
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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and standard stars, and their duration was estimated on-
the-fly. Typically we observed 2 different polarimetric stan-
dards every night to confirm the stability of the instrument
(see “pipeline” paper).

In summary, we observed 133 + 17 blazars belong-
ing to the unbiased subsamples of the gamma-ray–loud
and gamma-ray–quiet complete samples respectively. Of
these sources, 89 gamma-ray–loud and 15 gamma-ray–
quiet sources passed a series of unbiased, source-property–
independent quality-control criteria to ensure accurate po-
larization measurements (see Fig. 1).

The RoboPol results for these 89 + 15 sources are shown
in Table 2. These results include: the R-magnitude, cali-
brated with two different standards [the Palomar Transient
Factory (PTF) R-band catalog (Ofek et al. 2012, whenever
available) or the USNO-B catalog (Monet et al. 2003)]; the
polarization fraction, p =

√

u2 + q2; and the polarization

angle, χ = 1
2 arctan

(

u
q

)

, measured from the celestial north

counter-clockwise. In that table target sources are identified
by the prefix “RBPL” in their RoboPol identifying name.

The images were processed using the data reduction
pipeline described in the “pipeline” paper. The pipeline per-
forms aperture photometry, calibrates the measured counts
according to an empirical instrument model, calculates the
linear polarization fraction p and angle χ, and performs rel-
ative photometry using reference sources in the frame to
obtain the R-band magnitude. Entries in table 2 with no
photometry information are sources for which PTF data do
not exist and the USNO-B data were not of sufficient qual-
ity for relative photometry. Polarimetry, for which only the
relative photon counts in the four spots are necessary, can
still of course be performed without any problem in these
cases. The photometry error bars are dominated by uncer-
tainties in our field standards, while the polarization fraction
and angle errors are photon-count dominated. For the few
cases where multiple observations of a source were obtained
in June, weighted averaging of the q and u has been per-
formed. The quoted uncertainty follows from formal error
propagation assuming that q and u follow normal distribu-
tions and that the polarization has not changed significantly
between measurements.

4.2 Debiasing

The p values and uncertainties σp shown in Table 2 are the
raw values as produced by the pipeline, without any debias-
ing applied to them, and without computing upper limits at
specific confidence levels for low p/σp ratios. Debiasing is ap-
propriate for low signal-to-noise measurements of p because
measurements of linear polarization are always positive and
for any true polarization degree p0 we will, on average, mea-
sure p > p0. Vaillancourt (2006) gives approximations for
the maximum-likelihood estimator of p0 at various p/σp lev-
els, and describes how to calculate appropriate upper limits
for specific confidence levels. He finds that the maximum-
likelihood estimator is well approximated by

p̂ =

{

0 for p/σp <
√
2

√

p2 − σ2
p for p/σp ! 3

. (1)

For p/σp ! 3 the assumption of a normal distribution for
p−measurements is also acceptable (and it is a good assump-
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Figure 2. Cumulative distribution functions of raw p values for
all 89 gamma-ray–loud blazars (solid line) and 15 gamma-ray–
quiet blazars (dashed line) with observations in June 2013 that
passed all our quality cuts. The maximum difference between the
two (= 0.6) is shown with the double arrow. The hypothesis that
the two samples are drawn from the same distribution is rejected
at the 10−3 level (> 3σ).

tion for p/σp ! 4). Debiasing is not necessary for polariza-
tion angles χ, as the most probable measured value is the
true χ and as a result the pipeline output is an unbiased χ
estimator.

Whenever in the text debiased p values are mentioned,
we are referring to a correction using pdebiased ≈

√

p2 − σ2
p

down to p/σp =
√
2 and 0 for lower signal-to-noise ratios

(a choice frequently used in the literature), despite the fact
that below p/σp ∼ 3 this recipe deviates from the maximum-
likelihood estimator. When a good estimate of the uncer-
tainty is also necessary (i.e. in our likelihood analyses), we
only use measurements with p/σp > 3, for which not only
the debiasing recipe we use is very close to the maximum-
likelihood estimator, but also the uncertainty calculated by
the pipeline σp is a reasonable approximation to the 68%
uncertainty in the value of p.

