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Abstract The mechanism of formation for double-peaked optical ostistobserved
in blazar OJ 287 is studied. It is shown that they could bearpH in terms of a light-
house effect for superluminal optical knots ejected fromdanter of the galaxy that
move along helical magnetic fields. It is assumed that th&abdnmotion of the sec-
ondary black hole in the supermassive binary black holeegystduces the 12-year
quasi-periodicity in major optical outbursts by the intgian with the disk around the
primary black hole. This interaction between the seconbkagk hole and the disk of
the primary black hole (e.qg. tidal effects or magnetic congjlexcites or injects plas-
mons (or relativistic plasmas plus magnetic field) into #tenjhich form superluminal
knots. These knots are assumed to move along helical madieddi lines to produce
the optical double-peaked outbursts by the lighthouseefide four double-peaked
outbursts observed in 1972, 1983, 1995 and 2005 are sirdulaiag this model. It
is shown that such lighthouse models are quite plausiblefeasible for fitting the
double-flaring behavior of the outbursts. The main requaemmay be that in OJ 287
there exists a rather long-@0—60 pc) highly collimated zone, where the lighthouse
effect occurs.

Key words: optical continuum — galaxies: jets — galaxies: kinematicgataxies:
variability — galaxies: individual (blazar OJ 287)

1 INTRODUCTION

Research on blazars is an important field in extragalactioisysics, in which extensive observa-
tions of their radiation from radio throughray are carried out, and the mechanisms of radiation
(including polarization) are studied (for recent progresfer to, e.g., Marscher 2011; Marscher et al.
2011; Abdo et al. 2010; Raiteri et al. 2007, 2011; Schinzeal. €010, 2012; \ercellone et al. 2010;
Marscher et al. 2012; Marscher 2014; Qian 2011, 2012, 20ia) €t al. 2014). Through studies
of the spectral energy distribution (SED) and variationhaf 8ED of radiation from the blazar (e.g,
Ghisellini et al. 2009a,b,c, 2010; Ghisellini & Tavecchiol®; Tavecchio et al. 2007, 2010; Joshi
et al. 2012a,b; Jorstad et al. 2010, 2012; Aleksit et al12the radiation mechanisms have been
determined to be synchrotron and inverse-Compton prose3$se strong radiation and its rapid
variation in blazars are closely related to their relativigets with bulk Lorentz factors 0f10-30,
which are directed towards us at small viewing angles, thlaivistic beaming and Doppler boost-
ing dominate blazar phenomena. Relativistic jets assetiaith blazars are believed to be produced
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in the supermassive black hole-accretion disk systemiegigt the center of their host galaxies.
Since the~ermi satellite was launched in 2008, studies of blazars have®getiisignificant progress.
In particular, based on the coordinated studyyefy and mm outbursts along with VLBI monitor-
ing, it has been found thatrays can be emitted from the regions of a jet much beyondiepching
10-40pc from the black hole (e.g. Schinzel et al. 2010; Agetdad. 2011a, 2012b).

0J 287 ¢ = 0.306) is one of the most well studied prominent blazars. It is aticafly violent
variable BL Lac object (BLO) with large and rapid polarizadtloursts that radiate across the entire
electromagnetic spectrum from radio through optical angyto v-ray. Very strong variability is
observed in all these wavebands with various timescalagr¢faays to years). OJ 287 was one of
the brightFermi ~-ray sources (Nolan et al. 2012; Ackermann et al. 2011).6SiheFermi satellite
was launched in 2008, further investigations of OJ 287 haenlzarried out. Multifrequency obser-
vations, the study of its SED and correlations between diffewavebands have revealed important
clues about the radiation mechanisms, especially for Xaray/y-ray emission and their emission
positions in the jet. Agudo et al. (2011b) showed that/itsy emission was produced at a distance
>14 pc from the core. Marscher & Jorstad (2011) discoverddiigge-scale (Mpc) X-ray jet.

0J 287 is one of the most well-studied blazars and has beeitaremhfor a long time through
radio, IR, optical, UV, X-ray andy-ray observations (e.g. Agudo et al. 2011a,c; Villforth kt a
2010a; Valtaoja et al. 2000; Sillanpaa et al. 1988; MagséhJorstad 2011; Valtonen & Sillanpaa
2011; Valtonen et al. 2009; Ciprini et al. 2007; Agudo et &l12b, 2012b). It is highly variable in
all these wavebands.

0J 287 is also a well-studied superluminal source that éstidlehavior on parsec scales, with a
core-jet structure and superluminal components that eegldy ejected from the core. Angle swings
in the jet position (both long-term and sharp changes) haea lobserved (e.g. Agudo et al. 2012a;
Tateyama & Kingham 2004; Mobér et al. 2011; Valtonen & Wiikl2) Valtonen & Pihajoki 2013).
Valtonen & Pihajoki explain the jump in optical polarizatiposition angle in terms of the precession
of the helical structure of the optical emission region.

In particular, its optical behavior shows exceptional @nties. The most interesting features
are the (quasi-) periodic outbursts observed in opticalelvands during a long period-(20yr).
(Sillanpaa et al. 1988, 1996a,b; Lehto & Valtonen 1996nd&lius et al. 1997; Valtonen 2007;
Valtonen et al. 2009, 2011; Valtonen & Ciprini 2012; for agatreview see Villforth et al. 2010a).

The record of optical observations since 1891 shows thatamiutbursts occur in OJ 287 with
a (quasi-) periodicity of-12 yr. It also shows long-term optical variability with a @gi-) periodicity
of ~60yr. The range of variability reachegl.5 magnitude (optical flux density ranges fresth mJy
to ~60 mJy). Rapid variations in the optical emission often oarutimescales of less than a few
weeks with flux density fluctuations up to 1-3 magnitude. Irtipalar, some (maybe each) of the
observed optical outbursts were actually constituted offtares separated by1-2yr. Up to now
four outbursts with double-peaked flares occurring in 19883, 1995 and 2005 have been clearly
recorded.

The plan of the paper is: Section 2 gives the interpretati®astion 3 describes a new scenario;
Section 4 gives the formalism of the model simulation; Sect describes the model simulation;
Section 6 gives the summary and discussion.

2 INTERPRETATIONS

The observational properties listed above put OJ 287 in goitant position for studies of blazars,
because such remarkable, clearly determined, long lagjngsi-) periodicities have never been
observed in other blazars. These quasi-periodicities haea assumed to be related to the regular
behavior of the binary black hole-accretion disk systeniadenter of its host galaxy.

Sillanpaa et al. (1988) firstly suggested that the redyutgspearing optical outbursts were pro-
duced by a close binary black hole system in which the petécgrassage of the secondary black
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hole induces tidal disturbances in the accretion disk optfraary. The orbital period of the binary
black hole was assumed to be 12 yr to explain the observe@aPeyclic optical outbursts.

Lehto & Valtonen (1996) further developed this model andgasged that the orbit of the sec-
ondary black hole is highly eccentric and during each oti@t $econdary black hole impacts the
disk of the primary twice, causing outbursts that constitiduble-peaked flares separated by a time
interval of 1-2yr; that is, the two flares are produced dutimg two crossings of the secondary
black hole through the accretion disk of the primary. In joatar, both the flares are assumed to
be produced by the bremsstrahlung process (i.e. thermesjlarhe profiles of the double flares are
interpreted in terms of the rate of inflow of particles inte ticcretion disk of the primary black hole,
and are not related to the relativistic jet (Sundelius e1@87; Valtonen et al. 2009). As Sillanpaa
etal. (1996b) commented, this model could explain the péity and the double peak structure, but
it has problems in explaining the fact that the two flares Ihedseame color (extremely stable color
during the outbursts, e.g. observed in the 1995 outburstialse the energy production mechanism
changed for the flares produced at different impact locatibtmorder to predict the exact times of
the future optical outbursts and double-peaked flarespihery black hole model (Lehto/Valtonen
model) has been continually improved by taking into accob@teffect of general relativity (orbital
precession) and the interaction mechanisms between tbad@ty black hole and the disk of the
primary (Valtonen 2007; Valtonen et al. 2009, 2011; ValtogeSillanpaa 2011; Valtonen & Wiik
2012; Valtonen & Pihajoki 2013). When both the gravitatiger@cession and gravitational radiation
were included, Valtonen (2007) accurately predicted tlvese flare that occurred during the 2007
outburst. Since this model is based on the theory of dyndmibés of a binary black hole, it may
have a good ability to predict the exact times of occurreficethe outbursts. Moreover, it can be
used to derive the masses of both the primary and secondark bbles, and even to measure the
spin of the primary black hole (Valtonen et al. 2010a,b)ph to test general relativity.

