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Abstract

Blazars are radio-loud (RL) active galactic nuclei (AGNs) whose relativistic jets are

directed at us. These sources are observed to have spectral energy distributions

(SEDs) with two broad-humped components, significant variability throughout the

electromagnetic (EM) spectrum, and high average polarization degrees (PDs) from

radio to optical energy bands. This study constitutes the first step towards the de-

velopment of a full angle- and polarization-dependent synchrotron and synchrotron

self-Compton (SSC) blazar multi-wavelength emission model with relativistic elec-

trons in a uniform magnetic field.

Using the code developed in this work, we simulate different orientations of the

magnetic field w.r.t. the jet axis (such as parallel, perpendicular, and oblique field

geometries) that may exist within a blazar jet, as well as different viewing angles

relative to the jet axis, and study the impact on the synchrotron and SSC spectra

and multi-wavelength polarization. We also report on the impacts of varying the

electron power-law index on the synchrotron and SSC emission.

The results of this study demonstrate that, as expected, the synchrotron emission

is dramatically affected by variations of both the magnetic field orientation and our

line of sight (LoS) w.r.t. the jet axis, whereas the SSC emission is almost indepen-

dent of them. This is evident, especially in an oblique magnetic field case, where

synchrotron emission is substantially suppressed when our LoS and the magnetic

field vector are closely aligned. On the other hand, in this field case, SSC emission

shows a significant dependence on the magnetic field azimuthal angle. Furthermore,

we demonstrate that, as the electron power-law index increases, the SSC emission

becomes suppressed, whereas the average PD rises as well.

Keywords: generic blazar; linear polarization; magnetic field orientation; anisotropic

synchrotron photon; nonthermal radiative mechanisms
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Chapter 1

Introduction

Blazars are the most intense class of radio-loud active galactic nuclei (AGNs) that

are jet-dominated, consisting of flat-spectrum radio quasars (FSRQs) and BL Lac

objects. They show characteristic double-hump-shaped spectral energy distributions

(SEDs), strong variability over the whole electromagnetic (EM) spectrum, and high

degrees of polarization observed from radio through optical bands. Such radiation

arises from relativistic jets produced by supermassive black holes (SMBHs) within

the central engines of AGNs.

This chapter gives a brief discussion of AGN. The two populations of AGN, namely,

radio-quiet (RQ) and radio-loud (RL) AGNs, will also be discussed with special

attention to blazars. The focus of the thesis will then be introduced with previous

related work. It closes with a problem statement, research goal, and the outline of

the thesis.

1.1 Active Galactic Nuclei

AGNs are effectively accreting SMBHs within galactic cores. These objects emit

enormous amounts of non-thermal radiation across the multi-wavelength bands. The

galaxies hosting AGNs are said to be active galaxies. Active galaxies are extremely

bright compared to inactive galaxies, galaxies powered by starlight (Padmanabhan,

2002; Schneider, 2006). The Milky Way, the galaxy that we live in, is one of those

inactive galaxies. In addition to this feature, there are other observational features

such as broad non-thermal radiation, high variability on a large range of timescales,

high polarization in different wavebands, and strong, broad emission lines including

semi-prohibited and prohibited emission lines that can as well differentiate AGNs

from inactive galaxies, (Padmanabhan, 2002):

1
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• High Luminosity: The luminosities of active galaxies, spanning from roughly

1042 erg·s−1 to roughly 1048 erg·s−1 (Padmanabhan, 2002), are more prominent

than the luminosities of inactive galaxies. Since a typical inactive galaxy has

a luminosity of about 1044 erg·s−1, AGN can therefore be as high as 10,000

times brighter than all the stars in an inactive galaxy (Padmanabhan, 2002;

Schneider, 2006).

• Broad Non-thermal Radiation: AGNs emit intense radiation of non-

thermal origin within the radio, infrared (IR), optical, ultraviolet (UV), X-

ray, and gamma-ray bands (Schneider, 2006; Urry and Padovani, 1995). This

means that AGNs are observable through all wavelength (from gamma-ray to

radio) bands (see Figure 1.1). Figure 1.2 shows images of the radio galaxy

NGC 5128, known as Centaurus A (Cen A), in different wavelength bands. It

tells how a single-band observation can provide insufficient information about

an AGN.

Figure 1.1: The spectra of the quasar 3C 273 and the cD galaxy, an elliptical galaxy.

The radiation of the quasar spans the entire EM spectrum, whereas the elliptical

galaxy emission is observed in a narrow range from infrared to ultraviolet. The plot

is taken from Schneider (2006).

• Emission Lines: The optical spectrum of an AGN can display two types

of emission lines, namely, broad and narrow emission lines. However, it is

sometimes possible for the spectrum not to show any emission lines.

Figure 1.3 demonstrates the average spectrum of quasars showing a variety

of emission lines such as broad permitted lines (Lyα, CIV, MgII, Hδ, Hγ,

and Hβ), semi-forbidden lines (CIII] and CII]), and narrow forbidden lines

(Si[V/OIV], [NeV], [OII], [NeIII], and [OIII]). The square bracket(s) implies
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Figure 1.2: Images of the radio galaxy Cen A (NGC 5128), a jetted AGN, in

different wavebands. (Azadi, 2017) This illustrates how the appearance of an AGN

differs among different waveband regimes.

Figure 1.3: The mean spectrum of quasars showing the broad permitted (Lyα, CIV,

MgII, Hδ, Hγ, and Hβ), semi-forbidden (CIII] and CII]), and narrow forbidden

(Si[V/OIV], [NeV], [OII], [NeIII], and [OIII]) emission lines. Figure taken from

Schneider (2006).
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that a line is semi-forbidden (forbidden). Notably, among the broad emission

lines, no forbidden lines are observed (Schneider, 2006). The broad emission

lines can often reach a full width at half maximum (FWHM) of about 104

km·s−1 (Padmanabhan, 2002; Schneider, 2006), whereas narrow lines can have

a FWHM of a few 100 km/s (Schneider, 2006). These narrow emission lines

are considerably wide compared to the characteristic velocities within inactive

galaxies (Schneider, 2006).

Generally, it is accepted that the lines discussed above in AGN emerge from

regions of high density, high orbital velocity (broad line region (BLR)) and

low density, low orbital velocity (narrow line region (NLR)) that are orbiting

with bulk motions around the SMBH (see Figure 1.4; Böttcher et al., 2012;

Padmanabhan, 2002; Schneider, 2006). The BLR and NLR are discussed in

the next section.

• Variability: The optical luminosities of inactive galaxies do not vary much

compared to those of active galaxies that are highly variable, fluctuating with

nearly a factor of 2 or more (Padmanabhan, 2002). The spectra and luminosi-

ties of AGNs are significantly variable on timescales of years down to minutes

(Böttcher, 2019; Schneider, 2006; Urry and Padovani, 1995). The shortest vari-

ability time scales, down to minutes, were discovered in the observations of

very high-energy (VHE) gamma-rays using the ground-based Imaging Atmo-

spheric Cherenkov Telescope facilities (IACT; H.E.S.S., MAGIC, VERITAS)

(Böttcher, 2019). Generally, the variability of an AGN is different in different

wavelength bands across the entire EM spectrum. As we move from lower

through higher frequencies of the observed emission, the variability timescale

is smaller and its variability amplitude becomes larger (Böttcher, 2019; Pad-

manabhan, 2002; Netzer, 2015).

• Polarization in Different Wavebands: An AGN is observed to be radio,

IR, and optically polarized. The radio and optical polarization measurements

provide us with direct constraints on the geometry and the evolution of the jet

magnetic field (Böttcher, 2019; Liodakis et al., 2022; Zhang, 2019). However,

measurements of optical polarization are the best probes of the magnetic field

geometry in the high energy emission regime (Böttcher, 2019; Zhang, 2019).

In addition to radio and optical polarization, there are intense AGNs, e.g.,

blazars, that are observed to be polarized in the X-ray (Liodakis et al., 2022)

and gamma-ray bands (Böttcher, 2019; Zhang and Boettcher, 2013; Zhang,

2019).
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• Radio Jets: All radio galaxies (RGs) have jets or lobes along the poles of

the accretion disk (Böttcher et al., 2012). These jets are very relativistic and

extend over distances on scales up to Mpc, which is much larger than the size

of the host galaxy itself. Often only one jet is observed (e.g., M87), and in

most RGs where two jets are observed, one is much fainter than the other

(Schneider, 2006). Furthermore, the appearance of the jet strongly depends

on its viewing angle, which is the angle between our LoS and the axis of the

jet itself (Netzer, 2015).

1.1.1 The Unified Model of AGN

From the smallest to larger scales, the major components of an AGN, according to

Urry and Padovani (1995), are (see Figure 1.4):

Supermassive Black Hole: According to the standard unified model (Figure

1.4), there exists a central compact supermassive object with a strong gravitational

field within the center of an AGN (Reynolds et al., 2014). This object is commonly

known as an SMBH, or sometimes the massive accreting BH, with mass ranging from

about 106 M⊙ to about 109 M⊙ (Böttcher et al., 2012). The SMBHs evolve due to

the consumption of the adjacent matter that falls into the BH’s gravitational field

(Longair, 2010). It is concluded that the massive accreting BH is the fundamental

component of the nuclear engine that powers AGNs (Schneider, 2006).

The SMBH has a boundary called the event horizon, which can be described as a

spherical region where the escape speed of a particle ought to surpass the speed of

light (Frank, 2016). The size of the event horizon is characterized by Schwarzschild

radius Rs = 2GMBH/c
2 (Frank, 2016), where G is the universal gravitational con-

stant, MBH is the mass of the BH, and c is the speed of light. Around the horizon

is the accretion disk, where internal (heat) energy can be converted into radiation

(Frank, 2016).

Accretion disk: The astrophysical object that is optically thick and geometrically

thin formed around the BH as the nearby gas matter with a small amount of angular

momentum is attracted by the BH’s gravitational field and consequently spirals

inward (Abramowicz and Straub, 2014; Frank, 2016; Hartle, 2003). As the gas

matter spirals inward, it rotates faster than the gas further away from the BH

(Bruss, 2012). These nearby and further gaseous matter interact with each other

(Bruss, 2012). The matter in the accretion disk will then be heated to extreme

temperatures by viscous forces (e.g., internal friction; Bruss, 2012; Schneider, 2006).

In addition, the very same viscous forces cause a gradual loss of energy and angular

momentum (Abramowicz and Straub, 2014; Frank, 2016; Longair, 2010; Urry and
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Figure 1.4: Illustration of the zoology of an AGN by the basic unified model. Figure

from Urry & Padovani (1995) as cited by Reynolds et al. (2014).

Padovani, 1995), whereby gas matter will slowly spiral inward until they reach the

innermost stable orbit where they fall straight into the BH (Hartle, 2003). As the

disk matter spirals onto the BH, its gravitational potential energy is subsequently

converted into kinetic energy, then into thermal blackbody radiation (Schneider,

2006). A portion of the thermal energy is transformed into EM radiation, which

then escapes the disk and cools it down (Abramowicz and Straub, 2014; Hartle,

2003; Netzer, 2015). Accretion generates thermal optical-UV-X-ray emission that

typically outshines the entire host galaxy (Abramowicz and Straub, 2014; Frank,

2016).

Additionally, strong magnetic fields can arise from the plasmas within the accretion

disk or be frozen within the accreting BH (Blandford et al., 2019). The disk rev-

olution is the cause of helical field lines, see Figure 1.5. These field lines play a

significant role in the jet collimation (Schneider, 2006; Blandford et al., 2019).
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Corona: It is generally believed that there might be a low-density plasma of highly

energetic electrons surrounding or as a part of the disk. This plasma causes the

disk optical/UV photons to undergo inverse Compton (IC) scattering to produce

continuum X-ray radiation, and it is said to be an X-ray corona. (Böttcher et al.,

2012; Urry and Padovani, 1995)

Broad line region: In the close vicinity of the corona is the BLR, the region

consisting of partially ionized gas clouds of high electron densities of ne ≳ 109 cm−3

( Padmanabhan, 2002; Schneider, 2006). These gas clouds orbit the core at high

bulk velocities ranging from roughly (1, 000−10, 000) km·s−1 (Padmanabhan, 2002;

Schneider, 2006). Moreover, due to these high densities of the clouds, the forbidden

emission lines are not observed in this region, as they are suppressed by collisions

(Padmanabhan, 2002; Schneider, 2006). The temperature of the BLR can be as high

as 20,000 K (Schneider, 2006).

Obscuring torus: Encircling the BLR is the obscuring torus, the optically thick

dusty structure that obscures the SMBH from certain angles (Reynolds et al., 2014;

Urry and Padovani, 1995). It is through the obscuration of the core that we can

classify AGN as Type 1 AGNs when an AGN is observed at angles where the inner

core is directly seen, and Type 2 AGNs when the very same AGN is observed at

angles that the torus obscures the BLR and the emission from the disk (Reynolds

et al., 2014; Urry and Padovani, 1995). Its radial extent ranges from approximately

(0.1 - 10) pc.

Narrow line region: Outside the obscuring torus is the so-called NLR, the region

composed of clouds of low electron densities of ne ≤ (103 − 106) cm−3, orbiting

at low bulk velocities in the range of (300 − 1000) km·s−1 (Padmanabhan, 2002).

Unlike the BLR, the NLR does not suppress forbidden lines collisionally due to the

lower densities of the clouds (Schneider, 2006). NLR clouds have a characteristic

temperature of about 16,000 K, which is a bit lower than in the BLR (Schneider,

2006).

