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ABSTRACT

We present~2000 polarimetric and~3000 photometric observations of hsray bright
blazars over a period of 936 days (11/10/2008 - 26/10/20%R)gudata from the Tuorla
blazar monitoring program (KVA DIPOL) and Liverpool Telege (LT) RINGO2 polarime-
ters (supplemented with data from SkyCamzZ (LT) and Ferml-lcAray data). In 11 out
of 15 sources we identify a total of 19 electric vector positangle (EVPA) rotations and
95 flaring episodes. We group the sources into subclasses bastheir broadband spectral
characteristics and compare their observed opticaharay properties. We find that (1) the
optical magnitude ang-ray flux are positively correlated, (2) EVPA rotations cartar in
any blazar subclass, 4 sources show rotations that go in ioeetidn and immediately ro-
tate back, (3) we see no difference in theay flaring rates in the sample; flares can occur
during and outside of rotations with no preference for tlékdwiour, (4) the average degree
of polarisation (DoP), optical magnitude aneray flux are lower during an EVPA rotation
compared with during non-rotation and the distributiontef DoP during EVPA rotations is
not drawn from the same parent sample as the distributicsidmutotations, (5) the number
of observed flaring events and optical polarisation rotetiare correlated, however we find
no strong evidence for a temporal association betweenithdiVflares and rotations and (6)
the maximum observed DoP increases frert0% to ~30% to ~40% for subclasses with
synchrotron peaks at high, intermediate and low frequarreigpectively.

Key words: galaxies: active — techniques: polarimetric —instrumigora polarimeters —
galaxies: jets — gamma-rays: galaxies.
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1 INTRODUCTION Questions of the formation, collimation and acceleratién o
blazar jets from the regions close to the supermassive Wiatk

The centre of most, if not all galaxies, contains at leastauper- &€ Still unsolved, however progress can be made by explh

masswe black holé (Kormendy & Richstéine 1995: Magorriaallet signatures of the magnetic field in polarised light. Using lthear
) If the matter in the vicinity of the compact object iese S_tokes Parameters to calculate_ the angle and deg_ree_ ofspelar
enough to become accreted onto the compact object then it istion we can explore how the optical synchrotron emissionves

classified as an active galactic nucleus (AGN). The viewing a d_u_ring ay-ray flare and whether rotgtions in the glectric vectpr po-
gle of an AGN often determines its observational classificat S't'(_)n angle (EVPA)_co_rrespond W'th_ low- or high- states e t
Those AGN viewed within a small opening angle of the jet axis optical andy-ray emission. Changes in the EVPA and the degree

are classified as blazals (Urry & PadoVani 1995). Blazarslare of polarisation_ can afford _infc_)rmatic_)n ab_out the structamel order
fined by rapid flux variability with large amplitudes, highp=y- of the underlying magnetic fiel 88)'

ent luminosities, greater brightness temperatures thaoayAGN, Blazars are the most energetic of the AGN classes and
high polarisation and superluminal motion of ejected congmis have characteristic ‘double-humped’ spectral energyridigions

in the jet. The apparent superluminary properties are chbge (SEDs) that span the entire electromagnetic spectrum. Thie fi
the relativistic beaming of the jet emission towards theeober hump, peaking in the Infrared-optical is attributed to sytron

(Blandford & Rees 1978). emission, whereas the higher energy peak (X-rayytmy) is
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thought to be produced by Inverse- or synchrotron self-Gomp  analysis procedures and the definitionsyefay flares and EVPA

scattering of jet or external photons. Blazars can be sudeti ac- rotations used in this analysis. §3 we detail the sample and the
cording to the location of the synchrotron emission peakhgirt historical behaviour of the blazars. §4 we discuss the results of
spectral energy distribution (SED). Flat spectrum radiasgus the correlation analysis and the differences between blszia-
(those sources originally identified to have optical emisdine classes according to the location of the synchrotron peakén
equivalent Width525,&) are included with BL Lac objects that  spectral energy distributions. §% we present and discuss our find-
have SED synchrotron peaks at low-frequencies (low-syrtotm- ings from the analysis. In the Appendix we present the ligintes

peaked LSP)i <10 Hz (IR), A 230000,&). The intermediate of each of the sources in this sample. The data presenteckin th
synchrotron peaked sources (ISPs) and high synchrotrokegea publication will be made available via the Vizier soufte

sources (HSPs) are all BL Lac objects and have synchrotrakspe
between 18! < v < 10" (optical/IR, A ~3000-300004) and
>10'Hz (UV, A <3000A) respectively/(Abdo et al. 2010a).

Due to the variability of blazars, the subclass of FSRQ/Bt La
is a loose one. The optical emission spectrum of a sourcedeas b  The polarisation monitoring program with RINGO2 is a contin
shown to vary between the two classes depending on thetgictivi uation of a program that was running at the KVA-60 telescope
state of the source (elg. Ghisellini et al. (2011)). For ta@son in in 2009-2011. The KVA-60 telescope is used for optical sup-
this comparison we mainly focus on studying the blazar adses port observations of the MAGIC telescopes and has a relgtive

2 OBSERVATIONS

according to the literature location in the spectral enetigyribu- small mirror diameter of 60 cm. The source sample originally
tion of their synchrotron peak. With the peak being directijated consisted of 8y-ray bright blazars that had an optical magnitude
to the energy distribution of the electrons within the jesttlas- of R<16 and were known to show strong-%%) polarisation:
sification allows the analysis of sources which may havesrhfiit 3C 66A, S5 0716+714, OJ 287, ON 231, 3C 279, PKS 1510-
high energy emission processes. 089, PG 1553+113 and BL Lac. For these 8 sources we have

The high energy component of the SED can be ex- the longest polarisation light curves. When the monitonwith
plained by synchrotron self-Compton (SSC) emission RINGOZ started in 2010, the sample was gradually expanddd wi
(Marscher & Gear| 1985; i isellini lotti_1092: AGN the MAGIC Cherenkov telescope (Lorenz & Martinez 2005)
[Bloom & Marscher | 1996; M&Mﬁh@_@lhm has been following: which were Mrk 421, Mrk 501 (long-term
[1998), a combination of leptonic SSC and hadronic syn- monitoring programs), 1ES 1011+496, PKS 1222+216, Mrk 180
chrotron emission (e.g. | _Mannheim & Biermann|_ (1992): (short term multi-wavelength campaigns and target of cjopity
[Miicke & Protherde [(2001); Bottcher, Reimer & Zharlg (2013)  observations). See Talile 1 for the full sample of fifteen cesir
synchrotron emission of leptons produced in a hadronic cas-
cade via proton-photon collisions above the pion produc-
tion energy (e.g._Mannheim & Biermanr_(1992); Aharchian 2-1 Photometry
(2000); |Miicke & Protheroe | (2001);|_Miicke etal.l_(2003); 511 kvA35cm
[Bottcher, Reimer & Zhamg| (20113)), or external Compton (EC)
of soft seed photons from a variety of sources such as: accre- The KVA telescope, operated remotely from Finland, cossist
tion disc radiation |(Dermer. Schlickeiser & Mastichiadi®92; two tubes; 35cm and 60cm. The KVA 35cm is used for the R-
[Dermer & Schlickeisét 1993)); optical and ultraviolet esiim band photometric observations of the Tuorla blazar momigqoro-
from the circumnuclear materiall_(_S_iJgQ_La._B_eg_e_lm_an_&_HQees gran]. The observations are coordinated with the MAGIC Imaging
[1994: [Blandford & Levinsonl_1995! Ghisellini & Madali _1996;  Air Cherenkov Telescope and while the monitoring obseoveti
[Dermer, Sturner & Schlickeiser 1997); infra-red emissioonf are typically performed two to three times a week (the weaathe
the dusty torus| (Btazejowski etlal. 2000); or synchrotranise allowing), during MAGIC observations the sources are olesr
sion from other jet regions_(Georganopoulos & Kazahas |2003; every night. The data are analysed using standard aperture p

[Ghisellini & Tavecchif 2008). tometry procedures with the semi-automatic pipeline dgped in
Some proposed causes of polarisation angle rotationsrwithi Tuorla by K. Nilsson. The pipeline presents the user withapr
blazar jets are emission features or shocks travellinggatueli- ical image of each frame to allow the rapid identification loé t

cal paths or magnetic field lines (é.g.Marscher éf al. (20080); target object and comparison stars. The magnitudes areuneelas
[Zhang, Chen & Bottchef (2014), a turbulent magnetic fieklite using the differential photometry and comparison star ritagas
ing in the random walk of the polarisation vector (Jones £1285; found in the footnotés?. The magnitudes are converted into Jan-
IMarschef 2014). Visual rather than physical effects suchent  Skys using the standard formua= 3080 x 10~ (™*¥*%). For most
jet and the trajectory of the polarisation angle on the sky ca ©f the sources, the contribution of the host galaxy to thesue
also cause polarisation angle rotatidns (Abdo &t al. 20{¥)ng flux is insignificant, the exceptions being Mrk 421 and Mrk 501
(2010) graphically presents the idea shown by Bjordsso4o  If the host galaxy has been detected, its contribution hes bab-
that other kinematic effects causing variations of the irigvangle  tracted from the measured fluxes (Nilsson ét al. 2008). irtake

in the co-moving frame could explain EVPA rotations up to180 ~ Measured fluxes were corrected for the galactic absorpsorgu
(2010) continue with this idea and suggest thatas  the values from NEB

metric emitting region on a bent jet could produce a grad\4A ~ While for many of the sources therezis 10 years of data, in -
rotation. this paper, we only use the data that is from the same obsggrvin

In this paper we present the results of a polarimetric and pho Periods as our DIPOL and RINGO2 polarisation measurements.

tometric campaign on a sample of fifteen blazars and prekent t
correlations between these data and Feymay data. We also ex- ) B o

. . . . http://vizier.u-strasbg.fr/viz-bin/VizieR
plore the relationship betweeytray flares and polarisation angle 2 0 users utw fikaniiam
rotations. In§2 we present the photometric and polarimetric data 2 nttp:/med.ipac.caltech.edu
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Name z Type R Mag.range Pol.range (%) Fermirange Observatio Period (MJD)  Absent data
3C 66A 0.444 ISP 15.1-13.2 1.0-27.7 4.0x19-1.1x10°6 55413.17 - 56226.03

S50716+714  0.31 ISP 14.4-12.2 0.3-23.7 6.4x18-1.3x10°6 55651.86 - 56035.00

0J 287 0.306 LSP  15.4-13.5 4,5-38.7 2.8x19-1.4x10°6 55641.91 - 56223.22

1ES 1011+496 0.212 HSP  15.6-14.7 0.8-6.8 4.2x19-9.7x10°8  56006.93 - 56094.92 KVA (pol)
Mrk 421 0.031 HSP  13.0-12.0 0.2-8.8 1.0x10-1.3x10°¢ 55705.90 - 56096.89 RINGO2

Mrk 180 0.045 HSP  15.5-15.1 2.5-5.1 56006.89 - 56216.24 Feriv (pol)
1ES 1218+304 0.164 HSP  16.0-15.5 0.6-4.3 1.6x19 2.6x10°8  56065.88 - 56136.90 KVA (pol)

ON 231 0.102 ISP 15.6-14.1 0.6-23.3 2.3x19-8.6x10°8 55573.26 - 56032.97 .

