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ABSTRACT

We present the first Event Horizon Telescope 1.3 mm observations of the supermassive binary black hole candidate OJ 287. The observations
achieved an unprecedented angular resolution of 18 pas and reveal significant structural and polarization variability over just five 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 features
displaying apparent superluminal motions up to about 22 c. The linear polarization maps reveal three main polarized features whose electric-vector
position angles (EVPAs) change substantially over the time span of our observations, including a component with a radial polarization consistent
with being produced by a recollimation shock. Most notably, we directly resolved two innermost jet components whose EVPAs rotate in opposite
directions. The faster component, moving at 2.4 + 0.9 nas/day (17.4 + 6.5 c), exhibits counterclockwise EVPA swings of roughly 3.7° per day,
while the slower component, with a proper motion of 1.4 + 0.3 pas/day (10.2 + 2.2 ¢), rotates clockwise at approximately 2.5° per day. Previous
studies inferred helical magnetic fields in AGN jets from time-resolved or integrated polarization variability but lacked the angular resolution to
directly image this effect. Our results provide spatially resolved evidence that a helical magnetic field 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 with a
Kelvin—Helmholtz plasma instability, illuminating different phases of the helical magnetic field 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 component.
Our model predicts even more rapid swings in polarization, which could be tested with future observations featuring a more densely sampled time
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 spacetime effects in

The BL Lacertae object OJ287 is an emblematic nearby
active galactic nucleus (AGN) with a redshift of z = 0.306
(Stickel et al. 1989), well known for its 12-year quasi-periodic
outbursts in the optical regime (e.g., Sillanpdietal. 1988;
Villata et al. 1998). These quasi-periodic variations have been
interpreted as evidence of a supermassive black hole binary
(SMBHB) system where the secondary black hole, in a highly
eccentric orbit around the central black hole, modulates the
jet emission as it interacts with the primary’s accretion disk.
This model was used to explain the quasi-periodic variabil-
ity (Lehto & Valtonen 1996; Valtaoja et al. 2000; Valtonen et al.
2008), which aligns with theoretical models of an accreting
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accreting binary systems (Farris et al. 2012; Gold et al. 2014a,b;
Gold 2019; Paschalidis et al. 2021). Supporting the binary sce-
nario, Britzen et al. (2018) identified a 23-year jet precession
period that was later corroborated by Britzen et al. (2023), who
linked spectral energy distribution (SED) states to the precession
phase. On the other hand, the presence of an ultra-massive pri-
mary black hole has been put into question by multi-frequency
observations and a lack of predicted outbursts (Komossa et al.
2023a,b) in the years 2021 and 2022. The authors raising these
doubts showed that the data favor more periodic outbursts with a
period of 11.5 + 1 yr, most recently observed in 2016-2017, and
they estimated the mass of the primary to be 108 M.
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Variations in the jet position angle can also be explained
by alternative scenarios that do not require a SMBHB system.
For instance, the precession of a single misaligned accretion
disk around a single central supermassive black hole (SMBH)
(Mizuno et al. 2012), or a warped accretion disk, not perfectly
aligned with the black hole spin axis (Liska et al. 2018). Beyond
these mechanisms, several internal processes can generate simi-
lar observational signatures in AGN jets. For example, jet insta-
bilities play a fundamental role in AGN jet phenomenology.

Two types of instabilities are mainly encountered in AGN
jets: Kelvin-Helmholtz (K-H) instabilities and current-driven
instabilities (CDI). The K-H instabilities, which arise from
velocity shear between the jet and the ambient medium, can
develop in kinetically dominated jets (e.g., Perucho et al. 2004;
Hardee 2007). These instabilities can generate helical perturba-
tions that manifest as twisted structures when projected onto the
plane of the sky (Perucho et al. 2012; Vega-Garcia et al. 2019).
Additionally, CDI kink instabilities can develop in strongly mag-
netized jets (e.g., Nakamura et al. 2007; Mizuno et al. 2012),
further contributing to jet wiggling and bending. These vari-
ous instability modes, coupled with recollimation shocks and
magnetic field compression, can drive internal shocks and
turbulence, potentially explaining the observed variability in
AGNs (Marscher 2014; Jorstad et al. 2022) and playing a cru-
cial role in particle acceleration mechanisms (Sironi et al. 2015).
In fact, OJ287 constitutes an ideal laboratory for investi-
gating particle acceleration mechanisms, as it has an emis-
sion spectrum stretched up to teraelectron-volt energies (e.g.,
Mukherjee & VERITAS Collaboration 2017; Lico et al. 2022).
It also provides a critical platform of testing the validity of differ-
ent launching scenarios of AGN jets, as theoretical models sug-
gest that relativistic jets are produced by accreting SMBH and
driven by their dynamically important magnetic fields, which
can be twisted by the ergosphere (Blandford & Znajek 1977)
or by the differential rotation of the black hole’s accretion disk
(Blandford & Payne 1982).

Very long baseline interferometry (VLBI) observations at the
highest possible angular resolution are the ideal method for prob-
ing the innermost regions of AGN jets. This can be achieved by
either increasing the observing frequency or extending the base-
lines to include space-based antennas. Indeed, with an apogee
of approximately 350000km, space VLBI observations with
RadioAstron have been capable of imaging blazar jets with
unprecedented resolution, on the order of a few tens of microarc-
seconds (e.g., Gémez et al. 2016; Fuentes et al. 2023). During
its operation, RadioAstron observed OJ 287 on several epochs,
yielding the highest angular resolution image obtained for this
source (Gomez et al. 2022). Most recently, space-based VLBI
imaging of OJ 287 with RadioAstron at 22 GHz, together with
multi-epoch Very Long Baseline Array (VLBA) observations at
43 GHz, revealed a ribbon-like inner-jet morphology and multi-
year swings of the jet position angle that are consistent with
a rotating helical jet structure on parsec scales (Traianou et al.
2025).

Event Horizon Telescope (EHT) observations at 1.3 mm have
also significantly advanced our understanding of SMBHs and
their relativistic jets, culminating in the groundbreaking capture of
the first images of a black hole in M87 (Event Horizon Telescope
Collaboration 2019a,b,c,d,e.f, 2021a,b, 2023), hereafter M87*
Papers I-IX) and Sgr A* (Event Horizon Telescope Collaboration
2022a,b,c,d,e,f, 2024a,b, hereafter Sgr A* Papers I-VIII) and
demonstrating that black holes with masses ranging from mil-

lions to billions of solar masses can be consistently described by
the Kerr metric. Building on this foundational work, EHT obser-
vations of a number of AGNs have provided a crucial window
into the physics of jet launching and initial collimation in extra-
galactic radio jets at scales down to 10-100 gravitational radii,
encompassing the processes of jet launch and its initial colli-
mation (e.g., Kim et al. 2020; Janssen et al. 2021; Issaoun et al.
2022; Jorstad et al. 2023; Paraschos et al. 2024; Baczko et al.
2024; Roder et al. 2025).

