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ABSTRACT

We present the �rst 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� as and 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 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 � as/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 � as/day (10:2 � 2:2 c), rotates clockwise at approximately 2:5� per 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 e� ect. 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 with a
Kelvin–Helmholtz plasma instability, illuminating di� erent 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 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

The BL Lacertae object OJ 287 is an emblematic nearby
active galactic nucleus (AGN) with a redshift ofz = 0:306
(Stickel et al. 1989), well known for its 12-year quasi-periodic
outbursts in the optical regime (e.g.,Sillanpää et al. 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

SMBHB based on general relativistic magnetohydrodynamics
simulations, which account for dynamic spacetime e� ects in
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) identi�ed a 23-year jet precession
period that was later corroborated byBritzen 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-García 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 �eld 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, OJ 287 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 di� er-
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 �elds, which
can be twisted by the ergosphere (Blandford & Znajek 1977)
or by the di� erential 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 350 000 km, space VLBI observations with
RadioAstronhave been capable of imaging blazar jets with
unprecedented resolution, on the order of a few tens of microarc-
seconds (e.g.,Gómez et al. 2016; Fuentes et al. 2023). During
its operation,RadioAstronobserved OJ 287 on several epochs,
yielding the highest angular resolution image obtained for this
source (Gómez et al. 2022). Most recently, space-based VLBI
imaging of OJ 287 withRadioAstronat 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 signi�cantly advanced our understanding of SMBHs and
their relativistic jets, culminating in thegroundbreakingcaptureof
the �rst 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; Röder et al. 2025).

In April 2017, we conducted the inaugural 1.3 mm
VLBI observations of OJ 287 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 asRadioAstron
(Gómez 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.,Komossa et al. 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.Komossa et al. 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-ME1

(Jorstad & Marscher 2016; Jorstad et al. 2017; Weaver et al.
2022) and MOJAVE2 (Lister et al. 2018) monitoring programs,
respectively.

This work is organized as follows: In Section2, we describe
the EHT observations, data reduction, and imaging techniques
used to reconstruct the total intensity and polarization struc-
ture of the source. Section3 presents the results, detailing the
detected variability in total intensity and polarization over a �ve-
day timescale, the characterization of jet features, and the mea-
sured apparent motions. In Section4, we discuss the implica-
tions of these �ndings in the context of relativistic jet physics,
focusing on the role of K-H instabilities, shocks, and a helical
magnetic �eld 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 Section5, we provide a
summary of our results. We note that for all the calculations, we
adopt a �at � CDM cosmology withH0 = 67:4 km s� 1 Mpc� 1,

 m = 0:315, and
 � = 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 4:65 pc mas� 1, and an
apparent speed of 7:25 c for a proper motion of 1� as day� 1.

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,
o� er su� cient (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 Figure1). The source was observed with the array con-
sisting of seven telescopes located at �ve geographic sites: the

1 https://www.bu.edu/blazars/BEAM-ME.html
2 https://www.cv.nrao.edu/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
OJ 287, focusing particularly on the evolving EVPAs 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 & Königl (1979) (see alsoLyutikov et al. 2003). For
a magnetic �eld,B, in the source frame, whose orientation is
speci�ed by the angles� and  , as shown in Figure12, the
observed polarization angle,� , is given by (Blandford & Königl
1979; Lyutikov et al. 2003)

tan� = cot�
cos(� +  ) � � cos 

1 � � cos�
; (3)

where� c is the velocity of the plasma and� is the angle between
� 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 �eld with a given pitch angle,
� b, de�ned as the angle between the magnetic �eld and the jet
axis. The helical magnetic �eld, measured in the source frame
and normalized to unit strength, is expressed in Cartesian coor-
dinates as

B = cos� b x̂ + sin� b cos� ŷ + sin� b sin� ẑ; (4)

where� is the phase of the helical �eld.
To determine how� evolves over time, we consider a helical

K-H instability propagating along the jet surface with a projected
wavelength of� � � 100� as, 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� app. The inter-
action of these moving shocks with the K-H instabilities gives
rise to components P1 and P2, as observed (see Figure11), and
determines the evolution of� and, consequently, the observed
polarization angle� over time.

The phase of the helical magnetic �eld,� , as a function of
the observed time,tobs, is given by

� (tobs) =
2�

DL � �
� appc tobs+ � 0; (5)

where� 0 is an arbitrary initial phase. Substituting this phase into
the helical magnetic �eld expression (Equation (4)). Using Equa-
tion (3), where� = arcsin(� By) and = arctan(Bx=Bz), we could
obtain the observed polarization angle as a function of time.

Figure12 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 �eld
and is observed at an angle of approximately 1=� , with � being
the jet's bulk �ow 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 �eld. (See the �gure caption for the speci�c values
used in our simulation.)

By examining Figure12, we observe that, by assuming dif-
ferent initial phases in the magnetic �eld 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 e� ect occurs when the
line of sight in the plasma frame exceeds the pitch angle of the
magnetic �eld. Otherwise, a progressive evolution of the EVPAs
is expected as the interaction of the component with the helical
instability probes di� erent phases of the helical magnetic �eld.
As discussed inBlandford & Königl (1979), a rapid swing in the
polarization angle is expected when� � (cos� � sin� tan ),
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 speci�c values of the observed
EVPAs, as any combination of the Lorentz factor and viewing
angle satisfying� = 1=� would lead to similar rotations. Addi-
tionally, we have made several simpli�cations, 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 �eld.

