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The magnetic-field conditions in astrophysical relativistic jets can be probed
by multiwavelength polarimetry, which has been recently extended to
X-rays. For example, one can track how the magnetic field changes in the
flow of the radiating particles by observing rotations of the electric vector
position angle ¥. Here we report the discovery of a ¥, rotation in the X-ray
bandintheblazar Markarian 421 at an average flux state. Across the 5 days

of Imaging X-ray Polarimetry Explorer observations on4-6 and 7-9 June
2022, W, rotated in total by >360°. Over the two respective date ranges,

we find constant, within uncertainties, rotation rates (80 + 9° per day and
91+ 8° per day) and polarization degrees (/1, =10% + 1%). Simulations of a
random walk of the polarization vector indicate that it is unlikely that such
rotation(s) are produced by a stochastic process. The X-ray-emitting site
does not completely overlap the radio, infrared and optical emission sites, as
no similar rotation of ¥ was observed in quasi-simultaneous data at longer
wavelengths. We propose that the observed rotation was caused by a helical
magnetic structure in the jet, illuminated in the X-rays by a localized shock
propagating along this helix. The optically emitting region probablyliesina

sheath surrounding aninner spine where the X-ray radiation is released.

Despite decades of effort, the physical processes shaping the dynamics
and emission of relativistic jets areinlarge partstill unclear (forexample,
ref.1). However, in the past decade, several important clues have been
obtained owing to new facilities that allow the possibility of following
indetail the time-variable emission properties of jets, especially at high
photon energies. A similar leap is now expected from the newly opened
window of X-ray polarimetry, which provides us withanunprecedented
view of the physical sites of particle acceleration and emission.
Blazars, whose relativisticjets point close to Earth, provide excel-
lent laboratories to investigate the physics of jets and test current
theoretical ideas (for example, ref. 2). Among blazars, the so-called
high-peaked BL Lacertae objects (HBLs), whose synchrotronand Comp-
ton components peak in the X-ray and very-high-energy y-ray band,
respectively, are the ideal sources to investigate acceleration and
cooling processesacting onultrarelativistic electrons (with Lorentz fac-
torsy =10°). Fromthe theoretical point of view, the main mechanisms
advocated for the energization of particles in relativistic jets are dif-
fusive shock acceleration (for example, ref. 3), magnetic reconnection

(for example, ref. 4), possibly triggered by instabilities (for example,
ref. 5) or specific anti-parallel magnetic-field structures®, or reconnec-
tion plus stochastic acceleration in relativistic turbulence in a highly
magnetized plasma (for example, ref. 7).

Polarimetry is a powerful tool that can break the degeneracies
involved inthe modelling of the spectral energy distribution (SED) and
gain insight into the magnetic-field and emission-region geometry?®.
Recent theoretical efforts have allowed us to identify polarimetric sig-
natures expected under different scenarios of blazar emission regions
thatcanbe contrasted with observational evidence. Polarimetric meas-
urements are sensitive to the geometrical structure of the magnetic
field permeating the flow and toits global properties (for example, cha-
oticversus globally ordered). In particular, the evidence for systematic
and large variations of the polarization angle, potentially associated
with powerful y-ray flares (for example, refs. 9,10), hasbeeninterpreted
in terms of a helically twisted jet (for example, ref. 11), an emission
region moving along helical field lines that propagate down the jet
(forexample, refs.12-14), or light-travel delays when ashock formsin
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Table 1| Log of polarization measurements of Mrk421 used

in this work
Telescope Band Dates Radio flux Radio polarization
(eV) (YYY-MM-DD)  density (107
ergs’'cm?
Hz™)
M(%) %)
SMA 9.5x10™  2022-06-04 28+2 2.3+0.2 130+2
SMA 9.5x10™  2022-06-16 38+2 2.3+0.2 1334
IRAM 3.5x10™ 2022-05-04 28+1 3.0£0.7 237+7
IRAM 3.5x10™ 2022-05-05 38+2 3.8+0.7 232+4
IRAM 3.5x10™ 2022-05-31 3242 79+0.8 128+2
IRAM 3.5x10™*  2022-05-06 361 1.8+0.6 116+9
VLBA 17x10™*  2022-04-30 34.6+0.1 1.6+0.3  100+10
VLBA 17x10*  2022-06-05 276+0.1 26+0.3 147+10
VLBA 17x10™*  2022-06-24 25.6+0.1 2.2+0.3 13210
Telescope Band Dates Infrared flux Infrared polarization
(eV) (YYY-MM-DD) density (102
ergs”'cm?
Hz")
Mg(%)  ¥r(?)
Perkins H:0.9 2022-05-04 3.92+0.05 1.3x0.5 220+M
Perkins H:0.9 2022-05-05 1.77+0.03 2.9+0.8 212+8
Perkins H:0.9 2022-05-09 419+0.05 31+0.8 181+7
Perkins H:0.9 2022-05-14 3.55+0.04 1.7+1.0 17517
Perkins H:0.9 2022-06-06  4.87+0.05 39+05 128+3
Perkins H:0.9 2022-06-07 4.52+0.05 48+0.9 14745
Perkins H:0.9 2022-06-08 414+0.06 6.2+1.3 14516
Kanata® H:0.9 2022-05-04 = 31+0.2 197+2
Kanata® H:0.9 2022-05-05 - 34+03 1874
Telescope Band Dates Optical flux Optical
(eV) (YYYY-MM-DD) density (1072 polarization
ergs'cm2Hz")
Mo(%) ¥ (°)
Skinakas R:1.9 2022-05-13 1.60+0.04 27+0.2 192+2
Skinakas R:1.9 2022-05-13 1.64+0.04 3.2+0.2 195+2
Skinakas R:1.9 2022-05-13 1.61£0.04 27+0.2 19312
Skinakas  R:1.9 2022-05-14 1.48+0.04 37+0.2 179%2
Skinakas R:1.9 2022-05-16 1.41£0.04 3.5+0.3 176+£2
Skinakas R:1.9 2022-05-18 1.41£0.04 27+04 1795
Skinakas R:1.9 2022-05-22 1.53+0.04 3.3+0.2 M8%2
Skinakas R:1.9 2022-05-30 2.02+0.04 56402 149+1
Skinakas  R:1.9 2022-05-31 1.98+0.04 54+02 150#1
Skinakas R:1.9 2022-06-01 2.05+0.04 5.3+0.2 142+
Skinakas R:1.9 2022-06-02 1.93+0.04 51+0.2  152#1
Skinakas R:1.9 2022-06-07 212+0.04 54+0.3 1451
Skinakas R:1.9 2022-06-17 2.05+0.04 47+0.3 152%2
NOT R:1.9 2022-05-04 1.89+0.04 2901 2021
NOT R:1.9 2022-06-04 2.02+0.04 4.8+01 1531
NOT R:1.9 2022-06-05 2.25+0.04 3.9+0.1 133%1
NOT R:1.9 2022-06-06 2.27+0.07 56+0.2 1461
SNO R:1.9 2022-01-16 2.34+0.01 3.8+0.4 136+3
SNO R:1.9 2022-04-19 1.95+0.01 46+0.7 264%3

