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1 INTRODUCTION

The blazar CTA 102 (4C +11.69, 2FGL J2232.4+1143; 1.037)
is a luminous, well-studied quasar. Like other blazars, litélieved
that its jet is oriented close to our line of sight, which asustrong
relativistic beaming of the jet's emission and violent ahility
at all wavelengths. CTA 102 was first identified as a quasar by
Sandage & Wyndhar{l.965 and belongs to the optically violently
variable (OVV) @ngel & Stockman 198)) as well as the high po-
larized quasar (HPQ), subclassdtopre & Stockman 19811

On long time-scales the blazar exhibits rather modestvigria
ity at optical bands. Moderate-amplitude fluctuations atbthe
average magnitude aB = 177 over a 14 yr range (about 65
observations between 1973 and 1987) were reporteeiidy et al.
(1988. An overall amplitudeAR = 0788 was observed by
Villata et al.(2009) in 1994-1997. However, occasional sharp flares
have also been observed in CTA 102. Variations as high as
AB = 1707 in 2 days Picaetal. 1988and AV = 1713
in 3 days Katajainen et al. 20Q0were observed in 1978 and
1996, respectively. The previously reported historicalkimaim
for the object,R ~ 1475, was reached on Oct. 4, 2004 during

ABSTRACT

After several years of quiescence, the blazar CTA 102 uneletnan exceptional outburst
in 2012 September—October. The flare was tracked fraeray to near-infrared frequencies,
including Fermi and Swift data as well as photometric and polarimetric data from sd¢ver
observatories. An intensive GASP-WEBT collaboration caigp in optical and NIR bands,
with an addition of previously unpublished archival datal axtension through fall 2015,
allows comparison of this outburst with the previous attiyieriod of this blazar in 2004—
2005. We find remarkable similarity between the optical anty behaviour of CTA 102
during the outburst, with a time lag between the two lightvesrofa 1 hour, indicative
of co-spatiality of the optical and-ray emission regions. The relation between they
and optical fluxes is consistent with the SSC mechanism, avithadratic dependence of the
SSCn-ray flux on the synchrotron optical flux evident in the posthburst stage. However,
the~-ray/optical relationship is linear during the outbursg attribute this to changes in the
Doppler factor. A strong harder-when-brighter spectrgdetelence is seen both thevrray
and optical non-thermal emission. This hardening can b&&egd by convexity of the UV—
NIR spectrum that moves to higher frequencies owing to areased Doppler shift as the
viewing angle decreases during the outburst stage. Thalbypattern of Stokes parameter
variations agrees with a model of a radiating blob or shockenthat moves along a helical
path down the jet.
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eragey-ray flux is rather low,(2.9 & 0.2) x 10~°ph cm2s™*

(1 < E < 100 GeV) according to the 2FGL catalog based on
data from the Large Area Telescope (LAT) of thermi Gamma-

ray Space Telescop@&l6lan et al. 2012 Therefore, accurate rel-
ative timing of flux variations iny-ray and optical bands is only
possible during large outbursts. Similar events may ses\e @u-

cial test for models localizing the-ray emission in blazars (e.g.,
Marscher & Jorstad 20)0This type of cross-correlation analy-
sis, performed for several other blazars, has recently shbat
~-ray and optical flares are usually coincident (eRpijteri et al.
2012 2013 and associated with the passage of a new superlumi-
nal knot through the 43-GHz radio core (eMarscher et al. 2030
Agudo et al. 201). Casadio et al(2015 studied the evolution of
the parsec-scale jet in CTA 102 with ultra-high angular ketson
through a sequence of 80 total and polarized intensity VenygL
Baseline Array (VLBA) images at 43 GHz, covering the timerspa
from June 2007 to June 2014. They have shown that a flare seen
both iny and optical bands took pla¢el2 pc from the black hole,
and suggested the synchrotron self-Compton (SSC) prosebe a
source of they-ray emission.

a short-term event accompanied by prominent intra-nighiakd-
ity (Osterman Meyer et al. 20DBetween that episode and 2012,
only moderate variability has been seen in the light curvéhisf

blazar (see Fidl).

CTA 102 was discovered to be~aray emitter early in the

ComptonGamma Ray Observatory (CGRO; EGRET detector) mis-
sion at alevel 0f2.4 +0.5) x 10~
(Nolan et al. 1998 It was also detected in the 10-30 MeV en-
ergy range by the COMPTEL instrument of CGRBIdm et al.