PKS 1222+216 0.432 LSP  15.8-14.7 0.5-9.7 8.6x18-1.3x10 ¢ 55901.24 - 55935.16

3C 279 0.536 LSP  17.8-14.3 1.3-36.0 1.2x10-2.7x10°6 55575.29 - 56101.94

1ES 1426+428 0.129 HSP  16.3-15.7 0.4-5.2 56047.00 - 56171.87 Ferivi\(Kol)
PKS 1510-089 0.36 LSP  16.6-13.1 0.5-16.5 2.6x10-2.1x10°° 55575.30 - 56062.09

PG 1553+113 <0.78 HSP  14.0-13.1 0.2-9.1 4.2x1®-1.0x10°7 56007.13 - 56171.87

Mrk 501 0.034 HSP 13.3-125 0.8-6.6 3.9x19-1.4x10°7 55660.04 - 56136.89 KVA (pol)

BL Lac 0.069 ISP 15.0-12.7 1.2-27.3 10.0x191.5x10°6  55413.11 - 56225.94

Table 1. The full RINGO2 catalogue with redshift, source type, R barajnitude range, Polarisation range, Fermi range, oktsmmygeriod information and
details of absent/unavailable data (see Seffionl2.1.4¢r&ees for the redshift values can be found in Se€fion 3.

2.1.2 RINGO2

RINGO2 was a fast-readout imaging polarimeter with a V+R hy-
brid filter (covering 460-720 nm) constructed from a 3mm Stho
GGA475 filter cemented to a 2mm KG3 filter. RINGO2 used a
rapidly rotating €1 revolution per second) Polaroid to modulate
the incoming beam from the telescoZOlg)]tEi
equally spaced sensors around the edge of the rotatingomblar
triggered the readout to a high speed electron-multiph@ep.
This generated a series of frames (8 per rotation) of duratib25
msec each. The frames were then averaged in software atingatch
rotation angles into a set of 8 images per observation. Bypto-
cess the degree and angle of polarisation were encodedlitbi
variation of the signal between the 8 imades (Clarke & Newghay
). Data reduction was therefore a process of relatieetae
photometry on these 8 images followed by the correction ef th
measured counts for instrumental polarisation and deigalzn
based on the long term average properties of the nightlydatan
star observations.

periods to match the KVA data (which have a larger field of vaaw
more choice of secondary stars). The magnitude was alseeav
into Janskys using the standard formula shown in SeEfiodl2.1

Full details of the RINGO2 and RINGO3 reduction pipeline
can be found i16).

For Mrk 421 there were no usable secondary sources in the
frame so magnitude calibration was not possible using the&gR2
frames. SkyCamZ data were used instead.

2.1.3 SkyCamz

The SkyCamZ camera consists of a 200mm diameter telescape th
parallel points with the Liverpool Telescope in order to\pde
photometric monitoring during observations with othetinsents
and also carry out a synchronous variability survey of thehson
sky. The Z denotes a ‘zoomed'field-of-view°jland the instru-
ment can detect sources down~+d6 mag. When the enclosure is
open, the camera takes a 10 second exposure automaticaly on

ing aperture photometry. The associated error was compayed
guadrature combination of the photon noise of the targetsiy
noise in the aperture and error in sky determination. Theqrho
noise was calculated according to an effective gain, thatals
ing into consideration the multiple frames averaged to neagm-
gle image and the effect of multiplication noise in the elect
multiplying charge coupled device (EMCCD) (Robbins & Hadwe
). The sky noise takes into account the number of pirelsa
aperture and the sigma-cleaned standard deviation of gyl
pixels. The sky error was calculated according to the nunolber
pixels in the sky annulus.

RINGO2 produced 8 images, one for each of its Polaroid rotor
positions. In order to obtain photometry measurementsesflpo-
larimetry data, the 8 rotor positions for a given observaticere
stacked using the IMCOMBINE command in IRAF. Automated
relative aperture photometry was then performed on theseds
using Source Extractot_(Bertin & Arnolits 1996) and the seurc
was identified by locating the closest lying source to thétrags-
cension and declination values.

and fitted with a world co-ordinate system (WCS) by the STILT
pipeline (Mawson, Steele & Smith 2013). The data are thew-nt
duced to the same pipeline used to reduce the RINGO2 data (see
Sectio Z.1.R). The pipeline runs source extractor on the alad
using a pre-identified secondary star (with its literatusgnitude
coming from the USNO-B1 catalogue) performs differentiabp
tometry.

2.1.4 Fermi

Fermi-LAT (Large Area Telescope) is a space-based pairyzrod
tion telescope with an effective area of 6506con axis for>1
GeV photons). It is sensitive tg-rays with energies in the range
of 20 MeV to above 300 Ge09). To produce
the Fermi-LAT light curves the reprocessed Pass 7 data was-do
loaded and analysed using the ScienceTools version vorg2fite
event selection the LAT team recommendations were follofeed
Pass 7 dafh We modelled a 15 degree region around each source
using the instrument response function P7REPURCEV15,

The reference magnitudes for the secondary stars were found

in the USNO-B cataloguOS) and where theywer

not available the magnitude value was offset at overlapgimg

4 http://fermi.gsfc.nasa.gov/ssc/data/analysis/docuation/Pass7RERsage. html
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Galactic diffuse model gllem_v05_rev1, and isotropic background
model isasourcev05.

The light curves were binned using an adaptive binning
method I2), with estimated 15% statisticak flun-
certainty in each bin. The flux in each bin was then estimasathu
the unbinned likelihood analysis and the tool gtlike. Alustes
within 15 degrees of the target that are listed in the 2FGla-cat
logue (Nolan et dl_2012) were included in the likelihood miod
The spectral index of all sources are frozen to the valuesrreg
in 2FGL, and for sources more than 10 degrees from the talget a

fluxes are frozen to the 2FGL values. The sources Mrk 180 and

1ES1426+428 are too faint to produce adequate Fermi ligiresu
for this analysis as the bin sizes would be too large.

2.2 Optical Polarimetry
2.2.1 DIPOL at KVA-60

The KVA polarisation monitoring program began in December
2008 using the Kungliga Vetenskapsakademien (KVA) telpeco
located on the Canary Island of La Palma. The KVA telescope co
sists of two telescopes; a 35 cm Celestron and a 60 cm Schenidt r
flector. The larger of the two, DIPOL, a 60 cm reflector, is ppeid
with a CCD polarimeter capable of polarimetric measurement
in BVRI bands using a plane-parallel calcite plate and a supe
achromatic /2 retard 05).

The observations typically took place 1-2 times a week. The
typical observation time per source was 960s and the olis@msa
were performed without a filter to improve the signal-tos®i
There are several gaps in the cadence when the source ha®been
faint (R>15) and/or too weakly polarised (1-2%) to be detectable
with KVA. In total, 10 to ~100 polarisation measurements per
source were collected. During some of the nights, polarsed-
dard stars from Turnshek etlal. (1990) were observed tordéater
the zero point of the position angle. The instrumental psdaion
of the telescope has been found to be negligible.

The data analysis is performed following the standard aper-
ture photometry procedures with the semi-automatic soéwlzat
has been developed for monitoring purposes. The sky-subtra
target counts were measured in the ordinary and extragydina
beams using aperture photometry. The normalised Stokesnpar
eters and the degree of polarisation and position angle eace-
lated from the intensity ratios of two beams using standanahéila

(e.g!Landi Degl'lnnocenti, Bagnulo & Fossati 2007).

2.2.2 RINGO2

Optical polarimetry was obtained using the novel RINGO2-fas
readout imaging poIarimetOlO) on therpivel
Telescope (LT) (see Sectibn 2.11.2). RINGO2 was mounted @n th
telescope in the period 2010 August 1 — 2012 October 26. Dur-
ing this period observations were obtained of the blazarpgam
with a typical cadence of-3 nights whenever the source was
observable from La Palma. Nightly observations were also ob
tained of polarised and non-polarised standards drawn ffem
catalogue of Schmidt, Elston & Lupie (1992). Occasional erior
tensive (nightly) periods of observation were made of pafar
blazars when sources were in a highay state.

The measured target counts were then corrected for instru-

mental polarisation by division by the corresponding mealue/
of the counts for the same Polaroid angle measured from all
of the zero-polarised standard star observations (avegagyer

a period of time within which the polarimeter has not been re-
moved from the telescope or altered). These correctedttesgats
and errors were then combined using the equations presbgted
[Clarke & Neumayeér| (2002) to calculatew and their associated
errors by standard error propagation. Analysis of the scattthe
q,u polarisation values derived from the zero-polarised sieael
allowed us to estimate the stability of that correction agrigaan
associateq andw errors 0f0.25%, which we therefore combined
in quadrature to our final error estimate. Next we comlgimadw

to estimate an initial value of degree of polarisatiph (

P =Vq +u ()

This measured value was then corrected for an instrumental
depolarisation factor 0.760.01 (D. Arnold, priv. comm.) which
was found by plotting the measured polarised standardsistgai
their catalogue values. The depolarisation error is prafginto
the degree of polarisation error.

For PKS 1510-089 we used averaged data to account for the
large scatter in the data points. The data were averagebeday
bins; within each bin we computed average gq=Q/I and u=Ulles
and corresponding root mean squared errors.

2.2.3 Polarimetric Error Analysis

For both the DIPOL and RINGO2 polarimetric data, to corpefdr
the statistical bias associated with calculating erroosfisquare
roots (where positive and negatiyeandu values are possible but
only positivep values can result) we used the methodology pre-
sented by Simmons & Stewart (1985) to calculate 67% configlenc
limits and the most likely value. As a check on this procedure we
also ran a Monte Carlo simulation taking as input Gaussiatridi
butions ofq and« values with standard deviations equal to their
calculated errors and examined the resulting distributiopm The
results were identical.

The electric vector position angle (EVPA) in degrees was cal
culated as

EVPA = atan2(u, q) + ROTSKYANGLE + PA

@)

where the function atan2() calculates the arctangent /qf
with a correct calculation of the sign and returns an angieden -
180 and 180 degrees, ROTSKYANGLE is the angle of the telescop
mount with respect to the sky when the image was taken apdsPA
a calibration constant derived from repeated measurenoénie
EVPA of the polarised standard stars. Errors on EVPA wereueal

lated according to the prescriptior in Naghizadeh-Khout|&rké

(1993), and again confirmed by Monte Carlo simulation.

2.3 Identification of Flares and Rotations

There are no exact definitions of what consists of a flare oriadla
period. By eye it is possible to identify datapoints that egpto
be flaring however producing a sample wide condition thatcts!
these points is difficult. It is not possible to assign a sriglel of
quiescence above which data are considered to be flaringdbe t
varying baseline iny-ray blazars. For clarity, we detail the condi-
tions of the code used to identify the peakjefay flaring periods.
Itis also necessary to identify what is considered to be aRAN-
tation or swing, this is detailed in this section and follaesfrom
definitions in other EVPA studies. A summary of the resultthaf
analysis is presented in Talle 2.