Relativistic jet: The formation of jets takes place in the vicinity of the massive

accreting BH, where energetic particles are released along the poles of the disk and

escape spirally along the helical orientation of the magnetic fields (see Figure 1.5;

Schneider, 2006; Urry and Padovani, 1995). These jets emit synchrotron radiation

and are observable, in addition to RGs, in AGNs that are closely aligned to our

line of sight (LoS), such as blazars. (Böttcher et al., 2012). The plasma in the

jets streams outward on both the smallest and the largest (up to a few hundreds

of kpc) scales at relativistic velocities, beaming the radiation forwardly. (Urry and

Padovani, 1995).
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Figure 1.5: Demonstration of the jet model. The jet acceleration to relativistic

velocities is due to a combination of strong gravitational fields within the vicinity of

the SMBH and strong magnetic fields within the accretion disk that rotate rapidly.

The field lines are helical. Moreover, shock fronts within the jet cause relativistic

electrons to accelerate, which then strongly emit and appear as blobs within the

jets. Figure from Schneider (2006).

Jets carry energy, linear and angular momenta over long distances ranging from the

BH radius of RBH = (10−4MBH)/(10
9M⊙) pc to Mpc or more, to radio hotspots,

hotspot complexes, and radio lobes surrounding the jets (Böttcher et al., 2012;

Schneider, 2006). Jets often have an internal structure such as knots, the high

brightness areas that are interspersed with segments of low brightness (Schneider,

2006).

How jets form and accelerate and what collimates them over long distances, is not

yet well understood.
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1.1.2 The Classification of AGN

There are two major classes of AGN based on the power of their synchrotron-

emitting radio jets, namely the radio-loud (RL, jetted) and the radio-quiet (RQ,

non-jetted) AGNs. RL AGNs make up the minority (about 10%) of the AGN popu-

lation while the majority are RQ AGNs (Netzer, 2015; Padovani, 2016, 2017). Most

RL AGNs emit their energy non-thermally across the entire EM spectrum while the

multiwavelength emission of RQ AGN is thermal-dominated emission, directly or

indirectly related to the disk (Padovani, 2016, 2017). However, RL and RQ AGNs

show similar spectra in the range of mid-IR to soft X-ray bands (see Figure 1.6;

Schneider, 2006).

Figure 1.6: The typical spectral behavior of radio-loud (dashed line) and radio-

quiet (solid line) AGNs. It shows a prominent maximum, the blue bump, and a

secondary maximum from the UV through the soft X-ray and in the infrared bands,

respectively. The spectrum depends very much on the type of AGN. (Schneider,

2006)

Moreover, Urry and Padovani (1995) divided AGNs according to both their radio

loudness (RL and RQ AGNs) and their optical emission lines, i.e., whether they
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Table 1.1: The AGNs classification scheme based on the BH spin and the angle

between the accretion disk and our line of sight (LoS). In this particular scheme,

the radio emission strength is associated with the BH spin, which increases towards

the bottom of the table. Moreover, the smaller the jet orientation, the stronger core

dominance. Table from Urry and Padovani (1995) as cited by Schneider (2006).

show narrow emission lines (Type II), broad lines (Type I), or unusual or weak

emission lines (Type 0; see Table 1.1).

1.1.3 Radio-quiet

The RQ sources are characterized by significantly low ratios of radio-optical flux

density of R = log(S1.4/Sv) ≲ 10 and radio luminosities of L1.4 ≲ 1032 erg s−1

Hz−1 at a frequency of 1.4 GHz (Padovani et al., 2011; Padovani, 2016, 2017). Here,

S1.4 and Sv are both flux densities at a frequency of 1.4 GHz and in the V-band,

respectively (Padovani et al., 2011). R values were chosen by Schmidt (1970) to

indicate the radio-loudness of a galaxy.

In the Type I AGN class, these are the relatively low-luminosity Seyfert I galaxies,

which are closely observed, and the more luminous RQ quasars (QSO), which are

generally observed at large distances. RQ Type II AGNs are Seyfert II galaxies that

are low luminous and are observed close by as well. The only distinction observed

between Seyfert 1s and IIs is due to the different orientations of an AGN w.r.t. our

LoS (Schneider, 2006).
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1.1.4 Radio-loud

1.1.4.1 Radio Galaxies

Radio galaxies (RGs) are usually identified with luminous ellipticals and are often

associated with radio-emitting jets and lobes that can extend up to distances of 10

pcs to 1 Mpc from the central region.

RL Type II AGNs are narrow line RGs (NLRGs) which are further subdivided based

on their luminosity at frequency ν = 1.4 GHz. If L1.4 ≲ 1032 erg·s−1·Hz−1, they

are called low-luminosity Fanaroff-Riley Type I (FRI), which often have symmetric

radio jets and whose surface brightness decreases away from the nucleus, and if

L1.4 ≳ 1032 erg· s−1·Hz−1, they are called high-luminosity FRII, whose jets are highly

collimated and their surface brightness increases away from the nucleus (Netzer,

2015; Padmanabhan, 2002; Schneider, 2006).

RL Type I AGNs are called low-luminosity broad line RGs (BLRGs) and high-

luminosity RL quasars, depending on the radio spectral index αR, either flat spec-

trum radio quasars (FSRQs) with αR ≲ 0.5 or steep spectrum radio quasars (SS-

RQs) with αR ≳ 0.5 (Padmanabhan, 2002; Padovani, 2016; Netzer, 2015; Urry and

Padovani, 1995). The variation in the αR measurement is due to the viewing angle

of the radio jet w.r.t. our line of sight (Netzer, 2015).

1.1.4.2 Blazars

Blazars are RL, jetted AGNs whose jets point at small orientations (about < 15o −
20o, Padovani, 2016, 2017) w.r.t. our line of sight, with a set of characteristic

properties including a highly variable radio emission, strongly-variable high-energy

gamma-ray emission (Ghisellini, 2013; Netzer, 2015; Schneider, 2006), a double-peak

SED with a low-energy peak at radio-X-ray energies and a high-energy peak at X-

ray through gamma-ray energies (see Figures 1.7 and 1.8), and high polarization at

both optical and radio frequencies in most objects (Böttcher et al., 2012).

Blazars are subdivided into FSRQs and BL Lacertae (BL Lac) objects. The FS-

RQs, the quasar-type blazars, which are sometimes called optically violent variables,

have strong emission lines with an equivalent width of their lines being EW > 5

Å(Ghisellini, 2013; Urry and Padovani, 1995). However, they are noted as Type 0

sources in Table 1.1 because as BL Lacs they have the same blazar-like continuum

emission. BL Lacs lack strong, broad optical emission lines with EW < 5 Å.

The multiwavelength SEDs of blazars are generally dominated by two broad, non-

thermal components, i.e., the low-energy component from radio to UV or in some
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Figure 1.7: The multi-frequency spectra of blazars; flat spectrum radio quasars (FS-

RQs, red), low-synchrotron-peaked BL Lacs (LBL, pink), intermediate-synchrotron-

peaked BL Lacs (IBL, green), high-synchrotron-peaked BL Lacs (HBL, light blue),

and low-powered extreme HBL (dark blue). From Fossati et al. (1998) cited by

Blandford et al. (2019).

cases, X-rays, and the high-energy component from X-rays through gamma-rays

(Blandford et al., 2019; Böttcher et al., 2013b). Figure 1.7 shows mean SEDs of

blazar classes. This is said to be the blazar sequence by Fossati et al. (1998), who

identified this first. The shift of the SED peaks towards lower frequencies goes

in tandem with a higher gamma-ray dominance (Compton dominance). The loca-

tion of the synchrotron-peak frequencies varies from one source to another. Low-

synchrotron-peaked (LSP) blazars defined by the synchrotron-peak frquency ν <

1014 Hz, are FSRQs and low-frequency-peaked BL Lacs, intermediate-synchrotron-

peaked BL Lacs (IBLs) have frequencies 1014 Hz≤ ν < 1015 Hz, and high-synchrotron-

peaked BL Lacs (HBLs) have frequencies ν > 1015 Hz (Böttcher et al., 2013b;

Böttcher, 2019; Zhang and Boettcher, 2013).

Variability of Polarization: It is well known that the radio-optical emission of

blazars is polarized with crucial variability in both the polarization degree (PD)

and angle of polarization (Böttcher, 2019; Zhang et al., 2015; Zhang, 2019). Optical

polarization in blazars varies from nearly unpolarized to highly polarized sources/s-
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Figure 1.8: The fits of leptonic (red) and hadronic (green) models to the spectral

energy distribution (SED) of BL Lac S5 0716+714. (Böttcher et al., 2013b)

tates with degrees of polarization of less than or roughly 50 percent (Böttcher, 2019;

Zhang, 2019). This dissertation will focus on the degree of polarization across the

entire SED of blazars.

It has been found that the average PD for gamma-ray loud blazars is systematically

larger than for gamma-ray quiet blazars due to the fact that gamma-ray loud blazars

are observed to be more strongly Doppler boosted and therefore more strongly

synchrotron-dominated in the optical band (Angelakis et al., 2016; Böttcher, 2019).

The mean optical PD is systematically inversely proportional to the peak of syn-

chrotron frequency (Angelakis et al., 2016; Böttcher, 2019; Zhang, 2019). This can

be attributed to the fact that in LSP blazars the optical range is at or near the

synchrotron radiation peak, causing freshly accelerated electrons to be contained

in a presumably very confined region in the jet, whereas in HSP blazars, electrons

emitting the optical synchrotron radiation have already cooled substantially and are

presumably distributed over a larger fraction of the jet (Böttcher, 2019).

While the polarization angles (PAs) typically show small, arbitrary angular vari-

ations during blazar flares, they are observed to have large rotations of about or

more than 180◦ (Konigl and Choudhuri, 1985; Marscher et al., 2008; Quirrenbach

et al., 1989), usually over the course of a few days (Böttcher, 2019; Marscher et al.,
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2008, 2010). Statistical studies of the RoboPol project demonstrated that the PA

rotations are correlated with gamma-ray flares detected by Fermi-LAT and that

the correlation is stochastic in a turbulent jet environment (Blinov et al., 2016a,b,

2018). The PA swings can occur in either direction in any given source and therefore

there is no preferred direction for PA swings. Furthermore, PA rotations might be

produced by a change in the jet geometry with a helical magnetic field (Böttcher,

2019; Marscher et al., 2010).

1.2 Framework

Finally, based on the subject of this thesis, we present a few selected previous related

works and the problem statement along with the research aims.

1.2.1 Previous Related Work

Jamil and Boettcher (2012) constructed a multi-zone model with ordered magnetic

fields, fit to the multi-wavelength data of Markarian 421, and found that the ori-

entations of the magnetic field play a significant role in the normalization of the

synchrotron spectrum. In contrast, the Compton emission is almost unaffected by

the magnetic field orientations. This is because the photon distribution anisotropies

induced by the magnetic field orientation are lost when scattering off an isotropic

distribution of relativistic electrons.

Böttcher et al. (2013b) used single-zone leptonic and hadronic models to fit the SEDs

of 12 blazars detected by Fermi-LAT. They found out that the SEDs of blazars can

be well represented in the leptonic model with parameters close to the equipartition

between the magnetic field and the relativistic electrons in the emission region. Here,

magnetic field orientation and polarization effects have been ignored.

Joshi et al. (2016) used the multi-zone radiation feedback model of Joshi et al. (2014)

to study the effects of the magnetic field orientation on the SEDs of a typical blazar.

They demonstrated that a low-energy SED component that follows a reciprocal

relationship with the boosting of the viewing angle may be produced by a magnetic

field that is parallel to the jet axis. Effects of viewing angle and polarization have

been ignored.

The fitting of a one-zone synchrotron and synchrotron self-Compton (SSC) model

to the SEDs of blazars by taking into account the anisotropy of the radiation pro-

duced and the polarization under the influence of the synchrotron radiation and

SSC scattering has never been performed. This is the main purpose of the modeling

developments in this thesis.
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1.2.2 Problem Statement

For SEDs of blazars, a non-thermal distribution of relativistic electrons emits syn-

chrotron radiation in the low-frequency component and produces high-energy emis-

sion through Compton scattering. It is typically known that in a perfectly uniform

magnetic field, linear polarization arises from synchrotron emission of relativistic

charged particles and IC scattering of relativistic electrons will only decrease the

degree of polarization of the target photon field by a factor of about 1/2 (Bonometto

and Saggion, 1973).

Most previous work on models ignores any angle dependence of the emission in the

rest frame of the emission region and assumes everything to be isotropic. In this

work, we will explore the angle dependence of synchrotron and SSC spectra in a

perfectly uniform magnetic field, taking into account the polarization-dependence

of IC scattering of synchrotron radiation. We will compare our results to the selected

previous anisotropic-emission models.

1.2.3 Research Aims

In this dissertation, we will focus on the development of a single-zone synchrotron/SSC

blazar multiwavelength emission model with relativistic electrons in a perfectly uni-

form magnetic field. We aim at exploring the parameter space, such as magnetic-

field orientation w.r.t. the jet axis, magnetic-field strength, electron distribution

parameters, etc., and compare the results with those obtained in past papers.

In Chapter 2 we discuss non-thermal emission processes that give rise to the mul-

tiwavelength SED and polarization of blazars. Chapter 3 describes our single-zone

synchrotron/SSC blazar emission model. The results with discussion are given in

Chapter 4. The dissertation’s summary and conclusions are presented in Chapter

5. Finally, future work is discussed in Chapter 6.



Chapter 2

Non-thermal mechanisms and

polarization in blazars

A brief background on non-thermal mechanisms that give rise to the multi-wavelength

SED and polarization of blazars is presented here. We begin by introducing the non-

thermal distribution of particles that will be considered throughout the study. In

the subsequent sections, we will examine formulae for emission coefficients relevant

to the synchrotron radiation and Compton scattering mechanisms, and the features

of the radiation spectra produced by distributions of non-thermal, relativistic par-

ticles. We end the background of the ’non-thermal mechanisms’ with a discussion

of high-energy blazar emission models, namely leptonic and hadronic models.

