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ABSTRACT
The bright blazar OJ 287 is the best-known candidate for hosting a supermassive black
hole binary system. It inspirals due to the emission of nanohertz gravitational waves (GWs).
Observations of historical and predicted quasi-periodic high-brightness flares in its century-
long optical lightcurve, allow us to determine the orbital parameters associated with the binary
black hole (BBH) central engine. In contrast, the radio jet of OJ 287 has been covered with
Very Long Baseline Interferometry (VLBI) observations for only about 30 years and these
observations reveal that the position angle (PA) of the jet exhibits temporal variations at
both millimetre and centimetre wavelengths. Here we associate the observed PA variations in
OJ 287 with the precession of its radio jet. In our model, the evolution of the jet direction can be
associated either with the primary black hole (BH) spin evolution or with the precession of the
angular momentum direction of the inner region of the accretion disc. Our Bayesian analysis
shows that the BBH central engine model, primarily developed from optical observations, can
also broadly explain the observed temporal variations in the radio jet of OJ 287 at frequencies
of 86, 43, and 15GHz. OngoingGlobal mm-VLBIArray (GMVA) observations of OJ 287 have
the potential to verify our predictions for the evolution of its 86 GHz PA values. Additionally,
thanks to the extremely high angular resolution that the Event Horizon Telescope (EHT) can
provide, we explore the possibility to test our BBH model through the detection of the jet in
the secondary black hole .

Key words: Blazar: individual (OJ 287) – accretion disc – jets – black hole physics – binaries
(general)

1 INTRODUCTION

Active galactic nuclei (AGNs) are the most energetic persistent
sources known to mankind (Kembhavi & Narlikar 1999). They are
the luminous central regions of certain galaxies, known as active
galaxies, in which a supermassive black hole (SMBH) accretes
matter from the surrounding accretion disc, ensuring that enormous
amounts of energy are emitted from a very small region (Lynden-
Bell 1969). Some AGNs launch jets, which are collimated beams of
charged particles, accelerated to relativistic velocities. Depending
on the angle between the jet and our line of sight, AGNs appear
differently (Urry & Padovani 1995). AGNs viewed along a line of
sight very close to the jet axis, known as blazars, are dominated by
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the radiation from the jet, making it very difficult to observe the
host galaxy (Fossati et al. 1998). The launching mechanism of jets
associatedwithAGNs has remained one of the unsolved problems in
modern astrophysics. Though different models have been proposed
to explain the jet launching mechanism (e.g., Blandford & Znajek
1977; Blandford & Payne 1982), its details have remained elusive.

OJ 287 is a bright unique blazar situated at a redshift of
𝑧 = 0.306. Its optical observations date back to the 1880s (Sil-
lanpaa et al. 1988), and the extended optical lightcurve spanning
130 years shows intriguing quasi-periodic magnitude variations. In
its apparent magnitude, there exists a long-term periodic variation
with a period of ∼60 years (Valtonen et al. 2006). Additionally, the
light curve displays quasi-periodic doubly-peaked high-brightness
flares with a period of ∼12 years (Valtonen et al. 2006; Dey et al.
2018). These unique magnitude variations in the optical light curve
of OJ 287 can be explained with the help of our binary black hole
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2 Dey et al.

(BBH) central engine model (Lehto & Valtonen 1996; Sundelius
et al. 1997; Dey et al. 2019). According to this model, a super-
massive secondary black hole (BH) is orbiting around a much more
massive primary BH in a precessing eccentric orbit with a redshifted
orbital period of ∼12 years (Dey et al. 2018). The orbital plane is as-
sumed to be at an angle to the accretion disc of the primary BH, and
the flares happen when the secondary BH collides with the disc. For
the last 20 years, this model has been very successful in predicting
the impact flares in the optical light curve of this unique blazar (Val-
tonen 2007; Valtonen et al. 2011a; Dey et al. 2018). Specifically, the
BBH central engine model has successfully predicted the observed
impact flares of 2007, 2015 and 2019 (Valtonen et al. 2008, 2016;
Laine et al. 2020).

In contrast to optical observations, the jet of OJ 287 has been
under regular observations in high-frequency radio waves for only
the last 30 years (Agudo et al. 2012; Cohen 2017; Hodgson et al.
2017; Tateyama 2013). At lower frequencies (8 GHz and 5 GHz),
sparse observations of OJ 287 were done in earlier epochs (Roberts
et al. 1987; Gabuzda et al. 1989; Tateyama et al. 1999). Generally,
blazars display high variability in radio wavelengths, and OJ 287
is no exception. However, the position angle (PA) of the projected
jet of OJ 287 on the sky plane shows certain systematic variations
and sudden jumps (Agudo et al. 2012; Cohen 2017). Such varia-
tions, observed at different radio frequencies, also turned out to be
correlated. The overall trend for the last three decades is that the
PA decreases with time. However, OJ 287’s PA experienced a rapid
jump by ∼ 130◦ during 2004 at 43 GHz (Agudo et al. 2012). A
similar kind of jump was also observed at 15 GHz in 2010 (Cohen
2017).

A precessing jet provides a natural explanation for the ob-
served temporal variations in the PAs of radio jets in quasars (Abra-
ham 2000; Caproni & Abraham 2004; Tateyama & Kingham 2004;
Britzen et al. 2018; Qian 2018). In the case of OJ 287, Agudo
et al. (2012) observed a gradual rise and then a sharp fall in the
43 GHz core flux density during its PA jump at 43 GHz during
2004. This also points towards a precessing jet where the jump in
PA happens when the precessing jet makes a close approach to the
line of sight. Further, a small change in OJ 287’s jet direction can
lead to a significantly larger change in its radio jet’s PA. This is
due to the small angle between the jet of OJ 287 and our line of
sight, characteristic of blazars. Most previous studies have tried to
model the high-frequency radio observations of OJ 287 while ig-
noring the detailed description of the system, developed from its
long-term optical observations. Naturally, these models tend to be
fairly unsuccessful in describing the behaviour of OJ 287 at optical
wavelengths. In this paper, we explore the possibility of explaining
the observed PA variations of OJ 287’s radio jet while employing
the BBH central engine model, mainly developed for describing the
major variations in its optical lightcurve (Lehto & Valtonen 1996;
Valtonen et al. 2008, 2011a; Dey et al. 2018). The present study aims
to model simultaneously the observed PA variations at three differ-
ent radio frequencies, namely 86 GHz, 43 GHz, and 15 GHz, for
the first time. Note that observations at different radio frequencies
probe the nature of the jet at different distances from the jet base.
Higher frequencies probe a region closer to the base, compared to
lower frequencies (Pushkarev et al. 2012).

