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ABSTRACT

Hodge, Mary Ann Ph.D., Purdue University, May 2019. Linear Polarization of AGN
Jets. Major Professor: Matthew Lister.

Active galactic nuclei (AGN) jets are energetic phenomena where twin jets of

plasma emerge perpendicular to the plane of the accretion disk surrounding super-

massive black holes in galactic centers. Radio-loud jets are largely divided into classes

based on the angle of observation (blazars versus radio galaxies), spectral line widths

(Flat Spectrum Radio Quasars/FSRQs versus BL Lac objects/BL Lacs), and location

of the synchrotron peak frequency in their spectral energy distribution (high-spectral

peaked/HSP, intermediate-spectral peaked/ISP, or low-spectral peaked/LSP).

The linear fractional polarization of the radio emission and the direction of the

polarization plan (electric vector position angle, “EVPA”) can be measured, providing

information on the properties of the jets’ magnetic field. This study uses and describes

some processing of data from the MOJAVE program, taken with the VLBA at 15

GHz, to investigate the polarization behavior of 387 AGN.

The most polarized jets have good alignment between the EVPA and the local

jet direction, and higher stability in both fractional polarization and the EVPA. This

characterization best describes BL Lacs, which are notably different from FSRQs.

HSP BL Lacs have lower fractional polarization than LSP BL Lacs, with fractional

polarization partially dependent on apparent jet speeds. These results have supported

a scenario where HSP BL Lacs and LSP BL Lacs are similar objects with differing

relativistic beaming factors, while FSRQs and BL Lacs as a class have inherent dif-

ferences in the makeup of their magnetic fields.
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1. Introduction

Relatively recent work suggests there are more than 2 trillion galaxies in the universe

(Conselice et al., 2016). It is further thought that all, or at least most, of these

galaxies have a supermassive black hole (SMBH) of ≈ 106 − − − 1010M� at their

center. When the area surrounding these black holes is extraordinarily bright, they

are called active galactic nuclei (AGN). This light is usually a product of the accretion

disk and its surrounding gas, but 15-20 percent of AGN are radio-loud (Kellermann

et al., 1989) with the radio emission primarily originating from relativistic twin jets

of plasma emerging perpendicular to the plane of the accretion disk. These jets are

often observed to be linearly polarized, which is the focus of this work.

1.1 AGN Jets

1.1.1 Basic Jet Properties

Astrophysical jets from AGN are extremely energetic phenomena, capable of ex-

tending kiloparsecs or even megaparsecs (Bagchi et al., 2014) outside the host galaxy

at velocities that reach a significant fraction of the speed of light. The process by

which jets are produced (and why they occur) is still mysterious, but is thought

to involve magnetic fields generated through energy extraction of the accretion disk

(Blandford and Payne, 1982) or black hole rotation (Blandford and Znajek, 1977).

Most AGN — with the exception of one class discussed in Section 1.1.3 — are char-

acterized by the following regions, shown in Figure 1.1: 1. a dusty torus, which

surrounds the accretion disk (≈ 1015 m from the black hole); 2. the broad line region

(BLR), a series of fast-moving clouds named for their emission line widths, often ob-

scured by the torus depending on the orientation of the observer (≈ 1014 m); and 3.
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the narrow line region (NLR), another series of slower clouds at a greater distance

from the black hole and the torus (≈ 1017 m) (Urry and Padovani, 1995).

Jets are extremely luminous. At γ-ray wavelengths, in the region of 100 MeV-

300 GeV, they make up the large majority of sources away from the galactic plane

(Ackermann et al., 2015). The typical spectral energy distribution (SED, a graph of

frequency versus flux density) shows thermal emission over a large frequency range,

and two noticeable bumps: one near infrared/X-ray wavelengths, and another in the

γ-ray region. The former is thought to be a result of synchrotron radiation. The latter

is a matter of some debate, specifically whether its origin is leptonic or hadronic. The

leptonic scenario posits that the higher energy emission is produced by inverse Comp-

ton scattering, using the same electrons that produce the lower energy synchrotron

radiation. The necessary photons could come from the original synchrotron process

— which is called synchrotron self-Compton (SSC, Bloom and Marscher 1996) —

or from one of the regions of gas and dust in the vicinity of the jet, which is called

external Compton (EC). In the hadronic scenario, there is an unknown mixture of

proton-synchrotron processes and those involving pions produced by the energetic

protons (Mannheim and Biermann, 1992; Mannheim, 1993).

1.1.2 Relativistic Effects

The bulk flow velocities of AGN jets are known to reach high Lorentz factors,

so it is necessary to briefly cover the ways in which the emitted photons are altered

by relativistic effects. I will begin with superluminal motion, the phenomenon where

luminous objects can appear to move faster than light. This is due to the emitting

object “chasing” its own photons. Consider a case where some source ejects a rela-

tivistic luminous feature at speed v and angle θ relative to the line of sight, where

θ = 0 corresponds to the feature pointing directly at the observer. The feature emits

a set of photons at time t = 0, and another set at time t. For the two groups of pho-

tons, the difference in distance along the line of sight at time t is ct− vt cos θ, which
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can be divided by c to find the difference in arrival times to the observer. During this

period, the apparent distance traveled by the feature across the sky is vt sin θ. The

observed speed will therefore be:

vobs =
vt sin θ

(t− v
c
t cos θ)

. (1.1)

The can be simplified in terms of β = v/c to find an expression for the apparent

speed:

βapp =
β sin θ

1− β cos θ
. (1.2)

For large v and small θ, βapp will exceed c. Scientific concerns related to superluminal

motion are covered in Chapter 4.

Relativistic beaming and aberration also affect which photons are observed. The

equation

cos θ =
cos θ′ + β

1 + β cos θ′
(1.3)

describes the relationship between the viewing angle in the observer frame (θ) and

viewing angle in the rest frame (θ′) (Gabuzda, 2015). This means that we can receive

photons that may be emitted sideways or even backwards with respect to the jet

velocity frame. If a photon is emitted perpendicular to the motion in the rest frame

(θ′ = π/2), cos θ will be equal to β. Then

sin θ =
1

Γ
, (1.4)

(Gabuzda, 2015) where Γ is the Lorentz factor (1 − β2)−1/2. For large Γ/β ≈ 1,

θ ≈ 1/Γ. For an object emitting isotropically and relativistically, the radiation will

be beamed into a cone with a half-angle 1/Γ. The observer will accordingly receive

a larger amount of flux than if the object was stationary; the specific intensity will

be transformed as Iν(ν) = δ3I ′ν′(ν
′) (Rybicki and Lightman, 1979), where δ is the

Doppler factor

δ =
1

Γ(1− β cos θ)
. (1.5)

All radio jets are thought to be relatively symmetric, with a mirrored jet emerging

on the other side of the host galaxy’s black hole. Other than in radio galaxies, which
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have high θ, the “counterjet” is rarely seen since its radiation is largely beamed away

from the observer.

Another concern is the transformation of time scales. The equation

∆t = δ−1∆t′ (1.6)

describes the relationship between the time interval measured in the source frame

(∆t′) and the time interval measured in the observer frame (∆t) (Longair, 2011). The

observed time interval will therefore be shorter than the time interval as measured in

the source frame, especially for highly relativistic jets seen close to the line of sight.

1.1.3 Classification Schema

One of the primary ways to classify AGN jets is by viewing angle, rather than

inherent properties. The reasons for this are due to AGN morphology and the rela-

tivistic beaming outlined above. When viewed side-on, the dusty torus can completely

absorb emission from the BLR, leading to the general type 1/type 2 dichotomy for

radio weak and quiet AGN (Urry and Padovani, 1995).

For radio-loud AGN with relativistic jets, the angle between the line of sight and

the jet greatly affects the observed flux density. “Radio galaxies” are the relatively

weaker objects in terms of flux, viewed at a larger angle to the line of sight. They are

further divided by the Fanaroff-Riley classification (Fanaroff and Riley, 1974) which

splits them into two categories: FR-I and FR-II. FR-I galaxies are sometimes called

“low-power” and are thought to have slower flow speeds (Bicknell et al., 1990), but

their main identifier is rapidly decreasing luminosity as the jet travels farther from

the nucleus of its host galaxy (they are “edge-darkened.”) FR-II galaxies, on the

other hand, are “edge-brightened,” as they terminate in bright hotspots where the

jet collides with the intergalactic medium.

Jets viewed almost head-on are called “blazars” and are extremely bright due

to relativistic beaming. Blazars are also divided into two categories based on the

strength of their optical emission lines. BL Lac objects (named after the blazar
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BL Lacertae), in contrast to flat spectrum radio quasars (FSRQs), have featureless

spectra (rest frame emission line widths under 5 Angstroms); BL lacs are thought to

lack a BLR, perhaps due to differences in the radiative efficiency of their accretion

disks (Ghisellini, 2016). This definition is not ideal — spectral line widths are not

necessarily constant over time, and BL Lacertae itself does not always qualify as a

BL Lac object (Vermeulen et al., 1995). Despite the presence of “intermediate” BL

Lac/FSRQ objects and proposed alternative schema (Ghisellini et al., 2011), this

division is the one most in use, with the classes still generally being distinct across

several statistics such as the ones discussed in Chapter 3. Current radio unification

theory (Urry and Padovani, 1995) is that BL Lacs and FSRQs are the beamed, small-

viewing angle counterparts of FR-I and FR-II radio galaxies, respectively.

Beyond these classes, blazars are sometimes further (or alternatively) divided by

the location of their synchrotron SED peak. The three classes are: high-spectral

peaked (HSP) with νp above 1015 Hz; intermediate-spectral peaked (ISP) with νp

between 1014 Hz and 1015 Hz; and low-spectral peaked (LSP) with νp below 1014

Hz. The large majority of FSRQs are LSP, with BL Lacs being more evenly divided

between synchrotron SED peak categories — HSP AGN are typically found at low

redshifts, which are rare for FSRQs. HSP BL Lacs appear distinct from FSRQs in

many of the same ways as other BL Lacs, but have properties (such as their radio

variability and ratio of γ-ray to radio flux) which set them apart from LSP BL Lacs

as well (Lister et al., 2011; Richards et al., 2014). The most accepted current theory

is that HSP BL Lacs are truly BL Lacs, but consist of the least beamed within the

population (Lister et al., 2011). Chapters 3 and 4 further address this model.

The majority of this work concerns blazars, with emphasis on the polarization dif-

ferences between BL Lacs and FSRQs. The behavior of blazar polarization is thought

to be at least somewhat deterministic (i.e., not totally stochastic; see Kiehlmann et al.

2016), but there is no clear consensus on which model(s) are correct. By studying the

polarization in greater detail, the possible explanations can be further constrained,

leading to a better understanding of how jets work in general.
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1.2 Linear Polarization

1.2.1 Polarization of Jets

In astronomy, it is common to express the polarization characteristics of light in

terms of Stokes parameters (Stokes, 1851). The four parameters are I, Q, U, and V,

with I representing total intensity/the sum of all states, Q and U representing linear

polarization at 90 degrees and 45 degrees, respectively, and V representing circular

polarization. The degree of circular polarization in jets is generally much lower than

the degree of linear polarization, and all further discussion of “polarization” will

refer to linear polarization unless otherwise specified. Stokes I is always positive,

but the other parameters have a sign which depends on direction — for example,

a negative Q signifies linear polarization oriented more vertically than horizontally.

We then use two main characteristics to describe polarization. They are fractional

polarization, often abbreviated as m, and the electric vector position angle (EVPA,

also occasionally called the polarization angle). In Stokes parameters, they are:

m =

√
U2 +Q2

I
(1.7)

and

EV PA =
1

2
arctan(

U

Q
). (1.8)

The EVPA is taken as degrees from north towards east, purely by convention. Because

the EVPA represents the orientation of a plane, it has an ambiguity in π such that,

for example, 0◦ and 180◦ are the same EVPA.

Since synchrotron radiation is the mechanism by which radio emission is produced

in jets, it follows that polarization is a commonly seen feature. Theoretically, linear

polarization from synchrotron radiation can reach as high as 70 percent, but in prac-

tice there are relatively few jets with measured values exceeding a few tens of percent.

The jet core, or brightest feature at the base of the jet for a given wavelength (see

Section 2.1.2), is less polarized than jet features further downstream (with “down-

stream” meaning farther away from optically thick regions closer to the black hole.)
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This is likely due to magnetic fields becoming better ordered with distance down the

jet, and possibly less depolarization by dense gas. Polarization quantities, and even

general intensity, are highly variable and can change on minute timescales (Meyer

et al., 2019).

