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Abstract

Blazars, supermassive black hole systems with highly relativistic jets aligned with the line of sight, are the most
powerful long-lived emitters of electromagnetic emission in the Universe. We report here on a radio-to-gamma-ray
multiwavelength campaign on the blazar BL Lacertae with unprecedented polarimetric coverage from radio to
X-ray wavelengths. The observations caught an extraordinary event on 2023 November 10—18, when the degree of
linear polarization of optical synchrotron radiation reached a record value of 47.5%. In stark contrast, the Imaging
X-ray Polarimetry Explorer found that the X-ray (Compton scattering or hadron-induced) emission was polarized
at less than 7.4% (30 confidence level). We argue here that this observational result rules out a hadronic origin of
the high-energy emission and strongly favors a leptonic (Compton scattering) origin, thereby breaking the
degeneracy between hadronic and leptonic emission models for BL Lacertac and demonstrating the power of
multiwavelength polarimetry to address this question. Furthermore, the multiwavelength flux and polarization
variability, featuring an extremely prominent rise and decay of the optical polarization degree, is interpreted for the
first time by the relaxation of a magnetic “spring” embedded in the newly injected plasma. This suggests that the
plasma jet can maintain a predominant toroidal magnetic field component parsecs away from the central engine.

Unified Astronomy Thesaurus concepts: Active galaxies (17); BL Lacertae objects (158); Relativistic jets (1390);
Non-thermal radiation sources (1119)

1. Introduction question in high-energy astrophysics. Models based on both
leptonic (L. Maraschi et al. 1992; C. D. Dermer & R. Schlickeiser
1993) and hadronic (F. A. Aharonian 2000) origins of this
radiation have been proposed but without solid evidence to rule
out one or the other (see T. Hovatta & E. Lindfors 2019 and
references therein). The latter requires the presence of highly
relativistic protons accelerated in the jet. If hadronic processes
were confirmed, supermassive black hole system jets would be the
most plausible candidates for the origin of the recently observed
extragalactic high-energy neutrinos (IceCube Collaboration et al.

(@ | Original content from this work may be used under the terms 2018) and. ultra-high-energy cosmic rays (eg., Telescope Array
: - . Collaboration et al. 2023). This would offer new ways for

of the Creative Commons Attribution 4.0 licence. Any further N i . . -
distribution of this work must maintain attribution to the author(s) and the title studying fundamental particle physics in extreme regimes.
of the work, journal citation and DOIL. Simultaneous broadband polarimetry from radio wavelengths to

The most remarkable properties of blazars, the most powerful
class of active galactic nuclei, whose relativistic jets point at a
small angle to the line of sight (R. Blandford et al. 2019), are
produced by light-travel effects and relativistic aberration of their
broadband radiation. While it is well established that the low-
energy component of the spectral energy distribution (SED) of
blazars is dominated by nonthermal synchrotron radiation, the
nature of their high-energy emission component is a pressing
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X-rays, which is now possible thanks to the novel capabilities of
the Imaging X-ray Polarimetry Explorer (IXPE; M. C. Weisskopf
et al. 2022), can finally settle this debate, as different models
predict different behaviors of the low- and high-energy polarized
emission (e.g., H. Zhang & M. Béttcher 2013; A. L. Peirson &
R. W. Romani 2019; A. L. Peirson et al. 2022).

Blazars are prime candidates for such studies. In particular,
those blazars where the emission of the low-energy component
peaks at infrared frequencies, namely, low- (LSP) and
intermediate-synchrotron-peaked (ISP) blazars (A. A. Abdo
et al. 2010), are ideal targets for investigating the origin of the
high-energy emission, as their X-ray emission arises mainly
from the high-energy component. BL Lacertae (BL Lac), the
archetype of the BL Lac subclass of blazars, is often classified
as LSP, with vy, =~ 4 x 10" Hz (see M. Ajello et al. 2020;
B. Lott et al. 2020). However, during some flaring states it
becomes an ISP blazar (vgy, > 10" Hz). BL Lac has been the
target of three previous IXPE observations (R. Middei et al.
2023; A. L. Peirson et al. 2023), two in the LSP and one in the
ISP state. Thus far, polarization in the IXPE 2-8 keV band
remains undetected, although during the ISP state observed in
2022 November, A. L. Peirson et al. (2023) reported significant
polarization of ~22% in the 2—4 keV subband.

2. Results

BL Lac was observed by IXPE for approximately 500 ks
during 2023 November 7-17. These observations were made
during a low state of emission in the -ray range, although the
flux in the synchrotron-dominated spectral ranges was elevated.
In particular, at short millimeter wavelengths, the flux was at
the highest level ever reported, while the optical and X-ray
fluxes were at moderately high levels; see Figure 1.

Several ground-based and spaceborne telescopes in the
radio, millimeter, optical, and X-ray bands observed BL Lac
during this IXPE observation; see the Appendix, where details
about the instruments, observing dates, and data reduction and
analysis are provided. Using several telescopes across the
world, we were able to achieve nearly uninterrupted optical
polarization coverage throughout the IXPE observation. No
significant X-ray polarization was detected in the 2-8 keV
band, similar to the previous IXPE observations. We are able to
place a 99.73% (30) confidence level upper limit on the
polarization degree of IIx < 7.4% in that band (2-8 keV); see
Appendix B.3. A recent analysis of our IXPE data (A. Mondal
et al. 2025) also resulted in a nondetection of the linear
polarization. A. Mondal et al. (2025) gave a less constraining
upper limit of IIx < 7.5% at a 99% confidence level. Our
IIx < 7.4% upper limit therefore constitutes the most stringent
constraint on the polarization degree from an LSP/ISP blazar
and almost a factor of 2 improvement over previous IXPE
observations of BL Lac. The presence of variability in the
polarization direction would lead to incoherent averaging of the
polarization vectors, partially canceling any polarization signal
(e.g., L. Di Gesu et al. 2023). We tested for such variability of
the X-ray polarization using four independent methodologies;
see Appendix B.4. None of the tests provided high-significance
(>>30) evidence of rotation of the polarization angle; see
Appendix B.4.