Finally, the concept of polarization is explained briefly, followed by a specific discus-

sion of the polarization of synchrotron radiation together with a brief explanation

of X-ray and gamma-ray polarization.

2.1 Non-thermal Emission Mechanisms

If emission has a spectrum that cannot be represented as the black-body radia-

tion spectrum, then it is said to be a non-thermal emission, such as the power-law

synchrotron spectra or relativistic Compton scattering. In this section, we will

demonstrate the general shapes of the radiation spectra that correspond to specific

radiation mechanisms by taking into account the relativistic electrons with a basic

power-law energy distribution of

ne(γ)dγ = n0γ
−pdγ for γ

min
≤ γ ≤ γmax . (2.1)

Here, ne(γ) is the electron number density in the interval [γ, γ + dγ] of Lorentz-

factor (electron energies) γ, n0 is the power-law electron distribution normalization

16
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factor in units cm−3, p is the spectral index, and γ
min

and γmax are low-energy and

high-energy cutoffs. The p values commonly run from 2−3, but in some cases, they

can be either smaller or larger. While the photon energy index for both synchrotron

and Compton spectra can be related to p as

α =
p− 1

2
, (2.2)

the emitted radiation spectrum of each mechanism at a specific frequency ν may be

related to α as

jν ∝ ν−α. (2.3)

This tells us that the emitted synchrotron and Compton spectra by power-law distri-

butions of non-thermal particles follow a power-law spectrum. A detailed discussion

of non-thermal emission processes can be found in Dermer and Menon (2009), Lon-

gair (2010), and Rybicki and Lightman (1991).

2.1.1 Synchrotron Radiation

Synchrotron radiation is non-thermal EM radiation produced when energetic charged

particles, such as relativistic electrons, move along a spiral path in a uniform mag-

netic field (as shown in Figure 2.1). This spiraling motion is due to the Lorentz

force, which causes a constant change in the direction of the velocity vector of the

particle without altering its absolute value. The acceleration vector associated with

this force is always perpendicular to the particle’s velocity vector. As these charged

particles experience acceleration, they emit EM radiation and consequently lose en-

ergy. The radiation is beamed along the direction of the electrons (Longair, 2010;

Netzer, 2015). This type of EM radiation has several distinctive features, including

high degrees of linear polarization (see subsection 2.3.1) which refers to the uniform

orientation of the electric field in a specific direction.

In this subsection, we discuss the synchrotron radiation spectra produced by both

a single relativistic electron and an ensemble of relativistic electrons.

2.1.1.1 Synchrotron Radiative Power

Imagine a relativistic electron with energy E = γmec
2 moving in a helical trajectory

with pitch angle φ in a perfectly ordered magnetic field with strength B. The angle

φ is the angle that the magnetic field vector makes with the velocity of the electron

(or commonly, with the LoS). The mean synchrotron spectral energy emitted by

each electron per cycle at frequency ν averaged over polarizations, is described

as (Böttcher et al., 2012; Dermer and Menon, 2009; Ghisellini, 2013; Rybicki and
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Figure 2.1: Synchrotron radiation arising from an electron moving along a helical

path around an ordered magnetic field. The Lorentz force causing the acceleration

a⃗ is perpendicular to the magnetic field vector B⃗, and both are also perpendicular

to the circular component of the electron’s velocity v⃗. The radiation is concentrated

in the emission cones of angle 1/γ radians. From Alexander (2022).

Lightman, 1991):

P
syn

ν (γ, φ) =

√
3e3

mec2
B sin(φ)F (x) (2.4)

in units of ergs·s−1·Hz−1, where

x = xφ(γ) =
ν

νφ(γ)
(2.5)

with the electron critical frequency

νφ(γ) =
3e

4πmec
Bγ2 sin(φ) ≈ 4.2× 106γ2

B

[Gauss]
sin(φ) [Hz] (2.6)

and the spectral function

F (x) = F (xφ(γ)) = xφ(γ)

∫ ∞

xφ(γ)

K5/3(ξ)dξ. (2.7)

Here, e refers to the charge of an electron, me represents the mass of an electron, c is

the speed of light, and K5/3 denotes the modified Bessel function of the second kind
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with an order of 5/3. Figure 2.2 shows the spectrum of a single electron denoted

by F (x), which reaches its maximum at approximately x = 0.29 as shown in the

upper panel. The low-frequency portion (when x ≪ 1) of this spectrum can be

reasonably approximated by a power law with a slope of 1/3, whereas toward higher

frequencies (when x≫ 1), the spectrum falls exponentially (see lower panel of Figure

2.2; Rybicki and Lightman, 1991):

F (x) → 4π√
3Γ(1

3
)

(x
2

)1/3
for x≪ 1, (2.8a)

F (x) →
(πx

2

)1/2
e−x for x≫ 1. (2.8b)

2.1.1.2 Synchrotron Emissivity

For a power-law distribution of electron energies γ (Equation 2.1), the coefficient

of synchrotron radiation per unit volume per unit frequency can be calculated by

integrating the product of electron energy distribution function ne(γ)dγ and the

single-particle synchrotron power P
syn

ν (γ, φ) over all possible values of γ in units of

ergs·cm−3·s−1·Hz−1 (Rybicki and Lightman, 1991):

j
syn

ν (φ) =

∫
dγne(γ)P

syn

ν (γ, φ). (2.9)

By substitution of Equations (2.1), (2.4), and (2.7), this expression can be written

as

j
syn

ν (φ) =

√
3e3n0

mec2
B sin(φ)

∫ γmax

γ
min

γ−pF (x)dγ (2.10a)

or

j
syn

ν (φ) =

√
3e3n0

mec2
B sin(φ)

∫ γmax

γ
min

γ−pxφ(γ)

∫ ∞

xφ(γ)

K5/3(ξ)dξdγ. (2.10b)

For simplicity, following Longair (2010) and Rybicki and Lightman (1991), change

the variables of integration to x = ν/νφ(γ), keeping in mind νφ(γ) ∝ γ2;

j
syn

ν (φ) ∝ ν−
p−1
2

∫ xmax

x
min

x
p−3
2 F (x)dx. (2.11)

The integration limits xmin and xmax correlate with the boundaries γmin and

γmax, repectively. Nevertheless, if the energy range is large enough, we can estimate

xmin to be 0 and xmax to be infinity. This allows us to roughly assume that the

integral remains constant, e.g.,∫ ∞

0

x
p−3
2 F (x)dx ∼ constant. (2.12)
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Figure 2.2: The single-electron synchrotron spectrum F (x) displaying its peak at

around x−value of 0.29 (top panel) and compared with its low-energy (x≪ 1) and

high-energy (x≫ 1) approximations (lower panel).

Thus, the power-law distribution ne(γ) ∝ γ−p (Equation 2.1) of electron energies

emits a synchrotron radiation spectrum following a power-law function (Longair,

2010; Rybicki and Lightman, 1991):

j
syn

ν (φ) ∝ ν−
p−1
2 = ν−α, (2.13)
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which is the result of a collection of the synchrotron power spectra of individual

electrons, as illustrated in Figure 2.3.

Figure 2.3: The characteristic synchrotron radiation spectrum traces a power-law

function and is produced by summing the single-electron synchrotron spectra. From

Schneider (2006).

Now, in order to simply describe j
syn

ν (φ), we need to calculate the integral (2.12).

Hence, with the use of the relation∫ ∞

0

xδF (x)dx =
2δ+1

δ + 1
Γ

(
δ

2
+

7

3

)
Γ

(
δ

2
+

2

3

)
(2.14)

with δ = (p − 3)/2, the coefficient of synchrotron radiation can be described as

(Jamil and Boettcher, 2012; Longair, 2010; Rybicki and Lightman, 1991):

j
syn

ν (φ) =

√
3e3n0B sin(φ)

2mec2(p+ 1)

(
4πνmec

3eB sin(φ)

)− p−1
2

Γ

(
p

4
+

19

12

)
Γ

(
p

4
+

1

12

)
, (2.15)

where Γ(a) represents the gamma function of argument a. For calculations of syn-

chrotron emissivity in our study, we only use Equation 2.10 for any specific electron

energy γ at a critical frequency νφ(γ) as given by Equation 2.6. Additionally, the

low-energy and high-energy cutoffs of the synchrotron spectrum, which correspond

to the points where the gradients change, could be related to the minimum (low)

cutoff frequency ν
cut min

and the maximum (high) cutoff frequency νcut max as

ν
cut min,max

≈ 4.2× 106Bγ2
min,max

sin(φ) [Hz]. (2.16)



CHAPTER 2. RADIATION+POLARIZATION PROCESSES IN BLAZARS 22

2.1.2 Compton Scattering

The inelastic scattering mechanism between a photon and a free-charged particle

(typically an electron) at rest as shown by Figure 2.4, is generally known as Compton

scattering. The incoming photon with energy ϵe
−
transfers part of its energy to the

stationary electron, resulting in a low-energy photon and a high-energy electron.

The scattered photon with energy ϵe
−
s has an arbitrary direction of motion specified

by the scattering angle χe− w.r.t. the incoming photon direction. The scattering

angle is related to the incoming and the scattered photon energies as (Dermer and

Menon, 2009; Rybicki and Lightman, 1991):

cosχe− = 1 +
1

ϵe−
− 1

ϵe−s
(2.17)

Figure 2.4: The Compton scattering mechanism geometry of the high-energy photon

in the electron rest-frame. See Böttcher et al. (2012).

For an electron at rest, the incoming photon energy in the electron rest frame (ERF)

and the Lab frame are equal, e.g., ϵe
−
= ϵ. Here and after, we define ϵ = hν/mec

2 to

be the normalized photon energy in the electron rest mass-energy mec
2 units. The

Compton scattering mechanism for relativistic electrons is treated in the following

subsection.

2.1.3 Inverse Compton Scattering

The top panel of Figure 2.5 illustrates a mechanism called inverse Compton scat-

tering, where a relativistic charged particle, such as an electron, up-scatters a low-

energy photon to high-energy photons, i.e., X-rays and gamma-rays. In comparison

to Compton scattering, here, is a relativistic electron that transfers part of its energy

to low-energy photons. For small values of the target photon energy in the ERF,
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e.g., when ϵe
− ≪ 1, the scattered photon will have an energy of ϵs ≈ γ2ϵ in the rest

frame of the emission region (Lab frame; Böttcher et al., 2012). This is referred to

as a non-relativistic regime and is generally known as the Thomson regime. In con-

trast, when ϵe
− ≫ 1, the IC scattering is said to take place in the relativistic regime,

usually referred to as the Klein-Nishina (KN) regime. In this regime, the scattered

photon will have an energy of ϵs = γmec
2. Thus, in the Thomson regime, IC scat-

tering is an efficient mechanism to generate high-energy photons. In this study, we

consider only the scattering of the synchrotron photon fields in the Thomson regime.

Here and in the following, we denote quantities measured after the scattering by

the subscript ”s”, quantities measured in the ERF by the superscript ”e−”, and

quantities measured in the Lab frame are characterized by non-superscript symbols.

2.1.3.1 Compton Scattering Cross-section

The Klein-Nishina (KN) cross-section, which is commonly known as the Compton

scattering cross-section, is used to calculate the scattering between an electron with

energy γ and a photon with energy ϵ. In the evaluation of the Compton scattering

cross-section, the ERF (electron rest frame) is the most practical reference frame

to use. Therefore, in the ERF, we can express the differential KN cross-section as

(Böttcher et al., 2012; Dermer and Menon, 2009):

dσC
dΩe−

s dϵe−s
=
r2e
2

(
ϵe

−
s

ϵe−

)2(
ϵe

−
s

ϵe−
+
ϵe

−

ϵe−s
− sin2 χe−

)

δ

(
ϵe

−

s − ϵe
−

1 + ϵe−(1− cosχe−)

)
.

(2.18)

Here, σC denotes the total Compton scattering cross-section, dΩe−
s = d cosχe−dϕe−

s

represents the scattered photon solid angle element, re = e2/mec
2 is the classical

electron radius, ϵe
−
and ϵe

−
s are energies of a photon before and after the scattering,

and χe− is the scattered photon angle w.r.t. the direction of the incoming photon.

The δ function results from the conservation of energy and momentum. According to

Böttcher et al. (2012) and Dermer and Menon (2009) the target (incoming) photon

energy in the ERF ϵe
−
and the lab frame ϵ can be related as

ϵe
−
= γϵ(1− βµ), (2.19)

whereas the scattered photon energy in the ERF is related to the lab-frame scattered

photon energy ϵs through

ϵe
−

s = γϵs(1− βµe−

s ). (2.20)

Figure 2.5 demonstrates the angles and their cosines of the Compton scattering

mechanism in the lab frame and the ERF. In Equation 2.19, µ = cos(θ) is the cosine
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Figure 2.5: Angles of the Compton scattering geometry in the lab frame and the

ERF (upper panel), and their transformations between the lab frame and the ERF

(lower panel). See Böttcher et al. (2012).

of the angle between an electron and the incoming photon directions (see Figure

2.5) which is given as by Böttcher et al. (2012) and Dermer and Menon (2009) as

µ = ηeηph + sin(φe) sin(φph
) cos(ϕ

ph
), (2.21)

where φe and φph
are angles of an electron and the target photon w.r.t. the z−axis

in the lab frame, as shown in Figure 2.5. For the transformation of angles between

the two frames, we use the photon relativistic aberration expressions given by as

(Böttcher et al., 2012; Dermer and Menon, 2009):

µe− =
µ− β

1− βµ
, (2.22a)
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and

µe−

s =
µs − β

1− βµs

. (2.22b)

The Compton scattering regimes are determined by the value of the invariant ϵe
−

(2.19). The Thomson regime is associated with ϵe
− ≪ 1, whereas KN regime is

characterized by ϵe
− ≫ 1. In the Thomson regime, the scattering is elastic in the

ERF, i.e., the scattered photon energy is almost equal to the target photon energy

(ϵe
−
s ≈ ϵe

−
; Böttcher et al., 2012; Rybicki and Lightman, 1991).

