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ABSTRACT

Context. This is the third paper in a series devoted to the analysis of the multiwavelength data from a campaign on the nearby
(z=0.03) TeV blazar Mrk 421 during 2011.

Aims. We investigate the structure of the high angular resolution polarization, the magnetic topology, the total intensity light curve,
the y-ray flux, and the photon index. We describe how they evolve and how they are connected.

Methods. We analyzed data in polarized intensity obtained with the Very Long Baseline Array (VLBA) at twelve epochs (one obser-
vation per month from January to December 2011) at 15, 24, and 43 GHz. For the absolute orientation of the electric vector position
angles (EVPA) we used the D-terms method; we also confirm its accuracy. We also used y-ray data from the Fermi Large Area
Telescope on weekly time bins throughout 2011.

Results. The source shows polarized emission, and its properties vary with time, frequency, and location along the jet. The core mean
polarization fraction is generally between 1% and 2%, with a 4% peak at 43 GHz in March; the polarization angle is variable, mainly
at 15 GHz, where it changes frequently, and less so at 43 GHz, where it oscillates in the range 114°—173°. The jet polarization prop-
erties are more stable, with a fractional polarization of around 16% and a polarization angle nearly perpendicular to the jet axis. The
average flux and photon index at y-ray energies are (17.4 + 0.5) x10™® phcm™ s™! and I" = 1.77 + 0.02. The y-ray light curve shows
variability, with a main peak of (38 + 11) x 1078 ph cm™ s~! at the beginning of March and two later peaks centered on September
8 and November 13. The first y-ray peak appears to be associated with the peak in the core polarized emission at 43 GHz, as well as
with the total intensity light curve. A discrete correlation function analysis yields a correlation coefficient of 0.54 at zero delay, with
a significance level >99.7%.

Conclusions. With this multifrequency study, we accurately determine the polarization properties of Mrk 421, both in the core and in
the jet region. The radio and y-ray light curves are correlated. The observed EVPA variability at 15 GHz is partly due to opacity and
partly to a variable Faraday rotation effect. To explain the residual variability of the intrinsic polarization angle and the low degree
of polarization in the core region, we invoke a blend of variable cross-polarized subcomponents with different polarization properties
within the beam.

Key words. BL Lacertae objects: individual: Mrk 421 — galaxies: active — galaxies: jets — galaxies: magnetic fields —
techniques: interferometric

1. Introduction

In the family of active galactic nuclei (AGN), blazars are the
most powerful objects. Their relativistic jets are closely aligned
with the line of sight. For this particular geometry, we observe
that the radiation originates in the jet that points in our direc-
tion because of Doppler boosting effects. The emission in these

* Table 5 is available in electronic form at http://www.aanda.org

Article published by EDP Sciences

objects is dominated by nonthermal radiation from relativistic
electrons interacting with the magnetic field.

Mrk 421 is one of the nearest (z = 0.03, de Vaucouleurs et al.
1991) and brightest blazars and is therefore suitable for probing
and investigating the physics of the innermost regions of rela-
tivistic jets. For this reason, Mrk 421 has been intensively stud-
ied throughout the electromagnetic spectrum, especially since it
was detected at TeV energies in 1992 (Punch et al. 1992).
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In general, the spectral energy distribution (SED) of blazars
is dominated by the emission of the jet and consists of two sep-
arate components: a low-frequency hump, due to synchrotron
emission by relativistic electrons within the jet, and a high-
energy hump that is commonly assumed to be inverse Compton
(IC) scattering. In BL Lacs the high-energy IC component is
commonly interpreted as synchrotron-self-Compton emission
(SSC, see Abdo et al. 2011; Tavecchio et al. 2001), resulting
from the upscatter of the synchrotron photons off the jet elec-
trons. For Mrk 421, as for most TeV blazars (Piner & Edwards
2013; Tiet et al. 2012), the synchrotron hump peaks at soft
X-rays, and for this reason, it is classified as a high-synchrotron-
peaked (HSP) blazar (Abdo et al. 2011).

Since the emission from these objects is dominated by non-
thermal radiation, studying their polarization properties can pro-
vide important information on the magnetic field structure and
the emission mechanisms. Furthermore, thanks to the multi-
wavelength observations, we can investigate the location where
the radiation is produced.

We observed Mrk421 with the Very Long Baseline Array
(VLBA) at 15, 24, and 43 GHz, both in total and polarized inten-
sity. These datasets belong to a multifrequency campaign that
was carried out during 2011, which also involved observations
at submm (SMA), cm (e.g., FF-GAMMA, Medicina), optical/IR
(GASP), UV/X-ray (Swift, RXTE, MAXI), and y-ray (Fermi,
MAGIC, VERITAS) wavelengths.

In two previous works we presented the complete analysis of
observations in total intensity at 15 and 24 GHz (Lico et al. 2012)
and at 43 GHz (Blasi et al. 2013). We constrained some physical
parameters such as the Doppler factor (in the radio emission re-
gion we found 6, ~ 3, while in the high-energy emission region
we found oy .. ~ 14), the viewing angle (2° < 6 < 5°), apparent
speeds (no significant motion was detected in the jet), and the
brightness temperature (T yar ~ 2.1 X 10'° K).

In this work we present an analysis of the observations in
linearly polarized intensity, which allows us to determine some
physical parameters such as the degree of polarization and the
absolute orientation of the electric vector position angle (EVPA),
and to obtain some useful information on the magnetic field
topology. We also used the data collected by the Large Area
Telescope (LAT) onboard the Fermi satellite to produce y-ray
light curves for all of 2011.

This paper is structured as follows: in Sect. 2 we describe
the VLBA and Fermi observations and analysis, and we intro-
duce the methods used for determining the EVPA orientation.
In Sect. 3 we report the results of this work, and in Sect. 4 we
discuss these results and interpret them in the astrophysical con-
text. Throughout the paper we use the following conventions for
cosmological parameters: Hy = 70 kms~! Mpc~!, Qy = 0.25
and Qx = 0.75, in a flat Universe. All angles are measured from
north through east. At the redshift of the target, 1 mas corre-
sponds to 0.59 pc.

