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Abstract

:

3C 84 (NGC 1275, Perseus A) is a bright radio source at the center of an ongoing merger, where HST observations show two colliding spiral galaxies. 3C 84 holds promise to improve our understanding about how of the activity of active galactic nuclei, the formation of supermassive binary black holes, feedback processes, and galaxy collisions are interrelated. 3C,84 is one of only six radio galaxies, which reveal TeV emission. The origin of this TeV emission is still a matter of debate. Our present study is based on high resolution radio interferometric observations (15 GHz) of the pc-scale jet in this complex radio galaxy. We have re-modeled and re-analyzed 42 VLBA observations of 3C 84, performed between 1999.99 and 2017.65. In order to enable a proper alignment of the VLBA observations, we developed a method of a “differential” alignment whereby we select one reference point and minimize the deviations from this reference point in the remaining epochs. As a result, we find strong indication for a precession of the 3C 84 jet—not only for its central regions, but also for the outer lobe at 10 mas distance. These findings are further supported by our kinematic precession modeling of the radio flux-density monitoring data provided by the University of Michigan Radio Observatory and the Owens Valley Radio Observatory, which yields a precession time scale of about 40 yr. This time scale is further supported by literature maps obtained about 40 yr ago (1973 and 1974.1) which reveal a similar central radio structure. We suggest that the TeV flare detected by MAGIC may correlate with the precession of 3C 84, as we disentangle a projected reversal point of the precessing motion that correlates with the flaring time. This may physically be explained by a precessing jet sweeping over a new region of so far undisturbed X-ray gas which would then lead to shock-produced TeV-emission. In addition, we perform a correlation analysis between the radio data and GeV data obtained by the Fermi Gamma-ray Space Telescope and find that the  γ -ray data are lagging the radio data by 300–400 days. A possible explanation could be that the radio and the GeV data stem from different emission regions. We discuss our findings and propose that the detected jet precession can also account for the observed cavities in the X-ray emission on kpc-scales.
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1. Introduction


3C 84 has long been an enigmatic example of an AGN. The physical nature of this particular AGN is of interest because of its very powerful radio jet. For some time it has been the brightest extragalactic radio source at high frequencies (e.g., [1]).The physical nature is also important with regard to understanding the relationship between the radio jet and the feedback in the cluster cooling flow (e.g., [2]). The classification of this AGN is still unclear. It has been classified as a broad emission line Seyfert galaxy, an obscured Seyfert galaxy, a narrow line radio galaxy, or a BL Lac object (for an overview please see [3]). Ref [3] showed that the ionizing continuum resembles that of a weak broad line Seyfert galaxy but with the hard ionizing continuum somewhat suppressed. They also found that the “innermost jet (within 0.1 pc from the source) is best interpreted as a slightly off-angle BL Lac object jet”.



1.1. VLBI Observations of 3C 84


The complex pc-scale radio structure of 3C 84 has been investigated by many authors using VLBI observations at different observing frequencies (e.g., [4,5,6,7,8,9]). The radio structure of 3C 84 does not resemble the typical core-jet sources mapped with VLBI observations (e.g.,  [10]). The source structure in early VLBI observations can be seen in Figure 1 in an image taken from [11]. The morphology in the radio band can be nicely seen in the map by [12]. Highest resolution-observations with the RadioAstron space telescope resolved the edge-brightened radio jet down to only 30  μ  as from the core and revealed the position of the core [13]. The core is also named “C1” in several papers.



Nagai et al. [14] studied the sub-pc scale jet in 14 epochs of VLBI observations with the Japanese VLBI Network and the VLBI Exploration of Radio Astrometry (VERA) array between 2006 and 2009. They present evidence for a recurrence of jet activity and the emergence of a new component C3 associated with the radio outburst which started in 2005. Reference [15] perform a detailed analysis of the kinematics and light curve of the central sub-pc scale structure using archival VLBA data obtained at 43 GHz and covering the period between January 2002 and November 2008. They find that C3 (relative to C1) shows moderate acceleration from 0.10c to 0.47c. A very detailed investigation of the motion in 3C 84 has been performed by [5]. The authors use VERA at 22 GHz and observed 3C 84 in 80 epochs between October 2007 and December 2013. They determine the averaged radial velocity of component C3 relative to the radio core to be 0.27 ± 0.02c. They explain the constant velocity of C3 as due to the advancing motion of the head of a mini-radio lobe. In addition, they find a non-linear component in the motion of C3 relative to the core. According to [5], C3 is the head of a radio lobe including hot spots at an early stage of the evolution. This finding is based on VLBA images obtained at 43 GHz which show that C3 is embedded in a very complex structure [9].