In April 2017, we conducted the inaugural 1.3 mm
VLBI observations of OJ287 with the EHT in order to
probe its structure at scales corresponding to the hypoth-
esized presence of a SMBHB system. These observations
were part of an extensive multiwavelength campaign includ-
ing additional longer wavelength VLBI observations from
both ground- and space-based facilities such as RadioAstron
(Gémez et al. 2022) and the Global Millimeter VLBI Array
(GMVA; Zhao et al. 2022) and alongside observations in opti-
cal, UV, and X-ray wavebands (e.g., Komossaetal. 2021a;
EHT MWL Science Working Group et al. 2021, on OJ 287 and
M 87, respectively). Concurrently, the independent Multiwave-
length Observations and Modelling of OJ 287 (MOMO) project,
which started in 2015, has provided a framework for these
integrated studies (e.g. Komossaetal. 2017, 2021b, 2023a).
MOMO provides high-cadence optical, UV, X-ray, and MWL
single-dish radio observations and their interpretation. OJ 287
has also been regularly monitored with the VLBA at 43 GHz
and 15 GHz for over two decades as part of the BEAM-ME!
(Jorstad & Marscher 2016; Jorstad et al. 2017; Weaver et al.
2022) and MOJAVE? (Lister et al. 2018) monitoring programs,
respectively.

This work is organized as follows: In Section 2, we describe
the EHT observations, data reduction, and imaging techniques
used to reconstruct the total intensity and polarization struc-
ture of the source. Section 3 presents the results, detailing the
detected variability in total intensity and polarization over a five-
day timescale, the characterization of jet features, and the mea-
sured apparent motions. In Section 4, we discuss the implica-
tions of these findings in the context of relativistic jet physics,
focusing on the role of K-H instabilities, shocks, and a helical
magnetic field in explaining the observed variability. We intro-
duce a model that accounts for the rapid polarization swings and
outline how future observations with improved time sampling
could further test these predictions. In Section 5, we provide a
summary of our results. We note that for all the calculations, we
adopt a flat ACDM cosmology with Hy = 67.4kms™! Mpc™!,
Q,, = 0.315, and Q, = 0.685 (Planck Collaboration VI 2020).
At the redshift of OJ 287, this corresponds to a luminosity dis-
tance of 1.642 Gpc, an angular scale of 4.65pcmas™, and an
apparent speed of 7.25 ¢ for a proper motion of 1 pas day™'.

2. Observations and data analysis
2.1. Observations and calibration

The EHT observed OJ 287 on three nights during the 2017 cam-
paign on April 5, 10, and 11. Two of those days, April 5 and 10,
offer sufficient (u,v) coverage to fully model the source struc-
ture in total intensity and in linear polarization. Additionally, the
coverage is similar enough to reliably compare results between
days (see Figure 1). The source was observed with the array con-
sisting of seven telescopes located at five geographic sites: the

' https://www.bu.edu/blazars/BEAM-ME.html
2 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 ~5 min. Dashed line circles indicate the fringe spacing of 50 pas 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 II.

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 etal. (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 simultaneous 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), SMILI (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 OJ 287 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, I, that best minimizes the objective function:

= apxpd.V)= > BeSk(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 )(2, 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 uas. 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)

T, = 1.22 x 102 S

(149 . @
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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, Ops 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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Fig. 4. Mean total intensity (top) and linear polarization (bottom) images of OJ 287 on April 5 (left) and 10 (right). Total intensity image is averaged
across six different imaging methods for each day using the images from Figure 3. The color scale is the same for both days in units of brightness
temperature, as shown at the right color bar. Model-fit components (see Sect. 3.1 and Table 1) are labeled in the April 5 image. Ridgelines (see
Sect. 3.1 are shown for both epochs (April 5 and 10 with green and white, respectively). The effective resolution, 18 pas, is shown at the bottom,
left corner of the first panel. The linear polarization image is averaged across three imaging methods of DIFMAP, DMC, and eht-imaging (see
Appendix B and Figure B.2). The grayscale image shows the total intensity for comparison, while white contours represent polarization intensity
at 20, 40, 60, and 80% of the peak value. Ticks indicate linear polarization, with their length corresponding to flux density, angle representing
EVPAs, and color denoting fractional polarization, as shown in the color bar on the right. The fit components in polarization (see Sect. 3.2 and
Table 2) are labeled in the April 5 image. Components P1, P2, and P3* correspond to the model-fit components C1, C2, and the complex region

that includes C3a and C3b, respectively.

Figure 5 shows the details of the C3*/P3* component. On
April 5, the EVPAs present a clear radial distribution, while
on April 10, the EVPAs follow a curled distribution. We ana-
lyze these different patterns by plotting the linear polarization
intensity P, the degree of polarization m, and the EVPAs along
concentric circular sections centered in the C3*/P3* component
(see Figure 6). Both P and m show peaks in the northern direc-

tion, which remain consistent across both epochs. However, the
EVPA shifts from an almost purely radial field to one where both
toroidal and radial components are present. The degree of linear
polarization is relatively high across all components. The more
homogeneous components, P1 and P2, show mean polarization
values of around 20% in both epochs (see Table 2). In contrast,
P3* exhibits more variability, with peak polarization values in
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Table 1. Model-fitting results of OJ 287.

Comp. Day S r 0 D Ty u Bapp
Jy) (uas) ) (uas) (10'°K) (uas/day) (©)

0 April 5 0.45+0.05 - - 17+1  47+0.8
April 10 0.28 + 0.03 - - 1546 38+3.1 - -
April5  022x002 171 —14=4 10+3  70=41

COb April10 0734007 18+1 -2044 2043 55+17 03*03 22%22
April5 020+003 34+2 —16x3 20+5 22=<1.1

Cl April 10 051+005 40+4 -35+6 2248 32423 2409 17465
April5 030003 90+1 —36=x1 12+3 63<32

C2 April 10 046+005 96+1 —-35+1 1443 71432 14%03 10222
April5 033+003 1932 371 22+4 2108

€3 Apil10 0514005 204+3 —40+1 26+6 23x11 1*07 22551
April5  246+025 216+4 —44+x8 1004 08=0.1

€30 April 10 1264013 227+5 -46+1 40+8 002+001 >°>*13 16794

Notes. Columns from left to right: Component label, observing day, flux density (S), radial separation from the innermost core (r), position angle of
the component’s position (6, east of north), component size (D), brightness temperature in the source frame (7}), proper motion (i), and apparent

velocity in units of the speed of light (B,pp).

