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ABSTRACT

We present the rst Event Horizon Telescope 1.3 mm observations of the supermassive binary black hole candidate OJ287. The observatic
achieved an unprecedented angular resolution oBs&nd reveal signi cant structural and polarization variability over just ve days, marking the
shortest timescale on which such changes have been directly imaged in this source. The inner jet exhibits a twisted ridgeline structure, with featt
displaying apparent superluminal motions up to about 22 c. The linear polarization maps reveal three main polarized features whose electric-vec
position angles (EVPAs) change substantially over the time span of our observations, including a component with a radial polarization consiste
with being produced by a recollimation shock. Most notably, we directly resolved two innermost jet components whose EVPAS rotate in opposit
directions. The faster component, moving at 2 0:9 adday (174 6:5c), exhibits counterclockwise EVPA swings of roughly Joer day,

while the slower component, with a proper motion of 1 0:3 adday (102 2:2c), rotates clockwise at approximatelys 2per day. Previous
studies inferred helical magnetic elds in AGN jets from time-resolved or integrated polarization variability but lacked the angular resolution to
directly image this eect. Our results provide spatially resolved evidence that a helical magnetic eld threads the jet's collimation and acceleration
zone, ruling out models based on the superposition of unresolved components. Our analysis suggests that propagating shocks interact wi
Kelvin—Helmholtz plasma instability, illuminating derent phases of the helical magnetic eld and producing the observed polarization spatial
and temporal variability. Moreover, our model naturally accounts for the more rapid polarization rotation observed in the faster moving componer
Our model predicts even more rapid swings in polarization, which could be tested with future observations featuring a more densely sampled tir
coverage.

Key words. black hole physics — instabilities — radiation mechanisms: non-thermal — techniques: interferometric — galaxies: active —
galaxies: individual: OJ 287

1. Introduction SMBHB based on general relativistic magnetohydrodynamics
simulations, which account for dynamic spacetimee@s in
The BL Lacertae object OJ287 is an emblematic nearhgcreting binary systemg&drris et al. 2012Gold et al. 20144;
active galactic nucleus (AGN) with a redshift af = 0:306 Gold 2019 Paschalidis et al. 2021Supporting the binary sce-
(Stickel et al. 1989 well known for its 12-year quasi-periodicnario, Britzen et al.(2018 identi ed a 23-year jet precession
outbursts in the optical regime (e.gSillanpda etal. 1988 period that was later corroborated Byitzen et al.(2023, who
Villata et al. 1998. These quasi-periodic variations have bedinked spectral energy distribution (SED) states to the precession
interpreted as evidence of a supermassive black hole binphase. On the other hand, the presence of an ultra-massive pri-
(SMBHB) system where the secondary black hole, in a hightyary black hole has been put into question by multi-frequency
eccentric orbit around the central black hole, modulates thbservations and a lack of predicted outbur#tsniossa et al.
jet emission as it interacts with the primary's accretion disR0233gb) in the years 2021 and 2022. The authors raising these
This model was used to explain the quasi-periodic variabdeubts showed that the data favor more periodic outbursts with a
ity (Lehto & Valtonen 1996Valtaoja et al. 2000Valtonen et al. period of 115 1yr, most recently observed in 2016-2017, and
2008, which aligns with theoretical models of an accretinthey estimated the mass of the primary to b&NIO.
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Variations in the jet position angle can also be explaindidns to billions of solar masses can be consistently described by
by alternative scenarios that do not require a SMBHB systethe Kerr metric. Building on this foundational work, EHT obser-
For instance, the precession of a single misaligned accreti@tions of a number of AGNs have provided a crucial window
disk around a single central supermassive black hole (SMBIRJo the physics of jet launching and initial collimation in extra-
(Mizuno et al. 2012 or a Warped accretion disk, not perfecﬂ)galactic radio jets at scales down to 10-100 gravitational radii,
aligned with the black hole spin axisiéka et al. 2018 Beyond €encompassing the processes of jet launch and its initial colli-
these mechanisms, several internal processes can generate Sigfion (e.9.Kim etal. 2020 Janssen et al. 202Issaoun et al.
lar observational signatures in AGN jets. For example, jet ins%ggézt ég&sg?gtiagoggzsparascms etal. 20248aczko et al.
bilities play a fundamental role in AGN jet phenomenology. _ ' .

