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We present recent results of the TELAMON program, which is using the Effelsberg 100-m tele-
scope to monitor the radio spectra of active galactic nuclei (AGN) under scrutiny in astroparticle
physics, namely TeV blazars and neutrino-associated AGN. Our sample includes all known North-
ern TeV-emitting blazars as well as blazars positionally coincident with IceCube neutrino alerts.
Polarization can give additional insight into the source properties, as the polarized emission is
often found to vary on different timescales and amplitudes than the total intensity emission. Here,
we present an overview of the polarization properties of the TeV-emitting TELAMON sources
at four frequencies in the 20 mm and 7 mm bands. While at 7 mm roughly 82 % of all observed
sources are found to be significantly polarized, for 20 mm the percentage is ~ 58 %. We find that
most of the sources exhibit mean fractional polarizations of < 5%, matching the expectations of
rather low polarization levels in these sources from previous studies at lower radio frequencies.
Nevertheless, we demonstrate examples of how the polarized emission can provide additional
information over the total intensity.
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1. Introduction

Blazars are radio-loud active galactic nuclei (AGN) hosting relativistic jets pointed close to our
line of sight. Their emission is highly beamed and Doppler-boosted which makes them variable
broadband emitters from radio to y-ray energies. Their spectral energy distribution (SED) shows
a double-humped structure. With decreasing luminosity, the peaks of blazar SEDs are shifted
towards higher frequencies and the high-energy emission reaches the very-high-energy (VHE)
regime at TeV y-rays. While the first component corresponds to synchrotron emission, there are
two different explanations for the high-energy emission of blazars: inverse Compton scattering and
hadronic emission models. In the latter, the high-energy y-ray emission is produced by interactions
of relativistic protons in the jet with soft ambient seed photons [1] and bright neutrino emission
is naturally expected. The class of blazars is further divided into low-, intermediate-, and high-
synchrotron peaked (LBL, IBL, HBL) sources according to their synchrotron peak frequency, where
HBLs are canonically defined as sources whose synchrotron emission hump peaks above 10'° Hz
[2]. In the most extreme cases (extreme blazars or EHBLs), the peak of the synchrotron emission
can reach even higher frequencies by up to two orders of magnitude [3].

A better understanding of the extreme behavior is promised to arise from more comprehensive ob-
servations of extreme blazars and other TeV-blazars in the radio band, especially at high frequencies
where one is probing the most compact jet emission regions. TeV blazars seem to be very eflicient
in tapping bulk kinetic energy of their black hole jets (e.g., [4]), which makes them a key class of
objects in the field of astroparticle physics as the potentially dominant source of ultrahigh-energy
cosmic rays [5]. Similarly, TeV blazars are considered to contribute significantly to the highest-
energy neutrinos detected ([6], [7], [8]). Due to their high peak frequencies, HBL blazars are
generally faint radio sources, which makes it hard to detect them with single-dish observations at
high radio frequencies. The TELAMON (Tev Effelsberg Long-term Agn MONitoring) program
([9], Eppel et al. in prep) aims to characterize the variability of the radio spectra of AGN with
VHE astroparticle emission. More specifically, we target all 59 known TeV-detected AGN in the
Northern Hemisphere (i.e., Decl. > 0°) as well as candidate neutrino-emitting AGN'. We perform
observations of these sources roughly every four weeks at multiple high radio frequencies up to
45 GHz and record total intensity as well as polarized intensity data.

The latter is of special interest, as previous studies (e.g., [10], [11]) found the variability of the
polarized intensity to be faster and its fractional amplitude to be higher than for the total intensity.
With the addition of the polarized emission of the source, it is possible to super-resolve potential
flares, allowing for an overall better modeling of the variability.

Here, we present first results of the polarization characteristics of the TELAMON sample.

2. Observations and Data Analysis

For this work, we consider observations conducted within the TELAMON program in the time frame
between September 2021 to June 2023, using the Effelsberg 100-m telescope that is operated by the
Max-Planck-Institut fiir Radioastronomie (MPIfR). Generally, TELAMON collects total intensity
data in four different wavelength bands centered around 45 mm, 20 mm, 14 mm and 7 mm that are

LA full source list is available on https://telamon.astro.uni-wuerzburg.de/sources.
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split into a total of twelve frequency bands of 2.5 GHz width each. In order to maximize their
detection rates, we observe sources in different wavelength bands depending on their flux densities.
However, this also means that we do not observe all sources at all frequencies, but rather observe the
faint sources at low frequencies and the bright sources at the highest frequencies. As all our sources
appear as point sources to the telescope, we perform “cross-scans” over the source position in two
perpendicular directions (azimuth and elevation) and record the antenna temperature. We perform
quality checks of these scans using a semi-automated flagging algorithm implemented by Eppel
et al. (in prep), correct them for pointing offsets, atmospheric opacity and elevation-dependent
gain effects, based on [12]. As calibrators, we use 3C 286, NGC 7027 and W3OH to convert the
measured antenna temperatures to jansky, using the models of [13], [14] and our own model based
on a free-free emission model and archival data, respectively for the three sources.

