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Abstract

The lower-energy peak of the spectral energy distribution of blazars has commonly been ascribed to synchrotron
radiation from relativistic particles in the jets. Despite the consensus regarding jet emission processes, the particle
acceleration mechanism is still debated. Here, we present the first X-ray polarization observations of PG 1553
+113, a high-synchrotron-peak blazar observed by the Imaging X-ray Polarimetry Explorer (IXPE). We detect an
X-ray polarization degree of (10 4 2)% along an electric-vector position angle of 1x = 86° + 8°. At the same time,
the radio and optical polarization degrees are lower by a factor of ~3. During our IXPE pointing, we observed the
first orphan optical polarization swing of the IXPE era, as the optical angle of PG 15534113 underwent a smooth
monotonic rotation by about 125°, with a rate of ~17° day™'. We do not find evidence of a similar rotation in either
radio or X-rays, which suggests that the X-ray and optically emitting regions are separate or, at most, partially
cospatial. Our spectropolarimetric results provide further evidence that the steady-state X-ray emission in blazars
originates in a shock-accelerated and energy-stratified electron population.

Unified Astronomy Thesaurus concepts: BL Lacertae objects (158); Spectropolarimetry (1973); Polarimetry
(1278); Active galactic nuclei (16); Jets (870); X-ray active galactic nuclei (2035)

1. Introduction

Blazars, a rare class of active galactic nuclei (AGNs;
Antonucci 1993; Urry & Padovani 1995; Padovani et al. 2017),
display highly time-variable radiation across the entire
electromagnetic spectrum, from radio to very-high-energy
(TeV) ~-rays (e.g., Angel & Stockman 1980; Padovani &
Giommi 1995; Fossati et al. 1998; Ghisellini et al. 1998;
Sreekumar et al. 1998; Abdo et al. 2010; Maselli et al. 2010;
Agudo et al. 2011a, 2011b; Acero et al. 2015; Liodakis et al.
2018b, 2019; Hovatta & Lindfors 2019). It is widely accepted
that the nonthermal radiation originates in a highly collimated
jet of relativistic particles extended along the polar axis of an
accreting supermassive black hole (SMBH) and pointing
toward the Earth (see, e.g., Blandford et al. 2019). Despite

6 Deceased.
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accretion of matter onto the SMBHs powering blazars, their
orientation is such that highly relativistically boosted radiation
from the jet dominates the emission spectrum (e.g., Lihteen-
miki & Valtaoja 1999; Hovatta et al. 2009; Liodakis et al.
2018a), with a double-peaked spectral energy distribution
(SED). The first hump peaks between infrared (IR) and X-ray
frequencies, and is ascribed to synchrotron radiation from
energetic electrons, perhaps, as suggested by previous Imaging
X-ray Polarimetry Explorer (IXPE) pointings, accelerated in
shocks (e.g., Di Gesu et al. 2022; Liodakis et al. 2022). The
second hump is located in the GeV-TeV range, with the
mechanism behind the emission still debated. Both hadronic
and leptonic frameworks have been proposed (e.g., Maraschi
et al. 1992; Boettcher 2012; Cerruti et al. 2015), although
recent X-ray spectropolarimetric observations seem to favor a
leptonic scenario in which synchrotron self-Compton emission
plays a key role in shaping the SED of some blazars (see, e.g.,
Middei et al. 2023; Peirson et al. 2023). Depending on the
frequency at which the synchrotron component peaks (Vpeak)s
blazars are classified as high synchrotron peak (HSP),
intermediate synchrotron peak (ISP), or low synchrotron peak
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Table 1
Log of the IXPE and XMM-Newton Observations of PG 15534113
Observatory Obs. ID Obs. Date Net Exp.
yyyy-mm-dd/dd (ks)
IXPE(a) 02004999 2023-02-1/3 ~98
IXPE(b) 02004999 2023-02-8/9 ~28
XMM-Newton 0902112101 2023-01-31 ~14

(LSP,) with Vpea > 10" Hz, 10" < pe < 10" Hz, and
Vpeak < 10'* Hz, respectively (e.g., Ajello et al. 2020).

