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ABSTRACT

The quasar 3C 454.3 is a blazar known for its rapid and violent outbursts seen across the electromag-
netic spectrum. Using v-ray, X-ray, multi-band optical, and very long baseline interferometric data
we investigate the nature of two such events that occurred in 2013 and 2014 accompanied by strong
variations in optical polarization, including a ~ 230° electric vector position angle (EVPA) rotation.
Our results suggest that a single disturbance was responsible for both flaring events. We interpret the
disturbance as a shock propagating down the jet. Under this interpretation the 2013-flare originated
most likely due to changes in the viewing angle caused by perhaps a bent or helical trajectory of the
shock upstream of the radio core. The 2014-flare and optical polarization behaviour are the result
of the shock exiting the 43 GHz radio core, suggesting that shock crossings are one of the possible

mechanisms for EVPA rotations.
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1. INTRODUCTION

The quasar 3C 454.3 is a powerful blazar at RA =
22h 53m 57.7s, Dec=+16° 08 53.5”, and redshift
z=0.859 (Hewitt & Burbidge 1989). It is known to
be highly wvariable across the electromagnetic spec-
trum and among the brightest objects in the ~-ray
sky (The Fermi-LAT collaboration 2019). Not surpris-
ingly, it has been the target of multiple studies (e.g.,
Bonnoli et al. 2011; Sasada et al. 2012; Jorstad et al.
2013) since it has shown interesting and sometimes
puzzling behavior. It has been classified as a Flat Spec-
trum Radio Quasar based on the equivalent width of
its emission lines and as a low synchrotron peak source
based on the location of the peak of the synchrotron
emission (Vpeak ~2.5x10'Hz Lister et al. 2015). It
also belongs to the class of rotators as it has shown
multiple rotations of the Electric Vector Position An-
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gle (EVPA) of the optical linear polarization over the
years (Jorstad et al. 2010; Blinov et al. 2015, 2016a,b,
2018). EVPA rotations are unique phenomena with
so far no clear origin. Generally, they are consid-
ered to be the result of either random walks of the
polarization vector that leads to an apparent coher-
ent change of the EVPA (Moore et al. 1982; Marscher
2014; Kiehlmann et al. 2017) or due to determinis-
tic processes (Marscher et al. 2008; Abdo et al. 2010;
Zhang et al. 2014; Lyutikov & Kravchenko 2017). In
this work, we investigate the nature of two prominent
multi-wavelength flares in 2013 and 2014 concurrent
with optical polarization variations in an attempt to
better understand the origin of the multiband flaring
as well as possibly shed more light on the mechanism
of EVPA rotations. In section 2 we describe the multi-
wavelength data used in this work, in sections 3 and 4
we describe the events and investigate their origin and
in section 5 we discuss our findings. We summarize in
section 6.

2. OBSERVATIONS AND DATA REDUCTION
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We used the optical and near-infrared (NIR) broad-
band photometric data in B, V, R, I, J, H, K bands.
The optical data where collected from six different tele-
scopes, namely: the St. Petersburg University 40 cm
LX-200 telescope; the Crimean observatory 70 cm
AZT-8 telescope (Larionov et al. 2008); 1.54 m Kuiper
and the 2.3 m Bok telescopes of the Steward obser-
vatory (Smith et al. 2009), the 1.82 m Perkins tele-
scope (Flagstaff, AZ; VLBA-BU-BLAZAR program');
and the SMARTS monitoring program (Bonning et al.
2012). The NIR J, H, K -bands data were obtained
at the 1.1 m telescope of the Campo Imperatore ob-
servatory (Larionov et al. 2008) and the SMARTS
monitoring program. All measured magnitudes have
been corrected for the Galactic extinction according to
Schlafly & Finkbeiner (2011).