1995. Since the blazar usually exists in a quiescent state,\the a

* The radio-to-optical data collected by the GASP-WEBT duila-
tion are stored in the GASP-WEBT archive; for questions mdigg

“phcm2s™! (E > 100 MeV)

In this paper we analyse the largest outburst of CTA 102 to
date at optical and-ray bands I(arionov et al. 2012 A prelim-
inary analysis of our data collected through fall 2012 isorégd
in Larionov et al.(20133; in the present paper we extend the data
set up to the end of 2015. K2 we describe our observational data
and their reduction; iy 3.1 we analyse the colour variability of
CTA 102 and evolution of its spectral energy distributior[(3;

§ 3.2 deals with~y — optical correlations. Optical spectra are dis-

their availability, please contact the WEBT president, 8ia® Villata cussed in§ 3.3 The polarimetric behaviour of this blazar and a

(villata@oato.inaf.it ).
1 e-mailv.larionov@spbu.ru

model describing its temporal evolution are presentegi4n The
final conclusions are summarisedgi.

MNRAS 000, 1-11 (2016)



2 OBSERVATIONS AND DATA REDUCTION
2.1 Optical and Near-infrared Photometry

The GASP-WEBT (see e.gVjllata et al. 20082009 observations
in 2008-2013 were performed iR band at the following obser-
vatories: Belogradchik, Calar Alto, Crimean Astrophysitawell
(Perkins telescope), Lulin, Mount Maidanak, New Mexico e3ki
(iTelescopes), Roque de los Muchachos (Liverpool Telesgop
Rozhen, Sabadell, Skinakas, St. Petersburg, Teide (IA@8d)Ti-
jarafe. BV I photometric data are from St. Petersburg and Lowell
observatories. Th& and R-band light curves are complemented
by data taken at Steward Observatory under a monitoringranog
in support of the=ermi mission. Near-infrared (NIRJH K') data
are from the Perkins Telescope, AZT-24 (Campo Imperatarg],
Teide (TCS). We also usB and R Mt. Maidanak data during the
2004 outburst. After the nominal end of the GASP campaign, we
continued monitoring CTA 102 in optical-NIR bands (Criméemn
trophysical Observatory, Lowell Observatory, St. PeterglJni-
versity, Steward Observatory, Campo Imperatore obsersiag
tion of Rome Observatory) in order to track the post-outbbes
haviour. We used photometric sequences in optical bandstesp
in Raiteri et al.(1998 and, in NIR bands, those given on the AZT-
24 web-pageé.

We corrected the optical and NIR data for Galactic extinctio
using values reported in the NASA Extragalactic Databagel(%
for each filter Schlafly & Finkbeiner 201l The magnitude to flux
transformations were calculated with coefficients deteediby
Mead et al(1990.

The optical and near-IR light curves of CTA 102 during the
2004-2015 time interval are shown in Fify. spline curves cor-
respond to lower envelopes of variations in each colour bevel
note that during both the 2004 and 2012 outbursts the ardpbtu
of long-term (marked with splines) and short-term (indiatidata
points) variations increase with wavelength, as is commoaifat-
spectrum radio quasars (FSRQs).

2.2 Optical Polarimetry

We use polarimetric data collected at St. Petersburg Usityer
(Crimea and St. Petersburg), Lowell (Perkins), Steward,@alar
Alto observatories, supplementing these with data fronkteata
telescopelfoh et al. 2013. Instrumental polarization was derived
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Figure 1. Optical and near-infrared light curves of CTA 102 over thmeeti
interval 2004-2015. Spline curves correspond to lowerlepes for varia-

from measurements of stars located near the object under thetions in each colour band. Hereafter we denote TJD=JD-23G00

assumption that their radiation is intrinsically unpatad. The
Galactic latitude of CTA102 is -3&nd Ay = 0.16 mag, so that in-
terstellar polarization (ISP) in its direction is less tita6é per cent.
To correct for ISP, the mean relative Stokes parametersarbye
stars were subtracted from the relative Stokes paramdttre ob-
ject. This removes the instrumental polarization as wele Trac-
tional polarization has been corrected for statisticas béacording
to Wardle & Kronberg(1974. Figure 2 presents the flux and po-
larization behaviour of CTA 102 for 2005-2015. We suppletmen
this plot with a panel showing the-ray light curve from thd-ermi
LAT in order to demonstrate that the most prominesray activity
ever recorded for this source was observed during the Septem
October 2012 optical outburst. In Figwe present a blowup of the
most active interval of the 2012 outburst. From visual icsioa of

L http://www.astro.spbu.ru/staff/viar/NIRthumbs/
cta102.html
2 http://ned.ipac.caltech.edu/

MNRAS 000, 1-11 (2016)

these figures, itis apparent that during the entire timeg@ogered

by Fermi observations up to the 2012 season, CTA 102 remained
inactive at bothy-ray and optical bands; the degree of polarization
was mostly< 10 per cent, while the electric-vector position angle
(EVPA) showed marked variations over the range [20000°].