1.2. TeV Emission from 3C 84


TeV emission from AGN is mostly found from blazars (e.g., [16]). Only six radio galaxies so far have been observed in the TeV regime (e.g., [17,18])—3C 84 being one of them. While beaming is thought to play an important role with regard to the TeV energy production in blazars, the angle to the line of sight for radio galaxies seems to be unfavourable. The physical processes causing very-high-energy (VHE) radiation in radio galaxies are thus still unclear. There have been various attempts to investigate a possible connection and correlation between the radio emission sites and the TeV emission (e.g., for M 87: [19,20]). Several authors presented direct evidence that the TeV emission in the radio galaxy M87 originates from the core region [21,22,23]. The TeV emitting radio galaxy IC 310 is most likely a blazar (e.g., [24]) and HESS 0625-354 (e.g., [25]) as well.



In case of a blazar-like jet in the inner regions, TeV emission can be explained by Doppler boosting, caused by relativistic beaming of Inverse Compton (IC) scattered synchrotron radiation (e.g., [26,27,28]).



In the case of 3C 84, several authors have studied and discussed possible mechanisms that might explain the TeV emission. Reference [29] study multifrequency observations and modeled the overall spectral energy distribution (SED). They find that a single-zone synchrotron-self-Compton model, with an electron spectrum following a power-law with an exponential cutoff can explain the broadband SED and the multifrequency behavior of the source. This model, however, suggests an atypical low bulk-Lorentz factor or a velocity alignment closer to the line of sight than derived for the parsec-scale radio jet. Reference [30] study different scenarios to explain the fast gamma-ray variability. The authors prefer as the only plausible model the production of gamma rays in a magnetospheric gap around the central black hole. In addition, an enhancement of the magnetic field threading the hole from its equipartition value with the gas pressure in the accretion flow is required. The studies mentioned before encounter discrepancies.



We investigate 3C 84 to understand better the physical processes producing the TeV emission in this radio galaxy. Throughout the paper we adopt the following parameters: a luminosity distance D   L   = 78.7 Mpc, at the source redshift of z = 0.0176 [31] with cosmological parameters corresponding to a ΛCDM universe with   Ω m   = 0.308,   Ω λ   = 0.692, and    H 0  = 67.8   km s    − 1    Mpc    − 1    [32]. A proper motion of 1 mas yr    − 1    corresponds to an apparent superluminal speed of 1.21c, while 1 mas = 0.368 pc.





2. Methods


This manuscript relies on a re-analysis of observational data observed in the low energy (radio) and high energy (GeV-data) regime. In the following we describe the methods and tools used and developed in our data analysis.



2.1. Re-Analysis of VLBA Data


The MOJAVE1 (Monitoring Of Jets in Active galactic nuclei with VLBA Experiments) Program provides excellent VLBA monitoring data of pc-scale jets in AGN. We re-modeled 42 VLBA observations (15 GHz) of 3C 84 performed between 1999.99 and 2017.65. Gaussian circular components were fitted to the data to obtain the optimum set of parameters within the difmap-modelfit programme [33]. Every epoch was fitted independently from all the other epochs. Thus, the model-fitting procedure was performed blindly to not impose any specific outcome. We show the central structure of all the images with Gaussian model fit components superimposed in the Appendix A in Figure A1, Figure A2, Figure A3, Figure A4 and Figure A5.



Several authors (e.g., [4]) have mentioned that the well-known radio structure of 3C 84 contains substructure. This substructure is usually not modeled. In our studies presented here, we also model the substructure to trace the details of the radio structural evolution better.



3C 84 is a very complex radio galaxy with large-scale jet emission on pc-scales. In addition, the source structure evolved significantly with time. The proper alignment of the individual components within the central region would require phase-referencing observations since the information about the absolute positions of the components is lost in the VLBI data reduction. However and to our knowledge, phase referencing observations are not available for the time span analyzed in this manuscript. What we can measure, are relative offsets with regard to a chosen reference point.