Table 1 (continued)| Log of polarization measurements of
Mrk 421 used in this work

Telescope Band Dates Optical flux Optical
(eV) (YYYY-MM-DD) density (102° polarization
ergs'cm?Hz")

M (%) W (%)

SNO R:1.9 2022-06-16 2.40+0.50 9.5+1.1 137+4

Kanata® R:1.9 2022-05-04 2.50+0.40 31+0.2 2001

Kanata® R:1.9 2022-05-05 2.20+£0.02 3.4+0.3 2011

Telescope Energy Dates X-ray flux (10™ X-ray
range (YYYY-MM-DD) ergs'cm?) polarization®
(keV)

M (%) Wi ()

IXPE 2.0-8.0 2022-05-04 8.67+0.03 15+2 35#4
IXPE 2.0-80 2022-06-04 15.69+0.09 Not detected
IXPE 2.0-80 2022-06-07 30.2+0.2 Not detected

#Not corrected for dilution of polarization by unpolarized starlight from the host galaxy. ®X-ray
polarization degrees are for the time-averaged IXPE data.

ajet with a predominantly helical/toroidal field">'°. Such a structure
for the global field is supported by (spatially resolved) polarimetric
studies of parsec-scale jets in the radio band"*®. Interaction between
amoving and a stationary shock can also produce large rotations (for
example, ref. 19). An alternative explanation is that the polarization
behaviour is stochastic, related to turbulence in the flow**?, possibly
combined with a standing shock®>**. In this framework, the observed
polarimetric parameters do not carry any direct information on the
structure of the magnetic field in the jet, as they are mainly related to
the turbulent nature of the flow. Turbulence can play animportantrole
evenifanaverage ordered magnetic field is present. In this case, while
the polarization angle can display rotations related to the effect of the
orderedfield, the overalllevel of polarization can be decreased by the
depolarizing effect of turbulence (for example, refs. 24,25).

Markarian 421 (Mrk 421) is anearby (redshift z= 0.0308) HBL that
hasbeenintensively studied at many wavelengths (for example, ref. 26).
Itisamong the first blazars detected at both gigaelectronvolt (by the
Energetic Gamma Ray Experiment Telescope onboard the Compton
Gamma Ray Observatory”) and teraelectronvolt energies (by the Whip-
ple Observatory®).Itis bright and wellmonitored in the X-ray band (for
example, refs. 29,30), where the synchrotron SED peaks at a high flux
level, making it a prime target for linear polarization observations by
the Imaging X-ray Polarimetry Explorer (IXPE).

Results

Inthefirst year of IXPE operation, we observed the blazar Mrk 421 three
times (on4 May, 4 June and 7June 2022) to search for multi-epoch vari-
ability of the X-ray polarization properties. In this case, a single IXPE
pointing extends over -2 days, which permits a search for intra-day
variations of the polarization properties as well”>. The IXPE observations
were complemented with radio-millimetre (Very Long Baseline Array
(VLBA), Institut de Radioastronomie Millimetrique (IRAM) and the
SubMillimeter Array (SMA)), infrared (Kanata, Perkins Telescope), and
optical polarization measurements (Kanata, Nordic Optical Telescope
(NOT), Observatorio de Sierra Nevada (SNO) and Skinakas Observa-
tory), asdetailed in Table 1and shownin Fig. 1. We captured the source
in an average activity state relative to its flux history (Methods), dis-
counting occasional major, multi-band outbursts™.

In May 2022, Mrk 421 was significantly X-ray polarized (with a
polarization degree /1, = 15% at a position angle ¥, = 35°) and did not
exhibit any substantial variability of the X-ray polarization properties
within the IXPE pointing®. Thisis consistent with the X-ray polarization
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Fig.1| Time evolution of the multiwavelength polarization and spectral
properties of Mrk 421in April-June2022. From top to bottom panel: flux density
(FI), polarization angle and polarization degree of Mrk 421 at radio/millimetre
(IRAM, black stars; SMA, black diamonds), infrared (Perkins, blue triangles) and
optical (NOT, magenta circles; RoboPol, magenta squares; SNO, magenta triangles;
Kanata, magenta diamonds) wavelengths as a function of time (Modified Julian
Day). The dashed vertical lines mark the beginning and the end of each of the three
IXPE observations. Error bars represent a confidence interval of 68%.

of Mrk 501, the other prototypical HBL observed by the IXPE®. Inboth
cases, the X-ray polarization degree was larger than at radio, infrared
and optical wavelengths. This suggested that the X-rays are produced
by rapidly cooling, high-energy electrons accelerated at ashock, while
the emission atlonger wavelengthsisemittedinalarger, downstream
region containing amore disordered magnetic field and lower-energy
electrons atincreased distances from the shock.

Incontrast, during two subsequent IXPE observations inJune 2022,
the X-ray polarization was undetected in the time-averaged IXPE data
(Methods). In these observations, the X-ray flux was twice as high as
inMay 2022 (-1.5x 10 ergs™? cm2and-3.02x10 ™ ergs™ cm2inthe
2-8 keV IXPE band on 4-6 June and 7-9 June, respectively). A similar
increasein flux (by afactor of -1.2; Table 1 and Fig. 1) was also measured
intheradio (IRAM), infrared (Perkins) and optical (NOT) databetween
4-5Mayand 6-7June 2022.

When measured over shorter timeintervals of the IXPE observations
of June 2022 (Fig. 2), the X-ray polarization angle varied significantly in
amanner consistent withasmoothrotation, as often observed forblazars
inthe optical band (for example, refs. 34-38). Forexample, on4-6June
the X-ray polarizationangle ¥, varied from 9° + 1° at the beginning of the
IXPE pointing to 130° £ 11° at the end of the observation, while on
7-9 June, ¥, changed from 222° + 7° to 360° + 20° (considering time
binsof -3 h,asinFig. 2). We adopt asimple model where the polarization
angle rotates at a constant rate, while the polarization degree remains
constant, to test the hypothesis that a polarization angle rotation caused
cancelling of the polarization degree in the time-averaged data. Using a
maximume-likelihood method, a fit of binned Stokes-parameter time
series, and a fit in the Q-U plane (where Q and U are the Stokes
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Fig.2|Time evolution of the X-ray polarization of spectral properties of
Mrk 421within the IXPE pointings of June 2022. From top to bottom: X-ray
polarization angle, degree, IXPE photon count rate and Swift-XRT hardness
ratio as a function of time (IXPE MET). MET, mission elapsed time). The IXPE
dataare in time bins of -3 hwithin pointings of 4 June (red diamonds) and
7June (blue diamonds). Swift-XRT hardness ratios are shown as black squares.
As acomparison, we show the polarization properties from simultaneous
radio (IRAM, black stars), infrared (Perkins, magenta diamonds) and optical
observations (NOT/RoboPol, green crosses). In all the panels, error bars
represent a confidence interval of 68%.

parameters, see Methods), threeindependent analyses by subsets of the
authors supportthis hypothesis. The data of 4-6 June are consistent with
arotation rate ¥y of 80 + 9° per day at constant /7=10% = 1%, while for
the data of 7-9 June the parameters are ¥y = 91 + 8° perday and
1,=10% + 1%. Our analysis suggests that both [y and ¥ probably varied
somewhat with time about the above average values.

