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Identifying the Secondary Jet in the RadioAstron Image of OJ 287
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Abstract

The 136 yr long optical light curve of OJ 287 is explained by a binary black hole model where the secondary is in
a 12 yr orbit around the primary. Impacts of the secondary on the accretion disk of the primary generate a series of
optical flares that follow a quasi-Keplerian relativistic mathematical model. The orientation of the binary in space
is determined from the behavior of the primary jet. Here, we ask how the jet of the secondary black hole projects
onto the sky plane. Assuming that the jet is initially perpendicular to the disk, and that it is ballistic, we follow its
evolution after the Lorentz transformation to the observer’s frame. Since the orbital speed of the secondary is of
the order of one-tenth of the speed of light, the result is a change in the jet direction by more than a radian during
an orbital cycle. We match the theoretical jet line with the recent 12 pas resolution RadioAstron map of OJ 287
and determine the only free parameter of the problem, the apparent speed of the jet relative to speed of light. It
turns out that the Doppler factor of the jet, 6 ~ 5, is much lower than in the primary jet. Besides following a
unique shape of the jet path, the secondary jet is also distinguished by a different spectral shape than in the
primary jet. The present result on the spectral shape agrees with the huge optical flare of 2021 November 12, also
arising from the secondary jet.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16)

1. Introduction

The low-redshift (z = 0.306 £+ 0.001; M. L. Sitko &
V. T. Junkkarinen 1985; K. Nilsson et al. 2010) blazar OJ 287

Sillanp@d in 1982, and since then, seven more flares have been
observed that fit the same pattern. All except one of these (the
1984 flare) were predicted in advance, the most prominent

has attracted a lot of attention due to the availability of a 136 yr
long optical light curve. Its prominent features are large flares.
The periodicity of the flares was first noticed by Aimo

Original content from this work may be used under the terms
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being the 2019 flare, which came only 90 minutes later than
anticipated (S. Laine et al. 2020). One more flare happened
since then, in 2022, but because of instrumental limitations, it
was caught only at a prestage (M. J. Valtonen et al. 2023;
M. J. Valtonen 2024). At the same time, more flares were
discovered in historical photographic plate studies so that only
eight of the expected 26 flares remain unconfirmed (R. Hudec
et al. 2013). All the unconfirmed ones are due to lack of known
photographs at the expected epochs.
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Figure 1. The PA of the radio jet in observations at 5 GHz and 8 GHz (points) from 1981 to 2010 and the theoretical line in the binary model (left; M. Valtonen
et al. 2012). Subsequent observational points at 86 GHz have continued to remain more or less on the theoretical line (right; L. Dey et al. 2021). Preliminary data
from 2017 to 2021 indicate that the jet continues to follow the model (G.-Y. Zhao 2025, private communication).

The model is based on the idea that the system consists of a
supermassive black hole binary of unequal masses. Every time
the secondary black hole impacts the accretion disk of the
primary, hot bubbles of gas are pulled out of the disk, and it is
the bremsstrahlung radiation of these bubbles that reveal the
orbit of the binary (P. B. Ivanov et al. 1998). The radiation
peak arises when the bubble becomes suddenly transparent and
the relevant timescale is the light-travel time through the
bubble. In practice, we are discussing days, depending
somewhat on how close to the primary the impact happens.
Using the timings of 10 flares, L. Dey et al. (2018, hereafter
Paper I) found an exact mathematical solution to the flare
timing problem, with nine accurately determined parameters.
Among the parameters are the primary mass m; = 18.35 =+
0.05 x 10°M.., the secondary mass m, = 150 + 10 x 10°M_.,
primary Kerr parameter y; = 0.38 4 0.05, orbital eccentricity
e = 0.657 £ 0.003, and orbital period (redshifted)
P = 12.06 £ 0.01 yr. One of the parameters in Paper I is the
so-called tail term in gravitational radiation. Since it is
calculable, it is not really a free parameter, and therefore, the
actual number of parameters is eight, and the complete
solution of the problem requires nine flares.

However, the dominant optical emission of OJ 287 comes
almost always from the jet of the primary black hole. The
overall light curve is well explained by the variations of the
accretion flow, induced by the presence of the secondary
(B. Sundelius et al. 1997). The accretion-flow variations not
only explain the past light curve since the year 1900, but they
have also made successful predictions, most notably the 2020
April-June superflare, which was intensively observed
(S. Komossa et al. 2020). The relevant timescale for the
accretion-flow flares is the half-period of the innermost stable
orbit in the accretion disk, about 50 days (P. Pihajoki et al.
2013a).