Other authors have suggested alternative models for thedieoptical outbursts in OJ 287,
also based on the assumption that OJ 287 hosts a binary déekiut they pay more attention to
the relativistic beaming and Doppler boosting effects ia télativistic jet of this object. (a) Katz
(1997) suggested that the 12-year cyclic optical outbuvste produced by the precession of the jet
associated with the primary black hole. Since the jet is areghin the accretion disk of the primary
hole and the orbital motion of the companion (secondarygdrthe precession of the accretion disk,
the jet follows this precession and regularly sweeps thinabg line of sight with a period for the
precession<{12 yr), causing periodic optical outbursts due to enhanaéi@tion through relativistic
beaming and Doppler boosting. According to Katz's suggesthe double-peaked structure of the
optical outbursts was caused by the nodding of the jet (Kiatd. 4982). In this driven-precessing
disk model, the orbital period was only2.7-3 yr. Interestingly, Valtonen & Wiik (2012) recently
followed Katz’s model, suggesting that the precession efjéh of the primary black hole caused
the 120 or 60-year variability (a period of the so called Kazale) and the 12-year cyclic outbursts
were due to nodding motion. The double flares separated byrlas@ still caused by the crossing
of the secondary black hole through the accretion disk optiraary.

Alternatively, Villata et al. (1998) suggested a doublesigenario, in which both primary and
secondary black holes produced a jet and the two jets sweptgh the line of sight at intervals of
~1-2yr causing optical outbursts constituting double-pédlares. Villata et al. (1998) ascribed the
12-year periodic occurrence of the outbursts to the orhiation of the binary (not due to preces-
sion). This model needed a very special geometry for théivelpositions of the jets. The radiation
mechanism for the optical outbursts invoked in this modkg In Katz’'s disk-driven precession
model, is synchrotron, which is in agreement with genembtbtical results for the radiation mech-
anisms (synchrotron and inverse-Compton) of generic bta@@acluding astrophysical phenomena
in radio galaxies and quasars that are observable with \/LBI)

Valtaoja et al. (2000) suggested a different radiation raam for the two flares from the
outbursts: the first flare was caused by the crossing of thensiealack hole through the accretion
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disk of the primary and thus was a thermal flare without a ¢ated mm/radio counterpart. The
second flare was produced in the jet by a relativistic shool (hus was a synchrotron flare) with
a polarized mm/radio outburst that followed. This scenagems unable to explain why the first
flare and the second flare have such similar properties teatlzserved (in terms of variations of
flux density, polarization, profile, timescale of spikes apdctrum), because the first flares and the
second flares are produced by completely different mechemnibremsstrahlung and synchrotron
respectively. Valtaoya et al. also argued against theHigie effect as the mechanism producing
the optical outbursts, based on the observational factlileadptical variability during the outbursts
and during the quiet periods had similar timescales. Howévis argument seems not so compelling
because the quiet-jet and the shocked-jet could have siwaitéability timescales: e.g., during the
quiet state, the variability timescales represent vamiestin the optical core or turbulent plasma flows
crossing ‘standing shocks,’ but during the burst statey#r@bility timescales represent variations
of the optical knots propagating through the turbulent {Qian et al. 1991; Quirrenbach et al.
1989; Standke et al. 1996; Marscher et al. 1992; Marschergtad 2010). Both could have similar
Doppler effects.

Although the binary black hole system is clearly the mostiols approach for explaining the
12 yr periodicity, Villforth et al. (2010a) indicated thadrfthe case of OJ 287, the properties of
certain outbursts suggest the jet is a source of variatibhgs Villforth et al. (2010a) suggested
a magnetic breathing model. This represents a resonandeamem of magnetic field lines in the
accretion disk. In this case, the periodicity and doublépdatructure could be caused by resonance
that occurred in the accretion disk and/or jet. Specificétly outbursts could be related to accretion
of magnetic field lines. The regularly appearing flares agassthat the accretion of the magnetic
field happened in avalanches. Massive accretion of the ntiagiedd causes strong disturbances
in the magnetic field of the accretion disk. These disturbargause a resonance in the accretion
disk (e.g. Ouyed et al. 1997; Ouyed & Pudritz 19974, hich appears as a ‘magnetic breathing’
phenomenon in the disk. The resonance causes a regulamdaipg avalanche of the accretion
magnetic field. Each double-peaked outburst representasepif massive magnetic field accretion.
Villforth et al. (2010a) argued that observations of pdation support this resonance model. The
biggest caveat of this approach is the fact that it could rmttmally explain the double peaked
structure. Villforth et al. speculate that the first flareresgents the accretion of the magnetic field
and the second flare represents accretion of matter; therlir2e interval represents the delay of
the matter accretion with respect to the field accretioroéthot explain why the radio counterparts
in some flares are missing. It is not yet clear what decideslis@rbance in the jet will be observed
in radio, therefore it is unclear if the magnetic breathingp@l can explain the radio behavior. Gupta
et al. (2012) suggested that the periodic variations in treedion disk could translate to variations
in the jet with the observed timescale shortened by a faétbr(get Lorentz factor, also Valtonen &
Pihajoki 2013). This ingredient should be taken into act¢eren the relation between the thermal
emission and synchrotron emission of the binary hole-gicerelisk system is studied.

At present, arguments for the precessing binary hole maggiested by Lehto & Valtonen
(1996) (and its variants) seem to be prevailing and it mayhbarost promising one to understand
the phenomenon of periodic double-peaked outbursts obdémOJ 287. If this is really so, based
on this model, OJ 287 could become a testbed for generaliglde.g. orbital precession and grav-
itational waves). Although binary black hole models (Sipaa et al. 1988; Lehto & Valtonen 1996;
Sundelius et al. 1997) have achieved some success (whitirperemarkably well in explaining
the timing of the outbursts), there are still some aspeetsribed to be clarified and tested: For ex-
ample, based on observational aspects, among the issaassisd by Villforth et al. (2010a) about

1 Rapid radio variability could be explained in terms of stepkopagating through the turbulent jet, which was firstly
suggested by Qian et al. (1991) and this concept could alsedzbto interpret variability in other wavebands (Melro8e4).

2 Strong magnetic disturbances could also be produced in #ynetosphere of the black hole due to instabilities, e.g.
Tomimatsu et al. (2001).
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the precessing binary model (e.g. mass of the black holessicrg timescale, propagation time from
the impacts to the jet and the transformation between thrikeince by tidal effect and the injec-
tion into the jet, etc.), the main issue might be how to sepatee constributions of jet-synchrotron
and bremsstrahlung (by crossing and tidal effect) in theenkesl optical lightcurves. Taking the
2005-2007 outburst as an example we find that

(1) During the period of September 2007—February 2008, fiteca flare consisted of several
spikes with timescales ef1-2 weeks and the most prominent one occurred in late Novembe
Interestingly, the polarization measurements show 0% data points have polarization de-
gree larger than 15% and onty20% of data points have polarization degree less than 10%
(Villforth et al. 2010a). If assuming that the emission withv polarization degrees was due
to bremsstrahlung and the emission with high polarizatiegrées was due to jet-synchrotron,
then the ‘alternative occurrence’ of the low- and high- piaktion degrees during the period
of September 2007—February 2008 would imply the ‘altewediinctioning’ of the two mech-
nisms. This seems impossible, because the crossings oé¢badary hole could only produce
the thermal emission of the first spike (with timescale-df-2 weeks).

