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ABSTRACT

We present total intensity and linear polarization images of OJ 287 at 1.68 GHz, obtained through space-based very long baseline
interferometry (VLBI) observations with RadioAstron on April 16, 2016. The observations were conducted using a ground array
consisting of the Very Long Baseline Array (VLBA) and the European VLBI Network (EVN). Ground-space fringes were detected
with a maximum projected baseline length of ~5.6 Earth’s diameter, resulting in an angular resolution of ~530 uas. With this un-
precedented resolution at such a low frequency, the progressively bending jet structure of OJ 287 has been resolved up to ~10 parsec
of the projected distance from the radio core. In comparison with close-in-time VLBI observations at 15, 43, 86 GHz from MO-
JAVE and VLBA-BU-BLAZAR monitoring projects, we obtain the spectral index map showing the opaque core and optically thin
jet components. The optically thick core has a brightness temperature of ~10'3 K, and is further resolved into two sub-components at
higher frequencies labeled C1 and C2. These sub-components exhibit a transition from optically thick to thin, with a synchrotron self-
absorption (SSA) turnover frequency estimated to be ~33 and ~11.5 GHz, and a turnover flux density ~4 and ~0.7 Jy, respectively.
Assuming a Doppler boosting factor of 10, the SSA values provide the estimate of the magnetic field strengths from SSA of ~3.4G
for C1 and ~1.0 G for C2. The magnetic field strengths assuming equipartition arguments are also estimated as ~2.6 G and ~1.6 G,
respectively. The integrated degree of linear polarization is found to be approximately ~2.5%, with the electric vector position angle
being well aligned with the local jet direction at the core region. This alignment suggests a predominant toroidal magnetic field, which
is in agreement with the jet formation model that requires a helical magnetic field anchored to either the black hole ergosphere or the

accretion disk. Further downstream, the jet seems to be predominantly threaded by a poloidal magnetic field.

Key words. galaxies: active — galaxies: jets — quasars: supermassive black holes — radio continuum: galaxies

1. Introduction

0J 287 (08514202, J0854+2005, z = 0.306; Stickel et al. 1989)
is one of the most studied BL Lacertae objects and considered
to be a strong candidate for harboring a supermassive black
hole binary (SMBHB) system at its center (e.g., Sillanpaa et al.
1988; Lehto & Valtonen 1996). For that reason, it attracts spe-
cial attention as one of the most promising gravitational wave
emitters at nano-hertz frequencies (e.g., Valtonen et al. 2021).
In the optical regime, two quasiperiodic outbursts of ~12yr
and ~60 yr have been observed, which may be attributed to the
gravitationally bound system of SMBHB (e.g., Valtonen et al.
2016; Komossa et al. 2020). Accounting for general relativistic

effects, it is predicted that the system consists of primary and
secondary supermassive black holes (SMBHs) of ~1.8x10'° M,
and ~1.5 x 108 My, respectively (e.g., Dey et al. 2018), with an
orbital major axis of 0.112 pc (~26 microarcseconds, pas; e.g.,
Valtonen et al. 2008). However, recently, Komossa et al. (2023)
suggested an alternative SMBHB model which involves a pri-
mary SMBH of a much lower mass, 108 M5, and does not
require strong orbital precession. In radio regime, OJ 287 has
been intensively studied, especially by means of very long base-
line interferometry (VLBI) observations. Owing to its massive
central black hole and low redshift, this source has been a very
efficient study case for investigating the launching and accel-
eration mechanism of relativistic jets in active galactic nuclei
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(AGN) by resolving its innermost structure. Until now, the for-
mation of a jet has been explained by two different mecha-
nisms: (1) by the rotational energy of the black hole (BZ process;
Blandford & Znajek 1977), and (2) by the differential rotation
of the accretion flow (BP process; Blandford & Payne 1982). In
addition the combination of both has been also suggested (e.g.,
Chiaberge et al. 2000). To probe these mechanisms, it is essen-
tial to resolve the fine structure in the vicinity of the black hole,
where the jet base is thought to be located. This necessitates
observations with extremely high angular resolution. An exam-
ple of such study has been presented recently by the Event Hori-
zon Telescope (EHT). In combination with multi-wavelength
observations by other instruments, the EHT has revealed a poten-
tial prevalence of the BZ process in the center of M 87 by resolv-
ing its black hole shadow at 230 GHz with angular resolution of
~20pas (e.g., Event Horizon Telescope Collaboration 2019). A
similar EHT study of OJ 287 will be presented in a forthcoming
paper (Gémez et al., in prep.).

Interestingly, many previous studies have found the jet
of OJ287 to be wobbling on parsec (pc) scales, as inferred
from the observation of position angle (PA) variations with
a period ~24-30yr (e.g., Cohen 2017; Britzen et al. 2018).
This might support the SMBHB scenario, involving the jet
precession by the binary companion (e.g., Dey etal. 2021).
However, alternative models cannot still be ruled out, such
as the accretion flow instabilities (Agudo et al. 2012) or res-
onant accretion of magnetic field lines (Villforth et al. 2010),
Doppler beaming effects of a precessing jet (Britzen et al. 2018)
or jet helicity (Butuzova & Pushkarev 2020), Lense-Thirring
effect by the misalignment of black hole and accretion disk spin
axis (e.g., Lense & Thirring 1918; Thirring 1918; Liska et al.
2018; Chatterjee et al. 2020), and a helical distortions of the jet
by magneto-hydro-dynamic (MHD) instabilities (e.g., current-
driven or Kelvin-Helmholtz; Mizuno et al. 2012; Perucho et al.
2012; Vega-Garcia et al. 2019).

