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ABSTRACT

Variability can be the pathway to understanding the physical processes in astrophysical jets. However, the high-cadence observations required to
test particle acceleration models are still missing. Here we report on the first attempt to produce continuous, >24 hour polarization light curves
of blazars using telescopes distributed across the globe, following the rotation of the Earth, to avoid the rising Sun. Our campaign involved 16
telescopes in Asia, Europe, and North America. We observed BL Lacertae and CGRaBS J0211+1051 for a combined 685 telescope hours. We find
large variations in the polarization degree and angle for both sources on sub-hour timescales as well as a ~180° rotation of the polarization angle in
CGRaBS J0211+1051 in less than two days. We compared our high-cadence observations to particle-in-cell magnetic reconnection and turbulent
plasma simulations. We find that although the state-of-the-art simulation frameworks can produce a large fraction of the polarization properties,
they do not account for the entirety of the observed polarization behavior in blazar jets.

Key words. radiation mechanisms: non-thermal — techniques: polarimetric — galaxies: active — BL Lacertae objects: general —
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1. Introduction

Blazars are active galactic nuclei with powerful jets oriented
within a few degrees of the line of sight of an observer on
Earth (Blandford et al. 2019; Hovatta & Lindfors 2019). They
show a plethora of exciting behavior, but are most notable for
their broadband emission from radio to y-rays (e.g., Ajello et al.
2020), extreme variability down to minute timescales (e.g.,
Ackermann et al. 2016), highly polarized emission, with a polar-
ization degree that can exceed 45% (e.g., Shao et al. 2019), and
highly relativistic jets (Lister et al. 2021; Weaver et al. 2022).
The origin of the extreme, diverse variability in different wave-
lengths is not fully understood but holds the keys to understand-
ing the physical processes in astrophysical jets. A few models
have now been proposed to explain the observed variability
patterns. They include shocks in jets (Marscher & Gear 1985),
jets in jets (Giannios et al. 2009), turbulence (Marscher 2014;
Webb & Sanz 2023), magnetic reconnection (Hosking & Sironi
2020; Zhang et al. 2020), shock-shock collisions (Liodakis et al.
2020), kink instabilities (Zhang et al. 2017), Doppler factor vari-
ations (Raiteri et al. 2017b,a), and others. A great deal of effort
has been made to characterize the jet’s variability on diverse
timescales. The recent introduction of datasets from exoplanet

* Corresponding authors; liodakis@ia. forth.gr

satellites like Kepler and the Transiting Exoplanets Survey Satel-
lite (TESS) (Sasada et al. 2017; Weaver et al. 2020; Raiteri et al.
2021) has given us an additional unique view of blazar variabil-
ity. However, despite all these efforts, we still lack a consensus
on the mechanisms that drive variability in blazar jets.
Polarization can also be used to probe the physical pro-
cesses that govern the jets. This is because different models often
predict different polarization properties (e.g., Marscher 2014;
Zhang et al. 2014; Peirson & Romani 2018, 2019; Tavecchio
2021). Moreover, blazars show a peculiar polarization behavior
that often takes place in the form of rotations of the polariza-
tion angle (e.g., Marscher et al. 2008, 2010; Blinov et al. 2015,
2016a). Polarization studies of blazars have been limited by the
cadence of the observations, the lack of dedicated experiments
(see Kiehlmann et al. 2021 for a discussion), and, until recently,
the limited wavelength coverage, as most studies had been in
the optical. The recent launch of the Imaging X-ray Polarime-
try Explorer (IXPE; Weisskopf et al. 2022) has opened new
avenues to studying the high-energy Universe. The first obser-
vations of blazars suggest that particle acceleration in jets takes
place in shocks, with the emission becoming energy-stratified
owing to particle cooling (Liodakis et al. 2022; Di Gesu et al.
2022; Kouch et al. 2024). More interestingly, IXPE has already
managed to detect the first X-ray polarization angle rotation
in Mrk 421 (Di Gesu et al. 2023; Kim et al. 2024) in a blind
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survey. Mrk 421 showed a >360° rotation with a rate of
80-90° d~'. This would suggest that large variations in the polar-
ization angle can take place within a single observing night (see
also MAGIC Collaboration 2018) and are missed in the opti-
cal because of the 180° ambiguity of the polarization angle and
our inability to monitor a blazar from one location continuously.
Uninterrupted observations have only been achieved in a lim-
ited number of campaigns (e.g., Bhatta et al. 2016; Weaver et al.
2020).