2.3.1 Gamma-ray flares

A blazar flare may be associated with quasi-stationary, thégtsity
regions within the jet caused by magnetic field irregulesitor it
may be associated with a knot or blob of emission moving atbag
jet ). The definition of g-ray flare is complicated due
to it being relative to the (varying) baseline of theaay emission
at the time prior to the flare. The method used to identify rigri
events was 2 fold. First we establish an initial level of eased
activity using a moving window which defines ‘active’ poiras
those which are twice the standard deviation of the five mliage
points. Then for the points that meet this criterion the ¢oorl
of a flare is such; active points that are greater than fivesithe
standard deviation of the preceding five active points ansicered
‘flare’. In addition, due to the nature of the moving windowx, the
first five points in the light curve if the flux is greater thae tlnean
flux for the whole light curve then the points are classed asdla
Once the flare points are identified, a flare episode is defiged b
those flare points that are within 20 days of each other. Titerdeg
episodes can often contain more than one peak, these aresso cl
together that we define them as one event. The flaring episodes
represented in the light curves by vertical blue lines coegall
flares within the 20 day range. For the analysis in Se¢fioht4e?
centreof this flaring episode is used.

2.3.2 Rotations of the polarisation angle

The recurrent episodes of optical electric vector positmgle
(EVPA) rotations that are seen from AGN jets have been inter-
preted in a number of ways. Usually here we are referringrtgela
amplitude ¢90°), smooth and long-lasting rotation events which
seem to signal some coherent process developing withieth&l;
though random walks in the Stokes plane, driven by turbuteay-
netic fields, have been demonstrated to be able to explagnrton
tations (Jones et al. 1985; Marscher 2014), it cannot, famte,
explain preferred rotation directions within some spedfiarces
(which goes against the stochastic nature of the process)(ds
shown via Monte Carlo simulations Mb15))10a
they answer for an entire population of rotations obser@tier
interpretations of the EVPA rotation which link them to codw jet
features, such as (a) plasma following a helical path duddmae-
scale helicoidal magnetic field configuration of the jet,uttsg
in long, slow rotations of the EVPA Marscher ef al. (2008, @01
IZhang, Chen & Béttchet (20114); (b) a bend or curvature injée
which leads to a projection effect on the plane of the sky afin
a rotation, which can invert its rotation due to relativisgiffects
resulting from the collimated emissi 10b).
Since the EVPA has a 18ambiguity, long gaps in the po-
larisation light curves can lead to confusion when intetipgethe
EVPA rotations. To avoid introducing an incoherent view he t
process with random 18Qumps being added to the EVPA dataset,
we chose to interpret the observed EVPA light curves follavi
a continuity hypothesis. We assume that variations proaeéuke
smoothest way possible with no sudden jumps. Although tteere
no predefined limit to the length of gaps in the data, we decide
to apply correction only when the difference between coubez
data points is<30 days. In this work we define an EVPA rotation
so that are results are consistent with those of the Roba®apg
[2015), therefore an EVPA rotation is ‘any donbus
change of the EVPA curve with a total amplitudes,,, .., >90°,
which is comprised of at least four measurements with sicanifi
swings between them'.
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3 DESCRIPTION OF DATA

The flexibility of monitoring with a robotic telescope such the
Liverpool Telescope allows the user to increase monitodh@g
particular source if its activity is deemed interestinge fiain sam-

ple of blazars was added to over the period of the RINGO2 ebser
vations according to reported flaring and thus some souraes h
more seasons and more data than others. The multi-wavielengt
light curves of the individual sources in this sample candenél

in the Appendix.

3.1 3C66A

3C 66A is a well-known BL Lac at redshift >2=0.3347
3). The blazar is a bright source of HE {#¢c
et al. 2009) and very high energy (VHE}rays (E>100 GeV)
(Aliu et all[2009; Acciari et al. 2009). There are many pateet-

ric monitoring observations of this source (
@) and references therein). In these data the polariséde-
gree is always high, typically between 10 - 20 % with the max-
imum value measured 33 %. In the historical data the EVPA is
significantly variable but shows a preferred position aragleund
20 - 40°, which is perpendicular to the direction of the VLBA jet.
lLkQ,LLLI_e_t_aIJ (2011) and ltoh et all (2013) also report a tiata of
EVPA of >180° (at MID~54840, early January 2014) and a sig-
nificant negative correlation of the flux and polarisatiomgrée.
ltoh et al. (2013) separate their2 years worth of data into four
sections according to the optical flux and polarisation eegOur
program does not cover their first and second periods.

During the first season our polarisation data show similar be
haviour to that in Itoh in the period spanning August to Notzem
2009 (MJD 55048-55150). We see-d 80" rotation of the EVPA,
however, during November 2009 to January 2010 (MJD 55151 to
55220) our data appear to show another®1B8fiation (see Table
[2 and Figuré® in the Appendix). The nature of th&80° ambi-
guity and the smooth rotation selection of the EVPA data reean
that the absence of even one data point can be the differance b
tween a rotation (our data) or a slight peak (Figure 4 in ltohlle
m)). However we have combined our data with that of Itoh
(priv. comm.) and we see the combined data suggest a ratation
itoh et al. ) describe a polarisation degree which stesy-
atically different among the four periods due to a long-tesiow
change. We continue to see this behaviour in our data beymid t
fourth period. The source enters a relatively quiescenseladter
late July 2010 (MJB-55400) and in the remaining three epochs the
EVPA does not appear to rotate. The optical flux drops14.5 in
the R band and the-ray flux stays low with the exception of a
small flare at MJB-56150 (August 2012).

3.2 S50716+714

The BL Lac object S5 0716+714 has been studied intensively at
all frequencies. It has no spectroscopic redshift but caimts
from intervening absorption systems give:@322 (95% confi-
dence levell_Danforth et al, (2013)) and the host galaxyctiere
z=0.31-0.08 | 2008). S5 0716+714 is a bright source
of HE .9) and VHE_(Anderhub el al. 2009)
rays. The source is thought to be observed very close to ttee li
of sight of the jet allowing an excellent view down the jeteifs
O). There are several dedicated studideeafjiti-

cal polarisation behaviour of the sourzomﬂ)he
optical band the source shows extremely fast brightnesslegte
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of polarisation variations. Intra-night variability ofetpolarisation
has been reported by Impey et al. (2000)and Villforth £12000)
with significant variations on timescales of 10-15 minutesour
data we also see fast brightness and degree of polarisatita v
tions across the four seasons with a variatior-@fmagnitudes in
the optical and a range in degree of polarisation 6fZB%.

Typically the source shows no correlation between optical
brightness and polarisation degrée (Ikejiri et al. 20119 amthis
work we too find no evidence of a correlation (see TdHle 5).
S5 0716+714 also shows no apparent long-term trends angt ther

which shows low polarisation 2% and an EVPA-86°. The KVA
and RINGO2 data presented here (taken for multi-waveleceytin
paigns @i,b) show similar results to thaieat
observations. Low polarisation ef10% and an EVPA at-110°.

3.5 Mrk421
Mrk 421 (z=0.03|(de Vaucouleurs et al. 1991) is a nearby BL Lac

object that was the first extragalactic VHEray emitter to be dis-

fore it has been suggested that at all epochs there must be & overed (Punch et HI. 1892). Its optical polarisation bahavhas

number of polarisation components showing variations omalls
timescale. The literature also reports rapid (6 d.
[20085) and slow (400 days) rotations of the EVPA 6800°
). In the historical data the range of tegree

of polarisation is from~0-25%. The interpretation of th&180°
ambiguity in our data indicates either the EVPA exhibits pida
rotation of ~18C° in March 2009 (MJD-54900), a long slow ro-
tation of >200° in October 2010 (MJB-55550) and a rapid ro-
tation of ~200” in March 2012 (MJDB-56000). A rotation which
changes direction mid rotation, such as the rotation in ka@12
(MJD~56000) may be due to a knot of material crossing the ob-
servers line of sight (see Aleksit ef al. (2014a) with refee to
3C279) however, this behaviour may also be due to a randok wal
of the EVPA. They-ray and optical data show correlations in late
2009 and early 2011, see the Discussion for more details.

3.3 0J287

OJ 287 (z=0.305) is a BL Lac object and one of the most fa-
mous blazars as it hosts a supermassivaary black hole sys-
tem at its centre (Sillanpaa et al. 1988). It is bright in HEays
.) but has not been detected in Vhiays
(e.g. [Seta et &l. 2009)). The dedicated studies of the ajppic-
larisation behaviout (D'arcangelo et al. 2009; Villforthed [2010;
IO) have shown that there is a strong preferre
position angle for the polarisation which is perpendicutathe
flow of the jet. The polarisation is strong (maximum 35%). Oc-
casionally the EVPA also shows rapid rotations with duratiof
10-25 days. This behaviour has been interpreted as a signaitu
two components (Holmes et|al. 1984: Villforth eflal. 201@tisn-

ary polarisation core and chaotic jet emission. Occasipfiialres
with a negative correlation between flux and polarisatiogrele
have been observe 11). Our data includepir
riod observed bll) and we see similar belavi
of the polarisation properties, particularly the rotatioépril 2009
(MJD~54940) which displays peculiar behaviour.

With the exception of the rotation in April 2009, the EVPA re-
mains relatively stable throughout the next three obsgrseasons.
The degree of polarisation is high in the first and fourth sea$ut
drops from~30% to<5% during the second season following-a
ray flare. The optical flux is variable and ranges between a8cb
15.5 magnitudes.

3.4 1ES 1011+496
1ES 1011+496 (z=0.212, Albert et al. (2007b)) is a BL Lac ob-

been studied extensively in the past (2.0. Hagen-Torn ¢1$83);

Tosti et al. [(1998a) and references therein). In these aatéhe

majority of the time the source shows rather low polarisati®%
and arather stable EVPA ef180’. @) found over-
all significant correlation between optical brightness aedree

of polarisation and during a large optical flare in the winoér
1996-1997 (MJDB-50350 onwards) the optical degree of polarisa-
tion rose to 12% (Tosti et l. 1998a). Tosti et al. (1998aprel a
rotation of the position angle 6£90° from May to October 1995
(MJID~49838-49991).

The data collected with the KVA and RINGO2 from 2008-
2011 (MJD 55409-56226) agree with this general behaviaw;-h
ever from the beginning of 2012 (M3E65900 onwards) the data
show a strong increase in polarisation degree and & B&@tion
of the position angle, along with a steady increased in the op
cal magnitude. This behaviour precedes an unprecedertedly
~-ray flare which occurs after June 2012 (MJB6100) and un-
fortunately is not accompanied by optical data due to thecss
visibility.

