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ABSTRACT

Context. Blazars exhibit strong variability across the entire electromagnetic spectrum, including periods of high-flux states commonly known as
flares. The physical mechanisms in blazar jets responsible for flares remain poorly understood to date.
Aims. Our aim is to better understand the emission mechanisms during blazar flares using X-ray polarimetry and broadband observations from the
archetypical TeV blazar Mrk 421, which can be studied with higher accuracy than other blazars that are dimmer and/or located farther away.
Methods. We studied a flaring activity from December 2023 that was characterized from radio to very high-energy (VHE; E > 0.1 TeV) gamma
rays with MAGIC, Fermi-LAT, Swift, XMM-Newton, and several optical and radio telescopes. These observations included, for the first time for
a gamma-ray flare of a blazar, simultaneous X-ray polarization measurements with IXPE, in addition to optical and radio polarimetry data. We
quantify the variability and correlations among the multi-band flux and polarization measurements, and describe the varying broadband emission
within a theoretical scenario constrained by the polarization data.
Results. We find substantial variability in both X-rays and VHE gamma rays throughout the campaign, with the highest VHE flux above 0.2 TeV
occurring during the IXPE observing window, and exceeding twice the flux of the Crab Nebula. However, the VHE and X-ray spectra are on
average softer, and the correlation between these two bands is weaker than those reported in the previous flares of Mrk 421. IXPE reveals an X-ray
polarization degree significantly higher than that at radio and optical frequencies, similar to previous results for Mrk 421 and other high synchrotron
peaked blazars. Differently to past observations, the X-ray polarization angle varies by ∼100◦ on timescales of days, and the polarization degree
changes by more than a factor of 4. The highest X-ray polarization degree, analyzed in 12 h time intervals, reaches 26 ± 2%, around which
an X-ray counter-clockwise hysteresis loop is measured with XMM-Newton. It suggests that the X-ray emission comes from particles close to
the high-energy cutoff, hence possibly probing an extreme case of the Turbulent Extreme Multi-Zone model for which the chromatic trend in
the polarization may be more pronounced than theoretically predicted. We model the broadband emission with a simplified stratified jet model
throughout the flare. The polarization measurements imply an electron distribution in the X-ray emitting region with a very high minimum Lorentz
factor (γ′min & 104), which is expected in electron-ion plasma, as well as a variation of the emitting region size of up to a factor of 3 during the
flaring activity. We find no correlation between the fluxes and the evolution of the model parameters, which indicates a stochastic nature of the
underlying physical mechanism that likely explains the lack of a tight X-ray/VHE correlation during this flaring activity. Such behavior would be
expected in a highly turbulent electron-ion plasma crossing a shock front.

Key words. acceleration of particles – radiation mechanisms: non-thermal – galaxies: active – BL Lacertae objects: individual: Markarian 421 –
gamma rays: general – X-rays: general

1. Introduction

Blazars are a subclass of active galactic nuclei (AGNs),
each characterized by a powerful relativistic plasma jet
(Blandford et al. 2019) whose axis is aligned at a small angle
with the observer’s line of sight, leading to strong relativistic
aberration of the observed radiation. Their broadband emission
is dominated by nonthermal radiation from the jet that goes from
the radio to the very high-energy (VHE; >0.1 TeV) gamma ray
band.

One of the key features of their emission is a high
degree of variability observed over the full spectrum of
timescales from years to hours (see, e.g., Fossati et al. 2008;
Chatterjee et al. 2008). During high-flux states, commonly
called flares, extreme flux variations up to an order of mag-
nitude on the timescale of minutes have also been reported
(Albert et al. 2007; Aharonian et al. 2007). Flares are not only
accompanied by strong flux changes, but also by large spec-
tral variations (Pian et al. 1998), hence implying that particle
acceleration mechanisms play a central role in the origin of the
variability. However, all those phenomena, and in particular the
underlying processes that accelerate particles to highly relativis-
tic energies, are still a topic of debate.

Among the acceleration mechanisms commonly con-
sidered for blazars there are shock acceleration (Marscher
1978; Crumley et al. 2019) and magnetic reconnection
(Sironi & Spitkovsky 2014). For the first, the source of
acceleration is the interaction with a collisionless shock wave,
where turbulence in the magnetic field of the plasma are
responsible for the multiple crossings at the shock front, leading
to an efficient energy gain. In the case of magnetic reconnection,
it is the magnetic field lines themselves that are the root of the
acceleration. Through instabilities in the magnetic field, field
lines of opposite polarity can reconnect with each other and
transfer magnetic energy to kinetic energy efficiently. Which of
these two mechanisms is dominating in blazars is still unknown.

It is also dependent on where we expect the observed emission
taking place in the jet due to different dependences on the mag-
netization of the jet.

An important tool for probing acceleration mechanisms are
polarization measurements since they directly relate to the struc-
tures of the magnetic fields at the emission sites, which in
turn lead to constraints on the possible acceleration mecha-
nisms (Tavecchio 2021). As discussed in Tavecchio et al. (2020),
Di Gesu et al. (2022a), in the scenario of shock acceleration,
the polarization degree is expected to show a strong chromatic
behavior. The polarization increases with energy because the
highest-energy particles are located closer to the shock front
where they are freshly accelerated, and where the magnetic field
is more ordered as it gets compressed. The polarization degree is
expected to be slowly variable, and the angle parallel to the shock
normal (i.e., parallel to the jet axis in the case of a shock normal
aligned with the jet). In the case of a highly turbulent plasma
crossing a shock front, both the polarization degree and angle
can exhibit strong variability dictated by the stochastic nature
of the magnetic field in the plasma cells crossing the shock. The
average polarization angle is nevertheless expected to be roughly
aligned with the shock normal due to the partial ordering and
compression of the field by the shock. In this context, Marscher
(2014), Marscher et al. (2017) also developed the Turbulent
Extreme Multi-Zone Model for Blazar Variability (TEMZ), in
which a turbulent plasma crosses a standing shock (e.g., recolli-
mation shock). This model predicts a chromatic behavior of the
polarization driven by the turbulent nature of the plasma, and
is consistent with the radio to optical range polarization behav-
iors seen in several blazars (e.g., MAGIC Collaboration 2018).
For magnetic reconnection, the polarization degree and angle
can show fast (below the light-crossing time of the reconnection
layer) and chaotic variability driven by the complex geometry of
the current sheets (Zhang et al. 2022).

