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Abstract

We present the most densely sampled multiband optical photometric observations of the peculiar BL Lacertae
object OJ 287 from 2015 to 2025 with a focus on its optical activity on diverse timescales. We present a total of
2296, 10,927, 11,484, and 2982 data points in B, V, R, and [ bands, respectively. The densely sampled
observations allow us to keep track of the source evolution that it has exhibited since the start of the predicted
major optical flaring activity at the end of 2015. The study reveals clear and persistent bluer-when-brighter trends
in both the long-term and short-term variations. Different bands were cross-correlated with discrete correlation
functions, which peak at zero lag, implying cospatial emission. Using eight optical spectra in the low-flux states of
0OJ 287 taken from 2017 October 21 to 2017 November 22, from Steward Observatory, we estimate the central
black hole mass to be at least 3.89 x 10° M., from the [O 11| line width. The emission mechanism of the binary
black hole blazar, and its possible implication in various aspects of multimessenger astronomy, are briefly

discussed.

Unified Astronomy Thesaurus concepts: Quasars (1319); BL Lacertae objects (158); Active galaxies (17)

1. Introduction

Blazars are jetted active galactic nuclei (AGNs), which are
traditionally designated as being radio-loud, with a large-scale,
powerful, and relativistic jet of plasma directed nearly toward
our line of sight. They are characterized by a strong and rapidly
variable continuum that spans the entire accessible electro-
magnetic (EM) spectrum from radio to v-rays (e.g., S. O. Brien
& VERITAS Collaboration 2017; M. de Naurois 2021) with
high and variable polarized radio and optical continua; some
exhibit recently detected variable X-ray polarization too (e.g.,
L. Di Gesu et al. 2023; A. C. Gupta et al. 2023; R. Imazawa
et al. 2023). The broadband multiwavelength (MW) continuum
revealed a new characteristic feature of blazar emission—a
broad bimodal spectral energy distribution (SED; G. Fossati
et al. 1998; A. A. Abdo et al. 2010), primarily of nonthermal
nature. Studies of these two humps are critical in investigations
of the emission mechanisms and the underlying physical
conditions (e.g., P. Kushwaha et al. 2018a, 2018b; S. Gao
et al. 2019; E. Prandini & G. Ghisellini 2022; K. P. Singh et al.
2022; G. Harutyunyan et al. 2025; P. Kushwaha 2025;
P. K. Navaneeth et al. 2025). Given the ubiquity of variations
in all bands, these explorations are greatly facilitated by
simultaneous broadband monitoring. The low-energy part of
the SED emission, extending from radio up to X-rays, reaching
a maximum between the infrared (IR) and X-ray bands is
widely accepted to be the synchrotron emission from ultra-
relativistic nonthermal electrons in the relativistic jet. The origin
of the high-energy part of the SED is still unclear, as both
leptonic and hadronic models reproduce it reasonably well
within the available observational constraints. The leptonic
emission scenarios attribute it to inverse-Compton scattering off
the synchrotron emitting electrons of a combination of soft
photon fields arising both within and external to the jet (e.g.,
K. P. Singh et al. 2022). The alternative hadronic scenarios
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reproduce this high-energy emission via proton synchrotron
and/or cascades resulting from the interactions of relativistic
protons with proton and photon fields (e.g., S. Gao et al. 2019).

Blazars are taken to be the combination of flat-spectrum radio
quasars (FSRQs) and BL Lacertae (BL Lac) objects; both exhibit
similar continuum behavior, with the primary difference being the
optical spectrum. The former shows prominent broad-emission-
line features, while in the latter, they are weak or these features are
completely lacking. OJ 287 is a BL Lac—type blazar at a redshift
of z =0.304 (M. L. Sitko & V. T. Junkkarinen 1985; K. Nilsson
et al. 2010). It is one of the best-monitored blazars with an
extensive prediscovery light curve, obtained from archival plates
and early postidentification observations driven by its enigmatic
dynamic variability at optical and radio bands (M. L. Sitko &
V. T. Junkkarinen 1985, and references therein). Subsequently, the
identification of recurring optical outbursts at ~12 yr intervals led
to the popular interpretation of the source as a binary super-
massive black hole (SMBH) system, with recurring outbursts
attributed to the impact of the secondary on the accretion disk of
the primary (A. Sillanpaa et al. 1988; M. J. Valtonen et al. 2025,
and references therein). The onset of the next set of flares, in 1994
and 1995, around the model-predicted schedule gave this
hypothesis further credence and has driven substantial coordinated
MW monitoring of OJ 287 (A. Sillanpaa et al. 1996a, 1996b). In
its nearly regular cycle of outbursts, M. J. Valtonen et al. (2006)
predicted that OJ 287 was due for another outburst season in
2006-2010. In an extensive optical photopolarimetric study of the
source from 2005 to 2009, the predicted double-peaked outbursts
were detected in 2005 December and 2007 December, and it was
suggested that both the double-peaked bursts and the evolution of
the optical polarization position angle could be explained as a sign
of resonant accretion of magnetic field lines, a “magnetic
breathing” of the disk (C. Villforth et al. 2010). The next
predicted double-peaked outbursts were detected in 2015
December (M. J. Valtonen et al. 2016) and 2019 July (S. Laine
et al. 2020). The 2019 July flare was detected using the Spitzer
telescope, as the source was not available from ground-based
optical /IR observations. OJ 287's MW behavior has been
extensively observed since 2015 by various groups and the
Multiwavelength Observations and Modeling of OJ 287 (MOMO)
collaboration (e.g., G. Bhatta et al. 2016; M. J. Valtonen et al.
2016; A. Goyal et al. 2018; P. Kushwaha et al. 2018a, 2018b;
S. Komossa et al. 2020, 2021a, 2021c, 2021b, 2023b; S. Laine
et al. 2020; M. Pal et al. 2020; R. Prince et al. 2021; K. P. Singh
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et al. 2022; S. Britzen et al. 2023; A. C. Gupta et al. 2023, and
references therein). The other prominent interpretation of the
recurrent flares attributes it to jet precession (e.g., S. Britzen et al.
2018, and references therein) and it still continues to be invoked
(e.g., M. S. Butuzova & A. B. Pushkarev 2020), though these
models primarily focus on explanation rather than prediction (e.g.,
see P. Kushwaha 2020 for a succinct summary of proposed
models).

