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Abstract:



We report optical photometric and polarimetric observations of the blazar OJ 287 gathered during 2016/17. The high level of activity, noticed after the General Relativity Centenary flare, is argued to be part of the follow-up flares that exhibited high levels of polarization and originated in the primary black hole jet. We propose that the follow-up flares were induced as a result of accretion disk perturbations, travelling from the site of impact towards the primary SMBH. The timings inferred from our observations allowed us to estimate the propagation speed of these perturbations. Additionally, we make predictions for the future brightness of OJ 287.






Keywords:


galaxies: active; BL lacertae objects: individual (OJ 287); super massive black holes








1. Introduction


The blazar OJ 287 is the best candidate for hosting an inspiraling SMBH binary. It exhibits high levels of optical activity roughly every 12 years, which has been observed since 1888 by using old photographic plates, and more recently, via optical photometry (Sillanpää et al. 1988 [1]; Hudec et al. 2013 [2]). One of the key features of this activity is that it comes in pairs of outbursts which are separated by at least 1.1 years, with the separation being a function of the cycle number. The flares occur at a constant phase angle, and at the opposite phase angle of a quasi-Keplerian orbit of a given precession rate for the major axis. Therefore, they occur according to a purely mathematical rule, computed from a quasi-Keplerian model of a binary black hole system with an accretion disk. This systematic behavior leads to a model of a high mass ratio (>100) binary black hole system as a central engine for OJ 287 where the high brightness episodes arise from the impact of the secondary on the accretion disk of the primary (Lehto & Valtonen 1996 [3]; Valtonen 2007 [4]; Valtonen et al. 2010 [5]). A model of the system is presented in Figure 1.


Figure 1. The improved inspiraling binary black hole central engine model for OJ 287. The current period of 12.055 year decreases by 38 days per century (Dey et al. 2017 [6]).
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According to this model, the latest disk impact occurred on 2013.45. It released a hot bubble of gas, which subsequently expanded and radiated strong optical/UV bremsstrahlung radiation when it became transparent 2.42 years later (Lehto & Valtonen 1996 [3]; Pihajoki (2016) [7]). The model predicted the beginning of the flare on 2015.96 ± 0.12, the exact value depending on the normalized spin value of the primary. A high spin, [image: ], predicted an early flare while a low spin, [image: ], predicted a later flare (Valtonen et al. 2010 [5]). The flare began rather early, on 25 November 2015, on the exact centenary of the General Relativity theory (hence its name). With this flare timing, together with improvements in the gravitational wave modeling of OJ 287, a new orbit has been calculated which gives the spin value of [image: ] (Dey et al. 2017 [6]). The Centenary Flare was essentially unpolarised and increased the flux only in the optical/UV region. This is in contrast to typical flares in OJ 287, where a power-law spectrum rises in unison all the way from the optical to X-rays, and generally speaking the degree of optical polarization rises together with the flux. Since the General Relativity Centenary flare, OJ 287 has stayed at 30 year record levels in optical brightness, divided into two episodes in 2016. Here we report optical photometry and polarimetry showing its 2016–2017 behavior. The follow-up flares in 2016 had high levels of polarization, and the outburst energy extended to X-rays with an almost constant optical/X-ray spectral index of [image: ] = 2.7 ± 0.1, where flux density [image: ].



While the Centenary flare arises directly as the result of the impact of the secondary black hole onto the accretion disk of the primary, the follow-up flares originate in the jet of the primary. The secondary BH affects the disk indirectly via tidal forces causing some of the matter in the disk to escape vertically.



The response of the accretion disk to the orbiting secondary BH has been calculated by Sundelius et al. (1997) [8] using non-interacting test particles to model the disk, and by Pihajoki et al. (2013) [9] using particles interacting hydrodynamically. In this paper we refer to the latter simulation, which is summarized in Figure 4 of Pihajoki et al. (2013) [9]. Separate panels show the number of particles accreted by the primary BH as a function of time, the number of particles accreted by the secondary, and the number of particles which escape vertically from the disk. By this calculation, the escape of particles vertically from the disk starts on 2014.2, reaches the maximum rate on 2014.6, then falls to the first minimum on 2015.1, the second peak occurs on 2015.3, after which the escape rate declines until it is close to zero in 2018.