3.6 Mrk 180

Mrk 180 (z=0.045 [(Falco et hl. 1999)) is a nearby BL Lac ob-
ject that was detected in VHE-rays in 2006 (MJB-53795)

(Albert et al.[ 2006b). The source has a bright host galaxyisand
little studied in optical polarimetr mﬁﬁ)esented

an optical degree of polarisation measurement of 2.4% wisich
consistent with the results we see from early 2012 (M3B000)
when our observations begin. The RINGO2 data were taken as
part of a multi-wavelength campaign which was started in8200
(MJID~54500) (Riigamer et Al. 2011). We have few data points for
the RINGO2 period of observation, polarimetry from the K\@ i
unavailable as are Fermi flux data. Our monitoring continuigs

the third generation polarimeter RING DIRe

find a stable EVPA 0f~40° and an R band magnitude sf14.4.

3.7 1ES1218+304
1ES 1218+304 is a BL Lac source at z=0.162

(Adelman-McCarthy & et &l 2009). It is a source of HE and
VHE .a)y-rays. Its optical flux has varied over
the last~10 years from 15.2-16.4 magnitudes in the R band (from
Tuorla blazar monitoring campaighn There are very few polar-

isation measurements in the literature. Jannuzi, Smithstofl

ject which, until its discovery in VHE-rays Albert et al.[(2007a),
was little studied. It is bright in HEy-rays I9)
and has little optical polarisation literature data. Frd@d87 there is

one archival polarisation observation (Wills, Wills & Besi011)

(1994) report a degree of polarisation ©6%. We present KVA
(photometry only) and RINGO2 (polarimetry and photometry)
data from March 2012 (MJB55987) until the end of the program,
the source does not show any flares or rotations.



3.8 ON231

ON 231, also commonly known as W Comae, (z=0.102
Weistrop et al.|(1985)) is a HE and VHiEray bright BL Lac ob-
ject (Acciari et al 2008, 2009). Observations taken in 12982
(MJD~45000) and 1991-1992 (MJ48500) cover similar ranges
with a polarisation degree ranging from 5.2-19.2% and anA&VP
of 50.0-93.3 (Wills. Wills & Bregef|2011). The source underwent
three major outbursts in March 1995 (MJ®9800), February
1996 (MJD~50120) and January 1997 (M3B0450) (Tosti et dl.

) and a more energetic outburst in June 1998 (MRIBOO-
51000) which saw the brightness increased®/magnitudes in the
R band |(Tosti et al. 1999). Ikejiri etlal. (2011) observed vurce
from 2008-2010 and during this period the polarisation wds 3
19.6% with an EVPA of 60-8Q They also found significant nega-
tive correlation between flux and polarisation degree ($ger€ 28

of lIkejiri et all (2011)). Sorcia et al. (2014) presentedutesfrom

February 2008 to May 2013 and find a gradual decrease in mean

flux over the~5 year period of~3 mJy. They find a maximum de-
gree of polarisation of 33.8% 1.6% and a large rotation of the
EVPA of ~237 which coincided with ay-ray flare in June 2008.
The KVA-60 and RINGO2 data in this work show a degree

of polarisation and EVPA consistent with the source in a |tates
We see slightly brighter optical angray fluxes in the first season
(see Figuré_18 in the Appendix) and optical magnitude starts
decrease with the increase in degree of polarisation atriieof
our last observing season.

3.9 PKS 1222+216

PKS 1222+216 (z=0.43%5, Veron-Cetty & Veran (2006)) is a flat
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of the position angle in May 2011 (MJD 55700) the addition of
Fermi data showed that during this period~a@2 months they-ray
flux decreases by-100 [10°% cm~2 s~!] (Aleksic et al.| 2014a).
|Aleksic et al. (2014a) interpreted this optical outburithva rota-
tion of the position angle and the increase in the degreelafiga-
tion as geometric and relativistic aberration effects sagcan emis-
sion knot's trajectory bending such that it crosses themviss line

of sight (for full description sele Aleksic etldl. (2014ay)).

We have three seasons of polarimetric data and four seaons o
photometric data. Having the same data as Kiehlmann étGil3§2
we see the same behaviour. In the third and fourth seasonseve s
rotations that rotate in one direction and then back on teéres.
We see an additional rotation which is followed by a lack abda
The source drops in brightness at the start of the obsenengg
and is at its highest in polarisation-40%). The source is bright-
est in the optical in the last two seasons of observationgene
degree of polarisation dropping to lower values.

3.11 1ES1426+428

1ES1426+428 is a lesser-studied BL Lac object at a redshift
of z= 0.132 O). It is classified as an extreme high-
energy-peaked BL Lac object (HSF) (Costamantelet al.|2001)
and is a HEv-ray source|(Petry et al. 2000; Horan etlal. 2002).
Jannuzi, Smith & Elstor| (1994) report an optical degree déipo
sation of<7 % over the period of 1988-1990 MJi47161 - 47892)
and a non-constant EVPA which may show a slow rotation of
~150°. The optical flux maintains a fairly constant value of be-
tween 16-17 in the R band. We find the degree of polarisateysst
below~6%, the optical flux is constant with a median R band mag-
nitude of 15.6. The EVPA stays relatively constant withie érror

spectrum radio quasar (FSRQ), and therefore LSP, which haspars. The source is too faint inrays to be significantly detected

received a lot of attention since its discovery in VHErays
(Aleksic et all 20111). Very little optical polarisation tdeare avail-
able in the literature. A single measurement fr
) shows a degree of polarisation of 5.9 %. The data pregen
here were taken in the 2011-2012 (MJB5600-56100) observ-
ing season when the source was in a quiescent state in optidal
~-rays. The EVPA shows very little variation and the degrepaaf
larisation is low & 10%).

3.10 3C279

3C 279 (z=0.536, Burbidge & Rosenberg (1965)) was one of the
first extragalacticy-ray sources discovere (Hartman et al. 1992)
and is one of the first flat spectrum radio quasars to be detecte
in very high energyy-rays I|_2_QL¢8). Over 10 years

of observations the source showed variability ranging fa8¥l6
magnitudes in the R band. In the space~df00 days the source
became fainter by 3 magnitudes (Larionov et al. 2008b) aoih fr
MJD 54120-54200 showed a rotation which they conclude is in-
trinsic to the jet. This rotation was coincident with a lowgdee

of polarisation which was higher before and after the rotaat
23%). The low polarisation during the rotation is attrilwlitey the
authors to the symmetry of the toroidal component of thecheéli
magnetic field. In the period prior to the the start of the RID&
program the source showed a rapid decline in magnitude beer t
period of ~1 month synchronous with an increase in polarisa-
tion degree and a 18Cotation of the position angle|_L(AT9_e_t| al.
2010b).| Kiehlmann et al| (2013), using data from RINGO2 and
KVA-60 amongst other instruments, showed there was anasere

in flux and degree of polarisation along with~al50° rotation

within the analysed time window.

3.12 PKS 1510-089

PKS 1510-089 is a-ray bright (Acciari et all. 2009) FSRQ/LSP at
z=0.36 ((Burbidge & Kinmdh 1966). The source has shown bright
flares in optical, radio, x-ray and HE-rays at the beginning of
2009 (MJD~54910-54920), along with the first detection of VHE
y-rays (Abramowski et al. 2013). During theray flaring from
MJD 54950 - MJD 55000 (April 2009 onwards) the optical elec-
tric vector position angle (EVPA) was reported to rotatex%20°
and during the major optical flare the optical polarisatiegyrée
increased to<30% (Marscher et al. 20110). In early 2012 (MJD
55960 and onwards) it again showed high activity in Hays
and was also detected in VHfrays. Again there wasa180 ro-
tation of the EVPA following this flare but the polarisatioagtee
stayed low~2% (Aleksic et all 2014b).

The polarimetric RINGO2 data we present for this source has
been averaged over 5-day bins to account for the scattee idéeta
(see Sectioh 2.2.2). Our data show the above mentigray and
optical flaring activity from the end of 2008 into 2009, we sa®-
tation in the EVPA at this time but due to interpretation of data
using the EVPA tracing code (see Secfion 4.3.2) we do nottrepo
rotation as great as 72(rather a rotation of 333 The difference is
due to the data sampling and thus highlights the need fonsite
optical monitoring duringy-ray activity. For clarity we include a
zoomed region of Figufe 10 (see Figlte 1) for comparison thith
bottom panel of Figure 4 in Marscher et al. (2010). The redigoi
show the EVPA data point at it is measured and at the +180 posi-
tion. The EVPA trace code in this work selected the lower ef th
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Figure 1. Zoomed view of PKS 1510-089 light curve (full light curve
shown in Appendix, FigurE_10). This plot can be compared itjure

4 inlmO) where the polarisation angle diaganterpreted
as showing a 720rotation. Here we report a rotation of less than half that
(333) and this is due to the interpretation of this particularadat by the
EVPA trace code which, to account for tHel80, ambiguity identifies the
next nearest lying point. The points in red highlight whére difference in
identification originates.

two points as it is closer to the previous point, had thersbee

termediate points the rotation might have shown to conteiua

steeper gradient which would result in&00” rotation measure-
ment.

) report a correlation between V band mag
nitude and degree of polarisation. We see similar resutisimnal-
ysis (see Tablgl5), however, because we lack data when thedR ba
magnitude was the brightest we are unable to populate thateri
end of the magnitude-degree of polarisation plot.

3.13 PG 1553+113

PG 1553+113 is ay-ray bright BL Lac object at 20.395
(Danforth et al| 2010). It is a persistent source of VHEays
(Albert et al.| 2007al_Aharonian etlal. 2006) which has trigge
several multi-wavelength studies of the source

-)) However, only few campaigns have included polarl-
metric observations. Polarisation observations were rtegoin
/Albert et al. (2007a)/ Andruchow etlal. (2011) ahd_Ikejiraét
) with the maximum value for polarisation degree of8.2
The observations I11), which cover thedest
period of time, do not show a clear preferred angle for the £VP
In 2008 (MJD~54600 onwards) the EVPA was100-150 while
the later observations (in 2009 and 2010 (MJ&5100 and 55200)
only single data points) show an EVRA0°. RINGO2 and KVA-

60 data suffer from poor sampling but agree with literatahmw-
ing an EVPA which is~100-150 until March 2012 when there is a
rotation over a period of a few months which coincides withaaefl
detected in HESS and MAGIC but not in Fert al.
2015] Aleksic et dl. 2015).

3.14 Mrk501

Mrk 501 (z=0.0337, Ulrich et al[ (1975)) is a BL Lac type sairc
which was discovered as a VHEray source in 199a|.

with a degree of polarisation of 1-3‘th000) and R
band magnitude~13.5 (Petry et all 2000). The source showed
a VHE flare in 2009 (MJB-54940) which was correlated with
a 5% increase in the optical degree of polarisation, a signifi
cant increase compared to the typical polarisation level-8f6
(Barres de Almeida 2011). Along with the increase in degfemeo
larisation, the EVPA rotated by 15In the available data we see no
rotations of the EVPA (see definition of EVPA in Section 2)&ad

a very stable optical flux, the degree of polarisation resehg%
which could be correlated with a smaHray flare, however, for the
largery-ray flare the source was not visible from La Palma.

