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Abstract

Context. BL Lacertae (BL Lac), the archetypal blazar of its subclass and one of the most studied blazars of recent decades, has undergone a series of major multi-wavelength outbursts since 2020, resulting in its highest recorded γ-ray flare to date between September and November 2022, together with those from August 2021 and October 2024.

Aims. We characterised the γ-ray and multi-wavelength emission and spectral energy distribution (SED) of BL Lac, as well as their evolution during the major and extended γ-ray and multi-wavelength flare that occurred between September and November 2022.

Methods. We evaluated the variability of the flare, focusing on the nights of October 20 and November 13, 2022 when clear intranight very-high-energy (VHE, E > 100 GeV) γ-ray variability was observed. We modelled the γ-ray and broadband SEDs during periods of stable emission identified with a Bayesian block analysis and interpreted the flare’s evolution in terms of the variability in the relativistic particles and the jet’s physical parameters.

Results. During this flare, the VHE emission shows an average flux of 0.23 Crab units (C.U.) above 200 GeV and a variability amplitude of more than a factor of ten. We observe intranight flux-doubling variations as fast as ∼8 minutes during the nights of October 20 and November 13, 2022 with maximum fluxes of 4.4 C.U. above 100 GeV and 2.8 C.U. above 200 GeV. The spectral analysis reveals a transition of the X-ray emission from the high- to the low-energy SED peak and a shift in the γ-ray peak towards higher energies. We interpret the broadband emission within a leptonic two-zone model in which intranight variability is explained as magnetic reconnection in a compact region closely orientated with the line of sight, while variations in the relativistic electron distributions and the injection of freshly accelerated particles explain the weekly scale variations.
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1. Introduction
Relativistic jets launched from blazars, which are active galactic nuclei (AGNs) with their jets orientated towards our line of sight, are extremely efficient and natural particle accelerators that emit across the entire the electromagnetic spectrum. In fact, they are among the few sources that can emit up to TeV energies. Blazars are also highly variable on all timescales. Depending on the properties of their optical spectrum (absence or presence of broad emission lines; see Stickel et al. 1991), they can be classified into two main sub-classes: BL Lac type objects and flat spectrum radio quasars (FSRQs) (Urry & Padovani 1995).
The broadband spectral energy distribution (SED) of blazars, extending from radio to γ-ray energies, has a characteristic double-peak shape. The low-energy component is produced by synchrotron radiation (see Konigl 1981). The mechanisms invoked to explain the high-energy component fall into two groups. An interpretation based on leptonic processes explains this emission through inverse Compton (IC) scattering with low-energy photons, either from synchrotron radiation via synchrotron self Compton (SSC; see Konigl 1981; Maraschi et al. 1992) scattering or from radiation from outside the jet via external Compton (EC; see Dermer & Schlickeiser 1994) scattering. However, hadronic-based interpretations are also used in some cases and rely on processes such as proton synchrotron radiation or photo-pion production to explain the high-energy emission of blazars (see, e.g. Mannheim & Biermann 1992; Aharonian 2000).
BL Lacertae (hereafter BL Lac), the archetype of the BL Lac blazar subclass located at redshift z = 0.069 (Miller et al. 1978), historically shows remarkable variability with several episodes of minute- to hour-scale variations (see, for instance Abeysekara et al. 2018; MAGIC Collaboration 2019; Jorstad et al. 2022), making it one of the most monitored and studied blazars to date. It is classified as an intermediate-synchrotron-peaked (ISP) blazar according to the peak frequency of its synchrotron emission (1014 Hz < νsyn < 1015 Hz). However, it is known to transition between low-synchrotron-peaked (LSP; νsyn < 1014 Hz) and ISP states, depending on its activity (see, e.g. Ackermann et al. 2011; Nilsson et al. 2018). It has been detected several times in the very-high-energy (VHE; E > 100 GeV) γ-ray band, always during multi-wavelength flaring emission states (Albert et al. 2007; Arlen et al. 2013). These periods of variability on very short timescales imply very compact emitting regions involving the most energetic particle acceleration processes, which in some cases challenge the theoretical models used to interpret the broadband emission of blazars (Henri & Saugé 2006).
Here we report the results of an extreme flare observed from BL Lac by the Large-Sized Telescope prototype (LST-1), which took place between September and November 2022 and was triggered after the detection of enhanced activity by the Fermi satellite (La Mura 2022). This flare is one of the three brightest events ever detected in VHEs from BL Lac, together with similar events that occurred in 2021 and 2024. It is also the longest flaring period ever recorded for this source in the VHE domain, lasting about three months, with significant variations on day-, hour-, and minute-timescales. Several multi-wavelength facilities also covered this remarkable flare, providing a rich dataset for interpreting the multi-wavelength emission and variability of BL Lac during this period (see Sect. 2). In this work, we evaluate and interpret the VHE γ-ray and broadband evolution of the flare. We characterise the minute-scale γ-ray variability observed during this period (Sect. 3), which sets important constraints on the nature of the emitting region. We evaluate the spectral behaviour of the source (Sect. 4), and model its broadband emission within AGN radiative models (Sect. 5). We discuss and summarise the main results in Sects. 6 and 7.
2. Observations and data reduction
2.1. Very-high-energy γ-ray data: LST-1
The LST-1 is the first of the four Large-Sized Telescopes to be constructed at the northern site of the Cherenkov Telescope Array Observatory (CTAO; Acharyya et al. 2019), located at the Roque de los Muchachos Observatory on the Canary Island of La Palma (Spain). The LST-1 is currently performing commissioning and scientific observations, following the completion of its construction in October 2018. Its large collection area (23 m diameter mirror) and highly sensitive camera, composed of 1855 high quantum efficiency photomultiplier tubes, allows detection of faint Cherenkov light flashes from γ-ray showers down to energies ≃20 GeV (see Abe et al. 2023).
The LST-1 observed BL Lac for 23 nights between 21 September and 25 November 2022 in wobble observing mode (Fomin et al. 1994), providing ∼36 hours of data after standard data quality cuts in a zenith range between 10° and 60°. We analysed raw LST-1 data with version v0.10.18 of the cta-lstchain software (López-Coto et al. 2022; Moralejo et al. 2025), including data cleaning, image parametrisation, γ-hadron separation, and reconstruction of the direction and energy of the recorded events. Among this dataset, ∼29 hours were taken under dark-sky conditions (no increased background light contamination from the Moon), using standard tail-cut cleaning with thresholds of 8 and 4 photoelectrons (p.e.) for the core and neighbour pixels of the Cherenkov shower image and an intensity cut of 50 p.e. (Abe et al. 2023). The remaining ∼7 hours of observation covered different moon brightness levels. These data were analysed with cleaning thresholds ranging from 10 to 16 p.e. for core pixels and 5 to 8 p.e. for neighbour pixels, and with increased intensity cuts between 63 and 194 p.e. due to noise introduced by the Moon, extracted for each night-sky background (NSB) level. The event classification used a Random Forest trained using Monte Carlo (MC) simulations of proton- and γ-like events at a declination of 34.74°, close to that of BL Lac (42.28°). We produced MC simulations to match the NSB level of our data, accounting for additional noise relative to dark observations. For event selection, we applied energy-dependent gammaness (gamma-likeness score) and θ (angular distance of the detected event with respect to the nominal source position) cuts, optimised to retain 70% of the simulated MC γ-ray events.
We performed the high-level analysis with version 1.2 of Gammapy (Donath et al. 2023; Aguasca-Cabot et al. 2023; Acero et al. 2024). We characterised the background using an OFF region with a wobble angle of 0.4° and at a reflected position of 180° from BL Lac. We also applied a limit on the effective area Aeff > 5% of the maximum area. We calculated the statistical significance following Eq. (17) from Li & Ma (1983). We estimated the light-curve energy threshold to be ∼175 GeV, calculated from the maximum of the expected event distribution from the MC simulations and weighted with BL Lac’s spectrum for the highest NSB level and zenith distance of 40 − 50° to match the data. Therefore, we used a minimum energy of 200 GeV for light curve reconstruction. We further verified the energy threshold on the data against background asymmetries in the field of view (FoV). We observed a non-uniformity in the event distribution, particularly along the altitude axis. This effect increases as the telescope pointing is further from the zenith and becomes clearly visible at zenith distances > 40°. Examining the energy distribution of events in the source region and the OFF regions, we observe clear differences in the energy threshold for some observations. Although these differences occur mainly at energies below our analysis threshold, we also performed the spectral analysis using background counts estimated with the BAccMod package1. This package extracts the background distribution using the full FoV after removing the source region and can thus account for asymmetries. As expected, we observe differences in the extracted spectra below 200 GeV for some time periods, but the spectra agree above 200 GeV, validating our results at higher energies. We show the VHE γ-ray light curve in the top panel of Fig. 1. We highlight October 20 and November 13, 2022 as two remarkably bright nights, when significances of ∼49σ and ∼30σ were reached in only 2.5 and 1.5 hours of observation, respectively. We evaluated the minute-scale variability of these two nights in Sect. 3. For October 20, consisting only of dark-sky data, we adopted a threshold of 100 GeV, obtained from the dark-sky MC simulations at zenith angles ∼20–40°. We characterised the spectrum and SED with a log-parabola model, including a term for extragalactic background light (EBL) absorption using the model from Saldana-Lopez et al. (2021). We present the spectral analysis in detail in Sect. 4.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Multi-wavelength light curves of BL Lac between 21 September and 30 November 2022. From top to bottom: LST-1 night-wise VHE γ-ray light curve above 200 GeV; Fermi-LAT 12-hour binned HE γ-ray light curves between 100 MeV and 300 GeV; XRT X-ray light curve between 0.3 and 10 keV; UVOT optical-UV light curves in the available filters; optical light curves in the BVRI bands; and 37-GHz and 225-GHz radio light curves. The dashed blue line in the top panel indicates the Crab nebula flux above 200 GeV (Aleksić et al. 2016). The blue contours, delimited by dashed black lines, indicate the Bayesian blocks identified in the LST-1 light curve.



