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Abstract. Studying the variability of polarized AGN jet emission in the radio band is crucial for understanding
the dynamics of moving shocks as well as the structure of the underlying magnetic field. The 100-m Effelsberg
Telescope is a high-quality instrument for studying the long-term variability of both total and polarized intensity
as well as the electric-vector position angle. Since 2007, the F-GAMMA program has been monitoring the
linear polarized emission of roughly 60 blazars at 11 frequencies between 2.7 and 43 GHz. Here, we describe
the calibration of the polarimetric data at 5 and 10 GHz and the resulting F-GAMMA full-Stokes light curves
for the exemplary case of the radio galaxy 3C 111.

1 Introduction 2 Miiller Calculus and Polarization
Incoherent synchrotron radiation of leptons accelerated in Properties
the jet’s magnetic field of radio-loud Active Galactic Nu- e g4 called Miiller Calculus [16] allows to calibrate

clei (AGN) [4] is the major emission mechanism in the

rgdio band. De.pend.ing on the.underlying ﬁel‘? conﬁggra— tion state of an electromagnetic wave can be described
tion and the orientation of the jet towards the line-of-sight by the Stokes formalism with the Stokes four-vector
a net degree of linear polarization of several percent for (I,0,U,V)". From that the total intensity I, polarized

the core and shocked je can be observed [9, 01, Lt {ycu'p — \GT3 U4 V2, degree of polaization
olarization studies allow us to probe both the underlyin
p p yne Q% + U? + V2/I and the electric vector posi-

tic field and vi iability studies also th luti
fagnetic “e°C and via variablily stucies aiso the evolution tion angle (EVPA) y = 0.5arctan U/Q can be derived.

of shocked components (1, 2]. The aim is to compute the source rest-frame Stokes vec
ithin the F-GAMMA 14 h 1 inten- ) A
Within the F-G program [3, 14] both total inten tor Sqe = (I, Q, U, V)L from that at the observer’s frame

sity (Stokes I) and linear polarimetric data of roughly 60 S, = (JOUWVT sre hich is affected by i tal
Fermi blazars as well as some radio galaxies have been ob- obs = (1,0, U Vg, which 1s aflected by Instrumenta
served monthly with the Effelsberg 100-m Telescope since effects. The corresponding relation is

2007. Unlike the majority of the target sources, 3C 111
shows prominent extended emission, resembling a FRII
morphology [5] with two radio lobes and hot spots. The
extended radio emission exhibits a steep radio spectrum.
Due to Faraday rotation we have to expect some degree
of depolarization for integrated single-dish measurements
towards lower radio frequencies [13]. High frequency ob-
servations, however, are sensitive to compact core- and jet
emission.

The F-GAMMA program has produced an extensive data
base for a large source sample at multiple wavelengths be-
tween 2.7 and 43 GHz. Here we describe the calibration of
total intensity and linear polarization at 5 and 10 GHz. In

both total intensity and polarimetric data. The polariza-

Sobs = Miniszrc~ (D

The Miiller matrix M;; contains all calibration factors,
whereas R;; describes the rotation of the source rest-frame
EVPA and thus the beam-integrated EVPA in the horizon-
tal coordinate-system of the telescope with the parallactic
angle. As incoherent synchrotron radiation is negligibly
intrinsically circularly polarized, the Stokes V parameter
is negligible for most AGN jets [10, 13]. In turn we only
calibrate for linear polarization here. Writing down the
matrix elements yields

particular we present results for the radio galaxy 3C 111. 1 miy omp ms\ (1
O =|my myp ms|| QO] . 2
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Table 1. Channel allocation for the 5 and 10 GHz
receivers for both the main and weather horn (M/W) and
appropriate channels.

channel Polarization output signal horn
a/e LCP TP A M/W
b/f RCP TP B M/W
c/g cross (Q) sin(A/B) M/W
d/h cross (U) cos(A/B) M/W

Within the Miiller matrix the element m;; and accordingly
the “sensitivity” m1_11 calibrate the total intensity while the
2 x 2 matrix with the elements my,, mo3, m3y, m33 trans-
lates between biased and unbiased Stokes parameters con-
taining linear polarization information. Here we use the
vector (1, Q, U )g that is the vector Sy already rotated with
the parallactic angle of the observation. The expansion of
Eq. 2 yields a system of three linear equations. As we ob-
serve a set of multiple calibrators of known polarization
several times each, each of the three linear equations again
forms a system of equations with three matrix elements
as unknown parameters. In our case these three equation
systems are overdetermined and a least-squared fit can be
used to determine the unknown parameters. Due to the
linearity of the equations the fit can be solved directly.

3 Realization with the Effelsberg 100-m
Radio Telescope

In the F-GAMMA program, observations at 11 frequen-
cies between 2.7 and 43 GHz are being conducted. Here,
we focus on the analysis of the data sets at 5 and 10 GHz.
The receivers at these two frequencies show similar per-
formance. The Effelsberg 100-m Telescope provides an
overall system with high sensitivity and gain.