During the IXPE observation, the measured optical polariza-
tion reached a maximum level of Ilo = 47.5% + 0.4%
(Figure 2). This is the most highly polarized state ever reported
for BL Lac and rivals the maximum measured in any blazar
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(e.g., P. S. Smith 2017). The short millimeter wavelength
(1.3 mm, 225.5 GHz) polarization increased to Il ~ 10%,
following a similar trend as at optical wavelengths, both in
polarization degree and angle. During the optical polarization
flare, we also observed total flux brightening in the millimeter,
optical, and X-ray bands (see Figure 1 and the Appendix). The
infrared (IR) to optical and ~-ray spectral indices
(=139 £ 0.01 and —1.31 £ 0.08, respectively) displayed
similar values during the IXPE pointing, while the X-ray
spectral index (—0.68 4 0.01) lay between the millimeter—IR
(—0.36 £ 0.08) and the IR—optical (—1.39 £ 0.01) values; see
Figure 3 and Appendix E. The latter implies that the IR spectral
index matches the X-ray slope over part of the IR wavelength
range.

3. Discussion

The origin of the high-energy bump of the SED of blazar jets
depends on the nature of the radiating particles. In the leptonic
scenario, electrons (and also positrons, if any) dominate
the emission via Compton scattering. For isotropic seed
photons, radiation scattered by relativistic leptons in the jet is
unpolarized (S. Bonometto & A. Saggion 1973). For an
internal photon field (i.e., synchrotron self-Compton, SSC), if
the emission is produced in a single localized region in the jet,
the polarization of scattered radiation will be ~0.5 times that of
the seed photon field (D. 1. Nagirner & J. Poutanen 1993;
J. Poutanen 1994; H. Krawczynski 2012), and the spectral
index of the seed photon field should equal that of the scattered
photon population. If there is energy stratification in the
emission region or there are multiple emission regions, the
polarization degree will be lowered by a factor of ~3 or even
more (I. Liodakis et al. 2019; A. L. Peirson & R. W. Romani
2019; H. Zhang et al. 2024). It is also possible that energetic
photons are produced by scattering by a beam of cold
electrons in relativistic bulk motion. This would produce
higher polarization in the X-ray than in the optical bands
(M. C. Begelman & M. Sikora 1987). This scenario is rejected
by our observations and also by previous IXPE results
(R. Middei et al. 2023; A. L. Peirson et al. 2023; H. L. Marshall
et al. 2024; P. M. Kouch et al. 2025).

In the hadronic scenario, protons can contribute to the high-
energy radiation through (i) direct proton synchrotron radiation
or (i) a photo pair process that produces electrons and positrons
(and other, short-lived, charged leptons), which in turn emit
synchrotron radiation. If the process is localized in a single
emission region, the X-ray polarization would be comparable to
that in the optical bands (H. Zhang & M. Bottcher 2013;
V. S. Paliya et al. 2018; H. Zhang et al. 2019). Even if there is
energy stratification in the emission region or there are multiple
emission regions, the polarization during a simultaneous multi-
wavelength flare (i.e., with no pronounced cross-frequency time
delays owing to radiative energy losses) is expected to be similar
to the case of a single emission region (H. Zhang et al. 2024). If
the contributing protons have a spatially extended distribution
inside the jet, the X-ray polarization of the emission from the
protons would be comparable to the millimeter polarization
(H. Zhang et al. 2024). The expected polarization of the models
is summarized in Table 1.

Given that protons have much longer cooling timescales than
electrons, the X-ray polarization for proton emission processes
should show less prominent variability than the optical
polarization, which is due to relativistic electrons that lose
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Figure 1. Historical light curves of BL Lac between 2005 and 2024. From top to bottom: ~-ray photon flux between 0.1 GeV and 100 GeV (flux points with black
open markers and upper limits with gray markers), X-ray flux between 0.3 and 10 keV, optical R-band flux density, optical R-band polarization degree (%), radio
1 mm flux density, and radio 1 mm polarization degree. Blue vertical lines indicate the previous and current IXPE observations of BL Lac. A description of the origin

of the data in this figure is provided in the Appendix.

energy more rapidly through emission of radiation (V. S. Paliya
et al. 2018; H. Zhang et al. 2019). As we do not observe
significant variability in the millimeter or optical polarization
angle, no significant depolarization is expected when averaging
over the duration of the IXPE observation. We find that both
the millimeter and optical polarization fractions are higher than
the 30 X-ray upper limit during a significantly elevated total
flux emission state at radio, optical, and X-ray bands. The
optical polarization is >6 times higher than the X-ray upper
limit; hence, we can reject all of the single-zone hadronic
models. Based on the expectations of X-ray polarization at least

as strong as that at optical or millimeter wavelengths, the
multiregion hadronic scenario can be confidently rejected
as well.

The average (over the IXPE exposure) optical polarization of
25%, which is a factor of ~3 lower than that corresponding to a
uniform magnetic field, can result from ~nine turbulent cells
(e.g., A. P. Marscher & S. G. Jorstad 2022). In an energy-
stratified shock model, the polarization should depend on
frequency as v~/ (A. P. Marscher & S. G. Jorstad 2022). The
expected polarization of the energy-stratified/multizone SSC
and external Compton (scattering of seed photons originating
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Figure 2. Multiwavelength polarization measurements during the IXPE observing campaign reported here. The gray shaded area marks the duration of the IXPE
observation. The different radio and millimeter observing wavelengths and optical bands are marked with different symbols and colors, as shown in the legend. The
99.73% (30) upper limit of the entire integrated IXPE observation is marked with the black horizontal dashed line and arrow. The error bars correspond to the 68%
(1o) confidence interval of every measurement. MJID 60250 corresponds to 2023 November 2.

outside of the jet) emission scenarios is then between 0% and
5%. This is consistent with the IXPE upper limit. Focusing on
the optical polarization peak (MJD 60261-60262.75), for an
average optical polarization degree IIo = 40%, the SSC
expectation is 14% (see H. Zhang et al. 2024). Repeating the
IXPE analysis within the time interval near the peak yields a 30
upper limit of <21%, again consistent with the SSC scenario.