The radio light curve requires additionally modeling of the
direction of the jet, leading to changes in Doppler boosting, as
modulated by the binary motion. This explains the overall
radio variability structure in the data that have been collected
since the early 1970s (M. Valtonen et al. 2006). There is a 4 yr
delay between the changes in the initial jet and the radio
variability peaks. This is understood as a delay of transmission
of information from the center to distant parts of the jet. The
delay is frequency dependent: the 4 yr delay applies to high
frequencies (37 GHz), while at low frequencies, the delay is
longer (L. Dey et al. 2021).

Another long data set exists concerning the optical
polarization of OJ 287, beginning also in the early 1970s.
The optical polarization angle appears closely connected to the
projected direction of the innermost jet in the sky. It is
similarly modulated by the binary motion (M. J. Valtonen &
K. Wiik 2012; A. C. Gupta et al. 2023). Since the optical
frequencies are much higher than radio frequencies, the delay
in transmission of information to the optically radiating part of
the jet is short, and the variability in optical reacts to changes
at the center practically without delay (M. J. Valtonen
et al. 2021).

While the orbit is accurately determined, its orientation in
space cannot be determined without high spatial resolution.
The required resolution is obtained only at radio frequencies.
Fortunately, as recent observations have shown, the innermost
accretion disk in nearby active galactic nuclei is often
prominent at radio waves, and thus, the position of black
holes can be determined even if the resolution is not great
enough to detect the telltale ring around the black holes
(C. Goddi et al. 2021; H. Okino et al. 2022; R.-S. Lu
et al. 2023).

The primary jet of OJ 287 is resolved in observations. The
observations of the jet position angle (PA) go as far back as
1981 (D. H. Roberts et al. 1987). It is possible to model the jet
behavior simply by calculating the influence of the binary
motion on the inner accretion disk of the primary and to
assume that the jet comes out perpendicular to this disk
(M. J. Valtonen et al. 2011), an assumption that is justified by
magnetohydrodynamic simulations (M. Liska et al. 2018). As
Figure 1 shows, the data fitted well with the model up to the
year 2011 when the model was first published. Besides
explaining the 12 yr periodic structure, it predicted a large PA
jump in the jet at about this time. The jump was seen (I. Agudo
et al. 2012) and was referred to as “erratic jet wobbling,” as the
authors were not aware of the predicted behavior of the jet. It
was later shown that the jump arises from the jet passing
essentially through the line of sight, which also causes a
180° flip in the PA (M. J. Valtonen & K. Wiik 2012;
M. Valtonen & P. Pihajoki 2013).

L. Dey et al. (2021, hereafter Paper II) improved the
theoretical model and took account of the jet PA observations
at three radio frequencies. The new model used a hydro-
dynamical version of the particle code to model the inner
accretion disk. Its orientation varies in a cyclical manner with
the 12 yr period, and this is reflected in the PA observations.
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Figure 2. An illustration of the proposed astrophysical system of OJ 287. The primary black hole lies at the focal point of the eccentric orbit that has been determined
in Paper I. The primary black hole is surrounded by an accretion disk. Due to spin—orbit interaction, the central part of the disk out to a few Schwarzschild radii is
slanted relative to the main disk (J. M. Bardeen & J. A. Petterson 1975). There is a smooth transition from the inner disk to the outer disk (unlike in the figure). The
primary jet starts out along the axis of the disk. The time evolution of the axis of the inner disk is calculated in Paper II. The secondary black hole is shown at two
different orbital phases. Its accretion disk is parallel to the main accretion disk, and its jet therefore starts out perpendicular to the main disk. However, after Lorentz
transformation to the observer’s frame, the secondary jet is seen tilted in the direction of the orbital motion, and thus, its direction changes constantly. Here the

orbital motion is counterclockwise.

The best match between theory and observations arises at the
highest observing frequency of 86 GHz. The observing
frequency matters, as the highest frequency data refer to the
innermost jet, according to the model.

Using this model, it is possible to uniquely solve for the
orientation of the binary system in space. In this way, we have
complete information on the OJ 287 binary orbit, both on its
intrinsic parameters and on its projection onto the sky plane.
Paper II also calculates the position of the secondary black
hole in the sky with respect to the primary at the apocenter of
the orbit and the corresponding secondary jet direction at the
same epoch (in 2013).

As said above, Paper II models the behavior of the inner
accretion disk of the OJ 287 binary using the disk simulation
code of H. Salo (2012), in a manner explained in P. Pihajoki
et al. (2013b). The inner disk is found to closely follow the
spin direction of the primary black hole, except that its axial
direction varies somewhat faster than the spin direction.
Assuming that the direction of the primary jet is perpendicular
to the inner disk, the jet direction is determined at every
moment of time. See Figure 2. This direction shows up in very
long baseline interferometry (VLBI) observations as the
temporal evolution of the projection of the radio jet in the
sky. Data from three radio frequencies were used, with
the resolution of the jet increasing with frequency. In this way,
a snapshot of the jet at three different distances from the center

were taken. This information was enough to solve the main
parameters of the problem uniquely: the jet viewing angle at
some initial time and at all subsequent times, and the direction
of the major axis of the binary orbit in sky projection. The
parameters at the three frequencies vary slightly, indicating
that the jet has a helical structure.