Although the ERF is generally a convenient frame to evaluate the KN cross-section,

for the interests of our study, we now need to calculate the differential KN cross-

section in the lab frame, and then approximate it while considering the head-on ap-

proximation limits. The KN cross-section in the lab frame is described as (Böttcher

et al., 2012; Dermer and Menon, 2009):

dσC
dΩsdϵs

=
ϵs
ϵe−s

(
dσC

dΩe−
s dϵe−s

)
. (2.23)

Head-on Approximation: Consider electron energy for γ ≫ 1, as its normalized

speed approaches 1, e.g., β → 1, such that the incoming photon will appear to be

moving in nearly the opposite direction of the scattering electron in the ERF due to

photon relativistic aberration, which is described as µe− ≈ −1 (Equation 2.22a) in

the limit γ ≫ 1 (Böttcher et al., 2012; Dermer and Menon, 2009). Therefore, when

electrons are highly relativistic, it is generally accepted that all scattered photons

will have the same direction as the scattering electron, which means Ωs = Ωe.

The head-on approximation of the differential KN cross-section in the lab frame is

described as (Böttcher et al., 2012; Dermer and Menon, 2009):(
dσC
dΩsdϵs

)
head-on

= δ(Ωs − Ωe)
dσC
dϵs

(2.24)

where

dσc
dϵs

=
πr2e
γϵe−

[
y +

1

y
− 2ϵs
γϵe−y

+

(
ϵs

γϵe−y

)2
]
H

(
ϵs;

ϵe
−

2γ
,

2γϵe
−

1 + 2ϵe−

)
(2.25)

with y = 1− ϵs/γ and ϵe
−
= γϵ(1−βµ) (Equation 2.19), and the Heaviside function

is described as

H(x;x1, x2) =

{
1 for x1 ≤ x ≤ x2

0 otherwise
. (2.26)

Following is the calculation of the Compton spectrum in the head-on approximation.
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2.1.3.2 Inverse Compton Emissivity

Now, our objective is to determine the emission coefficient of the IC scattering in

the head-on approximation. To do this, we will examine an electron distribution

represented by ne(γ,Ωe) and a target photon distribution denoted by n
ph
(ϵ,Ω

ph
),

both of which have directions denoted by angles Ωe = (φe, ϕe) and Ω
ph

= (φ
ph
, ϕ

ph
),

as demonstrated in Figure 2.5. As commonly assumed, let the z−axis be aligned

with the bulk motion of the jet along βΓ. In general, we can describe the spectrum

of IC scattered photons in the direction of Ωs = (φs, ϕs) at frequency ν = mec
2ϵs/h

as (Böttcher et al., 2012):

j
IC
(ϵs,Ωs) = hcϵs

∫
4π

dΩe

∫ ∞

1

ne(γ,Ωe)dγ

∫
4π

dΩ
ph∫ ∞

0

n
ph
(ϵ,Ω

ph
)(1− βµ)

dσC
dΩsdϵs

dϵ.

(2.27)

Here, dσC/dΩsdϵs represents the differential Compton scattering cross-section in

the lab frame (Equation 2.23), and µ is determined by Equation 2.21. Finally,

assuming the isotropic electron distribution as ne(γ,Ωe) = ne(γ)/4π in the Lab

frame, and applying the head-on approximation on Equation 2.27, one may describe

the emission coefficient of the IC scattered high-energy photon as (Böttcher et al.,

2012):

j
head-on

IC
(ϵs,Ωs) =

hcϵs
4π

∫ ∞

1

ne(γ)dγ

∫ +1

−1

dη
ph

∫ 2π

0

dϕ
ph∫ ∞

0

n
ph
(ϵ,Ω

ph
)(1− βµ)

dσC
dϵs

dϵ,

(2.28)

where η
ph

= cosφ
ph
, as defined in Figure 2.5, and µ and dσC/dϵs are given by

Equations 2.21 and 2.25, respectively. Furthermore, without loss of generality, we

chose ϕs = 0, keeping in mind that Ωs = Ωe. We will use this expression to calculate

the SSC spectrum for anisotropic (varying) target photon fields defined by spectrum

denoted as

n
ph
(ϵ, φ) =

j
syn

ν (φ)

mec2ϵ
⟨tesc⟩ (2.29a)

or

n
ph
(ν

syn
, φ) =

j
syn

ν (φ)

hνsyn
⟨tesc⟩, (2.29b)

where ν
syn

is the synchrotron frequency, j
syn

ν (φ) is given by Equation 2.10, h denote

the Planck constant, and ⟨tesc⟩ = τesc(Rb
/c) represent the average photon escape

time for a sphere with τesc the parameter of the escape time scale and R
b
the blob

radius, i.e., the radius of the emitting region. As implied by this equation, the

SSC emission level is therefore in direct relationship with ⟨tesc⟩. Thus, the longer a

photon takes to escape, the higher the emission levels.
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2.2 Blazar Emission Models

As previously mentioned, the blazar SEDs are defined by two broad prominent

humps. The first hump is related to the low-frequency (radio−UV/X-ray) emis-

sion component, whereas the second hump is associated with the high-frequency

(X-ray−gamma-ray) emission component. The first hump is the consequence of a

non-thermal distribution of relativistic electrons producing synchrotron radiation

(Böttcher, 2007; Böttcher et al., 2012, 2013a). Evidence supporting the notion that

the first hump is due to synchrotron radiation comes from measurements of very

high PDs, which can reach up to 50% in the energy bands ranging from radio to

optical (Böttcher et al., 2012).

Regarding the second hump, it is generally believed that there exist two fundamen-

tally distinct blazar emission models that can account for it, namely, leptonic models

and hadronic models. Figure 1.8 demonstrates the spectral fitting of both models.

These models are discussed in the two following subsections.

2.2.1 Leptonic Models

In these models, the radiation mechanism is dominated by relativistic leptons (elec-

trons and positrons) throughout the entire EM spectrum (Böttcher et al., 2013a).

The high-frequency emission component results from the IC scattering by the same

relativistic electrons (and/or positrons) that produce the first SED hump. The

scattering can occur on the synchrotron photons produced in the jet, e.g., SSC

mechanism, or on external target photon fields found near the accreting SMBH

(Böttcher, 2007). Although hadrons such as protons and nuclei may be present in

the jet, they do not contribute to the emission as they cannot be accelerated to

sufficiently high energies (Böttcher et al., 2012, 2013a). However, it is important

to note that since protons can sometimes carry more kinetic energy and dominate

the momentum of the jet, their energy must be included in the total energy cal-

culations. In spectral fitting with leptonic models, a relatively low magnetic field

strength is usually assumed, typically in the range of milli-Gauss to Gauss levels

(Böttcher et al., 2013a).

The synchrotron and SSC (S+SSC) leptonic blazar model typically defines the X-

ray and gamma-ray emission component well, but only in the case of HBLs. In the

case of FSRQs, LBLs, and IBLs, almost always an additional external Compton

component is required to fit their X-ray and gamma-ray spectra (Boettcher, 2012;

Böttcher et al., 2013a).
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2.2.2 Hadronic Models

It is generally accepted in cases of hadronic emission models that the second hump

observed in blazar SEDs is mainly caused by extremely energetic protons that exceed

the threshold for photo-pion production on the target photon field in the emitting

region (Böttcher et al., 2013a). These protons generate the radiation through either

proton-synchrotron or photomeson mechanisms. Depending on the parameters of

the model, the high-energy component in the hadronic model can also result from

the relativistic electrons emitting SSC radiation (Böttcher et al., 2013a). In the

proton synchrotron model, a strong magnetic field of approximately 10 Gauss or

more is required to accelerate protons to the necessary extreme relativistic energies

(Böttcher, 2007; Böttcher et al., 2013a). The production of neutrinos in jets is

predicted by hadronic models.

2.3 Polarization

Polarization is a basic property of light that is defined by the direction of the electric

field vector of an EM wave. A light wave is a transverse EM wave consisting of

electric and magnetic vibrations occurring perpendicular to each other, and to the

direction of propagation (Griffiths, 2021; Nave, 2017). With the use of Maxwell’s

equations in a vacuum (Griffiths, 2021; Jackson, 2021; Rybicki and Lightman, 1991):

∇ · E⃗ = 0, (2.30a)

∇ · B⃗ = 0, (2.30b)

∇× E⃗ = −∂B⃗
∂t
, (2.30c)

∇× B⃗ = ε0µ0
∂E⃗

∂t
=

1

c2
∂E⃗

∂t
, (2.30d)

we can calculate the wave equations of EM waves. Here, E⃗ and B⃗ are electric field

and magnetic field vectors and c = 1√
ε0µ0

(Griffiths, 2021) is the speed of light,

together with permeability ε0 and permittivity µ0 of free space. This relation of

c with both ε0 and µ0 tells us that EM waves travel at the speed of light in free

space (Griffiths, 2021). Taking the curl of Equation (2.30c) and combining it with

Equation (2.30d), and vice versa, we have

∇× (∇× E⃗) = ∇×

(
−∂B⃗
∂t

)
(2.31a)

∇(∇ · E⃗)−∇2E⃗ = − ∂

∂t
(∇× B⃗) = − 1

c2
∂2E⃗

∂t2
(2.31b)



CHAPTER 2. RADIATION+POLARIZATION PROCESSES IN BLAZARS 29

and

∇× (∇× B⃗) = ∇×

(
1

c2
∂E⃗

∂t

)
(2.32a)

∇(∇ · B⃗)−∇2B⃗ =
1

c2
∂

∂t
(∇× E⃗) = − 1

c2
∂2B⃗

∂t2
, (2.32b)

with the use of vector identity ∇ × (∇ × A⃗) = ∇(∇ · A⃗) − ∇2A⃗. Therefore, since

∇·E⃗ = 0 (Equation 2.30a) and ∇·B⃗ = 0 (Equation 2.30b), the homogeneous vector

wave equations for E⃗ and B⃗ are

∇2E⃗ =
1

c2
∂2E⃗

∂t2
, (2.33)

∇2B⃗ =
1

c2
∂2B⃗

∂t2
. (2.34)

The real solutions of EM wave equations are given by Griffiths (2021) as

E⃗(r⃗, t) = E0 cos(k⃗ · r⃗ − ωt+ ϑ)n̂, (2.35)

B⃗(r⃗, t) = B0 cos(k⃗ · r⃗ − ωt+ ϑ)(k̂× n̂), (2.36)

with E0 and B0 the amplitudes of the wave equations of E⃗ and B⃗, wave or prop-

agation vector k⃗, polarization direction n̂, angular frequency ω, time t, arbitrary

phase ϑ, propagation direction k̂, and position vector r⃗ = (x, y, z) in rectangular co-

ordinates. For transverse EM waves, i.e., when the EM field vector is at right-angle

to the propagation direction, one can conclude that n̂ · k̂ = 0 and B⃗ = (k̂ × E⃗)/c

(Griffiths, 2021).

Figure 2.6: Three main types of polarization of an EM wave. From Nave (2017).

A light wave can either be (the general state) elliptically polarized, circularly po-

larized, or linearly polarized depending on the relative phase between oscillations
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in two perpendicular directions (see Figure 2.6). Say E⃗ is at an arbitrary point

r⃗ = 0, such that it can be decomposed into its x− and y−directions (see Figure 2.7;

Rybicki and Lightman, 1991; Trippe, 2014):

E⃗x(t) = Ex
0 cos(ωt− ϑx)x̂, (2.37a)

E⃗y(t) = Ey
0 cos(ωt− ϑy)ŷ, (2.37b)

where ϑx,y are a priori arbitrary phases. The net electric field vector’s tip in the

Figure 2.7: Electric field components in the x− and y−directions rotating through

the polarization angle χ to align with the primary axes of elliptical polarization.

From Rybicki and Lightman (1991).

x−y plane is described by these equations and therefore, it follows an elliptical path.

Thus, the elliptical case of polarization of light is the most general form (Longair,

2010; Tinbergen, 2005; Trippe, 2014), for which between the two linear electric field

vector components the amplitude and phase angle are not equal (Fitzpatrick, 2013;

Nave, 2017), e.g., when Ex
0 ̸= Ey

0 and ϑx ̸= ϑy. Circular and linear polarization

are specialized cases of this general state. Circular polarization is the result of the

polarization ellipse degenerating into a circle (Trippe, 2014); when E⃗x and E⃗y are
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equal in amplitude with a phase difference of 90◦ between them (Fitzpatrick, 2013;

Nave, 2017), e.g., when Ex
0 = Ey

0 and ϑy = ϑx ± 90◦. For linear polarization, the

ellipse degenerates into a line (Trippe, 2014). This happens when E⃗x and E⃗y are in

phase, e.g., if ϑx = ϑy, such that the magnitude of the transverse E⃗ at a specific

location changes only in a sinusoidal manner over time, while keeping the same

orientation.

