Jeans limit and associating the

thermal temperature of electrons emitting at their critical frequency with the kinetic energy

of those electrons via kgT = E. = (er)5 we obtain
2208 j, v
I, = _ ) = . 2.22
c k, (V 517) QE%Vg ( )

To simplify the geometry of the problem we assume that we observe at an angle smaller
than the opening angle of the jet Opserve in the lab frame. We consider the emission from

sections of the jet of width dx, where the opacity is a function of x.

jU(VWI) = n6<y7$)P(V7m>7 (223)
. A(E.,z)eorB2B2(ev) =" da

vV, = -, 2.24

Il ) 3nR(x)*dxpuom2c® . (2:24)

jV(V7 .T) - jO(me)Vl_Ta- (225)

So, using this in our expression for opacity, we find
. Ee 2 _at4
by (v, 2) = jo(Be, w)e v 2 (2.26)

2€0-5

Using Equation 2.21 we see that if k, D is small (the material is optically thin) the observed
luminosity simplifies to the volume of the plasma multiplied by the emissivity as we would
expect. If we observe down the jet within the opening angle we will see through to different
depths at different wavelengths due to the wavelength dependence of the opacity. We see
through to the layer where the total column optical depth is approximately 1 and beyond this
there is an exponentially decreasing contribution from further layers. The total optical depth

Tiot 18 the sum of the optical depths from each section. If we observe at an angle 0 pserve from
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dz

cos Gobserve

the jet axis, the depth of material we see through is [

Ttot(l/,x):/ ky(y,x);dx. (2.27)

COs eobserve

An individual segment of width dz will emit according to

Njot

1
2e2v
2

P,(x,dz,v) = TR(x)? (1 — e hvva)dey, (2.28)

We will observe the emission from each segment weighted by the total optical depth, which

is equivalent to solving the radiative transfer equation with j,(z) = 0.

L
Pl,:/ P,(z,dz,v)e Tt "0 dy, (2.29)
0

To calculate the electron energy losses via Equation 2.12 we assume that in a thin section
only the radiation in the radial direction is unbalanced from the adjacent sections (the optical
depth in the radial direction is smaller than that along the jet axis). The expression for the

total synchrotron power emitted by a segment of the jet is then given by

9 1 5
P (z,dz,v) = 7R(z)de 2222 (1 — ek (va)R@), (2.30)

c2

2.6 Inverse-Compton Scattering

In this section we calculate the inverse-Compton emission from an arbitrary electron popula-
tion and arbitrary isotropic seed photon population. Let us consider the most general case of
an electron-photon collision. In the lab frame we have an electron with energy E.. We are free
to define our z-axis (not to be confused with the jet xz-axis) to be aligned with the electron’s
momentum by a simple rotation. In these lab coordinates we have an incoming photon with
energy . with its momentum vector at an angle of 6 to the negative x direction. We wish to
calculate the scattered photon energy and angle in the lab frame after the collision.

To simplify the calculation we Lorentz transform into the electron’s rest frame (where
the Klein-Nishina cross section is well defined) rotate our coordinates to deal with a simple

stationary head-on collision, then apply a further rotation to realign our coordinate system
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Figure 2.2: Schematic diagram of the inverse-Compton scattering process defining our choice
of variables.

with our original lab z-axis and finally perform the inverse Lorentz transformation to revert
to our initial lab frame. This is illustrated schematically in Figure 2.2 and is calculated using

standard four-vector Lorentz transforms.

2.6.1 Obtaining the Inverse-Compton Spectrum

We have calculated the scattering angle and energy of a photon which is scattered by an
electron. It remains to relate this to an emitted flux. We approach this problem by discretely
summing over interval values of all the dynamic variables (E., E,, 6 and ¢o and z) and
assigning a weight to each of the scattered photons which corresponds to the number of
photons produced per second in a section of width dx. We then sum over the contributions

from each section of the jet.

Power = / E.scaty-weight(Ee, E., 0, ¢o, x)
Ee,Ey,0,02,x

x dE.dE.,d0dg,dz. (2.31)
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2.6.2 Klein-Nishina Cross Section

To calculate the weight function we need the cross section for the electron-photon interac-
tion. The Klein-Nishina cross section is the first order QED cross section for electron-photon

scattering (see for example Weinberg [1995]), it is given by

do 1

ao, §a2T3P(E;, ¢2)2(P(E;> ¢a) + P(E., $2) " = 14 cos”® ¢y), (2.32)
h 1
Te = ) P(E;, gb?) = E )
meC 1+ =5 (1 — cos ¢)
dQQ = 7T| sin ngldgbg (233)

The formula relating the number of collisions between electrons of energy FE, and photons

of energy F, is

Ne Ee d El?
Collisions(s ™) :/ (l ,x). J(dfz ¢2).n7(E,Y,6,x)
c 2
xc(l 4 Bcosf).dQdE.dE,dQdz, (2.34)
dQ = 7| sin6|db, (2.35)

where ¢(1 + fcos(f)) is the relative velocity of the photon and electron (see for example
Blumenthal and Gould [1970]). Since the integral of the weight function is simply the number

of collisions occurring per second we find

Ne(Eea .Z‘) dO’(E;, ¢2)
le ~  d

(14 [ cos )| sin ¢o|m|sinb)|. (2.36)

Weight(Ee> E’ya 07 ¢27 l’) =

XnW(EW,H,:E)
47

We replace the integral in Equation 2.31 with a discrete sum over the variables. Under

the assumption that the weighting function is approximately constant for sufficiently small
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parameter intervals in the sum, we can convert the integral over the weighting function into a

discrete sum

POWGI"(W) = Z Efyscatt'weight<E€7 E’Y> 97 ¢27 ZL‘)
Ec,Eq.0,02,x

xdE.dE,d0dg,dz. (2.37)

This is our expression for the emitted power in the fluid frame. Using this method to
calculate the emitted power has the advantage of calculating the inverse-Compton scattering
exactly, in the limit of small step sizes in the sum, whilst also obtaining the angular dependence
of the spectral energy distribution. To do this we simply carry out the sum in equation 2.37
binning scattered photons depending on both their scattered angle, which can easily be related
to their observation angle, and their frequency. In this way we can calculate the emitted
spectrum as a function of observation angle.

In the next section we will calculate the photon number density n, from the synchrotron

emission.

2.7 Synchrotron Seed Photons

At high observed photon energies(> 1keV), where inverse-Compton scattering starts to domi-
nate the blazar spectrum, the jet is optically thin to photons. To calculate the inverse-Compton
emission from segments of the jet we need to calculate the photon number density n.(x,v).
When a section of the jet is optically thin (k,R(xz) > 1) an infinitesimal section of width dx
will receive approximately the same amount of radiation from neighbouring sections as it emits
parallel to the x-axis. We use the approximation that only the radiation emitted radially is
unbalanced. So the volume of depth one light-second from the outer radial surface contains
approximately one second of emitted power. If the section is optically thick then the emission

and absorption per unit length are equal and so the photon distribution in the object is that
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of a blackbody. Calculating n., for the optically thin case we find

L,(x,dx)
v, dr) = ===, 2.38
R, dr) 2rhvR(x)dx (2.38)
and for the optically thick case (k,R(z) > 1)
8 2
(o, da) = ————. (2.39)

c3(e*sT — 1)

We define the average photon number density n3”(v)

nw)y=3" M, (2.40)

xT

2.8 Doppler Boosting of Emission

So far we have calculated synchrotron and inverse-Compton emission in the fluid frame. In
our model the fluid is moving with a bulk Lorentz factor vy, along the jet axis so the emission
will be boosted depending on the Lorentz factor and the observation angle to the jet Oopserve-

We use primed variables to denote quantities defined in the lab frame and unprimed variables

/

opening 15 related to

for quantities defined in the fluid frame. The lab frame jet opening angle

the fluid frame opening angle 0 pening Via

Ybulk tan 9, = tan Qopeninga (241)

opening

due to length contraction of the jet axis of the cone. The observed photon frequency in
the lab frame is boosted by a Doppler factor (shown below) which is obtained by Lorentz
transforming a photon from the jet fluid frame into the lab frame. The total observed power
is related to the emitted power in the fluid frame by multiplying by four Doppler factors:
one from Doppler shift in frequency, one from increased photon arrival times and two from

transforming solid angle between frames.

1

. 2.42
7(1 - 6 COos 90bserve> ( )
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Figure 2.3: Top: The observed spectrum of the model fitted to the recent simultaneous multi-
wavelength observations of BL Lacertae. The model reproduces the observed spectrum at all
frequencies Bottom: The effect of electron energy losses to the jet. Right: the high energy
electrons have been depleted by energy losses at the end of the jet. Left: energy losses have
the largest effect on the high frequency synchrotron and inverse-Compton emission of the jet,
but do not affect the flat radio spectrum.
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The observed power in solid angle d€2" at a Doppler boosted frequency v/, P'(v'), can then
be related to the synchrotron power emitted in the fluid frame at frequency v emitted into

solid angle d2, P(v), via

VP = VP (Vv : ! ) (2.43)

1- B COs eobserve)

dle=— =

BL Lacertae has the very small cosmological redshift of z = 0.0686, so we take the distance

to BL Lacertae to be d = 300Mpc and assume Euclidean space.

2.9 Results

2.9.1 Modelling the SED of BL Lacertae

In Figure 2.3a we show the results of our fluid jet model fitted to the recent simultaneous
muti-wavelength observations of BL Lacertae (Abdo et al. [2011a]). We stress how well our
relatively simple model fits these observations: the model fits well to the data across almost all
wavelengths using only inverse-Compton scattered synchrotron seed photons from the single
population of jet electrons. There is a discrepancy at the lower end of the X-ray energies,
and we argue that this is likely to be from the accretion disc corona (see, e.g., Jin et al.
[2011]). The optical/IR data is clearly not consistent with a smooth synchrotron component,
but has been necessarily obtained with multiple instruments and may therefore suffer from
absolute calibration offsets. By contrast, the optical-near IR spectrum on BL Lac obtained
by Vermeulen et al. [1995] shows that the spectrum is clean and continuous in this region.
Figures 2.3b and 2.3c show the effect of including electron energy losses in the model. In
Figure 2.3c we can see the evolution of the electron energy distribution along the jet. The
figure shows the electron energy spectrum (contained in a slab of width one light-second) at
the base of the jet immediately after injection and at the end of the jet after the slab has
propagated through the entire jet and suffered maximal energy losses. We can see that losses

are most significant for the highest energy electrons as we would expect, since the power of
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Parameter Value

W, | 7.63 x 10°W
L 1 x 10*m
By 3.63 x 107°T
Ry 7.32 x 105m

Aequi 1

Erin 5.11 MeV

J —— 5.60 GeV
o 2

é)pening 9.7

observe 2°

Vbulk 12

Table 2.1: The values of the physical parameters for the model used to fit to the BL. Lacertae
observations

both synchrotron and inverse-Compton emission is approximately proportional to +? of the
electrons. The energy losses effectively lower the maximum energy cutoff of the electrons as
they move along the jet.

Energy losses are most severe close to the base of the jet due to its stronger magnetic field
and smaller radius. This means that losses occur predominantly in a region close to the base
which is much smaller than the total jet length. This results in the jet producing a flat radio
spectrum even when taking into account radiative energy losses since the electron distribution
does not change significantly along the vast majority of the jet. We find that the base of the
jet dominates the synchrotron and inverse-Compton emission at the highest frequencies whilst
the radio synchrotron emission, which is optically thick at the base, is dominated by the outer
regions of the jet with larger radii and therefore a larger surface area for emission.

In Figure 2.3b we can see the effect of the energy losses on the emitted spectrum of the jet.
The figure shows that the low frequency synchrotron emission does not change significantly
when losses are taken into account, however, the optically thin synchrotron emission which
is dominated by the highest energy electrons at the base of the jet is reduced. The effect
of losses on the highest energy electrons also results in a reduction to the highest frequency
inverse-Compton emission, for which they are responsible.

From fitting to the observations of BL Lacertae we find a jet power of 7.63 x 103W,
a maximum magnetic field By = 3.63 x 107°T at the base of the jet with base radius Ry =

7.32x10%m and lab frame jet length 1.2 x 10?°m. We also find a bulk Lorentz factor v, = 12,
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an electron energy index o = 2.0 and an observation angle O pserve = 2°. We have fitted the
observations with an equipartition jet Aequi = 1 corresponding to energy being equally split
between the electron population and the magnetic field. We have chosen the jet to be in
equipartition because this is compatible with observations of the radio lobes of both FRII
sources and Seyfert 1 galaxies (Croston et al. [2005] and Migliori et al. [2007]).

In this model we have not included any reacceleration of the electrons through internal
shocks in the jet. Internal shocks are a mechanism which can convert some of the large store
of kinetic energy in the bulk motion of the jet into internal energy in the electron population.
This has been investigated by a number of authors (Marscher and Gear [1985], Kirk et al.
[1998], Kaiser et al. [2000], Spada et al. [2001], Sokolov et al. [2004] and Jamil et al. [2010]) as
a way of replenishing radiative and adiabatic energy losses of the electron population in jets.
We expect that our estimates of jet opening angle and bulk Lorentz factor are larger than if
we had included a form of in situ reacceleration, since a larger jet opening angle and Doppler
factor reduce the effect of energy losses on the electron population. We intend to investigate
the effect of different forms of reacceleration in this model in future work.

The paper presenting the observations of BL Lacertae (Abdo et al. [2011a]) uses three
models to fit to the most recent observations. The first model from Finke et al. [2008] is a
single zone time independent spherical SSC (synchrotron self-Compton) model. The fitted
model uses a large Doppler factor of 26 and is over an order of magnitude from equipartition,
it also fails to reproduce the low frequency radio emission. The second model based on work by
Ciprini [2008] is a time-dependent single zone SSC it uses two different spherical blobs to fit to
high and low frequency synchrotron emission and it fits well to the observations. The two blobs
have Doppler factors 10 and 6.5 and the average equipartition value is A.q; = 2.8. The final
model used is based on Bottcher and Chiang [2002] and is a single-zone time-dependent model
with ERC (external radiation Compton) and also fits well to the data. The fit has a Doppler
factor of 15, an equipartition fraction Agq,; = 1.48 but also includes a energy independent
particle escape time of t,. = 60R/c, which is difficult to justify physically. Whilst these
models are able to fit the high energy synchrotron and inverse-Compton emission they are not
able to reproduce the observed flat radio slope of the spectrum, the self-absorbed spectra they

produce are steeper.
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Figure 2.4: The average number density of photons plotted against energy for the model fitted
to the simultaneous BL Lac observations.

One of the major achievements of the conical jet model is to reproduce the radio emission
observed at low frequencies. This cannot be reproduced in fixed radius, homogeneous, one-
zone SSC, two-zone SSC and ERC models (Abdo et al. [2010a] and Maraschi and Tavecchio
[2003]) without introducing additional complications such as a two power law fit to the electron
population or energy-independent diffusion of electrons. In fitting to the radio observations
as well as to higher frequencies we gain additional constraints on our model parameters. In
general we can gain the electron energy spectral index from the slope of the inverse-Compton
emission (see for example Longair [1994]), the turnover of the flat spectrum at high frequen-
cies then depends on the magnetic field strength By which is strongly constrained by the
synchrotron turnover at ~ 1keV and the spectral index. Since blazars have such a variety of
spectral behaviour with increasing variability at higher frequencies (see Ulrich et al. [1997]) it
is surprising that most models neglect reproducing observations in the radio, since, for most
blazars the radio is less variable and is normally observed to be close to a flat spectrum for a
wide range of low frequencies. By not fitting to radio observations, models reduce the number
of constraints and lack a physical mechanism to reproduce one of the most stable features of
blazars.

Figure 2.4 shows the seed photon population averaged over the jet n7" (see equation 2.40)
for the models in Figure 2.3. Fundamentally, an ERC model with an unconstrained seed photon

population can be used to fit almost any high frequency observation. So it is important to
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Figure 2.5: The observed luminosity of the BL. Lacertae model looking at a small angle to the
jet axis. The solid line is the total luminosity which is flat over a wide range in photon energy.
The dashed lines show the observed contributions from thin slabs at different distances x along

the jet whose sum produces the flat total distribution.

show explicitly the seed photon population used when fitting the model to the data to ensure

clarity and to confirm that the photon population is realistic.

2.9.2 Producing a Flat Radio Spectrum

The observation of a near flat radio spectrum is a characteristic of most blazars (Abdo et al.
[2010a]). We find that our model produces a flat spectrum which is largely insensitive to the
physical parameters of the jet.

Figure 2.5 shows the overall flat spectrum produced by the model. The dashed curves
show the observed emission from components at different distances along the jet. The figure
illustrates the classic explanation of a flat spectrum: that different components have different
turnover frequencies which add to give a flat spectrum. We believe that this is the first time
this component explanation of a flat spectrum has been calculated explicitly for a conical jet
orientated close to our line of sight. The figure shows that components closer to the base of
the jet have turnovers at the highest frequencies and dominate the high frequency synchrotron
emission (due to stronger magnetic fields and smaller radii) before their observed low frequency
emission is absorbed exponentially by the outer jet material.

We have found that the production of a flat radio spectrum is largely insensitive to the

parameters used in our model although the magnitude and frequency range of the flat spectrum
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Figure 2.6: The dependence of the synchrotron emission on the functional form of B(z). We
can clearly see that if the magnetic energy is conserved (B(z) oc R™!) along the jet then
the synchrotron luminosity is flat over a wide range of low frequencies. If the magnetic field
evolves to conserve the flux through the surface x = constant then we no longer observe a flat
radio spectrum (B(z) oc R72). Since a flat or nearly-flat radio is a well known characteristic
of blazar-type objects, this is evidence of the conservation of magnetic energy in simple fluid
jets.

do show a dependence. The most sensitive parameters are the overall jet length which affects
the extent of the flat spectrum to low frequencies and the value of By which affects the
departure from the flat spectrum at high frequencies. This means that a flat radio spectrum
is intrinsic to the uniform conical jet model which conserves magnetic energy and requires no
fine-tuning.

Figure 2.6 shows the dependence of the synchrotron emission on the functional form of
B(z). We can see that if the magnetic energy is conserved along the jet (B o< R(x)™') then
the synchrotron luminosity is flat over a wide range of frequencies. If the magnetic field
evolves to conserve the magnetic flux parallel to the jet axis (B(z) oc R(x)™?) then we no
longer observe a flat radio spectrum. Since a flat or nearly-flat radio flux is a well known
characteristic of blazar-type objects, this is evidence for the conservation of magnetic energy
in simple fluid jets. This result was obtained by Kaiser [2006] who investigated a variety
of fluid jet models and found, in agreement with us, that a model which conserved magnetic
energy produced a flat spectrum whilst a model where magnetic flux is frozen parallel to the jet
axis did not. However, his calculations were limited to the case of observations perpendicular

to the jet axis.
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2.10 Conclusions

We have re-visited the uniform conical jet model for AGN jets and, for the first time, used it
to fit both the synchrotron and self-Compton components of the jet spectrum. In particular
we have shown good agreement with these components in the recent multi-wavelength obser-
vations of the relatively low-jet-power source BL. Lacertae from radio to y-ray. Our model and

conclusions may be summarized as:

e We demonstrate that a fluid model of an axisymmetric jet with a fixed opening angle and
conserved magnetic energy fits the simultaneous observations of BL Lacertae presented

by Abdo et al. [2011a].

e Our model conserves energy and particle flux along the jet. This allows us to estimate
physical properties of the jet and central engine such as the total jet power and magnetic

field strength from fitting the model to a blazar spectrum.

e We evolve the electron population dynamically along the jet taking into account en-
ergy losses from synchrotron and inverse-Compton emission. We calculate the inverse-
Compton emission by numerically integrating the exact expression and we explicitly
show the synchrotron seed photon population. Unlike previous investigations, we in-
tegrate synchrotron opacity along the line of sight through the jet plasma taking into

account the emission and opacity of each section of the jet.

e We show that a conical jet model which conserves magnetic energy produces the charac-
teristic flat radio spectrum observed in blazars in agreement with Blandford and Konigl

[1979] and Kaiser [2006].

e Under our conical jet assumptions, we find that for a source of this jet power (~ 1037W),
that there is no requirement for significant re-acceleration within the jet to explain the

observed spectrum.

e We find that the production of a flat radio spectrum does not require fine-tuning of the
model parameters. We show that a conical jet which conserves magnetic flux parallel to

the jet axis does not produce a flat radio spectrum.



Chapter 3

An accelerating jet model with a

geometry based on observations of

MBS8T7

The work in this Chapter extends the model presented in Chapter 2 to include a variable bulk
Lorentz factor, adiabatic losses and scattering of external photon fields. The jet is chosen to
have a geometry set by radio observations of the jet in M87 scaled linearly with black hole
mass. Motivated by simulations and theory the jet is assumed to start with an accelerating
magnetically dominated base transitioning to a slowly decelerating conical section at the point
where the jet first comes into equipartition. The model includes a throrough treatment of
inverse-Compton scattering of CMB, accretion disc, BLR, NLR, starlight and dusty torus
with a minimal number of free parameters. The model is used to fit to observations of the
most Compton-dominant FSRQ blazar. It fits very well using a jet with a high power bulk
Lorentz factor observed close to the line of sight. The inverse-Compton emission is best fitted
by scattering of CMB photons at large distances along the jet. We find that the jet cannot be
in equipartition inside the BLR but is compatible with a transition from parabolic to conical

within the dusty torus or at a larger distance.

48
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3.1 Introduction

Radio observations show that AGN jets are approximately continuous axisymmetric plasma
jets. Recent observations show that on large scales jets are approximately conical in geometry
and measurements of the frequency dependent core-shift of M87 and other AGN favour a
conical jet with conserved magnetic energy. VLBI observations of M87 by Hada et al. [2011]
show the blunt base of the jet is within 14 — 23 Rg of the central black hole. Observations of
the geometry of the jet in M87 by Asada and Nakamura [2011] over a large range in length
scales show that the jet is in fact parabolic close to the base and becomes conical at 10°Rg.
These observations are supported qualitatively by simulations of AGN jets powered by the
Blandford-Znajek mechanism (see McKinney [2006]) which show an accelerating parabolic
base which becomes conical near to the point where the plasma reaches equipartition.

The detailed mechanism behind the production of a relativistic plasma jet from a black
hole is not yet fully understood. It is thought that the energy source of the jet comes from the
rotation of the central black hole and that the magnetic field from the accretion disc is twisted
by the rotation of the black hole creating a Poynting flux (Blandford and Znajek [1977]).
We expect from simulations and theory that jets start as Poynting dominated (magnetic
field dominated) and that the particles in the jet are accelerated to a large bulk Lorentz
factor by the magnetic field until the jet plasma approaches equipartition where it reaches a
terminal bulk Lorentz factor. The accelerating region is thought to be parabolic as indicated by
observations (Asada and Nakamura [2011]), simulations (McKinney [2006]) and analytic work
(Beskin and Nokhrina [2006]), whilst the outer regions of the jet are consistent with being
approximately conical (Asada and Nakamura [2011], Hada et al. [2011], Sokolovsky et al.
[2011] and Krichbaum et al. [2006]) with a slowly decelerating bulk Lorentz factor (Mullin
and Hardcastle [2009] and De Young [2010]).

In this Chapter we develop our conical jet model from Chapter 2 (based on Potter and
Cotter [2012]) to include an accelerating parabolic base which transitions to a slowly deceler-
ating conical jet after 10° Rg, motivated by the recent radio observations of M87 and consistent
with simulations and theory. Our model conserves relativistic energy-momentum and particle
number throughout the jet and includes energy losses to the particles (electrons and positrons,

hereafter referred to as electrons) via radiative and adiabatic losses. We integrate the observed
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line of sight synchrotron opacity through the jet by transforming into the plasma rest frame.
We also include the effect of inverse-Compton scattering external photons from the CMB,
an accretion disc, starlight, accretion disc photons scattered by the broad line region (BLR)
and accretion disc photons reprocessed by a dusty torus and narrow line region (NLR). We
calculate the inverse-Compton emission from these external sources by Lorentz transforming
into the rest frame of the plasma. This is the first time that an inhomogeneous jet model
has included an accelerating parabolic base transitioning to a decelerating conical jet. In
this Chapter we wish to develop a realistic, physically rigorous jet model motivated by and
consistent with observations and simulations.

A successful jet model should be able to reproduce the simultaneous multi-wavelength
observations of blazars across all wavelengths, including radio observations, which are usually
neglected. To test whether our model is capable of producing realistic spectra we fit it to the
simultaneous multi-wavelength spectrum of the Compton-dominant FSRQ PKS0227-369 from
Abdo et al. [2010a].

Currently the most popular model of blazars are time-dependent, fixed radius, one-zone
models e.g. Kirk et al. [1998], Béttcher and Chiang [2002], Li and Kusunose [2000] and Tsang
and Kirk [2007]. These models consider the injection of an arbitrary electron population into a
spherical blob with a constant bulk Lorentz factor and calculate the time-dependent emission
from synchrotron, SSC and EC mechanisms. One-zone models best describe flaring events
observed in the jets, however, they struggle to reproduce radio observations. Investigations
into the effects of deceleration in one-zone models include those by Dermer and Chiang [1998]
and Bottcher and Principe [2009] where plasmoids are decelerated by collisions which accel-
erate particles. It is important for a realistic model of blazars to be compatible with radio
observations of the morphology, core-shift and flat radio spectrum, which are incompatible
with one-zone models.

Investigations of extended inhomogeneous jets include those conducted by Blandford and
Konigl [1979], Marscher [1980], Konigl [1981], Reynolds [1982], Mufson et al. [1984] and Ghis-
ellini et al. [1985], Marscher and Gear [1985], Kaiser et al. [2000], Markoff et al. [2000], Sokolov
et al. [2004], Graff et al. [2008], Pe’er and Casella [2009], Jamil et al. [2010] and Vila et al.

[2011]. Early investigations of conical jets were motivated by the original work by Blandford
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and Konigl [1979] which showed that a conical jet which conserves magnetic energy produces
a flat radio spectrum.

There have been a number of investigations into accelerating or decelerating jets including
those by Ghisellini and Maraschi [1989], Georganopoulos and Marscher [1998], Spada et al.
[2001], Georganopoulos and Kazanas [2003] and Boutelier et al. [2008]. These investigations
have included various models for acceleration and deceleration in parabolic, conical and cylin-
drical jets, however, no previous work has modelled both the accelerating parabolic base and
decelerating conical sections of the jet or calculated the line of sight synchrotron opacity
through the jet. Most investigations have variously treated some aspects of the jet physics
and emission thoroughly whilst neglecting others. The early, pioneering work by Ghisellini and
Maraschi [1989] is the only previous investigation to include an accelerating parabolic base
transitioning to a conical jet. However, this investigation did not consider electron energy
losses, inverse-Compton scattering of external photons, energy-momentum conservation along
the jet or a decelerating conical section. In light of recent observations and simulations we
feel it is valuable to develop a physically motivated model of jets which includes a thorough
treatment of the relevant physics and which we can use to fit to blazar spectra in order to try
to answer some of the fundamental questions about the blazar population.

In this Chapter we will first explain the basic properties of the jet including its geometry
and variable bulk Lorentz factor. We then show how energy-momentum and particle number
are conserved along the jet. We calculate the observed synchrotron emission and inverse-
Compton emission from external photons from electrons in the jet. We then show the results
of fitting the model to the Compton-dominant FSRQ type blazar PKS0227. Finally, we discuss

the physical properties and characteristics of our model fit.

3.2 Jet Model

We develop the conical jet model presented in Chapter 2. In this Chapter we wish to extend
the model to include a variable geometry, a variable bulk Lorentz factor, inverse-Compton

scattering of external photons and adiabatic energy losses.
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Figure 3.1: The geometry of our jet as used in the model fit to PKS0227 where the dimensions
are given in terms of the Schwarzschild radius of the black hole. The jet starts with a parabolic
geometry fixed to match observations of M87 and transitions to a conical geometry at x.o, =
10°Rg, with lab frame half-opening angle Gopening-

3.2.1 Geometry

We choose our model to have a parabolic base which transitions to a conical jet at a lab frame

distance x., from the black hole. The radius of the jet R(x) is given by

R(x) = Ry + Aparach‘“ for = < Teon, (3.1)

R(z) = Ry + Aparx(%;f’ + (T — Zeon) tan(fopening) for = > Teon (3.2)

where z is the lab frame jet length and Ogpening is the lab frame half opening angle of the
jet. We fit the geometry of our model to the observed geometry of M87 (Asada and Nakamura
[2011]), though we leave the opening angle of the conical section of the jet as a free parameter
since this is likely to vary with the bulk Lorentz factor of the jet as ~ %ﬁ We assume the
geometry of our jet scales linearly with black hole mass. This means that the entire geometry
of our jet is described by only two free parameters (the others are set by the observations of
M8T7) the black hole mass M and the lab frame conical half-opening angle Gypening-

We do not expect the geometry of the inner region of all AGN jets to be the same as that of
MS87, however, it is very interesting to see whether a jet with this geometry is compatible with

the observations of a blazar. Our model is flexible and so can incorporate any length-radius
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relation if new information on the geometry of other AGN jets becomes available in the future.

3.2.2 Acceleration and deceleration

We set the bulk Lorentz factor of the jet plasma to be a function of . We use the relationship
between the bulk Lorentz factor and the jet radius predicted by theory (Beskin and Nokhrina

[2006]) and consistent with simulations (McKinney [2006])

Youlk () o 22, (3.3)

Setting the bulk Lorentz factor at the base of the jet to be 7y and the maximum Lorentz
factor at the end of the accelerating parabolic region to be Yy, for © < ., the bulk Lorentz

factor is given by

Youk(Z) = Y0 + (%axl—/;%) 22 for o < Teon. (3.4)

Lcon

Once the jet has reached equipartition it can no longer significantly accelerate the plasma
by converting magnetic energy into bulk kinetic energy and so the jet stops accelerating
and becomes conical. The jet now slowly decelerates (Laing and Bridle [2002], Hardcastle
et al. [2005], Mullin and Hardcastle [2009] and De Young [2010]) due to interaction with
its environment and Compton-drag. In this model we will assume the bulk Lorentz factor
decreases with log(z). The conical section of the jet starts with a bulk Lorentz factor vyax
and decelerates by the end of the jet at x = L to a Lorentz factor of 7yy;,. Under these

assumptions the bulk Lorentz factor is given by

max ~  /min x
/Vbulk(x) = Ymax — u log <—> , X > Teon- (35)
log (xL ) 'ICOH

The dependence of the deceleration of a jet with jet length is not well known so we have
assumed this logarithmic decrease. We find that if the jet decelerates strongly at a particular
length scale it leads to excess radio emission at the corresponding radio frequency which is
not compatible with the observed flat spectrum. We therefore require a smoothly decreasing

function, such as a power law or logarithmic decrease, in order to fit the flat radio spectrum. We
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have chosen a logarithmic decrease, however, we find that there are no significant differences
in the spectrum produced by power-law or logarithmic deceleration. Our model is flexible so
we can easily change the dependence of the bulk Lorentz factor to accommodate the results

of any new observations.

3.2.3 Energy and particle conservation for the plasma

In our model the jet plasma starts magnetically dominated at the base, this magnetic energy is
converted to bulk kinetic energy of the plasma as the jet is accelerated in the parabolic region
by a Poynting flux (McKinney [2006] and Komissarov et al. [2009]). We do not attempt to
model the physical mechanism behind the plasma acceleration since in this investigation we
are interested primarily in the observed emission of the jet which depends only on the physical
properties of the plasma.

We treat the plasma as being an isotropic perfect fluid in its instantaneous rest frame
along the whole jet. This corresponds to the magnetic field being randomly oriented on small
scales and isotropic and the particles being relativistic with an isotropic velocity distribution
in the rest frame of the plasma. This is an idealised situation since it requires the magnetic
field and electrons to isotropise after a section of plasma has been accelerated or decelerated,
whilst this is the highest entropy state for the plasma we assume the timescale over which
the plasma isotropises is short compared to the acceleration timescale and this may not be
valid. However, this assumption of a plasma in which both the magnetic field and particle
distribution are isotropic and homogeneous in its rest frame is used in almost all models of jet
emission.

The magnetic field close to the base of the jet, where the plasma is Poynting dominated,
is expected to be approximately parabolic (McKinney [2006]) and so the electromagnetic
stress-energy tensor is not that of a perfect fluid. However, in models of jet emission, we are
only interested in the regions closer to equipartition where high energy particles exist or are
accelerated. In these regions close to or downstream of shocks we expect the magnetic field to
be much more turbulent and so the approximation of an isotropic tangled field is appropriate
for these jet regions which contribute significantly to the overall emission.

We treat the field as tangled on small scales and particles as relativistic so that P = £.

w
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The energy-momentum tensor in the rest frame 7' is given by

p 000

o lozoo

T = N (3.6)
0020
000 ¢

where p is the total energy density in the plasma rest frame and p = p. + pp where
pe is the particle energy density and pp is the energy density of the magnetic field. For a
section of plasma which is travelling with a bulk Lorentz factor yux(z) in the lab frame its

energy-momentum tensor in the lab frame T* is given by

3uk()?0 Fux(z)?p 0 0
k()20 A ac(2)?p 0 0
T (z) = AT b AV — 5 Vouk(2)°p 3 7pu(2)p ’ (3.7)
0 0 20
0 0 0 ¢

where A* is the Lorentz transformation tensor and we have assumed that the jet is always
relativistic so that 5 ~ 1. In order to satisfy the conservation of energy and momentum along
the jet our energy-momentum tensor must satisfy V,7*” = 0. In the lab frame our jet does
not depend on time and quantities only have an x dependence so all other derivatives reduce
to zero. To conserve the total energy-momentum in a slice of width one metre as it propagates
along the jet we also need to take into account the change in cross-sectional area of the jet

(which is invariant under a Lorentz boost in the z-direction) as it expands.

PN
ST @) = o

X

4

e T () ) =0 (35)

We also need to conserve the number of existing energetic electrons in the jet as the bulk
Lorentz factor of the jet changes, so our electron energy density must satisfy the continuity

equation.