3.1 The Setup

Table 1 gives an overview of the input and the output of
the used receivers fed both by the main horn (denoted
as “M”) that is pointed on source and the weather horn
(“W?”) that is pointed slightly off source to measure the
nearby background. For the calibration of linearly polar-
ized channels, data from the weather horn can be neglected
as any influence of it cancels out. Each horn is record-
ing both left- and right handed circular polarized signals
(LCP/RCP) entering the receiver system. The signals are
getting auto-correlated yielding the direct total power (TP)
output signals TP A and B combining to total intensity as
TPA + TPB. Furthermore, both signals additionally pass
the polarimeter calculating cross terms equaling the Stokes
parameters Q and U.

3.2 Calibration of data from the F-GAMMA program

The observing mode used by the F-GAMMA program is
based on "cross-scans", that is, slewing over the source
position both in azimuth and elevation direction. Some
non-variable and well-studied [15, 16] sources! within the
sample are required to calibrate the data. We use 3C 286,
3C 161, 3C 48 as linearly polarized sources and NGC 7027

1 http://asa.usno.navy.mil/
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Figure 1. Effelsberg cross-scan profiles for the polarization cali-
brator 3C 286 at 10 GHz in total intensity, Q and U equaling the
channels TP A + TP B, sin(A/B) and cos(A/B).

as unpolarized one. Typically, 2 to 4 calibrators are ob-
served several times in each F-GAMMA observing ses-
sion. Given the often small number of observed calibra-
tors, it is challenging to compute the correct Miiller ma-
trix representing the receiver system that is supposed to
be relatively stable. Figure 1 shows the raw data of a sin-
gle scan on the polarization calibrator 3C 286 at 10 GHz.
The cross-scans of Stokes Q and U are about an order of
magnitude weaker but still of high enough signal-to-noise.
The average PD of 3C286 is 11.7% at 10 GHz and 11%
at 5 GHz which makes it a very important and valuable
calibrator. After summer 2010 the method of extracting
the Stokes parameters Q and U from cross-scans changed.
Previously they were extracted as amplitudes from Gaus-
sian fits to the appropriate profiles. Beam-squint effects,
however, lead to different beam shapes for the channels de-
livering Stokes Q and U [6]. The total intensity beam can
be expected to be centered on the source position. Thus to-
tal intensity scans are used to measure the source position
in azimuth and elevation. The Stokes Q and U values can
now be read off at that position from their scan-profiles. In
addition, the uncertainty of Stokes Q and U values is no
longer derived from uncertainties of the Gaussian fit pa-
rameters underestimating the “true” ones but as rms from
the scatter of Stokes Q and U values around their profile
maximum. The more conservative uncertainties improve
the statistics of the Miiller matrix fitting. Having derived
the raw-data from cross-scans, one Miiller matrix for each
observing session is fitted based on raw-data of observed
calibrator sources. Appropriate calibration matrices are
then applied to the those of the observed calibrators. The
results should yield Stokes parameters that are free of in-
strumental bias and ideally equal the input values. In prac-
tice the results follow a Gaussian-like distribution as it is
shown in Fig. 2 for 3C286 at 10 GHz for total intensity,
PD and the EVPA. The width of the broadest Gaussian of
one parameter and all calibrators derived via least-square
fits is used as repeatability uncertainty in addition to the
statistical uncertainties of the calibrated parameters. The
latter equal the uncertainties of observed Stokes parame-
ters propagated via the inverse Miiller matrix.

3.3 Examination of the derived Miiller matrices

A calibration using Miiller matrices naturally includes
the determination of the sensitivity ml’l1 expressed in
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Figure 2. Distribution of
calibrated data in total
intensity, PD and the EVPA for
the calibrator 3C 286 at

10 GHz. Black lines form the
histogram that is fitted with a
Gaussian in red.

Table 2. Average sensitivity factors 5 and 10 GHz

receivers.
miy m]_ll
28mm 0.78 +0.06 1.26 +£0.56
60mm 0.66+0.04 1.52+0.05

units of [K/Jy]. The sensitivities remain relatively con-
stant over time. Table 2 summarizes the derived av-
erage sensitivity factors with standard deviations. The
temporal behavior of the other Miiller matrix elements
are encoded in quantities as the instrumental polariza-

tion pingr = +fm3, + m3, /Imyy, the instrumentally induced
EVPA yinse = arctan (ms;/my;) — while any other EVPA

rotation is contained in the lower right 2 X 2 rotation ma-
trix with the angle y;ot = arctan [(m3y — mp3)/(ma + m33)]
— and the depolarization term pgepol = (mf2 + m%) [lmi1].
We do not further discuss the values of depolarization
as they are hard to derive and thus underlie strong scat-
ter. The instrumentally induced polarization stays constant
over the full time of monitoring in the range of 0 — 1%
at 5GHz. At 10 GHz we find similar values until the be-
ginning of 2011 with a sudden increase to ~ 9%. The
parameters Yinse and xyor at 5GHz are subject to some
scatter reaching values of —40° < yinse < —80° and
—100° < xror < 150° before summer 2010. Afterwards
we find mean values of yinsr ~ —50° and yror ~ 90°. At
10 GHz the scatter reaches up to summer 2011. We find
values of —=90° < yinsr < 90° and —140° < yor < 140°.
Both converge to yinsr ~ —40° and y,or ~ 0° after summer
2011.