Until recently, polarization observations of blazar jets were
only available in the optical and radio wavebands. However,
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since the end of 2021, the Imaging X-ray Polarimetry Explorer
(IXPE; Weisskopf 2022) has been providing us with linear polar-
ization observations in the 2–8 keV band. For high synchrotron
peaked blazars (HSPs), which have a synchrotron spectral
energy distribution (SED) peaking above 1015 Hz (Abdo et al.
2010), the IXPE energy regime is measuring the synchrotron
emission from the most energetic, freshly accelerated electrons.
Therefore, X-ray polarization measurements directly probe the
conditions close to the acceleration regions for HSPs, while opti-
cal and radio observation are most probably connected to regions
farther downstream the jet due to the longer cooling timescale
(Tavecchio 2021). Combining radio-to-X-ray polarization obser-
vations provides a unique opportunity to disentangle the accel-
eration mechanisms in blazars, and thus better understand the
origin of flaring events.

During its first years of operations, the HSPs observed by
IXPE had been probed in nonflaring activity. In 2022, IXPE
announced the first detection of X-ray polarization from a
blazar (Liodakis et al. 2022), the archetypal HSP Markarian 501
(hereafter Mrk 501), revealing significantly higher polarization
degrees than in the optical or radio regimes, but similar polar-
ization angles. The same was found for another archetypal HSP,
Markarian 421 (hereafter Mrk 421; Di Gesu et al. 2022b, 2023).
This indicated (at least in nonflaring activity) that shock accel-
eration in an energy stratified jet is preferred. This scenario
is further supported by the results derived with the data from
the multi-instrument campaigns organized for these two sources
during the year 2022 (Abe et al. 2024; MAGIC Collaboration
2024).

In December 2023 another IXPE observation of Mrk 421
was performed, which lasted from December 6 (MJD 60284)
to December 21 (MJD 60300), around which we organized a
dense monitoring campaign from radio to VHE. This time, the
source was found in a flaring state reaching VHE fluxes of
more than twice that of the Crab Nebula, and in a bright X-ray
state compatible with prominent archival flares (Aleksić et al.
2015a). In this work we present the first broadband study from
radio to VHE of a gamma-ray flare of a blazar in combination
with simultaneous radio-to-X-ray polarization measurements.
For this study we coordinated and combined extensive observa-
tions by the Florian Goebel Major Atmospheric Gamma Imaging
Cherenkov (MAGIC) telescopes (Aleksić et al. 2016), the Large
Area Telescope (LAT) on board Fermi Gamma-ray Space Tele-
scope (Fermi-LAT; Atwood et al. 2009; Ackermann et al. 2012),
the Neil Gehrels Swift Observatory (Swift; Gehrels et al. 2004),
the X-ray Multi-Mirror Mission (XMM-Newton), and various
ground-based telescopes to cover the optical and radio frequen-
cies.

The paper is structured as follows. The observations and
data processing are described in Sect. 2. The multi-wavelength
behavior and polarization characteristics during the campaign
are discussed in Sect. 3; in Sect. 4 we characterize the intra-band
correlations. In Sect. 5 we describe the modeling of the broad-
band emission throughout the IXPE window using constraints
from the observed multi-wavelength polarization, and the dis-
cussion and summary are presented in Sect. 6.

2. Observations and data processing

Most of the observations were carried out by the same instru-
ments and using the same data processing as for the multi-
wavelength campaigns recently published in Abe et al. (2024)
and MAGIC Collaboration (2024). We refer to the latter works

for more details, but we provide below a summary for complete-
ness.

Observations in the VHE band were performed by the
MAGIC telescopes at the Observatorio del Roque de los Mucha-
chos (ORM) on the Canary Island of La Palma, Spain. The data
were analyzed with the standard procedures and the MAGIC
Analysis and Reconstruction Software (MARS; Zanin et al.
2013; Aleksić et al. 2016) software package as in Abe et al.
(2024). We extracted daily light curves for the full campaign
in the 0.2–1 TeV and >1 TeV bands. Moreover, a deep MAGIC
exposure of 4.3 hours (15.6 ks) was organized during the multi-
hour observations from XMM-Newton that took place on Decem-
ber 13, 2023 (MJD 60291), which was used to derive an
intranight light curve above 0.4 TeV in 25-minutes intervals.
The latter minimum energy is higher than the threshold adopted
for the daily light curve because, on that night, the MAGIC
observations were performed at zenith angles from ≈10◦ to
≈60◦. At zenith angles close to ≈60◦, the threshold of MAGIC
is ≈350 GeV. Hence, using an increased threshold of 0.4 TeV
allows us to include all the 25-min bins, even those with data
taken at the highest zenith angles up to 60◦. Nightly SEDs
and spectral parameters were obtained with a forward folding
method. Since for the long exposure night, a log-parabola model
was preferred by more than 3σ, it is employed for all nights to
ease comparability.

For the high-energy (HE) gamma rays, data from Fermi-LAT
were obtained and analyzed following the same procedure as in
MAGIC Collaboration (2024). We produced a light curve with a
binning of 3 days and SEDs centered around each MAGIC obser-
vation also integrated over 3 days. A simple power-law model
was used to produce the SEDs. We note that, when using the 15
days considered in this study (December 6–21), a log parabola
is not preferred (with respect to a power law) by more than 3σ.

A dense X-ray monitoring campaign with the Swift-XRT
telescope (Burrows et al. 2005) was organized to support the
MAGIC observations. A special effort was put to schedule the
observations simultaneously with the MAGIC observations. The
data were reduced as in Abe et al. (2024) using an updated
version of the XRTDAS software package (v.3.7.0) developed
by the ASI Space Science Data Center1 (SSDC), released by
the NASA High Energy Astrophysics Archive Research Center
(HEASARC) in the HEASoft package (v.6.32.1). We extracted
fluxes in the 0.3–2 keV and 2–10 keV bands by fitting a log-
parabola model assuming a hydrogen column density fixed to
NH = 1.34 × 1020 cm−2 (HI4PI Collaboration 2016). The same
NH will be used throughout this work. In the vast majority of
the cases (>97% of the fits), the log-parabola model is preferred
over the power-law model with a significance above 3σ.