It has been also shown that the jet in OJ287 is bent at de-
projected distances from the central black hole of several to tens
parsecs. While the innermost jet is mostly extended along the
northwest direction (e.g., Zhao et al. 2022), the progressive jet
bending towards southwest is found downstream the jet (e.g.,
Gomez et al. 2022). This might be an indication of the change of
the jet launching PA with time “imprinted” in the PA of different
sections of the downstream jet. Recently, Lico et al. (2022) have
indeed found that the jet structure changes at 86 GHz over the
period of ~2yr, 2015-2017. These changes can also be inves-
tigated in the downstream jet structure through observations at
lower frequencies (e.g., - 1 GHz).

The RadioAstron space VLBI mission (Kardashev et al.
2013) offered an excellent opportunity to probe larger scale jet
structures with sub-milliarcsecond (mas) angular resolution. The
main component of the mission was a 10-m radio telescope on
board the Spektr-R satellite which operated on a highly eccentric
orbit with the initial period of ~9 days. This orbit near the apogee
provided the longest interferometric baselines to ground radio
telescopes of about 350 000 km. The spaceborne radio telescope
(SRT) of this mission was able to observe at four frequency
bands (0.32, 1.6, 4.8, and 22 GHz) in the dual polarization mode.
A brief comparison of the specifications of the RadioAstron mis-
sion with two other space VLBI systems, TDRSS' and VSOP?,
is given in Gurvits (2023). With global VLBI arrays (e.g., the
Very Long Baseline Array, VLBA, and the European VLBI

! The geostationary Tracking and Data Relay Satellite System.
2 The VLBI Space Observatory Program.
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Network, EVN) as ground-based elements of the system, the
RadioAstron observations could provide interferometric detec-
tions on baselines reaching several times the Earth diameter, pro-
portionally exceeding the highest angular resolution accessible
to ground-only VLBI networks.

In this study, we have analyzed the RadioAstron observation
of OJ 287 at 1.68 GHz with dual polarization mode. The layout
of this paper is as follows. We first summarize the RadioAstron
observation, data reduction and imaging processes in Sect. 2. In
Sect. 3, the results from total intensity and polarization images
are presented. Here the independent results from adjacent VLBA
observations at 15 and 43 GHz are compared together to derive
the spectral index and light curves. In Sect. 4, we further discuss
the results and summarize their implications for future studies.
The following cosmological parameters are adopted throughout
this paper: Qu = 027, Qy = 0.73, Hy = 71kms~! Mpc™!
(Komatsu et al. 2009), which result in a luminosity distance (D)
and angular scale of OJ287 as 1.577 Gpc and 4.48 pc mas™',
respectively.

2. Observation, data reduction, and imaging
2.1. Observations

0OJ 287 has been observed by the RadioAstron mission at
1.676 GHz (1 = 18.2cm; L-band) on 2016 April 16, from
UTO05:00 to UT19:00 (14h in total; the experiment code
GGO079B), together with the calibrators 07164714, 3C 345,
1633+382, 3C 84, NRAO 150, and AO 0235+164. The 19 tele-
scopes on Earth and SRT have participated in the experiment
(see Table 1). The ground array consists of 11 telescopes in the
US (10 VLBA stations and Green Bank Telescope) and 8 tele-
scopes in Europe, so the longest Earth-based (u, v)-distance was
~70 MA. The SRT provided the baselines longer than the Earth’s
diameter (Dg) resulting in the (u, v)-extension up to ~380 MA
(5.6 Dg; see Fig. 1) corresponding to an angular resolution of
~0.5 mas. The raw VLBI data were recorded with 16 MHz per
intermediate frequency (IF) band x4 IFs® for the ground array
(i.e., 64 MHz total bandwidth) and x2 IFs for SRT (IF3 and IF4;
32 MHz total bandwidth), in both left- and right-handed circular
polarizations (LCP and RCP, respectively).

2.2. Data reduction

The observational data consist of two sets corresponding to two
Earth-based sub-arrays, the EVN and VLBA. Both arrays con-
sistently observed OJ 287, while the calibrators were observed
intermittently by each sub-array. The data were first processed
using the DiFX software correlator with a dedicated version for
RadioAstron (Bruni et al. 2016).

For the post-correlation data reduction, the NRAO Astro-
nomical Imaging Processing System (AIPS; Greisen 2003) has
been used. First, the cross-correlated amplitudes were corrected
using the auto-correlated amplitudes (ACSCL) and the bandpass
for only amplitudes were corrected (BPASS). Note that the auto-
correlation amplitudes at this step have a slight offset from unity
so a small adjustment needs to be applied with ACSCL*. For the
a priori amplitude calibration, we used the AIPS APCAL task
with available system temperature and antenna gain information
following the calibration method described in Cho et al. (2017).

3 TF1: 1.620-1.636 GHz, IF2:
1.668 GHz, IF4: 1.668-1.684 GHz.
4 VLBA Scientific Memo 37.

1.636-1.652GHz, IF3: 1.652—
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Table 1. Stations.

Name Station Diameter SEFD(
code (m) dy)
VLBA-Brewster BR 25 361
Effelsberg EF 100 19
VLBA-Fort Davis FD 25 327
Green Bank Telescope ~ GB 100 9N
Hartebeesthoek HH 26 485
VLBA-Hancock HN 25 470
Irbene IR 32 19110
Jodrell Bank JB 25 82
VLBA-Kitt Peak KP 25 489
VLBA-Los Alamos LA 25 648
Medicina MC 32 880
VLBA-Mauna Kea MK 25 445
VLBA-North Liberty NL 25 422
VLBA-Owens Valley ov 25 423
VLBA-Pie Town PT 25 397
Spektr — R RA® 10 2818
Robledo RO 70 —GH
VLBA-Saint Croix SC 25 318
Torun TR 32 760
Westerbork WB 25 443

Notes. M The values are calculated from the averaged system temper-
ature, characteristic gain curve and the effective aperture size. PIn the
data, this is labeled as R1 and R2 for each of the two Earth-based sub-
arrays. " These are estimated from RCP-only (see Sect. 2.2), while the
others are averaged across dual polarization. ¥YNo system temperature
measurements.