In the blazar regime, BL Lacs tend to be more polarized than FSRQs and have

EVPAs with more predictable behavior (Cawthorne et al., 1993; Lister and Homan,

2005). Explanations for this pattern include jet speeds and related shock strengths

(Lister and Homan, 2005), slight viewing angle differences (Agudo et al., 2014), and

the rate of emerging new features (Gabuzda et al., 2000). In an ideal scenario, the ob-

served EVPA would be perpendicular to the magnetic field, but this cannot always be

taken as true for measured AGN jet EVPAs due to relativistic effects (Lyutikov et al.,

2005). Still, EVPAs are a useful tool for discovering the nature of magnetic fields in

jets; in particular, EVPAs are an indicator of an underlying magnetic field structure,

either helical or toroidal (Gabuzda, 2003). These possibilities are investigated with

data in Chapters 3 and 4.

1.2.2 Measurement Complications

Besides relativistic effects, there are several other factors that must be consid-

ered when analyzing polarization data. Faraday rotation occurs when the polarized

light passes through a magnetized medium, rotating the plane of linear polarization

(described in Burn 1966.) For jets, this medium can be internal jet plasma, or the

interstellar medium between the jet and the observer. For a jet with an intrinsic

EVPA EV PA0, its observed EVPA is given by

EV PAobs = EV PA0 +RMλ2 (1.9)

where λ refers to wavelength. The rotation measure (RM) is a measure of the

degree of the rotation, with

RM =
e3

8π2ε0m2c3

∫
neB · dl (1.10)
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where e is electron charge, ε0 is the permittivity of free space, m is electron mass,

c is the speed of light, ne is electron charge density, B is the magnetic field, and dl

is the path length from the observer to the source. The RM can be estimated by

measuring the EVPA simultaneously at different wavelengths.

The presence of helical or toroidal magnetic fields would cause a Faraday rotation

gradient perpendicular to the jet, a topic of multiple studies (Gabuzda et al., 2004;

Asada et al., 2002). Depolarization can occur as a result of Faraday rotation (Burn,

1966), or when regions of orthogonal polarizations are combined within the finite

angular size of the interferometric restoring beam.
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Figure 1.1. Schematic of the standard AGN model based on Urry and Padovani 1995.
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Figure 1.2. Classification scheme for types of radio-loud AGN.
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2. Instrumentation and Data Reduction

2.1 Observing with the VLBA

2.1.1 The VLBA

The majority of measurements described in this thesis have been made with the

VLBA (Very Long Baseline Array), a radio interferometer operated by the National

Radio Astronomy Observatory (NRAO). The VLBA consists of ten, 25 meter tele-

scopes spread across the United States from the Virgin Islands to Hawaii. Through

VLBI (very long baseline interferometry), the VLBA can achieve a higher resolution

than any single-aperture telescope.

Each telescope observes the same object in the sky; the signal arrives at slightly

different times due to the different geographical locations of each antenna. The am-

plitudes and phases of the incoming radio signals are combined in pairs to yield

“visibilities” as a function of the projected baseline (u, v) coordinates, based on the

relative orientation and distance between the antennas (Cornwell et al., 1999). These

are a function of time since, as the Earth rotates, the antenna locations change rel-

ative to the observed source. This process produces a sampling of the true visibility

function, V (u, v), which is a Fourier transform of the source intensity distribution

convolved with the primary beam (Clark, 1999). The largest antenna baseline de-

termines the resolution of the interferometer, and the number and spacing of the

antennas determine the quality of the sampling (and thus the final image).

The “CLEAN” imaging algorithm is used to deconvolve the intrinsic intensity dis-

tribution of the source and the synthesized beam (Högbom, 1974). Further description

of the general calibration procedures is available in the AIPS (Astronomical Image

Processing System) Cookbook (http://www.aips.nrao.edu/cook.html), with specific

description of the polarization calibration in Section 2.2.1
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2.1.2 MOJAVE Polarized Images

The data in this thesis are mainly associated with the MOJAVE (Monitoring of

Jets in Active galactic nuclei with VLBA Experiments) program (Lister and Homan,

2005). While MOJAVE began in 2002, archival observations have allowed us to

investigate hundreds of AGN over a period of >20 years. The list of monitored AGN

includes several samples chosen on the basis of radio flux density, Fermi-LAT γ-ray

energy flux, or inclusion in other monitoring samples; for a full list of current and

previously monitored sources, see http://www.physics.purdue.edu/astro/MOJAVE.

The length of time between MOJAVE observations of a particular source is depen-

dent on the jet’s angular expansion speed. Especially for the study of polarization,

the topic of this thesis, consistent monitoring is desirable. The EVPA in particular

possesses an n-π ambiguity, such that 0◦ and 180◦ are equivalent. If the EVPA is

observed infrequently, “swings” in the EVPA, also known as rotation events, may be

missed. Another concern is determining the direction of EVPA swings. A rotation

89◦ west may be confused for a rotation 91◦ east, but frequent observations lower

the odds of such large angle changes occurring during observational gaps. For ex-

ample, Abdo et al. 2010b reported a 208◦ rotation including a gap of almost 90◦ in

1253−055/3C 279; Kiehlmann et al. 2016 later claimed that with additional obser-

vations of the same period, the EVPA was revealed to change direction instead of

undergoing a long continuous rotation. Consistent, frequent observations from the

University of Michigan Astronomy Observatory (UMRAO) single 25m telescope data

archive shows behavior that is missing or unclear using MOJAVE observations alone.

An example is the rotation of 3C 446/2223-052 beginning in 2010, shown in Fig-

ure 2.1. Our observations, spaced roughly half a year apart, show steady behavior

while the UMRAO data indicate a fairly continuous clockwise rotation.

On the other hand, MOJAVE serves a unique purpose due to the high resolution

of the produced images. With VLBI, MOJAVE is often able to resolve the core

from extended jet emission. From a polarization perspective, this is important for
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understanding the structure of the jet and for recognizing new features (or knots of

emission, also called “components”) emerging from the core, which can rotate the

EVPA and alter the fractional polarization (Cohen et al., 2018). While the core

feature typically dominates blazar radio emission, the core polarization as measured

by MOJAVE does not always match the polarization measured with lower angular

resolution telescopes, due to these features or Faraday depolarization from the jet

and surrounding area. For an example of this, see Figures 2.2 and 2.3.

Part of my study has been to produce images similar to Figure 2.4. The left-

most object is an image of BL Lac with contour lines representing the total intensity

(the unpolarized version of the image, with a total intensity color scale, is shown in

Figure 2.5). The colors superimposed on the contour lines represent the fractional

polarization. On the right is a copy of the BL Lac image, but with the direction of the

EVPA superimposed instead of the fractional polarization color scale. The spurious

polarization (the EVPA lines existing outside of the intensity contours) is mainly due

to imperfect correction of the antenna leakage terms (see Section 2.2.1). These errors

in polarization result in more overall error in regions where the total intensity is low.

Further description of the image details is available in Lister et al. 2018, with some

discussion in Section 3.1.

The compact feature near the top of the image in Figure 2.4 is the core. This

is typically thought to be the point where the jet becomes optically thin, but it

is not necessarily the true base of the jet, in the close vicinity of the black hole

(see e.g. Marscher 2016 and references therein). A “core shift” effect exists, in

which the position of the radio core changes based on observing frequency (Marcaide

and Shapiro, 1984). This is likely due to opacity associated with synchrotron self-

absorption (Konigl, 1981). The effect is exponential (Sokolovsky et al., 2011), and

past a certain turnover frequency dependent on the jet, the full structure is optically

thin to high-frequency radio observations.

In Figure 2.4, BL Lac bends to the southwest before another bend to the southeast.

Although jets represent enormous amounts of energy and force, they often appear
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curved or bent rather than straight. Blazars especially have small intrinsic opening

angles (Pushkarev et al., 2017), meaning that we are looking down a very narrow cone

of emission; bends are therefore highly exaggerated by projection effects. Some jets

may also simply be bent intrinsically, due to factors related to the black hole or to the

local (especially parsec-scale) environment (Kharb et al., 2010). Since the MOJAVE

sample is largely determined by radio flux density, and emission towards our line of

sight is relativistically boosted, the sample may be biased towards jets which have

some feature pointed in our direction at some time (Kharb et al., 2010). The “at

some time” clause is key because moving features within the jet do not always follow

the same apparent path outward (Lister et al., 2013a). Currently, precession of the

accretion disk is thought to be the most likely cause of jet “wobbling” (Agudo, 2009).

2.2 Data Reduction

2.2.1 Archival Polarization Calibration

MOJAVE has also made use of VLBA archival data which was not taken as part

of the MOJAVE program. Unlike the MOJAVE observations, polarization calibration

for this archival data was not originally included in the immediate, standard reduction

process. The addition of data is useful in general, but in particular, the archival ob-

servations are useful for interpreting the long-term behavior. While AGN are variable

on short-term timescales, they are also known to be variable on time scales of years

or even decades (Hovatta et al., 2007). Some AGN exhibit stable EVPAs for years

before rotation events or long periods of unrest, and flares in fractional polarization

may be rare or short-lived such that long-term observing is necessary to find them.

The beginning of my thesis work was therefore spent creating polarized images from

these archival observations.

I calibrated these observations one epoch at a time, with each archival epoch

usually including observations of multiple AGN. The first step to creating polarized

images was to check that a particular epoch was compatible with MOJAVE standards.
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I began by confirming that the observation used two feeds (or detectors) of orthogonal

circular polarization (RR and LL for “right” and “left”) and that the correlator

output included polarization cross-hands “LR” and “RL”. These are necessary to gain

information on all Stokes parameters (see Cotton 1999 for details). Next, I looked at

the time coverage of the ten antennas. It was not uncommon for an antenna to be

down for part of the observation due to unexpected problems such as poor weather.

Eight of the antennas are in the mainland U.S., with the other two on Maunakea in

Hawaii and in St. Croix in the U. S. Virgin Islands. These final two are especially

important to establish long baselines for adequate (u, v) coverage. I did not process

an epoch if either of these two telescopes was absent for over half the observing time.

It was also necessary to check that the range and the location of the frequency bands

was consistent with other MOJAVE observations, which are centered at 15.3 GHz. If

any of these qualifications were not met, I did not process the epoch further.

The next step was running general calibration procedures with AIPS, the standard

VLBA software. The relevant AIPS tasks for this thesis are “LPCAL” and “CLCOR,”

necessary to correct for instrumental polarization caused by “leakage” of one hand

of circular polarization into the other orthogonal feed. This leakage can be modeled

and is referred to as the instrumental leakage terms, or “D-terms” (Roberts et al.,

1984). The antennas have altitude-azimuth mounts, and as the AGN is tracked

across the sky, the EVPAs of the true AGN emission rotates. The contribution from

instrumental polarization remains constant, however. The LPCAL algorithm uses

this fact to subtract a simple polarization model from the data and determine the

resulting leakage coefficients (each having a real and imaginary part) at each VLBA

antenna.

Next, I plotted these leakage terms, with an example shown in Figure 2.6. (“IF”

is short for intermediate frequency, which represents a frequency sub-band of the full

observed bandwidth either in RR or LL; see Thompson 1999). The letters correspond

to the leakage coefficients gained from running LPCAL on a particular source; the

white crosses represent the median of these coefficients for each antenna IF. Since
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the leakage coefficients are only dependent on the antenna and its receiver system,

ideally all sources in Figure 2.6 should have the same coefficients. In the particular

case graphed, the correction was poor for 3C 279/1253-055 at antenna “NL”. This is

because 3C 279 is generally a poor calibrator; it has a complex polarization structure,

but the LPCAL algorithm assumes a simple model consisting of the core and one or

two polarized features. When a source appeared consistently in disagreement with the

other sources across multiple antennas, it was removed from the median calculation.

Beyond complicated polarization structure, this could also occur for various other

reasons such as a source having low flux or being at a low declination.

The final step was correcting for an instrumental rotation of the EVPA. Prior

to upgrades on the VLBA hardware, the leakage terms remained somewhat stable

over time. As discussed in Gomez et al. 2002, they could drift or experience sudden

change due to receiver upgrades, weather concerns including seasonal temperature

changes, and similar factors, but the majority of antennas experienced slow change.

After finding the D-term coefficients in the paragraph above, I plotted their imaginary

phase terms against the ones from previous epochs. By rotating them with different

EVPAs until they matched the previous epoch at several stable antennas, I was able

to find the correct relative EVPA correction, since the leakage terms can be assumed

to not vary over a short time period. An example of what this looked like is shown

in Figure 2.7, which shows the left circular and right circular leakage terms of one IF

of one antenna. For the first (or “reference”) epoch, an absolute EVPA correction is

required. This was found by using the UMRAO, and comparing observations of the

EVPA of several sources with approximately simultaneous measurements using the

VLBA.

The D-term corrections were occasionally too poor to create images, perhaps due

to poor weather conditions, missing antennas, or a lack of appropriate calibrators.