The optical polarization degree IIo observed during the
IXPE observation showed a dramatic increase from an initially
low level, followed by a rapid decay, which provides direct
evidence for a reconfiguration of global magnetic fields in the
jet at ~1pc from the central engine. Here we suggest a
“magnetic spring” scenario as the primary mechanism
accounting for this drastic variation in polarization. Before
the rise in optical polarization, Il was ~5%, with the
polarization angle aligned along the jet direction. As jets
typically possess both poloidal and toroidal magnetic compo-
nents, this suggests that the toroidal magnetic field was
comparable to or weaker than the poloidal and/or turbulent
magnetic field components. At its peak (Ilo = 47.5% + 0.4%),
the polarization angle remained aligned with the jet direction,
indicating that the toroidal component became at least 2.5 times
stronger than the poloidal and/or turbulent components. We
suggest that this could be caused by an injection of a magnetic
“spring” with a dominant toroidal configuration embedded in
the jet plasma flowing outward from the central engine. Such
an injection could arise from a magnetic eruption from a
magnetically arrested disk (e.g., B. Ripperda et al. 2022), and
it continues into the relativistic jet (H. Yang et al. 2024).

Subsequently, the rise and fall of the optical polarization over
~2 weeks imply a rapid relaxation of the injected toroidal
component in a compact region (~0.1 pc) such that the toroidal
component eventually becomes comparable to the poloidal
components, as could occur through a kink instability in the jet
(X. Guan et al. 2014; R. Barniol Duran et al. 2017). The
relaxation time of the toroidal component via kink instabilities
is on the order of the Alfvén crossing time, which is about
1 week for typical blazars (H. Zhang et al. 2017). The observed
approximately symmetric rise and fall in IIo suggest that
magnetic fields in this jet play an active role in restoring their
configurations, different from a low-magnetization plasma
environment where the rise and fall in Il are not expected to
be symmetric (H. Zhang et al. 2016). With a kink instability,
some of the toroidal magnetic field can be converted into the
poloidal component, reducing Il and contributing to the
curved jet morphology observed in Very Long Baseline Array
(VLBA) images (Figure 9).

The injection of a toroidally dominated magnetic spring can
also account for the multiwavelength flaring behavior. This
injection leads to a sudden increase of the total magnetic field
strength, producing the historically high flare in the millimeter
band. This flare occurs near the low-energy spectral turnover,
with synchrotron radiation emitted by relatively low-energy
electrons (compared to those emitting at optical and X-ray
wavelengths), whose cooling times are on the order of years.
The fact that the millimeter-band polarization degree does not
rise as much as the optical band is consistent with the scenario
that millimeter-band and lower-energy emission comes from a
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Figure 3. Flux density F,, (black markers; in units of erg cm 2 s~

Hz ') at frequency v (Hz) and SED (open markers; in units of erg cm 2 s~ ) of BL Lac from radio

to -ray frequencies during the time span of the IXPE observations. The different colored lines correspond to the power-law fits used for the estimation of the spectral
indices (o, where F,, o< v®) of each band, as specified in the legend and the Appendix, Table 4.

Table 1
Summary of the Multiwavelength Polarization Expectations for Different
X-Ray Emission Scenarios Outlined in the Text

Model X-Ray Polarization X-Ray Polarization
Degree Variability
Single-zone leptonic (EC) Unpolarized
Single-zone leptonic (SSC) 0.5 x Ilp Similar to optical
Energy-stratified/multizone <0.3 x Ilp Similar to millimeter
leptonic (SSC)
Single-zone hadronic ~Ilp Less variable than
optical
Energy-stratified/multizone ~lIlp Less variable than
hadronic (flare) optical
Energy-stratified/multizone ~Ilm Similar to millimeter

hadronic (nonflare)

much larger volume, subject to contributions from many local
magnetic field configurations and probably turbulent magnetic
fields in the jet, as well as synchrotron self-absorption effects. This
is consistent with the energy stratified picture reported in previous
X-ray polarization observations of HSPs (A. P. Marscher &
W. K. Gear 1985, 1. Liodakis et al. 2022, L. Di Gesu et al. 2023,
R. Middei et al. 2023, P. M. Kouch et al. 2024). This is also
supported by a BL Lac analysis made by A. Mondal et al. (2025)
on a similar time span using a less populated data set without
optical and radio polarization information. Meanwhile, the optical
band, near the high-energy turnover of the synchrotron SED,
shows suppressed flaring due to enhanced synchrotron cooling
(and therefore less efficient acceleration) of high-energy electrons.
This is consistent with the observed softening of the optical
spectral index (Table 4). Similarly, there is no prominent increase
in ~-ray flux, since it is produced mainly by Compton scattering
by the same electrons that emit optical synchrotron radiation.

4. Conclusion

Our results unambiguously reject single-zone hadronic pro-
cesses and multizone/energy-stratified hadronic scenarios in BL

Lac. Instead, they favor a scenario where X-ray emission is
dominated by Compton-scattered emission from relativistic
electrons in a region with gradients in the maximum electron
energy. This could be realized where electrons are accelerated in a
fresh plasma blob threaded by a magnetic spring dominated by a
strong toroidal magnetic field in the parsec-scale region, beyond
which electrons are subsequently advected downstream. While
protons may occasionally play an important role in the emission
from blazar jets, and their interactions in jets might be associated
with neutrino detections, our polarization study implies that this is
not the typical case. Our observations constitute the strongest test
of X-ray emission processes in astrophysical jets so far and the
strongest evidence against relativistic protons dominating the
X-ray emission in blazars. Our study also demonstrates the rich
potential of multiwavelength total flux and polarimetric monitor-
ing campaigns that include X-ray polarimetry and ultrahigh
angular resolution very long baseline interferometry (VLBI)
observations to resolve the long-standing question of the role that
relativistic protons play in blazar jets.
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Appendix

The IXPE observation of BL Lac presented here was
accompanied by contemporaneous observations from several
ground- and space-based facilities. We give a short description
of each of those facilities below. More details of the
observations and data reduction, including information on the
individual telescopes, can be found in L. Di Gesu et al. (2022),
I. Liodakis et al. (2022), R. Middei et al. (2023), A. L. Peirson
et al. (2023), and P. M. Kouch et al. (2024).