We resolve thet180° ambiguity by adding/subtractint0° each
time that the subsequent value of the EVPA>IS90° less/more
than the preceding one. Occasional clockwise rotationh@pb-
larization vector by up tev 700° are apparent. The onset of the
activity in the 2012 season was accompanied by a violentasg

of optical polarisation activity. The degree of polarisatexceeded
20 per cent at some epochs, during which the position angiedva
over the range 15360°.


http://www.astro.spbu.ru/staff/vlar/NIRthumbs/cta102.html
http://www.astro.spbu.ru/staff/vlar/NIRthumbs/cta102.html
http://ned.ipac.caltech.edu/
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Figure 2. From top to bottom?-ray and optical flux evolution, optical frac-
tional polarization, and position angle of polarization@FA 102 over the
time interval 2005-2015. Magenta points in thheay light curve indicate
upper limits; blue symbols in the optical panel denote GAGf.dShaded
areas in two upper panels mark the outburst time intervadlisissed in
§ 3.2 The red line in the EVPA panel corresponds to the mean drecf
mm-wave radio jet.

Figure 3. Blow-up of Fig.2 during the 2012 September-October flare.

templateiso _source _v05. The background mod&includes all
sources from the 3FGL catalog withirs® of the blazar. Photon
fluxes of sources beyont® from the blazar and spectral shapes
of all targets were fixed to their values reported in the 3F@tac
logue. The source is considered to be detected if the test&td S
provided by the analysis exceeds 10, which correspondsiim=p
imately a3c detection level llolan et al. 201 The systematic
uncertainties in the effective LAT area do not exceed 10 pat in
the energy range we usagkermann et al. 2092 This makes them
insignificant with respect to the statistical errors, whitdminate
over the short time scales analysed in this paper. Moreouer,
analysis is based on the relative flux variations. Becausi@gifthe
systematic uncertainties are not taken into account.

Different time binstin:, from 12 hours to 7 days, were used,
depending on the flux density of the object. This maximizes th
availability of detections at temporal resolutions that as short as
possible.

2.3 ~-ray Observations

The ~-ray data were obtained with tHeermi (LAT), which ob-
serves the entire sky every 3 hours at energies of 20 MeV-300
GeV (Atwood et al. 2009 We analysed the LAT data in the en-
ergy range 0.1-200 GeV using the unbinned likelihood ailys
of the standard=ermi analysis software package Science Tools
vOr33p0 and instrument response functiBBR2.SOURCE/6.
Source class photong\class =128 andevtype =3) were se-
lected within al5° region of interest centred on the blazar. Cuts
in the satellite zenith angle<( 100°) and rocking angle <

52°) were used to exclude the Earth limb background. The dif-
fuse emission from the Galaxy was modelled using spatialeinod
gll _iem _v06 . The extragalactic diffuse and residual instrumen- 3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
tal backgrounds were included in the fit as an isotropic spect  4yr_catalog/gll_psc_v16.xml

MNRAS 000, 1-11 (2016)
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Table 1. Swift calibrations used for CTA 102 analysis.

Bandpass v b u uwl um2 uw?2

A A 5427 4353 3470 2595 2250 2066

Ay, mag 024 032 038 054 067 064
conv. factors  2.603 1.468 1.649 4.420 8.372 5.997

Note — Units of count rate to flux conversion factors are
10~ 10erg em—2s—1A-1

2.4 Swift Observations
2.4.1 Optical and Ultraviolet data

SwiftUVOT observations were performed in the opticab, and

u bands, as well as in the UV filtersvwl, uvm?2, and uvw?2.
We reduced the data with HEAsoft package version 6.10, wit
the 20101130 release of ti&wiff UVOTA CALDB. Multiple ex-
posures in the same filter at the same epoch were summed wit
uvotimsum , and then aperture photometry was performed with
the taskuvotsource . We used an aperture radius dfcgentred