4.3 Polarization properties of gamma-ray–loud vs

gamma-ray–quiet blazars

As the unbiased nature of our samples allows us to address
issues related to the blazar population, we wish to ask the
question: are the measured polarization fractions of gamma-
ray–loud and gamma-ray–quiet blazars consistent with hav-
ing been drawn from the same distribution?

Because our observing strategy and data processing
pipeline is uniform across sources, if the intrinsic polar-
ization fractions of gamma-ray–loud and gamma-ray–quiet
sources were indeed drawn from the same distribution, then
the resulting observed distributions of p would also be con-
sistent with being the same. Each of them might not be con-
sistent with the intrinsic p distribution of the blazar popula-
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(b) investigate the possible scenaria that would explain the differ-
ence. A carefull analysis of the angle of polarisation and particularly
the smooth rotation it may undergo, are discussed by ?.

5.1 The polarisation of the GL and GQ samples (ea-151019:

updated)

On the basis of mostly single-measurement datasets collected during
instrument commissioning in (mid 2013) ? showed that the polar-
isation fraction of the GL and GQ targets can not be drawn from
the same parent distributions. They found that both classes follow
exponential distributions with mean values for ⟨p⟩ of 6.4+0.9

−0.8×10−2

and 3.2+2.0
−1.1 × 10−2, respectively.

In the upper panel of Fig. 4 we show the cumulative distribution
function for the median polarisation fraction p̂ rather than a single-
measurement value. p̂ is the median of measurements with SNR ≥ 3
(138 GL and 16 GQ sources). The median of the GQ sample is
found to be 0.078 and that of the GQ 0.031. A two-sample KS test
obtained a value D = 0.50906 and p = 0.000653). As it appears the
divergence of the two samples has increased owing to the fact that
the current dataset is influenced by variability. In the lower panel of
the same figure we plot the PDFs the same datasets as well as the
fitted functions. Here we have assumed that p̂ follows log-normal
distribution for each sample

PDF =
1

xσ
√

2π
e
− (ln x−µ)2

2σ2 (3)

which would imply an arithmetic mean of

⟨p⟩ = eµ+σ
2/2 (4)

and an arithmetic variance of

V ar = (eσ
2
− 1)e2µ+σ2

(5)

The best-fit parameters for the mean polarisation fraction and its
variance were 0.105 and 0.0068 for the GL and 0.035 and 0.0011
for the GQ samples, respectively ea-151019: translate the variance
to error after taken care of the outliers.

In Fig. 5 we repeat the exercise using the intrinsic polarisation
fraction p0 as it is described in Appendix A. This time the samples
included 63 GL and 7 GQ sources. For three of these data points
only 2σ upper limits of the p0 were available. The median value of
p0 is 0.074 for the former and 0.035 for the latter class indicating the
persistence of the difference between GL and GQ sources. The two-
sample KS test in this case gave D = 0.63492 and p = 0.00628.
ea-151016: Vaso to rerun the exponential distribution Maximum
Likelihood to get the new values for the polarisation.

5.2 Polarisation fraction and redshift (ea-151020: updated)

As we are interested in identifying factors that may be imposing
the dichotomy of GL and GQ sources in terms of their degree of
polarisation we examine whether p depends on the source redshift.
For example, the fact that the quasar sub-set of blazars (FSRQs) are
observed at larger redshifts implies that the blazar class (FSRQ or
BL Lac) is a function of redshift +++ ref. If the degree of polarisation
were in turn depending on the source class, one would expect an
implicit dependence of the polarisation fraction on the redshift.
Furthermore, given that we have quasars dominating the GQ sample
(see table 1) would impose a similar dichotomy between GL and
GQ samples. In Fig. 6 we show separately the GL and GQ samples.
Spearman’s ρ gives a rho of merely 0.19 with a p-value of 0.043
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Figure 4. ea-151019: Upper: The cumulative distribution function of the
median polarisation fraction for the GL (black) and GQ samples (blue lines).
Lower: The PDF of the same datasets along with the fitted log-normal
distributions.ea-151019: must redo the plot. There are some GQ that have
funny high polarisation and must be checked first and update everything
accordingly.
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Figure 5. ea-151019: The cumulative distribution function of the intrin-
sic polarisation fraction p0. The orange triangles indicate the sources that
switched from the GQ sample to the GL in the 3FGL catalogue.
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median (KS test p: 6.5x10-4)

➡ GL: 0.078 


➡ GQ: 0.031

➡ GL: 0.105 (var: 0.0068)


➡ GQ: 0.035 (var: 0.0011)
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the polarization of GL and GQ:

Angelakis et al. in prep. 

