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Polarization production 
mechanisms in AGN jets

Radio emission mechanism: 
Incoherent synchrotron radiation  

Synchrotron radiation is highly polarized 

Radiative transfer effects can alter the 
polarization characteristics

Image credit: COSMOVISION



Polarization production 
mechanisms in AGN jets

Synchrotron Self Absorbed (SSA) spectrum 

!

Canonical value for AGN: 

Self absorbed S⌫ / ⌫+2.5
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a ⇡ 0.7

Pacholczyk A.G. (1977)
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Polarization production 
mechanisms in AGN jets

Pacholczyk A.G. (1977)
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Linear polarization (LP) component of synchrotron 
sources 

• Optically thin 

!

Perpendicular to the projected magnetic field 

• Optically thick 

!

Parallel to the projected magnetic field
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Gardner & Whiteoak (1966)

Polarization production 
mechanisms in AGN jets

Circular polarization (CP) component of synchrotron 
sources 

Low values of circular polarization 
(Sciama & Rees, 1967) 

	 Isotropic pitch angle distribution 

• Optically thin 

• Optically thick

Pacholczyk A.G. (1977)
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Faraday rotation 

	 LCP and RCP modes with different phase 
velocities 

	 Faraday depolarization 

	 Rotation decreases as γ increases   
	 (Trubnikov,1958 & Melrose, 1997a) 

!

!

!

Faraday interconversion / pulsation 

	 Birefringence of the two orthogonal LP 
modes:               to the magnetic field 

	 Linear          Circular polarization 

	 Relativistic electrons 

Polarization production mechanisms in AGN jets

Taylor et al. (2009)
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Gardner & Whiteoak (1966)

Polarization as a probe of 
micro-physics in blazars

Pacholczyk A.G. (1977)
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Synchrotron polarization 

Linear polarization is a measure of 

	 B-field topology 

	 B-field uniformity 

Circular polarization is a measure of 

	 B-field magnitude 

	 B-field uniformity 

	 Pitch angle distribution
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Polarization as a probe of 
micro-physics in blazars

Synchrotron polarization 

Linear polarization is a measure of 

	 B-field topology 

	 B-field uniformity 

Circular polarization is a measure of 

	 B-field magnitude 

	 B-field uniformity 

	 Pitch angle distribution

Gardner & Whiteoak (1966)

Pacholczyk A.G. (1977)
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Polarization as a probe of micro-physics in blazars

Radiative transfer coefficients through the jet plasma 

Faraday rotation (FR) and conversion (FC) coefficients 

	 Diversity between different plasma states, e.g. cold or 
relativistic 

LP/CP degrees ratio is a measure of the FR/FC coefficients ratio 

	 Investigate the state of the jet plasma

Huang & Shcherbakov (2011)
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Figure 1. Geometry of the problem. Vector B represents uniform magnetic field. The transverse plane wave travels along k and has
electric field E in (e1,e2) plane.

Radiative transfer in uniform medium is described by the equation (Sazonov 1969)

ω
2π

· d
ds

Iij = εij + i(αimImj − α∗jnIin), (4)

where s is the distance along the ray, εij is the tensor of spontaneous emission and αij is the tensor of wave propagation, or

the response tensor. The equation (4) can be rewritten in a more familiar form (Shcherbakov & Huang 2011)

dS
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with the polarization vector

S = (I,Q,U, V )T (6)

being the vector of Stokes parameters. The intensities S and integrated polarized fluxes can be directly observed. Here

εI , εQ, εV are the emission coefficients,

ηI = Im(α22 + α11)/ν,

ηQ = Im(α11 − α22)/ν,

ηV = 2Re(α12)/ν, (7)

are the absorption coefficients,

ρV = 2Im(α12)/ν,

ρQ = Re(α22 − α11)/ν, (8)

where ν = ω/(2π) is the frequency. In the following we will concentrate mainly on Faraday rotation coefficient ρV and Faraday
conversion coefficient ρQ, which are generally called propagation coefficients. They directly influence the observed polarized

fluxes.