Despite the impact scenario binary-SMBH model being
favored by current observational behavior, several aspects of
the observations seem to be inconsistent with its predictions or
claims. For example, the observed optical spectrum during
flaring (e.g., H. Seta et al. 2009; A. C. Gupta et al. 2017;
P. Kushwaha et al. 2018b) does not show a flat (F, ~ 1/0_0‘2)
spectrum, which is characteristic of the thermal bremsstrah-
lung emission that is claimed for the outbursts. Furthermore,
neither an MW activity with a simultaneous flare of X-rays and
~-rays (P. Kushwaha et al. 2018b), nor a systematic large
swing of optical polarization (A. C. Gupta et al. 2023), is
expected during the flare in the case of the claimed thermal
emission. Both of the latter behaviors indicate nonthermal
broadband emission components. Additionally, the observed
degree of optical polarization is still uncertain (e.g., H. Seta
et al. 2009). Detection of both the expected impact-induced jet
emission as well as the tidal accretion has been claimed (e.g.,
B. Giesers et al. 2018; S. Huang et al. 2021) and is also
supported by previously available observations (N. Isobe et al.
2001, and references therein). However, the spectral nature is
different (S. O. Brien & VERITAS Collaboration 2017,
P. Kushwaha et al. 2018a, 2021) to the jet emission considered
to be normal for the source (e.g., P. Kushwaha et al. 2013).
Since most of the characteristic properties of the models are
associated with the optical bands, multiband optical monitor-
ing holds the key to addressing these issues, along with
concurrent MW studies.

OJ 287 is monitored most thoroughly in optical bands,
particularly V and R—the legacy EM window and the optical
window are where the appearance of recurring outbursts is
reported. Apart from the timing information, the polarization
and spectral shape from multiband optical monitoring can
provide the most crucial test of the model’s spectrum,
encoded in the color-flux variations (e.g., P. Kushwaha 2020;
Gopal-Krishna 2024). Though the binary-impact-driven ther-
mal flare is limited most likely to and around the expected
recurrent flare, the rest of the activity is driven entirely by the
jet—characterized by a nonthermal power-law spectrum,
imprinted in the color variation that is a direct tracer of this
and any additional spectral component (e.g., P. Kushwaha
et al. 2018a). The color variability of blazars is often divided
into two subcategories: bluer when brighter (BWB) and redder
when brighter (RWB). The former is generally associated with
BL Lac objects (M. F. Gu et al. 2006; Y.-H. Zhang et al. 2013;
A. Wierzcholska et al. 2015), and the latter with FSRQs
(C. M. Raiteri et al. 2008; E. Bonning et al. 2012). A recent
study conducted by K. Dogra et al. (2025) revealed that the
FSRQ 3C 454.3 follows an RWB trend up to a particular
brightness value, after which the color behavior can be RWB,
BWB, or achromatic. Nonetheless, some cases have been
reported where the trends were interchanged (M. F. Gu &
Y. L. Ai 2011) or the objects under study display achromatic
behavior (C. M. Raiteri et al. 2023) instead. Most of the
previous studies were done either on short timescales or did

Gupta et al.

not have a sufficient number of observations to confidently
constrain this behavior, which motivated us to study the long-
term as well as short-term color behavior of OJ 287.

In this work, we present the most extensive and up-to-date
study of the multiband optical flux and spectral variability of the
source from 2015 September to 2025 April, the expected time of
the onset of the first portions of an impact-model-predicted
recurrent optical outburst (M. J. Valtonen et al. 2016). This is a
continuation of our ongoing project on OJ 287 aimed at
presenting a dense optical follow-up between the ~12 yr optical
outbursts in order to investigate and understand the behavior of
this source and compare the emission with traits considered
typical of the source and then allow us to make comparisons with
proposed models (A. C. Gupta et al. 2017, 2019, 2022, 2023;
P. Kushwaha et al. 2018a, 2018b, 2021; P. Kushwaha 2022;
S. Kishore et al. 2024).

