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Blazars are active galactic nuclei, which are powerful sources of
radiation whose central engine is located in the core of the host
galaxy. Blazar emission is dominated by non-thermal radiation from
a jet that moves relativistically towards us, and therefore undergoes
Doppler beaming!. This beaming causes flux enhancement and
contraction of the variability timescales, so that most blazars appear
as luminous sources characterized by noticeable and fast changes
in brightness at all frequencies. The mechanism that produces this
unpredictable variability is under debate, but proposed mechanisms
include injection, acceleration and cooling of particles?, with
possible intervention of shock waves>* or turbulence®. Changes
in the viewing angle of the observed emitting knots or jet regions
have also been suggested as an explanation of flaring events®!°
and can also explain specific properties of blazar emission, such
as intra-day variability!!, quasi-periodicity’>!? and the delay of
radio flux variations relative to optical changes'*. Such a geometric
interpretation, however, is not universally accepted because
alternative explanations based on changes in physical conditions—
such as the size and speed of the emitting zone, the magnetic field,
the number of emitting particles and their energy distribution—
can explain snapshots of the spectral behaviour of blazars in many
cases!>16, Here we report the results of optical-to-radio-wavelength
monitoring of the blazar CTA 102 and show that the observed long-
term trends of the flux and spectral variability are best explained by
an inhomogeneous, curved jet that undergoes changes in orientation

over time. We propose that magnetohydrodynamic instabilities!” or
rotation of the twisted jet® cause different jet regions to change their
orientation and hence their relative Doppler factors. In particular,
the extreme optical outburst of 2016-2017 (brightness increase of six
magnitudes) occurred when the corresponding jet-emitting region
had a small viewing angle. The agreement between observations
and theoretical predictions can be seen as further validation of the
relativistic beaming theory.

The blazar CTA 102 belongs to the subclass of flat-spectrum radio
quasars (FSRQs). Its redshift, z=1.037, corresponds to a luminosity
distance of about 7,000 Mpc (assuming a flat Universe and a Hubble
constant Hy=70km s~ Mpc™1).

The Whole Earth Blazar Telescope (WEBT) Collaboration started
to monitor the multiwavelength behaviour of CTA 102 in 2008. Data
obtained until January 2013 are reported in ref. 9. In Extended Data
Fig. 1 we show the optical and near-infrared light curves acquired
in 2013-2017, which were built with data from 39 telescopes in
28 observatories, and in Methods we give some details on these
observations.

A period of relatively low activity was recently interrupted by a sud-
den increase in the source brightness in late 2016, with a jump of 6-7
magnitudes with respect to the minima in the optical and near-infrared
bands. The peak of the outburst was observed on 28 December 2016,
with an R-band magnitude of 10.82 4 0.04 (see Fig. 1), which corre-
sponds to a luminosity L, at frequency v of log[vL, (erg s~ !)] =48.12
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Figure 1 | Observed optical light curve of CTA 102 in the last two
observing seasons of the WEBT campaign. R-band magnitudes are
shown as a function of the Julian date (JD). Different colours and symbols
correspond to the various telescopes contributing to the WEBT campaign.
Error bars represent 1 s.d. measurement errors. The peak of the 2016-2017
outburst was observed on 28 December 2016 and indicates a brightness
increase of about 6 mag with respect to the faintest state.

(corrected for the redshift effect, but without a beaming correction).
This represents the most luminous optical blazar state ever detected.
The previous record was held by the FSRQ 3C 454.3, which reached
log[vL, (ergs™!)] =47.54 during a big outburst'® observed in 2005.

Inspection of the light curves of CTA 102 reveals that the brightness
variation amplitude is larger in the near-infrared than in the optical
band. This is a consequence of the source emitting not only synchro-
tron radiation from the jet, but also thermal radiation from the accre-
tion disk! that feeds the super-massive black hole of the active galactic
nucleus (AGN). The more stable light from the disk makes a larger
contribution to the overall source flux at optical wavelengths than in
the near-infrared. Further evidence of thermal radiation from the disk
comes from the analysis of colour indices and spectroscopic data (see
Methods and Extended Data Figs 3 and 4).