2.2 Response tensor and dispersion relations

We start with the formula for the response tensor for isotropic electrons

αµν(k) = − e2

mec

∫
d3p

df(γ)

dγ
ŨµŨν +

ıe2ω
mec

∫ ∞

0

dξṫνσ(−ξ)
[

∂2

∂Sµ∂Sσ

∫
d3p

(
− 1
γ

df(γ)

dγ
e−ıR(ξ)U+SU

)]

Sµ=0

, (9)

where Ũµ = (1, 0, 0, 0), Uµ is 4-velocity of electrons in observer’s Minkowskian frame, p is dimensionless 3-momentum defined
as p =

√
γ2 − 1, and f(γ) is the energy distribution function of electrons. It is normalized to the number density of electrons

ne as
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Figure 4. Propagation and absorption coefficients for thermal energy distribution. Left: Faraday rotation and conversion. Linear ap-
proximations by Melrose (1997b) are shown in black dashed lines. Right: Absorption coefficients. Traditional approximations are shown
in black solid lines.

4.1.2 Power-law distribution

Number density per unit Lorentz factor is

N(γ) =
b− 1

γ1−b
min − γ1−b

max

· neγ
−b, γmin < γ < γmax, b > 1 (48)

for power-law particle distribution, where b is the energy-spectral index, set greater than 1 as examples. Thus the distribution
function is

f(γ) =
N(γ)

4πγ2|v|
=

ne

4π
· b− 1

γ1−b
min − γ1−b

max

· γ
−(b+1)

√
γ2 − 1

, γmin < γ < γmax. (49)

We set γmax = +∞ in computations below for b > 1. Then f(γmax → +∞) → 0, and the response tensor becomes

αij(k) =
ne(b− 1)

4πγ1−b
min
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√
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· αij(k, γ)dγ +
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min√

γ2
min − 1

· αij
B (k, γmin)

]

. (50)

We show the results of numerical integration for b = 2.5 on Figure 6. On the left panel, we also show approximations for

propagation coefficients given by Sazonov (1969) for ne = 1 in dashed grey lines. The related formulae are

ρQ,appr = 8.5× 10−3 · 2
(b− 2)

[(
ω

Ω0 sin θγ2
min

)(b−2)/2

− 1

]
(b− 1)
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·
(
Ω0

ω
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)(b+2)/2

· 2π
ω

,

ρV,appr = 1.7× 10−2 · ln γmin

(b+ 1)γb+1
min

· (b− 1)

γ1−b
min

· Ω0

ω
cos θ · 2π

ω
. (51)

(Similar formulae can be also found in Jones & O’Dell (1977).)

We scale 2Im(α12) and (ω/2π)ρV,appr by a factor of 150 for a better layout. Here ρV,appr is a good approximation of
Faraday rotation coefficient only for large γmin. It significantly underestimates Faraday rotation, if the cut-off Lorentz factor

is low. The approximation ρQ,appr works well for Faraday conversion coefficient, if γmin < 100. It accurately describes the

exact behavior including the peak.
On the right panel of Figure 6 long-dashed and dashed black lines show (ω/2π)η′Q and (ω/2π)η′V respectively for ne = 1.

The approximate absorption coefficients η′Q and η′V are computed based on Eq. 21 by substituting the power-law distribution

function. In this case our calculation of Im(α11 − α22) and 2Re(α12) match their traditional approximations well for all γmin.
This is because the particles with high γ play a large role in power-law distribution compared to the thermal, so that the

inaccuracy at low γ’s is concealed. Similar to the case of thermal distribution, one can adopt simple traditional approximations

/ ⇢V

/ ⇢Q



Polarization in the time and frequency domains

Synchrotron polarization characteristics have 
an analytical description in the frequency 
domain 