The polarization of light waves can be determined with the use of a powerful tool

called polarimetry. This tool gives us direct observations of the magnetic field ge-

ometry in the emission region (Böttcher et al., 2012), with the degree of polarization

indicating the extent to which the EM radiation is polarized. Thus, EM radiation

can have both polarized and non-polarized components. When the PD is 100%,

the radiation is fully polarized, and when the PD is 0%, it is fully non-polarized.

However, if the degree of polarization is between 0% and 100%, the radiation is said

to be partially polarized (Tinbergen, 2005). In our study, we only consider linear

polarization because synchrotron radiation, the non-thermal process being studied,

is often linearly polarized with only a very small degree of circular polarization.

2.3.1 Synchrotron Polarization

The mechanism of synchrotron radiation produced by relativistic electrons is well-

known for its highly linearly polarized. However, the emission of an electron is

elliptically polarized as it moves along a magnetic field line (Rybicki and Lightman,

1991). When considering relativistic electrons with emission cones of an angle 1/γ

along the LoS to the observer as shown in Figure 2.1, only radiation within an

angle 1/γ is observed (Longair, 2010). If there is a distribution of pitch angles,

all electrons within the 1/γ emission cone contribute to the observed radiation,

which is elliptically polarized in opposite directions (left-handed and right-handed

directions, normally) on either side within the cone (Longair, 2010; Rybicki and

Lightman, 1991). Upon averaging over all electrons, the components of elliptical

polarization parallel to the magnetic field vector cancel out, resulting in (mostly)

linear polarization perpendicular to the magnetic field (Longair, 2010). Thus, the

polarization can be calculated by measuring the radiative powers in radiation with

electric-field vectors parallel Pν,|| and perpendicular Pν,⊥ to the magnetic field as

projected onto the plane of the sky (Böttcher et al., 2012; Longair, 2010; Rybicki

and Lightman, 1991), as shown in Figure 2.8. These powers are given by Rybicki

and Lightman (1991) as

Pν,||(γ, φ) =

√
3e3B

2mec2
sin(φ)[F (x)−G(x)] (2.38a)
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and

Pν,⊥(γ, φ) =

√
3e3B

2mec2
sin(φ)[F (x) +G(x)], (2.38b)

where

G(x) = G(xφ(γ)) = xφ(γ)K2/3(xφ(γ)) (2.39)

with K2/3 being the modified Bessel function of the second kind with an order of

2/3. The synchrotron polarization for particles with a single energy γ is calculated

as

Π
syn

ν (γ, φ) = FB

[
Pν,⊥(γ, φ)− Pν,||(γ, φ)

Pν,⊥(γ, φ) + Pν,||(γ, φ)

]
= FB

[
G(x)

F (x)

]
(2.40)

by Longair (2010) and Rybicki and Lightman (1991), where FB is the dimensionless

constant that measures how well the magnetic field is ordered and is considered to

be 1 throughout the study. Pν,⊥(γ, φ)+Pν,||(γ, φ) gives the total synchrotron power

emitted by single-electron (Equation 2.4). For an extended energy distribution of

electrons, we have

Π
syn

ν (φ) =
⟨G(x)⟩
⟨F (x)⟩

, (2.41)

where

⟨G(x)⟩ =
∫
ne(γ)G(x)dγ = n0

∫ γmax

γ
min

γ−pxφ(γ)K2/3(xφ(γ))dγ, (2.42a)

⟨F (x)⟩ =
∫
ne(γ)F (x)dγ = n0

∫ γmax

γ
min

γ−pxφ(γ)

∫ ∞

xφ(γ)

K5/3(ξ)dξdγ (2.42b)

For an electron distribution following a power-law with spectral index p, the theo-

retical maximum synchrotron polarization is (Böttcher et al., 2012; Longair, 2010;

Rybicki and Lightman, 1991);

Π
syn

max =
p+ 1

p+ 7/3
, (2.43)

which does not depend on the distribution of electron pitch angles. For a typical

power-law index of p = 2.5, the highest degree of polarization in a perfectly ordered

magnetic field is around 72.4%. However, variations in the magnetic field orienta-

tion result in a decrease on the total degree of polarization, causing the observed

polarization to be much smaller (Böttcher et al., 2012). This polarization is particu-

larly noticeable in RL AGNs, e.g., the polarization levels appear to decrease toward

higher frequencies in the near-IR−optical−UV spectrum (Netzer, 2015).
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Figure 2.8: Projection of the vectors relevant to synchrotron radiation on the plane

of the sky magnetic field. From Rybicki and Lightman (1991).

2.3.2 Synchrotron Self-Compton Polarization

Compton scattering, like synchrotron radiation, also has a dependence on polar-

ization. Linear polarization is produced by synchrotron radiation from relativistic

electrons in perfectly uniform magnetic fields, while Compton scattering from these

same electrons will only decrease the PD of the target photon field by a minimum of

50% (Böttcher, 2019; Bonometto and Saggion, 1973). This decrease arises because

the photons that were initially polarized in a specific direction are scattered in var-

ious directions due to the helical motion of the electrons in the magnetic field (see

Section 2.1.1). Hence, the degree of polarization of IC scattering from relativistic

electrons (or SSC radiation) Π
SSC

and synchrotron radiation Π
syn

may be related as

Π
SSC

(ν
SSC

) ≈ 1

2
Π

syn
(ν

syn
), (2.44)

where, in the context of the Thomson regime, ν
SSC ∼ γ2ν

syn
is the SSC frequency

with electron energy γ and synchrotron frequency ν
syn

. Compton scattering may

only produce polarization in the scenario where non-relativistic electrons are scat-

tered (Böttcher, 2019; Krawczynski, 2011). When an isotropic distribution of rela-

tivistic electrons (and positrons) scatters non-polarized target photons, the resulting

Compton emission will always be non-polarized.

Bonometto and Saggion (1973) developed formulae for determining the degree of

polarization of SSC radiation in the Thomson regime. Krawczynski (2011) validated

those formulae in detail through Monte-Carlo simulations. Zhang and Boettcher
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Figure 2.9: Leptonic (red) and hadronic model (green) fits to the SEDs (lower panels)

and X-ray and gamma-ray polarization (upper panels) for FSRQs 3C 279 (left) and

PKS 0528+134 (right) in the UV through gamma-ray energy bands. Blue vertical

shaded regions show the 2−10 keV X-ray band and 30−200 MeV gamma-ray band.

From Zhang and Boettcher (2013).

(2013) evaluated the theoretical upper limits of polarization signatures of blazar

emission (leptonic and hadronic) models in the X-ray through gamma-ray bands.

The results indicate that the leptonic model predicts a low upper limit of high-energy

PD of 40% or less, in a perfectly ordered magnetic field, whereas the hadronic model

predicts a high upper limit of X-ray and gamma-ray PD of 75% or less (see Figure

2.9). Moreover, the high-energy PD results from the Compton scattering in the

leptonic models, whereas in hadronic models it results from proton and cascade

synchrotron emission.



Chapter 3

Single-zone Synchrotron and

Synchrotron Self-Compton

Emission Model

In this chapter, we describe the formalism used to evaluate the angle-dependent spec-

tra and degree of polarization from synchrotron radiation and IC scattering. These

calculations will be advanced by taking into account the anisotropy of the radia-

tion produced and the polarization under the influence of the synchrotron and SSC

(and, for future analysis, synchrotron self-absorption, and gamma-ray absorption).

To achieve this, we start with the inclusion of the effects of considered orientations

of the magnetic field (oblique, parallel, and perpendicular fields) relative to the jet

axis in the expression of the synchrotron emissivity (Equation 2.10), and the cal-

culation of the pitch angle φ for each magnetic field geometry. Moreover, to save

computation time, we will approximate F (x) defined by Equation 2.7, and then

calculate the normalization factor n0 from Equation 2.1. We end this chapter with

a presentation of fixed parameters for our generic blazar model.

3.1 Magnetic Field Geometries and Pitch Angle

Here, our objective is to calculate the pitch angle for oblique, parallel, and perpen-

dicular magnetic field geometries. Consider a single spherical zone of the emission

region moving along the jet with a relativistic speed of βΓc. This speed corresponds

to the jet Lorentz factor Γ of the emitting region. Let the spherical coordinates

be r, ψ, and ϕ, centered on the jet axis. The corresponding cartesian coordinates

are defined as x, y, and z, with the z−axis being along the jet axis. As Jamil and

Boettcher (2012) assumed, we as well assume that the only source of photons in our

35
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study is the synchrotron emission. The general form of propagation vector of the

synchrotron photon in spherical coordinates is commonly written as

κ̂ = (sinψ
ph

cosϕ
ph
, sinψ

ph
sinϕ

ph
, cosψ

ph
). (3.1)

We also assume that the chosen magnetic field geometry remains the same across

the emitting region. Therefore, for any given magnetic field vector B⃗ with the unit

vector B̂ along its direction, the cosine of the pitch angle is given as

cos(φ) = κ̂ · B̂. (3.2)

The general magnetic field geometry including both parallel and perpendicular fields

is purely oblique fields which can be described as (Joshi et al., 2016, 2020):

B⃗ = B(sinψB cosϕB, sinψB sinϕB, cosψB), (3.3)

where the field vector with magnitude B is oriented at an angle ψB relative to the

jet axis and at an angle ϕB in the xy−plane, and parallel and perpendicular field

geometries are obtained when ψB is equal to 0◦ and 90◦, respectively. The cosine

and the sine of the pitch angle for an oblique geometry are obtained as

cosφ = sinψ
ph

cosϕ
ph

· xB + sinψ
ph

sinϕ
ph

· yB + cosψ
ph

· zB, (3.4a)

sinφ =
√

1− (sinψ
ph

cosϕ
ph

· xB + sinψ
ph

sinϕ
ph

· yB + cosψ
ph

· zB)2, (3.4b)

where xB = sinψB cosϕB, yB = sinψB sinϕB, and zB = cosψB. For a parallel

magnetic field geometry, the field vector can be described as B⃗ = B(0, 0, 1) with its

unit vector B̂ = (0, 0, 1). Thus, the cosine and sine of the pitch angle for the parallel

field are given as

cosφ = cosψ
ph
, (3.5a)

sinφ =
√

1− cos2 ψ
ph
. (3.5b)

From these two equations, one can therefore simply conclude that φ is equivalent

to ψ
ph
. Thus, if the magnetic field is aligned with the jet axis, the expression

of the synchrotron emissivity does not need to be modified, only the substitution

of the pitch angle φ with the synchrotron photon angle ψ
ph

relatively to the jet

axis is necessary. In the case of a perpendicular magnetic field geometry, we have

B⃗ = B(cosϕB, sinϕB, 0) with B̂ = (cosϕB, sinϕB, 0). In this case, the cosine and

sine of the pitch angle can be expressed as

cosφ = sin(ψ
ph
) cos(ϕ

ph
− ϕB), (3.6a)

sinφ =
√

1− sin2(ψ
ph
) cos2(ϕ

ph
− ϕB). (3.6b)
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Since the synchrotron spectrum is altered by the orientations of the magnetic field,

the photon spectrum and the SSC/IC spectrum are also influenced by these orien-

tations. Now, after the elimination of ψ
ph

from the SSC emissivity (Equation 2.28)

through the integration, e.g., after the calculations of the SSC emissivity, we set

ψ
ph

= φs = ψobs, where φs is the scattered photon angle (see Section 2.1.3) and ψobs

is our viewing angle in the plasma frame. This correspondence arises from the fact

that the emissions resulting from both synchrotron radiation and SSC mechanisms

can be observed along the same direction within the same physical region of the

source. Consequently, this correspondence implies that ϕobs = ϕ
ph
, where ϕobs is the

observer’s azimuthal angle, and is consistently set to 0◦ throughout this study.

3.2 Approximation of F (x) and n0 Calculation

Due to the known computationally time-consuming nature of Bessel functions, we

have approximated the synchrotron spectral function F (x), e.g., Equation 2.7, in

order to minimize computation time as

Fapprox(x) = 1.42

√
π

2
x3/10e−x. (3.7)

Figure 3.1: Illustration of the exact spectral power Fexact(x) with its approximation

Fapprox(x) in the range of 3.5× 10−3 to 10.

Figure 3.1 displays the comparison of the synchrotron spectral function and its ap-
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proximation function (Equation 3.7) in the range of 3.5×10−3 to 10. As can be seen,

in this range, Fapprox(x) is sufficiently accurate for the purpose of our study. There-

fore, in order to verify its accuracy, we compared the exact synchrotron emissivity

with its approximated emissivity in the case of a parallel magnetic field w.r.t. the

jet axis, as shown in Figure 3.2. The synchrotron low-energy and high-energy cut-

offs are indicated by the orange and black dashed-vertical lines, respectively. These

lines are determined by Equation 2.16 and are as well affected by the field geometry

w.r.t. the jet axis. Based on both Figures 3.1 and 3.2, particularly Figure 3.2, we

can conclude that our approximation of F (x) is accurate and reliable.

Figure 3.2: The comparison between the exact synchrotron emission coefficient (jν

exact) and the approximated synchrotron emission coefficient (jν approx).

The parameters chosen for the creation of Figure 3.2 are the viewing angle of ψobs =

5◦, the magnetic field strength of B = 1 G, the power-law index of p = 2.5, the low-

and high-energy cutoffs of γ
min

= 10 and γmax = 104, and the normalization factor

of n0 = 104 cm−3. The values of B, γ
min

, and γmax will remain the same throughout

the study.