2. Observations and data reduction
2.1. VLBA data: details and analysis

We observed Mrk 421 with the VLBA once per month through-
out 2011 at three frequencies: 15, 24, and 43 GHz. Observations
were carried out in total and polarized intensity (in right and
left circular polarization). For the details of the observations
at 15 GHz and 24 GHz, see Lico et al. (2012), and for the 43 GHz
observations, see Blasi et al. (2013). Our 43 GHz dataset has
been expanded by adding data from 11 epochs provided by the
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VLBA-BU-BLAZAR program! (see Table 2). We updated the
total intensity flux densities here with respect to our previous
works: for the main campaign datasets, we made a new and inde-
pendent calibration (for the sake of a homogeneous polarization
calibration, see below), which resulted in new values entirely
consistent with the previous ones within the uncertainties; for the
supplementary Boston University datasets, the flux density scale
was adjusted by a scaling factor obtained from comparing of the
flux densities between the VLBA and the single-dish Metsdhovi
near-simultaneous datasets, resulting in a significantly improved
accuracy of the flux density scale.

For the calibration, the fringe-fitting procedure, and the de-
tection of cross-polarized fringes we used the software package
Astronomical Image Processing System (AIPS; Greisen 2003).
We produced the cleaned and final images with the software
package DIFMAP (Shepherd 1997). The polarization D-terms
were determined with the task LPCAL in AIPS. We compared
antenna tables (which provide the phase and amplitude values
for the R and L circular polarization for each antenna) at two
consecutive epochs to determine the relative EVPA rotations us-
ing the IDL routines developed by J. L. Gémez.

We calibrated the instrumental polarization using the strong
(flux density >1 Jy) and structureless source J1310+3220. This
source also provides good coverage of the parallactic angle
(>100°) and has negligible polarization on large scales, which
is important because of the very different angular resolution of
the VLBA with respect to the Karl G. Jansky Very Large Array
(JVLA).

2.2. Polarization calibration

In general, to obtain the absolute orientation of the EVPAs (de-
fined as y = 0.5 x arctan (U/Q), where U and Q are Stokes
flux densities) in very long baseline interferometric (VLBI) ob-
servations, a comparison with quasi-simultaneous single-dish or
JVLA observation is required. This is because of the lack of po-
larization calibrators with stable EVPAs on (sub)milliarcsecond
scales.

To determine the EVPA absolute orientation, we used the
method developed by Leppénen et al. (1995), which makes
use of the instrumental polarization parameters (the so-called
D-terms). This method provides us with an independent way
of calibrating the absolute right-left (R-L) circular polarization
phase offset; it is based on the assumption that the D-terms
change slowly with time (see Gémez et al. 2002). For most of
the antennas we found that D-terms remain stable during the
whole 12 month observing period.

The method consists of comparing the D-terms for each an-
tenna in consecutive epochs, which yields the relative rotation
in right (R) and left (L) circular polarization. In other words,
the phase offset in R and L between two epochs is provided
by the phase difference of the D-terms. We note that since the
VLBA consists of ten antennas, twenty different values are in-
volved in the comparison to determine the relative rotation be-
tween two epochs, (two R-L values for each antenna). This guar-
antees an accurate and reliable determination of the phase offset
in case of an antenna failure.

The relative rotations obtained for 15, 24, and 43 GHz are
reported in Cols. 4, 7, and 10 in Table 1. For a specific epoch
the relative rotation may differ at different frequencies because
it depends on the reference antenna used for the calibration; the

I http://www.bu.edu/blazars/VLBAproject.html
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Table 1. Final EVPA rotations for 15, 24, and 43 GHz (Cols. 3, 6, and 9, respectively).

Epoch MID Final A AD-terms” Reference Final A AD-terms” Reference Final A% AD-terms” Reference’
year/month/day (deg) (deg) antenna (deg) (deg) antenna (deg) (deg) antenna
15GHz 24 GHz 43 GHz

2011/01/14 55575 217 PT -8.5 PT -32 PT
2011/02/25 55617  -21.7 0 PT -8.5 0 PT -3.2 0 PT
2011/03/29 55649  -21.7 0 PT -8.5 0 PT -3.2 0 PT
2011/04/25 55675 217 0 PT -8.5 0 PT -3.2 0 PT
2011/05/31 55712 -21.7 0 PT -8.5 0 PT -32 0 PT
2011/06/29 55741 22.2 45 oV -91 -82.5 oV -25.2 -22 KP
2011/07/28 55770 22.2 0 ov —-153.5 -62.5 KP -25.2 0 KP
2011/08/29 55802 85.2 63 KP —-153.5 0 KP -25.2 0 KP
2011/09/28 55832 157.2 72 PT -6.5 -33 PT 6.8 32 PT
2011/10/29 55863 157.2 0 PT —-6.5 0 PT 6.8 0 PT
2011/11/28 55893 25.5 45 oV -79.7 -67.7 oV -49.2 =51 oV
2011/12/23 55918  -19.5 -45 PT -9.7 -110 PT 0.8 50 KP

Notes. Numbers in boldface refer to the comparison with JVLA values. We also report the relative rotations, obtained by comparing antenna
tables for consecutive epochs, and the reference antennas used for the phase calibration. “ Final rotation to apply to obtain the absolute EVPA
orientation. ¢’ Relative rotation obtained by comparing antenna table of two consecutive epochs. © PT = Pie Town, KP = Kitt Peak, OV = Owens

Valley.

reference antennas used at the different frequencies are listed in
Cols. 5, 8, and 11 in the same table.

After determining the relative rotations, we set the absolute
EVPA calibration for one epoch by comparison with a JVLA
observation provided by the POLCAL program? (values in bold-
face in Table 1). Then we determined the absolute orientation for
all the EVPAs by applying the relative rotations obtained from
the D-terms. For example, after fixing a value in the third column
for the 15 GHz data by the comparison with JVLA, we obtained
the other values by summing the previous value in the same col-
umn and the relative rotation for the same epoch in Col. 4. For
example, at 15GHz in Col. 3 in Table 1 for the 11th observ-
ing epoch (November 2011) we obtain the value of 25.5° by the
comparison with JVLA. Then, to obtain the absolute rotation for
the consecutive epoch (December 2011), we just add the relative
rotation to the value of 25.5° (fourth column), which in this case
is —45°, and we obtain a final rotation of —19.5°. The relative ro-
tation between two epochs is 0° for the same reference antenna
at both epochs.

At 15GHz we have three JVLA measurements taken dur-
ing 2011, which enabled two cross checks. The values obtained
with the D-terms method and those from the comparison with
the JVLA agree within 5°. For the 24 and 43 GHz observations
we have two JVLA measurements, which we also cross-checked,
finding very good agreement within 5°. This confirms the va-
lidity and accuracy of the D-terms calibration method reported
previously by Gémez et al. (2002).