Blazar variability: 
Propagation of high energy SED synchrotron 
components through the observed bandpass 
(Marscher & Gear 1985) 

Multi-band monitoring to trace the evolution of 
the physical characteristics

Credit: F-GAMMA team



Polarization in the time and 
frequency domains

Analytic description in the frequency 
domain 

Both LP and CP decrease to 0% close 
to  

	 LP: 

	 CP:

Pacholczyk A.G. (1977)
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Polarization in the time and frequency domains

Testing variability models (e.g. shock-in-jet model)

Hughes, Aller,& Aller, 1989
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Polarization in the time and frequency domains

Polarization Rotator Events (angle swings) 

Geometrical swing 

	 Emission element on helical path 

	 Arbitrary magnitude 

Radiative "swing" 

	 Emission element expansion 

	 Optical depth evolution 

	 LP drops to 0% and gets to optically thin/thick values 

	 CP drops to 0% and changes handedness 

	 Exactly 90 degrees 

The mechanisms can operate simultaneously 

Radiative "swings" can only be studied 
at low radio frequencies Radiative

Myserlis, Angelakis et al. (in prep.)

Geometrical



Multifrequency monthly monitoring of 60 γ-ray blazars


Flux density variability


Spectral evolution


Polarization variability


Main facilities


100m Effelsberg telescope (Germany) 

2.64, 4.85, 8.35, 10.45, 14.60, 23.05, 32.00, 42.90 GHz


30m Pico Veleta IRAM (Spain)


88.24, 142.33, 228.39 GHz


12m APEX


345 GHz

The F-GAMMA program

Credit: F-GAMMA team



4.85 GHz


LP: 75% of the sample


CP: 2% of the sample


10.45 GHz


LP: 39% of the sample


CP: 5% of the sample

Mean	
  =	
  3.01	
  %	
  
Median	
  =	
  2.35	
  %

Mean	
  =	
  2.67	
  %	
  
Median	
  =	
  2.14	
  %

Mean	
  =	
  4.09	
  %	
  
Median	
  =	
  3.18	
  %

Mean	
  =	
  2.62	
  %	
  
Median	
  =	
  2.02	
  %

(emc = 0.4%)

(emc = 0.4%)

(eml = 3.1%)

(eml = 3.6%)

The F-GAMMA program

Myserlis, Angelakis et al. (in prep.)



Mueller matrix analysis
!
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Iobs
Qobs

Uobs

Vobs

$
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""#

m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

$

%%& ·
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""#

Ireal
Qreal
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Vreal
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%%&

Iobs = m11 · Ireal +m12 ·Qreal +m13 · Ureal +m14 · Vreal

Qobs = m21 · Ireal +m22 ·Qreal +m23 · Ureal +m24 · Vreal

Uobs = m31 · Ireal +m32 ·Qreal +m33 · Ureal +m34 · Vreal

Vobs = m41 · Ireal +m42 ·Qreal +m43 · Ureal +m44 · Vreal

Method!

1. Observe sources with known polarization characteristics!

2. Solve the system of equations [1] by fitting our measurements!

3. Apply the instrumental polarization correction to our target sources!

Full Stokes calibration problems!

Lack of CP calibrators!

Circularly polarized feeds
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1. Observe sources with known polarization characteristics!

2. Solve the system of equations [1] by fitting our measurements!

3. Apply the instrumental polarization correction to our target sources!

Full Stokes calibration problems!
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Circularly polarized feeds
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Mueller matrix analysis
CP calibration: relative gain (LCP/RCP) correction

Myserlis, Angelakis et al. (in prep.)



Data reduction progress

Since January 2011 

4 frequencies 

LP & CP flux 

LP & CP degree 

EVPA

Myserlis, Angelakis et al. (in prep.)
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Results 
circular polarization calibrator candidates

Myserlis, Angelakis et al. (in prep.)