2.2. High-energy γ-ray data: Fermi-LAT
We analysed high-energy (HE, E > 100 MeV) data taken by the pair-conversion Large Area Telescope (LAT) on board the Fermi satellite. The LAT operates in sky-survey mode over an energy range of 20 MeV and ∼1 TeV, with its best sensitivity around a few GeV (Atwood et al. 2009). We defined a 20°-radius region of interest (ROI) centred on BL Lac. We downloaded all data from 21 September to 30 November, selecting the Pass8 P8R3_SOURCE_V3 events between 100 MeV and 300 GeV using the FERMITOOLS standard software. We applied a zenith angle cut of 90° to minimise contamination from the Earth’s limb. We also applied the recommended versions of the Galactic diffuse emission model and the isotropic component for event selection2.
To account for emission from sources near BL Lac, we derived a model that includes all sources within the ROI, plus all sources located in an additional annular region of radius 10°. We constructed this model using one year of data and a binned likelihood analysis, using the second release of the Fermi-LAT Fourth Source Catalogue (4FGL-DR2) as a reference (Abdollahi et al. 2020; Ballet et al. 2020). We left the spectral parameters (index and normalisation) of all variable sources within the ROI and with a test statistics (TS; Mattox et al. 1996) > 25 (∼5σ significance) as free parameters, based on the 4FGL catalogue of LAT variability. We fixed the sources’ parameters not fulfilling these conditions to the catalogue values. We also left the normalisation of the diffuse components free. The final model converged after removing all sources with TS < 4 (< 2σ).
We obtained the HE γ-ray light curve by analysing the data within the chosen time window using an unbinned likelihood analysis of events in 12-hour bins. For each bin, we assumed a power-law spectral shape for BL Lac, leaving the spectral index and normalisation free. We fixed the spectral parameters of the other sources to the model value, except for two highly variable and bright sources with significant detections (TS > 25) located within < 15° of BL Lac (4FGL J2244.2+4057 and 4FGL J2311.0+3425). Fig. 1 shows the HE γ-ray light curve.
2.3. X-ray data: Swift-XRT
The scientific payload on board the Neil Gehrels Swift observatory includes the X-Ray Telescope (XRT; Burrows et al. 2005), and the Optical/UV Telescope (UVOT; Roming et al. 2005). In standard operation mode, these instruments perform simultaneous observations on the same targets. In this project, we included 50 Swift-XRT and Swift-UVOT observations of BL Lac, carried out between March 2022 and January 2023.
Swift-XRT is sensitive to X-rays in the 0.2 − 10 keV energy range. We downloaded the reduced XRT data from the UK Swift Science Data Centre (Evans et al. 2009). We performed the spectral analysis of the reduced data using XSPEC v12.13.1 package through PyXspec v2.1.2. We analysed the XRT data in the 0.3–10 keV energy range. We primarily modelled the intrinsic source emission in this range with a power-law function, and to test for intrinsic spectral curvature associated with the transition between the synchrotron and IC bumps, we also employed a log-parabola model. We fitted the observed spectra with the intrinsic emission models folded with the cmtttbabs3 Galactic absorption term, as implemented in XSPEC. Following Raiteri et al. (2009), we fixed the neutral hydrogen column density toward BL Lac at nH = 3.4 × 1021 cm−2 and used this value to correct the X-ray fluxes and SEDs for Galactic extinction effects. We employed the F−test to assess whether the log-parabola model is preferred over the power-law model, using a 3σ significance level threshold. We summarise the results of the X-ray analysis in Appendix B.
2.4. Ultraviolet data: Swift-UVOT
We analysed the UVOT data using the cmtt uvotimsum and cmttuvotsource tasks within the HEAsoft 6.32 package, along with the latest (v20240201) Swift/UVOT calibration database (CALDB) files. The UVOT obtained photometric observations on BL Lac through the optical vv, bb, uu and UV w1, m2, w2 filters (Poole et al. 2008). We estimated the observed fluxes in the UVOT filters using cmttuvotsource, adopting a circular source region with a radius of 5″ centred on BL Lac and a circular background region with a 10″ radius in a nearby source-free region. We corrected the observed fluxes for Galactic extinction effects using E(B − V) = 0.2802 ± 0.0119 (Schlafly & Finkbeiner 2011), following the standard procedure described in Fitzpatrick (1999). We estimated the host galaxy contributions in the UVOT photometric filters vv, bb, uu, w1, m2, and w2, given the adopted aperture, to be 2.89, 1.30, 0.36, 0.026, 0.020, and 0.017 mJy, respectively (Raiteri et al. 2013). We accounted for both the host galaxy contribution and Galactic extinction effects to reconstruct the intrinsic BL Lac spectral points in the optical-UV band. Table C.1 lists the Swift-UVOT data from the 2022 high state.
2.5. Optical data
We obtained optical observations in the BVRI Johnson-Cousins bands at Sierra Nevada Observatory (SNO) as part of the TOP-MAPCAT photo-polarimetric blazar monitoring programme (Agudo et al. 2012). We reduced the data using the IOP4 software (Escudero Pedrosa et al. 2024a,b). We also obtained observations in the R band as part of the Tuorla blazar monitoring programme4 using the 80 cm Joan Oró Telescope at Montsec Astronomical Observatory (Spain), and reduced the data as detailed in Nilsson et al. (2018). Additional data were obtained in the BVRI bands with the IAC80 telescope at the Teide Observatory. We coordinated observations in the RV optical bands with the Las Cumbres Observatory robotic telescope network (Brown et al. 2013).
We also included data from the public all-sky survey programmes and databases: the All-Sky Automated Survey for Supernovae (ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017) in the Sloan g band, and the Zwicky Transient Facility (ZTF; Bellm et al. 2019) in the Sloan gr bands. We converted these Sloan magnitudes into the Johnson-Cousins photometric system using the transformations from Lupton (2005)5.
We subtracted host galaxy contributions to the observed optical emission within our aperture (see Raiteri et al. 2009), and we corrected all data for Galactic extinction reddening. For this, we adopted the extinction values AB = 1.192, AV = 0.901, AR = 0.713, and AI = 0.495 reported by Schlafly & Finkbeiner (2011). Fig. 1 presents the optical flux density light curves.
2.6. Radio-millimetric data
The 13.7-m diameter Metsähovi radio telescope obtained 37-GHz radio band observations as part of its long-term AGN monitoring programme6 (Teraesranta et al. 1998). Additionally, we compiled five observations in the 225-GHz band, obtained with the Submillimeter Array (SMA; Ho et al. 2004) at Mauna Kea, Hawaii. The SMA is an eight-element 6-metre-diameter dish radio interferometer with two orthogonally polarised receivers, which enables the measurement of both the total and polarised flux of astrophysical objects. These receivers are inherently linearly polarised; however, they can be converted to circular using quarter-wave plates installed on the polarimeter (Marrone & Rao 2008). These observations came from the SMA Monitoring of AGNs with Polarisation (SMAPOL) programme (Myserlis et al. 2025), which monitors γ-ray loud blazars, including BL Lac, on a bi-weekly cadence. We calibrated the data using the MIR7 package following standard procedures.
3. VHE intranight variability
In addition to day-to-week variability, we evaluated the VHE γ-ray intranight variability, a feature less often observed in blazars (other examples are e.g. Aharonian et al. 2007; MAGIC Collaboration 2020). Its detection places significant constrains on the size of the emitting region and on the interpretation of the emission, potentially favouring leptonic models, as hadrons usually require longer acceleration times and have longer cooling times by a factor of ∼(mp/me)3. We evaluated the nights with the highest VHE γ-ray flux: October 20 and November 13. Fig. 2 shows the 5-minute binned light curves.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Intranight light curves of BL Lac. Left: 5-minute binned light curve during the night of October 20 above 100 GeV. Right: 5-minute binned light curve during the night of November 13 above 200 GeV. Black points indicate LST-1 measurements. Solid black lines represent the light curve models. The horizontal dashed red lines indicate the flux of the Crab nebula as measured by the MAGIC telescopes (Aleksić et al. 2016).



3.1. October 20 flare
We evaluated the fastest variability timescales observed during the night of October 20. For this night, we considered the integrated flux above 100 GeV, as all data were taken under dark-sky conditions and zenith distances of ∼20–40°. The left panel of Fig. 2 shows that the LST-1 data well sample the rise and decay of the flare, varying from ∼1.0 C.U. to ∼4.4 C.U. over ∼1 − 1.5 hours. This well-defined rise and decay profile of the flare allowed us to model the light curve with a rising and decaying exponential function, commonly used for modelling light curves (Norris et al. 1996), including those from blazar flares (see e.g. Aharonian et al. 2007), as
[image: Mathematical equation: $$ \begin{aligned} F(t) = F_b + \left\{ \begin{array}{lc} F_{0}e^{-(t_{\rm peak}-t)/t_{r}}\!:&t < t_{\rm peak}; \\ F_{0}e^{-(t-t_{\rm peak})/t_{d}}\!:&t>t_{\rm peak}; \end{array} \right.. \end{aligned} $$](1)
Here, F0 represents the flux of the flare at time tpeak, Fb is the baseline flux fixed at (0.45 ± 0.09)×10−9 cm−2 s−1 from the stable bins at the start and end of the flare, and tr and td are the timescales of the flare rise and decay variations by a factor of e. We modelled the 5-minute binned light curve of October 20 as a sum of three possible substructures during the development of the flare, with peak times at tmax, 1 = 35.0 ± 4.8 min, tmax, 2 = 75.0 ± 3.7 min, and tmax, 3 = 105.0 ± 8.2 min, considering the first flux point as t0 = 0 min. We also considered the simpler cases of one or two componentsand compared the goodness of fit in each case. We measured χ2/d.o.f. values for the triple-, double-, and single-exponential profiles of 18.0/22, 42.6/25, and 54.5/28, which yields significances of 4.2σ and 4.7σ for the triple-exponential model over the double- and single-exponential models, respectively, using Wilks’ theorem (Wilks 1938). We also verified that adding a fourth component does not improve the fit, showing a preference of only 0.2σ over the three-component model. Therefore, we adopted the model based on the sum of three exponential profiles defined by Eq. (1).
We show the fitted function in the left panel of Fig. 2, and we report the calculated rise and decay timescales of the exponential profile in Table 1. These timescales can be used to estimate the doubling flux variability timescale during the rise and decay, which represents the fastest significant variability timescales, as
[image: Mathematical equation: $$ \begin{aligned} \tau _{\mathrm{rise/fall}}=t_{r/d}\times \ln {(2)}. \end{aligned} $$](2)
Table 1. 
VHE γ-ray intranight variability analysis, showing the shortest variability timescales derived from rise and decay light curve modelling and doubling flux criterion.

