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Abstract

In 2017 February, the blazar OJ 287 underwent a period of intense multiwavelength activity. It reached a new
historic peak in the soft X-ray (0.3–10 keV) band, as measured by the Swift X-ray Telescope. This event coincides
with a very-high-energy (VHE) γ-ray outburst that led VERITAS to detect emission above 100 GeV, with a
detection significance of 10σ (from 2016 December 9 to 2017 March 31). The time-averaged VHE γ-ray spectrum
was consistent with a soft power law (Γ=−3.81± 0.26) and an integral flux corresponding to ∼2.4% that of the
Crab Nebula above the same energy. Contemporaneous data from multiple instruments across the electromagnetic
spectrum reveal a complex flaring behavior, primarily in the soft X-ray and VHE bands. To investigate the possible
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origin of such an event, our study focuses on three distinct activity states: before, during, and after the 2017
February peak. The spectral energy distributions during these periods suggest the presence of at least two
nonthermal emission zones, with the more compact one responsible for the observed flare. Broadband modeling
results and observations of a new radio knot in the jet of OJ 287 in 2017 are consistent with a flare originating from
a strong recollimation shock outside the radio core.

Unified Astronomy Thesaurus concepts: Blazars (164); Active galactic nuclei (16); Active galaxies (17); Gamma-
ray astronomy (628); Gamma-ray sources (633)

1. Introduction

At the time of writing, there are 88 active galactic nuclei
(AGN) detected at very high energies (VHE; E> 100 GeV;
Wakely & Horan 2008).39 The population of VHE AGN is
dominated by blazars (∼90%), with the remaining detected
AGN being either radio galaxies or AGN with uncertain
classifications. Blazars are divided into two classes, BL
Lacertae objects (BL Lac objects) and flat spectrum radio
quasars.

The spectral energy distribution (SED) of blazars is
characterized by a double-peaked structure. The lower-
frequency peak, typically found at radio-X-ray frequencies, is
due to synchrotron radiation of relativistic electrons traveling
within the jet. The higher-frequency peak, typically located in
the X-ray/γ-ray regime, is generally attributed to inverse
Compton scattering of low-energy photons. The origin of these
low-energy photons may be the same as photons produced by
the synchrotron process (synchrotron self-Compton, SSC; see,
for example, Ghisellini et al. 1996; Tavecchio et al. 1998) or
due to an external region (external Compton, EC; see, for
example, Dermer & Schlickeiser 1993), such as the broad line
region (BLR) or a dusty torus. Hadronic and lepto-hadronic
models have also been invoked in modeling blazars (see, for
example, Boettcher 2012; Cerruti et al. 2015). See Cerruti
(2020) and references therein for a review of blazar emission
models.

The BL Lac object classification is further broken down by the
frequency of the synchrotron peak, low- (LBL; νsync< 1014Hz),
intermediate- (IBL; νsync∼ 1014–1015 Hz), or high-frequency-
peaked BL Lac objects (HBL; νsync> 1015Hz; see, for example,
Padovani & Giommi 1995; Nieppola et al. 2006). HBLs are
generally well described by a one-zone SSC model, while LBLs
and IBLs usually are better described by significant EC
components. HBLs are the dominant class of BL Lac objects
detected at VHE energies, with LBLs and IBLs constituting
∼15% of the detected BL Lac objects. LBLs and IBLs are
typically only detected during periods of enhanced VHE and
multiwavelength (MWL) activity, with simple one-zone SSC
models struggling to adequately explain the broadband SED (see,
for example, BL Lacertae and Ap Librae; Raiteri et al. 2010;
Hervet et al. 2015, respectively).

OJ 287(R.A.: 08h54′48 8749 decl.: +20h06′30 641
(J2000); Johnston et al. 1995) is a blazar located at a redshift
of z= 0.306 (Nilsson et al. 2010).

OJ 287 belongs to the LBL subclass of blazars, with a
synchrotron peak (in νFν representation) at ( [ ])log Hz10

13.24 (Lott et al. 2020). OJ 287 is a remarkably well-studied
object, with optical observations dating back to 1890 (Sillanpaa
et al. 1988). These optical observations have revealed a
quasiperiodic behavior, with regular outbursts occurring on an
approximately 12 yr cycle. To explain this behavior, current

models invoke a precessing binary supermassive black hole
(SMBH) system at the center of the AGN (see, for example,
Sillanpaa et al. 1988; Sundelius et al. 1997; Valtonen et al.
2011; Hudec et al. 2013) or helical jet models (see, for
example, Valtonen & Pihajoki 2013; Britzen et al. 2018).
Binary SMBH models typically invoke a primary and a

secondary black hole with mass of 1.8× 1010Me and
1.3× 108Me, respectively, and a precession rate of
( )37.5 39.1 orbit 1 (Valtonen 2007; Valtonen et al. 2011).
These models have successfully predicted optical outbursts
originating from a disk-crossing event (Valtonen et al. 2011),
with the recent event (Valtonen et al. 2016) in 2019 July,
occurring within 4 hr of the predicted flare (Laine et al. 2020).
Valtonen et al. (2016) observed the optical flare on 2015
December 5 as part of an MWL campaign spanning optical to
X-ray energies. Optical R-band observations taken during this
campaign show good agreement with the thermal Bremsstrah-
lung component of an optical outburst model (see Valtonen
et al. 2012, and references therein), with flux levels in excess of
the model, consistent with variations observed in optical
polarization and X-ray measurements during this period,
suggesting a synchrotron origin for the excess emission. The
X-ray flux level observed during this campaign was compar-
able to that observed during a previous monitoring campaign
(∼4× 10−12 erg cm−2 s−1; Edelson et al. 2015; Valtonen et al.
2016), suggesting that the X-ray emission is dominated by jet
emission rather than the disk-crossing event.
OJ 287 has been detected at high energies (HE; 100MeV–

100 GeV) by the Fermi Large Area Telescope (LAT). The 4th
Fermi Point Source Catalog (4FGL) Data Release 1 (DR1;
Abdollahi et al. 2020) energy spectrum is described by a log-
parabola model, with the inverse Compton peak occurring in
the MeV to sub-GeV energy range. A conservative power-law
extrapolation of the 4FGL spectrum into the VHE regime
suggests a VHE flux <0.5% Crab,40 indicating that in its
quiescent state, detection of OJ 287 would not be feasible by
current-generation ground-based γ-ray instruments without
significant (>50 hr) exposure. OJ 287 is highly variable at
HE, with a 4FGL variability index (TSvar) of 611.67. A 4FGL
variability index of TSvar> 18.48 suggests, at the 99%
confidence level, that the source is inconsistent with a
constant-flux model. Indeed, EGRET observations already
suggested HE variability (Shrader et al. 1996), with a 4.3σ
excess of events >1 GeV observed coincident with optical
flaring.
OJ 287 has previously been observed in VHE γ-rays by the

Very Energetic Radiation Imaging Telescope Array System
(VERITAS) and MAGIC Collaborations. VERITAS observed
OJ 287 during a period of expected enhanced activity between
2007 December 4 and 2008 January 1 (see, for example,

39
http://tevcat2.uchicago.edu

40
A flux unit is defined as the VHE flux of the Crab Nebula (Hillas et al.

1998), a bright and steady source at VHE.
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Valtonen 2007), resulting in a nondetection. Archambault et al.
(2016) combined these observations with ones taken during the
2010–2011 season, again resulting in a nondetection, and
determined a 99% confidence level (C.L.) upper limit on the
integral flux (E> 182 GeV) at 2.6% Crab (Archambault et al.
2016). As part of an MWL campaign (Seta et al. 2009), the
MAGIC Collaboration observed OJ 287 during two periods in
2007 April 10–13 and 2007 November 7–9. The data from
these observations both resulted in a nondetection. Seta et al.
(2009) determined 95% C.L. upper limits on the integral flux at
(E> 145 GeV) 3.3% and (E> 150 GeV) 1.7% Crab for the
respective periods.