On December 13, 2023 (MJD 60291), we performed a multi-
hour observation with the XMM-Newton, which carries on board
several coaligned X-ray instruments. One of them is the Euro-
pean Photon Imaging Camera (EPIC), consisting of the Metal
Oxide Semiconductor cameras (EPIC-MOS; Turner et al. 2001)
and the pn junction camera (EPIC-pn; Strüder et al. 2001) that
both operate in the 0.2–10 keV band. In this work, we focus
on the data from the EPIC-pn camera considering its better
sensitivity that allows us to resolve spectral changes on short
timescale, which is of importance for this work (see Sect. 3.2).
Within instrumental systematics, both the EPIC-pn and EPIC-
MOS show consistent results. The data were taken in TIM-
ING mode with the THICK filter, for an overall exposure of
16.9 ks (4.6 h) after good time interval screening. We extracted

1 https://www.ssdc.asi.it/
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the source and background spectra following the same anal-
ysis procedures as in de la Calle Pérez et al. (2021), Abe et al.
(2024). Due to a count rate close to the threshold above which
pile-up may occur, we removed the central column around the
source to suppress any potential pile-up artifacts. The fluxes in
the 0.3–2 keV and 2–10 keV bands were computed by fitting a
log-parabola model, which is significantly preferred over a sim-
ple power law.

The IXPE telescope (Weisskopf 2022) is the first instrument
capable of resolving the X-ray polarization degree and angle in
blazars. In December 2023 four observations took place, from
December 6 (MJD 60284) to December 21 (MJD 60300), for
a total exposure of 514 ks spread over four observations. The
data processing was performed using the ixpeobssim software,
version 30.6.3 (Baldini et al. 2022). As in Maksym et al. (2024),
the I, Q, and U spectra were determined in the 2–8 keV band
and the pcube algorithm was used to obtain polarization angle
and degree. We refer to Maksym et al. (2024) for more details
on the source and background region selection. The data were
binned into ≈12 h intervals, for which a significant detection
of the X-ray polarization is obtained in all intervals, revealing
a strong polarization variability. To investigate variability on
shorter timescale, the data were also binned into 6 h intervals,
and farther down to 3 h intervals contemporaneous to the long
XMM-Newton observations.

In the UV band, we analyzed the Swift-UVOT images in
the W1, M2, and W2 filters, for the observations in the time
interval of interest. We applied a reduction and data analysis
procedure similar to those of Abe et al. (2024). The identical
HEAsoft software version was used for the aperture photometry
task, as well as the same CALDB release to apply the standard cal-
ibrations (Breeveld et al. 2011). We included calibrations system-
atic errors to the magnitude statistical uncertainties (Poole et al.
2008, 2005; Poole & Breeveld 2005). However, various obser-
vations in this time interval are affected by attitude instabilities,
due to increased noise to one of the spacecraft gyroscopes. We
checked carefully image photometry, executing photometry in
few cases to single exposure slices to recover some observations,
and we ended discarding about one-sixth of the observations.

Optical photometry and polarimetry observations in the
R-band were performed by the 2.2 m telescope of the Calar Alto
Observatory as part of the Monitoring AGN with Polarimetry
at the Calar Alto Telescopes (MAPCAT2; Agudo et al. 2012),
the 1.5 m (T150), and the 0.9 m (T090) telescopes at the Sierra
Nevada Observatory. We also make use of observations from
the Nordic Optical Telescope at the ORM (NOT; Nilsson et al.
2018), the KANATA telescope (Higashi-Hiroshima observatory,
Japan Kawabata et al. 1999; Akitaya et al. 2014), the Liverpool
Telescope (Jermak et al. 2016; Shrestha et al. 2020), and the
Boston University’s Perkins telescope (Perkins Telescope
observatory, Flagstaff, AZ). Finally, we obtained R-band pho-
tometry data from the Tuorla blazar monitoring program using
the 80 cm Joan Oró Telescope (TJO) at Montsec Observa-
tory, Spain. The details of the data analysis an reduction for
the different telescopes can be found in Kouch et al. (2024),
Abe et al. (2024), MAGIC Collaboration (2024), Liodakis et al.
(2022), Nilsson et al. (2018), Otero-Santos et al. (2024),
Escudero Pedrosa et al. (2024). Additional R-band data were
acquired with a Moravian G4-16000 CCD camera equipped
with Bessel filters from Chroma Technology at the 0.5m
PlaneWave CDK astrograph of the Hans-Haffner-Sternwarte in
Hettstadt, Germany, as part of the long-term AGN observation

2 https://home.iaa.csic.es/~iagudo/_iagudo/MAPCAT.html

program of the science laboratory for students at the Friedrich-
Koenig-Gymnasium (FKG), the University of Würzburg, and
the TU Dortmund University. To extract the fluxes, photometric
settings, and comparison stars were taken from the Glast AGILE
Support Program (GASP) list of the Whole Earth Blazar Tele-
scope3. The polarization data were corrected for the contribution
of the host galaxy with the same method as Hovatta et al. (2016)
and using the host fluxes reported in Nilsson et al. (2007). In
order to build broadband SEDs, the flux densities were also
corrected for a galactic extinction of 0.033 mag according to the
NASA/IPAC Extragalactic Database (NED)4.

In the radio band, the flux density and polarization were
measured in the mm band (225.5 GHz) by the SMA (Ho et al.
2004) telescope within the framework of the SMA Monitor-
ing of AGNs with POLarization (SMAPOL) program (Myserlis
et al., in preparation) and the data reduction was performed
as in MAGIC Collaboration (2024). We also obtained observa-
tions in the cm range (4.85 GHz, 10.45 GHz and 14.25 GHz)
thanks to the Monitoring the Stokes Q, U, I, and V Emission
of AGN jets in Radio (QUIVER) program (Myserlis et al. 2018;
Kraus et al. 2003) using the Effelsberg 100 m telescope. We refer
to Myserlis et al. (2018) for more details on the analysis meth-
ods.