PG 1553+113  (R.A. = 15"55™4330440, decl. =+11°11"
247365, J2000) is an HSP source (Vpeak~3.9 x 10> Hz;
Ajello et al. 2020); therefore, X-rays sample the falling part of
the low-energy hump of its SED. Although several redshift
values (z < 0.5) have been reported for this BL Lacertae object,
the most commonly adopted value is z=0.433 (see, e.g.,
Nicastro et al. 2018; Johnson et al. 2019; Dorigo Jones et al.
2022). It is a TeV ~-ray emitter (Aleksi¢ et al. 2012), and has
exhibited one of the most compelling cases of quasi-periodic
oscillations from a blazar at ~-ray energies as a period
p=2.18£0.08 yr was found in the y-rays (Ackermann et al.
2015; Tavani et al. 2018).

Here we present the first X-ray polarization observation of
PG 15534113, an HSP blazar observed by the IXPE
(Weisskopf et al. 2022) in 2023 February. Owing to the three
gas pixel detectors (GPDs; Costa et al. 2001; Bellazzini et al.
2003; Baldini et al. 2021) in its focal plane, IXPE provides an
unprecedented opportunity to measure the X-ray polarization of
cosmic sources. Since its launch on 2021 December 9, IXPE
has observed different types of AGNs (e.g., Ehlert et al. 2022;
Marinucci et al. 2022; Gianolli et al. 2023; Ingram et al. 2023;
Tagliacozzo et al. 2023; Ursini et al. 2023), including blazars
(e.g., Di Gesu et al. 2022; Liodakis et al. 2022; Middei et al.
2023). PG 15534113 is one of several HSP blazars observed
by IXPE. In Section 2 we report on the data reduction, while
Section 3 discusses the X-ray emission and polarization
properties of PG 15534-113. In Section 4 we present the
contemporaneous radio and optical polarization observations,
and in Section 5 we summarize and discuss our results and
draw conclusions.

2. X-Ray Data Reduction

PG 15534113 was observed with IXPE’s three detector units
(DUs) in 2023 February for a total exposure time of ~130 ks. The
observing time was split into two intervals (hereafter, intervals a
and b). Interval a was taken on 2023 February 1-2, for a total net
exposure time of ~100 ks. Interval b, performed one week later on
February 8-9, had a net exposure time of ~30 ks.

We coordinated the IXPE observations with XMM-Newton
(Jansen et al. 2001) and the Neil Gehrels Swift Observatory
(Swift; Gehrels et al. 2004), which observed the target before
and after the IXPE observation. Table 1 reports the log for the
IXPE and XMM-Newton pointings.

We extracted the I, Q, and U spectra for each of the three DUs
of IXPE using the software IXPEOBSSIM (v.30.0.0; Pesce-Rollins
et al. 2019; Baldini et al. 2022) and following the background
rejection prescriptions presented in Di Marco et al. (2023).
Moreover, spectra were computed in order to use the so-called
weighted analysis method presented in Di Marco et al. (2022;
parameter STOKES = NEFF in XSELECT). The spectra for the

Middei et al.

Stokes parameters were computed from a circular region with
radius = 0795 centered on the source, while an annulus with
Finun = 172(35) was adopted to extract the background. This
approach has been shown to enhance the sensitivity to
polarization (Di Marco et al. 2023). The resulting I Stokes
spectra were grouped by requiring each energy bin to have a
signal-to-noise ratio (S/N) greater than 7. We adopted uniform
binning of 280 eV for the Q and U Stokes spectra.