Here we aim to combine the power of variability and polar-
ization by producing continuous light curves from ground-based
observations. This was achieved by combining multiple tele-
scopes across the world using the rotation of the Earth. Differ-
ent telescopes have often been combined for blazar studies (e.g.,
Raiteri & Villata 2021) and other purposes (e.g., Brown et al.
2013). Here we focus on polarimetry and probing shorter
variability timescales by producing continuous, uninterrupted,
longer than 24-hour time series that we can use to test parti-
cle acceleration models. In Sect. 2 we describe the telescopes
used in this work and our observing strategy, and in Sect. 3 we
discuss our analysis procedures. In Sect. 4 we present the final
time series and examine their variability properties. In Sect. 5 we
test different models of particle acceleration, and in Sect. 6 we
discuss our findings. We focus on linear polarization, which we
refer to as “polarization” throughout the paper for simplicity.

2. Telescopes and observing strategy

Our campaign, which we dubbed the NOn-stop Polarization
Experiment (NOPE), consisted of 16 telescopes across the world
with a combined 685 telescope hours over seven nights. Those
telescopes/observatories are, the Aryabhatta Research Institute
of Observational Sciences (ARIES), the Calar Alto Observa-
tory, the Crimean Observatory, T60 at the Haleakala Observatory
(Piirola et al. 2014, 2020), the Kanata telescope (Uemura et al.
2017), the Liverpool Telescope (Steele et al. 2004), LX-200
(Larionov et al. 2008), Lulin Observatory, the Nordic Optical
Telescope (Hovatta et al. 2016; Nilsson et al. 2018), the Perkins
Telescope Observatory (PTO; Jorstad et al. 2010), the Observa-
torio Astronémico Nacional at San Pedro Martir (OAN-SPM),
the Zeiss-1000/MAGIC at the Special Astrophysical Obser-
vatory of RAS (Afanasiev et al. 2023; Komarov et al. 2020),
Sierra Nevada Observatory, RoboPol at the Skinakas Observa-
tory (Ramaprakash et al. 2019), and the University of Leicester
Observatory (Wiersema et al. 2023). NOPE was scheduled for
the dark time of 2—-8 November 2021. The volcano eruption in La
Palma prevented us from acquiring data from the Liverpool Tele-
scope and the Nordic Optical Telescope. Weather related reasons
prevented the use of the telescope at the University of Leicester
Observatory as well. Additional telescope hours were lost due to
weather in different locations; however, all remaining telescopes
provided a reasonable amount of data.

To probe fast variability timescales, we selected the most
variable sources found from the four years of monitoring in
the RoboPol sample (Blinov et al. 2021) that were visible for
at least half the night from most locations. Since rotations of
the polarization has been shown to be connected to y-ray activ-
ity (Blinov et al. 2018), we monitored the y-ray light curves of
all the objects in the sample (Baldini et al. 2021; Abdollahi et al.
2023) as well as for other flaring sources using alert brokers (e.g.,
Astronomer’s telegram®).

I https://www.astronomerstelegram.org/
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3. Optical polarization observations
3.1. Observations and data reduction

At the time of the scheduled observations, there were no out-
bursts or elevated activity reported; hence, we opted to observe
BL Lacertae (BL Lac), which was in a prolonged outburst
that had lasted a few months (Raiteri et al. 2023) and CGRaBS
JO211+1051 (hereafter JO211) that was in a historically low
brightness and low polarization degree period (Blinov et al.
2021). BL Lac is typically a low synchrotron peaked blazar
(i.e., synchrotron peak frequency <10'* Hz, Ajello et al. 2020;
Middei et al. 2023), but turns into an intermediate peaked source
during flares (i.e., synchrotron peak frequency 10" < Veyn <
10'5 Hz; e.g., Peirson et al. 2023). J0211 is an intermediate
peaked blazar (Peirson et al. 2022). BL Lac was observed for
the first half of each night while JO211 for the second half.
The observations were performed in the R band. The data were
analyzed using either standard analysis procedures or exist-
ing pipelines at individual observatories (e.g., King et al. 2014;
Panopoulou et al. 2015; Nilsson et al. 2018). All the polarimet-
ric measurements were performed with a 5” aperture radius.
We preselected several polarized (HD 204827 and BD +59.389)
and unpolarized (BD+32.3739, BD +28.4211, HD 212311,
HD 14069, and G191B2B) standard stars, commonly used by
blazar monitoring program like the Steward Observatory® and
RoboPol (Blinov et al. 2023), to be used by all the observatories.
Since we are interested in the polarization variability, we did not
apply any correction to the polarization degree from the dilu-
tion of the host-galaxy, which, at the selected aperture, should
be negligible (e.g., Meisner & Romani 2010).