The phases for observations with two IFs (rather than the standard four) were difficult

to match with previous epochs, so these were set aside for later comparison against

each other. For the remainder, I applied the found EVPA correction to the data in
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AIPS with CLCOR. After, I output the final, corrected data with AIPS and imaged

it, choosing appropriate total intensity and polarization contours.

2.2.2 Data Finalization

Beyond calibrating archival observations, I also performed various tasks to prepare

the images and data for publication (Lister et al., 2018). Part of this work was similar

to the data calibration process, in the sense that I used self-consistency between

epochs. While the EVPA is generally highly variable — this is discussed in greater

detail in Section 3.2.7 — there are certain AGN for which it remains relatively steady

for a period long enough to be seen with MOJAVE’s observing cadence. I identified

cases where a particular epoch was associated with an EVPA which appeared as an

outlier next to its contemporaries. If an epoch then had EVPAs which looked offset

in many sources, I flagged it as a possible bad calibration.

As noted in Section 1.2.1, synchrotron radiation can theoretically result in frac-

tional polarizations of up to 70 percent. For blazar jets, 10 percent is quite high. As

part of the data verification process, I investigated all fractional polarizations above

approximately 50 percent. All of these were either impossibly high (i.e., greater than

100 percent) or also appeared out of place next to nearby epochs. I also flagged these

observations as having probable bad calibrations. In the following chapters, I describe

the scientific analysis of this set of data.
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Figure 2.1. Evolution of the EVPA for 3C 446/2223-052. Data from the MOJAVE

program is core-only and in black; data from the UMRAO program is red.
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Figure 2.2. Evolution of the EVPA for AP Librae/1514-241. Data from the MOJAVE

program is core-only and in black; data from the UMRAO program is red. MOJAVE

EVPAs have been rotated to within 90◦ of the previous epoch’s EVPA.



20

−60

−40

−20

0

20

40

60

80

100

120

140

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Date

E
V

PA
 (

de
gr

ee
s)

MOJAVE Core
UMRAO

Figure 2.3. Evolution of the EVPA for AP Librae/1514-241. Data from the MOJAVE
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EVPAs have been rotated to within 90◦ of the UMRAO median EVPA.
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Figure 2.4. A polarized VLBA image of BL Lac taken as part of the MOJAVE pro-

gram. Further description in text.
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Figure 2.5. A total intensity-only VLBA image of BL Lac taken as part of the MO-

JAVE program. Further description in text.
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Figure 2.6. Plot of leakage terms after correction.
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Figure 2.7. D-term phases across multiple epochs for IF 2 of the Kitt Peak VLBA

antenna at 15 GHz.



25

3. Core Polarization

In this chapter, we present findings on the core linear polarization properties of MO-

JAVE AGN. In doing so, we attempt to answer the questions posed in Chapter 1 of

this thesis, while updating and expanding on previous MOJAVE results. This chapter

has been adapted from “MOJAVE XVI: Multiepoch Linear Polarization Properties of

Parsec-Scale AGN Jet Cores” (Hodge et al., 2018), which contains the full tables 3.1

and 3.3. The adopted cosmology is Ωm = 0.27, ΩΛ = 0.73, and H0 = 71 km s−1

Mpc−1 (Komatsu et al., 2009).

3.1 AGN Sample and Observational Data

We have analyzed the parsec-scale radio core polarization and total intensity prop-

erties of 387 AGN selected from the MOJAVE survey, which have at least five VLBA

epochs at 15 GHz between 1996 January 19 and 2016 December 31. These AGN

all have ≈ 100 mJy or greater of correlated VLBA flux density at 15 GHz, and are

derived from several flux-density limited and representative samples. The MOJAVE

1.5 Jy sample encompasses all 181 AGN above J2000 declination −30◦ known to have

exceeded 1.5 Jy in VLBA 15 GHz flux density at any epoch between 1994.0 and

2010.0 (Lister et al., 2013b). With the launch of the Fermi observatory in 2008, two

new γ-ray-based AGN samples were added to MOJAVE. The 1FM sample (Lister

et al., 2011) consists of all 116 AGN in the 1FGL catalog (Abdo et al., 2010a) above

declination −30◦ and galactic latitude |b| > 10◦ with average integrated Fermi LAT

> 0.1 GeV energy flux above 3 × 10−11 erg cm−2 s−1. In 2013, a new hard spectrum

MOJAVE sample of 132 AGN was added, which had declination > −20◦, total 15

GHz VLBA flux density > 0.1 Jy, and mean Fermi 2LAC catalog (Ackermann et al.,

2011) or 3LAC catalog (Ackermann et al., 2015) spectral index harder than 2.1.
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Of the 387 AGN presented in this analysis, 304 are members of one or more of the

above samples. An additional 78 AGN are members of either the pre-cursor survey

to MOJAVE (the 2cm VLBA survey; Kellermann et al. 1998), the low-luminosity

MOJAVE AGN sample (Lister et al., 2013b), the 3rd EGRET γ-ray catalog (Hart-

man et al., 1999), the 3FGL Fermi LAT γ-ray catalog (Acero et al., 2015a), or the

ROBOPOL optical polarization monitoring sample (Pavlidou et al., 2014). Finally,

we have included five AGN that were originally candidates for the above samples, but

did not meet the final selection criteria. All AGN have 15 GHz VLBI flux density

greater than 100 mJy and at least five epochs of observation with polarization.

We gathered observer frame synchrotron peak frequency values from the literature

(mainly Ackermann et al. 2015) where possible. For roughly half the sample, we used

the ASDC SED Builder tool (Stratta et al., 2011) to determine the peak frequency

from a parabolic fit to published multiwavelength data in the (log ν, log(νFν)) plane,

where Fν is the flux density at frequency ν. In the case of 24 sources, there were

insufficient available data to determine a synchrotron peak frequency. We assigned a

SED peak classification based on the rest frame peak values νp following the typical

standard discussed in Section 1.1.3. For 46 BL Lacs without known redshifts and

eight optically unidentified sources, we assumed a redshift of 0.3 in calculating the

rest frame SED peak value. The known AGN redshifts and their literature references

are listed in Table 3.1, along with optical class and SED peak classification. Table 3.2

contains a breakdown of sample AGN by optical and SED peak classification. The

single epoch polarization results published in Lister and Homan 2005 were based on

a flux-density limited sample of 135 AGN, of which four were ISP and the remainder

were LSP. This study covers an additional 252 AGN, for a final total of 312 LSP, 30

ISP, and 21 HSP AGN, with the latter two categories consisting entirely of BL Lacs.

We reduced the polarimetric data (see Table 3.1) according to the procedures

described in Lister and Homan 2005 and Lister et al. 2018. The core was in almost

all cases distinguishable as the most compact feature in the radio map, located at

the bright end of the jet (see Hodge et al. 2018 and Lister et al. 2016a for notes on
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individual sources). We determined its position by fitting Gaussians to the (u, v)

visibility data using Difmap (Shepherd, 1997). The mean I, Q, and U of the nine

contiguous 0.1 mas wide image pixels centered on the core were then used to determine

the core’s linear fractional polarization and EVPA. The fractional polarization was

considered an upper limit equal to five times the P rms noise level divided by I

when P fell below the lowest contour of the relevant image presented in Lister et al.

2018. The latter were chosen at a level where the amount of spurious blank sky

polarization was minimal. Approximately 12% of the available fractional polarization

measurements are upper limits, and thus have an unknown corresponding EVPA.

The uncertainty in fractional polarization is approximately 7% of the given values,

due to uncertainties of 5% in I and P , and the EVPA is accurate within 5◦, based

on comparisons with near-simultaneous single-dish measurements taken at UMRAO

(Aller et al. 2003). A previous MOJAVE study found that the core rotation measures

are variable in time, and at 15 GHz, the median core EVPA rotation was less than

4◦ (Hovatta et al., 2012). For these reasons, we do not correct our measurements for

Faraday rotation. Detailed description of the observational sampling is available in

Lister et al. 2018.

3.2 Data Analysis and Discussion

3.2.1 Statistical Tests

The MOJAVE program observes each individual AGN with a cadence that is

appropriate for its angular jet expansion speed, thus some AGN are more densely

sampled in time than others. The unequal span of coverage time and frequency of

sampling therefore affects some statistics; for example, any measures of maximum

polarization or of flux variability are dependent on how long and how frequently the

AGN has been observed, since greater time coverage creates more opportunity for the

AGN to be observed in a flaring state. On the other hand, median statistics (mmed,

Imed, and |EV PA− PA|med) are less dependent on these factors and so we calculate
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them using all available epochs on the source. For all other derived quantities, we

compensate for sampling biases by using only five epochs of observation spanning a

standardized time length of 2.3 years. This time range represents the median total

coverage time of all the AGN which had only five polarization image epochs. For each

source we use the most recent period with at least five epochs of observation; when a

source has more than five observations during that time range, we choose five epochs

at random and use these consistently for each calculation. Of the 387 AGN in the

sample, 86 do not have a period which qualifies, i.e., at least five observations within

any 2.3 year period. We further omit AGN from statistical quantities where five

epoch measurements are not available to be used in the calculation — for example,

the EVPA statistics require five epochs with measured polarization values (not upper

limits). We tabulate all the derived quantities in Table 3.3. We computed two-tailed

Kolgoromov-Smirnoff (KS) tests and correlation tests with Kendall’s τ coefficient

using the R core package (R Core Team, 2017); for censored data comparisons we used

the Peto & Peto modification of the Gehan-Wilcoxon test (Lee, 2017). “Significant”

statistical test results refer to those whose chance probability is below 5%. For more

information on bias correction, the mentioned tests, and the handling of censored

data, see the appendix.

3.2.2 Fractional Polarization

We describe the magnitude of polarization of each AGN core with two statistical

quantities: the median fractional polarization (mmed) and the maximum fractional

polarization (mmax). In Figure 3.1, we show distributions of median fractional polar-

ization, over all epochs of each AGN, for the most common categories of optical/SED

class (50 AGN are omitted due to too many upper limit measurements to ascer-

tain a confident median; an additional five narrow line Seyfert 1 galaxies and nine

AGN of unknown optical class are not shown). The maximum fractional polarization

distributions of the BL Lacs and FSRQs are shown in Figure 3.2.
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The median fractional polarizations are similar to the single-epoch percentages

found in Lister and Homan 2005 (Figure 3.3). The maximum fractional polarizations

are higher, as would be expected based on core variability; the highest fractional

polarization is almost 15%, as opposed to the 10% found previously. BL Lacs as an

entire group remain more polarized than FSRQs, but that relationship does not hold

across all SED peak categories.

LSP BL Lacs are the most fractionally polarized, with an average median over 3%,

and are significantly different from both HSP BL Lacs (KS test result p = 0.0097)

and FSRQs (KS test result p = 2.7 × 10−9). HSP BL Lacs and FSRQs are similar,

however, and each of their median fractional polarization distributions has a mean

below ∼2%. The median fractional polarization of BL Lacs is strongly anti-correlated

(p = 9.1×10−5, correlation coefficient τ =-0.26) with synchrotron SED peak frequency

(shown in Figure 3.7; other optical classes are shown in Figure 3.8, although there

is no apparent relation). This trend for BL Lacs was previously reported by Lister

et al. 2011 and Linford et al. 2012b, of which the former theorized that AGN with

lower synchrotron peaks may be more Doppler boosted than their high synchrotron

peaked counterparts, resulting in higher core polarization. This was partially based

on the low core brightness temperatures of HSP BL Lacs, a relationship which still

holds true (Homan, D. C. et al., in preparation).

An alternate explanation proposed by Angelakis et al. 2016 is based on a shock-

in-jet model. In this scenario, the volume immediately downstream of the shock is

the origin of emission near the synchrotron SED peak frequency and above. If the

shock orders an underlying magnetic field, then higher polarization might be expected

closer to these frequencies. While Angelakis et al. 2016 use this theory to describe

the same anti-correlation in optical polarization, at 15 GHz we are also probing closer

to the peak frequency of LSP BL Lacs than HSP BL Lacs, which could explain the

lower polarization of the latter.

In Lister et al. 2011 beam depolarization effects were given as a possible reason

for the difference between LSP BL Lac and FSRQs, as the former have much lower
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redshifts on average. In our sample, there is a cohort of seven high-redshift FSRQs

with fractional polarization which is lower than average, but no trend between red-

shift and fractional polarization exists below z = 2.5. The highest redshift FSRQs

alone cannot therefore be responsible for the relatively low polarization of the class.

In Lister and Homan 2005 and Aller et al. 1999, the (mostly LSP) BL Lacs also had

greater core polarization than FSRQs; these authors suggested the cause was slower

flow speeds in BL Lacs. Slower flows could create stronger transverse shocks com-

pared to oblique ones in FSRQs, leading to a more ordered magnetic field and better

alignment between the EVPA and the local jet direction.