We used a similar approach as described in [5]. The structure of the central region in 3C 84 changes significantly between 1999.99 and 2017.65. The core has only been observed and identified once in RadioAstron observations (in September 2013) [13]. We checked whether this core position would be detectable in all the epochs and could serve as a reference point. However, this core position could not be traced reliably across all the epochs and thus could not serve as a proper reference point. For a very crude alignment we used the separation between the larger lobe-structures (at about 10mas separation from the central structure) and the central part. Since the lobes were only detectable in a subset of the data sets, this provided only a coarse first step in the alignment of the maps.



Therefore we chose as the reference point the central position at epoch 1999.99 and kept this reference position through the epochs. This seemed to us the most promising and feasible approach to trace the structural changes in the central region as reliably as possible. By doing this, we did not impose any pre-knowledge and allowed an unambiguous analysis of the kinematics. Special care has been taken to correctly align the maps from epoch to epoch in the time sequence. The reference position (the core at (x,y) = (0,0)) has been chosen from the first epoch of the data we re-modeled and re-analyzed. This reference position has been kept by a very careful alignment of all the data from all the epochs and by checking the source evolution with time. The xy-positions of all jet components have been compared to the xy-positions of those same components that had been modeled in the epoch before and after. We aimed at minimizing the motion in x and y for each component across the epochs.



To summarize the basic procedure of our approach:




	
We only use data from the MOJAVE survey to ensure comparing data obtained at the same frequency and similar quality of the data sets regarding the number of data points and the resolution of the observations.



	
By fitting circular Gaussian components we model the details of the complex radio morphology and the substructure, which is usually not modeled due to the complexity of the source structure. Despite the complexity, our goal is to make robust component identifications which are not artifacts of the modeling procedure and then to follow and cross-identify these same components in the imaging time sequence. The model fitting has been performed blindly—each epoch has been modeled independently of other epochs. This enabled an unambiguous analysis of the kinematics.



	
Since the “core” position determined in observations at 43 GHz by Giovannini et al. [13] could not be identified unambiguously in all the epochs obtained at 15 GHz, we developed a “differential” alignment method to analyse the complex kinematics in 3C 84. To our knowledge, this differential analysis has not been applied in VLBI data analysis before.



	
Within this differential alignment, the central position at epoch 1999.99 has been kept as reference position through the epochs. The deviation in xy-positions of all jet components across the epochs has been minimized.








Uncertainties of the modelfit component parameters were determined using bootstrap [34]. For bootstrap applications to estimate uncertainties of VLBI results see [35]. We bootstrapped the adjusted residuals between self-calibrated interferometric visibilities and the best-fit difmap model. The residuals were first filtered from outliers, centered and distributions of the adjusted residuals were fitted using kernel density estimates (KDE). It was done independently for each baseline, correlation and frequency sub-band. We then added samples of the residuals from the fitted KDE to the model visibilities obtained from our best difmap model. The resulting bootstrapped visibility data sets were fitted in difmap using original best-fit model as the initial guess. It was done 300 times for each epoch. Thus we obtained a distribution for each parameter. The standard deviation was used for estimating the corresponding uncertainty.




2.2. Single-Dish Radio Flux-Densities


For the study presented here, we make use of the light-curves provided by the University of Michigan Radio Observatory monitoring program (UMRAO) providing long-term single-dish radio observations taken at three frequencies (4.8, 8.0, and 14.5 GHz). We combine the   14.5   GHz data from the UMRAO with light-curve data obtained in 15 GHz radio observations by the Owens Valley Radio Observatory (OVRO2).




2.3. Fermi-LAT Data Analysis


We compare the light-curve evolution of 3C 84 at low energies in the radio regime with high energy GeV data provided by the Fermi Gamma-ray Space Telescope (Fermi-LAT). To generate the GeV light curves we analyzed Pass 8 photon data3 using version v11r5p3 of the Fermi ScienceTools4, including all photon data within   15 °   around the position of 3C84. We fit 3C84 with a log-parabola of the form


    d N   d E   =  N 0     E  E b     − ( α + β log  ( E /  E b  )  )   ,  



(1)




with normalization factor   N 0  ,  α , and  β  left free for the fit, while the scale parameter   E b   was fixed to its catalog value. The parameters of sources with a separation less than   3 °   from 3C84 where left free for the fit as well. All parameters of all sources between   3 °   and   20 °   where included in the analysis with their parameters fixed to their catalog values. Time epochs during which 3C84 was observed at a zenith angle greater than   90 °   were excluded in order to avoid contamination from the Earth limb. The Galactic diffuse emission was modeled using gll_iem_v06.fits and the template iso_P9R2_SOURCE_V6_v06.txt. We performed an unbinned likelihood analysis, as described above, for every time bin of width 5 days in the interval MJD 54683-58428 (2008-08-05 until 2018-11-06).