For both sources we are able to achieve a median cadence
of five minutes. The shortest interval between observations was
zero, and the longest, which occurred toward the end of our cam-
paign, was roughly nine hours for BL Lac and twelve hours for
JO211.

3.2. Data post-processing

Systematic shifts. Once all the data were collected, small
systematic shifts on the order of <0.1™* and <0.5% were
applied to the brightness and polarization degree, respectively, to
align overlapping observations. Those shifts originate from the
different efficiency in the instruments, instrumental setup, see-
ing, and minor differences in the analysis pipelines.

Data binning. We averaged data points in bins of 30 min
duration. These bins were interactively identified® using the
method described in Kiehlmann (2015, Sect. 2.1.2). In the
selected bins, we calculated the mean value of ¢ and u. Even
though the variability in the bins is below the noise level, we
expected some intrinsic variability. Therefore, we did not use the
uncertainty-weighted mean, which is based on the assumption
that all measurements are estimates of the same intrinsic value.
To derive realistic uncertainties for the average ¢ and u, we cal-
culated (i) the mean of the corresponding uncertainties and (ii)
the standard deviation of ¢ and u in the bin, and we used the
larger value of the two. We then calculated the corresponding p
and y using Eq. (1),

242 1 (”)
P = /9" +u°,y = zarctan| — |,
2 q

2 http://james.as.arizona.edu/~psmith/SPOL/polstds.
html

3 We use the smart_binning function from https://github.com/
skiehl/timeseriestools.
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Fig. 1. NOPE observations of BL Lac. The top panel shows the R-band
magnitude, the middle panel the polarization degree, and the bottom
panel the polarization angle. The observations have been grouped into
30 min bins (see the main text).

and we used the procedure described in Blinov et al. (2021)
to estimate the corresponding uncertainties. We corrected
for the +£180° ambiguity of the polarization angle following
Kiehlmann et al. (2016). The brightness and polarization light
curves for both sources used in the paper are available at the
Harvard Dataverse (Liodakis 2024)*.

4. Variability properties
4.1. Light curves

Figures 1 and 2 show the observations for BL Lac and JO211,
respectively. BL Lac shows rapid intra-night flaring that would
be impossible to fully characterize with observations of less than
12 hours. The R-band magnitude of the source varies from a min-
imum of 12.87™2¢ to a maximum of 12.15™#€_ with a median of
12.48™2€ and ~0.5™?% flares. The polarization degree (IT) has a
min and max of 7.3% and 18.9%, respectively, with a median
of 11.7%. The polarization angle (/) remains near the jet axis
on the sky (10° + 2°; Weaver et al. 2022), fluctuating from 12°
to 39° with a median of 25°. There is no correlation between
brightness and polarization as is typical of blazars (Ikejiri et al.
2011; Blinov et al. 2016b; Jermak et al. 2016).

JO211 exhibits a more complex behavior with smoother vari-
ations than BL Lac. The R-band magnitude ranges from 15.5™%¢
to 14.9M% with a median of 15.2™%. IT ranges from 0.43% to
9.3% with a median of 2.7%. We observe both a correlation and
anticorrelation between brightness and the polarization degree.
At the start of our campaign, JO211 shows a smooth increase in
brightness. At the same time II decreases from about 5% to the
lowest observed value of 0.43%, which occurs at peak bright-
ness. Then the polarization degree starts to recover. During the
increase in brightness and drop of IT we observe a smooth mono-
tonic 185° rotation of the  from ~200° to ~15°. Figure 3 shows

