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beaming in the opposite direction. The stationary core lies at the
northern end of the visible jet. Bright ‘knots’ emerge from the core
at a rate of 1–2 per year and move south at apparent superluminal
speeds, an illusion caused by their relativistic motion6.

The radio, optical, and X-ray light curves in Fig. 2 indicate a double
flare in late 2005. The highly significant detection7 of .0.2 TeV c-rays
from 2005.819 to 2005.831 during the first X-ray flare implies that
acceleration of electrons with sub-TeV energies was particularly effi-
cient at this time. These electrons can both produce X-rays from
synchrotron radiation and scatter the X-ray photons to GeV c-ray
energies that are boosted to the TeV range by relativistic motion of
the jet plasma. The location of such flares has been controversial:
some observations8,9 indicate that they occur downstream of the core,
whereas most theoretical models require that they take place well
upstream of this region, where the plasma is more compact. As we
explain below, our data indicate that the first flare in late 2005 corre-
sponds to a disturbance passing through the zone upstream of the
core, where the jet flow is still accelerating, and that the second occurs
as the disturbance crosses a standing shock system in the core.

The identification of the location of the initial flare within the
acceleration and collimation zone is significant, since previous obser-
vations of jet collimation are quite limited. For example, an image10 at
7-mm wavelength of the radio galaxy M87 appears to reveal an ini-
tially broad outflow that narrows into a nearly cylindrical jet. This is
consistent with gradual collimation by either a toroidal magnetic
field4 or external confining gas pressure that decreases with distance
from the black hole11. The flow seen in M87 could include a ‘sheath’
that moves more slowly and is less focused than the ‘spine’12. In the

case of BL Lac, the high apparent superluminal motions of bright
knots in the jet and the pronounced variability at all wavelengths
imply that the observed radiation arises exclusively from the spine,
where special relativistic effects dominate.

The primary observational indicator of magnetic collimation
requiring a coiled magnetic field in the spine of the jet is the evolution
of the polarization. When observed at an angle to its axis, synchro-
tron radiation from a circularly symmetric jet with a helical field
displays a net polarization oriented either parallel or perpendicular
to the projected jet axis13. Such parallel and perpendicular polariza-
tions can be confused with shock waves and velocity shear, respec-
tively, which can produce the same polarization patterns. However,
in a model where magnetic forces gradually accelerate and focus the
jet, the flow velocity is directed along streamlines that follow a helical
trajectory with a different, wider, pitch angle than that of the mag-
netic field5. The rotation of the flow can be traced back to the base of
the jet in the orbiting accretion disk or differentially rotating ergo-
sphere, where the spin of the black hole drags the inertial frames. A
shock wave or other compressive feature propagating down the jet
traces a spiral path that follows a streamline and cycles through the
orientations of the helical field (see Fig. 3 and ref. 5). This should
manifest itself as a rotation of the position angle of linear polarization
as the feature moves outward. The degree of polarization should drop
to a minimum in the middle of the rotation, when the mean magnetic
field in the flaring region is transverse to that of the previously exist-
ing emission14. As Fig. 2g, h demonstrates, we see both effects.

The optical EVPA shown in Fig. 2g rotates steadily by about 240u
over a five-day interval before settling at a value of ,195u. The
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Figure 2 | Flux density at various wavebands and optical polarization of BL
Lac, as functions of time. a–d, Dependence on time of the flux of radiation
from BL Lac over a two-year interval at the indicated wavebands. The X-ray
measurements in a are of photon energy flux F integrated over photon
energies of 2–10 keV. Error bars represent 61 s.d. uncertainties in the values
plotted. The exponent of the power-law dependence of X-ray flux density on
frequency is denoted by 2ax. e–h, Enlargements of the 0.25-yr time interval
marked by vertical dotted lines in panels a–d, but with optical R-band EVPA
(g) and degree of polarization P (h) respectively replacing X-ray spectral
index (b) and radio flux density (d) (whereas e and f respectively show the
magnified intervals in a and c). Error bars represent 61 s.d. The interval of
highly significant detections7 at photon energies .0.2 TeV is indicated by
the width of the head of the arrow in e. The rotation in optical R-band EVPA
near the time of the peak of the first optical and X-ray flare is apparent.
Because there is an ambiguity of 6180u in the value of the EVPA, we have
selected the quadrant of each value that provides a consistent overall trend of

rotation between 2005.81 and 2005.83. The solid curve in g corresponds to
the pattern predicted by the model shown in Fig. 3 when relativistic
aberration is included. The vertical arrow (with error bar) in h indicates the
time at which the superluminal knot is coincident with the stationary core
seen in the images displayed in Fig. 1. Optical polarimetric data were
obtained from Steward Observatory and the Crimean Astrophysical
Observatory. Optical flux density points were obtained from photometry at
these two sites plus Lowell Observatory, Perugia University Astronomical
Observatory and the Abastumani Astrophysical Observatory. All of the
optical telescopes are equipped with charge-coupled-device cameras.
Measurements of X-ray flux and the continuum spectrum were obtained
from a monitoring program with the NASA Rossi X-ray Timing Explorer.
Measurements of radio flux density were obtained from the University of
Michigan Radio Astronomy Observatory and the Metsähovi Radio
Observatory. Descriptions of telescopes and data analysis are available in the
Supplementary Information.
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(where nFn is the energy flux measured in the millimetre band
[,1011.5 Hz]), which is consistent with the limit provided by the
shortest doubling timescales of the c-ray flux variations.