The optical polarimetric data were taken by mul-
tiple instruments as well. The RoboPol monitor-
ing program (Pavlidou et al. 2014) provided R-band
polarimetry (for details on the data reduction see
King et al. 2014; Panopoulou et al. 2015).  R-band
polarimetry was also provided by the Perkins tele-
scope (the data description is given in Jorstad et al.
2010). The St. Petersburg University monitoring pro-
gram obtained “white light” polarimetric data at the
LX-200 telescope and R-band measurements at the
AZT-8 telescope. The details on their data reduc-
tion can be found in Larionov et al. (2008). More-
over, we supplemented our dataset polarimetric data
from the Steward Observatory? (Smith et al. 2009).
The values of EVPA in this work are measured
from North to East following the IAU convention
(TAU Commission 40 1974). The 180° ambiguity of
EVPA was solved by minimization of the following value
|E“/',PA1 - EVPAi_ll - \/U(EVPA1)2 - O'(EVPAi_l)2
for consecutive measurements (see Blinov & Pavlidou
2019, for related caveats).

The ~-ray observations used in this study were taken
by the Large Area Telescope (LAT) on board of the
Fermi ~-ray space telescope (Abdollahi et al. 2020).
3C 454.3 is part of the monitored source list® and has
daily and weekly binned publicly available data. For
our analysis we used the daily binned light curve. 3C
454.3 is also observed as part of the LAT source moni-
toring program® by the Neil Gehrels Swift Observatory
(hereafter Swift, Stroh & Falcone 2013) in the 0.3-10
keV range. The Fermi, SMARTS, Steward observatory
and Swift data are publicly available. All remaining
datasets are available on demand.

3. THE MULTIWAVELENGTH VIEW OF 3C 454.3
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Figures 1 and 2 show the multiwavelength view of
the 2013 and 2014 flares respectively. In both cases
there are simultaneous flares in all bands as well as
the polarization degree, and variations of the EVPA.
The optical and ~-ray variations appear to be simulta-
neous. Indeed, the discrete correlation function (DCF,
Edelson & Krolik 1988) in both cases yields time-lags
consistent with zero (Fig. 3). This is not surprising since
3C 454.3 shows correlated optical—y-ray variability over
long time periods (~8 years light curves, Liodakis et al.
2018b, 2019). During the 2013-flare, the optical and ~-
ray emission reaches maximum on ~JD 2456560. The
increase in optical flux density from the quiescent level
is by an order of magnitude. The vy-ray flux increases
by a factor of four. For the 2014-flare, the y-ray maxi-
mum is at ~2456823 whereas the optical maximum is at
~2456830. The increase of the optical flux density from
the 2013-flare is by a factor of two making it the bright-
est optical flare since 2008. The vy-ray flare is the fourth
brightest and about a factor of three lower than the his-
torically brightest flare in the source. There is also a
visible increase in the X-ray flux during the 2013-flare,
and apparent flaring during the 2014-flare even with the
much lower (compared to other bands) sampling of the
X-ray light curves. The simultaneous increase is also
true for the optical polarization degree for the 2013-flare
reaching a maximum of ~ 34% — the highest polarization
degree reached by the source since 2008; the 2014-flare
shows more intriguing behavior. There are three y-ray
peaks during its duration at ~2456816, ~2456823, and
~2456830. The optical variations, although not as well
sampled, appear to be in good agreement with the -
rays. The optical polarization maximum (21%) lies right
before the third flare (~2456829) with a sharp drop to
almost zero (0.29%) right after (~2456832). At the same
time there is a roughly 233 degrees EVPA rotation. For
the 2013-flare the EVPA shifts monotonically until the
flare maximum when it changes direction and returns
to pre-flare levels. The EVPA variations in the 2013-
case does not follow the strict definition of a rotation in-
troduced by the RoboPol program (Blinov et al. 2015).
However, the 180° ambiguity correction of the EVPA
can be affected by the presence of multiple polarized
components (Ikejiri et al. 2011). The circular motion
of the Stokes Q-U vector, which is characteristic of an
EVPA rotation, is then shifted away from the origin
(zero-zero in the Q-U plane) that could mask the rota-
tion in the EVPA-plane. This effect is clearly shown in
Fig. 4 where during the flaring periods (marked with
red) on both occasions the centroid is shifted from the
origin. This ambiguity could also be affected by limited
sampling. During the rotation in 2014 some observa-
tions are spaced by roughly 1.5 hours and we still observe
~ 80° jumps during the steepest decline in the rota-
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Figure 1. Multiwalength view of the 2013 flare. Panels fro

density, R-band degree of polarization, EVPA versus time.