2.3. Determination of uncertainties

Error bars for the total intensity flux density (S ) and the linearly
polarized emission (defined as P = /Q? + U?) were calculated
by considering a calibration uncertainty o of about 10% of the
flux density and a statistical error provided by the map rms noise.

To determine the statistical error for the jet emission we also
took the number of beams into account:

2
b -
A = a[/_m] W
beam size

2 http://www.aoc.nrao.edu/~smyers/evlapolcal/
polcal_master.html

The box size term is defined in Sect. 3.1. The uncertainties in
fractional polarization (defined as m = P/S) were calculated
from error propagation theory:

1 P 2
fm = ¢ §+(§XUQ, )
where og and o p represent the uncertainties in S and P.

The uncertainties in EVPA values were calculated by taking

into account all of these contributions:

— 2 2 2 2
AX - \/O-cal + T D—terms + OjvLA + Ty (3)

where o, is the scatter of the value measured on the polariza-
tion map, 0 p—erms 18 the calibration uncertainty introduced when
we compare D-terms at different epochs to obtain the relative
rotations by using the antenna tables, and ojya is the 5° mean
difference between the JVLA and the D-terms methods. The last
term o, is the uncertainty in y calculated from error propagation
theory:

05 57
O—X:m UZAQ-FQZA y (4)

where Ap and Ay are the uncertainties in the Q and U Stokes
flux densities, which are calculated using Eq. (1). Since Ap ~ Ay
(Fanti et al. 2001), the formula becomes

0.5% Ay A
0.5%x —- (%)

o, = =
Y Jorr 02 P

To determine the polarization parameters we did not include the

random noise correction (Wardle & Kronberg 1974); this contri-

bution is always within the uncertainties.

2.4. Fermi-LAT data: selection and analysis

The Fermi-LAT is a pair-conversion telescope operating
from 20 MeV to >300 GeV. Further details about the Fermi-
LAT are given in Atwood et al. (2009). The LAT data re-
ported here were collected from 2011 January 1 (MJD 55 562)
to December 31 (MJD 55 926). During this time, the Fermi ob-
servatory operated almost entirely in survey mode. The analy-
sis was performed with the software package ScienceTools
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Table 2. VLBA 43 GHz data provided by the Boston university blazar
monitoring program.

Epoch MJD S st

year/month/day (mas)  (mas)
2011/01/02 55563 328.0 219
2011/02/04 55597 3553 237
2011/03/01 55621 4159 277
2011/04/21 55673 3246 21.6
2011/05/22 55703 275.0 18.3
2011/06/12 55724 2236 149
2011/07/21 55763 177.0 11.8
2011/08/23 55796  220.3 14.7
2011/09/16 55820 162.7  10.8
2011/10/16 55850 189.0 12.6
2011/12/02 55897 199.6  13.3

Notes.  Flux density in mJy. ¥’ Estimated errors for the flux density.

version v9r32p5. The LAT data were extracted within a re-
gion of 20° radius centered on the location of Mrk421. Only
events belonging to the “Source” class were used. The time in-
tervals collected when the rocking angle of the LAT was greater
than 52° were rejected. In addition, a cut on the zenith angle
(<100°) was applied to reduce contamination from the Earth
limb vy rays, which are produced by cosmic rays interacting
with the upper atmosphere. The spectral analysis was performed
with the instrument response functions P7REP_SOURCE_V15 us-
ing an unbinned maximum-likelihood method implemented in
the Science tool gtlike. A Galactic diffuse emission model and
isotropic component, which is the sum of an extragalactic and
residual cosmic-ray background, were used to model the back-
ground?’. The normalizations of the two components in the back-
ground model were allowed to vary freely during the spectral
fitting.

We analyzed a region of interest of 10° radius centered on the
location of Mrk421. We evaluated the significance of the y-ray
signal from the sources by means of the maximum-likelihood
test statistic TS = 2Alog (likelihood) between models with and
without a point source at the position of Mrk 421 (Mattox et al.
1996). The source model used in gtlike includes all of the
point sources from the second Fermi-LAT catalog (2FGL; Nolan
et al. 2012) as well as in a preliminary third Fermi-LAT catalog
(Ackermann et al., in prep.) that fall within 15° of the source.
The spectra of these sources were parametrized by power-
law functions, except for 2FGLJ1015.1+4925, for which we
used a log-parabola as in the 2FGL catalog. A first maximum-
likelihood analysis was performed to remove from the model
the sources with TS < 25 and/or the predicted number of counts
based on the fitted model Nyeq < 3. A second maximum-
likelihood analysis was performed on the updated source model.
In the fitting procedure, the normalization factors and the pho-
ton indices of the sources lying within 10° of Mrk 421 were left
as free parameters. For the sources located between 10° and 15°
from our target, we kept the normalization and the photon index
fixed to the values from the 2FGL catalog.

The systematic uncertainty on the effective area* is 10% be-
low 100 MeV (Ackermann et al. 2012), decreasing linearly with
the logarithm of energy to 5% between 316 MeV and 10 GeV,

3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

4 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
LAT_caveats.html
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and increasing linearly with the logarithm of energy up to 15%
at 1 TeV.

3. Results
3.1. Images and morphology

In Fig. 1 we show a sample of three polarization images
of Mrk421 at 15 GHz (upper panel), 24 GHz (middle panel),
and 43 GHz (lower panel) produced with DIFMAP and IDLS.
To improve the sensitivity to the extended jet emission, we re-
stored the images with natural weighting. The contours show
the total intensity, the overlaid color maps show the linearly po-
larized intensity. Bars represent the absolute orientation of the
EVPAs. We note that the position of the peak in the linearly po-
larized and total intensity emission images do not always coin-
cide. For example, in the first observing epoch at 15 GHz (upper
panel in Fig. 1), the peak is 4.93 mJy/beam, and it is not co-
incident with the total intensity peak, instead it lies in the jet
about 1 mas from the core region. From the total intensity im-
ages at all three frequencies, we clearly detect a well-defined and
collimated one-sided jet structure, emerging from a compact nu-
clear region that extends about 4.5 mas (2.7 pc), with a position
angle (PA) of about —35°. This agrees well with the result of
Giroletti et al. (2004a). At 15 GHz the linearly polarized emis-
sion extends for about 1 mas from the core region, allowing us to
distinguish core and jet emission. The outer polarized emission
is too faint to be detected. The polarized emission in the jet be-
comes fainter at higher frequencies: at 24 GHz it is still clearly
detected, but at 43 GHz we only detect polarized emission from
the core region; this is probably due to sensitivity limitations.