We model the jet precession in OJ 287 by invoking the fol-
lowing two alternative scenarios. In our first approach (the spin
model), we let the spin evolution of the primary BH determine the
radio jet direction (Blandford & Znajek 1977). In our BBH central
engine model for OJ 287, the spin angular momentum of the pri-
mary BH and the BBH orbital angular momentum are not aligned.

This forces the primary BH spin to precess about the direction
of the total angular momentum vector mainly due to general rela-
tivistic spin-orbit interactions (Königsdörffer & Gopakumar 2005;
Valtonen et al. 2010). We employ post-Newtonian (PN) accurate
equations to evolve simultaneously the BBH orbit and the primary
BH spin while linking the evolution of radio jet direction with that
of the primary BH spin in our spin model (Blanchet 2014; Dey et al.
2018).

For the second scenario (the disc model), we model the tem-
poral evolution of the angular momentum of the inner region of the
accretion disc and link it to the radio jet’s PA variations (Bland-
ford & Payne 1982). We model the accretion disc as a cloud of
point particles interacting via a grid-based viscous force (Pihajoki
et al. 2013). Additionally, these disc particles follow PN accurate
equations of motion and all of them interact gravitationally with
both BHs. Such a prescription allows us to follow the evolution of
the angular momentum of the inner region of the accretion disc in
a computationally efficient and physically realistic manner. In this
scenario, the direction of the jet is assumed to be determined by the
angular momentum of the inner region of the accretion disc.

We pursue these two distinct approaches as the jet launching
mechanisms in AGNs and what determines the observed jet evolu-
tion are not understood in great detail. In both scenarios, we employ
a Bayesian framework to estimate the model parameters used to
interpret the variations of OJ 287’s jet PA at three different radio
frequencies. We note in passing that the second scenario and its
implications were probed in an earlier investigation (Valtonen &
Wiik 2012; Valtonen & Pihajoki 2013). The present investigation
improves their descriptions by introducing the effects of viscosity
in the accretion disc and goes on to model the influence of primary
BH spin precession on the accretion disc. Additionally, it incorpo-
rates newer PA datasets on OJ 287’s jet, observed at three different
radio wavelengths in contrast to the previous studies. In particular,
the inclusion of the 86 GHz data for the first time, to model the
jet precession in OJ 287 is a major advancement in our analysis as
it tracks the evolution of the innermost part of the radio jet in this
blazar.

Interestingly, OJ 287 is a potential non-horizon target for the
Event Horizon Telescope (EHT), which recently published the first
image of the supermassive black hole present at the centre of M87
(Event Horizon Telescope Collaboration et al. 2019). The ∼20 `as
nominal resolution of the EHT at 230 GHz is at the limit of the
required resolution to resolve the binary black hole system inOJ 287
at its maximum orbital separation on the plane of the sky. However,
we argue that the on-going and future EHT campaigns to observe
OJ 287 may have the potential to substantiate the BBH scenario
for OJ 287. This tentative claim requires that the secondary BH in
OJ 287 support a temporary jet, as noted by Pihajoki et al. (2013)
and we explore this idea in detail in this paper.

We structure the paper in the following way. Section 2 specifies
various PA datasets that we employ. Section 3.1 provides a summary
of our BBHmodel for OJ 287 and howwemodel the spin precession
of the primary BH. Our modelling of the accretion disc and its
evolution are described in Section 3.2. How we make contact with
the available radio jet observations is detailed in Section 4. This
section also explores the tentative implications of our BBH scenario
for the ongoing and upcoming EHT campaigns on OJ 287. We
summarise our efforts and discuss their implications in Section 5.
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Variation in jet PA from jet precession in OJ 287 3

2 PA DATASETS AT DIFFERENT RADIO FREQUENCIES

To model the jet precession inherent in the binary central engine
scenario for OJ 287, we employ the jet PA of OJ 287 observed at
three different frequencies: 15, 43 and 86GHz. At 15 and 43 GHz,
we use PA measurements provided by Cohen (2017) and Hodgson
et al. (2017) spanning a time range from 1995 to 2015. The error
bars on the PA values for 15 and 43 GHz are not available in Cohen
(2017) and we used a fixed error bar of 5◦ for all 15 and 43 GHz
data points following Hodgson et al. (2017). At 86 GHz, we use
the Global Millimetre VLBI Array (GMVA) images for a total of
11 epochs extending from 2008 to 2017. To constrain the jet PA,
we perform the ridgeline analysis following the approach presented
in Pushkarev et al. (2017) and more recently in Lico et al. (2020),
using the HEADACHE1 python package developed by Jun Liu. After
convolving each GMVA image with a common circular beam of 0.1
milli-arcseconds (mas) radius, we take slices across the jet in steps
of 0.01 mas along the jet direction, and we look for the maximum in
the flux density. By averaging all the ridgeline points we determine
the final PA value and the standard deviation is taken to be the 1𝜎
uncertainty. We confirm that for the 7 observing epochs between
2008 and 2012, the jet PA values obtained by using our method are
consistent with those presented in Hodgson et al. (2017).

3 JET PRECESSION INHERENT IN OUR BBH
CENTRAL ENGINE DESCRIPTION FOR OJ 287

The BBH central engine model, as noted earlier, provides a natural
explanation for the observed outbursts from OJ 287 in the optical
wavelengths. In this model, some of these synchrotron flares arise
due to tidally induced mass flows in the primary BH’s accretion disc
which are caused by the pericentre passage of the secondary BH and
occur at ∼ 12 year intervals (Sundelius et al. 1997). Additionally,
its quasi-periodic doubly peaked optical flares with a lifetime of a
month or so are superposed upon the tidal flares. These doubly-
peaked flares arise when the secondary BH impacts the accretion
disc of the primary BH twice every orbit (Lehto & Valtonen 1996),
generating hot gas bubbles that emerge on both sides of the accre-
tion disc. The resulting hot gas bubbles expand and cool with time
and radiate strongly after becoming optically thin. The emerging ra-
diation, observed as flares from OJ 287, rises sharply in the course
of a few hours and is mainly produced by thermal bremsstrahlung
(Lehto & Valtonen 1996; Dey et al. 2019). Furthermore, the time
delay between the disc crossing and the appearance of such flares
depends on various properties of the BBH central engine (Lehto &
Valtonen 1996). In our model, these outbursts provide certain fixed
points of the BBH orbit which allows us to extract various param-
eters of the BBH central engine (Valtonen 2007; Dey et al. 2018;
Valtonen et al. 2019). Observations of three predicted impact flares
during the last 15 years allowed us to constrain many ingredients
of the BBH central engine including the accretion disc parameters
(Valtonen et al. 2019). These considerations prompted us to employ
our BBH central engine model for OJ 287 to explain the multi-
epoch high-frequency radio observations of its jet. In what follows,
we provide two alternative descriptions for the temporal evolution
of the radio jet in OJ 287 and connect them with observations.