The atmospheric opacity correction was not applied since the
effect is negligible at the frequency of 1.7 GHz. At this step we
found that the amplitudes at IF1 showed larger scatter at all sta-
tions. The measured system temperatures (7Tys) were also much
more scattered than in the other IFs, and the task could not cor-
rect the amplitudes properly (see Appendix A). A similar behav-
ior was found in the data from JB (all IFs) and a few VLBA
stations (KP, LA, MC in IF4). This station-based problem has
been treated later at the self-calibration stage of the processing
using the reconstructed image.

As for the phase calibration, the ionospheric effect (only for
the ground array) and parallactic angle corrections (VLBATECR
and VLBAPANG, respectively) were first applied. The instrumental
phase and delay offset correction was made using the best fringe
fit solutions on a short segment of data (FRING). The global
fringe search was done with the ground array first, and then fur-
ther searched for the ground-space baselines. Due to the differ-
ent acceleration of SRT in its orbit, different solution intervals
were applied for each scan (e.g., 10—180 s). As aresult, the phase
delay and fringe frequency solutions were successfully obtained
with signal-to-noise ratio (S/N) > 5 up to a baseline length of
~385 M A. With this, the bandpass calibration was done for both
amplitudes and phases using the cross-power spectra. The delay
between LCP and RCP was obtained through RLDLY.

After the calibrations, the data were averaged within each
IF and coherently time averaged over 5 min (Fig. 2 for the visi-
bility amplitudes and phases). Before imaging, outliers and low
S/N points (e.g., S/N < 7) were flagged out. The RO station
recorded single-polarization at each IF — in particular in the for-
mat of RCP-LCP-LCP-RCP at IF1-4, espectively. However, a
phase-offset issue was identified at IF1 and IF4, resulting in the

utilization of only IF2 and IF3 data with LCP polarization. At
the GB station, the L-band receiver encountered an issue that
caused a phase difference of ~90° in each polarization, resulting
in near-zero signal for the LCP polarization. As a result, only
RCP data were utilized as pseudo Stokes / for imaging. A simi-
lar issue was also identified at the IR station, and only RCP data
were used accordingly.

2.3. Imaging

For imaging, we have applied a conventional VLBI imaging soft-
ware, Difmap (Shepherd et al. 1994), which is based on the clas-
sical CLEAN algorithm. This models the image as a collection
of point sources from the inverse Fourier transform of the sam-
pled visibilities.

We first implemented the iterative CLEAN and self-
calibration with the ground array. Note that, at this step,
the data showing spurious amplitudes (i.e., IF1 at all sta-
tions, all IFs at JB, and IF4 at KP, LA, MC) and having
receiver issues (i.e., RO, GB, IR) were first flagged out. Then
the CLEAN imaging was implemented with the remaining
data. After that, full data including the flagged points (i.e.,
unflag) were self-calibrated with the obtained image. After the
phase and amplitude self-calibration for all ground stations
with the solution interval down to 5min, the CLEAN mod-
els were removed and the SRT was included for imaging so
that we could have the higher angular resolution. In this step,
the same CLEAN windows from ground array imaging were
used and only the SRT was self-calibrated for both phase and
amplitude. This prevents the over-substraction of the CLEAN
components. We have tested different uv-weighting parameters
for both uniform (UVWEIGHT =[2,0], [2,—1] [2,-2]) and natu-
ral (UVWEIGHT=[0,—-1], [0,—2]) weighting, and found the best
parameter to be UVWEIGHT = [2,-2], providing the lowest x> for
closure quantities. Note however that the y? differences are small
(e.g., <0.1) between different choices of the power of UVWEIGHT,
while relatively larger difference is found between uniform and
natural weighting.

3. Results
3.1. Structure of 0J 287
3.1.1. Stokes | image

Figure 3 (left) shows the Stokes I image of OJ 287 at 1.68 GHz
from our observation. Two images at top show the resul-
tant image with the ground-array only (3.5 X 2.3 mas, PA =
—2723) and ground+SRT from uniform-weighted nominal beam
(2.2 x 0.4mas, PA = -5095). The left, bottom figure shows
the ground+SRT image with total intensity (contour), model
fitting results (colored circles; see Sect. 3.1.3), linear polar-
ization (gray color; see Sect. 3.3), and electric vector posi-
tion angle (EVPA). The adjacent higher frequency images are
also presented in Fig. 3 (right): (from top to bottom) the
15.35GHz image in 2016 Jan. 17 from the MOJAVE project’
(Lister et al. 2018), 43.12 GHz image in 2016 Apr. 22 from the
VLBA-BU-BLAZAR monitoring project® (Jorstad et al. 2017;
Weaver et al. 2022), and 86.25 GHz image in 2016 May 21 from
the GMVA monitoring program’ with the targets of the VLBA-
BU-BLAZAR (Lico et al. 2022).

> https://www.cv.nrao.edu/MOJAVE/
® https://www.bu.edu/blazars/
7 https://www.bu.edu/blazars/vlbi3mm
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with the image (see Sect. 2).

In our RadioAstron image at 1.68 GHz, three main emis-
sion features are found: (1) one component at the center, (2)
the brightest component at the west, and (3) a distinct com-
ponent toward south-west at ~1.6mas. Due to the elongated
(u,v)-coverage (Fig. 1), we have a better resolution in the
northeast-southwest direction than to northwest-southeast (i.e.,
PA of nominal beam = —50°5), which enables us to well resolve
the features. The image fidelity, with results from fitting to clo-
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sure quantities and gain corrections for each telescope, is dis-
cussed in Appendix A. Comparing with the images at higher fre-
quencies and considering the bent-jet structure of OJ287 (e.g.,
Gomez et al. 2022), the center component is thought to be the
core region, while the brightest component at the west is an opti-
cally thin jet emission. Note that our identification of the radio
core is supported by its compact structure (usually at the most
upstream of a jet), a flat spectrum (Sect. 3.1.2), and weak polar-
ization (Sect. 3.3).