(2) Moreover, the thermal spikes and the jet-synchrotrakesphave very different properties:
the observed flux density (or radiative energy) of the jetesyotron spikes are augmented by
Doppler boosting (by a factor ef 10> — 103) with timescales shortened by relativistic effects
(by a factor of~5-10), but those of the thermal spikes are not. Therefoeeptical lightcurves
observed in OJ 287 could not be directly compared with thesdipted by the accretion flow
of particles due to crossing and tidal effect of the secoptiack hole, and the effects caused
by time delay, Doppler boosting and time-shortening shdiudtl be taken into account. In ad-
dition, the Doppler boosting of the jet-synchrotron oragfied from the bulk acceleration of the
jet which is produced by electromagnetically extracting tbtation energy of the accretion
disk and/or the black hole. Thus if some significant portibthe observed synchrotron emis-
sion were somehow “mis-identified” as bremsstrahlung, thenmasses in the binary hole of
0J 287 could be significantly overestimated, because tlagioatenergy dissipated into the jet
formation could have been counted into the impacting aral 8dergy. Actually, the mass of
the primary black hole estimated by the precessing binargahis ~1.8 x 101 M, which is
much higher (about an order of magnitude) than those medéurgeneric BL Lac objects and
guasars. Accurate measurements of the mass of the blacknh@E287 is crucial.

(3) The optical emission observed in 3—4 November (2005)argised as bremsstrahlung in origin
(Valtonen et al. 2012b), but the polarization degree messiur?R-band in 2005 November 2 (JD
2453676.669) by Villforth et al. (2010b) is 3@0.3%2 Such a high polarization degree could
only be produced by a synchrotron mechanism. Moreover,bfraating the ‘bremsstrahlung
flux’ (~10 mJy inR-band) associated with the X-ray component (observed ib 208v. 3—4),
the ‘residual spike’ would have a polarization degree reagh 150% (polarized flux exceeds
total flux), which is obviously a wrong value (the maximuma@ation degree is 75% for an
optically thin synchrotron source with a spectral index,=1.0; Pacholczyk 1970). For the
datapoints with a high polarization degree during the pk8ept. 2007—Feb. 2008, a similar
problem could happen (for example, for the datapoint witlappation degree 34.1% observed
at JD 2454384.71).

(4) During the period 16 October—11 November 2005 (JD 24838853685) the optical flare con-
tains three major spikes which have associated mm-outbhwitt some time delays (Ciprini
et al. 2007, private communication). Normally, such optioan correlation implies that both
optical and mm-flares are regarded as produced by superiikrints in the jet, and thus have
a synchrotron origin. Note that during the 1983-1984 and432996 outbursts observed in
0J 287 the occurrence of the associated radio countrparésbieen regarded as evidence for

3 The observed polarization degree at JD 2453684.755 (10rioee2005) is 20£0.4% (Villforth et al. 2010b).
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the synchrotron mechanism: the radio outbursts are redarsi¢he evolutional product of the
optical outbursts (Valtaoja et al. 2000).

(5) Strong rapid optical spikes with timescales of days @ Wweeks could be caused by impact-
crossing of the secondary black hole through the disk of tiragry, but also could be due to
relativistic shocks (knots) propagating through plasmaulence (Qian et al. 1991b; Merlose
1994; Standke et al. 1996; Marscher et al. 1992; Marsche#)20he difference is that the
former is unpolarized, but the latter has polarization degrarying in a wide range (e.g. from
<5% to>30%, especially if taking into account the existence of imdtarized components).
We would also note that the properties of the optical agtiviiserved in OJ 287 are very similar
to those in generic blazars (variability in flux density, gritation and timescales), with no
seeming difference, except for the 12-year cycle and dostbleture. In they-ray and radio
bands there is also similarity.

Based on the above arguments we would consider the possibilwhether the double-peaked
optical outbursts observed in OJ 287 could be produced hyaayblack hole system plus lighthouse
effect.

3 A NEW SCENARIO

We propose a new scenario (binary hole system plus lighthefisct) for interpreting the optical
phenomena observed in OJ 287. We assume that the optidatligte observed in OJ 287 is formed
from five processes.

(1) OJ 287 hosts a binary black hole system and the orbit of¢leendary black hole has a mod-
est eccentricity and an orbital period of 12 yr. The orbitaltion of the secondary black hole
around the primary induces large amplitude disturbancasthe pericenter passage in the ac-
cretion disk (accretion flow) of the primary and in the injentof the plasma/magnetic field
into the jet of the primary black hole, causing the 12 yr qymesiodicity of optical outbursts.
This assumption is similar to what was originally suggedigdbillanpaa et al. (1988). We do
not assume an extreme eccentricity for the disk-crossinggss to explain the double-peaked
flares with a time interval of 1-2 yr. The 60-year cyclic vailay is assumed to be caused by
the precession of the jet driven by the orbital motion of teeomdary black hole, as suggested
by Valtonen & Wiik (2012).

(2) We assume that the double peaks of the outbursts withititeevals of~1-2 yr are caused
by the lighthouse effect. The lighthouse effect has beegestgd to interpret the (quasi-) peri-
odic optical flares in some prominent blazars (e.g. Camen&iKrockenberger 1992, 3C 273;
Schramm et al. 1993, 3C 345; Wagner et al. 1995, PKS0420--Th® phenomenon occurs
when superluminal optical knots move along helical magnggéld lines in relativistic jets
and periodically sweep through the line of sight, produaigglic optical flares. In the case
of OJ 287, the helical structure in its jet could be very stdbor a long term period of (e.g.)
over~100 yr. Thus the lighthouse effect could help to explain tbalde-peaked structure of
the outbursts observed in OJ 287 and its reoccurrence dilmingast decades. Helical motion
has also been suggested to interpret VLBI observations(@an et al. (1992); Steffen et al.
(1995); Ostorero et al. (2004); Perucho et al. (2012a,b3R0/&ltonen & Pihajoki (2013).

(3) The formation and evolution of the optical knots caugimg outbursts should also be included
in the interpretation of the optical light curve, since thadiation lifetimes of the optical knots
could have similar timescales as observed in the light curve

(4) There is also a thermal component produced by the acordisk of the primary black hole
through bremsstrahlung. The synchrotron emission of thetgptical core’ of the jet should
also be taken into account. For simplification, we assumelibh components are constant
during the outbursts, but have different levels for diffégreutbursts.
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Fig.1 Geometry for the model simulation of the four double-peaiqetical outbursts.

(5) In blazars, especially in BLO-blazars, very rapid vaeias in brightness have often been ob-
served. In the case of OJ 287, the optical flux density canlaie.g.) a factor of ten in about
1-3 weeks (see light curves given below). This short ternmfedity could be related to the
variability in the optical core of the jet and the optical ka@ropagating along the turbulent
jet with large amplitude fluctuations of plasma density aettifstrength. However, in this pa-
per, we do not intend to include this short term variabilityt rather concentrate on the study
of some ‘mean’ profiles of the flares. Of course, appropyadekling with the rapid flux (and
polarization) variations would improve our understandifithe optical phenomena observed in
0J 287. However, in this paper, we only deal with the threegsees labeled (2) to (4).

Our main purpose is to perform a simulation with this modelaok for an explanation of
the double-peaked structure of the outbursts observed i283Jthrough the lighthouse effect.
Specifically, we look for appropriate helical motion in thptical knots and appropriate parame-
ters to describe their evolution. We will use the model toudate the profiles of the double flares
for the outbursts observed in 1972, 1983, 1995 and 2005 f@&83J

In this paper, we will adopt the concordant cosmological eddd CDM model) with$2,, =
0.27, Oy = 0.73 and Hubble constamtly, = 71 km s~! Mpc~' (Spergel et al. 2003). Thus for
0J 287, ¢ = 0.306), its luminosity distance i, = 1.58 Gpc (Hogg 1999; Pen 1999) and angular
diameter distanc®, = 0.9257 Gpc. The angular scale 1 mas = 4.487 pc, and the proper mdtion o
1mas yr'is equivalent to an apparent velocity of 18(& is the speed of light).