In the following, we discuss the results of the re-analysis of the VLBA observations of the jet of 3C 84 (Section 3.1). We will present strong indication for precession based on the observations. We find some indication for a correlation between the appearance of the TeV flare and the phase of the precession. To check for further support of a precession, we apply a precession model to single-dish radio light-curves (UMRAO + OVRO data) to test whether the radio flux-density evolution is consistent with precession (Section 3.3). We compare the OVRO light-curve with GeV data obtained by Fermi and perform a correlation analysis (Section 3.4). We briefly discuss the different time-scales for precession found in observations at different wavelengths and spatial scales (Section 4.5). We discuss the indications for precession in 3C 84 presented in this paper and in the literature. Finally we consider possible implications regarding cosmological questions (Section 4.6) and present our conclusions in Section 5.





3. Results


3C 84 reveals a complex radio structure on milli-arcsecond scales. In Figure 2a we show the radio structure visible in 15 GHz observations with the VLBA. The central region reveals significant changes of the radio structure between 1999.99 and 2017.65 (for comparison please see a map from Jan. 2000 in Figure 2b and from Apr. 2017 in Figure 2c. At the same time, epochs close in time to each other reveal comparable structure that confirms our modeling (see Figure 3). While the radio morphology in the central region consists of one curved chain of jet components in 1999.99, about 18 yr later there are components next to each other in a much broader jet.



3.1. Evidence for Jet Precession Based on VLBA Data Analysis


To determine the origin of these morphological changes, we studied the different parts of the pc-scale structure. In Figure 3 we show the positions of all the jet components which have been derived from the model-fitting of the VLBA data. The components are shown in an xy-plot and are displayed with their error bars. In most cases, the error bar is smaller than the symbol used to display the component. With boxes, we mark those components that will be discussed further within this paper. The red box marks the central region of 3C 84, while the cyan box marks the jet features of the northern lobe. The components of the southern lobe are marked with the blue box.



In Figure 4 we show the xy-coordinates of the jet components which were detected within the inner region of 3C 84 (red box of Figure 3). The data points are displayed in 42 different colors and styles, marking the 42 epochs that were covered by the observations. The first epoch is shown in yellow. Darker colors mark the data from later years. With time, a displacement of the jet components relative to the early data is visible from this figure.



To trace the direction of the displacement, we calculate the arithmetic mean and uncertainty for each yearly interval of the 18 year period in Figure 5a. In Figure 5b we show the same relation but calculated based on two-year averaging. The “uncertainty” in both figures is a measure for the angular distribution of the jet components and their motion within the one year of binning. Obviously, the displacement follows a clear trend. The paths in Figure 5a,b are indicated by green arrows. In addition, we performed a flux-density weighted averaging on yearly and bi-yearly timescale shown in Figure 5c,d respectively. The dominant trend of motion on a curve remains. The displacement with regard to the x-axis is similar as in the non flux-density weighted averaging. The main difference occurs with regard to the y-coordinate of the distribution. The flux-density weighted curve is constrained to a smaller range of (−0.3–0.6 mas) compared to (0.5–1) without flux-density weighting. At the end of this curved displacement (corresponding to the turn of the year 2016/17), the direction of motion seems to change (swings back). A similar motion and backswing is seen in the upper lobe in Figure 6.