XMM-Newton performed a snapshot (~14 ks long) of PG
15534113, and we analyzed the data taken with the EPIC-pn
camera (Striider et al. 2001). The source was observed in Small
Window mode, with the medium filter applied. We processed
the data via the standard XMM-Newton Science Analysis
System (SAS v21; Gabriel et al. 2004). Source extraction radii
and screening for high-background intervals were determined
through an iterative process (Piconcelli et al. 2004) that
maximizes the S/N. The background was extracted from
circular regions with a radius of 50”, and the same shape
centered on the source PG 1553+113 was adopted for science
products. The resulting third-level products were grouped by
requiring each bin to contain at least 30 counts, and not to
oversample the spectral resolution by a factor larger than 3. The
net count rate was less than the maximum allowed limit of
50 counts s~ to avoid deteriorated response due to photon
pileup for EPIC-pn observations in Small Window mode (e.g.,
Jethwa et al. 2015). We further assessed the potential impact of
pileup in the XMM-Newton observation by means of the
epatplot task, a standard SAS command devoted to checking
for any pileup affecting the data, and we found it to be
negligible.

Swift pointed at PG 1553+113 before and after the IXPE
pointing. Sixteen exposures, each 1 ks long, were taken in
photon counting mode and calibrated and reduced using the
XRTDAS software package.®” To extract the source spectra, we
adopted a circular region of radius 47”, while the background
was derived with a concentric annulus with inner (outer) radii
of 120” (150”). Spectra were then binned, with at least 25
counts in each bin, in order to use the x” statistic meaningfully
in our spectral analysis.

3. X-Ray Analysis

The X-ray spectropolarimetric analysis was performed using
XSPEC (Arnaud 1996) and following the prescriptions of the so-
called weighted analysis method (Di Marco et al. 2022). We
accounted for Galactic absorption along the line of sight using
the tbabs model. In all the fits, we set the Galactic column
density to ny =3.62 x 10°° cm™? (HI4PI Collaboration et al.
2016). For calculations involved the distance to PG 15534113,
we adopt the standard cosmological framework with Hy=
70 km s~ Mpc ™! and Ao = 0.73.

3.1. IXPE and XMM-Newton Spectropolarimetric Analysis

To determine the spectral properties of PG 15534113, we
modeled the 0.3-10 keV XMM-Newton spectrum (taken
contemporaneously with the IXPE observation; see Table 1).
We tested two models: an absorbed power law and an absorbed
logarithmic parabola. The log-parabola (Massaro et al. 2004) is
defined by N(E) = (E/E) ® #10gE/E)  where o accounts for
the source photon index at energy E;, (0 represents the

67 https: //sda2006.ts.infn.it/presentazioni/capalbi.pdf
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Figure 1. Top panels: best fit to the IXPE and XMM-Newton data and corresponding residuals. On the left, we show the model const xpolconstxlogpar fitting
the 7 Stokes spectra, while on the right the best-fit O and U Stokes spectra are shown. Bottom panels: regions accounting for 68%, 90%, and 99% confidence levels
computed using the full IXPE 2-8 keV data (bottom left) or taking into account the IXPE I, Q, and U Stokes spectra only in the 2-5.5 keV range.

curvature of the parabola, and E, is a reference (“pivot”)
energy. In the fits, we determined the photon index and
normalization for the power law. For the log-parabola, we fixed
E; to 3 keV and left «, 3, and the normalization free to vary.
The power law falls to reproduce the XMM-Newton spectrum
satisfactorily (y* /dof =530/159), Wh1le the logarithmic para-
bola returns a better statistic, with x> =219 for 159 degrees of
freedom (dof). We obtained o =2.50 £0.01 and 6=0.13 £+
0.01, which are compatible with a soft and curved spectrum, as
expected for a blazar X-ray spectrum dominated by synchro-
tron rad1at10n We note that this fit can be further improved
(Ax*=—41 for two additional dof) by adding a narrow
Gaussian component to account for an addmonal soft X-ray
feature (E=0.68 keV and Norm = 2.58 x 10~* photons cm >

~1). Finally, we notice that IXPE caught PG 15534113 in a
falrly high flux state compared with the ayerage flux of this
source (Fpean~ 2.1 x 10 1 erg cm 2 57! in the 2-10 keV
energy range) obtained by Giommi et al. (2021) who analyzed
802 Swift archival snapshots of the blazar.

