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Abstract: The blazar PKS 1510-089 has shown intense activity at γ-rays in the recent years. In this
work, we discussed the results of our 7 mm radio continuum and optical polarimetric monitoring
between 2009 and 2013. In 2009, we detected a large rotation of the optical polarization angle that we
attributed to the ejection of new polarized components. In 2011, after the occurrence of several γ-rays
flares, the radio emission started to increase, reaching values never observed before. We interpreted
this increase as the consequence of the superposition of several new components ejected during the
γ-rays flares. A delay was measured between the maximum in the radio emission and the γ-ray
flares, which favors models involving expanding components like the shock-in-jet models. Finally,
we tried to understand the polarization angle variability behavior filling the gaps in our observations
with published results of other polarimetric campaigns, and using the criterion of minimum variation
in the polarization angle between successive observations to solve the 180o multiplicity.
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1. Introduction

The blazar PKS1510-089 revealed intense activity at γ-rays particularly after 2008 [1–3], when the
Fermi/LAT observatory started its operations monitoring the whole sky between 30 MeV and
300 GeV [4]. Because of that, multiwavelength campaigns on PKS1510-089 were intensified, producing
a large amount of data from radio to X-rays wavelenghts. In this paper, we discuss two specific epochs
of high activity at γ-rays, which occurred in 2009 and 2011, and their counterparts at optical and
radio wavelenghts.

Concerning the radio flux density, earlier results reported a monotonic increase that seemed to
start at the epoch of the 2011 γ-ray flare activity [5–8]. On the polarimetric monitoring programs,
several authors reported high variability on the polarization angle (PA) simultaneous to the 2009
high energy flares; however, the rotation sense of each episode is still under debate, which affects the
interpretation of how much PA really changed during the flare events [9–11].

In this report, we discuss some details of our radio and optical polarimetric monitoring program
of PKS1510-089, which resulted in several publications [7,12,13]. We compared our polarimetric data
with others available in the literature in a attempt to minimize the gaps between the observations
and in order to obtain a better understanding of the emission variability. This is specially important
because of the 180o multiplicity in the PA value, which is difficult to assess when the gaps are longer
than the typical variability timescale.
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2. Observation and Results

The 7 mm (43 GHz) radio observations were performed at the Itapetinga Radio Observatory,
in Brazil, between 2009 and 2013. We used the scan (on-the-fly) method, where each scan had 30 arc
min amplitude and 20 s of duration. During one day, between 150 and 210 scans were made, leading to
an average of 3 h of observing time. The R-band polarimetric observations were made at Pico dos Dias
Observatory, in Brazil, with the IAGPOL image polarimeter. To obtain a set of polarimetric quantities
(polarization angle and degree), at least 8 images were obtained, with the wave plate position rotated
by 22.5o between each one. In good weather conditions, we could obtain more than one set of the
polarimetric measurements in one night.

In Figure 1 we show the result of our 7 mm radio and R-band polarimetric monitoring.
The increase in the radio flux density started around 50 days after the first γ-ray flare in 2011.
As reported in Beaklini et al. [12], radio observations obtained just a few days after the γ-ray flare
showed no unusual variability. A few days later, Nestoras et al. [5] and Orienti et al. [6] reported an
increase in the flux density that continued during the following weeks [7]. In Figure 2 we show the
aligned γ-ray and 7 mm radio light curves, the latter was shifted by 54 days, which resulted in a good
match between the maxima in both light curves. Although the different variability timescales makes
it difficult to use a statistical test to confirm this delay, an analysis of the epochs of occurrence of the
flares at both wavelengths by Beaklini et al. [13] indicated a time delay of 54 days.

Figure 1. Top: 7 mm emission observed with the Itapetinga Radio Observatory (ROI).
Middle: Polarization degree at R-band obtained at Picos dos Dias Observatory (OPD). Bottom: Idem
for the polarization angle. The vertical dashed line indicates the moment that polarization angle (PA)
rotated by almost 70o in a two-day interval.
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Figure 2. The radio and γ-ray variability between 2009 and 2013. The radio data was shifted by 54 days
to coincide the maximum of its light curve with the last γ-ray flare, as indicated by the dashed line.

The existence of delays between flares at high energies and radio wavelengths is already known
in AGNs [14]. In the case discussed here, the sequence of several short-duration flares at γ-rays
corresponds to a superposition of long term flares at 43 GHz, which explains the monotonic increase at
radio frequencies that started after the first γ-ray flare.

During the 2009 γ-ray active phase, both the polarization degree (PD) and PA changed
significantly. The polarized flux showed large fluctuations in short timescales, with the polarization
degree varying between 10% and less than 1%. The PA rotated almost 70o between 20 and 22 April 2009,
simultaneously to a γ-ray flare.

3. Discussion

In both the 2009 and 2011 events, the multiwavelength variability can be understood as a
consequence of the ejection of new jet components. The PA rotation simultaneous with depolarization
in 2009, can be explained if the new component has a PA almost perpendicular to the jet PA. In 2011,
the delay between radio and γ-ray flares can be attributed to the propagation of an expanding jet
component, initially optically thick at radio frequencies, which reaches its maximum flux density when
it becomes optically thin [15–17].