➡  GL more polarized than GQ: 

‣ uniformity of the field?  

➡  function of the synchrotron peak

8 E. Angelakis et al.
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Figure 8. ea-151022: The polarisation fraction as a function of the rest-
frame synchrotron peak. The plot is truncated a p̂ = 0.5 excluding two
rather uncertain cases of high polarisation fraction (0.79 and 0.67 ). the two
strange values are excluded but they are in the Spearman’s test
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Figure 9. ea-151022: The median polarisation fraction p̂ versus the B − R

colour index. The plot includes 46 GL sources for which B−R was available.

have shown a different behaviour. In any case, a dedicated study in
that direction is necessary and will be discussed elsewhere.

5.6 Polarisation and source variability (ea-151022: updated)

It is likely that the degree of polarisation relates to the variability
at different bands. The motivation for the initiation of the RoboPol

project itself has been the behaviour of the polarisation parameters
during incidents of intense activity, mostly, at high energies. In
Fig. 10 we plot the median polarisation fraction versus the variability
amplitude at 15 GHz as that is quantified through the intrinsic
modulation index introduced by ?. As it seen there, there may be
a hint of a correlation though weak (Spearman’s rho ∼ 0.25 with
a p-value of 0.009). What is however clear from this plot is that
the GQ sources tend to occupy the lower left corner of the space
indicating low values of variability associated with low values of
the median polarisation fraction.

In Fig. 11 we show the dependence of the median polarisa-
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Figure 10. ea-151022: The median polarisation fraction versus the 15 GHz
intrinsic modulation index. In total we show 95 GL and 15 GQ sources. The
y-axis has been truncated at 0.5 excluding 2 uncertain values at around 90
and 70 percent polarisation.
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Figure 11. ea-151029: The median polarisation fraction versus the R-band
flux density modulation index.

tion in the modulation index of the photometry. That is quantified
through the standard deviation of the R-band flux density in units of
the mean flux density. In this case Spearman’s rho when including
both GL and GQ sources, is around 0.41 with a p-value of 2.4e-05,
indicating a rather significant correlation.

5.7 The polarisation variability of the GL and GQ samples

(ea-151019: updated)

Intrigued by the dichotomy between GL and GQ samples in terms
of their polarisation fraction and given the correlation between the
p̂ and the R-band modulation index (Fig. 11), we search for a similar
dichotomy in their polarisation variability. In Fig. 12 we show the
intrinsic modulation index mp , as that is computed with the max-
imum likelihood method described in Sect. 4.2 and Appendix A.
The plotted distributions include 56 GL and 7 GQ sources. For 11
of the former and 5 of the latter only 2σ upper limits were available.
A standard two-sample KS test (D = 0.482 and p = 0.075) could

MNRAS 000, 1–13 (2015)

ρ = −0.3, p-value: 0.0016
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Figure 6. ea-151102: The median polarisation fraction versus the source
redshift for GL and GQ sources. The y-axis is truncated at 0.4 excluding
two points with p̂ = 0.7 and 0.9.

which implies that no correlation is present. However, Spearman’s
rho evaluates the probability of monotonic relation between the
variables. In the case of p̂ and z there seems to be a hint of a convex
relation between the two ea-151101: investigate further.

5.3 Polarisation fraction and luminosity (ea-151019:

updated)

The polarisation fraction p can be modified by changing either of the
source unpolarised or its polarised component. ? discussed the host
unpolarised starlight as a possible explanation for the deficiency of
apparently bright and highly polarised sources noted there. Dust-
induced polarisation (e.g. ?) can on the other hand, modify the
polarised component even though at rather low levels. In the case
of AGN blazars this effect must be particularly insignificant as
AGNs are generally hosted by dust-poor elliptical galaxies (+++
ref). The host galaxy contribution as well as the effect of the galactic
extinction – in the case of a p–L investigation – can be accounted
for only the luminosity part of the plot (c.f. detailed discussion in
Appendix D), owing to the fact that the polarised emission is a
2-vector that requires prior knowledge for its direction.