Next, we included in the analysis the IXPE spectra extracted
from both the a and b intervals. We assigned each spectrum to a
“data group” in XSPEC, which allowed us to couple/decouple
the parameters of the model between the different instruments
when needed. As a first test, we assumed the polarization
properties of PG 1553+113 to be the same in the two
observing intervals. Thus, we fit the corresponding 7, O, and U
Stokes spectra while constraining the relevant parameters. To
account for polarization, we updated our XSPEC model to

tbabsXxconstxpolconstXxlogpar. The constant model
(const) allows for cross-calibration among the different IXPE
DUs and the EPIC-pn camera. The polarization model
polconst, which assumes constant polarization parameters
within the operating energy range, has two free parameters: the
polarization degree (Iy) and the electric-vector position angle
(Ux, measured from north through east). Finally, for the
logpar model, we coupled the o and (3 parameters between
the IXPE and XMM- Newton spectra. This model provided a
statistically acceptable (y*/dof = 471/452) fit to the IXPE and
XMM-Newton data, which is shown in Figure 1 (panels (a) and
(b) for the I and Q and U Stokes parameters, respectively). The
corresponding best-fit parameters are listed in Table 2. Our fit
result suggests that the spectrum of PG 1553+113 had a soft
and curved shape («=2.494+0.01 and 5=0.1140.01).
These values are well within the range of what is commonly
observed for HSP blazars (e.g., Middei et al. 2022). The
polarization properties were determined to be IIyx = (10.1 &
2.3)% and x = 86° + 8°. In Figure 1(c) we show the contours
corresponding to 68%, 90%, and 99% confidence levels. We
find the polarized signal to be a maximum in terms of
significance in the 2-5.5 keV energy range. The soft and
curved shape of the spectrum, and the maximum polarization
signal measured below 5.5 keV, are in agreement with the
PG 1553+113 X-ray spectrum being dominated by synchro-
tron emission. We also search for a possible dependence of the
polarization degree and angle on the energy. However, the
present data set is compatible with a constant IIx and ¥k, see
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Table 2
Best-fit Parameters from the Spectropolarimetric Analysis of PG 15534113
Model Parameter Time Average Interval a Interval b
polconst TIx (10.1 £2.3)% (11.6 £ 3.4)% <26%
Px 86° + 8° 85° + 8°
tbabs ny 3.621 3.621 3.62 F
log-par « 2.491 + 0.007 2.59 +0.03 2.56 +0.15
Jé] 0.11 + 0.01 0.11F 0.11F
Norm 1.49 +0.02 1.41 +0.03 1.43 +0.02
const Kpu2 0.91 +0.01 0.95 + 0.01 0.96 4+ 0.07
const Kpuz 0.95 + 0.01 0.90 + 0.01 0.97 +0.07
const Kepic-pn 1.04 £0.01
F) g kev 2.55+0.03 247 +0.03 2.44 +0.05

Note. The “time average” results refer to the IXPE and XMM-Newton joint fit,
while values quoted for intervals a and b were obtained only with the
IXPE data. Fluxes are in units of 10~'" erg em ™2 s7! while the logarithmic
parabola has a normalization of 107>, All errors are given for the 68%
confidence interval for one parameter of interest (i.e., Ax* = 1), while the
upper limit to the polarization degree corresponds to 99% uncertainty. The
symbol f indicates those parameters that were kept frozen during the
model fits.

Table 2, when computing these quantities for different energy
bins (2-3, 2-3.5, 24, 2-5, 2-5.5, 2-6, and 2-7 keV).