1 Available at https://github.com/junliu/headache

3.1 Spin model for OJ 287’s jet

This model, as noted earlier, assumes that the radio jet of OJ 287
is aligned with the direction of the primary BH spin of our binary
system. Clearly, we need to model accurately the precession of the
primary BH spin, and the relevant expression for the precession of
the primary BH spin vector s1 reads

𝑑s1
𝑑𝑡

=
(
𝛀SO +𝛀Q

)
× s1 , (1)

where s1 is the direction of of the primary BH spin angular mo-
mentum, and 𝛀SO and 𝛀Q represent relativistic and classical spin-
orbit interactions (Barker & O’Connell 1979; Valtonen et al. 2010,
2011b). The spin angular momentum of the primary BH is given
by S1 = 𝐺 𝑚21 𝜒1 s1/𝑐, where 𝑚1 and 𝜒1 are the mass and the Kerr
parameter of the primary BH (in general relativity, 𝜒1 can have
values between 0 and 1). The form of equation (1) ensures that the
magnitude of S1 remains a constant while its direction given by
the unit vector s1 experiences precession. The temporal evolution
of various dynamical variables that appear in the above precession
equation for s1 is provided by the PN accurate orbital dynamics of
the binary. Recall that the PN approximation to general relativity
provides corrections to the leading order Newtonian orbital dynam-
ics in terms of a small parameter (𝑣/𝑐)2, where 𝑣 is the typical
orbital velocity and 𝑐 is the speed of light (Blanchet 2014; Will &
Maitra 2017). In the centre of mass frame, the equations of motion
can be schematically written as

a ≡ 𝑑2x
𝑑𝑡2

= ¥x0 + ¥x1PN + ¥x2PN + ¥x3PN
+¥x2.5PN + ¥x3.5PN + ¥x4PN(tail) + ¥x4.5PN
+¥xSO + ¥xQ , (2)

where x is the centre of mass relative separation vector between
the two BHs and the ¥x0 term represents the familiar Newtonian
inverse-square acceleration. In the above equation, the first line
represents the conservative general relativistic contributions to the
orbital dynamics that causes the advance of the pericentre. The
corrections in the second line stand for the effects ofGWemission on
the orbital dynamics while the general relativistic and classical spin-
orbit contributions are denoted by ¥xSO and ¥xQ, respectively.Detailed
discussions about these PN contributions are provided in Blanchet
(2014), Will & Maitra (2017), and Dey et al. (2018). We note in
passing that such a general relativistic description for the BBH orbit
is also employed to track the secondary BH trajectory to explain
the optical wavelength observations of OJ 287. For the present
investigation, we let 𝑚1 = 18.3 × 109𝑀� , 𝑚2 = 150 × 106𝑀� ,
𝑃orb = 12.06 years, 𝑒 = 0.657, and 𝜒1 = 0.38, as estimated in Dey
et al. (2018), while tracking the evolution of s1.

We compute the evolution of the primary BH spin by employ-
ing the above listed general relativity-based equations for s1 for a
timewindow spanning around 600 years. This is done bymonitoring
the temporal evolution of certain polar and azimuthal angles, Θspin
and Φspin, that specify the direction of the spin angular momentum
of the primary BH in a reference frame (Figure 1). This reference
frame is defined in such a way that the accretion disc lies on the
𝑋𝑌 plane and we track the temporal evolution of all three Carte-
sian components of the spin angular momentum (𝑠𝑥 , 𝑠𝑦 , and 𝑠𝑧 in
Figure 1) in such a frame. The angle between the primary BH spin
angular momentum (S1) and the 𝑍 axis is defined as Θspin while
Φspin defines the angle between the 𝑋 axis and the projected spin di-
rection on the 𝑋𝑌 plane. This allows us to extract straightforwardly
the evolution of Θspin and Φspin as a function of time, as plotted
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4 Dey et al.

Figure 1. The coordinate system used to calculate the evolution of the
primary BH spin direction in OJ 287. The accretion disc lies in the 𝑋𝑌
plane and S1 is the spin angular momentum of the primary BH. The angles
Θ and Φ specify the direction of the primary BH spin which are denoted by
Θspin and Φspin in the text. In the case of the disc model, S1 represents the
average angular momentum of the inner part of the accretion disc and the
angles Θ and Φ are then referred to as Θdisc and Φdisc, respectively.

in Figure 2. We clearly see non-uniform temporal evolution for the
azimuthal angle Φspin of the primary BH spin over a period of 200
years between 1850 and 2050 in Figure 2. However, the polar angle
Θspin appears to be a constant during the above time window. This is
because the primary BH spin precesses around the total angular mo-
mentum of the binary system (Königsdörffer & Gopakumar 2005),
and the 𝑍 axis happens to lie very close to the total angular mo-
mentum direction. AlthoughΘspin does not vary noticeably over the
time span plotted in Figure 2, it varies over a much longer timescale
of∼1000 years. Note that we plotΘspin−90◦ to display the temporal
evolution for both Φspin and Θspin in the same plot. We see that the
evolution ofΦspin shows a non-uniform decreasing trend with time.
This can be attributed to the high orbital eccentricity (𝑒 ∼ 0.65)
of the massive BH binary in OJ 287, which ensures comparatively
stronger spin-orbit interactions during pericentre passages resulting
in rapid changes in Φspin. This implies that, in our spin model, the
radio jet of OJ 287 will experience wobbling following the spin
precession of the primary BH.

We now move on to explore various implications of the disc
model.