Between late 2016 and mid-2017, OJ 287 underwent a
period of enhanced MWL activity. In 2016 December,
VERITAS began a monitoring program on OJ 287 based on
elevated X-ray count rates reported by the Neil Gehrels Swift
Observatory (Swift) X-Ray Telescope (XRT) Monitoring of
Fermi-LAT Sources of Interest website41 (Stroh & Falcone
2013; see also, Grupe et al. 2016; Verrecchia et al. 2016). In
response to a further increase in the X-ray count rates,
VERITAS initiated a target of opportunity observations on
OJ 287 from 2017 February 1 to 2017 February 4, resulting in a
>5σ detection (Mukherjee & VERITAS Collaboration 2017).
Preliminary analysis results of the VERITAS data were
reported at the 2017 International Cosmic-Ray Conference
(O’Brien et al. 2017).

In this work, the MWL data from radio to VHE are
presented. In Section 2, the MWL observations, spanning from
optical to VHE, taken between 2016 December 1 and 2017
April 15 (57723–57858 MJD) are discussed, and the key
results are presented. In Section 3, the temporal flux properties
are discussed, and the correlation between different energy
bands is studied in Section 4. In Section 5, the time-averaged
SEDs obtained for three periods are presented, and modeling of
the broadband SED is performed. A general discussion of our
results and their context with respect to other recent studies is
presented in Section 6. We summarize our conclusions in
Section 7. This paper uses a flat ΛCDM cosmology, with
H0= 71 km s−1 Mpc−1, ΩM= 0.286, and ΩΛ= 0.714.

2. Observations

2.1. VERITAS

VERITAS (Holder et al. 2006) is an array of four 12 m
imaging atmospheric Cherenkov telescopes located at the Fred
Lawrence Whipple Observatory in southern Arizona, USA (31°
40′30″ N, 110° 57′07″ W, 1.3 km above sea level). In its
current configuration, VERITAS can accurately reconstruct γ-
ray events in the ∼100 GeV and >30 TeV energy range.
VERITAS can detect a source with a flux of 1% Crab at 5σ in
∼25 hr of observation. For a detailed discussion of the
performance of VERITAS see Park & VERITAS Collaboration
(2015) and Adams et al. (2022c).

VERITAS observations of OJ 287 between 2016 December
9 (57731 MJD) and 2017 March 30 (57842 MJD) resulted in a
total of 57 hr of quality-selected and dead-time-corrected
exposure. The VERITAS data were analyzed using standard
analysis techniques (Acciari et al. 2008) and crosschecked with
two independently developed and maintained analysis
packages (Cogan 2008; Christiansen 2017; Maier &

Holder 2017). Excellent agreement was found between the
two packages. Data were corrected for photomultiplier tube
gain (Hanna et al. 2022) and throughput losses (Archambault
et al. 2021) using the methods described by Adams et al.
(2022c). Gamma-hadron separation was performed using a set
of boosted decision tree cuts optimized and verified, a priori,
for analysis of soft-spectrum sources (see Krause et al. 2017).
This resulted in the detection of 2210 on-source and 10,327
off-source γ-ray-like events, with an on/off normalization of
one-sixth. Hence, OJ 287 is detected with an excess signifi-
cance (Equation (17) of Li & Ma 1983) of 10.4σ. To determine
the best-fit source location, a 2D symmetric Gaussian was fitted
to the excess counts map. The best-fit source location is
determined to be (J2000) R.A.: 08h54′50 3± (2 0)stat, decl.:
20°06′25 4± (29 2)stat, which is consistent with the radio
location of OJ 287 (Johnston et al. 1995). The 68% contain-
ment of the best-fit location is 0°.119± 0°.008, which is
consistent with observations of a point source convolved with
the VERITAS point-spread function (PSF) of 0°.1. The
systematic uncertainty on the VERITAS pointing accuracy is
<25″. OJ 287 is therefore assigned the VERITAS catalog name
VER J0854+201.
Spectral analysis was performed by applying a forward-

folding binned-likelihood analysis method described by Piron
et al. (2001). The total time-averaged differential energy
spectrum between 110 GeV and 630 GeV is fitted
(χ2/NDF= 1.45/3= 0.48) by a power law of the form

( )

[ ] ( )⎛
⎝

⎞
⎠

dN

dE

E

4.33 0.43 10

0.2 TeV
cm s TeV . 1

12

3.81 0.26
2 1 1

A log-parabola model was also applied; however no
significant curvature was found. The total time-averaged
integral flux was determined to be ( )E 130 GeV

( )1.04 0.10 10 cm s11 2 1 or ∼2.4% Crab. This is
inconsistent with the flux upper limits set by Seta et al.
(2009), suggesting that this detection corresponds to a period of
enhanced VHE activity rather than steady emission. The
nightly binned integral flux is shown in Figure 1(a). Upper
limits at the 95% C.L. are obtained for observations with an
excess significance <2σ, using the bound likelihood method
described by Rolke et al. (2005).
The variability index (see, for example, Nolan et al. 2012) of

the nightly binned VERITAS data is found to be TSvar= 30.14.
This corresponds to a χ2/NDF of 30.14/31= 0.97, which has
a χ2 probability of p= 0.51, suggesting a nightly binned flux
consistent with a constant-flux model. The validity of the TSvar
as an equivalent χ2 statistic was verified by Monte Carlo
simulations of VERITAS observations taken under similar
conditions as the observations reported here. The lack of
detected VHE variability is not surprising given that OJ 287 is
not consistently detected on nightly timescales. Due to the long
integration times required to obtain a significant detection, it is
more relevant to discuss long-term flux trends.
To analyze the temporal evolution of the VHE flux and

spectrum, we define three periods of MWL activity. We
defined a “Low” state comprising the periods 57727 to 57742
MJD (2016 December 5 to 2016 December 20) and 57765 to
57779 MJD (2017 January 12 to 2017 January 26), during
which there was no enhanced X-ray to optical activity (see
Sections 2.3 and 2.4). The “Flare” state is defined as 57785 to41

http://www.swift.psu.edu/monitoring/
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Figure 1. Multiwavelength light curves of OJ 287. Panel (a) shows the VHE flux above 130 GeV obtained by VERITAS. Panel (b) shows the flux between 0.1 GeV
and 300 GeV obtained by Fermi-LAT. Panel (c) shows the X-ray flux broken down into soft (0.3–1 keV), medium (1–3 keV) and hard (3–10 keV) energy bands.
Panels (d) and (e) show the UV and optical observations taken by Swift-UVOT in the UVW1, UVM2, and UVW2, and U, B, and V bands, respectively. The shaded
regions in blue, orange, and gray, correspond to the studied periods Low, Flare, and Post-flare, respectively, defined in Section 2.1.
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57789 MJD (2017 February 1–2017 February 5) and
corresponds to the peak of the soft X-ray flux and the VHE
detection. Finally, a “Post-flare” state is defined as 57813 to
57843 MJD (2017 March 1–2017 March 31) and corresponds
to a period of decreasing X-ray flux with some smaller-scale
flux variability. A breakdown of these periods with associated
VERITAS results is shown in Table 1. The “Low,” “Flare,” and
“Post-flare” states are shown as shaded blue, orange, and gray
regions, respectively, in Figures 1, 2, and 3.