3.1.2. Spectral index

To confirm the distribution of optical depth, we have obtained the
spectral index map by aligning images at two different frequen-
cies. The alignment has been achieved using two-dimensional
cross correlation of the optically thin extended jet structure
(Walker et al. 2000; Croke & Gabuzda 2008). Since the (u, v)-
spacing and the nominal angular resolutions are different in the
original images at two different frequencies, the minimum and
maximum (u,v)-distances were first matched with each other
to be the same (e.g., UVRANGE in Difmap; e.g., Fromm et al.
2013). Next, two images at different frequencies have been
convolved with a nominal beam corresponding to the angu-
lar resolution at a lower frequency and presented with the
same pixel scale (-1/20 of the lower frequency beam diam-
eter; e.g., Kim & Trippe 2014). After this, the two images
have been cross correlated and the higher frequency image
has been shifted to achieve the maximum cross correlation.
Note that a large field-of-view (FoV) is used so that entire
image structure can be shifted within the FoV. Before calcu-
lating the cross correlation, the core region which is thought
to be partially optically thick (e.g., Pushkarev & Kovalev 2012)
has been masked so that the cross correlation is obtained only
for the optically thin structures. To limit the effect of resid-
ual structures, the flux density cutoff has been applied at the
level of 100 of the root-mean-squared flux density of residual
image.
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By finding all relative shifts, the images are aligned with
each other and the spectral index map is determined (Fig. 4,
top). This reveals that the center component at 1.68 GHz (e.g.,
component C in model-fitting; see Fig. 3 and Sect. 3.1.3) cor-
responds to the optically thick core region with spectral index
a & 1,in S, o v* where S, and v are flux density and observing
frequency respectively (i.e., an inverted spectrum). This inver-
sion extends up to 43 GHz, and explains the faint nature of the
core region at 1.68 GHz due to the opacity effect. The bright-
est west and the south-west components (i.e., components J3

and J4 in model-fitting) correspond to optically thin jet fea-
tures with a steep spectrum. Two major uncertainties are con-
sidered in the estimation of the spectral index: a systematic error
from image alignment and a random error from the image noise
(e.g., Pushkarev et al. 2012; Fromm et al. 2013; Hovatta et al.
2014). The former error is mainly affected by the size of core
mask. Note that, to obtain a reasonable cross-correlation, the
core region needs to be completely masked. For this, 1.5 times
the convolution beam size is found as the minimum size of the
mask. To estimate the effect of the mask size, the relative image
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Fig. 4. Spectral index map (top) and corresponding error map (bottom) at three frequencies pairs: 43.12—-86.25 GHz (left), 15.35-43.12 GHz
(middle), and 1.68—15.35 GHz (right). The color scale indicates the spectral index, @, and its error, o, as shown at right of top and bottom panels,
respectively. The contours of the source structure at each frequency are shown in each panel with gray, broken line for the lower frequency and
black, solid line for the higher one. The contours are set to 2, 4, 8, 16, 32, 64% of the peak intensity. Note that the relative position of each image
has been aligned according to cross correlation of core-masked images, as described in Sect. 3.1.

alignments and corresponding spectral index maps are obtained
using different sizes of the mask ranging from 1.5 to 2.5 times
the convolution beam size. The standard deviation of resultant
images are then considered as the systematic error. To account
for an additional alignment error, the image providing the high-
est cross-correlation is manually shifted within 1/3 of beam
size, and the standard deviation of the spectral index is further
obtained. On the other hand, the random error is estimated from
the image noise and flux density measurement error (Lico et al.
2012). As a result, the total error of the spectral index map is
obtained by the quadratic sum of these uncertainties (Fig. 4,
bottom).

3.1.3. Model fitting

The images at each frequency were modeled with modelfit
procedure in Difmap (Table 2), except the 86.25 GHz where
the model fitting results were already provided by Lico et al.
(2022). With the self-calibrated data from a reconstructed image,
the circular Gaussian models were fitted to the complex visibil-
ities using Levenberg-Marquardt non-linear least squares min-
imization until the residual peak intensity reached less than
Stimes the root-mean-squared flux density in residual image.
In this way, at 1.68 GHz, we found that three circular Gaussian
components, labeled as C, J3 and J4, describe the source’s
morphology effectively. The y? of closure phases for the case
with three Gaussian components converges to ~0.8 from ~25
for the one Gaussian component case. Note that it was diffi-
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cult to find more model components beyond three Gaussians,
as the initial guess (e.g., based on the residual peak intensity)
became uncertain and the result easily converged to negative flux
density.

Component C is resolved at 15.35 and 43.12 GHz into two
sub-components, C1 and C2. In addition, the C1 component
is further resolved into two sub-components (Cla and C1b) at
43.12GHz and three sub-components (Cla, Clb, and Clc) at
86.25 GHz (Fig. 3). That is, the component C is blended with
multiple sub-components and has positive spectral index sup-
porting the identification as a core region with optically thick
spectrum up to 43.12 GHz. On the other hand, the components
J3 and J4 have steep spectra indicating that they are optically thin
jet components. Model fitting uncertainties shown in Cols. 511
of Table 2 are estimated following the method described by
Schinzel et al. (2012). Table 3 summarizes spectral indices of
the model components which appear to be consistent with the
spectral index distributions shown in Fig. 4.

In Fig. 3 (bottom, left), the model components at four fre-
quencies are shown with different colors. Note that the relative
position of model components across frequencies are aligned
based on the image alignment (see Sect. 3.1.2). With this, the
position of the Cla component is well consistent at 43 and
86 GHz (e.g., - 10pas) that can be identified as the innermost
core. The distances of the other components are then estimated
relative to the Cla (Col. 6 in Table 2), which allow us to estimate
the frequency dependent radio core position shift, the so called
core shift (e.g., Lobanov 1998). At 15 GHz, the core corresponds
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Table 2. Model fitting results.