)
V' =5

Xz

(R (x)pe(2)U(2)") =0, (3.9)

where p, is the electron energy density in the rest frame and U(x)* is the lab frame four
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velocity of the plasma. These two conservation equations can be used to calculate the rest
frame magnetic energy density and electron energy density as the jet accelerates and magnetic
energy is converted into bulk kinetic energy. We use the finite difference formulations of
Equations 3.8 and 3.9 to evolve our magnetic field and electron population along the jet. We
do this by calculating the synchrotron and inverse-Compton emission of the initial electron
population, N(z, E.), in a section of lab frame width dz. Our code calculates an appropriate
width dx adaptively, such that the shortest radiative lifetime of the population is resolved
and the radius of the jet does not change by more than 5% over the width of the section.
We then calculate the resulting electron spectrum as a result of radiative and adiabatic losses
over the section using Equations 3.58 and 3.59. In our code we also allow for the injection
of electrons (with the same initial electron spectrum given by Equation 3.25) produced from
shock acceleration in the section, so our modified electron spectrum including energy losses

and particle injection becomes N'(z, E)

Pyt (z,d2’, E.) x 1m
cE,
+ A (2, d) B e Fel Fmax (3.10)

e

N'(z,E!) = N(x,E.) —

where E! is defined in Equation 3.57 as the energy E,. after adiabatic losses have been
taken into account and Py (x,da’, E.) is the total emitted power from the section of rest
frame width dz’ from Equation 3.59. The rest frame magnetic energy injected into electrons

in a slab of rest frame width 1m is T7R(z)?Apimi(2), s0 Apj(x, dz) is determined via

TR (2) Apini () = / Api(, dz) Bl Fe/Pmaxd B, (3.11)

In this investigation we will not inject electrons arbitrarily along the jet, so we take
Apj(z,dr) = 0. We wish to include the possibility of an arbitrary injection of electrons
in these calculations, however, since this will allow us to investigate the effect of flaring sec-
tions of the jet in future work. We use the continuity Equation 3.9 to calculate the overall

normalisation of the modified electron spectrum in the rest frame of the next section starting
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at x + dx

_ oukl®) (3.12)

Norm = ,
'Ybulk(x + dl’)

This takes into account the effect of differential length contraction on the number density
of electrons as the population moves along the jet. The modified electron spectrum contained

in one metre of the jet is given by

N"(x +dz, E.) = Norm x N'(z, E!). (3.13)

We now need to ensure conservation of the total energy-momentum along the jet. In the
accelerating part of the jet we determine the magnetic field in the section located at x + dx

using the finite difference formulation of Equation 3.8

Yourk () (P () + po(2))m R (x) =

Youlk (7 + dz)?(pp(z + dz) + pl(x + dz))7wR*(z + dx),

(3.14)
where the energy densities are defined as
¢ TR?(x) ’ 2u0
[ E.N"(x+dz, E.)dE!
/(2 + da) = “Hmn 3.15

In the accelerating part of the jet the initial electron distribution at the beginning of the
section starting at x + dz is given by
N(z +dz,E.) = N"(z +dz, E,). (3.16)

We assume that the plasma in the conical part of the jet is always in equipartition and

the jet is ballistic so no longer suffers adiabatic losses as in Chapter 2. In this case the bulk
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kinetic energy of the jet is converted into the acceleration of electrons and amplification of
the magnetic field (though a process such as shock acceleration or magnetic reconnection as
discussed in more detail in Section 3.3) as the jet decelerates and so we use Equation 3.8
to determine the amount of energy injected into electrons in a slab of rest frame width 1m

Apgec(z + dz)mR(z + dz)?.

Youl(2)*(pB(2) + pi(2)) TR (2) = Youn(z + dz)*...
x(pg(x +dz) + p(z + dz) + Apgec(x + dz)) 7 R*(z + dz),

(3.17)

where we ensure the jet remains in equipartition in the conical section via the constraint

pp(z + dz) = pl(x + dz) + Apgec(z + dz). (3.18)

The electron spectrum at x + dz in the decelerating part of the jet is given by

N(z +dz, E.) = N"(z +dz, E.) + C(x + dz) B @e ™ Fe/Bmax. (3.19)
Apgec( + do)TR(z + dz)* = C(z + dx) / El-ce Ee/Buaxqp, (3.20)
Emin

3.3 Physical conditions at the base of the jet

We wish to calculate the magnetic field strength and electron population in the rest frame in
terms of the physical parameters of the jet. For a relativistic jet with total kinetic luminosity
of Wj, % is equal to the total energy in a section of plasma of width one metre in the z

direction in the lab frame Ej.

E; =Tz =0)dV = -~ip(z = 0)7RE, (3.21)
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ple=0) = ot (322
plo=0) = pala = 0) + o =0, Aualo) =225, (3.9
pp(r =0) = %, (3.24)

We assume that the high energy electrons have been accelerated through shocks (Bell
[1978]) or magnetic reconnection (Zenitani and Hoshino [2001] and Zenitani and Hoshino
[2007]). Our code is flexible and allows us to inject an arbitrary electron population at different
distances along the jet so we are not tied to a specific mechanism for particle acceleration.
In this Chapter we characterise the spectrum as being a power law with index a with an
exponential cutoff at energy F,,.x and with a minimum energy E,.;,. A power law electron
distribution with an exponential cutoff is an approximation to the steady state solution to the
diffusion loss equation for a shock including radiative energy losses (see for example Bregman
[1985]). The number of electrons contained in a slab of width one metre in the rest frame of

the plasma is given by

E

Ne(z =0,E.) = A(z = 0)E, %™ Fmax . (3.25)

In general, our electron distribution will evolve due to energy losses and additional injection
of electrons to take a more general form where A(x, E.) becomes a function of electron energy

and length along the jet. Our initial value of electron energy density is therefore

pelz = 0) = /oo pNle=0.E)p (3.26)

Emin ﬂ-R%
These equations specify the evolution of the plasma along the jet conserving energy-
momentum and electron number density. We now turn our attention to calculating the ob-

served synchrotron emission from the jet.
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3.4 Synchrotron emission

In this section we will generalise the calculation of synchrotron emission from Chapter 2 to
the case of a jet with a variable bulk Lorentz factor. In the lab frame we wish to calculate
the observed luminosity at a given observation angle of the jet. To do this we will calculate
the emission and absorption of synchrotron radiation corresponding to an observed lab frame
frequency and observation angle as it propagates along the jet by Lorentz transforming into
the rest frame at every section of the jet. Observed synchrotron radiation at a frequency v
and angle s corresponds to an emitted frequency v/ and angle ¢/, in the rest frame of a

section of plasma with bulk Lorentz factor v,y given by a Lorentz transformation

, v 1

Vv = m, (5Doppler(x) = ’Ybulk(m)(l — B(I) COS(GObS))7 (327)
I cos™ ] c0s(Bops) — B(2) o ;
o (1 - 5(1') COS(QobS)) ’ Pybmk( ) 1 — 5(1:)2 (3'28)

We track photons emitted from interior sections of the jet as they move through outer
sections by transforming into the rest frame of each section. For a given observed lab frame

frequency v all the contributing synchrotron photons from different sections with different bulk

/

bs 1 the rest frame of the

Lorentz factors will have the same frequency v/ and emission angle
section at x. This means that in order to calculate the emission at an observed frequency v
we need to calculate the synchrotron emission at different frequencies v/ in sections of plasma
with different bulk Lorentz factors. To calculate the line of sight opacity to a section we need
to integrate the opacity at rest frame frequency v’ across the rest frame path lengths of all
the outer sections.

We use the result from Chapter 2 for the distance travelled through the plasma by a

synchrotron photon in the rest frame

1

dr’ = d _
r YbulkAT (cos(@obs)

- 6(%)) ; (3.29)

where dr’ is the total rest frame distance travelled by the photon. We use the equations
for the synchrotron emission and opacity k, (v, ) from Chapter 2. Using the formulae for the

synchrotron opacity from Chapter 2 we find the observed optical depth to a section to be given
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ror (0, 7) = / k(v (2), 2)dr. (3.30)

The observed synchrotron emission from the jet is given by

VPyobs = Z 6Doppler(x>4ylpzx($a d:c, V/)ei‘rmt(y’x% (331)

where the length of an emitting section in the rest frame of the plasma da’ is related by a

Lorentz contraction to the lab frame section length dz.

3.5 Inverse-Compton emission

3.5.1 SSC emission

To calculate the SSC emission we use the result of the emission produced in the plasma rest
frame from Chapter 2. Since the high energy emission is optically thin the only modification to
the earlier result is that we need to Doppler-boost the emission from each section individually.
We use Equation 3.36 to calculate the inverse-Compton power emitted by a section in its rest

frame per log bin of rest frame frequency (corresponding to v'P)).

vP, = Z V (2)PL(V (), 2, d) Opoppler (7)™ (3.32)

3.5.2 Inverse-Compton scattering of external photons

In this work we consider the six most likely sources of external photons to the jet: the CMB,
radiation directly from the accretion disc, starlight and radiation from the accretion disc
scattered by free electrons in the BLR and reprocessed by a dusty torus and NLR. Inverse-
Compton scattering of external photons has been investigated by a number of authors including
Dermer et al. [1992], Dermer and Schlickeiser [1993], Sikora et al. [1994], Bottcher and Bloom
[2000] and Hardcastle and Croston [2011].

The full calculation for the inverse-Compton emission of an axisymmetric external photon

field by an isotropic electron distribution takes the form of a seven dimensional integral. In



62

order to make the problem computationally tractable we make a number of simplifying ap-
proximations. Firstly we assume that, in a collision with an electron, the scattered photon
travels with a velocity parallel to the electron’s initial velocity. This approximation is com-
monly used when considering inverse-Compton scattering of photons (Dermer et al. [2009])
and is justified because the scattered photon’s energy is a steep function of its scattering an-
gle with significant scattering energies occurring for photons travelling close to the electron’s
initial velocity, due to conservation of momentum.

For a jet with a significant bulk Lorentz factor, radiation which is isotropic relative to the
black hole is Doppler-boosted in the rest frame of the jet plasma, such as the CMB, starlight,
BLR, NLR and dusty torus photons. The radiation is Doppler-boosted in the plasma rest
frame so that it is beamed along the jet axis in the opposite direction to the jet material with
a characteristic opening angle ~ %ﬁ This means that for large values of Y, almost all
external photons travel close to the jet axis. We shall make the approximation that all the
external photons travel in the negative x-direction to reduce the dimensionality of the integral
to 3. This approximation is strictly valid only in the limit of large ., however, the scattered
energy of the photons depends on the incident photon direction through o< (1+ 3 cos(d)) so for
a small change in opening angle %—ilk the scattered photon energy will not change significantly.
The total number density of external photons is therefore increased by a single Doppler factor
and their energy is also increased by a Doppler factor in the rest frame of the plasma (since
we have effectively integrated over solid angle).

In the case of external photons travelling directly from the accretion disc we make similar
approximations. We approximate the scattered photon velocity to be parallel to the initial
electron velocity. We also approximate the external accretion disc photons to travel in the
positive x-direction, this is justified because the brightest part of the accretion disc is closest
to the black hole (at a few Schwarzschild radii) and so the base of the jet is not illuminated
isotropically by the accretion disc. The most energetic photons illuminate the disc from behind
in the frame of the black hole.

In contrast to the case of photons from the CMB, starlight, BLR, NLR and dusty torus,
photons directly from the accretion disc are de-boosted, so Lorentz transforming into the

plasma rest frame results in the photon angles diverging away from x-axis. This means that
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our approximation is only justified in the case that the radius of the jet is smaller than the
distance from the accretion disc. If this is not the case then the approximation results in an
underestimate of the inverse-Compton emission from accretion disc photons, however, neither
the Doppler factor nor scattering cross section depend very steeply on the angle of the photons
from the z-axis for the case of photons illuminating the jet from behind so the results should
not differ significantly from a more detailed treatment (see for example Dermer et al. [2009]).
Since most previous investigations have assumed de-boosted accretion disc photons are not
relevant to inverse-Compton emission it is interesting to see whether this emission is significant.

With these approximations we can use a modified version of the inverse-Compton scattering
formula from Chapter 2 to calculate the inverse-Compton emission from external photon
sources. By using these approximations we have eliminated the integration over 6. Instead,
we only consider scattering from electrons travelling at an angle # where this angle corresponds
to photons scattered in the lab frame at the observation angle of the jet 6,.,s. This angle 6
is easily related to the observation angle of the jet via a Lorentz transformation which in the

case of CMB, starlight, BLR, NLR or dusty torus photons we calculate to be.

— COS_I COS(Qobs) — 6($)
- (1 — fB(x) cos(eobs)> ’ (3.33)

and for the case of external photons directly from the accretion disc

— o — cos ! cos(Oops) — ()
' (1 ~ B(@) cos(@obs)> ' (3.34)

Fixing the value of # using one of Equations 3.33 or 3.34 we find the inverse-Compton

emission of external photons to be

do-(E'/ya ¢2)
d€2s
X1y (Ey, 0, 7).c(1 + B cos 0)r|sin ¢s|. (3.35)

weight(E,, E., 0, ¢2,x) = N.(E., x).
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Power(W) = Z E. scatt-weight(Ee, £, 0, ¢o, x)
Ee,Eq0,¢2,x

x dE.dE.,d¢yda’. (3.36)

where [, is the electron velocity divided by ¢. We now proceed to calculate the number
density of external photons in the plasma rest frame for the six sources. In the following
subsections quantities defined in the lab frame of the jet are primed and quantities in the rest

frame of the jet plasma are not primed.

3.5.3 CMB

We use the blackbody distribution to find n, for the CMB at redshift z with 7" = 2.73(1+2)K.

Lo Arm 2072 8rv’?

- — (3.37)

Y 3(pheT
AemT —1)  A3(emT —1)

We average the Doppler factor over solid angle to find the mean Doppler factor for photons
emitted isotropically in the black hole rest frame which is k. The frequency of the photons
and their arrival rate are both boosted by a Doppler factor. The number density per unit
frequency of photons is therefore unaltered since the increase in arrival rate is compensated

by the stretching of the frequency bin occupied by the photons.

5D0pp(x)”/7(’/)dyl = n,(v)dv, ODopp () = Ybulk, (3.38)
(V) = Opopp (7)1 Y A (v) =nl (V) (3.39)
) O\ Sapn (@) ) Sppp (@)™ " T |

From these equations we find that the total energy density of CMB photons in the plasma
rest frame Uppor = [ hvn, (v)dy is proportional to the bulk Lorentz factor squared as we expect

from Equation 3.7.
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3.5.4 Thin Accretion Disc

We consider a thin accretion disc (Shakura and Sunyaev [1973]) around a black hole of mass
M accreting at a rate M. Since we do not know the likely black hole spin parameters of these
AGN we will conservatively assume a slowly rotating black hole. We treat the thin disc as a

radiating blackbody.

3GMM
dL = 53 dr = 20T*2rrdr, (3.40)
T
3GMM \*
T = 3.41
( Somrs ) ’ (3.41)
rout Ay’ 6G M

L, = / T _dr, = — (3.42)

Tin 62 (eka71> &

We make the approximation that the accretion disc luminosity is emitted isotropically and

consider the photon density at a radius R from the disc in the lab frame.

L,

!/ v
S e (3.43)
The photon number density and frequency both decrease by a Doppler factor when they
are Lorentz transformed into the plasma rest frame. Again we use the value of the Doppler

factor averaged over solid angle

ny(v) = nly(’/éDOPP(x))a ODopp () = Youlk- (3.44)

3.5.5 Starlight

Inverse-Compton scattering of starlight by jets has been investigated previously by Hardcastle
and Croston [2011]. In this work we are fitting to a powerful Compton-dominant blazar so
we expect its host galaxy to be a giant elliptical. Work by Lauer et al. [1995] and Faber
et al. [1997] found that the luminosity density at the centre of giant ellipticals is considerably
lower than that of smaller elliptical or disk galaxies with the luminosity density at 30pc

3

in the most massive ellipticals found to be typically between 2 — 10Lopc™. These large
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ellipticals have relatively flat cores over which the luminosity density goes as p; o« r* with
—1.3 < a < —1.0 (Lauer et al. [1995]). At larger distances the luminosity density decreases
as pr, o< r—* (Tremaine et al. [1994]). In M87 the flat core with a luminosity density power
law index a = —1.3 extends out to 40kpc (Cohen and Ryzhov [1997]). Using the typical
values above to model the seed photon population due to starlight along the jet we choose a
luminosity density given by

5L (30 pc)t?
pr(r) = W(Wpc_g) for 1pc >r <40kpc, (3.45)
L.

=40k 40kpc)*
pr(r) = pLlr 730)( pc) (Wpc™?) for r > 40kpc, (3.46)

where the luminosity density is assumed to be constant within the central 1pc of the galaxy.
We calculate the total enclosed stellar mass in the core of the galaxy corresponding to this
luminosity density to be 4.0 x 10'2M using a mass to light ratio of 10, this is consistent
with the expected stellar mass in the core of a large elliptical galaxy. We calculate the energy
density of starlight observed by the jet plasma at a distance z along the jet (pgar(x)) by the

integral

dmr2e c

100kpc 4 2 100kpc
() = / Anrpu(r) / pLlr) g, (3.47)

where we have started the integral at the position of the jet section, x, since the starlight
from regions r < x will illuminate the jet from behind and so will be strongly Doppler-
deboosted. We have also made use of the spherical symmetry of the problem to simplify
the integral, since all observers inside a spherically symmetric emitting surface see the same
isotropic luminosity and surface brightness (due to Newton’s shell theorem). This means that
we can calculate the observed energy density for an observer at the origin in order to simplify
the integral, since this is the same as the luminosity observed by the plasma at r = z. Using
this integral we find the energy density of starlight at a distance of 1pc from the centre of the
galaxy to be ~ 2 x 1072Jm ™. This is in agreement with the value quoted in Hardcastle and
Croston [2011] for the energy density in starlight at the centre of an elliptical galaxy.

We assume that the starlight is predominantly due to K-type stars which typically domi-
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nate the spectra of elliptical galaxies. We choose the photon distribution to be that of a 5000K
blackbody since this corresponds to the surface temperature of a typical K-type star. In prac-
tice it is difficult to accurately model the interstellar radiation field at the centre of a powerful
FSRQ since the detailed properties of the stellar population will vary substantially between
galaxies. We include starlight in our model for completeness and to investigate whether there

is evidence of inverse-Compton scattering of starlight from fitting to the spectrum of PKS0227.

3.5.6 Accretion disc photons scattered by the broad line region

To calculate the number density of accretion disc photons scattered by the broad line region

in the lab frame we use the result from Dermer et al. [2009].

nBMR(R)or Lace (B!
n (E.) ~ —< (R)o Laccl 7), (3.48)
R drRek)
where nB'R(R) is the free electron number density. The authors calculated this result

assuming that accretion disc photons are Thomson scattered by free electrons in the BLR.
The result assumes that the scattered radiation field is isotropic in the lab frame so the photon
number density and energy in the plasma rest frame are related to that in the lab frame by a

Lorentz transformation.

/ El
nV(EV) = Ny (m) ) 5D0pp(x) = Ybulk- (3.49)

where we have used the value of the Doppler factor averaged over solid angle. We assume
10%44ergs—1

o\ 0.69
the BLR extends out to Rgrr = 0.019 (M) pe (Kaspi et al. [2005]), which we take

to be 0.5pc for the most powerful FSRQ type blazars such as PKS0227. To calculate the

BLR

value of n,

we assume a constant number density of electrons out to Rppr and a covering
fraction for the BLR, npLr = 0.1 (as assumed in Ghisellini and Tavecchio [2008] and Sikora

et al. [2009]). The covering fraction is given approximately by

nBLRG
NBLR = / Zﬂ'RQ 4rR*dR ~ nP"Ror Ry . (3.50)

For our chosen covering fraction and BLR radius this gives nB™ = 1.0 x 101 m™3.
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3.5.7 Dusty Torus and Narrow Line Region

We now calculate the number density of photons scattered by clumps of dust in the torus and
narrow line region (NLR) surrounding the black hole. At a distance x from the black hole the
surface temperature of the dust facing towards the accretion disc, Tyyst, is given by (Nenkova

et al. [2008a])

X

Zq

0.39
Taust = 1500 ( > K z < 924,

Ox 0.45
Tgust = 640 (—) K x> 9 (3.51)

Zq

where x4 = O.4(Lacc/1037W)1/2pc is the dust sublimation distance and L,.. is the total
accretion disc luminosity. We assume a clumpy dust cloud distribution where the number
density of clouds is given by nceua < 277 with 1 < ¢ < 2 following Nenkova et al. [2008a]. We
also assume that the distribution of cloud sizes is independent of . The hot torus absorbs
and reprocesses a fraction (the covering fraction) nr of the incident accretion disc radiation.
We use a covering fraction of ny = 0.1 taken from the ratio of accretion disc to dusty torus
emission in Nenkova et al. [2008b]. We further assume that this hot torus extends from the
dust sublimation distance x4 out to ~ 10z4 as indicated by observations (Elitzur [2006] and
Nenkova et al. [2008b]). We assume that the NLR has a covering fraction nnrgr = 0.07 (Mor
et al. [2009]) and extends from the outer radius of the torus (z = 10z4) out to a distance
Zouter, typically around lkpc (Bennert et al. [2006]).

We now calculate the number density of photons from this dust distribution. Taking the
average cross-sectional area of a cloud o.,,¢ independent of z, the cloud number density and
the covering fraction, we can calculate the emissivity of the dust as a function of distance from
the black hole. The average emissivity of the dust j(z) at a distance = will be proportional to

the number density of clouds at z, so j(x) = jox ™4

IOmd

2

nTLacc - COIlSt./ ncloud(‘r)o-cloud47r$ dr =
Td

10z4
Jo / 4raiedz. (3.52)

Tqd
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From this equation we can calculate j for both the torus and NLR (with the appropriate
torus and NLR quantities interchanged). Since the bulk Lorentz factor of the jet is large we
only consider emission from spherical shells at a radius greater than the distance of the jet
section from the black hole, since radiation emitted from behind the jet is Doppler-deboosted
in the rest frame of the jet. We use Newton’s shell theorem to calculate the energy density of
radiation inside an emitting shell of dust. We assume clouds re-emit the absorbed accretion
disc radiation as a black body with a temperature given by Equation 3.51 (this is the correct
dust temperature since we are only interested in the emission from the surface of clouds facing
back towards the jet and black hole). In this case the number density of photons from dust

outside a distance x in the lab frame is given by

, , Zouter ]'(V/’ l‘) 9
V) = ————Arzrdex, 3.53
(V) /x Ana2chy (3:53)
where j(x, 1) is the appropriate blackbody distribution normalised to the correct emissiv-
ity.
Tjox~ 9 2hV" 1

J(z, V') = : (3.54)

O-Tdust (.I'>4 02 ’ ehyl/kBTdust(I) —1 ’

The number density of photons in the plasma rest frame is then given by

v

ny(x,v) =n' (:c ) , ODopp = Youlk (Z)- (3.55)

7 5D0pp
In this work we take the value of ¢ = 1 for the cloud distribution as suggested by Mor

et al. [2009] from fitting to observations.

3.5.8 Observed external Compton emission

The observed inverse-Compton emission from the external photons is related to the emission

in the rest frame by

vE, =Y V(@) F,(V(x), 2,d2)dpoppler(1)*. (3.56)
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3.6 Particle acceleration and energy losses

We take into account radiative and adiabatic losses to the electron population as it traverses
along the jet. We use Equation 3.59 to take into account the effects of radiative losses to the
population due to both synchrotron and inverse-Compton emission. In addition to radiative
losses in this investigation we will also consider adiabatic losses in the accelerating parabolic
section of the jet. We assume the conical section of the jet is ballistic and so does not suffer
adiabatic losses as in Chapter 2. We use the formula from Kaiser [2006] to include adiabatic

losses to a relativistic electron population.

v\ R\?
E=E(~—) =E(+ 3.57

N'(E') = N(E), (3.58)

where FE is the initial energy of an electron, V' is the initial volume of the section and
R the initial radius, primed quantities are those after expansion. Considering the electron
distribution contained in a slab of width one metre in the rest frame, we use the following
equation to take into account radiative energy losses to the electron population as it travels

along the jet.

Pt (z,d2’, E.) x 1m
cE, ’

Ne(Ee; T+ Vbulkdx/) = NG(E€7 'T) (359)

where Py is the total power emitted by electrons of energy E. in a section of rest frame
jet width da’ due to synchrotron and inverse-Compton emission. The energy losses for the
synchrotron and SSC emission are the same as those calculated in Chapter 2. We have simpli-
fied the calculation of the inverse-Compton scattering of external photons by considering only
the scattering events which lead to photons travelling at the observation angle. To calculate
the electron energy losses from this anisotropic photon field we must take into account the
average energy lost from isotropic electrons encountering a narrow beam of external radiation.
In this case we can use the formula in Chapter 2 (Equation 2.37) for the total power emitted
by an isotropic electron distribution scattering an isotropic photon field using the value of n,

calculated above for the external photon fields. After radiative losses have been taken into



71

account we then apply Equation 3.58 to the population to take into account adiabatic losses

in the accelerating parabolic section.

3.7 Acceleration of electrons in the decelerating conical
part of the jet

Observations of AGN jets show evidence for in situ acceleration occurring along the jet. High
energy optical synchrotron electrons are observed at distances beyond that expected from their
synchrotron lifetime (see Meisenheimer et al. [1997] and Jester et al. [2001]). Observations also
indicate that jet material decelerates away from the base though the jet remains relativistic
until the hot spot (Laing and Bridle [2002], Hardcastle et al. [2005] and De Young [2010]). In
our model, bulk kinetic energy is converted into electron energy in the rest frame of the plasma
as the jet decelerates once it has become conical. This is a natural result of conservation of
energy-momentum in our model since a decelerating jet loses kinetic energy and so must gain
internal energy (or do work on its environment) to conserve energy. We have assumed that
the excess bulk energy is converted into both particle acceleration and amplification of the
magnetic field to maintain equipartition throughout the conical section of the jet.

In this work we simulate the effect of acceleration of electrons by the injection of a
fixed power law distribution of electrons continuously along the jet which conserves energy-
momentum in the decelerating part of the jet. Observations of AGN jets show a continuous
variation in optical spectral index along the jet with evidence for continuous acceleration tak-
ing place along the jet (Jester et al. [2001]) and so converting bulk kinetic energy to internal
electron energy through deceleration is a natural way in which to explain these observations.
This is the first time, however, that conversion of bulk kinetic energy into accelerating elec-
trons through deceleration has been considered self-consistently in a continuous conical jet
with a variable Lorentz factor.

The acceleration of these electrons is currently thought to be caused by either shock accel-
eration or magnetic reconnection, however, the precise acceleration mechanism is unknown.
We have not assumed a particular acceleration mechanism in this work but simply assumed

that this process produces a non-thermal power-law of electrons since this is compatible with
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observations and is predicted by shock acceleration and magnetic reconnection (Bell et al.
[2011], Summerlin and Baring [2012] and Zenitani and Hoshino [2007]). Shocks can originate
from a variety of mechanisms including the collision of shells of plasma travelling at different
speeds as the jet decelerates (Spada et al. [2001]), shear acceleration (Rieger and Mannheim
[2002]) or external pressure driven recollimation shocks (Komissarov and Falle [1998]). Vari-
ations of models in which in situ acceleration of electrons occurs are popular and have been
investigated by many authors including Kaiser et al. [2000], Spada et al. [2001] and Jamil et al.
[2010]. Recently it has been suggested that electrons could be accelerated by magnetic recon-
nection in jets since it can result in anisotropic acceleration of electrons which can potentially
explain the extreme magnitude and short duration of y-ray flares (Cerutti et al. [2012]).

We assume that the injected electrons have the same spectrum as the initial electron
population (Equation 3.25). In this investigation we will assume that the injected electron
distribution is the same along the jet. In practice the power law exponent and maximum energy
cutoff will depend on the detailed properties of the acceleration mechanism and plasma (see
e.g Bell [1978] and Bell et al. [2011]) but this is beyond the scope of our current investigation.

We calculate the evolution of the electron distribution along the jet by taking into account
radiative energy losses on the electron population (and adiabatic losses on the remaining
electrons in the parabolic section). We determine the energy density of electrons injected into

the plasma due to deceleration by Equation 3.17.

3.8 Equipartition considerations

Observations indicate that on large scales the jet plasma is close to equipartition (Croston
et al. [2005]). Observations of brightness temperatures of the cores of jets also indicate that
the jet plasma is close to equipartition when sources are in a quiescent state, however, in some
cases shocks are believed to produce regions where the plasma becomes particle dominated
associated with flaring (Homan et al. [2006]). It is thought that jets are produced via the
interaction of electromagnetic fields with a rotating black hole (Blandford and Znajek [1977]).
Current models of jet production start with a magnetically dominated region which acceler-
ates particles to form the jets we observe. Simulations indicate that the jet becomes conical

when the plasma nears equipartition (McKinney [2006] and Komissarov et al. [2009]). This
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makes physical sense since the magnetic field has done work accelerating the electron plasma
and in equipartition the remaining magnetic energy is not large enough to accelerate the jet
substantially. In this model we force the jet plasma to be in equipartition after the point at
which the jet becomes conical by the injection of accelerated, non-thermal electrons.

For a given total jet power we expect the synchrotron and SSC emission to be brightest
when the jet is close to equipartition from a reversal of the minimum energy argument for
synchrotron emitting lobes (Burbidge [1959]). If the accelerating region is magnetically domi-
nated we therefore expect the synchrotron emission to be brightest at the point where the jet
becomes conical since the bulk Lorentz factor, jet power and magnetic field will be largest at

this point and will then decrease along the conical section.

3.9 Code

We use the equations given in the preceding sections and Chapter 2 to calculate the emission
from the electrons along the jet. In order to make the problem computationally tractable
we must discretise the electron population, sections of the jet and the particle acceleration
resulting from the deceleration. Our code uses logarithmic bins of electron energy where the
bin of energy FE. has a width dF, = 0.3F,, so the total electron population for PKS0227
spans approximately 40 energy bins and for high frequency peaked BL Lacs this increases to
approximately 60 bins. The jet sections are determined adaptively so that either the shortest
radiative lifetime is resolved or the jet radius does not increase by more than 5%, this results
in jets typically being composed of 200-600 cylindrical sections. At each decelerating section
the equipartition fraction of the jet is calculated and additional electrons (Apge. in Equation
3.17) are only injected if this equipartition fraction differs from 1 by more than 10% so that
we are not continually limited to resolving the shortest electron radiative lifetime.

We have chosen the above values for discretisation so that increasing the resolution/number
of bins does not noticeably affect the spectrum produced from the jet, whilst this allows our

code to produce a spectrum for a jet in 15-30 seconds running on a single processor core.
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Figure 3.2: The results of fitting the model to the SED of PKS0227. The model fits the
observations very well across all wavelengths including radio observations. We find the model
fit requires a high jet power, high Lorentz factor jet observed at a small angle to the jet axis. We
find that the inverse-Compton peak is due to scattering of Doppler-boosted high-redshift CMB
with a small contribution from scattering NLR photons at the highest gamma-ray energies.
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Figure 3.3: The different inverse-Compton components in Figure a and the jet emission from
different distances in Figure b, using a transition region at large distances. Figure a shows
that the inverse-Compton emission is produced by scattering CMB photons with a small
contribution from NLR at the highest gamma-ray energies. Figure b shows that the optically
thin synchrotron emission is dominated by the transition region, with the radio emission
coming from larger distances as we expect. The inverse-Compton emission originates at large
distances from the central black hole from scattering CMB photons.
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3.10 Results

In this Chapter we have set out to develop a physically realistic jet model which is consistent
with observations and simulations and includes all the relevant physics to accurately predict
its emission. In order to test whether the model can potentially describe real blazars we
shall try to fit to the spectrum of the most Compton-dominant FSRQ from (Abdo et al.
[2010a]) PKS0227-369. We choose a Compton-dominant blazar since in Chapter 2 we showed
that a simpler version of this model was able to reproduce the spectrum of BL Lacertae, a
relatively weak powered object. Compton-dominant blazars are thought to represent high-
powered blazars (Fossati et al. [1998]) so it is interesting to see if our model is capable of
reproducing the spectra of the two extremes of the blazar population. We assume a standard
ACDM cosmology (Komatsu et al. [2011]) to calculate the distance to PKS0227 which has a
redshift of z = 2.115 (Abdo et al. [2010a]).

We will first show the results of fitting our model to the data using a transition region at
different distances along the jet: at large distances > 10pc, within the dusty torus ~pc and
within the BLR < 0.5pc. One of the most important current questions about jets is where
the gamma-ray emission originates from. Using our realistic continuous jet model we attempt
to fit the quiescent jet emission of PKS0227 and try to constrain the location of the quiescent

jet emission.

3.10.1 Fit 1 - A transition region at large distances

We first attempt to fit the spectrum using a transition region at large distances outside the
dusty torus and BLR as implied by the geometry of M87 where the jet transitions from
parabolic to conical at 10° R, corresponding to a distance of 66pc.

In Figure 3.2 we show the results of fitting the model by eye to the simultaneous multi-
wavelength spectrum of PKS0227. We see that the model fits very well to the observations
across all wavelengths including radio data points with a transition region at a lab frame
distance of 34pc and a jet radius of 0.64pc. In Table 3.1 we show the model parameters for
this fit to PKS0227. We find that the fit to the observations requires a high power (W, =
1.2 x 10%*W), high bulk Lorentz factor jet (Ymax = 45), observed at a small angle to the line

of sight (fyps = 0.8°). This is consistent with our expectations of Compton-dominant FSRQs
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at different distances along the jet for Fit 1 to PKS0227. We see that the acceleration of the
jet results in a steady increase in the Doppler-boosting of the BLR, dusty torus, NLR, CMB
and starlight up to the transition region. At different distances along the jet different external
photon sources become dominant as we expect. At the transition region (z = 1.02 x 10'¥m)
the NLR is the dominant energy density resulting in the highest energy gamma-ray emission,
however, the CMB becomes the dominant energy density at the largest distances along the
jet where the majority of inverse-Compton emission is produced.