The significance of the change in flux can be estimated by

∣ ∣
( ), 2i j

i j

i j

,
2 2

where fi and i
2 are the integral flux and associated squared

uncertainty for the ith observation. From the “Low” to “Flare”

state, the VHE flux increases by a factor of ∼4 with a 2.7σ

significance on the increase. The VHE flux then decreased

between the “Flare” and “Post-flare” states by a factor of ∼3

with a 3.7σ significance. The “Low” and “Post-flare” states

show a consistent integral flux. For each of the defined periods,

differential spectral points are obtained by reapplying the

spectral fit to each energy bin, with the spectral index frozen to

the best-fit value.

2.2. Fermi-LAT

Fermi-LAT (Atwood et al. 2009) is a pair-conversion γ-ray
telescope sensitive to γ-rays with energies from about 20MeV
to >300 GeV. Data taken by Fermi-LAT between 57731 MJD
and 57844 MJD were analyzed using the Science Tools
package (fermitools v2.2.0) using “Pass 8” (P8R3)
instrument response functions (Atwood et al. 2013), using the
fermipy (v1.2.0) Fermi-LAT analysis suite (Wood et al.
2017). “Source” class events (evclass= 128) converting in
both the front and back of the instrument (evtype= 3) were
analyzed. Events with energies between 0.1 GeV and 300 GeV
were selected. Events within 15° of the source were considered,
with a zenith cut of 90° applied to remove contamination due to
the Earth’s limb.

A binned-likelihood analysis (see, for example, Mattox et al.
1996) was applied to events passing the above criteria.
Different event types (4, 8, 16, 32) were used in a summed-
likelihood analysis with the appropriate instrument response
functions considered for each event class. A source model was
constructed that included all known sources in the 4FGL-DR1

(Abdollahi et al. 2020) within the region of interest. In the
minimization process, sources within 5° of OJ 287 and sources
with test statistic (TS) TS > 10 had their spectral shape
parameters fixed to their 4FGL values, and their spectral
normalization was allowed to vary. The spectral shape and
normalization parameters are free to vary for sources with
a TS > 50.
The light curve was obtained by binning the data in five-day

time bins. This is shown in panel (b) of Figure 1. A power-law
fit was applied to each of the time bins with the spectral index
fixed to −2.0. For bins with a TS less than 9, 95% C.L. upper
limits were obtained.
The Fermi-LAT light curve (100MeV–300 GeV) shows

remarkable stability during the campaign, with frequent
detections on a 5 day timescale. To provide a comparable flux
evolution study, the HE analysis was performed across the
same time bins as the VHE observations. Details of this
analysis are reported in Table 2. The HE spectra and flux states
during each period are consistent with constant emission,
within statistical uncertainties.

2.3. Swift

2.3.1. Swift-XRT

On board Swift (Gehrels et al. 2004), XRT (Burrows et al.
2005) is a Wolter-I design grazing-incidence telescope,
sensitive to X-rays in the range 0.3–10 keV. Observations
taken between 2016 December 1, and 2017 April 15,
(57723–57858 MJD) were taken as part of an MWL
monitoring campaign on OJ 287. In total, 55 observations
were collected and analyzed.
Swift-XRT observations were analyzed using the HEA-

soft
42

(v6.31.1) software package. XRT event files were
cleaned and calibrated using xrtpipeline (v0.13.7; see
Capalbi et al. 2005). Since all of the observations within this
period were taken in windowed timing mode, the effects of
pileup are considered to be negligible and no correction was
applied (see Moretti et al. 2004; Romano et al. 2006). A
circular source region centered on the location of OJ 287 was
used, with a radius of 20 pixels (∼47″), encompassing 90% of
the PSF for a 1.5 keV photon. An annular background region
centered on the location of OJ 287, with inner and outer radii of
80 and 120 pixels, respectively, was used. Ancillary response
files were generated using the xrtmkarf protocol and the

Table 1

Summary of VERITAS Results

Period Date Live Time Significance Integral Flux Integral Flux Spectral Index

(MJD) (hr) (σ) (× 10−11 (cm−2 s−1)) (% Crab)

(1) (2) (3) (4) (5) (6) (7)

Low State 57727–57742 3.5 1.3 0.46 ± 0.40 (<1.15) 1.07 ± 0.95 (<2.69) –3.81

57765–57779

Flare State 57785–57789 10.2 6.3 1.78 ± 0.28 (<2.26) 4.18 ± 0.67 (<5.30) –3.81

Post-flare State 57813–57843 26.8 4.4 0.63 ± 0.14 (<0.86) 1.49 ± 0.32 (<2.02) –3.81

Total Exposure 57727–57843 57.0 10.4 1.04 ± 0.10 (<1.21) 2.43 ± 0.24 (<2.83) –3.81 ± 0.27

Notes. Columns (1) and (2) show the definition of each analysis period. Column (3) shows the dead-time-corrected exposure. Column (4) shows the excess

significance for the period. Columns (5) and (6) show the integral flux (>130 GeV) in units of cm−2 s−1 and Crab, respectively, with the 95% C.L. upper limit shown

in parentheses. Column (7) shows the best-fit spectral index for the total exposure.

The total time-averaged best-fit spectral index is assumed when calculating the integral flux for each period.

42
https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
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swxwt0to2s6_20131212v015.rmf response matrix
was used.

Spectral analysis was performed using the XSpec package
(12.9.1p) via the PyXSpec interface. Data from each
observation were grouped together, requiring at least 20 counts
per energy bin to allow for χ2

fitting. The energy spectra were
fitted by an absorbed power-law model (phabs

*
powerlaw)

assuming a neutral hydrogen density (NHI) as measured by the
Leiden/Argentine/Bonn survey (Kalberla et al. 2005) of

2.49× 1020 cm−2. The photon index was observed to vary
from Γ∼−(2.0–2.7). This is softer than values typically
observed for OJ 287. This soft X-ray nature has been
previously discussed by, for example, Kushwaha et al. (2018)
and Huang et al. (2021). This is in contrast to the observation
by Gaur et al. (2018) of a negative spectral curvature term
(β< 0) in the hard X-ray band, indicating a hardening with
increasing energy. This hardening with increasing energy was
interpreted by Gaur et al. (2018) as a transition from

Figure 2. X-ray and optical light curve of OJ 287. Panel (a) shows the X-ray flux as described in Figure 1; panel (b) shows the B-band magnitude; panel (c) shows the
V-band magnitude; panel (d) shows the I-band magnitude; and panel (e) shows the R-band magnitude.
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synchrotron to inverse Compton dominance in the X-ray
regime.