4 https://doi.org/10.7910/DVN/IETSXS
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Fig. 2. NOPE observations of CGRaBS J0211+1051. The top panel
shows the R-band magnitude, the middle panel the polarization degree,
and the bottom panel the polarization angle. The observations have been
grouped into 30 min bins (see the main text).
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Fig. 3. Stokes Q versus Stokes U for CGRaBS J0211+1051. The data
have been divided according to the MJD to show the progression of the
rotation in the O—U plane. The dashed black lines mark 0-0.

the progression of the rotation in the Q—U plane. There is a clear
circular motion of the Stokes vectors indicating the presence of
a rotation slightly offset from 0-0. The jet direction has been
determined at 15 GHz to be 88° + 9° (Hodge et al. 2018), which
suggests that the rotation started and ended roughly perpendicu-
lar to the jet. The drop of II during ¢ rotations in the optical is
a common feature in the blazar population (Blinov et al. 2016b).
After the rotation,  remains constant while the brightness and
IT show a clear correlation.
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Fig. 4. BB representation (dashed line) of the flux density variations
of BL Lac (top panel) and CGRaBS J0211+1051 (bottom panel). The
vertical magenta lines show the edges of the time intervals identified by
the HOP module.

4.2. Bayesian block analysis

We used Bayesian block (BB) analysis (Scargle et al. 2013) to
model the brightness and polarization degree light curves (e.g.,
Liodakis et al. 2018, 2019b). BB analysis has only one param-
eter, ncrprior, which is related to the prior for the number of
bins. Following de Jaeger et al. (2023), we used a value of the
ncrprior that yields a false-positive rate (pg) of py = 0.01.
We also implemented the HOP module (Eisenstein & Hut 1998;
Meyer et al. 2019) that allows us to trace changes in the block
flux derivative. That allows us to separate extended time inter-
vals that could be considered as flares or parts of a flare. For the
brightness, we converted the R-band magnitudes to flux density
in mJy using F = 10©439-04mag) a4 suggested by Mead et al.
(1990). For both the flux density and I, we estimated the ampli-
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The vertical magenta lines show the edges of the time intervals identi-
fied by the HOP module.

tude of the variations by subtracting the value of the lowest BB
over the entire dataset, and used the width of the BBs as a proxy
for the variability timescale.

Figures 4 and 5 show the BB analysis for the flux den-
sity and II, respectively. For BL Lac, we find similar variability
timescales, on average, for both the flux density and I1. The aver-
age timescale is about 4 h, with a minimum and maximum of 0.9
and ~24 h, respectively. I1 shows more peaks with amplitudes
that vary between 3.3% and 10.6% with an average of 5%. The
brightness shows four peaks of similar amplitude that range from
13.2 to 19.3 mJy. For the brightness and the I1, the average flar-
ing period is 24 and 25.5 h, respectively, with a minimum of 16.6
and 18.5 h. These are comparable to the timescales for optical
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Table 1. BB analysis.

Source  Average Minimum Maximum

Variability timescale (brightness, hours) BL Lac 4.14 0.87 23.61
Variability timescale (I1, hours) BL Lac 478 0.88 28.61
Flare amplitude (brightness, mJy) BL Lac 14.11 13.23 19.39
Flare amplitude (I, %) BL Lac 5.19 3.35 10.65
Flare duration (brightness, hours) BL Lac 25.5 16.66 77.08
Flare duration (I, hours) BL Lac 24.07 18.5 37.25
Variability timescale (brightness, hours)  J0211 11.77 3.53 23.80
Variability timescale (I1, hours) JO211 13.30 3.02 34.22
Flare amplitude (brightness, mJy) JO211 0.57 - -

Flare amplitude (I1, %) JO211 2.05 1.37 2.72
Flare duration (brightness, hours) JO211 75.66 - -

Flare duration (I, hours) JO211 43.65 31.6 55.7

Notes. The columns list the source and corresponding average, minimum, and maximum values. The rows are for the variability timescale (h),

flare amplitude (mJy for brigthness and % for IT), and flare duration (h).

and X-rays (15 and 14.5 h, respectively) found in Weaver et al.
(2020).

For JO211 there is a single peak in brightness and two small-
amplitude flares in II. There is a clear rise in both at the end
of our campaign; we unfortunately were not able to capture the
peak. The amplitude of the peak in brightness is 0.57 mJy and
in IT is 2.5%. The average variability timescale is 11.7 h for
brightness and 13.3 h for II. The minimum and maximum are
3.5 and 23.8 h for brightness and 3 and 34.2 h for the degree of
polarization, respectively. The duration of the flaring period for
the brightness is 75.6 h and for IT 31.6 and 55.7 h, respectively.
Table 1 summarizes the results from the BB analysis.