To analyse the synchrotron emission from the jet, we first model the
thermal component, usually referred to as the ‘big blue bump’ (BBB).
Besides the disk radiation, the BBB includes the contribution of emis-
sion lines from the broad-line region of the AGN, in particular, Mg 11
and Ha lines, redshifted to the optical V and near-infrared J bands,
respectively. In the BBB model (details in Methods), we built the spec-
tral energy distribution (SED) of a hypothetical minimum-brightness
synchrotron state and then subtracted it from the flux minima in all
optical and near-infrared bands to get the BBB contribution. We also
added a dust torus emission component in the mid- to far-infrared,
as dust emission has been detected in CTA 102 with the IRAS*® and
Spitzer®! satellites. The results are shown in Fig. 2.

Having modelled the thermal contribution to the source flux,
we subtracted it from the near-infrared and optical flux densities
to get the jet synchrotron flux. Figure 3 shows the optical R band,
millimetre-wavelength (230 GHz) and radio (37 GHz) light curves in
the period 2008-2017. The optical flux density of the jet ranges from
0.047 mJy to 166 mJy, with a maximum flux ratio higher than 3,500.
We note that both the 2012 flare and the 2016-2017 outburst were
accompanied by radio activity, but the flux ratios at the peaks of the
two events are very different in the various bands. Moreover, in 2012,
peaks at lower frequencies followed those at higher frequencies, as is
often observed in blazars'. By contrast, the latest optical outburst was
preceded by activity at 37 GHz. Figure 3 also shows that the high flux
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Figure 2 | Spectral energy distributions of CTA 102 and orientation of
the emitting regions of the jet. a, Small grey circles highlight the observed
variability ranges. The black dashed line represents the minimum-
brightness synchrotron SED and the black squares (hexagons) the fitted
(derived) minimum synchrotron flux densities. The black solid line and
asterisks show the thermal emission model and its contributions to the
near-infrared and optical bands. The red dot-dashed line represents the
base-level synchrotron SED used for the geometric interpretation. Large
coloured circles and coloured lines display observed data and spectra
and model predictions, respectively, for selected epochs (expressed in
JD — 2,450,000). Measurement errors (1 s.d.) are smaller than the symbol
size. b, Viewing angles of the emitting region producing the (bulk of the)
radiation at frequency v at the epochs shown in a.

densities registered at 37 GHz in 2008-2009 correspond to a ‘quiescent’
optical state. This complex optical-radio correlation suggests that the
emission in these two bands is produced in different regions of the
jet. Explaining the multiwavelength light curves in terms of intrinsic
processes would require very different physical conditions along the
jet at various epochs, with model parameters chosen ad hoc at any
time to reproduce the observed flux levels. Therefore, we propose an
alternative scenario, in which the observed source behaviour is ascribed
to orientation changes in the jet.

In the light curves of Figs 1 and 3 and Extended Data Fig. 1, especially
in the optical and near-infrared bands, we can distinguish fast flares
superimposed on a long-term trend. We adopted cubic spline interpo-
lations through the binned data to represent the long-term behaviour
of the well-sampled light curves in the R band, at 230 GHz and 37 GHz.
For the radio and millimetre-wavelength light curves, which are charac-
terized by smooth variations, we used a fixed time bin of 30 days. In the
optical band, the fast flares are more rapid and pronounced when the
source is brighter. This is expected when the long-term trend is due to
a variable Doppler factor 6, which affects both the amplitudes and the
timescales of the flux variations. In Methods, we summarize the basic
concepts of the relativistic beaming theory and verify the contraction of
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Figure 3 | Multifrequency behaviour of the jet emission of CTA 102

in 2008-2017. a-c, The R-band (a), 230-GHz (b) and 37-GHz (c) light
curves contain 10,462, 170 and 576 flux density points, respectively. Error
bars represent 1s.d. measurement errors. Grey solid lines are cubic spline
interpolations through the binned light curves. d, e, The Doppler factor §
(d) and viewing angle 0 (e) of the optical (red), 230 GHz (blue) and 37 GHz
(green) emitting regions according to the geometric model. f, R-band

flux densities obtained for a constant 6 = Opase, Namely, corrected for the
variable beaming effect,. The vertical lines indicate the epochs considered
in Fig. 2.

the flux variation timescales in the brightest optical states. Accordingly,
we adopted a variable bin size ranging from 24 days in the low-flux
states to 3.4 days in the phases of the 2016-2017 outburst with the most
marked changes. The dispersion (root-mean-square) of the optical flux
densities around the spline in the various observing seasons changed
from 0.03 mJy to 1.1 m]Jy at the time of the 2012 flare and to 18 mJy
during the 2016-2017 outburst. This confirms that fast flares are ampli-
fied during high-flux states and strongly indicates that long-term flux
changes are probably due to variations in the Doppler factor.