As far as the calculation of the power-law normalization factor n0 is concerned, we

start with the definition of the kinetic power in the relativistic electrons in the lab

frame (Böttcher et al., 2013a):

Le = πR2

b
Γ2βΓcmec

2

∫
ne(γ)γdγ, (3.8)

where βΓ =
√

1− 1/Γ2. Substituting Equation 2.1 into Equation 3.8 and solving
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the integral, we have

Le = πR2

b
Γ2βΓcmec

2n0f(p), (3.9)

where

f(p) =


ln
(

γmax
γ
min

)
, p = 2

γ2−p
max−γ2−p

min
2−p

, otherwise.

(3.10)

Therefore, the power-law normalization factor can be calculated as

n0 =
Le

πR2
b
Γ2βΓcmec2f(p)

. (3.11)

The following is a parameter study with our model.

3.3 Parameter Study

For the purpose of conducting a parameter study, Table 3.1 provides the fixed input

parameter values that were chosen to construct our model for a generic (typical)

blazar. The power-law index p will remain the same at a value of 2.5 in all considered

cases, except in Section 4.5, where we are examining its impacts on the synchrotron

and SSC spectra and polarization. Furthermore, for p = 2.5, we obtained the

corresponding electron power-law normalization factor as n0 ≈ 9.4× 104 cm−3 with

the use of Equation 3.11.

Parameter Symbol Value

Low-energy Cutoff γ
min

10

High-energy Cutoff γmax 104

Power-law Index p 2.5

Magnetic Field B 1.0 G

Magnetic Field Order FB 1.0

Electron Kinetic Power Le 1044 erg·s−1

Escape Time Scale Parameter τesc 0.75

Emission Region Radius R
b

1016 cm

Bulk Lorentz Factor Γ 15

Observer’s angle in the xy−plane ϕobs 0◦

Table 3.1: The fixed parameters of our model for a typical blazar.

The values of our physical parameters such as angles ψobs and ψB are chosen to range

from 5◦ to 85◦ and 175◦ in increments of 10◦, while an angle ϕB ranges from 0◦ to

180◦. However, a slightly different approach will be employed in the calculations

of the SSC polarization. As it is typically known that the dominant contribution

to the seed photons for SSC emission is from synchrotron photons emitted at pitch
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angles around 90◦, we, therefore, need to properly weighted Equation 2.44 according

to the contributions that synchrotron photons from different pitch angles make to

the total SSC emission. Finally, the power-law spectral index will be varied in the

range of 2.0 to 3.5.



Chapter 4

Results and Discussion

This chapter presents the results and discussion of our parameter analysis using our

new angle- and polarization-dependent one-zone synchrotron and SSC model. We

intend to investigate the influence of three fundamental parameters, namely, the

viewing angle ψobs, the orientation of the magnetic field (in terms of the angles ψB

and ϕB with respect to the jet-axis and the xy−plane, respectively), and the power-

law index. Our goal is to comprehend how these parameters impact the SED and

PD of a generic blazar. Frequency-dependent degree of polarization signatures will

be compared to selected previous studies.

4.1 Parallel Field

The synchrotron emissivity and polarization were studied with different viewing

angles ψobs for a magnetic field closely aligned with the jet axis. Figures 4.1 and

Figure 4.1: Synchrotron emissivity (left panel) and degree of polarization (right

panel) for values of ψobs ranging from 5◦ to 85◦ under the influence of the magnetic

field aligned with the jet axis.

41
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Figure 4.2: The zoomed (lower panel) and non-zoomed (upper panel) plots of the

synchrotron emissivity under the influence of the magnetic field aligned with the jet

axis for values of ψobs ranging from 5◦ to 175◦.

4.2 display the outcomes, where the left-hand-side (LHS) plot of Figure 4.1 and

the top panel of Figure 4.2 represent the synchrotron emissivity, the right-hand-side

(RHS) plot of Figure 4.1 represents the synchrotron polarization, and the bottom

panel of Figure 4.2 is the zoomed plot of the upper panel. As implied by Equation

3.5, the sine of the pitch angle (sinφ) is equal to the sine of the viewing angle

(sinψobs) when the magnetic field is parallel w.r.t. the jet axis. Thus, for the viewing

angle ranging from 5◦ to 85◦, the sine of the pitch angle increases with an increase

in the viewing angle. This led to a rise in the synchrotron radiation along our

LoS, with the corresponding cutoff frequencies ν
cut min,max

shifting to higher values.

However, the exact opposite happens when the viewing angle varies from 95◦ to

175◦. The synchrotron emissivities observed at the viewing angles ranging from 5◦

to 85◦ (hereafter j
syn

1 ) are equivalent to those at angles ranging from 175◦ down
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to 95◦ (hereafter j
syn

2 ). This is clearly illustrated in Figure 4.2 as indicated by the

colors of the curves. Additionally, the synchrotron emission shows some convergence

at its maximum when the viewing angle is 75◦ and 85◦ (or when ψobs = 95◦, 105◦).

Furthermore, with regard to the polarization profiles, an increase/decrease in the

sine of the pitch angle results in the shifts of the PD to the right/left. The po-

larization signatures when the observed angle is between 95◦ and 175◦ have been

omitted since the synchrotron emissivities j
syn

1 are equivalent to emissivities j
syn

2 ,

which implies the same is true for the degrees of polarization.

4.2 Perpendicular Field

For the case when the magnetic field is perpendicular to the jet axis, the value

of the sine of the pitch angle has an inverse relationship with the observed angle,

according to Equation 3.6. Figures 4.3, 4.4, and 4.5 show the manifestation of this

field geometry on the synchrotron emission and the synchrotron polarization (right

plot of Figure 4.3). As the observed angle ψobs varies from 5◦ to 85◦, a larger value of

Figure 4.3: The effects of the perpendicular magnetic field w.r.t. the jet axis on

the synchrotron emissivity (left panel) and degree of polarization (right panel) for

values of ψobs ranging from 5◦ to 85◦ when the azimuthal angles of both the observer

ϕobs and the magnetic field ϕB are fixed to 0◦.

ψobs leads to a lower value of the sine of the pitch angle compared to that of a smaller

observed angle which leads to a higher value of sinφ, as can be seen in the LHS plot

of Figure 4.3. Therefore, this leads to a decrease in synchrotron emission level with

an increase in the viewing angle. The corresponding synchrotron cutoff frequencies

shift to lower values compared to those of synchrotron radiation under the influence

of the parallel magnetic field. In fact, the perpendicular and parallel magnetic fields

produce inverse results when changing the viewing angle, while keeping the value

of ϕobs the same as that of ϕB (see Figures 4.3 and 4.4 for the perpendicular field

and Figures 4.1 and 4.2 for the parallel field), except only for the equivalence of
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emissivities j
syn

1 and j
syn

2 .

Figure 4.4: The non-zoomed (upper panel) and zoomed (lower panel) synchrotron

emissivity under the effects of the perpendicular magnetic field w.r.t. the jet axis.

Here, ψobs is running from 5◦ to 175◦ and ϕobs = ϕB = 0◦.

Figure 4.5 shows the effects of varying angle ϕB with different viewing angles on

the synchrotron emission while keeping the observer’s azimuthal angle ϕobs fixed

at 0◦. For the ψobs = 5◦ case, when ϕB = 90◦, the sine of the pitch angle is 1,

and it remains close to 1 irrespective of the magnetic field azimuthal angle. As a

result, the emission level remains almost the same. On the other hand, for larger

viewing angles, the dependence of the sine of the pitch angle on the magnetic field

azimuthal angle becomes considerably stronger. This results in noticeable variations

in the synchrotron emission levels, as shown in the top-right plot and the lower plot.

It is worth noting that these findings are symmetrical around the viewing angle of

ψobs = 90◦. Thus, we have omitted plots for the viewing angle ranging from 95◦
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to 175◦. Finally, varying the observer’s azimuthal angle while keeping the magnetic

field azimuthal angle the same would produce similar results.

Figure 4.5: The effects of the perpendicular magnetic field’s azimuthal angle ϕB on

the synchrotron emissivity for different values of ψobs with ϕobs fixed to 0◦.

4.3 Oblique Field

In this section, we discuss the effects of varying the values of angles ψB and ϕB on the

synchrotron spectrum and the degree of linear polarization under the orientations

of an oblique magnetic field relative to the jet axis. Meanwhile, we maintain the

values of angles ψobs and ϕobs constant at 5◦ and 0◦, respectively, except for Figure

4.6, where the viewing angle is varied.

Figures 4.6, 4.7, and 4.8 show the influence of this field geometry on the synchrotron

emission and the synchrotron PD (bottom plot of Figure 4.6). In Figure 4.6, the

angle ψB changes from 5◦ to 85◦ and from 95◦ to 175◦, while keeping ϕB constant at

0◦ and varying the viewing angle as 5◦ (upper panels and lower plot), 45◦ (middle-

left plot), and 65◦ (middle-right plot). In Figure 4.7, the value of ψB is varied from

5◦ up to 175◦, while ϕB is kept the same at 0◦. Finally, in Figure 4.8, ϕB is varied

from 0◦ to 180◦ for different values of ψB.

The Figures show that a certain combination of angles ψB and ϕB can result in a case
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Figure 4.6: The impacts of oblique fields w.r.t. the jet axis on the synchrotron

emissivity (upper panels) and degrees of polarization (lower panel) for values of ψobs

ranging from 5◦ to 175◦ when ϕobs = ϕB = 0◦.

where synchrotron emission is unobservable, depending on the orientations of oblique

magnetic field lines w.r.t the jet axis. This is particularly evident when ϕB = 0◦

and the magnetic field is closely aligned with our LoS, e.g., when ψB = ψobs. When

ψB = ψobs = 5◦, as presented in the top-left plots of Figures 4.6 and 4.8, as well as

in the top plot of Figure 4.7, and when ψB = ψobs = 45◦ and 65◦ as demonstrated in

the middle-left and -right plots of Figure 4.6, respectively, no synchrotron emission

is observed. This situation is in agreement with the results of Joshi et al. (2020).

In contrast to the scenarios of parallel and perpendicular magnetic fields, Figure
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Figure 4.7: The non-zoomed (upper panel) and zoomed (lower panel) synchrotron

emissivity under the effects of oblique fields w.r.t. the jet axis for ψobs ranging from

5◦ to 175◦ and ϕobs = ϕB = 0◦.

4.7 demonstrates that only synchrotron emissivities for the field angle w.r.t. the jet

axis varying from 15◦ to 85◦ (hereafter j
syn

3 ) are equivalent to those of ψB values

changing from 175◦ down to 105◦ (hereafter j
syn

4 ), as indicated by the colors of the

curves. Notice that this is an exception for the synchrotron emission at ψB = 5◦

and at ψB = 95◦ where the emission is absent and is at its maximum, respectively.

Furthermore, in Figure 4.6, we observe that certain synchrotron emission levels

are indistinguishable from each other and hence, cannot show up individually, as

demonstrated in the middle plots. At the viewing angle of ψobs = 45◦, the emission

levels are symmetrical. As the viewing angle approaches 90◦, the sine of the pitch

angle tends to have an inverse relationship with the angle that the magnetic field

makes with the jet axis. This can clearly be seen in the middle-right plot for ψB
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Figure 4.8: The effects of the angle ϕB for oblique fields w.r.t. the jet axis on the

synchrotron emissivity for varying values of ψB with fixed ψobs and ϕobs.

values of 5◦, 15◦, and 25◦, where the emission level decreases with an increasing ψB.

With regard to the polarization signatures shown in the bottom plot of Figure 4.6,

there has been a significant leftward shift in the PD for a case where ψobs = ψB = 5◦.

This is in agreement with what is shown in the top-left plot, where the synchrotron

emission level is significantly suppressed under the same case. Note that we have

excluded signatures corresponding to the top-right plot since are similar to those of

a perpendicular magnetic field case.

Similar to a case when the field orientation is perpendicular to the jet axis, e.g.,

Figure 4.5, Figure 4.8 shows the impacts of varying the magnetic field azimuthal

angle as well. However, in this case, the impacts are demonstrated for different

angles of the magnetic field w.r.t. the jet axis, while maintaining a viewing angle

of ψobs = 5◦. For a scenario of ψB = 85◦, the sine of the pitch angle is almost

independent of the azimuthal angle of the magnetic field. This results in a case

where the synchrotron emission level remains nearly the same with the varying ϕB.

However, for smaller values of ψB, the dependence of the synchrotron emission on

the azimuthal angle of the magnetic field becomes more pronounced. These results

are symmetric around an angle of ψB = 90◦. Moreover, in addition to what is
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mentioned above, similar results will be obtained by varying the observer’s angles

ψobs and ϕobs while keeping the magnetic field angles ψB and ϕB the same.

4.4 Synchrotron and SSC Spectra

In this context, in addition to the above-studied impacts of varying the values of

ψobs, ψB, and ϕB on the synchrotron emission, we explore the impacts of these very

same angles on the total spectrum (combination of the synchrotron spectrum and

the SSC spectrum) of our generic blazar and the degree of polarization of the SSC

mechanism (high-energy PDs).

Figure 4.9 displays the SSC spectrum, the synchrotron spectrum, and the total

spectrum under the influence of the parallel magnetic field w.r.t. the jet axis. The

SSC spectrum is presented for different viewing angles ranging from 5◦ to 85◦ (see

the LHS plot). As can be seen, the SSC spectrum remains nearly constant as the

viewing angle varies. There are three main reasons for this according to Jamil and

Boettcher (2012). These reasons are: 1) the anisotropies introduced by field orien-

tation in the photon distribution are averaged out when scattered off an isotropic

electron distribution, 2) the slight differences that do exist are due to a slight angle

dependence through the presence of the 1− βµ factor in the calculations of the IC

emissivity, and 3) the Compton scattered emissivity by an isotropic distribution of

electrons is always approximately isotropic. The first reason is due to the fact that

when synchrotron photons interact with the same population of relativistic electrons

that produced them, their trajectories become randomized, causing photons initially

oriented in a specific direction to scatter in various directions. This randomization

mechanism leads to averaging out of the initial anisotropies in the photon distri-

bution (Baring, 1990), resulting in isotropic SSC emission across different viewing

angles.

