
1 

 

The RoboPol Optical Polarization  
Monitoring Program 

 
Vasiliki Pavlidou 

University of Crete / FORTH 
 

on behalf of the RoboPol Collaboration 
U. Crete/FORTH-MPIfR-Caltech-IUCAA-NCU 

 

Polarised Emission from Astrophysical Jets  –  Ierapetra, 12-16 Jun 2017 



2 



In brief: 

Using a unique instrument and ample observation time,  
we took rotations of the optical polarization plane of blazars 

from “novelty” class of events 
 to a well-studied class with robust statistics,  

ready for detailed modeling 



Optical Polarization in Blazars 

Blazars: Optical = optically thin Synchrotron:  
      highly linearly polarized 
      polarization direction  

 
      contribution from all emitting regions 
      along line of sight 

 
 
Optical polarization encodes information about: 
q  geometry of magnetic field in emission region 
q  number of emitting cells along line of sight 
q  degree to which magnetic field is ordered 

Optical polarization in blazars is variable 

? ~B~B



Blazar optical polarization swings 

A. Abdo et al. (2010) 

3C279 

Polarization rotation 



Many interpretations 

l  A wealth of theoretical ideas: 

 

•  A multitude of phenomenological possibilities. 
ü  large rotations, small rotations, rotations of all sizes 
ü  all blazars, many blazars, only few blazars do it 
ü  happens only during flares, happens all the time 

Propagation through jet bend  
Nalewajko et al.  
cartoon from Young 2010 

Precessing jet  
Blandford et al. 
cartoon from Heinz & 
Sunyaev 2002 

Turbulent plasma crossing 
standing shock 
Marscher et al. 
cartoon from Marscher 2014 

Fig. 1.— Left: a sketch of the model setup. The cylindrical simulation domain is pervaded
by a helical magnetic field with exponential cutoff at the edge, which is held by a pressure

wall. The emission region has a fixed height, while its radius extends to roughly the pressure
wall where the magnetic field has been exponentially cut off. The disturbance is a flat

region traveling upward in the simulation frame. It will form a shock wave which will
propagate through the emission region and modify the local plasma conditions, and inject
fresh nonthermal particles at its front. As the disturbance and the shock are relativistic,

they are likely to stick together during the propagation. Right: a sketch of the LTTEs.
The shock/disturbance will propagate through the emission region in the comoving frame of

the emission region. The red, green and blue dash circles refer to the location of the shock
front at approximately the rising, peak and declining phases of the flare, respectively; the

corresponding shapes and locations of the flaring region, indicating points of equal photon
arrival times at the observer, are shown by the light red, light green and light blue shapes,
respectively. Notice that in our simulations, the shock front is not necessarily flat as in the

sketch.
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Propagation of shock along jet B-field 
cartoon from Zhang, Deng, Li & 
Boettcher 2016 



The RoboPol Program 

ü  Observe large, well-defined sample of blazars in optical linear 
polarization with high cadence 

ü  Identify rotations with uniform criteria 

ü  Systematically answer questions regarding optopolarimetric 
properties of blazars: 

 
    -- Are γ-ray—loud and γ-ray—quiet blazars different  
       in optical polarization? 
    -- Do all blazars exhibit polarization rotations? 
    -- Are polarization rotations coherent events? 
    -- Are polarization rotations related to γ-ray flares? 
 



  

The Project

Our approach: 
- a lot of telescope time (4 nights / week) for 3 years
- a dedicated instrument (no moving parts)
- well de8ned sample of blazars (~100 sources)
- automated operation
- adaptive observing strategy 
- broadband data ( + radio and gamma)
  OVRO, Effelsberg, Torun

King et al. 2014, MNRAS 445, L114

1.3 m Skinakas observatory
1750 m.a.s.l.
 Median seeing 0.7'' (DIMM)

The RoboPol polarimeter 
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The Project

Our approach: 
- a lot of telescope time (4 nights / week) for 3 years
- a dedicated instrument (no moving parts)
- well de8ned sample of blazars (~100 sources)
- automated operation
- adaptive observing strategy 
- broadband data ( + radio and gamma)
  OVRO, Effelsberg, Torun

King et al. 2014, MNRAS 445, L114

1.3 m Skinakas observatory
1750 m.a.s.l.
 Median seeing 0.7'' (DIMM)