In Figure 3 (left panel), we show a detail of Paper II: the
primary black hole is at the center, and the secondary black
hole is at a PA of about 35°, at the distance of 20 pas from the
primary black hole. This is when the secondary was at its
recent apocenter point in 2013. Since the binary orbit is
expected to be seen more or less edge-on, the secondary will
move back and forth in a nearly straight line, connecting the
two black holes, going from side to side over many orbits.

The projected jets coming from the black holes are given by
lines: the primary jet direction varies as a function of time,
with the color code referring to different moments of time. The
primary jet PA is around 315°, or —45°, as we label it in this
paper. The direction of the secondary jet at 2013, when the
secondary has no transverse motion relative to us, is shown as
a dashed line. Since the secondary is in constant motion, the
secondary jet direction is a snapshot and not generally
applicable.

Since the calculation of Paper II, a subparsec radio map was
made available by J. L. Gomez et al. (2022, hereafter
Paper III), capable of detecting both black holes as well as
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Figure 3. Left panel: the theoretical model of Paper 11, after fitting to the radio jet observations. The primary black hole is at the center, and the secondary black hole
is at a PA of about 35°. The blue dashed line is the initial direction of the secondary jet, while solid lines represent the primary jet at different times. The 2014 jet
direction should be close to the green line. Right panel: a detail of the RadioAstron map of J. L. Gémez et al. (2022) in the same scale and orientation as the
theoretical map. If the central component corresponds to the primary black hole, then the next one upwards marks the secondary black hole, and the highest
component represents a knot in its jet. The elongation of the individual components is not real but is a reflection of the beam shape.

the secondary jet, if they are bright enough. On the right-hand
panel of Figure 3, we show a detail of this map (provided
kindly by J. L. Gomez, Paper III), which has the unprece-
dented resolution of 12 pas in the direction of the line
connecting the two black holes of the left-hand panel. They are
the two black dots, at a PA of about 35° with respect to each
other, on the left-hand panel. The region shown here is thought
to include the primary black hole, at the center, represented by
a point source. Point sources appear elliptical rather than
circular in shape because of technical limitations of the space
VLBI interferometry. Two other point sources are also seen. A
comparison with the theoretical map of Paper II suggests a
possible identification of the two other point sources with the
secondary black hole and its innermost jet, respectively. This
high resolution was achieved by using a single space antenna
(RadioAstron) together with the global VLBI network. The
RadioAstron antenna was 15 Earth diameters away from us,
giving the maximum baseline of 190,000 km. The Radio-
Astron orbit has an apogee that is even longer, but the
detections were registered at these baselines. Since we had
only a single space antenna, the high resolution was achieved
only in one direction, but fortunately, this is the direction most
interesting to us. The higher resolution in one direction is not
only caused by the limitation to one antenna but also by the
projection of the orbit onto the plane of the sky at this PA.

Paper III discussed the map from the point of view of a
single jet interpretation, which is certainly valid, and at a time
when no evidence for the visibility of the secondary jet had yet
shown up, it was the only reasonable thing to do.

However, M. J. Valtonen et al. (2024, hereafter Paper IV)
point out that the rapid flare in OJ 287 on 2021 November 12
originated most likely from the secondary jet. Here, the
timescale is about 4 hr (P. Pihajoki et al. 2013b), the timescale
expected from the period of the innermost stable orbit in the
accretion disk of the secondary black hole. The main argument
is the size of the radiating region, determined from the
variability timescale measured by S. Kishore et al. (2024),
which is orders of magnitude too small for the primary jet,
even below the Schwarzschild radius of the primary black
hole, but in agreement with the expected cross section of the
secondary jet. Another argument comes from the spectral
energy distribution, which peaks at a much higher frequency
during the flare than outside it. Therefore, we may ask if the
secondary jet might also show up in the high-resolution radio

map, even though the RadioAstron radio map was taken about
a year after the expected bright optical flare in 2013 (which
was not observed due to insufficient monitoring coverage; see
Paper 1V). Paper IV also discusses the polarization properties
of the flare and concludes that the rapid flare is highly
polarized but along a different axis than the normal back-
ground emission, leading to a reduction in the overall degree of
polarization. This behavior is expected if we are dealing with
optically thin synchrotron radiation from two independent
sources. In this paper, we assume this to be the case.

The cosmological model adopted in Paper III has
0y =027,9,=0.73 and Hy="71kms " Mpc ™, and we use
them also in this paper. The angular scale of 20 pas then
corresponds to 18,481 au, which is practically the same as the
apocenter distance of the binary orbit. In calculation of speeds,
we note that the intrinsic time intervals at OJ 287 are shorter than
the corresponding interval observed by us by a factor of 1.306.