Component Freq. Sub-Comp.1 Sub-Comp.2 S r PA FWHM Ty m EVPA
(GHz) (mly) (nas) @) (nas) (10" K) (%) ©)
(D 2 3) 4) 5) (6) (7) (8) ) (10) (11)
C 1.6 440 +90 28010 54«1 <131 >1413 0.1+£0.1 -24+11
15.0 Cl 2530+270 501 -90=+1 136 +2 92+6
15.0 C2 860+160 4301 -62+1 332+7 5+1
43.0 Cl1 Cla 3080 + 530 <35 >205
43.0 Clb 1120£320 50«1 —-45+3 158 +6 4+1
43.0 Cc2 260+170 520+30 —-61x2 314+53 0.2+0.1
86.0 C1 Cla 1080 +220 17 80
86.0 (Lico et al. 2022) Clb 530110 100«10 -32 33 10
86.0 Clc 60+10 150+ 10 -68 4 80
I3 1.6 1120+ 140 1240+1 901 435+4 334+40 03+0.1 -33+44
15.0 240+£90 1260+30 -89+1 944+54 0.2+0.1
43.0 80+80 1320+190 -85+8 655+387 0.02+0.01
J4 1.6 420+80 3410+20 -109+1 2212+43 5+1 29+1.2 -70+60
15.0 80+50 3350+140 —-112+2 1644273 0.02+0.01

Notes. From left to right columns: (1) Component ID, (2) Observing frequency in GHz, (3, 4) Sub-component ID, (5) Flux density in mlJy,
(6) Radial distance from the core (i.e., Cla) in pas, (7) Position angle of the component position relative to the core in degree, (8) Component size
in pas, (9) Brightness temperature in source rest frame in K, (10) Fractional linear polarization in %, and (11) Electric vector position angle in

degree.

Table 3. Spectral analysis of model fitting components

Comp. @16-15GHz @15-43GHz ~ ®43-86GHz Sm Vi Bssa Beq
dy) (GHz) (G) (G)
@ @) 3) “ ®) 6 0] ®
C 09+0.1 0302  >-14 >4.4 >28
Cl >0.8 05403 -13+04 40+06 330+1.0 03 +015 356=186""
C2 >0.3 -1.2%07 07402 11.5+15 010085 228+ 295"
13 -0.7402 1113 >1.2 60.8
14 -0.7+93

Notes. From left to right columns: (1) Component ID, (2) Spectral index between 1.6 and 15 GHz, (3) Spectral index between 15 and 43 GHz,
(4) Spectral index between 43 and 86 GHz, (5) Turnover flux density in Jy, (6) Turnover frequency in GHz, (7) Magnetic field strength from SSA
in G, and (8) Magnetic field strength from equipartition in G. ¢; is a doppler factor.

to the most upstream component C1 so the core shift relative
to Cla is obtained as ~50 pas. At 1.68 GHz, on the other hand,
only the blended core component C is found, so the core shifts
from 15 and 43 (or 86) GHz are obtained as ~230 and ~280 pas,
respectively.

By fitting the synchrotron self-absorbed (SSA) spectrum
with a power-law energy distribution (e.g., Tiirler et al. 2000;
Gomez et al. 2022), the maximum synchrotron turnover flux
density in Jy, S, and turnover frequency in GHz, vy,, are found

for each component (Table 3):
I

Y ® Q'thick 1 _ eXp [_Tm (V/ Vm)alhin —Qthick ]

1 —exp(—Tm)

Jyl, ey

Vm
where S, is the observed flux density in Jy, @mick and e, are the
spectral indices of the optically thick and thin parts of the spec-
trum, regpectively. 7, is the optical depth at vy, which is defined
as ~3/2 (1 — (8@min/3mick))"’*> — 1 . Note that S, is defined as

Sthin (1 —exp(~7m)) / Tm» Where S is the extrapolated flux den-

sity of optically thin spectrum at vy, (e.g., Tiirler et al. 2000).
First, the flux densities of the component C at 15, 43, 86 GHz

are assumed as sum of flux densities of sub-components. Since

the C2 component is not found at 86 GHz, however, the flux
density at 86 GHz is considered as lower limit. With this, the
component C shows a transition from optically thick to thin at
Vm > 28 GHz with S, > 4.4 Jy (see Table 3 and Fig. 5). As for
the sub-components in core region, C1 and C2, the spectral index
with 1.68 GHz is obtained assuming the flux density of C as an
upper limit. Then the opacity transition is found in the compo-
nent C1 at vy, = 33 GHz with §',, = 4.0Jy, and in the component
C2 at v, = 11.5GHz with S, = 0.7Jy. As for the J3 compo-
nent, it is optically thin across 1.68—43 GHz so the lower and
upper limit of S, & 1.2Jy and vy, - 0.8 GHz are found, respec-
tively. Note that the optically thick spectral index, @, in the SSA
spectrum for J3 is assumed to be the same as for C (i.e., 0.3). It
is also worth noting that the small number of data points and dif-
ferences in observing dates (up to ~3 months between 1.6 and
15 GHz) may introduce further uncertainties in the estimates.
According to the light curve at 43 GHz (Fig. 6), for instance,
the flux variation is stable during Apr.—May 2016 so the uncer-
tainties arising from time gap might be relatively small at 1.68,
43, and 86 GHz. On the other hand, large flux decrease is shown
on Jan. 2016 so the uncertainty of 15 GHz may become larger up
to ~30%.
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Fig. 5. Spectra of model fitting components identified at 1.68, 15.35, 43.12, and 86.25 GHz: (from left to right) C, C1, C2, and J3. Flux densities
are shown with black, circle points with uncertainty (see Table 2), and the blue, solid-line shows the fitting result assuming a SSA spectrum (see
Sect. 3.1.3). Fitting errors, due to the flux density uncertainties, are presented with the blue, shaded area. The derived SSA turnover frequencies in
C, C1, and C2 are shown with the yellow, shaded area.
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Fig. 6. OJ287 light curve in 2016 from the VLBA observations at
15 GHz (MOJAVE; green square, solid line) and 43 GHz (VLBA-BU-
BLAZAR; black circle, solid line). Our RadioAstron observation at
1.68 GHz is shown with red asterisk, and the GMVA 86 GHz observa-
tion is shown with blue diamond. The observations compared in this
study are marked with an additional edge. The vertical broken lines
show the epochs of adjacent RadioAstron snapshot sessions.