No moving parts,  
low systematics,  
high sensitivity 



Program Features 

ü  Low-systematics, high-sensitivity polarimeter 

ü Ample telescope time: 4 nighs/week for 3 years at 
 Skinakas 1.3 m telescope  
(1750m, median seeing 0.53 arcsec) 

ü  Statistically robust sample 

ü Unbiased observing strategy 
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The Sample 

ü  Main: 62 γ-ray – loud blazars, R<17.5m 

ü  Control: 15  γ-ray – quiet blazars, similar in  
radio flux, spectra, variability with main 

ü  24 additional interesting objects  
(dropped in 3rd season to increase cadence) 
 
Pavlidou et al. 2014 



RoboPol Rotation Definition 

ü  Continuous EVPA change > 90° 

ü  Comprised by ≥ 4 measurements with significant swings 
between them 

ü  Start/End points defined by x5 change in slope 
OR change in slope sign 

     Blinov et al. 2015  
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EVPA rotations

CTA 102 3C 454.3

RoboPol Rotations 



γ-loud vs γ-quiet 
6 E. Angelakis et al.

There we show 74 GL and 7 GQ sources for which reliable
estimates of p0 have been obtained. The median p̂0 for the
two samples is 0.071± 0.006 and 0.020± 0.011, respectively.
A two sample K-S test gave a p-value of ∼ 2×10−3. A major
advantage of the maximum likelihood method is that it pro-
vides upper limits. We repeated the previous analysis includ-
ing the three GL and the one GQ sources for which only 2σ
upper limits on p0 were available. We used the nonparamet-
ric two-sample tests in the ASURV package (Lavalley et al.
1992), suitable for censored data, to estimate the probabil-
ity that the two distributions come from the same popula-
tion. According to Gehan’s generalized Wilcoxon test the
p-value is 10−3 indicating the persistence of the difference
between the GL and GQ samples. Assuming again that the
two samples are best described by a log-normal distribution
and after including the 2σ upper limits, the mean intrin-
sic polarization of the sample ⟨p0⟩ is 0.092 ± 0.008 for GL
and 0.031± 0.008 for GQ sources. These are the values that
we consider the best-guess to characterize the two source
groups.

To examine whether the observed separation is affected
by the class of GL sources, we compared the GQ sample
separately with the GL BL Lac objects (sample “GL-b”)
and GL flat spectrum radio quasars (sample “GL-q”). Us-
ing p̂ which is available for larger samples we find that the
significance of the separation remains in the case of GL-b
above the 4σ level while for the GL-q it is around 2.8σ. We
consider the limited size of the latter sample the reason for
the lower significance.

To summarize, based on either p̂ or p0, GL are on aver-
age significantly more polarized than GQ blazars, and this
is not an artifact of different source classes dominating the
GL and GQ sample. In the following sections we investigate
whether this dichotomy can be explained in terms of a de-
pendence on the redshift, luminosity, the synchrotron peak
frequency, color, and source variability.

4.2 Polarization fraction and redshift

In this section, we examine whether p̂ shows any dependence
on the source redshift, z, and whether the redshift distribu-
tion of the members of the GL and GQ samples could be
one of the factors responsible for the different degree of po-
larization of GL and GQ sources.

In Fig. 2 we show the redshift distribution of the GL
and GQ sources of our sample. There we adopt the Roma-
BZCAT1 source designation (Massaro et al. 2015): “bzb” for
BL Lac objects (i.e. AGNs with a featureless optical spec-
trum, or having only absorption lines of galaxian origin and
weak and narrow emission lines), and“bzq” for flat spectrum
radio quasars (with optical spectrum showing broad emis-
sion lines and dominant blazar characteristics). GL sources
classified as “bzb” are found at systematically lower red-
shifts (median 0.308) as opposed to “bzq” sources that have
a higher median redshift of 0.867, as systematic studies of
blazar samples have shown (e.g. Massaro et al. 2009). The
GQ sources on the other hand are almost uniformly dis-
tributed over a broad range of redshifts reaching up to 3.18.
Hence, their cosmological distance cannot explain – at least

1 https://heasarc.gsfc.nasa.gov/W3Browse/all/romabzcat.html
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Figure 1. The cumulative distribution function of the median
polarization fraction for the GL (black) and GQ samples (blue
lines). Lower: same for the intrinsic polarization fraction p0. The
orange triangles indicate the sources that switched from the GQ
sample to the GL in the 3FGL catalogue.

not alone – their gamma-ray silence. Their median redshift
is around 0.5. The orange triangles mark the positions of the
two GQ that appeared in the 3FGL (Acero et al. 2015).