The rise in brighness must occur after the vertical escape time since the density perturbations have to travel to the jet. Our recent experiments with non-interacting test particles show that the first peak comes from the inner regions of the disk, closer than the impact point to the center of the disk, while the second peak has a strong contribution from the disk beyond the impact point. This physical separation of the source regions, and their phase difference, is the reason for the double peak structure of the particles escape rate. The escaped matter may contribute to the synchrotron component of the radiation if it is accreted towards the primary and ends up in the jet. So far the simulations cannot model the subsequent fate of the vertically escaped particles; here we consider the observational evidence in this regard.



The Centenary Flare and the subsequent synchrotron flares arise by two separate processes. There is no simple rule that associates the two types of flare, nor a standard outburst light curve that includes both types of flare. It is necessary to calculate the full light curve for each flare episode individually, as done by Pihajoki et al. (2013) [9].



The new observations allow the determination of the propagation speed. We also present the prediction of the blazar brightness in the coming years.




2. Observations


2.1. Photometry


Predicted by the SMBHs binary model, the Centenary flare in OJ 287 was well covered in the optical band by a campaign with more than 20 participating sites (Valtonen et al. 2016 [10]). After this event we continued the monitoring of the blazar at several sites including the SKYNET Robotic Telescope Network achieving almost daily coverage. Observations were stopped for the summer 2016 when OJ 287 was in conjuction with the Sun and we resumed monitoring its brightness as soon as it became accessible at the end of August 2016, taking data in the wide band R filter. The observations were reduced soon after they were taken by calibrating the frames for bias, dark and flatfield. Data taken with the SKYNET telescopes were calibrated with the network pipeline. Magnitudes were extracted using the aperture method with the CMunipack program (Hroch 1998 [11]) which is a graphical interface for the DAOPHOT II code. The photometric light curve of OJ 287 taken using the wide band R filter is presented in Figure 2.


Figure 2. Light curve of OJ 287 observed during the 2015/16 and 2016/17 seasons. The gap in summer 2016 is due to OJ 287’s conjunction with the Sun.
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2.2. Polarimetry


The fully autonomous and robotic 2 m Liverpool Telescope (LT) simultaneously houses 7 instruments, and any one can be accessed on a given night (Steele et al. (2004) [12]). RINGO3 is the current polarimeter on the LT (Arnold et al. (2012) [13]). It consists of a rotating Polaroid (at 0.4 Hz) which modulates the incoming beam of light. The light is then split into three wavebands using dichroic mirrors, 350–640 nm, 650–750 nm and 760–1000 nm. Images are captured at 8 different Polaroid rotor angles by three electron multiplying charge coupled device (EMCCD) cameras (one for each waveband). The measured counts at the 8 different Polaroid angles are combined using equations from Clarke & Neumayer (2002) [14] to calculate the Linear Stokes Parameters Q and U, whilst stacking the 8 images from the different rotor angles gives the Stokes Parameter I. Using the Linear Stokes Parameters the degree of polarization and polarization angle can be calculated as described in Clarke & Neumayer (2002) [14] with details of the reduction process for Ringo3 data given in Jermak et al. (2016) [15]. The measurements performed for OJ 287 (linear polarization degree and polarization angle) are shown in Figure 3. In this figure we also plotted data reported in Valtonen et al. 2016 [10] and new measurements taken in 2016/17 season in the R filter with the Dipol-2 polarimeter on the T60 telescope in Maui, Hawaii. Detailed description of the observation routine and data reduction procedure for Dipol-2 can be found in Kosenkov et al. 2017 [16]. Except for the December 2015 flare (marked by the red vertical line), for which the polarization degree was at the level of 0.1 or below, the subsequent brightenings were highly polarized. It is interesting to note that the sudden drop of polarization has occurred on 24 January 2017 (JD 2457778). At the same time the brightness reached a local minimum and started to increase up again (see Figure 2).