In our previous works we represented the total intensity jet
structure with Gaussian components. However, this approach is
not reliable in the case of polarized emission. We instead esti-
mated the jet polarized flux density as the difference between
the total amount and the contribution of the core region. In prac-
tice, we first measured the total polarized flux density Py at each
epoch by setting a box containing the entire polarized region; we
adjusted the size of the box depending on the extension of the po-
larized emission. We then determined the core contribution P
from the value of the polarized flux density at the position of the
total intensity peak. Finally, we estimated the jet polarized flux
density as Pjey = Pioy — Peore X €08 (Xcore — Xjer)- We also deter-
mined the jet EVPA directly on the image at the location where
the jet polarized flux density is highest.

The 43 GHz images reveal a transverse structure in the in-
ner part of the jet in the form of limb brightening in the po-
larized emission. This transverse structure is clearly revealed in
the April 2011 polarization image (see lower panel in Fig. 1).
During this epoch the polarization emission peak is in the core
region and is ~8 mJy/beam, while in the limbs the polarization
peak is ~2.3 mJy/beam. The limb-brightening structure is also
detected in March and May 2011, but it is less pronounced, while
it is absent from all the other epochs.

3.2. Radio light curves and evolution of polarization angle

In Fig. 2, we show the light curves for the core region of Mrk 421
during 2011 at 15 GHz (upper frame), 24 GHz (middle frame),
and 43 GHz (lower frame). For each frame, we show in four pan-
els (from top to bottom) the total intensity and the polarized flux
density, the fractional polarization, and the EVPAs. The plots

> http://www.exelisvis.com/ProductsServices/IDL.aspx
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(top image), the second observing epoch at 24 GHz (central image),
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laid color maps show the linearly polarized intensity, and bars represent
the absolute orientation of the EVPAs.
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Fig. 2. Evolution with time of some physical parameters of Mrk 421
in the core region at 15 GHz (upper frame), 24 GHz (middle frame),
and 43 GHz (lower frame). For each frame we report from the first to
the fourth panel the light curves for the total intensity, the polarized flux
density, the fractional polarization, and the EVPA values. Triangles in
the lower frame (first panel) represent the VLBA 43 GHz observations
of Mrk 421 provided by the VLBA-BU-BLAZAR program.

for the jet region are shown in Fig. 3 at 15 GHz (upper frame)
and 24 GHz (lower frame). No polarized emission from the jet is
apparent in the 43 GHz images. All of these values are reported
in Table 5.
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Fig. 3. Evolution with time of some physical parameters in the jet region
at 15 GHz (upper frame) and at 24 GHz (lower frame). For each frame
we report from the first to the fourth panel the light curves for the total
intensity, the polarized flux density, the fractional polarization, and the
EVPA values.

3.2.1. Core region

As we noted in our previous works (Lico et al. 2012; Blasi et al.
2013), for all the three frequencies the total intensity light curves
peak around the end of February (MJD ~55 617), with a decrease
until July 28 (MJD 55 770) followed by a slight increase in the
last part of the year.

In the core region the linearly polarized emission at 15 GHz
and 24 GHz is significantly variable (>30 difference between
the highest and the lowest value), but we observe the most
significant variation at 43 GHz, where we clearly detect a
peak of 12.5 mlJy/beam during the third observing epoch
(MIJD ~ 55649). This behavior may be connected with the en-
hanced activity in the y-ray light curve between MJD 55 562 and
MIJD 55 660, as described in Sect. 3.4.

The core polarization fraction has a mean value of 1%, in
agreement with other studies of this source (e.g., Marscher et al.
2002; Pollack et al. 2003). At 43 GHz the polarization percent-
age is higher, around 2%, reaching ~4% during the third observ-
ing epoch, which is close in time with the enhanced activity at
high energy.

In the bottom panel of each frame of Fig. 2, we also show
the trend of the polarization angle for the core region of Mrk 421
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Table 3. Rotation measure and intrinsic polarization angle values for
the core region.

Epoch MIJD RM“ orm’ X O'Xd
year/month/day (radm™2) (radm™2) (°) ©)
2011/01/14 55576 =710 650 127 10
2011/02/25 55617 —-450 590 132 9

2011/03/29 55649 1450 880 148 13
2011/04/25 55676 1940 750 132 11
2011/05/31 55713 —-1060 850 163 10
2011/06/29 55742 —1570 790 141 12
2011/07/28 55771 -2930 1380 178 20
2011/08/29 55803 -3640 930 168 13
2011/09/28 55833 -3500 1250 180 18
2011/10/29 55863 —-1310 750 135 12
2011/11/28 55893 -1970 1180 147 17
2011/12/23 55918 -2370 930 168 13

Notes. @ Rotation measure in rad m™2. * Estimated error for the rota-
tion measure. © Intrinsic polarization angle in deg. ” Estimated error
for the intrinsic polarization angle.

during 2011 at 15 GHz (upper frame), 24 GHz (middle frame),
and 43 GHz (lower frame). The EVPAs vary. For most of the
year, they show values varying between 110° and 150°. In be-
tween some pairs of epochs, in particular at 15 GHz, they change
by about 90°, which has no clear connection with the EVPA vari-
ation at 24 and 43 GHz or with the polarized flux density trend.

3.2.2. Jet region

The light curves for the jet region, extending to about 1 mas from
the core at 15 and 24 GHz, are shown in Fig. 3. The situation is
very different in the jet from the core region. The total intensity
flux density for the extended region does not show any signifi-
cant variation. The polarized flux density shows some variability,
reaching a peak during the fourth epoch at 15 and 24 GHz. The
polarization percentage in the jet region is about 16%; this higher
degree of polarization with distance from the core seems to be a
common feature in blazars (Lister 2001). Finally, the EVPAs are
also quite stable, fluctuating weakly around a value of 60°, i.e.,
roughly perpendicular to the jet position angle (~—35°).