m the top are ~-rays, X-rays, R-band flux-density, J-band flux
The dashed line in the lowest panel represents the average jet

direction taking into account the 180° ambiguity of the EVPA.
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Figure 2. Multiwalength view of the 2014 flare. Panels from the top are v-rays, X-rays, R-band flux-density, J-band flux
density, R-band degree of polarization, EVPA versus time. The dashed line in the lowest panel represents the average jet
direction taking into account the 180° ambiguity of the EVPA. Color coding is the same as in Fig.1.
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Figure 3. Discrete correlation function between optical (R-
band) and +-rays for the 2013-(top panel) and 2014-flare
(bottom panel) using a binning of 1 d
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Figure 5. BVIJHK versus R-band flux densities for the
2013- (upper panel) and 2014-flares (lower panel)

tion. Using the Q-U plane visualization tool Timetubes’
(Uemura et al. 2016; Fujishiro et al. 2018) we have veri-
fied that in both flaring events there is a circular motion
of the Q-U vector suggesting that the observed EVPA
rotations are real and not due to systematics related to
e.g., sampling (an example is shown in the inset of Fig.
4 upper panel).

4. ORIGIN OF THE MULTIWAVELENGTH
FLARES

4.1. Spectral analysis

Multiwavelength variability concurent with EVPA
rotations has been observed in a few blazars (e.g.,
Marscher et al. 2008, 2010). Results by the RoboPol
program suggest a strong connection between EVPA
rotations and v-ray flares (Blinov et al. 2018). From
the deterministic point of view, the suggested models
usually involve shocks propagating in the helical mag-
netic field or helical trajectories (e.g., Marscher et al.
2008; Zhang et al. 2014; Lyutikov & Kravchenko 2017)
as well as along curved trajectories (e.g., Abdo et al.
2010; Nalewajko 2010). To investigate whether shocks
were responsible for the outbursts we examine their
spectral behavior. We plot the BVIJHK versus R-
band flux densities for both events (Fig. 5) and fit
them with second degree polynomials in the form of
y = a+bxr+cx?. We find the dependencies to be mostly
linear with deviations in the infrared bands. For the
2013-flare the J- H- and K-band show significant cur-
vature with ¢ = —0.064 + 0.004, ¢ = —0.11 £ 0.02, and

5 https://github.com/MistletoeNaoko/TimeTubesWeb
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Figure 6. Relative optical and NIR SED of the variable
component for the 2013 (upper panel) and 2014 (lower panel)
flares. In both panels the red (solid), green (dotted) and
black (dashed) lines show flaring, intermediate and quiescent
spectra.

¢ = —0.30 £ 0.02 respectively. For the 2014-flare only
the K-band shows a hint of non-linearity at roughly
~ 30 level with ¢ = —0.11 £ 0.02. The remaining
colors show ¢ consistent with zero. The observed non-
linearity, particular in the 2013-flare, can be interpreted
as a viewing angle change of a discrete moving emis-
sion region (Papadakis et al. 2007; Larionov et al. 2010,
2013a). Enhanced Doppler beaming caused by a view-
ing angle change will increase the flux across bands
while at the same time shifting the intrinsic spectrum
towards higher frequencies. A pure power-law spectrum
will remain unchanged; however, if the spectrum is con-
vex (i.e. bluer-when-brighter, see Fig. 6) an increase
in Doppler factor will cause the spectrum to change
over time creating the observed non-linearity. Under
this interpretation, following Larionov et al. (2010), we
quantify the required change in the Doppler factor to be
a factor of ~ 1.5 — 1.7 for the 2013-flare and by a factor
of ~ 1.4 — 1.5 for the 2014-flare depending on the jet
model (continuous or discrete jet). Using the polyno-
mial fits we also approximate the spectra for the flaring
and non-flaring time intervals. We use the method de-
scribed in Hagen-Thorn & Yakovleva (1994), where the
broadband optical-to-infrared SED of the variable com-
ponent is derived using flux-flux diagrams. Since in our
case the flux-flux diagrams in NIR bands are curved, we
used the derivatives of the polynomial fits to find the
relative SED of the variable component. The result is
shown in Fig. 6, where the relative SED of the variable
component is plotted at three different activity states:

