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radio jet emission   
Angelakis et al., 2015, A&A, 575, A55

➡ 10 radio frequencies 2.6 — 143 GHz

➡ ~1-month cadence, over ~5 years 

➡  radio monitoring of the 4 NLSy1s 

detected by Fermi at the time


➡ typical blazar phenomenology but 
lower flux densities


➡ Doppler factors below 10: moderately 
relativistic jets  


➡ jet power comparable to the least 
energetic blazars (BL Lac objects)
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➡ 10 radio frequencies 2.6 — 143 GHz

➡ ~1-month cadence, over ~5 years 

➡  radio monitoring of the 4 NLSy1s 

detected by Fermi at the time


➡ typical blazar phenomenology but 
lower flux densities


➡ Doppler factors below 10: moderately 
relativistic jets  


➡ jet power comparable to the least 
energetic blazars (BL Lac objects)


➡ intense spectral evolution: particle 
acceleration events (e.g. shocks)



jet kinematics: 1H 0323+342    
Fuhrmann et al., 2016, RAA,16,176F

multi-epoch 15 GHz VLBA images 
(MOJAVE) & F-GAMMA data: 

➡ 6 moving components and one quasi-

stationary feature

➡ apparent speeds ranging 0.93— 6.92 c 

➡ δvar ~ 5.2

➡ viewing angle towards 1H 0323+342: 
θvar ≤ 4◦–13◦: validating the aligned 
geometry scenario  

6 L. Fuhrmann, V. Karamanavis, S. Komossa et al.
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Fig. 2 Eight uniformly-weighted MODELFIT maps of 1H 0323+342 from the MOJAVE
observations at 15 GHz. Contour levels correspond to �0.3%, 0.3%, 0.6%, 1.2%, 2.4%, 4.8%,
9.6%, 19.2% and 38.4% of the highest peak flux density of 0.344 Jy beam�1 (epoch 2011.17)
for common reference. All maps are convolved with an average beam with major and minor
axes of 0.77 and 0.48 mas, respectively, with the major axis at PA = �5

�.

After the gap of emission, when the jet becomes visible again, the flow is characterized by slower
speeds. Components C3, C2 and C1 are used to describe the elongated area of emission extending at a



optical polarisation variability   
Angelakis et al., in prep.

scope:

➡ study the polarisation variability 

➡ search for rotations of the PA

sample:

➡ 10 Radio Loud NLSy1s 

➡ 5 detected by Fermi 


dataset:

➡ RoboPol, KANATA, Perkins & Steward
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Table 1. List of sources in our sample and their relevant parameters.

ID Survey ID Redshift MBH R Notes

J0324+3410 1H 0323+342 0.062900 1 2×107 A 318 O Fermi detected5

J0849+5108 SBS 0846+513 0.584701 2 0.8 - 9.8×107 B,C,D 1445 J Fermi detected6

J0948+0022 PMN J0948+0022 0.585102 2 0.4 - 8.1×108 E,F 355 J Fermi detected7

J1305+5116 WISE J130522.75+511640.3 0.787552 2 3.2×108 J 223 J Optical spec. indicates strong outflow.
J1505+0326 PKS 1502+036 0.407882 2 0.04 - 2×108 G,H,5,I 1549 J Fermi detected5

J1548+3511 HB89 1546+353 0.479014 2 7.9×107 J 692 J Evidence for past radio variability.
J1628+4007 RX J16290+4007 0.272486 2 3.5×107 L 29 N Optically variable.
J1633+4718 RX J1633.3+4718 0.116030 4 3×106 K 166 J Evidence for past radio variability.
J1644+2619 FBQS J1644+2619 0.145000 3 2.1×108 M 447 N Fermi detected8

J1722+5654 SDSS J172206.02+565451.6 0.425967 2 2.5×107 J 234 J Evidence for high-amplitude optical variability.

Notes. Columns: (1) Source identifier, (2) Survey identifier, (3) redshift, (4) black hole mass, (5) radio loudness.

References. (1) Zhou et al. (2007); (2) Hewett & Wild (2010); (3) Foschini et al. (2015); (4) Oh et al. (2015); (5) Abdo et al. (2009b); (6)
D’Ammando et al. (2012); (7) Abdo et al. (2009a); (8) D’Ammando et al. (2015); (A) Landt et al. (2017); (B) Zhou et al. (2005); (C) Shen et al.
(2011); (D) Paliya et al. (2016); (E) Zhou et al. (2003); (F) Abdo et al. (2009a); (G) Yuan et al. (2008); (H) Paliya & Stalin (2016); (I) Calderone
et al. (2013); (J) Yuan et al. (2008); (K) Yuan et al. (2010); (L) Foschini et al. (2015); (M) D’Ammando et al. (2017); (N) Doi et al. (2016); (O)
Foschini (2011)

the Rice distribution tends to a normal one with a mean around
the true value of polarisation p0 and a spread σp. Vinokur
(1965); Simmons & Stewart (1985); Naghizadeh-Khouei &
Clarke (1993) have investigated the distributions of the observed
amplitudes and the angles from repeated observation and thor-
ough descriptions of the problem can be found in Wardle &
Kronberg (1974); Vaillancourt (2006); Clarke (2010).

Concerning the amplitude of polarisation we adopt the same
approach as in Pavlidou et al. (2014); as a best-guess of p0 we
take the approximation of the maximum-likelihood estimator p̂
given by Vaillancourt (2006):

p̂ =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 for p/σp <
√

2
√

p2 − σ2
p for p/σp ≥

√
2

(2)

The uncertainty in the de-biased polarisation fraction is set to the
observed one σp as long as it is bounded at zero.

Because we are interested in the occurrence of long rotations
of the polarisation plane, it is particularly important to assess the
uncertainty in the polarisation angle even in cases of low SNR.
For that matter we adopt the approach presented by Naghizadeh-
Khouei & Clarke (1993). We solve their Eq. 4 for σθ with the
SNR of the de-biased value (p̂/σp). σθ is then taken as the un-
certainty in the angle σχ.

4. The temporal behaviour of the optical EVPA

4.1. Nomenclature, assumptions, and conventions

First we clarify the conventions and terminology used in the fol-
lowing sections as well as post-measurement data treatment.

Let us first consider the EVPA data points. Initially, the
EVPAs are computed from the measured q and u as:

χ =
1
2
· arctan

(

u

q

)

(3)

and hence carry the inherit “n × π” ambiguity. For each (q, u)
pair we choose Eq. 3’s solution for which the difference from
the previous data point is less than 90◦. The resulting data points

are then termed adjusted, (χadj), and are referred to in the follow-
ing discussion. This adjustment is made under the assumption of
minimal variability between adjacent data points.

Phases of significant EVPA variability are defined as se-
quences of data points over which χadj changes significantly be-
tween consecutive points. Such periods are marked in plots as
Fig. 1 by dotted coloured lines. Lines of the same colour con-
nect data points that show an overall trend in the same direction.
Over such periods insignificant changes in the opposite direction
are allowed. This approach is described in detail in Kiehlmann
et al. (2016). We consider such periods as long EVPA rotations,
when they:

1. exceed 90◦
2. consist of at least 3 data points.

Such periods are marked with solid coloured lines. A rotation is
terminated when significant variability shows a change in sign.

In the following we study the temporal behaviour of the op-
tical polarisation for sources with large enough datasets. For the
remaining we list all their RoboPol measurements in table 2.

4.2. J1505+0326

We choose to start with the source J1505+0326, because (a) it
shows clearly discernible events making the description of the
followed approach easier, and (b) because our analysis that we
present below showed that it is the best candidate to have under-
gone an intrinsic long rotation.

Figure 1 presents the RoboPol and Perkins observations
of the optical linear polarisation parameters p and χadj of
J1505+0326. The coloured lines (dotted or solid) mark five pe-
riods of significant, continuous EVPA variability that we have
detected. Three of the events consist of only two consecutive
data points (dotted lines). The remaining two are made of more
than three sequential data points and exceed the limit of 90◦ and
thus qualify as rotation candidates (solid lines).