on the source, and background from an annulus betweéanzb

35 radii. To take the spectral shape of CTA 102 into account, we
re-calibrated the effective wavelengths and count-to-iarver-
sion factors as explained iRaiteri et al.(2010), using a power-
law fit to the average source spectrum. This also producedter be
agreement between the ground-based and space data thansvhen
ing theBreeveld et al(2011) calibrations. Galactic extinction was
calculated by convolving th€ardelli et al (1989 mean extinction
laws with the filter effective areas and source flux. All of dhe
rived parameters are given in Taldle

h

2.4.2 X-ray Data

The X-ray data were obtained over a photon energy range of

0.3—10 keV by theSwiftXRT. We reduced the data using HEAsoft
package version 6.11. The standartpipeline task was used

to calibrate and clean the events. We selected events vatdegr
0—12 in pc mode and 6-2 in wt mode. An ancillary response
file was created with a PSF correction using tinenkarf  task,
and the data were rebinned with tp@pha task to ensure a min-
imum of 10 photons in every newly defined channel. We fit the
spectra with the spectral analysis toslpec using a power-law
model with minimumy? value and fixing the hydrogen column
density (Vi = 5.04 x 10*° em™2) according to the measurements
of Dickey & Lockman(1990. We used Cash statistics along with
Monte Carlo spectral simulations to estimate the goodnigfitsaba
confidence level of 90 per cent. If the parameters failed algess

of fit test, we rebinned the data with a minimum of 20 photons in
each spectral channel and repeated the model-fit procedfitine.
new model still did not satisfy a goodness of the fit test, vieated
the data; this occurred only in 2 cases.

3 RESULTS
3.1 Colour Evolution

The question of whether a blazar’s radiation becomes redder
bluer when it brightens is a topic of numerous papers. It imco
monly agreed that the relative contributions of the big Huenp

MNRAS 000, 1-11 (2016)
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(BBB) and Doppler-boosted synchrotron radiation from tteayre
different between quiescence and outbursts, and that ¢hids|
to variability of the spectral energy distribution (SEDh€T sit-
uation is even more complicated in cases like CTA 102, where
broad emission lines contaminate the wide photometric béad.,
the Mg A2800A line is redshifted toA5700A). A straightfor-
ward way to isolate the contribution of the component of aadi
tion that is variable on the shortest time-scales (presiynain-
chrotron radiation) has been suggested by Hagen-Thornésge
Hagen-Thorn et al. 2008&nd references therein). The method is
based on plots of (quasi)simultaneous flux densities ireifit
colour bands and the construction of the relative continsperc-
trum based on the slopes of the sets of flux-flux relations tus
tained.

An example of such an approach is given in Figwhere the
flux densities ind and K bands are plotted against tlieband flux
density. The lack of linearity between variations in cop@sding
bands means that the low- and high-flux behaviours couldctefle
variability of different sources of radiation (e.qg., thelzient jet in

plow states and a shock in high states). Alternatively, if saene
component is responsible for all of the variability patterthe pa-
rameters of this component change significantly in a marimer t
depends on the brightness of the source. In Bigve plot rela-
tive SEDs of the variable component in CTA 102 in quiescence
and during the 2012 outburst froBwift UV to NIR bands, show-
ing marked hardening of the SED during the high state, t@geth
with substantial curvature (convexity) of the spectrurmcsithe
logarithmic spectral shapes are far from linear, we are hig &
determine a single power-law slopg(in the sensd’, oc v~ %) for
the entire optical-NIR range. As a value that charactettisese
slopes, we select the tangent to the spectrum at the cétvoaind
frequency. For the quiescent stage, we obtain= 1.78 4+ 0.05,
and for the outbursttr = 1.50 + 0.03. We emphasize that these
values refer to th@ariable component only, not to the entire flux.
Meanwhile, if we look at the evolution of thetal-flux optical
SED, we see the oppositez = 0.4 £ 0.1 during quiescence and
r = 1.4 £ 0.1 for the outburst. The closeness of the latter value
to that obtained for the variable source is caused by thetlfiatt
during the outburst state, the relative contribution ofiingically
blue underlying components (BBB+ Mgline emission) becomes
small compared to the synchrotron radiation of the variablace.

Simultaneous spectral hardening in theay region during the
outburst is also apparent in Fig.Notice that in this figure we plot
total flux densities, in contrast to Fig.

We hypothesize, as suggested.arionov et al.(2010 for the
case of BL Lac, that this spectral hardening of the variaplical
and~-ray components is mostly caused by a change of the view-
ing angle of the emitting zone, which shifts in frequency $lye-
chrotron spectrum due to increased Doppler boosting. Soral)
of the hardening could also result from the population ofténg
electrons becoming enriched with a high-energy extensisimg
the outburst compared to the quiescent state.