The RHS plot shows both the synchrotron and the SSC spectra with their total

spectrum for a viewing angle of ψobs = 5◦. The Figure demonstrates that, as stated

in Section 1.1.4.2, both the synchrotron and SSC spectra form the two broad, non-

thermal humps that are associated with the low- and high-energy components of

the SED of a generic blazar. The turnover from the first hump to the second hump

takes place in the near-UV band at a frequency of about 4×1014 Hz. Moreover, the

overall emission is Compton/SSC-dominated. In the following, our focus is on the

total spectrum.

Figure 4.10 displays the impacts of varying the viewing angle on the SED of our

generic blazar under the influence of the magnetic field lines parallel to the jet axis.

In addition to what has been mentioned in Section 4.1, as the synchrotron emission
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Figure 4.9: Demonstration of the SSC spectrum for various viewing angles of ψobs ∈
[5◦, 85◦] (LHS plot) and the comparison of the synchrotron and SSC spectra and

the total spectrum for ψobs = 5◦ (RHS plot). These spectra are shown for a parallel

magnetic field.

component rises with increasing the observing angle, the corresponding synchrotron

peak frequency shifts to higher values. As a result, this component converges at

its maximum as the viewing angle approaches 90◦. On the other hand, the SSC

emission component maintains almost the same level as expected. Furthermore, the

SED is Compton-dominated emission for the viewing angle of ψobs = 5◦. However, as

the viewing angle ranges from 15◦ to 85◦, the overall emission becomes increasingly

synchrotron-dominated emission.

Figure 4.10: The influence of the viewing angle in the case of a parallel magnetic

field on our total spectrum of a generic blazar.

In Figure 4.11, we display the impacts of the perpendicular magnetic field on our

generic blazar SEDs. Here, we vary the viewing angle for different values of the
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Figure 4.11: The influence of the perpendicular magnetic field orientation on the

SEDs of a typical blazar.

magnetic field azimuthal angle. For a scenario of ϕB = 90◦ (bottom-right plot), the

low-energy component shows no dependence on the viewing angle, whereas, as usual,

the high-energy component is almost independent of the viewing angle. For smaller

values of the field azimuthal angle, the dependence of the low-energy component on

the viewing angle becomes more noticeable. As the viewing angle increases, the level

of the low-energy component drops. As a result, the corresponding synchrotron peak

frequency shifts to lower values. However, when the viewing angle approaches 90◦

for an azimuthal angle of ϕB = 0◦, the synchrotron emission becomes unobservable,

while the SSC emission stays observed. In this magnetic field geometry case, the

SED is SSC emission dominated, irrespective of the viewing angle and the field

azimuthal angle.

Furthermore, Figure 4.12 shows the effects of varying the angle ψB on the SEDs of

our typical blazar, while changing the magnetic field azimuthal angle and keeping the

viewing angle fixed at 5◦, for the case of an oblique magnetic field w.r.t. the jet axis.

As the angle between the magnetic field and jet axis approaches 90◦, the low-energy

component converges at its maximum. The alignment of the magnetic-field relative

to the jet axis with our LoS can lead to cases where the low-energy component is

completely absent or substantially suppressed. For input parameters considered in

our study, such cases arise for an angle of ψB = 5◦ when the field azimuthal angle
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Figure 4.12: The influence of the oblique magnetic field geometry on the SEDs of

our typical blazar.

is equal to 0◦ and 15◦, as presented in the top-left and -right plots, respectively.

However, despite the SED first hump being absent, the electrons continue to receive

that emission and up-scatter a fraction of it to produce the high-energy component.

Thus, in this direction, the high-energy component is observable, whereas the low-

energy component is not. For higher values of ϕB, for the same ψB value, the

low-energy component becomes more noticeable. As a result, the spread of levels of

the low-energy component decreases as the dependence of the synchrotron emission

on the value of ψB becomes significantly stronger.

Moreover, in Figure 4.12, the behavior of the peak flux of the high-energy component

appears to show some irregularities that are not immediately noticeable. Initially, in

the upper plots, the peak flux of the SSC component remains constant as the angle

ϕB increases. On the other hand, in the lower-left plot, when ϕB = 45◦, the peak

SSC flux experiences a significant drop by a factor of about 6−7. In the lower-right

plot, when ϕB = 90◦, the peak flux of the SSC emission rises again, but does not

fully recover to the original level for ϕB = 0◦. Furthermore, as ψB varies from 15◦

to 85◦ in the lower plots and from 25◦ to 85◦ in the upper ones, the overall emission

becomes more and more dominated by the synchrotron emission.

Figure 4.13 shows the PD of the SSC emission in the case of a parallel magnetic field

orientation w.r.t. the jet axis. The Figure demonstrates that, similar to the SED
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high-energy component, the high-energy PD is almost not affected as the viewing

angle and the orientation of the magnetic field relative to the jet axis varies. The

polarization signatures in cases of both the perpendicular and oblique magnetic field

geometries are omitted since they are indistinguishable from those observed in the

parallel magnetic field case.

Figure 4.13: The effects of the parallel magnetic field w.r.t. the jet axis on the SSC

degrees of polarization.

4.5 Variation of Power-Law Index

In this section, we present the impacts of varying the electron power-law index p

on the synchrotron emission coefficient, polarization of synchrotron emission, and

the total spectrum of a typical blazar. These impacts are studied only in the case

of the magnetic field closely aligned with the jet-axis, while keeping the viewing

angle constant at 5◦. This is because the effects of changing the power-law index on

the synchrotron and the SSC emissions are not altered by both the magnetic field

orientation and the viewing angle.

Figure 4.14 demonstrates the emissivity (left plot) and PD (right plot) of the syn-

chrotron emission. As implied by Equation 2.13, the steepness of the synchrotron

emissivity is guided by the electron power-law index. As the value of p increases,

the steeper the synchrotron spectrum becomes. The corresponding low-energy and
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Figure 4.14: The effects of the power-law index on the synchrotron emissivity (left

plot) and the synchrotron polarization (right plot) under the influence of the parallel

field geometry.

Figure 4.15: The effect of varying the power-law index on the SED of our generic

blazar under the influence of the parallel field orientation.

high-energy cutoff frequencies remain the same as the power-law index varies. This

is in evidence by Equation 2.16. Regarding synchrotron polarization, in contrast

to the variations of the viewing angle and the magnetic field orientation, changing

the power-law index alters the degree of polarization. As the power-law index in-

creases, the linear degree of polarization rises as well. The polarization signatures

corresponding to the SSC mechanism are omitted, as they show similar effects to

those observed in the synchrotron polarization.

In Figure 4.15, we show the variation of the SED of our typical blazar as the electron

power-law index changes. The varying power-law index has dramatic impacts on the
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morphology of the SED. For lower values of the power-law index, the two broad, non-

thermal humps of the SED are significantly noticeable. As a result, the produced

emission is Compton-dominated. On the other hand, for larger power-law index

values, the doubled-hump SED becomes invisible and the entire SED is dominated by

synchrotron emission. This scenario can clearly be observed for the power-law index

of p = 3.5, where the SED declines from ∼ 1.5×108 Hz to higher frequencies and no

longer consists of two clearly distinguishable components. However, despite the SSC

component disappearing with increasing p−values, the location of the corresponding

synchrotron peak frequency remains the same.



Chapter 5

Summary and Outlook

In this work, we have conducted a comprehensive study by investigating different

parameters that may influence the multiwavelength emission of a generic blazar.

Particularly, we explored the effects of the viewing angle, orientation of the magnetic

field (such as parallel, perpendicular, and oblique geometries) w.r.t. the jet axis, and

the electron power-law index. Our objective was to examine how these parameters

affect a generic blazar’s observational properties, such as SEDs and PDs. The effect

can be identified in terms of the variation in the emission level, the location of the

synchrotron cutoff and peak frequencies, the dominant emission mechanism, and the

level or potential horizontal shift of the PD.

In order to accomplish our goal, we have made use of a single-zone synchrotron and

SSC blazar model, including two basic assumptions: 1) the power-law distribution

of isotropic, relativistic electrons (Equation 2.1) and 2) a perfectly ordered, uniform

magnetic field of strength B with arbitrary orientation w.r.t. the jet axis in a spher-

ical emitting region. The new aspect was to treat the anisotropy of the radiation

produced and the polarization in the treatment of both the synchrotron and SSC

mechanisms.

We have demonstrated that, as expected, the synchrotron emission has a significant

dependence on the viewing angle and the magnetic field orientation w.r.t. the jet

axis. The synchrotron emission level and the corresponding minimum and maximum

cutoff frequencies are strongly affected by the variation of the viewing angle and the

orientation of the magnetic field. As Joshi et al. (2020) demonstrated, we have

observed that, particularly in the case of an oblique magnetic field, the synchrotron

emission level will remain substantially suppressed as long as the observer’s angles

ψobs and ϕobs are equal to the field angles ψB and ϕB, respectively. Moreover, it

is shown that the effects on the synchrotron emission are symmetric around the

viewing angle that corresponds to 0◦ or 90◦ w.r.t. the orientation of the magnetic
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field.

The IC emissivity is calculated using the angle-dependent synchrotron radiation as

a seed photon field. For the above-stated reasons in Section 4.4, as expected, the

SED high-energy component is almost unaffected by the variation of the viewing

angle and the magnetic field angle w.r.t. the jet axis. However, it showed some

dependence on the magnetic field azimuthal angle ϕB in the case of an oblique

magnetic field geometry. This behavior is demonstrated in Figure 4.12, where the

high-energy component peaks at higher flux levels for smaller values of ϕB compared

to that for larger ϕB−values.

For considered input parameters in our study, the SED of a generic blazar showed

to be dominated by the SSC emission in the case of a perpendicular magnetic field

geometry, irrespective of the viewing angle and the field azimuthal angle. In the

parallel magnetic field case, a blazar’s emission is SSC-dominated when the viewing

angle is 5◦ and becomes increasingly dominated by the synchrotron radiation as

the viewing angle varies from 15◦ to 85◦. The exact similar results were obtained

in the scenario of an oblique magnetic field, as shown in lower plots of Figure 4.12.

However, the SED is increasingly synchrotron-dominated as the viewing angle ranges

from 25◦ to 85◦, as shown in the upper plots.

The impact of the electron power-law index p on a generic blazar was also explored.

The variation of the power-law index had a significant impact on the SEDs and

PDs of our generic blazar. As the power-law index increases, the SED components

become no longer distinguishable, whereas the average PD rises. On the other

hand, in the frequency range in which the synchrotron spectrum is well represented

by a power-law, both the viewing angle and the magnetic field orientation had no

effect on the value of the average PD. However, the synchrotron polarization was

shifting horizontally with the variation of these parameters, but without changing

the average PD value.

This study was the first step in the development of a comprehensive, fully angle- and

polarization-dependent blazar radiation transfer code. For future analysis, in addi-

tion to synchrotron and SSC emissions, we will also include the effects of synchrotron

self-absorption and gamma-ray absorption mechanisms.
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Joshi, M., Marscher, A., and Böttcher, M. (2016). Theoretical study of the effects of

magnetic field geometry on the high-energy emission of blazars. Galaxies, 4(4):45.

Joshi, M., Marscher, A. P., and Boettcher, M. (2014). Seed photon fields of blazars

in the internal shock scenario. The Astrophysical Journal, 785(2):132.
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Appendix A

Our Code

Our developed Python code of full angle- and polarization-dependent blazar radia-

tion transfer is presented here. Note that, the code is demonstrated only under the

influence of the parallel magnetic field w.r.t. the jet axis in Gaussian units. We start

with importing useful Python packages for our code, the definition of constants, and

the calculation of the power-law electron distribution normalization factor, denoted

as n0, in units cm−3:

1 # useful packages for our code

2 import numpy as np

3 from numpy import *

4 import matplotlib.pyplot as plt

5 from math import degrees , pi , sqrt

6 from mpmath import besselk

7

8 # constants

9 B = 1.0 # magnetic field strength

10 gamma1 = 10 # low -energy cutoff

11 gamma2 = 1e4 # high -energy cutoff

12 p = 2.5 # standard power -law index

13 L_e = 1e44 # kinetic power in the relativistic electrons

14 R = 1e16 # blob radius

15 Gamma = 15 # bulk Lorentz factor

16 c = 3e10 # the speed of light

17 m_e = 9.1094e-28 # electron mass

18 r_e = 2.8179e-13 # classical electron radius

19 beta_G = sqrt(1 - 1/Gamma ** 2) # normalized speed of the emission

region

20 h = 6.6261e-27 # Planck ’s constant

21 t_esc = (3*R)/(4*c) # the average photon escape time for a sphere

22

23 fp = (gamma2 ** (2-p)-gamma1 ** (2-p))/(2-p) # calculation of Eq. 3.10

24 N0 = L_e /(pi*R ** 2*Gamma ** 2*m_e*c** 3*beta_G*fp) # power -law
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normalization factor

Subsequently, we calculate the synchrotron photon spectrum as:

1 # defining synchrotron photon spectrum

2 def jnuApprox(nu_sy ,gamma1 ,gamma2 ,B,p,eta ,N0):

3 sinPsi = sqrt(1 - eta ** 2)

4

5 gamma , delta1 , d, sum2 = gamma1 , 1.0, 1.5, 0.0

6 # integrating over the electron energy

7 while gamma < gamma2:

8 gamma_mid = gamma * ((d + 1)/2)

9

10 nu_psi = 4.2e6*B*(gamma_mid ** 2) * (sinPsi)

11 x = (nu_sy/nu_psi)

12 Fapprox = 1.42* sqrt(pi/2) *exp(-x) * x** (3/10)

13 delta2 = gamma_mid ** (-p) * Fapprox * (gamma*(d-1))

14 sum2 += delta2

15 gamma *= d

16 sum2 *= ((2.34e-22)*B*(sinPsi)*N0)*(t_esc/(h*nu_sy))

17 return sum2

18

19 # considered synchrotron photon directions

20 psiPh_para = array([pi/36,pi/12,pi/7.2,7*pi/36,pi/4,11*pi/36,

21 13*pi/36 ,5*pi/12 ,17*pi/36 ,19*pi/36 ,7*pi/12 ,23*pi/36 ,

22 25*pi/36 ,3*pi/4,29*pi/36 ,31*pi/36 ,11*pi/12 ,35*pi/36])

23

24 length = len(psiPh_para)

25 eta_para = zeros(length)

26 psiDegree_para = zeros(length)

27 for i in range(length):

28 eta_para[i] = cos(psiPh_para[i])

29 # determining angle psiPh_para in degrees

30 psiDegree_para[i] = round(degrees(psiPh_para[i]),)

31

32 #------------------------------------------------------------------

33 # nu_min , nu_max , and N are the initial and final frequencies and

number of points , respectively.