With this approach, we resolved variability timescales of ∼18 min with a confidence level of > 5σ, and detected faster hints between 2.2 min and 4.6 min, albeit with a significance ≲2σ.
We also estimated the fastest variability timescales using the doubling-time criterion for flux variations between consecutive temporal bins, following Zhang et al. (1999):
[image: Mathematical equation: $$ \begin{aligned} t_{\mathrm{doubling},i}=\frac{F_{i}+F_{i+1}}{2}\frac{t_{i+1}-t_{i}}{|F_{i+1}-F_{i}|}, \end{aligned} $$](3)
where Fi + 1 and Fi are the fluxes at times ti + 1 and ti. We considered only timescales with variability significance > 2σ. We list the results derived with this approach in the last column of Table 1. This yields a significant doubling flux timescale of τmin = 8.3 ± 2.5 min.
Causality arguments imply that very fast variability originates in compact jet regions. The observed fastest variability timescales thus constrain the size of the emitting region responsible for these variations as
[image: Mathematical equation: $$ \begin{aligned} R\le \frac{\tau _{\rm min} c \delta }{1+z}, \end{aligned} $$](4)
where R is the radius of the emitting region, τmin represents the fastest variability timescale observed, c is the speed of light, δ is the Doppler factor of the region, and z corresponds to the redshift of the source (see Dondi & Ghisellini 1995; Tavecchio et al. 2010). We adopted a conservative approach, using the shortest timescale with a significance > 3σ before trials, namely τmin = 8.3 ± 2.5 min. With this timescale and considering a range of Doppler factor values δ = 10 − 50, the size of the emitting region responsible for the fast variability is constrained to R ≤ (1.4 ± 0.4)×1014 cm to R ≤ (7.0 ± 2.1)×1014 cm. The 2.2 − 6.7 min timescales, if confirmed, imply a region a factor ∼1.5 to ∼4 times more compact. Nevertheless, due to their low significance and the typical systematic errors for LST-1 flux measurements (see Abe et al. 2023), these timescales remain unconfirmed.
3.2. November 13 flare
We performed the same analysis for the night of November 13, when we also observed intranight variability in the VHE γ-ray emission of BL Lac. In this case, owing to the higher energy threshold introduced by moonlight, we considered the flux above 200 GeV. During this night, the emission decayed from ∼2.8 C.U. to ∼1.0 C.U. over 1.5 hours. We show the corresponding 5-minute binned light curve in the right panel of Fig. 2. The LST-1 covered only the decay of the VHE γ-ray flare, which we modelled with a decaying exponential function as
[image: Mathematical equation: $$ \begin{aligned} F(t) = F_{b}+F_{0}e^{-(t_{\rm peak}-t)/t_{d}}, \end{aligned} $$](5)
following the form of Eq. (1). We used Fb = (0.27 ± 0.05)×10−9 cm−2 s−1, where the VHE flux appeared to stabilise after the flare. We also report the results for this night in Table 1. Using the estimated timescale τmin = 20.0 ± 4.1 min, we again constrained the size of the emitting region with Eq. (4) for typical Doppler factors δ = 10 − 50. This constrains the size between R ≤ (3.4 ± 0.7)×1014 cm and R ≤ (16.8 ± 3.5)×1014 cm. In this case, the doubling flux criterion yields no significant minute-scale variability.
4. Characterisation of the HE-VHE γ-ray spectrum
To evaluate possible γ-ray spectral variability patterns, we studied the evolution of the γ-ray spectrum during the flare. For this, we applied a Bayesian block (BB) analysis on the VHE γ-ray light curve using the algorithm developed by Wagner et al. (2022)8, identifying ten BBs of comparable γ-ray activity with a false-positive rate of 1% (see Fig. 1). Then, using the LAT and LST-1 data, we characterised the high-energy SED peak for the different identified periods from 100 MeV up to a few TeV. We performed a joint fit of the data from both instruments with Gammapy, combining multi-instrument data at the event level, while accounting for instrument response functions (IRFs), backgrounds, and other effects such as EBL absorption (Nievas Rosillo et al. 2025).
For the Fermi-LAT data for each BB, we filtered out all sources in the model with TS < 10. We left free the parameters of all sources within a circular region of 10° radius centred at the position of BL Lac and with TS > 30, while for sources within 5° of BL Lac with TS < 30, we left only the spectral normalisation as a free parameter. For the remaining sources, we fixed all parameters to the catalogue values. We then performed a pre-fit of the Fermi-LAT data to remove weak sources still included in the model for which the expected counts were < 5. Finally, we combined the LAT and LST-1 datasets for each BB and calculated the complete γ-ray spectrum and SED peak, incorporating the response of each instrument into the analysis.
We tested several spectral shapes of the HE-VHE emission, including log-parabola, power-law with exponential cut-off and log-parabola with exponential cut-off spectral models. We find that the first function provides the most accurate fit to our data. Therefore, we used a model consisting of a log-parabola function plus a term accounting for EBL absorption at redshift z = 0.069, following the model from Saldana-Lopez et al. (2021),
[image: Mathematical equation: $$ \begin{aligned} \phi (E) = \phi _{0}(E/E_{0})^{-\alpha -\beta \log (E/E_{0})}e^{-\alpha _{EBL} \tau (E,z)}. \end{aligned} $$](6)
To directly compare the different spectra, we adopted E0 = 1 GeV for all periods. Table 2 lists the best-fit spectral parameters. Fig. 3 shows an example of the joint SED for the eighth BB (November 13). Figs. E.1 and E.2 show the remaining SEDs. Due to the minimal variability in spectral curvature, we tested a log-parabola function with β fixed at 0.12, based on the average value over the entire period. The results were consistent within uncertainties with those reported in Table 2.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Joint LAT-LST-1 SED for BB8 using a log-parabola plus EBL model. White circles and squares correspond to LAT and LST-1 spectral points, respectively. Down-pointing arrows indicate flux upper limits. The blue and green lines and bowtie shapes show the best fits of the joint LAT plus LST-1 and LST-1-only data, respectively.



Table 2. 
Joint LAT and LST-1 γ-ray intrinsic spectrum at an energy E0 = 1 GeV, corrected for EBL absorption for each BB.

The complete characterisation of the high-energy SED peak performed in Sect. 4 allowed us to investigate spectral variability patterns during the evolution of the flare. The spectral index at 1 GeV remains stable around α ∼ 1.90, with nearly all BBs consistent within errors at ∼2σ. Nevertheless, spectral index variations are particularly noticeable on the nights of October 20 (α = 1.53) and November 13 (α = 1.56), indicating that particles are accelerated to considerably higher energies during these flares. This is also reflected in the high-energy peak shift, as reported in Table 2. The IC peak shift is evident for the four brightest BBs, namely the nights of October 20 and 27, and November 13 and 25, which are the only ones with Epeak > 2 GeV. The average value of Epeak is below 2 GeV, while during these nights we observe shifts of up to 5.5 GeV on October 20, 6.5 GeV on November 13, and 2.3 GeV on October 27 and November 25. The Spearman correlation coefficients between Epeak and α, and between Epeak and f0, indicate a strong correlation (ρ ∼ 0.85 and ρ ∼ 0.75, respectively), suggesting a possible harder-when-brighter behaviour. However, this correlation is dominated by the two brightest nights and does not account for uncertainties.
5. Broadband SEDs
We modelled the evolution of the broadband emission of BL Lac during the high state of 2022. We considered ten broadband SEDs, corresponding to each of the BBs identified above. Fig. 4 shows, as an example, the model for the eighth BB. We present all fitted SED models in Figs. F.1 and F.2. We note that due to the absence of strictly simultaneous Swift data (±0.5 days with respect to the LST-1 observations) to BBs 3, 4, 6, 8, and 9, we adopted a window of ±1.5 days for these periods to ensure complete multi-wavelength coverage of the SEDs.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Broadband SED of BL Lac for BB8. Black points and arrows indicate flux points and upper limits obtained from the different instruments. The solid black line shows the fitted co-spatial two-zone SSC model. The dotted and dash-dotted blue lines show the synchrotron and SSC emission of the core, respectively. The dotted and dash-dotted orange lines show the synchrotron and SSC emission of the blob. The dash-dotted and dashed magenta lines show the EC emission from the core and the blob, respectively. The dashed dark red line shows the emission resulting from the interaction between the core and the blob. The solid grey line shows the SED of the previous block. Historical data retrieved from the SSDC database (https://tools.ssdc.asi.it/SED/) are shown with grey open points.



We considered a leptonic-only origin for the broadband emission. We used version v0.4.0 of the PYTHON package agnpy (Nigro et al. 2022, 2023). We find that SSC models based on a single emitting region are unable to accurately describe the broadband emission of BL Lac during this period. One-zone models based on EC scattering present an alternative to explain VHE γ-ray emission and have previously been invoked for BL Lac due to the presence of a small and weak broad line region (BLR), which provides external low-energy photons as seeds for γ-ray production (MAGIC Collaboration 2019). However, we find that this solution is insufficient to reproduce the broadband emission and variability during the 2022 high state, particularly given the tight constraints on the size of the emitting region imposed by the intranight variability. We therefore considered an SSC model based on two emitting regions (Tavecchio et al. 2011), which has frequently been used to model the multi-wavelength emission of this source (see e.g. MAGIC Collaboration 2019; Sahakyan & Giommi 2022). We denote the two regions as ‘core’ and ‘blob’, with Rcore > Rblob. We consider the regions to be co-spatial and interacting, motivated by the high correlation of the broadband emission from the optical band up to γ rays (Appendix D.2). Fig. 9b of MAGIC Collaboration (2019) illustrates a schematic of this layout. Each region is characterised by a magnetic field B, a Lorentz factor Γ, a Dopper factor δ, and an electron population described by a broken power-law distribution with respect to the electron Lorentz factor γ,
[image: Mathematical equation: $$ \begin{aligned} N(\gamma ) = \left\{ \begin{array}{lc} K(\gamma /\gamma _{b})^{-n_{1}}\!:&\gamma _{\rm min}<\gamma <\gamma _{b} \\ \\ K(\gamma /\gamma _{b})^{-n_{2}}\!:&\gamma _{b}<\gamma < \gamma _{\mathrm{max}} \end{array} \right., \end{aligned} $$](7)
where K is the normalisation of the distribution, γmin and γmax are the minimum and maximum values of the Lorentz factor, and n1 and n2 are the spectral indices below and above the break of the distribution γb, respectively. We constrained the size of the blob, responsible for the intranight VHE γ-ray variability, using the estimates presented in Sect. 3. Additionally, we incorporated an EC contribution from external photon fields in the SED model, namely the BLR, the accretion disc, and the dusty torus, since these components have previously been used to reproduce the broad IC SED peak (see e.g. Khatoon et al. 2024). Following Ghisellini & Tavecchio (2009), MAGIC Collaboration (2019), we adopted LBLR = 2.5 × 1042 erg s−1 and RBLR = 2 × 1016 cm for the BLR, which implies Ldisc = 2.5 × 1043 erg s−1 and Rtorus = 4 × 1017 cm using the typical relations between BLR, disc, and torus (see Kaspi et al. 2007; Cleary et al. 2007). We assumed a torus covering factor ΞDT = 0.1 and a BLR reprocessing factor (based on the Hα line) ξHα = 0.1. For the dusty torus, we assumed a typical temperature of 1000 K. We adopted a black hole mass MBH = 108.7 M⊙ (Ghisellini et al. 2010). We considered the core located at a distance dcore = 6.5 × 1017 cm from the central engine and the blob at dblob = 6.2 × 1017 cm. We accounted for possible γγ absorption at GeV-TeV energies and the EBL absorption at VHE. Our analysis shows that γγ absorption due to external radiation fields is negligible.
Multi-zone models of blazar SEDs are characterised by a high degree of degeneracy due to the relatively large number of parameters. This degeneracy generally prevents the use of standard fitting routines based on cost-function minimisation for effectively constraining the parameter space. In such cases, it is necessary to adopt a physically motivated scenario as a guiding framework. In this work, we investigated a scenario in which the evolution of the flare is driven by magnetic reconnection, which is strongly supported by the minute-scale variability detected at VHE with LST-1. To fit the SED of each BB, we used the parameters of the previous block as initial parameters, iterating until we achieved a satisfactory representation of the SED. To reduce the number of free parameters, we kept the magnetic fields B, the emitting region sizes R, the Lorentz factor Γ, and the Doppler factor δ fixed, adopting values consistent with the limit values set by the variability analysis. Additionally, we minimised changes in the physical parameters in the core region between adjacent BBs to reflect the slowly evolving nature of the core, unless the time interval between the centre of two adjacent BBs exceeded two days, corresponding to the light-crossing timescale of the core region in our reference frame. In contrast, the blob is considered as a newly formed plasmoid originating from an unresolved magnetic reconnection layer in the core, whose parameters can vary considerably depending on the reconnection layer. Therefore, we based our SED evolution on changes in the electron distribution of each region, namely K, γmin, γb, γmax, n1, and n2. The parameter changes were implemented in a manner consistent with the flare evolution timescales. Figs. F.1 and F.2 show the resulting models for each BB, and Table 3 summarises the corresponding parameters. We discuss the consistency of these models with a magnetic reconnection scenario in Sect. 6.
Table 3. 
SED modelling parameters for the two-zone SSC model describing the broadband emission during each BB.