3. Characterization of the broadband emission and

polarization behavior

Fig. 1 depicts the multi-wavelength light curves from the radio
up to the VHE gamma-ray range, that span from November 7,
2023 (MJD 60255), and January 16, 2024 (MJD 60325). These
observations were performed around the long IXPE observation
taking place from December 6, 2023 (MJD 60284), to December
22, 2023 (MJD 60300).

The MAGIC light curves in the top two panels show that
Mrk 421 was in a high VHE state during most of the observa-
tion epoch. Notably, two flaring periods exceeding 1 Crab Neb-
ula units5 (C.U.; see red dashed line in Fig. 1) can be seen,
one in November 2023 and another one in December 2023.
For the flare in December 2023, which was simultaneous with
the IXPE observations, the 0.2–1 TeV flux reached more than
2 C.U. toward the end of the flare. We note that the average
flux of Mrk 421 at those energies, plotted as a gray dashed line
in Fig. 1, is around 0.45 C.U. (Abdo et al. 2011; Acciari et al.
2014), which is more than a factor of 4 smaller. The highest VHE
flux levels in December 2023 are four to eight times brighter than
during the first IXPE observations of Mrk 421 in 2022 where
the simultaneous 0.2–1 TeV flux ranged from 0.25 to 0.5 C.U.
(Abe et al. 2024).

The Swift-XRT light curves reveal a bright X-ray state, in
particular during the IXPE window. The 0.3–2 keV fluxes are
regularly above 10−9 erg cm−2 s−1, which is higher by at least
a factor of 2 when considering previous campaigns with close-
to-average X-ray states (see, e.g., MAGIC Collaboration 2021).
The 0.3–2 keV fluxes are comparable to the bright flare of
March 2010 (Aleksić et al. 2015a). Differently from the 0.3–
2 keV band, the 2–10 keV fluxes are closer to average values
(≈0.4×10−9 erg cm−2 s−1), if one refers to the 6-month campaign
of 2017 discussed in MAGIC Collaboration (2021). This differ-
ence between the 0.3–2 keV and 2–10 keV fluxes relative to the

3 https://www.oato.inaf.it/blazars/webt/
4 https://ned.ipac.caltech.edu/
5 The flux of the Crab Nebula used in this work is obtained by inte-
grating the spectrum from the Crab Nebula in Aleksić et al. (2016).
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XMM-Newton and MAGIC. The total exposure is 16.9 ks for
XMM-Newton (in the pn camera) and 15.6 ks for MAGIC. The
MAGIC light curve (top panel) is computed over 20-min inter-
vals above 0.4 TeV. The XMM-Newton fluxes (second panel from
the top) are computed over ≈15 min bins, in the 0.3–2 keV and
2–10 keV bands. We also show in the third panel from the top the
hardness ratio from the XMM-Newton data, which we defined as
the ratio between the 2–10 keV and 0.3–2 keV fluxes. The lower
panels provide the R-band fluxes, multi-wavelength polarization
degree and angle, respectively. The IXPE data are binned over
3 h intervals.

The MAGIC data show a nonsignificant (<3σ) flux vari-
ability. By fitting the data with a constant model, we obtain
χ2/d.o.f. = 17.2/11, implying that the hypothesis of a nonva-
riable emission is rejected at a significance of only 1.3σ. Differ-
ently, the XMM-Newton light curves reveal significant variabil-
ity, although with a moderate flux amplitude at the level of 10–
15% in both bands. The hardness ratio also varies significantly,
implying sub-hour spectral variability in the X-rays. From a con-
stant fit, we obtain χ2/d.o.f. = 96.5/13, and the hypothesis of a
constant spectral behavior is rejected at a significance of 7.8σ.
The hardness ratio is lower during the rising phase of the flux
than during the decaying phase, hinting toward a delay of the
high-energy flux compared to the low-energy flux. As can be
seen in the light curve, the 2–10 keV band reach its maximum
about 15 min after the 0.3–2 keV band.

Figure 6 presents the hardness ratio plotted versus the
2–10 keV flux. Gray arrows give the direction of time. The data
show an evident loop in counter-clockwise direction. This hys-
teresis pattern is indicative of a delay of the higher energy flux
with respect to the lower energy one. As discussed in Kirk et al.
(1998) and in Sect. 6, such a lag is likely the manifestation of
a regime where the radiation cooling timescale is comparable to
the particle acceleration timescale.

In Fig. 5, the IXPE polarization measurements are binned
over 3 h intervals to search for potential short timescale variabil-
ity contemporaneous to the long MAGIC/XMM-Newton expo-
sure. The polarization degree is not varying significantly, and
is stable around a value of 20–25%. This is a factor of ≈8–9
higher than in the optical band. As for polarization angle, some
slow variations in the order of 20◦ are visible. The average X-ray
polarization angle exhibits an offset by ≈60◦–70◦ with respect to
the optical and radio polarization angles (which are within ≈10◦

from each other).

4. Correlated variability

This section first reports on the quantification of the intra-band
flux correlations, focusing on the VHE and X-rays. Owing to
the unprecedented variability seen in the IXPE data, we also
searched for potential correlation of the X-ray polarization prop-
erties with the flux and the behavior in other bands.

4.1. Intra-band flux correlation

We investigated the correlation between the VHE and X-ray
fluxes in light of their strong variability throughout the cam-
paign, as well as their expected correlated variability within
leptonic models (Giebels et al. 2007; Fossati et al. 2008). To do
so, we correlated the MAGIC and Swift-XRT fluxes, consider-
ing all possible combinations between the respective sub-energy
bands (i.e., 0.2–1 TeV and >1 TeV for MAGIC, and 0.3–2 keV
and 2–10 keV for Swift-XRT; see Fig. 1). We matched pairs of
measurements that are within a time window of less than 3 h

from each other, that is well below the flux doubling/halving
timescales reported at those energies during this campaign. The
correlation was then quantified using the discrete correlation
coefficient (DCF; Edelson & Krolik 1988) assuming a time-lag
tlag = 0 between the light curves. For completeness and com-
parison purposes, we also show in each panel the widely used
Pearson correlation coefficient R. We note the DCF is gener-
ally preferred over the Pearson correlation coefficient when deal-
ing with two uneven time series. The DCF method also has
the advantage to naturally incorporate measurement uncertain-
ties (Edelson & Krolik 1988).

