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Linear and Circular polarimetry

powerful tool but challenging endeavor

Investigate

- physical conditions

- emission processes

- variability mechanisms


Challenging due to

- low levels of LP and especially CP

- high levels of variability

- instruments specialize on either LP or CP


Design and development of an end-to-end 
framework

- novel LP and CP data reduction pipeline

- full-Stokes radiative transfer model of 

astrophysical plasma systems (e.g. AGN jets)

Ipeak = 749 mJy

LPpeak = 25 mJy

EVPA = -6º

Ipeak = 860 mJy

LPpeak = 13 mJy

EVPA = -68º

credit: VLBA-BU Blazar Monitoring Program 

dT = 18 days
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F-GAMMA program (Jan 2007 — Jan 2015):

- almost 90 mostly Fermi sources

- mean cadence ~ 1.3 months 

- 2.64–345 GHz at 11 frequency steps

- 8yr data release soon

see also poster:

“F-GAMMA: monthly light curves of Fermi blazars” 

+ follow-up monitoring with Effelsberg

- 2.64–43 GHz at 8 frequency steps

- mean cadence ~ 10 days

Fuhrmann et al. 2016A&A...596A..45F 
Angelakis et al. 2010, astro-ph.CO/1006.5610 �3



Angelakis et al.: Multi-frequency monitoring of Active Galactic Nuclei in the Fermi-GST era, Online Material p 36

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45
2006.7 2007.5 2008.4 2009.2 2010.0 2010.8 2011.7 2012.5

Fl
ux

 D
en

si
ty

 (J
y)

J2253+1608, 2251+158
2.64 GHz
4.85 GHz
8.35 GHz

10.45 GHz
14.60 GHz
23.05 GHz
32.00 GHz
43.05 GHz

-1

 0

 1

 54000  54300  54600  54900  55200  55500  55800  56100

α

MJD

α2.6,4.85,8.35
α10.45,14.60,23.05

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

 0.22
2006.7 2007.5 2008.4 2009.2 2010.0 2010.8 2011.7 2012.5

Fl
ux

 D
en

si
ty

 (J
y)

J2325+3957, J23253+3
2.64 GHz
4.85 GHz
8.35 GHz

10.45 GHz
14.60 GHz
32.00 GHz

-1

 0

 1

 54000  54300  54600  54900  55200  55500  55800  56100

α

MJD

α2.6,4.85,8.35
α10.45,14.60,23.05

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2
2006.7 2007.5 2008.4 2009.2 2010.0 2010.8 2011.7 2012.5

Fl
ux

 D
en

si
ty

 (J
y)

J2327+0940
2.64 GHz
4.85 GHz
8.35 GHz

10.45 GHz
14.60 GHz
23.05 GHz
32.00 GHz
43.05 GHz

-1

 0

 1

 54000  54300  54600  54900  55200  55500  55800  56100

α

MJD

α2.6,4.85,8.35
α10.45,14.60,23.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35
2006.7 2007.5 2008.4 2009.2 2010.0 2010.8 2011.7 2012.5

Fl
ux

 D
en

si
ty

 (J
y)

J2347+5142, 1ES2344+514
2.64 GHz
4.85 GHz
8.35 GHz

10.45 GHz
14.60 GHz
32.00 GHz
43.05 GHz

-1

 0

 1

 54000  54300  54600  54900  55200  55500  55800  56100

α

MJD

α2.6,4.85,8.35
α10.45,14.60,23.05

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8

 3
2006.7 2007.5 2008.4 2009.2 2010.0 2010.8 2011.7 2012.5

Fl
ux

 D
en

si
ty

 (J
y)

J2348-1631, PKS2345-16
2.64 GHz
4.85 GHz
8.35 GHz

10.45 GHz
14.60 GHz
23.05 GHz
32.00 GHz
43.05 GHz

-1

 0

 1

 54000  54300  54600  54900  55200  55500  55800  56100

α

MJD

α2.6,4.85,8.35
α10.45,14.60,23.05

 3.5

 4

 4.5

 5

 5.5

 6

 6.5
2006.7 2007.5 2008.4 2009.2 2010.0 2010.8 2011.7 2012.5

Fl
ux

 D
en

si
ty

 (J
y)