The leptonic origin of the emission considered here is supported by recent results obtained by the Imaging X-ray Polarimetry Explorer (IXPE) satellite, based on the analysis of the broadband polarised emission of BL Lac (see Middei et al. 2023; Peirson et al. 2023). Within a leptonic framework in which the X-ray spectrum is dominated by the high-energy IC scattering component, the X-ray polarisation degree ΠX is expected to be substantially lower than that of the optical band, which originates from electron synchrotron radiation (Liodakis et al. 2019; Peirson & Romani 2019; Zhang et al. 2024). Middei et al. (2023) measured an upper limit of ΠX < 12.6 − 14.2% for two IXPE observations of BL Lac during May and July 2022, consistent with this scenario given the optical polarisation degree.
Moreover, during strong flares in which the soft X-ray emission has a significant synchrotron radiation contribution, as indicated by a much flatter X-ray spectrum (as in the present case, e.g. BB3 compared to BB8 when the source was at its brightest), we expect a significantly higher polarisation degree of soft X-ray photons than at hard X-ray energies, and even higher than the optical polarisation degree (Liodakis et al. 2019; Peirson & Romani 2019; Zhang et al. 2024). A third IXPE observation of BL Lac, performed two days after the last LST-1 observation (27–29 November) resulted in a measured X-ray polarisation degree of ΠX = 27.6%±11.6% over the entire X-ray band. After splitting the analysis into two bins corresponding to the soft and hard X-ray regimes, almost all the polarised emission appears in the soft X-ray bin, with a polarisation degree of [image: Mathematical equation: $ \Pi_{X} = 27.6^{+5.6}_{-7.9}\% $]. Peirson et al. (2023) estimated that the synchrotron emission comprises 44% of the total flux in the soft X-ray band. After accounting only for synchrotron emission and assuming that the remaining 56% of the flux originates from unpolarised SSC emission, these authors calculated the X-ray polarisation fraction to be ∼49%, much higher than that in optical frequencies (∼13%), and well within the expectations for an SSC scenario (Peirson & Romani 2019). Therefore, the leptonic SED modelling performed here is consistent with the expected nature of the broadband emission based on both spectral and multi-wavelength polarisation analyses.
A final IXPE campaign on BL Lac during November 2023 resulted in an extremely high optical polarisation of 47.5%, not accompanied by high X-ray polarisation, yielding a 3σ upper limit of 7.4%. BL Lac behaved as an LSP during this period, placing the X-ray emission in the high-energy SED component. These results strongly favour SSC multi-zone or energy-stratified models (see Zhang et al. 2024; Agudo et al. 2025), leaving little room for a hadronic contribution, except within the framework of a hybrid model, as shown by the detailed broadband analysis of Liodakis et al. (2025). However, as shown by these authors, hybrid models expect a hardening of the VHE spectrum to reproduce the multi-wavelength polarisation signatures, which is not observed in the present data.
6. Discussion
6.1. γ-ray and X-ray spectral behaviour
X-ray spectral trends also appear in BL Lac prior to the 2022 high state (e.g. Weaver et al. 2020). Through extensive SED modelling, Sahakyan & Giommi (2022) attribute the synchrotron component emerging in X-rays during periods of high state to a second emission zone located beyond the BLR, distinct from the region that dominates the emission in the optical-UV band. Emission from this second region can shift the synchrotron peak towards higher frequencies, reaching ≳1015 − 1016 Hz, well within the high-synchrotron-peaked (HSP) range. BL Lac is well known for transitioning between the LSP regime, primarily during low flux states, to an IBL-HBL behaviour during active phases (see e.g. Ackermann et al. 2011; Nilsson et al. 2018). Since approximately 2019, the source has undergone several years of very high activity, culminating in its three brightest flares ever recorded in 2021, 2022, and 2024. Therefore, the X-ray spectral variability trends observed in the dataset analysed here can be attributed to the emergence of synchrotron emission from freshly accelerated particles in a secondary emission region along the jet. The shift of the X-ray emission from the high- to low-energy peak of the SED may also explain the lower correlation between the hard X-ray and optical flux compared to the soft X-ray flux, as reported in Appendix D.2. Furthermore, in our model, the emission from the secondary region (blob) also dominates in the HE and VHE γ-ray bands. Consequently, these freshly accelerated particles are responsible for the intense flaring activity detected with Fermi-LAT and LST-1 via SSC, as well as for the observed brightening and shifting of the γ-ray spectrum towards higher energies (see Sect. 4).
6.2. Week-scale evolution of the broadband emission
We successfully modelled the broadband emission and evolution of the flare as an SSC two-zone model, including the EC contribution. The flare begins with emission dominated by the slowly evolving core, extending up to X-ray energies. Plasmoids (blobs) can develop within highly magnetised current sheets in the core via magnetic reconnection. These blobs are primarily responsible for the gamma-ray emission. At this early stage, EC scattering also contributes to the gamma-ray emission. As magnetic reconnection progresses, particles in the blob are accelerated to higher energies, increasing the blob’s contribution in the X-ray band. Our spectral fitting reveals several major ejections of plasmoids and/or blobs in the emission region, specifically BB4, BB6, BB8, and BB10. During each of these episodes, a newly formed blob dominates the gamma-ray emission and may contribute significantly at other wavelengths, depending on the blob parameters. Each episode is followed by a relatively low-flux period during which the newly formed blob cools and loses its energy. Because each blob forms independently, their parameters are expected to vary considerably, whereas the core evolves slowly, so its physical parameters remain largely unchanged between different episodes.
This scenario is consistent with the correlation analysis presented in Appendix D.2, where the high degree of correlation between different bands is attributed to the co-spatial nature of the broadband emission, with the exception of the lower correlation observed in the radio and VHE bands. For the radio band, it is well established that the inner regions of the jet are highly opaque to radio emission, which typically originates from an outer part (Max-Moerbeck et al. 2014). Several studies report long delays of hundreds of days between the radio and multi-wavelength emission of blazars (see e.g. Liodakis et al. 2018). We could not test this hypothesis as we focused on a shorter period. Nevertheless, such behaviour could explain the lower correlation observed in this band. We note, however, that the radio band has a lower observing cadence than the optical band, which can also bias the measured correlation. For the VHE band, the lower correlation can be explained by the shorter cooling timescales of the highest-energy electrons responsible for the TeV emission. However, as with the radio band, the lower observing cadence of the VHE data may introduce systematic effects in the correlation analysis that dilute the correlation in the TeV emission.
With the configuration adopted in Sect. 5, the low-energy photons from dusty torus dominate the EC contribution. This EC emission has previously been used to model the broadband emission of BL Lac (Khatoon et al. 2024). In the present flare, due to the very bright state of the source during most of the period, we find that the EC emission is only relevant during the early stages of the outburst, when the source is faintest (see the model for BB1 in Fig. F.1). We also considered possible emission arising from the interaction between the core and blob regions, that is, low-energy photons from one region being IC-scattered by electrons in the other region. However, this contribution was found to be negligible because of the compactness of the blob as a result of the size constraints derived from the VHE minute-scale variability. We also evaluated the absorption γγ and found it to be negligible up to TeV energies, where the source is not detected significantly and we estimate only upper limits.
Overall, the parameters are consistent with the typical values derived from a large sample of blazars (Ghisellini et al. 2010). The core region primarily drives the emission from radio to UV wavelengths and contributes significantly to the hard X-ray emission during periods where the X-ray emission is transitioning from the low- to high-energy peak of the SED. During the early stages of the flare, when the soft X-rays also lie within the IC peak, the core dominates both the soft and hard X-ray emission. Changes in the parameters between adjacent BBs are relatively small, given that the time interval between consecutive blocks generally exceeds the light-crossing time of the core, reflecting its slow evolution. Conversely, during periods when BL Lac fully transitions from LSP to ISP and the X-ray emission is entirely produced by synchrotron radiation, the low-energy emission from the blob becomes dominant in the X-ray band. The γmin values of the blob are at the high end of normal values. Zech & Lemoine (2021) interpret such high γmin values in other BL Lac objects as resulting from thermal coupling between protons and electrons within a weakly magnetised shock, where protons transfer energy to electrons within the shock layer.
The primary driver of variability on day-to-week timescales is the evolution of the particle populations within each region during the flare. The blob’s electron distribution behaviour of the blob is particularly noticeable during the brightest nights (BB4 and BB8), when it clearly reaches higher energies, consistent with the IC peak shift towards higher energies reported in Sect. 4. Furthermore, for these two nights, an injection of freshly accelerated particles was also necessary to account for the remarkably high γ-ray emission. The blob is also characterised by higher magnetisation and Doppler boosting than the core, with Bblob = 0.5 G, δblob = 33, and Bcore = 0.2 G, δcore = 20. This, combined with the equipartition values of the core, which are close to equipartition but still U′B/U′e> 1, and its occasionally very hard spectral index, is consistent with a magnetic reconnection scenario (see, e.g. Jormanainen et al. 2023), as discussed in detail in Sect. 6.3. The equipartition values of the blob are far from ∼1, with the electron energy density dominating on the order of magnitude of U′e ∼ 102U′B. This limitation is commonly encountered in such models (see Tavecchio & Ghisellini 2016). This may result from adopting a an overly simplified representation of relativistic jets while attempting to capture all observational features, including, week-, day-, and minute-scale variability. Nevertheless, the models presented here can accurately describe the evolution of the flare while providing a reasonable solution to observational features such as multi-wavelength correlations and week-, day-, and minute-scale VHE variability.
6.3. Origin of the minute-scale VHE variability
The extremely fast, minute-scale variability requires a compact region with extreme particle acceleration (the blob in our fitting model) in addition to the blazar zone (the core in our model), which governs the day-to-week-scale variability. Such a physical setup is often attributed to the mini-jet scenario under magnetic reconnection (Giannios et al. 2009; Petropoulou et al. 2016). The blob also requires a particularly high Lorentz factor to prevent VHE γ-ray attenuation within the compact blob. The optical depth for VHE γ-rays is given by τγγ ∼ (1 + z)2σTLtargetEobs/(72πme2c6δ6τmin) (Ackermann et al. 2016), where Eobs > 200 GeV is the observed VHE photon energy, Ltarget is the optical luminosity providing the target photons for VHE γ-rays, and τmin is the shortest observed variability timescale. We find that the Doppler factor δ ≳ 30 ensures that the compact blob is optically thin to the observed VHE photons. This range of Doppler factor values is typically higher than those commonly observed in blazars. Hence, the mini-jet scenario is particularly relevant here to solve this problem and prevent VHE γ-ray attenuation within the compact blob. In the mini-jet scenario, the terminal bulk Lorentz factor of the plasmoid can approximately equal the magnetisation factor of the reconnection site in the co-moving frame (Sironi et al. 2016). Table 3 shows that the magnetisation factor in the core, estimated by U′B/U′e, is generally ≳1. The bulk Lorentz factor of the blob relative to the core can be approximated by δblob/δcore (assuming both are close to the line of sight), which is comparable to the magnetisation factor. Although our fitting model and the above estimates are rather simplified, they remain consistent with the mini-jet within a magnetic reconnection scenario (Nalewajko et al. 2011).
A plasmoid merger in magnetic reconnection presents an alternative scenario (Zhang et al. 2022). Previous particle-in-cell (PIC) simulations show that the SSC can exhibit much higher and faster variability than the synchrotron and EC, owing to the highly concentrated electrons freshly accelerated at the plasmoid merging site. The magnetisation factor at such sites can drop below one, even though the reconnection site has an overall magnetisation greater than one, consistent with the fitting parameters derived for the blob (Zhang et al. 2022). In principle, such collisions and mergers of plasma structures can also occur in magnetised turbulence (Zhang et al. 2023). However, the very high intrinsic X-ray polarisation (∼49%, see Peirson et al. 2023), measured just two days after the last flare, disfavours a turbulent environment.
In addition to the rapid variability, the very hard particle spectrum in the core (n1 ≲ 2.0) also indicates a magnetic reconnection origin. Although we fitted the radio-to-optical spectrum by the synchrotron emission from the core, the large-scale jet can often contribute significantly to the radio emission. Consequently, the radio-to-optical emission intrinsic to the core in our model may require an even harder particle spectrum. It is generally accepted that only magnetic reconnection in a highly magnetised environment can produce a particle spectrum harder than two (Guo et al. 2016, 2021). Interestingly, since the correlated quasi-periodic flux and polarisation variations detected by Jorstad et al. (2022) suggest kink instabilities in BL Lac, and the very high optical polarisation degree reported by Agudo et al. (2025) indicates the relaxation of a magnetic spring in the jet, combined with the fast variability observed in this work, it is plausible that the intense activity of BL Lac since approximately 2020 is associated with a giant eruption of magnetised plasma from the central engine, likely arising from a magnetically-arrested-disc jet scenario.
Within this framework, our two-zone model essentially consists of a segment of the kinked jet (the core) and plasmoids (the blob) produced by magnetic reconnection, which is periodically triggered by the kinked jet. As they are co-spatial and physically connected, all bands above the synchrotron self-absorption limit should exhibit some degree of correlation. However, the production of plasmoids and their mergers during reconnection is somewhat random, as demonstrated in numerical simulations (Sironi et al. 2016; Zhang et al. 2022). Consequently, the VHE emission, which is fully dominated by the blob, may appear less correlated with the optical emission, which is fully dominated by the core. Moreover, the models presented here propose a simplified picture of the magnetic reconnection scenario. As the flare develops, plasmoids grow and can be ejected from the reconnection layer under various physical conditions, as indicated by recent PIC simulations (Sironi et al. 2016; Zhang et al. 2024). Although a fully numerical treatment of plasma dynamics during reconnection is beyond the scope of this paper, we modelled these plasmoids as a single blob with highly variable physical parameters, as demonstrated in several previous studies (e.g. Christie et al. 2019). We note that the two-zone model exhibits significant parameter degeneracy; consequently, our fitting parameters may not be unique.
Furthermore, we calculated the synchrotron and SSC cooling timescales of the blob in the observer frame for the electrons responsible for the GeV-TeV γ-ray emission. We estimated the synchrotron cooling timescales as (see e.g. Abe et al. 2025)
[image: Mathematical equation: $$ \begin{aligned} t_{\rm sync}=\frac{(1+z)}{\delta _{\rm blob}}\frac{6 \pi m_ec}{\sigma _T B^2 \gamma _e}, \end{aligned} $$](8)
where me is the electron mass, σT is the Thomson cross-section, B is the magnetic field of the blob, and γe is the Lorentz factor of the electrons. We calculated the SSC cooling timescales of the blob in the observer frame as [image: Mathematical equation: $ t_{SSC} = \frac{(1+z)}{\delta_{\mathrm{blob}}} \, \gamma_e / \left( \frac{d\gamma_e}{dt} \right)_{SSC} $], with [image: Mathematical equation: $ \left( \frac{d\gamma_e}{dt} \right)_{SSC} $] expressed in the blob reference frame as (Moderski et al. 2005)
[image: Mathematical equation: $$ \begin{aligned} \left( \frac{d\gamma _e}{dt} \right)_{SSC} = \frac{4 c \sigma _T}{3} \gamma _e ^ 2 \int f_{KN}(4 \epsilon \gamma _e) \, \epsilon \, n_{ph}(\epsilon ) \, d\epsilon . \end{aligned} $$](9)
Here, ϵ denotes the photon energy in the rest frame of the blob in units of the electron rest-mass energy, ϵ = hν′/mec2, with ν′ representing the photon frequency in the blob frame. The function fKN is defined by Eq. (C5) in Moderski et al. (2005), nph(ϵ) is the synchrotron photon number density in the blob rest frame, calculated as in Abe et al. (2025). We find that the SSC cooling timescales of the blob are shorter than the synchrotron timescales, consistent with the Compton dominance of 5–10 inferred from the blob SED. Table 3 lists the SSC cooling timescales of the blob at γe = γb. For the two nights with intranight variability, our models predict SSC cooling timescales of the order of a few minutes for electrons radiating at GeV-TeV energies, in agreement with the minute-scale variability observed. Therefore, considering all of the above, a plausible scenario is that the observed VHE γ rays flares are produced by freshly accelerated particles via magnetic reconnection with cooling dominated by SSC processes.
We note that the scenario proposed here assumed a magnetically-dominated region. However, an alternative scenario, based on a two-zone model with a weakly magnetised plasma, can still offer a good fitting to the SED, provided that the blob has a higher Lorentz factor than the core, and exceeds the expected minimum Lorentz factor obtained from the TeV fast variability estimated above. The most natural explanation for a higher Lorentz factor in the small blob relative to the overall blazar zone is magnetic reconnection. Nevertheless, owing to the high degeneracy of blazar SED models (as noted in Sect. 5), other combinations of parameters can yield valid representations of the SED and its evolution, possibly relying on non-magnetically dominated scenarios.
7. Conclusions
BL Lac exhibited one of its three brightest γ-ray and multi-wavelength flares on record between September and November 2022. We characterised its HE and VHE emission, which extended up to a few TeV during the flares’ brightest periods. A key feature of this event is the remarkably fast VHE γ-ray flux variability, with flux doubling timescales as short as 8.3 min, which sets tight constraints on the size of the VHE emitting region. This represents one of the fastest flux variations ever detected at VHEs from blazars.
The HE-VHE spectrum shows a shift in the peak towards higher energies during the most intense stages of the flare. Accompanying this behaviour, we report a softer-when-brighter evolution of the X-ray spectrum resulting from a clear transition of the X-ray emission from IC-dominated to synchrotron-dominated. Consequently, the source transitions from LSP to ISP, as previously observed in BL Lac (Nilsson et al. 2018).
We modelled broadband emission within a leptonic scenario, motivated by recent IXPE results (Middei et al. 2023; Peirson et al. 2023; Agudo et al. 2025; Liodakis et al. 2025). One-zone models were unsuccessful in explaining the broadband emission. Therefore, we employed a co-spatial two-zone SSC model, also incorporating the EC contribution from the dusty torus. Within this scenario, the jet evolution is driven by changes in the electron populations of both regions, with injections of freshly accelerated electrons triggering the brightest outbursts. The observed minute-scale variability constrains the size of the compact blob region to ≲4.5 × 1014 cm for the adopted Doppler factor, δblob = 33, consistent with the value used in our model. This blob region is therefore responsible for the intranight γ-ray variability, which can be associated with plasmoids forming during a magnetic reconnection event.
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Appendix A:  Night-wise LST-1 data analysis results
In Table A.1 we compile and summarise the night-wise results of the LST-1 data analysis of BL Lac, that is, the effective observing time after data quality selection, the significance, and the flux of the source above 200 GeV.
Table A.1. 
Effective observation time, significance and flux level above 200 GeV of BL Lac’s emission for each night of observation.