While the X-ray polarization angle was rotating, the
millimetre-wave, infrared and optical polarization angles did not
vary substantially (Fig. 2). In the VLBA images of the radio core of
5June (Methods), some fanning out of the polarization vectors on
the southeast side of the the core is apparent, which indicates an azi-
muthal component to the magnetic field, as one would expect if that
componentwere helical. In the optical, the scatter of ¥, during the June
IXPE observations is ~20°, with no significant trend. Given the gaps in
the optical observations, and considering the intrinsic 180° ambiguity,
itis possible that a poorly sampled rapid rotation occurred. However,
no straightforward scenario makes all the radio, infrared and optical
data points consistent with the time series of the X-ray polarization
angle. Therefore, we conclude that polarization angle rotation at the
longer wavelengths was either absent or proceeded at a different rate
compared with the X-ray band.

Simultaneously with the polarization angle rotation, the X-ray
spectrum changed significantly (Fig. 2, bottom, and Methods). Swift
X-ray Telescope (XRT) data taken over the same time frame as the
IXPE pointing show that the flux in the 2.0-10.0 keV band increased
by afactor of -3, while inthe 0.3-2.0 band the increase in flux was by a
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Fig. 3 | Fermi-LAT light curve of Mrk 421.The dataareintegrated over the
0.1-100 GeV energy range. The grey band marks the time range of the two IXPE
observations of Mrk 421 discussed in this work. The red dashed line indicates
the average photon flux of Mrk 421 over the LAT mission duration, while the blue

Date

solid line marks the highest photon flux recorded by the LAT, which corresponds
to the Mrk 421 flare of 2012. The plots include only data points for which the

test statistic for source detection is above 9¢. Error bars represent a confidence
interval of 68%.

factor of -1.2. The maximum flux was recorded by the Swift-XRT in cor-
respondence with the beginning of the second IXPE pointing. Then, by
the end of the IXPE observation, the source brightness relaxed back to
the samelevel asin the beginning. The spectral shape also changedina
harder-when-brighter fashion, with the brightest point corresponding
to the flattest (hardest) spectrum. In contrast, in May 2022, the X-ray
flux during the IXPE pointing changed in a similar fashion, but with no
changeinX-ray spectral shape or polarization angle*. Atapproximately
gigaelectronvolt y-ray energies, Mrk 421 wasin a quiescent state during
the IXPE pointing: the Fermi Large Area Telescope (LAT)*’ observed
minor activity in the 6-month period around the IXPE observations,
never reaching more than twice the average catalogue flux (Fig. 3).

Discussion
Virtually all of the processes shaping the dynamics of particles inblazar
jetspredict specific characteristics of variability of the optical-to-X-ray
polarization properties*’, which we can compare against our obser-
vations of Mrk 421. Our basic finding conforms to the scenario of an
energy-stratified jet, as discussed above for Mrk 421 in May 2022 and
for Mrk 501. We find that the roughly constant value of /7, while the
polarization angle wasrotating, is higher than /7, [T and [Ty, and similar
tothelevel observed at non-rotating epochs. Inaddition, simultaneous
radio, infrared and optical polarization measurements do not show
evidence of a similar polarization angle rotation. Due to the limited
sampling and intrinsic 180° ambiguity, we cannot exclude the pos-
sibility that the optical polarization angle was rotating at some level.
However, we consider a rotation of the optical polarization angle at
the same rate as the X-ray polarization angle unlikely. Indeed, typical
optical polarization rotation rates of blazars vary between a few and
afew tens of degrees per day", in contrast to the ~-85° per day that we
estimated in the X-ray. The optical rotation rates may be higher dur-
ing bright outbursts associated with the passage of knots through the
radio core’®*. No such outburst was recorded for Mrk 421 at the time
ofthe IXPE pointings. Moreover, no solution of the 180° ambiguity can
completelyreconcile theradio, opticaland infrared polarization angle
time series with the X-ray curve. Therefore, as the polarization angle
was probably not rotating (or rotating in a different way) at longer wave-
lengths, we suggest that the radio, infrared and optical emission sites
are, at most, only partially co-spatial with the X-ray emission region.
Inan energy-stratified jet, the X-rays are emitted closer to the site
ofacceleration of the particles, while the lower-energy particles emit-
ting at radio-to-optical wavelengths span alarger region downstream

owing to their longer radiative cooling times (for example, ref. 33).
Acceleration of electrons by a shock can explain the high X-ray polari-
zation, as the shock front partially aligns a previously disordered mag-
netic field (for example, refs.43,44). The harder-when-brighter spectral
behaviour that Mrk 421 displayed while the X-ray polarization angle was
rotatingis also expected within the shock scenario®.

The energy stratification of the particles in the jet can be either
linear, in the downstreamdirection, or radial, in the case of astructured
jet***8 including an inner fast spine surrounded by a slower sheath.
Such a spine-sheath jet explains, for example, the limb-brightening
morphology thathasbeenreportedin verylong-baseline interferom-
etry radio maps of HBLs, including Mrk 421 (refs. 49,50). In the first
case, the turbulent component of the magnetic field could become
increasingly dominant over the ordered component with distance from
theshock®. Inthe second case, turbulence may prevail in the sheath. In
boththese frameworks, the particle-energy stratification would lead to
lower polarization of the optical, infrared and radio emission. Detailed
modelling of the variability of flux and polarizationinduced by turbu-
lence predicts erratic variability, as seen in the past at optical wave-
lengths in Mrk 421 (ref. 51), which may by chance result in an apparent
rotation of the polarization angle”>. However, such apparent rotations
are highly unlikely to explain, for example, the systematic rotations
of the optical polarization angle in BL Lacertae and PKS 1510-089
(refs. 34,35). This has led to the proposal that these events occurred
upstream of the most turbulent region of the jet. In a larger study of a
number of optical-band rotation events in a sample of blazars, it was
found thatarandomwalk of the polarization vector cannot reproduce
the majority of the observed properties of the population®*,

We have investigated whether the rotation of the polarization
vector in Mrk 421 could be produced through random walks of the
polarization angle by comparing the observations against simulated
polarizationlight curves, following refs. 52,53 (Methods). We consider
two scenarios: either the rotationsin the observations on4-6June and
7-9Juneareindependent events, or they are part of asingle long rota-
tion that spanned seven days, of which we observed two segments
separated by aone-day gap. Ineither scenario, we find, under the most
favourable conditions, that only about 2% of the simulated curves of
Wy and 71, versus time are consistent with the observations. For the
second scenario, if the rotation were actually longer than 7 days, the
fraction of simulation trials that reproduce the observed properties
would decrease. This suggests that it is unlikely that the observed
behaviour can be attributed to random variations of the polarization
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Fig. 4 |Sketch of the scenario proposed to explain the X-ray polarization
anglerotationin Mrk 421.In the reference frame of the host galaxy, an off-axis
emission feature, for example, amagnetosonic shock, propagates along helical
magnetic field lines down the jet.

angle, andinstead points to a coherent, deterministic process respon-
sible for the observed rotation(s).