We note that mmed is unavailable for all of the 17 radio galaxies in our sample,

of which all but III Zw 2 have at least half their core m measurements classified as

upper limits. This suggests that their polarization as a class is low. In contrast,

mmed is available for ∼60% of HSP BL Lacs despite the fact that their I is typically

lower than that of the radio galaxies, i.e., the upper limits are not caused by low

general intensity. The low polarization in radio galaxies is likely due to higher angles

to the line of sight, resulting in relativistic aberration as described in Wardle 2013

and Section 1.1.2.

3.2.3 EVPA Alignment with the Inner Jet

In order to investigate possible alignments between the core EVPA direction and

each jet, we determined an inner jet position angle (jet PA, in degrees from north

towards east relative to the core) at each epoch using the VLBA data. For the

majority of AGN, we used the method described in Lister et al. 2013b, which takes a

flux-weighted position angle average of the components near the core generated by the

CLEAN imaging algorithm (Högbom, 1974). This method fails in cases where there

is an emission gap between the core and downstream features; in the case of all epochs

of 39 AGN we therefore used the position angle of the closest downstream Gaussian-

fitted jet feature, as was done in Lister and Homan 2005. In some individual epoch
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images, it was impossible to determine a jet PA due to a complete lack of apparent

downstream jet emission. These are indicated in Table 3 of Hodge et al. 2018.

For the epochs described in Section 3.2.1, we rotated the EVPA to within 90◦ of

the jet PA (by adding or subtracting 180◦), subtracted it from the PA, and took the

absolute value of this angle difference to get an EVPA offset value. The distribution

of median offsets for each AGN class are shown in Figure 3.4. The EVPAs of BL Lacs

are more often aligned with the local jet direction (i.e., low offset values), in contrast

to FSRQs. A KS test between the LSP BL Lac and FSRQ offset distributions returns

a p-value of 1.69×10−5 that they derive from the same parent population. None of the

BL Lac subclass distributions are significantly different from each other. These find-

ings on the difference in alignment between FSRQs and BL Lacs in general agree with

the single-epoch results presented in Lister and Homan 2005 (see Figure 3.5), which

contained mainly LSP AGN. Beyond the aforementioned shocks, another suggested

scenario is that both types of jets possess a helical magnetic field; the slower flow

speeds of BL Lacs could lead to a different pitch angle such that they have a stronger

toroidal component to their magnetic field, leading to better EVPA-jet alignment

compared to FSRQs (Gabuzda et al., 2000; Asada et al., 2002). It should be men-

tioned, though, that various other VLBI studies of radio core EVPA/PA alignment in

AGN jets have reported contradictory findings on whether alignment, anti-alignment,

or both cases are expected (see Agudo et al. 2018 and references therein).

Of the studies suggesting an anti-alignment between core EVPAs and the jet

direction (e.g., Helmboldt et al. 2007), some at 5 GHz have found that only FSRQs,

not BL Lacs, prefer an EVPA-jet PA offset of near 90◦ (Pollack et al., 2003; Aller

et al., 2003). Our data show no apparent clustering at 90◦, but the FSRQ distribution

is skewed towards misalignment (median |EV PA − PA|med=48◦). Figure 3.6 shows

that the most fractionally polarized AGN cores, mainly LSP BL Lacs, tend to have

EVPAs closely aligned with the local jet direction — a trend which persists if each

optical class is inspected individually (p = 5.3 × 10−13, τ =-0.27). This supports a
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scenario where the magnetic field is more ordered when transverse to the jet. We

further discuss the EVPA/PA and their time evolution in Section 3.2.6.

3.2.4 Fractional Polarization Variability

Because of the stochastic nature of AGN light curves, there has been no clear

consensus on what constitutes an ideal statistical measure of flux or fractional polar-

ization variability over time, as discussed by Richards et al. 2014. Many commonly-

used statistics depend on frequent and/or regular observations of all sources, and are

therefore not well-suited to the MOJAVE data. We use the variability index of Aller

et al. 1999, and later adopted by Jorstad et al. 2007, defined by:

mvar =
(mmax − σmax)− (mmin + σmin)

(mmax − σmax) + (mmin + σmin)
. (3.1)

The error for a particular epoch, σ, is approximately 7%, based on the definition of

fractional polarization and the 5% errors in P and I as described in Lister et al. 2018.

As discussed by Aller et al. 2003 and in Appendix A, this measure is not accurate

when the minimum values fall below the signal to noise threshold. We therefore

omit any AGN where one or more of the five fractional polarization measurements

discussed in Section 3.2.1 is an upper limit. We also throw out any cases where the

errors are high enough to result in a negative variability index.

The variability of fractional polarization (Figure 3.9) is not significantly dependent

on synchrotron peak frequency, although we note that FSRQs appear more variable

than HSP BL Lacs (KS test result p = 0.005). Studies of fractional polarization

variability tend to be rare, although Jorstad et al. 2007 found FSRQs cores to be

more variable than (mostly LSP) BL Lacs in a small sample of 15 AGN at 43 GHz.

The AGN cores with the smallest fractional polarization variability are more likely

to have small EVPA-jet misalignments (Figure 3.10; p = 0.009, τ = 0.11).
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3.2.5 Total Intensity Variability

We also use Equation 3.1, replacing m with Stokes I, to derive the variability

index Ivar for the total intensity. Figure 3.11 shows the Ivar distributions for FSRQs

and BL Lac subclasses. Interestingly, while HSP and LSP BL Lacs have similar

distributions, ISP BL Lacs peak at a higher variability index — they are significantly

different from HSP BL Lacs (p = 0.009) and nearly so for LSP BL Lacs (p = 0.06).

With the exception of ISP BL Lacs, FSRQs are the most variable blazar class. Tests

for a similar parent distribution produced results of p = 0.03 for FSRQs vs. LSP

BL Lacs and p = 0.002 for FSRQs vs. HSP BL Lacs. Past radio studies of total

intensity variability have shown somewhat mixed results; Aller et al. 2003 also found

no significant differences between FSRQs and BL Lacs in their single dish, 5-15 GHz

UMRAO study spanning 1984-2001. Richards et al. 2014 tested two samples, observed

with the OVRO 40m telescope at 15 GHz from 2008-2011, and found the same for

their γ-ray selected AGN, but that BL Lacs were significantly more variable in their

radio-selected sample.

Due to the association between Doppler factor and variability (Tingay et al.,

2001), in a scenario where a lower synchrotron peak frequency corresponds with higher

Doppler beaming, LSP BL Lacs would be expected to have the highest level of vari-

ability among the subclasses. Richards et al. 2014 also reported a group of highly

variable ISP BL Lacs, but additionally found that LSP BL Lacs were significantly

more variable than HSP BL Lacs.

Total intensity variability appears to be anti-correlated with fractional polariza-

tion in our sample, with a notable deficit of highly variable cores with high fractional

polarization (Figure 3.12). We performed a Kendall τ non-parametric test of corre-

lation, which yielded a p = 0.04 probability for no correlation (τ = −0.09). This

trend disappears if the BL Lac and FSRQ populations are tested separately, mak-

ing it likely that the anti-correlation is simply due to the presence of low variability,

highly polarized LSP BL Lacs. Values for Ivar are generally lower than those of mvar,
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indicating that the fractional polarization undergoes greater percentage change dur-

ing the same time period. The two variability indices are correlated, with a τ test

yielding p = 0.003, τ = 0.13 for no correlation (see Figure 3.13). There is a lack of

AGN cores which are variable in total intensity while remaining stable in fractional

polarization. On the other hand, the fractional polarization can be highly variable

even in cases where the total intensity shows little variability.

3.2.6 EVPA Variability

The characterization of EVPA variability is not straightforward due to the 180◦

ambiguity in the measurements, and requires a special procedure. We begin by adding

or subtracting 180◦ from all the EVPA measurements for a particular AGN such that

they lie within the range of 0◦–180◦. We then add a +180◦-shifted copy of each of these

values, creating a total range of 0◦–360◦. We bin this set of data using sequentially

larger bins until at least one bin contains half the data. The midpoint of that bin is

established as the mode of the EVPAs, and we then rotate the original (un-copied)

set of EVPAs by the same amount (multiples of 180◦) so that they lie within ±90◦

of this mode. Our EV PAvar statistic is defined as the standard deviation of these

angles. In Figures 3.14 and 3.15, we show examples of cores with low and high EVPA

variability, respectively.

We plot the distributions of this statistic in Figure 3.16. Examining them by op-

tical class, the FSRQ variabilities follow an approximate normal distribution, but BL

Lacs are skewed towards lower variability (KS test p-value of 0.0005 between FSRQs

and LSP BL Lacs). In the optical, Angelakis et al. 2016 reported an anti-correlation

between synchrotron peak frequency and EVPA variability for a sample of 79 AGN;

the mean of our BL Lac distributions become progressively lower with increasing

synchrotron peak, but none of the subpopulations are significantly different, and a

statistical test between synchrotron peak frequency and EVPA variability showed no
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significant correlation (p = 0.3). We found no discernible cause for the divide into

low variability and high variability groups for LSP BL Lacs in Figure 3.16.

As was the case with the median EVPA-jet PA alignment, the EVPA variability

is also anti-correlated with fractional polarization (Figure 3.17, p = 1.9× 10−13, τ =-

0.32) and positively correlated with fractional polarization variability (Figure 3.18,

p = 4.1 × 10−7, τ = 0.22), i.e., AGN with preferred EVPA directions have greater

fractional polarization which is more stable over time. These results are consistent

with a strong, standing transverse shock at the base of the jet. When evidence for

standings shocks is observed, they frequently appear to be near the cores of blazars in

VLBI images (Jorstad et al., 2017; Lister et al., 2013b). It is possible that others may

exist closer to the base of the jet, but are unseen due to the finite angular resolution

of the VLBA at 15 GHz ('0.5 mas) (Gómez et al., 2016).

There are highly variable jets of moderate misalignment, but few jets which are

highly aligned or misaligned and simultaneously highly variable (Figure 3.19). While

the scenario above explains a preference for stability in aligned jets, the lack of mis-

aligned and unstable jets is interesting. This grouping is not due to the algorithms

used to calculate either variable, as it disappears if the data are replaced with random

numbers. Without greater numbers, it is difficult to determine whether this trend is

significant or coincidental, however.

Our measure of EVPA variability does not include any information about the

rotation of the EVPA with respect to the local jet direction. The jet PAs of MOJAVE

AGN typically do not vary on the level of the core EVPAs, but there are some

individual exceptions where systematic changes of up to a few degrees per year are

seen (Agudo et al., 2007; Lister et al., 2013b). To address whether EVPA rotations

coincide with rotations of the jet PA, we first subtracted the jet PA from the EVPA;

essentially, taking all angles relative to the PA at each epoch rather than from the

north direction on the sky. We then followed the method described for EV PAvar

to obtain (EV PA−PA)var. We plot the empirical cumulative distribution functions

(CDFs) of (EV PA−PA)var and EV PAvar for the main optical classes in Figure 3.20.
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For each of these classes, the CDF of (EV PA−PA)var is similar to that of EV PAvar,

and the separation between classes is preserved, e.g. FSRQs are more variable than

BL Lacs. As expected, taking into account the jet PA variations only slightly changes

the overall EVPA variability statistics.

3.2.7 EVPA Stability

We find that many of the EVPAs are fairly stable — 24% of the AGN with

available values have an EV PAvar of less than 10◦. In contrast, Aller et al. 2003

found ”long-term stability” in only seven of their 62 sources at 14.5 GHz, potentially

due to greater influence from features near the core which are not resolvable by a

single dish telescope (Aller et al., 1999). We have further investigated the possibility

of AGN with stable EVPAs by also computing EV PAvar based on all epochs, rather

than the relatively unbiased five epochs used in Section 3.2.6 and the majority of

this chapter. We constrain this calculation to AGN with at least 10 measurements of

EVPA; of the 171 AGN which meet this criterion, only 10 (listed in Table 3.4) have

an EV PAvar of less than 10◦. Of these 10 AGN, eight have an EVPA mode value

within 20◦ of the mean jet PA. This relationship agrees with the trends regarding

EVPA-jet PA alignment and EVPA variability reported in the previous section. In

Figure 3.21, we show the histogram of EVPAs for OX 161, which is the least variable

with an EV PAvar of 4.7◦. For all AGN with at least 10 measurements of EVPA, the

median coverage time — from first epoch with EVPA to last epoch with EVPA — is

10.7 years. The percentage of AGN with stable EVPAs (EV PAvar under 10◦) is 6%.