3.3. Faraday rotation analysis

A polarized wave propagating through a magnetized plasma is
affected by Faraday rotation. As a consequence, the observed po-
larization angle (yobs) appears rotated with respect to its intrinsic
value (yin)- This effect is described by a linear relationship be-
tween yops and the observing wavelength squared (A2):

(6)

where RM represents the rotation measure, a quantity related
to the electron density n, (cm™), the parallel to the line of
sight, aberrated by relativistic motion, component of the mag-
netic field B (milligauss), and the path length d/ (parsecs):

Xobs = Xint + RM X Az’

RM = 812 f neBy-dl [rad m™|. (7
For the core region, where EVPA values at 15, 24, and 43 GHz
for each observing epoch are available (see Table 5), we per-
formed linear fits of EVPAs versus A2, obtaining the RM and y/iy,
values and uncertainties reported in Table 3. Since the two flips
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Fig. 4. EVPAs versus A? linear fits for all the observing epochs. We also show the 15 GHz EVPAs with empty symbols as measured in the maps,
i.e. before the rotation of 90° applied for July and September to account for opacity effects.

observed at 15 GHz in July and September strongly suggest
optically thin-thick transitions, we carried out RM fits using
EVPA values rotated by 90° at 15 GHz in these epochs. All of
these linear fits are reported in Fig. 4; in some cases they show
significant scatter about a linear trend (e.g., in February 2011),
and in other cases they agree well with a linear behavior (e.g.,
in December 2011). The time evolution of RM values and of the
intrinsic EVPA values are reported in the upper and lower panels
of Fig. 5, respectively.

The RM values are distributed across a wide range of values,
spanning (—=3640 = 930) to (+1940 + 750) rad m~2. However,
the uncertainties are often very large, with many values being
consistent with 0 within 1o or 2¢. It is thus difficult to provide
accurate values and even more difficult to claim significant vari-
ability during the year. For the intrinsic values of the polarization

angle, the results tend to reflect the roughly stable behavior ob-
served for the 43 GHz EVPAs, with a value of about 150°, that
is, roughly parallel to the jet axis (see Fig. 5). However, there is
some residual, mildly significant variability (Fy, is 0.10 + 0.04).

3.4. y-ray light curves from Fermi data

After integrating over the period 2011 January 1-December 31,
we obtain a fit with a power-law model in the 0.1-100 GeV
energy range that results in TS = 8728 (~93 0), with an av-
erage flux of (17.4 + 0.5) x 1078 ph cm™2 57!, a photon index
of ' = 1.77 £ 0.02, and an apparent isotropic y-ray luminosity
of 7.5 x 10* erg s~!, which is fully compatible with the values
obtained over the first two years of Fermi operation (Nolan et al.
2012). In Fig. 6 we show the y-ray flux using time bins of one
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Fig. 5. Upper panel: time evolution for the RM values derived for the
core region using 15, 24, and 43 GHz data. Lower panel: time evolu-
tion for the intrinsic values of the polarization angle obtained from the
A2 fits.

week (top panel) and the photon index variation (bottom panel)
over the entire observing period. For each time bin, the spectral
parameters for Mrk421 and for all the sources within a radius
of 10° were left free to vary.

In the y-ray light curve we identify three peaks: a main
peak (P1) in the first observing period (2011 March 5-11, MJID
55625-55631) with a subsequent decrease to the lowest flux
level in 2011 June, followed by two other peaks in the final
observing period (P2 in 2011 September 3—-16, MJD 55 807-
55820; P3 in 2011 November 12-18, MJD 55 877-55 883).

The daily peak flux during P1is (38 +11)x 1078 phcm™2s7!,
observed on 2011 March 7, corresponding to an apparent
isotropic y-ray luminosity of 1.6 x 10% erg s™!. The daily peak
flux during P2 and P3 is (37 + 12) x 107® ph cm™2 s7! and
(30 + 9) x 1078 ph cm™? s7!, observed on September 8 and
November 13, respectively.

Spectral hardening during flares has been seen in some
blazars, FSRQs in particular (e.g., PKS 1510—089; D’ Ammando
et al. 2011). This sort of behavior is not without precedent in
BL Lacs, but it is rare (e.g., Gasparrini 2011; Raiteri et al.
2013). Consistent with the trend for BL Lacs in general, and
for Mrk 421 in particular (e.g., Abdo et al 2011), we do not
detect any spectral hardening in Mrk 421 during the periods
of enhanced y-ray activity, and no obvious relation is observed
between the photon index versus the y-ray flux (see Fig. 6).
Furthermore, the spectral index is generally compatible with the
average, ranging from 1.4 to 2.2.

3.5. Correlation between radio and y-ray data

The comparison of the 15, 24, and 43 GHz radio core and y-ray
light curves suggests similar trends. We calculated the correla-
tion coefficient between the radio core flux density at each epoch
and frequency and the y-ray flux during the weekly period con-
taining the radio observations. We report these results in Table 4.
All of the radio data sets show a strong mutual correlation, with
coefficients in the range 0.88—0.96. The correlation coefficients
between radio and y-ray data are lower, in the range 0.42-0.46;
the strongest correlation is found with the data at 43 GHz, where
the largest number of data points is available.

To assess the significance of this correlation and to determine
a possible time lag, we calculated the discrete cross-correlation
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Table 4. Pearson correlation coefficients between radio flux density and
y-ray photon flux.

Data pairs r

F15-24 0.93
I'15-43 0.88
443 0.96
15—y 0.44
}’24,7 0.42
Y43y 0.46

function (DCF) between the radio core flux density at 43 GHz
and the y-ray flux. The results of the correlation analysis are
shown in Fig. 7.

To compute the DCF, we used the algorithm developed
by Edelson & Krolik (1988), and to determine the signifi-
cance of the correlation, we followed the approach recom-
mended by Chatterjee et al. (2008) and Max-Moerbeck et al.
(2010). As recommended by Timmer & Koenig (1995), we sim-
ulated 3000 light curves with the same mean and standard de-
viation as the observed light curves. The power spectral density
(PSD), corresponding to the power in the variability of emis-
sion as a function of timescale, is represented by a power-law
PSD « f7#, where f is the inverse of the timescale. For each set
of simulations, 8 varies from 1 to 2.5 in steps of 0.5. The curves
obtained from different combinations of different PSD slopes,
with a confidence level >99.7%, are shown in gray in Fig. 7.