Two types of instabilities are mainly encountered in AGN In April 2017, we conducted the inaugural 1.3mm

jets: Kelvin-Helmholtz (K-H) instabilities and current-driven’ -5 observations of OJ287 with the EHT in order to

instat_)ilities (CDI). The K-H_ instabilities, Wh_ich arise_ fromg;?zbeed ItSrez[(reLrJ]igrif a; Sscalgchosr;ifgr?rd$ﬁestg ;[)T)ese?\)//erl)t?ézs
velocity shear between the jet and the ambient medium, @8re part of an extensive multiwavelength campaign includ-
develop in kinetically dominated jets (e.@erucho etal. 2004 g aqditional longer wavelength VLBI observations from
Hardee 200). These instabilities can generate helical perturbgptny ground- and space-based facilities suchRasioAstron
tions that manifest as twisted structures when projected onto fgymez et al. 2022and the Global Millimeter VLBI Array
plane of the skyRerucho et al. 2032/ega-Garcia etal. 2019 (GMVA; Zhao et al. 202Pand alongside observations in opti-
Additionally, CDI kink instabilities can develop in strongly magcal, UV, and X-ray wavebands (e.g<omossa etal. 2021a
netized jets (e.g.Nakamura et al. 20Q7Mizuno etal. 201®, EHT MWL Science Working Group et al. 202&n OJ 287 and
further contributing to jet wiggling and bending. These variv 87, respectively). Concurrently, the independent Multiwave-
ous instability modes, coupled with recollimation shocks andngth Observations and Modelling of 0J 287 (MOMO) project,
magnetic eld compression, can drive internal shocks amghich started in 2015, has provided a framework for these
turbulence, potentially explaining the observed variability imtegrated studies (e.gomossa etal. 20172021h 20233.
AGNs (Marscher 2014Jorstad et al. 2032and playing a cru- MOMO provides high-cadence optical, UV, X-ray, and MWL
cial role in particle acceleration mechanisrB&éni et al. 2015  Single-dish radio observations and their interpretation. 0J 287
In fact, OJ287 constitutes an ideal laboratory for investpas also been regularly monitored with the VLBA at 43 GHz
gating particle acceleration mechanisms, as it has an enf§d 15GHz for over two decades as part of the BEAM:ME
sion spectrum stretched up to teraelectron-volt energies (e{gorstad & Marscher 2016Jorstad et al. 2017Weaver et al.
Mukherjee & VERITAS Collaboration 2017Lico et al, 2023, 2029 and MOJAVE (Lister et al. 2013 monitoring programs,

It also provides a critical platform of testing the validity of ér- "€SPectively. . . .

ent launching scenarios of AGN jets, as theoretical models syg- 11iS Work is organized as follows: In Sectidnwe describe

gest that relativistic jets are produced by accreting SMBH a EHT observations, data re_ductlo_n, and imaging t_echmques
used to reconstruct the total intensity and polarization struc-

drlxeg b%\/lv:hf |(rj (i)yn?k:n |carIIy 'mﬁ Org?nr: dT?gr;tz'z ?Igs’lg;h'd}ure of the source. Sectid® presents the results, detailing the
can be twisted by the ergosphei@ldndfo aje y detected variability in total intensity and polarization over a ve-

or by the di erential rotation of the black hole's accretion disK;, timescale, the characterization of jet features, and the mea-
(Blandford & Payne 1982 _ sured apparent motions. In Sectidnwe discuss the implica-
Very long baseline interferometry (VLBI) observations at thgons of these ndings in the context of relativistic jet physics,

highest possible angular resolution are the ideal method for preeysing on the role of K-H instabilities, shocks, and a helical
ing the innermost regions of AGN jets. This can be achieved Ryagnetic eld in explaining the observed variability. We intro-
either increasing the observing frequency or extending the baggce a model that accounts for the rapid polarization swings and
lines to include space-based antennas. Indeed, with an apagi@ine how future observations with improved time sampling
of approximately 350000 km, space VLBI observations witbould further test these predictions. In Sectirwe provide a
RadioAstronhave been capable of imaging blazar jets witsummary of our results. We note that for all the calculations, we
unprecedented resolution, on the order of a few tens of microaadopt a at CDM cosmology withHg = 67:4kms *Mpc 2,
seconds (e.gGomez et al. 20L6Fuentes et al. 2033During 1, = 0:315, and = 0:685 Planck Collaboration VI 2020

its operation RadioAstronobserved OJ 287 on several epoch#t the redshift of OJ 287, this corresponds to a luminosity dis-
yielding the highest angular resolution image obtained for tHance of 1642 Gpc, an angular scale of6% pc mas', and an
source Gomez et al. 2022 Most recently, space-based VLBIlapparent speed ofZ5 c for a proper motion of las day?.