The fact that the quasar subset of blazars (FSRQs)
are observed at larger redshifts can impose a mild depen-
dence of the population admixture on redshift (Fig. 2 in
Massaro et al. 2009 and Fig. 1 in Xiong et al. 2015). If at
the same time the degree of polarization depended on the
source class (FSRQ or BL Lac), one could expect an im-
plicit dependence of the polarization fraction on the redshift.
Furthermore, the apparent dominance of quasars in the GQ
sample (Table 1) would impose a similar dichotomy between
GL and GQ samples.

As we discuss in Sect. 4.3 the contamination of the R-
band emission by a big blue bump (BBB) component of
thermal origin may modify the intrinsic polarization frac-
tion of a source (e.g. ?). For quasars that are observed at
higher cosmological distances this may become significant.
The imbalance of the two main source classes in our sam-
ples could naturally introduce artificial dichotomies. To rule
out this possibility we examined the population polariza-

MNRAS 000, 1–16 (2015)

Median p of γ-loud blazars almost 
x3 median p of γ-quiet blazars 
 
Median p, γ-loud: 0.074 
Median p, γ-quiet: 0.025 
 
different at >4σ 
 
Angelakis et al. 2016 



Do all blazars rotate? 
Prior to RoboPol: 16 rotations in 10 blazars 
3 years of RoboPol: + 40 rotations in 24 blazars 
 
1. Avg. frequency of rotations slower than 7° per day:  
    0.32/blazar-yr 
    Chance to find rotations of that avg frequency only  
    in those blazars that did rotate:  10-7 

 
2. Rotators have different γ-ray properties than non-rotators 
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sources, which are not in 3LAC, the synchrotron peak po-
sitions were taken from Angelakis et al. (in prep.) and
Mao et al. (2016), where a procedure similar to the one used
by Ackermann et al. (2015) was applied. The classification
of blazars in our sample according to the synchrotron peak
position is listed in Table A1. We find that the main and the
control samples together are composed of 33 LSP, 26 ISP
and 15 HSP sources. The sample of rotators is composed of
13 LSP, 5 ISP and 4 HSP sources. The distribution of the
sources among the classes is shown in Fig. 7. We estimate the
probability that rotators comprise sources randomly drawn
from the main and the control samples together as:

P =
C13

33C
5
26C

4
15

C22
74

= 0.014, (2)

where Ck
n is the binomial coefficient. The numerator in this

equation is the number of ways to obtain a sample composed
of 13 LSP, 5 ISP and 4 HSP blazars from the parent sample
of 33 LSP, 26 ISP and 15 HSP sources. The denominator
is the total number of combinations how 22 objects can be
selected out of 74. Similarly, the probability that rotators
are randomly drawn from the main sample only is 0.5%.
Therefore it is unlikely that LSP accidentally dominate over
ISP and HSP among the blazars that exhibit rotations.

6 GAMMA-RAY PROPERTIES OF ROTATORS

AND NON-ROTATORS

As demonstrated in Sect. 3.3, the rotators form a partic-
ular sub-sample of objects even among the sources in our
main sample. In this section we investigate whether there are
any differences in the gamma-ray properties between these
two sub-classes. To this end, we extract the variability in-
dices and we calculate luminosities in the gamma-ray band
(100MeV ≤ E ≤ 100GeV) for blazars of our main sam-
ple using the data from the 3FGL catalogue (Acero et al.
2015). The cumulative distribution functions (CDF) of these
quantities for rotators and non-rotators are shown in Fig. 8.
According to the two-sample K-S test there is a strong indi-
cation that both luminosity (p-value = 0.02) and variability
(p-value = 0.01) are higher for the blazars that exhibited
rotations.

This is presumably caused by the dominance of LSP
sources among rotators found in the previous section, since
LSP blazars tend to have higher gamma-ray luminosities
than HSP sources (Ackermann et al. 2015). High variability
indices in the gamma-ray band are characteristic of sources
that are both luminous and variable (Ackermann et al.
2015). Therefore the difference in the variability indices is
also explained by the dominance of LSP blazars among the
rotators.

7 DISCUSSION AND CONCLUSIONS

We have presented a set of EVPA rotations detected by
RoboPol during the 2015 observing season. After three years
of operation we have detected 40 EVPA rotations, and
thereby more than tripled the list of known events of this
type.