Parameter Fit 1 Fit 2 Fit 3
W; 1.2 x 10°°W | 1.5 x 10¥W | 1.2 x 10%W
Loce 8.3 x 10%¥W | 8.3 x 10°°W | 8.3 x 10%®*W
Mo 3.4x10°M, | 1.5 x 105M,, | 2.0 x 10°M,
L 2 x 10%'m 10%'m 2 x 10*'m
Oobs 0.8° 0.8° 1.5°
eopening 3° 3° 3°
Acqui(z = 0) 0.01 0.01 0.01
M 3.4x10°M,, | 1.5 x 108M,, | 4.5 x 10" M,
o' 1.9 1.7 1.5
FEoin 10.2 MeV 15.3 MeV 102 MeV
Erax 7.22 GeV 643 MeV 435 MeV
Yo 4 4 4
Vmax 45 48 15
Yrnin 35 38 10
Touter 1kpc 1kpc 1kpc

Table 3.1: The values of the physical parameters used in the model fits to the multi-wavelength
observations of PKS0227 as shown in Figures 3.2 and 3.6 and 3.8.
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being FRII type AGN observed close to the jet axis (Urry and Padovani [1995]). We find that
the jet has a maximum bulk Lorentz factor of 45 and the conical section of the jet decelerates
to a bulk Lorentz factor of 35 by x = 2 x 10*'m. For these parameters the magnetic field
strength in the plasma rest frame at the transition region is relatively low, 2.03 x 1075T,
required by the low synchrotron peak frequency and Compton-dominance of the blazar. We
find a value of the electron spectral index o = 1.9 close to the value expected from standard
diffusive shock acceleration.

At these large distances the Compton-dominance is due to inverse-Compton scattering
of CMB seed photons with a small contribution by NLR photons at the highest gamma-ray
energies (see Figure 3.3a). In Figure 3.4 we show the energy density of the different radiation
fields measured in the plasma rest frame at different distances along the jet for this fit. We
see that the NLR dominates at the transition region but the CMB is the dominant photon
source at large distances along the jet.

We include starlight seed photons in our model, however, we find that inverse-Compton
emission from the CMB dominates the emission from starlight, as shown in Figure 3.3a, except
at the highest energies. This is because the energy density in the CMB increases as oc (14 2)4,
so whilst the energy density in starlight is significantly larger at z = 0, we find that the CMB
photons are more significant for high-redshift Compton-dominant blazars such as PKS0227
(see Figure 3.4). The inverse-Compton scattering of starlight is also reduced relative to that
of the CMB due to the decreased Klein-Nishina cross section for the higher energy starlight
photons.

We find that accretion disc photons directly from the disc are the dominant photon energy
density close to the base of the jet (within a few Rg of the black hole) but quickly become
dominated by other photon sources due to the Doppler-deboosting and the m% dependence of
the photon number density (see Figure 3.4). We find that for our fit to PKS0227 the Compton-
dominance is due to inverse-Compton scattering of CMB and NLR photons in the conical jet
region, as shown in Figure 3.3a. Previous investigations have ignored the contribution of CMB
photons to the inverse-Compton emission. This is because in a BL Lac type object with a low
bulk Lorentz factor jet at low redshift the CMB is dominated by SSC photons. We find that

due to the high bulk Lorentz factor and high redshift of our model fit the CMB becomes the
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dominant photon source at large distances along the jet, > Zouter, when taking into account
the Doppler-boosting of the CMB into the rest frame of the plasma and including the redshift
dependence of the CMB number density.

This is an interesting result since it has implications for the Cosmic evolution of Compton-
dominant blazars. If their Compton-dominance is due to inverse-Compton scattering of CMB
photons then we might expect to see a redshift dependence of the Compton-dominance of
blazars, with increasing Compton-dominance at higher redshift (since the energy in the CMB
scales as (1 + 2)*). This could explain why most Compton-dominant blazars are observed at
high redshifts. We might also expect to see rarer high powered, high Lorentz factor blazars
at large redshift due to the increase in comoving volume and due to the larger number of
major mergers in elliptical galaxies which host FRII sources. In practice it may be difficult to
disentangle all these evolutionary effects, however, we might expect that high Lorentz factor
blazars at low redshift are less Compton-dominant than the same sources at high redshift
where the CMB has a higher blackbody temperature.

Figure 3.3b shows the total emission from different sections of the jet. The synchrotron
emission is dominated by the transition region of the jet due to its high bulk Lorentz factor and
higher magnetic field strength than outer parts of the jet. The low frequency radio emission
originates from farther along the jet where the jet radius is larger. The inverse-Compton
emission is dominated by the transition region and outer parts of the jet where electrons are
accelerated through shocks in the decelerating part of the jet and radiate this energy slowly,
primarily through scattering NLR photons at distances x < xouer and CMB photons at larger
distances.

In Figure 3.5 we show the evolution of the electron population in a slab as it travels along
the jet in fit 1. A small amount of energy is injected into electrons at the base of the jet
which quickly cool both radiatively and adiabatically from high to low energies due to the
large magnetic field strength. The population is replenished by the shock at the base of the
conical section located at 10°R, = 1.08 x 10*®m where the plasma is in equipartition. The
population then suffers radiative losses as it travels away from the shock, though less severely

than at the base of the jet.
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Figure 3.5: The evolution of the electron population contained in a slab of width 1m in the
plasma rest frame as it travels along the jet in Fit 1. At the base of the jet, at x = 0, the
electron population given by Equation 3.25. The electrons suffer large radiative and adiabatic
losses in the compact accelerating region due to the high magnetic field strength and so the
population quickly cools with the highest energy electrons cooling fastest. The population
cools until it reaches the shock at the base of the conical section at 10°R, = 1.02 x 10'®m
where additional electrons are accelerated and the plasma is in equipartition. The population
then proceeds to cool radiatively as it moves away from the shock but with a substantially
greater radiative lifetime than at the base of the jet. This behaviour is repeated as the electrons
are accelerated in the decelerating part of the jet.
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Figure 3.6: This figure shows the results of fitting the model to the SED of PKS0227 using
a transition region within the dusty torus. The model fits the observations well across all
wavelengths including radio observations. We find the model fit requires a high jet power,
high Lorentz factor jet observed at a small angle to the jet axis. We find that the inverse-
Compton peak is due to scattering of Doppler-boosted dusty torus photons at high energies
and CMB photons at low energies.

3.10.2 Fit 2 - A transition region within the dusty torus

We now try to fit the spectrum using a transition region within the dusty torus but outside
the BLR. An emission region within the dusty torus has been investigated previously using
one and two-zone models by Blazejowski et al. [2000], Arbeiter et al. [2002], Sikora et al. [2009]
and Tavecchio et al. [2011].

In Figure 3.6 we show the results of our model fitted by eye to the simultaneous multi-
wavelength spectrum of PKS0227. The model fits well to the spectrum across all wavelengths
with a transition region located at a distance 1.5pc from the central black hole with a jet
radius of 9.0 x 10*m. A transition region at this distance corresponds to a black hole mass of
1.5 x 108 My, if the jet has the same geometry as M87 scaled linearly with black hole mass. In
Table 3.1 we show the parameters used in the fit. Most of the jet parameters are very close
to the values found for the fit at large distance in the previous section. Again the fit requires
a high power (W; = 1.5 x 10°W), high bulk Lorentz factor jet (Ymax = 48) observed close to

the jet axis O, = 0.8°. The maximum bulk Lorentz factor is 48, which decelerates to 38 by
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Figure 3.7: The different inverse-Compton components in Figure a and the jet emission from
different distances in Figure b, using a transition region within the dusty torus (Fit 2). Figure
a shows that the inverse-Compton emission is produced by scattering dusty torus photons at
high energies whilst the X-ray emission is due to scattering CMB photons. Figure b shows
that the optically thin synchrotron emission is dominated by the transition region, with the
radio emission coming from larger distances as we expect. The high energy inverse-Compton
emission originates close to the transition region within the torus whilst the X-ray emission
due to scattering CMB photons comes from further along the jet.

r = 10*m.

In Figure 3.7a we show the different components of the inverse-Compton emission for the
fit. We see that the dusty torus photons produce the highest energy gamma-rays with the
CMB responsible for the low energy X-rays as in fit 1. Due to the relatively high magnetic field
strength in the transition region, 4.81 x 105T, the jet produces SSC emission which contributes
to the lowest energy X-ray observations. In Figure 3.7b we show the emission from different
distances along the jet. The synchrotron emission is dominated by the transition region as we
expect from the discussion in section 8, with the radio emission coming from larger distances
along the jet. The high energy inverse-Compton emission is dominated by the transition region
within the dusty torus, whilst the X-ray emission originates from scattering CMB photons at

large distances.

3.10.3 Fit 3 - A transition region within the BLR

Finally we investigate modelling the spectrum using a transition region within the BLR. An
emission region within the BLR has been investigated by many authors including Sikora et al.
[1994], Bottcher and Bloom [2000], Ghisellini and Tavecchio [2008] and Dermer et al. [2009],

and is the most popular location for the gamma-ray emission in blazars due to the ability to
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Figure 3.8: The results of fitting the model to the SED of PKS0227 using a transition region
within the BLR. The model fits the high energy synchrotron and gamma-ray observations
reasonably well but is unable to reproduce the radio observations due to the short radiative
lifetime of electrons within the BLR. The fit requires a low maximum electron Lorentz factor
to match the gamma-ray peak frequency and a high minimum electron Lorentz factor in order
to not overproduce the observed X-ray emission with SSC. We find that the inverse-Compton
peak is due to scattering of Doppler-boosted BLR photons at high energies and SSC photons
at low energies.
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Figure 3.9: The different inverse-Compton components in Figure a and the jet emission from
different distances in Figure b, using a transition region within the BLR (Fit 3). Figure a shows
that the inverse-Compton emission is produced by scattering BLR photons at high energies
whilst the X-ray emission is due to SSC. Figure b shows that the optically thin synchrotron
emission is dominated by the transition region, with an absence of radio emission from larger
distances. Both the high and low energy inverse-Compton emission originate from close to the
transition region within the BLR due to the high magnetic field strength.
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reproduce short flaring timescales.

In Figure 3.8 we show a fit to the spectrum of PKS0227 using a transition region within
the BLR and dusty torus. We show the parameters fitted by eye to the observations in Table
3.1. The transition region is located at a distance 0.45pc from the black hole with a jet radius
of 2.7 x 10*m. This corresponds to a black hole mass of 3.0 x 107 M, if the jet has the same
geometry as M87 scaled linearly with black hole mass. We see that whilst the model is able to
reproduce the high energy gamma-rays and optical synchrotron, it is unable to fit the radio or
X-ray observations. We find that due to the short radiative lifetime of electrons in the BLR,
most of the jet power is quickly radiated away leaving insufficient energy in the jet at larger
distances outside the BLR to reproduce the radio emission (see Figure 3.9b). This is because
the energy in particles is being depleted quickly and in order to maintain equipartition the
remaining magnetic energy is constantly converted into replenishing the electrons, resulting
in most of the jet power being radiated away.

The high energy inverse-Compton emission is produced by scattering BLR photons with
a low maximum electron Lorentz factor of 851 (see Figure 3.9a). The high magnetic field
strength at the transition region due to the small jet radius, 4.59 x 107*T, is required to
reproduce the high energy synchrotron peak for this low maximum electron energy. However,
this high magnetic field also results in a large amount of SSC emission at X-ray energies
which in turn requires a very high minimum electron Lorentz factor of 200 to fit to the X-ray
data and not overproduce the observed X-ray emission. This very narrow range of electron
energies is also difficult to understand in the context of shock acceleration where electrons are
accelerated from low to high energies in a power law.

The short radiative lifetime within the BLR due to the high magnetic field strength and
large external photon energy density means that any energy contained in high-energy elec-
trons in the jet is quickly radiated away. This means that either the jet is still magnetically
dominated at these distances or that only occasional transient bursts of intense particle ac-
celeration occur within the BLR (possibly causing the observed short-timescale gamma-ray
flares) so that the majority of the jet’s energy is carried to larger distances as required to
reproduce radio observations and by the energy requirements of radio lobes.

We find that the inferred black hole mass of a transition region within the BLR is relatively
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low and the high peak frequency of the corresponding accretion disc radiation makes fitting
the spectrum difficult. In this fit we use a separate black hole mass for the accretion disc M.
and jet geometry M. For the value of M,.. we use 2 x 10° M, found by Ghisellini et al. [2009b]

from fitting an accretion disc to the spectrum.

3.10.4 Constraining the location of the emission region

We find that both a transition region at large distances and a transition region within the
dusty torus are able to reproduce the spectrum of PKS0227 well. However, we find that a
transition region (where the jet comes into equipartition in our model and starts emitting)
within the BLR is unable to reproduce the observations due to the short radiative lifetimes of
electrons within the BLR. We find that the jet must still be magnetically dominated within the
BLR since the plasma is unable to maintain a state close to equipartition due to high radiative
energy losses which quickly drain the jet of energy. This means it is unable to produce sufficient
radio emission at large distances and is also incompatible with the proportion of jet energy
deposited in radio lobes. It is possible that occasional bursts of particle acceleration occur
within the BLR (which could be responsible for short timescale gamma-ray flares).

We find that both fits to the spectrum of PKS0227 using a transition region at large
distances and within the dusty torus require large jet power, high bulk Lorentz factor jets
observed close to the line of sight. This is consistent with Compton-dominant sources being
FRII type jets. For both these fits we find that the X-ray emission is due to inverse-Compton
scattering of the CMB at large distances. This is the first time that the CMB has been
investigated in a model for blazar emission so this is an interesting result.

The black hole mass corresponding to a transition region located at 10°R, as in MS8T is
3.4x10° My, and 1.5x 108 My, for fits 1 and 2 respectively. A previous investigation by Ghisellini
et al. [2009b] found a black hole mass of 2 x 10° M, by modelling an accretion disc spectrum
to PKS0227. This black hole mass is close to the value of fit 1 which uses a transition region
at large distances but is substantially larger than fit 2 with a transition region inside the dusty
torus.

Whilst our mass estimate of the black hole inferred from fit 1 is close to that found by

Ghisellini et al. [2009b] the values of our jet parameters differ considerably from theirs. This is
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due to fundamentally different approaches to modelling the jet. In their model they consider
a single compact blob which produces the observed inverse-Compton emission from scattering
BLR photons whilst the optical observations are matched using thermal accretion disc, torus
and corona components. Since they only consider a single emitting region they do not attempt
to reproduce the radio data. In this model they find a bulk Lorentz factor of 14, substantially
smaller than in our jet, a viewing angle of 37, slightly larger than in our fit and a total jet
power which is higher by over an order of magnitude 2.38 x 10*°W, however, their model
includes one proton per electron. These very different parameters are due to fundamentally
different model assumptions. It is worth pointing out that no attempt is made to fit the model
to the observed radio data and the synchrotron radiation does not fit the optical data since
this is fitted by the thermal components, so the non-thermal synchrotron emission is not well
constrained.

The geometry of M87 suggests that the transition region where the jet plasma approaches
equipartition is at relatively large distances from the black hole, > 10pc for black holes of
mass > 10°M,. This puts the transition region outside the BLR and outside or near to the
outer edge of the dusty torus so we do not expect photons from these regions to dominate the
external radiation field at these distances (see Figure 3.4). We find that this is consistent with
our model of the observed spectrum of PKS0227 which is well fitted by a transition region at
a distance 34pc from the black hole where the inverse-Compton emission is due primarily to
scattering of CMB photons. The transition region may not occur at 10°R, for every jet as
it could depend on the jet power, mass loading etc. If this were the case we might expect a
jet with a high bulk Lorentz factor to have a transition region at a larger distance than the
comparatively low power jet in M87, in order to accelerate to a higher bulk Lorentz factor.
This is not the case for fit 2 where the transition region would have to be located at 7500 R to
be compatible with the black hole mass estimate of Ghisellini et al. [2009b]. For these reasons
we favour a scenario in which the transition region occurs at large distances outside the BLR
and dusty torus.

From the Figures 3.2 and 3.6 we see that one of the distinguishing features between a
transition region at large distances or within the dusty torus is the location of the optically

thick to thin synchrotron break. Since the optically thin synchrotron emission is dominated by
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Figure 3.10: Fits 1 and 2 to the spectrum of PKS0227 with and without adiabatic losses in
the conical section of the jet. The Figure shows that the result of adiabatic losses on the
electron population is to severely reduce the amount of inverse-Compton radiation, especially
from scattering CMB photons at large distances. The radio emission is reduced as the jet loses
additional energy to adiabatic losses at large distances where the radio emission originates.
We find it difficult to reproduce the spectrum using a transition region at large distances with
adiabatic losses without using a large bulk Lorentz factor. We also find it difficult to reproduce
the spectrum using a transition region within the dusty torus due to the reduction in X-ray
and radio emission.

the transition region (see Figures 3.3b and 3.7b) the location of the transition region largely
determines the frequency at which the optically thick to thin break occurs. We see that the
frequency at which the flat self-absorbed radio spectrum becomes optically thin and changes
gradient increases for a transition region at a smaller distance along the jet as we expect due to
the increased magnetic field and smaller jet radius. This feature could potentially be used to
distinguish between a transition region at large distances or within the dusty torus. We wish

to investigate whether this can be used to constrain the emission region in the near future.

3.10.5 An adiabatic or ballistic conical jet?

In this Chapter we have assumed that the parabolic accelerating region of the jet expands
adiabatically whilst the conical region is ballistic. In Chapter 2 we proposed that a continuous
conical jet with a constant opening angle and bulk Lorentz factor would not suffer adiabatic
losses because it does no work expanding its environment (since the volume occupied by the
jet is constant with time in the lab frame). In an idealised homogeneous jet the velocity
profile in the direction perpendicular to the jet axis scales linearly with expansion and so

small sections of the jet maintain a constant perpendicular velocity and are effectively ballistic.
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Whilst these arguments are based on an idealised situation, a conical jet with an opening angle
BopeningYbulk > 1 is not causally connected laterally and analytic work by Zakamska et al. [2008]
found that far away from the black hole a conical jet will always become causally disconnected.
This seems to be the case for jet parameters inferred from observations of GRBs (Kohler and
Begelman [2012]). Work reproducing the large scale observed emission and polarisation of
FRI jets using MHD models by Laing and Bridle [2004] found that jets were better described
by non-adiabatic jets as opposed to adiabatic jets. It is therefore worth testing the effect of
including adiabatic losses in the conical section of our model.

In Figure 3.10 we show the results of including adiabatic losses on fits 1 and 2. We find
that in fit 1 adiabatic losses cool the high energy electrons more quickly than scattering the
CMB and so the inverse-Compton emission is vastly reduced. In the case of adiabatic losses
we find it difficult to fit the spectrum of PKS0227 with a transition region at large distances
without using very large bulk Lorentz factors. In the case of fit 2 we also find that adiabatic
losses substantially decrease the inverse-Compton emission from the jet, especially the X-ray
emission which was due to scattering CMB photons. We also find that adiabatic losses result
in a decrease in the radio emission at large distances due to the adiabatic energy losses along
the jet. We find it difficult to fit the spectrum of PKS0227 at radio and X-ray energies using
a transition region within the dusty torus including adiabatic losses.

For these reasons we favour a ballistic conical section of the jet. This could be a result of the
assumptions we have made when fitting the spectrum with our jet model. We have assumed
that the jet comes into equipartition at the transition from parabolic to conical and the jet
maintains equipartition outwards from this region. This is motivated by simulations which
indicate the jet transitions to conical when the plasma approaches equipartition and from
observations which seem to indicate that the jet plasma is observed to be close to equipartition
with fairly continuous optical emission requiring continuous particle acceleration along the jet.
In this Chapter we have assumed a simple scenario in which the jet suddenly transitions to
equipartition, however, it is likely that some particle acceleration and emission comes from
the magnetically dominated region of the jet and this could affect our conclusions. We intend
to investigate different mechanisms for particle acceleration along the jet in the near future.

We have found that the X-ray emission is well fitted by inverse-Compton scattering of
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CMB photons at large distances along the jet. This X-ray emission is severely reduced if the
conical section is adiabatic and becomes difficult to reproduce by non-thermal emission from
the jet. The X-ray emission may also be due to the accretion disc corona so an inability to
reproduce the X-ray emission with the jet does not necessarily exclude an adiabatic conical

jet.

3.10.6 Discussion

In this work we have attempted to model the quiescent state of the blazar PKS0227 since
this constrains the average jet parameters. Short term variability is observed on time-scales
as short as hours or minutes for the most highly variable blazars (Aharonian et al. [2007]).
The quiescent emission from our jet model comes from large distances with long electron
cooling times ( ~years for fit 1 and ~days for fit 2), so is not easily compatible with this
short timescale variability. In this work we wish to initially investigate the average quiescent
emission from different elements of the blazar population in order to check that our model is
able to reproduce their spectra and to find any trends in the quiescent jet parameters. Once
we are confident that our model is able to reproduce the quiescent spectra of both BL Lacs and
FSRQs with reasonable jet parameters, we will investigate whether we can reproduce flaring
spectra by allowing flares to occur within the parabolic region of the jet. The parabolic region
of the jet is more compact with shorter cooling timescales due to the higher magnetic field
strength and energy density of external photons, so this region is more likely to be responsible
for short timescale flaring.

It is important to emphasise that whilst our model is more complicated than a single zone
model it does not possess many more free parameters. We have attempted to minimise the
number of free parameters in our model by making reasonable simplifying physical assumptions
and using the results of previous work observing and modelling the external radiation fields.
The CMB is well constrained by observations and possesses no free parameters, however, the
emission and distribution of the NLR is less well known. We have fixed most of the free
parameters using values from previous observations and modelling of the BLR, dusty torus
and NLR and we have left only the outer radius x,uter 0f the NLR as a free parameter since this

seems to vary the most significantly. In these fits we have not injected an arbitrary electron
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population into arbitrary sections along the jet, we have injected a small amount of the initial
jet power (1%) into electrons at the very base of the jet (to illustrate the resulting spectrum
from electrons at the base of the jet whilst not affecting the fit to observed data, see Figure
3.3b). The acceleration of electrons in the decelerating section of the jet is determined entirely
by Equation 3.17 in terms the other jet parameters in Table 3.1 and assuming equipartition
in the conical section. Along with the fixed geometry this leaves our model with twelve free
parameters which we vary when fitting the spectrum (W;, L, Lacc, obs, Gopenings M, ¢, Erin,
Ernaxs Ymax, Ymin a0d Zouter). This number of free parameters is comparable to single-zone
models with broken power-law electron distributions.

We have tested the effect of changing the functional form of the deceleration of the bulk
Lorentz factor along the jet (Equation 3.5). In our model the bulk kinetic energy of the
jet is spread evenly on a logscale along the jet from deceleration. We find that strongly
decelerating the jet over a particular distance scale effectively boosts the relative amount of
emission from that section of the jet. This means that if the jet decelerates strongly over a
scale ~ 10°R, then the amount of optical synchrotron and SSC emission is boosted relative
to the radio emission and inverse-Compton scattering of CMB photons. Similarly, if the jet is
chosen to decelerate strongly at larger scales, the amount of low frequency radio and inverse-
Compton emission increases relative to the optical synchrotron and SSC emission. We find
that strong deceleration on an intermediate length scale leads to a bump in the characteristic
radio frequencies of that section. This deviation from a flat radio spectrum is not something
seen in radio observations of blazars and so we disfavour strong deceleration of the jet on
an intermediate length scale 10*7 — 10'%m. We find that deceleration which decreases as the
logarithm of the jet distance, as we have assumed (Equation 3.5), distributes power more
evenly along the jet resulting in a radio spectrum which is smooth and close to flat, consistent
with observations.

We find that electrons injected into the parabolic section of the jet quickly radiate all their
energy away due to the large magnetic fields and high energy density in the seed photon field
(see Figure 3.9b). We also find that the emission of these electrons tends to be dominated
by the emission from the conical section of the jet, since the inner regions of the accelerating

parabolic section have a lower bulk Lorentz factor and so are not so strongly Doppler-boosted.



90

Since all the energy injected into electrons in the inner parts of the parabolic region is quickly
radiated away and does not contribute as significantly to the observed spectrum it is difficult
to constrain the amount of energy injected into accelerating electrons in this region. Since we
expect the jet to be magnetically dominated in the parabolic region we have assumed that a
small percentage of the magnetic energy goes into the acceleration of the electrons at the base
of the parabolic section. This means that our estimated jet power is a lower bound because
the total jet power would increase if a larger proportion of magnetic energy were converted
into particle energy in the inner parabolic region, without a significant increase in observed
emission.

We find that the low frequency radio emission of the jet is dominated by the conical
sections with the lowest bulk Lorentz factors and largest radii (see Figure 3.3b). This is
partly because the regions with high bulk Lorentz factors are strongly Doppler-boosted so the
synchrotron opacity in these sections is effectively the synchrotron opacity for a much lower
energy radio photon than that observed. The synchrotron opacity increases steeply at low
frequencies so the radio emission from regions with high bulk Lorentz factors is suppressed
and the strongly decelerated regions with larger radii dominate the radio. We see that the
model is able to fit to the nearly flat radio spectrum of PKS0227 very well. Including the effects
of deceleration and the conversion of bulk kinetic energy into particle acceleration means that
the electron energy losses are replaced as they travel along the decelerating conical part of the
jet as expected from observations of optical synchrotron emission far from the base of a jet
(Meisenheimer et al. [1997] and Jester et al. [2001]). This mechanism to rejuvenate the high
energy electron population has been investigated a number of times previously, however, this
is the first investigation that has included the effects of deceleration in a continuous conical
jet which conserves energy-momentum and particle number.

Most previous investigations have neglected radio observations and concentrated on one
or two-zone models which are disconnected from the large scale radio emission of the jet. We
have demonstrated that our rigorous, physically motivated, inhomogeneous jet model fits well
to the simultaneous multiwavelength spectrum of PKS0227 across all wavelengths, including
radio observations. This allows us to better constrain the regions where emission may occur

in the jet by reproducing the radio and large scale emission of the jet whilst conserving energy
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along the jet. We find the results of this initial application of our model to a blazar very
promising and we intend to use this model to conduct a more detailed study of a sample of
Compton-dominant blazars in the near future to see if our results hold for other blazars and

to try to distinguish between a transition region at large distances or within the dusty torus.

3.11 Conclusion

In this Chapter we have developed a realistic jet model which includes an accelerating, mag-
netically dominated, parabolic base which transitions to a slowly decelerating conical jet with
a jet geometry set by recent radio observations of M87 and consistent with simulations and
theory. This is the first time that an accelerating parabolic region transitioning to a decelerat-
ing conical region has been treated in a jet model for the spectra of a blazar. We calculate the
observed line of sight synchrotron opacity to each section along the jet by Lorentz transforming
into the rest frame of the plasma. We calculate the inverse-Compton emission from accretion
disc photons directly from the disc, BLR, dusty torus, NLR, starlight and CMB photons by
Lorentz transforming the radiation into the plasma rest frame. Our model conserves relativis-
tic energy-momentum and particle number along the jet and we take into account radiative
and adiabatic losses to the electron population.

We assume that the jet is initially magnetically dominated until it transitions from parabolic
to conical at 10° R, where the jet stops accelerating and the plasma approaches equipartition.
Electrons are accelerated at this transition region and electron energy losses are replenished
along the jet by the conversion of bulk kinetic energy into particle energy as the jet decel-
erates so that the plasma is kept in equipartition throughout the conical section of the jet.
We use the model with a geometry and acceleration set by VLBI observations of M87 and
simulations to fit to the simultaneous multi-wavelength spectrum of the Compton-dominant
FSRQ PKS0227.

We investigate a transition region located outside the dusty torus, within the dusty torus
and within the BLR. We find that our model fits very well to the spectrum across all wave-
lengths including radio observations with a transition region at either large distances from the
central black hole, or within the dusty torus. We find that due to the short radiative lifetime

we are unable to reproduce the radio observations using a transition region within the BLR.
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We find that within the BLR the jet must still be magnetically dominated in order for the jet
to transport sufficient energy to larger distances, however, this does not exclude occasional
transient bursts of intense particle acceleration.

We find that our fits using transition regions outside the BLR both require high power
(~ 10%W), high bulk Lorentz factor jets (> 40) viewed at a small angle to the jet (~ 1°). We
find an inferred black hole mass of 3.4 x 10°M,, for the transition region outside the dusty
torus and 1.5 x 108 M, for a transition region within the dusty torus using observations of the
geometry of M87 scaled linearly with black hole mass. The inferred black hole mass of the
transition region at large distances, which completely determines the inner geometry of the
jet, is close to the black hole mass found by Ghisellini et al. [2009b] (2 x 10M). We find
that the optically-thick to thin synchrotron break depends on the location of the transition
region and can potentially be used to distinguish between the two emission locations.

We find that by including the redshift dependence of the CMB and boosting into the
plasma rest frame the Compton-dominance of the transition region at large distances, 34pc, is
well fitted by inverse-Compton scattering of CMB photons. This could explain why Compton-
dominant blazars are powerful, high bulk Lorentz factor blazars which are preferentially at
high redshift due to the temperature dependence of the CMB oc (1 + z). We find that the
X-ray emission for both transition region fits outside the BLR can be fitted well by scattering

of CMB photons on large scales if the conical section of the jet is ballistic.



Chapter 4

Compton-dominant blazars

In this Chapter I use the model presented in Chapter 3 to fit to the simultaneous multiwave-
length spectra of the six most Compton-dominant blazars. I constrain the radius of the jet
where the plasma first comes into equipartition using the optically thick to thin synchrotron
break. The jet radius is found to be large (as confirmed by an analytic calculation), incom-
patible with the transition region occurring within the BLR or dusty torus. The slope of the
radio spectrum is found to favour a ballistic jet which starts in equipartition at the transition
region and becomes particle dominated further along the jet. I find that all these blazars
require high power jets with large bulk Lorentz factors observed close to the line of sight as

we expect from the blazar sequence and in agreement with the results of Chapter 3.

4.1 Introduction

In this Chapter we set out to investigate whether our jet model is capable of fitting to the
spectra of a sample of Compton-dominant blazars and to investigate what physical properties
these blazars have in common. We wish to find out whether the physical parameters we found
for PKS0227 in Chapter 3 hold for other Compton-dominant blazars, in particular, if we are
able to distinguish between models in which the transition region occurs within the dusty
torus or further along the jet using the optically thick to thin synchrotron break. This is the
first time a realistic extended jet model has been used to fit to the spectra of a sample of
blazars, so it is interesting to see whether our model, which is based on the observed geometry

of the jet in M8T7, is capable of fitting to a sample of real blazars. For this sample we choose
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the six most Compton-dominant blazars (after PKS0227) from Abdo et al. [2010a] in order to
test our model and predictions from Chapter 3.

Compton-dominant blazars are thought to represent the most intrinsically powerful jets
in the blazar sequence (Fossati et al. [1998]). In this scenario we use the radio luminosity of
blazars as a proxy for their kinetic luminosity and take an average of the multi-wavelength
spectra in bins of radio power. A general progression towards higher Compton-dominance and
decreasing peak frequency of synchrotron and inverse-Compton emission for more powerful
objects was found by Fossati et al. [1998]. It is currently believed that the Compton-dominance
of powerful blazars originates from inverse-Compton scattering of external photons (Meyer
et al. [2012]). It is thought that powerful objects with more luminous accretion discs and broad
line regions (BLRs) create a larger seed photon distribution for inverse-Compton scattering
than in BL Lac type objects where the dominant photon source is synchrotron seed photons.
It is believed that radiative cooling of accelerating electrons via inverse-Compton scattering
of BLR photons leads to the lower inverse-Compton peak frequencies in Compton-dominant
objects (Maraschi et al. [2008]).

In Chapter 3 we considered scattering of synchrotron, accretion disc, BLR, dusty torus,
NLR, starlight and CMB photons and found that PKS0227 was best fitted by inverse-Compton
scattering of CMB or dusty torus seed photons. We found that the low inverse-Compton peak
frequency resulted from the lower peak energy of CMB and dusty torus photons relative to
synchrotron seed photons. We found that the Compton-dominance was due to the increase in
external photon density due to Doppler-boosting in the high bulk Lorentz factor jet. The low
synchrotron peak frequency was caused by the base of the conical section of the jet having
a lower magnetic field due to the high black hole mass and the assumed linear scaling of
the MS&7 jet geometry with black hole mass. This was the first time that such a scenario
has been suggested for the Compton-dominance of blazars, however, this was also the first
time that a realistic model of an extended jet had been used to model the spectrum of a
Compton-dominant blazar.

In this Chapter we will first briefly introduce our jet model. We compare several adiabatic
and ballistic jet models to the radio emission of the six most Compton-dominant blazars in

Abdo et al. [2010a] (after PKS0227). We use the slope of the radio emission and the frequency
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of the optically thick to thin synchrotron break to distinguish between a transition region
within the dusty torus or at futher distances along the jet. We then show the results of
fitting the surviving models to the multi-wavelength spectra of the six blazars. We compare
the physical parameters inferred from the model fits to the results of Chapter 3 in order to
determine whether our model is capable of reproducing the quiescent spectra of a sample of
blazars. We comment on our results in light of current ideas on the blazar population and

unification.

4.2 Jet Model

To fit to the spectra of the Compton-dominant blazars we use a model with an accelerating
parabolic base transitioning to a slowly decelerating conical jet with a geometry set by the
recent radio observations of the jet of M87 (Asada and Nakamura [2011]). For full details
of the model see Chapter 2 and 3 based on Potter and Cotter [2012] and Potter and Cotter

[2013a]).

4.2.1 Electron energy losses due to emission

In this Chapter we have modified our treatment of electron energy losses from Chapter 3
to include the decrease of individual electron energies with radiation losses. In Chapter 3 we
included radiative energy losses to the electron population due to both synchrotron and inverse-
Compton emission, however, we neglected the decrease of electron energy due to radiative
losses and used the approximation that electrons radiate the majority of their emission close
to their initial electron energy. This approximation resulted in an increase in speed of our jet
code and did not produce a significant change in the emitted spectrum of the jet, however, the
value of F,,.. is underestimated for a fit to a spectrum. To include the transfer of electrons

down through energy bins as they radiate we modify Equation 3.59 to become

Pt (z,d2’, E.) x 1m
 cBE.(1-1/dE,)
Piot(z,da’, E.dE,) X 1m
cE.dE,(1— 1/dE,)

Ne(Eea T+ ’Ybulkdx/) - Ne(Eea JZ)
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where N.(E., x + Ypurda’) is the number of electrons of energy E. contained in a slab
of width 1m (in the x-direction) in the plasma rest frame, P (x,da’, E,) is the total power
radiated by electrons of energy FE, through synchrotron and inverse-Compton emission in the
jet section located at a lab frame distance x with a width dz’ in the plasma rest frame and
dFE, is the fractional difference in energies between adjacent electron energy bins in our code.
The first term in Equation 4.1 corresponds to the number of electrons lost from the energy
bin through radiative energy losses when crossing the section of width dz’ in the plasma rest
frame. The second term corresponds to the increase in the number of electrons in the energy
bin due to higher energy electrons cascading down in energy following radiative losses. When
taking into account the decrease in electron energy as the electron radiates, Equation 3.10

should also be modified to include the electron gain and loss terms above.