4 FORMALISM OF MODEL SIMULATION

In order to study the formation of the double-peaked stmecti the optical outbursts observed in
blazar OJ 287, we will consider the lighthouse effect calmgeaptical knots moving along magnetic
field lines of the jet. We will apply the formalism given by Qiat al. (1992), which has been used
to study the kinematics of radio superluminal knots on passales in blazars, e.g. 3C 345, 3C 279
and 3C 454.3 (Qian et al. 2009; Qian 2011, 2012, 2013; Qiah 2044).

The geometry of the model for helical motion is shown in Feglir Three coordinate frames are
shown: X, Y, Z), (X,, Yy, Z,) and (X,,, Y,,, Z,,). TheY;, axis is directed towards the observer and
(X,, Z,) defines the plane of the sky with th&, -axis pointing towards the negative right ascension
and theZ,,-axis towards the north poleZ-axis represents the jet-axis defined by parameters.(

d represents the phase of the optical knot. The trajectory safpeerluminal knot is described in
cylindrical coordinates4, A(Z), ®(Z)): Z- distance from the origin along the jet axi4(2)

represents the amplitude of the knot’s paktiZ) is the azimuthal angle or the phase of the kubt.
andA(Z) are measured in the unit of milliarcsecond (mas) @rid measured in the unit of radian.



694 S.J. Qian

For the helical motion of a knot along magnetic field line® trajectory (or orbital) phase of the
knot can be defined as
O(Z) =Py + Rp(2)xZ, 1)

where Ry is the rotation rate (rad mas) and @, is the initial phase of the knot & = 0. When
functionsA(Z) and®(Z) (or R, (Z)) are given and parametersy, &, andI’ (bulk Lorentz factor
of the knot) are set, the kinematics of the knot (projectajgttory, apparent velocity, Doppler factor
and viewing angle as functions of time) can then be calcdldtbe formulas are listed as follows.

X(Z,®) = A(Z)cos®(Z), (2)
Y(Z,®) = A(Z)sin®(Z). (3)
The projected trajectory on the plane of the sky is represtioy
Xo(Z,8) = X(Z,®)cost) — [Zsine —v(z, @)cose} sing, (4)
Zn(Z,®) = X(Z,®)sing + [Zsine —v(z, @)cose} cosip . (5)

Introducing the following functions:

A = arctan[%Q + %2}% ) (6)
A, = arctan[%], (7)
A = arccos{l + (%)2 + (%)2}% ) (8)

we can then calculate the elapsed tiffie(at which the knot reaches axial distang® apparent
velocity 3., Doppler factors and viewing anglé of the knot

Z 14z
To= /0 TovcosAs 9z, ©
0 = arccos|cos e(cos A + sinetan A,)], (10)
1
0= I'(1 — Beosh) (11)
_ (sinf
b= 1 Bsing ’ (12)

whereg = v/c (herev is the speed of the knot) adt= (1 — 62)—%.

5 MODEL SIMULATION

In the following, we will make models to simulate the lighteas of the four optical outbursts with
double peaks that occurred in blazar OJ 287: 1972, 1983, 48652005 outbursts described in
Valtaoja et al. (2000) and Villforth et al. (2010a).

As indicated in the introduction, it is assumed in the pregab®iodel that the optical light curves
contain different physical processes (see Fig. 2): (1) #uation from the accretion disk of the
primary black hole, produced by bremsstrahlung; (2) thediipn of magnetized plasma into the
jet, which is modulated by the orbital motion of the secogdalack hole (through a tidal effect
as suggested by Sillanpaa et al. 1988). The interactitmwdam the accretion disk of the primary
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Jet axis

Observer

Double-peak
optical flare

Pericenter
passage

Fig.2 A sketch of the lighthouse model for double-peaked opticabuorsts occurring in blazar
0J 287 (not to scale). Precession of the pericenter of thenslacy black hole (see Sillanpaa 1988)
is not included for simplicity.

black hole and the companion black hole is very complex. V¥ermae that the optical outbursts are
excited by the pericenter passage of the companion blaegk fiblus an orbital period o£12 yr
is assumed to cause the periodic optical outbursts. Theegsam of the jet-axis derived by the
orbital motion ¢-60 or 120 yr) could be the cause of the long-term quasi-p&rmatical variability;
(3) the formation and evolution (including emission andekimatic properties) of the superluminal
optical knots are responsible for the optical radiatiorotigh a synchrotron mechanism; (4) the
superluminal motion of the optical knots along the helicalgmetic field lines of the jet causes the
lighthouse effect through relativistic beaming of radiatiThus there are many physical parameters
involved which can be adjusted to explain the light curvethefoutbursts. On the other hand, for
superluminal optical knots, no data on their kinematicstmmnbtained. (This is different from radio
superluminal knots for which VLBI data can provide impottarfiormation.) Thus in the following,
we would not attempt to make detailed “purely physical’ miede.g. Camenzind & Krockenberger
1992; Schramm et al. 1993) to interpret the double-peak#ouosts of OJ 287. Instead, we will
only propose a “formal” model (tentative and qualitativejlaise very simple numerical simulations
to show the possibility of how our model can explain the fotioraof the double-peaked optical
outbursts (flare profiles and the time interval of the doulales8). The four double-peaked outbursts
will be treated individually.

Since the model contains many parameters and functions,ilvexake a few assumptions to
simplify the description of the model as follows:

(1) We assume that= 3° andvy = 0, which define the direction of the jet axis;

(2) We assumé&' = 10 which defines the bulk Lorentz factor of all (four) opticaldts;

(3) We will not consider detailed physical models for thenfiation and evolution of the emission
of the knots which involve the acceleration of relativigtiectrons and field magnification by
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(e.g.) magnetic turbulence, but only assume that the flusitdeof the knot is described by
F(Vob57Z) - F*(VobSaZ)X53+a+FO(Vobs)a (13)

whereF, (vops, Z) is the comoving flux density of the knot. The fac®di™ describes the
Doppler boosting (Blandford & Konigl 1979). The variationDoppler factord caused by the
helical motion of the superluminal optical knot produceslighthouse effect is the spectral
index (F, o< v=%). Fy(Vobs) = Fa(Vobs) + Fe(vobs) describes the emission from the accretion
disk of the primary black hole and the “quiet” optical coretloé jet. We assumeg|, = constant
during the period of the outbursts; actually, they are \@d@and inclusion of these variations
would improve the simulations of the light curves of the flaespecially for the periods between
the two flares.

Optical spectral indexx has been measured for the outbursts in OJ 287 (Villforth et al
2010a; Hagen-Thorn et al. 1998). It depends on the brightnieSJ 287, varying betweenl.6
and 1.1. We taker = 1.0 here.

Since we do not apply a physical model to describe theioeldetween the functiond(Z7)
and Rg that define the helical trajectory, and the evolution théoapknot radiation £.(2)),

we will use separate step functions with irregular lengthdetscribe the functiond(7), ®(7),

Ry (Z) andF.(Z). However, a few conditions are set as follows.

The amplitude functiom(Z) should contain three regions with an initial opening anchthe
collimation and expansion. The collimation region is thgioe in which double flares with
similar intensity could be produced through the lighthoaffect. As Schramm et al. (1993)
indicate, the jet must be perfectly collimated at the basagreement with expectations for
self-collimated current-carrying jets (Appl & Camenzin@9B). Thus we assume that the jet
becomes collimated at axial distanZe<~ 0.1 mas (0.45 pc). The amplitude of the trajectory
A(Z) ~ 0.02 — 0.03mas in the collimation region. In the expansion regions abiécal knots
evolve into radio knots and radio counterparts appeanfatig the second optical flare.
Rotation rateR,(Z) in the collimation region should be large enough to prodineettelical
rotation of the optical knots, causing double flares. Gdlyer&,(Z) should conform to the
amplitudeA(Z): whenA(Z) increasesR(Z) decreases. Only two values Bf, are taken for
each of the four outbursts.