We investigated the delay over a range of +100 days, with
a bin of 15 days. The highest value for the correlation (0.54) is
found for zero delay. As is clear from Fig. 7, this peak does not
have a high significance level for all combinations of the dif-
ferent PSD slopes used here. It has a significance level >99.7%
for the combination of 8 lower than 1.5 for the y-ray PSD and 8
ranging from 1 to 2.5 for the radio PSD. This agrees with the fact
that we observe the strongest variability on shorter timescales for
the y-ray emission (flatter 8) and on longer timescales for the ra-
dio emission (steeper ).

4. Discussion

For many decades, Mrk421 has been a target of regular mon-
itoring at radio frequencies, showing only moderate variability
(Aller et al. 1999; Venturi et al. 2001; Fan et al. 2007; Nieppola
et al. 2009). Multiwavelength campaigns have failed to reveal
significant correlations between variability at high (or very high)
energy and radio wavelengths (Abdo et al. 2011; Acciari et al.
2011). The variability detected within the present campaign and
its possible connection to the y-ray light curve are therefore
of great interest, especially considering that they foreshadowed
the dramatic and unprecedented radio and y-ray flares in 2012
(D’ Ammando & Orienti 2012; Richards et al. 2013).

4.1. Possible radio and y-ray connection

We find significant variability in the first months of 2011 at all
three observing frequencies (15, 24, and 43 GHz) in the total in-
tensity emission (>3 difference between the highest and lowest
value). During the same observing period, enhanced activity also
occurred at high energies. In Fig. 8 we show the radio and y-ray
light curves normalized to the peak value.

In the radio band, the increase of the flux density is stronger
at 43GHz, where the fractional variability amplitude Fy,,
(Edelson et al. 2002; Vaughan et al. 2003) is 0.24 = 0.06,
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Fig.7. Discrete cross-correlation function between the y-ray and
43 GHz radio light curves (black curve). The gray curves represent
the 99.7% confidence limits relative to stochastic variability, obtained
from the combination of different power spectral density slopes. See
Sect. 3.5 for more details.

while at longer wavelengths it corresponds to 0.13 + 0.04
and 0.18 + 0.05 at 15 GHz and 24 GHz. In the y-ray light curve
Fya s 0.17 = 0.04, on a weekly timescale. In both radio and
y-ray energy bands, the peak value is reached close in time, al-
though the sampling interval of our observations does not allow
us to determine the date of the radio burst with a better accuracy
than a few weeks.

The main peak in the radio light curve (around MJD 55 621)
occurs close in time with the first y-ray peak (MJD 55 627); no
clear radio counterpart was observed for the second and third
y-ray enhanced activity episodes. Overall, we find a good cor-
relation between the low-frequency and high-energy emission,
as shown by the high and statistically significant value of the
correlation coefficient. This could indicate a co-location of the
radio and y-ray emission regions, and a size as compact as
cAtS ~ 5.3 x10'° x § cm, assuming Az ~ 3 weeks.

On the other hand, the study of the possible delay between
radio and y-ray light curves, based on the DCF, did not provide
significant constraints on the lag between the radio and y-ray
light curves. In fact, much longer data trains are necessary to
reach highly significant lag values (for a detailed discussion of
the significance of radio-gamma light curve correlation and lags,
see Max-Moerbeck et al. 2013). We furthermore note that in a
recent study of the radio and y-ray correlated variability in Fermi
bright blazars based on 3.5 years of dense monitoring, Fuhrmann
et al. (2014) did not find significant correlation between the 7mm
and the y-ray data for Mrk 421.

The proximity between the radio and y-ray enhanced activity
at the beginning of 2011 differs from what was observed in 2012,
where the y-ray flare (D’ Ammando & Orienti 2012) led the ra-
dio burst by about 40 days at 15 GHz (Richards et al. 2013).
However, the enhanced activities observed in 2011 and 2012 are
different. The latter is characterized by a y-ray apparent lumi-
nosity of 6.7 x 10% erg s~!, that is, about four times more pow-
erful than the former, with simultaneous tentative detection in
the TeV energy band (Bartoli et al. 2012). The different behav-
ior of the two flares may suggest different regions for the y-ray
activity: upstream of the radio emission in the 2012 flare, while
downstream along the jet where the emission is not opaque at
the radio frequencies in the 2011 episode.

Interestingly, after the main peak in February 2011, which
was observed both at radio and high energies, the polarized flux
density at 43 GHz increases rapidly (Fig. 2) and peaks on 2011
March 29 (MJID 55 649). Simultaneously the polarization per-
centage increases at 43 GHz and reaches a peak value of 3.6%,
followed by a gradual decrease to the mean value (~1%). A sim-
ilar behavior was observed by Piner & Edwards (2005) after an
enhanced activity at TeV energies, when the polarization per-
centage of the core reached ~5% at 22 GHz. This behavior is
less pronounced in our data at 15 and 24 GHz.

In the jet region the polarized flux density and the fractional
polarization reach a peak on 2011 April 25 (MJD 55675) at 15
and 24 GHz. These peaks occur just after the enhanced activ-
ity observed in the core region in total intensity emission. This
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behavior could be associated with a propagating disturbance, but
no new components were detected in the total intensity images.

Blasi et al. (2013) investigated the behavior in the optical
regime during 2011, by considering optical data provided by the
Steward Observatory of the University of Arizona. We found a
peak in the V magnitude occurring during the same period. The
optical polarization increased from ~1% to ~7% and the optical
polarization angle reduced its scatter. This may indicate that the
magnetic field underwent a transition from a tangled state to a
more regular one, in correspondence to the observed enhanced
activity.

4.2. EVPA variation and magnetic field topology

To fully understand the possible relation between the enhanced
activity and the physical changes occurring in the source, it is
important to investigate the EVPA trend in the different regions
of the source. So far, no obvious relation has been found between
EVPA variation and high-energy activity.