3.15 BLLac

BL Lac (z=0.069/) Vermeulen etlal, (1995)) is a bright sourée o
HE ~-rays and occasionally of VHE-rays (Albert et all 2007b;
lArlen et al.[201B). Its polarisation has been extensivelydist
with the two long-term studies presentedeta
(2002b) and Hagen-Thorn et &l. (2002a). In these publicatib-
servations from 1969 to 1991 (MJ3&10000-48500) were pre-
sented. It was found that the EVPA showed a preferred angle of
~22° which is close to the direction of the jet in very long base-
line interferometry (VLBI). In the second half of their dgtE980-
1991, MJD-44239-48500) BL Lac showed significant periodic-
ity of 308 days both in total flux and relative Stokes paramete
q (Hagen-Thorn et al. 2002b). The polarisation degree far 23
year period varied frorc1% to ~40%.

In October 2005 (MJB-53660) the source underwent a dou-
ble peaked optical outburst with rapid rotation of the EVRAidg
the first outburst, this led Marscher et al. (2008) to coneltitat
the rotation took place in the collimation and acceleratione of
the jet where a helical magnetic field would be present. IreJun
2011 (MJID~55710) a rapid TeV flare was detected which coin-
cided with a rapid change in optical polarisation an.
@). This was concluded to support the modél of Marschal et
(2008).| Raiteri et al. (2013) whose data coincide with tHahis
work, report an EVPA of~15° which is nearly aligned with the
radio core EVPA and mean jet direction.

The EVPA tracing code presented in this paper (see Section
[2:3:2) identifies four polarisation angle rotations in thelBc data,
however, only two of these can be classified as ‘true 'rotetiac-
cording to the condition that the rotation must consist of sore
measurements with significant swings between them. Thesdegr
of polarisation varies between values-025% and little or no po-
larisation signal at all. The drop to a degree of polarisatd~0
coincides with a EVPA rotation and @ray flare, along with an
increase in the optical magnitude, and is consistent witkipusly
reported behaviour.

4 DISCUSSION

In this section comparisons are made between the polarisati
properties, optical flux ang-ray flux for those sources with rea-
sonable sampling. This sample is subject to selection diasd
therefore the results in this work cannot be generalisechéo t
larger blazar population. For those sources which have been
served only for a short period of time, which have sparse stata
pling or lack sufficient multi-wavelength information (Mrk80,

1996) and above 1.5 TeV (Bradbury etlal. 1997). The source was 1ES 1011+496, 1ES 1426+496 and 1ES 1218+304) only optical-

observed during a period of high activity in 1997 (MJB0449)

optical analysis and their light curves (see Appendix) aesgnted



and they are excluded from theray analysis. The following sec-
tion explores correlations between the optical data andythey
flux, along with the frequency of flares in relation to optipalari-
sation rotations.

4.1 Correlation analysis

Correlations between the optical anetay data can give informa-
tion about the emission regions and magnetic field struetittén
the jets of the different blazars. Optical flux (lacking eosty po-
larisation signal) can also originate from outside the jet.

Due to observational constraints from ground-based tele-
scopes, along with weather and observing priorities, wee fia
perfectly sampled optical data. While it is possible that ton-
tinuous Fermiy-ray data could be binned to coincide with opti-
cal monitoring this could not be possible with the adaptivenimg
code used in this work as it automatically sets the bin sizesrd-
ing to the gamma-ray brightness of the source (see Sdciof)2.
The binning ofy-ray data according to optical observations is likely
to dilute flaring behaviour (which is displayed in more detdgth
the adaptive binning method) and also involve difficultiegstab-
lishing bin sizes because the optical observations onlg tak-5
minutes.

In order to match the optical angray data points (which are
of course not completely synchronous) we explore two methiod
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p p N
All -0.153  6.4x1014 13
FSRQ  0.149  7.3x10* 3
BLLac 0.395 <2.2x10°'6 10
LSP -0.539 <2.2x10°16 4
ISP 0.578 <2.2x10°16 4
HSP 0.597 <2.2x10°16 5

Table 3. Spearman rank correlation coefficientp value and number of
sources for each blazar subclass for{hmy and optical flux correlations
(See FigurgRR for plots).

tified according to the presence/size of optical emissioesl) and
HSP, ISP and LSP sources (classified according to the locafio
the synchrotron peak in their SEDs). It is evident in the @bt
all sources that there are two visible subclasses, bothpeisitive
correlations but different ranges in optical andlay fluxes. These
two subclasses are shown to be the FSRQ and BL Lac sources in
the next two plots. So not only do these sources show difte®n
in the strength of their optical emission lines, they alseecalif-
ferent ranges iny-ray flux and optical magnitude. The bottom 3
plots in Figuré 2 show that the sources split by the locaticheir
synchrotron peak also cover different rangesyiray and optical

method one we use each of the dates associated with optieal ob flux. LSP sources are brightest4nray flux, there is a decrease in

servations and interpolate a value from theay light curve for
this date by fitting a gradient to the nearest neighbourngy
points and calculating the matcheeray flux using the equation
for a straight line. The plots in Figufd 2 are produced by saich
method and show the overall behaviour of the sources acwptdi
their different subclasses.

It is also possible to match the optical afeay data by us-
ing the same bins as theray data to bin the optical data. This
method produces correlation plots (see Fiddre 3) which ess |
dense than those produced by leading with optical data sagnpl
(compare with Figur&l2). Binning of optical data in this way r
sults in higher temporal frequency optical activity beingraged
out, As the focus of this paper is the optical data we theeetse
our first method in the following analysis. The same methaapis
plied using the optical polarisation degree dates. Whea fitam
one wavelength do not change over a period in which data from
the other wavelength does change then these periods appta o
correlation plots as straight horizontal or vertical lines

maximum-~-ray flux as the spectral peak moves toward higher fre-
quencies, with the HSP sources in this sample having a mua lo
range iny-ray fluxes compared with LSPs.

In Table[4.1 the results of the Spearman Rank analysis of this
data are presented and it is demonstrated that (due toidgfdis-
tances of the sources), the “whole sample” approach is mttpa
larly useful. Rather we must consider the properties of sacince
(which are differently coloured in the figure) individually addi-
tion in order to investigate the properties of the individseurces
the data were first separated into observing seasons (td false
periods of apparently stable behaviour introduced by logmgogds
of non-visibility 3)). The number of seas@mseach
sources depends on the availability of the optical data anglftom
1to 4 seasons.

For each of the season datasets a Spearman Rank Coefficient
test was performed to measure the statistical dependenoreof
flux against the other. A summary of these results are predent
along with those for other correlations, in Table 4. Redoltsndi-

We use the Spearman Rank Coefficient test to determine thevidual source seasons can be found in TRble 5 in the AppeWdix.

correlation of the data. The null hypothesis states thatviloevari-
ables are not correlated.jf< 0.05 then the null hypothesis can be
rejected. Significant correlations are indicategplyy 0.95 (no cor-
relation) orp < 0.05 (correlation). For the analysis that involves
magnitude, the values of the correlation coefficiehtave been cal-
culated so that the reverse nature of the parameter is ajgtedp
used.

For exploring the distributions of Spearman Rank test tesul
we will use the Kolmogorov Smirnoff (KS) test where the nutth
pothesis is that the two samples are drawn from the same gopul
tion where p=1 suggests there is a strong probability thastm-
ples come from the same parent distribution.

4.1.1 Optical andy-ray flux correlations

Figure[2 shows 6 plots of-ray flux against optical magnitude for
all sources and 5 different subclasses; BL Lacs and FSR®@s-(id

find that 68% of source seasons (25/37) show a positive alaerre
tion p = 0.46 with significant p values (i.e<0.05 or p>0.95). In
addition, 92% of source seasons (34/37) show positive letioas
(p = 0.36) with p values ranging between 0.000 - 0.988.

A Kolmogorov Smirnov (KS) test was performed on the HSP
& ISP, ISP & LSP and HSP & LSP sources respectively to test
whether the distribution of the Spearman Rank Coefficiaralues
for different blazar subclasses suggests that the suleslasiginate
from the same parent population. The mean of the distribatior
each subclass afe= 0.30, 0.43 and 0.34 for HSP, ISP and LSPs
respectively. The p values from the KS test indicate the giodiby
of the HSP and ISP sources being from the same parent papulati
is 56%, for ISP and LSP sources the probability is 58% and for
the HSP and LSP sources the probability is 84%. It is not ptessi
to distinguish these probabilities from each other and rieasea
significantp value to either indicate the subclass results are or are
not drawn from the same parent distribution.
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1. Source 2. Rot? 3.Rot] 4.Flares 5. Type 6. Fermimon. 7.Max. 8. Flare rate 9. Days beeen 10. Flares
(anti-c-wise)  (c-wise) period (days) deg. flares/day (yepr rot & flare during rot

3C 66A 1 0 10 ISP 1323 27.7 0.0076 (2.76) 20 0

S50716+714 2 2 16 ISP 1442 17.9 0.011 (4.05) -14, 0 (x3) 3

0J 287 1 0 3 LSP 1382 36.9 0.0022 (0.79)

Mrk 421 0 1 3 HSP 541 8.3 0.0055 (2.03) 1 0

ON231 0 0 5 ISP 1593 23.3 0.0031 (1.15)

PKS 1222+216 0 0 5 LSP (FSRQ) 530 54 0.0094 (3.45)

3C 279 3 1 11 LSP (FSRQ) 1464 29.7 0.0075(2.74) 8,-2,0 1

PKS 1510-089 3 1 24 LSP (FSRQ) 1406 16.4 0.017 (6.23) -4, 21, 39, -84, 0 (x10)

PG 1553+113 1 1 5 HSP 1241 9.1 0.0040 (1.47) 0 1

Mrk 501 0 0 4 HSP 594 6 0.0067 (2.46)