The evolution of the synchrotron radiation of the ogtia#t should contain three stages: an ini-
tial rapid increase, a plateau and a decreasing stage (espondingly, Compton-, synchrotron-
and adiabatic stage). This requirement is consistent Wwémobrmal evolution of a superluminal
knot (Marscher & Gear 1985). Due to pressure effects angpditisn, the jet would expand side-
ways when it emerges beyond thd. 0 mas-scale. Driven by this expansion, the knot spectrum
moves to lower frequencies so that the optical synchrotrondkecays. We would not specifi-
cally set the properties of the optical knots (e.g. density energy spectrum of the relativistic
electrons, magnetic field strength, knot size, etc.) ang onbose some type of flux variations
for making simulations; e.g. within the collimated regiafshe jet, the optical flux of the knots
remains stable to assure the production of quasi-equalsityedouble flares through the light-
house effect (Schramm et al. 1993)he expansion of the jet leads to the optical knots evolving
into radio knots and producing mm/radio outbursts.

We will not consider the rapid, short-term variations @mescales of weeks) of the optical
knots. In the case of OJ 287, these variations make the wafilthe double-peaked outbursts
difficult to determine; we only simulate the ‘average’ (srtie) profiles of the optical out-
bursts. The rapid variations in flux density on timescales@éks could be due to the propaga-
tion of the relativistic shocks (optical knots superluntiypanoving through the very turbulent
jet, e.g. Qian et al. 1991; Standke et al. 1996; Marscher @88I2; Marscher & Jorstad 2010).

4

Within the collimated regions, radiation losses throughcéyotron and inverse-Compton processes are compensated

by efficient acceleration of electrons and the expansionibaegligible, see below.
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(9) We include the optical emission from the disk of the priynlalack hole ¢y, bremsstrahlung)
and that from the optical core of the jdty). In the numerical simulation, we assume that both
components are stable (non-variablg: = Fy + F, =constant) during the outbursts in the
following numerical simulations. Actuallysy is rapidly variable on short timescales of weeks
(in particular for the jet core, the flux from which is Dopplenosted) and inclusion of this
component would help to explain the optical variations dgithe periods between the double
flares.

These conditions are required for assuring obtaining ataeggion of the double-peaked flares.

Although our model simulation is qualitative, the projetteajectory and timescale obtained in
the following are similar to those obtained by Schramm e(1893) for the optical knot of blazar
3C 345 in their lighthouse model (see below).

5.1 Model Simulation of the 1972 Flare

The parameters{(Z), ®(Z), R4(Z)) for the model simulation are given as follows:

(1) Z(mas) < 0.1: A(Z)(mas) = 0.0278(Z/0.1); ®(Z)(rad) = 1.552 + Ry4(Z) x Z; Ry(Z)
(rad mas?!) = 0.7.

(2) Z(mas) = 0.1 — 14: A(Z)(mas) = 0.0278; &(Z)(rad) = 1.622 + Ry x (Z — 0.1); Ry(2)
(rad mas?!) = 0.7.

(3) Z(mas) = 14 — 24: A(Z)(mas) = 0.0278; ®(Z)(rad) = 11.352 + R4(Z) x (Z — 14); Ry
(rad mas?t) = 0.7.

(4) Z(mas) > 24: A(Z)(mas) = 0.0278 x [14+0.5(Z—18)]; ®(Z)(rad) = 18.352+ Ry x (Z—24);
Ry(Z) (rad mas?!) = 0.3.

The flux density from the quiet background component (amoretisk of the primary black hole
plus the quiet core of the jet) is assumed tafge= 5.5 mJy.

It should be noted that the positid#, A) = (0, 0) is only a “mathematical origin;” it does not
represent the location of the central supermassive blakkdrahe location of the optical core. A
reasonable choice may be that the location of the first peadtyzed by the superluminal knot is
regarded as the site of the optical core of the jet and th&iblake is located a bit inwards.

The comoving flux densities are given as follows:

(1) Z(mas) < 0.1: F,(Z)(mJy) = 5.10 x 10-12/0.1.

(2) Z(mas) = 0.1 — 12: F,(Z)(mJy) = 5.10 x 10~4[1 — 0.0196(Z — 0.1)].
(3) Z(mas) = 12 — 20: F,.(Z)(mJy) = 3.91 x 10~4[1 — 0.125(Z — 12)).
(4) Z(mas) > 20: Fi.(Z)(mJy) = 0.

The results of the model simulation are shown in Figures B-€an be seen that the double-peaked
optical outburst of OJ 287 observed in 1971-1972 is well fted by our simple numerical model,
including the peak flux densities, the widths of the flare pesfithe time interval between the two
flares and the radiation level of the quiet background coraptriThe model simulation for this
outburst is a very typical example: both the double flareshefdutburst are simulated to occur
within the collimated region of the jet and have a unifornatiutn rate of 0.7 rad mas. The radial
distances of the two peaks occur at 6.7 mas and 15.2 mas feoritin (Z = 0). If the first flare
peak is approximately regarded as occurring near the cotfeeobptical jet, then the second flare
is emitted at~8.5mas (38 pc) from the core. The width of the jet at both pwmsitof the peaks is
~ 0.0278 mas & 0.13 pc).

5.2 Model Simulation of the 1983 Flare

The parameterd(Z), ®(Z) andR,(Z) for the model simulation are given as follows:
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Fig. 3 Model simulation for the 1972 outburst. The upper four psiaeé for amplitudel (), orbital
phased(t), rotation rateR4(¢) and comoving flux density. (¢). The lower four panels (for the
kinematic properties of optical knot): bulk Lorentz factoft), apparent velocity3,(t), Doppler
factord(t) and viewing anglé(t). Epoch zero corresponds to 1970.58.
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Fig.4 The left panel shows the 1972 outburst: simulation of thebtispeaked light curve. The
right panel shows the simulation of its first flare on an exgahtimescale. The origin of the epoch
is 1970.58.
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Fig.5 Model simulation of the projected trajectory for the 1972bouist. The circles show the
position where the double flares are emitted.

(1) Z(mas) < 0.1: A(Z)(mas) = 0.0278(Z/0.1); ®(Z)(rad) = 1.552 + R4(Z) x Z; Ry(Z)
(rad mas?!) = 0.7.

(2) Z(mas) = 0.1 — 15: A(Z)(mas) = 0.0278; &(Z)(rad) = 1.622+ Ry(Z) x (Z —0.1); Ry(Z)
(rad mas?t) = 0.7.

(3) Z(mas) = 15— 24: A(Z)(mas) = 0.0278; ®(Z)(rad) = 12.052+ Ry(Z) x (Z — 15); Ry(Z)
(rad mas?!) = 0.7.

(4) Z(mas) > 24: A(Z)(mas) = 0.0278[1+0.5(Z —18)]; ®(rad) = 18.352+ Ry(Z) x (Z —24);
Ry(Z) (rad mas?) = 0.4.

The flux density of the quiet background component is constan= Fy + F. = 4.0 mJy.
The comoving flux density of the optical knot is given as foio

(1) Z(mas) < 3: F.(Z)(mJy) = 7.15 x 10~ x Z/3.

(2) Z(mas) = 3 — 6: F.(Z)(mJy) = 7.15 x 1075[1 + 9.67(Z — 3)].
(3) Z(mas) = 6 — 13: F.(Z)(mJy) = 2.15 x 10~

(4) Z(mas) = 13 — 16: F,(Z)(mJy) = 2.15 x 10~4[1 — 0.2(Z — 13)].
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Fig.6 Model simulation for the 1983 flare. The upper four panelsistie amplitude A(t), orbital
phase®(t), rotation rateR(¢) and comoving flux density’. (¢). The lower four panels show the
kinematic properties of the optical knot: bulk Lorentz f&df' (¢), apparent velocity,(t), Doppler
factord(t) and viewing anglé(t). Epoch zero corresponds to 1982.58.
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Fig.7 The left panel shows the 1983 outburst with a model simutatibthe light curve for the
optical double-peaked outburst. The right panel showsithelation of its first flare on an expanded
timescale. Epoch zere 1982.58.
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Fig.8 Simulation of the projected trajectory of the optical kndttlee 1983 outburst. The circles
indicate the positions where the double flares are emitted.

(5) Z(mas) = 16 — 18: F,(Z)(mJy) = 8.58 x 10-5[1 — 0.3(Z — 16)].
(6) Z(mas) = 18 — 20: F,(Z)(mJy)(= 3.43 x 105[1 — 0.5(Z — 18)].
(7) Z(mas) > 20: Fi.(Z)( mJy) = 0.