Here, we focus on the observations conducted using the “SpecPol’-backend of these receivers. More
specifically, we present the data taken in the bands centered around 14 GHz, 17 GHz, 36 GHz and
39 GHz of the 20 mm and 7 mm receivers. We use frequency masks in order to avoid disturbances
at the edges of the bands as well as radio frequency interference. Thus, we integrate over an
effective bandwidth of ~ 1.9 GHz. In contrast to the regular backends of the receivers, the SpecPol
backend also collects polarization data. The receivers are equipped with circularly polarized feeds
that record the LCP and RCP components of the wave. We follow the definition of the Stokes
parameters in a circular base as defined in [15]. For this publication, we focus only on the linear
polarization, i.e., Stokes Q and U, of the sources, mainly due to three reasons: 1) Blazars typically
are not expected to emit circularly polarized radiation, 2) Circularly polarized feeds generally favor
the measurement of linear polarization, 3) Stokes V calibration needs a considerable amount of
extra work. Therefore, in the following, we denote the Stokes vector as S = (I, Q, U), setting V = 0.
From these quantities, the polarization properties of the received signal can be further quantified by
the means of the intensity of linear polarization py,, the fractional polarization m; and the electric
vector position angle (EVPA) y via

Piin = VO? + U? (D
my = pin/l 2

1 U
X = 3 arctan é €

with 0° < y < 180°. When measuring the Stokes parameters, one has to consider the fact
that due to the azimuthal mounting of the Effelsberg telescope the source seems to rotate with
respect to a default reference frame over time, leading to a rotation of the EVPA. Additionally,
the imperfect receiving system introduces spurious instrumental polarization into the measurement,
causing intrinsically unpolarized sources to appear polarized. One calibration scheme to account for
both of these effects is the Miiller matrix method [16, 17]. The basic idea is that the transfer function
between the true Stokes parameters Sy and the observed ones Sqps is given by the elements of the
Miiller matrix M. This matrix therefore describes the effects the instrument has on the measured
signal. Together with a rotation matrix R that rotates the observed Stokes parameters to a common
reference frame based on the parallactic angle g of the source at the time of measurement, the true
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Stokes parameters can be expressed as

1 My My M\ (1 0 0 \(1
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While determining R is straightforward, determining M is generally not. In order to do so, at least
three independent measurements of sources with well-known polarization properties are required
to solve this system of equations unambiguously. For TELAMON, we use the aforementioned
calibrators, using the model by [18] for 3C 286, while NGC 7027 and W3OH, a planetary nebula
and a star forming region, respectively, are assumed to not emit any polarized radiation. Once the
Miiller matrix is known for the calibration sources, its inverse, M1, can be applied to the observed
Stokes parameters of the target sources to get rid of the instrumental effects. In the aforementioned
time range, we managed to recover polarization data in a total of 32 distinct epochs. As the influence
of the polarized flux density on the total flux density should be relatively small due to their relative
weakness, we only correct Q and U while keeping /s as is. From the Miiller matrix elements, we
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can define the instrumental polarization
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as a mean to express the overflow of total intensity to polarized emission. This value has to be small
in order for the data to make sense. Indeed, we find average values of 0.50 %, 1.62 %, 0.74 % and
0.82 % for the 14 GHz, 17 GHz, 36 GHz and 39 GHz bands, respectively.

3. Results

In this section, we present some general results of the polarization behavior of the sources in
the TELAMON sample as well as selected examples that showcase the ability of polarization
information to support total intensity data and our ability to detect polarization even at high radio
frequencies.