3.2. Brightness temperature

The brightness temperature of each component in the rest frame
of the source is then estimated from the fitted flux densities and
sizes (e.g., Gomez et al. 2022),

S

2
obs

Ty = 1.22x 10" (1+2z) [K] )

2

where S is the component flux density in Jy, s is the full-
width-half-maximum (FWHM) size of the model component in
mas, v is the observing frequency in GHz, and z is the source
redshift. Note that the resolution limit has been used for the size
of unresolved model components (Lobanov 2005) so that the
lower limit of Ty is estimated for such cases (see Cols. 8 and 9
of Table 2). Additionally, the minimum and limiting bright-
ness temperatures (7'g min and T jim, respectively) are estimated
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directly from the visibility amplitudes (Lobanov 2015) so that a
range of actual T'g can be constrained (Fig. 7).

In addition to imaging observations, OJ 287 was regularly
monitored by RadioAstron with the visibility tracking mode as
part of the AGN survey program (e.g., Kovalev et al. 2020).
These snapshot observations provided the angular size and Tp
of the source by comparing the flux densities at ground-array
and space baselines to a simple Gaussian model, if fringes were
detected on the space baselines. The OJ 287 survey observations
were carried out during 2012-2018, and five experiments at
L-band were conducted (2016 Apr. 1, 14, 18, 27, and 28) close to
our observation (2016 Apr. 16). The survey observation results
provided 73 ~ 2—4 X 10'2 K, which were well consistent with
T's min at the ground-space baselines of our observation. At their
baseline lengths which are longer than our measurement, the 7's
were slightly lower than the extrapolated T'g i, from our obser-
vation. Note that the flux densities are mostly consistent in this
observing period (see Fig. 6) so the T difference may not be
due to the flux variability but to the different (u,v) sampling
of the five adjacent RadioAstron survey observations towards
PA ~ —45°, where there is missing coverage in our imaging
observation.

The estimated 75 of C and J3 at 1.68 GHz are
~10P K and ~3 x 102K, respectively. These are larger
than both the inverse Compton limits of (0.3—1.0) x 10> K
(Kellermann & Pauliny-Toth 1969) and the equipartition limit
of =5 x 10'°K (Readhead 1994), which can be explained at
the inverse-Compton limit with a jet Doppler boosting factor,
6; & 3-10. Gémez et al. (2022) suggested the J; ~ 5-15, based
on the apparent jet speed, B, < 15c¢ at 15GHz (Lister et al.
2009, 2016) and ~7—12 ¢ at 43 GHz (Weaver et al. 2022), so that
the required 6; is in agreement with the independent kinematic
constraints. With the same kinematic constraint, the Tg of J4,
~5 x 10'°K, provides the intrinsic T of ~(0.3—1) x 10'°K that
is slightly lower than the equipartition limit indicating a higher
magnetic field energy density compared to the energy density of
the relativistic particles (e.g., Zhao et al. 2022). Note however
that there are still considerable uncertainties of ¢; and T mea-
surements.

Figure 7 shows the independent estimates of Ty, includ-
ing the component model fitting (blue, horizontal lines), T min
and Tp i from visibility amplitudes (green and cyan squares),
and the adjacent RadioAstron snapshot survey measurements
(yellow squares). Note that the Ty of component C corresponds
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Fig. 7. The brightness temperature as a function of the (u, v)-distance, D.
The green, square shows the minimum 7’5 and the cyan, triangle shows
the limiting T’s. The yellow, square shows the Tg 1, from five RadioAs-
tron snapshot survey sessions close to our observation. The blue,
horizontal lines show the 7p at model components C (dotted), J3
(dotted-broken), and J4 (broken). Note that a lower limit is reported
for C, since its size is smaller than the resolution limit (see Sect. 3.2).

to that of space baselines (&300 M) and is higher than maxi-
mum 7T jim Of ground baselines. This indicates inherent difficulty
in finding this component with the ground-array at 1.68 GHz.

3.3. Polarization

For the polarimetric analysis, the instrumental polarization leak-
age (D-term) was first calibrated using the Stokes / image with
the LPCAL procedure in AIPS (see Fig. A.4). Note that the group
delay difference between RCP and LCP was already calibrated
with the RLDLY, as described in Sect. 2. As a result, linear
polarization is detected with a total fractional polarization of
m ~ 2.5% and the EVPA is determined along with the structure
(see Fig. 3). The EVPA was calibrated using a nearby single-dish
observation with the EF at 2.64 GHz on April 7, 2016, providing
m ~ 3.89% and EVPA ~ —-1°06 (F-GAMMA/QUIVER pro-
gram; Myserlis et al. 2018; Angelakis et al. 2019). To account
for the Galactic rotation measure (RM) of 31 + 3radm™
(Rusk 1988) and the local RM in 0J 287 of —7.1 + 3.4rad m™2
(Motter & Gabuzda 2017), EVPA rotations of 59 + 6° and —14 +
7° were applied, respectively.