imaging of OJ 287 witrRadioAstronat 22 GHz, together with

multi-epoch Very Long Baseline Array (VLBA) observations ap Opservations and data analysis

43 GHz, revealed a ribbon-like inner-jet morphology and multi-

year swings of the jet position angle that are consistent wihl. Observations and calibration

a rotating helical jet structure on parsec scalBsi@nou etal. . EHT observed OJ 287 on three nights during the 2017 cam-

2029. . . agaign on April 5, 10, and 11. Two of those days, April 5 and 10,
Event Horizon Telescope (EHT) observations at 1.3 mm ha¥eg, s, cient (u: V) coverage to fully model the source struc-

also signi cantly advanced our understanding of SMBHS ang;e i, total intensity and in linear polarization. Additionally, the
theirrelativistic jets, culminating in the groundbreaking capture g verage is similar enough to reliably compare results between

the rstimages of a black hole in M8E{ent Horizon Telescope i i

. ys (see Figurg). The source was observed with the array con-
Collaboration 2019a,cdef, 2021ab, 2023, hereafter M87* gigiing of seven telescopes located at ve geographic sites: the
Papers [-IX) and Sgr AEvent Horizon Telescope Collaboration

2022ab,c,d,e,f, 20243ab, hereafter Sgr A Papers I-VIIl) and ! https://www.bu.edu/blazars/BEAM-ME.htm|
demonstrating that black holes with masses ranging from nril-https://www.cv.nrao.edu/MOJAVE
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Fig. 1. Event Horizon Telescope (u, v)-coverage of the OJ 287 observations on April 5, 10, and 11, 2017. Each colored point corresponds to a
single VLBI scan of ~5min. Dashed line circles indicate the fringe spacing of 50 uas and 25 pas. “Chile” represents the stations ALMA and

APEX. “Hawai’i” represents the stations SMA and JCMT.

Atacama Large Millimeter/submillimeter Array (ALMA, oper-
ating as a phased array; Goddi et al. 2019) and the Atacama
Pathfinder Experiment (APEX) telescope in Chile; the Large
Millimeter Telescope Alfonso Serrano (LMT) in Mexico; the
IRAM 30m telescope (PV) in Spain; the Submillimeter Tele-
scope (SMT) in Arizona; and the James Clerk Maxwell Tele-
scope (JCMT) and the Submillimeter Array (SMA) in Hawai’i.
The source is not visible from the South Pole Telescope (SPT),
which also participated in the EHT campaign. The observa-
tions were carried out with two 2 GHz-wide frequency bands
centered at 227.1 GHz (LO band) and 229.1 GHz (HI band).
Right-hand circularly polarized and left-hand circularly polar-
ized signals were recorded for all stations other than ALMA and
JCMT. ALMA recorded dual linear polarization, which was sub-
sequently converted at the correlation stage to a circular basis
using PolConvert (Marti-Vidal et al. 2016; Goddi et al. 2019).
JCMT observed a single circular polarization component, which
we used to approximate the total intensity under the assump-
tion that the circular polarization can be neglected, and moreover
the JCMT baselines were flagged for the polarimetric imaging.
The configuration of the EHT array during the 2017 campaign is
described in detail in M87* Paper I1.

Recorded signals were correlated at the MIT Haystack
Observatory in Westford (MA, USA) and the Max-Planck-
Institut fiir Radioastronomie in Bonn (Germany) (Deller et al.
2011; M87* Paper II). Subsequent data reduction procedures
were described in M87* Paper III; Blackburn et al. (2019);
Janssen et al. (2019). There were minor updates to the calibra-
tion pipeline with respect to the EHT results published earlier
(M87* Paper I; Kim et al. 2020), particularly regarding the tele-
scopes sensitivity estimates and complex polarimetric gains cal-
ibration. These updates are identical with the ones employed for
the EHT Sgr A* publications (Sgr A* Paper I; Sgr A* Paper II).
Flux density on the short intra-site baselines (ALMA-APEX and
SMA-JCMT) was gain-calibrated to the simultanecous ALMA-
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only flux densities reported by Goddi et al. (2021), that is 4.34 Jy
on April 5 and 4.22Jy on April 10. The polarimetric leakage
calibration follows procedures outlined in M87* Paper VII, with
the fiducial D-terms given by M87* Paper VII and Issaoun et al.
(2022), also verified by Jorstad et al. (2023). Wide observing fre-
quency bands and effective calibration resulted in high signal-
to-noise (S/N) ratio detections, reaching ~1000 on ALMA base-
lines for data coherently averaged over observing scans, lasting
~5 minutes (see Figure 2).