3.1 Linear Polarization Distribution of TeV Emitting Blazars

For this part of the results, we consider a source to be significantly polarized if it is polarized on
a 20 level, i.e., if it fulfills the condition pji, > 207pn. Additionally, we only consider the source
detections by the SpecPol backend. With this criterion, we find that ~ 58 % (at 20 mm) and ~ 82 %
(at 7 mm) of the TeV-emitting sources in the sample are polarized. For this statistic, we first averaged
over the two individual frequencies of the respective receiver for all significantly polarized scans,
and then averaged over all epochs with significant detections. Here it is importatnt to note again that
sources are not necessarily observed at the same frequencies. In Fig. 1, we show the distribution
of mean linear fractional polarization throughout our TeV sample for the different source types
according to their source classification in Eppel et al. (in prep.). From the figure, it is evident that
at 20 mm most sources exhibit a mean fractional linear polarization of < 4 %, while at 7 mm most
sources are polarized at a level of < 5 %. This generally matches well with the expectation of rather
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low polarizations in these types of sources (e.g., [19]). The by far largest group of sources that were
not detected to be significantly polarized is made up of EHBLs, where only ~ 50 % of the sources
were found to be polarized at 20 mm. This makes sense, as these sources are the faintest sources in
the sample and thus, on average, also exhibit the lowest polarized flux densities. In fact, we found
that sources with pji, > 0.0025 Jy at 20 mm were usually found to be significantly polarized, while
sources with polarized flux densities below this level were usually not significantly detected.
Although most sources in the sample are only weakly polarized with some level of variability,
there are a few sources that show continuous high polarization percentages. At 20 mm, the HBL
MAGIC J2001+435 (J2001+4352) has a mean fractional polarization of (6.8 + 0.1) % across eight
observations, see Fig. 2 (middle). The gravitationally lensed FSRQ S30218+35 (J0221+3556)
[20] shows a relatively stable polarization percentage of (10.0 £ 0.5) % at 7 mm, as is shown in
Fig. 2 (right). This is in agreement with the ~ 10 % polarization found by [20] using 15 GHz VLA
observations, suggesting that the source might be highly polarized throughout a wide range of radio
frequencies.
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Figure 1: Distribution of the mean fractional linear polarization of all significantly polarized TeV emitting
sources in the TELAMON sample.

3.2 Selected examples

Other than the overall sample, it is also worthwhile to have a look at specific sources to demonstrate
the advantage of recording the polarization signals on top of the total intensity. This is illustrated
in Fig. 2 (left), where the FSRQ PKS 1441+25 (J1443+2501) is displayed. The source showed a
very prominent flare at 20 mm between MJD 59750 to 59950 that was accompanied by a drop in
linear polarization percentage from a roughly constant ~ 4% or higher to less than 2%. After the
flare ended, the polarization seems to be rising again, although not reaching the level before the
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Figure 2: Total intensity (top row), linear polarization (center row) and EVPA (bottom row) evolution of
the sources PKS 1441+25 (J1443+2501), MAGIC J2001+435 (J2001+4352) and S3 0218+35 (J0221+3556)
(from left to right). All data points in this plot are significantly polarized.

flare yet, albeit at a fainter total intensity state. At the same time as the rapid drop in polarization,
the EVPA also becomes variable while being relatively stable beforehand. The middle column of
Fig. 2 shows a different kind of behavior, as MAGIC J2001+435 does not show a large variability
in either the EVPA or the fractional linear polarization, while its total intensity emission seems
to be steadily declining. Lastly, the right column of Fig. 2 illustrates the source S3 0218+35 at
7 mm frequencies that does not show any major variability in its total intensity emission. However,
around MJD 59700, it plateaus at a relatively low flux density for ~ 250 days, while its linear
polarization is very high (> 10 %) during this time. After the total intensity starts varying and
rising again, the polarization declines to a moderately low value. Unfortunately the sampling of
the polarization during its high state is not dense due to technical difficulties with the SpecPol
backends. Nevertheless, this example nicely demonstrates that we are able to detect polarization
also for modestly bright sources at high radio frequencies.

4. Outlook

This work represents a first look at the linear polarization properties of the TeV-blazars in the TELA-
MON sample. While we focused mainly on the TeV-emitting sources here, further investigations
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of the neutrino candidate blazars could help to gain more information about potential systematic
differences in their behaviors. For this, we will look into refining our polarization analysis, possibly
using a method similar to [15] that does not rely on the Miiller matrix formalism, but rather on
simulating the instrumental effects to achieve better results for faint sources. With this, we will also
search for signatures of circular polarization in our data. As TELAMON observes at four frequency
bands, we will extend our study to the other bands as well. Currently, we already have some data in
the 45 mm band, however, it still needs some more checking as well as a larger sample size. In our
large data archive, we will look for correlations between the total intensity and polarized emission
as well as the EVPA. Finally, we will calculate rotation measures from the recorded EVPAs in order
to gain insight into the magnetic field and particle densities along the line of sight to the sources.
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