NGC7027
2.64 GHz
4.85 GHz
8.35 GHz

10.45 GHz
14.60 GHz
23.05 GHz
32.00 GHz
43.05 GHz

-1

 0

 1

 54000  54300  54600  54900  55200  55500  55800  56100

Sp
ec

tra
l i

nd
ex

MJD

α2.6,4.85,8.35
α10.45,14.60,23.05

Fig. 17. Flux density and three-point spectral index curves. In each plot the upper panel shows the flux density at all F-GAMMA frequencies, while
the lower one shows the low and intermediate-frequencies sepctral indices as functions of time (the spectral index α is defined as S ∝ να). Each
frequency is marked always by the same color. The polts are marked with the F-GAMMA source name and the survey name whenever available.
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F-GAMMA

science highlights

• γ-ray loudness and radio variability

• γ-ray emission site

• radio vs γ-ray fluxes (S-S correlations)
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Why PKS 1502+106? 

2 

• FSRQ with M• ≈ 109 M⊙ at z = 1.839 

 

• Motivation:  

In 2008 Fermi/LAT discovered a  
bright high-energy flare from         
PKS 1502+106 

 

• with delayed radio counterparts 
followed over the next years 

 

Opportunity: 

Jet physics of a distant blazar 
after a prominent                   

γ-ray flare 

Fuhrmann et al. 2014 

EVN @ 5 GHz | 1997.85 

An et al. 2004 

200 days 

γ-rays  
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Fig. 8. Behaviour of the strength of variability (logarithmic aver-
age of the light curve standard deviations) vs. rest frequency for the
Fermi LBAS detected/non-detected sources (upper panel) and 1FGL
detected/non-detected sources (lower panel) of the F-GAMMA sample.

to quantify radio variability, and how such a possible connection
behaves as a function of radio frequency.

Figure 8 shows the behaviour with rest-frame frequency of
the logarithmic average of the standard deviation for sources in-
cluded and not included in LBAS (upper panel) and in 1LAC
(lower panel). In the case of the LBAS detected/non-detected
sources, the two curves show a very clear and significant sepa-
ration, with γ-ray detected sources confirming our expectation
of having a higher variability amplitude at radio frequencies,
more than a factor of 3 on average at the frequencies of high-
est separation (mm bands). The result is confirmed when split-
ting the sources according to 1LAC detection status, although in
this case the statistics for sources not detected by 1LAC in the
F-GAMMA sample are significantly worse, as reflected in our
increased error bars on the logarithmic mean.

In addition, our results show a clear increase of the sepa-
ration between flux standard deviation averages with increas-
ing frequency. This provides further support to our findings that
the radio/γ-ray correlation becomes stronger towards higher fre-
quencies (both at the level of average fluxes, see Sect. 6.4, and at
the level of light curve cross-correlations, when smaller time lags
are observed towards higher radio frequencies, see Fuhrmann
et al. 2014).

6.3. Brightness temperatures and Doppler factors vs. Fermi
γ-ray detection

We furthermore investigate possible differences between the
observed variability time scales, brightness temperatures and

Doppler factors (as estimated in Sect. 5) of Fermi detected and
non-detected sources in our sample.