2.2. Imaging

Image reconstruction of OJ 287 has been performed in a similar
manner to previous EHT results. The images presented in this
paper were obtained with three different algorithms: CLEAN,
implemented in the software library DIFMAP (Shepherd 1997);
regularized maximum likelihood (RML), implemented in the
eht-imaging (Chael et al. 2016, 2018), SMILT (Akiyama et al.
2017a,b) and DoG-HiT (Miiller & Lobanov 2022) packages;
and Bayesian posterior exploration methods, implemented in
the modeling frameworks DMC and THEMIS. (Broderick et al.
2020a; Pesce 2021). See Janssen et al. (2022) for an overview
of the presently available software for advanced VLBI
anlaysis.

The traditionally used algorithm for imaging interferomet-
ric data at radio wavelengths, CLEAN, has proved its ability
to successfully reconstruct the 1.3 mm emission surrounding the
SMBH in M 87, Sgr A*, and several AGN sources. Based on the
assumption that the sky brightness distribution of the observed
source can be well described by a set of point sources, CLEAN
deconvolves the interferometer point source response (i.e., “dirty
beam”) from the so-called dirty-image, i.e., the inverse Fourier
transform of the measured visibilities. This task is carried out in
a iterative process of “cleaning” and self-calibration. To prevent
the dominant influence of the phased-ALMA baselines, which
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Fig. 2. Signal-to-noise ratio of OJ287 detections on April 10, 2017
(top panel), and the corresponding visibility amplitudes of the cali-
brated data set (bottom panel). Both frequency bands are shown, with
scan-long (typically ~5 min) averaging. Colors follow the convention
of Fig. 1. Circle markers denote baselines with ALMA or SMA, while
diamonds denote similar baselines to APEX or JCMT.

possess a significantly higher S/N, the phase and amplitude self-
calibration process employed a down-weighting strategy (cor-
rection factor 0.1) on all baselines to phased ALMA, ensuring a
more balanced calibration procedure.

In contrast, RML methods do not involve the inverse Fourier
transform of the visibilities, V, in the imaging process. Instead,
they find an image, /, that best minimizes the objective function:

=Y apxp,V)= > BrSk(D. (M

data terms reg. terms

In this equation, the data likelihood and image regularization
terms compete for the image solution, modulated by the rela-
tive weighting of the hyperparameters ap and Bg. Several data
products, D, and image-domain regularizers, R, can be incorpo-
rated into the optimization process simultaneously. In particular,
RML methods can naturally use closure phases and (log) clo-
sure amplitudes in addition to complex visibilities, which allow
the algorithms to mitigate the effect of phase- and antenna-based
errors in the data (e.g., Chael et al. 2018). For each of these data
products, the data likelihood takes the form of a reduced Xz’ as
described in M87* Paper IV. The regularization cost functions,
S g, include maximum entropy, total variation, and sparsity pri-
ors.

DoG-HiT (Miiller & Lobanov 2022) approaches the imaging
problem in the framework of RML methods and compressed
sensing as well. The image is modeled by a dictionary of dif-
ference of Gaussian wavelets. These wavelets define radial fil-
ters in the u, v-domain and are fit to the u, v-coverage to allow
for a better separation between covered baselines and gaps in the

u, v-coverage. DoG-HiT performs amplitude conserving imaging
by using closure quantities as data fidelity term and the sparsity
promoting [ norm. of the wavelet coefficients as regularization
term. Minimization is done by a proximal-point based forward-
backward algorithm.

DMC (Pesce 2021) and THEMIS (Broderick et al. 2020a,b) for-
mulate the imaging problem as one of Bayesian posterior explo-
ration, in which the image structure and station-based calibration
quantities are simultaneously modeled. Both DMC and THEMIS fit
to complex visibilities, for which the likelihood function is Gaus-
sian, and both codes solve for time-dependent complex station-
based gains and time-independent complex station-based leak-
age terms alongside a pixel-based parameterization of the polar-
ized image structure. The output of each code is a set of MCMC
samples from the joint posterior distribution over both the full-
Stokes image structure and the calibration quantities.