3.2 ~-ray — Optical Correlations

We have calculated the discrete correlation function (DCF)
(Edelson & Krolik 1988 Hufnagel & Bregman 1992between the
optical andy-ray flux variations of CTA 102 during 2012. The re-
sults, given in Fig7, clearly demonstrate that there is no time delay
between the variations in the two energy bands within theraoy

of the DCF method. The value of the lag between optical-anay
variations, based on the DCF centroid position;-& 05 + 0402.
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Figure 4. Flux-flux relations between the near-infrarédband and the?
(black circles) ands (red circles) bands over the time interval 2008—-2012.
Lines are second order polynomial fits.

One may note that there are secondary ‘humpst @t5 days and
~ 9 days. We surmise that these are caused by recurring optical
and~-ray sub-flares during the 2012 outburst (§8&eland Fig.14
below).

This lack of delay allows us to compare directly the optical
and~-ray flux densities. To do this, we (1) bin tHe-band opti-
cal data so that the mid-point and size of each optical bimeeor
sponds to the mid-point and size of the respectivay bin, and
(2) subtract from the binned optical data a tentative valuthe
flux of (quasi-)permanent emission components (BBB + Q&©-li
emission with a prominent Mg line). Combined, this amounts to
log(vF,) = —11.5 in R band, which is similar to the value ob-
tained for CTA 102 inRaiteri et al.(2014), corresponding to as
much as 50 percent of the total quiescent flux. FigBigemon-
strates clear differences during the various stages of CIAdk-
tivity. The onset ofy-ray activity (TIJD 5700-5943, blue circles
in Fig. 8) corresponds to a rather stable optical level. During the
outburst stage (TJD 6069-6678, red circles), we see aoelbg-
tween ~-ray and optical fluxes of the forn#l, o F1:12%0-04)
while in the post-outburst stage, TID 6776-7231 (greenesyc
F, x Ff}ﬁlio.:&z-
We assume that the variable optical emission is mostly syn-
chrotron radiation from the jet, while the-ray emission is from
inverse Compton scattering (IC) of optical/IR photons by jit's
relativistic electrons. The origin of the seed photons meayek-
ternal to the jet, e.g., hot dust continuum or broad line siois
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Figure 5. Relative continuum spectra of theariable component in
CTA 102 during quiescence (blue) and the 2012 flare (red) iR to
UV.
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Figure 6. (Quasi)simultaneous SEDs of CTA 102 from NIRytaay bands.

(external Compton, or EC model), or synchrotron photonsftioe
jet (synchrotron self-Compton, or SSC model). In the EC rhode
we expect the respective fluxes to varylas « Fsync, Since only
the relativistic electron population is in common, whilelre SSC
model Fe nync, since both the relativistic electrons and emis-
sion radiated by them are involved in the high-energy phpian
duction. Here,Fsy .. is the flux of the synchrotron radiation and
Fc is that of the IC emission. These dependences will be altered
slightly by the different optical ang-ray K corrections at times
when the optical ang-ray spectral indices are not the same.

A competing explanation of the near-unity slope between op-
tical and~-ray fluxes, besides the EC model, is that their vari-
ability is mostly caused by variations of Doppler factoruléisg

MNRAS 000, 1-11 (2016)
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Figure 7.DCF between optical ang-ray light curves of CTA 102. Negative
delays correspond tg-ray lagging behind optical variations. The zero delay
at the peak of the DCF indicates co-spatiality of the actagians.

from changes in the viewing angle. This can occur if the erjét
changes its direction (wobbles or precesses), or if diffeparts
of the jet cross-section with various velocity vectors tie&to the
mean become periodically or sporadically bright as timesess
Under this scenario, the post-outburst stage with preslynsafall
variations in viewing angle produces SSC-like variabittat was
hidden during the height of the outburst under higher-atuqé
Doppler-boosted variations of geometrical origin.

Thus, the data distribution in Fi@ can be explained as due
to two concurrent effects, with slopes ef 1 (Doppler factor
variations) and~ 2 (intrinsic SSC dependence), so that the data
mostly lie inside a circumscribed parallelogram with sitiesing
the above slopes. The relative lengths of these sides depetied
relative dominance of the two effects, and the best-fit skafpthe
entire distribution can vary fromv 1 to 2. The best fit slope of 1.12
during the outburst would indicate almost complete domieaof
the Doppler factor variations, while the best fit found foe fhost-
outburst stage implies an essentially constant, enhanogxgblBr
factor during that period. Another advantage of this mosi¢hat it
can explain the polarimetric variability in CTA 102 (s&d.1).