Although no strong differences are seen for the estimated
variability time scales, we notice a clear trend across all radio
bands of higher variability brightness temperatures (by a fac-
tor of ∼ 2–3) for the Fermi detected sources (LBAS and 1LAC)
as compared to the Fermi non-detected ones. For instance at
86.2 GHz, the LBAS sources show a mean TB,var of 4.0 · 1011 K
(median: 9.9 · 1010 K), whereas the non-LBAS sources exhibit
a mean of 1.6 · 1011 K (median: 9.6 · 1010 K). Given our pre-
vious findings of higher variability/flare amplitudes in Fermi
detected sources (Sect. 6.2), such a trend is expected accord-
ing to the linear relationship between variability amplitude and
brightness temperature (see Eq. 2). Consequently, we also note
a trend of slightly higher Doppler boosting factors δvar,eq in the
Fermi-detected sources across all radio bands. This is in agree-
ment with previous findings of Savolainen et al. (2010) reporting
on average higher variability Doppler factors of Fermi-detected
sources based on Metsähovi long-term light curves. In contrast to
Savolainen et al. (2010), however, we can not establish the differ-
ences of TB,var and δvar,eq between Fermi detected/non-detected
sources reported above at high statistical significance. A possible
explanation is given by the differences in data length (2.5 years
vs. decades or more) and the method of estimating δvar,eq (us-
age of average time scales vs. time scales of the sharpest, fastest
flares in the light curves).

6.4. Radio vs. γ-ray fluxes

In this section we examine whether sources in our sample ex-
hibit an intrinsic correlation between their radio and their γ-ray
fluxes. The question of whether an intrinsic correlation exists be-
tween the time-averaged radio and the γ-ray emission of blazars
relates to the possible physical connection between the emission
region and emission processes and flaring in the two bands. This
has been pursued already since the EGRET era and strong cor-
relations have been found based on EGRET data (e.g. Stecker
et al. 1993; Padovani et al. 1993; Stecker & Salamon 1996),
however, these findings have been disputed (e.g. Muecke et al.
1997; Chiang & Mukherjee 1998) based on more detailed statis-
tical analyses. Three effects complicate these studies: (i) in small
samples and limited dynamical ranges in luminosities, artificial
flux-flux correlations can be induced due to the effect of distance;
(ii) conversely, artificial luminosity-luminosity correlations can
arise when considering objects in flux-limited surveys: most ob-
jects are close to the survey sensitivity in each wavelength, and
by applying a common redshift to return to luminosity space, ar-
tificial correlations arise; (iii) the data used to obtain the claimed
correlations were not synchronous.

With the large number of γ-ray AGN detected by Fermi
these correlation studies have been revisited by several groups,
and using a diverse array of radio data (e.g. Kovalev et al.
2009; Ghirlanda et al. 2010, 2011; Mahony et al. 2010). The
Fermi/LAT collaboration (Ackermann et al. 2011a) has pre-
sented a detailed study using the largest sample of 8 GHz ra-
dio archival data ever used (599 sources), as well as a smaller
sample of perfectly concurrent 15 GHz radio flux measurements
from the OVRO monitoring program including a detailed sta-
tistical assessment of the intrinsic significance of the observed
apparent correlations, using the data randomisation technique of
Pavlidou et al. (2012).They confirmed with a high significance
that a correlation between radio and γ-ray fluxes indeed exists,
and it is stronger when concurrent rather than archival radio data
are used.
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Fig. 9. Top: Radio flux vs. Fermi γ-ray flux at 10.45 GHz (left), 86.2 GHz (middle) and 228.9 GHz (right) for the sources in our sample with known
redshifts. Bottom: Distribution of permutations-evaluated r−values (see text) for Fermi vs. 10.45 GHz (left), 86.2 GHz (middle) and 228.9 GHz
(right) fluxes. Arrows indicate the r−values obtained for the actual data.

The F-GAMMA data can provide unique new insight into
this problem. First of all, the F-GAMMA program provides an
unprecedented coverage of radio frequencies. For this reason,
our datasets can be used to examine whether any dependence ex-
ists of the strength and the statistical significance of a radio/γ-ray
flux-flux correlation on radio frequency (see Ackermann et al.
2011a, for a study of this dependence on γ-ray photon energy).
Secondly, our data are perfectly concurrent with measurements
of γ-ray fluxes, and as a result do not suffer from any of the
hard-to-estimate biases due to non-simultaneity between γ-ray
fluxes and archival radio data which plague many studies of this
kind. Finally, our data allow us to concurrently measure a radio
spectral index, which is an essential input in the statistical as-
sessment of the significance of flux-flux correlations (Pavlidou
et al. 2012). In this way, we can directly assess the sensitivity of
the estimated significance to the adopted radio spectral index.