0.008

0.002

20 pas

Fig. 5. Detail of the C3*/P3* component. The color map represents
the total intensity image, while the white ticks represent the polariza-
tion vector. The length of the ticks represents the polarization intensity
P, while their orientation is that of the EVPA. To analyze the clearly
radial/circular pattern of the polarization vector field, we evaluate P, m,
and the EVPA along circular sections of the image (see Fig. 6). The
shaded area marks the ranges of angles and radii taken into consider-
ation and the circular arrow indicates the convention for the direction
and orientation of the angular coordinate ¢.

the northern direction reaching approximately 25%, despite a
lower average degree of polarization when integrated over the
entire component due to its complex internal EVPA structure.
These high polarization values suggest a well-ordered magnetic
field structure.

The very peculiar EVPAs observed in P3* resemble those
seen in previous 3mm VLBI observations of OJ 287 with the
GMVA + ALMA (Zhao et al. 2022), indicating a highly struc-
tured magnetic field. These EVPAs, combined with the high
degree of polarization in P3*, suggest the presence of a rec-
ollimation shock, which can compress the magnetic field and
produce enhanced polarization and distinct EVPA patterns (e.g.,
Goémez et al. 1997, 2016; Cawthorne et al. 2013; Mizuno et al.
2015). Notably, at lower frequencies, the jet is observed to
bend eastward at P3*/C3* (e.g., Cohen et al. 2018; Gémez et al.
2022), further supporting the presence of a recollimation shock
as the jet plasma interacts with the surrounding medium and
undergoes changes in pressure.

The source integrated degree of polarization for both days is
~10% (see Table 2), which is in agreement with the ALMA array
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Fig. 6. Fractional polarization, m, and EVPA of the C3*/P3* compo-
nent, evaluated along concentric circular sections (see Fig. 5). The dark
red line marks the average values across all range of radii considered,
while the red shaded area represents the corresponding standard devi-
ation. The black dotted line shows the EVPA of a purely radial polar-
ization field, while the black dashed line shows the EVPA of a purely
tangent polarization field. The gray shaded areas indicate the angles
excluded from consideration because they coincide with regions below
the noise threshold.

100 100

results of 7-9% presented in Goddi et al. (2021), considering the
estimated uncertainties.

3.3. Interday variability

Closure phases encode the structure of the source, making it pos-
sible to study potential structural changes across our two observ-
ing epochs by examining how the closure phases evolve over
time. Figure 7 presents the closure phases measured on a triangle
formed by the ALMA, SMT, and Pico Veleta stations, compar-
ing observations from April 5 and 10, 2017. The closure phase
data, averaged over 300-second intervals, show clear differences
between the two observing dates, providing strong evidence of
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Fig. 7. Closure phases measured on a wide triangle between ALMA,
SMT, and Pico Veleta. The data shown correspond to the LO band, aver-
aged coherently in 300 s segments before calculating closure products.
Continuous lines represent the closure phase values predicted by models
obtained by averaging the results from six different imaging algorithms
for April 5 and 10, 2017, as shown in Sect. 2.2. The range of modeling
predictions for each observing day is shaded. Interday variation of clo-
sure phase values indicates the time evolution of the source morphology.

structural changes in the source over this short timescale, even
before the imaging process.

These changes are confirmed through imaging, as seen in
Figure 4, where both total intensity and linear polarization reveal
clear differences in the source structure between the two observ-
ing epochs. The changes are further analyzed in Figure 8, which
provides a more detailed comparison of the source’s total inten-
sity and polarization structure across the two dates. This figure
highlights the evolving features in both the brightness distribu-
tion and the EVPASs, confirming significant structural and mag-
netic field changes over the five-day interval, which represents
the shortest timescale on which such variability has been imaged
in OJ 287. Similarly rapid structural changes were also observed
in EHT observations of 3C 279 (Kim et al. 2020).

The proper motions of the jet components, listed in Table 1,
show a wide range of apparent velocities. In the innermost part of
the jet, component COb exhibits a relatively slow apparent veloc-
ity of 2.2 +2.2 ¢, while further downstream, components move
significantly faster, with C1 reaching speeds of 17.4+6.5c.
Components C3a and C3b also show very large proper motions,
at 22.5+5.1c and 16.7+9.4¢c, respectively. However, these
rapid motions may not reflect actual fluid or pattern velocity but
could instead be associated with internal changes in the bright-
ness distribution within the C3a + C3b complex, previously asso-
ciated with a recollimation shock (e.g., Hodgson et al. 2017,
Zhao et al. 2022). These values are in agreement with previ-
ous estimates from the Boston University monitoring program?,
which reports superluminal velocities for OJ 287 jet components
reaching up to 19 ¢ (Weaver et al. 2022).

3 https://www.bu.edu/blazars/BEAM-ME.html

Additionally, the flux density changes between C0Oa and COb
suggest a possible new injection of plasma into the jet. The
increase in flux density in COb, coupled with a decrease in COa,
indicates a flux transfer between the two components, consistent
with new material being injected into the jet that is redistributed
as the system evolved over the two days. This flux transfer is also
visible in the middle panel of Figure 8, where emission appears
to be moving downstream in the inner part of the jet, further sup-
porting this scenario.

The left panel of Figure 8 presents the fit jet ridgeline for
April 10, along with the model-fit components for both observ-
ing epochs. The ridgeline exhibits a twisted structure, which is
evident in both the April 5 and April 10 observations (see also
Figure 4). By comparing the proper motions of the components,
indicated by arrows, with the local jet direction, we find that their
trajectories are neither ballistic, as one might expect from direct
ejections from the core, nor do they follow the curvature of the
jet ridgeline. This deviation points to more complex dynamics
governing the motion of the components within the jet.

In addition to the flux transfer between COa and COb, the
middle panel of Figure 8 highlights flux density changes in the
regions corresponding to C2 and the C3a + C3b complex, consis-
tent with the proper motions of the model-fit components. These
variations align with the high apparent velocities described ear-
lier, further confirming the dynamic evolution of the jet structure.

The right panel of Figure 8 highlights the changes in polar-
ization across the two epochs, showing that the variations in lin-
ear polarization are consistent with those observed in total inten-
sity. The components exhibit proper motions at an angle to the
jet ridgeline, and the EVPAs also align at an angle relative to the
ridgeline. Notably, a significant change in the EVPAs is observed
between April 5 and April 10, underscoring the dynamic nature
of the polarization structure.

The polarization values listed in Table 2 support this variabil-
ity. Both P1 and P2 maintain relatively stable polarization levels,
with their degrees of polarization increasing slightly between
the two epochs. However, the EVPAs for these components shift
considerably, with P1 rotating by approximately 18° and P2 by
about —12°, indicating changes in the orientation of the magnetic
field in the regions probed by the components along their motion.
As discussed in Sect. 3.2, the polarization structure of C3*/P3*
exhibits a complex EVPA pattern, transitioning from an almost
purely radial distribution to one that includes both toroidal and
radial components.