If we accept this, then we can trace the behaviour of ¢ in time (see
Fig. 3) at the three reference frequencies. Because of Doppler beaming,
what we observe at a given frequency is emitted by the source at a
lower frequency. To correct for this effect, we use the relativistic invar-
iant F,/1” (see, for example, ref. 22), where F,, is the flux density at
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frequency v. We build a base-level synchrotron spectrum for the long-
term flux variations by fitting a log-parabolic model to the spline min-
ima at 37 GHz, 230 GHz and in the R band (see Fig. 2). This is what we
assume to be the source SED for the minimum Doppler factor
Opase- Starting from here, for each observed F,, we look for the
corresponding frequency v, in the base-level spectrum so that
E, ()2 =F, hase(Ubase) /Viace - ONCE Ve is found, we can calculate
the Doppler factor as § = Opase(7//Vbase)- The trends of § shown in Fig. 3
were obtained assuming typical values? for the bulk Lorentz factor
(I"'=20) and for the maximum viewing angle (fn.x =9°) so that
Opbase = 3.7. Other choices for I"and 6y, do not alter the general
findings. The data constrain the ratio 8()/pase, Wwhereas the choice of
Omax constrains I'to yield a reasonable 0,y. In the light of what is
known for blazars (for example, from the study of superluminal radio
knots), values of 0,,,,x between about 5° and 15°, which correspond to
values of I'between 35 and 10, are possible.

The Doppler factor depends on the bulk Lorentz factor and on the
viewing angle. Although changes of I"both along the jet (see Methods)
and in time are in principle possible, they would require large differ-
ential accelerations or decelerations of the bulk flow in the various jet
regions to explain the extreme flux changes in CTA 102. Instead, we
favour the premise that Doppler factor variations are caused by orien-
tation changes, which is also supported by the development of non-
axisymmetric instabilities in magnetohydrodynamic jet simulations!”
and by very-long-baseline interferometry observations of CTA 102
and blazars with swirling jets?® or helical jet structures®® (although on
much larger, parsec scales).

Having 6(t) and a guess for I, we can then derive the viewing angle
as a function of time. This is shown in Fig. 3 for the three reference
bands. Flux enhancements are seen at a given frequency when the cor-
responding jet-emitting region becomes better aligned with the line of
sight. This is observed mainly in the optical band during the 2016-2017
outburst.

If we now correct the flux densities for the variable § effect (see
Methods), we obtain what we would observe if all the emitting regions
of the jet had the same orientation, which does not change in time,
that is, a constant 6. The residual variability corresponds to fast flares,
which are probably caused by intrinsic, energetic processes. The fast
flares show similar amplitudes over the whole 2008-2017 period.
The dispersion factor in the various observing seasons is reduced to
2(0.009-0.022 mJy), compared to the original factor of 600 that should
be ascribed to energetic processes within the jet to explain the observed
variability.

The above scenario implies that the emission at different frequencies
comes from different regions along a continuous jet (that is, the jet is
inhomogeneous), which have different orientations with respect to the
line of sight that vary in time. A schematic representation of our model
is given in Fig. 4.

The variations in 6, 6 and the flux (Figs 2 and 3) have smaller ampli-
tudes and are smoother in the radio- and millimetre-wavelength bands
compared to those seen at shorter wavelengths. According to the model,
this is probably due to the fact that the radio and millimetre-
wavelength emitting regions are much more extended along the curved
jet than those emitting optical and near-infrared light. Smaller vari-
ations would be expected from a larger emission region because the
observed emission would be integrated, and thus averaged, over a
greater span of angles with respect to the line of sight.