To test for spectral curvature, energy spectra were also fitted
with an absorbed log-parabola model (phabs

*
logpar).

Preference for a log-parabola model over a simple power-law
model was tested using an F-test. Only 18 out of the 55
analyzed spectra showed a preference for a curved spectrum at
the 95% confidence level. Of the 18 observations, five showed
a preference for a log-parabola with β> 0 (positive/down-
wards curvature), with the remainder showing a preference for
a log-parabola with β< 0 (negative/upwards curvature).
Positive/downward curvature (β> 0) occurs on the nights of
57783, 57786, 57788, 57792, and 57799 MJD. These occur
just before and after the X-ray peak. The presence of a
softening with energy suggests that synchrotron emission is the
dominant emission process in the X-ray regime during this
flaring period.

The absorption-corrected integral flux was obtained in three
energy bands approximately equispaced in log space using the

cflux protocol. These energy bands are labeled soft
(0.3–1 keV), moderate (1–3 keV), and hard (3–10 keV). These
are shown in Figure 1(c).

2.3.2. Swift-UVOT

The Swift-UVOT observations of OJ 287 between MJD
57719 and 57846 were analyzed using standard HEAsoft

(v6.12) tools.43 The Level 2 calibrated UVOT data, including
sky images, were obtained from the High Energy Astrophysics
Science Archive Research Center44 data archives. UVOT
observations for OJ 287 are available in the six UVOT bands:
V, B, U, UVW1, UVW2, and UVM2. Aperture photometry was
performed on these images using the uvotsource protocol.
A circular aperture or radius 5″ centered on OJ 287 was used
for the source region, and a 20″ circular aperture centered on a
source-free patch of the sky near the source region was used as
a background region. The aperture photometry was used to
produce a light curve for each available band, as shown in
Figure 1. For deriving the SED points, the central wavelength
values from Poole et al. (2008) were used for each band. The
UVOT fluxes were corrected for Galactic extinction using dust
reddening estimates from Schlafly & Finkbeiner (2011).

2.4. Optical

Optical observations were collected by numerous telescopes:
(1) the 1.54 m Kuiper and 2.3 m Bok telescopes of Steward
Observatory (Mount Bigelow and Kitt Peak, AZ), hereinafter
“Steward;” (2) the 1.83 m Perkins telescope of Lowell
Observatory (Flagstaff, AZ), hereinafter “Perkins;” (3) the
Robotically Controlled Telescope (RCT) located at Kitt Peak
National Observatory (Tucson, AZ), hereinafter “RCT;” (4) the

Figure 3. Optical polarization measurements OJ 287. The top panel shows the polarization percentage. The bottom panel shows the EVPA degree. See Section 3.2
text for details on annotations.

Table 2

Summary of Fermi-LAT Results

Period

Test

Statistic Integral Flux Spectral Index

( )E0.1 GeV 300 GeV
(TS) (× 10−8 (cm−2 s−1))

(1) (2) (3) (4)

Low State 57.78 ( )3.88 1.56 ( )1.98 0.20

Flare State 36.19 ( )7.83 3.43 ( )1.89 0.27

Post-flare State 188.16 ( )7.03 1.57 ( )1.94 0.12

Total Exposure 531.45 ( )6.08 0.81 ( )1.94 0.07

Note. Column (1) shows the analysis period as defined in Table 1. Column (2)

shows the TS values. Columns (3) and (4) show the best-fit time-averaged

integral fluxes and power-law spectral, respectively.

43
Data were processed using the pipeline available at https://github.com/

KarlenS/swift-uvot-analysis-tools.
44

https://heasarc.gsfc.nasa.gov
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T-11 at New Mexico Skies Observatories (Mayhill, NM),
hereinafter “T-11.”

Data were taken in the Johnson B, V, R, and I bands by the
Steward and Perkins telescopes. They were processed and
reduced using the methods described in Jorstad et al.
(2010, 2013). Johnson R-band observations taken by the
RCT were processed and reduced using the methods described
in Strolger et al. (2014). Johnson R-band observations taken by
the T-11 were taken as part of the iTelescope network.45

The optical light curves are shown in Figure 2, with the R-
band polarization percentage and electron vector pointing angle
(EVPA) shown in Figure 3.

3. Temporal Analysis

3.1. Multiwavelength Light Curves

The MWL light curves spanning UV–VHE and optical
wavelengths are shown in Figures 1 and 2. A quantitative
search for correlation and time lags is discussed in Section 4.1.
Here we first summarize some qualitative features of the
various data sets. A variability pattern with some similarities
between X-ray and optical wavelengths is observed. Visual
inspection of the light curve shows that a moderate increase is
observed in both soft and hard X-rays at ∼57744 MJD, while
there is no corresponding activity observed in any other band.
A steady rise from ∼57740 MJD, with a local maximum in the
soft X-ray flux appears at ∼57755 MJD, before decreasing.
After this decrease, fluxes rise with a global maximum in the
soft X-rays occurring at ∼57785 MJD. The maximum soft
X-ray flux corresponds to ∼5× the base level flux observed
during this campaign and is temporally coincident with the
VHE detection as reported by Mukherjee & VERITAS
Collaboration (2017). Upon reaching this level at ∼57785
MJD, fluxes slowly decline toward the end of the observation
period at ∼57850 MJD.

In order to determine an upper bound on the minimum
variability timescale, a scan is performed over the soft X-ray
light curve. The minimum variability timescale is defined as the
minimum time on which the flux doubles. To prevent errors
due to statistical fluctuations, a threshold of 3σ is applied to the
significance of the flux change, with the significance estimated
using Equation (2). The minimum variability timescale is
determined to be 2.7 days (57741.2–57744.0 MJD, 8.0σ).

3.2. Optical Polarization

The mean degree of polarization is 12% and is represented in
Figure 3(a) by the blacked dashed line. The polarization
remains approximately constant, varying by ∼3% over the
observed period. EVPA shows a general clockwise rotation of
−0.53± 0°.03 day−1. This was estimated by fitting a straight
line to the observations, as illustrated by a dashed black line in
Figure 3(b). Such a trend corresponds to a rotational period of
1.86± 0.06 yr.

A moderate increase in the polarization is observed toward
the end of the post-flare state (∼57840 MJD). However, due to
the sparse monitoring of the optical polarization, it is difficult to
assess the correlation of this with features at any other
wavelength.