4.2.1. The long rotation

Figure 2 zooms on the largest of the potential rotations (MJD
56790 – 56880). Its change in angle ∆χadj is −309.5◦ and lasts

3
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Fig. 1. De-biased polarisation fraction p and adjusted EVPA (χadj) as a function of time for J1505+0326. The coloured lines mark periods of
significant monotonous – within the uncertainties – EVPA evolution. Solid lines mark periods of long rotations (i.e. at least three sequential data
points and angle larger than 90◦). Red and blue connecting lines are usd alternatively to ease reading.

for approximately Trot = 83 days yielding a mean rotation rate of
∆χadj/Trot = −3.7 deg d−1. However, the combination of sparse
sampling and large uncertainties in the angle makes the estimate
of the direction of a rotation highly uncertain.

As we discussed in Section 4.1, for each pair (q, u) we choose
the solution of Eq. 3 for which the absolute difference, |∆χadj|,
from the previous angle is less than 90◦. This condition controls
the direction of the EVPA evolution. However, the uncertainty
associated with each angle computation must also be accounted
for when this condition is checked. If it happens that the sum
of the absolute difference |∆χadj| between two consecutive data
points and the uncertainty in that difference σ∆χadj exceeds 90◦
i.e. 90◦ ≤ |∆χadj| + σ∆χadj , the direction of the rotation becomes
uncertain as both solutions of Eq. 3, χ and χ+ π could be valid4.

With the exception of the earliest measurement (left-most
point), each angle measurement (solid symbols) in Fig. 2 is
paired with its 180◦ conjugate (empty symbols). The critical
steps with 90◦ ≤ |∆χadj| + σ∆χadj , are shown in red. Clearly, their
number prevents us from reliably telling the direction that the
EVPA follows making the detection of the rotation uncertain.

The uncertainty in the detected rotation can also be shown
by examining the effect of the uncertainties in q and u on the
rotation angle. For simplicity, we assume that the measured q
and u are the means of the Gaussian distributed fractional Stokes
parameters which is equivalent to saying that they describe the
“real” intrinsic behaviour of the source. We then add Gaussian
noise based on their uncertainties and re-calculate the EVPA
curve and compare its parameters with those of the observed
one. In Fig. 3 we show the distribution of rotation angles, ∆χadj,
for a total of 104 simulated light curves. On the basis of our as-
sumptions the probability of detecting a rotation with an absolute
angle |∆χadj| within 1σ of the observed value is approximately
0.22. For larger rotations (|∆χadj| ≥ 309.5◦) the probability is
around 0.081.

4 Clearly, in the absence of physical constrains any solution of the
form n · π is equally valid. The choice of the smallest step is justified by
the assumption of minimal variability.

From this we conclude that we cannot be confident about
the intrinsic evolution of the EVPA. Even if we knew the intrin-
sic variability, the limited sampling and the measurement uncer-
tainties would allow a vast range of possible EVPA curves with
different rotation angles. Subsequently, the previous test can tell
us what is the most likely observation, but it cannot tell us any-
thing about the intrinsic variability. For example, although the
bin with the largest probability appears around −140◦, this does
not imply that the intrinsic EVPA rotation covers, most probably,
140◦.

Finally, the data points in Fig. 2 could be aligned with
roughly the same rotation rate if 180-degree shifts were cho-
sen accordingly instead of obeying the convention of smallest
change between consecutive measurements. This would result
in a rotation 360◦ larger than shown in Fig. 2. Clearly, the mea-
surement of an intrinsic rotation is limited by the sparse sam-
pling and the 180-degree-ambiguity. All following simulations
use exactly the same time sampling as the data and thus are af-
fected by the 180-degrees-ambiguity in the same way as the data.

In order to assess the reliability of the observed event we take
two steps:

1. We first estimate the probability that the measurement uncer-
tainties induce a fake rotation in the absence of a real,

2. we estimate the likelihood of an intrinsic rotation given the
observed data.

4.2.2. Is the observed rotation an artefact of noise?

Here we assess the probability of the observational noise induc-
ing the apparent rotation in the absence of an intrinsic rotation;
that is, assuming dχintr/dt = 0 deg d−1.

For simplicity, we set q to the mean polarisation fraction in
our simulations during the observed rotation prot and u to zero,
which results in χadj = 0◦. Subsequently, we add Gaussian noise
N to these values according to the estimated uncertainties:

q = prot +N(0,σq) (4)
u = N(0,σu). (5)

4
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Fig. 7. The polarisation variability curve of J0324+3410. Upper panel: The de-biased polarisation fraction over time. Lower pannel: The EVPA
over time. The coloured lines mark periods of monotonous – within the uncertainties – EVPA evolution.

Fig. 8. The distribution of monotonous rotation angles identified for
J0324+3410.

around MJD 56595.6 – 56633.5 with an angle of 349 ± 66◦ and
a mean rate of 9 deg d−1.

4.3.1. The largest potential rotation

Figure 10 (upper panel) demonstrates the uncertainty associated
with the evolution of the measured EVPA. All steps are critical
and one cannot be certain of the direction the EVPA intrinsically
takes at any point in its evolution.

Following the approach presented in Section 4.2.2, we ex-
amine whether the uncertainties in q and u alone can cause the
observed rotation in the absence of an intrinsic rotation. We as-
sume again that the measured q and u are correct estimates of
the means of the Gaussian distributed Stokes parameters. After
running 104 simulations we find that the probability of finding
one full rotation (passing over all points) is ∼ 2 × 10−2 (Eq. 6)
while that of finding a full rotation with absolute angle larger
than observed, only 8 × 10−4 (Eq. 8).

Most likely the EVPA indeed undergoes intrinsic variabil-
ity. It is not impossible that the observed event is an artefact of
the noise while the EVPA remains intrinsically unchanged. The
associated probability is however low (P ∼ 10−3).

To estimate the most probable parameters of the intrinsic
EVPA variability, we make the assumptions of constant intrin-

sic EVPA rotation rate (Section 4.2.3), and the constancy of the
polarisation fraction during the intrinsic rotation. After 2.5×104

iterations we find that the most likely intrinsic rotation rate for a
full rotation with an angle at least as large as the observed one, is
19 ± 0.5 deg d−1 (probability: 0.01). The most probable rotation
rate for a full rotation with an angle within 1σ of the observed
one, is 10 ± 0.25 deg d−1 (probability: 0.033). The computed
probabilities are indeed low. Yet, they are higher than those for
the pure noise scenario, indicating that intrinsic variability is
more likely. Nevertheless, the low probability indicates that the
simple assumption of a constant rotation rate is not likely.

4.3.2. The second largest potential rotation

In the lower panel of Fig. 10 we show the second largest potential
rotation. The probability of this event resulting purely from noise
is low ∼ 10−3. Hence, most likely the variability is intrinsic even
if we are uncertain of its parameters. After 2.5 · 104 simulated
EVPA curves we find that for a full rotation with an angle at
least as large as the observed one, the most probable intrinsic
rate is 10 ± 0.25 deg d−1 (P = 0.01). For a full rotation over an
angle within 1σ of the observed one, the most probable rate is
9.5 ± 0.25 deg d−1 (P = 0.008).

These probabilities are low and comparable to those of the
noise artefact hypothesis. An intrinsic rotation of constant rate
is only marginally more likely than noise. A realistic scenario
would be that the observed behaviour results from the combi-
nation of intrinsic variability and observational noise. The noise
makes the observed rotation angle an inadequate indicator of the
intrinsic behaviour. Although there may be intrinsic variability,
we cannot reproduce it due to the noisy data.

4.4. J0849+5108 and J0948+0022

In Fig. 11 we show the χadj and p curves for J0849+5108 (upper
panel) and J0948+0022 (lower panel) as a function of time. The
Perkins and RoboPol datasets available for J0849+5108 revealed
a total of nine rotations none of which exceeded 90◦. Clearly,
despite the clear signs of variability, the data sparseness prevents
any understanding of the intrinsic nature of the variability.

7
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“pulse” the polarisation exceeded 30 % while, interestingly,
the polarisation angle i.e. the electric vector position angle
(EVPA), appeared unchanged. The authors interpreted their
findings as evidence of synchrotron emission radiated from
a compact region of highly ordered magnetic field. In the
case of J0849+5108 on the other hand, Maune et al. (2014)
observed rapid intra-night variability in polarisation degree
and angle during a major broadband outburst event which
lasted for roughly five days. More recently, Itoh et al. (2014)
studied 1H 0323+342. They reported that the EVPA remained
practically constant parallel to the jet orientation implying a
magnetic field transverse to the jet axis.

