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Optical Polarization in Blazars 

Blazars: Optical = optically thin Synchrotron:  
      - highly linearly polarized 
      - contribution from all emitting regions 
         along LOS 

 
 
Optical polarization informs about: 
q  geometry of emission-region  
q  number of emitting cells along LOS 
q  how ordered     is 

Optical polarization in blazars is variable 

? ~B
~B

? ~B

? ~B
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EVPA rotations

CTA 102 3C 454.3
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Figure 3. Gamma-ray light curves of objects with detected rotations of EVPA during the 2013 RoboPol observing season. The season
interval is marked by the green (light) area. The pink (dark) area shows duration of the rotation. Green ticks mark moments of our
optical EVPA measurements. The red points (light grey in black and white renderings of the figures) indicate intervals identified as flares.
The points are separated by tint/4. The blue line is the best least-square fit of Eq. 1 to the data.
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polarization fraction (RoboPol) 

polarization angle  (RoboPol) 

optical flux   (RoboPol) 

GeV gamma-ray flux (Fermi) 

Blazar exhibit  
optical polarization swings 



Blazar Optopolarimetry Questions: 

 
    -- Are γ-ray—loud and γ-ray—quiet blazars different  
       in optical polarization? 
 
    -- Do all blazars exhibit polarization rotations? 
 
    -- Are polarization rotations related to γ-ray flares? 
 
    -- What is a rotation? Does it matter? 
 
    -- What are the typical optopolarimetric properties of blazars? 
        Could we recognize yet-unknown blazars in the optical  
        from their optopolarimetric signature? 
 



Robopol 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 0.6 arcsec) 

ü  Statistically robust sample 

ü Unbiased observing strategy 



  

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)
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No moving parts,  
low systematics,  
high sensitivity 
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The Sample 

ü  Main: 62 γ-ray – loud blazars 
 R<17.5 mag, F(>100 MeV) > 2x10-8 cm-2 s-1 

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

 
 
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  
 
     Individual rotation properties depend on these choices 
     Statistical results do not 
 
     Kiehlmann et al. 2018 in prep  



 γ-loud vs γ-quiet blazars 

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 
 
result persists independently of  
p quantification  
(median, mean, single-epoch) 
 
Angelakis et al. 2016 
Pavlidou et al. 2014 

Are γ-ray—loud and γ-ray—quiet blazars  
different in optical polarization? 



Do all blazars rotate? 
Prior to RoboPol: 16 rotations in 10 blazars 
3 years of RoboPol: + 40 rotations in 24 blazars 
 
1. Chance to find rotations only in 24 blazars if rotation 
frequency uniform in all blazars: 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 

 Do all blazars exhibit 
polarization rotations? 



Rotations related to γ-activity? 

Blinov et al. 2018 Lags too small to be random 

P=2x10-4 

8 D. Blinov et al.
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Figure 6. Time lags, τcorr, vs. normalized gamma-ray flare am-
plitude, Fp/F3FGL. The size of the points indicates Nup/Ndet – the
fraction of the RoboPol observing season when the photon flux of
the rotator was lower than the Fermi LAT detection limit. Empty
symbols represent events in blazars with uncertain or unknown
redshift.

Figure 7. Time lags, τcorr, vs. normalized gamma-ray flare am-
plitude, Fp/F3FGL (open squares) and Fp/F2FGL (filled squares),
for the 2013 season events. For direct comparison with Paper 1
two other seasons are omitted.

3.4 Are the time lags random?

The result of section 3.3 suggests that EVPA rotations hap-
pen simultaneously with gamma-ray flares. However, most
of the gamma-ray light curves in Fig. 3 - 5 show many flares.
Therefore, it is possible that the simultaneity between flares
and rotations is accidental and not due to a physical link
between the events. In Paper I we showed that this is highly
unlikely. We did this by demonstrating that the cumulative
distribution function (CDF) of |τcorr | can be produced ac-
cidentally only with very low probability (∼ 5 × 10−5). In
other words, if we randomly “throw rotations” on the Fermi

gamma-ray light curves, it is unlikely that we will get as
short time lags as we observed.