The gradual rotation of the polarization angle is unlikely to origi-
nate in a straight, uniform axially symmetric, matter-dominated jet
because any compression of the jet plasma by, for example, a per-
pendicular shock moving along the jet and viewed at a small but
constant angle to the jet axis would change the degree of polarization,
but would not result in a gradual change of EVPA. Instead, it could
reflect a non-axisymmetric magnetic field distribution (as in, for
example, ref. 14), a swing of the jet across our line of sight (which

in turn does not require any source/pattern propagation), or a curved
trajectory of the dissipation/emission pattern. The last possibility
may be due to propagation of an emission knot following a helical
path in a magnetically dominated jet as was recently investigated in
the context of the optical polarization event seen in BL Lacertae12, or
may involve the ‘global’ bending of a jet. The magnetic field in the
emission region is anisotropic (presumably concentrated in the plane
of a shock or disturbance propagating along the jet), so the degree
and angle of observed polarization then depends on the instan-
taneous angle h of the direction of motion of the radiating material
to the line of sight. The maximum rotation rate of the polarization
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Figure 1 | History of flux in various bands, c-ray photon index, and optical
polarization of 3C 279. Light curves at the indicated wave bands covering a
year since the Modified Julian Day (MJD) of 54650 (corresponding to 3 July
2008). The two dashed vertical lines indicate 54880 and 54900 MJD. Error
bars at each point represent a 61 s.d. statistical uncertainty. a, b, Gamma-ray
flux Fc and photon index C above 200 MeV averaged over 3-day intervals as
measured by Fermi-LAT from photons that passed the ‘diffuse’ event
selection. The source fluxes are calculated using ‘P6_V3_DIFFUSE’ for the
instrumental response function and a simple power-law spectral model:
dF/dE / E–C. The detailed data analysis procedures are analogous to those in
ref. 22. c, X-ray integrated flux FX between 2 and 10 keV, calculated by fitting
the data with the simple power-law model taking into account a Galactic
absorption. Light-green points are from the observations with the
Proportional Counter Array (PCA) onboard the Rossi X-ray Timing Explorer

(RXTE) and dark-green points are measurements by Swift-XRT. d, Optical
and ultraviolet (UV) fluxes in several bands. R-band data were taken by
ground-based telescopes from the GASP-WEBT collaboration23. V-band data
were taken by a ground-based telescope (Kanata-TRISPEC24) and Swift-
UVOT. Data in all other bands were acquired by Swift-UVOT.
e, f, Polarization degree and electric vector position angle (EVPA) of the
optical polarization measured by the Kanata-TRISPEC in the V-band (dark
blue) and by the KVA telescope without any filters (light blue). Note that
EVPA has 6180u3 n (where n 5 1, 2…) ambiguity. The horizontal dashed
lines in f refer to EVPAs of 50u and –130u. g, h, Near-infrared flux FNIR and
radio fluxes measured by ground-based telescopes. Kanata-TRISPEC
measured the J and Ks NIR bands, OVRO measured the 15 GHz radio band
and GASP-WEBT measured the J, H, K and several millimetre and radio
bands. All UV, optical and NIR data are corrected for the Galactic absorption.
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the RoboPol approach: 

➡ 4 nights / week for 3 years (2013-2015)

➡ cadence: 3 — 0.3 nights

➡ p uncertainty < 0.01, χ uncertainty: 1-2 deg


➡ select and unbiased sample:

- 62 gamma-ray loud “GL” from 2FGL 


F (> 100 MeV) > 2 × 10−8 cm−2 s−1  

- 15 gamma-ray quiet “GQ”: from OVRO




RoboPol: EVPA rotations in blazars 1673

Figure 2. Evolution of polarization degree, polarization position angle and R-band magnitude for blazars with a detected rotation in the first RoboPol season.
Periods of rotations are marked by filled black points.

MNRAS 453, 1669–1683 (2015)

 at M
PI R

adio A
stronom

y on M
arch 12, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

RoboPol EVPA rotations: 

➡ 2013-2015: 40 rotations in 24 blazars

(before RoboPol: 16 rotations in 10 blazars)

Blinov et al. 2015, MNRAS.453.1669B;  
Blinov et al. 2016, MNRAS 457, 2252 

➡ any class can “rotate” (HSP/LSP, FSRQs/
BL Lacs, TeV/non-TeV)


➡ rotation rate can vary a lot in the same 
source


➡ both senses allowed in the same source




Blinov et al. 2015, MNRAS.453.1669B

EVPA rotations and γ-ray activity: 

➡ data suggest:  