3.2 Accretion disc model for OJ 287’s jet

The disc model involves tracking the evolution of the angular mo-
mentum direction of the inner region of the accretion disc as it
determines the radio jet direction. This requires us to model the
simultaneous evolution of the accretion disc in the presence of our
BH binary. To achieve this, we adapt and extend the BBH accretion
disc evolution model of Pihajoki et al. (2013), where the accretion
disc consists of a cloud of point particlesmoving under the influence
of viscous forces while interacting with the two BHs gravitationally.
The accretion disc is divided into a radially non-uniform polar grid,
and a particle in a grid cell can only interact with other particles
present in the same cell (Miller 1976). The viscous forces acting on
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Figure 2. Temporal evolution of the primary BH spin in OJ 287 binary,
specified by its polar and azimuthal angles Θspin and Φspin. For the Θspin
variations, we plot the evolution of Θspin − 90◦ in time. The angle Φspin
changes with time but Θspin appears to remain a constant.

a particle are given by

𝐹𝑖 = a (v𝑖 − v̄𝑖) , (3)

where a is the kinematic viscosity at that region while v𝑖 and v̄𝑖
stand for the velocity component of a disc particle in a cell and the
mean velocity component of all the particles present in that cell,
respectively. In practice, we calculate these viscous forces only in
the radial and vertical directions (Pihajoki et al. 2013). Further, we
calculate the viscosity by employing the 𝛼𝑔 disc model following
Lehto & Valtonen (1996). This model is a variant of the thin accre-
tion disc model of Shakura & Sunyaev (1973), where the presence
of a magnetic field provides stability to the disc (Sakimoto & Coro-
niti 1981). In our model, the gas pressure and magnetic pressure
are in equilibrium, and radiation pressure dominates over both of
them in the inner region. Let us note that the disc properties are
uniquely determined by the central mass, the accretion rate of the
primary BH and the viscosity coefficient 𝛼𝑔. We approximate the
central mass to be that of the primary BH (∼ 18 × 109𝑀�), while
the accretion rate is extracted from the total un-beamed luminosity
of OJ 287 (Worrall et al. 1982), which turns out to be ¤𝑚 ∼ 0.1 ¤𝑚Edd.
We have assumed 𝛼𝑔 = 0.1, which is a reasonable value for an AGN
accretion disc (King et al. 2007; Hawley & Krolik 2001).

To model OJ 287’s accretion disc, we distribute uniformly
50, 000 particles from 3𝑅𝑠 to 100𝑅𝑠 (the Schwarzschild radius
𝑅𝑠 ∼ 362 AU for the primary BH). Initially, all particles are in cir-
cular orbits around the primary BH and reside on the 𝑋 − 𝑌 plane.
The initial velocity of the disc particles are given as v = 𝜔×rwhere
we use PN accurate values of the angular velocity 𝜔 for circular or-
bits (Blanchet 2014). The whole system consisting of the two BHs
and all the disc particles is simultaneously evolved. As noted ear-
lier, we incorporate gravitational interactions between the two BHs,
between BHs and disc particles, and viscous forces to characterise
particle-particle interactions in the disc. For gravitational interac-
tion, we use 3PN accurate orbital dynamics with leading order
spin-orbit interaction, leading order radiation reaction and classi-
cal quadrupolar interaction. While evolving the BBH-accretion disc
system, we follow the three Cartesian components of the position
and the velocity vectors of every particle present in the accretion
disc. This allows us to specify the angular momentum direction of
each particle using a pair of polar and azimuthal angles, Θ𝑖 andΦ𝑖 ,

MNRAS 000, 1–12 (0000)
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Figure 3. Temporal evolution for the orientation of the average angular momentum of the inner region of the accretion disc. The left panel shows the time
evolution for the polar angle Θdisc while the right panel provides its azimuthal counterpart Φdisc. The variations in Θdisc are caused by the gravitational
interaction of the secondary BH with the disc particles while Φdisc mainly follows the precession of the spin of the primary BH.

at every epoch. It turns out that the values of these angles gener-
ally do not vary significantly within a cell or between neighbouring
cells. Thereafter, we follow the temporal variations in Θ𝑖 and Φ𝑖

angles of every disc particle to infer how the disc is evolving over
time. Interestingly, we observe that the disc particles situated up
to 2200 AU from the central BH show precession of their orbital
planes. This allows us to obtain the time evolution in the direction
of the mean angular momentum of all the particles situated within
2200 AU from the centre.

We show in Figure 3 how the orientation of the inner part
of our accretion disc changes during a 100 year period from 1920
to 2020. The left and right panels of Figure 3 display respectively
the temporal evolution of the polar (Θdisc) and azimuthal (Φdisc)
angles that specify the average angular momentum direction of all
disc particles up to 2200 AU from the primary BH. The angles
Θdisc and Φdisc here have the same geometrical interpretation as
the angles Θ and Φ of Figure 1, respectively, except instead of
BH spin, S1 direction now corresponds to the direction of average
angular momentum of the inner region of the disc. In contrast to
our spin model, the polar angle Θdisc does vary in time by a few
degrees in the discmodel. Thismay be attributed to the perturbations
experienced by the disc particles due to the nature of the secondary
BH trajectory. Such an explanation is consistent with the presence
of two rough periods of 12 and 60 years visible in the Θdisc plot.
These two time scales, inherent in our BBH central engine, are
associated with the periods of binary BH orbit and its relativistic
advance of the pericentre. The right panel of Figure 3 displays the
temporal evolution for the azimuthal angle Φdisc which shows a
systematic decrease in its value during the 100 year period between
1920 to 2020. TheΦdisc evolution is not purely secular, but contains
an oscillatory component with a periodicity of around 12 years. We
conclude that these variations may be associated with gravitational
interactions between the disc particles and the primary BH. Such
interactions try to align the angularmomentumdirection of the inner
part of the accretion disc with the spin direction of the primary BH.
Recall that in such a disc model, the precession of the radio jet is
governed by the evolution of polar and azimuthal angles displayed
in Figure 3. In the next section, we make contact with the above
results from our two models with the existing observations.

Figure 4. Position angle of the projected jet on the sky plane. We let the sky
plane to be the 𝑋 ′𝑌 ′ plane while the 𝑍 ′ axis represents the observer’s line
of sight and nref is the reference direction on the sky plane from which the
PA of the projected jet is measured. The Z-axis here is the same as the one
in the invariant coordinate system 𝑋𝑌 𝑍 (Figure 1) in which the directions
of the jet and the observer’s line of sight are measured with [Θjet ,Φjet ]
and [\obs, 𝜙obs ], respectively. The angles Θjet and \obs are respectively
denoted by Θ and \ in the figure and angles and Φjet and 𝜙obs are not
shown to preserve the clarity. The angle PAobs indicates the observed PA
while PA0 denotes the PA value we calculate in our model. A constant
offset (PAobs − PA0) may be present between the observed and calculated
PA values due to the lack of information about the nref direction in our
coordinate system.