Figure 3. Polarimetric data for OJ 287 from September 2015 to May 2017.
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3. Propagation of Accretion Disk Perturbations


We started the 2015/2016 observing campaign for the purpose of getting accurate data on the outburst predicted to occur during December 2015. The optical flux rose above its normal level of variations around 14.5 mag in R band, on the exact date of the Centenary of General Relativity; thus its name Centenary flare (Valtonen et al. 2016 [10]). For the first time, this campaign obtained polarization and UV/X-ray data over the whole light curve of an OJ 287 primary impact flare, in addition to optical photometry. The campaign has continued in order to monitor the follow-up flares which have been observed as a rule in OJ 287 previous outburst episodes (Sillanpää et al. 1996a [17]; Sillanpää et al. 1996b [18]; Valtonen et al. 2009 [19]; Valtonen et al. (2012) [20]; Pihajoki et al. (2013) [9]). While the first flare, which comes directly from the impact, is of low polarization and is limited to the optical/UV region (Valtonen et al. 2008 [21]; Valtonen & Ciprini 2012 [22]), the follow-up flares are highly polarized and extend to the X-ray region of the spectrum (Smith et al. (1985) [23]; Seta et al. (2009) [24]). Therefore in the current campaign both polarization measurements and UV/X-ray data have had a central role in determining the likely origin of the different light curve features.



Prior to this campaign the speed of the transmission of perturbations from the impact site to the jet was an open question. In the 1994/1996 flares it was estimated that it takes 0.25 years for the transit (Valtonen et al. 2006 [25]), while for the 2007 flare the transit time was 0.02 years (Valtonen et al. 2009 [19]). From these two data points alone it is difficult to determine the transmission speed, even though qualitatively they are consistent with the greater distance of the 1994/1995 impacts (about 5500 AU on average) from the center of the accretion disk than the distance of the 2007 impact point (about 3200 AU from the center). One solution based on these data is that the transit speed is about [image: ] in units of c down to 3000 AU (z being the object’s redshift of 0.306), at which point the perturbation is quickly transmitted to the jet. The transit time is then = (distance from the center in 1000 AU – 3)/10 years. Using this formula, we expect the transit time from the 2013 impact location (at the distance of about 18,000 AU from the center) to be 1.5 years, and the two main peaks in the follow-up light curve occur at 2016.1 (JD 2457424) and 2016.8 (JD 2457679), both with a rather broad (±0.2 year) width (Pihajoki (2016) [7]). Thus the follow-up outbursts were expected very soon after the primary outburst at 2015.87, and they were anticipated to carry on through April 2016, and then reappear around August 2016 and last until the end of 2016.



Using the Pihajoki et al. (2013) [9] model, we can compare the blazar observed brightness level after the December 2015 flare, in 2016 and 2017, as the result of disturbances propagating through the disk towards the primary SMBH. This comparison as well as the predicted behaviour in the future is shown in Figure 4. We would like to point out that the strength of the second jet outburst at the end of 2016 (JD ≈ 2,457,690) is underestimated in the model of Pihajoki et al. (2013) [9]. This is due to an artificial truncation of the accretion disk at 21,600 AU in the model. Without this truncation, the late 2016 outburst theoretically would have a somewhat greater brightness than the early 2016 (JD ≈ 2,457,450) one.


Figure 4. Prediction of OJ 287 brightness changes.
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4. Conclusions


We have observed the expected two peaks in the follow-up light curve of OJ 287. They are both highly polarized in optical and both the optical and X-ray spectrum are consistent with the synchrotron radiation. It is therefore likely that the emission originates in the jet of the primary black hole. The transmission time of the perturbations is confirmed as 1.5 years. Since the distance for the perturbation to travel is 15,000 AU, the speed is ∼[image: ] in units of c. It has been previously estimated that this is the sound speed in the corona of the accretion disk (Pihajoki et al. (2013) [9]); thus it appears that the perturbations are transmitted via the corona to the inner parts of the accretion disk at about 3000 AU (∼8.3 Schwarzschild radii of the primary BH). From there, the perturbations appear to influence the jet without further delay.
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