Appendix B:  X-ray data results
In Table B.1 we report the summary of the results of the Swift-XRT analysis, presented in Sect. 2.3. For the observations in which the log-parabola model was preferred over the power-law one with a ≥3σ significance, Table B.2 reports the best-fit parameters of the log-parabola model. The cmttlogpar implementation in XSPEC was employed in the fit procedures. The derived SEDs are represented in Fig. B.1, along with those derived from the UVOT analysis in the optical-UV range.
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Results of the X-ray and UV Swift data analysis. Left: X-ray and optical-UV SEDs obtained from the Swift-XRT/UVOT analyses between September and November 2022. The colour scale corresponds to the MJD of the observation. Right: X-ray power-law spectral index as function of the 0.3-10 keV flux. Observations for which a log-parabola shape was preferred over a power law with a significance ≥3σ are shown with open markers.



Table B.1. 
Results of the spectral analysis of the Swift-XRT observations of BL Lac during September to November 2022.

The right panel of Fig. B.1 shows the scatter plot of the X-ray intrinsic power-law index ΓX and flux FX reconstructed from the 50 Swift-XRT observations of BL Lac from March 2022 to January 2023 (Sect. 2.3). A softer-when-brighter trend can be highlighted, that is, higher fluxes correspond to softer spectra. The correlation between ΓX and log10FX yields a Pearson coefficient of ρ = 0.70, with a p-value under the null hypothesis of non-correlation of p = 3 × 10−8. Hence, a positive correlation is statistically significant. In addition, we observe that the X-ray photon index transitions from values ∼2.5, up to ∼1.4, indicating a spectrum dominated by the high-energy emission when ΓX ≲ 2.0, and indicating the emergence of an X-ray synchrotron component for ΓX > 2.0. The transition is indeed visible in the SED models presented in Sect. 5 and Appendix F, as well as in the left panel of Fig. B.1, where the X-ray spectrum is found in the increasing part of the high-energy SED peak during low emission states, whereas it corresponds to the decreasing part of the synchrotron peak for high-flux periods. For some of the observations, concave log-parabola models were preferred over power-law ones with a significance ≳3σ to describe the intrinsic X-ray spectrum of BL Lac (Table B.2). This indicates that the 0.3 − 10 keV band hosts the valley resulting from the transition between the low-energy and high-energy radiative components (see left panel of Fig. B.1).
Table B.2. 
Results of the spectral analyses of Swift-XRT data assuming a log-parabola model for the intrinsic spectrum.


Appendix C:  Swift-UVOT data results
In Table C.1, we report the results of the analyses of Swift-UVOT data from the observations carried out from September to November 2022. For each observation, the flux densities in the Swift-UVOT photometric bands are reported, corrected for both Galactic extinction and host galaxy contribution (see Sect. 2.4 for more details). The optical-UV SEDs over this period are shown in the left panel of Fig. B.1.
Table C.1. 
Results of the Swift-UVOT photometry of BL Lac in the observations carried out from September to November 2022.