- all “rotators” are GL: physical relation 

between γ-ray loudness and optical 
polarisation


- we find no rotation that is not associate 
with a gamma-ray flare within the 
uncertainties 

- all lags consistent with zero 

RoboPol: EVPA rotations in blazars 1679

Figure 6. Gamma-ray light curves of objects with detected rotations of EVPA. The RoboPol observational season 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. All curves are centred to the mean day of the
RoboPol observing season. Detected flares are marked by red points, while the blue curve is the analytical function fit of the flares closest to observed rotations
(see text for details). Vertical dashed lines indicate intervals of the light curves used in the fitting procedure.
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Blinov et al. 2015, MNRAS.453.1669B

EVPA rotations and γ-ray activity: 

➡ rotators are more luminous and more 
variable in γ rays


RoboPol: EVPA rotations in blazars 1679

Figure 6. Gamma-ray light curves of objects with detected rotations of EVPA. The RoboPol observational season 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. All curves are centred to the mean day of the
RoboPol observing season. Detected flares are marked by red points, while the blue curve is the analytical function fit of the flares closest to observed rotations
(see text for details). Vertical dashed lines indicate intervals of the light curves used in the fitting procedure.
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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 

Blinov et al. 2016 
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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.

GL sources classified as “bzb” are found at systematically lower

redshifts (median 0.308) as opposed to “bzq” sources that are lo-

cated clearly farther with a median of around 0.867, in accordance

with what systematic studies of blazar samples have shown (e.g.

Massaro et al. 2009). The GQ sources on the other hand are al-

most uniformly distributed over a broad range of redshifts reaching

up to 3.18. Hence, their cosmological distance cannot explain – at

least 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 ob-

served at larger redshifts implies that the blazar sub-class (FSRQ or

BL Lac) is a weak function of redshift (see Fig. 2 in Massaro et al.

2009 and Fig. 1 in Xiong et al. 2015). If the degree of polarization

were depending on the source class, one would expect an implicit de-

pendence 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.

Figure 3 shows p̂ versus z separately for the GL and GQ sam-

ples. In order to test whether p̂ depends on z we calculated the

Spearman’s rank correlation coefficient, ρ. The method assesses

the possibility for the existence of a relation between the variables
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Figure 2. The redshift distribution of the main source classes in Table 1.

The bin size is set to 0.2. The grey area shows the distribution of all sources

in Table 1. The GL subset is shown separately for “bzq” and “bzb” sources

following the 2FGL classification. The GQ sources (control sample) is shown

in blue. The orange triangles show the redshifts of the two sources which

were initially selected as control sample sources but eventually appeared in

the 3FGL list.
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Figure 3. The median polarization fraction versus the source redshift for GL

and GQ sources. The plot shows no evidence for a monotonous correlation.

in the form of a monotonous function. Generally, ρ takes the value

of −1 or +1 in the ideal case of a monotonous relation between

the two variables and 0 in the total absence of such. The case of p̂

and z gives a ρ of only 0.18 (p-value: 0.065), lending no support

to the hypothesis that there is significant correlation between the

two. The same conclusion is reached when using the intrinsic mean

polarization fraction p0. However, Spearman’s test evaluates only

the likelihood of a monotonous relation between two variables, so

a more complicated relation cannot be excluded.

Since no strong correlation between redshift and polarization

fraction has been identified, we find no indication that a difference

in the redshift distribution between GL and GQ samples can be the

source of their polarization dichotomy.

MNRAS 000, 1–15 (2015)
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All the data products discussed hereon are based on data sets that

have passed all these checks.

3 DATA PRODUCTS

In this section, we present minimal-processing data products for all

sources included in Table 1.

Table 2 lists polarimetry and photometry data products for the

sources observed and is available online. For polarization angles

we adopt the IAU convention: the reference direction is North, and

the angle increases Eastwards (Saikia & Salter 1988). The Table

columns include number of times N each source has been observed

to be significantly polarized (p/σp ≥ 3), the average time between

two such consecutive measurements ⟨τ⟩, the median polarization

fraction p̂, the minimum and maximum polarization fractions ever

observed for each source (pmin and pmax, respectively), a flag in-

dicating whether the source is of “high polarization” (HP) or “low

polarization” (LP) (with HP indicating that the source has at some

point been observed to have a polarization fraction higher than

0.03), and the median polarization angle, χ̂. Polarization angles

have been corrected for instrumental rotation.

Concerning photometry data products, Table 2 lists the mean

R-band magnitude for each source< R >, averaged over all observa-

tions with significant photometry measurements, and the catalogue

used for the photometry calibration.

3.1 Intrinsic mean flux density and modulation index

We have used the maximum-likelihood analysis presented in

Richards et al. (2011) on the R-band flux densities in order to esti-

mate best-guess values for the intrinsic mean flux density S0 and its

modulation index mS , as well as uncertainties for these quantities.

The analysis assumes that, discarding timing information, the under-

lying distribution of fluxes – that the source is capable of producing

– is Gaussian. Observational uncertainties in R-band flux density

measurements as well as finite sampling are explicitly accounted

for. Table 3 summarizes the results of our analysis and is provided

online.