Long rotations of the optical EVPA have been found in
blazars (e.g. Kikuchi et al. 1988; Marscher et al. 2008, 2010;
Abdo et al. 2010; Blinov et al. 2016a). Models that have been put
forth to interpret the observations include: physical rotation of
emission elements on a helical trajectory (Marscher et al. 2008),
propagation in large scale bent jet (Abdo et al. 2010), turbulent
plasma processes resulting random walks (Marscher 2014), or
light travel time effects within an axisymmetric emission region
(Zhang et al. 2015). Interestingly, it has been argued that likely
they are associated with increased gamma-ray activity (Blinov
et al. 2018).

Beyond the potential of polarisation monitoring to probe
the physical processes at the emission site, EVPA rotations can
assist understanding the conditions during the high energy jet
emission production. In this context we wish to: (a) examine
whether similar events occur in RL NLSy1s, (b) parametrise
them and examine the association with the high energy activ-
ity, and (c) ultimately understand the mechanisms producing
them. Here we present a study of a sample of 10 RL NLSy1s.
Five of them are detected by Fermi (c.f. Section 2 and table 1).
Whenever the datasets allow us, we search for significant EVPA
variability and EVPA rotations. For the two best sampled sources
we find evidence for intrinsic rotations. This is the first time that
such events are reported for RL NLSy1s. In the following we
emphasise on both our findings and the method for assessing the
probability that the observed behaviour is caused by intrinsic ro-
tations.

2. Source sample and dataset

The selection of our sample has been based mostly on the ra-
dio loudness (RL) and the observability of the sources from the
Skinakas telescope (i.e. magnitude and position). It includes five
of the eight sources that have been reported to radiate significant
emission in the MeV – GeV energy range (Abdo et al. 2009a,b;
D’Ammando et al. 2012, 2015; Yao et al. 2015; Liao et al. 2015).
Those have inevitably been receiving more attention. It also in-
cludes another five RL sources that make up a total of ten targets.
All the sources with at least one data point from our monitoring
have been listed in table 1.

2.1. The RoboPol dataset

The RoboPol2 dataset has been the basis for the present study.
The instrument is mounted on the 1.3-m telescope of the
Skinakas observatory (Papamastorakis 2007) and has been mon-
itoring our sample in the R-band. All the details of the measure-
ment techniques and the instrument characteristics are discussed
in King et al. (2014) and Angelakis et al. (2016) where post-
measurement quality criteria are discussed in detail.

2 http://robopol.org

2.2. The KANATA dataset

The Kanata observations were conducted with the 1.5-m tele-
scope of Higashi-Hiroshima Observatory. The polarimetry was
performed with the HOWPol polarimeter (Kawabata et al. 2008).
The observing cycle includes successive exposures at four posi-
tion angles of a half-wave plate at 0, 45, 22.5, and 67.5◦. The
instrumental polarisation (peaking at ∼ 4 %), was modelled and
removed before further analysis. The residual uncertainties are
estimated from large numbers of unpolarised standard stars, and
is smaller than 0.5 %.

2.3. The Perkins dataset

The Perkins dataset was obtained with a Johnson R filter us-
ing the PRISM instrument on the 1.8-m Perkins Telescope of
the Lowell Observatory which also includes a rotating half-wave
plate polarimeter. The observing cycle included exposures with
the half-wave plate at 0, 45, 90, and 135◦. The averages of two to
four such cycles was used as the final measurement. Instrumental
offsets of the EVPA and percent polarisation (usually less than
1%) were determined by observing in-field polarised and unpo-
larised standard stars (Schmidt et al. 1992).

2.4. The Steward Observatory dataset

The Steward Observatory data have also been obtained at R-band
and they have been retrieved from the online archive3. The data
acquisition and reduction is described in Smith et al. (2009).

3. Rice bias treatment

The functional dependence of the polarisation fraction p on
the normalised Stokes parameters q and u introduces a bias in
its determination from repeated observations in the presence of
noise. The effect becomes particularly important at low signal-
to-noise ratios (SNRs). Here we study the temporal behaviour of
the EVPA from observations of already moderate sampling. To
avoid unnecessary data loss that could be imposed by using only
high significance data we use all available observations after we
treat the Rice bias.

Let us assume a fixed polarisation vector with real amplitude
p0 at an angle of χ0 which is observed in the presence of ex-
perimental noise. Unless the SNR is large, none of the observed
polarisation parameters p and χ determined from repeated ob-
servations will follow a normal distribution even though χ will
be populating a distribution symmetric around χ0.

Due to the presence of Gaussian noise the q and u will be
normally distributed about their true values q0 and u0 respec-
tively and with equal uncertainties σq = σu = σq0 = σu0 which
are also equal to that in p, σp. The probability, however, of mea-
suring polarisation in the range

[

p, p + dp
]

independently of po-
larisation angle (by integrating over all angles) – as it was first
demonstrated by Serkowski (1958) – will be given by the Rice
distribution (Rice 1945)

F(p | p0)dp =
p

σp
exp

⎡

⎢

⎢

⎢

⎢

⎣

−
p2 + p2

0

2σ2
p

⎤

⎥

⎥

⎥

⎥

⎦

I0

⎛

⎜

⎜

⎜

⎜

⎝

pp0

σ2
p

⎞

⎟

⎟

⎟

⎟

⎠

dp

σp
(1)

with I0 the zeroth-order modified Bessel function. The asymme-
try of Eq. 1 with respect to p and p0 is the cause for the ob-
served polarisation bias especially at low SNRs. At high SNRs

3 http://james.as.arizona.edu/ psmith/Fermi/
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Table 1. List of sources in our sample and their relevant parameters.

ID Survey ID Redshift MBH R Notes

J0324+3410 1H 0323+342 0.062900 1 2×107 A 318 O Fermi detected5

J0849+5108 SBS 0846+513 0.584701 2 0.8 - 9.8×107 B,C,D 1445 J Fermi detected6

J0948+0022 PMN J0948+0022 0.585102 2 0.4 - 8.1×108 E,F 355 J Fermi detected7

J1305+5116 WISE J130522.75+511640.3 0.787552 2 3.2×108 J 223 J Optical spec. indicates strong outflow.
J1505+0326 PKS 1502+036 0.407882 2 0.04 - 2×108 G,H,5,I 1549 J Fermi detected5

J1548+3511 HB89 1546+353 0.479014 2 7.9×107 J 692 J Evidence for past radio variability.
J1628+4007 RX J16290+4007 0.272486 2 3.5×107 L 29 N Optically variable.
J1633+4718 RX J1633.3+4718 0.116030 4 3×106 K 166 J Evidence for past radio variability.
J1644+2619 FBQS J1644+2619 0.145000 3 2.1×108 M 447 N Fermi detected8

J1722+5654 SDSS J172206.02+565451.6 0.425967 2 2.5×107 J 234 J Evidence for high-amplitude optical variability.

Notes. Columns: (1) Source identifier, (2) Survey identifier, (3) redshift, (4) black hole mass, (5) radio loudness.

References. (1) Zhou et al. (2007); (2) Hewett & Wild (2010); (3) Foschini et al. (2015); (4) Oh et al. (2015); (5) Abdo et al. (2009b); (6)
D’Ammando et al. (2012); (7) Abdo et al. (2009a); (8) D’Ammando et al. (2015); (A) Landt et al. (2017); (B) Zhou et al. (2005); (C) Shen et al.
(2011); (D) Paliya et al. (2016); (E) Zhou et al. (2003); (F) Abdo et al. (2009a); (G) Yuan et al. (2008); (H) Paliya & Stalin (2016); (I) Calderone
et al. (2013); (J) Yuan et al. (2008); (K) Yuan et al. (2010); (L) Foschini et al. (2015); (M) D’Ammando et al. (2017); (N) Doi et al. (2016); (O)
Foschini (2011)

the Rice distribution tends to a normal one with a mean around
the true value of polarisation p0 and a spread σp. Vinokur
(1965); Simmons & Stewart (1985); Naghizadeh-Khouei &
Clarke (1993) have investigated the distributions of the observed
amplitudes and the angles from repeated observation and thor-
ough descriptions of the problem can be found in Wardle &
Kronberg (1974); Vaillancourt (2006); Clarke (2010).