The resulting above-mentioned flux-flux plots are shown in
Fig. 7. For clarity, black filled markers correspond to observa-
tions during the IXPE observing window. In each panel, the
DCF and R values are provided together with their significance
(in Gaussian σ units). To assess the significance of the corre-
lation, we followed a procedure described in Abe et al. (2024)
that is based on the code described in Arbet Engels (2021). In
summary, we simulated 105 uncorrelated light curves for each
energy bands that have the same sampling and binning as the
observations. The light curves were simulated assuming a power
spectral density (PSD) that follows a power law with index
fixed to −1.4 for all energy bands. Such a PSD index agrees
with recent works on Mrk 421 (Abe et al. 2025; Aleksić et al.
2015b; Isobe et al. 2015). The simulated light curves preserve
the probability density function of the data using the method
from Emmanoulopoulos et al. (2013). Finally, the significance
was estimated by comparing the observed DCF and R values
with the distribution from the simulated light curves.

A positive VHE/X-ray correlation is typical in Mrk 421,
and has been reported multiple times both during low (see, e.g.,
Aleksić et al. 2015b; Baloković et al. 2016; Acciari et al. 2021)
and high activity (see, e.g., Aleksić et al. 2015a; Acciari et al.
2020), suggesting a common underlying particle population.
During some flaring states, a tighter correlation of the X-rays
with the &1 TeV band than with the 0.2–1 TeV band (see, e.g.,
Acciari et al. 2020) has been found. However, this does not hap-
pen for all flares (see, e.g., MAGIC Collaboration 2021). Inter-
estingly, during the 70-day campaign in 2023-2024 considered
in this study, there is substantial variability in both X-rays and
VHE gamma rays, but the correlation between the various bands
in X-rays and VHE gamma rays is only marginally significant
(see inlaid information in the panels from Fig. 7). The magnitude
of the DCF and Pearson correlation is high (>0.7) for most of the
bands, but the significance of these values is not large due to the
large scattering in the data points. There is an apparent overall
correlation pattern in all the panels. Nonetheless, there are some
groups of data points that are far away from the overall pattern.
For instance, within the IXPE window (see black filled markers),
one can see a few observations where the >1 TeV (0.2–1 TeV)
flux varied by more than a factor of 2 (1.5) for a very similar
X-ray flux state. Such deviations from the overall trend, which
indicate different emission mechanisms at work, increase the cal-
culated error for the DCF value, and naturally also decrease the
significance of the correlations.

4.2. Polarization

We searched for possible correlations between the X-ray polar-
ization degree and angle, as well as between the X-ray polariza-
tion properties and flux. We also correlated the X-ray polariza-
tion with the VHE flux (0.2–1 TeV). The latter investigation is
motivated by the fact that IXPE probes the 2–8 keV band that
is originating from electrons with similar energies as the one
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Fig. 7. VHE energy flux vs X-ray flux using MAGIC and Swift-XRT observations throughout the multi-wavelength campaign. The MAGIC data
are binned nightly with a typical exposure time per night of about 40 min. The Swift-XRT observations are binned per observation (typical exposure
time of ≈15 min). Only pairs of measurement within 3 hours are considered. The MAGIC fluxes are computed in the >1 TeV band (top panels)
and in the 0.2–1 TeV band (lower panels). The Swift-XRT fluxes are computed in the 0.3–2 keV (left panels) and 2–10 keV bands (right panels).
The black filled squares are the measurements during the IXPE observing window. In each subpanel we display the DCF value (and uncertainty)
and the corresponding significance in Gaussian σ units in parentheses. For completeness, the Pearson’s R coefficient and its significance are also
given. The significance is determined based on dedicated Monte Carlo simulations (see Sect. 4 for more details).

that are also responsible for the VHE emission within leptonic
models (Giebels et al. 2007; Fossati et al. 2008). The correlation
was conducted using the IXPE data binned into 6 h and 12 h
intervals as presented in Fig. 1. No significant (>3σ) evidence
for an underlying correlation pattern is found, neither with any
of the X-ray and VHE bands (see Appendix C, Figs. C.1 and
C.2), nor between the polarization degree and angle themselves
(see Appendix C, Fig. C.3). The X-ray polarization (degree and
angle) also does not show a significant correlation with the X-
ray or VHE hardness ratios (see bottom panels in Figs. C.1 and
C.2). In summary, the X-ray polarization behaves erratically, and
the variations do not seem to be related to the flux level nor the
spectral shape.

5. Theoretical description of the flare evolution

using constrains from the X-ray polarization

measurements with IXPE

We modeled the broadband evolution during the IXPE observ-
ing window assuming a leptonic scenario (Maraschi et al. 1992;
Ghisellini & Maraschi 1996; Tavecchio et al. 1998). Leptonic
scenarios assume that the radio to X-ray originates from
electron-synchrotron radiation, while the gamma-ray photons
are produced by electron inverse-Compton scattering off the

synchrotron photons. Such models are supported by the cor-
relation X-ray/VHE that has been observed in the emission
of Mrk 421, even if the period considered here led to only
marginally significant correlations (despite the relatively large
magnitude in the correlation), as reported in Fig. 7. For this,
we first computed daily SEDs from radio to VHE around
each day that includes a MAGIC observation. The MAGIC
SEDs were extracted after correcting for the EBL absorp-
tion using the model of Domínguez et al. (2011). We comple-
mented the MAGIC SEDs with strictly simultaneous X-ray data
from Swift-XRT and also from XMM-Newton during the long
exposure on December 13, 2023 (MJD 60291). The Fermi-
LAT observations were averaged over 3-day intervals centered
at the MAGIC observing time because of the limited sensitivity
to resolve the spectrum of Mrk 421 below daily timescales and
the low variability in this waveband. We included R-band and
UV observations that are the closest in time to MAGIC. Due to
the sparse sampling of Swift-UVOT (Fig. 1), some UV observa-
tions have a time difference reaching a maximum of 8.5 days with
respect to the MAGIC one. Due to the moderate variability in
those bands (see Figs. 1 and 2), they can nevertheless be consid-
ered as a good proxy for the UV emission during the X-ray and
VHE gamma-ray measurements. Finally, we added contempora-
neous radio data (simultaneous on timescales of several days) for
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Table 1. Evolving parameters of the theoretical leptonic scenario used to model the broadband SEDs.