Here we conduct a similar analysis using the full 3 sea-
sons set of EVPA rotations. We used the gamma-ray photon
flux curves and the flare fits from Sec. 3.1. For each of the

10−5 10−4 10−3 10−2 10−1 100 101 102 103

|τobs| (d)

0.0
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0.4

0.6

0.8

1.0

C
D
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observed

Figure 8. CDFs of the time lags between the EVPA rotations 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).

rotators with defined τcorr we randomly selected a JD from
the uniform distribution within the time range correspond-
ing to the RoboPol observing season for this blazar. Then
we identified the closest gamma-ray flare to this JD and ob-
tained τcorr,sim as was done for the observational data. For
blazars where two EVPA rotations were observed during a
single season, we independently performed this procedure
twice. Repeating the experiment 106 times we constructed
the CDF of |τcorr,sim | for each trial. In Fig. 8 we show 104

of these CDFs (grey lines) together with the observed CDF
of |τcorr | (black). Out of the 106 simulated CDFs only 70
are located in their entirety closer to zero than the observed
one (i.e., located to the left of the observed CDF, shown by
the black solid line in Fig. 8). This result implies that the
probability of all time lags in the sample being accidentally
so close to zero, as observed, is ∼ 7× 10−5. Thereby, we con-
firm the results of Paper I, and we conclude that the small
time lags we observe suggest a physical link between EVPA
rotations and gamma-ray flares.

4 CORRELATIONS BETWEEN PARAMETERS

OF EVPA ROTATIONS AND GAMMA-RAY

FLARES

The results from the analysis in section 3 suggest the hypoth-
esis that some (if not all) EVPA rotations must be physi-
cally related with the nearest gamma-ray flares. If this is
the case, one would expect that at least some properties of
these events are correlated. In the following subsections we
discuss the results found in the course of this analysis.

4.1 Flare luminosity vs. rotation amplitude

We quantify the amplitude of the gamma-ray flare nearest
to an EVPA rotation by the measure Lp, the gamma-ray lu-
minosity at its peak. The amplitude of the rotation, ∆θmax,
is simply the difference between the maximum and mini-
mum values of EVPA during the rotation. The dependence

MNRAS 000, 1–12 (2017)



Rotations related to γ-activity? 

Blinov et al. 2018 
all lags consistent with zero 



γ-flaring/rotations:  
timescales correlation 

Blinov et al. 2018 
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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 related to γ-ray flares?  
YES. Time lags with γ-flares too small for random associations. 
Durations of rotations and nearest gamma-flares are correlated.  
  

      



Rotations Bonus I 
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Figure 9. Gamma-ray flare luminosity vs. rotation amplitude.
The linear fit is shown by the line. Empty squares correspond to
blazars with uncertain z.

of Lp on ∆θmax is plotted in Fig. 9. Hereafter we use logarith-
mic scales because the functional dependence of variables is
unknown and it allows to test the general case of power-
law dependence, which includes also linear correlation. The
two quantities in Fig. 9 are anticorrelated with r = −0.54

(p-value = 7 × 10−4). The best ordinary least squares bisec-
tor (OLSB, Isobe et al. 1990) fit to the data gives the slope
value −6.6 ± 1.5, which implies high significance of the cor-
relation.

It should be noted that ∆θmax have relatively large un-
certainties and in several cases they are defined only as lower
limits. These uncertainties are caused by observational re-
straints, when either start and/or end of a rotation cannot
be pinpointed accurately due to insufficient cadence of obser-
vations. There is no bias in the values of these uncertainties
with respect to blazar properties. For instance, they are not
correlated to ∆θmax or Lp. Therefore, we ignore these uncer-
tainties in further analysis for simplicity and omit in figures
for better readability.

Any correlation of Lp with some other parameter may
be a manifestation of one of the following situations: the
parameter under consideration may be correlated with the
relative flare amplitude, Fp/F3FGL, the redshift, z, or the
beaming properties of the sources i.e., the Doppler factor,
δ. We have not found any significant correlation between
∆θmax and Fp/F3FGL (r = −0.06, p-value = 0.72). However,
we indeed found a correlation between δ, z and ∆θmax, as we
discuss below.