Our monitoring sample was constructed on the basis of

Figure 8. CDF of luminosity (left) and variability index (right)
for rotators and non-rotators. The red vertical line indicate the
maximum difference between the CDFs.

statistically robust and bias-free criteria. It included both
gamma-ray–loud and gamma-ray–quiet blazars that were
monitored with equal cadence. This allowed us to perform
statistical studies of the frequency of EVPA rotations in
blazars for the first time.

We have shown that the frequency of rotations varies
significantly among blazars. None of the control sample
blazars displayed a rotation during the monitoring period.
Moreover, the EVPA rotations occur with significantly dif-
ferent frequency in different blazars in the main sample.
There is a subset of blazars that show the events much more
frequently than others. This result is consistent with our
analysis in Paper I, where we showed that rotators have
higher EVPA variability than non-rotators even outside the
rotating periods.

This is a major result of the RoboPol project: only a
fraction of blazars (∼ 28% of sources in both samples) ex-
hibit EVPA rotations with rates ≤ 20 deg d−1 in the op-
tical band, with an average frequency of 1/232 d−1 (in the
observer frame). The remaining ∼ 72% of sources did not
show any rotations. If they do exhibit rotations, this should
happen with a frequency less than ∼ 1/3230 d−1.

The analysis of Sect. 4 shows that the difference in the
frequencies of EVPA rotations cannot be explained either
by the difference in the EVPA measurement uncertainties
or by differences in redshifts and/or Doppler factors among
the blazars. This result should be confirmed using a larger
number of objects with known δ. Only a small fraction of
blazars in our monitoring sample have Doppler factor esti-
mates available. The ongoing analysis of variability in the
radio band will allow us to increase the sample of blazars
with known Doppler factors and allow to verify our results
with better statistics.

The tendency for EVPA rotations to occur in LSP
blazars found in Sect. 5 can be explained in the same way as
higher variability of LSP sources in the total optical flux. It
has been shown by Hovatta et al. (2014) that LSP blazars
are more variable than HSP in the optical band. This was
attributed to the fact that, in the optical band, LSP sources
are observed near their electron energy peak, which causes
stronger variations of the emission compared to HSP sources,
where the lower energy electrons cool down slowly and pro-
duce mild variability. For the same reason, the polarized flux

MNRAS 000, 1–13 (2016)

rotators are: more luminous  more variable 

Blinov et al. 2016 



Are rotations coherent? 

  

Are they random walks?

MC simulations following
Kiehlmann et al. 2013

All together are RW with
               P = 1.5%

Similar simulations:
Jones et al. 1985, ApJ 290, 627
D'Arcangelo et al. 2007, ApJL 659, L107

RoboPol: EVPA rotations in blazars 11

Figure 5. CDFs of ∆θmax in observed and a subset of 100 sim-
ulated rotations.

10 largest rotations in blazars of the main sample observed
in our monitoring campaign all together were produced by a
random walk is ∼ 1.5%. If we repeat this simulation for the
whole set of 16 EVPA rotations this probability is reduced
to 0.5%.

We conclude that, although some of the rotation events
that we have detected may have been caused by a random
walk process (as it is modelled in this paper), this hypothesis
is not a likely explanation of the total number of detected
EVPA rotations in our data set.

5 OPTICAL EVPA ROTATIONS AND

GAMMA-RAY ACTIVITY

5.1 Average gamma-ray flux during EVPA

rotations

It has been suggested (e.g. Abdo et al. 2010a;
Marscher et al. 2010) that rotations of EVPA in opti-
cal emission of blazars are physically related to gamma-ray
flares.

In order to quantify a possible connection between
EVPA rotations and gamma-ray activity, we first compared
the average gamma-ray photon fluxes for each blazar dur-
ing rotation events with the rest of the RoboPol season
where no rotation was detected. Fig. 6 shows the gamma-ray
lightcurves of blazars with detected rotations of EVPA. The
green (light) area indicates the first year RoboPol observa-
tional season for each object and the pink (dark) area indi-
cates the period of the detected rotation. The average pho-
ton fluxes (listed in Table 6) were calculated using the time
intervals corresponding to the rotating and non-rotating pe-
riods as single time bins (or averaging fluxes for two/three
non-rotating time bins in cases, where they are split by the
rotations). The gamma-ray photon flux during a rotation
was higher than the flux during the rest of the season at 1-σ
level only in four cases. The average difference between the
photon flux during rotations and along the rest of the season
is −0.3 ± 3.4 × 10−9ph cm−2 s−1. Thus, we do not observe
any significant systematic change of the average gamma-ray
photon flux simultaneous with the EVPA rotations.