Results 
B-field estimation using CP measurements

Myserlis, Angelakis et al. (in prep.)
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Assuming intrinsic CP


!

3C48:


CP = 0.58 %!
B = 58mG (electron plasma)!

Equipartition:


~10 - 100mG!
(O'Sullivan & Gabuzda, 2008)



3C286

11%

Results 
B-field topology

Credit: F-GAMMA team



Results 
B-field topology

3C 111

2.4%

Credit: F-GAMMA team



Results 
EVPA swings

I. Myserlis et al.: Radio linear and circular polarization monitoring of Fermi blazars

vectors, compute the elements of the Müller matrix. For an over-determined system, a least-squares
fit method is applied and (c) apply the inverse of the computed Müller matrix to the observed Stokes
vector for the target sources [14].

The reduction scheme described above is usually applied only for linear polarization measurements
owing to the lack of circular polarization standards. The advantage however in our case is the fact that
the receivers are equipped with circularly polarized feeds which allow satisfactory measurements after
precise gain correction using observations of unpolarized sources. A number of sources with significant
circular polarization flux have been detected as well as sources with stable circular polarization pa-
rameters which could be used as standards, such as 3C295 and 3C48 which have circular polarization
degrees of 0.6± 0.1% and 0.6± 0.2% at 5GHz respectively.

4 PKS1510−089: a case study

Figure 1: Polarization parameters of the blazar PKS 1510−089, as obtained with the F-GAMMA program. From top
to bottom: Stokes I, linear polarization degree ml, linearly polarized flux, EVPA and spectral index in two radio bands
(α8.4

2.6
and α23.1

10.5
).

PKS1510−089 is among the best studied blazars (FSRQ). It has shown geometrically induced
rotations of the EVPA [15]. As an example case study, we discuss the radio polarimetric data that
display a very interesting behavior. In Fig. 1, from top to bottom, is shown: Stokes I, the degree of
linear polarization ml, the linearly polarized flux, the EVPA and the spectral index in two radio bands:
low (α8.4

2.6) and intermediate (α23.1
10.5).

What is immediately visible in the Stokes I panel is that the source underwent a major flaring event
from MJD 55800 to MJD 56200, less discernible towards lower frequencies. The highest peak appears
around MJD 56050 and with a phase difference between the 4 frequencies, due to opacity effects. The
spectrum shows profound evolution during the flare. In the low band, it starts off as flat (α ≈ 0) and
hardens (becoming optically thicker) during the outburst before flattening again. A major γ-ray event
preceded the radio one for about 140 days at MJD ≈ 55860 [16].

The polarization follows this evolution closely. During the flaring event, the polarization degree
remains fairly stable (≈ 2 − 3%) and the polarized flux shares the characteristics of Stokes I. The
stability of the polarization degree over the flaring event implies that no opacity transition takes place

11th Hel.A.S Conference 3

Myserlis et al. (2014)

PKS 1510-089


Radiative "swing"!

Shows all characteristics of the signature


Multi-band data help the interpretation!

Paces:


	 1st rotation: 


	 	 1.2º/day (5 GHz)


	 	 0.5º/day (10 GHz)


	 2nd rotation: 


	 	 1.2º/day (5 GHz)


	 	 0.8º/day (10 GHz)


Difficult to explain with geometrical swing 
scenario



Results 
EVPA swings

J1849+6705


Geometrical swing!

~175 degrees


Multi-band data help the 
interpretation



Summary

• Multi-frequency linear and circular radio polarization monitoring data 
are invaluable for the investigation of the AGN jet physics 

• B-field magnitude 

• B-field uniformity / topology 

• Pitch angle distribution 

• Jet plasma state 

• Jet plasma composition



Summary
• Multi-frequency high-cadence monitoring programs 

• F-GAMMA program 

• Data reduction techniques and caveats 

• Results 

• CP calibrators 

• B-field magnitude 

• EVPA vs jet orientation 

• EVPA swings: Geometrical & Radiative