4.2 Redshift vs. rotation amplitude

In Fig. 10 we show dependence of the redshift on ∆θmax.
The two quantities appear to be anticorrelated (r = −0.56

and p-value = 0.001 for spectroscopic z), while the OLSB
best fit line has a highly significant slope −2.3 ± 0.2. The
correlation between z and ∆θmax can be caused by a phys-
ical relation between Lp and ∆θmax, and the fact that our
observing sample suffers from the Malmquist bias (i.e. cor-
relation between z and Lp), since it is a flux limited sample.
Alternatively, z and ∆θmax can be correlated due to cosmic
evolution in the properties of rotations (which would induce

100 200 300

∆θmax (deg)

0.1

1

2

z

Figure 10. Redshift vs. rotation amplitude. The linear fit is
shown by the line. Empty squares correspond to blazars with
uncertain z.
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Figure 11. Doppler factor, δ, of a blazar vs. rotation amplitude,
∆θmax. The line is a linear fit in logarithmic scale with the three
points of 3C 371 excluded.

the correlation of Lp and ∆θmax, since we tend to see more
luminous sources at higher redshifts).

4.3 Jet parameters vs. rotation amplitude

Throughout this paper, we use the Doppler factors, δ, de-
rived by Hovatta et al. (2009) from the variability of the
total flux density at 37 GHz (see Table A1 in Paper III).
In Fig. 11 we show δ of rotators, as a function of ∆θmax.
It shows a clear anticorrelation of these parameters. This
is a surprising result, given the fact that the δ were ob-
tained for an observing period prior to RoboPol observations
under the assumption of energy equipartition between the
magnetic field and the radiating particles (Readhead 1994;
Lähteenmäki & Valtaoja 1999). This assumption of equipar-
tition may not hold in all sources (see e.g., Gómez et al.
2016; Bruni et al. 2017). The Doppler factors have on av-
erage 30% random errors as shown by Liodakis & Pavlidou
(2015). Moreover, δ for the optical emission region may sig-
nificantly differ from δ of the region emitting at centimetre

MNRAS 000, 1–12 (2017)

flare luminosity-rotation length anticorrelation 

Blinov et al. 2018 



Rotations Bonus II: 

NLSy1s rotate! 
 
 
 
 

Angelakis et al. 2018 

Angelakis et al.: Optical polarisation variability of RL NLSy1 galaxies

Fig. 8. J0324+3410: The polarisation variability curve. Upper panel: The de-biased polarisation fraction over time. Lower panel:
The EVPA over time. The coloured lines mark periods of monotonous – within the uncertainties – EVPA evolution.

Fig. 9. J0324+3410: The distribution of the de-biased polarisa-
tion fraction p. The dot-dashed vertical line marks the median
of the distribution. The blue dashed line shows the distribution
of p̂ during the non-rotating phases and the solid one that during
the rotating phases. The black dotted line corresponds to all the
measurements.

Fig. 10. J0324+3410: The distribution of the observed polarisa-
tion angles in the range [−90◦, 90◦].

Following the approach presented in Section 5.1.2, 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

Fig. 11. J0324+3410: The distribution of rotation angles ∆χ for
all the apparent rotations.

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). Hence, although it is not
impossible that the observed event is an artefact of noise while
the EVPA remains intrinsically unchanged, it is rather unlikely.
The associated probability is only ∼ 10−3. It is then possible that
the EVPA indeed undergoes an intrinsic variability event.

To estimate the most probable parameters of the intrinsic
EVPA variability, we make the assumptions (as in Sect. 5.1.3) of
constant intrinsic EVPA rotation rate, 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 is about 10−2) . 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 is about 0.033).

These probabilities are indeed low, yet, they are higher than
those for the pure noise scenario, indicating that intrinsic vari-
ability is more likely. Nevertheless, the low probability indicates
that the simple assumption of a constant rotation rate is anyhow
not likely.
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Non-Rotations Bonus 

We found a blazar! 
 
 
 
 

A&A proofs: manuscript no. output

Table 1. Data information and ranking parameters of the four observed
sources along with their sequential position in the list sorted by ranking.
Flx is measured in 10�8 ph cm�2 s�1 and Pos in deg2.

3FGL id Flx Var Pos Rank.Par. Position
J1848.6+3232 2.84 193 0.01 551 31
J0419.1+6636 2.2 49 0.008 130 106
J0336.1+7500 1.06 34 0.007 52 219
J0221.2+2518 0.45 38 0.024 7 660

Fermi sources locations. It is given in deg2 and is calculated
as ⇡ ⇥ a ⇥ b, where a and b are semi-major and semi-minor
axes of the positional error ellipse provided in 3FGL. The
larger the positional error, the more di�cult to study the area.