3.2. VLBA Flux-Density Evolution of the Source Structure


Figure 7 shows the flux-density of the upper lobe (cyan), the lower lobe (blue), the central region (red), and of the reference point/component (grey). The flux of the reference component is for most of the time period analyzed much brighter than the upper lobe or the lower lobe. Most flux is contained in the central region for the whole observing period. The flux-density of the central region reveals an increase starting around 2006–2007 and so does the flux-density of the reference component. Around 2017, roughly 50% of the single-dish flux can be found within the reference component. At that time, the lobes are not detectable and the central region contains the total flux. We interpret the observed temporal and spatial structure of the jet evolution as clear evidence for a jet precession. In the following, we will provide further tests and in Section 4 we will discuss our findings and further arguments that this motion is consistent with precession.



The wealth of data observed for 3C 84 allows us to study the jet kinematics in great detail. This is, however, still work in progress, and the presentation of the full kinematic analysis is foreseen for a future paper.




3.3. Radio Variability Consistent with Inner Jet Precession on Time-Scales of ∼100 yr


The radio light curve based on the combined UMRAO (at 14.5 GHz) and OVRO data (monitoring with 40 m telescope at 15 GHz, Figure 8) shows first a gradual decrease from the peak at ∼1981.7 to the minimum at ∼2005 and a subsequent gradual increase [6]. Such a gradual, coherent change in flux densities is qualitatively consistent with the precession of the jet bulk motion, where the underlying non-thermal continuum of the jet can generally be expressed as    S jet   ( ν )  ∝  ν  − α     with  α  being the spectral index. The flux density is Doppler-boosted as the viewing angle decreases during the jet precession. The time-dependent flux density in the observer’s frame can then be expressed as (see e.g., [36,37]),


   S obs   ( t , ν )  =  S jet   ( ν )  δ   ( γ , ϕ )  ξ   ,  



(2)




where   δ ( γ , ϕ )   is the time-dependent Doppler-boosting factor given by   δ  ( γ , ϕ )  =   [ γ  ( 1 − β cos ϕ )  ]   − 1     with  γ  being the Lorentz factor,  β  the velocity of the moving jet components, and  ϕ  represents the angle with respect to the line of sight. The  ξ  is the exponent of Doppler beaming and it is given by   ξ = p + α  , where p is the factor expressing the geometry of the emission region:   p = 2   corresponds to the case of a continuous, cylindrical jet emission, while   p = 3   expresses the contribution from discrete spherical components [38,39]; see also the original derivation of Doppler-beaming by [40,41].



We fit the composite function of the flux variability caused by the precessing jet, see Equation (2), to the combined radio light curve from UMRAO and OVRO monitoring. In total, we are searching for eight parameters—  S jet  ,  ξ ,   t ref  ,   P prec  ,  γ ,  Ω ,   ϕ 0  ,   η 0  —where   t ref   is the reference epoch,   P prec   is the precession period in the observer’s frame,  Ω  is the half-opening angle of the precession-cone axis,   ϕ 0   is the viewing angle of the precession-cone axis, and   η 0   is the position angle of the precession axis on the sky plane (for a detailed description of the precession model see [37]). Since we have eight free parameters and we fit only the flux density evolution, the model is not constrained completely. However, at this stage, we are primarily interested in the qualitative assessment whether the radio variability is consistent with a realistic precession set-up. Further constraints on the model will come in combination with a detailed component analysis, as was previously done for OJ 287 [37].



In the fitting procedure, we make use of previous indications that the jet in 3C 84 should be precessing. This is based on the detection of colder bubbles or cavities that have different position angles with respect to the Perseus cluster core. They were detected as X-ray depressions in surface brightness maps [42]. Based on the position analysis and the estimates of the bubble buoyant rising time and their expansion speed, reference [43] constrained the half-opening angle of the precession cone,    Ω DFS  =  50 °   , the viewing angle of the precession axis    ϕ 0 DFS  =  120 °   , and the position angle of the precession axis    η  0  DFS  =  10 °   , and finally the jet precession period of    P  prec  DFS  = 3.3 ×  10 7   yr  . We use these constraints to restrict the initial bounds of the fitted parameters shown in Table 1.