In Fig. 7 we show the median polarisation fraction p̂ as a func-
tion of the rest-frame luminosity density only for sources in the main
sample and in the control sample. As we explain in Appendix D, the
luminosity coordinate has been subjected to (a) galactic extinction
correction (using extinction values from NED), (b) host galaxy con-
tribution removal (see Appendix D) and (c) K correction assuming
an index of α = −1.3 for an optical SED following a power law of
the form ∝ να (??). In total we show 81 GL and 16 GQ sources. For
32 GL sources the host galaxy contribution has been removed (c.f.
Table D1). A Spearman rank-order correlation coefficient compu-
tation gave a correlation index 0.02 0.8 indicating the total absence
of a monotonic relation.
Note: - http://arxiv.org/pdf/0805.4421v1.pdf

5.4 Polarisation as a function of the synchrotron peak

(ea-151022: updated)

Contrary to the lack of any indication of an even weak dependence
of p on either of the spectral rest-frame luminosity or the redshift,
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Figure 7. ea-151020: The median polarisation fraction as a function of
the R-band rest-frame spectral luminosity. We show separately the GL (81
squares) and GQ samples (16 circles). For 32 GL and the host contribution
has been subtracted (empty squares).

the synchrotron component peak seems to be influencing the amount
of R-band polarisation.

In Fig. 8 we show the median polarisation fraction p̂ against
the logarithm of rest-frame synchrotron peak for the GL and GQ
sources. The peaks of the GL sources have been taken from ? who
applied a 3rd-degree polynomial fit of the SED for all 3LAC sources.
For the GQ ones we repeated the same using the SED builder V3.1
tool of the ASDC1. An anti-correlation between the two quantities
becomes evident there. A Spearman’s rank correlation test between
collectively all GL and GQ sources gave a value ρ = −0.2 with
an associated p-value of 0.018. For the GL sources however the
synchrotron peak estimates are more reliable owing to the better
and denser datasets available. Applying the test only on them gave
a tighter relation with a ρ = −0.3 and a p-value of 0.0016. Myserlis
et al. (in prep.) looked at the fractional polarisation of roughly 35
Fermi sources at 2.64, 4.85, 8.35 and 10.45 GHz to find that – at the
lowest two frequencies – the same relation is apparent. Specifically
at 4.85 GHz they find that Spearman’s ρ = is −0.35. A similar
relation between the fractional polarisation of the VLBA core and
the synchrotron peak was found by ? who noted that HSP BL Lac
objects tend to have low core polarisation levels (+++ for discussion
see Lister et al 2011).

5.5 Polarisation and colour index (ea-151022: updated)

For a sub-set of 46 GL sources shown in Fig. 8, we looked at the
median polarisation fraction versus the B − R colour index. Those
measurements where conducted in the summer 2012 during an ex-
ploratory survey that was meant to provide photometric information
for the sample preparation. As it can be seen from Fig. 9 the corre-
lation drops dramatically with the Spearman’s test giving a rho of
0.18 p-value of 0.228. The dependence of the polarisation fraction
on spectral index then cannot explain the trend seen in Fig. 8. It
is important to emphasise the non-simultaneity of the polarisation
and colour index measurements. Simultaneous measurements could

1 https://tools.asdc.asi.it/
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the polarization of GL and GQ:

Angelakis et al. in prep. 

➡  GL more polarized than GQ: 

‣ uniformity of the field?  

➡  function of the synchrotron peak


➡  independent of luminosity:

‣ no association with source class
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Figure 8. ea-151022: The polarisation fraction as a function of the rest-
frame synchrotron peak. The plot is truncated a p̂ = 0.5 excluding two
rather uncertain cases of high polarisation fraction (0.79 and 0.67 ). the two
strange values are excluded but they are in the Spearman’s test
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Figure 9. ea-151022: The median polarisation fraction p̂ versus the B − R

colour index. The plot includes 46 GL sources for which B−R was available.

have shown a different behaviour. In any case, a dedicated study in
that direction is necessary and will be discussed elsewhere.