2. Secondary Core

Supposing that the core of the primary jet is the component
Cla of Paper 111, then Paper II places the secondary black hole
exactly on the first knot in the jet (see Paper III). This knot
would be about one contour level, or factor of 3, fainter than
component Cla. See Figure 3. Nothing else is known about
this knot, so we may ask if it is reasonable to expect the
secondary core to have this radio brightness.

In Paper I, the spin of the primary has been determined to
have a relatively low value (M. J. Valtonen et al. 2016)
although we have good reasons to believe that the secondary
black hole spins near its maximum speed (see Paper IV). This
high spin would be expected because the secondary receives
and accretes a new dose of gas at every disk crossing, always
with the same direction of the specific angular momentum.

In a jet whose power is extracted from the black hole’s spin,
via the Blandford—Znajek mechanism (R. D. Blandford &
R. L. Znajek 1977), the jet luminosity L; is estimated as a
function of the normalized spin J, the black hole mass m, and
the accretion rate 71 (in the Eddington units) as described by
P. Ghosh & M. A. Abramowicz (1997):

Lj ~ m" i8], €]

Using the parameters from Paper I and from M. J. Valtonen
et al. (2019), the primary spin is J ~ 0.38, and the primary
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mass is m ~ 122 times greater than the secondary mass, while
for the secondary, J ~ 1. Thus, putting ri1 = 1 for the
secondary, a likely value for temporary jets that are created by
a sudden burst of accreting matter, and m ~ 0.08 for the
primary, makes the secondary jet ~1/4 of the luminosity of
the primary. An Eddington accretion rate onto the secondary is
reasonable at the disk crossing time when the Roche lobe of
the secondary has been recently supplied by gas of the primary
disk. The calculated luminosity ratio is not far from the
luminosity ratio ~1/3 that is obtained by comparing the two
putative cores in the RadioAstron map. Note that the resolution
of the RadioAstron map is such that we are not anywhere close
to seeing the inner accretion disk rings around the two black
holes but will be looking at the inner parts of the jets, and thus,
the jet luminosity ratio is relevant.

There is no other proof that the second knot in the jet is
actually the radio core of the secondary. We have to wait for
new maps at the 10 pas resolution or better at different
frequencies in order to make further deductions about its
nature. The Radioastron system has not been available since
2019, and no comparable missions are currently planned. Even
though the core will not be seen in future VLBI experiments
for some time to come, the secondary jet should be easily
resolved, as we will discuss below.

3. Aberration

We calculate the track of the secondary jet on two
assumptions: (1) the jet starts out perpendicular to the
secondary accretion disk in the frame of the secondary black
hole; and (2) the jet is ballistic. The secondary accretion disk is
taken to be parallel to the primary accretion disk, since both
have the same origin of angular momentum. In the observer’s
frame, the jet is bent in the forward direction with respect to
the motion of the secondary due to aberration. Suppose that in
the reference frame of the observer, the source is moving with
the bulk speed v at an angle 6 relative to the line from the
observer to the light source at the time when the light is
emitted. Then using the Lorentz transformation, the observer
sees the aberration of light 6, given by

tan(6,/2) = [(1 + v/¢)/(1 — v/c)]/? tan(8/2). 2)

To estimate the magnitude of aberration, we note that the
typical orbital motion calculated in Paper I is ~0.1¢, where c is
the speed of light. If the jet moves close to ¢, then the
magnitude of aberration is ~0.1 radians. With the viewing
angles found in Paper II, Oy = 4.70 4 0.25 and ®gps = 72
0 + 075, this aberration is projected in the sky plane as an
angle of ~1 radian. Thus, aberration cannot be ignored in this
problem.

The polar angle ® is measured in the plane of the disk, and
the angle O is the distance from the disk axis. The orbital
motion takes place in the plane defined by ® = © = 0°. See
Paper 1II for the definition of the coordinate system.

The speed of the secondary perpendicular to the line of sight
was calculated in Paper I, and its approximate values may be
calculated from the coordinates given in Table 2 of Paper IV.
Note that the values in the table are in astronomical units and
in Earth years. The conversion factor from astronomical units
per year at Earth to the speed of light units at OJ 287, including
the redshift factor 1.306, is 2.069 x 107°. Here we use exact
coordinate values for higher accuracy. As aberration is a

Valtonen et al.