However, a comparison of the mean flux levels during
the rotation and over a relatively long period may not be the
best way to search for a correlation between the gamma-ray

Table 6. Gamma-ray photon flux level during rotations and
throughout the rest of the RoboPol season.

Photon flux (E > 100 MeV)
Blazar ID (10−7ph cm−2s−1)

rotation no rotation

RBPLJ0136+4751 0.40± 0.14 0.59± 0.16
RBPLJ0259+0747 1.27± 0.21 < 0.71
RBPLJ0721+7120 0.95± 0.18 0.84± 0.11
RBPLJ0854+2006 0.33± 0.16 0.91± 0.18
RBPLJ1048+7143 3.39± 0.32 2.12± 0.11
RBPLJ1555+1111 0.51± 0.11 0.54± 0.05
RBPLJ1558+5625 < 0.34 0.21± 0.05
RBPLJ1806+6949 0.35± 0.15 0.40± 0.07
RBPLJ1806+6949 < 0.83 0.40± 0.07
RBPLJ1927+6117 0.29± 0.13 0.09± 0.05
RBPLJ2202+4216 4.67± 0.93 3.29± 0.21
RBPLJ2232+1143 3.82± 0.32 3.34± 0.25
RBPLJ2232+1143 4.55± 0.70 3.34± 0.25
RBPLJ2243+2021 0.11± 0.06 0.17± 0.04
RBPLJ2253+1608 6.98± 0.68 8.82± 0.19
RBPLJ2311+3425 2.09± 0.27 2.13± 0.35

activity and EVPA rotations. For instance in the cases of
RBPLJ0721+7120 and first rotation of RBPLJ2232+1143,
rotations are clearly coincident with prominent flares, al-
though the average gamma-ray photon fluxes are indistin-
guishable, since the season comprises a number of flaring
events with similar amplitude. Moreover, rotations of EVPA
can either precede or follow gamma-ray flares according to
various theoretical scenarios. It is therefore important to
search for a possible correlation between EVPA rotations
and gamma-ray flares.

5.2 Time lags between flares and EVPA rotations

In order to investigate this relation, we first identified all
flares that happened in the gamma-ray light curves during
the RoboPol observing season.

We adopted a formal definition of a gamma-ray flare
similar to the one proposed by Nalewajko (2013): “a flare is
a contiguous period of time, associated with a given photon
flux peak, during which the photon flux exceeds half of the
peak value, and this lower limit is attained exactly twice – at
the start and at the end of the flare”. However the definition
was slightly changed because Nalewajko (2013) analysed a
sample of the brightest flares ever detected by Fermi LAT,
while we are interested in even smaller amplitude events. We
found that a peak photon flux excess factor equal to 2/3,
instead of the original 1/2 proposed by Nalewajko (2013),
gives a better agreement with a visual identification of flares
in the photon flux curves. Intervals of the photon flux curves
identified as flares are marked by red (light) points in Fig. 6.

We searched for the closest gamma-ray flare to the ro-
tation event of each rotator, and we fitted it using a profile
with an exponential rise and decay. This kind of profile is
commonly used for fitting an individual blazar flare pulse
in optical, gamma and radio bands (e.g. Abdo et al. 2010b;
Chatterjee et al. 2012):

F (t) = Fc + Fp

(

e
tp−t

Tr + e
t−tp

Td

)

−1

, (4)

MNRAS 000, 1–16 (2015)

Chance that all 1st season rotations 
are RW: <0.5% 
 

Blinov et al. 2016 



Rotations related to γ-activity? 

  

Association with γ-ray +ares

14 D. Blinov et al.

Figure 9. Cumulative distibution functions of the time lags
bewteen the EVPA rotations middle points and tp of the closest
gamma-ray flares for the main sample rotators. Black line -
observed time lags, thin grey lines - 104 simulated values for
the whole sample of rotations (see text for details).

of any physical connection between the EVPA variability
and high-energy activity is an unfavorable interpretation.

5.4.2 Rotators as a population

In order to assess the probability that the entire set of
the time lags appeared in the main sample rotators in a
random way, we run the following simulation. Repeating
the procedure described in Sec. 5.2 we identified and fitted
all flares in the gamma-ray photon flux curve (54683 !