4. Discussion

In this section, we integrate our findings to construct a detailed
understanding of the physical mechanisms underlying the
observed variability in OJ 287. We begin by analyzing the optical
polarization, which provides critical insights into the magnetic
field configuration within the jet. Subsequently, we discuss the
nature of the standing feature P3*, its role as a potential recolli-
mation shock, and its implications for downstream jet dynamics.
We proceed by examining the spectral index and the position of
the core to elucidate the conditions prevailing at the jet base. The
link between jet structure and high-energy emission, particularly
vy-ray and X-ray activity, is then explored. Additionally, we con-
sider the orientation and evolution of the jet in the context of
the binary black hole model, providing a broader astrophysical
framework for the system. Lastly, we present a cohesive model
that explains the observed interday variability as resulting from
K-H instabilities and propagating shocks in a jet threaded by a
helical magnetic field.
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Fig. 8. (Left) Fit circular Gaussian model components (full-width half maximum) for April 5 (cyan) and 10 (orange). The relative position of the
components are referenced to the innermost component, COa. The red arrow shows the motion of each component from April 5 to 10, and the
solid green line shows the ridgeline of April 10. The broken black line indicates the jet direction obtained by connecting the components’ positions
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(Right) Same as the middle panel but for the linear polarization. The EVPAs at each epoch are shown together (purple and green for April 5 and
10, respectively). The contours in the middle and right panels show the Stokes I structure on April 5 (cyan) and 10 (orange), which are set to 25,

50, 75% of the peak intensity.

Table 2. Linear polarization properties of model components showing
interday variability.

Comp. Day P X m
(mJy) ) (%)
&) @) 3 “) &)
P Apr.5 41.8+42 -644+6.7 187+2.7
Apr. 10 427+43 —-460+35 21.7+3.1
P Apr.5 107.1+10.7 -59.2+54 202+29
Apr. 10 1163 +11.6 -71.6+85 21.0+3.1
p3* Apr.5 1234 +123 -539+46.1 39+1.7
Apr. 10 1240+ 124 -144+£575 50+2.0
Total Apr.5 2724+272 -592+37.1 10.6 £2.2
Apr. 10 283.0 £28.3 -56.0+452 88=+2.5

Notes. Columns from left to right: (1) Component label, (2) observ-
ing day in 2017, (3) linear polarization flux density (P), (4) EVPA
(x), and (5) degree of polarization (m). For all quantities in this table,
the quoted “errors” are the intra-component dispersions computed as
the standard deviation of pixel-by-pixel values within the component
area, unweighted by polarized intensity. These numbers measure spatial
non-uniformity within the component and are not systematic or ther-
mal errors. Component P3* averaged values listed here are significantly
affected by the internal substructure found in this component.

4.1. Optical polarization and its relationship to the jet features

0J 287 has been regularly monitored at optical wavelengths by
the Boston University blazar group* with the 1.8 m Perkins tele-
scope (Flagstaff, AZ, USA), and by the St. Petersburg University
group with the 0.7 m AZT-8 telescope (CrAO, Crimea). These
observations include both photometric and polarimetric mea-
surements in R-band (d.g = 635 nm). A more detailed descrip-

4 https://www.bu.edu/blazars/VLBA_GLAST/0j287.html

A23, page 10 of 24

tion of the observations and data reduction can be found in
Jorstad et al. (2010).

Figure 9 shows the R-band light curve, degree of polariza-
tion, and position angle of polarization of OJ 287 within about a
month period around the EHT 2017 campaign. We can see that
0J 287 steadily decreased in optical brightness (as previously
reported in the optical band with Swift; Komossa et al. 2021b)
from ~8 mlJy down to 4mlJy over ~25days. Taking the latter
as the timescale of variability (1) of the optical emission, we
can estimate the maximum angular size of the optical emission
region as a < ct(1 + 2)8/Dy. (Jorstad et al. 2005), where c is the
speed of light, Dy, is the luminosity distance, and ¢ is the Doppler
factor. We adopt 6 ~ 15 based on VLBA monitoring at 43 GHz
of superluminal knots near the epoch of the EHT campaign, as
found by Weaver et al. (2022). These values yield a compact size
of a < 53 pas.

We also detected significant variations of the optical polar-
ization throughout the EHT campaign, with a high degree of
polarization, dropping from ~9% to ~2% at the end of the obser-
vations. The degree of radio polarization at 221 GHz from the
entire source, measured by ALMA (Goddi et al. 2021), matches
the optical value, mqp ~ 10%, at the beginning of the EHT cam-
paign, but is higher at the end of the campaign. Moreover, the
optical EVPA, y,p, and the EVPA measured by ALMA are well
aligned at the beginning of the EHT campaign, but they slightly
diverge at the end of the campaign.

We used the polarization parameters of the jet components
at 230 GHz listed in Table 2 for comparison with the optical
polarization in an attempt to locate the optical emission region
in the jet. The two lower panels of Figure 9 display the degree of
polarization, and position angle of polarization of polarized jet
components P1, P2, and P3*, as well as the optical polarization
parameters. The almost unpolarized feature in the jet, located at
the southeast end, is associated with the VLBI core at 230 GHz.
Knot P3* is the brightest feature in the jet, but also the most
diffuse. The degree of polarization of P3* is low and is simi-
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Fig. 9. Measurements of the optical light curve, polarization degree,
and position angle of OJ 287 by the 1.8 m Perkins telescope during the
EHT campaign. Top panel: R-band optical flux density as a function
of time. Middle panel: Degree of polarization in the R band (black),
at 221 GHz from ALMA (green) and for individual jet components, P1
(red), P2 (blue), and P3* (orange). Botfom panel: Polarization position
angle evolution in the R band (black) and the source-integrated value
measured by ALMA at 221 GHz (green) and for the same jet compo-
nents (P1, P2, and P3*). The gray-shaded region highlights the period
corresponding to the EHT observations.

lar to mqp during the EHT campaign. However, it is important
to note that the low polarization in P3* is not simply due to a
lack of ordered magnetic field, but rather the result of the com-
plex, radial structure of the EVPA (see Sect. 3.2), which leads
to partial cancellation of the polarized emission. Knots P1 and
P2, on the other hand, present a homogeneous EVPA with a sig-
nificantly higher degree of polarization than that observed in the
optical. We also note that P1 is the nearest feature to the core and
serves as a connector between the core and the downstream jet.

During the EHT campaign, P1 showed EVPA rotations that
closely mirrored the optical polarization behavior (see Figure 9).
At the start of the campaign, the optical EVPA was yo, =
—62.1 £ 1.3°, while yp; = —64.4 + 6.7°. By the end of the
campaign, the optical EVPA evolved to yon = —46.7 + 2.6°,
with yp; also rotating to ~—46.0 +3.5°. As discussed previously,
on the other hand component P2 rotated in the opposite direc-
tion from yp, = —59.2 £ 5.4° to —71.6 + 8.5°. Component P3*
exhibited a rotation in its integrated EVPA from —53.9 + 46.1°
to —14.4 + 57.5° over the same period.