The ranking parameter ensures that the target field under investi-
gation contains a variable, �-ray bright source within a relatively
small region of the sky.

For the examination of the proposed technique we observed
fields of four UGSs with various ranking parameters. These
sources were selected randomly among all visible UGSs at the
moment of observations. Their ranking parameters and the se-
quential positions in the list of 1010 unidentified Fermi sources
sorted by the rank are presented in Table 1.

3. Observations and data reduction

3.1. Gamma-ray data

We analysed the Fermi-LAT data in the energy range 100 MeV 
E  100 GeV using the unbinned likelihood analysis from
Science Tools v10r0p5. We selected photons with source class
(evtype=3 and evclass=128) within a 15� region of interest
(RoI) around a blazar. The Earth limb background was ex-
cluded by the the satellite zenith angle cut < 90�. We used
gll_iem_v06 for modeling of the di↵use emission from the
Galaxy and P8R2_S OURCE_V6 for the instrument response
function. The residual instrumental and extragalactic di↵use
backgrounds were included in the fit as an isotropic spectral
template iso_source_v05. The background model included all
sources from the 3FGL within RoI. The spectral shapes of all
targets as well as photon fluxes of sources beyond 10� from the
UGS were fixed to their 3FGL values. The test statistic values
TS � 10 were considered as significant detections, which ap-
proximately corresponds to 3� significance level (Nolan et al.
2012).

3.2. Optical polarimetry

Polarimetric data of the targets were obtained using the
RoboPol2 polarimeter attached to the 1.3-m. telescope of Ski-
nakas observatory (35.2120�N, 24.8982�E), located in Crete,
Greece. RoboPol contains a combination of two Wollaston
prisms and two half-wave plates in order to distinguish photons
with orthogonal polarization and project a four-point image for
each source. The only moving part is its filter wheel, which is
equipped with B, V, R, I Johnson-Cousins filters. The particular
design of the RoboPol polarimeter allows the measurement of
the Stokes parameters with a single exposure, thereby minimiz-
ing systematic and statistical errors. The instrument is optimized
for measurements of a source at the center of its 130 ⇥ 130 field
of view, by using a mask in the telescope focal plane. The mask

2
http://robopol.org/

Fig. 3. Distribution of q and u Stokes parameters of field sources. UGSC
is shown by the red symbol.

has a cross-shaped aperture in the center and is designed so as
to prevent unwanted photons from the nearby area of the central
source, as well as nearby sources from overlapping with it. The
background noise surrounding the spots is reduced by a factor of
4 compared to field sources, allowing more precise and reliable
measurements. RoboPol was primarily designed to monitor the
optical linear polarization of blazars, with the first observations
taking place in June 2013 (Pavlidou et al. 2014).

Operation of the instrument and data reduction is based on
an automated pipeline described in detail by King et al. (2014).
Although the pipeline processes the entire RoboPol field of view,
there are certain issues that need to be taken into account when
performing and analyzing field measurements. Such issues af-
fecting our measurements are briefly discussed below.
• Large scale optical aberrations: Aberrations caused by the

optical system are corrected by the instrument model described
in King et al. (2014), improved by Panopoulou et al. (2015). In
the latter paper is also estimated the uncertainty that remains af-
ter the model’s correction.
• Proximity of two sources: Since RoboPol produces a four-

point image for each source, it is common for one or more of
these points to overlap with a point from a nearby source. Such
sources are excluded from the analysis on condition that a spot
exists within 3⇥FWHM of another source’s spot.
• Proximity to the CCD edges: Sources close to the CCD

edges are very probable to su↵er from partial photon losses i.e.
one or more of the four spots are not projected on the CCD im-
age. Consequently, sources falling 100 pixels or less from the
edges are rejected from the analysis.
• Aperture optimization: Stokes parameters q=Q/I and u=U/I

are calculated through aperture photometry in each of the four
spots of the same source. A number of conditions may a↵ect the
PSF of the spots (e.g. weather, seeing, optical system), therefore
arises the necessity of employing di↵erent photometry parame-
ters for each of the spots. This settles with the use of an aperture
optimization algorithm as presented by Panopoulou et al. (2015).
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Figure 4. Histogram (upper panel) and cumulative distribution
function (lower panel) of debiased p values for all 89 gamma-ray–
loud (thin solid lines) and 15 gamma-ray–quiet (dashed lines)
blazars that pass quality cuts. The typical measurement uncer-
tainty is shown in the upper panel with the arrow; the uncertainty
spread is ∼ 10% of that value. Thick solid and dashed lines cor-
respond to the PDF and CDF of exponential distributions with
average equal to the sample average of each population.