4.3 Results

In this section we shall try to constrain the properties of the jet by fitting our model by eye
to the simultaneous multi-wavelength observations of the six most Compton-dominant blazars
(after PKS0227) J0349.8—2102, J0457.1—2325, J0531.0+1331, J0730.4—1142, J1504.4+1030
and J1522.243143 from Abdo et al. [2010a]. First we compare the radio observations with the
calculated radio emission from several different jet models. We then use the optically thick to
thin synchrotron break to attempt to constrain the location of the transition region of the jet.
We calculate an analytic formula for the observed synchrotron break frequency of a general jet
plasma described by a relativistic perfect fluid. We use this to confirm the results of our model
and to infer the properties of parabolic and conical jets by comparing our calculations with
observations of the frequency dependent core-shift in jets. Finally, we fit the multiwavelength
spectra using the jet models compatible with the radio observations and optically thick to thin
synchrotron break. Throughout this Chapter we assume a standard ACDM cosmology with
Hy = 71kms'Mpc~! and Q4 = 0.73.
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(a) Radio emission of J0457. (b) Optically thick to thin synchrotron break in J0531.

Figure 4.1: a: The results of fitting different jet models to the radio emission of J0457.
We see that the ballistic equipartition jet does not match the radio observations well at low
frequencies. The adiabatic equipartition model fits the optically thick radio slope well as does a
ballistic model which becomes particle dominated beyond the transition region (U, /Ug oc 27
from zp < x > 100z7). b Fits to the radio emission of J0531 using adiabatic and ballistic jet
models with a transition region located at xp within the dusty torus and at larger distances
along the jet (as implied by a transition region at 10°Rg in M87). The change in gradient
of the flux from optically thick to optically thin at 3 x 107%eV is well matched by transition
regions at large distances along the jet ~ 100pc and excludes a transition region within the
dusty torus at a few pc since the jet remains optically thick up to much higher frequencies
than the observed break.

4.3.1 The different models

In this Chapter we wish to constrain the physical properties of the jet by fitting different models
to the observations of the six blazars. In Chapter 3 we found that a ballistic equipartition
jet best fitted the observations of PKS0227, whilst an adiabatic equipartition jet struggled to
reproduce its Compton-dominance with plausible bulk Lorentz factors. Here we will investigate
models in which the conical section of the jet is adiabatic or ballistic with a transition region
located outside the BLR. In these models we will also consider cases where the plasma deviates
from equipartition along the conical section, however, we still assume that the transition region

is in equipartition.

4.4 Radio emission

In Chapter 3 we found that the spectrum of PKS0227 was best fitted by models in which

the conical section of the jet was ballistic. In Figure 4.1a we show the radio emission from



98

three models compared to the radio data of J0457. We find that the radio observations of
these six Compton-dominant blazars have radio slopes which are in general steeper than the
radio emission produced by the ballistic equipartition jet model from Chapter 3, as shown in
Figure 4.1a. We find that the ballistic equipartition jet tends to overproduce low frequency
radio emission compared to the data. This suggests that if the jet is ballistic and conical it
becomes particle dominated outwards from the transition region since this reduces the radio
synchrotron emission at larger distances, whilst maintaining the Compton-dominance from
scattering external photons. The radio emission from both the adiabatic jet in equipartition
and the ballistic jet which becomes particle dominated fit the radio data well, whilst the
ballistic equipartition model does not. Previous investigations modelling blazar spectra have
usually neglected radio observations but our results show that it is important to consider the
radio emission when constraining the physical properties of jets. In Chapter 3 we struggled
to reproduce the observed Compton-dominance of PKS0227 using an adiabatic conical jet in
equipartition without using very high bulk Lorentz factors. This suggests that the conical sec-
tion of the jet may be ballistic starting in equipartition at the transition region and becoming
more particle dominated further down the jet as magnetic energy continues to dissipate and
accelerate electrons.

We find that in order to reproduce the observed radio slope of these blazars, the equiparti-
tion fraction of the ballistic jet should decrease roughly as Aequi = Up/U, = 227 /(xr + ) for
xp > x > 100zr (where zr is the distance of the transition region) as shown in Figure 4.1a.
The radio data does not constrain the emission from the jet at distances beyond ~10kpc and
so we find that the ballistic jet becomes particle dominated by a factor of 50 at a distance of
100x7 but is not well constrained after this. Beyond this, the ballistic jet could stay particle

dominated, tend back towards equipartition or become even more particle dominated.

4.5 Optically thick to thin synchrotron break

In Chapter 3 we found that models in which the transition region occured either within the
dusty torus or at further distances along the jet were able to fit well to the spectrum of
PKS0227. The main difference between the two models was the location of the optically

thick to thin synchrotron break due to the different radii and magnetic field strengths of the
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transition regions in the two fits. Figure 4.1b shows the fits to the spectrum of J0531 in
which the jet has a transition region located within the dusty torus and further along the jet
corresponding to a distance 10°R, as in the jet of M87. We see that in order to reproduce the
relatively low frequency of the optically thick to thin synchrotron break at ~ 3 x 107°eV, a
transition region outside the dusty torus at a distance of several 100pc is required. If the jet
comes into equipartition within the dusty torus then the jet exceeds the radio emission due to
the optically thick to thin synchrotron break occuring at a higher frequency than indicated by
the observations. This result holds for both the ballistic jet which becomes particle dominated
and the adiabatic equipartition jet. This is interesting since for these large distances the
inferred black hole mass of the jet agrees with the black hole mass found independently from
fitting the accretion disc spectrum to J0531 only if the transition region occurs at 10°R,, as
we have assumed based on observations of M87. It is worth noting that we find it difficult
to reproduce both the radio and gamma-ray data using a jet model with a transition region
within the dusty torus.

The frequency at which the synchrotron emission becomes optically thin can be calculated
analytically in the case of a jet with a total jet power W;, bulk Lorentz factor vpux, radius
R, and equipartition fraction Aequi = Up/U.. In this case the synchrotron opacity can be
calculated using Equation 2.26, assuming the plasma can be approximately described as a
relativistic perfect fluid in the plasma rest frame (Equation 3.7) and the synchrotron emission

is approximated to occur at the synchrotron critical frequency (Equation 2.17).
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We can parameterise A, which is the normalisation constant for the electron distribution in
a slab of width 1m (N, = AE~%), in terms of the power law index of the electron distribution

« and the maximum and minimum electron energies E,.;, and E,... Similarly we can express
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the magnetic field strength in terms of other known quantities.
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In the case of & = 2 the factor (2—a)/(E%;%— E2.%) should be replaced by 1/ In(Emayx/ Emin)
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in the above and following equations. We can now substitute these values into Equations 4.2

and 4.3 to find an expression for the synchrotron opacity.
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This expression is quite general and is valid for any homogeneous plasma which is de-
scribed as a relativistic perfect fluid in the plasma rest frame. In our present discussion we
are interested in calculating the jet radius at which a given synchrotron frequency becomes
optically thick, for a plasma in equipartition. We assume that the plasma becomes optically
thick to a frequency when k,dx = 1, where both v and dz are measured in the plasma rest
frame. The lifetimes of electrons emitting synchrotron radiation at radio frequencies are long,
so the length scale dx will be determined such that the jet radius and magnetic field strength
change significantly, reducing the synchrotron opacity. We take this length scale to be the
distance over which the jet radius doubles. For a conical jet this requirement corresponds
roughly to dx = R because in the lab frame the conical half opening angle is expected to be
approximately 6 = 1/, and the lab frame length is related to that in the plasma rest frame

by a length contraction da’ = vy dez. Calculating k, R = 1 and rearranging we find
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We see that for a conical jet in which the electron distribution, equipartition fraction,
bulk Lorentz factor and jet power remain constant, the radius of the jet at which the syn-
chrotron emission at frequency v becomes optically thick is simply inversely proportional to
the frequency v, R oc v~ 1.

We will now use this formula to estimate the radius of the transition region from the
spectrum of J0531. We shall use the physical parameters from Table 4.1, derived from the
ballistic particle dominated jet fit to J0531 shown in Figures 4.1b and 4.2. The observed
frequency at which the synchrotron break occurs is approximately 3 x 107%eV = 7.25GHz and
this corresponds to a plasma rest frame frequency vops ~ 2ypu?/(1 + 2). In this case we find
R =~ 7.7pc. In our model using a scaled M87 jet geometry the radius of the transition region
is 2000 R, at a distance 10°R, from the central black hole. This places the transition region at
a distance 380pc from the black hole corresponding to a black hole mass of ~ 3.8 x 101°M.,.
This estimate roughly agrees with the inferred black hole mass of our fit, 2.5 x 10°M, and

reinforces the conclusion that in the case of powerful, Compton-dominant blazars the majority

of the synchrotron emission comes from relatively large distances from the central black hole.

4.5.1 Frequency core-shift

We can use the general result in Equation 4.6 to compare to observations of the frequency
dependent core-shift in AGN jets. Previous calculations of the core-shift have assumed a
constant bulk Lorentz factor (Konigl [1981] and Lobanov [1998]). Observations seem to show
that generally xioe X V(;)]Z, with a mean value k£ ~ 1 and a tail towards lower values of k
(Sokolovsky et al. [2011]). We shall use our formulae to calculate the expected frequency
core-shift in the case of the three conical jet models in Figure 4.1a: the adiabatic equipartition
jet, the ballistic equipartition jet and the ballistic particle dominated jet, and we shall also

consider the case of a parabolic accelerating jet. Core-shift measurements generally probe
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frequencies from 1-40GHz which correspond to large distances (~ 2000pc for the fit to J0531)
down to several tens of Schwarzschild radii close to the base of the jet (43GHz corresponds
to 14 — 23R, in M87, Hada et al. [2011]). With this large range of distances it is interesting
to calculate the expected core-shift relation for both the outer conical and inner parabolic
sections of the jet. Assuming that the electron distribution remains fairly constant along the

region of interest we use the formula.

A%Df W.64a dx
kydx x equi g 6+aJ p (48)
(1 + Aequi) 4 RT'YbulkyobZS

Let us assume that in the lab frame R o 2™ and the bulk Lorentz factor Y, o< ™. In
this case the rest frame distance dx over which the jet radius changes by a fixed fraction is
proportional to dx o« z/Ypux X RY/™ /Ybuik- To be compatible with the core-shift measurements

(r o< v;l), in general, requires that the equipartition fraction of the jet also depends on

obs
distance Aequi o< 2. Let us also allow the remaining jet power in a section to change along
the jet, W; oc 2, due to adiabatic losses for example. We can use Equation 4.8 to calculate
the expected core-shift properties of a blazar in the simplifying cases of Aequi > 1, constant
Aequi and Aequi < 1.
24+ «)

b= 6w gt d@ran=y > (19)

24+ «)
b= Ao ui — tant, 4.1
(6+a)(2n —u) +4(2m — 1)’ q constan (4.10)

2(4+ )
k= Aequi 1. 4.11
6+ a)2n—u) — 2+ a)w+8m—4 aui << (411)

To calculate the core-shift relation in the case of an accelerating parabolic jet (n = 0.5,
m = 0.5) we assume that the jet is magnetically dominated close to the base of the jet so
Aequi > 1, most of the jet power is not radiated away until larger distances, © = 0, and o ~ 2.
In order for the parabolic jet to produce the core-shift relation & = 1 (compatible with the
innermost part of the jet in M87, Hada et al. [2011]), we require that w = 1 which means the

equipartition fraction increases along the parabolic section Aequi o< 2. The jet plasma actually
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becomes more magnetically dominated further along the parabolic section and so contains a
smaller proportion of its energy in non-thermal electrons. Simulations find that jets start with
a parabolic shape R o #'/? and an accelerating bulk Lorentz factor yp, o< /2 (for example
McKinney [2006]), so this result is useful as this is the first time that the frequency core-shift
has been calculated for a parabolic accelerating jet. In our formula we have assumed that the
jet is oriented close to our line of sight so the Doppler factor, dpoppler X Vhuik, however, this is
only valid for blazars and needs to be modified for jets which are oriented at larger angles to
our line of sight, such as M8T7.

Let us now consider a conical ballistic jet (n = 1, m = 0) which is originally particle
dominated and becomes more particle dominated (w = —1) further along the jet. Again
we assume that the majority of the jet power is not radiated away until further along the jet
u = 0. In this case we assume that Ae,,i < 1. So in the case of the ballistic particle dominated
model with a =~ 2, we calculate a core-shift relation = V(;:g'm. In the study by Sokolovsky
et al. [2011] they found that the mean core-shift relation was k = 1, however, this distribution
is relatively wide with a median value of k = 1.2 and a range 0.67 > k > 2 (with one outlying
point at k = 0.29), so it does not exclude this model. Let us now consider the conical ballistic
jet in equipartition (n = 1, w = 0) which suffers no electron energy losses (u = 0) and has a
constant bulk Lorentz factor (m = 0). The early calculation by Konigl [1981] found a relation
x o v~ ! independent of a for this type of jet model, which is consistent with observations.
From Equation 4.7 we see that using our assumptions and R o« x we recover the well known
T X 1/(;)15 relation.

Finally, we consider the conical adiabatic equipartition jet with constant bulk Lorentz
factor (n =1, m = 0, w = 0). In this case the jet power decreases due to adiabatic losses on
the electrons (since the jet is constantly in equipartition) so approximately W; oc R72/3 and
u = —2/3. For the case a ~ 2 we find k£ = 0.69, which is just within the range of values of
k found by Sokolovsky et al. [2011]. The model which best fits the core-shift measurements
is the simple ballistic conical jet in equipartition. However, this model does not fit the radio
slopes of these Compton-dominant blazars well, as shown in Figure 4.1a. Both the adiabatic
equipartition jet and ballistic particle dominated jets fit the radio slope well but differ from

the mean observed core-shift relation z l/c;}s. The core-shift relations we have calculated
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for these models are both lower than the mean k& = 1 value with both models just within the
observed distribution of & from a sample of 20 objects from Sokolovsky et al. [2011]. These
results show that the frequency core-shift measurement is valuable in distinguishing between

different jet models and geometries.

4.6 Fitting the multiwavelength spectra

In the previous two subsections we have shown that the low-frequency observations indicate
that the jet first comes into equipartition at large distances along the jet outside the BLR and
dusty torus. The radio observations indicate that if the conical section of the jet is ballistic
then it becomes particle dominated further along the jet and if the jet is adiabatic then the jet
remains close to equipartition. We shall now attempt to fit the six multiwavelength spectra
using models in which the jet transitions from parabolic to conical at 10°R, with either a
ballistic conical section which starts in equipartition at the transition region and becomes

particle dominated further along the jet or an adiabatic conical jet in equipartition.

4.6.1 The ballistic model

Figure 4.2 shows the results of fitting the ballistic model to the six Compton-dominant FSRQs.
The model starts in equipartition and becomes particle dominated at larger distances along
the jet. The equipartition fraction changes as U /U, = 2zr/(xr + x) for x7 > x > 100z and
Ug/U, = 1/50 for x > 100x7, where x7 is the distance of the transition region along the jet
in the lab frame. The model fits very well to the observed spectra across all wavelengths. We
show the physical parameters of the fits to the spectra in Table 4.1. We find that for all six
blazars their inverse-Compton emission and Compton-dominance is well fitted by scattering
of Doppler-boosted CMB photons. The different components contributing to the inverse-
Compton emission are shown in Figure 4.3a. This is a significant result since it is widely
believed that Compton-dominance is due to inverse-Compton scattering of BLR scattered
photons (Maraschi et al. [2008]). This is the first time that a realistic extended jet model
has been used to fit to the spectrum of a sample of blazars and these new results show that

it is important to consider the jet as a whole, including radio observations, to determine the



-9
10 o
10_10 [ Accrelon di - - - -
-
-
R 10"}
5 .
= 1072 )
%) v
o 18]
5 10 .
LL>
= 10y
10715}
10-16 N N . LS ) ) ) ) :
10 10* 102 10° 10?2 10* 10° 10% 100 10'2
eV
(a) J0349
-9
10 "Synchrotron
M ersionaea - I i
10_10 F J0531 (amﬁiﬂ) —— - s
. .
H
__:§
10710 LL — N - . . . L
10 10 102 10° 102 10* 10° 108 10'° 102
eV
(c) J0531
-9
10 "Synchrotron T T T T T
T omvatonien -

10710 41504 (arehival —o—i 'm@% ]
I | L
e 10 .
o
"o -1211
2 10
S
w1013}
>

1014

1071® AP 1 R

10* 102 10° 102 10* 10° 108 10'° 10'2
eV
(e) J1504

10718

105

Synchrotron
Inverse-Compton -+
Accretion disc

J0457
J0457 (archival) ——

10 10 102 10° 10% 10* 10° 10® 10 10"
eV
(b) J0457
S'ynchrolron'
Inverse-Compton =+
Accretion disc - - - -
J0730 —e—
F Jo730(archival) ——i v, ]
&~ M

10% 10* 102 10° 10% 10* 108 108
eV
(d) J0730
T "Synchrotron T T T T T
Inverse-Compton «+++++++
Accretion disc = = = =
L J|_522H—< ]
J1522 (archival) —— ”_,,mmw
. H
10% 10 102 10° 10® 10* 10% 10® 10" 102
eV
(f) J1522

Figure 4.2: The results of fitting the ballistic jet model to the SEDs of J0349, J0457, J0531,
J0730, J1504 and J1522. The model fits the observations very well for all six blazars across all
wavelengths. We find that the inverse-Compton emission of all the blazars is well described
using CMB seed photons with a small contribution to the highest energy emission by scattering

of NLR photons.
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Figure 4.3: The different components of the inverse-Compton emission for the fit to J1504 for
the two models. Figure a shows that the inverse-Compton emission in the ballistic model is
primarily due to scattering of CMB seed photons with a small contribution from NLR photons
required to fit to the highest energy data point. Figure b shows that in the adiabatic model
the inverse-Compton emission is primarily due to scattering NLR photons with a contribution
from scattering CMB photons at X-ray energies. For these Compton-dominant blazars we find
that the SSC emission is sub-dominant due to the comparatively low magnetic field strength
at the transition region of the jet.

physics governing these objects.

We find consistently for all these blazars that fits to their spectra require high power,
high bulk Lorentz factor jets observed close to the line of sight. This is consistent with our
expectations from the blazar sequence (in radio power) and from AGN unification since we
expect Compton-dominant blazars to be high power, high bulk Lorentz factor FRII-type jets
observed close to the line of sight. We also find that for these objects the black hole masses
(which completely determines the geometry of the parabolic region and the transition region)
that are inferred from the fits to the spectra are all large > 10°M,. This is consistent with
Compton-dominant blazars being large elliptical galaxies with powerful FRII type jets.

We find that the black hole mass inferred from the distance of the transition region agrees
with that inferred independently from fitting the accretion disc spectrum to J0531 only if
the transition region occurs at 10°R, as in the jet of M87. This supports the idea that the

transition region occurs at 10°R, in jets and scales linearly with black hole mass.



-9
10 Synchrotron
Inverse-Compton =+s--s=-+:
10_10 i Accretion d\:; .- -
’&‘m
R 10"}
5 ¥
- 1072 ¢
%) J
o 3]
g0 )
LL>
= 10
10" F
L R SV Vi S
10 10 102 10° 10% 10* 10° 10% 10'° 102
eV
(a) J0349
-9
10 “Synchrotron
Inverse-Compton «++-s+s+
Accretion disc - = - -
1070F e 1
""" .
&1 *,
5§10 . t
"o 1p12] :
2 10 3
< 2
w103 ;
>
104}
10710 L —— L.
10 10% 102 10° 102 10* 10° 10® 100 10"
eV
(¢) J0531
-9
10 T "Synchrotron T T T T T
s
10_10 F J|504(achh‘€2|‘; —— Lw&% ]
1o i
£ :
o
“_(I) 12
2 10 &
% i
w1073
’ i
107
107° A B
102 10* 10° 10® 10' 10"
eV
(e) J1504

10718

108

"Synchrotron

Inverse-Compton -+
Accretion disc

J0457
- J0457 (archival) +——+— M d
SF ey
oo
10% 10 102 10° 102 10* 10° 10® 10' 10"
eV
(b) J0457
S'ynchrotron'
Inverse-Compton =+
Accretion disc = = = =
I e L]
Jo e,

10 10 102 10° 102 10* 10° 10°
eV
() JO730
i "Synchrotron T T T T T
Inverse-Compton -+
Accretion disc - = - -
J1522 —e—

F J1522 (archival) —— s |
2 10" 10° 10° 100 10"
eV

(f) J1522

Figure 4.4: The results of fitting the adiabatic jet model to the SEDs of J0349, J0457, J0531,
J0730, J1504 and J1522. The model fits the observations well across all wavelengths, although
for some of the blazars, the model requires very high bulk Lorentz factors (ypux = 100 for
J1522). We find that the inverse-Compton emission of all the blazars is well described using
NLR seed photons with a contribution to the X-ray emission from scattering of CMB photons.
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4.6.2 The adiabatic model

Figure 4.4 shows the results of fitting the adiabatic jet model in equipartition to the ob-
servations of the six Compton-dominant blazars. The model fits the data well across all
wavelengths, however, to fit the Compton-dominant spectra requires very high bulk Lorentz
factors as shown in Table 4.2. The high bulk Lorentz factors are required in order that the
rate of inverse-Compton emission from scattering CMB and NLR photons is not much smaller
than the rate of adiabatic losses. In the case of J1522 we find that the adiabatic equiparti-
tion model struggles to reproduce the Compton-dominance of the spectrum and requires an
extreme value for the bulk Lorentz factor at the transition region ~pu = 100, this is much
higher than the expected value of the bulk Lorentz factor in blazars inferred from superluminal
motion (Jorstad et al. [2001]). For this reason and the low value of k calculated in Section
4.5.1 for the frequency core-shift we disfavour the adiabatic equipartition jet.

We find that the fits all require high power, high bulk Lorentz factor jets observed close
to the line of sight as we expect for Compton-dominant blazars and in agreement with the
ballistic fits. We find that all the fits have transition regions at large distances outside the
BLR and dusty torus with large inferred black hole masses > 10°M,. The inverse-Compton
emission is due primarily to the scattering of NLR and CMB photons at large distances along
the jet. We show the different components of the inverse-Compton emission for the fit to J1504
in Figure 4.3b. As for the ballistic model, the black hole mass inferred from the distance of
the transition region agrees with that inferred independently from the accretion disc spectrum
of J0531 if the transition region occurs at 10°R, as in the jet of MS&7.

We have also considered an adiabatic model in which the jet is in equipartition after
the transition region but with some electron acceleration occuring at smaller distances along
the jet, in order to produce the gamma-rays and help reduce the bulk Lorentz factor. In
this case we find that accelerating electrons within the dusty torus tends to produce too
much synchrotron emission due to the relatively high energy density in the magnetic field
compared to the external photon field (both measured in the plasma rest frame) resulting in
the overproduction of synchrotron emission. Accelerating electrons in the BLR also suffers
from a similar problem unless the location of the acceleration is fine-tuned to be close to the

outer radius of the BLR. This is because the energy density in the BLR is relatively constant
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with distance z, whilst Ugp o« 272

So the Compton-dominance, which is approximately
proportional to U, /Up, increases towards the outer radius of the BLR. In an accelerating jet
model the plasma has a lower bulk Lorentz factor at small distances within the parabolic
region and BLR, so the emission is not so strongly Doppler-boosted as that from further along
the jet, close to or beyond the transition region. We do not find that accelerating electrons
within the BLR in the quiescent state is able to reproduce the observed data well and requires

fine-tuning of the acceleration region within the BLR. For these reasons we do not favour this

scenario in order to explain the quiescent spectra.

4.6.3 Inverse-Compton scattering of external photons

Our model uses a jet geometry based on radio observations of the jet in M&87 scaled linearly
with black hole mass. For large black hole masses (> 10?M) the distance of the transition
region of the jet, where the jet is expected to be close to equipartition, is > 10pc. This is
consistent with our finding that BLR photons do not contribute significantly to the inverse-
Compton emission of these Compton-dominant blazars since the BLR region is expected to
be < 1pc (Kaspi et al. [2005]). This means that the synchrotron bright transition region of
our jet is outside the BLR and so the BLR photons will illuminate the jet from behind and
be Doppler-deboosted. We expect the transition region of the jet to dominate the high energy
emission because the plasma is in equipartition and has the highest bulk Lorentz factor at this
point, giving the largest Doppler-boosting of the emission. From a reversal of the minimum
energy argument (Burbidge [1959]) we know that for a given total energy, a plasma emits the
most synchrotron power when the plasma is close to equipartition. This is found to be near
to the transition region in jet simulations where the jet transitions from parabolic to conical
(McKinney [2006] and Komissarov et al. [2009)]).

We show the different components of the inverse-Compton emission for the ballistic jet fit to
blazar J1504 in Figure 4.3. The figure shows that the inverse-Compton emission is dominated
by scattering of CMB photons with a small contribution from scattering NLR photons at high
energies. For a jet with a transition region outside the BLR and dusty torus we expect CMB
and NLR photons to dominate the external photon field (see Figure 3.4 in Chapter 3). At

low redshifts we expect the energy density in starlight at the centre of an elliptical galaxy to
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dominate CMB photons (Hardcastle and Croston [2011]). However, these Compton-dominant
objects are observed at relatively high redshifts so the CMB energy density is larger since
povs < (1 + 2)*. So we expect the CMB to be the dominant scattered photon field several
kiloparsecs from the central black hole. This is interesting since Compton-dominant blazars
are observed predominantly at high redshift, which is exactly what we would expect if their
inverse-Compton emission were due to scattering CMB photons. Our model predicts that as
we go to low redshifts where the energy density of the CMB decreases, high power, high bulk
Lorentz factor blazars should become less Compton-dominant than an equivalent blazar at
high redshift. We wish to investigate whether this prediction for the Compton-dominance of
low redshift blazars holds in future work.

In order for an electron distribution to produce a Compton-dominant spectrum from
SSC emission we require that the synchrotron energy density is so high that a “Compton-
catastrophe” occurs. This happens when electrons emit so much synchrotron radiation that
the synchrotron radiation field becomes dense enough to produce frequent scattering of pho-
tons so that electrons lose more energy through inverse-Compton scattering than synchrotron
emission. In a jet with a fixed total energy and equipartition fraction we require a small jet
radius at the transition region in order for the synchrotron radiation field to be dense enough
for a “Compton-catastrophe” to occur. We find that in such small radius/large magnetic fields
the synchrotron radiation emitted by the highest energy electrons far exceeds the observed
energy of the synchrotron peak frequency and so we are unable to fit to the observed spectra

using SSC emission.

4.6.4 Acceleration of electrons along the jet

We find that the electron distribution power law indices are lower than expected from parallel
shock acceleration (o = 2) for these Compton-dominant blazars. This suggests acceleration
by oblique shocks (Bell et al. [2011] and Summerlin and Baring [2012]), possibly a stationary
recollimation shock at the transition region or acceleration by magnetic reconnection (Zenitani
and Hoshino [2001] and Zenitani and Hoshino [2007]). We see clear evidence for this in the
spectrum of the blazar J0531 where the synchrotron emission starts self-absorbed and close to

flat and retains a steep gradient when the spectrum becomes optically thin (see Figure 4.4c).
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This optically thin spectrum requires a steep electron spectral index to fit to the observed
emission. In all these objects we also see that the inverse-Compton emission rises steeply from
low energies to its peak. This steep peak is also consistent with a low electron spectral index.
This is an interesting result since we found in Chapter 2 that the spectrum of BL Lacertae was
consistent with an electron spectral index a = 2, compatible with a parallel shock. We wish
to investigate whether other BL Lac type objects require spectral indices that are higher than
those of Compton-dominant objects. This could imply a difference in the electron acceleration
mechanism in different blazars possibly due to the different powers and bulk Lorentz factors

of their jets.

4.6.5 Compton drag

In this investigation we have not explicitly calculated the effect of Compton drag on the jet
plasma since we do not know the additional amount of deceleration caused by the entrainment
of matter surrounding the jet. We have used the simple prescription for the deceleration
of the jet set out in Equation 5 of Chapter 3 and fitted the deceleration parameters for a
spectrum. We find for both the ballistic and adiabatic fits that the majority of the jet’s initial
energy is not radiated away through anisotropic scattering of external photons and so the
effect of Compton drag on the jet plasma is comparable to or smaller than half of the total
amount of deceleration in the fits (Aypux < 0.29max). In the case of BL Lacs whose emission
is dominated by synchrotron and SSC emission we do not expect Compton drag to be a
significant contribution to the jet deceleration. This is because synchrotron and SSC emission
from an isotropic electron distribution in a small scale tangled field are emitted isotropically
in the plasma rest frame and so do not result in deceleration of the jet. This means that
we are justified in not explicitly calculating the deceleration due to Compton drag in these
Compton-dominant FSRQs or BL Lacs since the contribution of Compton drag to the total

deceleration of the jet is, comparable to or smaller than, that of entrainment.

4.6.6 The blazar sequence

We find that the slowly decelerating conical region, which is responsible for the radio emission,

produces a nearly flat radio spectrum which is consistent with observations. The frequency
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at which the observed synchrotron spectrum transitions from optically thick to optically thin
emission is governed chiefly by the black hole mass which sets the radius of the bright transition
region (the base of the conical region) and largely determines the magnetic field strength at
this point. The transition from optically thick to optically thin synchrotron emission at these
comparatively low energies (as shown in the spectra of J0457 and J0531) implies large black
hole masses for these blazars. This is because a transition to optically thin synchrotron
emission at low frequencies implies a low magnetic field strength at the base of the conical
region and therefore a large radius as shown in Equation 4.7.

The base of the conical region in our model is in equipartition and so is responsible for
producing the highest energy optically thin synchrotron emission. The peak frequency of
the synchrotron emission is then governed by the Doppler factor, the magnetic field strength
at the base of the conical region and the maximum electron energy. We find that the low
synchrotron peak frequency of these Compton-dominant blazars is due to their large black
hole masses which result in the transition region occuring far from the black hole with large
radii. These large radii result in relatively low magnetic field strengths at the bright transition
region which produce the low peak frequency synchrotron emission. We therefore expect that
low powered BL Lac objects with high synchrotron peak frequencies should have lower black
hole masses than low synchrotron peak frequency objects such as Compton-dominant objects.

This can be illustrated through the following simple calculation. We assume that the base
of the conical region at a distance 10°r, from the central black hole with a radius 20007, is in
equipartition and has the maximum bulk Lorentz factor yy.x, SO we expect it to dominate the
optically thin synchrotron emission. For an electron distribution with a maximum Lorentz
factor v, and an initial kinetic luminosity W; using the formula for the synchrotron critical
frequency (Equations 4.2 and 4.3) we find

B2wR2 492 W; GM
= o Ry = 2000—— 4.12
2,&0 X 3 2’ T 2 ( )

Up

v _ 36D0PpeEr2nax 3VVJN0 (4 13)
P (1 + 2)m3ct\| 492, we(2000G M /c?)?’ ‘
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Vpear X W2 [Mpp, (4.14)

where a subscript T denotes the value of a quantity at the transition region, Mgy is the
central black hole mass, g is the velocity of the jet divided by ¢, 8,15 is the observation angle to
the jet axis, z is the redshift and dpopyp, is the Doppler factor for the jet. We have assumed that
half the initial jet power is contained in the magnetic field at the transition region where the
plasma is in equipartition. We have also assumed that the plasma is described by a relativistic
perfect fluid in its rest frame. From this we see that for objects which differ only by black hole
mass Vpeak X 1/Mpp. If we further assume that in general the jet power is a fixed fraction of
the Eddington luminosity then W, oc Mpy and so vVpeax o< M 5?11{/2. If blazar jets are reasonably
well described by a scaled M87 geometry this could even be used as a rough estimate of the
black hole mass of a blazar based on its synchrotron peak frequency.

It would be an exciting result if the black hole mass of a blazar largely determines the peak
frequency of its synchrotron emission. It is perhaps not surprising if in general FSRQs have
higher black hole masses than BL Lacs. If jet power is fundamentally related to accretion, as
currently believed, then we would expect powerful FSRQs to be accreting at a higher rate,
and therefore to have larger black hole masses than lower power BL Lacs. In this scenario we
would expect to find a trend like the blazar sequence where powerful objects are Compton-
dominant and have lower peak frequencies of emission than less powerful BL Lac type objects
with smaller jet radii (due to smaller black hole masses) and correspondingly higher magnetic
field strengths. We interpret this as due to the bulk Lorentz factor of the jet, redshift and
the black hole mass (which determines the size of the jet). If we assume a jet geometry
similar to that observed in M87 we expect the jet to transition from parabolic to conical at
10°R,. The jet radius at this point is a function only of black hole mass (if we assume the
M87 geometry scaled linearly with black hole mass) and so the magnetic field strength and
synchrotron peak frequency decrease with increasing black hole mass. For BL Lac type objects
with low black hole masses the radius of the jet at the point where it transitions to conical
and is in equipartition is smaller than in a more powerful source with a higher black hole mass
and this results in the increased magnetic field strength. An empirical correlation between jet

power and black hole mass has been found by several authors by comparing observed radio



116

luminosity against black hole mass for AGN (Lacy et al. [2001], McLure and Jarvis [2004] and
Liu et al. [2006]), however, this correlation has been disputed (Oshlack et al. [2002], Woo and
Urry [2002] and Ho [2002]).

If we assume that all AGN jets have approximately the same geometry as the M87 jet
we can derive a simple relationship for the peak synchrotron frequency in blazars. In fitting
to the optically thick to thin synchrotron break of these blazars we are essentially fitting
the size of the jet radius where the synchrotron emission is brightest. In our model we then
associate this emitting region with the region where the jet transitions from parabolic to
conical. The determination of this radius from fitting to a spectrum is a rigorous result which
holds independently of the particular M87 jet geometry we have chosen. In this work our
assumption that the geometry of the jet scales linearly with black hole mass is based on the
expectation that the radius of the jet close to the black hole scales with the size of the black
hole event horizon which depends linearly on the black hole mass. Of course it is likely that
the geometry of individual jets depends on other quantities such as jet power, bulk Lorentz
factor and the environment. We do not yet know from observations or simulations exactly
how these factors affect the jet geometry so we assume a simple scaling with black hole mass.
It is important to note that if the inner parabolic geometry of jets is not well described by
this simple model this will mainly affect the inferred black hole mass of our fits and not the
other physical parameters of the model. This is the first investigation which has attempted to
constrain the physical parameters of a sample of blazars using a realistic, extended model.