4 OBSERVATIONAL IMPLICATIONS

In this section, we explore possible observational implications of
our BBH central engine model for OJ 287 in the context of high-
resolution radio images of the parsec-scale jet. First, we explore
the feasibility of explaining the observed variations in the PA of
the radio jet of OJ 287 at the three radio frequencies using our two
approaches described in Sections 3.1 and 3.2.Additionally,we probe
plausible implications of our explorations during the EHT/GMVA
era.

MNRAS 000, 1–12 (0000)
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4.1 Connecting Jet Position Angle to Jet Direction

We begin by denoting the pair of angles that specify the radio
jet direction of OJ 287 to be [Θjet,Φjet]. Obviously, we identify
this pair either with [Θspin,Φspin] or [Θdisc,Φdisc] according to
the circumstances. The next natural step then involves connecting
the temporal evolution for Θjet and Φjet, detailed in the previous
sections, to the observed variations in the PA of the radio jet of
OJ 287. It turns out that the jet PA depends on the angle between the
jet direction and the line of sight of the observer. We parametrize
the line of sight to the observer direction using two angles \obs
and 𝜙obs in our invariant coordinate system (Figure 1) to make
contact with the existing observations. Additionally, we need two
more parameters to specify the jet PA observed at a particular radio
frequency at any given epoch. The first parameter arises because any
changes to the jet direction, presumably due to changes in the central
engine, requires a certain time interval to propagate and become
observable. Such a time delay (Δ𝑡) should depend on the frequency
at which the jet is observed, as low-frequency observations sample
the jet farther away from its origin as compared to high-frequency
radio observations. This ensures that Δ𝑡 values at low frequencies
are larger than their higher frequency counterparts.

The second parameter (Δ𝑃𝐴) has two components: (i) a geo-

metrical component arising due to the coordinate system and (ii) a
physical frequency-dependent component arising from the bending
of the jet. The reason for the presence of the first component is ex-
plained in Figure 4, where the 𝑋 ′𝑌 ′ plane is the sky plane and the 𝑍 ′

axis represents the observer’s line of sight. The PA of the projected
jet is measured from a fixed reference direction (nref in Figure 4) on
the sky plane. However, the angles \obs and 𝜙obs, which are used
to define the observer’s line of sight (𝑍 ′) w.r.t. the invariant frame
(𝑋𝑌𝑍 frame in Figure 1), only determine the plane of the sky and
not the direction (nref) from which the PA is measured. Therefore,
the PA values that wemeasure in our coordinate system are expected
to have a constant offset (PAobs−PA0) from the actual values which
should be independent of the observation frequency. Additionally,
the jet may also bend as it propagates, such as in the helical geom-
etry proposed by Valtonen & Pihajoki (2013). This introduces the
second component of Δ𝑃𝐴 which should depend on the frequency
of observation.

These considerations imply that the PA of the jet at a
particular radio frequency at any given epoch 𝑡 should de-
pend on Θjet and Φjet calculated at a time 𝑡 − Δ𝑡, Δ𝑃𝐴

and the direction of the line of sight specified by \obs and
𝜙obs. To calculate 𝑃𝐴 (𝑡) we use the following expression

𝑃𝐴 (𝑡) = arctan
( cos \obs sinΘjet (𝑡 − Δ𝑡) cos (Φjet (𝑡 − Δ𝑡) − 𝜙obs) − sin \obs cosΘjet (𝑡 − Δ𝑡)

sinΘjet (𝑡 − Δ𝑡) sin (Φjet (𝑡 − Δ𝑡) − 𝜙obs)

)
+ Δ𝑃𝐴 , (4)

where Θjet (𝑡) and Φjet (𝑡) provide these angles as functions of
time, with the assumption that the angle between the jet direction
and the observer’s line of sight is small, applicable to a blazar such
as OJ 287. Clearly, we have two prescriptions for 𝑃𝐴(𝑡) due to spin
and disc model based evolution for Θjet and Φjet.

4.2 Modelling of Multi-epoch Multi-frequency Jet PA
observations

We now simultaneously fit the jet PA of OJ 287 observed at three
different frequencies (86 GHz, 43 GHz and 15 GHz) with our two
models. From equation (4), we identify eight independent fitting
parameters: two angles (\obs and 𝜙obs) which define the observer’s
line of sight, and three sets of two parameters (Δ𝑡 and Δ𝑃𝐴) for
each frequency of observation. The parameters Δ𝑡 and Δ𝑃𝐴 for
different frequencies are denoted with the frequency in GHz as a
subscript: Δ𝑡86 and Δ𝑃𝐴86 for 86 GHz, Δ𝑡43 and Δ𝑃𝐴43 for 43
GHz, and Δ𝑡15 and Δ𝑃𝐴15 for 15 GHz. We collectively denote
this set of eight parameters by �̂�. We note that the Δ𝑡s at different
frequencies should not be independent and are expected to be some
function of the frequency. Unfortunately, there is no well defined
or accurate model for the dependency of the time delays on the
observational frequencies. Therefore, we used three different Δ𝑡s
for three different frequencies as mentioned above to perform our
fitting in a model-independent way. We explore the dependency of
Δ𝑡 on observation frequency from our results later in this section.

We employ the Bayesian inference technique to estimate the
parameters �̂� for our two models, namely the spin model and the
disc model, from themulti-frequency PAmeasurements.We provide
here a summary of theBayesian inference thatwe employ.A detailed

introduction to Bayesian inference may be found in, e.g., Hogg et al.
(2010). For the present effort, the Bayes theorem reads

𝑃[�̂�|𝐷, 𝑀] = 𝑃[𝐷 |�̂�, 𝑀]𝑃[�̂�|𝑀]
𝑃[𝐷 |𝑀] , (5)

where 𝑃[�̂�|𝐷, 𝑀] ≡ 𝑃𝑀 [�̂�] is the posterior distribution of the
parameters �̂� assuming the model 𝑀 , 𝑃[𝐷 |�̂�, 𝑀] ≡ L𝑀 [�̂�] is the
likelihood function, 𝑃[�̂�|𝑀] ≡ Π[�̂�] is the prior distribution of the
parameters �̂�, and 𝑃[�̂�|𝑀] ≡ Z𝑀 is the Bayesian evidence of the
model. The Bayesian evidence can be considered as a normalization
factor which normalizes the product L𝑀 [�̂�] Π[�̂�], and can be
written as

ZM =

∫
𝑑𝑁 �̂� L𝑀 [�̂�] Π[�̂�] , (6)

where 𝑁 is the number of parameters (𝑁 = 8 in our case). The
marginalised posterior distributions for each parameter Θ𝑖 in �̂� can
be computed by integrating the posterior distribution 𝑃𝑀 [�̂�] over
the 𝑁 − 1 parameters other than Θ𝑖 (denoted by �̂�

′
𝑖):

𝑃𝑀 [Θ𝑖] =
∫

𝑑𝑁−1�̂�
′
𝑖 𝑃𝑀 [�̂�] . (7)

Traditionally, one compares two models against available observa-
tions by comparing the associated evidence, and the model that
gives higher Bayesian evidence is interpreted to be more favoured
by the data. However, we will practice caution while comparing
our models with existing multi-frequency observations due to a few
additional considerations that will be explained later.