LIODAKIS ET AL.

flaring, intermediate and quiescent, where the R-band
flux density was 15, 8.5 and 2 mJy for the event of 2013
and 24, 14 and 4 mJy for 2014. We find a significant
hardening of the variable component SED during both
events, which corresponds to bluer-when-brighter be-
haviour. The SED can be approximated by power law
with spectral indices —0.81+0.09 and —0.51 4+0.22 dur-
ing 2013 and 2014 flaring states. During corresponding
quiescent states the spectral index was —1.71+0.02 and
—1.50 £ 0.07. We note that here we analyse only the
variable component spectral changes, while in combi-
nation with underlying constant emission having differ-
ent SED the color behaviour could be more complex
(Sasada et al. 2010) and even demonstrate the opposite
redder-when-brighter behaviour (Raiteri et al. 2008).

4.2. VLBI data analysis

In order to definitively confirm the presence of a shock
propagating in the jet we analyze the total and polar-
ized intensity images of the quasar 3C 454.3 derived
from data obtained with the Very Long Baseline Ar-
ray (VLBA) at 43 GHz within the VLBA-BU-BLAZAR
program®. For values of the cosmological parameters
Ho=70 km/s/Mpc, Q,,=0.3, and Q,=0.7, an angular
size of 1 mas corresponds to 7.68 pc at the quasar’s
redshift of z=0.859. We have studied the kinematics of
the parsec scale jet of the quasar over 3 yrs, from 2013
January 15 to 2015 December 5. The observations and
data reduction have been performed in the same man-
ner as in Jorstad et al. (2017). During the period con-
sidered here, the parsec-scale jet of the quasar possesses
three main features: the core (A0), a quasi-stationary
knot (C), and a superluminal knot (K14). Parame-
ters of the knots, obtained by fitting the data with a
model consisting of circular components with Gaussian
brightness distributions, are listed in Table 1. These in-
clude the average (over the time span) flux density at
43 GHz, maximum flux density, average distance and
position angle with respect to the core, average angu-
lar size, proper motion, and apparent speed. The table
also gives standard deviations for the average values and
1o uncertainty for other parameters. Uncertainties are
calculated using formulas given in Jorstad et al. (2017).
Detailed models at each epoch will be presented in a
study by Weaver et al. (in prep) devoted to kinematics
of all sources in the VLBA-BU-BLAZAR program from
2013 to 2018.

Figure 7 (top panel) shows the motion of knots C and
K14 with respect to the core, which is assumed to be a
stationary feature on the eastern end of the jet. Knot
C has been observed over decades: Pauliny-Toth et al.
(1987) reported a feature in 10.7 GHz VLBI images lo-
cated ~0.6 mas from the core that did not show sig-
nificant motion over 5 yrs of monitoring. Knot C was

6 www.bu.edu/blazars/VLBAproject.html
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analyzed later in a number of studies (e.g., Gémez et al.
1999; Jorstad et al. 2001, 2005, 2013, 2017). It some-
times appears to change position, as seen in Figure 7
(top panel) and reported in Table 1. Its projected dis-
tance from the core decreased by ~ 0.1 mas over ~ 700
days (mid-2012 to mid-2014) before it returned to ~ 0.5
mas from the core by the end of 2014. This motion rel-
ative to the core could be connected with the motion
of new superluminal knots down the jet. For example,
the motion of C toward the core from 2012 to 2014 (Fig-
ure 7, top panel) could be explained if the core region ap-
peared to shift downstream as the highly superluminal,
bright knot K14 approached the core (more slowly than
it moved after mid-2014), crossed it, and then moved
downstream while still blended with it at the resolution
of the images. A contributing factor might be an in-
crease of the opacity of the core region, which would
cause the apparent position of the core to move down-
stream. The increase in flux density of the core seen
in Figure 7 (bottom panel) should have been accompa-
nied by such an increase in opacity. According to this
scenario, after K14 is resolved separately from the core,
the core returned to its 2012 position, as did C. Table 1
gives the parameters of C, including the proper motion
for the period when it moves toward the core, C;,, and
from the core toward its stationary position, Cyy;. Fig-
ure 7 (bottom panel) presents light curves of the core,
C, and K14.