On parsec scales, space–VLBI imaging withRadioAstron
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� as resolution at 230 GHz and follow its
evolution over only a few days in April 2017. Together these data
sets provide complementary perspectives, withRadioAstronand
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 BL Lac by Marscher et al.(2008) inferred the presence of
a helical magnetic �eld in the jet's collimation and accelera-
tion zone. However, the lack of angular resolution prevented a
direct imaging of this e� ect, leaving its interpretation dependent
on time-resolved polarization variability. Similarly,Cohen et al.
(2018) andCohen & Savolainen(2020) reported changes in the
direction of EVPA rotation in integrated polarization measure-
ments of OJ 287. 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� as for the �rst 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 �eld 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 o� ers new constraints
on jet formation, magnetic �eld evolution, and the role of insta-
bilities in shaping AGN jets at their earliest stages.

5. Summary

We report on the �rst 1.3 mm observations of the candidate
SMBH OJ 287 conducted with the EHT, which achieved an
exceptional angular resolution of 18� as. These observations
reveal notable changes in both structural and polarization prop-
erties within just �ve 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� 22 c. These rapid
structural variations are also clearly visible in the evolving mor-
phology of the jet ridgeline observed between the two epochs.

Polarimetric imaging identi�es three prominent polarized
components within the jet, and they show signi�cant evolution
in their EVPAs across the �ve-day interval. One component,
located approximately 200� as 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 (� 17:4 c) experiences counterclock-
wise rotations at� 3:7� per day, whereas the slower-moving com-
ponent (� 10:2 c) rotates clockwise at� 2:5� per day. This result
provides the �rst spatially resolved con�rmation of a helical
magnetic �eld 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 di� erent phases of a threaded helical magnetic �eld. This
interpretation rules out scenarios based solely on the blending
of unresolved polarized components, emphasizing the crucial
role of ordered magnetic �eld 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 di� erent pipelines used to image OJ287 produce images
with a speci�c 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 de�ne 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
di� erent values along di� erent spatial directions. In particular,
this is the case ofDIFMAPimages convolved with an elliptical
beam. For an imageI(x; y), we estimated the amplitude of the
intensity variations at di� erent spatial scales by computing its
power spectrumP(k) of the image:

P(k) =
Z

S(kcos�; ksin� ) kd� ; (A.1)

which is the average over the angular coordinate in the image
plane of the Fourier transformS(kx; ky),

S(kx; ky) =
"

R(x; y)e� i2� (kxx+kyy) dxdy (A.2)

, of the image autocorrelation functionR(x; y):

R(x; y) =
"

I (x̄ + x; ȳ + y)I (x̄; ȳ) dx̄dȳ: (A.3)

The power spectrum of an image has a signi�cant drop at the
scale corresponding to the image resolution, meaning that at
smaller scales no intensity variation is present. FigureA.1 shows
the images as given by each pipeline and their corresponding
power spectra are plotted in FigureA.2 (top row panels). It is
clear thatDIFMAPis 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
DIFMAPone. To do so, we convolved the images with a Gaussian
beam, choosing the full width at half maximum (FWHM) that
resulted in the best �t between the power spectrum of the con-
volved image and the power spectrum of theDIFMAPimage. We
tested for values of the circular Gaussian with a FWHM ranging
from 0 to 47:04� as in intervals of 0:47� as. The best �t values
are presented in TableA.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 Figure3.

It is to be noted that, since the power spectrum averages the
amplitude of the �uctuations across all di� erent 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 theDIFMAPbeam is low
(0.16 for April 5 and 0.13 for April 10).

After uniforming the resolution of the images from the di� er-
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
OJ 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 ofDIFMAPimages.

April 5 April 10
Pipeline FWHM FWHM

(� as) (� as)
(1) (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� as of circu-
lar Gaussian used for the convolution for April 5, (3) FWHM in� as
of circular Gaussian used for the convolution for April 10. Note that
the Themisimage is of the same resolution asDIFMAPand no extra
convolution was done.

Appendix B: Image �delity

As described in subsection2.2, three di� erent imaging
approaches were employed: (1) inverse modeling, (2) forward
modeling, and (3) Bayesian sampling based on forward models.
The CLEAN algorithm, implemented in theDIFMAPsoftware,
was used for inverse modeling, while the RML method was
applied usingeht-imaging , SMILI, andDoG-HiTfor forward
modeling. In both cases, a parameter search was conducted to
identify a �ducial image, with parameters optimized to achieve
a reduced� 2 close to 1 for the closure quantities. In contrast, the
Bayesian sampling methodsThemisandDMCdo not require a
parameter search; instead, they produce a posterior distribution
directly.

As a result, images from six methods were obtained, each �t-
ting the various combinations of closure triangles and quadran-
gles e� ectively, as demonstrated for selected triangles and quad-
rangles in FigureB.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 signi�cant, as the models explain
the data well and produce consistent images (Figure3).

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 DIFMAPand eht-imaging , while DMCdirectly provided
a posterior distribution. The resulting polarization features
were consistent across all three methods (FigureB.2), allowing
us to reasonably average these features to produce the �nal
polarization map shown in Figure4.
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