4. Correlation Analysis

4.1. Discrete Correlation Function Analysis

The discrete correlation function (DCF; Edelson & Krolik
1988) provides a method to study the correlation between two
different time series without interpolating the data. The DCF of
two data sets a and b is given by

( ¯)( ¯)

( )( )
( )

a a b b

e e
UDCF , 3ij

i j

a a b b
2 2 2 2

( ) ( )
M

DCF
1

UDCF , 4ij

where τ is the time lag, f̄ and σf are the mean and the standard

deviation of data set f, ef is the statistical error associated with

data set f and UDCFij is the discrete correlation between the

time-lag pair Δtij= tj− ti. Finally, DCF(τ) is the mean discrete

correlation for M time-lag pairs such that τ−Δτ/2�
Δtij< τ+Δτ/2.
A DCF analysis is applied to the Swift-UVOT and Swift-

XRT light curves, with the results for the soft X-ray flux band
shown in Figure 4. To determine the significance of an
obtained DCF value, 105 random light curves are generated for
each flux band, using the methods described by Emmanoulo-
poulos et al. (2013; see also, Timmer & Koenig 1995). The
results were used to construct 1σ-, 2σ-, and 3σ-confidence
intervals for the observed light curve pair.
Figure 4 shows a correlation between the soft XRT band and

the Swift-UVOT bands, significant at the 3σ level and a peak
value occurring for a time lag of −1 to −3 days. This suggests
an X-ray-led time lag that is consistent with a visual inspection
of Figure 1. The broadness of the peak in the DCF is also
consistent with zero time lag. The moderate X-ray band also
shows a correlation with the UVOT bands at the 2–3σ level,
while the hard X-ray flux only shows a weaker correlation. The
soft and moderate X-rays are correlated at zero time lag;
however, the hard X-ray flux shows a weak ∼2σ correlation
with the soft X-ray flux. The same weak correlation is also
found between the hard X-ray and the moderate X-ray and
Swift-UVOT fluxes. This suggests that the dominant process
for the soft and moderate X-ray emission is the same as the
Swift-UVOT emission, while the hard X-ray emission may be
due to a different process, or such that a correlation is below the
sensitivity of the observations taken. While X-ray-led time lags
are suggested by the DCF, there is no clear difference in
significance with the no-lag hypothesis. Hence we do not
consider the time-lag evidence strong enough for further
discussion.

4.2. VHE–X-Rays Correlation

Due to the low flux and Poissonian nature of the VHE
observations, methods such as the DCF analysis presented in
Section 4.1 are not suitable to compare the VHE and X-ray
fluxes, as the errors cannot be assumed to be Gaussian. Instead,
a likelihood-based correlation analysis is applied. This method
assumes that a VHE–X-ray correlation can be described using a
simple linear function such that

( )-m c, 5VHE X ray

where fi is the flux in the ith band, and m and c are parameters

of a straight line fit. For a set of VHE and X-ray observations,45
http://www.itelescope.net
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the likelihood of the VHE flux being described by Equation (5)

can be obtained. This is done by assuming the VHE spectral

index is constant, therefore Equation (5) provides an estimate

of the spectral normalization. A joint-likelihood analysis is

performed to find the maximum likelihood estimates m̂ and ĉ.

The likelihood is then compared to the likelihood of a constant-

flux model (m= 0), using the likelihood-ratio test. This method

allows for the inclusion of observations that resulted in upper

limits, correctly calculating the Poisson likelihood for each

observation. In the case of a constant-flux model, the

likelihood-ratio test is expected to be χ2 distributed with 1

degree of freedom. This was verified by Monte Carlo

simulations of constant-flux and correlated-flux data sets

simulated under similar observing conditions and flux levels

to those observed during the observing campaign. This method

does not consider uncertainties in the X-ray flux, which are

much smaller fractionally than those for the VHE observations.

The results of this correlation analysis are shown in Table 3.
The VHE flux shows a stronger correlation with the soft and
moderate X-ray flux than with the hard X-ray flux. The VHE
and soft/moderate X-ray flux shows a preference for a
correlated-flux model over a constant-flux model significant
at the >99% confidence level. Figure 5 shows the best-fit
correlated- and constant-flux models for the VHE and soft
X-ray data. The upper limits on the VHE flux are in
disagreement with the constant-flux model. The inclusion of
the upper-limit observations in the fit shows a strong preference
for the correlated-flux model. This does not conflict with the
constant-flux model in Section 2.1, as the details of the
temporal order are included in the fit.

5. Broadband SED Modeling

5.1. Multiwavelength States (Low, Flare, and Post-flare)

To better understand the MWL behavior of OJ 287, we build
the broadband SED from radio to VHE for the three states of

Figure 4. DCF analysis for soft X-ray flux compared with other X-ray UVOT flux bands. The top panel shows (left to right) soft, moderate, and hard X-ray flux. The
middle panel shows B, V, and U. The bottom panel shows UVW1, UVM2, and UVW2. The dashed black line in each panel represents a time lag of zero days (no lag)
between the two data sets. A negative time lag suggests a soft X-ray-led flare, while a positive one suggests a soft X-ray lag. The dotted blue, dotted–dashed orange,
and dashed green lines represent the upper bound on the 1σ, 2σ-, and 3σ-confidence intervals.

Table 3

Summary of the VHE–X-Ray Correlation Results

XRT Data Set Slope (m) Constant (c) log ( )2 log 0 Prob.

( )erg s 1 ( [ ])10 cm s12 2 1

(1) (2) (3) (4) (5) (6)

Constant Flux 0 (9.35 ± 1.19) 56066.49a N/A N/A

Soft (0.3–1 keV) (0.68 ± 0.17) (2.36 ± 2.61) 56073.09 13.20 0.0003

Moderate (1–3 keV) (1.95 ± 0.35) (0.71 ± 1.55) 56072.77 12.56 0.0004

Hard (3–10 keV) (4.04 ± 0.54) (0.11 ± 1.33) 56071.10 9.22 0.002

Note. Column (1) shows the corresponding X-ray data set. Columns (2) and (3) show the best-fit parameters assuming Equation (5). Column (4) shows the

corresponding log-likelihood value. Column (5) shows the likelihood ratio with respect to a constant-flux model, with the equivalent χ2 probability shown in Column

(6).
a
This corresponds to the null hypothesis of the likelihood-ratio test.
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activity presented in Figure 1, namely, Low (2016 December

5–20 and 2017 January 12–26), Flare (2017 February 1–5), and

Post-flare (2017 March 1–31). Broadband SEDs are con-

structed for each of the three periods and are shown in Figure 6.

The Swift-XRT observations within each period are combined

to produce a time-averaged spectrum.46 The VERITAS

spectrum is obtained for each period by freezing the power-
law index to the time-averaged fit and allowing the flux
normalization to vary.

From these broadband SEDs, two main considerations can

be made to guide the modeling approach. First, no state of

activity is Compton-dominated. The synchrotron peak reaches

the maximum luminosity for all states. There are no hints that

the observed flare is led by an external inverse Compton

process, which is usually associated with strongly Compton-

dominated SEDs (e.g., Adams et al. 2022b). This is relatively

unusual considering that most of the brightest flares of other

TeV LBL/IBLs are at least moderately Compton-dominated,

such as BL Lacertae (Ravasio et al. 2002; Abeysekara et al.

2018), W Comae (Acciari et al. 2009), 3C 66A (Abdo et al.

2011), or VER J0521+211 (Adams et al. 2022a).
A second observation is that, despite soft X-rays that

increase in flux by up to a factor of 10, the flare has a relatively

marginal impact on other energy bands. We observe a steady

flux in the R-band, and an increase of no more than a factor of 2

in optical-UV, hard X-rays (>3 keV), HE, and VHE. Finally,

we observe a clear break in Low and Post-flare X-ray spectra.

Describing the observed soft X-ray variability and connecting

the hard X-ray, Fermi, and VHE spectra in the SEDs in the

frame of one-zone SSC appears unrealistic and led us to fully

exclude this scenario in our study.