In the jet region, extending about 1 mas from the VLBI core,
the EVPAs maintain a stable value of about 60° during the entire
observing period, roughly perpendicular to the inner jet position
angle, which is ~—35°. This implies that the magnetic field is
parallel to the jet axis, which is a rare behavior in BL Lac objects.
However, we note that previous VLBI observations of Mrk 421
had indicated this peculiar magnetic field configuration in its par-
sec scale jet (Piner & Edwards 2005). This configuration could
be caused either by velocity shear across the jet or by a heli-
cal magnetic field with a pitch angle smaller than 45° (Wardle
2013). At 24 GHz, we observe an EVPA rotation of about 60° at
the end of 2011 (MJD 55 893). This behavior may be associated
with the propagation of a shock, but no new component and no
significant motion were detected in total intensity images. We
note that the nondetection of the jet polarized emission at the
following epoch (MJD 55918) results in a lack of the EVPA,
which does not allow us to confirm the possible EVPA rotation.
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In the core region, the EVPA trend is more complex.
At 43 GHz, where the Faraday rotation effects are weaker, the
EVPAs are roughly stable in a range of values between ~100°
and ~150°, that is, roughly parallel to the jet axis. This trend is
then reflected in the intrinsic values of the polarization angle, ob-
tained from the A? fits (see the lower panel in Fig. 5). Assuming
that this emission region is optically thin at 43 GHz, the EVPA
configuration reflects a magnetic field nearly orthogonal to the
jet axis, which is typical of the emission from a transverse shock
and different from what is observed in the outer jet. A similar
behavior was reported in Piner & Edwards (2005): they found
parallel EVPAs both in the core and in the innermost jet compo-
nent (at ~0.3 mas from the core). The extent of the validity of the
optically thin emission assumption can be debated. However, the
average core spectral index between 15 and 43 GHz in our data
is @ = 0.20 + 0.13 (see also Blasi et al. 2013), suggesting that
at 43 GHz the emission region is predominantly optically thin.

Considering the lower frequencies, in particular at 15 GHz,
we find at least two clear flips of the core EVPAs by about 90°
(from parallel to perpendicular to the jet, in July and September,
with a smaller change also in March). A similar behavior for
the EVPAs in the VLBI core region of Mrk421 was observed
also by Charlot et al. (2006). They measured a rotation of ~60°
during a three-month period at 15 and 22 GHz. This behavior
is the typical signature of a transition between an optically thin
and thick regime, in which the EVPA swings from perpendicular
to parallel to the magnetic field direction. Indeed, both in July

and September the spectral index flattens (Aa!>~43 = —0.17 and

Jul-Jun
Aaézgﬁug = —0.13). To account for these variations solely by

an opacity effect, we adopted in this discussion the core 15 GHz
EVPAs rotated by 90° for the July and September data, as we
already did in determining the RM fits in Sect. 3.3.

To explain the observed variability at longer wavelengths, a
possible physical scenario might be an association with opacity
effects and variable Faraday rotation. The RM variability might
be related to changes in the accretion rate, as suggested also by
the similar trends found for the RM and the core flux density
evolution; for viable explanations of the RM sign change in rel-
ativistic jets, see also O’Sullivan & Gabuzda (2009) and Gomez
et al. (2011).

Finally, residual variability (Fy, is 0.10 £ 0.04) is present in
the intrinsic (Faraday de-rotated) EVPAs. This intrinsic variabil-
ity can be the consequence of a blend of variable cross-polarized
subcomponents within the beam, whose relative contributions to
the total polarization properties vary as a function of time. This
structure explains both the variations of the intrinsic EVPA val-
ues, which are integrated over the VLBI core region, and the low
polarization of the core, resulting from significant cancellation
from subcomponents with different EVPAs.

The cross-polarized subcomponents can be explained by two
different physical scenarios: (1) the jet base might be turbulent,
so that the subcomponents would be turbulent cells with ran-
dom field direction; (2) the core magnetic field might be per-
pendicular to the jet, but with much of the emission optically
thick at 15 GHz, giving rise to EVPAs parallel to the jet in the
optically thin part and EVPAs perpendicular to the jet in the op-
tically thick part. In either scenario the intrinsic EVPA variations
are the direct consequence of changes in the relative weight of
one component with respect to the other(s). The second scenario
seems to be favored by the observed behavior at 43 GHz (EVPAs
stable in the range 100°-150°).

The relevance of subcomponent blending can be directly
seen in the April data (MJD 55675): the 43 GHz polarization
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image clearly shows a transverse EVPA distribution and a limb-
brightened structure in the polarized emission (see the lower
panel in Fig. 1) in the inner part of the jet. We argue that ve-
locity gradients in this region might cause Kelvin-Helmholtz in-
stabilities that would heat the boundary layer, causing the limb
brightening. A similar transverse structure for this source was
observed by Piner et al. (2010) at 22 GHz. These authors noted
that the EVPAs were almost parallel along the jet axis and be-
came orthogonal toward the jet edges. This is similar to what
we observe in the EVPAs in the western limb. This may reflect
a spine plus layer polarization structure and seems to be a com-
mon feature in TeV blazars, such as Mrk 501 (e.g., Giroletti et al.
2008; Piner et al. 2010).

The observed transverse EVPA rotation implies a complex
topology for the magnetic field. For example, Lyutikov et al.
(2005) argued that such a transverse EVPA distribution may be
consistent with a large scale helical magnetic field in a resolved
cylindrical jet. This transverse polarization structure would re-
flect the intrinsic magnetic field geometry, and not the propa-
gation of a shock arising from the core and interacting with the
surrounding medium (Lyutikov et al. 2005; Gabuzda et al. 2004).
Finally, we observe that, contrary to what was found by Piner
et al. (2010), no increase of the fractional polarization towards
the jet edges is observed in our data. This may be due to the
high activity state of Mrk421, causing an enhancement of the
polarized emission from the core region.

5. Summary and conclusions

We presented a detailed analysis of new VLBA polarization ob-
servations of Mrk 421 at 15, 24, and 43 GHz during 2011.

During this observing period the source showed signifi-
cant radio flux density variability. In particular, in the first part
of 2011 we detected a prominent peak in the radio light curves
and an enhanced y-ray activity occurring close in time. A good
correlation was found between the radio core and the y-ray
light curves. Just after this enhanced activity we detected a peak
at 43 GHz in the polarized flux density and an increase in the
fractional polarization.

We found the core region to be polarized by about 1%
while the jet region showed an average fractional polarization
of ~16%. In the jet region EVPAs were roughly orthogonal to
the jet position angle, implying a magnetic field parallel to the
jet axis. In the core region, the EVPAs varied between ~100°
and ~150° at 43 GHz, but they were more variable at lower fre-
quencies, in particular at 15 GHz, because of opacity effects and
variable Faraday rotation. Near the VLBI radio core we con-
firmed the presence of a limb-brightened structure in polarized
emission and a transverse EVPA distribution, as previously re-
ported by Piner et al. (2010) and Giroletti et al. (2008).