Magnetic reconnection episodes, which canresult from the devel-
opment of a large-scale kink instability** or current sheet, may also
cause rapid polarization angle swings. These could be associated with
y-ray flares*® or quasi-periodic oscillations of the source flux™*®. In our
case, we did not witness any such oscillations or y-ray flare while the
polarization angle was rotating. Moreover, in contrast to our observa-
tions of Mrk 421, simulations of magnetic reconnection often display,
onaverage, asimilar level of polarization degreeinthe X-ray andin the
optical®. Insome cases, the X-ray polarization degree can also be much
lower than the optical because of time averaging of the polarization
vector, whichis the opposite of what is observed®.

A specific model for deterministic polarization angle rotation
involves an off-axis emission feature, such as a magnetosonic shock,
propagating towards the observer and down a helical magnetic
field""**'°, The observed rotation rate is determined by the time
required for the feature to execute an orbit around the jet axis, modu-
lated by light-travel delays and possibly other relativistic effects*’. We
show sketches of this scenarioin Figs. 4 and 5, in the reference frame of
the host galaxy and as seen by an observer whose line of sight is along
thejet axis, respectively.

As a quantitative example of such a model, we find that we can
reproduce the observed rotation rate ¥y ~ 85° per day over 5 days if
(1) the centre of the emission feature is displaced by 2 x 10*-4 x 10" cm
fromthejet axis (for an angle to the line of sight ranging from 4°to 0°),
and (2) moves at a velocity of 0.99875¢, (i.e. Lorentz factor of 20), with
a component parallel to the jet axis of 0.9975c and a transverse, rota-
tional component of 0.05c. ¢, speed of light. During the rotation, the
feature moves throughadistancebetween 0.8 pcand1.7 pc (depending
ontheline-of-sight angle) parallel to the line of sight in the observer’s
frame.

Ifthejetisstructured, the helical field component may be limited
tothe spine. Moreover, the spine canalso contribute somewhat to the
emission atlonger wavelengths. This would lead to different polariza-
tion behaviour in X-ray than at longer wavelengths, and, at the same
time, can explain a possible rotation of the optical polarization angle
and the similarities in the variability of the X-ray to millimetre fluxes
onlonger timescales (that is, between May and June 2022).

The discovery of X-ray polarization angle rotationin HBLs, made
possible by the new capability of the IXPE, opens up the possibility of
fully investigating analogies and differences between polarization
angle rotations at different frequencies and for different classes of
blazars. For example, ref. 60 discusses a version of the model in which
the polarization angle rotations occur immediately downstream of
ashock, where the compressed magnetic field is dominated by an
ordered (helical) magneticfield superposed onaturbulent component.

1 3
-~ Bnel \
1 P vector /
2 4
/ !
\ -

Fig. 5| Sketch of the scenario proposed to explain the X-ray polarization
anglerotationin Mrk 421. We show the appearance of the emission feature,
magnetic field (B, and polarization (P) vector at four azimuthal positions along
its spiral path as viewed by a distant observer aligned with the jet. The red circle
represents the emission feature and the blue-shaded region is the ambient jet.

Astheshockis thesite of acceleration of the particles that radiate at the
frequency of the peak of the synchrotron SED, the highest polarization
and mainrotation events should be observed near that frequency. This
argument has been invoked to explain why optical polarization angle
rotations preferably occur in low-synchrotron-peak blazars®, and
naturally predicts a more frequent occurrence of X-ray polarization
angle rotations in the case of HBLs. In the same speculative frame-
work, as optical polarization angle rotations are often correlated with
approximately gigaelectronvolt y-ray flares®, X-ray polarization angle
rotations should be accompanied by approximately teraelectronvolt
activity, which is, in the case of HBLs, the analogue of approximately
gigaelectronvolt activity for low-synchrotron-peak blazars.

In conclusion, this study of the X-ray polarization angle rotation
in HBLs in a multiwavelength framework shows how the availability
of the X-ray polarization diagnostic enriches our ability to probe the
magnetic-field geometry and particle acceleration in different regions
ofrrelativisticjets, and thereby represents afundamental step towards
acomprehensive view of relativistic astrophysical jets.

Methods

IXPE and multiwavelength data

IXPE data. The log of all of our observations of Mrk 421 in May-June
2022, including radio/millimetre, optical, infrared and X-ray polariza-
tion measurements, along with Swift monitoring in the X-ray band, is
listed in Table 1and Supplementary Table 1.

Here we report the analysis of the second and third IXPE observa-
tions of Mrk 421 that were performed from 11:20 UTC on 4 June 2022
to 11:00 UTC on 6 June (hereafter Obs. 2), and from 09:00 UTC on
7Juneto11:10 UTCon9June (hereafter Obs. 3). The lifetimes for these
pointings are -96 ks and ~86 ks, respectively.

The raw IXPE data were processed using a standard pipeline
(https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/IXPE-SOC-DOC-0
09-UserGuide-Software.pdf) that estimates the photo-electron emis-
siondirection, correcting for charging effects, detector temperature,
gaselectronmultiplier gain non-uniformity and instrumental spurious
modulation®. The level-2 event files (one for each of the three detec-
tor units onboard IXPE) from the pipeline contain all the information
typical of an imaging X-ray astronomy mission (for example, photon
arrival time, detector coordinates and energy), with the addition of
the polarization information in the form of event-by-event Stokes
parameters. Before proceeding with the scientific analysis, when nec-
essary, we adjusted the data for small time-dependent changes to the
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gaincorrection obtained from data taken with the onboard calibration
sources close to the actual time of observation®.

We performed the scientific analysis of the IXPE data using the
ixpeobssim software®*®. At the angular resolution of IXPE (-30”),
blazars like Mrk 421 are point-like sources. Using the xpselect tool, we
selected the source events using a circular 60” radius region, while
we used an annulus centred on the source (with inner and outer radii
of 2.5" and 5.0’) to estimate the background. Within the ixpeobssim
suite, the method of ref. 66 for estimating the polarization of a set
of events is implemented in the PCUBE algorithm. We created the
Stokes-parameter spectra of the source, using the PHA1, PHAQ and
PHAU algorithms. The PHA1, PHAQ and PHAU algorithms map the /,
Q and U Stokes parameters of the photons into OGIP-compliant PHA
spectralfiles (three Stokes-parameter spectra per three detector units).
We prepared the spectrafor the spectropolarimetric fit by binning the
Ispectrum, requiring a minimum of 30 counts in each energy bin, as
needed forthe y*statisticsin the fits. Finally, we binned the Qand Uspec-
tra by grouping the channels by a constant factor of 10. To search for
variability of the flux and polarization properties within the time span
of the IXPE pointings, we created light curves with different time bin-
ning, using the LC algorithminixpeobssim. We applied the time binning
oftheselight curvesto time-slice each of the event filesand computed
aPCUBE in each time interval. We thereby created light curves of the
polarization properties as afunction of time (¢), including normalized
Stokes parameters (q(t),u(t)), polarization degree (/1(t)) and polariza-
tionangle (¥(¢)).