During the EHT campaign, the EVPA rotations in the optical
closely mirrored those of component P1, suggesting that most of
the optical polarization originates from this region in the jet. This
is further supported by the expectation that radiative losses in
the optical would cause most of the emission to originate from a
region close to the core. The compactness of the optical polariza-
tion, as discussed earlier, also points to P1 as the primary source
of this emission. However, we also note that the optical degree

Spectral index
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Fig. 10. Quasi-simultaneous spectral index map of OJ287 between
86 GHz and 230 GHz. The 86 GHz data are from GMVA + ALMA
observations taken on April 2, 2017 (Zhao et al. 2022). Both frequency
maps were convolved with a 40 pas circular beam, as indicated in the
bottom-left corner of the plot, corresponding to the resolution of the
GMVA + ALMA observations.

of polarization more closely resembles the integrated degree of
polarization observed by the EHT.

4.2. Multi-wavelength activity and recollimation shocks in OJ
287

Approximately two months before the EHT observations,
from February 1 to 4, 2017, OJ287 was detected for the
first time at very high energies (VHE; E > 100GeV) by
the ground-based y-ray observatory VERITAS (Mukherjee
& VERITAS Collaboration 2017; O’Brien 2017). The VERI-
TAS observation was scheduled in response to the Swift MOMO
project observations of exceptional X-ray outburst activity
(Grupe et al. 2016, 2017; Komossa et al. 2017) also seen in the
UV and optical bands. This major outburst, already starting in
2016 and peaking at different frequencies at different times,
was the brightest X-ray—UV—optical outburst recorded during the
last 10 years of high-cadence Swift monitoring of OJ 287 in the
course of the MOMO project, and was reported and discussed
in great detail (e.g., Komossa et al. 2017, 2020, 2021b). The
Swift and VHE event coincided with increased activity across
multiple other wavelengths, including cm and mm radio bands
(Lico et al. 2022; Komossa et al. 2023a), as well as Fermi y-ray
bands (O’Brien 2017) in 2016, but with no strong y enhance-
ment accompanying the peak of the X-ray and VHE outburst in
2017 (Komossa et al. 2023a). Using multi-epoch 3 mm GMVA
observations, Lico et al. (2022) found evidence of a new jet
feature passing through a recollimation shock located approxi-
mately 0.1 mas from the core, corresponding to the C2 compo-
nent (Figure 4), which may have triggered the enhanced VHE
activity. By the time of the EHT observations, this new jet fea-
ture had moved down the jet toward the northwestern component
C3*, possibly explaining the complex evolving structure in both
total intensity and polarization observed in this jet region (see
Figs. 4 and 5).

0J 287 was observed for the first time with ALMA partic-
ipating in the 3mm GMVA array on April 2, 2017, just two
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days before our EHT observations (Zhao et al. 2022). The quasi-
simultaneity of these observations allowed us to compare fea-
tures in the C3*/P3* region and compute the spectral index
map between 1.3 and 3.5 mm. As shown in Figure 10, the spec-
tral index of the inner jet ranges from —0.7 to 0.3 (S oc v*?),
with the southeastern component CO exhibiting a flat spectrum
(@ ~ 0), consistent with its identification as the millimeter jet
core. Downstream components display steeper spectra (o < 0),
typical of optically thin jet regions.

The peculiar EVPAs and high degrees of polarization
observed in P3* resemble those seen in the GMVA + ALMA
observations, indicating a highly structured magnetic field and
suggesting the presence of recollimation shocks (Zhao et al.
2022). These shocks, resulting from interactions between jet
plasma and pressure imbalances in the surrounding medium,
can compress magnetic fields, enhance polarized emission, and
produce distinct EVPA patterns and conical jet shapes (e.g.,
Gomez et al. 1997, 2016; Cawthorne et al. 2013; Mizuno et al.
2015). The observed jet bending in C3*, where the jet shifts east-
ward at lower frequencies (e.g., Cohen et al. 2018; Gémez et al.
2022), further supports this interpretation and indicates a com-
plex interplay of shock-driven and geometric processes influenc-
ing the emission properties in these regions.

4.3. Jet swing and binary black hole models

0J 287 is among the best-known candidates for hosting a super-
massive binary black hole (SMBBH) system and is a poten-
tial source of gravitational waves (e.g., Valtonen et al. 2008;
Laine et al. 2020; Komossa et al. 2023b, and references therein).
The binary hypothesis has been particularly effective in explain-
ing the quasi-periodic light curves. Different variants of binary
SMBH scenarios offered different explanations for these optical
flares which are proposed to be triggered either by the secondary
black hole crossing the accretion disk of the primary or else by
variable beaming of the jet.

The orbital motion of the binary system is expected to
leave its imprint on the inner jet direction. A comparison
between our EHT images and those taken in 2014 with the
RadioAstron space VLBI mission (Gémez et al. 2022), which
has comparable angular resolution, shows a ~50° change in
the position angle of the inner jet. Similar swings on annual
timescales were also observed at longer wavelengths, includ-
ing the GMVA + ALMA data (Zhao et al. 2022). This direc-
tional change aligns well with the findings and predictions of
Britzen et al. (2018) and Britzen et al. (2023), who first dis-
covered the correlation between PA changes and jet direction
using archival 15 GHz data. A similar binary model was later
applied by Dey et al. (2021) using archival VLBI data at 22,
43, and 86 GHz, based on the earlier Lehto & Valtonen (1996)
model, which proposes a large primary SMBH mass and strong
orbital precession. In contrast, the binary model proposed by
Liu & Wu (2002) and the binary model of Britzen et al. (2018)
and Britzen et al. (2023) suggest a smaller primary SMBH
mass of ~10% My, a hypothesis confirmed by recent results
from broad-band variability and spectroscopy (MOMO project:
Komossa et al. 2023a,b) and in particular by a direct measure-
ment of the primary SMBH mass from applying well-established
scaling relations between SMBH mass and broad-line emission
which gives 10% M, (Komossa et al. 2023b). Alternative binary
models (e.g. Valtaoja et al. 2000; Liu & Wu 2002), as well as
non-binary models, might also explain the jet’s position angle
swing over annual timescales. These include the Lense-Thirring
effect due to misalignment between the black hole spin and the
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Fig. 11. Tllustration of the proposed model for the jet structure in
OJ 287. The helical magnetic field within the jet drives the forma-
tion of filamentary structures through K-H instabilities, which interact
with plane-perpendicular shocks propagating downstream. These inter-
actions enhance emission at specific locations, leading to the formation
of distinct jet components observed in total intensity and polarization.
Different features have a different color coding (see colors at the sides).

accretion disk (e.g., Liska et al. 2018, 2021; Laine et al. 2020),
or jet instabilities, such as K-H or current-driven types, which
could generate a helical structure in the jet (e.g., Mizuno et al.
2012; Vega-Garcia et al. 2019; Fuentes et al. 2023).