Thanks to these multifrequency and multi-epoch datasets we
constrained polarization parameters, and we proposed the fol-
lowing scenario to explain the observed properties: the paral-
lel magnetic field in the jet region could be caused by veloc-
ity shear across the jet. These velocity gradients might cause
Kelvin-Helmholtz instabilities that would heat the boundary
layer, causing the observed limb brightening. This physical
mechanism may have been favored by the enhanced activity that
foreshadowed the appearance of the limb brightened structure.
To explain the intrinsic EVPA variations in the core region, we
proposed subcomponents within the VLBI core region, with dif-
ferent polarization properties, which also result in the low degree
of polarization.

The polarimetric information presented in this paper com-
plements the variability analysis discussed in Lico et al. (2012)
and in Blasi et al. (2013). The measurements are from a mul-
tifrequency campaign carried out during 2011, which involves
observations throughout the electromagnetic spectrum. For this
reason, our results provide a starting point for future broadband
analyses that could improve our knowledge about the emission
of TeV blazars.
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Table 5. Summary of the total and polarized intensity parameters plotted in Figs. 2 and 3.

Epoch Frequency Region S os? pe op? m¢ o' X/ o
year/month/day (GHz) (mly) (mly) (mly) @mly) (%) (%) (deg) (deg)
2011/01/14 15 Core 3322 332 49 0.5 1.5 02 1083 87
Jet 60.5 6.1 8.9 1.0 148 23 58.3 7.5
24 Core 3189 319 2.7 0.3 0.8 0.1 1265 88
Jet 474 4.8 6.4 0.9 13.6 23 58.5 9.0
43 Core 2912 29.1 22 0.3 0.8 0.1 117.8 109
2011/02/25 15 Core 3929 393 42 0.4 1.1 02 1173 78
Jet 434 4.4 6.5 0.8 150 25 553 8.1
24 Core 4199 420 42 0.5 1.0 0.1 1435 82
Jet 45.1 4.6 5.7 0.9 126 23 55.5 8.7
43 Core  408.6 409 2.6 0.3 0.6 0.1 113.8 10.2
2011/03/29 15 Core  399.6  40.0 2.6 0.3 0.7 0.1 1773 124
Jet 55.7 5.6 7.6 0.9 13.7 22 56.3 12.6
24 Core 3647 365 5.5 0.6 1.5 02 1725 123
Jet 39.6 4.0 11.5 1.3 29.1 44 61.5 12.5
43 Core  346.8 347 12.5 1.4 3.6 05 1428 131
2011/04/25 15 Core 3674  36.7 5.1 0.5 1.4 02 1743 105
Jet 473 4.8 16.5 1.8 348 5.1 583 8.9
24 Core  328.8 329 6.5 0.7 2.0 03 1575 105
Jet 44.0 4.5 16.4 1.7 373 55 72.5 10.5
43 Core  306.7  30.7 8.1 0.8 2.6 04 1308 11.8
2011/05/31 15 Core 3444 344 1.1 0.2 0.3 0.1 1303 138
Jet 43.7 4.4 5.4 0.8 123 22 513 9.6
24 Core 3014  30.1 3.0 0.3 1.0 0.1 1685 10.1
Jet 35.3 3.6 3.7 0.7 104 22 66.5 11.4
43 Core  246.8 247 34 0.4 14 02 1498 10.1
2011/06/29 15 Core 2046 265 1.8 0.2 0.7 0.1 1022 114
Jet 55.6 5.6 8.9 1.1 16.0 25 61.2 11.6
24 Core 2195 220 22 0.3 1.0 02 1440 147
Jet 37.3 39 6.0 1.0 162 32 46.0 13.0
43 Core 176.0  17.6 2.4 0.4 1.3 02 1298 115
2011/07/28 15 Core  246.8 247 2.6 0.4 1.1 02 1962 202
Jet 459 4.7 6.4 1.1 139 27 562  20.2
24 Core 2153 215 4.0 0.5 1.9 03 1655 204
Jet 433 4.4 1.8 1.1 4.2 2.5 525 263
43 Core 1959  19.6 34 0.5 1.7 03 159.8 20.0
2011/08/29 15 Core 2992 299 44 0.5 1.5 0.2 912 134
Jet 473 4.8 12.6 1.5 26.6 4.2 63.2 144
24 Core 2595 259 2.6 0.4 1.0 02 1155 134
Jet 38.9 4.0 7.9 1.2 203 3.7 49.5 14.3
43 Core  216.1  21.6 4.7 0.5 22 03 172.8 137
2011/09/28 15 Core 2754 275 2.5 0.3 0.9 0.1 1812 18.1
Jet 38.7 39 3.8 0.8 9.7 2.2 57.2 18.8
24 Core 2587 259 4.0 0.5 1.6 02 1755 179
Jet 422 4.3 53 1.0 127 2.8 42.5 19.2
43 Core  227.0 227 3.0 0.4 1.3 02 1498 185
2011/10/29 15 Core  267.8  26.8 4.7 0.5 1.8 03 1082 105
Jet 53.1 5.4 5.5 0.9 103 2.0 652 11.1
24 Core  259.7  26.0 1.8 0.3 0.7 0.1 1035 133
Jet 34.1 35 6.8 0.9 199 34 435 12.1
43 Core 2339 234 2.5 0.4 1.1 02 1408 115
2011/11/28 15 Core  303.8 304 2.6 0.4 0.9 0.1 1065 17.1
Jet 43.1 4.4 7.0 1.1 162 3.1 83.5 17.6
24 Core  304.1 304 2.1 0.3 0.7 0.1 1093 185
Jet 40.7 4.3 2.9 1.0 7.0 26 1153  19.6
43 Core 2785 279 3.1 0.4 1.1 02 1528 172
2011/12/23 15 Core  303.8 304 2.9 0.4 1.0 02 1145 141
Jet 46.3 4.7 3.6 0.9 7.8 2.0 64.5 13.6
24 Core 2849 285 1.9 0.3 0.7 0.1 1443 138
Jet 25.8 2.7 0.4 0.6 1.6 2.3 - -
43 Core 2029 203 33 0.4 1.6 03 1628 125

Notes.  Flux density in mJy. ¢’ Estimated errors for the flux density. © Polarized flux density in mJy. ” Estimated errors for the polarized flux
density. © Fractional polarization. "V Estimated errors for the fractional polarization. ¥ EVPAs. ) Estimated errors for the EVPA.
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