Knot K14 is of special interest because its time of ejec-
tion on JD: 2456797+15 agrees within 20 uncertainty
with the maximum of the y-ray flare on JD~2456823. In
addition, the core light curve (Figure 7, bottom panel)
shows that the core was in an elevated flux state at 43
GHz during the entire period from the y-ray flare in 2013
to the v-ray flare in 2014, and the maximum of the -
ray flare in 2014 coincides with the maximum flux of the
core. This can be interpreted as the entire y-ray activity
of these two flares being connected with the propagation
of K14 through the VLBI core, which also implies that
the 43 GHz core is a physical structure, e.g., a coni-
cal shock (Marscher et al. 2016), and K14 is a moving
shock. Superluminal knots in the jet of 3C454.3 have
a range of speeds, with proper motions from 0.14 to
0.53 mas/yr (e.g., Jorstad et al. 2001). Therefore, knot
K14, with 0.47 mas/yr, is one of the fastest superluminal
features observed in the jet, although it decelerates sig-
nificantly as it approaches C. Figure 8 shows a sequence
of VLBA images of the 3C454.3 jet, which exhibits the
motion of K14 from the core toward C.

Figure 8 also reveals that K14 is the most polarized
feature in the jet, with EVPA perpendicular to the jet
direction, which implies that the magnetic field is paral-
lel to the jet axis. Such a direction of magnetic field
is common for superluminal knots observed between
A0 and C in 3C454.3 (Jorstad et al. 2013). However,
such a magnetic field direction poses a problem for the
common shock-in-jet model (e.g., Hughes et al. 1985;

Marscher & Gear 1985) to explain the nature of K14.
Since a shock compresses the magnetic field component
that is transverse to the shock normal, the projected
direction of the field should be perpendicular to the jet
axis, so that the EVPA is parallel to the jet. In order for
the field to be parallel to the jet, the magnetic field of the
ambient jet plasma would need to be well ordered in that
direction prior to the passage of the shock. The com-
pression of any disordered component of the field by the
shock could then be insufficient to overcome the parallel
field. In this case, however, the increase in flux density
should be relatively modest, since it would not include
the effects of a major increase in field strength. The high
flux of K14 would then be caused solely by the compres-
sion of the relativistic electron density and higher bulk
Lorentz factor of the knot. The «-ray flux from external
Compton scattering is sensitive to these two factors, but
not to the magnetic field strength (Sikora et al. 2009),
hence the strong «-ray outburst can be understood un-
der this scenario.

Knowing the proper motion of K14 within the core re-
gion, we can estimate its entrance (7T},) and exit (Tyut)
time from the core using the sizes of K14 and A0 (Ta-
ble 1) and taking into account that the ejection time of
K14 (T,) corresponds to the passage of the centroid of
K14 through the centroid of AO0. We consider three dif-
ferent proper motions for K14 to characterize its motion
within the core region: 1) u of K14 assuming that the
speed of K14 is the same within the core as detected later
in the jet, 2) u of C;,, assuming that motion of C toward
the core reflects the motion of K14 as it approaches the
core, and 3) p of C,, assuming that the motion of C
back to the stationary position can be connected to the
motion of K14 inside the core. The derived values of T},
and T,,; are listed in Table 2. Analysis of Tables 1 &
2 shows that the ~-ray flare in 2014 can be connected
with the exit of knot K14 from the core. We can esti-
mate the distance traveled by K14 (Arki4) between the
2013- and 2014-flares using,

BappcAt

(1+ z)sinf’ (1)

Argig =

where fBapp is the apparent velocity, At is the time be-
tween the 2013-flare and the first peak of the 2014-
flare, 6 is the viewing angle. Jorstad et al. (2010) and
Pushkarev et al. (2012) provide estimates of the dis-
tance between the 43/15 GHz VLBI core and the BH,
~18 pc and ~20 pc, respectively. This puts a limit on
Argi4 <18 pe, if we associate the 2013-flare with the
propagation of K14 in the jet. Using Bupp,cin = 6.5
(Table 1) and 6 ~ 2.6 as found by Weaver et al. (2019),
which agrees with the maximum viewing angle given
by Liodakis et al. (2018a), we have derived a distance
between the locations of the 2013 and 2014 events cor-
responding to ~16 pc. The later places the dissipation
zone during the 2013-flare within ~2 pc from the BH.
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cal (black “A”) polarization degree for the 2014-flare.
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5. INTERPRETATION & DISCUSSION

The results of the above spectral and VLBI analysis
demonstrate that a shock was propagating in the jet of

3C 454.3 causing the multiband and polarization flaring
as well as EVPA variations in two separate occasions
before finally being ejected from the 43 GHz radio core.