The reason for the convergence right after the change of
the reduction pipeline in summer 2010 is the use of more
conservative uncertainties for the cross-scan derived pa-
rameters Stokes Q and U. That allows the Miiller matrix
fits to converge to one similar solution. The delayed con-
vergence at 10 GHz is due to too large uncertainties of
measured Stokes Q and U values up to summer 2011 man-
ifesting themselves in widely differing Miiller matrix el-
ements. After summer 2011 the phase switch within the
10 GHz receiver got broken. At the same time the uncer-
tainties start to be more realistic making yinse and yror CON-
verge, which may be a coincidence. The switch allows to
subtract two signals of 180° phase difference within the
polarimeter reducing the noise. The software, however,
can still extract polarimetry data from these epochs ig-
noring the phase switch. The rise of the instrumental PD
might be connected with that. At the cost of matrices be-
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Figure 3. Multi-epoch Q-U plots for 3C 286 at 5 GHz (left) and
10 GHz (right). Red and blue data points correspond to observed
data before and after summer 2010, black points the calibrated
data and orange points calibrated data rotated with appropriate
parallactic angles.

ing variable in that respect, the overall calibration is stable
within the uncertainties.

3.4 Results of calibration

The results of the calibration are best demonstrated in
Fig. 3. Here the complete raw data of 3C 286 are plot-
ted in red when originating from epochs before summer
2010 and in blue for epochs after that. Black represents
data calibrated with the derived Miiller matrices scattering
within a point-cloud distribution. Those points are addi-
tionally rotated when applying a rotation matrix with the
appropriate parallactic angle of the respective observation
covering a part of a circle (orange points). In absence of
an instrumental bias the parallactic rotation of the EVPA
would result in those brown data distributed on a circle
centered around zero with the polarized intensity equal to
the radius (Fig. 3). Obviously the raw data are deviating
from that circle. The radius is reduced by the sensitiv-
ity calibration factors my; and mj33 while the orientation is
changed by any rotation induced by the 2 X 2 sub-matrix
described by the elements my;, my3, m3y, ms3.

4 Long-term polarimetry of 3C111

The influence of extended emission on integrated linear
polarization measurements has to be fully understood be-
fore interpreting calibrated polarimetry data. Most F-
GAMMA program sources are blazars, which do not show
substantial extended emission resolved by the Effelsberg
beam. In the more complex case of the radio galaxy
3C 111, we mapped the kiloparsec scale structure at both
5 GHz and 10 GHz. At 5 GHz, the ~200 arcsec scale struc-
ture [11] is nearly unresolved. At 10 GHz (Fig. 5), the two
lobes are clearly resolved from the core emission. Cross-
scans are driven along the indicated arrows in Fig. 5 and
are picking up the core and inner jet emission at 10 GHz
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Figure 4. Polarimetry light curve of 3C 111 at 10 GHz (fop) and
at 5 GHz (bottom). See the text for more details.
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Figure 5. Effelsberg 10 GHz map of the linear polarized flux
density P from 23-03-2012. We use B1950.0 coordinates. Con-
tour levels are (0,13,27,41,55,69,82) mJy beam™'. Arrows denote
cross-scan az/elv driving directions for the two parallactic angles
q = +50° (dark gray) and —50° (light gray) under which 3C 111
has been observed.

only. The light curves of I, PD, P, and EVPA (Fig. 4) show
pronounced variability in contrast to the ones at 5 GHz.
With help of simultaneous MOJAVE? VLBI images we
interpret this as a signature of core and inner jet vari-
ability due to ejecta possibly combined with shocks that
may locally align the magnetic field. That would result
in an enhanced degree of polarization [8, 9, 17-20]. In-
tegrated values from the MOJAVE monitoring (blue trian-
gles, Fig. 4) are in good agreement with the light curves
at I0GHz. The PD-maximum at 10 GHz in early 2012
can be attributed to a VLBI jet component ejected in 2009
trailing behind and interacting with a leading component
in 2012 [7].

5 Conclusions

For the first time we study the long term stability of po-
larimetry calibration for the 5 and 10 GHz receivers of the
100-m Effelsberg Radio Telescope. We derive one Miiller

2http://www.physics.purdue.edu/astro/MOJAVE/

matrix for each observing session to calibrate the polari-
metric raw data with the by-product of total intensity cal-
ibration perfectly consistent with former work. It appears
essential to properly estimate the uncertainties on mea-
sured raw data when calibrating weak signals in polarized
channels with a limited set of calibrator observations. Es-
pecially, the 2 X 2 matrix elements my;, my3, ms;, m33 and
the derived parameters describing instrumental rotations
and cross-term effects between Stokes Q and U is very
sensitive to calibration. The stable calibration is ensured
by some variability of calibration matrices not being due to
unstable receivers. We also analyze Effelsberg calibrated
data of 3C 111 at 10 GHz revealing pronounced variability
due to shocked jet components identified as well in high
resolution MOJAVE VLBI maps.
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