Appendix A
Fermi-LAT ~-Ray Data

Data from the pair-conversion Large Area Telescope (LAT)
on board the Fermi satellite are included in this work. This
telescope monitors the y-ray sky every 3 hr in the energy range
of 20MeV to ~2TeV, with sensitivity highest in the
0.1-200 GeV range (W. B. Atwood et al. 2009). We have
retrieved the publicly available BL Lac light curve from the
Fermi-LAT public Light Curve Repository (LCR®; see
S. Abdollahi et al. 2023). This database contains the light
curves of all variable sources in the 4FGL-DR2 catalog
(S. Abdollahi et al. 2020; J. Ballet et al. 2020), which includes
sources with a variability index >21.6 (see Table 12 in
S. Abdollahi et al. 2020). We refer the reader to S. Abdollahi
et al. (2023) for a detailed discussion on the automatic
unbinned likelihood analysis adopted by the LCR for
computing the light curves. Here, we have used the 3 day
binned light curve with a freely varying spectral slope in each
bin. Figure 1 shows the v-ray light curve compiled since the
beginning of operations of Fermi. The light curve shows that
the -ray flux level of the source during the IXPE observation
reported here was low to moderate.

We have derived the +-ray portion of the SED and spectrum
of BL Lac during the IXPE observation by retrieving and
analyzing the data from the LAT Data Server,® plus an extra
415 days around it, i.e., between 2023 October 23 and 2023
December 3. This extended time window was selected owing to
the relatively faint and stable ~-ray emission of the source in
the period that is strictly simultaneous with IXPE observations,
which would lead only to upper limits over that period. We
have selected and analyzed all of the Pass§ P8R3 source
events between 100 MeV and 300 GeV with version 1.2.23 of
the standard software FERMITOOLS. A cut of 90° in zenith
angle was applied to minimize the contamination from the limb
of the Earth. The recommended Galactic diffuse emission
model and isotropic component for the event selection and
analysis performed here were employed.””

In order to obtain a model describing all of the relevant
sources in the field, a binned likelihood analysis was performed
on lyr of LAT data (2019 January—2020 January). We
included all sources contained in the defined region of interest
(ROI) near BL Lac, plus those located within an additional
annular region of 10° radius. For inclusion into the final model,
the spectral parameters and flux normalization of all sources
within the ROI were left as free parameters. For the sources
within the annular region, these parameters were fixed to those
from the 4FGL-DR?2 catalog. The normalizations of the diffuse

8 https: //fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository /
about.html

6 https: / /fermi.gsfc.nasa.gov/ssc/data/access /lat/

" https: / /fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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components were also left as free parameters. In the
convergence iteration, all sources with a test statistic of <4
(approximately 2o significance) were removed from the final
model.

Finally, we have also extracted the ~-ray spectrum and SED
of BL Lac in the aforementioned time window. We used a
binned likelihood analysis to model each bin of the SED with a
power-law spectral model. The LAT catalogs show a
significant preference for a log-parabolic spectral shape after
averaging more than 14 yr of data. However, due to the short
interval considered here, we do not accumulate enough
statistics to observe a preference for a curved spectrum over
the simpler power-law model. Hence, we adopted the latter for
the SED estimated here, obtaining a power-law spectrum with
an index o = —2.31 £ 0.08.

Appendix B
X-Ray Data

B.1. IXPE Observation and Data Reduction

BL Lac was observed by IXPE’s three detector units (DUs) from
2023 November 07 00:44:08 to 2023 November 17 19:48:05 for a
total exposure time of ~515 ks, see Table 2. The I, Q, and U
spectra for each of the three DUs of IXPE were computed using the
software IXPEOBSSIM (v. 31.0.1; M. Pesce-Rollins et al. 2019;
L. Baldini et al. 2022) and adopting the background rejection
prescriptions by A. Di Marco et al. (2023). The spectra were
computed to enable the use of the weighted analysis method
(A. Di Marco et al. 2022). The Stokes I, Q, and U spectra were
extracted using a circular region with radius = 0.95 centered on BL
Lac. The background was derived using an annular region with
Tin(out) = 12(3.5). These choices have been shown to enhance the
sensitivity to polarization, as discussed by A. Di Marco et al
(2023). The resulting I Stokes spectra were rebinned, requiring each
energy bin to have a signal-to-noise ratio greater than 7. A uniform
binning of 280eV was then adopted for the Q and U Stokes
spectra.

B.2. Swift, XMM-Newton, and NuSTAR Observations and Data
Reduction

The IXPE observation of BL Lac was coordinated with
different X-ray observatories: XMM-Newton (F. Jansen et al.
2001), the Neil Gehrels Swift Observatory (Swift; N. Gehrels
et al. 2004), and the Nuclear Spectroscopic Telescope Array
(NuSTAR; F. A. Harrison et al. 2013), see Table 2. This joint
effort allowed us to monitor the source variability and derive
the intrinsic spectral shape of the source below and above the
IXPE 2-8 keV bandpass.

The X-Ray Telescope (XRT) on Swift operates in the
0.2-10keV energy band and has a high spatial resolution of
18". Both the XRT and UltraViolet and Optical Telescope
(UVOT) operate simultaneously to enable concurrent observations
in different electromagnetic bands (D. N. Burrows et al. 2005;

Table 2
Log of X-Ray Observations Related to the IXPE Pointings of BL Lac
Observatory Obs. ID Obs. Date Net Exp.
(yyyy/mm/dd) (ks)
IXPE 02009701 2023/11/07-17 ~515
NuSTAR 80901639002 2023/11/13-14 ~20
XMM-Newton 0902112601 2023/11/17 ~5
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IXPE pointing.