Therefore, we explained the rotation of PA in PKS1510-089 as due to the ejection of a new jet
component. However, could a new component produce such rotation simultaneously to a decrease in
the polarized flux? To answer this question, let us describe the polarimetric behavior of the steady
jet as an unique set of Stokes parameters I, Q and U. When a new component emerges, the total
polarized flux can be obtained as a simple addition of Stokes parameters of the new component with
the steady jet:

Q f inal = Qjet + Qnew (1)

U f inal = Ujet + Unew (2)

Ip( f inal) =
√

Q2
f inal + U2

f inal (3)

Because of the dependence of the Stokes parameters with PA and PD, the polarization angle
of a new component can be recovered from the polarimetric quantities obtained before and after a
γ-ray flare:

cos 2θ f inal = (Ip(jet) cos 2θjet + Ip(new) cos 2θnew)/Ip( f inal), (4)

sin 2θ f inal = (Ip(jet) sin 2θjet + Ip(new) sin 2θnew)/Ip( f inal), (5)
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I2
p( f inal) = I2

p(jet) + I2
p(new) + 2Ip(jet) Ip(new) cos 2(θnew − θjet), (6)

where θ represents the PA and Ip is the polarized flux. We consider as the jet polarimetric properties
those of the day before the flare (20 April 2009, θjet = −59o ± 2, Ip(jet) = 0.18 ± 0.07 mJy) and the final
quantities as those of the day after the flare (22 April 2009, θ f inal = 11o ± 2, Ip( f inal) = 0.08 ± 0.02 mJy).
We found the value of 23o for the new component PA, with a polarized flux of 0.23 ± 0.10 mJy. For the
final polarized flux to be smaller than that before the ejection of the new component, we must have:

Ip(new) < −2Ip(jet) cos 2(θnew − θjet), (7)

It is clear that we could find the polarization angle (PA) and the new component because we
detected a large rotation on a small time interval. The long term variability, however, is much more
difficult to understand because of the gaps in the monitoring programs, which prevents the solution of
the 180o ambiguity. During larger gaps, it is also possible that the angle had rotated many times 180o.

The 2009 long term PA rotation event was monitored by different authors [9–11,13,18]. We could
minimize the gaps between the observation and assume that the angle rotated by the smallest difference,
as we shown in a schematic view in Figure 3. Because of the 180o multiplicity, the difference between
two consecutive angles can never be higher than 90o if we choose the smallest angle between them.
We use it as a criterion to describe the variability behavior of PA during the 2009 event. One should
note that using this criterion, we are allowing both senses for the PA rotation.

Figure 3. Schematic view of the variability of the Polarization Angle and how the 180o multiplicity
affects it. To choose the rotation sense, we always kept the difference between them lower than 90o.

In Figure 4 we show the resulting PA variability simultaneous to the Fermi γ-rays and the R-band
SMARTS light curves [4,19]. The SMARTS program was developed for the photometric monitoring of
blazar sources at B, V, R, J and K-bands using small aperture telescopes located at Cerro Tololo. We can
see the PA rotation in both directions simultaneous to the flares, sometimes at R-band, sometimes at
γ-rays. We also detected a large and monotonic 300o rotation at the end of the period of higher γ-ray
activity. To signal the occurrence of fast PA rotations, we marked the occasions where the angle rotated
by a value higher than 70o in a time interval of 2 days, similar to what we detected in the April 2009
event. Using this criterion we detected other 7 events besides our detection which are indicated by
dashed line in the figure. Beaklini et al. [13] showed that if the optical and/or gamma-ray flares are
associate with the formation of a new jet component, depending on its polarimetric properties, it is
possible to obtain different amount of variation in PA, including no variation at all. In Figure 4, one can
see two of these rapid PA variation exactly coincident with the flares, although they were also detected
without a corresponding flare. Because of the existence of many flares in the γ-ray light curve, a careful
statistical analysis to verify how often coincidences between flares and rapid PA rotations would be
expected to occur by chance is necessary. This falls outside the scope of this paper.
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Figure 4. Polarization degree and angle variability pattern using all the data available in the literature.
We used the criterion of keeping the difference between two consecutive measurements smaller than
90o to solve the 180o multiplicity. We indicated by dashed lines the epochs in which large variations of
the polarization angle in short timescales took place, and at least two of them seem to be coincide with
to the occurrence of optical flares.

4. Conclusions

In this communication we discussed the monitoring campaign reported by Beaklini et al. [13].
At radio wavelengths, We reported a delay between the radio and the γ-ray emission, with the high
energy flux density coming first. We interpreted the gradual increase in the radio flux density as a
consequence of the superposition of the emission of new jet components. In the polarimetric optical
data, we detected a large rotation in PA in an interval of only two days; we interpreted this rotation as a
consequence of the ejection of a new polarized component. Using polarization data from the literature
to minimize the gap between the observations, we obtained a more complete view of the variability
of the polarization angle during the 2009 γ-ray activity phase. In those data, presented in Figure 4,
one can clearly see the existence of double rotation events between MJD 54940-54950 and between MJD
54957-54963, where PA rotated first in one sense and then returned back to a the previous level after
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rotating in the opposite direction. We also identified other rapid rotation that occurred simultaneously
with the R-band flares, but this did not always happen.
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