5.6 Polarisation and source variability (ea-151022: updated)

It is likely that the degree of polarisation relates to the variability
at different bands. The motivation for the initiation of the RoboPol

project itself has been the behaviour of the polarisation parameters
during incidents of intense activity, mostly, at high energies. In
Fig. 10 we plot the median polarisation fraction versus the variability
amplitude at 15 GHz as that is quantified through the intrinsic
modulation index introduced by ?. As it seen there, there may be
a hint of a correlation though weak (Spearman’s rho ∼ 0.25 with
a p-value of 0.009). What is however clear from this plot is that
the GQ sources tend to occupy the lower left corner of the space
indicating low values of variability associated with low values of
the median polarisation fraction.

In Fig. 11 we show the dependence of the median polarisa-
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Figure 10. ea-151022: The median polarisation fraction versus the 15 GHz
intrinsic modulation index. In total we show 95 GL and 15 GQ sources. The
y-axis has been truncated at 0.5 excluding 2 uncertain values at around 90
and 70 percent polarisation.
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Figure 11. ea-151029: The median polarisation fraction versus the R-band
flux density modulation index.

tion in the modulation index of the photometry. That is quantified
through the standard deviation of the R-band flux density in units of
the mean flux density. In this case Spearman’s rho when including
both GL and GQ sources, is around 0.41 with a p-value of 2.4e-05,
indicating a rather significant correlation.

5.7 The polarisation variability of the GL and GQ samples

(ea-151019: updated)

Intrigued by the dichotomy between GL and GQ samples in terms
of their polarisation fraction and given the correlation between the
p̂ and the R-band modulation index (Fig. 11), we search for a similar
dichotomy in their polarisation variability. In Fig. 12 we show the
intrinsic modulation index mp , as that is computed with the max-
imum likelihood method described in Sect. 4.2 and Appendix A.
The plotted distributions include 56 GL and 7 GQ sources. For 11
of the former and 5 of the latter only 2σ upper limits were available.
A standard two-sample KS test (D = 0.482 and p = 0.075) could

MNRAS 000, 1–13 (2015)

ρ = −0.3, p-value: 0.0016
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the polarization of GL and GQ:

Angelakis et al. in prep. 

➡  GL more polarized than GQ: 

‣ uniformity of the field?  

➡  function of the synchrotron peak


➡  independent of luminosity:

‣ no association with source class


➡  independent of the radio variability 
amplitude

Richards et al., 2011, ApJS, 194, 29  

➡  correlated with the optical variability 
amplitude


➡  non-thermal events? 

➡  a mechanism that:

‣moves the SED horizontally 
‣ increases the polarisation
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Figure 20. ea-150728: The intrinsic modulation index of the polarisation
fraction versus the redshift. The arrows indicate 2σ upper limits.
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Figure 21. ea-150728: The intrinsic modulation index versus that at 15 GHz.
The arrows mark 2σ upper limits.
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Figure 22. ea-150728: The intrinsic modulation index as a function of the
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Figure 23. The polarised flux density during the minimum and maximum
photometry states. Here only sources with at least 2 measurements of sig-
nificant R-band magnitude and p have been used. 5thRBPLMeeting-AI:AI:
Fi 23 : plot the Fmax/Fmin and Pmax/Pmin and better plot the mo pt - mp

intrinsic indices.

polarisation fraction p as well as the total flux density in its denom-
inator have contribution other than the AGN one. For the polarised
light there are two possible contributors, the AGN and the host
galaxy. The host galaxy starlight is intrinsically unpolarised. Inter-
stellar dust absorption can induce polarisation although at levels of
the order of a couple of percent (+++ ref Gina’s paper). For the
total received light, apart from the AGN and the host galaxy con-
tributions, there is galactic extinction which is believed to be an
unpolarised effect. More precisely, it is unknown whether it is im-
mune to polarisation. In fact +++ Ginas and Kostas work indicates
that the intergalactic dust is inducing polarisation. Nevertheless,
here we are examining the peak-to-peak behaviour of the sources
and hence we are sensitive to the variable components. Form the
above discussion it is rather clear that only the AGN component
can easily produce the variability we observe. It is then safe to say
even though not linearly related still true that the variability shown
in these points is caused by the AGN.
Note: Xie:2006cx did the same and reach the sam conclusion! And
they also look at extreme values of the polarisation.