We further investigated for a possible change in the
polarization properties of PG 15534113 between observation
intervals a and b. Using the model tbabsxconstxpol-
constxlogpar, we computed «, the normalization, Iy, and
1x from the Stokes parameters derived for intervals a and b
separately. In this test the curvature parameter 5 was kept
frozen to its best-fit value indicated in Table 2.°® The adoption
of the thabsxconstxpolconstxlogpar model led us
to a very good representation of the two data sets, with
x*/dof = 304/276 and x*/dof = 285/276 for intervals a and
b, respectively. The inferred best-fit parameters are listed in
Table 2. Despite the compatible 2-8 keV flux observed in the
two intervals, IIx and x are only constrained within interval a,
while an upper limit I3 #“< 26% is obtained when fitting the
Stokes I, Q, and U spectra from interval b. This upper limit is
likely the result of the relatively short duration of the b interval
exposure. As a final test, we studied the polarization properties
of PG 15534113 over time spans shorter than the durations of
intervals a and b of the IXPE observation. However, for all the
tested temporal intervals no hints of variability were found.

3.2. Swift Monitoring Campaign

A Swift campaign was organized to monitor the flux and
spectral variability of PG 1553+113. The XRT observed the
blazar from 2023 early January until late February. We fit the
resulting 16 spectra (exposures of <1 ks each) with a log-
parabola model, with Galactic absorption (see above). The
adopted model provides a statistically acceptable representation
of the data. We show the spectral parameters and flux estimates
inferred from the fits in Figure 2. The Swift data are compatible
with nearly constant spectral shape and variability of flux by
less than a factor of 2. The average values for the quantities
displayed in Figure 2 are auwe =2.154+0.12 and [u,
=0.3+£0.2, with fluxes Fypp=34+06 (2-8 keV),

%8 For this test we did not considered the XMM-Newton data, as they were
taken just before the IXPE interval a exposure.

Middei et al.

Ff=46=+05 (052 keV), and F15 =37 +£06 (2-
10 keV) in units of 10" erg cm > s .

4. Multiwavelength Observations

PG 15534113 was also observed at radio and optical
wavelengths by the Effelsberg 100 m telescope, the Korean
VLBI Network (KVN), Institut de Radioastronomie Millimé-
trique (IRAM) 30 m telescope, Submillimeter Array (SMA),
Boston University Perkins Telescope, Calar Alto Observatory,
Nordic Optical Telescope, and the Sierra Nevada Observatory.
The observational and data analysis procedures are described in
detail in Middei et al. (2023). All the multiwavelength
observations are available upon request to the individual
observatories. We supplement our campaign with 3 day binned
publicly available Fermi Large Area Telescope data from the
light curve repository® (Abdollahi et al. 2023).

At radio wavelengths, the Effelsberg observation on 2023
February 8 (MJD 59983.14) was performed at 4.85 GHz as part
of the Monitoring the Stokes Q, U, I, and V Emission of AGN
jets in Radio (QUIVER) program (Kraus et al. 2003; Myserlis
et al. 2018). The IRAM 30 m observations were obtained and
analyzed in the framework of the Polarimetric Monitoring of
AGN at Millimeter Wavelengths (POLAMI) project’® (Agudo
et al. 2018a, 2018b; Thum et al. 2018). The KVN observation
was conducted on 2023 February 8 (UT 20:00) with two 21 m
antennas (KVN Yonsei and Tamna) combined in single-dish
mode. The polarization observations were conducted in
position-switching mode (Kang et al. 2015) and calibrated
using an unpolarized (Jupiter) calibrator and a polarized
(3C286, Agudo et al. 2012) calibrator for the polarization
degree, and the Crab nebula for the polarization angle (152°;
Aumont et al. 2010). The SMA observations were performed
within the framework of the SMA Monitoring of AGNs with
Polarization (SMAPOL) program (Ho et al. 2004; Marrone &
Rao 2008; Primiani et al. 2016). The radio observations
covered the frequency range from 4.85 to 225.5 GHz. At the
lowest radio frequency (4.85 GHz), the polarization degree
was Il;g56H,=2.6% £0.7% along a polarization angle
485 gz = 133° £ 7°. At intermediate frequencies (22 and
43 GHz), the polarization degree was Il 43 g, = 1%—2%,
with Y25 43 gu, = 65°-80°. At the higher frequencies (86
and 225GHz), we measured Ilgg 225GH,~3% along
g6-205 gH, = 100°=120°. We did not observe strong variability
in either the degree or angle of polarization at any of the radio
frequencies before, during, or after the IXPE observations
(Figure 3).