The present work is divided into six sections, with Section 2
briefly describing the optical observations and data reduction.
In Section 3 we give the results of our multiband optical data
analysis, with Section 4 explaining the black hole (BH) mass
calculation, followed by a discussion in Section 5. We close
with a summary of the findings in Section 6.

2. Multiband Optical Data

The multiband optical data collected under these campaigns
is shown in Figure 1. The participating observatories, data
collection periods, and other important information related to
them are provided in Table 1. The image frames were first
cleaned (e.g., using IRAF’ 0), which involved bias correction,
flat correction, and cosmic-ray removal, after which standard
image reduction steps (e.g., using DAOPHOT II°" ESO-
MIDAS,52 and MAXIM-DL6,53 etc.) were performed.

Once we have cleaned and reduced the raw science frames,
differential photometry was performed to obtain BVRI
magnitudes of OJ 287 using local standard stars 9, 12, and
13 in the blazar field (J. N. Gonzalez-Pérez et al. 2001). Most
observatories used the Johnson—Cousins broadband BVRI
filters for photometric observations; however, some amateur
observations were obtained using unfiltered (CV, i.e., clear/
white light) measurements. These CV data were subsequently
transformed to the equivalent Johnson—Cousins V band. All of
the data were corrected for Galactic extinction with respective
extinction values taken from NASA’s extragalactic database.
As data from multiple telescopes were available, we performed
intercalibration between the different datasets. The offset
between the light curves is calculated by identifying over-
lapping data points and then applying a mean shift, which
sometimes is present (C. M. Raiteri et al. 2017a; MAGIC
Collaboration et al. 2024). We found that the great majority of
the offsets were well within the measurement uncertainties.

3. Variability Analysis

Figure 1 shows the optical flux behavior of OJ 287 between
2015 and 2025. Large-amplitude variations can be seen in all

0 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under a cooperative agreement with the National Science
Foundation.

3! Dominion Astronomical Observatory Photometry.
52 European Southern Observatory—Munich Image Data Analysis System.
3 ccp imaging and data reduction software by Diffraction Limited.
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Figure 1. Multiband optical light curves of OJ 287 from 2015 to 2025. The x-axis and y-axis represent modified Julian date (MJD) and optical magnitudes,
respectively. All four light curves are divided into 10 segments due to seasonal gaps. The observatories providing the data are indicated by the shapes and colors of
the points as defined in Table 1.

four bands on similar timescales. As shown in Figure 1, the 3.1. Variability Amplitude
light curve across all four bands is divided into 10 segments
(or observing seasons) due to yearly seasonal gaps with other
gaps for individual observatories caused by weather, main-
tenance, etc. All segments, as well as the full light curve, have
been used to better study the source’s variability. As blazars
show variability in the entire EM spectrum and over diverse
timescales, we need to quantify these features as they can help Vamp = \/ (Mmax — Mmin)> — 202. (D)
to elucidate the emission mechanism along with the physical
properties of the emission region. The variability amplitude is
computed for all light-curve segments, the color—magnitude
(CM) relationship is studied in detail, and the Z-transformed

AVamp = \/

One of the simplest ways to measure variation is the
variability amplitude. It is related to the minimum (m,,;,) and
maximum (7,,,,) reported magnitude within a given duration
and the mean uncertainty of measurement (o) as

The error associated with variability amplitude is given by

(Mmax — mmin)z(alznax + O'%nin) + 40%Ac?
V2

amp

discrete correlation function is computed for all light-curve
pairs in Sections 3.1, 3.2, and 3.3, respectively.

. @
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Table 1
The Observatories, Data Collection Periods, and Other Relevant Details

Observatory/Observer MID Start MID Stop Origin Aperture Filters Data Points Marker Color in Figure 1
(Cm) (Nubs)
Abastumani 58126.43 60430.26 Georgia 70 R 707 O Slate gray
A. Darriba® 58103.55 59209.66 Spain 35.6 v 76 O Blue
ARIES® 58562.15 59197.48 India 104/130 BVRI 11, 11, 11, 11 + Lime
ASV© 58144.37 59700.35 Serbia 60/140 BVRI 86, 49, 83, 85 < Green
Belogradchik 58228.26 60414.33 Bulgaria 60 BVRI 55, 60, 60, 53 0] Gold
Crimean 57524.27 59863.59 Russia 70 BVRI 144, 158, 464, 204 % Teal
Mark Kidgerd 57356.42 61139.82 International Various BVRI 1104, 9024, 5973, 1408 o Purple
Osaka 57295.29 60114.97 Japan 150 B 294 O Tan
Perkins 60228.53 61030.44 United States 180 BVRI 285, 294, 166, 282 @] Crimson
Rozhen 57369.59 58993.30 Bulgaria 50/70/200 BVRI 53, 62, 85, 63 v Black
SATU® 57816.00 59558.00 West Indies 40 R 15 O Salmon
SMARTS' 57353.84 57857.55 Chile 130/150 BVR 111, 110, 111 A Dark violet
St. Petersburg 57513.32 59938.62 Russia 40 BVRI 66, 80, 314, 202 < Olive
Steward® 58130.85 58292.65 United States 154/230 VR 34, 34 O Cyan
Weihai 58121.27 58994.03 China 100 VRI 115, 121, 114 (@) Magenta
Paper " 57286.01 57529.48 International Various BVRI 40, 190, 437, 45 + Brown
Paper It 57309.32 58103.82 International Various BVRI 46, 664, 840, 515 * Orange
Paper Jitg 57284.00 59993.28 International Various R 1122 > Pink
Notes.