Weapplied to the ¥(¢) light curves astandard procedure®® to solve
the 180° ambiguity of ¥. By assuming that temporal variations of Ware
gradual, we minimized the variation A,¥ (where n indexes each indi-
vidual time bins) between consecutive points ¥, and ¥,,; as
follows. For two consecutive data points, A,¥ was defined as

(W1 = Wl = v/ 02(psy) + 02(W,)°, where o(¥,..,) and o(¥,) are the errors

for the consecutive angles considered. If A,¥ was larger than 90°, we
shifted ¥,,; by multiples of +180° as needed to minimize A,%. Other-
wise,when A, <90°, weleft ¥,,, unshifted. This procedure serves only
for clarity of displaying the data, and is not critical for our estimation
of the rotation rate, which was performed using unbinned event data
or Stokes-parameter time series (see below).

y-ray data. We studied the y-ray activity of Mrk 421, analysing data col-
lected with the Fermi-LAT in the energy range 0.1-100 GeV. We made
use of the 3-day cadence light curve (within the years 2021 and 2022),
which was extracted from the LAT Light Curve Repository, asshownin
Fig. 3. We refer to ref. 67 for the detailed description of the unbinned
maximum-likelihood data analysis. For this work, we adopted the light
curve that was obtained using the option of leaving the spectral slope
freetovaryinthefit.

X-ray flux and continuum spectrum. We monitored the X-ray
(0.3-10.0keV) flux and spectral variations of Mrk 421 both near the time
of and simultaneously with the IXPE pointings of May-June 2022 using
the Neil Gehrels Swift-XRT (Supplementary Table 1). The Swift-XRT
observations each had anexposure time of -1 ks and were performedin
windowed-timing mode. The data were processed using the XRT Data
Analysis Software (v.3.6.1). In the analysis, we used the latest calibration
files available in the Swift-XRT CALibration DataBase (CALDB version
20210915). The X-ray source spectrum was extracted fromthe cleaned
event file using a circular region with a radius of 47”. The background
was extracted using acircular region with the same radius fromablank
sky windowed-timing observation available in the Swift archive. As a
final step, we binned the 0.3-10 keV data to achieve at least 25 counts
ineach energy bin.

For our spectral analysis, we used the Xspec program®, In all our
fits, we included Galactic absorption along the line of sight
(N, =1.34 x10%° cm™2 (ref. 69)) using the TBABS model, with Fe

abundances set accordingtoref. 70.For all the datasets, we found that
alog-parabolic model, where the photonindex varies as alog-parabola
in energy (that is, N(E) = K(E/E,)“"'°#*/%) (ref. 71)), fits the spectra
better thanasimple power law (with Ax*in the range between-23 and
-233, for one additional degree of freedom). Inthe log-parabolic model,
the pivot energy E, isascaling factor, ais the spectral slope at the pivot
energy, fcorrespondstothe spectral curvature and Kis anormalization
constant. In our fits, we set the pivot £, to 5.0 keV (refs. 32,72), so that
aapproximates the photonindexinthe 3.0-7.0 keV range. In this way,
we extracted the X-ray spectral evolution of Mrk 421in May-June 2022
(Supplementary Fig. 1), including soft (S band, 0.3-2.0 keV) and hard
(Hband, 2.0-10.0 keV) X-ray fluxes, hardness ratio (H—-S/H +S), and
aand S parameters.

Withinthe IXPE pointing of May 2022, the X-ray flux rose by afactor
of about two with no significant change in spectral shape®. Conversely,
during the two IXPE pointings of June 2022, the flux increased from
~7.5x10 erg s cmat the beginning of Obs. 2 to the brightest point
of ~1.4 x107° erg s cm2at the beginning of Obs. 3, and then decreased
back tothe previouslevel. The maximum variation of the soft flux was
by afactor of ~1.2, while the hard flux varied by a factor of ~3. Thisis in
agreement with the IXPE measurementinthe 2.0-8.0 keV band, where
the flux of Obs. 3 was about twice as high as during Obs. 2 (Table 1).
Therefore, the spectrum became harder and flatter (thatis, a decreased
while the hardness ratio increased), with the flattest spectral shape
coinciding with the brightest point.

Optical and infrared data. All the optical, infrared and radio/millimetre
polarization measurements of Mrk 421 in the time frame of the IXPE
pointings are shown in Fig. 1. Polarization observations in the optical
were performed simultaneously with the IXPE pointings using the Hiro-
shima Optical and Near-InfraRed camera (HONIR) at the Kanata tele-
scope, RoboPol at the Skinakas Observatory 1.3-m telescope’, the
Alhambra Faint Object Spectrograph and Camera (ALFOSC) mounted
atthe2.5mNOT, andthe T90 telescope at the SierraNevada Observatory
(SNO) during May-June 2022 in the R band (1=6,500 A/E=1.9 ¢V,
full-width at half-maximum=1,300 A/0.4 eV). The HONIR observations
were performed in three optical bands (http://hasc.hiroshima-u.ac.jp/
instruments/honir/filters-e.html). The Stokes parameters are estimated
by rotating the half-wave plate to four position angles and combining
the exposures. Theinstrument and data analysis are described in detail
inrefs. 74,75.RoboPolis anovel four-channel opto-polarimeter with no
moving parts and with the ability to measure the normalized Stokes g
and u parameters with a single exposure simultaneously. A detailed
description of the semi-automated analysis and data reduction pipeline
canbefoundinrefs.38,76. The NOT datawere reduced using the pipeline
developed at the Tuorla Observatory, which follows standard photo-
metric procedures’”’”®, We performed the SNO observations with polar-
ized R filters, and calibrated the data using polarized and unpolarized
standard stars. For the RoboPol, HONIR and NOT observationsinthe R
band, we corrected for the host-galaxy depolarization by subtracting
the (presumed unpolarized) host-galaxy flux density estimated for the
individual apertures usedineach observation™): [Ty, = Hops X 1/ — lhose),
where /1. and I1,,, are the intrinsic and observed polarization degree,
respectively, /is the total flux density in mJy, and /., is the host-galaxy
flux density in mJy for the aperture of the observation”.