Conversely, there are certain features of our datasets that re-
quire a particularly careful treatment of statistics. First of all,
the sources do not constitute a flux-limited sample. Although
this makes them less sensitive to artificially-induced luminosity-
luminosity correlations (Malmquist bias), it also means that sta-
tistical tests usually employed to assess correlation significance
can not be benchmarked in a straight-forward way by sampling
the luminosity function (e.g. Bloom 2008). As a result, we need
a specialised treatment to estimate how likely it is that a sim-
ple calculation of the correlation coefficient will overestimate the
significance of an intrinsic correlation between radio and γ-ray
fluxes due to common-distance biases, and to calculate the in-
trinsic correlation significance.

As shown in Pavlidou et al. (2012), there is a quantitative
criterion that can be applied to determine the extent to which
common-distance bias affects the correlation significance esti-

mated for a specific dataset using only the value for the correla-
tion coefficient. The bias is larger for samples with a small lu-
minosity dynamic range, and a large redshift range. Conversely,
samples which have a large luminosity dynamic range compared
to their redshift dynamical range are relatively robust against
common-distance biases. This can be immediately understood in
the limit where all the sources are at the same redshift, in which
case there is no common-distance bias. The quantity summaris-
ing the information on the relative extent of the luminosity and
redshift dynamic ranges of a sample is the ratio of the coefficient
of variation of the luminosity and redshift distributions. The co-
efficient of variation of a distribution, c, is defined as the standard
deviation in units of the mean. Pavlidou et al. (2012) found that
values of cL/cz smaller than 5 indicate that common-distance bi-
ases are important in a sample and can lead to a significant over-
estimate of the statistical significance of a correlation between
fluxes in two bands if only the correlation coefficient is used,
without appropriate Monte-Carlo testing. Table 4 shows the cor-
relation coefficient for the logarithm of radio and γ-ray fluxes
for each of our samples (corresponding to a specific radio fre-
quency). As an illustration, the radio and γ-ray fluxes are plotted
against each other in logarithmic axes for the cases of the 228.9,
86.2 and 10.45 GHz samples in Fig. 9.

As we can see in Table 4, there is a general trend for the cor-
relation coefficient r to be high at high frequencies (r ∼ 0.5 for
228.9 to 86.2 GHz), and significantly lower at lower frequencies
(r < 0.4 at ≤ 43 GHz). However, these results cannot be taken
at face value without appropriate statistical assessment, because
cL/cz is smaller than 5 for both γ-ray and radio frequencies for
all of our samples, which implies that the luminosity dynamical
range of our sources is small with respect to the redshift dynam-
ical range, and as a result common-distance biases are important
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Fig. 5. Spectral evolution at different redshifts for a powerful source. Upper panel: Calculated spectral evolution. Lower panel: Expected spectral
evolution in the frequency range 2 - 140 GHz.

Fig. 6. Spectral evolution at different redshifts for a medium source. Upper panel: Calculated spectral evolution. Lower panel: Expected spectral
evolution in the frequency range 2 - 140 GHz.

words, the source evolution begins with a ner-changing quies-
cent spectrum and an event occurring at high frequencies and
follow the steps as discussed earlier. Hence, when a qualitative
comparison between the simulated spectra and the prototypes is
conducted, it must always be noted that the phase of the source
onset is totally arbitrary. This alone justifies the usage of a stack
of several spectra gathered over the longest time possible as the
characteristic variability pattern which characterises the source.