The model simulation results are shown in Figures 6—8. Lile& 1972 outburst, the 1983 out-
burst is also a typical example that exhibits the lighthoeffect. Both the double flares from the
outburst were simulated to occur within the collimated oegand have a uniform rotation rate
Rgs = 0.7 rad mas'. The radial distances of the peaks occur at 6.8 mas and amb.8If the
first flare is assumed to occur near the core of the opticabjethe core that is polarized in opti-
cal, described by Villforth et al. 2010a), then the seconckftaccurs at radial distance ef8 mas
(~40 pc) from the core. (Actually, we do not know how far the ogticore is located from the black
hole.) The width of the jet at these sites is 0.0278 ma3. {25 pc).

5.3 Model Simulation for the 1995 Outbur st
For the model simulation, the parametelis?), ®(Z) andR,(Z) are given as follows:

(1) Z(mas) <0.1:
A(Z)(mas) = 0.0325(Z/0.1); ®(Z)(rad) = 1.552 + Ry x Z; R, (rad mas?t) = 1.30.
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Fig.9 Model simulation for the 1995 outburst. The upper four panaiplitude A(t), orbital phase
®(t), rotation rateR,(¢t) and comoving flux density, (¢). The lower four panels (for kinematic
properties of the superluminal motion of the optical knbytk Lorentz factod’(¢), apparent veloc-
ity Ba(t), Doppler factor§ and viewing anglé(t). Epoch zero = 1994.50
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Fig. 11 The projected trajectory of the optical knot simulated fa 1995 outburst. The circles show
the positions where the double flares are emitted.

(2) Z(mas) =0.1-5

A(Z)(mas) = 0.0325; &(Z)(rad) = 1.682 + R4(Z — 0.1); Ry(Z) (rad mas') = 1.3
(3) Z(mas) =5—-6

A(Z)(mas) = 0.0325; ®(Z)(rad) = 8.052+ Ry X (Z — 5); Ry (rad mas') = 0.6
(4) Z(mas) > 6

A(Z)(mas) = 0.0325[1+0.1(Z—6)]; ®(Z)(rad) = 8.652+R4(Z—6); Ry (rad mas ') = 0.6.

The flux density emitted by the quiet background componertréion disk of the primary black
hole plus the quiet optical core) is taken as a constant: Fy + F. = 2.5 mJy.
The comoving flux density of the optical knot is set as follows

(1) Z(mas) < 2: F.(Z)(mJy) = 5.42 x 1075 x Z/2.

(2) Z(mas) = 2 — 15: F, (Z)(mJy) =542 x 10°[1 — 0.01(Z — 2)]
(3) Z(mas) = 15— 1T: (Z)(mJy) =472 x 10751 — 0.5(Z — 15)].
(4) Z(mas) > 17: F\.(Z)(mJy) =

The results of model simulation for the 1995 outburst arevshio Figures 9-11. It can be seen that
the double peaked structure of the outburst is well fitte@ dbuble flares from this outburst exhibit
narrower profiles than those from the 1972 and 1983 outhdrbktss a larger rotation rate is needed
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for the first flare R = 1.3 rad mas', in comparison withRe = 0.7 rad mas' for the 1972
and 1983 outbursts). The second flare is simulated to ocaheiexpansion region of the jet with
Rs = 0.6 rad mas'. The radial distances of the two flares are 3.6 mas and 13 mastfre origin

Z = 0. If we define the location of the first flare peak as the core efdptical jet, then the second
flare occurs at a radial distance of 9.4 magl2 pc). The widths of the jet at the sites are simulated
to be 0.033 mas and 0.053 mas, larger than those for the 1872983 outbursts (0.028 mas).

5.4 Model Simulation of the 2005 Outbur st

For the model simulation of the 2005 outburst, the pararseté?), ®(Z) andR,;(Z) are set as
follows.

(1) Z <0.1mas:

A(Z)(mas) = 0.0278 x (Z/0.1); ®(Z)(rad) = 0.7520 + Ry x Z; Ry(Z) (rad mas?') = 0.7.
(mas) = 0.1 — 14:

A(Z)(mas) = 0.0278; ®(Z)(rad) = 0.822 + R4(Z — 0.1); Ry (rad mas!') = 0.7.

(3) Z(mas) > 14:

A(z)(mas) = 0.0278[1 + 0.40(Z — 14)]; ®(Z)(rad mas™!) = 10.552 + Ry(Z — 14);
Rg(rad mas™!) = 0.23; At Z > 14 mas, rotation raté?, has a small value and is for ob-
taining a larger time interval between the two flare peak&yr).

) z

The flux density emitted by the accretion disk of the primdack hole and the quiet optical core is
taken to be a constanky = Fy + F. = 2.5 mJy. The comoving flux density of the optical knot is
set as follows:

(mas) < 4.5: F.(Z)(mJy) = 1.13 x 1074 x (Z/4.5).

(mas) = 4.5 — 30: F,(Z)(mJy) = 1.13 x 10-4[1 — 0.02(Z — 9)].
(3) Z(mas) = 30 — 35: F,(Z)(mJy) = 0.655 x 10~4[1 — 0.2(Z — 30)].
(mas) > 35: Fy.(Z) (mJy)= 0.

The results of the model simulation are shown in Figures 42k-tan be seen that the double peaked
structure of the 2005 outburst is reasonably well simulaitedhis case, the time interval between
the two flare peaks is-2 yr, two times longer compared with those in the cases of 87211983
and 1995 outbursts. Thus the second flare is simulated ta octhe expansion region with rotation
rateRs = 0.23 rad mas*, while the first flare is in the collimated region wifty = 0.7 rad mas'*,
similar to the case for the 1972 and 1983 outbursts. Thesitteevolution of the optical knot shows
some different behavior compared to those in the cases dfafi2 and 1983 outbursts, that is, its
rest-frame flux density always slowly decreases from thincated region to the expansion region
without a plateau stage. In this case, the two intensity pea# simulated to be at radial distances
7.8mas and 24 mas. If we define the location of the first flard peaurring at the core of the
optical jet, then the second flare occurred at a separatieril6f2 mas (73 pc) from the core. This
seems to imply that a very efficient acceleration mechansmelativistic particles exists in the jet
at~100pc from the central supermassive black hole, which f@@empton/synchrotron loss zone
that produces-rays and optical emission.

The widths of the jet at these sites are 0.028 mas and 0.13aspgctively, and the projected
separation of the second flare from the core is about 0.8 ma&p¢R

The projected locatioiXn, Zn) = (1.2mas, 0.13mas) obtained for the second flare here is
similar to that obtained for the fourth peak of the light caifer blazar 3C 345 by Schramm et al.
(1993) in their lighthouse model. (Note: in the case of 3C,3HA8 viewing angle of the jet is set as
0.95°, thus the deprojected factor is larger than that in our mbyel factor of~3.)
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amplitude A(t), orbital phasé(¢), rotation rateR, (¢) and rest-frame flux’, (¢) of the optical knot;

the lower four panels (for the kinematic properties of theestluminal motion of the optical knot):

bulk Lorentz facto(¢), apparent velocity. (¢), Doppler factow(¢) and viewing anglé(t). Epoch
zero = 2005.60.
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Fig. 13 The left panel shows the model simulation of the light curfhe 2005 outburst. The right
panel shows the simulation of its second flare on an expanaeddale. Epoch zero = 2005.60.
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Fig.14 The projected trajectory of the optical knot simulated foe 2005 outburst. The circles
indicate the positions where the double flares are emitted.

6 SUMMARY AND DISCUSSION

We have done simulations using a consistent model for tie digrves of the four double-peaked
optical flares. Since we only chose a certain set of paramatet functions, these simulation results
can only be regarded as particular solutions or examplesiuse different sets of parameters and
functions would lead to different results (for example, éodifferent jet orientation, bulk Lorentz
factor, helical pattern of trajectory, etc.). In the sintidas, we have considered three emission
components: emission from the superluminal optical kndtthe ‘quiet core’ of the optical jet (both
synchrotron) and emission from the accretion disk of thenpry black hole (bremsstrahlung). Here
we summarize the main ideas and assumptions involved irrthdations and the main results.