MJD ! 57065) of each blazar from the main sample with
a detected rotation. Then placing a simulated rotation at
a random position on each of the gamma-ray curves, we
defined the shortest time lag between the central point
of the rotation and tp of the nearest flare. After this the
CDF of absolute values of the simulated time lags was
constructed for the set of 14 events.

Repeating the routine 106 times we found that only
one out of every 5000 simulations produces a CDF which
is in its entirety located closer to zero or coincides with
the CDF of observed time lags (see Fig.9). Thereby we
estimate the probability that all 14 delays together were
produced by chance as 2 × 10−4. When we repeat this
procedure for all 16 rotations together including two non-
main sample events, the estimated probability decreases
to 5 × 10−5. Therefore it is very unlikely that none of
the observed EVPA rotations is related physically to the
flaring activity in gamma-rays.

6 CONCLUSIONS

During the first season of operation of the RoboPol
project, we detected 16 rotations of the polarization plane
in optical emission of blazars. These detections double the
existing list of such events. All EVPA rotations are ob-
served in blazars which are detected by Fermi, in agree-
ment with previous experiments, which have detected
similar events in the same class of objects. Our strategy
of monitoring both gamma-ray–loud and quiet samples,
suggests that the lack of EVPA rotations detection by
RoboPol in gamma-ray–quiet objects cannot be due to
a difference in the sampling pattern. Combining our re-
sults with those reported in the literature we found that

Table 8. Modeling results for the connection between EVPA
rotations detected by RoboPol in 2013 and gamma-ray flares.
(1) - blazar identifier; (2) probability of an accidental time
lag; (3) - combined probability of a rotation being produced
by the random walk and located as close to the corresponding
gamma-ray flare as it was observed.

Blazar ID P(τobs) P(RW+τobs)

RBPLJ0136+4751 0.75 0.08
RBPLJ0259+0747 0.03 0.02
RBPLJ0721+7120 0.04 0.01
RBPLJ0854+2006 0.23 0.08
RBPLJ1048+7143 0.14 0.11
RBPLJ1555+1111 0.72 0.72
RBPLJ1558+5625 0.20 0.10
RBPLJ1806+6949 0.10 0.02
RBPLJ1806+6949 0.49 0.27
RBPLJ1927+6117 0.08 0.08
RBPLJ2202+4216 0.21 0.04
RBPLJ2232+1143 0.14 0.01
RBPLJ2232+1143 0.19 0.17
RBPLJ2243+2021 0.48 0.44
RBPLJ2253+1608 0.78 0.67
RBPLJ2311+3425 0.56 0.41

rotations can be detected in both TeV and non-TeV emit-
ters. Our results also indicate that all subclasses of blazars
show rotations of the EVPA (regardless of the position
of the synchrotron peak maximum or the BL Lac/FSRQ
dichotomy). We expect that the results after the 3-year
planned RoboPol monitoring campaign will allow an ac-
curate determination of the rotations rate in the various
blazar subclasses.

Analysis of the first-year data shows that blazars with
detected rotations have significantly faster and longer
EVPA swings when compared to non-rotators. This sug-
gests that rotations of EVPA may be specific for a partic-
ular activity state or for a subclass of blazars with peculiar
properties.

The fact that EVPA rotations have been detected
only in gamma-ray–loud objects already suggests a phys-
ical relation between gamma-ray and optical polarization
variability in blazars. Nevertheless, we used extensive MC
simulations to investigate whether the EVPA rotations we
observed can be produced by a random walk process of
the polarization vector. We found that a random walk
process can result in EVPA rotations with ∆θmax,simul as
large as ∆θmax,obs for the given ∆t-median and Tobs of
the individual RoboPol data sets. However, we also found
that it is unlikely (probability is ! 1.5 × 10−2), that all
the rotations that we observed in the first RoboPol season
are due to a random walk process.

The average gamma-ray photon fluxes do not show
any significant systematic increase during the rotation
events. We also found that, the time lags between rota-
tions of the EVPA and nearest gamma-ray flares follow a
Gaussian distribution with a mean ∼ zero.