“extended” zone “compact” zone
Day B′ N′e

⋆R′ B′ N′e p

[MJD ] [10−2 G] [10−2 cm−3] [1016 cm] [10−2 G] [10−2 cm−3]

60287 2.3 37.7 0.95 4.0 3.5 2.50
60288 2.3 53.8 0.80 5.5 2.36 2.50
60290 2.3 53.8 0.50 5.5 8.5 2.15
60291 2.3 56.5 0.40 8.0 13.2 2.50
60292 2.3 45.7 0.96 4.0 3.1 2.30
60294 2.3 48.5 0.90 5.5 2.8 2.50
60295 3.5 22.9 1.32 5.0 1.4 2.50
60296 3.0 37.7 0.81 7.5 2.7 2.60
60299 3.5 25.3 1.23 4.0 2.1 2.30

Notes. We mark the parameter R′ with a ⋆ to emphasize that this is not a free parameter of the model as it is determined from the measured
optical-to-X-ray polarization degree (see Sect. 5 for a detailed description of each parameter).

Table 2. Fixed parameters of the two-component leptonic scenario used
to model the broadband SEDs.

Parameters “extended” zone “compact” zone

δ 60 60
R′ [1016 cm] 1.5 *
p 2.2 *
γ′min 2 × 103 2 × 104

γ′cutoff 2.7 × 104 1.3 × 105

Notes. We refer to Section 5 for a detailed description of each parame-
ter. The parameters for the compact zone denoted with a “*” are evolv-
ing daily, and can be retrieved in Table 1.

completeness, they are not included in our model given that they
may receive significant contribution from multiple regions (not
considered in our model for simplicity) farther downstream the jet.
In total, this provides us with nine SEDs (between MJD 60287 and
MJD 60299, December 9, 2023, to December 21, 2023), which we
modeled within the scenario described below. We used the same
code as in MAGIC Collaboration (2021, 2024), which employs
routines from the naima package (Zabalza 2015) to compute the
synchrotron and inverse-Compton emissivities.

Our model aims at qualitatively capturing the radio-to-X-
ray polarization properties that suggest an energy stratification
of the emitting region (see Sect. 3.1). In a similar approach
to MAGIC Collaboration (2024), we assumed a morphology
consisting of two overlapping, spherical zones: a “compact”
zone near the acceleration site, and an “extended” zone that
occupies a larger volume downstream the jet. The compact
zone contains freshly accelerated and energetic electrons that
dominate the X-ray and >100 GeV emission. The extended
zone, populated by less energetic electrons, is dominant in the
UV/optical and <100 GeV bands. In line with Liodakis et al.
(2022), Angelakis et al. (2016), Marscher (2014), the observed
higher polarization degree in the X-ray band compared to the
radio/optical is due to the confinement of the freshly accelerated
electrons in a smaller region near the shock front (mimicked by
the compact zone), which compresses the magnetic field lead-
ing to a more ordered magnetic field structure. When electrons
subsequently cool and advect toward larger regions (mimicked
here by the extended zone) in which the degree of magnetic
field turbulence increases significantly, a drop of the polariza-

tion degree at lower frequencies is expected. Given the very dif-
ferent polarization variability patterns observed in the optical
and X-ray bands, it is required that the compact zone remains
subdominant in the UV/optical compared to the extended zone.
Finally, since we assumed that the two regions are overlapping,
our code also includes the emission resulting from the interac-
tion of the two zones since the (synchrotron) emission from the
two regions provide an additional target photon field for each
other for the inverse-Compton scattering. The up-scattering of
the extended zone field by the electrons in the compact zone
leads to an inverse-Compton luminosity comparable to the one
resulting from the up-scattering of the compact zone field by the
extended zone electrons. The only difference is that the two com-
ponents are slight shifted in frequency due to the different elec-
tron and photon energies populating each zone.

Our assumption of using two distinct components is natu-
rally a simplification of the reality because one would rather
expect a continuum of several regions contributing to the differ-
ent parts of the SED. A detailed treatment of the turbulence, elec-
tron advection and diffusion is beyond the scope of this work.

We exploit the polarization data to constrain the relative size
between the compact and extended zones for the nine SEDs
modeled here. We assume that each of the region is made of
N turbulent plasma cells of identical magnetic field strength, but
with random orientation. In such a configuration, the expected
average polarization degree from each zone can be approximated
as Pdeg ≈ 75%/

√
N (Marscher 2014; Tavecchio 2021). The mea-

sured ratio between the X-ray and optical polarization degree
(PX−ray,deg/Popt,deg; see Fig. 3) was then used to estimate the rel-
ative difference, l, between the number of turbulent cells in the
extended zone and the compact zone. Under the assumption that
cells in both zones roughly span the same spherical volume,
one derives a relative difference in radius of l1/3 between the
two regions. Here, we fixed the radius of the extended zone to
1.5 × 1016 cm (in line with constraints from the light crossing
time), and then determined the radius of the compact zone using
the observed ratio PX−ray,deg/Popt,deg during each day. The choice
of fixing the radius of the extended zone is motivated by the low
(flux and polarization) variability in the UV/optical bands.

In order to limit the degrees of freedom of the used theo-
retical model, we also made the following assumptions (primed
quantities are expressed in the source reference frame):

– The Doppler factor δ was fixed to 60 in the compact
zone. Such a Doppler factor is somewhat larger than those
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the multi-hour exposure from XMM-Newton reveals a hystere-
sis spectral loop in the counter-clockwise direction. Despite
being a pattern observed in earlier XMM-Newton observations
of Mrk 421 and other HSPs (Zhang et al. 2002; Brinkmann et al.
2003; Ravasio et al. 2004), it is the first time we can study it in
combination with the recorded high X-ray polarization degree
coupled with the strong chromatic behavior.