3.2 Intrinsic mean polarisation and intrinsic modulation

index

In a similar fashion, we have used a maximum-likelihood analysis to

compute best-guess estimates of the average intrinsic polarization

fraction p0 and the intrinsic polarization fraction modulation index

mp (p−distribution standard deviation divided by p−distribution

mean), as well as uncertainties for these quantities. Physically, p0

and mp correspond to the sample mean and sample modulation in-

dex that one would measure for a source using an infinite number of

fair-sampling, zero-observational-error data points. For this analy-

sis, we have used all measurements, regardless of the signal-to-noise

ratio of the polarization fraction.

The details of the method are described in Appendix A of

Blinov et al. (2016). The underlying assumptions are that: (a) a

single polarization fraction measurement from a source follows the

Rice distribution (and, implicitly, that the Stokes parameters Q and

U have Gaussian, approximately equal uncertainties); and (b) the

values of the polarization fraction that a source can produce follow

a Beta distribution (chosen because it is defined in a closed [0,1]

interval, as is the polarization fraction):

PDF
(

p;α, β
)

=
pα−1 (1 − p

)β−1

B
(

α, β
) (1)

If the parameters a, β of this distribution are known, the intrinsic

mean and its modulation index are then given by

p0 =
α

α + β
(2)

and

mp =

√
Var

p0
=
α + β

α
·

√

αβ
(

α + β
)2 (α + β + 1

)

. (3)

with Var the variance of the distribution.

An essential advantage of this approach is that it provides

estimates of both uncertainties and, when appropriate, upper limits.

The method has been applied only in cases with at least 3 data points

out of which at least 2 had p/σp ≥ 3. All the results of our analysis

are shown in Table 3.

4 ANALYSIS

Our analysis is focused on the behavior of the polarization fraction

p and its variability for GL and GQ sources. We first examine the

median polarization fraction p̂ of each source computed from mea-

surements with p/σp ≥ 3. This quantity has the advantage that it

is very straight forward to define and compute. However, it clearly

only characterizes sources during their stages of significant polar-

ization, ignoring non-detections and the associated cycles of low

polarization. For this reason, we also include a realistic analysis

which accounts for limited sampling, measurement uncertainties,

and Ricean bias, by applying a maximum-likelihood analysis to

compute the intrinsic mean polarization fraction p0 and its associ-

ated intrinsic modulation index mp (Sect. 3.2), together with uncer-

tainties for these quantities. A similar approach is followed in for

the photometry (Sect. 3.1), where a maximum-likelihood approach

is used to compute the intrinsic mean R-band flux density S0 and

its intrinsic modulation index mS . The scope of the section can be

summarized in (a) quantifying the difference in the amount of polar-

ization seen on average in GL and GQ sources and its variability, (b)

searching for parameters they may depend on, and (c) investigating

the possible scenarios that would explain that difference.

4.1 The polarization of the GL and GQ samples

On the basis of mostly single-measurement data sets collected dur-

ing the instrument commissioning phase around 2013 May–July,

we showed that the polarization fraction of the GL and GQ targets

cannot be drawn from the same parent distributions (see Survey

Paper). Assuming an exponential distribution for both classes the

mean values ⟨p⟩were 6.4+0.9
−0.8
× 10−2 for GL and 3.2+2.0

−1.1
× 10−2 for

GQ sources.

Here, we address the same questions using our monitoring data

and in particular p̂ and p0 for each source. In the upper panel of

Fig. 1 we show the cumulative distribution function for the median

polarization fraction p̂ of each source. The median is computed from

measurements satisfying the condition p/σp ≥ 3. That leaves 116

GL and 14 GQ sources. The median of median polarization fractions

is found to be 0.074±0.007 for the GL sample and 0.025±0.009 for

the GQ ones. The null hypothesis that the two samples come from
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All the data products discussed hereon are based on data sets that

have passed all these checks.

3 DATA PRODUCTS

In this section, we present minimal-processing data products for all

sources included in Table 1.

Table 2 lists polarimetry and photometry data products for the

sources observed and is available online. For polarization angles

we adopt the IAU convention: the reference direction is North, and

the angle increases Eastwards (Saikia & Salter 1988). The Table

columns include number of times N each source has been observed

to be significantly polarized (p/σp ≥ 3), the average time between

two such consecutive measurements ⟨τ⟩, the median polarization

fraction p̂, the minimum and maximum polarization fractions ever

observed for each source (pmin and pmax, respectively), a flag in-

dicating whether the source is of “high polarization” (HP) or “low

polarization” (LP) (with HP indicating that the source has at some

point been observed to have a polarization fraction higher than

0.03), and the median polarization angle, χ̂. Polarization angles

have been corrected for instrumental rotation.

Concerning photometry data products, Table 2 lists the mean

R-band magnitude for each source< R >, averaged over all observa-

tions with significant photometry measurements, and the catalogue

used for the photometry calibration.