We performed a second set of MC simulations in or-
der to assess the randomness of the observed time delays.
Our results suggest that, on an individual basis, the time
lags we observe do not necessarily suggest a physical link
between EVPA rotations and gamma-ray flares. On the
other hand, when we consider the rotators as a popula-
tion, it is highly unlikely (p = 2×10−4) that the proximity
of EVPA rotations to gamma-ray flares is accidental in all

c⃝ 2015 RAS, MNRAS 000, 1–16

P=2x10-4 



Rotations Summary 

Are γ-ray—loud and γ-ray quiet blazars different  in optical 
polarization? 
YES. γ-loud blazars are significantly more polarized 
 
Do all blazars exhibit polarization rotations?  
NO. Introducing the “rotator class of blazars”:  
rotates its polarization plane, brighter in γ-rays, more variable 
 
Are polarization rotations coherent events?  
SOME. Robopol data inconsistent with ALL rotations being RW. 
 
Are polarization rotations related to γ-ray flares?  
YES. Time lags with γ-flares too small for random associations 
  
 
 



Bonus: Polarization & TeV 

No difference in polarization properties between TeV-detected and 
TeV-non-detected, Fermi 71- 585 GeV non-detected blazars 
 
Both samples include rotators 
 
Likely good news for future TeV surveys:  
All HSPs may be detectable (redshift-permitting)  
if they flare enough 
 
 
 
Hovatta et al. 2016 



Bonus: 3 seasons update on  
γ-flaring/rotation connection 

Blinov talk! all lags consistent with zero 



Bonus: γ-flaring/rotations: 
timescales correlation 

Blinov talk! 
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rotation duration (see also Liodakis talk) 



Bonus: Correlation of rotation 
amplitude with jet parameters 

Blinov talk! 
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Bonus: High-cadence results 



What comes next 

ü  Blinov et al.  
3-seasons paper on γ-activity / rotations connection  
-- Blinov talk! 

ü  Analysis of individual events 
-- Liodakis talk! 

ü  Kiehlmann et al. updated analysis on possible stochastic 
origin of rotations  
-- Kiehlmann talk! 

ü  analysis of 4th season high-cadence results 

ü  first 2 seasons full data release 



Summary 

24 V. Pavlidou 



Rotators  vs non-rotators 

RoboPol: EVPA rotations in blazars 9

Figure 4. Cumulative distribution functions of ∆θmax lengths
and average rates for the main sample rotators, the main sam-
ple non-rotators and control sample sources (see Sec. 3.4 for
details).

in the main sample with rates < 15◦/day and < 20◦/day
as one rotation in ∼ 490 days (4912/10) and ∼ 180 days
(2363/13), respectively.

3.4 EVPA variability in blazars of different

samples

In order to address the question whether “the EVPA vari-
ability is different in objects where rotations were de-
tected compared to the rest of the main sample and to
the control sample” we collate all EVPA “swing” events
and measure their ∆θmax and rates. We define an EVPA
“swing” as any continuous change of the EVPA curve,
without a lower limit in its ∆θmax or in the number of
measurements. As before, start and end points of a swing
event are defined by a change of the EVPA curve slope
by a factor of five or a change of its sign.

We identified all such events for all blazars of the
main and control samples within the 10◦/day “detection
box” in Fig. 1, and measured their amplitude, ∆θmax, and
mean rotation rate. The cumulative distribution function
of the EVPA swings ∆θmax and rotation rates for blazars
in the main sample which showed rotations (“rotators”),
blazars in the main sample, which did not show rotations
(“non-rotators”), as well as for blazars in the control sam-
ple, are shown in Fig. 4.

We performed a 2 sample Kolmogorov-Smirnov (K-
S) test pairwise for 3 samples of collected swing am-
plitudes and rates with the null-hypothesis that these
samples are drawn from the same distribution. The null-
hypothesis is rejected for rotators and non-rotators with
the p-value = 1.2 · 10−5, and for rotators and the con-
trol sample (p-value = 5 · 10−3). At the same time the
distribution of swing amplitudes in the non-rotators and
control sample sources is indistinguishable according to
the test (p-value = 0.35). The maximum difference be-
tween the CDFs of non-rotators and rotators D = 0.29
is reached at ∆θmax ≈ 25◦. Even if we exclude the 14
rotations (i.e. the largest ∆θmax swings) of the main sam-
ple blazars, rotators still remain different from the non-
rotators (p-value = 2 · 10−3).

A similar analysis for the distributions of EVPA
swing rates leads to the same conclusion. The null-
hypothesis is rejected for the rotators and the non-
rotators (p-value = 1.4 ·10−6) and rotators vs. the control
sample (p-value = 5 · 10−3), while it can not be rejected
for the non-rotators and control sample (p-value = 0.18).