Concerning the amplitude of polarisation we adopt the same
approach as in Pavlidou et al. (2014); as a best-guess of p0 we
take the approximation of the maximum-likelihood estimator p̂
given by Vaillancourt (2006):

p̂ =

⎧

⎪
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⎨

⎪

⎪
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0 for p/σp <
√

2
√

p2 − σ2
p for p/σp ≥

√
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(2)

The uncertainty in the de-biased polarisation fraction is set to the
observed one σp as long as it is bounded at zero.

Because we are interested in the occurrence of long rotations
of the polarisation plane, it is particularly important to assess the
uncertainty in the polarisation angle even in cases of low SNR.
For that matter we adopt the approach presented by Naghizadeh-
Khouei & Clarke (1993). We solve their Eq. 4 for σθ with the
SNR of the de-biased value (p̂/σp). σθ is then taken as the un-
certainty in the angle σχ.

4. The temporal behaviour of the optical EVPA

4.1. Nomenclature, assumptions, and conventions

First we clarify the conventions and terminology used in the fol-
lowing sections as well as post-measurement data treatment.

Let us first consider the EVPA data points. Initially, the
EVPAs are computed from the measured q and u as:

χ =
1
2
· arctan

(

u

q

)

(3)

and hence carry the inherit “n × π” ambiguity. For each (q, u)
pair we choose Eq. 3’s solution for which the difference from
the previous data point is less than 90◦. The resulting data points

are then termed adjusted, (χadj), and are referred to in the follow-
ing discussion. This adjustment is made under the assumption of
minimal variability between adjacent data points.

Phases of significant EVPA variability are defined as se-
quences of data points over which χadj changes significantly be-
tween consecutive points. Such periods are marked in plots as
Fig. 1 by dotted coloured lines. Lines of the same colour con-
nect data points that show an overall trend in the same direction.
Over such periods insignificant changes in the opposite direction
are allowed. This approach is described in detail in Kiehlmann
et al. (2016). We consider such periods as long EVPA rotations,
when they:

1. exceed 90◦
2. consist of at least 3 data points.

Such periods are marked with solid coloured lines. A rotation is
terminated when significant variability shows a change in sign.

In the following we study the temporal behaviour of the op-
tical polarisation for sources with large enough datasets. For the
remaining we list all their RoboPol measurements in table 2.

4.2. J1505+0326

We choose to start with the source J1505+0326, because (a) it
shows clearly discernible events making the description of the
followed approach easier, and (b) because our analysis that we
present below showed that it is the best candidate to have under-
gone an intrinsic long rotation.

Figure 1 presents the RoboPol and Perkins observations
of the optical linear polarisation parameters p and χadj of
J1505+0326. The coloured lines (dotted or solid) mark five pe-
riods of significant, continuous EVPA variability that we have
detected. Three of the events consist of only two consecutive
data points (dotted lines). The remaining two are made of more
than three sequential data points and exceed the limit of 90◦ and
thus qualify as rotation candidates (solid lines).

4.2.1. The long rotation

Figure 2 zooms on the largest of the potential rotations (MJD
56790 – 56880). Its change in angle ∆χadj is −309.5◦ and lasts

3



Angelakis et al.: Radio jet emission in GeV-emitting NLSy1’s

Fig. 1. De-biased polarisation fraction p and adjusted EVPA (χadj) as a function of time for J1505+0326. The coloured lines mark periods of
significant monotonous – within the uncertainties – EVPA evolution. Solid lines mark periods of long rotations (i.e. at least three sequential data
points and angle larger than 90◦). Red and blue connecting lines are usd alternatively to ease reading.

for approximately Trot = 83 days yielding a mean rotation rate of
∆χadj/Trot = −3.7 deg d−1. However, the combination of sparse
sampling and large uncertainties in the angle makes the estimate
of the direction of a rotation highly uncertain.

As we discussed in Section 4.1, for each pair (q, u) we choose
the solution of Eq. 3 for which the absolute difference, |∆χadj|,
from the previous angle is less than 90◦. This condition controls
the direction of the EVPA evolution. However, the uncertainty
associated with each angle computation must also be accounted
for when this condition is checked. If it happens that the sum
of the absolute difference |∆χadj| between two consecutive data
points and the uncertainty in that difference σ∆χadj exceeds 90◦
i.e. 90◦ ≤ |∆χadj| + σ∆χadj , the direction of the rotation becomes
uncertain as both solutions of Eq. 3, χ and χ+ π could be valid4.

With the exception of the earliest measurement (left-most
point), each angle measurement (solid symbols) in Fig. 2 is
paired with its 180◦ conjugate (empty symbols). The critical
steps with 90◦ ≤ |∆χadj| + σ∆χadj , are shown in red. Clearly, their
number prevents us from reliably telling the direction that the
EVPA follows making the detection of the rotation uncertain.

The uncertainty in the detected rotation can also be shown
by examining the effect of the uncertainties in q and u on the
rotation angle. For simplicity, we assume that the measured q
and u are the means of the Gaussian distributed fractional Stokes
parameters which is equivalent to saying that they describe the
“real” intrinsic behaviour of the source. We then add Gaussian
noise based on their uncertainties and re-calculate the EVPA
curve and compare its parameters with those of the observed
one. In Fig. 3 we show the distribution of rotation angles, ∆χadj,
for a total of 104 simulated light curves. On the basis of our as-
sumptions the probability of detecting a rotation with an absolute
angle |∆χadj| within 1σ of the observed value is approximately
0.22. For larger rotations (|∆χadj| ≥ 309.5◦) the probability is
around 0.081.

4 Clearly, in the absence of physical constrains any solution of the
form n · π is equally valid. The choice of the smallest step is justified by
the assumption of minimal variability.

From this we conclude that we cannot be confident about
the intrinsic evolution of the EVPA. Even if we knew the intrin-
sic variability, the limited sampling and the measurement uncer-
tainties would allow a vast range of possible EVPA curves with
different rotation angles. Subsequently, the previous test can tell
us what is the most likely observation, but it cannot tell us any-
thing about the intrinsic variability. For example, although the
bin with the largest probability appears around −140◦, this does
not imply that the intrinsic EVPA rotation covers, most probably,
140◦.

Finally, the data points in Fig. 2 could be aligned with
roughly the same rotation rate if 180-degree shifts were cho-
sen accordingly instead of obeying the convention of smallest
change between consecutive measurements. This would result
in a rotation 360◦ larger than shown in Fig. 2. Clearly, the mea-
surement of an intrinsic rotation is limited by the sparse sam-
pling and the 180-degree-ambiguity. All following simulations
use exactly the same time sampling as the data and thus are af-
fected by the 180-degrees-ambiguity in the same way as the data.

In order to assess the reliability of the observed event we take
two steps:

1. We first estimate the probability that the measurement uncer-
tainties induce a fake rotation in the absence of a real,

2. we estimate the likelihood of an intrinsic rotation given the
observed data.

4.2.2. Is the observed rotation an artefact of noise?

Here we assess the probability of the observational noise induc-
ing the apparent rotation in the absence of an intrinsic rotation;
that is, assuming dχintr/dt = 0 deg d−1.

For simplicity, we set q to the mean polarisation fraction in
our simulations during the observed rotation prot and u to zero,
which results in χadj = 0◦. Subsequently, we add Gaussian noise
N to these values according to the estimated uncertainties:

q = prot +N(0,σq) (4)
u = N(0,σu). (5)
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Fig. 7. The polarisation variability curve of J0324+3410. Upper panel: The de-biased polarisation fraction over time. Lower pannel: The EVPA
over time. The coloured lines mark periods of monotonous – within the uncertainties – EVPA evolution.

Fig. 8. The distribution of monotonous rotation angles identified for
J0324+3410.

around MJD 56595.6 – 56633.5 with an angle of 349 ± 66◦ and
a mean rate of 9 deg d−1.

4.3.1. The largest potential rotation

Figure 10 (upper panel) demonstrates the uncertainty associated
with the evolution of the measured EVPA. All steps are critical
and one cannot be certain of the direction the EVPA intrinsically
takes at any point in its evolution.