3. Results
3.1. Total intensity images and model fitting

The total intensity images of OJ287 from April 5 and 10 are
presented in Figure 3, reconstructed using various imaging algo-
rithms. These images showcase the structure of the innermost
200 pas of the jet with an unprecedented angular resolution of
18 pas. DoG-HiT imaging tends to show more compact com-
ponents, while DMC is more prone to producing more diffuse
emission. Similar to previous results at lower frequencies (e.g.,
Gomez et al. 2022; Zhao et al. 2022), the jet extends in a north-
west direction, but the EHT observations at 230 GHz provide a
more detailed view, revealing multiple distinct components. The
consistency of these structures across six independent recon-
structions confirms their robustness, demonstrating that they are
not biased by any specific imaging algorithm or parameter set-
tings (Figure 3). Based on their consistency, all the images have
been averaged (Figure 4), and subsequent discussions are based
on this composite image. It is important to note that, for the aver-
aging process, the center of each image was aligned through nor-
malized cross-correlation, and the different effective resolutions
were harmonized (see Appendix A)

We parameterized the flux density distribution along the
0J 287 jet by fitting circular Gaussian model components to
the complex visibilities. This was done using the Levenberg-
Marquardt algorithm for non-linear least squares minimization
in DIFMAP. Prior to fitting, the complex visibilities were self-
calibrated for both phases and amplitudes using the averaged
image (Figure 4). This analysis successfully described the self-
calibrated visibility data with six Gaussian components, achiev-
ing an S/N in the residual image (i.e., the ratio of peak to root-
mean-squared flux density) of less than five. Although more
complex models with additional components were considered,
they only added complexity without significantly improving the
fit quality. The uncertainties of the model fitting parameters were
estimated following the method described by Schinzel et al.
(2012). The results of the model fitting are summarized in
Table 1 (see also Section 3.3 and Figure 8 for a more visual rep-
resentation).

The brightness temperatures for the model fitting compo-
nents were computed via the relation (e.g., Pushkarev & Kovalev
2012)

S

T, = 1.22x 10" )

5 (1+2) (K),
obs
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DIFMAP THEMIS

eht-imaging DoG-HiT

4500 L1 22 34 4500 18 35 52
Brightness Temperature (100 K)

Fig. 3. Total intensity images of OJ 287 on April 5 and 10 for different imaging pipelines. The RML imaging methods are separated by a dashed
black line, while the Bayesian imaging methods are separated by a solid black line. The DIFMAP images are convolved with a circular Gaussian
of 18 uas, corresponding to the maximum of the minor axes of the CLEAN beams (which are approximately circular) of April 5 and 10. For each

day, the image resolution of all images are matched with the DIFMAP image resolution as described in Appendix A.

where S is the component flux density in Jy, Gyps is the size of the
emitting region in mas, v is the observing frequency in GHz, and
zis the source redshift. The estimated brightness temperatures in
the source frame are listed in Table 1.

In Figure 4, the jet structure consistently extends from south-
east to northwest across both observing epochs. The bright
emission at the southeastern end of the jet is identified as the
VLBI core at 230 GHz, characterized by its compact size, non-
polarized nature, and flat spectral profile (see Sect. 4.2). Model
fitting in this core area has revealed two distinct components,
COa and COb. Positions of all components are referenced to
COa, the upstream component, which is assumed to remain sta-
tionary over time. Downstream of the core area, the jet bends
slightly northward, corresponding to component C1. Further
downstream, the jet extends along a position angle roughly esti-
mated at —37° (east of north). This portion of the jet exhibits
two prominent features, one labeled C2 and another consisting of
two sub-components, C3a and C3b, which we refer to as the C3*
complex. Faint jet emission is observed connecting the core with
these bright components. To better characterize this, we have
employed the filament fitting method described in Fuentes et al.
(2023) to determine the jet ridgeline, corresponding to the path
traced by the peak brightness along the jet emission. The fitting
for both observing epochs reveals a bent structure that resem-
bles a helix in projection, indicating also some structural changes
between the two observing epochs (see Sect. 3.3).

3.2. Linear polarization

The bottom part of Figure 4 shows the linear polarization images
of OJ 287 from the observations on April 5 and 10, 2017. The
images reveal a polarized jet structure dominated by three main
features, which are evident in both epochs. These polarization
maps highlight the electric vector position angles (EVPAs) over-
laid on the total intensity images, providing insights into the
underlying magnetic field structure of the jet.