Optical observations were obtained at the Calar Alto
Observatory, Nordic Optical Telescope, Perkins Telescope,
and Sierra Nevada Observatory. At Calar Alto Observatory, we
used the 2.2 m telescope and Calar Alto Faint Object
Spectrograph (CAFOS). Observations at the Sierra Nevada
Observatory used the T90 telescope. The data for both
observatories were taken in R band and analyzed following
standard polarimetric procedures. B-, V-, R-, and [-band
polarimetric observations were obtained with the Alhambra
Faint Object Spectrograph and Camera (ALFOSC) at the
Nordic Optical Telescope, and analyzed using Tuorla Obser-
vatory’s semiautomatic data reduction pipeline (Hovatta et al.
2016; Nilsson et al. 2018). Additional photometric (B, V, R,

% hitps: //fermi.gsfc.nasa.gov /ssc/data/access/lat/LightCurveRepository /
70 http:/ /polami.iaa.es/
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and /) and polarimetric (R-band) data were obtained at the
Perkins Telescope (1.8 m) using the PRISM camera. During
IXPE interval a, we found I1g =2.2% =+ 0.4%. During interval
b, we observed an increase of the polarization degree to
Il =4.2% + 0.5%. At the same time, we observed a rotation
of the polarization angle of about Atr ~ 125° at a rate of about
17° day ' (see Figure 3, panel (c)). The duration, amplitude,
and rotation rate are within the typical rotation parameters of
other blazars (e.g., Blinov et al. 2018). Compared to the two
previous rotations of the optical polarization vector of PG 1553
4113 detected by the RoboPol program (Blinov et al
2015, 2016b, 2018), the event reported here has a similar
amplitude, but a factor of 2-3 higher rotation rate. However,
we note that, while the end of the rotation is apparent in our
data, the rotation may have started before the beginning of our
observations. It is therefore possible that we are under-
estimating the total amplitude and duration of the event.

5. Discussion and Conclusions

We have reported the first IXPE observations of the HSP
blazar PG 15534113, finding an X-ray polarization degree IIx
=(10.1 £2.3)% along an electric-vector position angle of
1x = 86° + 8°. These values were obtained by performing a
spectropolarimetric analysis, using XSPEC, of the I, Q, and U
Stokes spectra that were fit with a quasi-simultaneous XMM-
Newton spectrum. The source spectrum can be fit with a log-
parabola, which models the curved X-ray spectrum typical of
synchrotron-dominated HSP blazars (e.g., Massaro et al. 2004;
Giommi et al. 2021; Middei et al. 2022).

Our contemporaneous radio and optical polarization obser-
vations find a 2.5-5 times lower polarization degree, with a
polarization angle roughly aligned with the X-ray value.
Previous IXPE results for the HSP blazars Mrk 421 and
Mrk 501 (Di Gesu et al. 2022; Liodakis et al. 2022) have found
similar chromatic behavior of II, usually with similar ) across
different frequencies. The ratio IIx/Tlo is also similar to that
found in Mrk421 and Mrk501. These results have been
interpreted as evidence of an electron population that is
accelerated in a shock and becomes energy stratified as it cools
while propagating away from the shock front (see details in,
e.g., Marscher & Gear 1985; Perlman et al. 1999; Perlman &
Wilson 2005; Angelakis et al. 2016; Tavecchio et al. 2018).
Given the different synchrotron cooling lengths, the optical and
radio emitting particles occupy an increasing volume of the jet
with decreasing frequency. In this case, the radio, optical, and
X-ray emission regions are expected to be at most partially
cospatial, which leads to different polarization properties in the
different bands.