Appendix D:  Multi-wavelength light curve analysis
D.1. Variability
The HE and VHE γ-ray flare studied here and shown in Fig. 1 corresponds to one of the three highest γ-ray activities from this source, together with the roughly equally bright outbursts that occurred on August 2021 and October 2024. The night-wise VHE variability ranges from non-detections during which the emission of the source was low, up to a flux of ∼1.9 Crab Units (C.U.), a factor ∼10 with respect to the average emission of 0.23 C.U. over the whole period (see Table A.1 for the night-wise results). This variability becomes even more evident when evaluating the flux on a shorter timescale (see Sect. 3 for more details), reaching a maximum emission of 2.8 C.U. above 200 GeV for the night of November 13, and 4.4 C.U. above 100 GeV for October 20.
Extreme variability is also present in the HE emission of BL Lac, with several rises and decays of the flux over time. The LAT data show an extraordinarily bright period, with the flux changing almost a factor 70 from the minimum to the maximum emission detected, and reaching a flux of ∼1.2 × 10−5 cm−2 s−1 on October 16, being amongst the brightest blazar flares ever detected by this instrument. The LST-1 light curve does not reveal a similar VHE flux increase around October 16, however we note that the LAT light curve is based on a 12-hour binning and the highest state occurs during day time for LST-1, therefore after the VHE γ-ray observations. Hence, we can not exclude the presence of a fast VHE flare such as those observed during October 20 and November 13, with a flux above 200 GeV that significantly increased after the LST-1’s observations.
As for the X-ray flux between 0.3 and 10 keV, we observe an energy flux variation of a factor ∼11, similar to that in the VHE band, ranging from 22 to 2, in units of 10−11 erg cm−2 s−1. However, we stress that the observing coverage is relatively low especially for the first half of the campaign. Nevertheless, during the second half, the X-ray emission seems to follow the same variability pattern as that seen in HE γ rays. Remarkably, the highest X-ray emission is detected during a period in which the HE γ-ray emission is moderate. Unfortunately, no simultaneous LST-1 observation is available to compare the most energetic γ-ray emission with the high-energy end of the synchrotron component, located in the X-ray band for this observation, see Sect. 5 and Appendix C.
Large variability is also observed in the optical-UV bands. Taking the UVOT w2 UV band as reference, we measure an average emission of ∼8.5 mJy, varying a factor 20 between ∼0.9 and 18.8 mJy. The same increase is measured in the optical R band, where the flux density goes from ∼8.6 mJy at the lowest state, up to ∼192.9 mJy at the peak of the flare. Finally, as commonly observed for γ-ray blazars, the radio bands show the lowest variability across all bands. At a frequency of 37 GHz, the emission changes from 5.47 and 7.83 Jy, only a factor 1.4, contrasting with the large variability observed at other wavelengths.
D.2. Correlations
As shown by Fig. 1, the multi-wavelength emission seems to follow similar variability patterns in several bands. In order to quantify the possible correlations between the different bands, we have computed the Spearman’s linear correlation coefficient ρ for each wavelength with respect to the R band. We use strictly simultaneous data within ±0.1 days to avoid biasing the results as much as possible, with the exception of LAT data, for which we consider the R-band observations within each 12-hour bin.
No significant correlation is observed between the VHE and optical light curves, for which we measure a coefficient ρR − VHE = 0.31 (p-value p = 0.08). This contrasts with a mild correlation between the HE and VHE γ-ray bands, that show ρHE − VHE = 0.53 (p-value p = 0.01). A very high correlation degree is observed between the optical and UV bands, for which we obtain coefficients ρR − V = 0.99 and ρR − w2 = 0.98 (p-values p = 4.8 × 10−25 and p = 6.3 × 10−22), respectively (using the V and w2 bands in each case). A high correlation is also observed between the optical and HE γ-ray emission, with ρR − HE = 0.79 (p-value p = 2.5 × 10−7). The X-ray emission on the other hand shows a slightly smaller value, indicating a hint of correlation with the optical emission. The estimated coefficient for this pair of light curves is ρR − X − ray = 0.64 (p = 4.0 × 10−4). We have evaluated the cause of this somewhat lower correlation with respect to the optical-UV bands by calculating the correlation coefficient for the soft (0.3-2 keV) and hard (2-10 keV) X-ray bands. The former shows again a very high degree of correlation with the R band (ρR − soft = 0.81, p = 6.1 × 10−6), whereas the latter shows a lower correlation degree (ρR − hard = 0.52, p = 0.002). This can be attributed to the transition of the X-ray emission from the high-energy to the synchrotron SED bump. The hard X-ray band hosts more frequently the valley between both peaks compared to the soft X-ray band (see Appendix C), hence lowering the level of correlation with the optical emission. Finally, the radio emission shows the lowest correlation degree, with ρR − radio = 0.41 (p = 0.038). This is not surprising since, as reported in Appendix D.1, the radio emission is the least variable, therefore not following exactly the same variability features as the optical band.

Appendix E:  Joint HE-VHE SED fits
In Figs. E.1 and E.2 we show the results of the joint LAT-LST-1 spectral characterisation described in Sect. 4 for all the BBs defined in our analysis. These SEDs correspond to the spectra whose parameters are summarised in Table 2. The spectral shape of the joint analysis at VHE γ-ray energies is also compared with that obtained from an LST-only analysis.
	[image: Thumbnail: Fig. E.1. Refer to the following caption and surrounding text.]	Fig. E.1. Joint LAT-LST-1 SED using a compound log-parabola plus the EBL model from Saldana-Lopez et al. (2021) for BB1 (top left), BB2 (top right), BB3 (bottom left) and BB4 (bottom right). Same description as Fig. 3.



	[image: Thumbnail: Fig. E.2. Refer to the following caption and surrounding text.]	Fig. E.2. Joint LAT-LST-1 SED using a compound log-parabola plus the EBL model from Saldana-Lopez et al. (2021) for BB5 (top left), BB6 (top right), BB7 (middle left), BB8 (middle right), BB9 (bottom left) and BB10 (bottom right). Same description as Fig. 3.




Appendix F:  SED models
This appendix gathers the SED models for all 10 BBs defined in Table 2. The fits are represented in Figs. F.1 and F.2, and correspond to the models defined by the parameters reported in Table 3.
	[image: Thumbnail: Fig. F.1. Refer to the following caption and surrounding text.]	Fig. F.1. Broadband SEDs of BL Lac for BB1 (top left), BB2 (top right), BB3 (middle left), BB4 (middle right), BB5 (bottom left) and BB6 (bottom right). Same description as Fig. 4.



	[image: Thumbnail: Fig. F.2. Refer to the following caption and surrounding text.]	Fig. F.2. Broadband SEDs of BL Lac for BB7 (top left), BB8 (top right), BB9 (bottom left) and BB10 (bottom right). Same description as Fig. 4.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Multi-wavelength light curves of BL Lac between 21 September and 30 November 2022. From top to bottom: LST-1 night-wise VHE γ-ray light curve above 200 GeV; Fermi-LAT 12-hour binned HE γ-ray light curves between 100 MeV and 300 GeV; XRT X-ray light curve between 0.3 and 10 keV; UVOT optical-UV light curves in the available filters; optical light curves in the BVRI bands; and 37-GHz and 225-GHz radio light curves. The dashed blue line in the top panel indicates the Crab nebula flux above 200 GeV (Aleksić et al. 2016). The blue contours, delimited by dashed black lines, indicate the Bayesian blocks identified in the LST-1 light curve.
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	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Intranight light curves of BL Lac. Left: 5-minute binned light curve during the night of October 20 above 100 GeV. Right: 5-minute binned light curve during the night of November 13 above 200 GeV. Black points indicate LST-1 measurements. Solid black lines represent the light curve models. The horizontal dashed red lines indicate the flux of the Crab nebula as measured by the MAGIC telescopes (Aleksić et al. 2016).
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	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Joint LAT-LST-1 SED for BB8 using a log-parabola plus EBL model. White circles and squares correspond to LAT and LST-1 spectral points, respectively. Down-pointing arrows indicate flux upper limits. The blue and green lines and bowtie shapes show the best fits of the joint LAT plus LST-1 and LST-1-only data, respectively.
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	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Broadband SED of BL Lac for BB8. Black points and arrows indicate flux points and upper limits obtained from the different instruments. The solid black line shows the fitted co-spatial two-zone SSC model. The dotted and dash-dotted blue lines show the synchrotron and SSC emission of the core, respectively. The dotted and dash-dotted orange lines show the synchrotron and SSC emission of the blob. The dash-dotted and dashed magenta lines show the EC emission from the core and the blob, respectively. The dashed dark red line shows the emission resulting from the interaction between the core and the blob. The solid grey line shows the SED of the previous block. Historical data retrieved from the SSDC database (https://tools.ssdc.asi.it/SED/) are shown with grey open points.
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      Fig. 1. 

      
        [image: Fig. 1. Refer to the following caption and surrounding text.]
      

      
        Multi-wavelength light curves of BL Lac between 21 September and 30 November 2022. From top to bottom: LST-1 night-wise VHE γ-ray light curve above 200 GeV; Fermi-LAT 12-hour binned HE γ-ray light curves between 100 MeV and 300 GeV; XRT X-ray light curve between 0.3 and 10 keV; UVOT optical-UV light curves in the available filters; optical light curves in the BVRI bands; and 37-GHz and 225-GHz radio light curves. The dashed blue line in the top panel indicates the Crab nebula flux above 200 GeV (Aleksić et al. 2016). The blue contours, delimited by dashed black lines, indicate the Bayesian blocks identified in the LST-1 light curve.

      

    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Intranight light curves of BL Lac. Left: 5-minute binned light curve during the night of October 20 above 100 GeV. Right: 5-minute binned light curve during the night of November 13 above 200 GeV. Black points indicate LST-1 measurements. Solid black lines represent the light curve models. The horizontal dashed red lines indicate the flux of the Crab nebula as measured by the MAGIC telescopes (Aleksić et al. 2016).

      

    

  
    
      Table 1. 

      VHE γ-ray intranight variability analysis, showing the shortest variability timescales derived from rise and decay light curve modelling and doubling flux criterion.

      
        


	Date
	Fb
	F0
	tmax
	tr
	td
	τrise
	τfall
	tdoubling



	[10−9 × cm−2 s−1]
	[10−9 × cm−2 s−1]
	[min]
	[min]
	[min]
	[min]
	[min]
	[min]





	October 20
	0.45 ± 0.09
	0.75 ± 0.15
	35.0 ± 4.8
	3.2 ± 1.8
	4.7 ± 2.5
	2.2 ± 1.2
	3.3 ± 1.7
	8.3 ± 2.5



	1.43 ± 0.10
	75.0 ± 3.7
	26.1 ± 4.7
	52.4 ± 7.7
	18.1 ± 3.3
	36.3 ± 5.3



	0.75 ± 0.25
	105.0 ± 8.2
	6.1 ± 3.7
	6.7 ± 4.2
	4.2 ± 2.6
	4.6 ± 2.9



	




	November 13
	0.27 ± 0.05
	0.30 ± 0.04
	0
	–
	28.9 ± 5.9
	–
	20.0 ± 4.1
	–





      

    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Joint LAT-LST-1 SED for BB8 using a log-parabola plus EBL model. White circles and squares correspond to LAT and LST-1 spectral points, respectively. Down-pointing arrows indicate flux upper limits. The blue and green lines and bowtie shapes show the best fits of the joint LAT plus LST-1 and LST-1-only data, respectively.

      

    

  
    
      Table 2. 

      Joint LAT and LST-1 γ-ray intrinsic spectrum at an energy E0 = 1 GeV, corrected for EBL absorption for each BB.