To obtain the polarization images, it is essential to first cor-
rect for the instrumental polarization, also known as D-terms.
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These were corrected using the values derived from the M87*
observations (M87* Paper VII). Following this calibration, the
polarization images were created by averaging the results from
three different methods: CLEAN (DIFMAP), regularized maxi-
mum likelihood (eht-imaging), and Bayesian posterior explo-
ration (DMC). This approach was applied consistently to both
the polarization and total intensity (Stokes /) images (see also
Sect. 3.1), ensuring a uniform treatment across all Stokes param-
eters (see Appendix B for details on the images from individual
pipelines).

The polarization images reveal an unpolarized core region,
corresponding to components COa and COb. While this could
in part be due to the higher opacity observed in the core (see
Sect. 4.2), a more likely explanation is beam depolarization from
an unresolved helical magnetic field viewed at a small angle (see
also Sect. 4.4).

The polarized emission shown in Fig. 4 is dominated by
three distinct components: P1, P2, and P3*. These components
roughly correspond to C1, C2, and C3* (i.e., C3a+ C3b) in the
total intensity images. Notably, we observe significant changes
in the polarization across these components over the short five-
day timescale between the two observing epochs, highlighting
the dynamic nature of the jet’s magnetic field structure mapped
by these components (see Sect. 3.3).

In Table 2, we list the polarization parameters for the three
dominant components, P1, P2, and P3*. These values were com-
puted by averaging the polarization properties over the spatial
area corresponding to each component in the images, without
weighting the averages by the local polarized intensity. For each
component, we also quote an EVPA “error”, defined as the intra-
component EVPA dispersion, that is, the standard deviation of
pixel-by-pixel EVPAs within the fit component area. This quan-
tity measures EVPA non-uniformity inside the component and
is not a systematic or thermal error, which we estimate to be
approximately one degree. While this method provides a good
representation for P1 and P2, it does not fully capture the com-
plex internal structure of P3*, where significant variations in
polarization are present.
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4.5. Modeling the time-variable structure in OJ 287 By examining Figurel2, we observe that, by assuming dif-

. . ferent initial phases in the magnetic eld probed by each compo-
We now apply the previously described model (see alﬁ%nt, our model qualitatively reproduces the most salient obser-

Figure 11) to analyze the time-variable structure observed | . . A ; .
01287, focusing particularly on the evolving EVPAS of its Con}%tlonfﬂ feature: the opposite-direction rotation of the polariza

. : " tion angle in components P1 and P2. Thiget occurs when the
ponents. One of the most restrictive observational constraintyls, of sight in the plasma frame exceeds the pitch angle of the
that components P1 and p2 exhibit EVPA rotations in 0ppos gnetic eld. Otherwise, a progressive evolution of the EVPASs
dlre\%ﬁ)ns—count(ta.rclc')[ﬁkmge for F:jl andhclotckW|se| for Pt2_. 1is expected as the interaction of the component with the helical

en computing (n€ observea synchrotron polarization, sty probes dierent phases of the helical magnetic eld.
necessary 1o account for the che_lracter!stm swing in the pol 5 discussed iBlandford & Konigl (1979, a rapid swing in the
ization angle, as discussed previously in the seminal work ’

Ny . ¥larization angle is expected when (cos sin tan ),
Blandford & Konigl (1979 (see alsd.yutikov et al. 2003. For .which can be tested in the future with more continuous and

a magnetic eld,B, in the source frame, whose orientation 'ﬁensely time sampled monitoring of the source

speci ed by the angles and , as shown in Figurd?2, the
observed polarization angle, is given by Blandford & Konigl lAIthougfhhour |ino_dell can roughly reproduce the observed
1979 Lyutikov et al. 2003 evolution of the polarization anglein P1 and P2, we note thatitis
not intended to exactly match the speci c values of the observed
cos( + ) cos EVPASs, as any combination of the Lorentz factor and viewing
; (3) angle satisfying = 1= would lead to similar rotations. Addi-
tionally, we have made several simpli cations, such as assum-
where cis the velocity of the plasma ands the angle between 9 @ perfectly straight jet with a perfectly helical instability,
which is unlikely to hold in reality. Moreover, the model natu-

and the observer's direction, Note that is measured from . Ao .
the projected jet axis and is positive in the clockwise directionfa”y accounts for the more rapid polarization rotation observed

We could then compute how the polarization angle, ' the faster moving component. L
evolves over time in our model. To do this, we considered a Alternative models have explained blazar variability as the

cylindrical jet (neglecting a small opening angle for simplicityj€sult of orientation changes of emitting regions in a twisting jet,
threaded by a helical magnetic eld with a given pitch angidvhich modulate the Doppler factor over time (eRgaiteri et al.