The trend of decreasing peak frequency of inverse-Compton emission with jet power can
also be explained using this model. Low powered BL Lac type objects with low black hole
masses have relatively high magnetic field strengths at the base of the conical section. This
means that the synchrotron emission will overwhelm CMB photons (especially since BL Lacs
are observed at lower redshifts than FSRQs and have lower bulk Lorentz factors) and the
inverse-Compton emission will be due primarily to scattering of relatively high frequency
synchrotron photons. This results in an inverse-Compton peak occurring at a higher frequency
in BL Lacs than in Compton-dominant objects. This is because the inverse-Compton peak
frequency is proportional to the peak frequency of the seed photons Vpex o< V?Vseed (for

Erax > h/pear) and synchrotron photons have a higher peak frequency than CMB photons.
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For increasing black hole mass, the magnetic field strength decreases at the base of the
conical section. The synchrotron peak frequency decreases and consequently the SSC peak
frequency will also decrease. For higher powered, high bulk Lorentz factor jets with lower mag-
netic field strengths Doppler-boosted CMB photons will now dominate the photon distribution
within the jet at large distances and electrons will lose most of their energy through scatter-
ing CMB photons instead of emitting synchrotron photons. This produces the Compton-
dominance of these objects and the low inverse-Compton peak frequency is due to the com-
paratively low CMB frequency.

In this Chapter we have not attempted to explain the short timescale variability in Compton-
dominant blazars but, instead, the quiescent emission. The models we have investigated, which
fit well to the quiescent emission, have electron acceleration occuring at large distances along
the jet where the light-crossing time of the jet and electron cooling times are both much larger
than the short flaring timescales observed (hours/minutes, Aharonian et al. [2007]). These
flares could, however, be produced by acceleration of electrons in the parabolic region of the
jet where the radius of the jet is smaller, the magnetic field strength is higher and the jet is
still within the BLR/dusty torus. This means that short timescale variability is compatible
with our jet model.

In this Chapter we have shown that a ballistic jet model which becomes particle dominated
beyond a transition region located > 10pc fits the multiwavelength data of the six most
Compton-dominant blazars (after PKS0227) from Abdo et al. [2010a]. We have demonstrated
that using a realistic extended jet model allows us to gain constraints on the jet by reproducing
radio observations. In the next Chapter we will investigate whether our model is able to
reproduce the spectra of BL Lac type blazars and if our idea of a blazar sequence based on

bulk Lorentz factor and black hole mass holds for a sample of BL Lacs.

4.7 Conclusion

In this Chapter we have used the realistic extended jet model from Chapter 3 to fit to the
simultaneous multi-wavelength spectra of six Compton-dominant blazars. Our model includes
a magnetically dominated accelerating parabolic base transitioning to a slowly decelerating

conical jet with a jet geometry set by radio observations of M87 and consistent with simulations
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and theory. Comparing different models of the conical section to the radio data, we find that
the radio slope is well matched by both an adiabatic equipartition jet and a ballistic jet
which starts in equipartition at the transition from parabolic to conical, and becomes particle
dominated further along the jet. We use the optically thick to thin synchrotron break to
constrain the radius of the jet where the jet first comes into equipartition. We find that
this requires a transition region located outside the dusty torus at large distances along the
jet > 10pc, consistent with a transition region occuring at 10°R, as in the jet of M87. We
calculate an analytic expression for the radius at which a plasma becomes optically thick to
an observed frequency and use this to confirm our numerical results. We then use this formula
to calculate the expected frequency core-shift relations for the jet models under consideration.
We find that for the adiabatic equipartition conical jet the core-shift relation, z oc v=%, has a
value k£ = 0.69, lower than suggested by observations.

We find that the ballistic particle dominated jet fits very well to the observations across
all wavelengths including radio observations whilst the adiabatic equipartition jet requires
very high bulk Lorentz factors to reproduce the Compton-dominance of some of the blazars
Ypuk > 50. This is the first time a realistic, extended jet model has been used to fit to a
sample of blazars. We find that the fits to all these blazars require high power (> 103°W),
high bulk Lorentz factor (> 20) jets observed close to the line of sight (< 2°) consistent with
the blazar sequence and unification and in agreement with the results from Chapter 3. We find
that the inverse-Compton emission of these objects is well fitted by scattering of CMB seed
photons due to the redshift dependence of the CMB and strong Doppler-boosting. We find
that all these blazars have large inferred black hole masses (> 10°M,) using a jet geometry
set by radio observations of M87 scaled linearly with black hole mass. For the blazar J0531
we find that the black hole mass inferred from fitting the jet model to the optically thick
to thin synchrotron break agrees with the black hole mass estimated independently from the
prominent accretion disc spectrum only if the transition region occurs at 10°R, as in MST7.
For these large black hole masses, consistent with massive elliptical galaxies, we find that the
brightest part of the jet is located at 10°R,, outside the broad line region and dusty torus.

We find a relatively low value for the electron distribution power law index from fitting to

the steep optically thin synchrotron emission and inverse-Compton peak (« < 1.9), implying
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acceleration by oblique shocks or magnetic reconnection. We postulate a new interpretation of
the blazar sequence in terms of increasing black hole mass, jet power and bulk Lorentz factor.
Higher power blazars have larger black hole masses and larger radius jets with lower magnetic
fields than low power BL Lacs. This results in high power blazars having lower synchrotron
peak frequencies and less SSC emission than low power blazars with higher magnetic fields.
High power blazars also have large bulk Lorentz factors and so scatter high-redshift CMB
photons at large distances resulting in the low inverse-Compton peak frequency of Compton-
dominant blazars.

These results illustrate the importance of using a realistic, physically motivated model
for blazar jets to calculate their spectra and estimate their physical properties. In the next
Chapter we will test these concepts further by fitting to the spectra of a sample of BL Lac

type objects.



Chapter 5

BL Lacs

In this Chapter I use the model presented in Chapters 2, 3 and 4 to fit to a sample of six BL
Lac type blazars. I calculate the attenuation of gamma-rays via pair production from all the
ambient photon fields in the plasma rest frame and integrate the line of sight pair production
opacity along the jet. I find that the model fits very well to the spectra of all six blazars.
Most of the BL Lacs require fits with lower jet power, smaller bulk Lorentz factors and smaller
radius transition regions compared to the Compton-dominant blazars modelled in Chapter 3.
This supports my hypothesis that the blazar sequence is a result of a decreasing transition
region radius and increasing bulk Lorentz factor with jet power. I find that, due to absorption
by pair production, the gamma-ray spectrum of Markarian 421 cannot be reproduced with
SSC emission even with very large bulk Lorentz factors and instead favours scattering of
CMB photons. I use my model to fit to non-simultaneous SEDs of the four high power, high
synchrotron peak (HSP) BL Lacs recently found by Padovani et al. [2012]. I find that the
model fits well to the spectra with parameters typical of high power BL Lacs except for high
maximum electron energies which are the cause of their high peak frequency emission.

I set forward two hypotheses to understand the physical properties of FSR(Q and BL Lac
jets depending on the distribution of black hole masses in blazars. The first hypothesis is that
of a universal jet geometry which scales linearly with black hole mass, so BL: Lacs have smaller
black hole masses than FSRQs. The second hypothesis, based on indirect mass measurents, is
that FSRQs and BL Lacs have similar black hole masses. This leads to the idea of an accretion

mode dichotomy analagous to that in X-ray binary systems.

120
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5.1 Introduction

In this Chapter we will first briefly introduce our jet model from Chapter 3. We calculate the
integrated optical depth along the jet for absorption of gamma rays due to pair production
and show the results of fitting our model to six BL Lac type blazars. We then comment on the
inferred physical parameters of the BL Lacs we find from fitting to their spectra and whether
these results are consistent with our predictions for the blazar population from Chapter 4.
We discuss the results and those from Chapter 4 in the context of the blazar sequence and
unification. We comment on the location of the high energy emission region in our jet model
fit to the spectrum of Markarian 421 and investigate the constraints placed on the size of the
region by the attenuation of gamma rays from pair production. Finally, we investigate the
physical properties of four high power, high synchrotron peak frequency (HSP) BL Lacs by

fitting our model to their SEDs and commenting on their relation to the blazar sequence.

5.2 Jet Model

We use as the basis of this investigation the jet model presented in Chapter 3. The jet model
consists of an accelerating parabolic base transitioning to a slowly decelerating conical jet
with a geometry set by the recent radio observations of the jet of M87 (Asada and Nakamura
[2011]). For full details of the model see Chapters 2, 3 and 4 (based on Potter and Cotter

[2012], Potter and Cotter [2013a] and Potter and Cotter [2013b] respectively).

5.3 Photon-photon pair production

In this Chapter we model the spectra of BL Lac type blazars. Unlike the powerful Compton-
dominant blazars that we modelled in Chapter 4, BL: Lac blazars have observed spectra which
can extend up to TeV energies. For these very high energy photons we need to take into
account the production of electron-positron pairs from collisions between these high energy
photons and ambient photons. When such a collision occurs the two photons are converted
into an electron pair where each electron has approximately half the energy of the high energy

photon and travels in approximately the same direction as the high energy photon. For two
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photons with energies F; (high energy photon) and E, (ambient photon) and velocities forming
an angle 6 to each other, the threshold energy of the ambient photon Ejysn above which pair

production can occur is given by

2m?ct

FEipresh = ————. 5.1
et TR (1 = cos ) (5.1)

The total cross section for pair production is given by (Gould and Schréder [1967))

oo =y [ (5 ) -2 ). 52
2m2cl 1/2 2
o= (1 B EEy(1 — COS@)) ’ o= dmeqmoc®’ (5.3)

where [, is the electron velocity in the centre of momentum frame divided by ¢ and ry is the
classical electron radius. We wish to calculate the fraction of high energy photons absorbed
through pair production as they travel along the jet. We calculate the pair production optical
depth of each section of the jet in the rest frame of the section. The total optical depth for a
photon of energy E; emitted at an angle € pserve tO the jet axis in the lab frame from a section

at lab frame distance 2’ along the jet due to synchrotron photons is
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where Ngynen (Es, ) is the number density of synchrotron photons in the plasma rest frame
and dr(x) is the distance travelled by the photon through a section of rest frame width da’

in the rest frame of the plasma (see Chapter 2). We have taken into account the relative
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Doppler-boosting of the initial photon of energy FE; into sections with different bulk Lorentz
factors by defining the rest frame photon energy F'(x) to be the photon energy in the relevant
section of the jet. We have assumed that the synchrotron photons are isotropically distributed
in the rest frame of the plasma and we have integrated the total optical depth through the jet
to the section at a lab frame distance x.

The total optical depth for pair production due to CMB, BLR, dusty torus, NLR and

starlight photons is

Fo=c0

Ty (Er, @' Z Z dr(z)(1 — cos0)ngc(Es, x)...

r=2" Eo=Fiphresh

XO"Y’Y(EL EQ,&)dEQ, (56)
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ngc(Es, ) = noup (B2, ) + npLr(E2, ) + Nstar(Ea, ).

+ndusty torus(E27 :E) + nNLR(E27 QT), (58)

where we have Lorentz transformed the CMB, BLR, dusty torus, NLR and starlight pho-
tons into the plasma rest frame and assumed that the photons are strongly Doppler-boosted
so that the majority of photons travel approximately parallel to the jet axis (see Chapter 3).

Finally, the total optical depth due to accretion disc photons is given approximately by

x=L  FEo=00

Ta(Bra’) =Y Y dr(@)(1 — cos O)naec( B, x)
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XO}N(ELEQ,Q)dEQ, (59)
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where we have Lorentz transformed the number density of accretion disc photons into the
plasma rest frame as calculated in Chapter 3. The total optical depth due to pair production

from all these photon fields is given by

T’y'ytot<E17 IEI) = T’y'yl (Ela [IZ'/> + T'y'y2(E17 IE,) + T’y‘yS(Eb '1'/)' (511)

So the fraction of high energy photons with energy F; emitted from a section of the jet at

lab frame distance x observed is

fraction(Ey, x) = e et (F12l) (5.12)

In the current work we neglect the subsequent emission of pair produced electrons. This
is justified since in synchrotron-dominated high peak frequency BL Lacs (HBLs) only a small
fraction of the total particle energy is emitted via high energy photons. The conversion of high
energy photons into electron-positron pairs will reduce the amount of high energy emission
observed from HBLs. It is important to consider pair production when modelling HBLs since
the observation of TeV photons can be used to constrain the size of the high energy emitting
region. This is because compact emission regions located close to the base of the jet will have
a larger number density of both synchrotron and ambient photons than larger regions at larger
distances emitting the same power and so compact regions may be opaque to TeV photons.
Constraints on the location, size and bulk Lorentz factors of high energy emission regions in
one-zone models have been investigated by many authors including Begelman et al. [2008],
Bottcher et al. [2009] and Dermer et al. [2012]. This is the first investigation which calculates
the effect of pair production in an extended jet model by Lorentz transforming ambient photon
fields into the plasma rest frame and integrating the pair production optical depth along the

jet.

5.4 External photon fields for BL Lacs

It is generally observed that BL Lac spectra are dominated by a featureless synchrotron contin-
uum at optical wavelengths. It is thought that this is due to a weak or absent BLR and dusty

torus, and synchrotron emission which dominates the accretion disc spectrum (Vermeulen
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et al. [1995]). In contrast FSRQ spectra have emission line features with broad emission lines
(Ghisellini et al. [2011]). The inverse-Compton emission of BL Lacs is normally attributed to
SSC emission whilst the inverse-Compton emission of FSRQs is thought to be primarily due to
scattering external photons from the BLR and dusty torus (Meyer et al. [2012]). In Chapter
4 we found that the inverse-Compton emission of a sample of Compton-dominant blazars was
incompatible with SSC emission but was well fitted by scattering of external photons (CMB
and NLR photons). In this Chapter we shall initially assume that the inverse-Compton emis-
sion of our BL Lacs is due to SSC emission and neglect BLR, accretion disc, dusty torus and
NLR photons before attempting to fit the spectra using external photons. It is interesting to
see whether these BL Lac spectra can be fitted with SSC emission or whether they require
external photon fields to fit the spectra.

The jets of BL Lacs are thought to correspond to FRI jets and so we shall attempt to
fit the BL Lac spectra with shorter jets than in Chapter 4 where we were fitting to powerful

Compton-dominant sources.

5.5 Results

In this section we show the results of fitting our model to the multi-wavelength observations
of six BL Lac type blazars (J0222.6 4+ 4302, J0855.4 + 2009, J1015.2 + 4927, J1104.5 4 3811,
J1751.5 + 0935 and J2158.8 — 3014) selected by the availability of redshifts and good quality
simultaneous multiwavelength spectra across radio, optical, X-ray and y-rays from Abdo et al.
[2010a]. The spectrum for Mkn421 from Abdo et al. [2010a] contains multiple sets of data and
so we have instead used the simultaneous multiwavelength data from the Fermi campaign on
Mkn421 (Abdo et al. [2011D]).

In our model we have initially assumed that the size of the jet scales linearly with black
hole mass with a transition region that occurs at a distance 10°R, with a radius 2000R, set
from radio observations of M87. In fitting our model to a spectrum we find a radius for
the transition region, R, which gives us an inferred black hole mass, M, for each fit. We
discuss the assumption of a jet geometry which scales linearly with black hole mass and the
implications of alternative scenarios in sections 5.2-5.4.

We show the results of fitting our model to the blazars in Figure 5.1. The model fits very
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Figure 5.1: The results of fitting our model to the SEDs of J0222, J0855, J1015, Mkn421,
J1751 and J2158. The model fits the observations well for all objects across all wavelengths.
We find that the inverse-Compton emission of all the blazars, except J1751 and Mkn421, are
well fitted by SSC emission. We find that the low peak frequencies of J1751 imply that the
blazar is a more powerful Compton-dominant blazar at low redshift.
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Figure 5.2: The different components of the inverse-Compton emission for the fit to J1751.
The inverse-Compton emission is primarily due to scattering of CMB seed photons with a small
contribution of starlight required to fit to the highest energy data-point. For these Compton-
dominant blazars we find that the SSC emission is sub-dominant due to the comparatively
low magnetic field strength at the transition region of the jet.

well to all the spectra across all wavelengths. We find that the inverse-Compton emission of
the majority of blazars (except for J1751 and Mkn421) is due to SSC emission as is commonly
found for BL Lac type objects (Boettcher [2010]). We find that these blazars (excluding J1751)
are relatively low power, low bulk Lorentz factor objects with smaller radius transition regions
(where the jets first reach equipartition) compared to the Compton-dominant blazars we fitted
in Chapter 4.

This is an important result since it shows that our model is able to successfully fit to
a variety of blazar spectra from different sections of the blazar population, including radio
observations. It is encouraging to find that the physical parameters of our fits are consistent
with our predictions from Chapter 4 and also with the blazar sequence (Fossati et al. [1998]).
We find, in agreement with the blazar sequence and previous investigations, that BL Lac type
objects are relatively low power blazars in which the inverse-Compton emission is predomi-
nantly due to SSC emission. In Chapter 4 we found that Compton-dominant blazars were high
power blazars in which the inverse-Compton emission was predominantly due to scattering of
the CMB.

We find that the blazar J1751 has a larger power, bulk Lorentz factor and transition region
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radius than the other BL Lac blazars. The physical parameters of the fit seem closer to those
of the Compton-dominant blazars found in Chapter 4. We find that in order to reproduce the
low frequency synchrotron peak, the fit requires a large transition region (and a large inferred
black hole mass if the transition region occurs at 10° R, as in M87). We are unable to fit the
inverse-Compton emission with SSC emission due to the low magnetic field strength required
to produce the low peak synchrotron frequency. We find that BLR and dusty torus photons
are unable to reproduce the observed high energy emission and archival synchrotron data
simultaneously. This is because the archival observations show that the synchrotron emission
becomes optically thin at the relatively low energy ~ 10~%eV, requiring a low magnetic field
strength and large transition region (see Chapter 4 Equation 4.7). This large transition region
is located at a distance 18pc from the black hole in our fit, placing it outside the BLR and
dusty torus. Somewhat surprisingly, we find that the inverse-Compton emission of J1751 is
well fitted by scattering of CMB photons even at the comparatively low redshift z = 0.322,
if the jet has a large bulk Lorentz factor. These characteristics indicate that the blazar has
similar physical properties to the Compton-dominant blazars from Chapter 4 but is located
at low redshift where the CMB has a lower energy density.

This is intriguing since in Chapter 4 we found that the inverse-Compton emission of
Compton-dominant blazars was best fitted by scattering of Doppler-boosted high redshift
CMB photons. We predicted that if the inverse-Compton emission of high power Compton-
dominant blazars was due to scattering of CMB photons, then at low redshift we should see
blazars with the same physical parameters but with less Compton-dominance due to the red-
shifting of the energy density of the CMB (pcvp o (1 + 2)%). J1751 appears to be a blazar
matching the description of a high power, high bulk Lorentz factor jet with a large transi-
tion region but a lower Compton-dominance due to its low redshift. We find this evidence
for the inverse-Compton scattering of CMB photons significant and we intend to investigate
whether other high power, high bulk Lorentz factor jets at low redshift are compatible with
their inverse-Compton emission being mainly produced by scattering of CMB seed photons.

Whilst we might expect the jet power, bulk Lorentz factor and radius of the transition
region to be related, it is not clear how we expect these parameters to impact the mechanism

of particle acceleration in jets. For the high power Compton-dominant sources investigated
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in Chapter 4 we found that the electron distribution power-law index was considerably lower
than the value ov = 2 predicted by diffusive parallel shock acceleration (Bell [1978]). We find
that all of these blazars require power-law indices less than or equal to 2. Spectral indices less
than 2 are predicted in the case of oblique shock acceleration (Bell et al. [2011] and Summerlin
and Baring [2012]) and magnetic reconnection (Zenitani and Hoshino [2007]). We find that
the maximum electron energy tends to be lower in higher power objects and increases in
lower power objects, however, we do not find an obvious physical reason for this. This trend
is usually explained by stronger radiative cooling of accelerating electrons in higher power
FSRQs with luminous BLRs (Ghisellini et al. [2009b]). In our model, however, we find that
the region responsible for the high energy emission (the transition region) is relatively large for
high power blazars and is located outside the BLR, so electrons are not strongly radiatively
cooled. We find that for all the blazars (except Mkn421) the maximum electron energy (Emax)
is between 4 —55GeV while Mkn421 requires a much larger maximum electron energy 338GeV,
considerably higher than the other blazars.

We find that the radio spectra of the blazars (excluding J1751) are close to flat in flux and so
are better fitted with a ballisitic equipartition jet rather than either an adiabatic equipartition
jet or a ballistic jet starting in equipartition at the transition region and becoming more
particle dominated further along the jet (Aequi = 22r/(z + x7) for zr > = > 100x7). In
Chapter 4 we found that the multiwavelength spectra were best fitted by a ballistic conical
jet starting in equipartition at the transition region and becoming more particle dominated
further along the jet. We wish to investigate whether, for a larger sample, BL Lacs are best
fitted by jets with ballistic equipartition conical sections whilst FSRQs favour ballistic jets
which become particle dominated along the conical section. This would imply an important,

fundamental difference between BL Lac and FSRQ jets.

5.5.1 Understanding the blazar sequence

In Chapter 4 we hypothesised that the blazar sequence could be explained if the radius of the
transition region and bulk Lorentz factor of the jet were to increase with the jet power. In this
Chapter and Chapter 4 we have shown that FSRQs are well fitted by high power jets with

large radius transition regions and large bulk Lorentz factors whilst BL Lacs are well fitted
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by lower power jets with smaller radius transition regions and lower bulk Lorentz factors.
We have shown that our model is able to fit well to a sample of BL. Lacs using a jet model
which stops accelerating and comes into equipartition at smaller distances with a smaller jet
radius than the sample of FSRQs fitted in Chapter 4. This is a very interesting result which
confirms the prediction of Chapter 4. The link between jet power and the jet radius at the
transition region not only allows us to explain the physics behind the blazar sequence but also
to learn how the jet dynamics are affected by the properties of the jet. Depending on the
relationship between black hole mass and jet power we find two interpretations of our results:
either a universal jet geometry which scales linearly with black hole mass or a dichotomy in

accretion rate between BL Lacs and FSRQs.

5.5.2 Scenario I - A universal jet geometry

Our jet model is based on observations of the jet in M&7 scaled linearly with black hole mass.
We have shown that this model is able to fit well to both BL. Lacs and FSRQs, if FSRQs have
large black hole masses 10° — 109 M, with large bulk Lorentz factors and BL Lacs have smaller
black hole masses 107 — 109M,, with smaller bulk Lorentz factors. This range of black hole
masses coincides with the expected range of black hole masses for AGN (Vestergaard et al.
[2008]). In the case of a few FSRQs with accretion disc spectra visible above the jet emission,
it is possible to find an independent estimate of the black hole mass. In these cases we find
that this black hole mass agrees with the black hole mass inferred from the jet model in which
the transition region occurs at 10%r,. Unfortunately, in BL Lacs the jet emission tends to
overwhelm the accretion disc spectra and so it is difficult to estimate the black hole mass via
this method. This scenario of a universal jet geometry would seem logical if blazars all accrete
at approximately the same Eddington fraction, so that the accretion power depends linearly
on the black hole mass. This scenario would predict a linear relation between the jet power
and the jet radius at the transition region.

Black hole mass estimates for blazars are mostly indirect and suffer from large uncertainties
in their calibration (Woo and Urry [2002], Fine et al. [2010], Shen et al. [2011] and Shaw et al.
[2012]). However, systematic studies of FSRQ and BL Lac spectra using black hole mass

estimates based on emission line widths and virial estimates have found that the black hole
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masses of FSRQs and BL Lacs do not seem to differ substantially, with BL Lacs, in fact, having
larger black hole masses on average (Shaw et al. [2013]). If we believe these measurements

this leads us to a second interpretation of our results.

5.5.3 Scenario II - A dichotomy in accretion rate

If there is no systematic difference between the black hole masses in FSRQs and BL Lacs then
our results indicate that the transition region occurs at a distance and radius which depends
mainly on the jet power (or accretion rate) and is not strongly dependent on the black hole
mass. We have found that our sample of BL Lacs have lower jet powers and smaller radius
transition regions than FSRQs. If the black hole masses of FSRQs and BL Lacs are similar this
means that the jet power in BL Lacs is a smaller fraction of the Eddington luminosity than in
FSRQs, as has been suggested by Ghisellini and Tavecchio [2008]. This would support the idea
of a dichotomy in the accretion modes of FSRQs and BL Lacs. It has been previously suggested
that FSRQs have large Eddington accretion rates with radiatively efficient thin discs while
BL Lacs have much lower Eddington accretion rates and radiatively inefficient discs (see for
example Ghisellini et al. [2009a] and Meyer et al. [2011]). We can make a rough estimate of the
Eddington luminosity by using a fiducial black hole mass for BL Lacs of 5 x 103M, taken from
Shaw et al. [2013]. Using this mass we estimate a range of luminosities 0.001 Lgqq — 0.03 Lgqq
for the BL Lacs fitted in this Chapter. Taking the same fiducial mass for the FSRQs fitted in
Chapter 4 we estimate a range of luminosities 0.2Lgqq — 0.9Lgqq.

Our results would link this dichotomy in accretion mode to the properties of the jet pro-
duced in the two modes. FSRQs accreting at high rates produce jets which accelerate over
larger distances reaching larger bulk Lorentz factors and radii before coming into equipartition
at the transition region than the jets of BL Lacs. This would also be consistent with AGN
unification in which BL Lacs correspond to FRI type jets whilst FSRQs correspond to FRII

type jets (Urry and Padovani [1995]).
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5.5.4 Using emission spectra to understand jet dynamics and prop-

erties

Without trustworthy black hole mass estimates for blazars it is difficult to distinguish between
the two scenarios above. However, we have shown that the dynamics and geometry of a
jet depends on the jet power. This is exciting because these results can be used to inform
MHD simulations and allow us to better understand the physical processes responsible for
jet production. For example, we can interpret the larger bulk Lorentz factor of FSRQ jets
as being caused by different initial mass loading in FSRQ and BL Lac jets. In general, we
would expect the final bulk Lorentz factor of a jet to depend on the initial equipartition ratio
of the jet. A section of the jet plasma starts with an energy, & = E) + £, split between
magnetic and particle energies. In the simplest scenario the jet accelerates until the magnetic
and particle energies are approximately equal, converting magnetic energy into bulk particle
energy. This gives a final bulk Lorentz factor v = E/(2E,) = 0/2 where o is a measure of
the initial mass loading of the jet. From this simple reasoning we might expect that jets with
larger bulk Lorentz factors have a smaller initial mass loading. Our results would then suggest
that higher power FSRQ jets have less mass loading than BL Lac jets.

In scenario II we expect a quantitive difference in the disc properties of FSRQs and BL Lacs.
It has been suggested that at low Eddington accretion rates discs favour radiatively inefficient
ADAF type solutions in which a hotter thick disc surrounds the black hole (Narayan and Yi
[1995]). In this case we expect the mass loading resulting from the pair production of hard
X-ray disc photons and the entrainment of disc material to be more efficient for a hotter, thick
ADAF. This would support the result that the bulk Lorentz factors of FSRQ jets are higher
then BL Lacs because the mass loading in BL Lac jets is larger than in FSRQs.

These results demonstrate the value of using a realistic, extended jet model of emission to
relate the different spectra of blazars to the dynamic properties of jets. In the next Chapter
we will use our model to fit to a much larger sample of FSRQs and BL Lacs in order to test
whether our hypothesis of a relation between jet power and radius of the transition region

holds for the blazar population as whole.
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Figure 5.3: A fit to Mkn 421 using a highly relativistic, compact, adiabatic, conical emission
region, decelerating rapidly within one hundred parsecs (see Table 5.2 for the parameters of the
fit). We have attempted to fit the inverse-Compton emission of Mkn 421 using SSC radiation,
however, we find that the large magnetic field strength required to create sufficient high energy
SSC emission produces a synchrotron radiation peak at a higher energy than observed. We
find that in order to produce sufficient SSC emission requires too many synchrotron photons
so that the region is optically thick to TeV photons due to pair-production.

5.5.5 The location of the TeV emission region

One of the most intensely-debated current questions about blazar jets is where the region
responsible for the observed TeV emission is located. Most previous investigations have as-
sumed that the emission region is compact and located at 100-1000 Schwarzschild radii from
the black hole with high Doppler factors in order to explain the timescale of the TeV emission
(Finke et al. [2008]). In our model based on radio observations of the jet of M87 we assume
the high energy emission region is located at 10°R, from the black hole where the jet has a
radius 2000Rs. An emission region at exactly this distance is suggested by observations of a
20 day flare in 3C279 (Abdo et al. [2010D]).

This places the TeV emitting region at a distance 6.3pc with radius 3.8 x 10'm for Mkn421
in our model fit, approximately compatible with the upper bound on the FWHM of the radio
core < 3 x 10"®m of Mkn 421 found with VLBI (Charlot et al. [2006]) and at a similar
distance to the flaring region > 14pc found by Agudo et al. [2011] using VLBI measurements
of OJ287. We find that matching the inverse-Compton via SSC emission is not feasible since it
requires such a high number density of synchrotron photons to produce the required Compton-

dominance ratio as to make the region optically thick to TeV photons. We find with this large



Parameter Mkn 421
W; 3.0 x 103"W
L 3 x 10%m
FErin 5.11 MeV
Frax 57.3 GeV
« 1.6
Orponine 3.0°
eobserve 2.0°
"o 4
Vonax 50
“Ymin 3
Ry 5.9 x 10 m
M 1.0 x 107M@
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Table 5.2: The values of the physical parameters used in the model fit shown in Figure 5.3.
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Figure 5.4: The results of fitting our model to the SEDs of the four high power, high syn-
chrotron peak frequency BL Lacs J0035, J0537, J0630 and J1312 taken from Padovani et al.
(2012). The data is not simultaneous and so we use these fits simply to try to understand the
reason for the high peak frequencies of emission in these BL Lacs. The data shows absorption
by neutral hydrogen at ~ 10eV which was used to estimate the photometric redshift of the
blazars by Rau et al. (2012). The model fits the observations well for all blazars across all
wavelengths, the parameters of the fits are shown in Table 5.3. We find that the high syn-
chrotron peak frequencies are caused by high maximum electron energies whilst the remaining
jet parameters are consistent with other relatively high power BL Lacs.



Parameter | J0035.2+1515 | J0537.7—5716 | J0630.9—2406 | J1312.4—2157
W; 5.0 x 10°"W | 8.0 x 10°"W | 2.1 x 10%™W | 2.3 x 10%W
L 1 x 10®%m 1 x 104'm 1 x 10¥m 1 x 10%'m
Foin 5.11 MeV 5.11 MeV 5.11 MeV 5.11 MeV
Frax 40.6 GeV 102 GeV 81.0 GeV 81.0 GeV
a 1.3 1.75 1.3 1.6
Q(I)pening 40 40 40 40
 bserve 1.0° 1.5° 1.0° 1.2°
Yo 4 4 4 4
Ymax 14 12 14 10
Ymin 10 6 10 6
Ry 4.6 x 10%m | 9.14 x 10Mm | 2.28 x 10"®m | 2.74 x 10®m
M 7.7 x10"Mg, | 1.54 x 108M,, | 3.84 x 108M, | 4.62 x 108M,
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Table 5.3: The values of the physical parameters used in the model fits shown in Figure 5.4.

emission region and small magnetic field the inverse-Compton emission is primarily due to the
scattering of external CMB and starlight photons.

Our model involves an emission region with a larger radius at a larger distance from the
black hole than that generally assumed in the literature. The reason for assuming a much
smaller radius is to explain the TeV flaring timescales of several minutes due to the light
crossing time for the emitting region. In this Chapter we are only concerned with modelling
the quiescent emission from blazars and we have found that this emission originates at large
distances along the jet, however, our jet model is still compatible with flares occuring at shorter
distances, consonant with short flaring timescales.

We find that the radio synchrotron spectrum is compatible with an optically thin single
power law, implying a relatively large synchrotron bright, transition region and large inferred
black hole mass 6.3 x 10®M, in our model. This does not preclude flares occuring at smaller
distances along the jet, however, we have found that in Mkn 421 compact regions travelling
at typical bulk Lorentz factors ~ 10 are opaque to TeV photons. The common solution to
this problem is to increase the Lorentz factor and the radius of the compact region so that
the observed Doppler-boosted light crossing time of the region is still compatible with minute
timescales (e.g. bulk Lorentz factors > 50, Begelman et al. [2008]). It seems unlikely that
a low power blazar like Mkn 421 with relatively slow observed superluminal motions of 2-3¢
(Marscher [1999]) should have a jet with a bulk Lorentz factor of 50. We find that in our

model fit the maximum bulk Lorentz factor is 12.
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In Figure 5.3 we show a fit for the quiescent spectrum of Mkn 421 using a compact,
adiabatic, conical jet with a high bulk Lorentz factor of 50 decelerating to a Lorentz factor
of 3 at a distance of one hundred parsecs. This small region with a high bulk Lorentz factor
has been suggested by previous investigations and we have decelerated the jet on pc scales
as suggested by Charlot et al. [2006] to explain the lack of superluminal VLBI measurements
(although a lack of observed superluminal motion on pc scales does not mean a jet is not
relativistic, Charlot et al. [2006]). We find that even with this high bulk Lorentz factor the
emission region is still optically thick to TeV photons. This is because in order for a region to
emit the observed ratio of synchrotron to inverse-Compton emission through SSC it requires
a large number density of synchrotron photons to scatter, however, a large number density of
synchrotron photons means that the emission region is then optically thick to TeV photons. For
these reasons we argue that the inverse-Compton emission observed in the quiescent spectrum
of Mkn 421 is unlikely to be due to SSC radiation.

Most previous investigations have either neglected the pair production opacity due to
external photons or not Lorentz transformed the photon fields into the plasma rest frame where
they are Doppler-boosted. The location of the TeV emission region is difficult to resolve with
current instruments, however, future instruments such as CTA, which provide better angular
and temporal resolution and sensitivity, would be very useful in investigating the location of
the TeV emission. We intend to investigate whether it is possible to put further constraints
on the size and location of the TeV emitting region by modelling the flares of blazars in the

near future.