Theinfrared observations were performed in the Hband with the
1.8 m Boston University Perkins telescope (Flagstaff, AZ) using the
infrared camera MIMIR in May-June 2022, supplemented by H-band
HONIR observations in May 2022. The MIMIR instrument and data
reduction procedures are described in detail in ref. 80. The Perkins
H-band observations were corrected for the host-galaxy contribution
following the prescription above. To find the contribution of the host
galaxy for the aperture necessary for the correction, we performed a
photometric decomposition of the galaxy light using the IMFIT pack-
age®. The model for the image decomposition consisted of a Sersic
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profile for the host galaxy plus a point source for the blazar, determined
by fitting aMoffat function® to severalisolated starsin the image to cre-
ate anaverage point-source function. We determined the parameters
of the host galaxy as n=1.18 + 0.35 for the Sersic index, an ellipticity
ofe=0.238 £ 0.03, an effective radius of r,=2.1” £ 0.14”,and asurface
brightness of u. =16.59 + 0.17. For the average aperture diameter of 5. 2”
used for the polarization observations, we estimated the contribution
ofthe host-galaxy tobe12.41 + 0.06 mag. Any additionalinfrared obser-
vations have not been corrected for the host-galaxy contribution, and
hence should be considered aslower limits to the intrinsic polarization
degree. All the optical/infrared observations are listed in Table 1.

Radio/millimetre data.Images of Mrk 421 at 7 mm wavelength with a
resolution of ~0.2 mas, corresponding to 0.12 pc, were produced with
data from VLBA observations at epochs 30 April, 5June and 24 June
2022.The observations were from the Blazars Entering the Astrophysi-
cal Multi-Messenger Era (BEAM-ME) programme (see website www.
bu.edu/blazars/BEAM-ME.html). The dataacquisition and analysis are
describedinref. 83.Supplementary Fig. 2 presents theimages, in which
total intensity is indicated by contours, polarized intensity by colour
coding and polarization direction by yellow line segments. (Note that
the 30 Aprilimage has lower dynamic range than the others, hence the
jetisnot as apparent.) The images reveal a change in the polarization
direction of the ‘core’ (feature of peak intensity) between 30 April
and the June epochs. The 5 June image exhibits some fanning out of
the polarization vectors on the southeast side of the core, indicating
an azimuthal component to the magnetic field, as one would expect
if that component were helical. However, at the location of the 7 mm
core, this component is weak relative to a more randomly oriented
magnetic-field component.

Polarization at the shorter wavelengths of 3.5 mm (86.24 GHz)
and 1.3 mm (230 GHz) was measured with the 30 mtelescope of IRAM,
located at the Pico Veleta Observatory (SierraNevada, Granada, Spain),
on several nights in May-June 2022, as listed in Table 1. The observa-
tions were obtained within the Polarimetric Monitoring of AGN at Mil-
limetre Wavelengths (POLAMI) programme®** following the reduction
and calibration pipeline described in detail in ref. 84.

No significant polarization at 1.3 mm from Mrk 421 was detected
by IRAM either in May or June 2022, with an upper limit (at a confi-
dencelevel of 95%) of <6% and <4%, respectively. The early May 3.5 mm
observations are consistent within uncertainties with an average
IM;=3.4+0.7% at an average ¢y = 54.5 + 6°. The 30 May 2022 observa-
tionshows anincreaseinthe polarizationdegreeto/71;=7.9 + 0.9, with
a polarization angle almost perpendicular to the early May observa-
tions (=128 + 2. 4°). The subsequent observation shows a similar
[Ty to the early May observations (1.76 + 0.6%) at aroughly consistent
angle of ¢ =116 + 9°. We obtained additional observations at 1.3 mm
(225.538 GHz) using the SMA®*¢ within the SMA Monitoring of AGNs with
Polarization (SMAPOL) programme. SMAPOL follows the polarization
evolution of 40 y-ray bright blazars, including Mrk 421, on a bi-weekly
cadence, as well as other sources in a target-of-opportunity mode,
including objects observed by IXPE. The Mrk 421 observations reported
here were conducted on 4 June and 16 June 2022. The SMA observa-
tions employed two orthogonally polarized receivers, tuned to the
same frequency rangein full polarization mode, and used the SWARM
correlator®. These receivers are inherently linearly polarized, but are
converted to circular polarization by using the quarter-wave plates
of the SMA polarimeter®®. The lower sideband and upper sideband
covered 209-221 GHz and 229-241 GHz, respectively. Each sideband
was divided into six sub-bands with bandwidths of 2 GHz and a fixed
channel width of 140 kHz. The SMA data were calibrated with the MIR
software package (https://lweb.cfa.harvard.edu/-cqi/mircook.html).
Instrumental polarization leakage was calibrated independently for the
upper sideband and the lower sideband using the MIRIAD task gpcal®
and removed fromthe data. The polarized intensity, position angle and

percentage were derived from the Stokes/, Qand U visibilities. Between
4and16June 2022, Mrk 421 decreased slightly in total flux, with values
0f 0.20 £ 0.02 Jy and 0.14 + 0.02 Jy on 4 and 16 June, respectively. The
linear polarization remained stable within the uncertainties between
the two epochs, with a linear polarization degree of 2.3 + 0.2% and
2.3 +0.3% and a polarization angle 0f 129.6 + 2.6° and 132.6 + 3.9° on
4and16]June, respectively. MWC 349 A was used for the total flux cali-
bration, and the calibrator 3C 286, which has a high linear polarization
degree and stable polarization angle, was observedinboth sessions as
across-check of the polarization calibration.

X-ray polarization analysis

Time-averaged IXPE data. The analysis of the first IXPE observation
of Mrk 421, which discovered an X-ray polarization /7, =15% + 2% at a
polarizationangle ¥, =35 + 4°,isreportedinref. 32. Conversely, the X-ray
polarization of Mrk 421 was undetected in the IXPE data of Obs. 2 and 3
whentime-averaged over the entire length of the observations. Using the
procedure of ref. 66 withinixpeobssim, we found for the 2.0-8.0 keVband
data anominal minimum detectable polarization (equivalent to a 99%
confidence upper limit) of 5% and 4% for Obs. 2 and 3, respectively. Sup-
plementary Fig. 3 shows the two-dimensional confidence contours for
the X-ray polarization degree and angle obtained with the same method,
tovisuallyillustrate the lack of constraints onthe X-ray polarizationangle
inthese time-averaged data. A spectropolarimetric fit” of the datagives
similar upper boundsfor the polarization properties, assuming that the
polarization degree and angle are constant with energy (using the pol-
const modelinXspec). Alog-parabolic model best fitsthelspectra, where
weused the same fixed pivot energy as for the Swift-XRT data, £,=5.0 keV
(see above). The IXPE data follow the same harder-when-brighter trend
asfor the Swift-XRT data:a=3.17+0.06,5=0.7 £ 0.1anda = 2.81+ 0.03,
[=0.61+0.03,for Obs.2 and 3, respectively.