4.4. Jet instabilities and shocks propagating through a jet
threaded by a helical magnetic field

Our observations of OJ 287 show a twisted jet structure, promi-
nently displayed in Figs. 4 and 8. This morphology initially
suggests the possibility of a precessing jet, potentially caused
by a binary black hole system or Lense-Thirring precession
due to misalignment between the black hole’s spin axis and
the accretion disk. In such precession models, we would expect
jet components to move ballistically along paths altered by the
precession-induced changes in jet direction. However, our obser-
vations indicate non-ballistic motions of the jet components,
challenging the precession hypothesis as the sole explanation for
the observed source morphology.

An alternative explanation for the twisted jet ridgeline is
the development of jet instabilities, specifically K-H instabilities
(e.g., Hardee 2007). The fast proper motions we measure sug-
gest that, at the scales probed by our observations (and further
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Fig. 12. (a, left) Geometry of the emission region, which moves with a velocity 3, as seen in the source frame. Synchrotron radiation (electric field
€.ps) 1s emitted by relativistic electrons which move in a static magnetic field Bgys. The vector eqps (Bops) makes an angle & (17) with the plane con-
taining B and the observer direction n, and its projection on this plane makes an angle 6 () with the z axis. Reproduced from Blandford & Konigl
(1979). (b, right) Observed polarization angle, &, measured clockwise from the projected jet axis computed for a jet with a bulk Lorentz factor of
I' = 10, viewing angle of 5.7° (i.e., roughly the critical angle 1/I'), and threaded by a helical magnetic field with a pitch angle of @, = 89° (i.e.,
mostly toroidal). The time evolution of ¢ is computed considering a K-H instability with a projected wavelength of 100 pas, and two perturbations
moving at apparent velocities of 10.2 ¢ and 17.4 ¢, to resemble observed components P1 and P2. The observed polarization angles of components

P1 and P2, measured with respect to the jet axis, are also shown.

downstream), the jet is kinetically dominated—that is, the kinetic
energy of the particles exceeds the magnetic energy. This kinetic
dominance favors the growth of K-H instabilities, which arise
from velocity shear between the jet and the surrounding medium.
These instabilities can generate helical distortions that manifest
as a twisted structure when projected onto the plane of the sky
(e.g., Lobanov & Zensus 2001; Perucho et al. 2012; Cohen et al.
2015; Vega-Garcia et al. 2019, 2020; Bruni et al. 2021).

The jet components we observe exhibit a relatively high
degree of polarization, around 20%, and have well-defined mag-
netic homogeneous field orientations, except for component
C3*, which appears to correspond to a recollimation shock. The
high polarization observed in components C1/P1 and C2/P2 sug-
gest that they correspond to shock waves traveling downstream
within the jet (e.g., Marscher & Gear 1985; Gémez et al. 1997,
Beuchert et al. 2018). Such moving shocks have been implicated
in high-energy emission events, including the first detection of
TeV y-ray emission from OJ 287 (Lico et al. 2022, see also Sub-
section 4.2).

The observed twisted jet structure in OJ 287, along with the
components’ high degree of polarization and evolving EVPAs,
indicates a complex interplay between K-H instabilities and
shocks in a jet threaded by a helical magnetic field. Figure 11
illustrates our proposed model, where K-H instabilities gener-
ate filamentary structures that interact with propagating shocks.
These interactions compress the magnetic field and enhance
emission in specific jet regions, explaining the distinct features
observed in total intensity and polarization, as well as the rapid
EVPA variations.

Previous polarization studies of OJ287 by Cohen et al.
(2018) and Cohen & Savolainen (2020) reported changes in
the direction of EVPA rotation in integrated polarization mea-
surements, which were interpreted as the superposition of a
variable polarized component on top of a steady jet compo-
nent. Other models, such as Marscher et al. (2008) for BL Lac-
ertae, attribute EVPA rotations to components moving along

helical trajectories, where the emitting region occupies only
part of the jet cross-section. We emphasize that EVPA rota-
tions in an axisymmetric jet require the emitting region to
be confined to a localized section of the cross-section. In our
model, while the moving shock spans the entire jet cross-
section, enhanced emission arises from localized interactions
with the helical filaments generated by K-H instabilities (see
Figure 11). This allows the emitting region to probe vary-
ing azimuthal magnetic field structures as it propagates down-
stream, naturally producing EVPA rotations in the presence of
a helical magnetic field. The interaction between the moving
shocks and the helical K-H instability also naturally explains the
observed non-ballistic apparent motions, even though the jet is
straight. For the first time, high-resolution EHT data enable us
to directly image these structures, providing concrete evidence
of the interplay between jet instabilities, shocks, and helical
magnetic fields.

Regarding the origin of the K-H wave, the modeled ridge-
lines (see the April 10 ridgeline in Fig. 8) hint a periodical
structure with a projected length of ~100 uas. The correspond-
ing de-projected length, assuming a viewing angle of ~5° (e.g.,
Weaver et al. 2022), is therefore ~5.3 pc. A simple translation
into periodicity using the speed of light as the upper limit of the
wave group velocity, results in a period 217 years in the source
frame. This is of the order of the jet precession period reported
in Britzen et al. (2018). It is possible, though, that the precession
reported does not reveal a change in the direction of the PA of
the whole jet, but only reveals the change in the ridge-line, as
suggested in Perucho et al. (2012) for the quasar S5 0836+710,
and confirmed by Lister et al. (2013) for sources monitored by
the MOJAVE sample. Future work should aim to understand
the coupling between the changes in the position angle of the
observed jet and the trigger of the K-H instability, their physical
origin, and weather these are the same at scales probed by the
EHT and MOJAVE.
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4.5. Modeling the time-variable structure in OJ 287

We now apply the previously described model (see also
Figure 11) to analyze the time-variable structure observed in
0J 287, focusing particularly on the evolving EVPASs of its com-
ponents. One of the most restrictive observational constraints is
that components P1 and P2 exhibit EVPA rotations in opposite
directions—counterclockwise for P1 and clockwise for P2.

When computing the observed synchrotron polarization, it is
necessary to account for the characteristic swing in the polar-
ization angle, as discussed previously in the seminal work by
Blandford & Konigl (1979) (see also Lyutikov et al. 2003). For
a magnetic field, B, in the source frame, whose orientation is
specified by the angles n and y, as shown in Figure 12, the
observed polarization angle, &, is given by (Blandford & Konigl
1979; Lyutikov et al. 2003)

cos(f + y) — Becosy

tané = cotn Y,

3

where Sc is the velocity of the plasma and 6 is the angle between
B and the observer’s direction, n. Note that £ is measured from
the projected jet axis and is positive in the clockwise direction.

We could then compute how the polarization angle, &,
evolves over time in our model. To do this, we considered a
cylindrical jet (neglecting a small opening angle for simplicity)
threaded by a helical magnetic field with a given pitch angle,
ap, defined as the angle between the magnetic field and the jet
axis. The helical magnetic field, measured in the source frame
and normalized to unit strength, is expressed in Cartesian coor-
dinates as
B =cosa,X+sina,cos¢ ¥ + sina, sing Z, @
where ¢ is the phase of the helical field.