5.2. Multizone Approach

In order to provide an interpretation of the intriguing MWL

behavior of OJ 287, we use the multizone Bjet model (Hervet

et al. 2015, 2024). We note that this model was initially used

for the blazar AP Librae, which shares similar features with

OJ 287, such as being an LBL emitting in VHE with an

extended X-ray jet and showing hybrid motion in its jet, with

stationary and fast-moving knots observed in very-long-

baseline interferometry (VLBI) radio observations. This model

considers a blob as a spherical compact high-energy zone

moving through a larger, less dense, and slower section of a

conical jet. It is based on the underlying assumption of a two-

flow jet where the blob (fast spine perturbation) is radiatively

interacting with the jet (steady slower sheath). Both blob and

jet are filled with a nonstructured magnetic field and a

nonthermal electron population. The electron spectrum of the

blob has a broken power-law shape. The jet is discretized in 50

cylindrical slices with a particle distribution set at the first slice

as a simple power law. The particle density follows an

adiabatic decrease for the downstream slices. The magnetic

intensity, also set at the first slice, decreases with distance as

B(r)∝ r−1, as deduced from radio VLBI core-shift measure-

ments on a small sample of blazar jets by O’Sullivan &

Gabuzda (2009). Both blob and jet emit synchrotron and SSC

emissions. The radiation transfer of the blob emission through

the jet is taken into account, as well as the inverse Compton

interaction of the blob particles on the surrounding jet

synchrotron emission (“EIC blob-jet” in Figure 6). The nucleus

is also considered in Bjet, with an accretion disk simplified as

a mono-temperature blackbody and a BLR reprocessing the

disk radiation isotropically. We use the same BLR density

profile and characterization as defined in Adams et al. (2022b).

The photon–photon opacity and the external inverse Compton

arising from the blob–BLR interaction are taken into account.

Figure 5. Linear correlation between the VHE and soft (0.3–1 keV) X-ray fluxes. 95% C.L. upper limits are plotted for VHE observations with an excess significance
<2σ; however they are included in the fit (see text). The red solid line corresponds to the best-fit linear correlation described by Equation (5), with results shown in
Table 3 and the green dashed line shows the constant-flux model.

46
See https://swift.gsfc.nasa.gov/help/swiftfaq.html#_xrt-combine.
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5.3. Optical Constraints on the Accretion Disk Luminosity

Accretion disks of AGN have long dynamic timescales.
Considering the very conservative assumption of a dynamic
scale given by the free-fall time from the outer edge of the
accretion disk set at 1000Rs, we would get a minimum
variability timescale for OJ 287 of

( )⎜ ⎟
⎛
⎝

⎞
⎠

M

M
1.27 10

10
228 yr, 6ff

7 BH

with the primary black hole mass of MBH= 1.8× 1010Me.
Given the binary SMBH nature of OJ 287, we should

consider the much shorter disk variability of ∼12 yr corresp-
onding to the binary system periodicity, in the addition of disk
flaring events happening during the crossing of the secondary
black hole. The 2017 flare was right between two crossing
events (2015.9 and 2019.6), and let us assume that the
accretion disk was in a quiescent state at this time. Thanks to
the deep monitoring of OJ 287 by the 48″ optical telescope at
the Fred Lawrence Whipple Observatory, with 156 observa-
tions taken between 2017 December and 2024 April, we can
pinpoint the lowest optical flux of the source during this period
and use it as a constraint for the quiescent state of the accretion
disk. We find a minimum of optical activity in the Johnson–
Cousins band (B, V ) and the SDSS bands (r’, i’) on 2023, April

19. After galactic dust correction, we measure the lowest flux in
the B band at (5.34± 0.10)× 10−12 erg cm−2 s−1. We consider
the 2σ confidence interval of all bands as flux upper limits for
the accretion disk luminosity (see purple U.L. points in
Figure 6). Our model uses a simple monotemperature black-
body emission to describe the accretion disk. From these
constraints, we set up a disk luminosity of 2.5× 1045 erg s−1

and a temperature of 1.4× 104 K for all three states of activity.

5.4. Parameters Constrained with Radio VLBI Observations

We consider a jet angle with the line of sight of θ= 2°.2,
associated with a Doppler factor of δ= 23.9, as estimated by
Hervet et al. (2016) from the fastest observed apparent speed.
These values are consistent with a different method from
Jorstad et al. (2005), where they estimate θ= 3.2± 0.9 and
δ= 18.9± 6.4.
By considering the observed VLBI radio core as the base of

the jet, we can constrain our jet model parameters geome-
trically and radiatively. From the public MOJAVE data (Lister
et al. 2019), we derive an average FWHM of the radio core in
the jet direction of 7.4× 10−2 mas. At the distance of the
source, this translates to a projected 0.33 pc. From an angle
with a line of sight of 2°.2, we deduce a radio-core length of
about 8.6 pc ( ( )0.33 sin 8.6). The flux of the 15.3 GHz

Figure 6. Broadband SEDs of OJ 287 Low, Flare, and Post-flare activity states. The multizone radiative model Bjet is applied to the three activity states of the
source. The γ-ray EBL absorption is taken into account considering the model of Franceschini & Rodighiero (2017). Archival radio data from various instruments and
epochs are extracted with the “SSDC SED Builder” (Stratta et al. 2011).
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core is set at its mean value over the 21 years of MOJAVE
data. Given its large flux variability over the years, we set the
flux error as the RMSD of the flux dispersion, which gives

( )F 4.4 2.5 10core,15GHz
13 erg cm−2 s−1. The full

length of our conical jet model is set at L= 50 pc. We
constrain the jet parameters to match the extended radio
emission and hard X-ray flux (dashed–dotted red lines in
Figure 6). In order to model a consistent radio core, we adjust
our jet model to also match the radio core flux when truncated
at 8.6 pc from the SMBH (dotted red lines in Figure 6).

5.5. Modeling Consistency

Given the numerous free parameters in our multizone model
and the well-known degeneracy in the parameters of SSC-
based radiative codes, we performed a “fit-by-eye” approach.
Hence, the modeling results do not exhaust the full range of
parameters and possible scenarios that could adequately
represent the data within our model framework.

After setting the observationally constrained parameters, our
modeling approach consists of narrowing the observed MWL
variability to the fewest of key physical parameters (See
Table 4). This allows us to propose the simplest underlying
physical process responsible for the observed flare. Given the
one-day flare timescale observed in X-rays, we consider that
only a compact zone is responsible for the observed flare.
As shown in Figure 6, a conical, core-dominated, 50 pc jet

can match the observed radio emission down to the lowest
frequencies. This jet also produces intense X-ray-to-γ-ray SSC
radiation that can be seen as a flux baseline for the most
energetic X-rays measured by Swift-XRT and for the low-
energy γ-rays of Fermi-LAT observed during the low state.
This hard X-ray baseline is a natural way of explaining why
most of the variability is observed in soft X-rays.
As our model is not time-dependent, we ensure that all states

can be treated as independent snapshots by checking that the
deduced fastest variability and cooling times are shorter than
the fastest observed variability of 2.7 days. Considering the
usual variability formula ( ) ( )R z c1min , the fastest
possible variability of the flaring blob component min is less
than 13 hr for the three studied states. The jet component has a
minimum variability timescale of about 56 hr, where its radius
is minimal. It is regarded as mostly steady during and between
the three studied periods, with only a marginal change of its
particle density applied to the Post-flare state to better adjust to
the hard X-rays.
We calculate the blob cooling time at the electron energy

γe= γbreak, which is associated with the peaks of the
synchrotron and SSC emission. As the fastest variability is
observed in X-rays, above the synchrotron peak, this cooling
time estimation is a conservative approach. The cooling time
associated with the full radiative output (synchrotron and SSC)

can be expressed in the Thomson regime as

( )
( )

( )T
m c

U U

3

4
, 7e

e

T e B

cool

syn

with me the electron mass, σT the Thomson cross section, and

UB,Usyn as the energy density in the blob frame of the magnetic

field and synchrotron field, respectively (e.g., Inoue &

Takahara 1996). All calculated radiative cooling times are

shorter than min and range from 4 hr to 6 hr.