We tested the proposed geometric model by comparing predicted
and observed SEDs (Fig. 2). For a given epoch, the predicted SED was
obtained by summing the thermal emission model with a synchrotron
SED derived by applying the Doppler enhancement to the base-level
SED with a frequency-dependent §(v) (details are given in Methods).
The agreement between model and data is very good.

We also analysed optical polarimetric data (see Methods and
Extended Data Fig. 6). The polarization fraction shows strong vari-
ability throughout the period considered but no general correlation
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Figure 4 | Schematic representation of the proposed inhomogeneous
jet model. Photons of different frequencies come from diverse jet
regions. Because of the curvature of the jet, these regions have different
orientations. Therefore, the corresponding emission is more (less)
enhanced when the region is better (worse) aligned with the line

of sight. The jet structure is dynamic, and the orientation of each region
changes in time. The two observing eyes on the right represent two
different alignments of the line of sight relative to the jet. The upper
observer will see enhanced emission in the optical band and relatively
low flux between the millimetre-wavelength and radio bands, while

for the lower observer the most beamed radiation is the millimetre-
wavelength one.

with the flux, suggesting a mainly stochastic process due to turbulence®
or a variable jet direction””. On the other hand, the polarization angle
undergoes large changes and in some cases its behaviour is consistent
with the picture of a rotating twisted jet.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Observations. Established in 1997, the WEBT Collaboration is an international
collaboration of astronomers that monitor blazars in the optical, near-infrared,
millimetre-wavelength and radio bands to investigate these highly active objects.
Optical data used in this study were acquired at the following observatories:
Abastumani (Georgia), AstroCamp (Spain), Belogradchik (Bulgaria), Calar
Alto (Spain), Campo Imperatore (Italy), Crimean (Russia), Kitt Peak (USA),
Lowell (USA; 70-cm, DCT and Perkins telescopes), Lulin (Taiwan), Michael
Adrian (Germany), Mt Maidanak (Uzbekistan), New Mexico Skies (USA), Osaka
Kyoiku (Japan), Polakis (USA), Roque de los Muchachos (Spain; Liverpool, NOT
and TNG telescopes), ROVOR (USA), Rozhen (Bulgaria; 200- and 50/70-cm
telescopes), San Pedro Martir (Mexico), Sirio (Italy), Skinakas (Greece), Steward
(USA; Kuiper, Bok and Super-LOTIS), St Petersburg (Russia), Teide (Spain), Tien
Shan (Kazakhstan), Tijarafe (Spain), Tucson (USA), Valle dAosta (Italy), Vidojevica
(Serbia). The source magnitude was calibrated using common photometric stand-
ard stars in the source field (Star 1 and Star 2 in ref. 28, with the addition of other
stars from ref. 29, when needed). This minimized possible offsets between differ-
ent data sets. Observations were performed in the Johnson-Cousins BVRI bands,
except for those at the NOT and Liverpool telescopes. The NOT data were obtained
using the ugriz filters of the Sloan Digital Sky Survey and then converted with
the transformations described in ref. 30. The Liverpool data were taken with the
‘red’ (770-1000 nm), ‘green’ (650-760nm) and ‘blue’ (350-640 nm) cameras of
the RINGO3 instrument and were transformed to the nearest standard (Johnson-
Cousins) bands using shifts derived from data-taking periods overlapping with
those of other instruments.

Near-infrared data were taken with the JHK filters at the Campo Imperatore,
Lowell (Perkins) and Teide observatories. The data reduction is described in ref. 19.

Extended Data Fig. 1 shows the optical and near-infrared light curves of
CTA 102 in the last four observing seasons. During the phases of the 2016-2017
outburst with the most dramatic variations, some episodes of noticeable and
well-sampled intranight variability were observed. Four of them are shown in
Extended Data Fig. 2.