We therefore conclude that blazars with detected ro-
tations show significantly larger ∆θmax and faster EVPA

variations when compared to blazars with no detected ro-
tations. This difference cannot be attributed to differences
in the sampling properties of the data sets. Therefore the
lack of detection of EVPA rotations in the “non-rotators”
member of the main sample, as well as the blazar in the
control sample, may have a physical origin. Most of the
non-rotators in the main and control samples may never
show an EVPA rotation.

4 RANDOM WALKS AS THE ORIGIN OF

EVPA ROTATIONS

4.1 Monte-Carlo simulations of EVPA swings

Potentially EVPA swings can be explained by a stochas-
tic process, which is physically justified by a presence
of many independent cells in the emission region (e.g.
Jones et al. 1985; D’Arcangelo et al. 2007). According to
this interpretation, the magnetic field is turbulent and
apparent rotations result from a random walk of the full
polarization vector direction as new cells with random
magnetic field orientations appear in the emission region
(Marscher 2014). In order to estimate the probabilities
that the EVPA rotations we observed with RoboPol are
produced by this kind of multicell random walk process we
performed Monte-Carlo (MC) simulations of the stochas-
tic variability of the polarization vector on the QU plane
following Kiehlmann et al. (2013).

For each blazar where an EVPA rotation event was
observed, we created 104 artificial light curves, each one
with duration Tobs. The time steps ∆ti between consec-
utive points were drawn from a truncated power-law dis-
tribution, which approximates well the distribution of the
time steps in all observed lightcurves. The parameters of
this distribution (∆tmin, ∆tmax and the power-law index)
were determined by fitting it to the distribution of ob-
served ∆ti for each object.

The total unpolarized flux density Ii emitted at each
time step ∆ti, was drawn from a log-normal distribution.
Such a distribution approximates reasonably well the dis-
tribution of the observed flux densities for all blazars. The
mean and variance of the log-normal distribution was set
equal to the sample mean and variance of the distribution
of the flux density of each blazar.

The maximum possible fractional polarization pro-
duced by a uniform magnetic field is Pmax = (α+1)/(α+
5/3) ≈ 0.78 (Pacholczyk 1970). In the case of unresolved
emission region comprising N independent cells with a
uniform magnetic field, but randomly oriented among
them, the average fractional polarization is given by the
equation (Hughes & Miller 1991):

⟨Pobs⟩ ≈
Pmax√

N
. (1)

We used this equation and the observed average polar-
ization fraction, ⟨Pobs⟩, to estimate the number of cells,
N , for each blazar. Each cell was assigned an unpolar-
ized flux density Ii,k (which was set equal to Ii/N for all
cells at each time step) and a set of Qi,k and Ui,k Stokes
parameters. They were found by a renormalization with

the factor Pmax/
√

(Q0
i,k)

2 + (U0
i,k)

2 of two numbers Q0
i,k

and U0
i,k drawn from a standard normal distribution. The

sums Qi =
∑N

k=1 Qi,k and Ui =
∑N

k=1 Ui,k determine the
total Stokes parameters of the emitting region at each
time step.

At each time step the Stokes parameters of Nvar(∆ti)

c⃝ 2015 RAS, MNRAS 000, 1–16

  

Variability of rotators and non-rotators

K-S p-value = 4x10-3Rotators vs. non-rotators:
- Δθ/Δt  K-S p-value = 1.4x10-6

- Δθ        K-S p-value = 2x10-3



Fig. 7.— Flaring scenario 1 (change of direction and strength of the magnetic field) for

PKS 1510-089. Upper left: SEDs of PKS 1510-089 including the external photon field con-
tribution, at approximately the beginning of the flare (black), before peak (red), peak (green),

after peak (blue) and back to equilibrium (cyan), with the dashed line for the external pho-
ton field contribution. Upper right: The light curves including the external photon field

contribution, at radio (black), infrared (red), optical V band (green), UV (blue). Lower

left: The synchrotron SEDs, including the external photon field, from 3DPol (top), with the
dashed line for the external photon field contribution; and the polarization percentage vs.

photon energy with the external photon contamination considered (bottom), where dashed
lines represent the polarization percentage without the contamination. Lower right: The po-

larization percentage vs. time with external contamination (top), and PA vs. time (bottom).
23

  

EVPA rotations

CTA 102 3C 454.3

Zhang, Chen & Boettcher 2014  Blinov et al. 2015 