This is a large decrease from the 24% result calculated from 2.3 year periods, and is

more consistent with the findings of Aller et al. 2003, which were based on ∼15 years

of monitoring data. It is well-known that AGN are variable on long-term timescales

in addition to their short-term variability (Hovatta et al., 2007); the results presented

here stress that long-term monitoring is essential to understanding the EVPA as well.
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Although we use a standard deviation to describe the level of EVPA variability, it

should be noted that the general shape of AGN EVPA distributions is unknown. Aller

et al. 2003 found some sources to change between two preferred EVPAs, suggesting a

bimodal distribution. We investigated graphs of the EVPAs similar to Figure 3.21 for

all AGN and found that two high peaks in a graph was rare; when they did occur, they

could conceivably be a result of sampling from a normal distribution. The intrinsic

behavior will be easier to discern as MOJAVE progresses and new observations are

made.

3.2.8 Correlations with Luminosity

We have calculated the median core luminosity of each AGN with known redshift,

assuming a flat spectral index, as:

Lmed =
4πd2

LImed

(1 + z)
, (3.2)

where dL is the luminosity distance and Imed is the median core intensity. The latter

is approximately equal to the core flux density, since the cores are typically unre-

solved. In Figure 3.22, we plot the median luminosity versus the median fractional

polarization for all available cores. The lowest core luminosities are associated with

low core fractional polarization, and consist primarily of HSP BL Lacs. Given that

the highly compact core emission is most likely Doppler boosted, this lends further

support to the scenario described in Lister et al. 2011, in which HSP BL Lacs are

less beamed and also less polarized due to lower Doppler factors; this trend would

also be expected based on the model of Angelakis et al. 2016. However, we find no

relationship between our EVPA-based statistics and the median luminosity, which

suggests that the low polarization is unrelated to inherent magnetic field properties.
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3.2.9 Narrow Line Seyfert 1s

Five of the AGN in our sample are classified as narrow line Seyfert 1 galaxies

(NLSy1). All of them have a relatively low median fractional polarization, with the

highest reaching only 1.14%. They also have EVPAs misaligned with the jet PA,

with |EV PA− PA|med ranging from 44◦ to 80◦. For four of these five, we were able

to calculate the variability in total intensity. These values are also relatively low

compared to blazars, with the highest Ivar equal to 0.26 (the mean FSRQ value is

0.24). Due to the number of measurements qualified as upper limits, the fractional

polarization variability and EVPA variability could only be determined for two of the

NLSy1s.

3.2.10 Correlations with γ-ray Emission

In this section, we parallel the analysis of Sections 3.2.2 through 3.2.6 with a basis

on AGN detection status by Fermi′s Large Area Telescope (LAT). Because of the

lower energy cutoff of the LAT instrument, it more readily detects AGN with higher

synchrotron peak frequencies. Conversely, AGN selected on the basis of bright radio

emission prefer lower peaked sources, representing a separate population (Lister et al.,

2011). The Fermi-LAT AGN catalog is almost entirely dominated by blazars, which

suggests that the brightest γ-ray AGN have high Doppler beaming factors (Acero

et al., 2015b). Therefore, an AGN sample selected on the basis of low-frequency ra-

dio emission (e.g., the 3CR survey Bennett 1962), in which lobe-dominant objects are

common, will have fewer LAT detections since it is non-orientation biased. In order

to limit our analysis to radio-selected blazars, we only examine the LAT detection

statistics of AGN included in the MOJAVE 1.5 Jy VLBA flux-density limited sample,

and exclude the radio galaxies, NLSy1s, and optically unidentified sources. We also

exclude the galactic plane region (|b| > 10◦) due to the greater difficulties of identi-

fying reliable Fermi associations (Acero et al., 2015b). We ultimately consider 155

AGN with optical class as follows: 97 FSRQs and 24 BL Lacs associated with a LAT
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detection; and 33 FSRQs and 1 BL Lac with no Fermi third source catalog (Acero

et al., 2015b) association.

We begin by revisiting the conclusions of Hovatta et al. 2010, an early study which

investigated γ-ray connections with radio polarization using a similar subset of the

original 1.5 Jy Sample (a total of 123 AGN) and the Fermi LAT Bright Source List

(0FGL; Abdo et al. 2009). In Hovatta et al. 2010, 0FGL AGN (those detected in

the first three months of the Fermi mission) were found to have greater polarized

flux than non-0FGL AGN during the year post-Fermi launch. The median fractional

polarization of 0FGL AGN was also higher than non-0FGL AGN in the same year, but

no difference was found between medians calculated from the six years pre-launch. We

have similarly divided our observations into pre- and post-launch periods (before and

after August 2008) and calculated the median fractional polarization for each AGN

separately within the time frames. We plot the results in Figure 3.23. In contrast

to Hovatta et al. 2010, we do not find LAT-detected AGN to have a higher median

fractional polarization during the LAT observing era. We also find no significant

differences between the LAT-detected and non-LAT-detected AGN in either era.

However, non-LAT-detected AGN more often lack a measurable median fractional

polarization due to higher numbers of upper limit measurements — 12% of non-LAT-

detected AGN have unknown mmed in the pre-LAT era, and 20% in the post-LAT era.

By comparison, 4% and 3% of LAT-detected AGN have unknown mmed in the pre- and

post-LAT eras, respectively. This agrees with the VLBA 5 GHz findings of Linford

et al. 2012a, which claimed non-LAT-detected AGN were more often unpolarized,

but when their measurements were polarized enough to be qualified as detections,

they had comparable fractional polarization to LAT-detected AGN. We investigated

further by dispensing with the use of mmed and directly comparing the fractional

polarization values, including censored points, of the five epochs per AGN described

in Section 3.2.1. This was done without dividing the data into pre- and post-LAT eras.

Our statistical test did not reveal significant differences (p = 0.15). In Section 3.2.2,

we discussed differing fractional polarizations among optical classes, and the LAT-
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detected set of AGN has a far greater ratio of BL Lacs to FSRQs. We note that

the significance of the preceding results, or lack thereof, does not change when the

analysis is limited to only FSRQs.

Previous research has suggested that LAT-detected AGN are more variable in

both total intensity (Richards et al., 2014) and fractional polarization (Hovatta et al.,

2010). In our sample, both LAT-detected variability distributions have greater means,

but we cannot confirm significant differences (KS test p = 0.13 for total intensity

variability and p = 0.13 for fractional polarization variability as well). While we find

no difference in median EVPA-jet PA offset based on LAT detection status, we do

find a significant difference in EVPA variability. In Figure 3.24, we show that non-

LAT-detected AGN are skewed toward low values of EV PAvar, and a KS test results

in a p-value of 0.005 for the same parent distribution (p = 0.008 if only FSRQs are

compared).

Higher EVPA variability in LAT-detected AGN could be explained by a connec-

tion between γ-ray flaring and EVPA rotation. Optical EVPA rotation events have

only been observed in γ-ray-loud AGN (Blinov et al., 2018). The relationship be-

tween radio EVPA events and γ-ray flaring is less certain; Jorstad et al. 2001 found a

statistical link between periods of high γ-ray activity and the ejection of radio knots,

partially through analysis of the radio polarization. Additionally, the radio polariza-

tion behavior of multiple AGN have been modeled at the time of γ-ray flares with

data from the UMRAO (Aller et al., 2014, 2016). These shock-based models, how-

ever, also predict increases in fractional polarization and radio flux density during

γ-ray flares. Greater variability in fractional polarization and total intensity might

then be expected for LAT-detected AGN, which is not seen to a significant degree in

our data.
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3.3 Summary

We have investigated the linear polarization properties of a sample of 387 parsec-

scale AGN jet cores, using 15 GHz VLBA data. In the first paper in the MOJAVE

series, it was found that BL Lacs in general are more polarized than FSRQs and have

EVPAs which are better aligned with the local jet direction (Lister and Homan, 2005).

We have confirmed these findings and expanded on them with a larger AGN sample

representing a broader range of synchrotron peak frequencies. With new multi-epoch

measurements, we have also explored a variety of statistics related to AGN variability.

Our conclusions are as follows:

1. Although HSP BL Lacs and FSRQs have similar median fractional polarization,

LSP BL Lacs are significantly more polarized. Radio galaxies have too many

censored data points for calculation of a median, which suggests that they have

relatively low fractional polarization.

2. BL Lacs have EVPAs that tend towards alignment with the jet PA, while FSRQs

are skewed towards misalignment. BL Lac populations have similar median

EVPA-jet PA alignment regardless of synchrotron peak. The most polarized

cores have EVPAs almost parallel with the jet PA.

3. HSP BL Lacs are less variable in fractional polarization than FSRQs, but we

find no significant differences among other optical/SED peak classes. The least

variable AGN cores tend to have EVPAs aligned with the local jet direction.

4. ISP BL Lacs appear the most variable in total intensity; the HSP and LSP BL

Lac distributions are similar, and both less variable than FSRQs. Fractional

polarization is more variable than total intensity, and the two variabilities are

positively correlated.

5. The EVPAs of BL Lacs are less variable than the EVPAs of FSRQs, and they

do not appear dependent on synchrotron peak frequency. AGN cores with low

EVPA variability are more likely to have high fractional polarization and low
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variability in fractional polarization. Our results show little change when the

jet PA is subtracted from the EVPA before calculation of the variability; in

other words, the angle difference between the jet PA and EVPA is similar in

variability to the EVPA alone.

6. Of the five NLSy1s in our sample, all have low fractional polarization compared

to blazars. Additionally, their EVPAs are not aligned with the jet PA.

7. AGN detected at γ-ray energies by Fermi-LAT are not significantly more frac-

tionally polarized than non-detected AGN. However, their EVPAs are signifi-

cantly more variable.

Overall, we believe these results are indicative of inherent differences between BL

Lacs and FSRQs, perhaps in shock strength and geometry; by contrast, differences in

polarization based on synchrotron peak and γ-ray detection can generally be explained

by Doppler boosting. The latter explanation will be investigated further in Chapter

4.
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Table 3.2. Optical and Synchrotron Peak Classifications

Optical Class LSP ISP HSP Unknown Total

FSRQ 223 0 0 16 239

BL Lac 64 30 21 3 118

Radio Galaxy 14 0 0 3 17

NLSy1 5 0 0 0 5

Unidentified 6 0 0 2 8

Total 312 30 21 24 387
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Figure 3.1. Distributions of median fractional polarization mmed, grouped by opti-

cal/synchrotron peak classification.
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Figure 3.2. Distributions of maximum fractional polarization mmax, grouped by opti-

cal/synchrotron peak classification. Unfilled bins represent upper limit measurements.
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Figure 3.3. Single-epoch fractional polarizations from Lister and Homan 2005, shown

for comparison purposes.
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Figure 3.4. Distributions of median EVPA-jet PA offset |EV PA − PA|med, grouped

by optical/synchrotron peak classification.
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Figure 3.5. Single-epoch EVPA-jet PA offsets from Lister and Homan 2005, shown

for comparison purposes.
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Figure 3.6. Median fractional polarization mmed versus median EVPA-jet PA offset

|EV PA − PA|med for each AGN over time. Purple inverted triangles are HSP BL

Lacs, green triangles are ISP BL Lacs, blue diamonds are LSP BL Lacs, black stars

are NLSy1s, unfilled squares are FSRQs, and red circles have an unknown optical class

or synchrotron peak frequency. A Kendall τ test of correlation yields p = 5.3× 10−13

for no correlation.
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Figure 3.7. Rest frame log synchrotron SED peak frequency versus median fractional

polarization mmed for BL Lacs in the sample. Purple inverted triangles are HSP BL

Lacs, green triangles are ISP BL Lacs, and blue diamonds are LSP BL Lacs. From left

to right, the most polarized outliers in each class are S5 0346+80, GB6 J0929+5013,

and GB6 J0154+0823. A Kendall τ test of correlation yields p = 9.1 × 10−5 for no

correlation.
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Figure 3.8. Rest frame log synchrotron SED peak frequency versus median fractional

polarization mmed for non-BL Lacs in the sample. Black stars are NLSy1s, unfilled

squares are FSRQs, and red circles have an unknown optical class. The highly polar-

ized outlier is PKS 1236+077. There is no significant correlation.
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Figure 3.9. Distributions of fractional polarization variability mvar, grouped by opti-

cal/synchrotron peak classification.
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Figure 3.10. Variability in fractional polarization mvar versus median EVPA-jet PA

offset |EV PA− PA|med for each AGN over time. Purple inverted triangles are HSP

BL Lacs, green triangles are ISP BL Lacs, blue diamonds are LSP BL Lacs, black

stars are NLSy1s, unfilled squares are FSRQs, and red circles have an unknown optical

class or synchrotron peak frequency. A Kendall τ test of correlation yields p = 0.009

for no correlation.
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Figure 3.11. Distributions of total intensity variability Ivar, grouped by opti-

cal/synchrotron peak classification.
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Figure 3.12. Median fractional polarization mmed versus total intensity variability Ivar

for each AGN over time. Purple inverted triangles are HSP BL Lacs, green triangles

are ISP BL Lacs, blue diamonds are LSP BL Lacs, black stars are NLSy1s, unfilled

squares are FSRQs, and red circles have an unknown optical class or synchrotron

peak frequency. A Kendall τ test of correlation yields p = 0.04 for no correlation.
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Figure 3.13. Variability in fractional polarization mvar versus variability in total in-

tensity Ivar for each AGN over time. Purple inverted triangles are HSP BL Lacs,

green triangles are ISP BL Lacs, blue diamonds are LSP BL Lacs, black stars are

NLSy1s, unfilled squares are FSRQs, and red circles have an unknown optical class

or synchrotron peak frequency. A Kendall τ test of correlation yields p = 0.003 for

no correlation.
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Figure 3.14. The EVPAs used in calculating the standard deviation for