Observations in the radio and millimetre-wavelength bands were performed

with the 14-m radio telescope of the Metsdhovi Radio Observatory (37 GHz)
in Finland, the 30-m IRAM telescope (86 GHz and 230 GHz) in Spain and the
Submillimetre Array (230 GHz) in Hawaii, USA. For details on the radio data
analysis, see refs 31-33.
Spectral behaviour. The optical spectral behaviour of CTA 102 in the period of
Extended Data Fig. 1 is shown in Extended Data Fig. 3, where the B-R colour
indices (and the spectral slopes a of the F oc v~ law) are obtained by coupling
data taken by the same telescope within 15-min intervals. A redder-when-brighter
trend is observed until R~ 15 (Spearman’s rank correlation coefficient p=—0.82),
which is followed by a slight bluer-when-brighter trend (p = 0.26) as the source
flux increases. This has been previously reported!® for 3C 454.3; it means that as
the source brightens, the disk contribution becomes negligible and then the spec-
trum becomes bluer again, possibly because of changes in the Doppler factor®.
In particular, we note that in faint states, when the source is ‘blue) the brightness
in the B band is much more stable than that in the R band. This means that the
B-band flux is dominated by the disk emission, but the R-band flux still receives
important synchrotron contribution from the jet, which makes the colour index
vary considerably in these states.

Spectroscopic observations in the optical band were carried out at the Steward
(Kuiper, Bok and MMT telescopes) and Roque de los Muchachos (TNG and
NOT telescopes) observatories. A selection of these spectra is shown in Extended
Data Fig. 4. The spectra taken during faint states show a prominent, broad Mg 11
emission feature and a hard spectral shape. As the brightness rises, the lines gradu-
ally disappear and the spectra soften as a consequence of the increasing importance
of the featureless synchrotron continuum over the BBB. At the highest flux levels
the optical spectra harden again, which is consistent with the bluer-when-brighter
behaviour discussed earlier.

Modelling the thermal emission component. To model the BBB, whose contri-
bution is assumed to remain constant throughout the observing period, we exami-
ned the flux variation ranges in the monitored bands. Figure 2 shows all the data
acquired in the 2008-2017 period by WEBT observers in the radio-millimetre
(37 GHz, 86 GHz and 230 GHz), near-infrared (KH]J) and optical (IRVB) bands.
When passing from the observed magnitudes to the flux densities, we corrected for
Galactic extinction using the recommendations of the NASA/IPAC Extragalactic
Database. We built the SED of a hypothetical minimum-brightness synchrotron
state by fitting a logarithmic parabolic model to the observed radio-millimetre
minimum-flux densities and a minimum synchrotron flux density in the K band,
which was obtained by assuming that the observed minimum-flux density in that
band receives equal synchrotron and thermal contributions. The adequacy of a

logarithmic parabolic model in describing the broadband synchrotron emission
of blazars has been previously discussed (for example, in ref. 35), and this model
is widely used. The thermal contribution from the BBB in all near-infrared and
optical bands was then obtained by subtracting the model-predicted minimum
synchrotron flux from the observed flux minima. The result is in agreement with
that derived by ref. 19 for the same object using a quasi-stellar object template.

To complete the AGN model towards the mid-far infrared, we also added the
emission contribution from the dust torus'’, although it is always negligible, except
for the case when the source is very faint.

Relativistic beaming theory. The Doppler factor is defined as §=[I"(1 — B cosf)] %,
where (3 is the bulk velocity of the emitting source in units of the speed of light,
I'=(1— )~"2is the corresponding Lorentz factor and @ is the viewing angle. Any
time interval is shortened in the observer’s frame as At = A#'/6, while frequencies
are blueshifted as v= 6v/ (primed symbols refer to quantities in the rest frame of
the source). For a continuous jet with isotropic emission in the rest frame, the
observed and rest-frame flux densities are linked by F,(v) = §2T%F',,(v), with
F'oc (1)~ (ref. 22). As a consequence, for a given beaming state characterized
by a Doppler factor 6, the amplitude of the flux variation due to possible intrinsic
processes is AFy oc 627, Therefore, stronger beaming enhances not only the flux
but also the amplitude of the intrinsic variations (fast flares), and shortens the
variation timescale. We can correct the observed flux densities at a given frequency
for the variable Doppler beaming effect according to F&" = F, (55" /§V*")2+ov,
where F;" represents the values that we would observe if the jet had a constant
orientation resulting in §°°". In Fig. 3, we present FZ" in the R band for
5’c/onst — 6base-