We now proceed to define the likelihood function relevant for
fitting our multi-frequency PA measurements. Our data consist of
PA measurements 𝑃𝐴a𝑖 , measured at three frequencies a at times
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Figure 5. The marginalised posterior distributions of the parameters �̂� computed using PA data at three radio frequencies while employing the jet precession
arising from (a) the spin model and (b) the disc model.

𝑡a𝑖 with uncertainties 𝜎a𝑖 . Assuming the uncertainties 𝜎a𝑖 to be
normally distributed, we can write the likelihood function as

L𝑀 [�̂�] ∝ exp
−
1
2

∑︁
a

∑︁
𝑖

©«
𝑃𝐴a𝑖 − 𝑃𝐴a𝑀

(
𝑡a𝑖 ; �̂�

)
𝜎a𝑖

ª®®¬
2 , (8)

where 𝑃𝐴a𝑀

(
𝑡a𝑖 ; �̂�

)
represents the 𝑃𝐴(𝑡) function defined in

equation (4) specialised for the observation frequency a while us-

ing the model 𝑀 , and
∑

a represents summation over the three
observation frequencies.

To estimate the parameters �̂� for our two models, we draw
samples from the posterior distribution. To this end, we employ
the nestle2 package which implements the Nested Sampling al-
gorithm (Skilling 2004; Feroz et al. 2009). This package provides

2 Available at https://github.com/kbarbary/nestle.
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Table 1. The prior distribution for the eight model parameters and median values of the fitted parameters with their 1-𝜎 uncertainties for both the spin model
and disc model.𝑈 [𝑎, 𝑏] represents a uniform distribution between 𝑎 and 𝑏.. The uncertainties are calculated from the posterior distribution of our parameters.
The natural log values of the evidences for both the models are given in the bottom row.

Parameters Unit Prior Distribution Spin Model Disc Model

\obs deg U[170,180] 175.07 ± 0.02 175.56 ± 0.04
𝜙obs deg U[65,80] 71.53 ± 0.03 72.61 ± 0.03
Δ𝑡86 year U[0,5] 2.830.09−0.08 3.43 ± 0.07
Δ𝑃𝐴86 deg U[-100,-50] −64.31+0.85−0.87 −75.43+1.21−1.14
Δ𝑡43 year U[5,10] 8.75 ± 0.03 8.55 ± 0.01
Δ𝑃𝐴43 deg U[-100,-50] −81.421.00−1.02 −76.51+0.66−0.67
Δ𝑡15 year U[10,16] 13.73 ± 0.04 13.44 ± 0.02
Δ𝑃𝐴15 deg U[-110,-70] −92.54+1.21−1.16 −88.06+0.88−0.80

lnZ -1133 -1543

the posterior samples and computes the Bayesian evidences Z𝑀

relevant for model comparisons. Further, we use broad uniform pri-
ors as listed in Table 1. We have verified that these priors are wide
enough and cause no noticeable impacts on our posteriors. The
marginalised posterior distributions for the spin model and the disc
model, computed from the posterior samples, are displayed in Fig-
ure 5. The median and 1𝜎 credible interval for each parameter are
listed in Table 1 for both the spin and disc models along with their
Bayesian evidences while employing radio data at three frequencies.

We gather from these results that the direction of observer’s
line of sight essentially remains the same for both the spin and disc
models (the average values for \obs ∼ 175.3◦ and 𝜙obs ∼ 72◦).
However, the mean time delay (Δ𝑡) for different frequencies are
different, Δ𝑡86 being the lowest and Δ𝑡15 being the highest. This
is consistent with the fact that the higher frequency observations
probe a region closer to the origin of the radio jet compared with
lower frequency observations. To model the dependency of Δ𝑡 on
the observation frequency, we have fitted the obtained Δ𝑡s with a
power law of frequency (a): Δ𝑡 ∝ a𝛼. After fitting with Δ𝑡s for 86,
43 and 15 GHz, we get 𝛼 = −0.66 ± 0.26 for the spin model and
𝛼 = −0.61 ± 0.20 for the disc model. Interestingly, the extracted
values of Δ𝑃𝐴 are also different for different frequencies and it may
be attributed to the bending of the radio jet as discussed above.

Let us now display in Figure 6 the fits to the observed PA
variations in our three frequency dataset while using the median
values estimated from the marginalised posterior distributions and
listed in Table 1. The three left panels show fits to the spin model
with the fit for 86 GHz PA data at the top, 43 GHz in the middle
and 15 GHz at the bottom. Similarly, the right panels are for the
disc model with the same ordering in frequency. The Bayesian fits
to the spin model are smooth, whereas the disc model shows short
timescale variations. The long-term behaviour of PA variations in
both models is broadly consistent with the available observations
including the sudden jumps in the PA values. While comparing the
Bayesian evidence values for these two models, listed in Table 1,
we see that the spin model gives larger evidence implying that
the combined datasets prefer the spin model over the disc model.
However, it should be noted that the Bayesian evidence values are
dominated by the more numerous lower frequency (15 and 43 GHz)
observations, for which reliable error bars are not available. We
use uniform 5◦ error bars for these data points following Hodgson
et al. (2017), as mentioned in Section 2. It is possible that we are
underestimating these error bars, which may be causing the large
difference in the Bayesian evidence values for our twomodels. Also,
it is plausible that the low-frequency observations do not accurately

track the direction of OJ 287’s jet or its evolution, which are possibly
influenced by other astrophysical effects that may be present as the
jet propagates away from the central engine. In contrast, for the
high-frequency (86 GHz) observations, which probe the jet closer
to its origin, we have fewer number of data points. Therefore, given
the data available at the present epoch and above astrophysical
considerations, we feel that there is no clear and robust evidence to
favour one model over the other.