5. Testing particle acceleration models

The temporal behavior of the flux and polarization of both BL
Lac and J0211+1051 gives the impression that stochastic pro-
cesses play an important role in driving the variations. This
is especially apparent in BL Lac, in which there is ~1 rever-
sal per day in the time derivative of the flux, and ~2 rever-
sals per day in both polarization degree and angle. To under-
stand the origin of such short-term variability, we employed two
distinct numerical models that involve stochastic physical pro-
cesses: magnetic reconnection modeled by particle-in-cell (PIC)
simulations and a scenario in which turbulent plasma crosses
a shock. We also tested a scenario were both processes con-
tribute equally to the emission. In this section we present the
outcomes of numerical computations based on these models, and
contrast the results with the observational data. J0211 exhibits
much smoother behavior with only a small number of features.
Therefore, we concentrated on BL Lac since the NOPE observa-
tions sample a large number of reversals of the time derivatives
of these observed quantities, and thus provide sufficient statistics
to test the ability of the models to reproduce the essence of the
observed behavior.

5.1. PIC magnetic reconnection simulations

In our realization of the magnetic reconnection model, we
assumed a preexisting current sheet moving in the jet direction
z with a bulk Lorentz factor I' = 10 as in Zhang et al. (2020).
The line of sight is perpendicular to the jet propagation direc-
tion along the y axis in the comoving frame, so that in the

observer’s frame the viewing angle of the jet axis is 1/I" and
the Doppler factor 6 = I'. Given that a blazar can have a sig-
nificant proton population (e.g., Hovatta & Lindfors 2019), we
assumed a proton-electron plasma with an initial electron mag-
netization factor of 0. = 4 x 10*, which is related to the total
magnetization factor by o ~ 18360, and a guide field B, =
0.2By, where B is the anti-parallel component of the magnetic
field. Particles initially follow a Maxwell-Jiittner distribution
with the same upstream temperature for electrons and protons,
T.=T,= 100mec? kg, where kg is the Boltzmann constant. We
added a radiative reaction force to mimic the effect of cooling,
parameterized by C;p+. This parameter describes the strength of
the radiative cooling at an electron energy of y. = 10%, and a
smaller value means stronger cooling. Our simulation grid size
is 16384 x 8192 in the x—z plane, with a physical size of 2L X L,
where L = 32000d,( and d. is the non-relativistic electron iner-
tial length. Each cell has 100 particles. The simulation is per-
formed with the VPIC code developed by Bowers et al. (2008).
We output 1600 PIC snapshots and feed into the 3DPol code for
post-processing the radiation and polarization signatures. In this
way, we obtained an optical light curve and polarization with
very high time resolution.

Once we had a simulated light curve, we added observa-
tional noise. This was achieved by estimating the average frac-
tional uncertainty, (uncertainty/value), from the observed data,
and appropriately assigning an uncertainty value to the simulated
data points (Jormanainen et al. 2023). We then replaced the sim-
ulated data by randomly sampling from a Gaussian distribution,
using the value and its uncertainty as the mean and standard devi-
ation of the distribution. Since the time step of the simulations
is not related to physical time, we assumed that each simulation
step is equal to 30, 60, 90, 120, 150, and 180 min and repeated
the analysis for each case. For each simulation in each case, we
selected 20 subsets from the original simulation and resampled
each to the sampling of the observed data by linear interpolation.
We caution the reader that, depending on the chosen time inter-
val, subsets may overlap substantially and do not provide fully
independent tests. An example of the “observed” simulated light
curves is shown in the Appendix’.