8.13 Variability of the polarisation angle

It has been proposed (e.g. Sect. 4.1.4 of Villforth et al. 2010) that
possibly there exists a dichotomy of sources in terms of EVPA vari-
ability amplitude that follows the source classification so that BL
Lacs show more stable EVPAs than FSRQs. Here, we are inter-
ested in investigating whether different source classes show such
differences on the basis of the RoboPol data.

In Fig. 24 we plot the χ2 of the EVPA after confining it in
the range (−π/2, π/2] versus the logarithm of the broad-band SED
synchrotron peak. In the plot we have included only sources at least
3 significant EVPA measurements. As it appears there is a weak
correlation that prescribes that higher synchrotron peak corresponds
to larger χ2. That is, higher synchrotron peak frequency corresponds
to less uniform EVPA which possibly indicates differences in the
stability of the magnetic field or in its amplitude (+++ Dima please
elaborate).

MNRAS 000, 1–15 (2015)
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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 centered 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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EVPA rotations 
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prep. 

➡  detected 27 rotations:

‣ 2013: 16 rotations in 13 blazars
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‣ 2014: 11 rotations in 10 blazars


Blinov et al. in prep. 
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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 centered 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.

c⃝ 2015 RAS, MNRAS 000, 1–16

EVPA rotations 

Blinov et al. 2015, MNRAS.453.1669B; Blinov et al. in 
prep. 

➡  detected 27 rotations:

‣ 2013: 16 rotations in 13 blazars


Blinov et al. 2015, MNRAS.453.1669B 
‣ 2014: 11 rotations in 10 blazars


Blinov et al. in prep. 

➡  all classes can “rotate” (HSP/LSP, 
FSRQs/BL Lacs, TeV and non-TeV) 


‣ there is some dependence on the 
synchrotron peak with LSP rotations 
more often


➡  both senses of rotation are allowed in 
the same source

‣ the rate can vary a lot for the same 

source
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EVPA rotations 

Blinov et al. 2015, MNRAS.453.1669B; Blinov et al. in 
prep. 

➡  all “rotators” are GL:

‣ physical relation between γ-ray and 

optical polarization variability


➡  MC simulations: it is unlikely (p≤1.5 × 
10−2), that all the rotations are due to 
a random walk process 
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EVPA rotations 

Blinov et al. 2015, MNRAS.453.1669B; Blinov et al. in 
prep. 

➡  data suggest:  

‣ the highest amplitude γ-ray flares 

are associated with smaller-than-
average time lags 


➡  two physical mechanisms:  

‣ one results higher amplitude flares 

and EVPA rotations

‣ the other may be RW processes 

producing smaller amplitude flares, 
not related with rotations


RoboPol: EVPA rotations in blazars 1681

Figure 8. Time lags, τ obs, versus normalized gamma-ray flare amplitude,
Fp. Redshift corrected and non-corrected τ obs values are plotted with filled
squares and open circles, respectively.

events. The brightest flare which has the largest deviation from the
zero-delay is the flare of RBPLJ2311+3425 where the start point
of the rotation is undefined and therefore the time-delay has a large
uncertainty.

There are three more flares with similarly small time lags, and
small relative amplitudes. Thus, a small separation between a flare
and a rotation is not a sufficient condition for extraordinary bright-
ness of the high-energy flare.

Separating the flares into two subsamples of high and low am-
plitude events (dashed line in Fig. 8) we examined the significance
of the difference in time delays between them. The mean of the
absolute τ obs values for the high and low amplitude subsamples is
5.2 and 20.1 d, respectively. According to the Student’s t-test (e.g.
Wall & Jenkins 2012), the difference between the two mean values
is somewhat significant (p - value = 0.025).

5.4 Accidental proximity of rotations and gamma-ray flares

5.4.1 Individual blazars

In order to estimate the probability of the accidental observed prox-
imity in time of rotations and gamma-ray flares, we performed MC
simulations using the observed gamma-ray photon flux curves. This
allows us to account for the real variability of blazars in the gamma-
ray band. For each rotator we processed a long-term set of Fermi
LAT data (54683 ≤ MJD ≤ 57065) with time bins equal to the ones
used in Section 5.2. Then we identified and fitted all gamma-ray
flares following the procedure described previously, using the same
photon flux excess factor of 1.5. The number of flares identified in
the photon flux curves of rotators is in the range of 12–76. After
that we randomly assigned the middle point of a simulated rota-
tion to a time on the photon flux curve and measured the time lag
between the rotation and the closest gamma-ray flare, τ simul. Re-
peating this simulation 104 times for each blazar, we determined
the distributions of time delays τ simul. Using these distributions, we
estimated the probability of τ obs to be produced by chance P(τ obs),
by calculating the fraction of simulations where τ simul ≤ τ obs. The
probabilities range between 3 and 78 per cent (see Table 8). Pink
(dark) boxes in Fig. 7 indicate the distribution of τ simul, using the
results from the simulation for all blazars. According to the K–S
test the null-hypothesis that τ simul and τ obs are drawn from the same