The origin of the 2014-flare can be interpreted as
the result of the travelling shock crossing a stand-
ing recollimation shock that is typically observed as
the radio core (Daly & Marscher 1988). This is evi-
dent by the ejection of the radio component K14 as
well as the hardening of the spectrum. The drastic
drop in the optical polarization degree and the con-
current EVPA rotation could be either due the shock
moving in a helical path (Larionov et al. 2013b) or
due to the change in emission dominance between
two polarized components (i.e., standing and mov-
ing shock) with orthogonal magnetic field orientations
(Cohen & Savolainen 2020). This would also suggest
that shock-crossing is one of the mechanisms responsi-
ble for EVPA rotations. The three-peak profile of the
2014-flare is also most likely due to the shock-shock
interaction. Such sub-flaring has been noted before in
3C 454.3 (e.g., Jorstad et al. 2010; Weaver et al. 2019)
as well as other blazars (e.g., Larionov et al. 2013b;
MAGIC Collaboration et al. 2018) suggesting that it is
a common phenomenon of blazar jets. Figure 9 shows
the core and K14 polarization degree contrasted against
the optical. The polarization orientation of the core
and K14 remained roughly perpendicular to the aver-
age jet direction before and after the event while the
pre- and post-flare polarization levels are consistent be-
tween radio and optical within the uncertainties. This
would suggest that the extreme behavior seen in the
optical polarization is most likely due to changes in the
uniformity of the magnetic field further supporting the
shock-shock interaction interpretation.

The 2013-flare is more difficult to interpret. From
Fig. 1 the source was in a quiescent state for an ex-
tended period of time, has a single broadband flare and
then returned to quiescence before the shock exited the
core producing the 2014 event. Assuming the distance
between the black hole and the radio core is 105Rg
(Marscher et al. 2008), where Ry is the gravitational ra-
dius, for a 10%3*Mg black hole (Liodakis et al. 2017;
Liodakis & Petropoulou 2020) the 2013-flare would oc-
cur ~ 3 x 10°R, downstream from the black hole.
This would place the flaring region at the edge or be-
yond the broad-line region (BLR) and at the accelera-
tion and collimation zone (Marscher et al. 2008, 2010).
One possible interpretation would be that the 2013-
flare was the result of the shock formation. In this
case, given the fact that the apparent displacement
of knot C had begun in 2012 would suggest the exis-
tence of propagating plasma cells that merged creating
the 2013-flare (e.g., Spada et al. 2001). Partial dissi-
pation through magnetic reconnection of accelerating
stripes (Giannios & Uzdensky 2019) could also produce
a smaller flare (2013-flare) before the main dissipation
event (in this case the 2014-flare). However, the ob-
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served polarization flare is not consistent with the polar-
ization expectations from magnetic reconnection events
(Zhang et al. 2018).