4 Observatorio Astronomico Las Casqueras.
b Aryabhatta Research Institute of Observational Sciences.
c . . A

Astronomical station Vidojevica.
d Multiple telescopes.
¢ St. Augustine—Tuorla Observatory, Trinidad and Tobago.
[ Small and Medium Aperture Research Telescope System.

& Steward Observatory Support of the Fermi Mission with 154 cm Kuiper and 230 cm Bok telescopes (P. S. Smith et al. 2009).

" A. C. Gupta et al. (2017).
" A. C. Gupta et al. (2019).
J'A. C. Gupta et al. (2023).

where Opax, Omin, and Ao are the uncertainties in mp.x, Mmin,
and o. In order to have a proper track of how light-curve
variability varied over time, V,y, has been calculated for all the
light-curve segments and bands, with the results given in Table 2.

3.2. Flux and Color Variability

Closely related to flux variability is color variability, often
called the CM relation, which can hint at possible physical
processes mainly in the jet of the blazar. To study the color
variability, we plotted the B — R and V — R colors against the
B and R magnitudes, respectively, as CM diagrams in Figure 2.
We chose B — R and V — R to plot differences between widely
separated and close bands, respectively, as they have the
largest number of color indices. To clearly track each
segment’s contribution in the CM diagrams, the segments
are color coded. Although a blazar’s spectral energy distribu-
tion is dominated by nonthermal emission, imprints of quasi-
thermal emission can also be noted, at least in the quiescent/
low state of the object under study.

Apparently, an overall linear trend is evident in Figure 2
throughout the observation campaign and across all segments.
To quantify this behavior, we performed linear fits, with their
respective slopes, intercepts, Pearson coefficients, r, and
Spearman correlation coefficients, p, given in Table 3. We
obtained 1425 B — R color indices and 2110 V—R color
indices, with averages of 0.934 and 0.393, respectively. As can
be seen in Figure 2, the BWB trend becomes more evident as

the difference in color between bands increases. Apart from
CM variations, color versus MJD variations have also been
studied, as shown in Figure 3, which reveals a slow variation
over the observing seasons fitted using a cubic polynomial of
the form ax> + bx> + ¢x + d. For B—R versus MJD,
a = —0.059 + 0.002, b = 0.040 £ 0.002, ¢ = 0.106 £ 0.006,
and d = 0.809 £ 0.004, whereas for V— R versus MJD,
a = —0.044 + 0.002, b = 0.040 £ 0.002, ¢ = 0.074 £ 0.004,
and d = 0.367 £ 0.003. Although the long-term color versus
Julian Date plot shows slow variation fitted using a cubic
polynomial, the segment-wise color versus Julian Date
variations are comparatively fast, although no definite trend
is detected. Similarly to the CM plots, the color versus MID
trend becomes more evident for the more widely separated
bands.

3.3. Z-transformed Discrete Correlation Function

To estimate the cross correlation between these unevenly
sampled time series, we employ the z-transformed discrete
correlation function (ZDCF), originally introduced by
T. Alexander (1997). The ZDCF is an improvement over
the discrete correlation function (DCF) developed by
R. A. Edelson & J. H. Krolik (1988), addressing its statistical
limitations by implementing two key modifications: equal-
population binning and Fisher’s z-transformation of the
correlation coefficients. Unlike the traditional DCF, which
bins time-lag pairs by fixed width, the ZDCF uses bins with
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Figure 2. The left panels show the color-magnitude diagrams with a linear fit to all data points, whereas the right panels show the fit to all 10 segments.

Table 2
Total and Segment-wise Variability Amplitudes of OJ 287 from 2015-2025
Band Vamp Band Vamp Band Vamp

Segment 1 B 2.38 £ 0.01 Segment 2 B 1.88 + 0.06 Segment 3 B 2.00 + 0.06

14 2.87 £ 0.02 Vv 2.08 £+ 0.04 Vv 1.97 £+ 0.04

R 245 £ 0.02 R 2.57 £ 0.01 R 2.03 £ 0.03

1 2.69 £ 0.02 1 1.79 £+ 0.01 1 1.72 £ 0.02
Segment 4 B 1.11 £ 0.08 Segment 5 B 2.18 + 0.06 Segment 6 B 1.56 + 0.05

14 0.91 £ 0.05 14 1.98 £ 0.04 Vv 1.42 £+ 0.04

R 0.96 + 0.03 R 2.05 £+ 0.02 R 1.58 £+ 0.02

I 0.86 £ 0.07 1 2.27 £ 0.03 1 1.45 £ 0.03
Segment 7 B 1.49 £ 0.02 Segment 8 B 1.48 + 0.08 Segment 9 B 2.67 = 0.10