0925+504/GB6 J0929+5013. This AGN is an ISP BL Lac with low EVPA vari-

ability EV PAvar. The circular mean of the jet PAs measured at the same epochs is

displayed as a vertical dashed line.
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Figure 3.15. The EVPAs used in calculating the standard deviation for 3C 395. This

AGN is an FSRQ with high EVPA variability EV PAvar. The circular mean of the

jet PAs measured at the same epochs is displayed as a vertical dashed line.
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Figure 3.16. Distributions of EVPA variability EV PAvar, grouped by opti-

cal/synchrotron peak classification.
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Figure 3.17. EVPA variability EV PAvar versus median fractional polarization mmed

for each AGN over time. Purple inverted triangles are HSP BL Lacs, green triangles

are ISP BL Lacs, blue diamonds are LSP BL Lacs, black stars are NLSy1s, unfilled

squares are FSRQs, and red circles have an unknown optical class or synchrotron peak

frequency. A Kendall τ test of correlation yields p = 1.9× 10−13 for no correlation.
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Figure 3.18. EVPA variability EV PAvar versus fractional polarization variability mvar

for each AGN over time. Purple inverted triangles are HSP BL Lacs, green triangles

are ISP BL Lacs, blue diamonds are LSP BL Lacs, black stars are NLSy1s, unfilled

squares are FSRQs, and red circles have an unknown optical class or synchrotron peak

frequency. A Kendall τ test of correlation yields p = 4.1× 10−7 for no correlation.



65

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90

Median EVPA−Jet PA Offset (degrees)

E
V

PA
 V

ar
ia

bi
lit

y 
(d

eg
re

es
)

Optical/SED Class
HSP
ISP
LSP
N
FSRQ
U

Figure 3.19. Median EVPA-jet PA offset |EV PA− PA|med versus EVPA variability

EV PAvar for each AGN over time. Purple inverted triangles are HSP BL Lacs,

green triangles are ISP BL Lacs, blue diamonds are LSP BL Lacs, black stars are

NLSy1s, unfilled squares are FSRQs, and red circles have an unknown optical class

or synchrotron peak frequency.
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Figure 3.20. Cumulative distribution functions of EVPA (solid lines) and EVPA-

PA (dash-dotted lines) variability (EV PAvar and (EV PA − PA)var), grouped by

optical/synchrotron peak classification. HSP BL Lacs are purple, ISP BL Lacs are

green, LSP BL Lacs are blue, and FSRQs are black.
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Figure 3.21. The EVPAs used in calculating the standard deviation over all epochs

for OX 161. This AGN has the lowest EVPA variability EV PAvar in the sample when

all epochs are used in calculation. The circular mean of the jet PAs measured over

all epochs is displayed as a vertical dashed line.
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Figure 3.22. Median luminosity Lmed versus median fractional polarization mmed for

each AGN over time. Purple inverted triangles are HSP BL Lacs, green triangles

are ISP BL Lacs, blue diamonds are LSP BL Lacs, black stars are NLSy1s, unfilled

squares are FSRQs, and red circles have an unknown optical class or synchrotron

peak frequency. There is no significant correlation. A Kendall τ test of correlation

yields p = 0.007, τ = 0.23 for no correlation if FSRQs are excluded, however.
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Figure 3.23. Distributions of median fractional polarization mmed, calculated sepa-

rately using all epochs pre-August 4th, 2008 (left) and all epochs after (right) based

on the start of Fermi-LAT observations. AGN are grouped as LAT-detected (top) or

non-LAT-detected (bottom).
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Figure 3.24. Distributions of EVPA variability EV PAvar. AGN are grouped as LAT-

detected (top) or non-LAT-detected (bottom). Unfilled bins represent the entire

sample and red bins represent FSRQs.
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4. Jet Speeds

In Chapter 3, differing Doppler boosting factors are given as a possible cause for

the anti-correlation present between synchrotron SED peak frequency and fractional

polarization. Additionally, the role of relativistic boosting in altering the statistics in

Chapter 3 is highly relevant to the comparisons made concerning radio correlations

with γ-ray detection. Since the Doppler boosting factor and the apparent jet speed

both depend on the Lorentz factor and the jet viewing angle, this chapter explores

the relationship between jet apparent speeds, fractional polarization, and variability

measures through the use of angular proper motion measurements.

4.1 Measurements and Conversions

4.1.1 Angular Proper Motion

The VLBA’s high, milliarcsecond-scale resolution allows measurements of the core

as well as bright features moving down the jet. Many of these features can be observed

over multiple epochs, and thus their kinematic properties can be fitted (Kellermann

et al., 2004). The MOJAVE program attempts two types of fits: constant velocity (for

components/features with at least five reliable epochs of identification) and constant

acceleration (for components with at least ten reliable epochs of identification; Lister

et al. 2016b). The most recent model is explained in Lister et al. 2019; due to the

presence of non-radial motion in some components and the observational constraints

on known ejection time, the model fits the feature’s position at the midpoint in time

between the first and last observation, rather than fitting for its epoch of origin (such

as in Lister et al. 2009 and Homan et al. 2009.) The angular proper speed of the

acceleration fit is used unless it gives a < 3σ acceleration, or the component lacks the
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number of epochs with identification described above. The error on the measurements

of component positions is described in Lister et al. 2009, and constitutes the greatest

source of error on the final derived apparent speeds.

This chapter only concerns the speeds for jets within the polarization sample

described in Section 3.1. As in previous chapters, no epochs after December 31st,

2016 are used in the analysis; however, no bias corrections are performed on the

speed data. The kinematic fits cannot support random sampling of epochs such

as used for the polarization statistics. Observing statistics are also of less concern,

though. Polarization phenomena such as EVPA rotations generally take place on

shorter timescales than the emergence and subsequent fade of new jet components,

such that only the former is likely to be missed with the typical MOJAVE observation

cadence.

A “robust” component is one that can be identified over at least five epochs.

Among the statistically significant (µ ≥ 3σµ) speeds from a particular jet’s robust

components, the greatest is defined as the jet’s maximum angular speed (µmax). If a

µ ≥ 3σµ speed is not available, µmax is picked from the µ ≥ 2σµ speeds; if this is also

not possible, µmax is chosen to be the speed of the feature with the least error. The

µmax statistic is available for 316 of the 387 sources within the sample. For the 89

sources with at least five robust components, a median speed (µmed) is also calculated.

Because µmed is calculated from the speeds of all robust components, regardless of

their error σµ, in rare cases µmed can be greater than µmax. In Figure 4.1, the two

speed statistics are plotted against each other. While there are cases of pattern speeds

dissimilar to a jet’s median speed, Lister et al. 2013a and Lister et al. 2019 find that

features are typically ejected within a narrow range around a “characteristic” speed.
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4.1.2 Apparent Speed and Doppler Boosting

The angular speeds represent the observed proper motion in units of milliarcsec-

onds/year (mas/yr). They can be converted to the apparent speed through

βapp =
µDL

(1 + z)
, (4.1)

where DL is the luminosity distance which relates the bolometric luminosity and bolo-

metric flux (Hogg, 1999; Homan et al., 2009). The luminosity distance is calculated

using the cosmological parameters stated in the beginning of Chapter 3.

Equation 1.5 expresses the Doppler boosting factor in terms of the Lorentz factor,

γ, the speed, β, and the viewing angle, θ; these measures are also related by

βapp = βΓδ sin θ (4.2)

(Cohen et al., 2007). The apparent speed alone can then only partially constrain the

intrinsic properties of the jet. This can be seen in, e.g., Figure 5 of Vermeulen and

Cohen 1994, which shows the value of βapp which are measured for different values

of θ, γ, and δ. The apparent speed increases with Lorentz factor for a given viewing

angle. However, the relationship between the Doppler boosting factor and the Lorentz

factor depends on whether the jet is viewed above or inside the critical angle of 1/Γ.

The Doppler factor cannot be measured directly and attempts to estimate it must

rely on several assumptions; see, e.g., the summary in Liodakis et al. 2018. The

highest values of βapp in this analysis (∼40c) necessitate a small viewing angle and

high Doppler factor, but lower values of the apparent speed can result from a larger

range of Lorentz factor values. A majority of sources in the sample must have at least

some degree of beaming, considering their high redshift and the flux-limited nature

of the catalogue (see Lister et al. 2009).

Figure 4.2 shows the distribution of apparent speeds in the sample, divided by

optical/synchrotron peak SED frequency classification (one BL Lac with unknown

synchrotron peak is not shown, as well as five Narrow Line Seyferts 1s with speeds

generally similar to those discussed in Lister et al. 2016b). FSRQs are likely to have
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the highest intrinsic speeds (e.g., Kharb et al. 2010), leading to their high apparent

speeds; although their true viewing angles are unknown, it is possible that they are

smaller than those of BL Lacs as well (Hovatta et al., 2009).

BL Lac speeds decrease with increasing synchrotron peak (see also Lister et al.

2019, suggesting some sort of inherent difference between the subclasses. The observ-

ing frequency of 15 GHz falls closer to the synchrotron SED peak of LSP sources than

HSP sources, resulting in lower HSP BL Lac luminosities. Even at similiar redshifts,

HSP BL Lacs have lower speeds than LSP BL Lacs; selection effects would favor

beamed sources at greater speeds, in order for HSP BL Lacs to enter the flux-limited

catalogue. It is more likely that HSP BL Lacs simply have lower intrinsic speeds.

This would agree with the lower kinetic powers expected from HSP BL Lacs under

the “blazar sequence” (Fossati et al., 1998; Ghisellini et al., 1998). The generally low

apparent speeds of radio galaxies are thought to be due to their higher angles to the

line of sight; 0415+379/3C 111 and 0430+052/3C 120 are the two major (βapp > 6)

exceptions.

4.2 Analysis

4.2.1 Fractional Polarization

Figure 4.3 shows all available apparent maximum speeds plotted against the

AGN’s median core fractional polarization (as described in Chapter 3). There is

no clear overall trend, but the locations of the distributions are as expected, with

FSRQs largely present at low polarization and higher speeds while BL Lacs extend in

the opposite dimensions. For clarity, Figure 4.4 shows the same data separated into

two plots (see Section 4.2.3 regarding the locations of NLSy1s).

The BL Lac population, when considered on its own, shows a positive correlation

between median fractional polarization and maximum apparent speed (p = 0.019,

τ = 0.22 when performing a Kendall τ non-parametric correlation test; the probability

of the null hypothesis, as described in greater detail in Section A.3). Among FSRQs
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alone, there is no correlation between median fractional polarization and maximum

apparent speed. This also is true if the extreme polarization outlier (PKS 1236+077,

m = 8.52%) is not considered. The peak speed jets have an approximate fractional

polarization m ≈ 2%, apparently due to the FSRQ population density rather than a

specific preference for low speeds below m ≈ 1% or above m ≈ 3%. Figure 4.5 shows

the FSRQ data with overlaid apparent speed averages calculated from bins of size

m = 1%; the averages for each bin are approximately equal.

We also investigate the relationship between median fractional polarization and

median apparent speed with data shown in Figure 4.6. Once again, there are no

trends when blazar classes are combined together. When FSRQs are tested alone,

though, there is a positive correlation between the two statistics (p = 0.017, τ = 0.22;

BL Lacs are not tested separately due to small numbers.) This would suggest a

discrepancy between the typical and the fastest components within the jet in regards

to the core’s polarization. However, a median apparent speed and median fractional

polarization is only available for 57 of the FSRQs which have at least five measured

component speeds. When the maximum apparent speeds of the same 57 are analyzed,

they also appear to correlate with the fractional polarization (p = 0.002, τ = 0.28;

see Figure 4.7).