Following the approach presented in Section 4.2.2, we ex-
amine whether the uncertainties in q and u alone can cause the
observed rotation in the absence of an intrinsic rotation. We as-
sume again that the measured q and u are correct estimates of
the means of the Gaussian distributed Stokes parameters. After
running 104 simulations we find that the probability of finding
one full rotation (passing over all points) is ∼ 2 × 10−2 (Eq. 6)
while that of finding a full rotation with absolute angle larger
than observed, only 8 × 10−4 (Eq. 8).

Most likely the EVPA indeed undergoes intrinsic variabil-
ity. It is not impossible that the observed event is an artefact of
the noise while the EVPA remains intrinsically unchanged. The
associated probability is however low (P ∼ 10−3).

To estimate the most probable parameters of the intrinsic
EVPA variability, we make the assumptions of constant intrin-

sic EVPA rotation rate (Section 4.2.3), and the constancy of the
polarisation fraction during the intrinsic rotation. After 2.5×104

iterations we find that the most likely intrinsic rotation rate for a
full rotation with an angle at least as large as the observed one, is
19 ± 0.5 deg d−1 (probability: 0.01). The most probable rotation
rate for a full rotation with an angle within 1σ of the observed
one, is 10 ± 0.25 deg d−1 (probability: 0.033). The computed
probabilities are indeed low. Yet, they are higher than those for
the pure noise scenario, indicating that intrinsic variability is
more likely. Nevertheless, the low probability indicates that the
simple assumption of a constant rotation rate is not likely.

4.3.2. The second largest potential rotation

In the lower panel of Fig. 10 we show the second largest potential
rotation. The probability of this event resulting purely from noise
is low ∼ 10−3. Hence, most likely the variability is intrinsic even
if we are uncertain of its parameters. After 2.5 · 104 simulated
EVPA curves we find that for a full rotation with an angle at
least as large as the observed one, the most probable intrinsic
rate is 10 ± 0.25 deg d−1 (P = 0.01). For a full rotation over an
angle within 1σ of the observed one, the most probable rate is
9.5 ± 0.25 deg d−1 (P = 0.008).

These probabilities are low and comparable to those of the
noise artefact hypothesis. An intrinsic rotation of constant rate
is only marginally more likely than noise. A realistic scenario
would be that the observed behaviour results from the combi-
nation of intrinsic variability and observational noise. The noise
makes the observed rotation angle an inadequate indicator of the
intrinsic behaviour. Although there may be intrinsic variability,
we cannot reproduce it due to the noisy data.

4.4. J0849+5108 and J0948+0022

In Fig. 11 we show the χadj and p curves for J0849+5108 (upper
panel) and J0948+0022 (lower panel) as a function of time. The
Perkins and RoboPol datasets available for J0849+5108 revealed
a total of nine rotations none of which exceeded 90◦. Clearly,
despite the clear signs of variability, the data sparseness prevents
any understanding of the intrinsic nature of the variability.
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Table 2. The RoboPol measurements for the sources that did not al-
low studies of the temporal evolution of the EVPA. The data have been
corrected for the Rice bias.

JD p̂ σp χ σχ
(◦) (◦)

J1305+5116

2457209.285 0.011 0.008 -29.6 21.2
2457240.322 0.008 0.007 -8.9 23.7

J1548+3511

2457209.367 0.000 0.013 47.9 61.4
2457240.364 0.021 0.011 -10.8 16.5
2457264.291 0.058 0.016 -32.9 8.0

J1628+4007

2457209.405 0.000 0.008 -25.0 61.4
2457254.323 0.000 0.009 -45.3 61.4

J1633+4718

2457209.425 0.021 0.005 -8.1 7.0
2457228.395 0.030 0.005 -5.6 5.2
2457240.384 0.019 0.006 3.7 9.2
2457254.345 0.027 0.005 -3.1 5.0

J1644+2619

2457209.445 0.039 0.008 -24.2 5.8
2457230.387 0.000 0.011 -32.5 61.4
2457240.404 0.031 0.006 -16.8 6.0
2457254.358 0.012 0.012 -34.8 28.8

J1722+5654

2457228.434 0.000 0.014 -33.2 61.4
2457240.429 0.000 0.015 -37.7 61.4

Notes. Columns: (1) Julian date, (2) de-biased polarisation fraction, (3)
uncertainty in the de-biased polarisation fraction, (4) polarisation angle
(EVPA), (5) uncertainty in the EVPA.

Figure 5 shows the resulting probability distributions. For a
full rotation over angles at least as large as the observed one
the most likely intrinsic rotation rate is −8.9±0.1 deg d−1 with a
corresponding probability of 0.11 (green diamonds). The second
most probable rate is −3.9 ± 0.1 deg d−1 with a probability of
0.068. For a full rotation over an angle within 1σ of the observed
one (orange diamonds), the most probable intrinsic rotation rate
is found to be −3.1±0.1 deg d−1 with a probability of 0.129 while
the second most likely one −8.3 ± 0.1 deg d−1 with probability
0.119.

In Fig. 6 we show the distribution of rotation angle at the
most likely intrinsic rotation rates based on the 1σ-criterion (up-
per panel) and on the basis of the extreme-span-criterion (lower
panel, case 3 of Section 4.2.3). The observed rotation angle
(dashed vertical line) is consistent with an intrinsically constant
rotation. Considering the conclusions of Section 4.2.2, we re-
alise that it is much more likely that an intrinsic EVPA rotation
(with the addition of pseudo-variability introduced by the uncer-
tainties) is causing the observed event.

Fig. 5. The probability distributions assuming an intrinsic EVPA rota-
tion with a constant rate.

Fig. 6. The distribution of rotation angles at the most likely intrinsic
rotation rates based on the 1σ (upper panel) and the extreme-span-
criterion (lower panel, case 3 of Section 4.2.3). The dashed line marks
the observed value and the gray area the 1σ uncertainty.

We conclude that, assuming a constant rotation rate, the ob-
served rotation is more likely the result of an intrinsic event
rather than of pure noise. Allowing for a non-constant rate would
increase the likelihood of the modelled intrinsic rotation.

4.3. J0324+3410

The same analysis presented in Section 4.2 is applied to
J0324+3410. In Fig. 7 we show the observed polarisation frac-
tion p and angle χadj as a function of time. The dataset includes
RoboPol, KANATA, Perkins, and the Steward observatory mea-
surements.

Both χadj and p shows significant variability. Figure 8 shows
the distribution rotation angles ∆χadj. Of the 28 detected rota-
tions 10 are classified as long as they exceed 90◦. The minimum
rotation angle was found to be approximately 19◦ while the max-
imum is 402◦. Figure 9 focuses on the area where two major po-
tential rotations occur. The largest one happens at around MJD
56640.5 – 56672.4 over 402 ± 87◦ corresponding to a mean rate
of approximately 13 deg d−1. The second largest event happens
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Fig. 7. The polarisation variability curve of J0324+3410. Upper panel: The de-biased polarisation fraction over time. Lower pannel: The EVPA
over time. The coloured lines mark periods of monotonous – within the uncertainties – EVPA evolution.

Fig. 8. The distribution of monotonous rotation angles identified for
J0324+3410.

around MJD 56595.6 – 56633.5 with an angle of 349 ± 66◦ and
a mean rate of 9 deg d−1.

4.3.1. The largest potential rotation

Figure 10 (upper panel) demonstrates the uncertainty associated
with the evolution of the measured EVPA. All steps are critical
and one cannot be certain of the direction the EVPA intrinsically
takes at any point in its evolution.

Following the approach presented in Section 4.2.2, we ex-
amine whether the uncertainties in q and u alone can cause the
observed rotation in the absence of an intrinsic rotation. We as-
sume again that the measured q and u are correct estimates of
the means of the Gaussian distributed Stokes parameters. After
running 104 simulations we find that the probability of finding
one full rotation (passing over all points) is ∼ 2 × 10−2 (Eq. 6)
while that of finding a full rotation with absolute angle larger
than observed, only 8 × 10−4 (Eq. 8).

Most likely the EVPA indeed undergoes intrinsic variabil-
ity. It is not impossible that the observed event is an artefact of
the noise while the EVPA remains intrinsically unchanged. The
associated probability is however low (P ∼ 10−3).