3.3 Optical Spectra

We analyse the optical spectroscopic behaviour of CTA 102gus
the data taken at Steward Observatory of the University afola
for the ‘Ground-based Observational Support offBemi Gamma-
ray Space Telescope’ programt the 2.3 m Bok telescope and
1.54 m Kuiper telescope from 2008 to 2015. All of these spectr
contain a prominent Mg A2800A broad emission line redshifted
to A5700A. Figure 9 displays averaged spectra for the 2012 and
2015 observing seasons. We use 133 spectra spread ovemthe ti
interval 2009-2015 to check whether there is any corraiaie-
tween continuum (mostly synchrotron) flux density variai@nd
changes in the Mg line flux.

We evaluate the line parameters (the equivalent width, EW,
and the line full width at half-maximum, FWHM), fitting thenk
profile with a single Gaussian function superposed on a ffelztss

4 http:/fjames.as.arizona.edu/ ~ psmith/Fermi/
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Figure 8.~-ray — optical flux-flux diagram. Slopes of the linear (on adeg
rithmic scale) fits ard.12 4+ 0.04 (outburst stage) anel21 + 0.32 (post-
outburst stage). Almost all data points lie inside the pel@ram, whose
sides have slopes of 1 and 2 (see text).

continuum. The results are presented in Big.where EW is plot-
ted against the continuum flux density; the inverse propoatity

of these two quantities indicates that the line flux is stable red
curve corresponds to the expected EW if the line flux remains c
stant. These results imply that enhanced activity of thbgstlittle

or no effect on the broad-line region (BLR), where one expect
most or all of the Mgi emission to originate.

We note that similar results have been obtained for
other blazars, e.g., 3C 454.Rditeri et al. 2008 and OJ 248
(Carnerero et al. 20)5However, some cases of correlated broad-
line flux variability connected toey-ray variability have indeed
been reported biedn-Tavares et a{2013), Isler et al.(2013, and
Isler et al.(2015.

We measure the Mg line FWHM, from which one can derive
the velocity of the gas clouds in the BLR, and obtaiyum =
2100 & 250 km s~ *. This value is a lower limit to the actual veloc-
ity range of the broad-line clouds, since it depends on tloengdry
and orientation of the BLR (see, e.@Vills & Brotherton 1995. In
fact, because the line of sight to a blazar is probably neaely
pendicular to the accretion disk, the de-projected vejaeihge is
likely to be a factor> 2 higher than the FWHM given above.

4 DISCUSSION
4.1 Polarimetric Behaviour and Helical Jet Model

Our polarimetric data obtained during 2008-2015 allow anede
remarkable changes in the behaviour of CTA 102 that were-prob
ably triggered by (or, at least, coincided with) the promineut-
burst of 2012. Figurd 1 shows histograms of the polarization de-
gree (PD) before, during, and after the flare. This highfigime
increased range of PD variations already seen in Eig\ natural
reason for this change is a decrease in the viewing angleeqgéth

as already suggested Basadio et al(2015 based on analysis of
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Figure 10. Equivalent width of Mg! line vs. continuum flux over the time
interval 2009-2015. The red curve corresponds to the esgdeWV if the
line flux remains constant.

the superluminal apparent motion of knots in VLBA imageswHo
ever, if we consider the range of values of viewing anglesdon
that paper (fron8.9° before the 2012 outburst 102° after it) and
compare the values of PD expected within the moving shockeinod
for polarization variations (see, e.g., Fi@ and alsd_arionov et al.
(2013D; Raiteri et al.(2013), we find that we would expect to see
the opposite: a decrease in PD during the outburst. A pesitiv-
relation between the photometric flux and PD may be obtaified i
the bulk Lorentz factor of the emitting plasma is much higleey.,

I' ~ 30 (dashed line in Figl2). In this case, a decrease in view-
ing angle would increase PD (see also Eq. (1)-(3)arionov et al.
2013h. However, such a high value is difficult to reconcile with
that found byCasadio et al(2019, I" = 17.3.