To determine how ¢ evolves over time, we consider a helical
K-H instability propagating along the jet surface with a projected
wavelength of 8, ~ 100 pas, as estimated previously. For sim-
plicity, we neglect the rotation of the K-H instability over the 5-
day time span of our observations. A plane-perpendicular shock
travels along the jet with an apparent velocity S,5,. The inter-
action of these moving shocks with the K-H instabilities gives
rise to components P1 and P2, as observed (see Figure 11), and
determines the evolution of ¢ and, consequently, the observed
polarization angle & over time.

The phase of the helical magnetic field, ¢, as a function of
the observed time, 75, iS given by

2r
P(tops) = mﬁapp € tobs + Pos (5)

where ¢y is an arbitrary initial phase. Substituting this phase into
the helical magnetic field expression (Equation (4)). Using Equa-
tion (3), where n = arcsin(-B,) and y = arctan(B,/B;), we could
obtain the observed polarization angle as a function of time.

Figure 12 shows the simulated time evolution of the polar-
ization angle for components P1 and P2, assuming that the jet
in OJ 287 is threaded by a predominantly toroidal magnetic field
and is observed at an angle of approximately 1/I", with I being
the jet’s bulk flow Lorentz factor. Due to light aberration, this
viewing angle makes the line of sight nearly perpendicular to the
jet axis in the plasma frame, leading to EVPAs that are more
closely aligned with the jet axis for a predominantly toroidal
magnetic field. (See the figure caption for the specific values
used in our simulation.)
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By examining Figure 12, we observe that, by assuming dif-
ferent initial phases in the magnetic field probed by each compo-
nent, our model qualitatively reproduces the most salient obser-
vational feature: the opposite-direction rotation of the polariza-
tion angle in components P1 and P2. This effect occurs when the
line of sight in the plasma frame exceeds the pitch angle of the
magnetic field. Otherwise, a progressive evolution of the EVPAs
is expected as the interaction of the component with the helical
instability probes different phases of the helical magnetic field.
As discussed in Blandford & Konigl (1979), a rapid swing in the
polarization angle is expected when 8 ~ (cosé — sinftany),
which can be tested in the future with more continuous and
densely time sampled monitoring of the source.

Although our model can roughly reproduce the observed
evolution of the polarization angle in P1 and P2, we note that it is
not intended to exactly match the specific values of the observed
EVPAs, as any combination of the Lorentz factor and viewing
angle satisfying 8 = 1/T would lead to similar rotations. Addi-
tionally, we have made several simplifications, such as assum-
ing a perfectly straight jet with a perfectly helical instability,
which is unlikely to hold in reality. Moreover, the model natu-
rally accounts for the more rapid polarization rotation observed
in the faster moving component.

Alternative models have explained blazar variability as the
result of orientation changes of emitting regions in a twisting jet,
which modulate the Doppler factor over time (e.g., Raiteri et al.
2017). In contrast, in our case the jet is straight and viewed at
a constant angle, and the observed variability can be explained
without invoking time-dependent Doppler factors. Instead, the
EVPA rotations and apparent non-ballistic motions arise natu-
rally from the interaction between plane perpendicular shocks
and a helical Kelvin—Helmholtz instability in a jet threaded by a
helical magnetic field.

On parsec scales, space—VLBI imaging with RadioAstron
at 22 GHz, combined with multi-epoch VLBA observations at
43 GHz, revealed a ribbon-like inner jet in OJ 287 and multi-year
swings of the jet position angle, consistent with a rotating helical
Kelvin—Helmholtz pattern (Traianou et al. 2025), as envisioned
in our model. Our EHT observations probe the jet much closer
to its origin with tens of pas resolution at 230 GHz and follow its
evolution over only a few days in April 2017. Together these data
sets provide complementary perspectives, with RadioAstron and
the VLBA tracing the parsec-scale multi-year evolution and the
EHT capturing the rapid day-scale dynamics at the innermost jet
base.

Previous observations of rapid optical polarization rotations
in BLLac by Marscher et al. (2008) inferred the presence of
a helical magnetic field in the jet’s collimation and accelera-
tion zone. However, the lack of angular resolution prevented a
direct imaging of this effect, leaving its interpretation dependent
on time-resolved polarization variability. Similarly, Cohen et al.
(2018) and Cohen & Savolainen (2020) reported changes in the
direction of EVPA rotation in integrated polarization measure-
ments of OJ287. Their model attributes these changes to the
superposition of a variable polarized component on top of a
steady jet component, which can produce apparent rotations in
opposite directions when combined. In contrast, our EHT obser-
vations at an angular resolution of 18 uas for the first time is
capable of directly resolving two distinct jet components, each
exhibiting EVPA rotations in opposite directions. This spatially
resolved evidence rules out the model based on integrated polar-
ization components and provides direct support for the existence
of a helical magnetic field in the jet’s collimation and acceler-
ation zone. The ability to directly resolve these structures with
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EHT’s unprecedented angular resolution offers new constraints
on jet formation, magnetic field evolution, and the role of insta-
bilities in shaping AGN jets at their earliest stages.

5. Summary

We report on the first 1.3 mm observations of the candidate
SMBH O0J 287 conducted with the EHT, which achieved an
exceptional angular resolution of 18pas. These observations
reveal notable changes in both structural and polarization prop-
erties within just five days—the shortest interval over which such
variability has been spatially resolved in this source.

The total intensity images reveal a twisted ridgeline structure
extending northwest, with jet features displaying apparent super-
luminal motions reaching velocities up to ~22c. These rapid
structural variations are also clearly visible in the evolving mor-
phology of the jet ridgeline observed between the two epochs.

Polarimetric imaging identifies three prominent polarized
components within the jet, and they show significant evolution
in their EVPAs across the five-day interval. One component,
located approximately 200 pas northwest from the core, exhibits
a radial polarization signature consistent with a recollimation
shock.

The observations directly resolve two innermost jet com-
ponents exhibiting opposite directions of EVPA rotation: the
faster-moving component (~17.4c) experiences counterclock-
wise rotations at ~3.7° per day, whereas the slower-moving com-
ponent (~10.2 ¢) rotates clockwise at ~2.5° per day. This result
provides the first spatially resolved confirmation of a helical
magnetic field threading the jet’s collimation and acceleration
zones, which were previously inferred but not directly imaged in
AGN jets.

The observed polarization variability is best explained by
propagating shocks interacting with K-H instabilities, illuminat-
ing different phases of a threaded helical magnetic field. This
interpretation rules out scenarios based solely on the blending
of unresolved polarized components, emphasizing the crucial
role of ordered magnetic field structures in driving the observed
EVPA swings.