Interestingly, the predicted PA variations of OJ 287 at different
frequencies show different trends for the spin and disc models in
the coming years. According to the disc model, PAs at different fre-
quencies should show persistent variations with 12-year timescales.
But, in the spin model, we do not expect such trends and the PA
variations are predicted to be quite flat. Therefore, the ongoing
and upcoming high-frequency and high-resolution VLBI observa-
tions may allow us to identify the more favourable model to explain
OJ 287’s observed PA variations. In what follows, we probe the pos-
sible implications of our efforts in the context of EHT campaigns
on OJ 287.

4.3 Implications for the on-going EHT campaigns on OJ 287

OJ 287 has been observed by the EHT in the 2017 and 2018 cam-
paigns, in combination with quasi-simultaneous GMVA+ALMA
and space-VLBI RadioAstron observations, with the aim to test our
BBH model for OJ 287. Further GMVA+ALMA observations in
2019, 2020, and planned observations for the coming years aim to
determine the innermost PA of the primary jet for comparison with
the BBH model predictions. These considerations prompted us to
estimate the primary BH jet orientations for the past and future EHT
observational epochs at 230 GHz and to probe implications if the
secondary BH develops a jet due to its impacts with the primary
BH accretion disc.

We specify the primary BH jet orientations by estimating the
expected radio jet PA values at 230 GHz at various epochs. We
gather from Section 4.2 that the time delay (Δ𝑡) decreases with
increasing observational frequency and the Δ𝑃𝐴 values also de-
pend on the frequency. Therefore, it is reasonable to expect that the
PA values at 230 GHz follow the existing and predicted trends at
86GHz, shifted backwards in time by 2 − 3 years with an unknown
vertical shift. Further, it should be possible to provide observational
constraints on our Δ𝑡 and Δ𝑃𝐴 at the 230 GHz frequency using
PA values, extracted from the 2017 and 2018 EHT campaigns on
OJ 287. With these observational constraints, we can provide pre-
dictions for the orientation of OJ 287’s radio jet on the sky plane for
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Figure 6. Fits to the variations in the PA of the radio jet at different frequencies with our two jet precession models. The three left panels show the fits with jet
precession from the spin model and the right panels show the fits with jet precession according to disc model. The fit for PA data at 86 GHz is shown in the top
panels while the middle ones are for 43 GHz and the bottom ones for 15 GHz. In all plots, green circles with error-bar represent the actual observed PA data
and the blue lines are the fit to the data with the models.

the near-future EHT observations. We may predict the expected PA
values at 230 GHz, similar to the way we predicted the possible PA
values that GMVA campaigns can measure at 86 GHz in the near
future.

Additionally, the EHT campaigns are capable of observ-
ing/resolving a secondary jet if the secondary BH supports a tem-
porary active jet. Interestingly, the occurrences of the so-called
precursor flares in the optical light curve were associated in the
model with the turning on of the secondary jet in OJ 287 (Pihajoki
et al. 2013). The optical data reveal that such precursor flares oc-
curred during 1993, 2005 and 2012. Therefore, it is plausible that
the secondary BH may sustain a temporary jet, although at present
there is no firm observational evidence for the presence of the sec-
ondary jet. But if the secondary jet is activated during the precursor

flares, it will appear as a secondary core along with a jet which
will first be visible in high-frequency radio observations pursued
by the EHT and GMVA consortia. Though the secondary core may
not be resolvable from the primary core, the secondary jet may be
observed as a new jet component and we explore below its possible
observational implications.

The exact timescale for the emergence of the secondary’s jet
depends on a number of unknown factors, including properties and
geometry of the accretion disc and its corona, the strength and
geometry of the magnetic field, and the density of the interstellar
medium (ISM) into which the jet is expanding (Giannios &Metzger
2011; Tchekhovskoy et al. 2014; Marscher et al. 2018). However,
among extra-galactic systems, the few observations of the time gap
between accretion events and subsequent jet ejection events all point

MNRAS 000, 1–12 (0000)



10 Dey et al.

to a timescale between days to months. Timescales of days have
been observed in stellar tidal disruption events (TDEs, Komossa &
Zensus 2016), some of which trigger temporary jets following the
stellar accretion (e.g., Burrows et al. 2011; Zauderer et al. 2011).
A timescale of several months has been observed in X-rays for the
2020 after-flare of the primary SMBH of OJ 287 (Komossa et al.
2020), while Marscher et al. (2002) found that the time gap between
accretion and jet ejection at 43 GHz radio frequency for the galaxy
3C120 is around 0.1 year.We therefore expect the delay to be around
a month or so if the secondary jet in OJ 287 becomes visible at high
frequencies of 230 GHz and 86 GHz.

We now focus on predicting the expected position of the sec-
ondary jet, projected on to the plane of the sky, which may appear
in a radio image of OJ 287 soon after the precursor and impact flare
epochs. The parameters from the disc model are used to explore
the secondary jet orientation on the sky plane. It is reasonable to
expect that the plausible secondary jet will be perpendicular to the
disc plane at various impact sites. The above direction turned out
to be essentially a constant in our PN-accurate evolution and not
influenced by the orbital phase of the secondary. This allows us to
calculate the PA of the secondary jet which may appear after the
secondary BH impact epochs (Pihajoki et al. 2013). In Figure 7,
we display apparent primary and secondary jet directions on the
sky plane at various epochs. The coloured solid lines denote the
observed and expected projected primary jet directions on the sky
plane at different epochs (we denote the expected primary jet direc-
tions in the near future according to the disc model). In the big circle
whose angular radius is roughly 3 mas, the plotted lines are broken
as we do include inferences due to all the three radio frequency (86,
43 and 15 GHz) observations. The secondary jet direction, expected
to appear in high-resolution radio observation of OJ 287, is marked
by the blue dashed line. This direction is deduced with the help of
parameters present in Table 1 and associated with the disc model.
To visualise the difficulty in distinguishing the presence of a plau-
sible secondary jet in the central engine of OJ 287, we provide its
zoomed-in version in the top right corner of Figure 7 that spans the
0.05mas part of its central region. Further, we mark the position of
the 2013 impact point in the zoomed-in region. We infer that it will
be very difficult to resolve the angular separation between the 2013
impact point and the primary BH position even during the EHT era.
It will be even more difficult to resolve the 2019 and 2022 impact
sites as the expected separation is estimated to be much smaller than
the 2013 value from the primary BH.