The orbital motion of the secondary black hole around theary black hole strongly disturbs
the accretion disk of the primary black hole and induces rod@injection of plasmas and magnetic
fields into the jet by tidal and electromagnetic effects ribar pericenter passage. An adequate
eccentricity and 12 yr orbital period are required. Thuseslyminal knots are created (formed)
periodically per 12 yr. The superluminal knots move alonlichémagnetic field lines and produce
the double-peaked optical outbursts (optical light curtieough the lighthouse effect, due to the jet
axis directed towards the observer with a small angle3sf and bulk Lorentz factor'~10 (Doppler
factor~12-18). These values are similar to those obtained by otsearchers, e.g. (Tavecchio et al.
2010; Hovatta et al. 2009; Pihajoki et al. 2013; Ciprini et2007). In the lighthouse model, the
optical radiation is Doppler boosted by a factor~ef0*, thus the comoving (rest-frame) radiation
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Table1l Comparison of the parameters used for the model simulatitthe double flares of the four
outbursts: amplitude A (mas), rotation ratg (rad mas*) and axial distance between the location
of the first and second fla®,- (mas). For all cases, the bulk Lorentz fackor= 10.

Outburst Second flare First flare Distance
A (mas) Ry (rad mas!) A (mas) R, (rad mas ') D12 (mas)
1972 0.028 0.70 0.028 0.70 8.0
1983 0.028 0.70 0.028 0.70 8.0
1995 0.033 1.30 0.053 0.60 9.4
2005 0.028 0.70 0.13 0.23 16.2

energy is lower than the bremsstrahlung energy (in a binlackthole model with disk crossings) by
the same factor. Significant energy is contained in the kiregtergy of the bulk relativistic motion
of the optical knots. Thus the model simulations show thatiimary black hole plus the lighthouse
effect scenario may be useful for simplifying the excitatinechanism of the optical/radio outbursts,
by only relying on gravitational tidal effects and electmgnetic interaction during the pericenter
passage of the secondary black hole.

The four optical double-peaked outbursts that occurreddmds OJ 287, in 1972, 1983, 1995
and 2005, are reasonably well simulated, including theakpetensity, profiles and the time interval
between the two peaks. In the region where the double peakibdrsts occurred, the amplitude
A ~ 0.03 — 0.05mas (i.e. width of the collimated jet region) and the rotatiate R, is ~ 0.7 —
1.3rad mas'. The time intervals between the two peaks obtained in theemsichulations are
1.08, 1.02, 1.17 and 2.03 yr for the four outbursts respelgtivf the locations of the first flares are
defined as the site of the core of the optical jet, then thergkflares occur at axial separations of
38, 36, 32 and 73 pc for the four outbursts respectively. Timelations show that the parameters
used for the four double-peaked flares are quite similahagais in Table 1 where a comparison of
the parameters used for the modulations are given. This nthgate that the helical magnetic field
structure of the jet in OJ 287 has been rather stable for alsag/time period (e.g~100yr). This
is possible because this helical field is anchored in thermast region of the accretion disk of the
primary black hole, whose gravitation keeps the helicatif&tucture in the jet solid and stable.

In the simulations, the location of the first flares of the fdauble peaked outbursts is defined as
the core of the optical jet of OJ 287 and the second flares @tqrojected separations 80.4 mas
(for 1972, 1983 and 1995 outbursts) from the core (see Fig8.ahd 11). These three outbursts
have time intervals that correspond to double peaks of abe2iyr. The projected trajectories and
timescales obtained by our model simulations are quitdairta those obtained by Schramm et al.
(1993) for the model fitting to the periodic flares in blazar345 by applying a physical model of
the lighthouse effect. We should point out that in our modelsations, the functions describing the
helical trajectory A(Z), Rs(Z)) and knot flux density evolutiod,(Z) are given independently,
thus our model could not be fully physically coherent. Hoarein searching for a possible explana-
tion for the double-peaked structure of the outbursts bygitie lighthouse effect, our simulations
have obtained meaningful results, which can interpret &sédproperties and require conditions for
the lighthouse effect mechanism by applying the opticablvéir observed in blazar OJ 287.

Based on our scenario, the three basic properties of OJ 8&il(@anpaa et al. 1996b suggested)
can be explained consistently: (a) the 12-year cyclic aptiatburst behavior, (b) the double-peaked
structure of the cyclic outbursts (as described above) enthé extremely stable color (observed
during the 1995 outburst with both flares having the samerc8itanpaa et al. 1996b). The light-
house effect is an achromatic effect (a purely geometriecgif The optical outbursts are solely
produced by a change in the Doppler boosting when the ogtiwatls follow helical trajectories.
Villforth et al. (2010a) found spectral changes during tid®% outburst (May 2005—-June 2009):
0J 287 was bluer when it was brighter. This flattening of thigcapspectrum could be interpreted
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in terms of injection of higher-energy electrons into théicgd knot. Thus both the stable color and
spectral change could be explained in our scenario as coesegs of outbursts occurring in generic
blazars.

Since in the highly collimated zone, the optical knots do eéxqierience expansion losses and
the efficient acceleration of particles could keep the @ptiaots emitting in optical wavebands, the
optical knots could not evolve into radio knots and the @timots themselves are optically thick in
the mm/radio wavebands. This explains why the first flarek®fibuble-peaked outbursts observed
in OJ 287 were not accompanied by strong radio counterganiy. when the optical knots evolve
into mm/radio knots by expansion and due to a lack of accaberaf particles, strong mm/radio
outbursts could appear. This could occur when the opticatkhave moved out of the collimated
region into the expanding region of the jet. This explaingwie second flares of the double-peaked
outbursts observed in OJ 287 had mm/radio counterparts.

The optical outbursts observed in OJ 287 have short timesgakes of £a few weeks) with
fluctuations in intensity of- 30% — 40% both during the quiet phase and the burst phase. Valtaoja
et al. (2000) argued against the lighthouse model basedi@behavior. Although we did not take
this ingredient into account in this paper, this behavitwo(s timescale variations) could be ex-
plained in our scenario. For example, the short timescaiati@ns during the burst phase could be
due to the shocks (optical knots) propagating through thetuebulent jet and those during the quiet
phase due to turbulent plasma flow passing through a stastimzk or the optical core. Therefore,
they could have similar timescales, because they could $imnitar Doppler boosting by relativistic
effects (Qian et al. 1991; Standke et al. 1996; Quirrenbaeh €989; Marscher & Jorstad 2010).

The key point (or assumption) in our model simulations ig thare may exist a highly colli-
mated zone in the jet of OJ 287, where expansion losses aligibkgand efficient acceleration of
electrons could compensate the radiation losses througip@m/synchrotron processes to keep the
optical knots emitting iny-ray and optical wavebands. Thus the rotation of the opkinats along
the helical trajectories could produce double-peakedwsatb with similar intensities.

Figures 4, 7, 10 and 13 illustrate good examples. The sigmifidecay of radiation from the
optical knots could only occur after the optical knots moué af the collimated zone. This expla-
nation is consistent with the results obtained by Schramah ét993) for the periodic optical flares
observed in blazar 3C 345: the first three optical flares wlitioat equal-intensity and equal time
width fitted by their lighthouse model occurred in the higbbllimated region (initial opening angle
of the jet was 0.05 degrees), and the fourth (predicted) Baoeirred in the region where the jet
expanded with decayed intensity. Therefore, in principldwere exists a highly collimated zone in
the jet, the lighthouse effect could play its role to explhi@ occurrence of double-peaked outbursts.