34 nu_min , nu_max , N = zeros(length), zeros(length), zeros(length)

35 #------------------------------------------------------------------

36 # calculating the frequency for photon directions

37 for i in range(length):

38 nu_min[i] = (1e6*(gamma1 ** 2)*B) * sqrt(1 - eta_para[i]** 2)

39 nu_max[i] = (1e8*(gamma2 ** 2)*B) * sqrt(1 - eta_para[i]** 2)

40 dnu = 1.5 # increment multiplication

41 N[i] = log(nu_max[i]/nu_min[i]) / log(dnu) + 2

42

43 nuSy_para = zeros(int(N[i]))

44 nuSy_para[0] = nu_min[i]
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45 j = 0

46 while nuSy_para[j] < nu_max[i]:

47 j += 1

48 nuSy_para[j] = nuSy_para[j-1] * dnu

49 #------------------------------------------------------------------

50 # calculating angle - and frequency -dependent synchrotron photon

spectrum

51 nPh2_para = zeros ((length , len(nuSy_para)))

52 for i in range(length):

53 for j in range(len(nuSy_para)):

54 nPh2_para[i,j] = jnuApprox(nuSy_para[j], gamma1 , gamma2 , B,

p, eta_para[i],N0)

55

56 # saving our calculations of the photon spectrum

57 np.save("nPh2_para.npy", nPh2_para)

Note that, in the above and following codes, the underscore ”para” simply represents

the parallel magnetic field orientation. Next, is the calculations of the SEDs of our

generic blazar for different viewing angles when the magnetic field is parallel to the

jet axis.

1 # note that , eta_s = cos(psi_s) and psi_s is the viewing angle

2 # synchrotron emissivity

3 def jnuApprox(nu_syn ,gamma1 ,gamma2 ,B,p,eta_s ,N0):

4 sinPsi = sqrt(1 - eta_s ** 2)

5

6 gamma , delta1 , d, sum2 = gamma1 , 1.0, 1.1, 0.0

7 # integrating over the electron energy

8 while gamma < gamma2:

9 gamma_mid = gamma * ((d + 1)/2)

10

11 nu_psi = 4.2e6*B*(gamma_mid ** 2) * (sinPsi)

12 x = (nu_syn/nu_psi)

13 Fapprox = 1.42* sqrt(pi/2) *exp(-x) * x** (3/10)

14 delta2 = gamma_mid ** (-p) * Fapprox * (gamma*(d-1))

15 sum2 += delta2

16 gamma *= d

17 sum2 *= ((2.34e-22)*B*(sinPsi)*N0)

18 return sum2

19 #------------------------------------------------------------------

20 #------------------------------------------------------------------

21 # loading synchrotron photon spectrum calculations

22 nPh2D_para = np.load("nPh2_para.npy")

23 # calculating the SSC emissivity for all considered

24 # synchrotron photon directions

25 def jcomp(Nu_c , eta_s):

26

27 e_s = (h*Nu_c)/(m_e*c** 2)
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28 # ensuring that the photon energy is always less than or

29 # equal to the electron energy

30 if e_s < gamma1:

31 gamma = gamma1

32 else:

33 gamma = e_s

34

35 Gamma , d_gam , delta6 , sum6 = gamma , 1.5, 1.0, 0.0

36 # integrating over the electron energy

37 while Gamma < gamma2:

38 Gamma_mid = Gamma*((d_gam+1)/2)

39

40 d_eta , delta5 , sum5 , etA = 0.2, 1.0, 0.0, eta1

41 # integrating over all synchrotron photon angles

42 while etA < eta2:

43 eta_mid = etA + d_eta/2

44

45 d_phi , delta4 , sum4 , phi = 0.2, 1.0, 0.0, phi1

46 # integrating over the photon ’s azimuthal angles

47 while phi < phi2:

48 phi_mid = phi + (d_phi)/2

49

50

51 mu = (eta_mid*eta_s + sqrt(1-eta_mid ** 2)

52 * sqrt(1-eta_s **2)*cos(phi_mid))

53 beta = sqrt(1 - 1/Gamma_mid ** 2)

54

55 ErgFac = (m_e*c** 2)/h

56 nu1 = (e_s/(2*Gamma_mid*(Gamma_mid - e_s)

57 * (1 - beta*mu)))*ErgFac

58 nu2 = ((2*e_s)/(1 - beta*mu)) * ErgFac

59

60 d_eps , delta3 , sum3 , Nu = 1.5, 1.0, 0.0, nu1

61 # integrating over synchrotron photon energy

62 while Nu*(d_eps + 1)/2 < nu2:

63 nu_mid = Nu*(( d_eps + 1)/2)

64

65 y = 1 - e_s/(Gamma_mid)

66 e_prime = Gamma_mid * (nu_mid*(1/ErgFac)) * (1

- beta*mu)

67 Y = y + 1/y - (2*e_s)/(Gamma_mid*e_prime*y)

68 + (e_s/(Gamma_mid*e_prime*y)) **2

69 Z = (pi*r_e **2)/(Gamma_mid*e_prime)

70

71 for i in range(len(eta_para)):

72 if eta_para[i] > eta1:

73 break

74 for j in range(len(nuSy_para)):

75 if nuSy_para[j] > nu1:
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76 break

77

78 delta3 = (1-beta*mu) * Z * Y

79 * nPh2D_para[i][j] * (Nu*(d_eps - 1))

80

81 sum3 += delta3

82 Nu *= d_eps

83 delta4 = sum3 * d_phi

84 sum4 += delta4

85 phi += d_phi

86 delta5 = sum4 * d_eta

87 sum5 += delta5

88 etA += d_eta

89 delta6 = (Gamma_mid ** (-p)) * (sum5) * (Gamma*(d_gam - 1))

90 sum6 += delta6

91 Gamma *= d_gam

92 sum6 *= N0 * ((h*c*e_s)/(4*pi))

93 return sum6

94

95 eta1 , eta2 , phi1 , phi2 , m_e = -1, 1, 0.0001 , 2*pi , 9.1094e-28

96 eta_s = 0.9961947 # = roughly 5 degrees

97 #------------------------------------------------------------------

98 psi_s = array([pi/36,pi/12,pi/7.2,7*pi/36,pi/4,11*pi/36,13*pi/36,5*

pi/12 ,17*pi/36])

99

100 length = len(psi_s)

101 eta_s = zeros(length)

102 psiDegrees = zeros(length)

103 for i in range(length):

104 eta_s[i] = cos(psi_s[i])

105 psiDegrees[i] = round(degrees(psi_s[i]) ,)

106 #------------------------------------------------------------------

107

108 nu_min , nu_max = (1e5*(gamma1 ** 2)*B), (5e8*(gamma2 ** 4)*B)

109 dnu = 1.5

110 N = log(nu_max/nu_min) / log(dnu) + 2

111

112 nu_c2 = zeros(int(N))

113 # J_syn2 , J_ssc2 , and Total2 are synchrotron , SSC , and total

spectra , respectively

114 J_syn2 , J_ssc2 , Total2 = zeros(int(N)), zeros(int(N)), zeros(int(N)

)

115 nu_c2[0] = nu_min

116

117 for j in range(length):

118 i = 0

119 while nu_c2[i] < nu_max:

120 J_syn2[i] = nu_c2[i] * jnuApprox(nu_c2[i],gamma1 ,gamma2 ,B,p

,eta_s[j],N0)
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121 J_ssc2[i] = nu_c2[i] * jcomp(nu_c2[i], eta_s[j])

122 Total2[i] = J_syn2[i] + J_ssc2[i]

123 i += 1

124 nu_c2[i] = nu_c2[i-1] * dnu

125 # ploting our SEDs for different viewing angles

126 plt.plot(nu_c2 , Total2 , lw=1, label = r’$\psi_{obs} = ’

127 + str(psiDegrees[j]) +’^\circ’ + ’$’)
128

129 plt.xscale(’log’)

130 plt.yscale(’log’)

131 plt.ylabel(r’$\nu j_{\nu}~$[erg cm$^{-3}$ s$^{-1}$ ]’, fontsize =

12)

132 plt.xlabel(r’$\nu~$[Hz]’, fontsize = 12)

133 plt.xlim(1e8 , 1e24)

134 plt.ylim(5e-12 , 7e-9)

135 plt.legend(bbox_to_anchor=(0.99 ,0.88), loc = ’upper left’)

136 plt.show()

Finally, we present a code for the synchrotron polarization calculations.

1 # here , psi_ph represents the viewing angle

2 # average of F(x)

3 def fave(nu1 , gamma1 , gamma2 , B, p, psi_ph):

4 gamma , delta1 , d, sum2 = gamma1 , 1.0, 1.1, 0.0

5 # integration over the electron energy

6 while gamma < gamma2:

7 gamma_mid = gamma * ((d + 1)/2)

8

9 nu_psi = 4.2e6 * B* (gamma_mid ** 2) * (sin(psi_ph))

10 x = (nu1/nu_psi)

11 Fapprox = 1.42* sqrt(pi/2) *exp(-x) * x** (3/10)

12 delta2 = gamma_mid ** (-p) * Fapprox * (gamma*(d-1))

13 sum2 += delta2

14 gamma *= d

15 return sum2

16 #------------------------------------------------------------------

17 #------------------------------------------------------------------

18 # average of G(x)

19 def Gave(nu1 , gamma1 , gamma2 , B, p, psi_ph):

20 d, delta , gamma , sum = 1.1, 1.0, gamma1 , 0.0

21 # integration over the electron energy

22 while gamma < gamma2:

23 gamma_mid = gamma*(d+1)/2

24

25 nu_psi = 4.2e6*B*(gamma_mid ** 2)*sin(psi_ph)

26 x = nu1/nu_psi

27 delta = (gamma_mid **(-p)) * x * besselk(2/3, x)

28 * (gamma*(d-1))

29 sum += delta
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30 gamma *= d

31 return sum

32

33 psi_ph = array([pi/36 ,pi/12 ,pi/7.2,7*pi/36 ,pi/4,11*pi/36 ,13*pi/36 ,5

*pi/12 ,17*pi/36])

34

35 length = len(psi_ph)

36 psiDegrees = zeros(length)

37 for i in range(length):

38 psiDegrees[i] = round(degrees(psi_ph[i]) ,)

39 #------------------------------------------------------------------

40

41 nu_min , nu_max , N = zeros(length), zeros(length), zeros(length)

42

43 #------------------------------------------------------------------

44 for i in range(length):

45 nu_min[i] = (1e6 * (gamma1 ** 2) * B) * sin(psi_ph[i])

46 nu_max[i] = (1e8 * (gamma2 ** 2) * B) * sin(psi_ph[i])

47 dnu = 1.1

48 N[i] = log(nu_max[i]/nu_min[i]) / log(dnu) + 2

49

50 # PDs_para = polarization

51 nu_para , PDs_para = zeros(int(N[i])), zeros(int(N[i]))

52 # F_ave = average F(x), G_ave = average G(x)

53 F_ave , G_ave = zeros(int(N[i])), zeros(int(N[i]))

54 nu_para[0] = nu_min[i]

55

56 j = 0

57 while nu_para[j] < nu_max[i]:

58 F_ave[j] = fave(nu_para[j], gamma1 , gamma2 , B, p, psi_ph[i]

)

59 G_ave[j] = Gave(nu_para[j], gamma1 , gamma2 , B, p, psi_ph[i]

)

60 PDs_para = (G_ave/F_ave) * 100

61 j += 1

62 nu_para[j] = nu_para[j-1] * dnu

63 # ploting our polarization

64 plt.plot(nu_para , PDs_para ,lw=1, label = r’$\psi_{obs} = ’

65 + str(psiDegrees[i]) +’^\circ’ + ’$’)
66

67 plt.xscale(’log’)

68 plt.ylabel(r’$\Pi~[\%]$’, fontsize = 12)

69 plt.xlabel(r’$\nu~$[Hz]’, fontsize = 12)

70 plt.ylim(58 , 100)

71 plt.legend(bbox_to_anchor=(0.85 ,0.8), loc = ’upper left’)

72 plt.show()
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