P. W. A. Roming et al. 2005). We retrieved the reduced X-ray,
UV, and optical data from the Swift public mirror archive’" of the
Space Science Data Center (SSDC) at the Italian Space Agency
(ASI). Swift-XRT observed BL Lac in photon-counting
readout mode. The data were first reprocessed locally with
the XRTDAS software package (version family v3.7.0),
developed by the ASI-SSDC and included in the NASA-
HEASARC HEASoft package’” (version family v6.31.1).
Standard calibration and filtering processing steps were
adopted, and the calibration files available from the Swift-
XRT CALDB (version family 20220803) were used. The
science products were extracted using a circle of 20 pixels 47
radius centered on the target source, while the background was
derived from a nearby circular region with a radius of 40 pixels.
All the spectra were subsequently blnned with the family
grppha tool of the FTOOLS package’® requiring each bin to
have a minimum of five counts and then modeled using the
XSPEC software package’* while adopting a single power-law
model with foreground photoelectric absorption from gas in our
Galaxy. In Figure 4, we show the temporal behavior of the
power-law slope (photon index), soft and hard fluxes (0.5-2
and 2-10keV, respectively), and hardness ratios of BL Lac.
The UVOT on board Swift is capable of observations in the
[170, 600]nm band performed simultaneously with Swift-
XRT. In our case, the UVOT pointed at BL Lac with filters
V5468 A, B4392 A, U 3465 A, UVW1 2600 A, UVM2 2246 A,

! Available at https: //swift.ssdc.asi.it/.

72 Available at https:/ /heasarc.gsfc.nasa.gov/docs/software /heasoft/.
73 Available at hitps: //heasarc.gsfc.nasa.gov/ftools/.

7 Available at https: / /heasarc.gsfc.nasa.gov/xanadu/xspec/.

and UVW2 1928 A. We derived the photometric points for each
filter for the different observations using the standard tools
within an automated reduction procedure. We adopted two
regions, including a circular one centered on the source
(radius = 2’ ) for estimating the counts from the target, while a
concentric annulus (Aradius = 7 ) free of any other sources or
spurious detection, was used to determine the background. We
show the returned count rates for the UVOT filters, uncorrected
for Galactic or intrinsic reddening, in Figure 4.
XMM-Newton, which is sensitive to soft X-rays, briefly
observed BL Lac for about 5 ks, from 2023 November 17
12:21:37 to 2023 November 17 19:08:46. The satellite’s EPIC-
pn camera (L. Striider et al. 2001) observed BL Lac in small
window mode, with the medium filter applied. Data were
processed with the standard XMM-Newton Science Analysis
System (SAS v21; C. Gabriel et al. 2004). Source extraction
radii and screening for high-background intervals were deter-
mined through an iterative process (E. Piconcelli et al. 2004) that
maximizes the signal-to-noise ratio. The background was
extracted from circular regions with a radius of 50”, and the
same shape centered on BL Lac 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 a deteriorated response due to photon
pileup for EPIC-pn observations in small window mode (e.g.,
P. 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.
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Figure 5. Top panels: best fit to the IXPE, XMM-Newton, and NuSTAR data and corresponding residuals. On the left, the model thabs x const x polconst x po fitting
the 7 Stokes spectra is shown, while the right panel displays the best-fit Q and U Stokes spectra. Bottom panel: confidence regions corresponding to 68%, 90%, and

99% uncertainties derived using the full IXPE 2-8 keV data.

Table 3
Best-fit Parameters for the Joint X-Ray Observations
Component ~ Parameter Value Units
polconst IIx <7.4% (C.
L. 99.73%)
Uy
tbabs Ny 2.45 £ 0.07 x10°" em™?
powerlaw T 1.87 &£ 0.01
Norm 6.72 £ 0.01 %1073 photons keV ™'
em 25!
const kpuz 0.97 £+ 0.01
const kpus 0.88 + 0.01
const Kpn 0.78 £+ 0.01
const kFPMA 1.07 + 0.02
const KrpMB 1.11 + 0.02
Fo g kev 1.75 £ 0.01 x107 1! erg cm 257!
Fa 10 kev 1.60 + 0.02 x10"" erg em 2 57!
Fo.5-2 kev 6.45 + 0.05 x107"% erg cm 257!

Note. All uncertainties are quoted at a 68% confidence level for one parameter
of interest. The 2—-8 keV flux is estimated from the IXPE data, while fluxes in
the 0.5-2 and 2-10 keV bands are derived from the XMM-Newton data.

NuSTAR observed BL Lac simultaneously with IXPE for a
total of ~20 ks from 2023 November 13 16:11:09 to 2023
November 14 02:51:09. The FPMA/B instruments carried on
its focal plane operate in the 3—79 keV range, thereby providing
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unique broadband data. Science products of BL Lac were
obtained by employing the NuSTARDAS software, also
developed by the ASI-SSDC and included in the NASA-
HEASARC HEASoft package, and the latest calibration data
files CALDB (version family 20220510). We used a
circular region (radius r ~ 70") centered on BL Lac to extract
both the FMPA and FPMB spectra. The same-sized region but
located on a black area of the detectors was used to extract the
background. The ancillary and response matrices were
computed at this stage, and we grouped the spectra via the
grpplha standard command in order to have at least 30 counts
bin™".

B.3. Time-averaged Spectropolarimetric Analysis

Our search for a polarized X-ray signal from BL Lac relied
on a spectropolarimetric analysis in which we simultaneously
modeled the IXPE, XMM-Newton, and NuSTAR spectra. We
proceeded in the manner of R. Middei et al. (2023), where a
similar data set was analyzed. In particular, we tested a simple
phenomenological model in XSPEC that can be written as
tbabs x const x po x polconst. The first component
accounts for the column density through gas in our Galaxy and
whatever additional hydrogen might intercept our line of sight
(e.g., T. M. Bania et al. 1991; G. M. Madejski et al. 1999;
R. Middei et al. 2023). The constant is used for the
intercalibration of the different telescopes, and the power law
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describes the X-ray continuum spectrum. The polarization
signal is encoded in the Q and U Stokes spectra and determined
from the multiplicative component polconst, which assumes
the X-ray polarized signal to be constant in the IXPE
operating band.