In the following, we investigate the cause of the change in the
polarization properties of Mrk 421. The non-detection of the X-ray
polarization of Mrk 421in time-averaged IXPE Obs.2 and 3 datacanbe
dueto time variability of the polarization angle within the observation
(see, forexample, ref. 25). Arotation of the polarization angle, as often
observed for blazars in the optical band, can in principle cancel the
polarization degreein time-averaged data. Inthe following, we test this
hypothesis using asimple model where the polarization angle rotates
ataconstantrate while the polarization degree remains constant. This
assumptionis sufficient to our aim, whichis to assess the reality of the
polarization angle rotation. Consideration of more complex models
for the time variability is beyond the scope of this paper. To make this
assessment, we employ three methods: (1) a maximume-likelihood,
unbinned event-based method, asinref. 91; (2) afit of the binned light
curves of the Stokes parameters using x> statistics; and (3) a fit of a
rotation pattern in the Q-U plane using x* statistics. A by-product of
this analysis is an estimation of the rotation rate, for which all three
methods return consistent results.

Searching for the optimal rotation rate via a likelihood analysis.
For adetailed treatment of the optimal estimation of the (normalized)
Stokes parameters g and u in the case of unbinned polarimetric data
via a likelihood analysis, we refer the reader to ref. 91. An unbinned
likelihood analysis is appropriate for fitting X-ray event data because
of the Poisson nature of the counting statistics. This method has the
advantage of beingindependent of any subjective choice of the binning
of the datain energy or time.

Here we expand the likelihood analysis method to the case of a
rotating polarization angle. The log-likelihood formula for the polari-
zation parameters of a set of (Poisson distributed) events depends on
the Stokes parameters as

S(g,u) = =2 In(1 + qu; cos 2F; + uy; sin 2W;), 1)
i
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where the sumis over each eventi, y;is the modulation factor for event
i (atenergy E;), ¥, is the event’s instrumental phase angle, and it is
assumed that gand u donot depend onthe source flux. Inaddition, we
are not fitting for the parameters of the spectral model.

Asthe time-averaged polarizationis small and the apparent rota-
tion is smooth, we can approximate the time behaviour with asimple
model that hasavarying polarization vector of constant degree, rotat-
ing at constant rate ¥. We also assume that there is no steady
non-rotating component of the polarization (that is, g, = u, = 0). For
this model, the likelihood can be written as

S(@,q.u) = =2 In{l+ qu; cos [29 (t; — to)] + up; sin [28 (& — £)]}, (2)

where ¢, is a reference time, such as the midpoint of the observation
period, and ¢ is the time of event i. For any given rotation rate ¥, one
candetermine the optimal Stokes parameters ¢, and 4, (where rindexes
the the givenrotation rate) by marginalizing over g and u and substitut-
ing ¢, and 4, back into equation (2) to yield $'(¥). The best-fit value of
W, ¥, is given by the minimum of §'(¥) and, for Gaussian-distributed
errors, uncertainties can be determined using AS'(¥) = §'(%) — §'(¥),
since AS'(¥) is distributed as y* with one degree of freedom, being a
function of only oneinteresting parameter. Furthermore, we can com-
pute the significance that & is non-zero using

AS'(0) = §'(0) - S'(¥) = S(0. dg. o) — S(F: 4. dy). &)

Again, by marginalizing over gand uto test against the hypothesis that
¥ = 0, AS'(0)is distributed as x> with one degree of freedom.

We searched for the minima of AS(¥) over a grid of values of ¥,
which we set to be -1,000° per day to +1,000° per day using the IXPE
eventfiles of the three observations of Mrk 421. Upon determining the
best-fit value of ¥, we estimated the uncertainty of the best-fit param-
etersataconfidencelevel of 90% using AS' (¥). The results of this analysis
areshowinSupplementaryFig. 4. Asexpected, for Obs. 1, the estimated
rotationrateis consistent with null rotation (¥ = —6 + 9° per day), while
the estimated polarization degree (7, =15 + 2%) is consistent with our
previous work?%. Conversely, for Obs. 2 and 3 we find absolute minima
of AS'(¥) at ¥ = 80 + 9° perday and ¥ = 91 + 8° perday, respectively,
and that ¥ = 0 is ruled out at better than 7o for both observations.
The estimated polarization degrees for these two datasets were
both /7, =10 + 1%, which suggests that while the polarization angle was
rotating, the polarization degree may have remained similar to that
measured when not rotating. The estimated rotation rates for Obs. 2
and 3 are consistent within the uncertainties, which suggests that
we may have sampled two segments of one continuous rotation
event spanning three days. Combining Obs.2 and 3, we found arotation
rate of R=77.0 + 2. 4° per day and /1, =10.1+ 0.8%, indicating that
the third observation was approximately in phase with the second after
aday passed.

Modelling the time-binned Stokes parameters. As a second test of
the hypothesis of polarization angle rotation cancelling the polariza-
tion degree in the time-averaged data, we modelled the time series of
the normalized Stokes parameters. As in ref. 32, to investigate the
polarization variability on different timescales, we used the temporal
variations of the normalized Stokes parameters g(¢) and u(¢t) with vari-
ous time bin sizes in the range from -8 ks (corresponding to
Nyins =20 bins) to ~60 ks (Vs = 3). We fit all the time series with (1) a
constant model and (2) amodel where the polarization angle rotates
ataconstantrate ¥ while the polarization degree /Tremains constant,
such that the Stokes parameters vary as trigonometric functions:
q(t) = IT cosQQ(¥t + ¢)) and u(t) = IT sin(2(¥t + ¢)) (Where ¢ is a phase
angle). As a test of the goodness of the fits, we computed, for all the
casestested, the probability for the null hypothesis (P,,,) to obtain by

chance ay*value atleast aslarge as that measured if the dataare drawn
according to the model.

Supplementary Fig. 5 shows, for both IXPE observations and for all
the tested time binning schemes, the P, values obtained for the con-
stant model (black symbols) and the constant rotation model (red
symbols). A constant model is statistically unacceptable (P, < 1%) for
anytimebinning. Amodelincludingalinear time variation of the polari-
zation angle always provides a better fit (that is, an increase of P, up
t0-~99% in several cases) than a constant model. Supplementary Fig. 6
shows all the fit realizations, for the case NV, in the range between 3
and20.Inour fitting exercise, we keep the parameters ¥ and /7fixed to
those determined fromthe likelihood analysis. Hence, ¢ isthe only free
parameter. Moreover, we note that the independent fits of g(¢) and u(¢)
return best-fit values of ¢ consistent within each other (withinatypical
uncertainty of ~8°). This is an a posteriori indication that our fits are
physical. To further assess the phenomenology of the polarization vari-
ability, we allow, inturn, the rotation rate ¥ and the polarization degree
I1to be free in our fits. We find that ¥ is unconstrained in these fits.
Conversely, the best fit corresponds to values of /7that are marginally
inconsistentbetween the fit of g(¢) (for example, /7=11% + 2% for the case
Npins =16) and that of u(¢) (for example, 7= 5% + 2%). This suggests that
[1and/or ¥ are somewhat variable with time about the average values,
rather than constant. The detailed modelling of these variability features
is beyond the scope of our hypothesis testing, and may be assessed in
future works in the context of physically motivated models.