and analysis of this effect when we present data from our
first season of monitoring, using both data from the litera-
ture as well as our own variability information to constrain
the possible contribution from the host for as many of our
sources as possible.

4.5 Intrinsic distributions of polarization fraction

In Section 4.3 we showed that the intrinsic distributions of
polarization fraction of gamma-ray–quiet and gamma-ray–
loud blazars must be different; however, that analysis did not
specify what these individual intrinsic distributions might

be. We address this issue in this section. Our approach con-
sists of two steps. First, we will determine what the overall
shape of the distributions looks like, and we will thus select
a family of probability distribution functions that can best
describe the intrinsic probability distribution of polarization
fraction in blazars. Next, we will use a likelihood analysis to
produce best estimates and confidence limits on the param-
eters of these distributions for each subpopulation.

4.5.1 Selection of Family of Distributions

In order to determine the family of distributions most ap-
propriate to describe the polarization fraction of the blazar
population we plot, in the upper panel of Fig. 4, a histogram
– normalised so that it represents a probability density –
of all the debiased p values in the gamma-ray–loud and
gamma-ray–quiet samples, independently of their p/σp ratio
(89 and 15 sources, respectively). It appears that these his-
tograms resemble exponential distributions. Indeed, in the
upper panel of Fig. 4, we also over-plot the exponential dis-
tributions with mean equal to the sample average of p for
each sample, and we see that there is good agreement in
both cases. To verify that our choice of binning does not
affect the appearance of these distributions, we also plot, in
the lower panel of Fig. 4, the CDF of each sample, as well as
the CDFs corresponding to each of the model PDFs in the
upper panel. The agreement is again excellent. We conclude
that the PDFs of the polarization fraction of gamma-ray–

quiet and gamma-ray–loud blazar subpopulations can be well

described by exponential distributions.

4.5.2 Determination of Distribution Parameters

In this section, we seek to determine the best estimate val-
ues and associated confidence intervals for the parameters of
the intrinsic PDFs of polarization fraction for our two blazar
subpopulations. All values of p used in this section are de-
biased as described in Section 4.2. Based on the results of
our previous discussion, we will assume that the probability
distribution of p in a sample of blazars can be described as

P (p)dp =
1
⟨p⟩

exp

(

− p
⟨p⟩

)

dp . (2)

In order to be formally correct, there should be a factor of
1− e−1/⟨p⟩ in the denominator of Equation 2 to correct for
the fact that p is defined in the [0, 1] rather than the [0,∞)
interval; the correction is however small for the values of ⟨p⟩
that are of interest here. The mean, ⟨p⟩, is the single pa-
rameter of this family of distributions, and it is the quantity
that we seek to estimate from our data for each subsample.

In the population studies that follow, we will include
only sources with p/σp ! 3. However, in order to avoid bi-
asing our statistics by this choice, we apply sharp cuts in
p−space that exclude most, if not all, of our low p/σp mea-
surements; these cuts can then be explicitly corrected for in
our analysis (which will assume that sources below a certain
p value do exist, in numbers predicted by the exponential
distribution, but cannot be measured). These selection cri-
teria are visualised by the thick solid line in Fig. 3.

We thus split each population into two sub-samples,

c⃝ 0000 RAS, MNRAS 000, 000–000
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What’s next 

ü High-cadence results on blazar rotations 
(Kielmann et al 2018, in prep.)  
 

ü  Full RoboPol data release  
+ polarimetry workshop in Crete  (early 2019!) 

 
ü  OPTOPOLARIMETRIC STANDARDS! 

(ongoing, stay tuned) 

 
 
 
 



Summary 

20 V. Pavlidou 