3.1 Intrinsic mean flux density and modulation index

We have used the maximum-likelihood analysis presented in

Richards et al. (2011) on the R-band flux densities in order to esti-

mate best-guess values for the intrinsic mean flux density S0 and its

modulation index mS , as well as uncertainties for these quantities.

The analysis assumes that, discarding timing information, the under-

lying distribution of fluxes – that the source is capable of producing

– is Gaussian. Observational uncertainties in R-band flux density

measurements as well as finite sampling are explicitly accounted

for. Table 3 summarizes the results of our analysis and is provided

online.

3.2 Intrinsic mean polarisation and intrinsic modulation

index

In a similar fashion, we have used a maximum-likelihood analysis to

compute best-guess estimates of the average intrinsic polarization

fraction p0 and the intrinsic polarization fraction modulation index

mp (p−distribution standard deviation divided by p−distribution

mean), as well as uncertainties for these quantities. Physically, p0

and mp correspond to the sample mean and sample modulation in-

dex that one would measure for a source using an infinite number of

fair-sampling, zero-observational-error data points. For this analy-

sis, we have used all measurements, regardless of the signal-to-noise

ratio of the polarization fraction.

The details of the method are described in Appendix A of

Blinov et al. (2016). The underlying assumptions are that: (a) a

single polarization fraction measurement from a source follows the

Rice distribution (and, implicitly, that the Stokes parameters Q and

U have Gaussian, approximately equal uncertainties); and (b) the

values of the polarization fraction that a source can produce follow

a Beta distribution (chosen because it is defined in a closed [0,1]

interval, as is the polarization fraction):
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If the parameters a, β of this distribution are known, the intrinsic

mean and its modulation index are then given by
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and
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√
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·
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)2 (α + β + 1

)

. (3)

with Var the variance of the distribution.

An essential advantage of this approach is that it provides

estimates of both uncertainties and, when appropriate, upper limits.

The method has been applied only in cases with at least 3 data points

out of which at least 2 had p/σp ≥ 3. All the results of our analysis

are shown in Table 3.

4 ANALYSIS

Our analysis is focused on the behavior of the polarization fraction

p and its variability for GL and GQ sources. We first examine the

median polarization fraction p̂ of each source computed from mea-

surements with p/σp ≥ 3. This quantity has the advantage that it

is very straight forward to define and compute. However, it clearly

only characterizes sources during their stages of significant polar-

ization, ignoring non-detections and the associated cycles of low

polarization. For this reason, we also include a realistic analysis

which accounts for limited sampling, measurement uncertainties,

and Ricean bias, by applying a maximum-likelihood analysis to

compute the intrinsic mean polarization fraction p0 and its associ-

ated intrinsic modulation index mp (Sect. 3.2), together with uncer-

tainties for these quantities. A similar approach is followed in for

the photometry (Sect. 3.1), where a maximum-likelihood approach

is used to compute the intrinsic mean R-band flux density S0 and

its intrinsic modulation index mS . The scope of the section can be

summarized in (a) quantifying the difference in the amount of polar-

ization seen on average in GL and GQ sources and its variability, (b)

searching for parameters they may depend on, and (c) investigating

the possible scenarios that would explain that difference.

4.1 The polarization of the GL and GQ samples

On the basis of mostly single-measurement data sets collected dur-

ing the instrument commissioning phase around 2013 May–July,

we showed that the polarization fraction of the GL and GQ targets

cannot be drawn from the same parent distributions (see Survey

Paper). Assuming an exponential distribution for both classes the

mean values ⟨p⟩were 6.4+0.9
−0.8
× 10−2 for GL and 3.2+2.0

−1.1
× 10−2 for

GQ sources.

Here, we address the same questions using our monitoring data

and in particular p̂ and p0 for each source. In the upper panel of

Fig. 1 we show the cumulative distribution function for the median

polarization fraction p̂ of each source. The median is computed from

measurements satisfying the condition p/σp ≥ 3. That leaves 116

GL and 14 GQ sources. The median of median polarization fractions

is found to be 0.074±0.007 for the GL sample and 0.025±0.009 for

the GQ ones. The null hypothesis that the two samples come from
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p-value ~ 10-3 

optical polarisation and γ-ray loudness: 

➡ “GL” more polarised than “GQ”.  

assuming a power law distribution:

- GL: ⟨p0⟩ ~ 0.092 ± 0.008


- GQ: ⟨p0⟩ ~ 0.031 ± 0.008

Angelakis et al. 2016, MNRAS.463.3365A   
Pavlidou et al. 2014, MNRAS.442.1693P 
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GL: highly variable, strong jet dominance due to high degree of 
Doppler boosting  

(e.g. Savolainen et al. 2010, A&A, 512, A24; Lister et al. 2015, ApJ, 810, L9)


➡ frequent impulsive events of particle acceleration

➡ optical from smaller volumes hence higher polarisation


GQ: objects with:

- less extreme Doppler boosting or

- less efficient impulsive episodes,

➡ not accelerating particles to energies needed for γ-ray 

production at measurable levels 
➡optical from larger volumes hence lower polarisation

 high energy e-  

small volume


high polarization 
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mild shock: 

particle acceleration


B-field compression

explaining the dichotomy between “GL”  and “GQ”: 



polarisation vs synchrotron peak frequency: 