Table 8. Modelling results for the connection between
EVPA rotations detected by RoboPol in 2013 and gamma-ray
flares. (1) – blazar identifier; (2) probability of an acciden-
tal 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(τ obs) P(RW+τ obs)

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

distribution cannot be rejected (p - value = 0.38). Therefore, it is
possible that the τ obs values we observed, may be accidental for
each of the blazars in the sample.

In Section 4.1, we determined the probability of the EVPA rota-
tions to be observed in our observing window assuming that they
are produced by a stochastic process. The simulations described
above give us the probability of an accidental simultaneity between
these rotations and gamma-flares. Therefore, the probability of su-
perposition of both independent events: (a) random rotation and
(b) random proximity to a gamma-ray flare, can be estimated as a
product of the respective probabilities. These combined probabili-
ties are less than 5 per cent for five events (see column 3 of Table 8).
This result indicates that, at least for some rotations, the random
walk model and the absence of any physical connection between
the EVPA variability and high-energy activity is an unfavourable
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 Section 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 lo-
cated 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.
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summary: 

➡high cadence, high precision optical linear polarization monitoring


➡GL sources significantly more polarised:

‣ B-field uniformity

‣ non-thermal variability dominance2013


➡  27 rotations found in 2 seasons (16 before RoboPol)

‣ not all  rotations are associated with a HE outburst

‣ all “rotators” are GL: physical connection with γ-ray activity

‣ unlikely that all are due to a random walk 

‣ data suggest: the highest amplitude γ-ray flares are associated with 

smaller-than-average time lags 
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Figure 7. ea-150722: The median polarisation fraction, p̂. For every source
the median is computed from all measurements with SNR ≥ 3. GQ and GL
sources with “bzb” and “bzq” tag are shown separately. The bin size is set
to 0.025

Table 4. Online material ea-150721: Raw photometric data: mean R-band
magnitude averaged over all measurements with SNR ≥ 3. No extinction
correction has been applied the these data.

ID ⟨R⟩ Photometry catalogue1

(RBPLJ...) (mag)

0006−0623 17.30±0.01 ST
0035+5950 17.26±0.01 R2
0045+2127 16.65±0.00 ST
0102+5824 17.44±0.08 R2
0114+1325 15.99±0.01 PTF

. . . . . . . . .

1 Label indicating the catalogue used for the absolute photom-
etry calibration. “R2” is used for USNO−B1.0 R2, “PTF” for
PTF and “R1” for the USNOB1.0 R1 catalogue.

are shown in table 4. Figure 8 shows the distribution of the logarithm
of the median observed R-band magnitude translated into rest-frame
luminosity, for the main classes of interest. For this conversion we
assume an index of −1.3 (Hovatta et al. 2014; Fiorucci et al. 2004).
(??? Vaso, Talvikki in her paper has L = S4πD2 ∗ (1 + z)1−a and I
have L = 4πDl2F

(1+z)1+a . I think the problem is that the original equation
has flux i.e. flux density * nu. see Hogg et all in my compilation
in the papers. ) As it can be seen there the sources that have shown
rotation events (green line) occupy the upper part of the distribution.

8 ANALYSIS

After having presented raw data products in a minimum necessary
compression, we are addressing a number of questions concerning,
mostly, the degree of polarisation. A through analysis of the angle
of polarisation and particularly the smooth rotation it may undergo,
are discussed by Blinov et al. (2015).
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Figure 8. ea-150721: The logarithm of the median R-band luminosity den-
sity. The green lines shows the “rotators” without excluding them from the
sample they belong.
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Figure 9. The median polarisation fraction versus the source redshift.