5.5.6 High power, high synchrotron peak BL Lacs

Recently a number of high power BL Lacs with high synchrotron peak frequencies (HSPs)
have been discovered by Padovani et al. [2012]. These blazars are at odds with the gen-
eral anticorrelation between the peak frequencies of emission and radio power, known as the
blazar sequence. We have fitted our jet model to the four non-simultaneous spectral energy
distributions (SEDs), presented in Padovani et al. [2012], to understand how the properties
of these blazars differ from those forming the standard blazar sequence. We show the fits to

the non-simultaneous data in Figure 5.4, the parameters of the fits are shown in Table 5.3.
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The observations show absorption from neutral hydrogen at ~ 10eV. This absorption feature
was used by Rau et al. [2012] to obtain redshift estimates for the blazars. We find that the
power of these BL Lacs is relatively high (~ 103W) but consistent with the range of powers
we find for the six BL Lacs with simultaneous multiwavelength observations. The radius of
the transition region is also similar to the higher power BL Lacs in this small sample. We find
that the high peak synchrotron frequencies are caused by the high maximum energies of the
non-thermal electrons (40 — 100GeV) but the other properties of the fits such as the jet power,
bulk Lorentz factor and transition region radius are similar to the high power BL Lacs J0855
and J0222. The jet properties are substantially different from the FSRQs fitted in Chapter 4
and even from the BL Lac J1751, which appears to have many FSRQ characteristics. We find
that the inverse-Compton emission of these four BL Lacs can only be fitted by SSC, due to
the high peak frequency of emission. This leads us to conclude that these blazars are, in fact,
fairly typical BL Lacs, except for the relatively high maximum electron energies compared to
BL Lacs of similar power. These BL Lacs have been selected from a large sample on the basis
of their high peak frequency of emission and so it is not surprising that they have relatively
large maximum electron energies since this quantity varies considerably within the BL Lac
population and strongly effects the peak synchrotron frequency (v o< 72, B).

In Chapter 4 we postulated that the anticorrelation between peak frequency of emission
and jet power of blazars is caused by a correlation between the radius of the transition region
and the jet power. This results in higher peak frequencies of both synchrotron and inverse-
Compton emission for low power blazars due to larger magnetic field strengths. We find that
the transition region radii for these four high power HSP BL Lacs are larger than lower power
BL Lacs and considerably smaller than the sample of high power FSRQs from Chapter 4. We
also find that their inverse-Compton emission is produced by SSC while their bulk Lorentz
factors are smaller than in the FSRQs fitted in Chapter 4. The properties of these BL Lacs

are, therefore, consistent with our hypothesis.

5.6 Conclusion

In this Chapter we use the realistic extended jet model based on observations of the jet in

MS87 from Chapter 3 to investigate six BL Lac type blazars. We calculate the absorption
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of high energy photons due to photon pair production by Lorentz transforming the ambient
synchrotron, accretion disc, BLR, dusty torus, NLR, CMB and starlight photon distributions
into the plasma rest frame and integrating the optical depth along the jet. Our model fits very
well to the simultaneous multiwavelength spectra of all these blazars across all wavelengths
including radio observations. We find that five out of the six BL Lac spectra are fitted by
relatively low power jets with low bulk Lorentz factors and smaller radius transition regions
(where the jet first comes into equipartition, stops accelerating and is brightest in synchrotron
and SSC emission) compared to the powerful Compton dominant blazars fitted in Chapter 4.
These results are consistent with our predictions from Chapter 4 and the blazar sequence.

We find that one of the BL Lacs, J1751, requires a large jet power, bulk Lorentz factor
and radius transition region. Furthermore, we find that in order to fit both the synchrotron
and high energy emission of J1751 its inverse-Compton emission must be due to scattering of
low redshift CMB photons in agreement with our prediction of Compton-dominant blazars at
low redshift from Chapter 4. We find that four out of six of the BL Lacs have gamma-ray
emission best fitted by SSC.

We have tested our predictions from Chapter 4: blazars with large jet powers have large
bulk Lorentz factors and larger radius transition regions. We find empirical evidence for this
scenario using the 13 fits to blazar spectra from this work and Chapters 3 and 4. We find a
clear link between the jet power of a blazar and the radius of the transition region of the jet
where the plasma first comes into equipartition and becomes synchrotron bright. This leads
us to an understanding of the physical basis of the blazar sequence. BL Lacs with low jet
powers have larger magnetic field strengths in the synchrotron bright transition region than
high power FSRQs and so have higher peak frequency synchrotron and SSC emission. FSRQs
have large bulk Lorentz factors and so scatter external CMB photons at large distances leading
to their Compton-dominance and lower inverse-Compton peak frequency.

We can interpret this result in one of two obvious scenarios. In the first scenario we assume
jets have a universal geometry which scales linearly with black hole mass and BL Lacs have
lower black hole masses than FSRQs. This scenario is sensible if most blazars accrete at
a similar Eddington fraction and this leads to a prediction of a linear relation between jet

power and the transition region radius. The range of black hole masses we infer from fitting
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this model to the sample of blazars in this and the previous Chapter using the observed jet
geometry of M87 coincides with the range of black hole masses found from large galaxy surveys
(107 — 2 x 10'°M). In the case of FSRQs with accretion disc spectra visible above the jet
emission, the black hole mass found from fitting the accretion disc spectrum agrees with that
inferred from our model fit if the transition region occurs at 10°R, as in M87.

If we instead assume that BL Lacs and FSRQs have similar masses (as suggested by indirect
measurements of black hole mass) we arrive at a second scenario: a dichotomy of accretion
modes between FSRQs and BL Lacs. In this case we find that FSRQs are accreting at a higher
Eddington rate than BL Lacs as has been suggested previously. In this scenario we can intepret
the different bulk Lorentz factors and length of accelerating regions as being due to different
mass loading from two accretion modes. If BL Lacs contain hot, thick, radiatively inefficient
discs they can more efficiently pair produce from hard X-ray photons and entrain disc material
close to the jet base. This could increase the mass loading of the jet and decrease its final
bulk Lorentz factor and the length required to accelerate relative to FSRQs with radiatively
efficient, thin discs and lighter mass loading.

We find that in order for the quiescent high energy emission region in Mkn421 to be
transparent to the observed TeV photons, we require that the inverse-Compton emission is
due to scattering external photons and is not due to SSC. The radius of the transition region
in our fit, 3.8 x 10%m, implies a central black hole mass 6.3 x 10¥M, using a model with
a jet geometry based on radio observations of the jet in M87 scaled linearly with black hole
mass (Asada and Nakamura [2011]). In this case we find that the inverse-Compton emission
is due to scattering of CMB photons. We also attempt to fit the spectrum of Mkn421 using a
compact conical jet with a high bulk Lorentz factor of 50, decelerating rapidly over one hundred
parsecs to a Lorentz factor of 3. We find that even with this high Lorentz factor SSC emission
is absorbed by pair production and is not able to reproduce the observed spectrum. We find
that in order to reproduce the correct Compton-dominance using SSC emission requires a
large number density of synchrotron photons to scatter, which results in the absorption of
TeV photons via pair-production.

Finally, we fit the non-simultaneous multiwavelength SEDs of the four recently discovered

high power, high synchrotron peak (HSP) BL Lacs from Padovani et al. [2012]. We find that
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their high peak frequencies of emission are caused by their relatively high maximum electron
energies (40 — 100GeV). The other jet properties of these blazars are typical of the higher
power BL Lacs we fit to in this Chapter (W; ~ 10°*W) and we find that their inverse-Compton
emission is due to SSC. The transition region radii for these four blazars are consistent with
our hypothesis of a correlation between radius and jet power. We find their bulk Lorentz
factors and jet powers are significantly lower than the Compton-dominant FSRQs fitted in
Chapter 4. We conclude that these blazars have properties typical of other high power BL
Lacs and are therefore unlikely to be HSP FSRQs as has been suggested.

This is the first time a realistic, extended jet model has been used to fit to the spectra of a
sample of BL Lac type blazars. We find these results very interesting and our model provides
empirical evidence for a simple monoparametric unification of blazars depending on jet power,
as suggested by the blazar sequence. In the next Chapter we will investigate whether our

results hold for the blazar population as a whole.



Chapter 6

Understanding the physics behind the

blazar population

This is the concluding Chapter of my work modelling blazars. In this Chapter I use the model
developed in Chapters 2-5 to fit to the remaining 32 blazars with simultaneous multiwavelength
spectra and redshifts available from the Fermi sample (Abdo et al. [2010a]). The model
fits with unprecedented detail to all these blazars. I find strong empirical evidence for the
predicted physical relation in Chapters 4 and 5; namely that the radius of the transition region
and maximum bulk Lorentz factor increase with jet power. This is important since it provides
an explanation for the basis of the blazar sequence.

I conclude that if black hole mass measurements can be believed, my results offer strong
evidence for a scenario in which two accretion modes exist in blazars resulting in BL: Lac and
FSRQ type jets, analogous to the relationship between accretion mode and jet properties in
X-ray binary systems. These sub-Eddington and Eddington accretion modes result in BL Lacs
and FSRQs which have the expected properties of FRI and FRII jets observed close to the line
of sight, as suggested by unification. These results are very exciting as they offer explanations

and evidence for many long standing questions and hypotheses about blazars and AGN jets.

6.1 Introduction

It has recently been observed that the jet in M87 has a parabolic base out to 10% Schwarzschild

radii becoming conical beyond this distance (Asada and Nakamura [2011]). This is consistent
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with state of the art numerical simulations which show the jet base starts magnetically dom-
inated and accelerates in the parabolic region reaching a terminal bulk Lorentz factor at
equipartition after which the jet becomes ballistic and conical (McKinney [2006], Komissarov
et al. [2009], Tchekhovskoy et al. [2010] and McKinney et al. [2012]). In this Chapter we use
a model for the emission of a realistic jet motivated by and consistent with these recent obser-
vations and simulations in order to test this emerging picture of jets and to try to determine
their properties.

We use the realistic extended jet model for emission from Chapters 2-5 (based on Potter
and Cotter [2012], Potter and Cotter [2013a], Potter and Cotter [2013b] and Potter and Cotter
[2013¢]) to fit to the remaining 32 blazars with simultaneous multiwavelength observations and
redshifts from the Fermi sample (Abdo et al. [2010a]). This model is the first to be able to
simultaneously match the observations of blazars across all frequencies, including radio data,
by considering the extended large scale structure of the jet. In being able to match the radio
observations of jets we are able to tightly constrain the radius of the jet at the transition
region by fitting the break frequency above which the synchrotron emission becomes optically
thin (which sensitively depends on the radius at which the jet first approaches equipartition).
This is the first time a realistic extended jet model has been used to constrain the dynamical
and structural properties of a large sample of blazars by fitting to their spectra. We include
the fits to the remaining 32 SEDs not fitted in Chapter 5 and the fitted parameter values for
all 38 blazars (plus the 4 quasi-simultaneous HSP BL Lacs from Padovani et al. [2012] fitted

in Chapter 5) in Appendix A.

6.2 Results

We show the key results of fitting this model to spectra of the 38 blazars with simultaneous
multiwavelength observations and the 4 HSP BL Lacs from Padovani et al. [2012] (fitted in
Chapter 5) in Figure 6.1. We find an approximately linear relation between the total jet power
and the radius where the jet transitions from parabolic to conical, stops accelerating and first
comes into equipartition. The results also confirm that the blazar population can be divided
into FSRQs with the highest power jets and BL Lacs with low power jets (Ghisellini and
Tavecchio [2008] and Ghisellini et al. [2009a]).
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Figure 6.1: The results of fitting our model to all 38 blazars with simultaneous multiwavelength
spectra and redshifts and the 4 quasi-simultaneous HSP BL Lac SEDs from Chapter 5. Figure
a shows the distance of the jet transition region plotted against the jet power for all fits. We
see a clear correlation between the jet power and radius of the transition region as suggested
in our previous work. BL Lacs have systematically smaller radius transition regions than
FSRQs, with an approximately linear correlation between the two as illustrated by the dashed
lines. We have highlighted the two outliers to the relation, Markarian 421 and 3C273. We
argue that these two blazars are atypical since Mkn421 is one of the closest known blazars
and 3C273 is the one of the most powerful (and seems to be misaligned). Figure b shows the
maximum bulk Lorentz factor plotted against the radius of the transition region. We see that
the bulk Lorentz factor is systematically larger for FSRQs than BL Lacs and increases with
the distance over which the jet accelerates as we expect.
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Figure 6.2: The distribution of fractional Eddington luminosity and the distance to the jet
transition region under the assumption of a constant black hole mass of 5 x 108M, for all 38
blazars with simultaneous observations. Figure a shows a clear dichotomy in the fractional
Eddington luminosity between BL Lacs and FSRQs suggestive of two accretion modes. Figure
b shows that the accelerating transition region extends out to larger distances in FSRQs than
BL Lacs, this could be responsible for the different maximum bulk Lorentz factors shown in

Figure 6.1b.
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Figure 6.3: The inferred black hole mass of the fits plotted against jet power assuming the
transition region occurs at a distance of 10°r, as in M87. The range of black hole masses
is compatible with that found from large galaxy surveys (10™-10'°M,). We naturally find
a linear relation between jet power and the radius of the transition region if we assume all
blazars are accreting at a similar Eddington fraction 0.01 — 0.1Lggq4.
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We also find a clear correlation between the radius of the jet at the transition region and
the maximum bulk Lorentz factor of the jet shown in Figure 6.1b. This is very significant for
two reasons: firstly, it has long been thought from unification that FSRQ and BL Lac type
blazars correspond to FRII and FRI type jets observed at small angles to the line of sight
(Urry and Padovani [1995]) and secondly, from theoretical and numerical work, we expect jets
with larger bulk Lorentz factors to accelerate over larger distances, with the precise form of
the dependence giving us information about the geometry of the magnetic field lines in the
accelerating region of the jet (Vlahakis and Konigl [2003], Beskin and Nokhrina [2006] and
Komissarov et al. [2009]). For the first time we see strong evidence confirming both these
ideas from systematically studying the SEDs of a large sample of blazars.

We have fitted these blazar spectra by eye, however, we are confident of the results in
Figure 6.1a, since they are supported by simple, physical arguments. We find an absence of
low power blazars with large emitting regions and high power blazars with small emitting
regions. This is to be expected because low power blazars with large emitting regions would
have very low magnetic field strengths at the transition region. Their peak synchrotron and
SSC frequencies would be very low and their SSC emission would be very weak, making
them undetectable with current ~-ray observations. Low power blazars are observed to have
high peak frequencies of emission, with no synchrotron break visible at low frequencies. This
is not compatible with low power blazars with large transition regions. High power blazars
with small radius transition regions would produce spectra with synchrotron break frequencies
occurring at too high frequencies (see Figure 4.1b). In addition SSC emission would dominate
their y-ray emission and this would not allow them to become Compton-dominant due to the
self-limiting nature of SSC emission. For these reasons we are confident in the results shown
in Figure 6.1.

We find that we are only able to fit the quiescent gamma ray emission from FSRQs if the
jets scatter CMB photons at large distances along the jets and the jets remain relativistic
until kpc scales (as in FRII jets, Blandford and Rees [1974]). The inverse-Compton emission
of most BL Lacs requires a dominant SSC component to match their spectra and we find that
they do not have such large bulk Lorentz factors as FSRQs. In addition, we notice that the

radio spectra of FSRQs in the sample are systematically steeper than the flat radio spectra of
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BL Lacs. We find that this requires that FSRQ jets become more particle dominated at large
distances past the transition region while BL Lac jets remain close to equipartition along the
jet. This distinction could be responsible for the morphological differences between FRII and
FRI jets (where a magnetised jet can be susceptible to additional MHD instabilities such as
the kink instability Mizuno et al. [2012]).

We expect most FSRQs to be associated with FRII jets and most BL Lacs to be associ-
ated with FRI type jets because it is known that the jet power is a strong indicator of the jet
morphology (Fanaroff and Riley [1974]). It is thought that FRII jets need to be sufficiently
powerful not to be decelerated by their environment and become subsonic on pc scales. This
has been used to predict the FRI/FRII divide in power (Bicknell [1995]). We do not suggest
that the blazar classification, based on line widths, is the direct cause of the jet morphology
(since line widths are clearly an indirect measurement of the accretion process) but that it pro-
vides a good indicator of the jet power and thereby the FR classification of the jet. Figure 6.2a
shows that overall the blazar classification corresponds to high and low power jets, however,
there is clearly an overlapping region where the blazar classification loses its descriminating
power. This is analogous to evidence that high and low excitation radio galaxies (HERGs and
LERGS) are related to the accretion mode, with HERGs having high Eddington accretion rates
and radiatively efficient thin discs and LERGs corresponding to a sub-Eddington radiatively
inefficient mode (Hardcastle et al. [2009]). There is also evidence for the broad association
of HERGs with FRII type jets and LERGs with FRI jets, however, there also exist a small
proportion of FRII LERGs and FRI LERGs (Hardcastle et al. [2007]). It seems likely that
choosing a particular observational classification for AGN /blazars which broadly divides the
population by accretion power leads to an association of the classification with FR type. It
is important to remember, however, that the observational classification is not the primary,
causal variable but could still be a good indirect indicator of the jet power and environment.
This leads to regions in which the relation between observational and FR classification breaks
down. We find that our results provide strong evidence for the association of most FSRQs
with FRII jets and most BL Lacs with FRI jets. We have also found evidence for the distinct
physical properties of FRI and FRII jets which could lead to their morphological definitions.

Besides constraining the dependence of the jet structure and dynamics on blazar param-
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eters in unprecedented detail, we can also use our model to understand the physics behind
the blazar sequence (Fossati et al. [1998]) for the first time. We find a linear relation between
the jet power and the radius of the transition region which dominates the optically thin syn-
chrotron emission in our jet. The transition region dominates the optically thin synchrotron
emission because this is the point at which the plasma first comes into equipartition (a plasma
with a fixed total energy radiates synchrotron power most efficiently close to equipartition)
and has its maximum Lorentz factor. Low power blazars have smaller radius transition regions
than high power blazars and since B? o< W;/(R*y2,) the magnetic field strength is larger
in BL Lacs compared to FSRQs. This results naturally in the anticorrelation between peak
synchrotron frequency and jet power seen in the blazar sequence because the peak synchrotron
frequency depends linearly on the magnetic field strength, which is larger in BL Lacs than
FSRQs.

Furthermore, we find that in low power blazars with compact transition regions and high
magnetic field strengths the number density of synchrotron photons is large and so the inverse-
Compton emission is due to scattering high frequency SSC photons. The Compton-catastrophe
prevents SSC blazars from becoming significantly Compton-dominant as required by many
FSRQs. Meanwhile high power blazars with higher bulk Lorentz factors and larger transition
regions with lower magnetic field strengths emit less power through synchrotron emission and
so the number density of synchrotron photons is too low to reproduce their gamma-ray emission
via SSC. The large bulk Lorentz factor allows them to scatter low energy CMB photons at large
distances along the jet resulting in their low inverse-Compton peak frequencies and Compton
dominance. This coherent picture of a changing transition region radius and bulk Lorentz
factor allows us to understand the structural and dynamic changes in jets which produce the
blazar sequence as suggested in Chapters 4 and 5.

We can go one step further and motivate this emerging jet paradigm by using the results
of black hole mass estimates. Shaw et al. [2013] found that BL Lacs have black hole masses
with a range 108 — 10° M, while FSRQs had a similar range 108 — 109 M, with slightly lower
masses on average (Shaw et al. [2012]). While individual mass estimates are quite uncertain
these indirect mass estimates indicate that BL. Lac and FSRQ masses are similar with BL

Lacs being slightly larger (though less well constrained due to a lack of strong emission lines).
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Taking into account the similar black hole masses of FSRQs and BL Lacs and, for simplicity,
assuming a constant fiducial mass of 5 x 10®M, we can plot the distribution of fractional
Eddington luminosity as a function of the jet power of a blazar and also the distance at which
the transition region occurs in their jets. It is very interesting to find that the BL Lacs and
FSRQs naturally split into the bimodal distribution in these quantities shown in Figure 6.2.
BL Lacs have low Eddington accretion rates ~ 1073 L4y while FSRQs have larger Eddington
accretion rates 0.1 — 1Lggqy. This is exactly the behaviour suggested by X-ray binary jets
in which accreting black holes produce low power, mildly relativistic jets in a radiatively
inefficient sub Eddington state, while the transition from this low state to a thin radiatively
efficient disc with a high accretion rate temporarily produces a highly relativistic jet (Fender
et al. [2004]).

We propose that our results offer the first solid evidence for this scenario in blazars by fit-
ting a realistic physically rigorous model for jet emission to accurately estimate the jet power
by fitting to radio observations. We find that FSRQs have high accretion rates around the
Eddington luminosity, producing fast jets which accelerate over large distances and become
particle dominated at large distances whilst maintaining their bulk Lorentz factors (charac-
teristic of FRII jets). BL Lacs represent the X-ray binary low/hard state with a radiatively
inefficient disc accreting at a low Eddington fraction and producing slower jets which accelerate
over smaller distances. They remain magnetised and close to equipartition at large distances,
breaking up due to instabilities characteristic of FRI type jets. The different bulk Lorentz
factors are likely to be related to the different accretion modes in the two cases, with a hot,
thick, radiatively inefficient accretion disc in BL Lacs entraining more disc material at the
base of the jet and resulting in a larger mass loading and lower final bulk Lorentz factor than
in FSRQs whose thin discs are radiatively efficient.

Alternatively, if we ignore the results of indirect black hole mass estimates in blazars due
to their unreliability, we must consider a different scenario. If all blazar jets scale only with
black hole mass (as assumed in MHD simulations and theoretical work) we can infer the black
hole mass by constraining the transition region to occur at 10°r, in all jets (as in M87), shown
in Figure 6.3. In this case we find black hole masses in the range 107 — 10'° M, consistent with

galaxy surveys. We also find that BL Lacs have smaller black hole masses than FSRQs and the
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linear relation between jet power and transition region radius means that all these blazars have
approximately the same Eddington accretion fraction between 0.01 — 0.1Lg4. The scenario
of a universal jet structure which scales linearly with black hole mass is appealing for its
simplicity and is assumed in current state of the art GRMHD jet simulations (for example
Komissarov et al. [2009], Tchekhovskoy et al. [2010] and McKinney et al. [2012]). There are
two problems with this scenario however: the first is that this trend is not consistent with
indirect measurements of black hole masses and the second is that this scenario doesn’t explain
the difference we find in bulk Lorentz factors between BL Lacs and FSRQs. Also, this does not
tie in with the connection between accretion mode state and jet production from X-ray binaries
or the expected correspondence of FRI and FRII jets to BL Lacs and FSRQs as we expect
from unification. For these reasons we currently favour a bimodal accretion mode between
BL Lacs and FSRQs linked to the FRI/FRII dichotomy. Obviously, the most direct way in
which to settle this would be through a comparison to reliable black hole mass measurements

for blazars.

6.3 Summary

In this Chapter we have shown that our jet model with a magnetically dominated accelerating
parabolic base transitioning to a slowly decelerating conical jet is able to fit to observations
of blazar jets with unprecedented detail across all frequencies. This offers support for the
emerging picture of jets motivated by observations and simulations. We find that in fitting to
a large sample of blazar spectra we are able to constrain dynamic and structural properties of
blazar jets. Our two main results are: the discovery of a linear correlation between the radius
of the transition region of the jet and the jet power; a relation between the maximum bulk
Lorentz factor and the distance over which the jet accelerates before reaching equipartition.
These results allow us to understand the physical origin of the blazar sequence for the first time
but also offer evidence for an accretion mode dichotomy in AGN analogous to that observed
in X-ray binary systems and consistent with a correspondence between BL Lac and FSRQs,

FRI and FRII jet properties and the mode of accretion.
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6.4 Appendix A
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length observations and redshifts from Abdo et al. [2010a], not fitted in Chapter 5. The model
is able to fit very well to all of the spectra including radio observations.
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Chapter 7

An accretion disc instability induced
by a variable o - an explanation for

X-ray binary state transitions

In this Chapter I investigate the effect of a variable o parameter in thin accretion discs as sug-
gested by MHD simulations. Using the standard thin disc formalism I calculate the conditions
for stability of the accretion disc. I find that if a has a sufficiently sensitive dependence on
the magnetic Prandtl number, this results in an instability in the accretion disc analogous to
that in dwarf novae. I calculate the instability criteria and investigate the global behaviour of
the instability using a time-dependent thin disc simulation. I find that the instability induces
a limit cycle in « in the inner regions of the disc. The instability results in an unsustainable
increase in the accretion rate and temperature of the inner section of the disc. The inner
region undergoes cyclic flares as the unstable region propagates outwards and drains mass
from the inner disc, entering a quiescent stage before flaring again. I calculate the spectrum
of the disc in the different states and find it is able to explain observations of flaring in X-ray

binary systems, thereby offering a first physical explanation for a long standing problem.

7.1 Introduction

Accretion discs are noteworthy for their remarkable variability. Cataclysmic variables, in

particular dwarf novae (DN), are one of the most intensively studied variable disc systems (e.g.
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Frank et al. [2002]). These are generally analysed using the so-called a-formalism, in which
the turbulent stress is assumed to be linearly proportional to the pressure (on dimensional
grounds), the proportionality constant being denoted as «. Within the a-formalism (and
somewhat more generally, e.g. Balbus and Papaloizou [1999]), the combination of mass and
angular momentum conservation leads to a diffusion equation, the characteristic timescale of
which is often referred to as the ‘viscous time’. The viscous time is a measure of the time for
a fluid element to drift radially inward across a characteristic disc radius, and is generally the
longest time scale associated with the accretion process. It is then convenient to assume that
the more rapid heating and cooling processes always maintain an effective thermal equilibrium
while the disc itself slowly evolves.

In « disc theory, an infinitesimal surface density perturbation satisfies its own diffusion
equation. Under conditions in which the diffusion coefficent for this perturbation is nega-
tive, this leads to dynamical instability. Applied to classical DN theory, negative diffusion
occurs only at temperatures at which hydrogen is thermally ionized (and the form of the ra-
diative opacity correspondingly complex). The ensuing nonlinear behaviour corresponds to
a limit cycle about the unstable equilibrium, which is identified with the repeated outbursts
characteristic of DN.

CV systems are not the only binary accretors to show variability. An equally well-known
class of objects is X-ray transients (Remillard and McClintock [2006]). The evolution of
these sources is quite complex, and associated with higher temperatures not characteristic of
hydrogen ionisation. Indeed, in the regime of interest, the opacity should be well-described
by a simple Kramers’ law in the outer part of the disc and by electron scattering in the inner
regions (Frank et al. [2002]). Another mechanism must be at work.

The observed changes in the radiative states of X-ray transients strongly suggest that the
inner region of a Shakura and Sunyaev [1973] « disc is severely disrupted when a transition
from the thin disc state occurs. The difficulty is that there seems to be no obvious reason
why a viable, stable, classical a disc should suddenly and spontaneously break down. Two
suggestions that have been studied are i.) that evaporation by a (disk-fed) tenuous corona
may preferentially remove the inner disc (Meyer et al. [2000]), ii.) that the existence of another

type of accretion solution, hot and diffuse, within a characteristic transition radius somehow
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induces the disk to make the transition (Narayan and Yi [1995]).

In this Chapter we revisit the problem of X-ray transients within the framework of «a
disk theory, with an eye toward understanding X-ray transients, incorporating a particularly
important finding of MHD turbulence theory. Within the classical formalism, the o parameter
is regarded as a simple mathematical constant. But its true behaviour is obviously more
complex than this, as can be seen by considering the magnetic response of a cool, resistive
gas versus a hot, fully-ionized plasma. The idea that the ratio of the (microscopic) viscosity
to resistivity, known as the magnetic Prandtl number P, may influence the saturated value
of the stress tensor for MHD turbulence (Balbus and Hawley [1998]) appears to be true, at
least in the regimes accessible to numerical simulation (Lesur and Longaretti [2007], Fromang
et al. [2007], Simon and Hawley [2009], Longaretti and Lesur [2010] and Simon et al. [2011]).
When P, is near unity, the radial-azimuthal component of the stress increases monotonically
with this number. Turbulent dynamos, in particular, behave very differently depending upon
whether P, is greater or less than one (Schekochihin et al. [2004]). Large Pm dynamos are
easily excited in driven turbulent simulations. Small Pm dynamos are much more difficult to
excite, show lower rms levels of fluctuations, and much less spatial coherence. It would be
very surprising indeed if MHD turbulent discs were completely indifferent to all this, but this
aspect of disc theory is widely ignored.

In liquid metals and stellar interiors, Pm < 1. In X-ray discs, however, it is likely that
Pn < 1 and Py, > 1 regions both are present (Balbus and Henri [2008]). The P, = 1
transition radius typically occurs at 50-100 Schwarzschild radii. CV systems, associated with
white dwarfs, have no such transition radius, and do not exhibit the dramatic changes in
radiative states seen in X-ray transients. We are led, therefore, to consider the behaviour of
accretion discs for which the scaled stress (i.e. «) is not a mere constant, but is a dynamic
variable in its own right whose value depends upon Pm.

The instability criteria for a thin disc with a variable a depending on the magnetic Prandtl
number has been investigated previously by Takahashi and Masada [2011]. They calculated the
mathematical conditions for a density perturbation to become unstable in a gas or radiation
pressure dominated disc with either a Kramers’ opacity or electron scattering opacity. In this

Chapter we will focus on understanding the physical mechanism behind this instability and
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investigate its time-dependent global behaviour, specifically, in relation to the observed flaring

behaviour of X-ray binary systems.

7.2 Analysis

7.2.1 Thin disc equations

We use the standard thin disc alpha formalism (Frank et al. [2002]). These equations are based
on the assumption that the disc is cool (sound speed much less than rotation speed; in this sense
thin), and in thermal and dynamical equilibrium. The gas is thus on nearly circular orbits, and
the rotational energy is locally dissipated as heat before being efficiently radiated. Another
important assumption of this model is that the dissipation is localized close to the midplane
so that the vertical flux of radiation is nearly constant with height above the dissipation layer;
the dynamics could be very different if the dissipation is well above the midplane. For ease of

reference and to establish notation we review the fundamental equations.

7.2.1.1 Coordinates and dynamics

We use a standard R, ¢, z cylindrical coordinate system for the disc, where R is the distance
from the rotation axis, ¢ the azimuthal angle, and z the vertical coordinate. The gas moves
in circular orbits about a central mass M. The Keplerian angular velocity €2 is a function of

R only and given by
GM

Q2(R) = ?7

(7.1)

where G is the usual gravitational constant. The velocity vector is v with components vg, vy,
v,. Fluctuations from Keplerian flow will be denoted by dvg, etc.
The gas pressure and mass density are denoted as P and p respectively. They are related

by the usual ideal gas equation of state

pkT

P=p="2 7.2
pes="—nr, (7.2)

where cg is the isothermal sound speed and m is the mean mass per particle. The magnetic

field, which we use here only in formal, place-holding sense, is denoted as B. The magnetic
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energy density is much less than the thermal energy density and an order of magnitude yet

smaller than the rotational energy density. The Alfvén velocity is

B
Ho

vy = , (7.3)

3

where piy is the vacuum permittivity.
The disc is presumed to be turbulent due to the magnetorotational instability (hereafter
MRI, Balbus and Hawley [1998]), and the dominant R¢ component of the turbulent stress

tensor is Tre. It is formally given by

Try = (p(6vROVy — VARV AG)), (7.4)

where the angle brackets denote a suitable average (e.g., Balbus and Papaloizou [1999]). We
shall henceforth refer to T, as “the stress”.

The stress has dimensions of pressure, and it is natural to scale this dependence out, leaving
a dimensionless quantity «:

TR(]ﬁ = OzP7 (75)
the pressure P is evaluated at the midplane. It is also useful to introduce a form of the stress
with dimensions of a velocity, i.e., with the midplane density scaled out. This is denoted W,

WR¢ = CEC%'. (76)
The a parameter is, of course, not a constant in our analysis, but will depend upon the

magnetic Prandt] number Pm (Balbus and Henri [2008]).

T4
Pm=—~59x10"%-<. (7.7)
p

I IR

A strictly isothermal disc in hydrostatic equilibrium has a vertical gaussian profile with
an e-folding scale height of H = /2c5/Q. We will follow the long-established practice of
multiplying by 2H to go from volume-specific to area-specific quantities in a thin disk.

The combination of mass and angular momentum conservation leads to an evolutionary

equation for the midplane-to-surface disk column density ¥ (Pringle [1981]; Balbus and Pa-
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paloizou [1999)):
)y 2 9) B2 0

9 JOIIROR 8R(ZRQWR¢) ; (7.8)

describing the time evolution of the system. It is easy to see that if

0(XWhgy)

E R 0, (7.9)

the perturbations 03 of the column density obey a diffusion equation with a negative diffusivity
and are thus unstable. The partial Y-derivative is taken assuming radiative equilibrium,

discussed below.

7.2.1.2 Radiative considerations

The volume-specific rate at which energy is extracted from the differential rotation, and under
the assumption of local dissipation turned into heat, is —T,dS2/dIn R (Balbus and Hawley
[1998]). If the effective radiating surface temperature is T then the equation of thermal
balance is

dQ2 4

_HTR(z)dlnR = O'TS, (710)

where o is the Stefan-Boltzmann constant. (A factor 2 has been cancelled on both sides.) The

surface temperature T is related to the central midplane temperature T, by the equation

T = %TT;*, (7.11)

where 7 is the midplane-to-surface optical depth. We shall assume an opacity which is a

combination of Kramers’ opacity and the electron scattering opacity

K= ki + ke = (6.6 x 1022pT 735 4+ 0.4)cm?g ™, (7.12)

in cgs units (Frank et al. [1992] and Takahashi and Masada [2011]). We have chosen to use
the free-free Kramers’ opacity in the above expression and numerical work (following Takahashi
and Masada [2011]). We find that using the bound-free opacity instead (5 x 10**cm?g~!, Frank
et al. [2002]) results in Kramers’ opacity dominating the electron scattering opacity throughout

the disc in the region Pm = 1. This means that using the bound-free opacity the disc instability
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criterion is given by (7.28), whereas using the free-free opacity the instability criterion is instead
given by (7.24). In the next section we show that an accretion disc with a dominant electron
scattering opacity becomes more easily unstable than a disc with a dominant Kramers’ opacity.
We find that aside from changing the instability criterion, the time-dependent global behaviour
of the instability (see section 6) remains qualitatively unchanged by our choice for Kramers’
opacity.