Yet another possible reason for this apparent contradictio
could be the difference in sizes between the parts of jetoresp
sible for the flaring optical radiation and the centroid of tiadio
‘core’. In this case, the source of the polarized optical ttoxld
have a mean velocity vector that is less well aligned withlithe
of sight than that of the radio emission region. This expli@nais
supported by very different time scales of variability irtiopl (few

Fractional polarization (%)

Figure 11. Histograms of fractional polarization before (black stdjde
during (red), and after (blue) the 2012 outburst.
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Figure 12. Behaviour of fractional polarization vs. viewing angle for
plasma compression ratip = 1.5, Lorentz-factorl’ = 17.3 (solid line),
andI” = 30 (dashed line), in the moving shock model.

days) and radio (months) wavelengths and, correspondlididfigr-
ent sizes of the emission regions (see &sgadio et al. 2015

Figure13shows the distribution of the absolute Stokes param-
eters of CTA 102 during both quiescence and different stafjée
2012 activity. We notice that the cluster @, U) points obtained
before and after the outburst (more than 300 data pointskedar
as black circles) is located near the origin of the coordisafll
of the data points are tightly packed around this locatiohictv
corresponds to a very low level of polarized flux during quéese
(see also Figs2 and 11). The onset of the outburst was accom-
panied by a definite loop-like rotation in the plane of thekst
parameters, while the fading stage of the outburst inclueleslor-
dered drifts, misplaced relative to the pre-outburst pasitThis
latter feature may reflect the change in orientation of th&gelf,
while the clockwise rotation could arise from spiral movernef
the radiating blob through the jet.

As in the case of S5 0716+71Ldrionov et al. 2013 we pro-
pose a model of a relativistic shock moving down a helicalget
along helical magnetic field lines, to explain these rotetiorhe

MNRAS 000, 1-11 (2016)
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in the plot of Stokes parameters.

main parameters that determine the visible behaviour obtite
burst are: (1) jet viewing angl& (2) pitch anglel of the spiral mo-
tion and helical field; (3) parameters of polarization of thelis-
turbed jet; (4) bulk Lorentz factor® of the shocked plasma; (5)
scaling factor of the exponential rise of the outburs{6) factork,
responsible for different time-scales of the rise and dectf the
outburst; (7) period of the shock’s spiral revolution in tieserver's
frame Poys; (8) the same period in the source frame; (9) radius of
spiral; (10) shocked plasma compressipn ratio of post-shock to
pre-shock density; and (11) spectral index of the emittilagma
(e
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Table 2. Model parameters for the photometric and polarimetic be-
haviour of CTA 102 in 2012 September.

9°

¢ pjet r T k Pobs Psrc r n a
1) 2 (3) 4 (5) (6 ()] ®) 9 (10) (11)
2.65 0.9 1 18.2 0.75 1.83 4.7 2.35 0.0018 1.35 1.50

Note. — Units:pjet in per cent;r in parsecs Py, indays, Psyc inyears.T andk in fractions of Psyc .
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Figure 14.Comparison of optical photometric and polarimetric datardgy
the giant outburst of CTA 102 in 2012, with our model fit.

Using relations (1)-(9) fronLarionov et al.(2013hH, we ob-
tain the values of the model parameters that are given ireTabl
To confront the model with observational results, we plahkto-
gether in Figs13 and14. Since our model only takes into account
smooth variability caused by a radiating blob moving alorgek:
cal path in the jet and neglects the effects caused by turbelihat
is probably present, we are able to reproduce only the basie v
ability pattern. In particular, we see a series of decayiage$l after
the main outburst (and the precursor preceding it). Neets,
the agreement of the model with ttevs. U evolution in Fig.13is
quite good. The model evolution of the degree of polarizatior-
responds to an upper envelope to the observational datsisTas
expected, since turbulence adds superposed polarizatiors at
random position angles, which often partially cancel thiapza-
tion from the ordered component of the magnetic field.

We note that our finding of clockwise rotation of the polafiza
tion vector is supported by the detection of negative cacpblar-
ization in the 15 GHz radio emission of CTA 102 @®abuzda et al.
(2008, who used the observation as evidence for a helical mag-
netic field. In addition, inspection of the EVPA behaviouiFig. 2
allows one to see at least 3 episodes of clockwise rotatidh wi

Some of these parameters can be obtained, or at least con2mplitude exceeding 76QTJD 5500, 6500, 7250) and no cases of

strained, directly from observations. For example, theehtr
factor I" during the 2012 outburst is close to 17, according to
Casadio et al(2015); the average level of polarization during qui-
escence is of order 1 per cent (see Bit); the value ofP,,. ~ 47

is obtained from repeating optical (aneray) sub-flares during the
outburst; the mean value of the slope of the synchrotrontspac

« = 1.50, which we obtain from our photometric data ($¢gand
Fig.5).
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counter-clockwise rotations of similar length. Thus, tpears to
be a persistent feature of the blazar, in agreement with dered,
helical component of the magnetic field.