In addition, these millimeter-wavelength observations estab-
lish a compelling link to the historically observed highly variable
optical polarization behavior in OJ 287. They suggest a common
physical mechanism driving polarization variability across dif-
ferent wavelengths.
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Appendix A: Homogenizing the image resolution

The different pipelines used to image OJ287 produce images
with a specific resolution, which varies from pipeline to pipeline.
Therefore, we must take care in uniforming the resolution of the
images when comparing them one to the other or when averag-
ing them together. This section explains how we define the res-
olution of an image and what process we use to downgrade the
resolution, in order to compare across images.

The resolution of an image is the smallest spatial scale at
which there are variations in the image intensity. The resolution
is limited, though not determined, by the number of pixels, as
pixels can be arbitrarily added to an image without increasing the
details present in it. The resolution of an image can also assume
different values along different spatial directions. In particular,
this is the case of DIFMAP images convolved with an elliptical
beam. For an image I(x, y), we estimated the amplitude of the
intensity variations at different spatial scales by computing its
power spectrum P(k) of the image:

P(k)=fS(kcos0,ksin9)kd9, (A.1)

which is the average over the angular coordinate in the image
plane of the Fourier transform S (k,, k),

S(ky, ky) = f f R(x, y)e 27 &x+ka) qx dy (A2)
, of the image autocorrelation function R(x, y):
RGry) = f f IG+ x5 + I(E, §) dx dy. (A3)

The power spectrum of an image has a significant drop at the
scale corresponding to the image resolution, meaning that at
smaller scales no intensity variation is present. Figure A.1 shows
the images as given by each pipeline and their corresponding
power spectra are plotted in Figure A.2 (top row panels). It is
clear that DIFMAP is the image with the lowest resolution, since
the corresponding power spectrum drops at larger scales, so we
decided to downgrade the resolution of the other images to the
DIFMAP one. To do so, we convolved the images with a Gaussian
beam, choosing the full width at half maximum (FWHM) that
resulted in the best fit between the power spectrum of the con-
volved image and the power spectrum of the DIFMAP image. We
tested for values of the circular Gaussian with a FWHM ranging
from O to 47.04 p as in intervals of 0.47 u as. The best fit values
are presented in Table A.1 for each pipeline and day.

The power spectra of the convolved images are shown in
Figure A.2 (bottom row). After convolution, the drop in the
power spectra is located at the same scale for all pipelines, mean-
ing that they have the same resolution. The convolved images are
presented in Figure 3.

It is to be noted that, since the power spectrum averages the
amplitude of the fluctuations across all different 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 the DIFMAP beam is low
(0.16 for April 5 and 0.13 for April 10).

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

Table A.1. Values of the circular Gaussian FWHM used to convolve the
images to the same resolution as that of DIFMAP images.

April 5 April 10
Pipeline FWHM FWHM
(uas) (uas)
(H (2) (3
eht-imaging 10.36 14.60
SMILI 11.77 12.72
DoG-HiT 10.83 8.95
DMC 14.60 14.60
THEMIS 13.19 -

From left to right columns: (1) Pipeline, (2) FWHM in pas of circu-
lar Gaussian used for the convolution for April 5, (3) FWHM in pas
of circular Gaussian used for the convolution for April 10. Note that
the THEMIS image is of the same resolution as DIFMAP and no extra
convolution was done.

Appendix B: Image fidelity

As described in subsection 2.2, three different imaging
approaches were employed: (1) inverse modeling, (2) forward
modeling, and (3) Bayesian sampling based on forward models.
The CLEAN algorithm, implemented in the DIFMAP software,
was used for inverse modeling, while the RML method was
applied using eht-imaging, SMILI, and DoG-HiT for forward
modeling. In both cases, a parameter search was conducted to
identify a fiducial image, with parameters optimized to achieve
areduced XZ close to 1 for the closure quantities. In contrast, the
Bayesian sampling methods THEMIS and DMC do not require a
parameter search; instead, they produce a posterior distribution
directly.

As aresult, images from six methods were obtained, each fit-
ting the various combinations of closure triangles and quadran-
gles effectively, as demonstrated for selected triangles and quad-
rangles in Figure B.1. It is worth noting that the models (solid
lines) show some deviations in regions without data points. This
is a natural consequence of the ill-posed nature of the inverse
problem in interferometric imaging, where each image interpo-
lates gaps based on the selected imaging parameters. Neverthe-
less, these deviations are not significant, as the models explain
the data well and produce consistent images (Figure 3).

Three of the six pipelines—DIFMAP, DMC, and
eht-imaging—were further utilized for polarization imaging,
covering all three distinct imaging and modeling approaches. As
with total intensity imaging, a parameter search was conducted
for DIFMAP and eht-imaging, while DMC directly provided
a posterior distribution. The resulting polarization features
were consistent across all three methods (Figure B.2), allowing
us to reasonably average these features to produce the final
polarization map shown in Figure 4.
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Fig. A.1. Total intensity images of OJ 287 on April 5 and 10 for different imaging pipelines without any convolution. 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 circular Gaussian of 18 yas, corresponding to the maximum of the minor axes of the CLEAN beams (which are approximately circular) of
April 5 and 10.
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Fig. A.2. Top row: Power spectra of the images of different pipelines on April 5 and 10 in Fig. A.1 computed according to Equation A.1. Bottom
row: Power spectra after convolving the images according to Table A.1.
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Fig. B.1. Closure phases (left) and log closure amplitudes (right) for selected triangles and quadrangles plotted as a function of observing time.
The stations forming each triangle or quadrangle are indicated in the top-left corner of each panel. Closure quantities derived from the imaging and
modeling results are shown in different colors, demonstrating a good fit to the data. The shaded areas indicate the uncertainty range or variability
in the closure quantities. Filled circles represent results from April 5, while open squares correspond to April 10. The antenna codes correspond
to AA (ALMA), AZ (Submillimeter Telescope), JC (James Clerk Maxwell Telescope), LM (Large Millimeter Telescope Alfonso Serrano), PV
(IRAM 30 m Telescope), JC (James Clerk Maxwell Telescope), SM (Submillimeter Array).
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Fig. B.2. Polarimetric images of OJ 287, produced using DIFMAP, DMC, and eht-imaging. Total intensity emission is shown in grayscale, while
white contours represent polarization intensity at levels of 25%, 50%, and 75% of the peak polarization intensity. Ticks indicate the orientation of
the EVPA, with their length representing the magnitude of linear polarization intensity and their color denoting the fractional linear polarization.
EVPAs are shown only where the total and linear polarization intensities exceed their respective noise thresholds, which are ~ 0.3 mJy/beam for
total intensity and ~ 0.5 mJy/beam for linear polarized intensity. The field of view for all images is 300 pas. The DIFMAP images for Stokes I, Q,
and U were created by convolving the point source model components with a circular Gaussian of 18 u as FWHM for both April 5 and April 10,
matching the maximum minor axes of the CLEAN beams, which are approximately circular. The resolution of DMC and eht-imaging images

Fractional Polarization |m/|

for each day was matched to the DIFMAP image resolution, as described in section A.
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