➡ mean polarisation and its spread decreases with 
synchrotron peak frequency 

for BL Lac GL only : ρ = −0.5 (p-value: 7*10-6) Angelakis et al. 2016, MNRAS.463.3365A  
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optical in LSPsoptical in HSPs

high energy e—, small volume, less cells:

→ high polarisation

→ more variable polarisation

low energy e—, large volume, more cells:

→ low polarisation 

→ less variable polarisation

→ lower variability amplitudes 

→ longer variability time scales                      

→ a stable EVPA component dominates
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Figure 7. The distribution of EVPA for a close-to-uniform case (highly random, RBPLJ1653+3945 left) and one case far-from-uniform (low randomness,

RBPLJ1751+0939 right). Upper row: The distribution of EVPA. Lower row: The cumulative distribution function of the EVPA for those two cases (solid line)

and the one of uniform distribution (dashed line). There are 46 data angle measurements for RBPLJ1751+0939 and 51 for RBPLJ1653+3945.

high-synchrotron peaked (LSP, if Log(νs) < 14, ISP if 14 ≤
Log(νs) < 15 and HSP if Log(νs) ≥ 15, respectively). Then we se-

lected 0.1 as the limiting value of χ2
red for a source to be considered

as non-uniform. We then found that: 11/14 (79%) LSP, 7/14 (50%)

ISP and 3/8 (38%) HSP sources, have χ2
red below 0.1. Despite the

small number statistics, this result indicates that HSP sources are

more likely to have a preferred and less variable EVPA than LSP

sources.

Second, the green markers in Fig. 6 show the mean χ2
red in

each of five synchrotron-peak frequency bins. The vertical error-

bars show the spread of the values in the bin (1σ). A linear fit to

the binned data – the green dashed line – gave a significant slope of

0.037 ± 0.010.

We conclude that the randomness of the EVPA depends on the

synchrotron peak frequency. The EVPA of HSP sources is concen-

trated around preferred directions. The EVPA of LSP sources, on

the other hand, is more variable and less likely to have a preferred

direction. In § 5 we argue that these two findings may indeed be

evidence for a helical structure of the magnetic field.

4.6 Polarization and source variability

Depending on the mechanism producing the variability, it is likely

that the degree of polarization relates to the degree of variability

at different bands. Here we examine the role that the radio and the

optical modulation indices may play.

In Fig. 8 we plot the median polarization fraction versus the

variability amplitude at 15 GHz from Richards et al. (2014), as that

is quantified through the intrinsic modulation index introduced by

Richards et al. (2011). As it is seen there, the two are correlated

with Spearman’s test to be giving a ρ ∼ 0.35 and a p-value of about

3× 10−4. The GQ sources have preferentially low radio modulation

indices as it was already found by Richards et al. (2011). However,

the GQ sources have average polarization fractions that are low even

compared to GL sources with comparable radio modulation indices.

In Fig. 9 we examine the dependence of the polarization frac-

tion on the variability amplitude of the R-band flux density. In

the upper panel we plot the observed median polarization frac-

tion p̂ and the R-band flux density modulation index mS . In this

case Spearman’s ρ, when including both GL and GQ sources, is

around 0.38 with a p-value of 10−4, indicating a rather significant

correlation. Similarly, in the lower panel we show the maximum-

likelihood intrinsic mean polarization fraction p0 and the mS which

gave a Spearman’s ρ ≈ 0.38 with a p-value of 8× 10−4. Again, GQ

sources are systematically less polarized on average than sources

with comparable optical modulation indices.

Finally, in Fig. 10 we examine whether p0 depends on the am-

plitude of its variability quantified through the intrinsic polarization

modulation index mp . Spearman’s test gave a ρ of around −0.31

with a significance of p-value 0.013.

We conclude that the variability amplitude, in both radio and

optical flux density, affects the mean observed polarization. With

comparable Spearman’s test results, the higher polarization is as-

sociated with stronger variability in either the optical or the radio

light curves. Finally, there is also a weak indication that stronger

variability in optical polarization associates (on average) with lower

polarization although of lower significance. Nevertheless, these cor-

relations cannot explain GL-GQ polarization dichotomy.

MNRAS 000, 1–15 (2015)
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alignment of the EVPA and jet in high-energy BL 
Lac objects (TeV): 

➡ sample: 32 TeV and 19 non-TeV

➡ TeV show preferred orientations of the EVPA 

➡ for most sources the EVPA and jet are aligned to less 

than 20o implying a B-filed perpendicular to the jet 
direction

Hovatta et al. 2016, A&A, 596, A78
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Fig. 7. Stacked histogram of the di↵erence between the mean optical
EVPA and inner jet position angle from VLBI observations for the TeV
sources showing indications of a preferred polarization angle.

non-TeV sources. As discussed in Sect. 2.2, the non-TeV sam-
ple contains a much larger fraction of ISP objects than the TeV
sample, and the HSP sources in the non-TeV sample have a sim-
ilar range of scatter in the Q/I � U/I-plane as the TeV sources.
This agrees with our results in Sect. 3.1 , where we found that the
non-TeV sample sources have higher polarization fraction vari-
ability amplitudes, and Sect. 3.3 where the rate of EVPA change
was found to be larger in the non-TeV sample, but very simi-
lar to the TeV sources if we only consider the HSP-type non-

TeV sources. Also, when the full RoboPol sample is examined,
a trend with higher synchrotron peak sources having a more pre-
ferred EVPA distribution is seen (Angelakis et al. 2016).