The linear polarization properties of the model-fitted com-
ponents are summarized in Table 2. Note that the VLBI model
components in total intensity and linear polarization do not cor-
respond exactly to each other. Therefore, the linear polarization
of each component is derived from the total intensity model in
the image domain by masking the region outside of each model.
The core region, C, displays low polarization (m ~ 0.1%),
which is expected for optically thick emission. The EVPA of
~—24° aligns well with the innermost jet structure of OJ 287 at
higher frequencies, indicating a dominant toroidal magnetic field
(Gomez et al. 2022). The J3 component also shows low polar-
ization (m ~ 0.3%), with the EVPA slightly rotated by ~10°
towards the west compared to the core region. Lastly, the J4
component shows higher polarization (m ~ 2.9%) as it repre-
sents an optically thin jet component. The average EVPAs in
these jet components are observed to be almost perpendicular
to the local jet direction, which support the hypothesis that a
poloidal magnetic field is dominant (Myserlis et al. 2018). The

uncertainties of the degree of polarization and EVPA are esti-
mated based on the S/N of the total intensity and polarization
images, as well as the standard deviation of the instrumental
polarization amplitudes (see Lico et al. 2014 and Gdémez et al.
2022 for more details). Additionally, for the EVPA, uncertain-
ties arising from RM measurements have also been taken into
consideration.

4. Discussions and conclusions

In this study, we have presented our findings on the total inten-
sity and linear polarization structure of OJ287 at an observ-
ing frequency of 1.68 GHz, obtained through the RadioAstron
observation on April 16, 2016. Our investigation fills a signif-
icant gap in the imaging attempts conducted at low frequen-
cies (e.g., -10GHz), where limited exploration has occurred
(Perlman & Stocke 1994; Fey et al. 1996; Fey & Charlot 1997;
see also the University College Cork Program®). Notably, the use
of the SRT, which possesses a baseline length of approximately
~5.6 Dg, has enabled us to achieve the finest angular resolution
image to date at this frequency.

Our observation has unveiled the comprehensive jet structure
oriented towards the south-west, accompanied by the identifica-
tion of the optically thick core in its innermost region. This aligns
well with the progressive bent-jet structure previously reported
for OJ287 (e.g., Hodgson et al. 2017; Gémez et al. 2022). It
is worth noting that the innermost jet structure towards the
north-west, which has been observed at higher frequencies (e.g.,
Goémez et al. 2022; Lico et al. 2022; Zhao et al. 2022), corre-
sponds to the core region and remains unresolved in our study.
By employing model fitting and examining the results up to
~3 mas (i.e., J4; see Table 2), we have determined that the posi-
tion angle (PA) of the jet, relative to the radio core, is ~—110°
(east of north). This is consistent with PA measurements made
over the past ~30yr (~—112°; Cohen 2017). Especially, as the
rotation of the inner jet (e.g., Tateyama & Kingham 2004) has
changed from clockwise to counterclockwise in ~2010, the jet
ridgeline can clearly show the bending structure in following
years. Therefore, our results support that the bending jet struc-
ture primarily arises from the rotation of the jet launching angle,
which can also be amplified farther downstream due to the small
viewing angle (Gémez et al. 2022). Note that the origin of PA
rotation could be the orbital motion of binary black hole system
at the center (Dey et al. 2021), although other scenarios cannot
be ruled out, as introduced in Sect. 1.

By comparing the adjacent observations at 15, 43, and
86 GHz, we have constructed a spectral index map that confirms
the presence of both an opaque core and optically thin jet com-
ponents. The model fitting has revealed three Gaussian compo-
nents, corresponding to the core (C), brightest jet component
at 1.68 GHz (J3), and the extended faint component (J4). The
spectral index of component C indicates that this is the optically
thick core region, at least up to 28 GHz, based on the SSA spec-
trum fitting. The sub-component C1 exhibits clearer transition
from optically thick to thin across the frequency range spanning
from 1.68 GHz through 86 GHz. This yields an estimated SSA
turnover frequency of vy, ~ 33 GHz, accompanied by a turnover
flux density S, ~ 4.0Jy (see Table 3 and Fig. 5). Similarly, the
sub-component C2 presents the opacity transition from observa-
tions up to 43 GHz which provides the SSA turnover frequency
and flux density as vy, ~ 11.5GHz and S, ~ 0.7 Jy, respectively.

8 https://www.ucc.ie/en/raagn/restop/mojave/
#the-18-22cm-mojave-observations
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From the fitted S, and vy, the magnetic field strength
from SSA and assuming equipartition conditions can be esti-
mated (e.g., Pacholczyk 1970; Marscher 1983; Zdziarski 2014;
Pushkarev et al. 2019; Lee et al. 2020; Gomez et al. 2022):

6.
B = 107°b(a) afnvfnSI;ZTJZ [G], 3)
2/7

(thk)cnty Smvm (+2F 0

f 9r3n D L.Gpc 6J4

Beq = 104é

In Eq. (3), b(a) is a coefficient as a function of the spectral
index (e.g., Marscher 1983; Pushkarev et al. 2019), 6, is the
emitting region diameter in mas, and §; is the Doppler boost-
ing factor. Note that a factor of 1.8 is multiplied to 6y, to convert
the Gaussian to the spherical shape before estimating the mag-
netic field strengths (Marscher 1983). In Eq. (4), f is volume
filling factor of the emitting plasma, Dy gy, is the luminosity dis-
tance in Gpc, k, is the ratio of total energy to the SSA popula-
tion of electrons in the emitting region, ¢y, is a coefficient (e.g.,
Pacholczyk 1970), and «, is a function of spectral index and fre-
quency cutoffs of the SSA emission. In this study, we adapted
the same assumption with Gémez et al. (2022): f = 1, k, = 1
(i.e., an electron-positron flow), &, & (Vmax/Vm)' /(1 + @) where
Vmax = 10 THz.

With 6; = 10 (e.g., Gémez et al. 2022), the magnetic field
strength of component C1 is estimated as By, ~ 3.4 + 1.4G
and Beq ~ 2.6 + 0.2G. As for the component C2, By, ~ 1.0 +
0.8G and B, ~ 1.6 £ 0.3 G are obtained. Components J3 and
J4 are considered optically thin jet components, and their SSA
parameters have not been well constrained. Note that even if C
and J3 exhibit Ty exceeding the inverse Compton limit, these
can still be explained by a jet Doppler boosting factor of ; ~
5-15, which would be in agreement with kinematic constraints
at higher frequencies.