This almost certainly represents the difference in observational metrics for the two

groups. The FSRQs with an available βmed and mmed have a median βmax = 15.8c,

and have been observed for a median of 13.6 years. The FSRQs with mmed and βmax,

but no βmed, have a median βmax = 7.2c and have been observed for a median of 5.1

years. Most AGN jets eject a new feature every few years (Lister et al., 2016a). This

suggests that as the MOJAVE program continues, the maximum component speeds of

the latter group will rise and approach a more linear relationship with the fractional

polarization.

Because of blazars’ low angles to the line of sight and other likely values for the

intrinsic properties (see, e.g., the simulations in Lister et al. 2019), we can take their

component apparent speeds to be indicative of the degree of beaming present. The
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relationships between polarization and beaming characteristics have been rarely in-

vestigated. A study using an older version of the MOJAVE sample, Kharb et al.

2010, divided FSRQs into high optical polarization (mopt > 3) and low optical po-

larization (mopt < 3) categories and found that the former had significantly higher

speeds. Hovatta et al. 2009 estimated the Doppler boosting factors for a sample of

67 sources from mm-wave flaring events; using MOJAVE speeds and the same op-

tical polarization-based categories, they additionally found that the higher optically

polarized FSRQs have significantly higher Doppler boosting factors.

The results from this section provide evidence that this trend between higher

polarization and higher jet speeds exists for the radio core polarization as well as

the optical polarization. The low polarization of HSP BL Lacs can then be ex-

plained by their suspected lower degree of Doppler boosting. In addition, we find

that EVPA-based characteristics have no significant trends with apparent jet speeds,

and in Chapter 3, we found that those characteristics also seemed unaffected by syn-

chrotron peak within the BL Lac class. If processes within the jet increase the core

fractional polarization as well as the speed of ejected components, they appear to have

no effect on the EVPA. These results together then support a scenario where BL Lacs

all have intrinsically different polarization properties than FSRQs — based on their

EVPA behavior and extremely high fractional polarization relative to their apparent

speeds — but synchrotron peak-based classes within the larger BL Lac group have a

fractional polarization modified by the amount of Doppler boosting.

4.2.2 Variability Measures

In this section, we investigate the link between jet apparent speeds and variability

measures, where the underlying variability is modified by several effects. One of these

effects is the relativistic shortening of time scales. If a jet has a viewing angle close to

zero such that cos(θ) ≈ 1 and a Lorentz factor Γ ≈ 10, for example, it is experiencing

time a factor of twenty times slower than measured by the observer (Eq. 1.6). Because
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the actual relativistic factors are not known, they cannot be easily accounted for —

the statistical debiasing of variability measures described in Section 3.2.1 is based

only in observer time. The fastest jets are still being measured over a shorter time

(in their rest frame) than slower jets.

Another consideration is the assumptions regarding the core versus jet boosting

factors. The features of a particular jet are measured as having a variety of speeds,

potentially due to varying shock characteristics (Homan et al., 2015). In a sample of

this size, is it reasonable to assume that the typical feature speed and likely Doppler

factor range based on that speed is generally indicative of the core Doppler boosting

factors. If the core Doppler factor changes — due to e.g. a particularly fast moving

feature emerging from the core — then the flux measured at that epoch is changed

from the intrinsic flux as described in Section 1.1.2. Because the formula is nonlinear,

jets with higher Doppler factors will have a greater total intensity variability (Sec-

tion 3.2.5) for similar intrinsic changes in the de-boosted flux. This may cause greater

variability in jets with higher Doppler boosting factors (such as reported in the radio

regime by Tingay et al. 2001 and Liodakis et al. 2018)

In Figure 4.8, we plot the total intensity variability indices Ivar from Chapter 3

against the maximum jet component speed. We find no correlations for blazars as a

whole or among the two blazar subgroups. Likewise, blazars and FSRQs specifically

(there are too few BL Lacs to test separately) do not have an apparent correlation

between their total intensity variability and median jet component speed. The vari-

ability in fractional polarization (Section 3.2.4) similarly has no correlations with

either apparent speed measure across blazar groupings (for the maximum apparent

component speeds, this can be seen in Figure 4.9).

For comparison purposes, we examine another measure of flux variability — the

intrinsic modulation index of the OVRO 40m monitoring program (Richards et al.,

2014). The modulation index is calculated from 4 years of data and is not restricted

to the core feature. However, the OVRO program monitors much more frequently

than MOJAVE, using considerably more measurements in its variability calculation.



78

Like the total intensity variability, the OVRO modulation index is de-biased in terms

of observing statistics (Richards et al., 2011), hence the name “intrinsic.”

In Figure 4.10 and Figure 4.11, we plot the OVRO intrinsic modulation index

against the maximum jet apparent speeds and median jet apparent speeds, respec-

tively. In the case of the maximum speeds, a very slight correlation is present

among all blazars (p = 0.038, τ = 0.0992), with the same true of BL Lac objects

(p = 0.040, τ = 0.192) but not FSRQs. A more certain correlation exists between

the modulation index and the blazar median speeds (p = 0.002, τ = 0.269); there

are only 14 BL Lacs in this group, but the 51 FSRQs also show a correlation with

p = 0.013, τ = 0.240. Even with these results, a stronger correlation might be ex-

pected, especially given the findings of the previous section.

4.2.3 Narrow Line Seyfert 1s

The five Narrow Line Seyfert 1s discussed in this work represent a small minority

within the class; they are extremely radio-loud, with properties similar to those of

blazars (Lister, 2018). In particular, these and other γ ray-detected NLSy1s are most

like FSRQs (see Paliya et al. 2019 and references therein), with some literature even

suggesting that they are the young evolutionary equivalent of FSRQs (Foschini, 2017).

As seen in Figure 4.4, the maximum apparent jet component speed and median frac-

tional polarization of the NLSy1s in our sample are most like those of FSRQs, but

clustered at relatively low values. The highest NLSy1 speed, 9.69c, is above the me-

dian βmax = 7.27c for all available FSRQs. The highest NLSy1 fractional polarization

is mmed = 1.41%; the median for FSRQs is mmed = 1.92%. With so few data points,

it cannot be said whether the low polarization is by chance or representative for this

rare type within the NLSy1 class.
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4.2.4 Correlations with γ-ray Emission

In Section 3.2.10, we defined a blazar subsample for the purpose of exploring

how radio properties differ based on whether a population of AGN has associations

in the Fermi third source catalog (Acero et al., 2015b). Here, we again use this

subsample to analyze the relationship between median core fractional polarization

and jet component speed between LAT-detected and non-LAT detected groups. The

apparent speeds of γ-ray detected AGN are well known to be higher than those

of non-detected AGN, with the main motivators for LAT detection thought to be

high γ to radio ratio (dependent on synchrotron peak frequency location) and highly

boosted emission (Lister et al., 2015). In Figure 4.12, we show the distribution of

maximum apparent jet speeds for the blazars which meet the criteria in Section 3.2.10

(to summarize, radio-selected blazars).

These apparent speeds are plotted with median fractional polarization in Fig-

ure 4.13. We find no significant correlations among the LAT-detected or non-detected

groups; this is true as well if tests are limited to include only FSRQs. LAT-detected

median apparent speeds also show no significant correlations with fractional polar-

ization (there are too few non-detected AGN to test separately). The LAT-detected

group consists of a mix of FSRQs and mostly LSP BL Lacs, while the non-LAT de-

tected group is almost entirely FSRQs. It is possible that BL Lacs have the widest

range of potential Doppler boosting factors, resulting in a more obvious correlation

than is more tenuously seen in FSRQs, and not seen at all among the populations

divided by γ-ray detection status.

4.3 Summary

In this chapter, used maximum and median apparent jet speed statistics from

the MOJAVE program to explore the relationships between relativistic boosting and

fractional polarization, as well as the variability measures used in Chapter 3 and

beyond. Our conclusions are:
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1. The fractional polarization of BL Lacs is positively correlated with their max-

imum apparent jet speeds. This is also true of FSRQs when it comes to both

measures of apparent speed, but only when a smaller subset of the most heavily

observed FSRQs are tested. Since the values of the apparent jet speeds seem

to have no relationship with EVPA-based statistics, this supports the idea that

the HSP/LSP BL Lac divide in polarization is a result of differing relativistic

beaming factors.

2. We find no correlations between maximum or median apparent jet speed and

our total intensity and fractional polarization variability measures. However,

the intrinsic modulation index, a total intensity flux variability measure from

the OVRO 40m monitoring program, is by contrast correlated with our speed

measues. Since variability is expected to increase with increasing jet Doppler

factor, this highlights the need for more robust variability statistics.

3. NLSy1 sources have low polarization, even given their apparent jet speeds, but

data on a larger sample are needed for definite conclusions.

4. We divided blazars by their Fermi-LAT γ-ray association or lack thereof, but

found no correlations between fractional polarization and jet apparent speed

within those groups. It is not surprising that a link between fractional polar-

ization and apparent speed, indicating the level of beaming, would not be seen

when the LAT-detected and non-detected groups are tested separately. How-

ever, it suggests that the correlation is rather weak, and most obvious when

observed in BL Lacs due to their presumed wider range of Doppler factors and

less spread fractional polarization values.

Overall, our results confirm the current literature regarding the blazar paradigm;

some of our more preliminary results could benefit from future use of data on a larger

sample of AGN.
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Figure 4.1. Median angular speed versus maximum angular speed in mas for each

AGN. A 1:1 line is overlaid on the plot.
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Figure 4.2. Distributions of maximum apparent speed βmax, grouped by opti-

cal/synchrotron peak classification. The ISP outlier is 0716+714/TXS 0716+714

and the HSP outlier is 0219+428/3C 66A.
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Figure 4.3. Median core fractional polarization mmed versus maximum apparent speed

βmax for each AGN. Purple inverted triangles are HSP BL Lacs, green triangles are ISP

BL Lacs, blue diamonds are LSP BL Lacs, red stars are NLSy1s, unfilled squares are

FSRQs, and red circles have an unknown optical class or synchrotron peak frequency.
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Figure 4.4. Median core fractional polarization mmed versus maximum apparent speed

βmax for each AGN. Left panel: red stars are NLSy1s and unfilled squares are FSRQs.

Right panel: purple inverted triangles are HSP BL Lacs, green triangles are ISP BL

Lacs, blue diamonds are LSP BL Lacs, and the red circle has an unknown synchrotron

peak frequency. A Kendall τ test of correlation yields p = 0.019 for no correlation in

the BL Lac population.
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Figure 4.5. Median core fractional polarization mmed versus maximum apparent speed

βmax for the FSRQ optical class, minus the 3 AGN with mmed > 5. Red circles are

based on apparent speeds averages for a particular bin of size mmed = 1%. Red error

bars represent the mean apparent speed plus and minus one standard deviation in

that bin.
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Figure 4.6. Median core fractional polarization mmed versus median apparent speed

βmed for each AGN. Purple inverted triangles are HSP BL Lacs, green triangles are

ISP BL Lacs, blue diamonds are LSP BL Lacs and unfilled squares are FSRQs.
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Figure 4.7. Left panel: median core fractional polarization mmed versus median ap-

parent speed βmed for FSRQs with an available median speed, per Section 4.1.1. A

Kendall τ test of correlation yields p = 0.017 for no correlation. Right panel: median

core fractional polarization mmed versus median apparent speed βmed for the same

group. A Kendall τ test of correlation yields p = 0.002 for no correlation.
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Figure 4.8. Total intensity variability index Ivar versus maximum apparent speed βmax

for each AGN. Brown crosses are radio galaxies, purple inverted triangles are HSP BL

Lacs, green triangles are ISP BL Lacs, blue diamonds are LSP BL Lacs, red stars are

NLSy1s, unfilled squares are FSRQs, and red circles have an unknown optical class

or synchrotron peak frequency.
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Figure 4.9. Fractional polarization variability index mvar versus maximum apparent

speed βmax for each AGN. Purple inverted triangles are HSP BL Lacs, green triangles

are ISP BL Lacs, blue diamonds are LSP BL Lacs, red stars are NLSy1s, unfilled

squares are FSRQs, and red circles have an unknown optical class or synchrotron

peak frequency.
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Figure 4.10. Intrinsic 15 GHz OVRO modulation index m̄ versus maximum apparent

speed βmax for each AGN. Brown crosses are radio galaxes, purple inverted triangles

are HSP BL Lacs, green triangles are ISP BL Lacs, blue diamonds are LSP BL

Lacs, red stars are NLSy1s, unfilled squares are FSRQs, and red circles have an

unknown optical class or synchrotron peak frequency. The median upper and lower

uncertainties for the modulation index are shown under the legend. A Kendall τ test

of correlation yields p = 0.038 for no correlation.
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Figure 4.11. Intrinsic modulation index m̄ versus median apparent speed βmed for

each AGN. Brown crosses are radio galaxes, purple inverted triangles are HSP BL

Lacs, green triangles are ISP BL Lacs, blue diamonds are LSP BL Lacs, red stars are

NLSy1s, unfilled squares are FSRQs, and red circles have an unknown optical class

or synchrotron peak frequency. The median upper and lower uncertainties for the

modulation index are shown under the legend. A Kendall τ test of correlation yields

p = 0.002 for no correlation.
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Figure 4.12. Distributions of maximum apparent speed βmax. AGN are grouped as

LAT-detected (top) or non-LAT-detected (bottom). Unfilled bins represent all blazars
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speed βmax. LAT-detected AGN are black and non-LAT-detected AGN are red. BL

Lacs of all synchrotron peak frequency classes are represented by crosses, and FSRQs

by squares. The non-detected high apparent speed outlier is 2223+210/DA 550.
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5. Summary

There is much still unknown about AGN jets; their linear polarization properties

offer only indications about how they are formed, powered and collimated to large

distances. The primary purpose of this thesis is to investigate these properties, with

an emphasis on how they differ across categories of jet, and how they connect to other

jet characteristics.