There could be several causes for this. Because we are ob-
serving the sources over a fixed band, we probe a di↵erent part
of the SED in the ISP and HSP sources. This results in larger
total intensity variability in the ISPs than in HSPs (e.g., Hovatta
et al. 2014) because the optical emission in ISPs is produced by
electrons with energies above the synchrotron break frequency
while in HSPs the optical emission is produced by electrons with
energies less than the break frequency. Thus, any new emission
component changes the total intensity by a larger fraction in the
ISPs, which could be reflected in the polarization fraction ob-
servations, if the polarized flux does not change at a same rate.
In this case, we would expect to see more scatter in the HSP
sources when observed in X-ray bands, a good test case for the
future X-ray polarization missions. This e↵ect is discussed more
in Angelakis et al. (2016) where the polarization amplitude vari-
ability in the full RoboPol sample including LSP, ISP and HSP
sources is analyzed.

Another alternative could be lower optical Doppler beaming
in the HSPs compared to ISPs as might be expected based on
radio observations of these objects (e.g., Lister et al. 2011). If
the Doppler factor in the HSP sources is lower, it takes a longer
time to probe the same range of variability as in the ISP ob-
jects. Because we have only used one season of data for these
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Fig. 8. Top: Stacked Q/I vs. U/I plot for the TeV (left) and non-TeV

(right) samples. Bottom: Same for three TeV sources (left) and two non-

TeV sources (right) for which we have data over multiple seasons. The
stacking is done by shifting the mass center of each source to the origin.
In the bottom panel we have stacked the data based on the mass center
of all data, which is why the top and bottom panels are not exactly the
same for the 2014 data.

objects, it is possible that the true spread in the Q/I �U/I–plane
in the HSPs is larger, if we monitor them longer. Some of the
TeV sources in our sample are also in the main sample of the
RoboPol programme, and we can investigate whether inclusion
of more data changes the picture. We select three of the HSP TeV
sources (RGB J0710+591, Markarian 180, and 1ES 1959+650)
with least amount of scatter (mean distance from the mass cen-
ter < 0.2) that also have data in 2013 (the first two sources) and
in 2015 (the last one). Similarly, we select two HSP non-TeV

sources (RBS 1752 and 1RXSJ 234051.4+801513) for which we
have data from 2013–2015. In Fig. 8 lower panel we show the
Q/I � U/I points for these sources with the 2014 points marked
in black symbols and the data from all seasons shown in gray
symbols. We can see that the scatter increases when more data
from the other seasons are added, showing that longer monitor-
ing time is required to draw strong conclusions about the scatter.

4.5. Rotations in the polarization plane

It is clear that not all the HSP sources have a preferred angle in
our analysis and one reason for this could be rotations in polar-
ization plane. Even though EVPA rotations have been observed
many decades ago (e.g., Kikuchi et al. 1988), for a long time
it was unclear whether these are seen in all types of objects,
and especially in the HSPs. During the first observing season of
RoboPol in 2013, we detected a 128 degree EVPA rotation in the
HSP source PG 1553+113 (Blinov et al. 2015). The same source
was seen to rotate during 2014 as well by about 145 degrees, as
reported in Blinov et al. (2016), confirming the TeV HSPs as a
class of objects with EVPA rotations.

In this paper, following Kiehlmann et al. (2016) we define
an EVPA rotation as a period, in which the EVPA continuously
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Fig. 8. Top: Stacked Q/I vs. U/I plot for the TeV (left) and control (right)
samples. Bottom: Same for three TeV sources (left) and two control
sources (right) for which we have data over multiple seasons. The stack-
ing is done by shifting the mass center of each source to the origin. In
the bottom panel we have stacked the data based on the mass center
of all data, which is why the top and bottom panels are not exactly the
same for the 2014 data.

peak sources having more preferred EVPA distribution is seen
(Angelakis et al. 2016).

There could be several causes for this. Because we are ob-
serving the sources over a fixed band, we probe a di↵erent part
of the SED in the ISP and HSP sources. This results in larger
total intensity variability in the ISPs than in HSPs (e.g., Hovatta
et al. 2014) because the optical emission in ISPs is produced by
electrons with energies above the synchrotron break frequency
while in HSPs the optical emission is produced by electrons with
energies less than the break frequency. Thus, any new emission
component changes the total intensity by a larger fraction in the
ISPs, which could be reflected in the polarization fraction ob-
servations, if the polarized flux does not change at a same rate.
In this case, we would expect to see more scatter in the HSP
sources when observed in X-ray bands, a good test case for the
future X-ray polarization missions. This e↵ect is discussed more
in (Angelakis et al. 2016) where the polarization amplitude vari-
ability in the full RoboPol sample including LSP, ISP and HSP
sources is analyzed.