The integrated degree of linear polarization is found as ~2.5%.
As expected, low polarization of ~0.1% is obtained in the opaque
core region, while higher polarization levels of up to ~3% are
observed in more distant jet components. The EVPA of linear
polarization is well consistent with the local jet direction in the
core region, which may support a toroidal magnetic field structure
(Goémez et al. 2022). Farther downstream of the jet, on the other
hand, the EVPAs are almost perpendicular to the jet, indicating
a predominant poloidal magnetic field structure (Myserlis et al.
2018). However, it is important to note that significant uncer-
tainty remains in the alignment between the local jet axis and
the EVPA. This is due to the limited angular resolution, which
challenges the determination of a reliable jet ridge line, as well
as the substantial error and potential time variation in the RM.

0J 287 represents a prime candidate for hosting a supermas-
sive black hole binary system, from which a jet from the sec-
ondary black hole has been also predicted (e.g., Dey et al. 2021).
Despite efforts by Zhao et al. (2022) to search for a secondary
jet from the predicted secondary SMBH using GMVA+ALMA
observations at 86 GHz, no conclusive detection has been made,
potentially due to sensitivity limitations. Similarly, our study at
1.68 GHz, even with the space-ground VLBI observation using
RadioAstron, has failed to detect the secondary jet. Therefore,
this will be further studied, for instance with the EHT at 230 GHz
(Goémez et al., in prep.) and with RadioAstron at 22 GHz (Tra-
ianou et al. in prep.; Lico et al., in prep.).
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Appendix A: Data issue, image fidelity, and
instrumental polarization

In our observation, certain stations and IFs were flagged out due
to the poor data quality. First, spurious amplitudes are present at
1) IF1 (1.620-1.636 GHz), 2) all IFs at JB, and 3) IF4 (1.668-
1.684 GHz) at KP, LA, and MC. These are also present in the
Tys measurements (see Figure A.1) implying that it is a station-
based issue. Note that the large scatter at IF1 may be due to
radio interference, since it is affecting all the stations. These
data were initially excluded from imaging to avoid any possi-
ble bias during the image reconstruction. Once an initial image
was obtained these data were self-calibrated in amplitude with
that image in an attempt to correct for the issues mentioned
before. The same procedure was used for RO, GB, and IR for
which only single polarization data could be used. These pro-
vide the larger gain correction factor, as shown in Figure A.2
(lower, right), in comparison with the results from a calibrator
0716+714. Figure A.2 shows the observed sources at each sta-
tion, as a function of total observing time. To compare the gain
correction at each station, 0716+714 was the most suitable cali-
brator as it was observed across all participating stations except
SRT. In this regard, the (u, v)-coverage towards 07164714 and its
image are shown together. As a result, it is found that the multi-
plicative gain correction factor, 1/|g|, is well consistent in OJ 287
and 0716+714. In addition, as expected, larger 1/|g| are derived
from the flagged data.
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Based on the data, the Difmap imaging was implemented
with different parameters. The best image has been selected
based on the y? of closure quantities. Figure A.3 shows
the example closure phases (upper) and log closure ampli-
tudes (lower) of observed data (gray points) and the model
(red, solid line). Note that this shows two representative tri-
angles / quadangles with ground array (left) and with SRT
(right). As shown, the model well fits the data with )(3 ~
1.7 and ~ 2.2 for closure phase and log closure amplitude
respectively.

Lastly, the calibration of the instrumental polarization leak-
age, so called D-term, is shown in Figure A.4. This is required
to obtain reliable polarimetric results. To derive the D-term, the
Stokes I data are first self-calibrated with the CLEAN image, as
described in section 2. Then the self-calibrated data and image
are loaded to AIPS, and the cross polarizations (i.e., LR and RL)
are further self-calibrated using CALIB. After that, the polar-
ization structure of OJ287 is first specified with CCEDT and
the D-term calibration is applied with LPCAL. This is because
LPCAL assumes that the source consists of sub-components hav-
ing constant fractional polarization in each. Note that the D-
term solution is found for each IF separately, so Figure A.4
shows all these values (square) together with the averaged
one (asterisk). The error bar of averaged value indicates the
dispersion range of the D-term across different IFs, and the
results for LCP and RCP are shown in left- and right-panel
respectively.
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Fig. A.1. The system temperature, Ty, at all stations for LCP. Each IF is shown with different colors: IF1 (magenta), IF2 (green), IF3 (blue), and
IF4 (orange). Note that there is no Ty, measurements at RO so it has been excluded.
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Fig. A.2. (Left) Sources observed at each station, as a function of observing time. OJ 287 is shown with red color, and the other calibrators are also
shown with different colors: 3C 345, 1633+382, 0716+714, 0235+164, 3C 84, and NRAO 150. Among them, the 0716+714 is suitable to compare
the station-based gain correction with the OJ 287, thanks to its station coverage. (Right, top) The (u, v)-coverage towards 0716+714 and its image
are shown. Note that the SRT has not observed this source and the longest baseline length is limited up to ~50 MA so the angular resolution
(~4.5 mas) is much poorer than for OJ 287. (Right, bottom) The multiplicative gain correction factors at each station, derived from OJ 287 (red)
and 0716+714 (cyan). Different markers indicate each IF from 1 to 4 at each station.

Fig. A.3. The closure phases (top) and log closure amplitudes (bottom), at the triangle/quadangle of ground array (left) and with the SRT (right).
The stations consisting of each triangle and quadangle are shown at the top of each panel. Model from image (red, solid line) well fits the data

(gray, circle).
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Fig. A.4. Derived instrumental polarization, D-term, in %. The left and right panels show the solutions in LCP and RCP, respectively. D-terms
at each antenna are shown with different colors, and the squares show the solution at each IF. The asterisk with error bar is the averaged D-term
across IFs.
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