      
        


	
	Period
	f0
	α
	β
	Epeak
	[image: Mathematical equation: $ \nu F_{\nu}^{\mathrm{max}} $]



	
	[MJD]
	[GeV−1 cm−2 s−1]
	[GeV]
	[erg cm−2 s−1]





	BB1
	59843.5–59856.5
	(6.68 ± 0.58)×10−8
	1.92 ± 0.07
	0.13 ± 0.02
	1.4
	(1.09 ± 0.11)×10−10



	BB2
	59867.5–59870.5
	(2.86 ± 0.50)×10−7
	1.86 ± 0.08
	0.10 ± 0.01
	1.9
	(4.81 ± 0.85)×10−10



	BB3
	59870.5–59872.5
	(2.41 ± 0.46)×10−7
	1.80 ± 0.13
	0.14 ± 0.03
	1.9
	(4.14 ± 0.90)×10−10



	BB4
	59872.5–59873.5
	(4.66 ± 0.86)×10−7
	1.53 ± 0.06
	0.14 ± 0.01
	5.5
	(1.11 ± 0.12)×10−9



	BB5
	59873.5–59879.5
	(1.97 ± 0.16)×10−7
	1.99 ± 0.06
	0.13 ± 0.02
	1.1
	(3.15 ± 0.27)×10−10



	BB6
	59879.5–59880.5
	(2.62 ± 0.24)×10−7
	1.81 ± 0.08
	0.11 ± 0.01
	2.3
	(4.58 ± 0.45)×10−10



	BB7
	59881.5–59885.5
	(3.03 ± 0.18)×10−7
	1.91 ± 0.04
	0.11 ± 0.01
	1.6
	(4.95 ± 0.35)×10−10



	BB8
	59896.5–59897.5
	(4.26 ± 0.88)×10−7
	1.56 ± 0.07
	0.11 ± 0.01
	6.5
	(1.05 ± 0.15)×10−9



	BB9
	59898.5–59903.5
	(1.71 ± 0.12)×10−7
	1.86 ± 0.05
	0.11 ± 0.01
	1.9
	(2.86 ± 0.24)×10−10



	BB10
	59908.5–59909.5
	(3.48 ± 0.30)×10−7
	1.84 ± 0.05
	0.10 ± 0.01
	2.3
	(5.94 ± 0.62)×10−10





      

    

  
    
      Fig. 4. 

      
        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Broadband SED of BL Lac for BB8. Black points and arrows indicate flux points and upper limits obtained from the different instruments. The solid black line shows the fitted co-spatial two-zone SSC model. The dotted and dash-dotted blue lines show the synchrotron and SSC emission of the core, respectively. The dotted and dash-dotted orange lines show the synchrotron and SSC emission of the blob. The dash-dotted and dashed magenta lines show the EC emission from the core and the blob, respectively. The dashed dark red line shows the emission resulting from the interaction between the core and the blob. The solid grey line shows the SED of the previous block. Historical data retrieved from the SSDC database (https://tools.ssdc.asi.it/SED/) are shown with grey open points.

      

    

  
    
      Table 3. 

      SED modelling parameters for the two-zone SSC model describing the broadband emission during each BB.

      
        


	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)



	Epoch
	Component
	γmin
	γb
	γmax
	n1
	n2
	B
	K
	R
	Γ
	δ
	U′B/U′e
	tSSC



	
	
	(×103)
	(×104)
	(×105)
	
	
	[G]
	[×10−2 cm−3]
	[×1015 cm]
	
	
	
	[min]





	BB1
	Blob
	3.00
	0.90
	0.17
	2.0
	2.8
	0.50
	3.00
	0.3
	33
	33
	0.31 × 10−2
	35.0



	Core
	0.27
	0.20
	0.05
	2.2
	3.4
	0.20
	0.01
	100
	20
	20
	1.64
	–



	




	BB2
	Blob
	2.50
	1.00
	1.50
	2.8
	3.8
	0.50
	3.00
	0.3
	33
	33
	0.13 × 10−2
	15.3



	Core
	0.30
	0.23
	0.05
	1.9
	2.9
	0.20
	0.01
	100
	20
	20
	1.54
	–



	




	BB3
	Blob
	3.00
	0.95
	0.80
	2.9
	3.7
	0.50
	3.00
	0.3
	33
	33
	0.17 × 10−2
	19.2



	Core
	0.25
	0.23
	0.05
	2.0
	2.9
	0.20
	0.01
	100
	20
	20
	0.75
	–



	




	BB4
	Blob
	2.50
	0.95
	1.80
	2.6
	3.5
	0.50
	5.00
	0.3
	33
	33
	0.11 × 10−2
	11.1



	Core
	0.30
	0.19
	0.07
	2.0
	2.8
	0.20
	0.01
	100
	20
	20
	2.00
	–



	




	BB5
	Blob
	3.20
	1.00
	0.35
	2.8
	3.8
	0.50
	3.00
	0.3
	33
	33
	0.17 × 10−2
	17.9



	Core
	0.25
	0.20
	0.07
	2.4
	3.4
	0.20
	0.01
	100
	20
	20
	0.79
	–



	




	BB6
	Blob
	2.00
	0.95
	1.10
	2.7
	3.4
	0.50
	3.00
	0.3
	33
	33
	0.13 × 10−2
	16.2



	Core
	0.50
	0.25
	0.07
	2.4
	3.7
	0.20
	0.01
	100
	20
	20
	0.88
	–



	




	BB7
	Blob
	2.70
	1.05
	1.00
	2.7
	3.6
	0.50
	3.00
	0.3
	33
	33
	0.13 × 10−2
	12.3



	Core
	0.30
	0.23
	0.07
	2.2
	3.3
	0.20
	0.01
	100
	20
	20
	1.19
	–



	




	BB8
	Blob
	4.00
	1.00
	3.80
	2.1
	3.8
	0.50
	7.50
	0.3
	33
	33
	0.11 × 10−2
	8.8



	Core
	0.30
	0.18
	0.07
	1.9
	3.0
	0.20
	0.01
	100
	20
	20
	2.56
	–



	




	BB9
	Blob
	3.60
	1.00
	0.80
	2.7
	3.6
	0.50
	3.00
	0.3
	33
	33
	0.20 × 10−2
	17.5



	Core
	0.15
	0.19
	0.06
	2.3
	2.7
	0.20
	0.01
	100
	20
	20
	0.85
	–



	




	BB10
	Blob
	2.00
	1.05
	1.00
	2.6
	3.6
	0.50
	3.00
	0.3
	33
	33
	0.11 × 10−2
	12.1



	Core
	0.28
	0.20
	0.06
	2.3
	3.0
	0.20
	0.01
	100
	20
	20
	1.45
	–





      

      
Notes. Columns: (1) Observation campaign or state. (2) Emission region. (3), (4), and (5) Minimum, break, and maximum electron Lorentz factors. (6) and (7) Electron distribution slopes below and above γb. (8) Magnetic field. (9) Electron density. (10) Emission-region size. (11) Bulk Lorentz factor. (12) Doppler factor. (13) Ratio between the magnetic-field energy density and the relativistic-electron energy density. (14) Blob SSC cooling time at γb.



    

  
    
      Table A.1. 

      Effective observation time, significance and flux level above 200 GeV of BL Lac’s emission for each night of observation.

      
        


	Day
	Observation
	Significance
	Fluxa
	
	Day
	Observation
	Significance
	Fluxa



	Time [h]
	[σ]
	[×10−11 cm−2 s−1]
	
	Time [h]
	[σ]
	[×10−11 cm−2 s−1]





	21/09
	1.71
	0.32
	< 1.2
	
	27/10
	1.36
	6.48
	10.7 ± 1.4



	




	01/10
	1.65
	1.22
	< 2.1
	
	29/10
	0.72
	6.19
	2.9 ± 1.2



	




	03/10
	2.86
	2.28
	1.1 ± 0.5
	
	31/10
	1.73
	5.08
	4.7 ± 0.8



	




	15/10
	1.31
	7.55
	6.5 ± 1.0
	
	01/11
	1.35
	5.22
	2.3 ± 0.7



	




	17/10
	2.14
	10.77
	6.3 ± 0.7
	
	13/11
	1.51
	30.47
	38.7 ± 1.3



	




	18/10
	2.48
	1.14
	< 2.7
	
	15/11
	0.76
	2.20
	8.1 ± 2.7



	




	19/10
	2.67
	3.26
	3.1 ± 1.0
	
	16/11
	0.88
	0.54
	< 6.7



	




	20/10
	2.50
	48.73
	23.8 ± 1.0
	
	17/11
	0.87
	3.01
	5.0 ± 2.4



	




	21/10
	1.87
	0.70
	< 1.6
	
	18/11
	1.01
	0.68
	< 8.3



	




	23/10
	1.41
	1.70
	< 5.1
	
	19/11
	0.57
	0.66
	< 6.6



	




	25/10
	2.25
	0.13
	< 1.9
	
	25/11
	0.76
	10.53
	10.8 ± 1.7



	




	26/10
	1.23
	4.67
	3.3 ± 1.1
	
	
	
	





      

      
Notes. aFor the observations in which the signal has a significance < 2σ (TS< 4), the 95% confidence level flux upper limits are reported.



    

  
    
      Fig. B.1. 

      
        [image: Fig. B.1. Refer to the following caption and surrounding text.]
      

      
        Results of the X-ray and UV Swift data analysis. Left: X-ray and optical-UV SEDs obtained from the Swift-XRT/UVOT analyses between September and November 2022. The colour scale corresponds to the MJD of the observation. Right: X-ray power-law spectral index as function of the 0.3-10 keV flux. Observations for which a log-parabola shape was preferred over a power law with a significance ≥3σ are shown with open markers.

      

    

  
    
      Table B.1. 

      Results of the spectral analysis of the Swift-XRT observations of BL Lac during September to November 2022.

      
        


	Day
	MJD
	ObsID
	Exposure
	Significance [σ]
	Flux (0.3 − 10 keV)
	Flux (2.0 − 10 keV)
	Spectral index



	[s]
	Log-parabola model
	[×10−12 erg cm−2 s−1]
	[×10−12 erg cm−2 s−1]





	09/16
	59838.6
	00014925014
	1981
	1.7
	53 ± 5
	24 ± 2
	1.81 ± 0.02



	




	09/18
	59840.5
	00014925015
	1994
	1.9
	19 ± 2
	11 ± 1
	1.63 ± 0.02



	




	09/20
	59842.3
	00014925016
	572
	0.9
	26 ± 3
	13 ± 3
	1.82 ± 0.02



	




	09/23
	59845.5
	00014925017
	705
	0.3
	24 ± 3
	14 ± 2
	1.70 ± 0.02



	




	10/17
	59869.8
	00014925018
	1102
	1.5
	42 ± 3
	18 ± 2
	2.10 ± 0.02



	




	10/17
	59869.9
	00014925019
	1412
	0.4
	40 ± 3
	18 ± 2
	2.00 ± 0.02



	




	10/22
	59874.4
	00014925021
	1978
	3.7
	77 ± 5
	24 ± 3
	2.33 ± 0.02



	




	10/23
	59875.8
	00014925020
	1832
	4.3
	56 ± 5
	26 ± 2
	1.92 ± 0.02



	




	10/25
	59877.0
	00014925023
	1008
	3.8
	55 ± 6
	27 ± 5
	1.82 ± 0.02



	




	10/26
	59878.3
	00096990012
	1034
	1.9
	37 ± 3
	23 ± 2
	1.70 ± 0.02



	




	10/29
	59881.1
	00014925024
	1661
	3.4
	78 ± 5
	27 ± 3
	2.09 ± 0.02



	




	11/01
	59884.1
	00014925026
	951
	1.1
	72 ± 3
	27 ± 2
	2.16 ± 0.02



	




	11/04
	59887.3
	00014925027
	1240
	2.3
	87 ± 5
	32 ± 3
	2.22 ± 0.02



	




	11/07
	59890.1
	00014925028
	1035
	4.2
	60 ± 5
	24 ± 3
	2.15 ± 0.02



	




	11/12
	59895.4
	00096990013
	849
	1.9
	219 ± 11
	50 ± 3
	2.60 ± 0.03



	