Another alternative could be lower optical Doppler beaming
in the HSPs compared to ISPs as might be expected based on
radio observations of these objects (e.g., Lister et al. 2011). If
the Doppler factor in the HSP sources is lower, it takes a longer
time to probe the same range of variability as in the ISP ob-
jects. Because we have only used one season of data for these
objects, it is possible that the true spread in the Q/I � U/I–
plane in the HSPs is larger, if we monitor them longer. Some
of the TeV sources in our sample are also in the main sam-
ple of the RoboPol program, and we can investigate whether
inclusion of more data changes the picture. We select three
of the HSP TeV sources (RGB J0710+591, Markarian 180, and
1ES 1959+650) with least amount of scatter (mean distance from

mass center < 0.02) that also have data in 2013 (the first two)
and in 2015 (the last one). Similarly, we select two HSP control
sources (RBPL J2131�0915 and RBPL J2340+8015) for which
we have data from 2013–2015. In Fig. 8 lower panel we show the
Q/I � U/I points for these sources with the 2014 points marked
in black symbols and the data from all seasons shown in gray
symbols. We can see that the scatter increases when more data
from the other seasons are added, showing that longer monitor-
ing time is required to draw strong conclusions about the scatter.

4.5. Rotations in the polarization plane

It is clear that not all the HSP sources have a preferred angle in
our analysis and one reason for this could be rotations in polar-
ization plane. Even though EVPA rotations have been observed
many decades ago (e.g., Kikuchi et al. 1988), for a long time
it was unclear whether these are seen in all types of objects,
and especially in the HSPs. During the first observing season of
RoboPol in 2013, we detected a 128 degree EVPA rotation in the
HSP source PG 1553+113 (Blinov et al. 2015). The same source
was seen to rotate during 2014 as well by about 145 degrees, as
reported in Blinov et al. (2016), confirming the TeV HSPs as a
class of objects with EVPA rotations.

In this paper, following Kiehlmann et al. (2016)) we define
an EVPA rotation as a period, in which the EVPA continuously
rotates in one direction. Insignificant counter-rotations with

���✓i � ✓ j
��� < 3

q
�2

i + �
2
j , (6)

where ✓i and ✓ j are the first and last data point of the counter-
rotation and �2

i , �2
j the corresponding uncertainties, are not con-

sidered to break a continuous rotation. Additionally, we consider
only smooth rotations, where each pair of adjecant derivatives
does not change by more 10 degrees per day. We further require
that the rotation consists of at least four observations and that the
corresponding polarization fraction has a signal-to-noise ratio of
at least three.

We find significant rotations in three of the HSP
TeV sources (RGB J0136+391, PG 1553+113, and
1ES 1727+502), and nine rotations in six control sample sources
(RBPL J1037+5711,RBPL J1542+6129, RBPL J1558+5625,
RBPL J1649+5235, RBPL J1809+2041, RBPL J2022+7611).
These are shown as shaded regions over the EVPA curves in Ap-
pendix A. The rotations in PG 1553+113, RBPL J1037+5711,
and RBPL J2022+7611 were already reported in Blinov et al.
(2016). This shows that EVPA rotations can occur also in
HSP sources if they are observed at high enough cadence. We
would not have detected the rotations in RGB J0136+391 and
1ES 1727+502 if we did not have both RoboPol and NOT
observations of them. The fraction of rotating sources is much
higher in the control sample, although we note that only one
of them is an HSP type source (RBPL J1809+2041), so this
could simply reflect the di↵erences in the EVPA variations of
the ISP and HSP sources in the optical band. The di↵erences
in the number of rotations in LSP, ISP and HSP sources in the
RoboPol sample are studied in Blinov et al. (2016b, in prep.).

In order to investigate the physical nature behind these ro-
tations, we ran a set of simulations. We used the simple Q,U
random walk process described in Kiehlmann et al. (2016). Our
jet consists of Ncells, each with a uniform magnetic field at a ran-
dom orientation. During each step of the simulation, we let nvar
cells change their magnetic field orientation. For details of the
simulation steps, see Kiehlmann et al. (2016).
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conclusions:


➡ all classes rotate; different sense allowed; rates can vary 

➡ non all blazars rotate; there are rotators are more luminous and more variable in gamma-rays than 

non-rotators 
➡ no evidence that rotations are not associate with gamma-ray flares 


➡ GL are more polarised than GQ sources

➡ the dichotomy disappears fro the polarisation variability amplitude 

➡ the mean p and its spread depend on the synchrotron peak

➡ the EVPA clearly shows a preferred direction for HSP sources 


➡ A jet 

• populated by a helical field 

• impulsive events of particle acceleration (e.g. Diffusive Shock Acceleration)  


➡ can provide a natural explanation of all the above 
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