14 1.30 £ 0.08 Vv 1.75 £ 0.05 Vv 2.60 £+ 0.07

R 1.98 £+ 0.03 R 1.84 £ 0.05 R 2.51 £0.11

1 1.31 £ 0.02 1 1.41 £ 0.03 1 2.28 £+ 0.09
Segment 10 B 2.10 £+ 0.09 Total light curve B 3.83 £ 0.09

14 2.09 £ 0.07 Vv 4.13 + 0.06

R 2.25 £ 0.08 R 4.14 +£ 0.07

1 2.14 £ 0.08 1 422 + 0.06

an equal number of data pairs, improving statistical reliability
across all lag ranges. Let n be the number of (x;, y;) pairs in a
given time-lag bin, then, for each bin, the correlation
coefficient r is computed as

L Xiw =D =/ =D

S Sy

3)

which is then transformed using Fisher’s z-transformation:

1 1 +r 1 I +p
= —lo , (= —log| —— |, r = tanhz. 4
T2 g(l—r)c 2 g(l—p)r © @

Here %, y are bin averages, s, s, are their standard deviations,
and p is the unknown population correlation coefficient of the
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Figure 3. Color versus MJD plots for OJ 287. The plots show a slowly varying component, fitted with a cubic polynomial (in black).

Table 3
Fit Parameters for Color—-Magnitude Diagrams
B—R V—R
Slope Intercept r p Slope Intercept r p
Segment 1 0.0453 £ 0.0012 0.3677 £ 0.0171 0.312 0.405 0.0187 £ 0.0108 0.1878 £ 0.1557 0.105 0.092
Segment 2 0.0611 £ 0.0047 —0.1197 £ 0.0686 0.396 0.419 0.0516 £ 0.0102 —0.3706 + 0.1436 0.256 0.296
Segment 3 0.1124 £ 0.0096 —0.8861 + 0.1479 0.503 0.555 0.0216 £ 0.0095 0.0862 + 0.1430 0.174 0.199
Segment 4 0.1686 + 0.0081 —1.8098 £ 0.1262 0.339 0.317 0.0944 £ 0.0127 —1.0468 £ 0.1926 0.175 0.223
Segment 5 0.1102 £ 0.0040 —0.8682 £ 0.0597 0.710 0.717 0.0376 £ 0.0055 —0.1747 £+ 0.0813 0.398 0.414
Segment 6 0.0679 £ 0.0060 —0.2077 £+ 0.0915 0.337 0.387 —0.0103 + 0.0130 0.5564 £ 0.1944 0.053 0.034
Segment 7 0.0739 £ 0.0046 —0.2846 + 0.0718 0.408 0.509 0.0422 £+ 0.0124 —0.2164 + 0.1852 0.280 0.305
Segment 8 0.0945 + 0.0091 —0.5427 £+ 0.1472 0.330 0.363 0.0376 £ 0.0177 —0.1366 + 0.2796 0.359 0.414
Segment 9 0.0304 £ 0.0063 0.3407 £ 0.0972 0.254 0.258 0.0209 £ 0.0087 0.0743 £ 0.1309 0.046 0.021
Segment 10 0.1076 £ 0.0050 —0.9001 £ 0.0823 0.570 0.594 0.0573 £ 0.0074 —0.5095 + 0.1168 0.308 0.381
Total light curve 0.0720 £ 0.0042 —0.2500 £ 0.0502 0.479 0.495 0.0311 £ 0.0004 —0.0565 £ 0.0055 0.232 0.234

bin. Due to the presence of various emitting and absorbing
regions surrounding an AGN, variations across different
energy bands may not occur simultaneously, leading to
observable time differences. To implement the ZDCF, we
made use of the Python package pyzdcf™ (I. Jankov et al.
2022). The results of the cross correlations are shown in
Figure 4. As can be seen, the ZDCFs peak at zero lag,
implying cospatial optical emission. The significance of the
detected peaks are shown by red dashed lines in Figure 4
corresponding to a 3.50 level. The significance is calculated by
simulating 5 x 10* light curves, following the procedure
discussed in D. Emmanoulopoulos et al. (2013).

These results are consistent with not only the optical—optical
correlations, but between different bands as well, although
sometimes lags of few days have been detected. For example,
cross-correlation analyses have shown that optical and ~-ray
light curves are often very closely aligned, with any lag mostly
consistent with being zero or sometimes a few days
(S. Vercellone et al. 2009; B. Rajput et al. 2019; G. Bhatta
2021). Such behavior tends to favor leptonic models where
synchrotron emission and inverse-Compton scattering (7-rays)
come from the same lepton population, rather than more
complex multizone or hadronic scenarios (E. W. Bonning
et al. 2009; N. H. Liao et al. 2014; A. Majumder et al. 2019).
Lags of the order of several to hundreds of days have also been

54 https://github.com/LSST-sersag /pyzdcf

observed, but these typically involve cross correlations
between, e.g., lower-frequency radio and optical light curves
(A. Sarkar et al. 2019).