	11/13
	59896.3
	00014925030
	1278
	2.2
	64 ± 3
	21 ± 2
	2.33 ± 0.02



	




	11/21
	59904.8
	00014925032
	1681
	2.4
	66 ± 3
	26 ± 2
	2.14 ± 0.02



	




	11/23
	59906.0
	00014925033
	1447
	2.7
	124 ± 8
	34 ± 3
	2.43 ± 0.02



	




	11/25
	59908.4
	00096990014
	865
	2.0
	93 ± 5
	27 ± 2
	2.43 ± 0.02



	




	11/25
	59908.7
	00014925034
	2021
	2.5
	69 ± 6
	24 ± 3
	2.14 ± 0.02



	




	11/26
	59909.5
	00096990015
	905
	2.6
	71 ± 6
	27 ± 3
	2.14 ± 0.02



	




	11/27
	59910.2
	00096990016
	834
	2.8
	97 ± 15
	29 ± 6
	2.35 ± 0.02



	




	11/28
	59911.9
	00089562001
	1473
	3.7
	61 ± 5
	24 ± 2
	2.09 ± 0.02



	




	11/29
	59912.2
	00096990017
	826
	2.7
	98 ± 8
	31 ± 5
	2.33 ± 0.02



	




	11/30
	59913.4
	00096990018
	895
	3.7
	84 ± 13
	47 ± 10
	1.82 ± 0.02



	




	12/01
	59914.1
	00096990019
	960
	3.2
	80 ± 8
	32 ± 5
	2.09 ± 0.02





      

      
Notes. For each observation, the following quantities are reported: day, MJD, Swift ObsID, exposure, intrinsic flux reconstructed in the 0.3 − 10 keV and 2.0 − 10 keV bands and photon index from the fit assuming a power-law model for the intrinsic source spectrum. For those observations in which the log-parabola model was preferred over the power-law at a significance greater than 3σ, the reported fluxes were reconstructed from the best-fit log-parabola model.



    

  
    
      Table B.2. 

      Results of the spectral analyses of Swift-XRT data assuming a log-parabola model for the intrinsic spectrum.

      
        


	Day
	MJD
	ObsID
	Significance [σ]
	E0
	α
	β
	N0



	Log-parabola model
	[keV]
	[×10−3 keV−1 cm−2 s−1]





	10/22
	59874.4
	00014925021
	3.7
	1
	2.68 ± 0.03
	−0.720 ± 0.007
	11.7 ± 0.1



	




	10/23
	59875.8
	00014925020
	4.3
	1
	2.39 ± 0.02
	−0.808 ± 0.008
	7.3 ± 0.1



	




	10/25
	59877.0
	00014925023
	3.8
	1
	2.41 ± 0.02
	−0.993 ± 0.010
	6.2 ± 0.1



	




	10/29
	59881.1
	00014925024
	3.4
	1
	2.40 ± 0.02
	−0.587 ± 0.006
	11.2 ± 0.1



	




	11/07
	59890.1
	00014925028
	4.2
	1
	2.63 ± 0.03
	−0.918 ± 0.009
	9.1 ± 0.1



	




	11/28
	59911.9
	00089562001
	3.7
	1
	2.45 ± 0.02
	−0.658 ± 0.007
	9.0 ± 0.1



	




	11/30
	59913.4
	00096990018
	3.7
	1
	2.31 ± 0.02
	−0.812 ± 0.008
	11.6 ± 0.1



	




	12/01
	59914.1
	00096990019
	3.2
	1
	2.46 ± 0.02
	−0.686 ± 0.007
	11.6 ± 0.1





      

      
Notes. The pivot energy was fixed to E0 = 1 keV. Only the observations in which the log-parabola model was preferred over the power-law at a significance greater than 3σ are included in this table. For these observations, the best-fit values of the spectral index α, curvature parameter β and normalisation N0 are reported.



    

  
    
      Table C.1. 

      Results of the Swift-UVOT photometry of BL Lac in the observations carried out from September to November 2022.

      
        


	Day
	MJD
	ObsID
	Exposure
	V
	B
	U
	W1
	M2
	W2



	[s]
	[mJy]
	[mJy]
	[mJy]
	[mJy]
	[mJy]
	[mJy]





	09/16
	59838.6
	00014925014
	1948
	26.8 ± 1.4
	19.5 ± 1.1
	12.3 ± 0.8
	6.7 ± 0.6
	6.2 ± 0.7
	4.0 ± 0.4



	




	09/18
	59840.5
	00014925015
	1898
	18.8 ± 1.0
	13.2 ± 0.8
	8.1 ± 0.6
	4.6 ± 0.4
	3.9 ± 0.4
	2.7 ± 0.3



	




	09/20
	59842.3
	00014925016
	547
	15.5 ± 1.0
	10.5 ± 0.7
	6.4 ± 0.5
	3.5 ± 0.3
	3.0 ± 0.4
	1.6 ± 0.2



	




	09/23
	59845.5
	00014925017
	680
	18.5 ± 1.1
	12.9 ± 0.8
	7.0 ± 0.5
	3.8 ± 0.4
	3.7 ± 0.5
	2.0 ± 0.2



	




	10/17
	59869.8
	00014925018
	1450
	46.0 ± 2.0
	-
	-
	-
	-
	-



	




	10/17
	59869.9
	00014925019
	1453
	-
	-
	-
	15.5 ± 1.3
	-
	-



	




	10/22
	59874.4
	00014925021
	1925
	99.3 ± 4.7
	72.7 ± 3.8
	49.6 ± 3.3
	28.5 ± 2.4
	25.5 ± 2.8
	16.2 ± 1.6



	




	10/23
	59875.8
	00014925020
	1758
	74.6 ± 3.5
	54.3 ± 2.8
	36.5 ± 2.4
	20.4 ± 1.7
	19.5 ± 2.2
	12.4 ± 1.2



	




	10/25
	59877.0
	00014925023
	961
	63.4 ± 3.0
	45.4 ± 2.6
	30.0 ± 2.0
	16.4 ± 1.4
	15.2 ± 1.7
	9.5 ± 1.0



	




	10/26
	59878.3
	00096990012
	1009
	59.8 ± 2.9
	45.0 ± 2.5
	29.5 ± 2.0
	16.2 ± 1.4
	14.4 ± 1.6
	9.5 ± 1.0



	




	10/29
	59881.1
	00014925024
	1610
	102.1 ± 4.8
	72.0 ± 3.7
	46.9 ± 3.1
	27.5 ± 2.3
	25.3 ± 2.8
	16.2 ± 1.6



	




	11/01
	59884.1
	00014925026
	928
	78.2 ± 3.7
	53.8 ± 3.0
	34.2 ± 2.3
	19.7 ± 1.7
	18.5 ± 2.0
	12.0 ± 1.2



	




	11/04
	59887.2
	00014925027
	1188
	92.9 ± 4.4
	65.0 ± 3.6
	43.2 ± 2.9
	24.4 ± 2.1
	22.8 ± 2.5
	13.5 ± 1.4



	




	11/07
	59890.1
	00014925028
	990
	92.0 ± 4.3
	63.8 ± 3.6
	44.0 ± 2.9
	25.0 ± 2.2
	22.8 ± 2.5
	14.5 ± 1.5



	




	11/12
	59895.4
	00096990013
	826
	97.4 ± 4.6
	72.0 ± 4.0
	49.6 ± 3.3
	29.0 ± 2.5
	28.5 ± 3.2
	18.3 ± 1.9



	




	11/13
	59896.3
	00014925030
	1254
	58.1 ± 2.8
	42.9 ± 2.3
	29.5 ± 2.0
	16.8 ± 1.5
	15.8 ± 1.7
	10.1 ± 1.0



	




	11/21
	59904.8
	00014925032
	1655
	63.4 ± 3.0
	45.8 ± 2.4
	30.6 ± 2.0
	17.0 ± 1.5
	16.7 ± 1.8
	10.3 ± 1.0



	




	11/23
	59906.0
	00014925033
	1397
	83.7 ± 4.0
	59.7 ± 3.1
	40.1 ± 2.6
	22.2 ± 1.9
	23.7 ± 2.6
	15.0 ± 1.5



	




	11/25
	59908.4
	00096990014
	839
	71.8 ± 3.4
	50.9 ± 2.9
	36.8 ± 2.4
	20.6 ± 1.8
	19.5 ± 2.2
	12.1 ± 1.2



	




	11/25
	59908.6
	00014925034
	1985
	61.0 ± 2.9
	45.0 ± 2.4
	30.9 ± 2.0
	17.5 ± 1.5
	16.2 ± 1.8
	10.4 ± 1.1



	




	11/26
	59909.5
	00096990015
	879
	81.3 ± 3.8
	58.0 ± 3.3
	39.0 ± 2.6
	23.0 ± 2.0
	21.6 ± 2.4
	13.3 ± 1.3



	




	11/27
	59910.2
	00096990016
	809
	102.1 ± 4.8
	71.4 ± 4.0
	48.7 ± 3.2
	29.0 ± 2.5
	26.4 ± 2.9
	17.0 ± 1.7



	




	11/28
	59911.9
	00089562001
	1446
	57.0 ± 2.7
	40.9 ± 2.2
	27.1 ± 1.8
	15.1 ± 1.3
	14.1 ± 1.6
	8.9 ± 0.9



	




	11/29
	59912.2
	00096990017
	801
	62.8 ± 3.0
	43.7 ± 2.5
	29.5 ± 2.0
	17.5 ± 1.5
	15.6 ± 1.8
	9.5 ± 1.0



	




	11/30
	59913.4
	00096990018
	870
	69.8 ± 3.3
	48.1 ± 2.7
	32.3 ± 2.1
	18.6 ± 1.6
	17.3 ± 1.9
	10.6 ± 1.1



	




	12/01
	59914.1
	00096990019
	914
	98.3 ± 4.6
	68.7 ± 3.9
	47.8 ± 3.2
	27.5 ± 2.4
	25.7 ± 2.8
	15.8 ± 1.6





      

    

  
    
      Fig. E.1. 

      
        [image: Fig. E.1. Refer to the following caption and surrounding text.]
      

      
        Joint LAT-LST-1 SED using a compound log-parabola plus the EBL model from Saldana-Lopez et al. (2021) for BB1 (top left), BB2 (top right), BB3 (bottom left) and BB4 (bottom right). Same description as Fig. 3.

      

    

  
    
      Fig. E.2. 

      
        [image: Fig. E.2. Refer to the following caption and surrounding text.]
      

      
        Joint LAT-LST-1 SED using a compound log-parabola plus the EBL model from Saldana-Lopez et al. (2021) for BB5 (top left), BB6 (top right), BB7 (middle left), BB8 (middle right), BB9 (bottom left) and BB10 (bottom right). Same description as Fig. 3.

      

    

  
    
      Fig. F.1. 

      
        [image: Fig. F.1. Refer to the following caption and surrounding text.]
      

      
        Broadband SEDs of BL Lac for BB1 (top left), BB2 (top right), BB3 (middle left), BB4 (middle right), BB5 (bottom left) and BB6 (bottom right). Same description as Fig. 4.

      

    

  
    
      Fig. F.2. 

      
        [image: Fig. F.2. Refer to the following caption and surrounding text.]
      

      
        Broadband SEDs of BL Lac for BB7 (top left), BB8 (top right), BB9 (bottom left) and BB10 (bottom right). Same description as Fig. 4.
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