The spectropolarimetric fit is performed by computing the
photon index of the continuum and its normalization, the
polarization degree IIx and polarization angle WUy, and five
constants accounting for the DU1, DU2, and DU3 DUs of IXPE,
the EPIC-pn camera, and the FPMA/B modules of NuSTAR.
These simple steps returned a fit with x*/d.o.f. = 1039/932.
Similarly to the discussion in R. Middei et al. (2023), the
observed column density exceeds the Galactic value and the
EPIC-pn spectrum shows bump-like residuals around 0.7 keV
that may be due to some additional spectral component. We
investigated the possible origin of these bump-like residuals by
examining whether the unmodeled data could be attributed to a
steep upper tail of the synchrotron spectrum entering the XMM-
Newton bandpass. To test this, we replaced the Gaussian line by
a second power law for which the photon index and the
normalization were fitted. However, this attempt returned a
poorer fit with x*/d.of. = 638/553. As a second test, we
replaced the two power laws with a broken power law (BKNPO
in XSPEC notation) and fit the two I' the break energy and the
normalization of the power law. This second attempt yielded a
better fit (x* = 556 for 553 d.o.f.), but the very flat soft spectral
shape predicted by this model (I'so; ~ 0.2) is not consistent with
the hypothesis of a soft synchrotron component extending up to
~2keV. We thus proceeded as in R. Middei et al. (2023) and
updated our fitting model to include an unpolarized apec
component that could explain the excess in the soft X-ray band
as emission from hot diffuse plasma. The addition of this
Gaussian component is beneficial in terms of Xz’ as the statistic
improved by Ax?/Ad.o.f. = —70/—2. This best-fitting model is
shown in Figure 5, and the inferred quantities are reported in
Table 3. Our analysis reveals that the X-ray spectrum of BL Lac
beyond ~2keV was well represented by a power law with
photon index I' = 1.87 + 0.01. The density of the absorbing
column, although exceeding the Galactic value, was found to be
Ni = 245 + 0.05 x 10*" cm™2, in agreement with previous
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studies (e.g., Z. R. Weaver et al. 2020). Below the IXPE
bandpass, the EPIC-pn spectrum seems compatible with
emission from hot gas (kT = 0.38 £+ 0.04 keV), although a
physical origin for such a hot gas is unknown and requires
further study.

According to our analysis, no significant polarization of BL
Lac was measured by IXPE during the campaign. The 3o
(99.73% confidence level) upper limit to the polarization
degree is TR¢ < 7.4%, while the corresponding value at the
99% confidence level is II¥ < 6.6%. No indications of
significant polarization could be found by altering the energy
range. Finally, all cross-normalization constants are in agree-
ment with each other within ~20%.

B.4. Time-binned IXPE Polarization Analysis

We examined polarization variability over time and energy
using a * test by dividing the entire observation into specific time
and energy bins, as described in D. E. Kim et al. (2024). The x>
analysis was performed to estimate the null hypothesis probability
(Pnun) of a constant model fit to the time-averaged g and u values
of each bin obtained from the independent spectral modeling
analysis. In the case of time variability, we estimated the time-
averaged g and u values by dividing the entire observation period
into specific subperiods after dividing the data into 2—-15 bins
(e.g., 2 bins = 515 ks/2 bins = 258 ks bin™"). To test for energy
dependence, we divided the entire energy band (2-8 keV) into
smaller energy bins, such as two energy bins (24 and 4-8 keV),
three (2-4, 4-6, and 6-8 keV), and so on (up to 12). Figure 6
illustrates the calculated Py, of ¢ and u in percentage units for all
of the different time binning cases. We found no statistically
significant change in polarization when dividing the data into
narrower time or energy ranges, with a probability higher than the
1% threshold in all cases.

We furthermore performed a study of the change in
polarization over time. The data set was divided into equal
intervals, and the polarimetric analysis was performed on each
of them. Several interval durations were tested, and a
compatible result was obtained in each case. As a trade-off,
we show the division in six time bins that provide higher time
resolution and reasonable statistics in each time bin. We treated
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the background as in the time-averaged analysis and, as before,
considered a weighted method. We used both a spectro-
polarimetric analysis and the model-independent analysis
described in F. Kislat et al. (2015). In the former case, we
tested a simple phenomenological XSPEC model that can be
written as tbabs x constant x pow x polconst. In the
latter, we applied the same method as for the time-averaged
analysis. Several statistical tests were applied; the unpolarized
model could not be rejected above the ~30 level in any bin or
under any condition. Given the current sensitivity, no
significant polarization detection can therefore be claimed.
We have also performed several tests to look for the energy
dependence of the polarization. For this purpose, we tested the
spectral model with pollin in XSPEC for each time bin. No
significant energy dependence of the polarization was found.

Finally, because rotation of the EVPA during the IXPE
observations could affect the measurement of the polarization
degree, we have also checked the data for such a rotation.
Using a 1-D test for EVPA rotation (L. Di Gesu et al. 2023) we
found evidence at 99.5% confidence for a rotation of
12 + 3.5°/day in the 2-8 keV band. Furthermore, dividing
the data into four independent intervals and allowing for EVPA
rotation in each interval, i, we find that the likelihood that the
polarization is zero is rejected at 99.2% confidence. This
method involves computing

N
S = >"[8:(g;, i, R) — Si(0, 0, 0)]

where N =4, g, 1i;, and 1@ are the best fit parameters and S; is the
event-based log-likelihood computed for the interval i (L. Di Gesu
et al. 2022; H. L. Marshall 2024). Thus, S is the 3-D likelihood
ratio test of the hypothesis that the polarization is zero for all
intervals and is distributed as x? with 3N degrees of freedom.
Finally, assuming R = 12 °/day, the source polarization is 5.57
£ 1.75 %.