Fitting arotation modelinthe Q-Uplane

Asathird and final test, we modelled the time behaviour of the datain
the Q-Uplane, with N, = 24. We display the time evolution of the data
in Supplementary Fig. 7. In this framework, as a first, straightforward
test for variability, we calculated the y? statistic for the mean Q/UStokes
parametersineachtimebinunder the null hypothesisthat theyareall
consistent with the time-integrated mean Stokes parameters (Q and
0).Asthe Stokes parameters from each time bin (denoted as Q;and U,
respectively, for timebin i) are normally distributed and independent,
the quantity

Q)+ (U -0’

Xz — Z (Q: - (4)

o2
L

under this null hypothesis follows a * distribution with 2N, —2=46
degrees of freedom. We can therefore compare the observed value of
x*with the expected values. For Obs. 1, we find x> = 55, the probability of
which arising from the null hypothesis of constant Stokes parametersis
P,.=0.17,suggesting that these data are consistent with the constant
polarization model. Conversely, for Obs. 2 and 3, we determine x> values
of 78 and 121, respectively. The probability of acquiring x* exceeding
this value by chance under the null hypothesis of constant polarization
is P, < 2 x107%. Thisimplies that, in these cases, the null hypothesis can
berejected with high confidence.

Using this same statistical framework, we are able to determine
the best-fit rotation rate ¥ for the model by assuming that both ¥y
and the polarization degree are constant (see above for the mathemati-
cal form of this model). When applying these calculations to the data
of Obs. 1, we find no evidence of time-dependent rotation of ¥,: the
best-fit constant rotation rate is —4 + 7° per day). For Obs. 2 and 3, the
best-fit rotation rates are ¥, = 78 + 8° perday and 83 * 6° per day,
respectively. These values are consistent with the findings of the previ-
ously described methods using the same model, indicating that all
three methods resultinaconsistentrate of rotation. The corresponding
x*value for each of these fits is 53 for 45 degrees of freedom, with a
corresponding value of P, = 0.18. We can therefore conclude that a
constant rotation model provides a good fit to the data. Attempts to
fitthese datatoamore complexelliptical rotation model (thatis, where
the polarization degree varies with time) do not resultin astatistically
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significant improvement in the overall value of x* given the reduced
degrees of freedom.

Comparison with astochastic model

To verify further our explanation of the cause of the X-ray polarization
angle rotation in Mrk 421, we tested the hypothesis that the rotation
occurred by chance as aresult of a stochastic variation of ¥,. We con-
sidered two possibilities for the involvement of random processes.
First, the variationsin ¥, during the two IXPE observations of June cor-
responded totwoindependentrotations. Second, the two IXPE obser-
vations were part of one continuous rotation, of which we sampled only
two segments. To determine the probability of the rotation(s) occurring
by chance due to the random variations of ¥,, we simulated the time
dependence of the polarization degree and angle that occur viarandom
walks, and compared them with the IXPE results. As described in detail
inrefs. 52,53, the simulations are based on two parameters: the number
of maximally polarized (that is, each with uniform magnetic field)
cells, N, and the number of cells that change per day, N,,.. The cells
each have the same intensity, hence the total intensity /,,.; = Noil. The
initial Stokes parameters Q and Ufor each cell were drawn from Gauss-
iandistributions. At every simulation time step, one cell was selected
randomly, and its Q and U values were drawn anew, then the averages
of Q, U, [Tand ¥ over all cells were calculated anew. The number of
simulated time steps depends on the observation duration and (Ny,,);
for example, for Ny, =100 we simulated 100 data points per day. For
each of the aforementioned possibilities, we performed a grid search
inthe N, Ny, parameter space to identify episodes of rotation of ¥.

For the first case, we set the total length of the simulated polari-
zation light curves to the length of each of the IXPE observations. We
created 10,000 simulated light curves, binned to match one of the
data binning schemes, and recorded the average /7 of the light curve
and the longest continuous variation of ¥ that could be interpreted
as arotation. We considered a trial successful if the average /7and
standard deviation of the simulated time dependence was within 10%
of the observed values, and if the variation in ¥ was equal to or larger
than that observed. Supplementary Figs. 8 and 9 show the results for
the parameter search of each event. The binning of the data can have
asignificant effect on the number of successful trials. For that reason,
we repeated the analysis for different numbers of bins from 3 to 18.
For IXPE Obs. 2 (first rotation) we found that the Psignificance values
to range from 0.0049 to 0.14 (13 bins), with amedian of 0.057. For the
followingrotation (IXPE Obs. 3), we found P=0.0013 to 0.21 (17 bins),
with a median of 0.032. The probability of two independent events
occurring by pure chanceinarowisthenP=0.029.

For the second possibility, we set the length of the simulated light
curves equal to the total duration of the observations from the begin-
ning of IXPE Obs. 2to the end of Obs. 3. To test the case of anindividual
rotation, the polarization angle curve of Obs. 3 was shifted by £180°
as needed to align the two segments. In this case, we explored from 3
to 26 bins and additionally required that the rotation rate of the sec-
ond segment lie within 10% of that of the first segment. We repeated
the above procedure and estimated the number of successful trials
(Supplementary Fig. 10). We find P=0.0006 to 0.022 (23 bins) with
amedian of 0.0053. All of the above results indicate that it is unlikely
that the observed rotation(s) were caused by a purely stochastic
process. Rather, the event has a high probability of being related to
non-stochastic physical processes in the jet.

Activity state of Mrk 421

InSupplementary Fig. 11, we show the long-term light curves of Mrk 421
inoptical brightness (top panel) from the Steward Observatory moni-
toring programme®? and ATLAS* %, as well as the X-ray flux (bottom
panel) from the Swift-XRT. The optical observations cover atime range
from 2006 to 2022 and we highlight as vertical grey lines the time of
the IXPE pointings.

The Swift-XRT observations arein the 0.3-10 keV band. The mini-
mum and maximum value of the X-ray flux were 0.5 x 10 erg s cm™
and 55x10 ergs™ cm™, respectively, with a median value of
8.5x10™ erg s cm™. As a comparison, the flux measured by Swift
at the time of the IXPE pointings (Supplementary Table 1) ranged
between7.5x10"°and14.1x10° erg s cm . Thus, we conclude that
Mrk 421 was at an average level of X-ray activity at the time of the IXPE
observations.

We show the optical brightnessin the top panel of Supplementary
Fig.11. The Steward Observatory observations are in the Rband, while
for ATLAS we show both c-band and o-band observations. While the
Steward and ATLAS observations are not directly comparable without
applying conversion factors between optical bands, itis evident from
the overlap of the two surveys (2016-2018) that any differenceis rather
small compared with the overall brightness variations of Mrk 421. The
ATLAS observations in 2022 are ~0.5 mag lower than the average of
the Steward observations (2011-2016) and ~1-5 mag lower than the
flares seen in the Steward data. Therefore, we can also conclude that
the optical brightness of Mrk 421 at the time of the IXPE observations
was atan average state.

Data availability

The data that support the findings of this study are either publicly
available at the HEASARC database or available from the correspond-
ing author uponrequest.

Code availability
The ixpeobssim software and documentation can be downloaded at
https://github.com/lucabaldini/ixpeobssim.
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