For each new simulation we identified the following prop-
erties. We estimated (1) the distribution of polarization degree
values based on the BBs. We identified the flares in the polar-

> https://tinyurl.com/3a45bkur
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ization degree using BBs (as above) and calculated the dura-
tion and amplitude of each flare, which gives us distributions
of (2) the [1-flare durations and (3) the I1-flare amplitudes. Fur-
thermore, we identified polarization angle inversions as defined
in Kiehlmann et al. (2016) using polarizationtools®. For each
epoch at which the polarization angle rotates consistently in
one direction, we calculated the absolute amplitude, the dura-
tion, and the absolute rate; the latter is defined as the absolute
amplitude divided by the duration. This gives us distributions
of the polarization angle (4) absolute amplitudes, (5) dura-
tions, and (6) absolute rates. We estimated the same distribu-
tions from the observed data and use the Anderson-Darling (AD;
Anderson & Darling 1952) test to compare observations with
simulations. The AD test is a nonparametric test with the null
hypothesis that two samples come from the same parent distribu-
tion, similar to the Kolmogorov-Smirnov test. Examples of the
observed and simulated property distributions for one example
simulation are shown in the Appendix>. We used a 5% signifi-
cance level and count a simulation as successful in reproducing
an observed property distribution when the AD-test p-value fell
below that threshold. We repeated these tests for all simulation
subsets to determine a success rate for each of the six properties
separately.

We find that the AD test almost always rejects the IT dis-
tribution. This is expected, since the simulation considers only
a “naked” reconnection layer, which naturally produces higher
degree of polarization. In reality, this reconnection layer is
embedded in a larger-scale jet, possibly acting simultaneously
with other reconnection layers and/or other emission regions.
Given the endless possibilities and our currently inability to pro-
duce global jet PIC magnetic reconnection simulations, we did
not attempt to address this issue and instead focused on nor-
malized quantities such as the II flare amplitudes instead of, for
example, the absolute IT flare peak value. A time step of 120 min
seems to reproduce the observed light curves best across met-
rics. The observed and simulated histograms of one realization
of the PIC light curves with a time step of 120 min is shown
in the Appendix’. On the other hand, for a time step of 30 min
almost all of the simulated light curves cannot reproduce any of
the observed behavior. For the remaining time steps, the simu-
lated light curves can reproduce II flare durations and ¥ inver-
sion durations fairly well; however, almost all IT flare amplitudes
and the majority of the absolute ¢ amplitude and absolute rate
distributions are rejected for all timescales. Overall, we find an
average success rate across all metrics to vary from 0% to 97%
(Appendix Table A.17). While the simulations can produce some
metrics well, we conclude that they cannot fully reproduce the
observed behavior. However, given the caveats and limitations
of the current simulation setup capabilities, the high level of
agreement with some of the observed properties motivates future
work.

5.2. Turbulent plasma crossing a shock

We employed the turbulent extreme multi-zone (TEMZ) numer-
ical model (Marscher 2014; Marscher & Jorstad 2021, 2022) in
an effort to reproduce the general temporal behavior of the flux
and polarization. The model assumes that the variable emis-
sion is dominated by synchrotron radiation and synchrotron self-
Compton scattering (Jones et al. 1974) by relativistic electrons

% https://github.com/skiehl/polarizationtools
(Kiehlmann 2024)
7 https://tinyurl.com/3a45bkur
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(and positrons, if present) that are accelerated as the jet flow
crosses a conical standing shock. Any ambient emission out-
side the shocked region is neglected. The magnetic field of the
upstream flow is turbulent, which is realized by dividing the jet
into thousands of cells. Each of the cells is approximated to
have a unique, uniform magnetic field and density. A given cell
belongs to four nested zones of size 1 X 1,2x 2,4 x4, and 8§ X 8
cells?. The magnitude of the magnetic field and density, as well
as the direction of the field, are selected at random in each zone
from a log-normal distribution. The field and density of a cell
are then determined by the average of the values in its zones,
weighted according to the Kolmogorov spectrum. To approxi-
mate the rotating motion of turbulent vortices (Calafut & Wiita
2015), a turbulent circular 4-velocity about the center of each
zone was relativistically added to the systemic flow velocity.

The TEMZ model assumes that electrons in the jet are
already relativistic before crossing the shock, presumably by
second-order Fermi acceleration and many nonexplosive mag-
netic reconnection events in the turbulent plasma. The shock
then increases the electron energies by a factor of order the
Lorentz factor of the flow, although higher when the shock is
“subluminal,” with magnetic field direction close to the shock
normal in the comoving plasma frame. Although we empha-
size here the optical synchrotron radiation, the TEMZ code
also calculates the synchrotron self-Compton emission, which
is important for the energy losses of the electrons. The seed pho-
ton field incident on a given cell is calculated by summing the
retarded-time contribution from all of the other cells, appropri-
ately Doppler-shifted according to their velocities relative to the
scattering cell.