Appendix C
Optical Data

Optical observations covering the entirety of the IXPE exposure
were obtained at the Belogradchik Observatory (R band;
R. Bachev et al. 2023), Calar Alto Observatory (CAFOS,
R band; J. Escudero Pedrosa et al. 2024b), Nordic Optical
Telescope (ALFOSC, R band; K. Nilsson et al. 2018), Liverpool
Telescope (MOPTOP, BVR bands; M. Shrestha et al. 2020),
LX-200 photometry (BVRI bands) and polarimetry (R band),
Perkins Telescope (PRISM; BVRI bands, photometry, and
polarimetry, S. G. Jorstad et al. 2010), Sierra Nevada Observatory
(DIPOL-1, R band; J. Otero-Santos et al. 2024), and Skinakas
Observatory (RoboPol, R band; A. N. Ramaprakash et al. 2019).
The CAFOS and DIPOL-1 observations were analyzed using
IOP4 (J. Escudero Pedrosa et al. 2024a, 2024b), while the
RoboPol observations used the automatic pipeline described in
G. Panopoulou et al. (2015) and D. Blinov et al. (2021). The
40 cm LX-200 telescope uses an imaging photopolarimeter with
an ST-7 camera and two Savart plates oriented 45° with respect to
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each other. The R-band polarization observations were corrected
for interstellar and instrumental polarization using standard stars.

In the case of BL Lac, as well as many other BL Lac—type
objects, the host galaxy contributes significantly to the total optical
emission. This leads to dilution of the intrinsic polarization degree.
To account for this effect, we use the host-galaxy light-distribution
model from K. Nilsson et al. (2007) to estimate the contribution of
the host galaxy to the flux density (in mJy) at the aperture used for
the polarization analysis for each observatory. We then correct the
observed polarization degree by subtracting the host flux density
from the total flux density following T. Hovatta et al. (2016).
Since we only have a model for the host galaxy in the R band,
only the R-band measurements have been corrected. In this case
the correction is small, yielding a change of only 1%-3%.
Although we have not corrected the other optical bands, the
brightness of a typical elliptical galaxy, as is the case for the host
galaxy of BL Lac, falls sharply toward higher frequencies. The
host correction in the B and V bands is typically negligible, while
is it more significant in the / band.

The optical polarization measurements are shown in Figure 7.
We see achromatic variations in brightness and polarization
properties. There is a high-amplitude outburst in polarization
degree that coincides with the IXPE observation. The polariza-
tion degree starts at 4%, rises to 47.5%, then declines to 16%
from the beginning to the end of the IXPE observation. This
matches the highest polarization ever reported from a blazar (the
previous record of 47.4% + 0.1% was observed in PKS 1502
+106; P. S. Smith 2017). At the same time, there is a less
prominent flare in optical total flux. The polarization angle
slowly drifts from 70° to 30° with a median of 45°, without any
indications of large variations or rotations, as are often exhibited
by BL Lac (e.g., A. P. Marscher et al. 2008; D. Blinov et al.
2018). This particular optical behavior of BL Lac will be studied
in detail in a forthcoming publication.

In order to provide a general overview of the behavior of BL
Lac as compared to the one during this campaign, we have
retrieved the historical photopolarimetric R-band data from
different observatories and databases. This includes measure-
ments from Steward Observatory75 (2008-2018; P. S. Smith
et al. 2009), Skinakas Observatory (RoboPol,76 2013-2017;
D. Blinov et al. 2021), Calar Alto Observatory (CAFOS;
I. Agudo et al. 2012), Sierra Nevada Observatories
(2007-2024), Perkins Telescope (2005-2023), LX-200 and
AZT-8 telescopes (2005-2023), Nordic Optical Telescope
(NOT; 2015-2020), and Tuorla blazar monitoring (KVA;
2003-2011), covering a period of more than 20 yr. These data
are shown in Figure 1. BL Lac is known for its remarkable
variability across all bands, as exemplified by the past several
bright flares, which reached optical magnitudes as bright as
R ~ 11. Extreme flares have also been observed in X-rays and
~-rays from this source. However, as shown by the variations in
polarization degree over ~20 yr of monitoring, the nature of the
event observed during the IXPE campaign is unique, reaching
an all-time maximum polarization degree for any blazar.
Interestingly, this feature coincides with a very low ~-ray
emission state of BL Lac, as shown by the Fermi-LAT data,
and with a relatively modest optical flare.

» https: //james.as.arizona.edu/ ~psmith /Fermi/
76 https: / /robopol.physics.uoc.gr
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Figure 7. Optical polarization measurements during the IXPE observation. The top panel shows the brightness in magnitudes, the middle panel the polarization degree

(%), and the bottom panel the polarization angle (degrees). The gray shaded area marks the duration of the IXPE observation. The different optical bands are marked
with different symbols and colors as shown in the legend. The error bars correspond to the 68% (10) confidence interval.

Appendix D
Radio/Millimeter Data

BL Lac was observed from 4 to 225.5 GHz by the Effelsberg
100 m telescope as part of the QUIVER (Monitoring the Stokes
0O, U, I and V Emission of AGN jets in Radio) program (4.8,
10.4, 13.8, and 14.2 GHz; A. Kraus et al. 2003; 1. Myserlis
et al. 2018), by the Korean VLBI Network (KVN; 25, 43, 86,
and 129 GHz; S. Kang et al. 2015), and by the Submillimeter
Array (SMA) within the framework of the SMA Monitoring of
AGNs with Polarization (SMAPOL) program (225.5 GHz;
P. T. P. Ho et al. 2004; D. P. Marrone & R. Rao 2008;
R. A. Primiani et al. 2016).