However, it should be possible to resolve the presence of two
jets in OJ 287 if they do not point in the same direction. The above
discussion suggests that these two jets should not point in the same
direction. In fact, the secondary jet is expected to point essentially
due north in our description. Further, we see that the primary jet
is rotated typically by ∼ 90◦ from the above direction. It is also
worthwhile to consider the analogy to TDEs here, as these also
represent temporary high-Eddington-ratio accretion events some of
which trigger temporary jets (review: Komossa & Zensus 2016).
While the inner jet ceases to be powered as the accreting matter di-
minishes, the outer jet will continue expanding into the surrounding
ISM (Zauderer et al. 2013). TDE jets typically reach their highest
radio brightness around a year after the initial disruption/accretion
event, consistent with predictions (Giannios &Metzger 2011; Yang
et al. 2016). If the secondary’s radio jet of OJ 287 undergoes a sim-
ilar evolution, the outer jet will become spatially better resolvable
since a radial distance of one light year corresponds to a spatial
scale of ∼ 67 `as in OJ 287.

Finally, it is interesting to point out that the past episodes of the

secondary’s disc impact would have also triggered temporary radio
jet emission. Evidence for these past transient jet ejections could be
searched for in archival deep radio observations of OJ 287. While a
unique association of such features with the secondary might turn
out to be difficult, these would appear as individual radio features
which deviate in direction and/or kinematics from the main jet of
OJ 287. Typical for these ‘remnants’ from the past secondary jet
activity is that they appear as faint streaks of emission, pointing
in a direction different than that of the primary jet, in deep radio
images of OJ 287. These statements may prove helpful if the high-
resolution radio images of OJ 287 support the plausible presence of
the secondary jet. The high-frequency radio observations of OJ 287
by the EHT consortium may provide our best opportunity to resolve
the presence of the primary and secondary jets in this blazar.

5 SUMMARY AND DISCUSSIONS

We explored the ability of our binary black hole central engine
model for OJ 287, developed from its long-term optical observa-
tions, to explain the high-frequency radio observations of this unique
blazar. We use the BBH model to describe OJ 287’s observed tem-
poral variations in the PA of its radio jet at 86, 43 and 15 GHz radio
frequencies. We provided two different prescriptions as we do not
know for certain what really determines the radio jet directions in
active galactic nuclei. In the spin model, we let the jet direction be
determined by the primary BH spin in OJ 287 while the disc model
employed the direction of the angular momentum of the inner region
of the accretion disc as its radio jet direction. Additionally, we em-
ployed the existing binary BH central engine parameters, extracted
from its optical observations, in both models while tracking the pre-
cession of the jet direction. A detailed Bayesian analysis reveals that
both these models, used for describing the precession of OJ 287’s
jet, can broadly explain the observed radio jet PA variations in dif-
ferent radio frequencies. Moreover, we have provided estimates for
the expected PA values for OJ 287 in the coming years, especially
at 86 GHz. These high-frequency observations are expected to fol-
low the actual pointing of the radio jet close to the central engine.
Therefore, it may be possible for us to pinpoint the most favourable
description for the radio jet precession in OJ 287 in the near future.
Further, we probed plausible implications of a transitory jet that
may emanate from the secondary BH in our BBH central engine
model for OJ 287 and provided rough estimates for the primary BH
jet direction in the EHT era images of the blazar.

It may be worth listing what the near future observational
campaigns might potentially achieve. At present, both models are
consistent with the long-term temporal variations in the jet PA at
different frequencies including the jumps. There is no clear and
robust evidence that the PA data, available at the present epoch,
favours one model over the other. However, our two models predict
different trends in PA variations for 86 GHz and 43 GHz obser-
vations in the coming years. For example, our disc model predicts
persistent PA variations that increase first and then decrease with
a 12-year timescale during the coming epochs, whereas in spin
model the PA smoothly decreases and then follows a flat line. The
on-going/upcoming GMVA campaigns should be able to distin-
guish such differences and help us to determine the more favourable
model. Further, it could be worthwhile to contrast the above pre-
dictions with what one might expect from a less sophisticated disc
model ofValtonen&Pihajoki (2013). In this rather simplisticmodel,
the radio jet is expected to swing further to positive PAs after 2014,
to about +20 degrees by 2017 at the 43 GHz resolution (Figure 6
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Figure 7. Observed and expected jet directions from the primary and secondary BHs, projected on the sky plane, at different epochs. All the lines, except the
dashed blue line, represent the projected primary jet at different epochs. The blue dashed line shows the expected projected secondary jet during early 2021 as
explained in the text. The 0◦ direction points towards the north and the concentric circles represent 0.5, 1, 2 and 3 mas separation on the sky plane, respectively.
At the top right corner, we show a zoomed-in version of the central portion up to 0.05 mas separation from the primary BH. The central (bigger) black dot
denotes the position of the primary BH and the smaller black dot indicates the position of the secondary BH on the sky plane during 2013 impact as prescribed
in our BBH central engine model.

of Valtonen & Pihajoki (2013)), which is different from what our
models predict. Therefore, it may even be possible to distinguish be-
tween the two versions of our disc models with the help of continued
high-frequency radio observations of OJ 287. It should be noted that
the present model is an improvement over the Valtonen & Pihajoki
(2013) model because we take into account the self-interaction of
the disc, and with a larger number of disk particles, are able to con-
centrate on the region within 6 Schwarzschild radii of the primary
where the disc angle variations appear most strongly. We would
therefore expect that the present model will follow observations
better than the old model. Therefore, a persistent multi-frequency
monitoring of the radio jet from OJ 287 should allow us to further
strengthen the presence of a BBH in OJ 287 and to conclude which
is the favoured model for its jet direction.

It will also be very interesting, as noted earlier, to substantiate
the presence of a secondary jet component in the EHT era radio
map of OJ 287. In our BBH model, the secondary BH can launch a
temporary jet after accreting matter during its precursor and impact
flare epochs. The next impact flare is predicted to happen during
the middle of 2022 (Dey et al. 2018) and if the secondary jet is acti-
vated, the presence of a secondary jet component may emerge in the
high-frequency radio map of OJ 287 with a time delay of ∼ a month.
Therefore, an appropriate EHT campaign during and after August
2022 should have the best opportunity to observe the possible ap-

pearance of the secondary jet in OJ 287. A similar appearance of
the secondary jet is again anticipated during early 2032. Our present
model indicates that the primary and secondary jets, projected on
the sky plane, should point in different directions. This opens up
the possibility of distinguishing the presence of a secondary jet
component in the EHT era radio image of OJ 287.
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