Interestingly, none of the sources used for this study has
shown any change of type. Admittedly the relatively short period
of time over which the observations have been made, allows a

rather limited number of activity cycles to be seen. Henceforth,
the sources either do not switch their behaviour in timescales
shorter than a few years or the variability pattern is a source
fingerprint. If the latter is the case then the lack of changes
in terms even of sub-classes implies that the mechanisms pro-
ducing variability are very persistent. Consequently the physical
conditions and processes associated with them do not vary sig-
nificantly. This can have serious implications in the physics at
play. Assuming for instance a flaring event to be associated to the
ejection of a freshly organised electron cloud then the properties
of different clouds seem to be similar. For such an assumption
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SED variability patterns can be 
reproduced by the combination of:  

- a power-law quiescent spectrum 

with S ~ να attributed to the optically 
thin emission of a large scale jet


- a convex synchrotron self-absorbed 
spectrum caused by recent 
outbursting superimposed on the 
quiescent part. 

Angelakis et al. 2012, arXiv:1205.1961 
Angelakis et al. in preparation
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Complete pipeline

- from telescope observables to I, Q, U, V


Several correction steps

- pointing, opacity, elevation-dependent gain


Careful treatment of telescope response

- Airy disk instead of gaussian beam pattern


Minimization of instrumental effects:

- instrumental LP correction across the telescope beam

- absolute EVPA calibration with Lunar observations

- instrumental CP correction with two independent methods


Designed for CP feeds but easily applicable also to LP feeds 


see also poster:

“Linear and circular polarization standard sources in the GHz 
regime”

New LP and CP data reduction pipeline

high-precision radio polarimetry

LCP RCP COS SIN

Instrumental linear 
polarization correction

Data fitting to extract amplitudes 

Cross-channel calibration (K or Jy)

Pointing correction 

Opacity correction

Gain-curve correction

Instrumental circular 
polarization correction

I V

Q U

Rotation+ -

Sect. 3.1

Sect. 3.2

Sect. 3.3

Sect. 3.4

Sect. 3.5.1

Sect. 3.5.2

Sect. 3.5.3

Sect. 3.7

Sect. 3.1

Sect. 3.1

mc

I V

Instrumental EVPA 
rotation correction

Myserlis et al. 2018, A&A, 609A, 68M 
Myserlis et al., Galaxies, vol. 4, issue 4, p. 58 



Linear and circular polarimetry with Effelsberg

new, high-precision data analysis methodology

I
(Jy)

LP

(%)

EVPA

(°)

CP

(%)

MJD
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Uncertainties:

- LP degree: 0.1 %

- CP degree: 0.1—0.2 %

- EVPA: 1°


High-cadence, full-Stokes light curves

- LP at 2.64, 4.85, 8.35, 10.45 and 14.6 GHz 

- CP at 2.64, 4.85, 8.35, 10.45, 14.6, 23.05 GHz

- mean cadence: ~ 1 month

- time baseline: 2010.5 - now

Myserlis et al. 2018, A&A, 609A, 68M
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I (Jy)

LP (%)
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2.64 GHz 4.85 GHz 8.35 GHz 10.45 GHz

EVPA:



Sources with stable polarization over 5.5 yrs

July 2010 – April 2016

<σ> = 0.1 %

<σ> = 1.7º

<σ> = 0.1 %

�11Myserlis et al. 2018, A&A, 609A, 68M



Static results / Population studies

using median values

- B-field strength: ~ 5 mG

- plasma composition:  ~ 1:2 (e- vs e+)

- faraday rotation levels consistent with galactic 

low-energy plasma content

- poloidal B-field component dominance

�12

3C 111

χ0

B
φjet

MOJAVE program 
Lister er al. (2009)
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Figure 4.13: Histogram of the alignment between the EVPA at 0-wavelength (χ0) and the jet
PA (φjet).

sample and (b) that this result refers to the population in hand and hence cannot be specified
for each source.