4. Estimation of the Black Hole Mass in OJ 287 Using
Steward Optical Spectra

We combined eight optical spectra of OJ 287 at its low state,
in the observed period from 2017 October 21 to 2017
November 22, from Steward Obselrovatory55 with the observed
wavelength range A = 4000-7550 A. All eight spectra and the
flux-averaged spectrum are plotted in the left panel of Figure 5.
There are no significant emission lines in the individual
spectra, but a weak [O III] line appears at 5007 A in the
average spectrum indicated by the blue dotted lines in both
panels. As neither broad-emission lines nor the host absorption
lines are observed in the average spectrum, the virial mass and
M-o empirical relation estimations cannot be directly applied
to obtain the BH mass for OJ 287.

However, we can employ the [O III] line width to estimate
the BH mass. The width of narrow-line [O III] has frequently
been used as a surrogate for o because the bulge gravity
dominates the global kinematics of the narrow-line region in
AGNs (e.g., S. Komossa & D. Xu 2007; Q. Wu 2009, and
references therein). We analyzed the average spectrum
following the procedure given in M. Liao & M. Gu (2020),
where the average spectrum was first corrected for Galactic

35 hitp://james.as.arizona.edu/~psmith/Fermi
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Figure 4. Cross-correlation results between different optical bands. With all ZDCFs peaking at zero lag, one can infer essentially cospatial emission, with the red

dashed line representing 3.5¢ significance level.

extinction with the reddening map of D. J. Schlegel et al.
(1998), and then was shifted to the rest-frame wavelength by
using the redshift of OJ 287. We modeled the continuum by
applying a single power law (f\, « A“). The continuum-
subtracted average spectrum was further fitted by using the
Gaussian profile to fit the [O 1] AS007 A in the spectral range
of 4700-5100 A. The final full width at half-maximum
(FWHM) of [O 11] is 841 km s~ 1, which was corrected for
instrumental line broadening with the adopted source-frame
instrumental resolution of FWHM;, =~ 918 km s~!. In order
to evaluate the corresponding error of FWHM, we generated
100 mock spectra by adding a random Gaussian noise to the
original spectra using the flux-density errors, and then
calculated the standard deviation of the measurements from
those mock spectra as the uncertainty. The flux-density errors
used here were the rms value of the average spectrum
calculated over the source-frame spectral window of 5100
—5150 A after subtracting a second-order polynomial func-
tion. The spectral fitting is shown in the right panel of Figure 5.

Using the M—o relation of J. Kormendy & L. C. Ho (2013)
where 0 = FWHMo 1r)/2.35, we estimated the BH mass to be
log (Mgu/M)= 9.59. The systematic uncertainty of the M—o

relation of 0.29 dex has been combined with the [O III]-based
FWHM (0.27 dex) to produce a total error for this BH mass
estimate, yielding log (Mgu/M:) = 9.59 & 0.40. So the BH
mass from this initial [O III] estimate could be up to
10 x 10° M., which is comparable to that derived from the
binary model for the massive one of Mgy = 18.35
+0.05 x 10° M., (M. J. Valtonen 2007). The [O III] emission
line is from the AGN narrow-line emission region at the
kiloparsecs scale, which is generally believed to be a cone
structure rather than a disk; therefore, the projection effect may
not be as important as when one considers the broad line
region (BLR). The preferred lines for BH mass estimates, H,,
and Hg are from the BLR, which is located much closer to the
BH than the narrow-line emission region. There is another
source of uncertainty which, while alluded to, is yet to be
included. Since the line-emitting region is likely to be
geometrically flat, and lie close to the plane of the sky in BL
Lac objects such as OJ 287, the observed line width is
narrower than it should be in comparison with an arbitrary
viewing angle by a factor sin i where i is the inclination of the
disk. Ideally, one would use an experimental M—o relation for
BL Lac objects, but since it is not available, the best we can do
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Figure 5. The eight spectra observed in the period of 2017 October 21-2017 November 22 and the flux-averaged spectrum (left). All spectra were corrected for
Galactic extinction and shifted to source rest frame, with the position of emission lines of H3 and [O 111] A5007 A indicated as the vertical red dotted and green dotted
lines. The spectral fitting of OJ 287 (right), where the continuum is fitted with a single power law shown as the red dotted line; the black line is the original flux-

averaged spectrum and the inset shows the line fitting for [O 1II] A5007 A.

is to estimate the influence of the sin i factor on the determined
BH mass value. The correction factor could be up to a factor of
10 for the narrow-line region, so we can only say that the value
of the BH mass mentioned above is a lower limit. The
dynamically determined mass from the binary motion log
M/M.) = 1025 (M. J. Valtonen 2007) is certainly
compatible with this limit.

We note that S. Komossa et al. (2023a) refer to M. Vester-
gaard & B. M. Peterson (2006) who derived a correlation
between the BH mass Mgy and the hydrogen line luminosity
L(Hp) (in units of 10*? erg s~ ) and the line width at half-
maximum F(Hp) (in units of 1000 km s 1) in quasars:

My = 107 [L(Hp)" [F (Hp)F M. ®)

They use the line parameters measured in 1984 December
23 by M. L. Sitko & V. T. Junkkarinen (1985)
L(H,) = 10**®ergs ' and F(H,) = 4200kms ' and obtain
the BH mass of only Mgy ~ 1.25 x 10® M. They ignore the
influence of the disk’s inclination. The inclination of the
accretion disk with respect to the plane of the sky i is likely to
be low in OJ 287, say i ~ 5°, because the jet is pointing nearly
in our direction. The Doppler broadening should be propor-
tional to sin i, if the BLR is flattened. Comparing this with a
typical value of (sin i)' in a randomly oriented sample, this
correction factor for OJ 287 would be around 10, increasing
the estimated mass by a factor of 10? over the correlation
value. Therefore, after the inclination correction, the mass
estimate of S. Komossa et al. (2023a) is consistent with what
we find from the [O 1] line, as well as the binary-SMBH
dynamical measurement.