The optical depth of the disc is given by

T = XK. (7.13)

With both radiative and dynamical equilibrium holding for the unperturbed disc solution, the

instability criterion (7.9) is equivalent to (Frank et al. [2002])

T
()Y

<0, (7.14)

which is generally more convenient to use.

7.3 Instability criteria

We now turn to calculating the precise conditions for the instability criterion (7.14) to occur
within the standard a formalism. Substituting (7.5) into (7.10) we find an expression for the
surface temperature at constant radius

T! o aT.X. (7.15)

Taking the partial derivative of both sides w.r.t. X at constant radius

s O(aT.X)
3 s c
AT B x oy (7.16)

Eliminating Ty from (7.15) using (7.11) we find

T. o ()3 (7.17)
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Substituting this into (7.16)

OT,  D(M/3si/3r1/3)

AT? oy & o , (7.18)
T,
4T3 2 o ...
*9n
1
g BEM 20 (4272—; +dar + Eag—;) . (7.19)

The quantities Ty, >, o and 7 are always positive so only the bracketed quantity containing
derivatives on the RHS can be negative and satisfy (7.14). Our general instability criterion

becomes

Jdlna dlnt

This equation shows that if « is a steeply changing function of the disc properties this can
cause an accretion instability in the disc. This is analogous to the instability in DN accretion
discs where the opacity is a steep function of T, around the ionisation temperature of hydrogen
and this can lead to a transition between disc states (Faulkner et al. [1983] and Latter and
Papaloizou [2012]). The instability induced by a variable o may be particularly relevant in
light of the observed transitions between spectral states of X-ray binaries. If the opacity can
be expressed in the standard power law form 7 oc 7" we can calculate T, as a function of
¥ using (7.17).

1142m 2m—1

T X X 7-2m 7-2m (7.21)

The instability criterion in (7.20) becomes

9—-2m\ Olna 13 —2m
(7—2m> 81n2+(7—2m) <0 (7.22)

We see that in the case of constant o we recover the instability criterion for the opacity in

dwarf nova (7/2 < m < 13/2). However, if we choose the electron scattering opacity (7 o< X),

which is relevant for the inner region of the accretion disc (Frank et al. [2002]) and allow for
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a variable «, we can immediately calculate the instability condition from (7.20)

Olna 5

From this equation we see that if a decreases sufficiently steeply with increasing surface
density this induces an instability in the accretion rate of the disc. Conveniently, the same
instability criterion is also valid in the case of Kramers’ opacity m = —7/2. Simulations show
that a increases sharply when the magnetic Prandtl number approaches unity and previous
work by Balbus and Henri [2008] has calculated that the magnetic Prandtl number is expected
to approach unity at a distance of approximately 50 Schwarzschild radii in a thin disc with
physical parameters appropriate for an X-ray binary. Assuming a power law dependence for
o, @ oc Pm" oc T4"/p™ and using (7.17) and (7.23) we find that the inner disc, dominated by

the electron scattering opacity is unstable if

a o Pm", unstable for n > 2/3. (7.24)

If o increases faster than Pm?® this results in an instability in the accretion disc in agree-
ment with the more general instability analysis of Takahashi and Masada [2011]. Simulations
suggest that « does indeed increase sharply with magnetic Prandtl number in the region
Pm =~ 1, with the power law index lying around the unstable value, 0.25 < n < 0.9, depending
on the properties of the simulations (Longaretti and Lesur [2010] and Simon et al. [2011]).
We therefore expect this instability to occur in accretion discs around black holes. This result
is particularly interesting since it can provide an explanation for the observed transition be-
tween spectral states in the accretion discs of X-ray binaries. We shall investigate the global
behaviour of the instability using a simple time-dependent numerical simulation of a thin disc
with a variable « in the next section.

We shall first, however, calculate the instability criterion in the more general case of a

power-law form for the opacity 7 oc ¥pT™. Substituting « and 7 into (7.17) we find

Tc o E(G—Qn)/(7—2m—9n)’ (725)
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Ts x E(l3+9n72m+2mn)/(4(772m79n)). (726)
So our disc instability criterion becomes

13 +9n — 2m + 2mn
4(7 — 2m — 9n)

<0. (7.27)

Taking the opacity of the outer disc to be given by Kramers’ Law (m = —7/2) we find the

instability criterion for o oc Pm"

a o< Pm", unstable for n > 14/9. (7.28)

We shall now turn our attention to the behaviour of the instability in a simulated disc to

understand how the instability manifests itself.

7.4 Numerical work

In our numerical work in the following sections we use the following functional dependence of

a with Pm

P u
O[(Pm) = min + (amax - amin) (wrn_‘_l) 5 (729)

where o, and ogax are the minimum and maximum values of «. We choose this function
because it tends smoothly to the required asymptotic values for a;, and in the limit of small

Pm, behaves as a oc Pm", so the critical values of u and n should be comparible (see Equation

7.24). The opacity of the disc is given by 7.12.

7.5 Testing the instability criterion numerically

We have plotted the solutions of « as a function of X for several values of u in Figures 7.1a,
b and c. In these Figures we have neglected radiation pressure, which we consider in section
7.5.1. For values u = 0.9, there are multiple solutions for a and T, for a given value of X.

This value of u is similar to the criterion derived for the pure power law form for « in (7.24)
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as we expect, since in the small Pm limit the expression in (7.29) becomes o o« Pm"“. The
Figure shows the expected limit cycle behaviour for a disc instability analogous to the limit
cycle induced by the changing opacity in the accretion discs of DN. For the case u = 0.9 we
find there is a region in which three possible solutions exist with a lower branch of solutions
extending to small values of ¥ and the upper branch extending to large . The upper and lower
branches of solutions are truncated at the lowest and highest > values bounding the region
with multiple solutions respectively. This means that the value of o jumps discontinuously
from the lower to upper branch of solutions when increasing > from small values. If u is larger
than unity, v > 1, the solutions overlap over a significant range of values of ¥ so the value
of a (and the asociated accretion rate) remains on the upper branch even if ¥ then decreases

below its original value. This provides the required hysteresis in the system.

7.5.1 Radiation pressure

For completeness, we plot the solutions for 7. as a function of ¥ including both gas and
radiation pressure in the disc in Figure 7.1d. This shows a more complex structure than the
purely gas pressure dominated solutions resulting from the rapid change in the sound speed
when the pressure transitions from gas to radiation pressure dominated regimes. The upper
branch of radiation pressure dominated solutions is not physical, however, since for these
solutions the sound speed becomes comparable to the rotational velocity of the material. The
disc cannot be considered ‘thin’ in these regimes and so an analysis based on a thin disc
formalism is not self-consistent.

In our time-dependent simulations in the next section we shall neglect radiation pressure
in the disc. This is because a thin disc becomes both thermally and viscously unstable when
radiation pressure dominates gas pressure (Lightman and Eardley [1974] and Shakura and
Sunyaev [1976]) and their is ongoing research into the role of radiation pressure in determining
the viscosity (Hirose et al. [2009b], Hirose et al. [2009a] and Janiuk and Czerny [2011]). We
find that in our simulations neglecting the radiation pressure is a good approximation in the
initial and quiescent disc states where gas pressure dominates radiation pressure, however, in
the flaring disc sections with larger values of @ and Pm > 1, this approximation breaks down.

This is because the regime in which we are interested Pm =~ 1 is also the region in which
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Figure 7.1: a—c: The solutions for a as a function of ¥ for different values of u plotted
in the case of a black hole of mass 10M; at a radius 30r, from the black hole neglecting
radiation pressure. We find that if v = 0.9 the solution behaves as an unstable limit cycle
with two overlapping branches of stable solutions and a physically inaccessible region (dotted
line). d: The solutions for central temperature 7, as a function of ¥ when including both the
radiation and gas pressures. Additional radiation pressure dominated solutions are permitted,
however, these high temperature solutions are not self-consistent since the disc can no longer

be considered thin (H&R).
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M 10M,,

M | 0.001Mggy
Coin 0.001
O‘maz ]'

Table 7.1: The values of physical parameters used in our 1D numerical simulations shown in
Figures 7.2 and 7.3.

the radiation pressure becomes comparable to, or exceeds, the gas sound speed. This is most
easily illustrated by noting that the magnetic Prandtl number is directly proportional to the
square of the radiation sound speed (¢4 ~ 6.5 x 10*v/Pm ms~"), which becomes relevant for
Pm > 1. Since for radiation pressure P,,q oc T, it increases much more rapidly with increased
temperature than the gas sound speed and so we expect that the flaring regions of the disc
to be radiation pressure dominated and potentially thick. The purpose of this paper is to
demonstrate that a variable a: can result in an accretion disc instability and to understand the
physics controlling the global behaviour of this instability. Due to the limitations of thin disc
theory we do not expect the results of a time-dependent thin disc simulation to encapsulate
the precise details of the unstable disc but we aim to demonstrate that such an instability is

likely to occur in X-ray binaries and to give an indication of its expected behaviour and the

governing physics.

7.6 Time-dependent disc simulation

We have conducted a simple 1D time-dependent simulation of a thin accretion disc with
an a-parameter which depends on the magnetic Prandtl number. We divide the disc into
logarithmically separated radial bins and solve (7.8) using a finite difference scheme with
adaptive timesteps. We choose our boundary condition at the outermost part of the disc to
be the analytic solution to the thin disc equations and our innermost boundary condition to
be T'=p =0 for R < 3r,. The innermost boundary condition is chosen because we expect
a significantly lower density to be present inside the innermost stable circular orbit for the
black hole. We show the physical parameters we have used in our disc simulation to produce

Figures 7.2 and 7.3 in Table 7.1.
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Figure 7.2: Snapshots of the disc in the quiescent, flaring and intermediate states with u = 1.5
from our 1D simulation.

7.6.1 Behaviour of the instability

We find that the instability displays very interesting global behaviour in our disc simulation.
When the Pm in a region of the disc approaches unity (for u > 0.9) the value of o jumps
discontinuously from small to large values and this causes the local accretion rate and tem-
perature of the region to increase since M o YacsH. The instability is not localised to this
region, however, since increasing the accretion rate in one region also results in an increased
accretion rate in neighbouring regions (because they are coupled via the diffusion equation,
7.8). These neighbouring regions may then become unstable themselves if the increased ac-
cretion rate and temperature are sufficient to increase the Prandtl number so that Pm ~ 1,
causing « to jump to the upper branch of solutions (see Figure 7.1). The increased accretion
rate (and value of o) will continue to propagate outwards in radius from the initially unstable
region until it reaches a radius at which the induced increase in accretion rate and surface
density, X, are insufficient for Pm to approach unity and cause « to increase discontinuously
to the upper branch of solutions. At this point the increased accretion rate in the inner region
of the disc becomes unsustainable since the accretion rate in the outer region of the disc is
now lower than that in the unstable interior region due to the lower value of a. The different

accretion rates result in the mass contained in the unstable inner region being drained from
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the outside inwards because the viscous timescale required to replenish mass decreases with
radius. The cycle repeats once the mass in the depleted inner regions (now with a on the
lower branch of solutions) has been replenished by accretion from the outer stable parts of the
disc and the Prandtl number becomes large enough to cause « to increase discontinuously in
a region of the inner disc.

Numerically, the process behaves as a limit cycle with a quiescent period in which the
depleted inner regions accrete mass, followed by a flaring state where the value of a in a
region jumps to the upper branch of solutions, causing an increase in accretion rate and
temperature. The instability then propagates from the hottest innermost region of the disc
outwards to R ~ 1000ry where it stalls. A region of depleted mass then propagates back
inwards emptying the inner part of the disc of mass. The stages of this process are shown in
Figure 7.2. We find that the detailed behaviour of the instability depends on the parameters
in our chosen function. The instability propagates outwards and inwards with a speed related
to the viscous timescale of the relevant region of the disc. So the time in the quiescent state is
approximately ¢, o< t,;s(R & 1000r,) ~ 0.01 x (10007)?/(qmincsH) and the flaring timescale
is given by t;(R & 10007) o tys ~ 0.01 x (10007)?/(mazcsH). The relative fraction of time
spent in the flaring and quiescent states is given approximately by ®min/®maz-

The parameter u in (7.29) determines whether the disc is unstable as discussed in section
3. It also determines the “noisiness” of the flaring with larger values of u resulting in a clean
cyclic behaviour where the disc instability propagates outwards in one wave and this is followed
by a wave of depleted mass propagating back inwards in one motion. For unstable values of u
closer to the critical value u = 0.9 we find that the edge of the flaring region propagates both
outwards and inwards many times before the inner region becomes depleted and enters the
quiescent state. This is caused by the increase in the width of the region containing multiple
solutions for larger values of u, so the upper branch of solutions exists down to lower values
of X.

For our chosen function of « in (7.29) we find numerically that for values of u such that
multiple solutions exist for «, the gradient d(Ina)/0(In %) of the middle branch of solutions
always satisfies our criterion for instability (7.20) as we expect. In our simulations the disc

instability manifests itself as a limit cycle in a, with the value of a jumping discontinuously
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from a lower branch of solutions to an upper branch. This is not quite the same physical
behaviour as suggested by the initial instability criterion in (7.23), which was a criterion for
an unstable (but continuous) increase in the surface density of a region. We find that in
practice, regions which satisfy the criterion for unstable growth always have multiple solutions
of @ (and correspondingly 7.) forming a limit cycle. This is because physically we expect Ty
to always increase with ¥ in the disc and so a region with 07,/0%¥ < 0 must necessarily be
multiple valued to ensure that T, always increases with ¥ for the physically accessible paths
in the solution space. The solutions formally satisfying the instability criterion are physically
inaccessible for a disc in thermal equilibrium and so the instability in our simulations is due
solely to the unstable limit cycle behaviour as explained in detail at the start of this section.
The presence of a limit cycle should not come as a surprise since the analogous disc instability
in dwarf novae also manifests itself as a limit cycle in which the region of unstable solutions
(by the criterion in (7.22)) is not physically accessible.

It is worth mentioning that the existence of the unstable behaviour requires that the
equilibrium surface density of at least one part of the disc exceeds the maximum value of
the lower branch of solutions. Clearly a disc with a very low surface density at all radii will
not be unstable since the equilibrium surface density will exist on the lower branch of stable
solutions. This could explain why not all X-ray binary systems are observed to have cyclic
flaring behaviour. We leave the calculation of accretion rates which satisfy this criterion to a

future work.

7.7 Comparison to observations

The existence and behaviour of this disc instability is particularly relevant when considering
the observed transition in spectral states of X-ray binaries. It has long been observed that
X-ray binaries exhibit different spectral states which change cyclically over time. The states
are broadly characterised by a high/soft state, a low/hard state, a very high/hard state and
a quiescent state. The spectrum spends much of its time in the quiescent state periodically
flaring over a period of weeks/months (Remillard and McClintock [2006]). The physical mech-
anism behind these transitions is currently not well understood and has been posited to be due

to transitions between a radiatively efficient thin disc and a hot ADAF caused by variations
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Figure 7.3: The emitted spectrum in the quiescent, flaring and intermediate disc states (as
shown in Figure 7.2).

in the disc accretion rate. We feel that this mechanism seems somewhat forced and artificial
since a physical process which causes a thin disc to transition to an ADAF has not yet been
convincingly demonstrated.

In this Chapter we have shown that if o depends on the magnetic Prandtl number (as
found in simulations), then an instability can exist in the accretion disc which naturally
produces flaring and quiescent disc states if & oc Pm"™ and n > 2/3. In Figure 7.3 we plot the
spectrum of the disc in the different states corresponding to those shown in Figure 7.2. In the
quiescent state the inner disc is depleted of mass and so the disc spectrum is cool since we only
observe the outer parts of the disc. As the inner disc refills with mass we see an increasing
contribution of the inner disc to the observed spectrum, which becomes brighter and hotter.
Once the inner regions of the disc become unstable the spectrum increases dramatically in
X-ray flux and flares because of the increased accretion rate of the inner part of the disc. The
spectrum then transitions back to the initial quiescent state once the mass in the inner part
of the disc has been accreted onto the black hole.

This scenario has enough flexibility to explain the variation in the observed spectral tran-
sitions in X-ray binaries. The timescales of the quiescent and flaring states are proportional

to the relevant viscous timescales which depend on the values of «,,;, and «,,.,. The noisiness
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of the flaring activity depends on the value of u in our numerical simulations, with smaller un-
stable u producing noisier disc state transitions. This flexibility, depending on a few physical
parameters is required to reproduce the different qualitative behaviour of the spectral transi-
tions in different X-ray binaries and could help to constrain the value of physical parameters,
such as «, in accretion discs.

Finally, we wish to comment on the relation between spectral states and jet production (see
Fender et al. [2004]). In this simple model we have not treated the acceleration of non-thermal
particles in the accretion disc corona or jet and so we are not able to reproduce the power-
law component visible in the hard X-ray spectrum. In a thin disc in which the viscosity is
primarily due to the MRI, the magnetic energy density can be estimated to be, Ug ~ 3U,«/2,
where U, = pkgT./(jtm,) is the thermal energy density in particles. In the flaring state when
QX (nay, the increased accretion rate and temperature are accompanied by a corresponding
increase in the magnetic field strength in the disc, which is the basis for o depending on the
magnetic Prandtl number in simulations. We expect the large field strength would lead to a
more powerful disc corona and jet which would increase the amount of non-thermal particle
acceleration.

In disc models with local dissipation of heat, the mass accretion rate onto the black hole is
proportional to the surface temperature of the innermost part of the disc (since M x T2, f).
In the simplest case we expect the jet power to be proportional to the mass accretion rate
onto the black hole, so the jet power would be proportional to the surface temperature of the
innermost disc. Here we expect the flaring state of the disc to be associated with the onset
of jet production and radio emission while the quiescent state is associated with a weak jet
or no jet at all. These simple assumptions are not consistent with radio observations of a jet
in the low/hard state and no jet in the high/soft state. This tells us that jet production is
not simply proportional to the disc accretion rate but must also depend on additional disc
properties such as the disc height, magnetic field structure and the structure and rate of the
accretion flow close to the black hole. We leave the detailed comparison of observations to

disc and jet spectra for a future investigation.
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7.8 Conclusion

In this Chapter we have considered the effect of a variable o parameter which depends on the
physical conditions of a plasma. We have shown that an « parameter which increases with
the magnetic Prandtl number can cause an accretion instability analogous to the instability in
dwarf novae discs. We have calculated the general condition for this instability to occur in a
standard thin disc which is in radiative equilibrium. For both the electron scattering opacity
and Kramers’ opacity this instability criterion becomes dlna/dIn¥ < —5/4. We consider
the case where o depends on the magnetic Prandtl number Pm", as suggested by numerical
simulations, and find the inner region of the disc is unstable if n > 2/3, in agreement with the
work by Takahashi and Masada [2011].

We use a 1D time-dependent simulation of a thin accretion disc in order to investigate
the global behaviour of this instability in X-ray binary systems. We find that if « satisfies
the instability criterion this results in a limit cycle. This induces an unstable cyclic flaring
behaviour in the disc as the value of a cycles between small and large values causing an
unsustainable increase in accretion rate of the inner region of the disc. This high accretion
rate drains mass from the inner region of the disc (R < 1000rs) and this is followed by a
quiescent period in which this mass is replenished.

We find these results particularly relevant to explaining observations of cyclic flaring be-
haviour in X-ray binary systems. We calculate the observed spectrum of the disc in the
different disc states and show that the instability is able to reproduce the thermal properties
of flares in X-ray binaries. In the quiescent state the inner part of the disc is cool, whilst
in the flaring state the accretion rate and temperature in the inner part of the disc increases
substantially producing X-ray emission. We find the flaring timescale depends on the viscous
timescale of the disc.

The discovery of an instability which can plausibly explain observations of flaring in X-ray
binary accretion discs is very exciting since this is a long standing problem. In the near future
we wish to investigate whether this instability operates in a 3D MHD simulation of an X-ray

binary disc.



Chapter 8

A gauge-invariant approach to

interactions in the dark sector

In this Chapter I investigate the observational consequences of an interaction between a scalar
field (quintessence) model of dark energy with dark matter. I use a gauge-invariant covariant
formalism to calculate the matter power spectrum and integrated Sachs-Wolfe (ISW) effect
for three interactions including the unstable decay of dark energy or dark matter and a scalar-
tensor interaction. I rule out several interactions using simple physical arguments and find
that the scalar-tensor interaction increases the clustering on very large scales. I constrain the

interaction strength using the ISW effect.

8.1 Introduction

Observation of type Ia supernovae at high redshift, large-scale structure surveys and observa-
tions of the cosmic microwave background (CMB) all indicate that the Universe is currently
undergoing accelerated expansion (Abazajian et al. [2009]; Komatsu et al. [2009]; Kowalski
et al. [2008]; Riess et al. [1998]). The most convincing explanation for this phenomenon is
that the Universe is filled in great abundance with a form of energy with negative pressure.
This so-called ‘dark energy’ (DE) can lead to an accelerated cosmic expansion if its equation
of state w satisfies w < —1/3, although observations currently constrain w to be close to —1.
At present, the cosmological constant model in which w is exactly —1 appears to be the most

robust model for dark energy (Efstathiou [2001]; Komatsu et al. [2009]).
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However, there remain unsolved problems with the physical origin and the exact value of the
cosmological constant. It is well-known that the value of the cosmological constant, interpreted
as vacuum energy arising from particle-antiparticle annihilation, and that consistent with
observation can differ by as much as 120 orders of magnitude (Djorgovski and Gurzadyan
[2007]). Moreover, the value of the cosmological constant, however minuscule, must be set at
its precise value at the initial inflationary epoch, with the slightest deviation from this value
leading to disastrous consequences (Carroll et al. [1992]).

Over a decade since the discovery of cosmic acceleration, there are now an overwhelming
number of dark energy alternatives to the cosmological constant (see e.g. Copeland et al. [2006]
for a review). One of the earliest and the simplest of such models is that of a single light scalar-
field model of dynamical dark energy dubbed ‘quintessence’ (Dave et al. [2002]; Ratra and
Peebles [1988]; Wetterich [1988]). Unlike the cosmological constant, many quintessence models
exhibit an attractor behaviour and thus do not require initial conditions that are extremely
fine-tuned. The late-time acceleration can also be dynamically ‘switched on” without requiring
a cosmic coincidence (Skordis and Albrecht [2002]).

Since quintessence can be interpreted as a field with non-zero mass, it is possible that dark
energy could cluster like dark matter, or even interact with dark matter. The possibility that
there may be interactions in the dark sector has previously been explored by several authors
(Amendola and Quercellini [2003]; Bean et al. [2008]; Chongchitnan [2009]; Corasaniti [2008];
He et al. [2009]; Jackson et al. [2009]; Koivisto [2005]; La Vacca and Colombo [2008]; Mainini
and Bonometto [2007]; Olivares et al. [2006]; Pettorino and Baccigalupi [2008]; Tarrant et al.
[2011]; Vacca et al. [2009]; Valiviita et al. [2008, 2010]; Wetterich [1995]). It is common in
the previous works to neglect either dark energy perturbations or model dark energy using
some phenomenological form of w (e.g. w = constant). These simplistic approaches may not
accurately reproduce the dynamics of quintessence models as suggested by Jennings et al.
[2010]; Park et al. [2009].

The primary aim of this Chapter is to investigate the prospects of detecting the observa-
tional signatures of dark sector interactions. We shall consider three well-known models of
quintessence and study the effects of dark sector interactions in both the background and in

the linear perturbations. In particular, we shall examine the effects of non-zero interactions
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on the linear matter power spectrum and the integrated Sachs-Wolfe (ISW) using the gauge-
invariant approaches of Kodama and Sasaki (Kodama and Sasaki [1984]). Unlike previous
works on this subject, our approach takes into account dark energy perturbations, including
the perturbative effects of energy and momentum transfer in the dark sector. Issues of insta-
bilities previously discovered in Chongchitnan [2009]; Viliviita et al. [2008, 2010] will also be
addressed.

8.2 Quintessence models

Quintessence refers to a scalar field, ¢, evolving along a potential, V' (¢), which becomes
sufficiently flat at late times, leading to cosmic acceleration (see e.g. Copeland et al. [2006]).
At early times, the dark energy contribution to the overall energy density is small (Ferreira
and Joyce [1998]). Some classes of potentials exhibit tracking behaviour whereby the dark
energy density tracks below that of matter and radiation and only comes to dominate the
universe at late times (Copeland et al. [1998]). Another interesting feature of quintessence is
the existence of attractor solutions (Ferreira and Joyce [1998]) which greatly reduce the need
for the initial values of the dark energy parameters to be finely tuned.

We will focus our analysis on three models of quintessence, namely, the Ratra-Peebles,
SUGRA and double exponential potentials summarised below. From this point on, all equa-

tions will be in natural units with ¢ = A = 1. We also write &2 = 87G.

8.2.1 Ratra-Peebles

Ratra and Peebles (RP, Ratra and Peebles [1988]) showed that the class of inverse power law

potentials of the form

V(p) = ——, a>0, (8.1)

tracks the equation of state during matter and radiation-dominated eras, and dark energy only
becomes dominant at late times. This behaviour holds for a wide range of initial conditions.
We will use M = 4.1 x 107®mp; and o = 0.5 as indicated by Alimi et al. [2010] who obtained

these values from a likelihood analysis of the WMAP 5-year data (Komatsu et al. [2009]) and
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the ‘union’ supernovae data (Kowalski et al. [2008]).
8.2.2 SUGRA
The SUGRA model with potential

B M exp (%/‘1%2)
— 5 ,

V(o) (8.2)

is motivated by supersymmetry and differs from the Ratra-Peebles (RP) potential by an
exponential ‘supergravity’ correction factor (Brax and Martin [1999]). This factor can be
shown to push the equation of state closer to —1 at late times. We will use the values
M = 1.7 x 107 mp; and @ = 1 as indicated by Alimi et al. [2010]. Again, the SUGRA

potential has attractor solutions and is viable for a wide range of initial conditions.

8.2.3 Double exponential

The double exponential (DExp) potential

V(¢) = Mye M® + Mae 2%, (8.3)

allows dark energy to track the equation of state of radiation and matter and leads to accel-
eration at late times (Barreiro et al. [2000]). We shall use M; = 10~ "mp;, My = 107 Bmp,
A1 = 9.43 and A\ = 1 which, as shown in Bassett et al. [2008], should give rise to observables
that are significantly different from the cosmological constant but are still broadly consistent

with observational constraints.

8.3 Evolution of background energy densities

We assume an isotropic, homogeneous and spatially flat background as described by the

Friedmann-Robertson-Walker (FRW) metric,

ds® = —dt* + a(t)*dz"dx;, (8.4)
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where a(t) is the scale factor as a function of cosmic time ¢ and summation is implied over
1 =1,2,3. We assume that the background energy density comprises matter, radiation and
dark energy (denoted by subcripts m, r and ¢ respectively). The total energy density, p =

Pm + pr + pg, satisfies the Friedmann and acceleration equations

. 2 —9

a K
= (2) = ot ot s (85)
. R2 4

as well as the energy conservation equation

p+3H(p+p) =0. (8.7)

Here overdots are derivatives with respect to ¢ and p, is the pressure of component x related
to its energy density via the equation of state w, = p,/p,. In the above, we have used w,, = 0,
w, = 1/3 and wy defined below.

The quintessence field evolves via the Klein-Gordon equation

¢+ 3Hdp+V'(¢) = 0. (8.8)

Its energy density, pressure and equation of state are given by

¢’ ¢’
po =5 +VI(0), py=7—VI(9), (8.9)
_ o _ 9/2=V(9) (8.10)
Ps 9?2+ V(9)
The case in which gz5 = 0 reduces to the cosmological constant with wy, = —1. Note that at
present w, is observationally constrained at low redshift to a value close to wg = —1 with

~ 10% accuracy (Komatsu et al. [2011]; Riess et al. [2011]).
We model interactions between dark matter and dark energy by including a source term,

(), in the evolution equations for the dark energy and dark matter background energy den-
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sities.

P = —3Hp, (1 +w,) + Q.. (8.11)

Non-zero () thus represents the energy flow from one component to another. To conserve the

total energy, we require

> Q. =0. (8.12)

If interactions are purely between the dark matter and dark energy (i.e. interactions only in

the dark sector) then

8.3.1 Evolution equations

To evolve the background energy densities with time, we use the set of dimensionless ‘energy’

variables defined in Copeland et al. [1998],

Y

_ R _E Y

Kk |pr E | pm 1 dV
L N T W S 14
mEVs "TEVs AT TR S

Intuitively, z, y, 7 and m can be thought of as (the square-root of) the ratio of energy density
of each component to the total energy density (~ 3H?). Converting the time variable in

Equations 8.6, 8.7 and 8.8 to the ‘e-fold’ number, N = Ina, we obtain

dclirjlvH:_g (1+x2_y2+7’_32>, (8.15)
j_]ff — \/g)\gf p (3 + dEVH) + Gf[sz¢’ (8.16)
j_zrv _ (2 N dcliI;VH) ’ (8.18)

dm 3 dnH 2
L, (§+ N ) + i On (8.19)
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Figure 8.1: Left: The equation of state wy(2) of dark energy for the cosmological constant
(CC), Ratra-Peebles (RP), SUGRA and double exponential (DExp) models (see section 8.2).
Right: The evolution of the density parameter Q, = p,/p for the CC and DExp models.
Apparently large deviations from wy = —1 lead to subtle differences in €2 at late times.

These variables obey the Friedmann constraint derived from dividing Equation 8.5 by H.

2yt m?=1, (8.20)

We solved these coupled differential equations by integrating them numerically from red-
shift z = 10® until 2 = 0 (today). Initial values were chosen by requiring that the final
(z = 0) values of the component energy densities agreed broadly with those measured today:
Qn=027,0, =86x107°, Q5 =1-Q,,—Q, and Hy = 70.8 kms™*Mpc !, where Q, = p,/p.

The evolution of w, for the four models and the background energy densities for the CC
and DExp models are shown in Figure 8.1, in which the eras of radiation, matter and dark
energy domination are clearly seen in that order. The quintessence and CC models all satisfy
wg ~ —1 until 2 ~ 1. Despite an apparently large deviation in wy from —1 at very low
redshift, the differences in the background density between the DExp and CC models are
surprisingly small. Thus, it may be more fruitful to try to distinguish between quintessence

and the cosmological constant via perturbations.
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8.4 Perturbations

We consider only scalar perturbations to the FRW metric. Working in the Newtonian gauge

and ignoring anisotropic stresses, the perturbed metric takes the form
ds® = —(1 + 2®)dt* + a(t)*(1 — 2®)dx"dz;, (8.21)

where ® is the Newtonian potential (for details see Ma and Bertschinger [1995]). The compo-

nents of the energy-momentum tensor, TM” are

1 . .
T’ =—=p, T."=—(p+p)vs T =pd/, (8.22)

7

where k is the Fourier wavenumber, v; is the peculiar velocity of the perturbation for species
1 and a comma denotes a partial derivative. Each energy density can be decomposed as

p = p + dp where barred quantities are the background values. We then define the variables:

Physically, d is a measure of density fluctuations (overdensities and underdensities). To avoid
unphysical gauge artefacts, we shall consider the gauge-invariant overdensities A, defined as

(Kodama and Sasaki [1984])

A, =0, +3 (%) (1 — ¢m)vm, (8.23)
A, =6,+4 (%) (1—q v, (8.24)
A, = 000+ (BHO+V'(0)06 — 50 525
Po

2
= (5¢ + 3%(1 + ’LU¢)U¢ + g(l + U)¢) (%) Z, (826)
where vy = %, (8.27)
Qx Q. (8.28)

T 3Hp,(1+wy)
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It will also be necessary to consider the perturbative effects arising from the dark sector

interactions. We define € to be the perturbation in the energy transfer (), — @z

and note that €, obeys the conservation equation

> Que. =0. (8.30)

Similarly, the gauge-invariant variable for energy transfer, £, can be constructed as (Kodama

and Sasaki [1984])
AQ:

Ea:: Tz T
€ kaU

(8.31)

8.4.1 Covariant formulation of dark sector interactions

We now describe how dark sector interactions can be covariantly formulated and incorporated
into the gauge-invariant system (see He et al. [2009]; Viliviita et al. [2008, 2010] for previous
attempts in this direction for simple dark energy models).

Dark sector interactions can be covariantly described by the conservation equation
V., TH = QL. (8.32)
The 4-vector Q* can be constructed using the function @), by

Qayn = Q@) U(a)us (8.33)

where (), is the 4-velocity of component a (which may be different from x). By perturbing

(8.33), we find

Qo = Q) + f@)ps (8.34)

where u,, is the average velocity. The perturbed average 4-velocity u, — wu, and perturbed
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4-velocity of component a (u(q), — U(a),) can be expressed as
Uy = ﬂ(a)o = —a(l + (I)), ﬂj = a@Y}, ﬂ(a)j = (M}aY}. (835)

where Yj is a basis vector constructed from harmonic functions (see Appendix C of Kodama
and Sasaki [1984] for details). In 8.34, the vector fv($)u can be interpreted as the momentum

exchange with components given by

fyp =0, f@); = aH pe(1 +wy) Y5, (8.36)

where f, is an ordinary scalar representing the amplitude of the momentum exchange. In

addition, f, satisfies the conservation of momentum

> el +w,)fe = 0. (8.37)

As with the energy exchange, we can similarly recast f, in a gauge-invariant form F),

Qm(vaz - 17)

Fo=f— o
/ Hp,(1+w,)

(8.38)

All the ingredients introduced so far are now sufficient to allow us to study the evolution

of the perturbation variables {A,,, A, Ay, U, U, U }. In the regime where perturbations are
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small, we find the following set of coupled differential equations (Kodama and Sasaki [1984])

dA,, 9aH ~ QmA,, k QmE,
— =1 — — - — = "+ F )
N — 95k (1+w)(?—vm) Hon g Um + o Tl + F,,, (8.39)
dA, aH B 4k
AN = 67(1 + w)(v — Ur) + AT - ?)a—HUm,
(8.40)
dAg Qo
e _ 2?2 VA
AN <3w¢ HP¢) ot
21}2 9CLH k‘ Q¢E¢
= 1222 D — vg) — — 1 F
o l2 (L w) (v —vg) = —vg| + i + (1 +wy) Fy,
(8.41)
dv,, 3aH -
AN = Un g At (842)
dv k 3aH -

" A, — A 4
AN~ T aqH T T ok O (8.43)
dvg k 3aH -

— = - A+ F 8.44
N T O rwgan T 2w o (844)
where
U= b 2004 + érzv +m?v (8.45)
1 +w () 3 T m | .
A 2 2 2 2 a
A= (m*Ap + 7700 + (22 + 47 A0) + 2D Quve, (8.46)
1 r? 5 9
w= ;(prwr + powg) = 5 T (2 4 y*)wy. (8.47)

Note that by setting Q),, E, and F, to 0, we recover the non-interacting case. The initial
values of the perturbations are fixed using adiabatic initial conditions (Chongchitnan and King

[2010]; Doran et al. [2003]) which we calculate to be

vy = 0. (8.48)

The only free variable is the initial matter density perturbation which is determined by
normalising the matter power spectrum at a pivot scale which we take to be k = 0.001Mpc .