4.2 Weakness of Spectral Variations

The Mgil emission line flux is, at most, weakly variable over the
course of our observations despite marked changes in theabpt
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synchrotron flux. We consider this to be a consequence ofaeao f
tors: (1) the part of jet where the outburst occurred, istiedaar-
secs outside of the BLR (s&@asadio et al. 20)5and (2) the ultra-
high amplitude of the 2012 outburst might have been detexdiio
major extent by a change in the viewing angle. The numberref io
izing photons traversing the BLR would not significantly obe
during such a re-orientation of the jet.

4.3 Implication of Variable Doppler Factor

We have used our photometric and polarimetric data centredeo
2012 outburst to assess the main geometric parametersotrering
the overall pattern of Stokes parameter variations withincalel
of a radiating blob or shock wave that moves along a helicdl pa
down the jet. The changes in the viewing angle caused byatelic
motion imply strong changes in the Doppler factor, frém: 28,
when the emission region is closest to our line of sight) te 16
when itis farthest. The larger value is similawtg,. ~ 30 obtained
by Casadio et al(2015 based on VLBA data.

Our long-term study of the polarimetric behaviour of CTA 102
allows us to identify at least 3 episodes of sustained clégdwo-
tations and no similar episodes of counter-clockwise imtafl his
repeated behaviour suggests that the cause of the rotaiges
ometrical rather than the result of random walks related disa
ordered magnetic field (although some shorter, apparesutiggam
rotations, occur as wellKiehlmann et al. 2016

As is shown in Figs2, 11, the mean level of polarization of
CTA 102 substantially increased shortly before the onsethef
2012 outburst, and did not revert to the pre-outburst lenél fall
2015. This supports the hypothesis that secular variatiériee
viewing angle of the jet led to both enhanced photometrio/act
ity and corresponding changes in the linear polarizatior. dah
expect that flaring activity in this blazar will be more promeed
than in previous years as long as the jet remains closelyeadig
with our line of sight. Indeed, as reported Garrasco et a(2016),
Balonek(2016), andBecerra et al(2016), at the end of 2016 Jan-
uary a new high-amplitude outburst occurredyaty, optical, and
near-infrared bands (see albtip://vo.astro.spbu.ru/
sites/default/files/optic/ctal02R.png ). Unfortu-
nately, this happened when the object was difficult to olesew-
ing to proximity to the sun in the sky, so this expected eftastnot
yet be verified in detail.

5 CONCLUSIONS

During the GASP/WEBT campaign we obtained densely sampled
optical photometric and polarimetric data around the pkoibun-
precedented optical angray activity of CTA 102, and combined
optical data with contemporaneous observations throutgheuy-
ray to near-infrared frequency range. We find detailed spaoa-
dence of optical ang-ray events, which confirms co-spatiality of
the synchrotron and inverse Compton emission sites. Th#ogl
between optical ang-ray flux during the height of the outburst is
roughly linear. This is as expected from either the exte@whp-
ton process for the high-energy emission or from variablpier
boosting acting as the main factor controlling the overalitgrn

of variability at both energy ranges. However, the Doppleosi-
ing caused by changed viewing angle of the emission regien is
preferred explanation for the variability of the total fluxcapolar-
ization parameters. In contrast, during the decay theioeldte-
tween the fluxes is, within the uncertainties, consisterih \the

F, x Ffpt law expected from the SSC mechanism. Presumably,
any changes in viewing angle during the decline were too ntmo
have a dominant effect on the variations in flux.

We have determined the SED of the variable component of
synchrotron emission during both quiescence and the stdges-
burst, and found appreciable hardening of the SED duringtite
burst. This hardening could be explained by convexity ofliive-

NIR spectrum (see Fid) that moved to higher frequencies owing
to an increased Doppler shift as the viewing angle decredsesl
effect could have been amplified by an increase in the number o
high-energy electrons. The same spectral hardening iseqpa
the~-ray part of the spectrum.

As we can judge from our data, the change of viewing angle
that led to enhanced activity in CTA 102 starting in 2012 mayeh
resulted in a higher duty cycle of activity. When the viewangle
is smaller, the Doppler factor is more sensitive to changetat
angle, hence variations caused by a non-constant viewiyig asill
be more pronounced and occur over shorter time intervals.
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