Now the binary-SMBH model is based on the long-term
quasiperiodic variability of the source, interpreted as the result
of orbital motion and disk-impact events. Recent radio and MW
studies (e.g., A. Volvach et al. 2024, 2025) have identified
multiple stable periodic components (of ~12, ~6.5, and ~2.1
yr), which are naturally explained within a binary framework
and produce additional direct constraints on the system’s
dynamical parameters. These analyses suggest a primary BH
mass of ~10'"°M_, and a secondary component of ~10° M.,
consistent with the dynamically determined mass from the long-
term optical observations (e.g., M. J. Valtonen 2007).

Therefore, the lower mass derived from the M—o relation
should be regarded as a conservative estimate, while the
dynamically inferred mass from the binary model is most
likely more representative of the true gravitational potential of
the system. This is particularly relevant for OJ 287, where
relativistic jet emission dominates and can significantly affect
spectroscopic diagnostics. The comparison highlights the
importance of combining spectroscopic and time-domain
approaches when studying complex systems such as blazars
hosting candidate binary SMBHs.

5. Discussion

Here, we have investigated approximately 10 yr of densely
sampled multiband optical observations of OJ 287, spanning
from 2015 September 29 to 2025 April 26. The dataset was
compiled from an extensive network of telescopes worldwide,
yielding the most densely sampled light curve of the source to
date. It incorporates both previously published observations
(A. C. Gupta et al. 2017, 2019, 2023) and newly obtained data
provided by our collaborators. Additionally, publicly available
data from the SMARTS and Steward observatories were
included to further enhance the dataset’s temporal coverage
and reliability. Due to seasonal gaps, we divided the light
curve into 10 distinct segments. All segments exhibit notice-
able variability across all bands; however, the amplitude of
variation differs significantly between them. Segment 1
(corresponding to 2015/6) shows the greatest variability, with
brightness changes of approximately 2.7 mag, suggesting a
phase of strong activity. In contrast, segment 4 (2018/9)
shows the least variation, with a relatively modest change of
~1 mag, illustrating a comparatively stable emission state.

0J 287 is a remarkable blazar that certainly appears to host a
binary-SMBH system, where the secondary periodically
impacts the accretion disk of the primary roughly every 12
yr (H. J. Lehto & M. J. Valtonen 1996; A. Sillanpaa et al.
1996b; M. J. Valtonen et al. 2008). This periodic interaction
produces characteristic optical outbursts, although none were
captured in the present analysis, as our observational baseline
is a few years shorter than the expected period.
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Blazar flux variability spans a wide range of timescales and can
arise from both accretion-disk instabilities (S. A. Balbus &
J. F. Hawley 1991; Y. E. Lyubarskii 1997; P. Arévalo &
P. Uttley 2006) and jet-dynamics-driven processes. The former can
lead to small-scale amplitude variations either due to instabilities in
the accretion disk or by a change in accretion rate near the inner
edge of the disk. Among the latter, the shock-in-jet model
(A. P. Marscher & W. K. Gear 1985) provides a natural
explanation for many large flares in many wave bands, where
shocks propagating along the relativistic jet accelerate particles and
enhance synchrotron emission. The resulting emission can either
predominantly originate from a single zone (G. Ghisellini et al.
1998; F. Tavecchio et al. 1998), or seems to require contributions
from multiple zones (X. Chen et al. 2011; A. P. Marscher 2014).
Collisions between stationary and traveling shocks within the jet
give rise to multiple radiation zones and are used to explain the
short-term MW variability; meanwhile, the single zone models are
helpful in explaining the long-term variability since the finite size
of the emission region and the associated light-crossing time, along
with particle injection timescales, naturally predict a larger
minimum timescale for flaring episodes (e.g., K. K. Singh &
P. J. Meintjes 2020). Geometrical effects can also play a key role
in observed variability by affecting the bulk Lorentz factor, which
in turn can increase or decrease the observed flux (C. M. Raiteri
et al. 2017b; A. Sarkar et al. 2019).

Blazars typically exhibit two main types of color behavior:
RWB and BWB trends. As a blazar, and specifically a BL Lac
object in which quasi-thermal accretion-disk emission is
minimal, the variability of OJ 287 is primarily driven by the
jet emission. In the case of BL Lac objects, most studies point
toward a dominant BWB trend (M. F. Gu et al. 2006;
Y.-H. Zhang et al. 2013). In this work, we analyzed the long-
term color variability of OJ 287 and found a clear BWB trend,
not only in the full light curve, but also consistently across all 10
individual segments. The BWB trend seen in BL Lac objects
can be attributed to electrons accelerated by the shock front in
the jet losing energy more quickly, leading to greater variability
in the higher-energy bands (A. Mastichiadis & J. G. Kirk 2002).
Alternatively, the rise in luminosity could be explained by the
injection of new electrons with a harder energy distribution
compared to the previously cooled population.