Figure 8 shows the contemporaneous radio observations. We
find a similar behavior as in the optical observations. There is a
brightening across frequencies that coincides with a sharp peak
in the polarization degree, best visible in the better-sampled
225.5 GHz observations. As usual in blazars (e.g., . Agudo
et al. 2018a), there is an increase of the polarization
degree toward higher frequencies. At low radio frequencies

13

(<86 GHz), the polarization degree is in the range 1%—6%. At
higher frequencies (>86 GHz), the polarization degree is
between 6% and 10%. There is a similar trend in the
polarization angle at 225.5 GHz, from 85° to 51°, as we
observe in the optical bands, although the polarization angle in
the radio bands is higher than the optical. The jet axis on the
plane of the sky is found to be 10° + 2° (Z. R. Weaver et al.
2022); hence, the radio and optical polarization angles wander
by tens of degrees from the jet direction. (However, see the
discussion of contemporaneous VLBA images below for a
different viewpoint.)

We have also extended the 1 mm radio light curve with the
archival data from SMA available since 2002 (M. A. Gurwell
2007) and the Polarimetric Monitoring of AGN at Millimeter
Wavelengths (POLAMI; see I. Agudo et al. 2018b) program
running at the 30 m IRAM Millimeter Radio Telescope since
2010 (and at 3 mm since 2006). The historical 1 mm flux
density and polarization degree light versus time are displayed
in the bottom panels of Figure 1. From the 1 mm flux density
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Figure 8. Short millimeter wavelength and radio polarization measurements during the IXPE observation. The top panel shows the flux density, the middle panel the
polarization degree, and the bottom panel the polarization angle. The gray shaded area marks the duration of the IXPE observation. The different radio frequencies are
marked with different symbols and colors as shown in the legend. The error bars correspond to the 68% (10) confidence level.

evolution, it is clear that this IXPE observing window coincides
with the brightest total flux ever observed from BL Lac, with
the two previous highest states, corresponding to two fast flares
in 2012 and 2022, being a factor of 1.5 weaker than the late
2023 level. Comparison with the archival POLAMI observa-
tions reveals that the polarization degree in the 1 mm band
during this period was above the average value observed for
this source.

We also analyzed a set of six ultrahigh angular resolution
VLBA images from the 7 mm BEAM-ME program’’ from
2023 October 13 to 2024 February 11; see Figure 9. The data
were reduced, calibrated, imaged, and model-fit as in
S. G. Jorstad et al. (2017). The 7mm VLBA images show
that there is a significant change of polarization angle in the
VLBI core between November 6 and 25 from —24° to +53°. In
agreement with the sharp total flux emission peak seen in the

7 See https: //www.bu.edu/blazars/BEAM-ME.html.
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1 mm light curve (e.g., Figure 1), these two VLBA observinig
epochs have the highest map peak of 15.14 and 16.24 Jy beam ',
respectively, over all BEAM-ME observations started in 2007
June. (Note that the size of the beam is the same.) On December
12, the polarization angle in the innermost jet region is ~40°,
close to the optical median value. Also, the direction of this
innermost jet region in 2023 November is 42°, very close to the
polarization angle in the optical and in the brightest VLBI core
emission at 43 GHz on November 24. This behavior is consistent
with that expected from a plane-perpendicular shock wave
propagating from the innermost bent jet regions in BL Lac just
after the optical total flux and polarization flare reported in
Figure 7. The close time coincidence of this millimeter-wave and
optical behavior strongly suggests that the site of the extreme
optical behavior reported in this Letter is in the VLBI core region
in BL Lac.


https://www.bu.edu/blazars/BEAM-ME.html%C2%A0%C2%A0
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Figure 9. Sequence of 43 GHz VLBA images of BL Lac from the BEAM-ME program at 0.1 mas angular resolution. Contours represent total flux density from
0.01 Jy beam ' (the lowest contour on every image) to 5.50 Jy beam ' (the highest contour). There are 10 logarithmically equally spaced total flux contours from
those minimum and maximum levels. The short sticks symbolize the direction of the electric vector polarization angle.

Appendix E
Broadband Spectral Index Analysis

We have conducted an evaluation of the spectral indices of
the different bands along the electromagnetic spectrum, finding
further evidence for the leptonic SSC nature of the high-energy
emission observed from BL Lac. For this, we have used the
PYTHON package J etSeT’® (A. Tramacere et al. 2009, 2011;
A. Tramacere 2020), which contains an already-implemented
routine that allows calculation of the spectral («) and
photon indices (I', with I' = a~1) in different frequency ranges
of the electromagnetic spectrum through a power-law fit. In
particular, we have calculated the spectral indices in the radio-to-
millimeter (10'°-10"! Hz), millimeter-to-IR (10''-10"* Hz), IR-to-
optical (10'*2-10"*®Hz), optical-to-UV (10"-10'°Hz), X-ray

(10'"°-10"Hz), and MeV-to-GeV (10**¥-10%¥*Hz) bands.
The derived spectral and photon index values are reported in
Table 4. In Figure 3, we plot the flux density F, (in units of
erg cm > s~ Hz ') versus frequency based on the spectral fits
performed in each band.

Our broadband spectral index analysis clearly indicates that the
optical and ~-ray spectra have essentially the same slope, while
the X-ray spectral index lies between the millimeter-to-IR and the
IR-to-optical values. This is exactly the broadband spectral
behavior expected for an SSC scenario, where the ~-rays are
produced by Compton scattering of the optical synchrotron
photons by the same electrons that emit the optical radiation,
while the IR synchrotron photon field is the seed for the X-ray
SSC emission, upscattered by the IR-emitting electrons.

Table 4
Results of the Spectral Analysis Performed over the Different Frequency Bands, Comparing the Photon and Spectral Indices
Band log min [Hz] 10g Vmax [Hz] Photon Index Spectral Index N
Radio-millimeter 10 11 —0.55 + 0.01 045 + 0.01 13
Millimeter-IR 11 13 —1.36 £ 0.08 —0.36 + 0.08 7
IR-optical 12.2 14.8 —2.39 + 0.01 —1.39 £ 0.01 4
Optical-UV 14 16 —2.82 + 0.03 —1.82 £ 0.03 10
X-rays 16 19 —1.68 + 0.01 —0.68 + 0.01 23
~-rays 22.38 25.68 —2.31 £ 0.08 —1.31 £ 0.08 6

Note. The last column shows the number of energy bins N used for each fit.

8 https: / /jetset.readthedocs.io/en/latest/
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