To further investigate the origin of the 2013-flare we
use the simultaneous (within one day) optical and ~-
ray observations to derive a scaling between the fluxes
in log-log space. We find F, « Folb(t)‘lio'y, suggest-
ing a linear scaling. In a simple scenario where the
~-ray emission would be the result of particle injection
in the jet under constant magnetization the linear scal-
ing would point to external Compton emission. Possi-
ble sources of external photons could be either from the
BLR or the dusty torus, or a localized source (ring of
fire model, MacDonald et al. 2015). In the latter case
we do not expect a significant increase of the optical
flux contrary to the observed behavior making this sce-
nario unlikely. In the former case, the observed flare in
optical polarization would require some change in the
magnetic field configuration which would be consistent
with shock formation as discussed above. Kink instabil-
ities in the jet can also drive flux and polarization vari-
ations similar to shocks (Nalewajko 2017; Zhang et al.
2017). However, such models typically produce a drop
in polarization during rotation events which although
consistent with the behavior of the 2014-flare, the afore-
mentioned flare in polarization during the 2013-flare as
well as the overall VLBI behavior make the propagat-
ing disturbance scenario more likely. Alternatively, the
linear variations can be understood by changes in the
viewing angle of the shock propagating along a bent
jet or helical trajectory. In this case, the resulting
variations in the Doppler factor would cause simulta-
neous linear fluctuations across bands (Larionov et al.
2016) and can also explain the observed EVPA behavior
(e.g., Raiteri et al. 2017; Lyutikov & Kravchenko 2017;
Uemura et al. 2017). This is further supported by the
fact that the 2013-flare showed significant non-linear
flux-density dependencies in the infrared bands (as op-
posed to the 2014-flare). In the case of a supersonic
flow, an oblique standing shock would decrease the com-
ponent of the flow velocity parallel to the shock normal
causing the flow to bend. This would lead to compres-
sion of the magnetic field and particle acceleration (in
addition to a Doppler factor change) creating conditions
favorable for an outburst similar to the one observed.
After the bend, rarefaction should lead to a more quies-
cent state consistent with the observed behavior.

Under the shock-in-jet model we can use the R-band
and polarization degree light curves to constrain the
change in the beaming properties of the shock (Hughes
1991; Hagen-Thorn et al. 2008). If the changes of the
Doppler factor are due to changes in the viewing angle
with respect to the shocks path in the jet, then the in-
trinsic viewing angle of the shock (taking into account
aberration effects) is given by,

¥ = arctan (sin 0/[T(cosf) — /1 — 1"_2]) , (2

where 6 is the viewing angle. The observed polarization
degree would be,

a+1 1—7n"2)sin’ ¥
p= Q- )ein 9 3)
a+5/32—(1—n"2)sin* ¥

where 7 is the density ratio of shocked and unshocked
regions. Assuming that the observed flux due to the
shock is F = F,u—e§2+t0)§6+a)  where v is the fre-
quency, F, = Fy,q,v% /03528 where 6,4, is the maximum
Doppler factor at the peak of the flare, and 6’ ~ 1 is the
Doppler factor of the shocked plasma in the rest-frame of
the shock (Hagen-Thorn et al. 2008). 8,4, is estimated
assuming in each case the maximum 7 that produces
the maximum observed polarization for ¥ = 90°. Using
the above equations, we can derive an estimate of ¢ as
a function of time for the duration of the flare. Assum-
ing Bapp = 6.5 and 6 = 2.6 degrees (which translates
t0 Omazr = 15.7 and I' = 9.2) we estimate a change of
the Doppler factor by a factor of ~ 1.5 between the flar-
ing and non-flaring states. A similar result was found
in Sasada et al. (2012) for an outburst in 2009 (~ 1.4)
when assuming that all of the enhanced emission is due
to changes in the Doppler factor, further supporting the
change-in-Doppler-factor interpretation. Assuming con-
stant bulk velocity that would suggest a change in the
viewing angle by a factor of ~ 2 (0,4, =~ 1.3). Changes
in the bulk Lorentz factor could also be possible, how-
ever, based on the observed behavior it would suggest
that the shock experienced a sudden boost of acceler-
ation and then immediately decelerated to its original
velocity which is unlikely.

We can also constrain the polarization properties of
the shock by assuming the observed emission is the su-
perposition of two components, one constant (from the
underlying jet emission) and one variable (the travel-
ling shock). If the polarization properties of the shock
remain constant, following Hagen-Thorn & Marchenko
(1999) we can write the Stokes parameters as @ =
P, sil +(Qn—y1—pq,fidn—s1), and U = py, I +(Un—y1—
pu, fidn— 1), where I is the total intensity and I,y is
the intensity of the non-variable component. In this
simple model we expect a linear relation in the Q-I
and U-I planes with the slopes of the best-fit relation
equal to the polarization fraction of the variable com-
ponent (Fig. 10). We find pg,51 = 0.255 £ 0.005 and
pu,s1 = 0.391£0.004, hence the polarization of the vari-
able component is constrained to pyq, = 47%.