Since the confirmation of the large precession in the binary
orbit and the detection of loss of the gravitational-wave energy
from the system (M. J. Valtonen et al. 2008), the interest in MW
observations has boomed. In particular, the predicted 2015 flare
was already much better covered observationally than the
previous flares that mark the binary orbit (M. J. Valtonen et al.
2016). This could be considered the start of the high MW
observational efforts. As far as we know, the spectral and
temporal behavior has not been any different from earlier flaring
periods, but the coverage has improved (P. Kushwaha et al.
2018a, 2018b). The dynamic evolution of the emission from
OJ 287, backed by a certain predictability, rare in a transient
dynamical system, has encouraged a great deal of MW
monitoring. Investigations of these accumulated rich datasets
have led to the discovery of many new features including
a thermal spectral component in the NIR-optical band
(P. Kushwaha et al. 2018b); an additional high-synchrotron-
peaked BL Lac object-like jet-emission component
(S. O. Brien & VERITAS Collaboration 2017; P. Kushwaha
et al. 2018a, 2021; K. P. Singh et al. 2022), with an unusually
soft-X-ray spectrum (S. Komossa et al. 2017, 2020;
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P. Kushwaha et al. 2018b, 2021; B. Kapanadze et al. 2018;
S. Huang et al. 2021); a Seyfert-like UV and soft-X-ray excess
(M. Pal et al. 2020); an iron absorption feature (S. Komossa et al.
2020); systematic trends in optical polarization (M. H. Cohen
et al. 2018; A. C. Gupta et al. 2019, 2023); and secondary jets
(E. Bonnassieux et al. 2024; M. J. Valtonen et al. 2025), most of
these for the first time. Interestingly and intriguingly, all of these
newer, peculiar features are detected when the two SMBHs are
closely interacting as per the dynamical evolution of the disk-
impact model. These, in turn, has further expanded the scope of
observations and now OJ 287 is one of the targets of the Event
Horizon Telescope (EHT; 1. Cho et al. 2024).

These fascinating findings in turn have greatly enlarged the
physics of this source that can be probed, apart from binary
aspects. These include strong gravity physics involving
tidal disruptions (S. Huang et al. 2021); BH properties (e.g.,
M. J. Valtonen et al. 2008, 2023; A. C. Gupta et al. 2023, and
references therein); gravitational waves (e.g., M. J. Valtonen
et al. 2008; J.-W. Chen & Y. Zhang 2018; G. Agazie et al.
2023, and references therein); accretion and aspects of
relativistic jets (e.g., S. Komossa et al. 2020; A. C. Gupta
et al. 2022, 2023; P. Kushwaha 2025, 2022; S. M. Ressler
et al. 2025, and references therein); aspects of cosmology
(e.g., M. H. Chan & C. M. Lee 2024; S. Yadav &
P. Kushwaha 2024; D. Deb et al. 2025); and finally, as a
multimessenger source (e.g., J. C. Rodriguez-Ramirez et al.
2020; M. J. Valtonen et al. 2021).

6. Conclusions

This study presents densely sampled investigations of the
long-term optical variability of the blazar OJ 287. The analysis
is based on an extensive collection of optical photometric
observations acquired from numerous ground-based telescopes
worldwide, covering its emission as continuously as possible
from the ground between 2015 and 2025. A concise summary
of our main results is provided below.

1. Due to the seasonal gaps, the light was divided into a
total of 10 segments, with the object going through a
maximum and minimum magnitude change of ~2.87 and
0.86 in the V band (segment 1) and / band (segment 4),
respectively. The object was found to be variable
throughout the observing campaign, but faded steadily
after the peak of the 2015 disk-impact flare, reaching
V = 16.86 in April 2025.

2. The CM relationship for OJ 287 was analyzed both over
the entire light curve and across individual segments. A
clear “bluer-when-brighter” trend was observed, not only
in the full light curve, but also consistently within each
segment. Among the B — R color indices, the strongest
and weakest correlations were found in segments 5
(2019/2020) and 9 (2023/2024), with Spearman corre-
lation coefficients, p, of 0.717 and 0.258, respectively.
For the full light curve, Spearman p was 0.495.

3. The discrete correlation function analysis was performed
between all bands using ZDCF. All interband cross
correlations were found to peak at zero lag, implying that
the emission is cospatial in the BVRI bands.

4. We combined eight optical spectra of the source to
estimate its BH mass by using the width of the [O III] line
as a surrogate for o in the M—o relation. The continuum
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was fitted using a power law, while the continuum-
subtracted average spectrum was fitted using a Gaussian
function, giving a FWHMj gy ~ 918 km s~ which
translates to a BH mass of log Mgy = 9.59 + 0.40M...
This should be considered as the lower limit for the mass
of the primary BH; it is consistent with the dynamically
determined mass of log (M/M) = 10.25.
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