BL Lac 2 0 9 ISP 1431 27.3 0.0063 (2.30) 116, -21,0, 98 1

Table 2. Tabulated data of the upward and downward EVPA rotations~araly flares for different blazar subclasses for the 11 sauticat have EVPA
rotationA-ray flare events. Also included are the length of the Fermiitoang period in days, the maximum degree of polarisattoe flare rate (and mean
flare rate), days between rotations and flares (and mearnsofahie) and number of flares during a rotation.
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Figure 2. Fermi~-ray data plotted against magnitude for 11/15 sourcesétiusch have>5 ~-ray datapoints) (each with a separate colour) and subseque
blazar subclasses: FSRQs, BL Lacs, LSPs, ISPs and HSPs-fHyedata points are interpolated to match the date of thealptata points (see Sectibn .1).
Black squares show the mearray and optical value for each source.
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Figure 3. The sample plots as Figuré 2 with optical data points binmedraing to the range of the Fermi bins. There are fewer datthe overall trends are
similar.
All P p<0.05
Type Rangep Range Meanp Mearp Quantity Quantity Rangg Meanp  Quantity  Quantity
ptp pitp
mag-gam  HSP  2.20x10'¢ - 0.620 -0.0929 - 0.745 0.210 0.299 1,6 7 0.502-0.745 0.608 3 0, 3
ISP 4.97x10'! - 0.524 -0.067 -0.718 0.115 0.429 0,16 16 0.287-0.718 0.567 ,100 10
LSP  0.000 -0.988 -0.600-0.711 0.141 0.337 2,12 14 -0.6001-10. 0.390 2,10 12
ALL  0.000 -0.988 -0.600 - 0.745 0.142 0.369 3,34 37 -0.60046. 0.487 2,23 25
gam-deg HSP  1.89x10% -0.419 -0.121-0.633 0.196 0.231 1,4 5 0.160-0.633  0.397 0,2 2
ISP 6.68x10°* - 0.946 -0.560 - 0.411 0.370 -0.0382 8,8 16 -0.560-0.272 29D.2 2,1 3
LSP 1.52x10°% - 0.925 -0.249 - 0.556 0.340 0.0619 6,5 11 0.360-0.556 0.426 3 O 3
ALL  1.89x10~ '3 -0.946 -0.560 - 0.633 0.332 0.038 15,17 32 -0.560-0.633 30.17 2,6 8
deg-mag HSP  1.98x10 - 0.695 0.0876 - 0.549 0.312 0.268 0,7 7 0.468 - 0.513  0.525 0,2 2
ISP 1.53x10°!! - 0.0754 -0.485 - 0.395 0.0212 0.0334 2,2 4 -0.460-0.403 90.06 1,2 3
LSP  0.0607 - 0.999 5.47x101 - 0.270 0.472 0.154 0,4 4 NA NA NA 0
ALL  1.53x10~ ! -0.999 -0.485 - 0.549 0.277 0.175 2,13 15 -0.460-0.513 0.252 14 5

Table 4. Summary of results from the Spearman Rank correlation kestisg the p ang values for different subclasses for opticalwsay data, degree of
polarisation vsy-ray data and optical flux vs optical degree of polarisatitime full dataset is presented in Table 5 in the Appendix.
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4.1.2 Optical degree of polarisation andray flux correlations

Figure[4 shows the-ray flux against optical degree of polarisation
for all sources (each coloured individually) and the 5 sas®ets.
The~-rays are plotted on a logarithmic scale for visualisatian p
poses. The horizontal lines are caused by the polarisatiofing
during a widey-ray flare bin, usually in lowy-ray states. The ver-
tical lines are caused by theray flux varying when the degree
of polarisation is very low. For the-ray and degree of polarisa-
tion plots it is not possible to distinguish the FSRQ and Blc La
subclasses from each other. The FSRQs exhibit highay fluxes
than the BL Lacs. The spectral peak subclasses differ inthedy
flux value (as already shown in the previous section), honthey
also differ in their maximum degree of polarisation valure TSP
sources can exhibit polarisation degrees up-#9%, ISPs~30%
and the HSP sources have a maximum-d0%. The HSP sources
also show less variation that the LSP and ISP sources.

In order to investigate the correlations in more detail waiag
split the data by individual source and by observing seasuh a
carried out a Spearman Rank analysis (see summary of résults
Table 4). In Figuré€s we show the distribution of theoefficients
as histograms. The peak of the overall distribution is ctoseero
(as shown in Tablgl4. However the peak of thealue distributions
for the LSP and HSP sources are positive and for ISP souregs, n
ative. All HSP and LSP source seasons show positive coioeat
with p<0.05, whereas ISP sources have a slight majority of positive
correlations (2/3) with g0.05.

We carried out a KS test analysis on the distributiop efl-
ues. The HSP and ISP distributions have 44% probability ofgoe
from the same parent distribution and the HSP and LSP disiit
have a 42% probability. The probability of the ISP and LSHses!
being from the same distribution is 48%. None of these p wisie
significant.

4.1.3 Optical flux and degree of polarisation correlations

Figure® shows plots of the degree of polarisation agaiesbiical
magnitude separated by object type. Here we plot all 15 ssurc
our sample (i.e. including those without Fermi data). Tramaces
that do not have synchronous magnitude and degree of laris
(Mrk 180 and PKS 1222+216) have their points interpolatednfr
neighbouring data where available. In addition as the d&ayn-
chronous they are not split into seasons but compared attress
whole available dataset. As already shown in the previouse€o
lation plots, the HSP sources are limited to degree of psa#ion
values<10%, while the LSP and ISP sources show greater vari-
ability, reaching a maximum polarisation €40% and~30% re-
spectively. The HSP sources show tighter groupings thah e
and ISP sources.

Tablel4 shows the Spearman Rank Coefficieand probabil-
ity values for the optical flux and degree of polarisatiored&7%
(13/15) of sources show weak positive correlations betwieeop-
tical flux and the optical degree of polarisation wjih= 0.18. In
addition, 4 sources show weak positive correlations witid |95,
however, the HSP sources lack significant correlations (gvhe
p<0.905).

The probability of the HSP, ISP and LSP distributions being
from the same parent sample was tested using the KS test.S%r H

Corrected Number of Optical Rotations
T
L

1
6 8
Number of Gamma Ray Flares

10

Figure 7. Number of observed optical rotations (corrected for theeobag
duty cycle) versus number of observeday flares for those sources which
have sufficienty-ray data (11/15 sources) - note there are two points at x=5,
y=0.

4.2 Optical and~-ray properties during EVPA rotations

We have identified 95y-ray flare events (see Sectibh 3 for the
description of a flaring event) in 11 sources. In the sampie, t
rate of flaring is between 0.0022 - 0.017 flares per day (0.2 - 6.
per year). The mean flare rates (and standard deviationggfdr
subclass are HSP 6.005 + .001 , ISP =0.007 £ 0.003 and
LSP =0.009 4 0.006 flares per day, equivalent to HSP = 2.0.5,
ISP = 2.6:1.2, LSP = 3.32.3 flares per year. These results in-
dicate that there are no significant differences betweematteeof
flaring in the different subclasses.

In order to make a simple assessment if flaring and rotation
activity are associated we can compare the number of flanes pe
source with the number of rotations. Since there is misspigal
data due to seasonal effects, we correct the number ofonsatif
a given source by dividing by its optical duty cycle (definsdlze
fraction of time when optical coverage overlapped with tleenfi
data). The results of this analysis are presented in Figubesig-
nificant correlation ¢ = 0.59,p = 0.05) is apparent. It therefore
appears that there is at least some link between a propédnsity
~-ray flaring and that for optical polarisation rotations.

Due to the visibility of the sources, 67 of theray flaring pe-
riods occur when we lack coincident optical data or thererare
data between the data point and the nearest flare. Of therremai
ing 28~-ray flares that have optical photometry and polarimetry in
coincident periods with the-ray data there are 17 that occur dur-
ing rotation of the EVPA (see Table 2, Column 10). However we
note that this statistic is dominated by one source (PKS -IRB)
which has the highest mean flare rate and multiple flares nvihi
single long EVPA rotation. In addition we can associate ldefla
that occur outside an EVPA rotation with the closest in tinPE
rotation (i.e. the nearest lying rotation to a flare whereadhare
no missing data in between). There are 5 flares that occurfd
days after the rotation and 6 flares that occurtetll6 days be-
fore the rotation (see Table 2, Column 9). Even though we do no
analyse flares that occur during periods when we lack opdiata,
we must be cautious: the average observing seaseridd days
which means that it may be possible that flares could be associ

and ISP sources p =0.42, ISP and LSP p = 0.77 and HSP and LSPated with closer lying rotations that occur when we are umnabl

p = 0.66 also. None of these p values is significant and the null
hypothesis cannot be rejected.

observe them.
In order to investigate the-ray and optical properties during
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Figure 4. Fermi~-ray flux against optical degree of polarisation for all smsrand each blazar subclass, a different colour for eaceseaparately. Black
squares show where the mean of the source lies on the ploizddtal and vertical lines in the data show periods duringctvtihe v-ray/optical data
(respectively) are constant while the other continues tp. va
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Figure 5. Histograms showing the distribution pfvalues from the Spearman Rank Coefficient test for the dptegree of polarisation angray flux. From
left to right: LSPs (red), ISPs (blue) and HSPs (green). Tdteed histograms are the distribution of the total samptethe black vertical lines show where
the sample mean lies. The mean of the subclasses are showerisal line in their respective colours.



14 H.Jermak et al.

’\a\g 7 ALL FSRQ BL Lac * pks1510
S . . + BL_Lac
c .0 L.t pks1222
oo ° : s50716
= s o pgl553
3 S Lt et ¢ les1011
% S e . S e . 3279
C trger e CirRer e les1218
= o | oo [ oot 4
R I . |
o . .:, GO o0 ¢ . . .:: ‘0% (o0 L * 0j287
© 0 .'\."?’gg": o N RN R * 3c66a
o | oo ot 2%y vate’ e oo T At e mrk501
8" -_'-l.'Di' T . _.-D;. . " o on231
S . AP R g S T b || e
4 $v a % oo Ftee 0 2% S o mrk180
g v . B 9
QA o — ¢ . o — ¢ o
—~
X S 1 LSP ISP HSP
N—r .
c o
o ° e
—_— O
+— 0 L34
© . ) .. L.
% . ST
Lo ] AR LRI
o« . "'D % ., ST
o . oY ‘@’ ‘oo LA
5 o ARG
® S R W Dyt ™ o0 ) 3
o N S v R 4 2 o8
(@] ° >’ o ; 4% Y % 4 S
2 | - :\ @ P
o A ° . .
D T T T T T T T T T T T T T T T T T T
17 16 15 14 13 12 17 16 15 14 13 1217 16 15 14 13 12
R mag

Figure 6. The optical degree of polarisation against optical magteitior all 15 sources. For those sources that do not have ymals points(i.e. Mrk 421
and PKS 1222) we interpolate the nearest lying point frormsighbouring datapoints. Each source is coloured sepaiatd black boxes show where the
mean of that source lies on the plot.

and outside of rotations we separated the data for eachesicc
two periods: during (a) rotation and (b) non-rotation. Thstfiwo
histograms in the top panel of Figurk 8 show the degree ofipola
sation for all sources during those periods. The data asepted
as a percentage of the full range of the degree of polarisétioa
particular source and the whole histogram has been divigleédey
ratio of the number of points in the larger dataset (outsfdeiPA
rotations) over the number of points in the smaller datahatrig
EVPA rotations), this removes rare events from the analgsis
takes into account any selection effects. After this noisirad we

tions, as a fraction of the normalised range of the total ntade.
Similar to the degree of polarisation, in very relativelyfpoints
does the magnitude react90% of the total flux during a rotation
whereas outside of rotations the ar800 points that have polari-
sation values>90% of the total flux. The mean of the distribution
during a rotation iskR = 52% and outside of rotation periods the
magnitude isR = 59%. On average the degree of polarisation is
therefore 17% lower during a rotation. The results from tHg K
test show, as for the degree of polarisation, the two digiobs of
magnitude during and outside of rotation periods have a havy
find that the distributions do not change and each bin stfilha (p<0.01%) probability of being from the same distribution. The
occurrence. null hypothesis is again accepted; during a rotation thialpflux
The ’[op pane| shows the distribution of the degree of po|ar- is lower Compared to outside of a rotation and their distidns
isation during a rotation is generally shifted toward lowatues are not from the same initial sample.
and the high polarisation tail is suppressed. Outside ofdtagions The first two histograms in the bottom panel of Figure 8 show
the data appears to have a more Gaussian distribution. Tha me the relative strength of the-ray flux during- and outside of- EVPA
of the distributions of degree of polarisatioP¢P) during a rota- rotations. During the rotations theray flux never rises above 59%
tion is 0.34 and outside of a rotatidnoP = 0.46. On average the  of the totaly-ray flux. Outside of the rotations theray flux has
degree of polarisation is therefore 26% lower during a romatA a longer highy flux tail, with the maximum brightness occurring
KS test was performed on the data to establish the probathikit outside of a rotation event. The KS test results show thalikbe
the degree of polarisation during rotation and non-rotageents lihood of the rotation and non-rotatiop-ray flux to be from the
are from the same parent distribution. There is a very lobpro same parent population is 24%. This means the null hypathesi
ability (p<0.01%) that the degree of polarisation during rotations that the samples are from the same distribution, cannotrbeaity
comes from the same distribution as the degree of polaisdtir- rejected. However we note that during rotations, the meathef
ing non-rotations. The null hypothesis is rejected and westate ~-ray flux distribution §{ = 10%) is 42% lower compared to that
that the distribution of the degree of polarisation is dif& during outside of a rotationy( = 17%).