4.4.2 Linear versus circular polarization degree
Here we compare the linear and circular polarization degree for sources which are detected in
both modes. In Fig. 4.14 we plot the median ml against the median absolute mc for the 4.85
and 8.35 GHz datasets. Both plots were created by taking only high significance ml and mc

measurements. The errorbars in both plots give an estimate for the variability of each source
at the corresponding quantity since they are equal to the standard deviation of the significant
data points for that quantity over the observing period. Spearman ρ test shows a correlation
between the two for the 4.85 GHz data (excluding the outliermc data point at 2 %) of ρ = 0.32
with a 95 % confidence level. The corresponding dataset at 8.35 GHz shows no correlation
(confidence level 17 %).

Assuming that both the linear and circular polarization degrees are attributed to the intrinsic
synchrotron emission of the sources and not to propagation effects, we can calculate the linear
regression between the ml and mc and compare it with the predictions of synchrotron theory.
In order to take into account the errorbars in both x and y axes, we used the methodology
described in [Akritas and Bershady, 1996] (BCES method) to perform the linear regression
which gives:

ml = (13.3 ± 19.2) · mc + (−2.2 ± 7.8) (4.7)

The errors of the fitted parameters are remarkably large due to the scatter of the data points
as it was also evident from the low Spearman’s ρ value. Nevertheless, the slope provides an
estimate for the relation between the observed ml and mc.

Using our Full-Stokes radiative transfer code, described in section 5.3, we examined the
theoretical predictions. According to synchrotron theory, the optically thin circular polariza-
tion degree, mc, has a frequency dependence of ν−0.5, while the linear polarization degree,
ml, is stable over frequency. This means that the ratio ml/mc is increasing with frequency.
Our calculations show that in the ideal case of a synchrotron emitting element with uniform



Dynamic results / Time domain studies

using multi-frequency, LP and CP variarility

- full-Stokes radiative transfer model of astrophysical plasma systems

- AGN jet modeling with turbulent B-field configuration

- variability induced by shocks propagating downstream

- tested in both low and high γmin regimes
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AGN jet model
jet shape

Cell

Slab
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the high-γmin regime: 

Shock parameters


➡ Compression factor: k = 0.8


➡ γmin~104 

➡ Doppler factor: D ~ 30 
Consistent with Dvar at 37 GHz 
Hovatta et al. (2009)


➡ Jet plasma parameters

- Density: n0 = 101 - 102 cm-3


- Magnetic field coherence length: 9 pc 

Myserlis, Angelakis et al.,in prep. 
Myserlis et al., Galaxies, vol. 4, issue 4, p. 58 



line of sight
 15

the low-γmin regime: NGC 4845 
Irwin et al, 2015,ApJ…809..172I 

- SSA spectrum with vmax ~ 1.8 GHz ✔
- LP practically zero (0.1–0.5 %) ✘
- CP

- extremely high at 1.5 GHz: 2–3 % ✔
- zero at 6 GHz ✔

Realisation 
- conical adiabatically expanding outflow
- random B-field

We find:
- Faraday effects play a key role

- decrease LP at 1 GHz
- increase CP 1 GHz

Low LP at 6 GHz cannot be reproduced with  
this realisation
- excess of thermal plasma in within or  

around the outflow



LP and CP are powerful tools to study blazar physics: physical conditions, emission processes and 
variability mechanisms

Broadband radio data (F-GAMMA + beyond): spectral variability due to evolving SSA components
- track expected coordinated LP and CP changes
- constrain physical conditions

Developed an end-to-end framework for LP and CP studies
- high precision polarimetry
- recovered LP and CP data for four frequencies (2.64, 4.85, 8.35 and 10.45 GHz): 

LP and CP light curves and spectra
- spin-off result: LP and CP calibrators

Static results / population studies
- B-field: ~ 5 mG

- plasma composition:  ~ 1:2 (e- vs e+)

- faraday rotation due to galactic low-energy plasma

- poloidal B-field component dominance (with FSRQ and BLLac dichotomy)


Dynamic results / time domain studies
- full-Stokes radiative transfer model of astrophysical plasma systems

- AGN jet modeling with turbulent B-field configuration and variability by propagating shocks

- successfully tested in both low and high γmin regimes

- constraints for Doppler factor, compression factor, plasma density and B-field coherence length

Summary
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