6. Discussion

6.1. Location of the High-energy Zone in the Jet

The fact that none of the SEDs is Compton-dominated
suggests that any external inverse Compton process is
relatively weak during the studied periods of activity. By
parameterizing the BLR density profile from the accretion disk
luminosity (see Equation (8) in Adams et al. 2022b), one can
propose a minimal distance of the blob from the SMBH where
the BLR–blob interaction stays consistent with the observed γ-
ray spectrum.
To do so, we check the quality of the model representation in

γ-rays for the three states at various blob–SMBH distances. We
expect the fit to be poor at close distances where the photon–
photon pair absorption prevents reaching the highest observed
energies and when the EIC emission is significantly above the
measured Fermi-LAT flux. We perform this check for the three
states, considering only the distance as a free parameter and
looking at the resulting reduced χ2 on the Fermi-LAT

Table 4

Model Parameters

Parameter Low State Flare Post-flare Unit

θ 2.0 L L deg

Blob

δ 19 26.5 22
( )Ne
1 1.9 × 105 L L cm−3

n1 2.5 L L L

n2 3.8 L L L

min 4.0 × 103 L L L

max 1.3 × 105 1.8 × 105 1.1 × 105 L

γbrk 2.3 × 104 L L L

B 2.5 × 10−1 L L G

R 1.9 × 1016 L L cm

DBH
a 10 L L pc

Nucleus

Ldisk 2.5 × 1045 L L erg s−1

Tdisk 1.4 × 104 L L K

Jet

δ 15 L L

( )Ne
1 1.3 × 104 L 1.5 × 104 cm−3

n 2.68 L L L

min 1.0 × 102 L L L

max 1.6 × 104 L L L

B1 2.5 × 10−1 L L G

R1 6.9 × 1016 L L cm

La 5.0 × 101 L L pc

α/2a 5.1 × 10−1 L L deg

Notes. Boldface values are the ones narrowed down to vary from one state to

another.

θ is the angle of the blob's direction of motion with respect to the line of sight.

The electron energy distribution between Lorentz factors min and max is given

by a broken power law with indices −n1 and −n2 below and above γbrk, with
( )Ne
1 the normalization factor at γ = 1. The blob Doppler factor, magnetic field,

radius, and distance to the black hole are given by δ, B, R, and DBH,

respectively. The disk luminosity and temperature are given by Ldisk and Tdisk.

The jet is characterized by a length of L and an opening angle of α. Its radius

and magnetic field strength are set for the first slice as R1 and B1, respectively.
a
Host galaxy frame.
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+VERITAS data set (see Figure 7). Without a measured
VERITAS spectrum, the low state provides only weak
constraints on the blob’s location, compared to both flare and
post-flare states. We see that at a short distance, the γ-ray
emission suffers from strong photon–photon opacity that
prevents reaching the observed VHE flux. As the blob gets
closer to the brightest synchrotron part of the radio core (∼3 pc
from the SMBH in our model), the EIC blob-jet emission gets
brighter and increases the γ-ray flux above the observed Fermi-
LAT spectrum, which marginally impacts the fit quality.

From the Flare SED, our most constraining data set, the
location of the blob where the fitted SED is within a statistical
level of 2σ compared to the best fit is at a distance
DBH� 0.6 pc. A blob location within the densest part of the
radio core is slightly disfavored, but our data set cannot firmly
reject this hypothesis. We highlight that this result is heavily
model-dependent and is entirely relevant only within the
multizone model applied in this study.

6.2. 2017 Flare: A Shock in the First Radio Knot

The complex flare of OJ 287 in 2017 February can be
efficiently described by increasing the blob Doppler factor from
19 to 26.5 and the maximum electron energy max from
1.3× 105 to 1.8× 105. The post-flare state is well modeled
considering a Doppler factor decrease to 22 and max decrease
to 1.1× 105. The hard X-ray increase between the Low and
Post-flare states can be modeled by a marginal particle density
increase of the outer jet. This behavior matches what we expect
when an inner-jet flow passes through a strong recollimation
shock. Indeed, recollimation shocks are characterized by their
upstream rarefaction waves that trigger a strong local flow
acceleration. This effect can potentially increase the inner-jet
bulk Lorentz factor to multiple times its nominal value (e.g.,
Mizuno et al. 2015; Hervet et al. 2017). A blazar’s plasmoid
entering this zone should lead to a dramatic increase in its
observed nonthermal emission. The shocked plasmoid (or blob
in our model) would undergo a high-energy particle injection
and can display a higher maximum energy of accelerated
particles, such as deduced from our modeling.

The lack of a significant external inverse Compton signature
in the studied MWL SEDs, as well as the requirement of a low
gamma-gamma opacity from the VERITAS observations, lead
us to favor such a shock downstream of the BLR at an
unprojected distance of at least 0.6 pc from the SMBH (see
Section 6.1). It has been noticed that most of the TeV IBLs and
LBLs show radio VLBI stationary knots close to their radio
core, which are often interpreted as stationary recollimation
shocks (Hervet et al. 2016). OJ 287 is no exception, displaying
stationary knots close to its core and fast-moving radio
components downstream (Lister et al. 2019). This is consistent
with a strong interplay between moving plasmoids and
stationary shocks that has been observed multiple times to
trigger large flares in similar sources, such as the eponymous
BL Lacertae (Marscher et al. 2008; Abeysekara et al. 2018).
A recent study from Lico et al. (2022) details observations

performed by the 86 GHz Global Millimeter VLBI Array
(GMVA) around the time of the 2017 flare. They observed a
brightening of the stationary radio knot S1 before the flare and
the emergence of a new component K downstream of S1 after
the flare. Hence, they concluded it was very likely that the flare
was triggered by a plasmoid crossing a recollimation shock
defined by S1. With S1 being at the deprojected distance of
∼10 pc from the core, their observations are fully consistent
with our modeling results and interpretation.

6.3. Contextualization with Recent Published Studies of OJ 287

As a blazar hosting an SMBH binary system and having large
outbursts, OJ 287 has received considerable attention over the last
decade. With numerous papers published every year, we do not
intend to summarize the large number of MWL studies performed
on this source but rather focus on the most recent and scientifically
related works that will give a broader context to this paper.
The flare of 2017 has recently been studied by Huang et al.