However, in this case, the highly collimated region showduéha rather long lengthThis has
been regarded as a problem for the lighthouse model (elgnf#a et al. 1996b). However, recent
~-ray observations seem to provide some evidence for thign@mgent. Schinzel et al. (2010, 2012)
report that gamma-rays from the blazar 3C 345 were produtedrégion of the jet that is up to
23 pc (de-projected) in extérand suggest the synchrotron self-Compton process as thdikehg
mechanism for the production of gamma-rays, and quest®ettlitire class of models that place the
gamma-ray emission site within 1 pc from the central engfrtb®AGN. In a study that connected
mm with gamma-rays, Agudo et al. (2011b, 2012b) argued thateizars OJ 287 and AO0235+164,
gamma-ray flares were produced at sites larger than 14 pc2apcifiom the mm-core, respectively.
These observational facts strongly support the possililitthe existence of a highly collimated
zone in the jets of blazars having a length of a few tens ofgzatsvhich is a key requirement of the
lighthouse model.

5 A large scale of about a few tens parsecs, e.g. for the 19%u@mitof OJ 287, the second flare occurs at a location
~40 pc from the core in the model simulation of this paper.

6 This distance depends on the viewing angle chosen. If a sma#iwing angle of.7° (Jorstad et al. 2005, instead of
5.2°, Schinzel et al. 2010) is used, this distance would be 40 pc.
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These observations show that optical knots, optical preainvhich act as the seed-photon
source of the self-Compton process, can propagate to tgrarsdcs, implying this region of the jet
could be highly collimated and the optical knots have nonlziminished by expansion and radiative
losses, constructing a stable Compton/synchrotron loss #wat produces-ray and optical emis-
sion up to~100pc. This is just what the lighthouse model requires. Withe collimated regions
(without adiabatic losses due to sideways expansion)jaftiparticle acceleration by shocks and
magnetic turbulences (e.g. the turbulent cell model pregty Marscher & Jorstad 2010; Marscher
2014) would keep the optical knots emitting in synchrotreff-€ompton-gamma-rays and syn-
chrotron optical wavebands. This would be the cause the length of the Compton loss zone
found by Schinzel et al. (2010). Qian et al. (2010) also satggkthe existence of a highly colli-
mated region in the jet of the blazar BL Lacertalerough the study of the evolution of its mm/cm
outbursts in terms of a 3-stage evolutional model (Comptamechrotron-adiabatic stages) in order
to explain the lack of spectral flattening from the transitiomm the Compton stage to the adiabatic
stage. Thus both the observational results and the thealreisults (Camenzind & Krockenberger
1992; Schramm et al. 1993; Wagner et al. 1995) are consistasapporting the following idea: in
blazars, a highly collimated zone (Compton-synchrotres lmone) could exist up to radial distances
in the range~40-80 pc from the core.

In our model simulations, we only calculated the profileshef lightcurves caused by the light-
house effects, without considering the fast variabilitgpRl variations with timescales of 1-2 weeks
(optical spikes) could be due to relativistic shocks (slymeimnal optical knots) propagating through
extremely turbulent jet flows (Qian et al. 1991b; Standkd.&BQ6; Marscher et al.1992; Marscher
1994) and these rapid variations are enhanced under thdigbe profiles lasting-0.3—0.4 years.
However, these variations are produced through randomepses (e.g. electron acceleration by
magnetic turbulence) and thus their strength, structudgoiase within the lighthouse profiles could
not be predicted.

We point out that the proposed model does not require extiany physical conditions (e.g.
crossing of the secondary black hole into the accretionafitike primary black hole) and seems very
feasible (flexible). The results obtained by this numesoalulation demonstrate the plausibility (or
possibility) to understand the double-peaked outburdesrims of a jet phenomenon. The parameters
and functions chosen in our model simulation are only exas@nd they are not unique. Different
sets of parameters and functions could be chosen for thdatioru However, such a type of model
simulation could not be used to make an accurate timing efréutiouble-peaked events or other
properties, because in this model, the occurrence of thatianl processes mentioned in Section 3
cannot be accurately predicted. (This is in contrast to tharlp hole scenario of Lehto & Valtonen
(1996) with two crossings of the secondary black hole ineahcretion disk of the primary black
hole). The biggest caveat is how to find a set of helical matignandRs) and evolution of optical
knots which are allowed by theoretical arguments basedtdormation and radiation theory. The
numerical simulation does not take into account the physmanection between the helical trajec-
tory and rest-frame intensity, which is not necessarilyrappate; they might be inconsistent with
each other in some aspects: for example, the expandingahgtigectory and the evolution of the
knots’ emission. Of course, the model simulation of the pesfiinterval lengths, peak intensity and
peak-ratio should be based on consistent theoretical model

Although losing the ability for predicting the timing of ttsecond flares, the proposed scenario
has the advantage of accommodating the explanations faldhble peaked outbursts, including
the time interval between the two peaks, flare profile widéakpintensity ratio, et® This scenario

7 A similar phenomenon could occur in blazar 3C 273 and 3C 34&n(@t al. 2010; Stevens et al. 1996, 1998).

8 Our model simulation did not include the variation of theicgit emission on timescales less thas month. These
short-term variations could be due to variable conditioithiw the optical knots (e.g. acceleration of relativigiectrons by
magnetic turbulences), while the shocks propagate thrthaturbulent jet, experiencing relativistic time shonen
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seems to be more consistent with the results of theoretiodies on optical flares in generic blazars
(synchrotron plus relativistic beaming).

Although we did not give the physical details (models) fa fhur processes, it does not seem
difficult to describe these processes individually in tterfework of astrophysics for blazars. Based
on the results of this model, a detailed theoretical model cflativistic jet for the double-peaked
outbursts could be established. Specifically, in the cas&Jdt87, a detailed physical model should
contain several theoretical aspects as follows. (1) Theraction between the secondary black hole
and the accretion disk of the primary black hole should baitst, and the enhanced injection of
the magnetized plasma flow into the jet and the formation@&tiperluminally moving optical knot
(including the calculation of the time delays between theéceater passage of the secondary black
hole and the first optical flare) (Sillanpaa et al. 1988t&akn & Wiik 2012). (2) The helical field
structure should be described by continuous functions.arhglitude functionAd(Z) should con-
form to the rotation rate functio®,(Z) through the rule of conservation of angular momentum.
(Camenzind & Kronckenberg 1993). (3) The connection betatbe disk bremsstrahlung and the
synchrotron radiation of the superluminal knot should bited. (4) Further investigations into the
correlation between mm/radio and optical outbursts anthiiaveen the optical angray outbursts,
including optical polarization and SED, should be carriat which would help to clarify the nature
of the optical emission and determine the physical paraisétethe three processes. Future obser-
vations of double-peaked optical flares would test the mdgiace we ascribe the double flares of
the outbursts to the synchrotron of the optical knots in #tgthere are plenty of theoretical results
for generic blazars that can be applied to OJ 287: for exartimeaheory of magnetohydrodynamics
for relativistic jets and the accretion disk flow and the ttysaf how outbursts produce radiation in
blazars.

The proposed model is oversimplified and is just preliminytative and semi-qualitative. Our
aim is to find some alternative clues to explain the formatibtine double-peaked optical outbursts
observed in blazar OJ 287. Future observations would tesetldeas. Obviously, if the lighthouse
effectis an appropriate model to interpret the double peak#bursts of OJ 287, then theoretical and
physical models (like Camenzind & Krockenberger 1992; Soim et al. 1993; Wagner et al. 1995)
should be constructed to establish the physical connexbeiween the helical motion, evolution
of the knot, interaction of the disk disturbances and pladBeid injection of the jet, bulk Lorentz
factor, etc.

In summary, we have tentatively suggested that there mghtdossibility to explain the 12-year
cycle optical outbursts observed in blazar OJ 287 in termleframework proposed by Sillanpaa
et al. (1988): the pericenter passage (with a 12-year cyfléhe secondary black hole induces
disturbances by tidal effects (and enhanced accretiohgidisk of the primary black hole, which are
then transformed into superluminal knots in the jet aftensdime delay. The superliminal motion
of these optical knots along the helical trajectory couldseathe lighthouse effect, producing the
double-peaked structure of the optical outbursts obsearvéx) 287. As an alternative scenario, it
might also possible that these knots propagate throughdparate standing shocks (e.g. one optical
core and one mm-core along the jet), producing the doubdéegrbstructure of the optical outbursts.

Acknowledgements We wish to thank Dr. S. Ciprini for providing the radio and icpt data ob-
served during the period JD 2453638-2453714.
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