Variation timescales. Inspection of the optical light curves reveals that variation
timescales shorten when the source is brighter, which is a robust indication that the
long-term flux changes are due to Doppler factor variations. This can be verified
quantitatively by performing time-series analysis, that is, investigating the time
structure of flux variations. In order to avoid possible bias due to the long-term
trend and related difference in flux amplitude, we applied this analysis to flux
densities corrected for the variable relativistic beaming effect (see Fig. 3). We
separated the data set in two subsets corresponding to bright (6 > 0ynax/2) and faint
(6 < Omax/2) states, thus separating the 2016-2017 outburst from the rest of the data.
For the two subsets we calculated the structure function®® (SF), which expresses the
squared mean difference of the flux densities as a function of the time separation
7 between data pairs. The results are shown in Extended Data Fig. 5, where the
minimum variability timescale corresponds to the first peak of the SE, which is
about 4 days for the bright states and approximately 8 days for the faint ones. This
doubling of the timescales matches very well the 6-halving criterion adopted to
separate the two subsamples (At oc §1). We checked the SF results by means of the
discrete autocorrelation function®” (ACF; Extended Data Fig. 5b). The timescales
are defined by the ACF minima. The shortest timescales for the high (low) flux
states are confirmed to be about 4 (8) days.

Finally, we applied the Kolmogorov-Smirnov statistic to check whether the SFs
and ACFs of the two subsamples are drawn from the same distribution. The values
of the Kolmogorov-Smirnov statistic are 0.67 for the SFs and 0.39 for the ACFs
with significance levels 1.1 x 10~° and 1.0 x 10~*, respectively; such small values
mean that the two distributions are significantly different.

In view of these results and in agreement with the relativistic beaming theory, we
modelled the optical long-term trend by setting an adaptive bin size that reduces
the time bin by a factor  as the flux increases by a factor n*™, where n=2, 3,4, 5,
6,7 and v=1.7 is the slope of the minimum synchrotron spectrum in the R band.
Lorentz factor. We have assumed a single /" value throughout the jet region of
interest. Other scenarios, with I"varying along or transversally to the jet are in
principle possible and have been adopted in some cases. However, the portion of
the jet that we are considering (that is, that emitting the bulk of photons from the
optical band down to 37 GHz) is inside the inner core of the radio images, so that
we can easily guess that the Lorentz factor does not change considerably along
this region. On the other hand, transverse velocity gradients, for which there is no
observational evidence in the inner zones of blazar jets, are sometimes introduced
to explain the properties of high-energy, comptonized radiation®®’, but they would
represent an unnecessary complication for the purposes of our model.
Comparison between predicted and observed SEDs. The frequency-dependent
trend of the Doppler factor, which is necessary to obtain a model SED for a given
epoch, was derived by interpolating or extrapolating the values of ¢ at 37 GHz,
230 GHz and in the R band at that epoch (Fig. 3) in the 6-logv space, after cor-
recting the frequencies for the different beaming affecting the base-level SED and
the model SED for the considered epoch. We performed linear interpolation of
the Doppler factor in the §-logw space by minimizing the \? error statistic. When
the unreduced y?goodness-of-fit statistic was greater than 1.2, which indicates
a poor fit, we also performed a parabolic interpolation and took the average fit



between the two. This occurred three times, for the epochs 7,637, 7,654 and 7,691
(in JD — 2,450,000).

Figure 2 displays ten SEDs that correspond to selected epochs spanning

the source variation range. The predicted and observed SEDs are in very good
agreement. In particular, the spectral slopes of the calculated SEDs in the optical
band match very well those of the observed optical spectra. The offset between
the optical and near-infrared data at epoch 7,717 is probably due to non-perfect
simultaneity of the observations coupled with strong intranight variability. In
Fig. 2, we also show the corresponding viewing angle as a function of frequency for
all epochs. The brightest state during the 2016-2017 optical outburst corresponds
to the maximum difference of orientation (maximum misalignment) between the
radio- and optical-band emitting zones when the optical zone has the best align-
ment with the line of sight.
Polarization. Optical polarimetric data were acquired by seven observatories:
Calar Alto, Crimean, Lowell (Perkins), ROVOR, San Pedro Martir, Steward and St
Petersburg. The temporal behaviour of the jet polarization fraction Pj; and electric
vector polarization angle (EVPA) are shown in Extended Data Fig. 6.