Rotations with time of the optical polarization angle have
now been observed in a large number of blazars (e.g., Marscher
et al. 2008, 2010; Blinov et al. 2016a, 2018; Liodakis et al.
2020). Recently, rotation of the X-ray polarization vector was
observed for the first time, in Mrk 421 (Di Gesu et al. 2023).
During this event, Mrk 421 was observed to have a variable
X-ray spectral shape and flux, but no evidence was found for a
change in ¢ at either radio or optical wavelengths. The X-ray
rotation was interpreted as a shock propagating along a helical
magnetic field.
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In the case of PG 1553+113, we instead have observed
At~ 125° at optical wavelengths, which occurred between
IXPE intervals a and b. This rotation of the optical polarization
angle was accompanied by a modestly variable X-ray flux and
roughly constant spectral shape. Moreover, we have found no
evidence for a change in ¢ in either the radio or X-ray bands.
This is consistent with the interpretation of the Mrk 421 results,
where the X-ray—optical-radio emission of blazars originates
not from a single localized region, but rather from separate (or
at most partially cospatial) regions in the jet. Moreover, as
imaged with the MOJAVE program,”' PG1553+113 is a very
core-dominated source at 15 GHz, with faint extended structure
at a projected position angle between 30° and 50°. This implies
that the observed X-ray polarization position angle is oblique to
the parsec-scale jet direction, with a difference ~45°, similar to
that observed for Mrk 421 during its first IXPE observation in
2022 May (Di Gesu et al. 2023). However, we note that the
position angle of the jet is known to vary over time (Lico et al.
2020).

The origin of the optical rotation is unclear. Figure 3 (bottom
panel) shows the 3 day binned y-ray light curve of PG 1553
+113 during the IXPE observations. There is a clear bright-
ening of the ~-rays near the center of the optical polarization
angle rotation. A statistical association between optical
rotations and ~-ray activity has already been established by
the RoboPol program (Blinov et al. 2015, 2018), suggesting
that such rotations are often deterministic rather than a random
walk of the polarization angle. However, the statistics do not
exclude the possibility that some rotations are indeed random
walks. Kink-driven magnetic reconnection (Bodo et al. 2021)
can cause variations of the polarization angle that would be
different in optical and X-rays. However, in this scenario, the
optically emitting particles do not travel far from the current
sheet, therefore we expect a similar polarization degree in
optical and X-rays (Bodo et al. 2021). The observed chromatic
behavior of II disfavors this interpretation. Merging of
reconnection plasmoids can also produce orphan optical
polarization rotations accompanied by multiwavelength flares
(Hosking & Sironi 2020). However, the timescales of such
rotations are expected to be much shorter than the ~7 days
observed here. In addition, we did not observe the expected
optical flare, which makes this interpretation unlikely.

We conclude that the lower degree of polarization at optical
wavelengths is most likely connected with stronger turbulence
in the optical emission region. In this case, the detected rotation
could have been caused by turbulence, as observed in
simulated polarization angle behavior in the Turbulent Extreme
MultiZone (TEMZ) model and particle-in-cell simulations
(Marscher et al. 2017; Marscher & Jorstad 2021; Zhang
et al. 2023).

Given the above assessment, our results favor a model where
an energy-stratified—and most likely shock-accelerated—
electron population is responsible for the nonthermal X-ray—
optical-radio emission of at least some, and possibly all,
astrophysical jets associated with SMBHs.
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