Table 1
The Effect of Aberration on the Secondary Jet

Epoch Year Aber AR PA PA, r

(deg) (pas) (deg) (deg) (pas)
2007.80 23 23.6 —14 -19 365
2007.87 4.1 23.4 —25 -30 361
2007.90 4.7 23.3 —28 -33 359
2007.94 5.4 23.1 =31 =35 357
2008.00 6.2 22.7 —34 —38 354
2008.30 8.0 20.5 -39 —43 337
2008.67 79 17.6 -39 —42 316
2009.01 7.3 15.1 —37 —40 297
2009.30 6.7 13.0 -36 —37 281
2009.67 5.9 10.7 -33 -35 260
2010.01 5.3 8.8 -31 -32 241
2010.31 4.7 7.3 —28 —28 225
2010.67 4.1 5.8 -25 —26 204
2011.01 3.6 45 -23 —24 185
2011.31 3.1 35 —20 —20 169
2011.68 2.6 2.4 —16 —16 148
2012.00 2.1 1.7 —13 —13 130
2012.32 1.7 1.1 -9 -9 112
2012.68 1.2 0.6 =5 -5 92
2013.00 0.8 0.2 -1 -1 74
2013.31 0.4 0.1 3 3 57
2013.68 0.0 0.0 8 8 36
2014.01 —0.5 0.1 14 14 17
2014.32 —-0.9 0.3 19 19 0

function of time, we give its values from 2014.32, the
approximate time of the RadioAstron map, backward in steps
of 1/3 of a year. The last few backward steps in 2007 are at
shorter time intervals because the speed changes rapidly. The
results are shown in columns (1) and (2) of Table 1.

In this model, the jet starts from the secondary black hole,
and consequently, its position in the sky changes with respect
to the primary. Column (3) of Table 1 provides the amount of
the change with respect to the 2014.32 position in pas. The
direction of the change is toward the primary, which can be
considered stationary for all practical purposes.

In column (4) of Table 1, we show the calculated PA of the
jet in the sky at different epochs. The jet PA in the sky that
corresponds to each value of aberration is calculated from
Equation (4) of Paper II:

€08 Ogps Sin Ojer cos(Pjer —
Sin Oje; sin(Pje; — Pops)

D) — sin Opps COS Ojey

PA = arctan( ) + APA.

3

As mentioned above, the orbital plane is defined by
® = © = 0° (Paper II). Thus, for the jet, ®;o, = 0°, and O
is given by the aberration angle (column (2) in Table 1). The
direction of the line of sight is specified by Oy = 4.7 and
D1, = 72°, according to the solution of Paper II. APA defines
the orientation of the orbital plane in the sky. In Paper II, it
varies depending on what frequency is used to determine it
because of the twisting of the jet; we use a typical value
APA = —82° which is the median value at the three
frequencies in the spin model.

Since the position of the secondary changes, the PAs have to
be corrected to the coordinate origin at the time when the
ballistic jet leaves the secondary. Using the values in columns
(3) and (4), we calculate the corrected PA_.s and give them in
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column (5). These are the values to be compared with
radio maps.

The last column in Table 1 gives the radial coordinates of
the ballistic jet at different times. Here, we encounter the only
free parameter of the problem: the apparent speed of the
ballistic jet in the sky (O, normalized to c¢. The numbers in
column (6) have been calculated assuming that 87 = 1. If it is
different, the scales will be stretched or compressed accord-
ingly. For the typical viewing angle O, = 4.7, this
corresponds to the actual speed 5 = 0.927 with respect to c,
the relativistic Lorentz factor v ~ 2.7, and the Doppler factor
6 ~ 5. The transverse speed is rather low in comparison with
other sources of well-developed jets (L. Vega-Garcia et al.
2020), more in line with relativistic jets observed in tidal
disruption events (F. De Colle & W. Lu 2020). This may not
be surprising considering the intermittent nature of the
secondary jet.

When we overlay the jet line with the RadioAstron image,
we see that the secondary jet follows components C1b to C2
and J6. Component J5 belongs to the primary jet in this
description, and it goes further to components J4—IJ1 (see
Paper III). Both jets turn about 90° in all, due to small angle
variations and projection effects (Paper II).

4. Discussion

Besides the steady jets, it has been realized in recent years
that new jets can suddenly appear, for example, in X-ray
binaries and during tidal disruption events (N. D. Kylafis et al.
2012; F. De Colle & W. Lu 2020). Therefore, it is not excluded
that new jets may appear also in the OJ 287 system. According
to numerical simulations, the trigger for the new jet coming
from the secondary black hole would be its crossing through
the accretion disk of the primary (P. Pihajoki et al. 2013b). It
should be short-lived and appear about twice per orbital
period. Figure 2 illustrates the binary black hole model.