Pje was obtained from the observed polarization degree P by correcting for
the dilution effect of the unpolarized BBB emission, Pje; = P X F/Fj;, where F is
the de-absorbed flux density and Fj, is the same quantity after subtraction of the
BBB flux contribution. Extended Data Fig. 6 also shows the mean value of P for
the whole period and the mean values and standard deviations for each observing
season. The EVPA was adjusted for the 4= X 7 (1, natural number) ambiguity by
requiring that the angle difference between subsequent points in the same observ-
ing season is minimum.

Strong variability of Pj; and large changes of the EVPA both in the clockwise
and anticlockwise directions are observed throughout the period considered. No
general correlation is found with the observed flux or with the flux variations
that remain after correction for variable Doppler beaming (see Fig. 3). The only
hint of correlation between polarization and flux variations is given by the coinci-
dence of the minima in the viewing angle (flux peaks) with either fast changes of
the EVPA (at JD ~2,457,300) or inversion of its direction (at JD ~ 2,456,200 and
JD ~2,457,750; that is, during the peaks of the 2012%!° and 2016-2017 outbursts).
Both situations may occur when considering a rotating helical jet with a longitudi-
nal magnetic field. As the helix rotates and the emitting region approaches the line
of sight, the EVPA undergoes large variations or changes of direction, depending
on whether the angle between the line of sight and the helix axis is smaller or
larger than the helix pitch angle, respectively. However, some turbulence must be
present’ to explain the irregular behaviour of Pje,. An alternative explanation could
be provided by ref. 27, which showed that apparent random behaviour of P (and F)
can accompany large EVPA fluctuations in a jet with a helical magnetic field and
variable propagation direction.

Comparison with a standard one-zone model. We have shown that the long-term
multiwavelength flux variability of CTA 102 is well explained by changes of the
Doppler factor. We now investigate whether commonly used one-zone models
can also explain these spectral changes in the same way. In Extended Data Fig. 7
we present results obtained with the standard one-zone model, proposed in ref.
40. We first fitted the SED at JD =2,457,637, which represents an intermediate
flux level. We used the following physical parameters: radius of the emitting zone
log[R (cm)] =17.8; magnetic field B=0.08 G; Doppler factor § =21.5; electron
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density in the emitting zone N=30 cm3; electron energies between logymin =1
and 10g¥max = 5; and an electron energy distribution expressed by a power law with
a=2.15and a cut-off electron energy log~ycu=3.6.

We then tried to fit the highest and the lowest optical levels shown in Fig. 2

by changing only 6. The brightest state requires ¢ =40 and the faintest 6 =9.5.
However, this model does not fit the lower-frequency data; in particular, the flux
in the millimetre-wavelength band is largely over- or under-estimated. Better fits
could be obtained with the one-zone model, but at the cost of changing a number
of parameters, especially the electron energy distribution. One should then check
if a reasonable temporal evolution of all these parameters can be found to explain
the multiwavelength light curves.
Data availability. Data taken and assembled by the WEBT Collaboration
(optical, near-infrared and radio light curves) are stored in the WEBT archive at the
Osservatorio Astrofisico di Torino, INAF (http://www.oato.inaf.it/blazars/webt/);
they become publicly available one year after publication and can be requested
from the WEBT President, M.V. (villata@oato.inaf.it). Optical spectropolarimetric
data from the Steward Observatory are publicly available and can be downloaded
from http://james.as.arizona.edu/~psmith/Fermi/.
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Extended Data Figure 1 | Observed light curves of CTA 102 in the optical BVRI and near-infrared JHK bands. The curves are built with data from 39
telescopes (marked with different symbols and colours) in 28 observatories participating in the WEBT project. Measurement errors (1 s.d.) are smaller
than the symbol size.
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Extended Data Figure 7 | One-zone model fits to the SEDs of CTA 102. changing only the Doppler factor to match the optical data. As a result,

The standard one-zone model** has been used to fit three SEDs in the millimetre-wavelength flux is largely over- or under-estimated. In all
intermediate-, high- and low-brightness states (see also Fig. 2). Once the model fits, the thermal component (accretion disk and torus; black line
physical parameters of the emitting zone are adjusted to reproduce the and symbols) was added to the one-zone model synchrotron component.

intermediate-brightness state, the other two model fits are obtained by
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