To estimate the most probable parameters of the intrinsic
EVPA variability, we make the assumptions of constant intrin-

sic EVPA rotation rate (Section 4.2.3), and the constancy of the
polarisation fraction during the intrinsic rotation. After 2.5×104

iterations we find that the most likely intrinsic rotation rate for a
full rotation with an angle at least as large as the observed one, is
19 ± 0.5 deg d−1 (probability: 0.01). The most probable rotation
rate for a full rotation with an angle within 1σ of the observed
one, is 10 ± 0.25 deg d−1 (probability: 0.033). The computed
probabilities are indeed low. Yet, they are higher than those for
the pure noise scenario, indicating that intrinsic variability is
more likely. Nevertheless, the low probability indicates that the
simple assumption of a constant rotation rate is not likely.

4.3.2. The second largest potential rotation

In the lower panel of Fig. 10 we show the second largest potential
rotation. The probability of this event resulting purely from noise
is low ∼ 10−3. Hence, most likely the variability is intrinsic even
if we are uncertain of its parameters. After 2.5 · 104 simulated
EVPA curves we find that for a full rotation with an angle at
least as large as the observed one, the most probable intrinsic
rate is 10 ± 0.25 deg d−1 (P = 0.01). For a full rotation over an
angle within 1σ of the observed one, the most probable rate is
9.5 ± 0.25 deg d−1 (P = 0.008).

These probabilities are low and comparable to those of the
noise artefact hypothesis. An intrinsic rotation of constant rate
is only marginally more likely than noise. A realistic scenario
would be that the observed behaviour results from the combi-
nation of intrinsic variability and observational noise. The noise
makes the observed rotation angle an inadequate indicator of the
intrinsic behaviour. Although there may be intrinsic variability,
we cannot reproduce it due to the noisy data.

4.4. J0849+5108 and J0948+0022

In Fig. 11 we show the χadj and p curves for J0849+5108 (upper
panel) and J0948+0022 (lower panel) as a function of time. The
Perkins and RoboPol datasets available for J0849+5108 revealed
a total of nine rotations none of which exceeded 90◦. Clearly,
despite the clear signs of variability, the data sparseness prevents
any understanding of the intrinsic nature of the variability.
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Fig. 1. De-biased polarisation fraction p and adjusted EVPA (χadj) as a function of time for J1505+0326. The coloured lines mark periods of
significant monotonous – within the uncertainties – EVPA evolution. Solid lines mark periods of long rotations (i.e. at least three sequential data
points and angle larger than 90◦). Red and blue connecting lines are usd alternatively to ease reading.

for approximately Trot = 83 days yielding a mean rotation rate of
∆χadj/Trot = −3.7 deg d−1. However, the combination of sparse
sampling and large uncertainties in the angle makes the estimate
of the direction of a rotation highly uncertain.

As we discussed in Section 4.1, for each pair (q, u) we choose
the solution of Eq. 3 for which the absolute difference, |∆χadj|,
from the previous angle is less than 90◦. This condition controls
the direction of the EVPA evolution. However, the uncertainty
associated with each angle computation must also be accounted
for when this condition is checked. If it happens that the sum
of the absolute difference |∆χadj| between two consecutive data
points and the uncertainty in that difference σ∆χadj exceeds 90◦
i.e. 90◦ ≤ |∆χadj| + σ∆χadj , the direction of the rotation becomes
uncertain as both solutions of Eq. 3, χ and χ+ π could be valid4.

With the exception of the earliest measurement (left-most
point), each angle measurement (solid symbols) in Fig. 2 is
paired with its 180◦ conjugate (empty symbols). The critical
steps with 90◦ ≤ |∆χadj| + σ∆χadj , are shown in red. Clearly, their
number prevents us from reliably telling the direction that the
EVPA follows making the detection of the rotation uncertain.

The uncertainty in the detected rotation can also be shown
by examining the effect of the uncertainties in q and u on the
rotation angle. For simplicity, we assume that the measured q
and u are the means of the Gaussian distributed fractional Stokes
parameters which is equivalent to saying that they describe the
“real” intrinsic behaviour of the source. We then add Gaussian
noise based on their uncertainties and re-calculate the EVPA
curve and compare its parameters with those of the observed
one. In Fig. 3 we show the distribution of rotation angles, ∆χadj,
for a total of 104 simulated light curves. On the basis of our as-
sumptions the probability of detecting a rotation with an absolute
angle |∆χadj| within 1σ of the observed value is approximately
0.22. For larger rotations (|∆χadj| ≥ 309.5◦) the probability is
around 0.081.

4 Clearly, in the absence of physical constrains any solution of the
form n · π is equally valid. The choice of the smallest step is justified by
the assumption of minimal variability.

From this we conclude that we cannot be confident about
the intrinsic evolution of the EVPA. Even if we knew the intrin-
sic variability, the limited sampling and the measurement uncer-
tainties would allow a vast range of possible EVPA curves with
different rotation angles. Subsequently, the previous test can tell
us what is the most likely observation, but it cannot tell us any-
thing about the intrinsic variability. For example, although the
bin with the largest probability appears around −140◦, this does
not imply that the intrinsic EVPA rotation covers, most probably,
140◦.

Finally, the data points in Fig. 2 could be aligned with
roughly the same rotation rate if 180-degree shifts were cho-
sen accordingly instead of obeying the convention of smallest
change between consecutive measurements. This would result
in a rotation 360◦ larger than shown in Fig. 2. Clearly, the mea-
surement of an intrinsic rotation is limited by the sparse sam-
pling and the 180-degree-ambiguity. All following simulations
use exactly the same time sampling as the data and thus are af-
fected by the 180-degrees-ambiguity in the same way as the data.

In order to assess the reliability of the observed event we take
two steps:

1. We first estimate the probability that the measurement uncer-
tainties induce a fake rotation in the absence of a real,

2. we estimate the likelihood of an intrinsic rotation given the
observed data.

4.2.2. Is the observed rotation an artefact of noise?

Here we assess the probability of the observational noise induc-
ing the apparent rotation in the absence of an intrinsic rotation;
that is, assuming dχintr/dt = 0 deg d−1.

For simplicity, we set q to the mean polarisation fraction in
our simulations during the observed rotation prot and u to zero,
which results in χadj = 0◦. Subsequently, we add Gaussian noise
N to these values according to the estimated uncertainties:

q = prot +N(0,σq) (4)
u = N(0,σu). (5)
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Fig. 1. De-biased polarisation fraction p and adjusted EVPA (χadj) as a function of time for J1505+0326. The coloured lines mark periods of
significant monotonous – within the uncertainties – EVPA evolution. Solid lines mark periods of long rotations (i.e. at least three sequential data
points and angle larger than 90◦). Red and blue connecting lines are usd alternatively to ease reading.

for approximately Trot = 83 days yielding a mean rotation rate of
∆χadj/Trot = −3.7 deg d−1. However, the combination of sparse
sampling and large uncertainties in the angle makes the estimate
of the direction of a rotation highly uncertain.

As we discussed in Section 4.1, for each pair (q, u) we choose
the solution of Eq. 3 for which the absolute difference, |∆χadj|,
from the previous angle is less than 90◦. This condition controls
the direction of the EVPA evolution. However, the uncertainty
associated with each angle computation must also be accounted
for when this condition is checked. If it happens that the sum
of the absolute difference |∆χadj| between two consecutive data
points and the uncertainty in that difference σ∆χadj exceeds 90◦
i.e. 90◦ ≤ |∆χadj| + σ∆χadj , the direction of the rotation becomes
uncertain as both solutions of Eq. 3, χ and χ+ π could be valid4.

With the exception of the earliest measurement (left-most
point), each angle measurement (solid symbols) in Fig. 2 is
paired with its 180◦ conjugate (empty symbols). The critical
steps with 90◦ ≤ |∆χadj| + σ∆χadj , are shown in red. Clearly, their
number prevents us from reliably telling the direction that the
EVPA follows making the detection of the rotation uncertain.