The TEMZ simulations are then treated in the same way as
the PIC simulations in the section above (see examples in the
Appendix’). In all the tests the TEMZ simulations can repro-
duce the IT flare amplitudes well and the majority of tests also
reproduces the II flare durations well. They are also able to
reproduce the i inversion duration well with a 60% success rate
(Table A.17); however, they do not reproduce the IT distribution,
as well as the absolute i amplitude and rate distributions. Similar
to the PIC simulations, we conclude that the TEMZ simulations
presented here do not fully reproduce the observed behavior. In
this case, we see that some metrics (e.g., I1 flare durations) can
be reproduced with 100% success rate, while other (e.g., IT dis-
tribution) have a 0% success rate. This can be attributed to the
vast parameter space of the TEMZ model that cannot be fully
explored in a realistic scenario as well as the sensitivity to initial
conditions. A large study exploring the TEMZ parameter space
as well as a statistical comparison with a larger sample of sources
is certainly warranted and can produce a more representative pic-
ture. We defer that to future work.

5.3. PIC+TEMZ simulation test

We tested a scenario in which the two processes have an equal
contribution to the total flux. Since each set of simulations has
a different scale for Stokes /, before adding them we normal-
ized the simulated light curves in three ways. In the first case,
we normalized both light curves such that the minimum is 0 and
the maximum is 1. In the second case, we divided the TEMZ
simulation by its maximum value. The normalized maximum
is then 1, the minimum is >0, and the ratio min/max is con-
served. The PIC simulations are normalized so that the mini-
mum equals that of the TEMZ curve and the maximum equals
to 1. In the third case, we normalized TEMZ as in case 2 and
PIC as in case 1. In this scenario TEMZ is always present (>0)
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and the PIC event eventually fades out completely. Except for
the strong PIC flares in the beginning, TEMZ is more domi-
nant on average. We produced simulated light curves for each of
the three scenarios with all possible combinations of the TEMZ
and PIC model subsets. For the PIC model, we assumed a time
sampling of 120 min, which gave the best results for the stand-
alone PIC tests above. We then resampled the light curves, and
for each time bin we calculated the joined Stokes parameters as
Liginea = 0.5XItEMZz +0.5XIp1C, Ojoined = 0.5X OtEMZ+0.5X Op1C,
and Ujoineg = 0.5 X Utgmz + 0.5 X Upyc. Finally, we converted
the Stokes parameters to II and ¥, applied observational noise,
and treated the combined light curve as in the previous cases.
Examples of the differently normalized light curves are shown
in Appendix®.

We find that the combined light curves can reproduce the I1
flare duration; however, in almost all tests they were unable to
reproduce any of the other metrics (31% success rate in the best
case scenario). Overall, the equal combination of PIC+TEMZ
performed poorer than either PIC or TEMZ individually.

6. Discussion and conclusions

We have reported on the first NOPE campaign targeting BL Lac
during an outburst and JO211 during quiescence. The combina-
tion of telescopes in different time zones allowed us to moni-
tor the brightness and polarization variations of both sources for
more than the typical eight-hour observing nights. Our efforts
revealed flaring and interesting behavior that would not have
been possible to observe otherwise.

BL Lac shows rapid, large-amplitude flaring in both bright-
ness and polarization, with no signs of correlation between the
two. The polarization angle varies rapidly as well but remains
within 10°-30° of the projection of the jet axis. The out-
burst of BL Lac in 2021 has already been studied at different
times and on longer timescales (Jorstad et al. 2022; Raiteri et al.
2023; Imazawa et al. 2023). We find similar behavior regarding
the brightness and polarization variability and flare amplitudes,
which suggests that the underlying mechanism did not change
over the course of the outburst. There are two notable differ-
ences with previous studies. Raiteri et al. (2023) report an anti-
correlation between brightness and II, and Jorstad et al. (2022)
report quasiperiodic variability. The analysis of Raiteri et al.
(2023) includes the time period studied here, while the analy-
sis of Jorstad et al. (2022) stops in August 2021, two months
before our observations. We find none of the behavior found
by Raiteri et al. (2023) and Jorstad et al. (2022); however, that
could be due to the much shorter time span of our observations
or simply because the quasiperiodic behavior stopped before our
campaign.