rotations to outside of rotations. The third column in Figure 8 shows, for each individual

In the middle panel of Figuld 8 the first two histograms show source, the mean ratio of degree of polarisation (top), Rnitade
the R magnitude, during EVPA rotations and outside EVPA-rota (middle) and -ray flux (bottom) during and outside of a ratatiFor



Optical Polarization Catalogue of Blazars 15

—— o _ — o _ —_
=~ —H o
o
O q o | —
— o —
w |
8 B .
> > >
o o o o
c j= — j =
o o o Y o o
S © =1 3 <2 —
o T o o -
I L &7 o
T [ [
& A w |
<]
R 1 9
o - o - g i
r T T T T 1 r T T T T 1 r T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 15 2.0
deg during EVPA rotation (a) deg outside of EVPA rotation (b) Ratio of means — polarisation
. 8 ﬁ — 0 — .
<
8 —
@ | o < A
S
(52}
Iy Iy Iy
c 8| e & ™~
o g D o ]
=] S o 4 =]
o T N [=3
o 4 SN
w w w
o
Eh g1
— - 4
o - o - o - —‘
r T T T T 1 r T T T 1 r T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 15 2.0
R mag during EVPA rotation (a) R mag outside of EVPA rotation (b) Ratio of means - Magnitude
o
— - 3 A —
o _ o
o S 0
4
o
2 81 g g
c < =4
g S o] ERE
o o © o
D Q o - 1<
w w o w
< n
o | <!
& o |
N
- o
o - o4 -
r T T T T T 1 r T T T T 1 o r T T T 1
00 01 02 03 04 05 06 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 15 2.0

gam during EVPA rotation (a)

gam outside of EVPA rotation (b)

Ratio of means — Gamma-ray flux

Figure 8. The degree of polarisation (top), optical magnitude (nmeji@ind~-ray flux (bottom) displayed as a fraction of the normalisadge for a) during
EVPA rotations (white) and b) outside of EVPA rotations fgrand c) as a ratio of the mean of each property during a cotatver the mean of each property
outside of a rotation for each individual source (see Se@id for more details). The black vertical lines in the firgbtcolumns show the mean of the
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the degree of polarisation, 5/8 sources have lower valueg#étios
<1) during rotations. For the R magnitude there are 7/8 ssurce
that have lower values during a rotation. For theays there are
5/8 sources which are less brightyjrrays during a rotation.

5 CONCLUSIONS

There are important caveats to consider before making adncl
ing remarks about the results presented in this paperlyritise
RINGO2 blazar monitoring survey was designed to follow-up
sources detected by MAGIC, the original sample size hasasad,
but the essence of the sample is that the sources ayeajl bright
and have exhibited some kind of flaring activity (hence the re
son they are added to the sample). Thus, due to this seldstion
the presented sample averaged results (Section 4) cangehke
alised to the larger blazar population, however the caicela for
individual sources (Section 3) are robust.

In Section 3 we presented a detailed discussion of the be-
haviour of the individual sources in our sample. Comparingse
to source the orientation of the rotation (i.e. whether wsvard
or downward) does not afford any information as the rotatien
rection is presumably subject to the arbitrary sense of thg-m
netic field and its properties which will vary from blazar taar.
However, in four sources 3C279, PKS 1510-089, PG 1553+1d3 an
S5 0716+714 we observe upward then downward rotations and in
the case of S5 0716+714 we see the EVPA rotate upward, down-
ward and then upward again (see light curves for these soimce
the Appendix). We also have cases in four sources PKS 1530-08
S5 0716+714, PG 1553+113 and Mrk 421 in which there is a
ray flare, during or temporally close, associated with atiata
Such behaviour of the EVPA is potentially important in stundy
the magnetic field and/or the orientation of the jet/emisditob
within the jet with respect to the observer. Monte Carlo gsialby

) suggests that a single EVPA rotatioméean
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be caused by a random walk of the EVPA, but it was unlikely that
all rotations are due to random walk.

In Section 4 we carried out a statistical study of the general
properties of these sources without considering theividdal be-
haviour. We found the following principal results:

(i) The maximum observed degree of optical polarisatioritier
LSP sources was- 40%. For ISP sources it was30% and for
HSP sources- 10%. It is natural to attribute the low maximum
polarisation degree in HSP sources to their optical lighidpdom-
inated by non-synchrotron emission which could originedefthe
accretion disk or emitting regions outside of the jet. Thiplana-
tion also accords with the low optical variability in thesmigces,
however it could also be a signature of low-ordered magfietids
in the jet. It must also be noted that these results cannopjblesd
to the larger blazar population.

(i) On average the optical degree of polarisation angy flux
are not strongly correlated. ISP and LSP sources show nogstro
preference for either positive or negative correlationrSPt$ources
show a stronger (yet still weak) positive correlation.

(i) In 92% (34/37) of source seasons we found a positive cor
relation (p = 0.37) between optical ang-ray flux. In over half
of the seasons (25/37 = 68%) the probability of correlat®sig-
nificant (i.e. p<0.05). Similar findings have also been reported by
Hovatta et al[(2014)) and Cohen et al. (2014). Such behamiay
provide evidence of a close physical association betwesioti-
cal and~-ray emitting regions in blazars. We find no significant
evidence to determine if the HSP, ISP and LSP distributidrie
correlation coefficient were similar or not. This suggestsaver-
age, a common mechanism connegtsay flaring and optical po-
larisation in these different blazar subclasses.

(iv) There is a weak positivep(= 0.18) correlation between
optical flux and degree of polarisation in 13/15 source seaso
5/15 cases the probability of correlatiop £ 0.25) is significant
(i.e. p<0.05).

(v) All blazar subclasses show-ray flaring and EVPA rota-
tions. There is a significant correlation£ 0.59, p = 0.05) between
the number of flares and the number of EVPA rotations in a given
object. We do not, however, find any systematic differencelags
in y-ray flaring rate or number of EVPA rotations.

(vi) ~-ray flaring episodes can occur during and outside of rota-
tion events. The distribution of lead and lag values betwitses
and rotations show that there is no preference for eitheabetr.
The association of the-ray flare and the EVPA rotation could pro-
vide evidence for the cause of the rotation and the flarerwatgig
from the same shock region, whereby the shock providesrefect
for up-scattering photons via Inverse-Compton processdstize
tangled magnetic field providing the structure for the EViefar
tion. However, optical and gamma-ray flaring is not always-sy
chronous with an observed rotation, suggesting that otleahar
nisms are involved in some instances.

(vii) The mean degree of polarisation as a percentage obthe t
range of polarisation is 26% lower during periods of rotatom-
pared to periods of non-rotaticn, Blinov et 16) alspart a
decrease in polarisation during rotations. The mean dfticais
17% lower during a rotation compared with outside rotatiand
the meany-ray flux is 41% lower during a rotation compared with
outside a rotation. The lower degree of polarisation duangta-
tion can be interpreted as a difference in the degree of imglef
the magnetic field during a rotation compared with non-fotat
Alternatively it could be evidence for their associatiorthwemis-

sion features or shocks travelling along helical magnetid fines

(Marscher et al. 2008; Zhang et al. 2015).
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7 APPENDIX

We present here the fifteen light curves covering the RING&2 p
riod of monitoring. Along with the light curves we discuse this-
torical behaviour of the sources and how this is relates ferdi
from the RINGO2 observations. The four windows show (from
top to bottom) Fermiy-ray data, optical EVPA, optical degree of
polarisation and optical flux density. In the Fermi windove -
eas of rotations are shown (pink for upwards rotation, grfeen
downwards rotation), along with the areas that lack cooedjng
optical polarisation data (grey) and the Fermi flares (bldepti-
fied using the automated code. For the core sample of 8 sources
along with Mrk 421 a large quantity of polarimetric obseivas
are available in the literature. We have reviewed obsematfrom
catalogues as well as papers dedicated to single sourcesand
pare our data with the historical behaviour. We describeythay
emission as High Energy (HE:>ELOO MeV) or Very High Energy
(VHE: E>100 GeV) regimes.
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Figure 9. All v-ray and optical data for 3C 66A. Top panel shows the Ferimay light curve. The errors on the x axis represent the bgesidor the Fermi data. Grey vertical sections show peridusreno o