The uncertainty in the detected rotation can also be shown
by examining the effect of the uncertainties in q and u on the
rotation angle. For simplicity, we assume that the measured q
and u are the means of the Gaussian distributed fractional Stokes
parameters which is equivalent to saying that they describe the
“real” intrinsic behaviour of the source. We then add Gaussian
noise based on their uncertainties and re-calculate the EVPA
curve and compare its parameters with those of the observed
one. In Fig. 3 we show the distribution of rotation angles, ∆χadj,
for a total of 104 simulated light curves. On the basis of our as-
sumptions the probability of detecting a rotation with an absolute
angle |∆χadj| within 1σ of the observed value is approximately
0.22. For larger rotations (|∆χadj| ≥ 309.5◦) the probability is
around 0.081.

4 Clearly, in the absence of physical constrains any solution of the
form n · π is equally valid. The choice of the smallest step is justified by
the assumption of minimal variability.

From this we conclude that we cannot be confident about
the intrinsic evolution of the EVPA. Even if we knew the intrin-
sic variability, the limited sampling and the measurement uncer-
tainties would allow a vast range of possible EVPA curves with
different rotation angles. Subsequently, the previous test can tell
us what is the most likely observation, but it cannot tell us any-
thing about the intrinsic variability. For example, although the
bin with the largest probability appears around −140◦, this does
not imply that the intrinsic EVPA rotation covers, most probably,
140◦.

Finally, the data points in Fig. 2 could be aligned with
roughly the same rotation rate if 180-degree shifts were cho-
sen accordingly instead of obeying the convention of smallest
change between consecutive measurements. This would result
in a rotation 360◦ larger than shown in Fig. 2. Clearly, the mea-
surement of an intrinsic rotation is limited by the sparse sam-
pling and the 180-degree-ambiguity. All following simulations
use exactly the same time sampling as the data and thus are af-
fected by the 180-degrees-ambiguity in the same way as the data.

In order to assess the reliability of the observed event we take
two steps:

1. We first estimate the probability that the measurement uncer-
tainties induce a fake rotation in the absence of a real,

2. we estimate the likelihood of an intrinsic rotation given the
observed data.

4.2.2. Is the observed rotation an artefact of noise?

Here we assess the probability of the observational noise induc-
ing the apparent rotation in the absence of an intrinsic rotation;
that is, assuming dχintr/dt = 0 deg d−1.

For simplicity, we set q to the mean polarisation fraction in
our simulations during the observed rotation prot and u to zero,
which results in χadj = 0◦. Subsequently, we add Gaussian noise
N to these values according to the estimated uncertainties:

q = prot +N(0,σq) (4)
u = N(0,σu). (5)
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Fig. 2. A potential long rotation for J1505+0326. With the exception of the left-most point each angle measurement (solid symbols) is paired
with its 180◦ conjugate (empty symbols). The upper values note EVPA differences (∆χ) and the lower ones their uncertainties (σ∆χ). Red marks
highlight points in which the uncertainty σ∆χ in ∆χ is so large that both solutions of Eq. 3, χ and χ + π, could be valid making the direction of the
rotation uncertain.

Fig. 3. The distribution of ∆χadj in simulated EVPA curves. The grey
areas mark the 1, 2 and 3σ intervals while the dashed line is the ob-
served rotation of 309.5◦. The most probable value (peak of the solid
distribution) is around −140 deg.

N(0,σ) denotes that the noise centres at 0. We run 104 simula-
tions. In each run the same algorithm used for the observed data
was used to identify rotations in the simulation. We count “full
rotations” i.e. rotations which cover the entire dataset as is the
case for the real observations. The probability of finding a full
rotation is :

P (full rotation | dχintr/dt = 0) = 2.7 × 10−2. (6)

We also find that

P (|∆χintr| ≥ 309.5◦| dχintr/dt = 0) = 10−3 (7)

and

P (full rotation; |∆χintr| ≥ 309.5◦| dχintr/dt = 0) = 6 × 10−4 (8)

In Fig. 4 we show the results of the simulations.
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In the following, we wish to estimate the most probable param-
eters of the potential intrinsic rotation.

Our analysis relies on the assumption of a constant intrinsic
rotation rate dχintr/dt. The rotation is simulated in q–u space by
adding Gaussian noise to q and u. We test a range of rotation
rates dχintr/dt = [−12.,−11.5, ...,+0.5] in units of deg d−1. For
each rate we run 25·103 simulations and compute the probability
of:

1. observing a full rotation (i.e. over the entire period we simu-
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2. observing a full rotation in the same direction as the one in
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Table 2. The RoboPol measurements for the sources that did not al-
low studies of the temporal evolution of the EVPA. The data have been
corrected for the Rice bias.

JD p̂ σp χ σχ
(◦) (◦)

J1305+5116

2457209.285 0.011 0.008 -29.6 21.2
2457240.322 0.008 0.007 -8.9 23.7

J1548+3511

2457209.367 0.000 0.013 47.9 61.4
2457240.364 0.021 0.011 -10.8 16.5
2457264.291 0.058 0.016 -32.9 8.0

J1628+4007

2457209.405 0.000 0.008 -25.0 61.4
2457254.323 0.000 0.009 -45.3 61.4

J1633+4718

2457209.425 0.021 0.005 -8.1 7.0
2457228.395 0.030 0.005 -5.6 5.2
2457240.384 0.019 0.006 3.7 9.2
2457254.345 0.027 0.005 -3.1 5.0

J1644+2619

2457209.445 0.039 0.008 -24.2 5.8
2457230.387 0.000 0.011 -32.5 61.4
2457240.404 0.031 0.006 -16.8 6.0
2457254.358 0.012 0.012 -34.8 28.8

J1722+5654

2457228.434 0.000 0.014 -33.2 61.4
2457240.429 0.000 0.015 -37.7 61.4

Notes. Columns: (1) Julian date, (2) de-biased polarisation fraction, (3)
uncertainty in the de-biased polarisation fraction, (4) polarisation angle
(EVPA), (5) uncertainty in the EVPA.

Figure 5 shows the resulting probability distributions. For a
full rotation over angles at least as large as the observed one
the most likely intrinsic rotation rate is −8.9±0.1 deg d−1 with a
corresponding probability of 0.11 (green diamonds). The second
most probable rate is −3.9 ± 0.1 deg d−1 with a probability of
0.068. For a full rotation over an angle within 1σ of the observed
one (orange diamonds), the most probable intrinsic rotation rate
is found to be −3.1±0.1 deg d−1 with a probability of 0.129 while
the second most likely one −8.3 ± 0.1 deg d−1 with probability
0.119.

In Fig. 6 we show the distribution of rotation angle at the
most likely intrinsic rotation rates based on the 1σ-criterion (up-
per panel) and on the basis of the extreme-span-criterion (lower
panel, case 3 of Section 4.2.3). The observed rotation angle
(dashed vertical line) is consistent with an intrinsically constant
rotation. Considering the conclusions of Section 4.2.2, we re-
alise that it is much more likely that an intrinsic EVPA rotation
(with the addition of pseudo-variability introduced by the uncer-
tainties) is causing the observed event.

Fig. 5. The probability distributions assuming an intrinsic EVPA rota-
tion with a constant rate.

Fig. 6. The distribution of rotation angles at the most likely intrinsic
rotation rates based on the 1σ (upper panel) and the extreme-span-
criterion (lower panel, case 3 of Section 4.2.3). The dashed line marks
the observed value and the gray area the 1σ uncertainty.

We conclude that, assuming a constant rotation rate, the ob-
served rotation is more likely the result of an intrinsic event
rather than of pure noise. Allowing for a non-constant rate would
increase the likelihood of the modelled intrinsic rotation.

4.3. J0324+3410

The same analysis presented in Section 4.2 is applied to
J0324+3410. In Fig. 7 we show the observed polarisation frac-
tion p and angle χadj as a function of time. The dataset includes
RoboPol, KANATA, Perkins, and the Steward observatory mea-
surements.

Both χadj and p shows significant variability. Figure 8 shows
the distribution rotation angles ∆χadj. Of the 28 detected rota-
tions 10 are classified as long as they exceed 90◦. The minimum
rotation angle was found to be approximately 19◦ while the max-
imum is 402◦. Figure 9 focuses on the area where two major po-
tential rotations occur. The largest one happens at around MJD
56640.5 – 56672.4 over 402 ± 87◦ corresponding to a mean rate
of approximately 13 deg d−1. The second largest event happens
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Fig. 1. De-biased polarisation fraction p and adjusted EVPA (χadj) as a function of time for J1505+0326. The coloured lines mark periods of
significant monotonous – within the uncertainties – EVPA evolution. Solid lines mark periods of long rotations (i.e. at least three sequential data
points and angle larger than 90◦). Red and blue connecting lines are usd alternatively to ease reading.

for approximately Trot = 83 days yielding a mean rotation rate of
∆χadj/Trot = −3.7 deg d−1. However, the combination of sparse
sampling and large uncertainties in the angle makes the estimate
of the direction of a rotation highly uncertain.