On the other hand, J0211 shows smooth variations with a
much more complex relation between brightness and polariza-
tion, including both a correlation and an anticorrelation. Dur-
ing our campaign, we observe a smooth monotonic rotation of
the polarization plane of approximately 185°. JO211 is a rela-
tively understudied source that only recently started to attract
attention due to its possible association with a high-energy neu-
trino (Hovatta et al. 2021) and potential as an X-ray polariza-
tion target (Liodakis et al. 2019a; Peirson et al. 2022). To date,
only two polarization studies have focused on the flare that took
place in 2011 (Chandra et al. 2012, 2014). In the flaring state,
JO211 shows intra-night variability, high IT > 20%, and large-

8 The appendix can be found in Zenodo: https://tinyurl.com/
3a45bkur

amplitude erratic changes from night to night in both its polar-
ization degree and angle. This behavior is fairly different from
what we observe in quiescence with low Il and smooth vari-
ations. However, it is very much consistent with the behavior
found in BL Lac, suggesting that outbursts in different blazars
could be driven by a common mechanism. We decomposed the
observed polarization behavior into two polarized components
following Morozova et al. (2014). We split the data into two sub-
sets according to the BB analysis (MJD 59525). The first part
includes the rotation, and the second part the stable  and corre-
lation between the brightness and I1. We find that the two com-
ponents show similar polarization degrees (~9%) with slightly
different ¢ (~9° and ~32°, respectively). The flux density of the
first component only shows mild variations and is likely associ-
ated with the underlying jet emission, while the flux density of
the second, more variable component increased by 40% increase,
which could be associated with the emergence of a new shock.

Such a well-sampled rotation also provides the unique oppor-
tunity to test how sampling can affect the detection of such
events. We tested the effects of cadence by resampling the light
curve in different time bins and applying the position angle
adjustment when necessary. We then checked if the resulting
light curve is consistent with the observed rotation. We find that
for time bins of 3 h we can always recover the original rotation.
However, for a time bin of 12 h our success rate is 27%, and for
24 h none of the resampled light curves show the rotation. This
would suggest that large, fast rotations within 1-2 days, such as
the ones found by IXPE (Di Gesu et al. 2023), should be more
common in the optical for low- to intermediate-peaked sources
such as BL Lac and J0211.

We compared the NOPE observations to state-of-the-art PIC
magnetic reconnection and turbulent plasma simulations, focus-
ing on BL Lac. We find that the simulations can adequately
reproduce some of the observed polarization properties, but not
all of the observed behavior. We attempted to combine the two
process to produce a single simulated light curve; however, the
resulting simulations performed worse than the individual pro-
cesses. We note that there are several caveats for this compari-
son. Firstly, both the PIC reconnection simulation and the TEMZ
simulation target generic blazars (i.e., they are not tuned to the
parameter space of BL Lac). Since the simulations only sample
a small range of parameter space, it is likely that the parameters
used in the simulations do not closely match the BL Lac physi-
cal conditions of the observed event. Secondly, simulations gen-
erally represent a patch of the blazar zone that is actively accel-
erating particles (i.e., the flaring region) but do not necessarily
consider the emission that comes from other parts of the blazar
zone, which is likely the physical origin of the “quiescent” blazar
emission. This is particularly true for PIC simulations, since the
simulations start with a thermal distribution of particles. The qui-
escent emission typically has low polarization, based on previ-
ous optical polarization observations; this can change the over-
all IT distribution, which is not well described by PIC simula-
tions in our comparison. Thirdly, simulations may not match
the physical time of the observed event. This can significantly
alter the polarization variability timescales and rates that are not
well described by the models in our comparison. Future compar-
isons of theoretical models and observations may normalize the
simulated light curves to match the properties of observed light
curves; this would allow us to better constrain the timescales and,
hence, better compare the polarization variability. Finally, mul-
tiple particle acceleration mechanisms may occur in the blazar
zone. Although we attempted to combine the reconnection and
turbulence simulations to compare them with observations, our
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combination of the two models is quite preliminary and oversim-
plified. Nevertheless, the fact that we already see an agreement
between observations and simulations is extremely encouraging
and motivates both the further development of simulation frame-
works and similar observing campaigns.
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