8.1 Median polarisation fraction with redshift

We first show the dependence of the median polarisation fraction on
the source redshift. In Fig. 9 we include a total of 52 “bzb”, 34 “bzq”
and 20 control sample sources. Despite the evidence that p̂ tends to
be larger towards lower redshifts a formal correlation analysis does
not support the idea.

8.2 Intrinsic mean polarisation and its variability amplitude

As we have discussed earlier, the current work focuses on (a) quan-
tifying the polarisation fraction of our target samples in terms of a
mean value for each source, and (b) estimate the amplitude of its
variability. Specifically the latter, can be severely influenced by the
inevitable uneven sampling of the observed light curves, as well
as the uncertainties in the measurement. Here we implemented a
maximum likelihood analysis which allowed us to (a) compute the
mean “intrinsic” polarisation fraction p0, free of sampling effects,
(b) estimate the “intrinsic” modulation index mp (sample variance
divided by the sample), and its associated errors. In other words, p0

MNRAS 000, 1–15 (2015)
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Figure 17. ea-150727: The median polarisation fraction versus the 15 GHz
intrinsic modulation index. In total we show 34 FSRQs, 58 BL Lacs and 16
GQ control sample sources.

Fig. 5) our dataset allows some estimate of the variability of the po-
larisation fraction. The variability in terms of amplitude (ignoring
the frequency of events occurrence and its stability) is quantified in
terms of the modulation index m, defined as the standard deviation
normalised at the source mean.

Figure 18 shows the distribution over different source classes of
the observed modulation index. There we show all sources for which
at least 2 data points with SNR ≥ 3 have survived our quality cuts.
In the this case m is defined as the normalised standard deviation
of points with significant polarisation. That is, measurements with
SNR < 3 have been dropped. In the figure below, Fig. 19, we show
the intrinsic modulation index mp, as that is computed from the
maximum likelihood analysis described in Appendix A. The mp is
computed only for sources with at leat three data points of which at
least 2 were of high significance. That justifies the small number of
sources for which is estimate is available. In both cases it is difficult
to say whether a separation in the behaviour of different classes is
apparent (a two-sample KS test did not reject the null hypothesis).
For completeness in Fig. 20 we show the dependence of the intrinsic
modulation index of the polarisation fraction on redshift. The arrows
indicate 2σ upper limits.

8.11 Intrinsic modulation index and variability in radio and

gamma rays

Here we are interested in investigating whether the polarisation frac-
tion variability amplitude as that is defined in the previous section
depends on the amplitude of variability in other energy bands. Be-
ing possibly parts of the same synchrotron component, one would
expect that the optical and radio bands are somewhat correlated. Fig-
ure 21 shows the mp versus the 15 GHz intrinsic modulation index.
Whenever possible also 2σ upper limits are also shown. A formal
statistical analysis does show any significant correlation implying
that the variability in the two bands is happening independently.

The same test is repeated 3FGL variability index where a cor-
relation would be expected only if the optical photon field was
comprising the seed for the inverse Compton processes that would
give rise to polarisation events in the MeV – GeV range. The rel-
evant plot is shown in Fig. 22 where also the rotators have been
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Figure 18. ea-150728: The distribution of the observed modulation index.
That is the standard deviation of polarisation fraction over the source mean.
The bin size is set to 0.02. 5thRBPLMeeting-AI:AI: Fig 18: plot also all the
GL and GQ separately. Vaso: GL, GQ and rotators because we found that
âĂę
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Figure 19. ea-150728: The intrinsic modulation index mp for different
classes. The bin size is set to 0.03. 5thRBPLMeeting-AI:AI : Fig. 19 do
again the GL and GQ separately and then include separately the upper
limits. Use CDFs everywhere.

indicated. Spearman’s test gave no significant relation between the
two variables.

8.12 Polarised emission at different activity states

In the current section we are comparing the amount of polarised
emission that is produced during high activity state of the source to
that at low state. The high and low states are identified crudely from
the global extremes of the observed R magnitude. In Fig. 23 we
are comparing the polarised flux at the state of maximum observed
magnitude (low state) to that during minimum observed magni-
tude (high state). For a measurement of the R-band magnitude R

corresponding to a flux density of S associated with a polarisation
fraction p, the polarised flux density is computed as Spol = S · p.

Clearly, both the polarised emission in the numerator of the
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