What happens to the jet of the secondary black hole when it
goes through the accretion disk of the primary? We may
assume that the jet is anchored to the innermost part of the
accretion disk, say, within 3 Schwarzschild radii of the
black hole (Blandford—Znajek model, R. D. Blandford &
R. L. Znajek 1977; Payne-Blandford model, R. D. Blandford
& D. G. Payne 1982). Then, the question is what happens to
this part of the disk during the transit. In order to compare the
physical quantities in the primary and secondary disks, we may
use the standard scaling laws for magnetic accretion disks
(L. Stella & R. Rosner 1984).

The density n scales as

n ~ m—O.Sm—OAr—O.()(l _ r—O.S)—O.4’ (4)
while the magnetic flux density B scales
B ~ m70.4m7().8r718(1 _ r70.5)().8 (5)

where m is the mass of the black hole, m is accretion rate in
units of the critical rate, and r is the distance in units of the
Schwarzschild radius of the black hole (M. J. Valtonen et al.
2019). In order to calculate the ratios of n and B in the two
disks at the relevant distances from their central black holes,
we put m = 122 (the mass ratio of the two black holes),
m = 0.08 (the accretion rate ratio), and » = 10 (the distance
ratio from each black hole, when we look at the primary disk
about 10 times farther from the center than the secondary disk,
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in Schwarzschild units), and we get n ~ 0.010 and B ~ 0.012.
It means that the secondary disk has about 100 times the
density of the matter that it is passing through, and its
magnetic field is also about 100 times stronger than the field in
the surrounding medium. Furthermore, the speed of the wind
that the accretion disk reaches is only about one-third of the
orbital speed in the disk.

It is obvious that the central part of the smaller black hole
disk is hardly aware that it is traversing through the bigger
disk; the latter is so tenuous and weakly magnetized that the
influence must be minimal. Primarily, we expect that the disk
would be somewhat puffed up with respect to the standard
disk, since the total surface density (surface density is the disk
thickness times the density where the thickness is proportional
tom x m, L. Stella & R. Rosner 1984) of the big disk is about
10% of the surface density of the secondary disk in the
standard model, enough to affect the vertical velocity
dispersion in the disk. The disk crossing becomes apparent
to the small disk only after the gas from the primary disk starts
to flow on top of the small disk, in the manner calculated in
detail by P. Pihajoki et al. (2013b). In contrast, the tenuous
bigger disk is strongly shocked and displays phenomena that
we described above. The amount of gas pulled out of the disk,
about 16M, per impact, is so small, that it plays no detectable
role in the overall dynamics of the binary system (P. Pihajoki
et al. 2013b).

In a seminal study on 3D GRMHD model of magnetized
accretion onto a spinning black hole by A. Tchekhovskoy et al.
(2011), the initial condition is a torus of inner radius 15
Schwarzschild radii with a density maximum at 34 Schwarzs-
child radii, which are about the same scales that we are
studying in the smaller tidally truncated disk.

One can see from their Figure 1 that accretion and a strong
jet power are sustained well above 10* dynamical times, up to
at least 3 x 10* dynamical times, which would correspond to
about 14 yr for a dynamical time of 4hr in case of the
secondary black hole. In other words, according to this study,
it looks like even if the secondary disk is truncated to tens of
Schwarzschild radii, a strong jet can still be maintained over
the duration of the binary orbit of the secondary black hole.

Therefore, it appears that the jet of the smaller black hole is
always present, in spite of the frequent collisions with the big
disk. This should be confirmed by hydromagnetic simulations
but has not been done so far. It may soon become within
capabilities of the current numerical codes.

There are patterns in radio source maps that are well
explained by turning jets, both in extragalactic double radio
sources and in Galactic sources such as SS 433 (A. H. Bridle
et al. 1989; K. G. Biju et al. 2017). Magnetohydrodynamic
simulations produce structures that can be matched with
observations when viewed from suitable angles (C. Nolting
et al. 2023). As we have explained above, the temporary jet in
OJ 287 is likely to turn over large angles, and as far as we
know from theory and observations, such turning jets are
possible and even relatively common (P. L. Gopal-Krishna
et al. 2003). It is also possible that some of the X-shaped radio
sources have intrinsically two jets, creating two misaligned
pairs of radio lobes, rather than possessing a single turning jet
(J. P. Leahy & P. Parma 1992).

We would like to emphasize that the model discussed here is
unique in that it explains at the same time the 136 yr optical
light curve and the 40 yr set of radio jet observations in OJ
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Figure 4. The image of OJ 287 at the record-breaking resolution of 12 pas, achieved in space VLBI when the RadioAstron telescope was 15 Earth diameters away
from the ground-based telescopes (a distance of about 190,000 km, comparable to about half of the semimajor axis of the Moon orbit). The present primary jet
direction is at about —45°, i.e., it goes through component J5. The path of the primary jet between the primary core Cla and J5 is not known and has to be determined
by future high-resolution observations. The highest-resolution image agrees with the secondary jet, starting from the knot between components Cla and C1b toward
a PA of about +15°. The two innermost components at the beginning of the jet lie at positions expected for the two black holes at the time of the observations in 2014
(see Figure 1). Superposed on the map is the jet line from Table 1 (star symbols). For the original RadioAstron map, see Paper III.