», de ned as the angle between the magnetic eld and the jg917). In contrast, in our case the jet |s_str'a}|ght and wewed at
axis. The helical magnetic eld, measured in the source frarReconstant angle, and the observed variability can be explained
and normalized to unit strength, is expressed in Cartesian cofffthout invoking time-dependent Doppler factors. Instead, the

tan = cot

1 cos '

dinates as EVPA rotations and apparent non-ballistic motions arise natu-
rally from the interaction between plane perpendicular shocks

B =cos pX+Sin ,COS §+sin psin 2 (4) and ahelical Kelvin—Helmholtz instability in a jet threaded by a
helical magnetic eld.

where is the phase of the helical eld. On parsec scales, space—-VLBI imaging witladioAstron

To determine how evolves over time, we consider a helicafit 22 GHz, combined with multi-epoch VLBA observations at
K-H instability propagating along the jet surface with a projecte# GHz, revealed a ribbon-like inner jetin OJ 287 and multi-year
wavelength of 100 as, as estimated previously. For simswings of the jet position angle, consistent with a rotating helical
plicity, we neglect the rotation of the K-H instability over the 5Kelvin—Helmholtz patternTraianou et al. 2025 as envisioned
day time span of our observations. A plane-perpendicular shdgkour model. Our EHT observations probe the jet much closer
travels along the jet with an apparent velocity, The inter- O Iits origin with tens of as resqlutlon_ at 230 GHz and follow its
action of these moving shocks with the K-H instabilities give@volution over only a few days in April 2017. Together these data
rise to components P1 and P2, as observed (see Figurand Sets provide complementary perspectives, \RtioAstrorand
determines the evolution of and, consequently, the observedghe VLBA tracing the parsec-scale multi-year evolution and the

polarization angle over time. EHT capturing the rapid day-scale dynamics at the innermost jet
The phase of the helical magnetic eld, as a function of base. ) _ _ o )
the observed timdeps, is given by Previous observations of rapid optical polarization rotations

in BLLac by Marscher et al(2008 inferred the presence of
_ 2 ) a helical magnetic eld in the jet's collimation and accelera-
(tong) = D. appClobst 0} (®)  tion zone. However, the lack of angular resolution prevented a
direct imaging of this eect, leaving its interpretation dependent
where ¢ is an arbitrary initial phase. Substituting this phase infan time-resolved polarization variability. Similarohen et al.
the helical magnetic eld expression (Equatiei)( Using Equa- (2018 andCohen & Savolaineii2020 reported changes in the
tion (3), where = arcsin( By)and = arctanB,=B,), we could direction of EVPA rotation in integrated polarization measure-
obtain the observed polarization angle as a function of time. ments of OJ287. Their model attributes these changes to the
Figure 12 shows the simulated time evolution of the polarsuperposition of a variable polarized component on top of a
ization angle for components P1 and P2, assuming that thegtady jet component, which can produce apparent rotations in
in 0J 287 is threaded by a predominantly toroidal magnetic elpposite directions when combined. In contrast, our EHT obser-
and is observed at an angle of approximatety, Wwith being vations at an angular resolution of 18s for the rst time is
the jet's bulk ow Lorentz factor. Due to light aberration, thiscapable of directly resolving two distinct jet components, each
viewing angle makes the line of sight nearly perpendicular to teghibiting EVPA rotations in opposite directions. This spatially
jet axis in the plasma frame, leading to EVPAs that are momesolved evidence rules out the model based on integrated polar-
closely aligned with the jet axis for a predominantly toroidakation components and provides direct support for the existence
magnetic eld. (See the gure caption for the specic value®f a helical magnetic eld in the jet's collimation and acceler-
used in our simulation.) ation zone. The ability to directly resolve these structures with
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Appendix A: Homogenizing the image resolution Table A.1.Values of the circular Gaussian FWHM used to convolve the

) o . ) images to the same resolution as thaDéFMAFmMages.
The di erent pipelines used to image 0J287 produce images

with a speci c resolution, which varies from pipeline to pipeline.

Therefore, we must take care in uniforming the resolution of the o April 5 April 10
images when comparing them one to the other or when averag- Pipeline FWHM  FWHM
ing them together. This section explains how we de ne the res- (as) (as)
olution of an image and what process we use to downgrade the 1) 2 ©)
resolution, in order to compare across images.