The power spectrum of energy component z is calculated by comparing the amplitudes of the
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growing mode at early and late times

Py(k) = k" {%} , (8.49)

where ng is the primordial scalar spectral index taken to be 0.96.

8.4.2 Power spectra without interactions
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Figure 8.2: Left: If there is no interaction in the dark sector, the linear matter power spectra
for all four ‘best-fit’ dark energy models are essentially indistinguishable. Right: the frac-
tional percentage difference between the matter power spectra of the quintessence models and
the cosmological constant. The best-fit models all exhibit sub-percent differences from the
cosmological constant.

Figure 8.2 shows the matter power spectrum for all four dark energy models as well as the
fractional difference in the matter power spectra for the quintessence models relative to the

cosmological constant expressed as a percentage.

Pm(k,)model _ Pm(k,)C’C

P (k)T x 100%.

Note that our calculations are not valid for scales & > 0.1 where we expect a significant
enhancement in the power spectra due to non-linearities. The equations governing the pertur-
bations in the non-linear regime are beyond the scope of our work. To study the perturbations
in this regime, one requires an N —body simulation as in Alimi et al. [2010]; Rasera et al. [2010]
or a more sophisticated perturbation theory (Bernardeau et al. [2002]).

Differences between the models are small with the largest difference ~ 1% observed for the

1

DExp potential. The quintessence models have an excess power for £ > 0.001Mpc™ and a
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Figure 8.3: The linear power spectra for dark energy for the three quintessence models with
no interactions. Note the ‘turnover’ on very large scales close to the Hubble radius (~ 2 x
10~*Mpc ') indicating the typical size of dark energy perturbations.

power deficit for k& < 0.001Mpc~t. This correlates well with the ‘turnover’ to the dark energy
spectra shown in Figure 8.3. Nevertheless, these small differences of order 1% in matter power
spectra for the models are essentially unobservable.

The power spectrum for dark energy perturbations, shown in Figure 8.3, are roughly four
orders of magnitude smaller than the matter power spectra. Thus, we do not expect to see
large differences in the matter power spectra of the quintessence models due to dark energy
clustering. We see that the large-scale clustering of dark energy enhances the clustering of
dark matter on large scales. The dark energy power spectra are approximately constant on
very large scales (k < 0.001Mpc™!), and decay exponentially on small scales. In fact, dark
energy clustering is significant mainly on large scales in all models in which the sound speed
of dark energy equals the speed of light (de Putter et al. [2010]). The decay of the power
spectrum is split into two regions with different exponents changing near the turnover scale in
the matter power spectrum. The differences in the power spectra of the different quintessence
models is due to the different values of w, at late times, since A,, & (1 + w) (see 8.39 and

8.47). We will shortly investigate the effects of dark sector interactions on these power spectra.

8.5 Integrated Sachs-Wolfe effect

The Integrated Sachs-Wolfe effect (ISW) is an effect observed in the CMB for small multipole

number ¢ caused by the blueshifting of photons as the gravitational potential wells become
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shallower due to the late-time cosmic acceleration (Sachs and Wolfe [1967]). The gravitational

potential ® can be decomposed as:
=7, + P, + Dy (8.50)

The potential ® is related to the perturbation variables by the cosmological Poisson’s equation

o = —g (%)QZ. (8.51)

Consider the CMB temperature anisotropy AT/T'(n) along the line-of-sight unit vector n

The CMB anisotropy power spectrum is given by

(FoTrem) =g yernone) (852

where C) is amplitude of the CMB angular power spectrum at the /-th multipole and F; is
the Legendre polynomial of order ¢. By decomposing AT'/T into the spherical harmonics and

integrating over all directions we find (Durrer [2008])

e [T e (v i) )

dec
where zge. is the redshift at which photon decoupling occurs (~ 1020) and J,(x) is the spherical

2

dz dk, (8.53)

Bessel function of order /.
Figure 8.4 shows the squared percentage differences between C°W for the three quintessence

models and the cosmological constant model

. 2
Cqumt _ CCC

in comparison with the cosmic variance

var 2
(G = 57 (8.54)

The relative differences in the ISW effect for quintessence models and ACDM are com-

pletely overwhelmed by cosmic variance. They are also much smaller than indicated in other
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Figure 8.4: The percentage differences between C°W for the three quintessence models and
the CC model. The contributions from quintessence are overwhelmed by cosmic variance,
hence the models are observationally indistinguishable via the ISW effect.

investigations in which the equation of state for dark energy was parameterised by simple
ansatz e.g. wy = Wp Or Wy = wo + w12z (where wy and w; are constants). This is perhaps
not surprising since our ‘best-fit’ quintessence models can closely replicate ACDM dynamics
whereas these parameterisations can diverge from ACDM dynamics substantially.

In summary, we find that the ISW is an ineffective discriminant between the cosmological
constant and models of quintessence that deviate from w = —1 at very low redshifts. In
the next section, we investigate whether this conclusion is changed if there are interactions

between quintessence and dark matter.

8.6 Modelling dark sector interactions

In this section, we introduce three models of dark sector interactions and explain how they

can be rewritten in covariant forms.

8.6.1 Dark matter decay

We first consider a dark sector interaction of the form

Qm = —Apm, (8.55)
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which represents the decay of dark matter into dark energy with a constant decay rate. The
decay rate per unit energy density of dark matter is quantified by the positive constant A,
which we refer to as the interaction strength. This form of interaction has been previously
investigated in Viliviita et al. [2008].

In the covariant formulation, the interaction term is given by Ap,,u,, where u,, = (—a, 0),

since this is the rate at which 4-momentum is transferred to dark energy. Hence,

We perturb the above equation to find

Q(m)u = Qm(l+ 5m)ﬁ(m)w @¢ = qu(l + 5m)a(m)u' (8.57)

Using Equations 8.23, 8.29, 8.31, 8.35 and the above, we find the gauge-invariant energy trans-

fer

aH Qm
m = Om, E, = A, E,=A,+3— [1—
‘ ’ " ( 3H pr,

k ) (Vp — Upn)- (8.58)

Similarly, using Equations 8.34, 8.36, 8.37 and 8.38, we find the momentum transfer

_ Qm(vm — @)

Q¢(’Um — U¢).
F,=0,  F,=—=<&m Zo° .
T 0, F, (8.59)

Jm ~ Hps(14wy)”

8.6.2 Dark energy decay

The second model represents the case in which dark energy decays into dark matter at a
constant decay rate (Lima [1996]). This may be applicable, for instance, in the early dark

energy scenario (Doran and Robbers [2006]). The interaction term has the form

Qo =—Aps,  Qm=Aps, Qo = —Apstg)u: (8.60)

Similarly, using Equations 8.29-8.38, we find the gauge-invariant energy and momentum trans-

fers
aH Q¢U¢ aH—
E,—A,—3%(1 el | OUR
»= ¢ Wtws) g Trwy T 262

p (8.61)
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aH QpVm aH—
E.=A,+3%1 ST (AN 8.62
o+ 35 (L we) |vm = s = o ) T 2k (8.62)
Qn(vp — Um)
F,—0  F, = <m% " tm) 8.63
o Hp, (8.63)

Note that the momentum transfer F,,, and F, are ‘orthogonal’ to those in the dark matter

decay model.

8.6.3 Scalar-tensor model

Finally, let us consider an interaction term which appears in some scalar-tensor theories of

gravity Amendola [2004]

Qo = ApmV 9, Qmyu = —ApmV 0. (8.64)
Using Equation 8.34 we find

Qo = — 0" Apm(1 +0m)0ud,  Qp = Apmd (8.65)

where u” is the average velocity. To calculate the gauge-invariant interaction, we use the

following useful expressions for the perturbed scalar field

35 i a . B av(ﬁq‘ﬁ

o, =0- 00400, do=—", (8.66)
00 _ Do g BHO+V)O (8.67)
[0) 1+ We ¢2

Using Equations 8.12; 8.35 and 8.30, we find the gauge-invariant energy transfer variables

A 3aH [ Q 3 (aH\"—
Ey=A,, 4 "o, — ) A, 8.68
¢ e, T R <3Hpm )” +2(k) (8.68)
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A 3aH [ Qv 3 (aH\*— 3aH 32\
En =AM, 0 mom S=) A-== m—Us).  (8.69
e, TR (3Hpm ”¢)+2<k) E an T e (869)

Similarly, from 8.27, 8.36, 8.38 and 8.64, we find the gauge-invariant momentum transfer

variables to be

Fy=0, F,==tm_"0 (8.70)

8.7 Results

We are now ready to calculate the observables for the different interaction models. In partic-
ular, we would like to establish whether dark sector interactions could give rise to observable
imprints in the power spectrum or the ISW effect whilst satisfying the constraint that w is
very close to —1. We use the SUGRA potential for the dark energy decay and scalar-tensor
model because, at the background level, it behaves most similarly to the cosmological constant
(see Figures8.1 and 8.2). It is computationally more challenging to implement the SUGRA
potential with the dark matter decay model due to the non-monotonic nature of the potential
so the RP potential was used instead (where an analytic solution for ¢ can be calculated given
the value of V(¢)). In all cases, however, we did not find a sensitive dependence on the choice

of potential.

8.7.1 Instability in the dark energy decay model

Our computation shows that the decaying dark energy model was found to suffer from an in-
stability in the perturbations. From Equation 8.16, we see that significant values of interaction
strength act to drive the value of x towards 0, causing dz/dN and v, to become infinite. Below
the critical value of interaction strength associated with this instability, there is no significant
effect on the power spectra or ISW effect. An example of this instability is shown in Figure 8.5
in which the interaction strength A is chosen to be just above the critical value. Starting at
z = 108, we see that o decreases to 0 at Ina = —12.3 where the instability develops. By con-

sidering very early times, we can effectively set the limit on the interaction strength to 0 and
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Figure 8.5: Evolution of the variable x o ¢ in the decaying dark energy model using the
SUGRA potential. x passes through zero and becomes negative at Ina = —12.336 causing an
instability in the power spectra. This behaviour occurs for interaction strengths larger than
~ 10770mp1.

rule out this model of dark energy. This is because even small interaction strengths would, at
early times, cause the small amount of scalar field kinetic energy to dissipate quickly, leading
to this instability. In general, regardless of the choice of quintessence potential, we find that

the susceptibility of the dark energy decay model to this instability makes it unviable as a

model for interacting dark energy.

8.7.2 Dark matter decay

The primary effect of the dark matter decay model is to alter the time at which dark energy
comes to dominate the Universe. This is because dark matter decay is most effective at early
times when matter dominates over dark energy. This means that the background evolution
of our ‘best-fit” models is sensitive to the interaction strength. For instance, an interaction
strength A = 107%?mp| changes the dark energy density at z = 0 by roughly 1%, but leaves
the matter power spectrum and ISW effect virtually unchanged.

Figure 8.6 shows the evolution of the x variable for interaction strengths in the range
1079 — 107%mp;. We see that the dark energy density is sharply boosted at early times, as

the energy is immediately transferred from dark matter to dark energy. In Figure 8.7, we show
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Figure 8.6: Evolution of the energy variable x o ¢ in the decaying dark matter model using
the RP potential. We see that increasing the interaction strength A boosts the value of x at
early times which can lead to an increase in late time dark energy densities.

the evolution of wy over the same range of interaction strengths. We see the corresponding
sharp rise in w, towards 1 at early times. This has the effect of redshifting away the excess
dark energy at a rate p, o< a~°. This rapid redshifting means that for a wide range of V(¢),
dark energy does not come to dominate the universe too soon and so this model of interactions
can indeed be reconciled with observations.

A number of previous investigations of this interaction have used simple parameterisations
of wy. However, we see from Figure 8.6 that the complex redshifting behaviour of dark energy
would be extremely difficult to reproduce with a simple analytic form of wy. In fact, an
instability in this form of interaction was found in Viliviita et al. [2008] when considering
dark energy parameterised by wy = constant. We can see that in a w =constant model where
w < 0, the early boost in the dark energy density will not be redshifted away relative to the
dark matter energy density and dark energy will come to dominate the Universe too soon for
any appreciable interaction strength. It is interesting that due to the redshifting behaviour

described above, our quintessence models do not encounter such an instability.
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Figure 8.7: Evolution of wy for the dark matter decay models presented in Figure 8.6. At
early times w, responds to the sharp increase in z by rising suddenly to a value of 1. See the
text for further discussion.
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Figure 8.8: The linear matter power spectra in the SUGRA quintessence model with dark
sector interaction of the ‘scalar-tensor’ form ), = Apmd. Large values of A cause a significant
enhancement to the power spectrum on very large scales. The interaction also leads to a
smaller ~ 6% difference between the power spectra of the largest interaction strength and no

interaction on scales k > 0.01Mpc~1.



200

104 T T T T T - — :
Cosmic Varlari1c7%
A=10"" ;
3 -
107 ¢ A=1OLE o .
A=10"70 |
102 E A=10 ]
£ _
8 ,al
— 10" S
x
N/_\ 0
¢ 10" ¢ ]
<
Q -l [ RN eI :
o107 F e
N e
102 ¢ ;
10° ¢ ;
10‘4 Il 1 1 1 | | )
1 2 3 4 5 6 7 8 9

Multipole number |

Figure 8.9: The fractional difference in the ISW effect in an interacting model relative to
no interaction using the SUGRA potential. Only the ¢ = 1 dipole moment of the largest
two interaction strengths are observable above the cosmic variance. The largest interaction

strength leads to an order of magnitude enhancement to the CMB dipole moment relative to
ACDM.

8.7.3 Scalar-tensor model

The scalar-tensor model exhibits the most interesting behaviour of the three interaction mod-
els considered in this work. The sign of the interaction can be changed to represent the flow
of energy from one dark component to the other since the interaction depends both on dark
matter and dark energy. If we choose Q, = Apmé where A is negative, we encounter the
same instability in the x variable which we found in the dark energy decay model. From
Equation 8.16, we can easily deduce whether a model with @4 o 2™ would develop an insta-
bility or not. When n < 1, the interaction term becomes increasingly negative as x decreases,
hence leading to an instability. For models where n > 1, however, the negative constant tends
to 0 as z tends to 0 and so an instability is avoided. In this model n = 1 and to avoid an
instability we require that the sign of the interaction term should represent the flow of energy
from dark matter to dark energy, i.e. Qy = Apmd with A > 0. This supports the conclusion

in Chongchitnan [2009] which found no background instabilities in this model.
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We find that this form of interaction does not change the energy density of dark energy
significantly at early times since Q4 ¢ and ¢ is small at early times. The energy transfer
becomes significant only at late times when dark energy becomes dominant. As we increase
the interaction strength we see an enhancement in the matter power spectrum on large scales,
as shown in Figure8.8. The power spectrum on smaller scales k& > 0.01Mpc™! decreases by
~ 6% relative to ACDM for the largest interaction strength shown.

We have shown that a scalar-tensor interaction can lead to an enhancement in the matter
power spectrum on large scales. In order to detect this intrinsic enhancement we must be
able to distinguish it from other artificial and observational effects such as gauge artifacts,
the scale dependence of the galaxy bias and redshift space distortions which can also cause
enhancements to the matter power spectrum on large scales and mimic our result (see Yoo
et al. [2009], Bruni et al. [2011], Challinor and Lewis [2011] and Bonvin and Durrer [2011]).
We will now address these effects in more detail and explain how we can break the degeneracy
between an intrinsic large-scale enhancement due to a scalar-tensor interaction and a similar
enhancement caused by the effects above.

The work by Yoo et al. [2009] showed that calculating matter power spectra using gauge-
dependent quantities can introduce gauge modes which can cause artificial large-scale enhance-
ment in the power spectrum. We have used gauge-invariant quantities in our calculations and
so the large-scale enhancement we have found is not due to such a gauge artifact. The linear
bias is a linear relation between fractional overdensities of galaxies and matter (6, o 0,,)
which is used to infer the total matter power spectrum from a galaxy survey. Work by Bruni
et al. [2011] showed that the linear bias is scale-independent only in the comoving-synchronous
gauge and using perturbations defined in a different gauge leads to the linear bias having a
scale-dependence. They showed that if the linear bias is used as a scale-independent relation
in a different gauge it can lead to an artificial large-scale enhancement in the matter power
spectrum (Bruni et al. [2011]). So it is important to use the correct form of the linear bias rela-
tion for a gauge because otherwise it could artificially replicate the signal from a scalar-tensor
interaction.

Redshift space distortions are caused by the peculiar velocities of the luminous matter we

observe. These small peculiar velocities produce an additional Doppler shift in the observed
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photon frequency relative to the average redshift caused by the background expansion velocity
of the region. For large-scale overdensities the surrounding infalling matter will have an
additional component of their peculiar velocities directed towards the overdensity. This leads
to the region appearing compacted in redshift space which causes an apparent enhancement
to the overdensity (since redshift is used as a proxy for distance).

We can take account of the effects of redshift space distortions, magnification by gravita-
tional lensing and distortions to the luminosity distances of sources using the results of the
recent work by Yoo et al. [2009], Challinor and Lewis [2011] and Bonvin and Durrer [2011].
They calculate photon geodesics in a perturbed universe, this takes into account the deflection
and redshifting of observed photons through interactions with overdensities. They then use
the perturbed geodesics of the photons we observe to relate gauge-invariant observables from
galaxy surveys (like the matter power spectrum) to the cosmological quantities calculated in
theoretical models such as ours. Using the results of Yoo et al. [2009], Bruni et al. [2011],
Challinor and Lewis [2011] and Bonvin and Durrer [2011] we can break the degeneracy between
an intrinsic large-scale enhancement due to interactions in the dark sector and enhancements
due to the observational effects discussed above.

A recent work by Tarrant et al. [2011] investigated the effect of an interaction of the form
(8.64) on the background evolution, matter power spectrum and halo mass function using
quintessence models. They found that significant negative values of the interaction strength A
could lead to an enhancement in the matter power spectrum relative to ACDM, in agreement
with our findings. The authors did not use fully gauge-invariant perturbation variables or
include the effects of momentum transfer in their investigation, although they did include
baryons and non-linear effects which we have neglected. They did not find the instability
in the x variable when A < 0, corresponding to dark energy decaying to dark matter. We
expect that this is due to the substantially different treatment of the perturbations and the
quintessence potentials they used.

The production of large-scale enhancement of the matter power spectrum is interesting
and would be a very significant result if this could be resolved in future observations. Recent
work by Macaulay et al. [2011] used peculiar velocities to constrain the matter power spectrum

and found that an enhancement to the matter power spectrum on large scales was favoured
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by the data. However, due to large errors primarily from cosmic variance, the findings were
also consistent with ACDM. Nevertheless, peculiar velocities could potentially be used to
constrain the large-scale matter power spectrum in the future when a greater number of
accurate measurements are available.

Finally, Figure 8.9 shows how the ISW signal changes with increasing interaction strength.
We observe that the interaction yields an enhancement in the ISW signal around only the
lowest multipoles (since the dark energy spectrum peaks at small & corresponding to small /).
Only the ¢ = 1 moment of the two strongest interaction strengths plotted (A = 10_1'757711311
and A = 10_1'8m1§11) are observable above cosmic variance. The largest interaction strength
leads to an order of magnitude enhancement to the CMB dipole moment relative to ACDM.

The recent high redshift survey by Thomas et al. [2010] found evidence of an excess cluster-
ing on large scales (k < 0.01AMpc™') at 4o significance from ACDM. They used photometric
redshifts from a sample of SDSS galaxies to measure the angular power spectrum and found an
excess in the lowest multipoles of the angular power spectrum. This is a very promising result,
since it can be interpreted as the effect of the dark sector interaction as shown in Figures 8.8
and 8.9. These authors also tested the analysis of their data and biases and concluded that
the large-scale enhancement was a real effect which hinted at an exotic form of dark energy.

We find the recent evidence for enhanced power in P(k) on large scales to be encouraging
in light of our findings. However, we can see from Figures 8.8 and 8.9 that even if there were
significant increments in the matter power spectrum at these near-horizon scales, they are
only detectable in the dipole moment of the CMB, a measurement which is dominated by
the Doppler shift caused by our own peculiar velocity. Unfortunately, the enhancements to

the matter power spectrum on scales k < 0.001Mpc™?

are well beyond the scales probed in
current galaxy surveys (k ~ 0.01Mpc '), so we do not expect that a direct detection of this
large-scale enhancement via galaxy counts will be possible in the near future.

Using the cross-correlation of the CMB and large-scale structure from galaxy surveys is
likely to be one of the most promising observational probes of our results. This technique allows
us to isolate the ISW effect from other contributions to the CMB at low multipole moments

since perturbations at the surface of last scattering were small compared to the observed

large-scale structure today. Large-scale structure is correlated with the ISW effect since the
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ISW effect is caused by the evolution of gravitational potentials. Using the cross-correlation
allows us to measure the ISW effect and compare this to the enhancement predicted in the
scalar-tensor model for large interaction strengths (Figure 8.9). The work by Giannantonio
et al. [2008] calculated the cross-correlation using WMAP 7 and several galaxy surveys and
found an excess ISW cross-correlation of 1o from ACDM. This excess is interesting as it could

be explained by a scalar-tensor dark sector interaction.

8.8 Conclusion and discussion

In this Chapter, we have calculated the background evolution, matter and dark energy power
spectra and ISW effect for three quintessence models with and without dark sector interactions.
Our calculations are based on gauge-invariant perturbation theory originally developed to
calculate inflationary perturbations. We feel that our calculations are more reliable than
those obtained when dynamical dark energy is parameterised by phenomenological ansatz for
w, since in our approach the clustering of dark energy can be directly linked to the underlying
scalar-field perturbations.

We found that without interactions our quintessence models differ from ACDM by at most a
few percent in observable quantities, meaning that any differences are essentially unobservable.

We have shown how a covariant treatment of dark sector interactions can give rise to mo-
mentum exchanges in the dark sector, which many authors have overlooked. Our approach
complements and extends the work of Viliviita et al. [2008], who examined momentum ex-
changes in constant w models using the dark matter decay interaction. We demonstrate our
techniques on three models of interactions, namely, the dark energy decay, dark matter decay
and scalar-tensor type of interaction.

The dark energy decay model was found to have an instability in the perturbations, in
agreement with previous works on this interaction, and thus can be ruled out. In the decaying
dark matter model, we found that its primary effect was to change the evolution of the
background energy densities, with no observable differences in the power spectra or ISW
effect. We explained why w =constant models, when associated with this interaction, will
lead to an instability, which is absent when field dynamics are taken into account.

The scalar-tensor model of interactions appears to be the most interesting and robust
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of all three. We showed that it is stable if energy flows from dark matter to dark energy.
For this case, we found that the interaction enhances the clustering of dark energy and dark
matter on very large scales (k < 0.001Mpc™') and produced an enhanced ISW effect which,
unfortunately, exceeds cosmic variance only in the lowest multipoles. We also found that
the interaction produces a significant enhancement in the matter power spectra on very large
scales.

We find the recent indications of enhanced large-scale clustering via peculiar velocity mea-
surements (Macaulay et al. [2011]) and enhancement to the lowest multipoles of the angular
power spectrum (Thomas et al. [2010]) encouraging, although, measurements on these scales
are very difficult to make and are often dominated by cosmic variance and our own peculiar
velocity.

Overall, the prospects of constraining dark sector interactions via the matter power spec-
trum and ISW effect appear daunting. The enhancement to the matter power spectrum on
scales k < 0.001Mpc™ is too large to be probed by current galaxy surveys k ~ 0.01Mpc™.
There are certainly other observational probes, however, which may reveal the presence of in-
teractions in the dark sector, including i) cross-correlation of the ISW with galaxy and quasar
distributions (Giannantonio [2008]; Giannantonio et al. [2008]; Mainini and Mota [2010]), ii)
the growth rates of large-scale structures at high redshift, (Kwan et al. [2011]; Orsi et al.
[2010]; Simpson [2010]), iii) effects of large super-horizon perturbations on the CMB (Bielby
et al. [2011]; Grishchuk and Zeldovich [1978]), iv) gravitational lensing of the CMB using
EPIC (Martinelli et al. [2010]). We envisage that our calculation techniques can be adapted
to explore these issues at least in the linear regime.

Finally, there will almost certainly be interesting non-linear effects on the matter power
spectrum and CMB anisotropies arising from dark sector interactions. However, analytic
progress in this regime is extremely challenging (though not impossible, Bernardeau et al.
[2002]). N-body simulations such as those initiated by Rasera et al. [2010] may hold the key

to understanding the non-linear effects of dark sector interactions.



Chapter 9

Conclusions

In this thesis I have developed a flexible, rigorous model for the emission from a relativistic jet
including a detailed treatment of the relevant physical processes. The model has a magnetically
dominated accelerating parabolic base transitioning to a slowly decelerating conical jet where
the plasma approaches equipartition (referred to as the transition region). The jet geometry is
set by radio observations of the jet in M87 and consistent with simulations and theory. I have
shown that this model is able to fit very well to the spectra of all 38 blazars with known redshifts
and simultaneous multiwavelength observations. This model offers a significant improvement
on existing models for jet emission which typically represent the jet’s structure as one or two
spherical blobs and are unable to reproduce the observed radio emission.

Through fitting this sample of blazars including both BL Lacs and FSRQs I have found
that the spectra of FSRQs are best fitted by powerful jets with high bulk Lorentz factors and
large radius transition regions. The inverse-Compton emission of most BL Lacs is produced
by SSC emission whilst the inverse-Compton emission of FSRQs is best fitted by scattering
of CMB photons at large distances along the jet due to the large bulk Lorentz factors. I
have shown that the synchrotron break in the radio, where the synchrotron emission of the
jet transitions from optically thick to optically thin, can be used to constrain the radius of
the transition region, where the jet first approaches equipartition. I calculated an analytic
expression for this radius and confirmed the numerical results of my model. By fitting the
synchrotron break at radio frequencies I show that FSRQ jets require large radius transition
regions, incompatible with having the brightest synchrotron emitting region within the BLR
or dusty torus as is usually assumed in the literature.

I postulated that the blazar sequence is due to a relation between the radius of the jet

206
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transition region and the jet power (as we might expect if jets scale linearly with black hole
mass and blazars accrete at the same Eddington fraction). In this scenario BL Lacs with low jet
powers, small radius transition regions and low bulk Lorentz factors have larger magnetic field
strengths at the equipartition region of the jet than higher power FSRQs with larger radius
transition regions. This results in high synchrotron peak frequencies and inverse-Compton
emission which is due primarily to high frequency SSC emission in BL Lacs. The synchrotron
emission of FSRQs has a correspondingly lower peak frequency and the inverse-Compton
emission is due to scattering CMB photons at large distances along the jet due to the large
bulk Lorentz factor of the jet. The Compton-dominance is due to the lower magnetic field
strength producing less synchrotron emission and a larger bulk Lorentz factor leading to larger
amounts of external-Compton emission. This provides an explanation for the observed blazar
sequence.

I fitted all 38 blazars with multiwavelength observations and confirmed this hypothesis
finding a linear correlation between the jet radius at equipartition and the jet power across 3
orders of magnitude in radius and jet power. I found the bulk Lorentz factor of FSRQs to be
systematically larger than those of BL Lacs. I postulated two hypotheses to interpret these
results depending on the distribution of black hole masses in blazars.

My first hypothesis assumes a universal jet geometry which scales linearly with the black
hole mass of a blazar (as we might expect naively and as used in MHD jet simulations and
theory). In this scenario I predicted a linear correlation between the transition region radius
and the jet power if all blazars are accreting at the same Eddington fraction. Assuming all
jets transition from parabolic to conical at 10°r, as in M87, I found a plausible range of black
hole masses 107 — 10'1°M, in agreement with galaxy surveys. In this scenario BL Lacs have
smaller black hole masses than FSRQs resulting in smaller transition region radii. For the
few FSRQs with visible accretion disc spectra, the black hole mass fitted independently to the
disc spectrum agreed with that inferred for the jet only if the transition region occured at a
distance of 10°r, as in M87. However, indirect measurements of black hole masses of blazars
suggest that, in fact, BL Lacs have slightly larger masses than FSRQs and so this scenario is
disfavoured.

The observation of similar black hole masses for FSRQs and BL Lacs leads to a second
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hypothesis; an accretion mode dichotomy between BL Lacs and FSRQs. Assuming similar
black hole masses in BL Lacs and FSRQs I found a bimodal Eddington accretion rate with
BL Lacs having sub-Eddington accretion rates and FSRQs having accretion rates close to
Eddington. This scenario is appealing due to its similarity to the relation between X-ray
binary disc states and the onset of jet production. BL Lacs with radiatively inefficient, thick
discs produce more mass loading in the jet due to entrainment of disc material and producing
the lower maximum Lorentz factor compared to FSRQs, with thin discs and lighter mass
loading. The smaller bulk Lorentz factors could be explained by the shorter accelerating
region in low power BL Lacs compared to FSRQs. I found that the radio spectra of FSRQs
were systematically steeper than BL Lacs requiring the jet to become particle dominated at
large distances, while BL Lac jets were fitted by jets which remained close to equipartition.
Together these properties could produce the morphological differences between FRI and FRII
jets.

The new results from this model are very exciting and for the first time allow us to un-
derstand the physics behind the blazar sequence. In addition the model provides empirical
evidence for the unification of BL Lac and FRI type jets, FSRQs and FRII type jets and their
dependence on the accretion mode of the black hole.

In Chapter 7 I calculated the conditions for an accretion instability in a Shakura-Sunyaev
a disc model. T showed that if o depends on the magnetic Prandtl number as suggested by
simulations this can lead to an accretion instability for sensitive dependencies. I used a 1D
fluid simulation to investigate the global behaviour of this instability in a realistic accretion
disc. I found that the instability results in an unsustainable increase in the accretion rate in
the innermost section of the disc and this increased accretion rate propagates out to radii of
~ 100074 depleting the mass in the inner disc. This produces a cyclic flaring behaviour in the
disc in which the disc temperature increases during the unstable flaring state before entering
a quiescent period in which the disc inner temperature and accretion rate are low while the
mass in the disc refills before becoming unstable again and flaring. This is a very significant
result since it could offer the first plausible physical mechanism for the observed cyclic flaring
behaviour in X-ray binary accretion discs. I showed that the behaviour of the flaring was

consistent with observations of flaring disc spectra.
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In Chapter 8 I investigated the observable effects of a scalar field model of dark energy
interacting with dark matter in cosmology. I used a gauge-invariant covariant formalism to
calculate expressions for several possible interactions between dark energy and dark matter
including the unstable decay of dark matter into dark energy and vice-versa, and transfer of
energy and momentum from dark matter to dark energy through a scattering type interaction.
I calculated the effects of these interactions on the observed matter power spectrum and ISW
effect and found that the unstable decay of dark energy to dark matter suffered from an
instability. I found that the scalar-tensor type interaction produced a measurable enhancement
to the ISW effect and matter power spectrum on horizon scales and used this to constrain the

strength of this interaction.

9.1 Future work and limitations

There are several logical extentions to my work on blazars which would allow us to better
understand the blazar population and to test whether my results and interpretation hold.
The first is to use the luminosity function of AGN along with my jet model to simulate the
observed population of FSRQ and BL Lac type blazars as a function of redshift. This would
provide a convincing test of my hypothesis along with that of AGN unification based on
observation angle.

I have used my jet model to fit to the quiescent observations of blazar spectra, how-
ever, blazars are well known for their short timescale variability and large magnitude flares.
Reproducing the spectra of flaring blazars with their associated timescales would provide a
challenging test for my model. This would allow us to try to constrain the location of the emis-
sion and particle acceleration responsible for the observed short duration gamma-ray flares,
which is currently one of the most popular questions in the literature.

The main limitation of my jet model is the inability to simultaneously solve both the MHD
and radiation processes in the jet, due to contraints set by computation time. I have based
the geometry and kinematic properties of my model on observations of M87 and simulations.
We do not yet know how the geometry of jets depends on the jet power, bulk Lorentz factor,
accretion disc and environment due to the limited number of jets which we are able to observe

and resolve in detail. I have made my jet model flexible so that it can easily incorporate
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developments in our understanding of the physical properties of jets in the future.

In Chapter 7 I showed that an accretion instability exists if the thin disc o parameter is not
constant but depends on the properties of the plasma as found in MHD simulations. I inves-
tigated the time-dependent global behaviour of this instability using a simple 1D simulation
and found that the instability produced flaring behaviour consistent with the observations of
X-ray binaries. I intend to use a more detailed 3D MHD simulation to investigate whether in a
more realistic simulation the instability can still produce the cyclic flaring behaviour indicated
by observations.

Scalar field models of dark energy are interesting alternatives to a cosmological constant,
however, in modern cosmology there are a miriad of models for dark energy which can closely
mimic a cosmological constant. At what stage is it necessary to use Occam’s razor to discard
complicated alternatives to a cosmological constant which are finely tuned to be observation-
ally indistinguishable? This is a fundamental problem with alternative theories of gravity,
however, what they seem to lack in definite observational predictions they often make up for
with a better physical motivation than a cosmological constant. In Chapter 8, I investigated
the possibility of interactions between scalar field dark energy models and dark matter which
have no equivalent in ACDM and so predicts new physics. In order to improve on my numer-
ical predictions, an N-body simulation could be used to calculate the matter power spectrum
and ISW effect to investigate the effect of non-linear behaviour at small scales.

The work in this thesis represents a substantial contribution to our understanding of jets

and accretion discs and an interesting insight into the nature of dark energy and dark matter.
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