This is done through the use of MOJAVE data taken with the VLBA at 15 GHz.

There are few programs currently observing jet polarization, with most of those mon-

itoring at optical wavelengths. In contrast to other work, the conclusions here are

based on high-resolution radio images covering a span of ≈15 years. Chapter 2 de-

scribes the addition of polarization data, increasing the time and length of coverage

for many jets, based on new processing of archival observation epochs. With this data,

a large-scale (≈400 sources) statistical study is undertaken to better understand jet

behavior at large.

5.1 Goals and Results

5.1.1 Linear Polarization

I show that LSP BL Lacs have higher fractional polarization than FSRQs, and

fractional polarization within the BL Lac class is dependent on synchrotron SED peak

frequency. Historically results have been mixed regarding the behavior of the EVPA in

jets; this work supports a scenario where BL Lacs, regardless of synchrotron SED peak

frequency, have EVPAs which are more aligned with the jet and more stable in time

compared to FSRQs. Across blazar optical classes, jets which have aligned EVPAs

tend to have less variability in their EVPAs and a higher fractional polarization. This
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predilection could be interpreted under several of the the currently popular theories,

e.g. regarding jet magnetic field structures (Gabuzda, 2003) or shock behavior within

the jet Aller et al. 1999 — it can, however, also provide useful constraints for future,

more specific theories.

5.1.2 Variability

Blazars are known to be quite variable in flux (Hovatta et al., 2007), but the

variability in fractional polarization is less well known, and most literature concerning

total intensity is focused on specific source studies. Based on the sample described

in this dissertation, HSP BL Lacs have less variability in polarization compared to

FSRQs, but this is not true to a statistically significant degree for other SED peak

classes of BL Lacs. BL Lacs as a class have less total intensity variability than

FSRQs. Jets with high EVPA-jet PA alignment have lower variability in fractional

polarization. These results support the possibility that the same processes leading to

high EVPA-jet PA alignment also lead to higher, more constant fractional polarization

and more stability in the EVPA.

5.1.3 Jet Speeds

One of the difficulties in studying AGN jets is determining the degree to which

certain properties are affected by typically unknown relativistic beaming factors. I

investigate this issue, first by comparing statistics across Fermi-LAT detected and

non-detected groupings, and then by using apparent speed measurements as an esti-

mate of the level of relativistic beaming in the jet population.

Unlike previous findings, the only significant difference between γ-detected and

non-γ detected populations is their variability in EVPA. However, the fastest jets —

and the ones most likely to be detected by Fermi — show no preference in the level

of EVPA stability. There is some evidence of correlation between higher apparent

speeds and greater fractional polarization. Based on these findings, it is likely that
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the separation between the HSP and LSP BL Lacs properties can be attributed

to differing beaming factors, while the BL Lac/FSRQ divide appears to be due to

inherent differences.

5.2 Potential Future Work

5.2.1 Sample Additions

A benefit of this sample is its size — 387 sources, including 5 NLSy1s and 21

HSP BL Lacs. Findings here and in the literature show that HSP BL Lacs have

distinct properties from the LSP BL Lac majority. Considering a larger sample of

HSP AGN jets may provide more information or confirm some of the milder trends

discussed here, such as regarding the variability of different SED peak classes, or the

link between fractional polarization and apparent jet speed.

The NLSy1s also show interesting characteristics — while they are thought to

be most related to FSRQs, the fractional polarization of the limited number studied

here is quite low even for FSRQs. Their EVPA-jet PA alignment, EVPA stability,

and similar characteristics are also somewhat extreme, but not odd for a FSRQ of

similarily low polarization. Studying a larger number of NLSy1 sources would clarify

whether these values are typical for the class or simply a product of small sample

size.

5.2.2 Fermi 4FGL Comparisons

Doppler beaming and synchotron SED peak location are thought to be the main

motivators of whether a jet is detected at γ-ray energies (Lister et al., 2015), but the

full relationship is still unclear. Blazars in this work are listed as detected or not

detected based on the Fermi-LAT Third Source Catalog (3FGL). As of this writing,

the Fermi-LAT Fourth Source Catalog (4FGL, The Fermi-LAT collaboration 2019)

is in a preliminary stage, but contains several of the AGN which were undetected in
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the 3FGL (e.g., the mentioned outlier in Figure 4.13). This lessens the already small

group of non-detected radio bright blazars. However, replacing the Boolean detection

status with Fermi measured median or time-averaged flux is a more informational

alternative which could confirm and expand on the results presented here.
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527

Jones, D. H., Saunders, W., Read, M., and Colless, M.: 2005, PASA 22, 277

Jorstad, S. G., Marscher, A. P., Mattox, J. R., Aller, M. F., Aller, H. D., Wehrle,
A. E., and Bloom, S. D.: 2001, ApJ 556, 738



104

Jorstad, S. G., Marscher, A. P., Morozova, D. A., Troitsky, I. S., Agudo, I., Casadio,
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A. Bias and Statistical Methods

A.1 Bias Avoidance

In 3.2.1, I briefly discuss the steps taken to avoid bias from the observational

sampling. Here, I will go into more detail on why these steps were chosen and what

alternatives were possible.

I began by compiling three statistics for each AGN: the total number of obser-

vations, the median length of time between consecutive observations, and the total

length of time between the earliest observation and December 31st, 2016 (using only

observations with polarization data). Graphs of these statistics are shown in Fig-

ures A.1, A.2, and A.3. The range between AGN is large for all of them, causing

difficulties in large-scale comparisons. When computed from all available epochs,

some of the statistics have a large dependence on the number of epochs available per

source. An example of this is shown in Figure A.4.

Programs such UMRAO and OVRO have developed variability statistics depen-

dent on a mean, taking advantage of the relatively consistent amount of time between

epochs and greater number of observations (see e.g., Aller et al. 2003 and Richards

et al. 2011). Restricting the sample in such a way to remove observational bias is sim-

pler than attempting to define all used statistical measures in a way which represents

all AGN accurately.

I first attempted to calculate the statistics from five randomly chosen epochs

per source, in order to address the problem of the differing number of observations

between sources. This was done with no constraints on the length of coverage time or

the length of time between epochs. Figure A.5 is similar to Figure A.4, but with the

total intensity variabilities found in this manner. An apparent correlation still exists.

Evidence for why this occurred is shown in Figure A.6, where 2251+158/3C 454.3
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undergoes over a decade of stability before long-term flaring. Neglecting to account

for the discrepancies in overall coverage time led to preferentially high variability

and fractional polarization maximums for long-observed sources, and the possibilities

for spacing of the five random epochs led to occasionally large differences between

random seeds. I therefore restricted most of the calculated quantities to not only

a set number of epochs, but also a set number of years. Five epochs in a space

of 2.3 years was achievable for the majority of sources in the sample, and led to

reasonable spacings between epochs. The total intensity variabilities calculated by

this final method are shown in Figure A.7. Although the medians in Chapter 3 were

also tested for correlation with the three defined observational statistics, they did not

show any dependence, and so were calculated without these limits.

The relationship between median fractional polarization and redshift is discussed

to some extent in Section 3.2.2. The other statistical quantities analyzed in Chapter 3

had no correlation with redshift. This is not a universal finding or something that can

be assumed. Richards et al. 2014 found an anti-correlation between total flux vari-

ability and redshift, while Angelakis et al. 2016 found a positive correlation between

polarization variability and redshift in an optical band. While the intersection of the

flux-limited samples has been handled with care (e.g. in 3.2.10), it is worth noting

that redshift dependence in the form of the Malmquist bias is unavoidable, and we

are limited to AGN that are bright enough to be observed with the VLBA.

A.2 Censored Data

One of the complications of this thesis was the handling of left-censored data

points. Many of the measured polarizations, as discussed in Section 3.1, fell below

the required threshold for a detection. In these cases, the accompanying fractional

polarizations was considered to exist at or below an upper limit defined by the relevant

polarization contour. Many studies throw such points out due to the difficulty of their

inclusion in statistics; however, they are important sources of information. A simple
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example is in Section 3.2.2, where the frequency of censored data points for radio

galaxies is compared to the frequency for HSP BL Lacs.

The censored data points have been included in statistical measures when possi-

ble, but with more difficulty. For example, the median fractional polarizations from

Section 3.2.2 were first calculated assuming all upper limits to be non-censored data

points. Then, they were run through two flagging procedures. The first flagged any

medians where at least half the points used in calculation were censored. The second

flagged any medians where a censored data point existed above the calculated me-

dian. The first group were not used in any subsequent analysis. If an AGN belonged

to the second group but not the first, I inspected it individually. In the majority of

cases, a censored data point was also the maximum fractional polarization for that

source, meaning that the calculated median was likely not accurate; if the median

did appear accurate, however, it was included in analysis.

The rationale behind excluding upper limit treatment in Section 3.2.4 is some-

what subtle. The variability index described therein is essentially a measure of the

minimum value subtracted from the maximum value. In a group of mixed censored

and non-censored values, the true minimum is likely one of the left-censored points. If

the variability index is calculated with the upper limit points assumed to be definite

(i.e. non-censored), this estimates the minimum as higher than the probable actual

value. If the calculation is done using only the non-censored data points, excluding

each source’s upper limit measurements, the same effect occurs to a greater degree.

Although this procedures reduces the number of sources available in comparison, I

therefore only calculated a variability index for sources with no upper limit points

among the five used epochs of measurement.

A.3 Statistical Tests

Three statistical tests are used in this thesis: 1. KS tests for sample comparison;

2. correlation tests using Kendall’s τ coefficient; and 3. the Peto & Peto modification
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of the Gehan-Wilcoxon test for comparison of samples with censored values. The ac-

companying statistical software is stated in section 3.2.1. While the Anderson-Darling

(AD) test is of increasing popularity, I have used the KS test when appropriate, due

to its greater recognizability. Kendall’s τ was chosen over e.g. Spearman’s ρ because

it is more nonparametric — it is more robust and less sensitive to ties, or repeated

values (Press et al., 2002). This is particularly important for the EVPA and PA,

since ties are more common when there is limitation to a range of 180◦ or 90◦ for

≈100s of values. Overall, however, they are rare enough that the choice of correlation

coefficient should not affect significance.

The use of “p” refers exclusively to the probability of a result assuming the null

hypothesis is true. All of the mentioned p-values are two-tailed; tests have been

run without assuming significance in a certain direction. Two-tailed is most often

specified in the text of other publications, and because it is the default for most

software, it is likely the most used when not specified. Note that there has been no

accounting for false positives arising from the number of tests in this thesis. E.g.,

if one hundred tests are run, a one percent probability result is expected to occur.

This is one reason I have, therefore, taken care to state the approximate values of

tests, rather than simply quantifying them as below or above the standard threshold

of 0.05. Kendall’s τ coefficient is also specified when applicable, and indicates the

strength of the correlation on a scale from -1 to 1, with the former value indicating

strong anti-correlation.
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Figure A.1. Histogram of the number of epochs for each source with at least five

measurements of polarization. 2200+420/BL Lac is an unshown outlier at 128 epochs.
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Figure A.2. Histogram of the median time in days between observing epochs for

each source with at least five measurements of polarization. 2150+173/OX 183 is an

unshown outlier at approximately 1400 days.
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Figure A.3. Histogram of the total coverage time in years for each source with at least

five measurements of polarization.
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Figure A.4. Number of epochs per source versus the total intensity variability, with

the latter calculated from all polarized epochs.
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Figure A.5. Number of epochs per source versus the total intensity variability, with

the latter calculated from five random epochs.
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Figure A.6. Evolution of the core total intensity for 2251+158/3C 454.3.
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Figure A.7. Number of epochs per source versus the total intensity variability, with

the latter calculated from five limited epochs based on the described observational

bias corrections.