Counter-clockwise loops are indicative of a delay from the
high-energy X-ray band (here 2–10 keV) with respect to the
lower energy band (here 0.3–2 keV). It can be explained by
the gradual acceleration of particles toward higher energy, first
reaching the 0.3–2 keV radiation band and then the 2–10 keV
band. As discussed in Kirk et al. (1998), such a high-energy
delay becomes apparent when the radiation cooling timescale
is comparable to the particle acceleration timescale, t′cool ∼ t′acc,
which occurs at the highest particle energy reachable by the sys-
tem. The IXPE energy range, which largely overlaps with the
2–10 keV band, therefore probes during that day the emission
from particles that are located at (or very close to) the high-
energy cutoff. In a shock acceleration scenario, the most ener-
getic particles are located close to the shock front, and probe the
highest degree of magnetic field ordering due to the compres-
sion of the helical field (Marscher & Gear 1985; Tavecchio et al.
2018). A high X-ray polarization degree is thus expected simul-
taneously with counter-clockwise hysteresis loops, which is sup-
ported by the data from our campaign.

The polarization degree in the R-band simultaneous with the
XMM-Newton observation on MJD 60291 (December 13, 2023)
is drastically lower, by a factor of ≈7, and is the largest difference
observed in this campaign (see Fig. 3). The lower polariza-
tion at decreasing frequencies is possibly caused by the advec-
tion and cooling of the freshly accelerated particles toward the
downstream regions of the jet where a higher degree of tur-
bulence exists (Marscher & Gear 1985; Tavecchio et al. 2018).
The TEMZ model developed by Marscher (2014), which con-
siders a number of turbulent plasma cells crossing a standing
conical shock, also predicts an increase in the polarization with
frequency. It is caused by the higher acceleration efficiency in
plasma cells whose magnetic field is almost parallel to the shock
normal. Since the cells fulfilling such conditions are less numer-
ous than those whose magnetic field is oriented away from
the shock normal, the polarization increases at higher frequen-
cies (Pdeg ∝ 1/

√
N, where N is the number of cells). In such

a situation, a stronger variability of the polarization at higher
frequencies is also expected, in agreement with the observa-
tions reported here. Based on TEMZ simulations presented in
Marscher & Jorstad (2021) the X-ray polarization is expected to
be on average ≈5% higher (in absolute terms) than the one in the
R-band. Although this chromaticity is lower than observed in
December 2023 for several of the days, and in particular during
the XMM-Newton observations on MJD 60291 (December 13,
2023). Nonetheless, since the counter-clockwise loops indicate
that IXPE probed the emission from particles at the high-energy
cutoff, we probed an extreme case of the TEMZ model for which
the chromatic trend may be more pronounced. This extreme sit-
uation would need to be investigated with a dedicated simulation
to verify if TEMZ model is still in agreement with the data.

6.2. Implications of the observed variability in the X-ray and
VHE bands

We find a >3σ indication of a positive X-ray/VHE corre-
lated variability (see Fig. 7). This is a general trend regularly
reported for Mrk 421 and other HSPs (see, e.g., Abe et al.

2023; Arbet-Engels et al. 2021; MAGIC Collaboration 2020;
Aharonian et al. 2009) that indicates a co-spatial origin and a
common underlying population of radiating particles, support-
ing a leptonic origin of the emission. Nonetheless, a large scat-
ter is measured in the correlation throughout the IXPE observ-
ing window. For a roughly equivalent X-ray flux, the VHE
flux varies by almost a factor of 2, implying an evolution with
time of the Compton dominance (the ratio between the inverse-
Compton and synchrotron peak luminosities). As discussed in
Katarzyński et al. (2005), the VHE/X-ray correlation in HSPs
may exhibit very different trends (ranging from a sublinear to
more-than-quadratic relationship) depending on the parameters
driving the variability. The observed scatter may thus be caused
by simultaneous and uncorrelated changes in multiple character-
istics, such as the size of the emitting region, the magnetic field,
and the particle density varying simultaneously in an uncorre-
lated manner.

We highlight that changes in the Compton dominance
and a significant scatter in the VHE/X-ray correlation are
naturally expected (and have been observed, see, e.g.,
MAGIC Collaboration 2021) when considering datasets cover-
ing years or months. The reason is that, on such timescales,
separate regions from the jet with different environments may
dominate one after the other the broadband emission (see, e.g.,
Hervet et al. 2019). In the present case the evolution occurs
down to daily timescales, which is much shorter. It further sup-
ports the scenario in which the flare is caused by a highly turbu-
lent plasma crossing a shock front since its turbulent nature may
easily explain simultaneous rapid (and stochastic) variations of
multiple source environment parameters, which in turn produce
a scatter in the correlation patterns.

Regarding the VHE and X-ray spectral characteristics, rather
soft spectra are observed (see Sect. 3.2). For a given X-ray
and VHE flux, the hardness ratio is on average lower com-
pared to archival data. Mrk 421 commonly shows a harder-
when-brighter behavior in VHE and X-rays (Acciari et al. 2021;
MAGIC Collaboration 2021), but this trend is only partly
observed in the current campaign (see Fig. 4). While the hard-
ness ratio over the entire period indeed shows a harder-when-
brighter evolution, it becomes nonsignificant during the IXPE
window. Focusing on the hardness ratio as function of the 0.3–
2 keV flux, the observations during the IXPE window show a
clearly diverging pattern with respect to the rest of the campaign,
and the spectral shape stays roughly constant. The absence of
harder-when-brighter trend could again be indicative of a highly
turbulent plasma crossing a shock front. For instance, if there
were stochastic and uncorrelated changes in the electron den-
sity and the size of the emitting region, any harder-when-brighter
trend would likely be washed out.