287. Even though one could imagine many different scenarios
in the framework of Figure 2, only a very well-defined
scenario satisfies the observational requirements. Other
wavelength regions do not have anything comparable to these
data sets in length and number of observations. In a few
decades, we will be also able to add, e.g., X-ray or gamma-ray
light curves to the discussion with a similar weight.

With this radio emission taken to be split between the two
jets, we find that there is a major spectral difference between
them. The primary jet peaks at low frequencies, while the
secondary jet has its maximum power at high radio
frequencies. The peak contours of component C2 mark the
position where we expect the jet to have propagated after
receiving a strong boost from the disk crossing of 2013. It is
interesting that the inner jet is brightest just where it is
expected to be, at the location marking this boost. In the
optical region, the secondary jet flare is differentiated from
normal flares of the same size such that the peak of the energy
distribution is at a much higher frequency than in the normal
emission (Paper IV).

Another prominent difference between the jets is in the
transverse motion (7. From Paper II, we find that the motion
from the core to the component J5 takes place with Gy ~ 4,
while the present overlay confirms that in the secondary jet,
OBr ~ 1. Since the projection factors are rather similar for both
jets, we conclude that the secondary jet is also intrinsically
slower. The values of ¢ are ~5 and ~10 (corresponding to

v ~ 2.7 and v ~ 5.5) in the secondary and primary jets,
respectively. Applying Table 6 of Paper III to components J5
and J6, we find that the equipartition magnetic field is about 20
times higher in the secondary jet than in the primary jet; this,
as well as the lower ¢ in the secondary, contribute to the higher
turnover frequency in the secondary jet than in the primary jet
(K. I. Kellermann & 1. 1. K. Pauliny-Toth 1981).

The secondary jet line will swing back and forth around the
dotted line of Figure 1 in phase with the 12 yr orbital period. It
should be easy to verify this “wagging of the tail” of the
secondary black hole, when we have new epochs of
observations with 40 pas resolution or better. We should find
the aberration tail in quite a different place and of a different
shape every time we observe the secondary jet. Additionally,
during the swing of the tail to the left (to the east in the sky)
the viewing angle increases, and that should make the jet
appear weaker. It may also be important that half of the time,
the secondary is behind the disk, and that could have an effect
on the jet. The 2014 RadioAstron epoch was in many ways
fortuitously optimal for the detection of the secondary jet.

Column (6) of Table 1 (the distance of the “stars” from the
primary in Figure 4) was calculated assuming uniform motion
in the sky of the plasmons in the ballistic approximation. We
have also looked at the possibility that the motion becomes
nonuniform in the sky plane and even reverses back due to
changes in the viewing angle of the secondary jet. It turns out
that this makes little difference to the main shape of the
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secondary jet, except at the very end (the last four “stars” in
Figure 4), where the jet appears to turn back, instead of going
north—east (as in Figure 4). A loop appears to form at the end
of the jet according to this calculation. This is because of the
rapid change of aberration, resulting also in the change of
the viewing angle of the secondary, which again makes the
transverse motion appear to slow down in the sky. Thus, the
distances of the last four points should really be closer to
the center than in Figure 4. There are two additional
parameters in this calculation, the minimum angle between
the two jets and the opening angle of the primary jet. These
parameters could be determined when we have at least two
maps of the secondary jet, at two epochs. We have to wait until
the 2022 VLBI map is released to do this.

When the secondary is behind the primary from our viewing
direction, it is possible that the two jets intermingle and that
complicated flow patterns arise. The last time this happened in
OJ 287 was around 2018. See Paper IV for the details of the
orbit. The ballistic method used in this paper is obviously too
simple to try to model this situation, and in fact, we are not
aware that anyone has ever applied magnetohydrodynamic
methods to two jets crossing each other.

The RadioAstron map produced in 2016 did not have
sufficient resolution (530 pas) for this study (I. Cho et al.
2024). The 86 GHz observations at the global VLBI were
better: they produced a map of OJ 287 at 40 pas resolution on
2017.3 (G.-Y. Zhao et al. 2022). At this time, the original jet
PA should have been about +68°, the transverse motion
Br ~ 0.5, and the Doppler factor 6 ~ 4 due to the relatively
large viewing angle of the jet of ~10°; therefore, the initial
transgression of the jet to the left (east) fits inside the lowest
contour levels of the component CO in the 86 GHz map. As the
jet luminosity goes roughly like 6%, the expected jet brightness
is reduced at least by a factor of 2 as compared with the 2014
RadioAstron map. It is also possible that the secondary jet
brightness fades with time since the last disk crossing: the
2014 map was produced less than a year after the crossing,
while the 2017 map was 4 yr after, as was pointed out by
G.-Y. Zhao et al. (2022).