The resolution of an image is the smallest spatial scale at eht-imaging 10.36 14.60
which there are variations in the image intensity. The resolution SMILI 11.77 12.72
is limited, though not determined, by the number of pixels, as DoG-HiT 10.83 8.95
pixels can be arbitrarily added to an image without increasing the DMC 14.60 14.60
details present in it. The resolution of an image can also assume Themis 13.19 -

di erent values along derent spatial directions. In particular, _ __ _ _
this is the case oDIFMARmages convolved with an elliptical From left to right columns: (1) Pipeline, (2) FWHM inas of circu-
beam. For an imagg(x;y), we estimated the amplitude of thdar Gaussian used for the convolution for April 5, (3) FWHM ias

intensity variations at dierent spatial scales by computing itof circular _Gaussia.n used for the convolgtion for April 10. Note that
power spectrunP(k) of the image: the Themismage is of the same resolution B$FMARaNd no extra

7 convolution was done.

Pl = Stkeos;ksin )kd ; (A1) Appendix B: Image delity

which is the average over the angular coordinate in the imagyge described in subsectior2.2, three dierent imaging
plane of the Fourier transfor@(ky; ky), approaches were employed: (1) inverse modeling, (2) forward
" modeling, and (3) Bayesian sampling based on forward models.

The CLEAN algorithm, implemented in thelFMARsoftware,

Sk ky) = R(x; y)e 12 ®*4%) dxdy (A2) was used for inverse modeling, while the RML method was
applied usingsht-imaging , SMILI, andDoG-HiTfor forward
, of the image autocorrelation functid{x; y): modeling. In both cases, a parameter search was conducted to

" identify a (Z:iucial image, with parameters optimized to achieve

o = o e areduced  close to 1 for the closure quantities. In contrast, the

R(xY) = I+ xy+y)I(xy) dxdy: (A-3) Bayesian sampling methodshemisand DMQ@o not require a
parameter search; instead, they produce a posterior distribution

The power spectrum of an image has a signi cant drop at thiérectly.
scale corresponding to the image resolution, meaning that atAs a result, images from six methods were obtained, each t-
smaller scales no intensity variation is present. Figufleshows ting the various combinations of closure triangles and quadran-
the images as given by each pipeline and their correspondgigs e ectively, as demonstrated for selected triangles and quad-
power spectra are plotted in Figufe2 (top row panels). It is rangles in FigureB.1. It is worth noting that the models (solid
clear thatDIFMARs the image with the lowest resolution, sincdéines) show some deviations in regions without data points. This
the corresponding power spectrum drops at larger scales, soisve natural consequence of the ill-posed nature of the inverse
decided to downgrade the resolution of the other images to fv@blem in interferometric imaging, where each image interpo-
DIFMARNe. To do so, we convolved the images with a Gaussikates gaps based on the selected imaging parameters. Neverthe-
beam, choosing the full width at half maximum (FWHM) thaless, these deviations are not signi cant, as the models explain
resulted in the best t between the power spectrum of the caiive data well and produce consistent images (Figure
volved image and the power spectrum of DiEMARmMage. We Three of the six pipelinesBAFMAP DMC and
tested for values of the circular Gaussian with a FWHM rangirght-imaging —were further utilized for polarization imaging,
from O to 4704 as in intervals of @7 as. The best t values covering all three distinct imaging and modeling approaches. As
are presented in Tabke.1 for each pipeline and day. with total intensity imaging, a parameter search was conducted

The power spectra of the convolved images are shownfgr DIFMAPand eht-imaging , while DMirectly provided
Figure A.2 (bottom row). After convolution, the drop in thea posterior distribution. The resulting polarization features
power spectra is located at the same scale for all pipelines, meaere consistent across all three methods (Fida&, allowing
ing that they have the same resolution. The convolved imagesaseto reasonably average these features to produce the nal
presented in Figur8. polarization map shown in Figure

It is to be noted that, since the power spectrum averages the
amplitude of the uctuations across all dérent directions, this
method for estimating the resolution assumes that the resolution
of the image is isotropic. We reckon that this will not represent
an issue in our case, as the ellipticity of bE-MABeam is low
(0.16 for April 5 and 0.13 for April 10).

After uniforming the resolution of the images from the €li-
ent pipelines, both the total ux and the global image morphol-
ogy are very similar across the images. Therefore, we averaged
them together using equal weights to produce the nal images of
0J 287 that we present in this paper.
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