6.3. Interpretation of the SED modeling within the context of
a shock acceleration scenario

We modeled the evolution of the broadband SED across the
IXPE window. The model consists of two overlapping com-
ponents, one dominating the X-ray and VHE (the compact
zone) and another dominating the UV/optical and MeV/GeV
regimes (the extended zone). The radio band is dominated by the
extended zone, but the model remains below the observed fluxes.
We implicitly assumed that a significant fraction of the radio
flux receives an additional contribution from broader regions far-
ther downstream the jet. Both zones were assumed to be com-
posed of N turbulent plasma cells that have a roughly identical
magnetic field strength but a random orientation, leading to an
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averaged observed polarization degree of Pdeg ≈ 75%/
√

N. The
relative size of the components were then determined based on
the optical-to-X-ray polarization degree. The compact zone is
located close to the acceleration site and contains freshly accel-
erated particles, where the magnetic field is more ordered. When
particles cool and advect, they populate a larger region (mim-
icked by the extended zone) where a higher degree of turbulence
induces a drop in the polarization.

The large X-ray polarization variability that is not observed
in the optical, as well as the chromatic trend of the polarization
degree, indicate that the compact zone is largely subdominant in
the optical regime. Using the magnetic field that we derived from
the model (≈0.05–0.08 G), this implies a high minimum Lorentz
factor γ′min & 104. This is significantly higher that the values used
in previous modeling of BL Lac-type object SEDs, which are
usually γ′min ∼ 102−103 (Tavecchio et al. 2010; Baloković et al.
2016). In the case of extreme TeV BL Lac objects (that have
an inverse-Compton peak located above 1 TeV) values around
104 are sometimes required to model the hard VHE spectrum
(Katarzyński et al. 2006; Costamante et al. 2018). In our present
case, the high minimum Lorentz factor is robustly implied by the
polarization data. A large minimum Lorentz factor is expected
in an electron-ion plasma. While in such a scenario most of the
energy is carried by the ions, a fraction of it can be transferred to
the electrons, leading to a large γ′min in the electron population. In
the case of relativistic shocks, particle-in-cell (PIC) simulations
indicate that γ′electrons,min ∼ 600 γsh, where γsh is the shock veloc-
ity in the un-shocked plasma frame (Sironi & Spitkovsky 2011;
Sironi et al. 2013; Zech & Lemoine 2021). Hence, the data sug-
gest accelerations at highly relativistic shocks (γsh & 10). The
requirement of a relativistic shock is also in line with the rel-
atively high Doppler factor (δ ∼ 60) needed to capture the
X-ray/VHE spectrum.

In the model, the cutoff Lorentz factor in the compact zone
is fixed to γ′cutoff = 1.3 × 105 for all days, and provides a good
description of the X-ray/VHE SEDs. γ′cutoff cannot be precisely
constrained with the data at hand, but it is constrained from
below by the X-ray spectrum since values significantly lower
than 1.3 × 105 cannot accommodate the highest X-ray energy
points. At γ′cutoff = 1.3 × 105, the electrons radiate synchrotron
photons in the ≈1–3 keV band (according to the magnetic field
value used in the model). Thus, in agreement with the hysteresis
pattern in the counter-clockwise direction discussed above, the
X-ray data from IXPE, XMM-Newton, and Swift-XRT are prob-
ing the cutoff energy of the accelerated electrons.

The temporal evolution of the SEDs can be well described by
varying in both zones the electron density N′e and magnetic field
B′, as well as as the slope of the injected electrons in the compact
zone in order to capture the X-ray/VHE spectral variability. The
electron density is the parameter that varies the most, up to a
factor of 3 (see Fig. 9), while the magnetic field changes by less
than 40%. We do not find any correlation between the fluxes and
the evolution of any of the parameters, which again corroborates
the stochastic nature of the physical mechanism driving the flare.

Our model shows that B′ within the compact zone tends to
increase for smaller radii (see Fig. 9) when the emitting particles
are on average closer to the acceleration site. During the XMM-
Newton observation (MJD 60291, December 13, 2023), the ele-
vated X-ray polarization degree observed by IXPE leads to the
smallest region radius among all the days based on the constrains
described earlier (R′ = 0.4 × 1015 cm), and in order to properly
describe the data, the magnetic field reaches a maximum (B′ =
0.08 G). We also find that the magnetic field is always stronger
in the compact zone compared to that of the extended zone.

PIC simulations show that the magnetic field at a shock front
is expected to be self-amplified before decaying farther down-
stream. The observed anti-correlation between B′ and R′ in our
modeling is thus consistent with a shock-acceleration scenario
(Sironi & Spitkovsky 2011; Tavecchio et al. 2018). Finally, we
highlight that an anti-correlation between the radius and mag-
netic field is also expected to be caused by the cooling of the
particles. Assuming that synchrotron radiation is the dominant
cooling mechanisms, an increase in B′ will make the high-energy
particles radiate their energy closer to the acceleration site, hence
making the size of the emitting region smaller.

The slope of the electrons in the compact zone vary moder-
ately throughout the days, max (p) − min (p) = 0.45. This is in
line with the relatively moderate X-ray/VHE spectral variabil-
ity discussed previously. We find that p ≈ 2.2−2.5 provides a
good description of the majority of the X-ray and VHE spectra.
Such slopes are close to the predictions from relativistic parallel
shocks (i.e., ≈2.23), and values close to ≈2.5 can easily be pro-
duced, for instance when the shock is oblique instead of purely
parallel (Kirk et al. 2000; Summerlin & Baring 2012).

To conclude, this paper reports the first measurement of X-
ray polarization from a HSP blazar during an X-ray and gamma-
ray flaring activity, which has provided unprecedented informa-
tion on the acceleration and radiation mechanisms driving blazar
flares. The fast variations of the X-ray polarization, combined
with an average angle remaining closely aligned with that of
the jet (and in the optical), favors a scenario in which the flare
is caused by a highly turbulent electron-ion plasma crossing
the shock front where the particles get accelerated. The mea-
sured increase in the polarization degree with frequency fur-
ther implies that the emitting region is stratified, and that the
most energetic particles are located closest to the shock. The
multi-wavelength spectral properties, intra-band correlation, and
the counter-clockwise loop in the hardness ratio of the X-ray
emission supports this scenario, which can also be described,
to first order, within a theoretical leptonic model based on two
components. Further multi-wavelength observations that include
IXPE during flaring episodes of blazars will be crucial to deter-
mine whether the observed trends are common characteristics of
blazar flares.
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Aleksić, J., Ansoldi, S., Antonelli, L. A., et al. 2015b, A&A, 576, A126
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