Quantitatively, an accretion disk cut off from mass supply
should decrease in brightness exponentially. Comparing the
fluxes of components C2 and Cla, which are generated at 1 yr
intervals in the model, it appears that the e-folding time, i.e.,
the decrease of the flux by the exponential factor e, is about
1 yr. Extrapolating from there to the jet components generated
between 2014 and 2017, up to 3 yr from the observing epoch
of 2017.3, we find that the flux of this part of the jet should be
about 100 mJy at 22 GHz. It is within the error limits of the
central component C1 with the flux 520 + 110 mJy at the same
frequency (Paper III). Therefore, this part of the jet will blend
with the central component and is not detectable separately.
However, in the larger scale, the “eht-imaging” and “SMILI”
versions of the map (“eht-imaging” and “SMILI” refer to
particular software packages used in interferometric imaging)
found a similar inner jet shape as was seen in the 2014
RadioAstron map, as is expected if it arises from the secondary
black hole.

The subsequent occasion when the ballistic jet method could
be applied again was in 2022, the next disk impact from the
same side as the 2013 impact. A VLBI radio map from this
period of time is in preparation (G.-Y. Zhao 2025, private
communication). Note that in this case, the impact takes place
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before the apocenter of the orbit when the secondary is still
moving away from the primary, corresponding to the part of
the jet in Figure 4 roughly from the sixth “star” (representing
2012.68 in Table 1) downstream. When the secondary is
placed at this position, the jet starts out at PA ~ —20° and is a
little shorter than in the 2014 map. More exact comparison has
to wait for the finishing of the radio map. After this, the
visibility of the secondary jet should disappear until the 2030s
when we come again to the corresponding orbital phase in
0J 287.

We emphasize that the ballistic jet model is the simplest
possible. In more advanced work, one should take into account
phenomena like plasma instabilities leading to energized
regions of jets. These will definitely change the detailed flux
density distribution both in the primary and secondary jets of
0J 287 (L. Vega-Garcia et al. 2020).

5. Conclusions

The behavior of the primary jet in OJ 287 is well understood
in the same binary model that explains 18 timings of big
optical flares. Until recently, the role of the secondary black
hole has been distinctly “secondary,” i.e., no major flares
coming from it had been verified. The situation changed with
the huge 1 day flare, seen 2021 November 12 at 2 am UT
(S. Kishore et al. 2024). It is difficult to understand it as
anything else than radiation from the secondary jet.

This has prompted us to take a new look at the 2014
RadioAstron radio map at 22 GHz, which has a 12 pas
resolution. The entire secondary jet, not just its core, should be
seen. We have calculated the effect of aberration on the jet and
find that it causes a very prominent and easily recognizable
pattern in the sky. This pattern is seen in the inner jet of OJ
287, and for this reason, we suggest that it may indeed be the
secondary jet. The shape and orientation of the secondary jet
are fully determined by the dynamical model, as well as the
historical record of the primary jet over the period of more
than 40 yr. The only unknown quantity is the scale of the jet
that depends on the average projected jet speed in the sky. By
fitting the theoretical and observed radio maps, we determine
also this final parameter.

This is an important parameter, as it offers a view into the
internal dynamics of the secondary jet. We find that the
secondary jet is relatively slow in comparison with the primary
jet. Previously, in Paper III, the physical properties of the
primary jet component J5 and the secondary jet component J6
(in our view) were determined. Armed with the present
determination of the jet bulk flow speeds, we combine the
information from Paper III with ours and find that the Doppler
factor 6 is about twice as high in the primary jet as in the
secondary jet, while the equipartition magnetic field B is in the
ratio 20:1, in favor of the secondary jet.

One cannot exclude the possibility that the RadioAstron
map has only one jet, the primary jet, as was discussed in
Paper III. The path of the primary jet, as calculated in the
model of Paper II, is undetermined between the central
component and component J5. We see from Table 1 that the
aberration angle for the secondary jet and the viewing angle of
the primary jet more or less coincide between components C2
and J6. Thus, the two jets could be overlapping. In the
overresolved RadioAstron map, the higher surface brightness
secondary jet would dominate, while in lower-resolution maps,
it would be the primary jet. The paths of the two jets would be



THE ASTROPHYSICAL JOURNAL, 992:110 (9pp), 2025 October 10

distinctly different from the central component Cla or C1b to
the knot C2.

When the resolution close to that provided by RadioAstron
is achieved again, in the future, perhaps at 0.85 mm in the
global VLBI in the mapping of the jet near to the disk
crossings at 2022 and 2032, it would be possible to verify the
“wagging of the tail” of the secondary black hole.
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