synchronous optical data available, pink vertical sestioighlight regions where optical polarisation angle iotet occur in the upwards direction, light green sectiormstiownward rotations. Flaring episodes —*
are identified by vertical blue lines (see Secfion 2.3.1 dinition of a flare). The second panel shows the optical gafion angle or electric vector position angle (EVPA), ¢iney points are RINGO2 data and ==
the black points KVA-DIPOL data. The black line traces thaperally closest EVPA points, showing the most likely bebav of the EVPA. The third panel shows the optical degreeabépsation, and the fourth
panel the optical magnitude, all point colours are the sasbase for panel 2.
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Figure 10.All v-ray and optical data for PKS 1510-089. Top panel shows thaiFgray light curve. The errors on the x axis represent the bieslfior the Fermi data. Grey vertical sections show peridisreno
synchronous optical data available, pink vertical sestioighlight regions where optical polarisation angle iota occur in the upwards direction, light green sectiormstiownward rotations. Flaring episodes
are identified by vertical blue lines (see Secfion 2.3.1 finition of a flare). The second panel shows the optical safion angle or electric vector position angle (EVPA), ¢iney points are RINGO2 data and
the black points KVA-DIPOL data. The black line traces thaperally closest EVPA points, showing the most likely bebav of the EVPA. The third panel shows the optical degreeabupsation, and the fourth
panel the optical magnitude, all point colours are the sasbase for panel 2.
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Figure 11. All ~-ray and optical data for 3C 279. Top panel shows the Fernay light curve. The errors on the x axis represent the bgesldor the Fermi data. Grey vertical sections show peridasre/no 901
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Figure 12. All ~-ray and optical data for 0J287. Top panel shows the Fernaiy light curve. The errors on the x axis represent the bgesidor the Fermi data. Grey vertical sections show peridusre/no
synchronous optical data available, pink vertical sestioighlight regions where optical polarisation angle ot occur in the upwards direction, light green sectiormstiownward rotations. Flaring episodes
are identified by vertical blue lines (see Secfion 2.3.1 finition of a flare). The second panel shows the optical safion angle or electric vector position angle (EVPA), ¢iney points are RINGO2 data and
the black points KVA-DIPOL data. The black line traces thaperally closest EVPA points, showing the most likely bebav of the EVPA. The third panel shows the optical degreeatdiisation, and the fourth
panel the optical magnitude, all point colours are the sasbase for panel 2.
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Figure 13. All y-ray and optical data for S5 0716. Top panel shows the Fegrmay light curve. The errors on the x axis represent the baegldor the Fermi data. Grey vertical sections show peridisreno o
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synchronous optical data available, pink vertical sestioighlight regions where optical polarisation angle iota occur in the upwards direction, light green sectiormstiownward rotations. Flaring episodes
are identified by vertical blue lines (see Secfion 2.3.1 dinition of a flare). The second panel shows the optical gafion angle or electric vector position angle (EVPA), ¢iney points are RINGO2 data and
the black points KVA-DIPOL data. The black line traces thaperally closest EVPA points, showing the most likely bebav of the EVPA. The third panel shows the optical degreeatdiisation, and the fourth
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black line traces the temporally closest EVPA points, shgvwthe most likely behaviour of the EVPA. The third panel shdie optical degree of polarisation (again no KVA-DIPOLadate available), and the
fourth panel shows the optical magnitude; photometridbeation of the RINGO2 data was not possible due to the lackiitdisle secondary stars in the frame, we instead preser@e8ky data (open circles) to
complement the KVA-DIPOL data.

Gz sleze|g Jo anBojered uonezue|od [eando



Mar 2012 Apr 2012 May 2012 Jun 2012 Mrk]u:II-Z%QZ Aug 2012 Sep 2012 Oct 2012
1 - vv 1 1 1 1 1 1 1
500 A - 500
w w
D400 oot r g
(@] (@]
2300 - 300 &
&200— ec%e —200&
E 100 A - 100 a
 aha)
0 0
5 -5
4 -4
S —~
g s- o 8
o o
2 - L2
1 -1
0 0
13.5 1 - 12.3
14.0 o - 7.7
@ « O ey o >
14.5 49 £
15.0 31
15.5 - 1.9
T T T T T
56000 56050 56100 56150 56200
MJD

Figure 16. All optical data for Mrk 180 (the source is too faint in Fernaitd). Top panel shows the optical polarisation angle otritegector position angle (EVPA), the grey points are RING@ata and there are
no polarisation data points from KVA-DIPOL. The second pamews the optical degree of polarisation, and the thirceptive optical magnitude, all point colours are the same @setfor Figuré 5.
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Figure 17. All y-ray and optical data for Mrk 501. Top panel shows the Feymay light curve. The errors on the x axis represent the biesldor the Fermi data. Grey vertical sections show peridizeno o
=h

synchronous optical data are available. Flaring episodeislantified by vertical blue lines (see Secfion 2.3.1 fdinikion of a flare). The second panel shows the optical peddion angle or electric vector position
angle (EVPA), the grey points are RINGO2 data, there are n&-RNPOL data for this source. The black line traces the teralhp closest EVPA points, showing the most likely behaviofithe EVPA. There are =
no EVPA rotations (i.ex>90°). The third panel shows the optical degree of polarisatggey( points are RINGO2 and no KVA-DIPOL data available). Tinerth panel shows the optical magnitude (black pointsyy
KVA-DIPOL, grey points RINGO?2).
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Figure 18. All y-ray and optical data for ON 231. Top panel shows the Fenray light curve. The errors on the x axis represent the béesldor the Fermi data. Grey vertical sections show peridusreno

synchronous optical data available. There are no flaringpejgis identified in ON 231 during this period of time. The selcpanel shows the optical polarisation angle or electratoreposition angle (EVPA), the
grey points are RINGO2 data and the black points KVA-DIPOtad@he black line traces the temporally closest EVPA poisti®wing the most likely behaviour of the EVPA. The third glashows the optical
degree of polarisation, and the fourth panel the opticalnitade, all point colours are the same as those for panel 2.
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Figure 19.All y-ray and optical data for PG 1553+113. Top panel shows th@iFgray light curve. The errors on the x axis represent the biesldior the Fermi data. Grey vertical sections show peridi&no o

synchronous optical data available, pink vertical sestioighlight regions where optical polarisation angle iotet occur in the upwards direction, light green sectiormstiownward rotations. Flaring episodes —*
are identified by vertical blue lines (see Secfion 2.3.1 &firition of a flare). The second panel shows the optical [sation angle or electric vector position angle (EVPA), gney points are RINGO2 data and ==
the black points KVA-DIPOL data. The black line traces thaperally closest EVPA points, showing the most likely bebav of the EVPA. The third panel shows the optical degreeabdupsation, and the fourth
panel the optical magnitude, all point colours are the sasrthase for panel 2.
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Figure 20. All ~-ray and optical data for PKS 1222+216. Top panel shows thaiFgray light curve. The errors on the x axis represent the béesldor the Fermi data. Grey vertical sections show peridusrev
no synchronous optical data available. Flaring episodegantified by vertical blue lines (see Secfion 2.3.1 forrdtdin of a flare). The second panel shows the optical pafids angle or electric vector position
angle (EVPA), the grey points are RINGO2 data and the blaak pKVA-DIPOL data. The black line traces the temporallgsest EVPA points, showing the most likely behaviour of BANéPA. The third panel
shows the optical degree of polarisation, and the fourtkeldue optical magnitude, all point colours are the same @setifor panel 2.
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Figure 21.All ~-ray and optical data for 1ES 1011+496. Top panel shows thmiFeray light curve. The errors on the x axis represent the béesl dor the Fermi data which, due to the faintness of the spare
quite large. No flare analysis was performed on this souregalthe lack of Fermi data. The second panel shows the opiitatisation angle or electric vector position angle (EYRAe grey points are RINGO2
data and no KVA-DIPOL data are available. The black linegsathe temporally closest EVPA points, showing the moshjikehaviour of the EVPA. The third panel shows the opticarde of polarisation, and
the fourth panel the optical magnitude, all point colouestae same as those for panel 2.
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Figure 22.All ~-ray and optical data for 1ES 1218+304. Top panel shows thmiFeray light curve. The errors on the x axis represent the béesl dor the Fermi data which, due to the faintness of the spare
quite large. No flare analysis was performed on this souregalthe lack of Fermi data. The second panel shows the opiitatisation angle or electric vector position angle (EYRAe grey points are RINGO2
data and no KVA-DIPOL data are available. The black linegsathe temporally closest EVPA points, showing the moshjikehaviour of the EVPA. The third panel shows the opticarde of polarisation, and
the fourth panel the optical magnitude, all point colouestae same as those for panel 2.

(A

e 18 jewls( 'H



1ES1426

N | I TI | Un‘I2012 ‘ | Jul 2|012 IT Aug |2012 §
%\400 . + + + + + t + +N¢+ ﬂw :ﬂ+ " + +‘+++ A ++ ﬂ I 4°°§
g 300 4 + ¢ + + ¢ + 4 ++++++ +++++ ‘++ ++ % 0* ¢ ‘+++ o ¢ ++ + 300 g
S IR SRR | .

18] - “ ~ %o
] H A | i
0:155 _ ¢ N ... ‘e $ . ovww i ° B é

Figure 23. All optical data for 1ES 1426+428 (the source is too faint érfi data). Top panel shows the optical polarisation angkdextric vector position angle (EVPA), the black points KVA-DIPOL data
and there are no polarisation data points from RINGO2. Therspanel shows the optical degree of polarisation, anthtfeepanel the optical magnitude, all point colours aresame as those for Figure]15.
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34 H.Jermak et al.

Source/Season  MJD range p (gam-mag) p(gam-deg) p (deg-mag) p(gam-mag) p(gam-deg) p (deg-mag)
3C66A

a <55300 0.508 -0.287 0.299 7.30x10 0.0659 0.00941
b >55300 &<55700  0.0670 -0.400 0.524 0.000668

c >55700 &<56100 0.119 0.114 0.287 0.261

d >56100 0.491 0.188 0.154 0.608

S50716+714

a <55000 0.480 -0.0129 -0.0754 9.94x10 0.946 0.759

b >55000 &<55400 0.523 0.411 2.54x16 0.101

c >55400 &<55800 0.127 0.272 0.302 0.0108

d >55800 0.586 -0.0324 1.83x16 0.758

0J287

a <55000 0.493 -0.230 0.000547 3.41x10 0.177 0.999

b >55000 &<55400 0.565 -0.235 3.75x16 0.331

c >55400 &<55800 -0.304 0.351 0.0153 0.120

d >55800 0.470 0.0126 1.54x16 0.925

1ES1011+496

a >56000 0.500 0.0191
Mrk421

a >55800 &<55150  0.577 0.0649 0.0933 2.2x1t8 0.296 0.133
Mrk180

a <56025 0.429 0.419
1ES1218+304

a >56050 0.111 0.695
ON231

a <55100 0.0860 0.130 0.395 0.506 0.455 1.53x10
b >55100 &<55500 0.297 0.126 0.0660 0.683

c >55500 &<55800 0.635 -0.560 1.64x10 0.00830

d >55800 0.708 -0.305 7.43x16 0.178

PKS1222+216

a <55800 0.0303 0.245 0.946 0.342
b >55800 -0.600 -0.199 8.23x16 0.174

3C279

a <55100 0.711 -0.249 0.270 0.000 0.263 0.0607
b >55100 &<55500 0.376 0.0238

c >55500 & 55800 0.697 -0.0197 6.54x10 0.912

d >55800 0.489 0.556 0.00525 1.52x10

1ES1426

a <56120 0.105 0.518

PKS1510-089

a <55100 0.669 0.360 0.0986 3.67x1% 0.0248 0.486

b >55100 &<55500 0.00339 0.988

c >55500 &<55900 0.554 -0.0277 4.51x10 0.817

d >55900 0.565 0.362 1.17x16 3.91x10°°

PG1553+113

a <55100 0.180 0.419 0.549 0.435 0.419 1.98x10
b >55100 &<55500 0.745 2.34x10

c >55500 &<55900 0.0718 0.620

d >55900 0.502 0.633 5.60x106 1.89x10° 13

Mrk501

a <55900 0.109 -0.121 0.0876 0.262 0.235 0.403

b >55900 -0.0929 0.160 0.152 0.0288

BL Lac

a <55300 0.287 -0.210 -0.485 0.000493 0.0627 1.50%10
b >55300 &<55650 0.680 0.0168 4.97x16" 0.900

c >55650 &<55990 0.548 -0.205 1.71x16 0.0719

d >55990 0.718 0.143 3.66x16 0.803
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