(2021), who suggested a possible origin as a tidal disruption
event (TDE). The soft X-ray flare can indeed be fitted by a
power law with a “t−5/3” decrease, as expected from TDEs.
They also notice a relative strengthening of emission lines in
the optical spectra of post-outburst epochs. This would be a
strong argument for a nuclear origin. However, this relative
strengthening seems to be caused rather by a dimming in the
optical continuum than by a brightening of the lines. Given
another soft X-ray flare in 2020 with similar properties
(Komossa et al. 2021b; Prince et al. 2021), it appears unlikely
to have such a high rate of TDEs. The increase of VHE γ-ray
flux observed by VERITAS would also challenge a TDE
origin, given the strong photon–photon absorption one would
expect for such an event deep inside the BLR.
OJ 287 has also been modeled through methods applying a

single SSC fit to a large number of blazars such as Lin & Fan
(2018) and Qin et al. (2018). Such an approach gives good
statistical insight into understanding blazar populations. How-
ever, this approach usually fails to offer accurate descriptions
of nonstandard blazars such as OJ 287, as exemplified by the
poor fit to the γ-ray SED in Qin et al. (2018).
Kushwaha et al. (2018) performed modeling of the 2017

flare of OJ 287, making use of preliminary VERITAS results
extracted from a plot in O’Brien et al. (2017). While they reach
conclusions qualitatively similar to ours, we are able to be more
quantitative with direct access to data and the final analysis. For
example, we are able to establish the correlation between
X-rays and VHE emission at the 2–3σ level.

Figure 7. Reduced χ2 of the γ-ray fitted SED for the three states of activity of
OJ 287 according to the intrinsic distance of the blob from the SMBH (DBH).
The models are set to the parameters shown in Table 4, keeping free only the

DBH value. The domain above the orange dashed line represents the
red
2 values

that are rejected at >95.4% C.L (2σ) against the best red
2 for the flaring state.
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Working on Swift-UVOT, Swift-XRT, and Fermi-LAT data,
Prince et al. (2021) calculated several single-zone SSC models
for long periods (>100 days) between 2017 and 2020. Their
model and SED data show relatively good agreement. It is
interesting to note that the spectral complexity of the source
requiring a multizone model appears clearly only when having
a broad MWL coverage and focusing on specific activity states
such as our data set. This highlights the relevance of large,
well-focused, MWL campaigns. Within this context, the
ongoing, dedicated MWL program MOMO (for Multiwave-
length Observations and Modeling of OJ 287) from radio to
X-rays is quite promising (Komossa et al. 2021a). This is
especially relevant to building a well-detailed MWL SED for
other VHE outbursts similar to that observed by VERITAS.

7. Conclusion

After a long period of high X-ray activity beginning in 2016,
the blazar OJ 287 went into an intense outburst phase that
peaked during 2017 February 1–5. By monitoring this flare,
VERITAS detected OJ 287 for the first time at VHE. The
timing of the flare does not appear related to any periodic
activity triggered by the SMBH binary system or jet precession.
Indeed, at the time of the flare, the secondary smaller black hole
was behind the accretion disk of the primary one (from the
observer’s perspective), almost at the apogee between its
previous and next disk crossing (e.g., Valtonen et al. 2016).
Also, the beginning of 2017 corresponds to a period where the
precession should make the jet the most misaligned with the
line of sight (Britzen et al. 2018; Huang et al. 2021, Figure 8).

A recent paper using VLBI radio data taken by the GMVA
shows that the flare is consistent with a moving radio knot K
crossing or ejected from a stationary bright radio zone S1
located about 10 pc (deprojected) from the core Lico et al.
(2022). All this information supports an intrinsic jet origin of
the 2017 flare that is further confirmed by our study.

To investigate the 2017 outburst in-depth, we built a MWL
light curve from 2016 December to 2017 March, using data
from Swift, Fermi, VERITAS, and multiple optical telescopes.
We also retrieved optical polarization data from the Steward
Observatory and the Lowell Observatory (Perkins). Optical
polarization did not highlight any specific behavior that would
help us pinpoint the origin or location of the flare. The
polarization percentage is relatively steady at ∼12%, with 3%
variations. The EVPA displays a continuous slow rotation
through this period, corresponding to a rotational period of
about 2 yr. This period is much smaller than the SMBH orbital
one (∼11 yr) or the jet-precessing one (∼22 yr).

Broadband MWL light curves illustrate a complex MWL
behavior, with a strong correlation observed between soft/
moderate X-ray and optical-UV bands. All correlations are
consistent with no time lags between wavelengths, although
with a possible hint of X-ray-led flaring. The VHE emission is
consistent with a constant-flux model on nightly timescales, but
a significant (>99% confidence) correlation is observed
between the VHE and soft/moderate X-ray bands.

The most dramatic observation is the concentration of the
flare radiation release in the soft X-ray band (0.3–1 keV) with a
factor of approximately 10 increase compared to the lowest
observed flux within our period. In contrast, intermediate and
hard X-rays only varied within a factor up to about 5 and 3,
respectively.

This complexity led us to consider a leptonic multizone
model to describe the broadband SED of OJ 287. To provide
deeper insights into the flaring process, we built SEDs based on
three selected states of activity: Low, Flare, and Post-flare. Our
model considers the conical base of the jet (mainly observed as
the radio core) as a quasi-stationary component that emits in
synchrotron and SSC, while the flaring component is pictured
by a compact “blob” moving through the jet, also emitting in
synchrotron and SSC.
This model can satisfactorily match the MWL data set for the

three states of activity while being consistent with multiple
observations such as the variability timescale, the radio core
flux and extension, jet opening angle, and observed radio VLBI
kinematics. The complex variability observed can be reduced
to two main varying parameters: the blob’s Doppler factor and
the maximum energy reached by the underlying particle
distribution. Our model favors very low photon–photon opacity
to avoid suppressing VHE emission and provides a signifi-
cantly better fit when the blob is situated outside the BLR
(>0.6 pc from the SMBH) and marginally better when also
outside of the radio core (>5 pc from the SMBH).
A strong increase of the Doppler factor outside of the radio

core with an increase in particle maximum energies is an
expected signature of a recollimation shock within the jet. The
Doppler factor increase is a sign of a blob accelerating through
the preshock rarefaction zone (e.g., Gómez et al. 1997; Mizuno
et al. 2015; Hervet et al. 2017), while the particle energy
increase is a sign of the postshocked flow after a diffuse shock
acceleration process (e.g., Meli & Biermann 2013; Sironi et al.
2015). In 2020 another soft X-ray flare was observed from
OJ 287 (see, for example, Komossa et al. 2021b; Prince et al.
2021), albeit dimmer than what was presented here. VERITAS
was unable to observe OJ 287 at the time of the flare, but this
recent observation strengthened the idea of a typical behavior
of OJ 287 rather than an exceptionally rare event. Considering
the radio VLBI observations of an interaction of the moving
knot K and the stationary component S1 downstream of the
radio core at the same time of the 2017 flare, we now have
multiple pieces of evidence supporting recollimation shocks as
major players in the high-energy processes of OJ 287, as they
may be for jetted AGN in general.
Our study shows the tremendous scientific potential of

ambitious MWL campaigns associated with radio VLBI
monitoring. Deepening such coordination with future ground-
based observatories such as CTA, SKA-VLBI, and space
telescopes will be of critical importance to further understand
the jetted AGN phenomenon.
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