6. SUMMARY

Our results point to a single shock propagating in the
jet of 3C 454.3 causing flares in multiple bands and po-
larization variations in 2013 and 2014. The first mul-
tiwavelength flaring event occurred as the shock prop-
agated in the blazar’s acceleration zone producing si-
multaneous flaring across band including the optical po-
larization degree. The event was most likely due to a
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change in the viewing angle of the shock with respect
to the observer. The change of the viewing angle could
be attributed to an intrinsic bend, a twisted inhomo-
geneous jet (Raiteri et al. 2017), a jet carrying a he-
lical magnetic field with a variable direction/velocity
(Lyutikov & Kravchenko 2017), or due to a mini-jet
in a striped jet model with moderate magnetization
(Giannios et al. 2009; Giannios & Uzdensky 2019). We
constrain the change of § to be by a factor of ~ 1.5. It
then continued its journey until 2014 when it caused a
second flaring event while exiting the core as revealed
by the 43 GHz VLBA imaging. Exiting the core was
accompanied with a rotation of the optical polariza-
tion plane and strong optical polarization degree vari-
ations from ~ 0 — 20%. The optical polarization be-
haviour points to two interacting components, presum-
ably shock-shock interaction, as one of the underlying
mechanisms for EVPA rotations. While two compo-
nent models predict n X 7 rotations, it requires orthog-
onal EVPA orientations. Smaller or larger amplitude
rotations are possible if the EVPAs are not orthogo-
nal. The ~ 230° rotation discussed in this work lies
within the theoretical range of possible rotation ampli-
tudes (Cohen & Savolainen 2020). Additional factors
contributing to the departure from ~ 180° could be mea-
surement uncertainties, intrinsic variability, or signifi-
cant contribution from an underlying multizone turbu-
lent jet (Marscher 2014; Peirson & Romani 2018, 2019).
Alternatively, the merger of reconnection plasmoids in
a moving stripe could reproduce > 180° rotations with
similar polarization behavior (Zhang et al. 2018). Fur-
ther detailed modeling of the rotations and changes to
the broadband emission is necessary to further pin down
the intricacies of the jet emission and magnetic field ge-
ometry.
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Table 1. Parameters of Knots

Parameter A0 C Cin Cout K14

N 26 23 13 11 10
(S), Jy 5.80£5.02 2.10£2.90 0.6740.25 3.70+3.61 6.54+2.12
Smax, Jy 23.7740.45 9.040.83 1.06+0.22 9.0+0.83 8.86+0.51
(R), mas 0.0 0.4554+0.075 0.41540.039 0.4940.10 0.2940.16
(©), deg e —87+11 —93+9 —83+11 —61+10
(a), mas 0.076+0.041 0.2440.11 0.3240.06 0.1540.07 0.10£0.02
p,mas yr—1 e -+ 0.138+£0.009 0.209+0.005 0.471+0.003
Bapp, € e e 6.5+0.4 9.840.2  22.05+0.14
To, JD e e <o+ 245650042 2456797+15

NOTE—N - number of epochs at which component was detected; for K14 N corresponds
to epochs of ballistic motion; (S) - average flux density and its standard deviation; Smax
- maximum flux density and its 1o uncertainty; (R) - average distance from the core and
its standard deviation; (©) - average position angle of component with respect to the core
in projection on the plane of the sky and its standard deviation; (a) - average angular
size of component and its standard deviation; p - proper motion and its 1o uncertainty;
Bapp - apparent speed and its 1o uncertainty; 7o - time of ejection and its 1o uncertainty.

Table 2. Epochs of K14 entrance and exit
in/from the core

Time K14 HCin HCout

Tin, JD 2456730124 2456570+£82 2456647454
Tout, JD  2456864+£24 2457024£82 2456947454

NOTE—T;, = To — AT and Tout = To + AT, where
T, is the “ejection” time when the brightness centroid
of K14 crossed that of the core, and AT = ({(ax14) +
(aA0))/2/p. The values of (a) are given in Table 1.

APPENDIX

A. VLBI ANALYSIS RESULTS

Table 1 and 2 summarize the results of the VLBI analysis of the 43 GHz images obtained within the VLBA-BU-
BLAZAR program.