As we discussed in Section 4.1, for each pair (q, u) we choose
the solution of Eq. 3 for which the absolute difference, |∆χadj|,
from the previous angle is less than 90◦. This condition controls
the direction of the EVPA evolution. However, the uncertainty
associated with each angle computation must also be accounted
for when this condition is checked. If it happens that the sum
of the absolute difference |∆χadj| between two consecutive data
points and the uncertainty in that difference σ∆χadj exceeds 90◦
i.e. 90◦ ≤ |∆χadj| + σ∆χadj , the direction of the rotation becomes
uncertain as both solutions of Eq. 3, χ and χ+ π could be valid4.

With the exception of the earliest measurement (left-most
point), each angle measurement (solid symbols) in Fig. 2 is
paired with its 180◦ conjugate (empty symbols). The critical
steps with 90◦ ≤ |∆χadj| + σ∆χadj , are shown in red. Clearly, their
number prevents us from reliably telling the direction that the
EVPA follows making the detection of the rotation uncertain.

The uncertainty in the detected rotation can also be shown
by examining the effect of the uncertainties in q and u on the
rotation angle. For simplicity, we assume that the measured q
and u are the means of the Gaussian distributed fractional Stokes
parameters which is equivalent to saying that they describe the
“real” intrinsic behaviour of the source. We then add Gaussian
noise based on their uncertainties and re-calculate the EVPA
curve and compare its parameters with those of the observed
one. In Fig. 3 we show the distribution of rotation angles, ∆χadj,
for a total of 104 simulated light curves. On the basis of our as-
sumptions the probability of detecting a rotation with an absolute
angle |∆χadj| within 1σ of the observed value is approximately
0.22. For larger rotations (|∆χadj| ≥ 309.5◦) the probability is
around 0.081.

4 Clearly, in the absence of physical constrains any solution of the
form n · π is equally valid. The choice of the smallest step is justified by
the assumption of minimal variability.

From this we conclude that we cannot be confident about
the intrinsic evolution of the EVPA. Even if we knew the intrin-
sic variability, the limited sampling and the measurement uncer-
tainties would allow a vast range of possible EVPA curves with
different rotation angles. Subsequently, the previous test can tell
us what is the most likely observation, but it cannot tell us any-
thing about the intrinsic variability. For example, although the
bin with the largest probability appears around −140◦, this does
not imply that the intrinsic EVPA rotation covers, most probably,
140◦.

Finally, the data points in Fig. 2 could be aligned with
roughly the same rotation rate if 180-degree shifts were cho-
sen accordingly instead of obeying the convention of smallest
change between consecutive measurements. This would result
in a rotation 360◦ larger than shown in Fig. 2. Clearly, the mea-
surement of an intrinsic rotation is limited by the sparse sam-
pling and the 180-degree-ambiguity. All following simulations
use exactly the same time sampling as the data and thus are af-
fected by the 180-degrees-ambiguity in the same way as the data.

In order to assess the reliability of the observed event we take
two steps:

1. We first estimate the probability that the measurement uncer-
tainties induce a fake rotation in the absence of a real,

2. we estimate the likelihood of an intrinsic rotation given the
observed data.

4.2.2. Is the observed rotation an artefact of noise?

Here we assess the probability of the observational noise induc-
ing the apparent rotation in the absence of an intrinsic rotation;
that is, assuming dχintr/dt = 0 deg d−1.

For simplicity, we set q to the mean polarisation fraction in
our simulations during the observed rotation prot and u to zero,
which results in χadj = 0◦. Subsequently, we add Gaussian noise
N to these values according to the estimated uncertainties:

q = prot +N(0,σq) (4)
u = N(0,σu). (5)

4
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Fig. 7. The polarisation variability curve of J0324+3410. Upper panel: The de-biased polarisation fraction over time. Lower pannel: The EVPA
over time. The coloured lines mark periods of monotonous – within the uncertainties – EVPA evolution.

Fig. 8. The distribution of monotonous rotation angles identified for
J0324+3410.

around MJD 56595.6 – 56633.5 with an angle of 349 ± 66◦ and
a mean rate of 9 deg d−1.

4.3.1. The largest potential rotation

Figure 10 (upper panel) demonstrates the uncertainty associated
with the evolution of the measured EVPA. All steps are critical
and one cannot be certain of the direction the EVPA intrinsically
takes at any point in its evolution.

Following the approach presented in Section 4.2.2, we ex-
amine whether the uncertainties in q and u alone can cause the
observed rotation in the absence of an intrinsic rotation. We as-
sume again that the measured q and u are correct estimates of
the means of the Gaussian distributed Stokes parameters. After
running 104 simulations we find that the probability of finding
one full rotation (passing over all points) is ∼ 2 × 10−2 (Eq. 6)
while that of finding a full rotation with absolute angle larger
than observed, only 8 × 10−4 (Eq. 8).

Most likely the EVPA indeed undergoes intrinsic variabil-
ity. It is not impossible that the observed event is an artefact of
the noise while the EVPA remains intrinsically unchanged. The
associated probability is however low (P ∼ 10−3).

To estimate the most probable parameters of the intrinsic
EVPA variability, we make the assumptions of constant intrin-

sic EVPA rotation rate (Section 4.2.3), and the constancy of the
polarisation fraction during the intrinsic rotation. After 2.5×104

iterations we find that the most likely intrinsic rotation rate for a
full rotation with an angle at least as large as the observed one, is
19 ± 0.5 deg d−1 (probability: 0.01). The most probable rotation
rate for a full rotation with an angle within 1σ of the observed
one, is 10 ± 0.25 deg d−1 (probability: 0.033). The computed
probabilities are indeed low. Yet, they are higher than those for
the pure noise scenario, indicating that intrinsic variability is
more likely. Nevertheless, the low probability indicates that the
simple assumption of a constant rotation rate is not likely.

4.3.2. The second largest potential rotation

In the lower panel of Fig. 10 we show the second largest potential
rotation. The probability of this event resulting purely from noise
is low ∼ 10−3. Hence, most likely the variability is intrinsic even
if we are uncertain of its parameters. After 2.5 · 104 simulated
EVPA curves we find that for a full rotation with an angle at
least as large as the observed one, the most probable intrinsic
rate is 10 ± 0.25 deg d−1 (P = 0.01). For a full rotation over an
angle within 1σ of the observed one, the most probable rate is
9.5 ± 0.25 deg d−1 (P = 0.008).

These probabilities are low and comparable to those of the
noise artefact hypothesis. An intrinsic rotation of constant rate
is only marginally more likely than noise. A realistic scenario
would be that the observed behaviour results from the combi-
nation of intrinsic variability and observational noise. The noise
makes the observed rotation angle an inadequate indicator of the
intrinsic behaviour. Although there may be intrinsic variability,
we cannot reproduce it due to the noisy data.

4.4. J0849+5108 and J0948+0022

In Fig. 11 we show the χadj and p curves for J0849+5108 (upper
panel) and J0948+0022 (lower panel) as a function of time. The
Perkins and RoboPol datasets available for J0849+5108 revealed
a total of nine rotations none of which exceeded 90◦. Clearly,
despite the clear signs of variability, the data sparseness prevents
any understanding of the intrinsic nature of the variability.
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main conclusions

➡ significant angle variability

➡ long rotation candidates detected 

➡ poor sampling and measurement 

uncertainties make the events 
uncertain


➡ pure noise can induce rotations but 
very improbable  


➡ most likely there are intrinsic events 
happening  

optical polarisation variability 
Angelakis et al., in prep.



radio polarisation   
Myserlis et al., in prep.

Very Preliminary 

➡ likely below our detection limit

➡ multi-band polarisation

➡ indications for long EVPA rotations 

➡ periods of significant Circular 

Polarisation 

➡ more to come …
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