Based on only the radio light curve, the precession model can only be weakly constrained. However, the precession parameters obtained in this analysis can be used as initial values for a further analysis with the support of the kinematics of jet components, which is in preparation. That is why we decided, as a first approach, to limit the bounds of the basic precession angles based on the X-ray model and search for the best fit within these constraints, see Table 1 for a summary. Alternatively, one can fix the precession angles as well as the spectral index at specific values and search for the best solution for the other parameters. Concerning the precession period, we obtained two solutions as was already outlined and we summarize the best-fitted values in Table 1. The solution with a longer period of    P prec  ≃ 88   years (displayed in the top panel of Figure 8), with two different flux-density peaks, and the solution with a shorter period of    P prec  ≃ 40.5   years with two equal flux-density peaks (lower panel of Figure 8). These two fits had a different upper bound for the searched precession period   t max   in Table 1:    t max  = 200   years for the obtained period of 88 years and    t max  = 50   years for the obtained period of   40.5   years.



Afterwards, we broadened the initial bounds significantly to include all physically plausible values. The fitting procedure converged to the one with the precession period of    P prec  ≃ 101   years. The best-fit values converged to values within the initial bounds, not at their limits as for the cases motivated by X-ray studies. Within the uncertainties, all the solutions can be considered consistent and can be further constrained by the future flux-density evolution.



In all the fitted cases, we obtain fit residuals with the maximum value of ∼15  Jy . These residuals could hint at a more complex kinematical model, for instance a smaller nutation-like motion as studied in the case of the blazar OJ287 [37]. The model, by default, assumes the constant intrinsic jet emission over the studied time interval    S jet   ( ν )  ≈ const  , which, if variable, could be another source of variability in addition to the Doppler beaming effect.



The precession model with the initial bounds as listed in Table 1 converged with the precession periods of    P prec  ≃ 88 ± 1   yr and    P prec  ≃ 40.5 ± 0.2   yr, respectively, the moderate Lorentz factor of   γ ≃ 1.1  , the base jet flux of    S jet  ≃ 18 − 19  Jy  , and the Doppler boosting exponent of   ξ ≃ 3.0  , which implies the radio spectral index of   α = 1.0   (continuous jet) or   α = 0   (discreet jet) representing a steep or flat synchrotron spectrum, respectively. The precession angles are within the uncertainties consistent with the values inferred by [43]. We also tried the fitting procedure with the precession period within the interval   (  10 7  ,  10 8  )   yr, but the fit did not converge. The precession period is approximately 90 years since the two flux-density peaks are not of the same amplitude—the earlier peak appears to be larger than the following one based on observed data, see Figure 8 (upper panel). In case the two peaks would be comparable, as may be refined by future radio observations, the precession period may be shortened by approximately a factor of two to approximately 40 years, as shown in Figure 8 (lower panel).



In addition, we analyze the evolution of the viewing angle for the three precession models with three different periods: 41, 88, and 101 years, see Figure 9 for the temporal evolution of the viewing angle, the temporal evolution of the apparent velocity, and the temporal evolution of the Doppler factor. Depending on the best-fit precession angles, the maximum viewing angle of the jet is close to   90 °  . The minimum viewing angle is for the solution with the shortest precession period of 41 years,    ϕ min  ∼   5 degrees. This solution is also consistent with the viewing angle of ∼11 degrees as inferred by Lister et al. [46] from the MOJAVE survey in the years 2002–2007. The precession period of 41 years is also preferred due to the temporal evolution of the apparent velocity which remains below 0.4c (in accordance with the results by [5,6]). According to this precession model, the viewing angle for the epoch 2019 should be ∼70   °  .




3.4. Correlation between Single-Dish Radio Flux-Density Data and Fermi Gamma-Ray Data


A correlation analysis has been performed between the OVRO radio data and the GeV data observed by Fermi. For the Fermi data, 5-day binning was applied. The correlation analysis was performed in different ways. One approach similar to that described in [47] was used. In Figure 10b we show the normalized radio and GeV data, with the radio data shifted in time by +310 days (+meaning that the radio leads the GeV emission). Please note the different time axes for radio (upper axis) and GeV (lower axis). The data have been normalized by subtracting their average values and dividing them by their standard deviation. In addition, we applied the DCF routine by [48]. We find a moderate degree of correlation between the two light-curves with a peak value of ∼0.7 (Figure 10c) (1.0 would be perfect correlation). We find a delay between 300 and 400 days and checked the significance of the DCF peak using 3000 simulated noise-like light curves with the same probability density function (PDF) and power spectral density (PSD) as the original gamma- and radio light curves according to [49]. This method allows accounting for red-noise leakage and aliasing, see [49] for detail. Figure 10c shows the DCF and the range of DCF values that are not significant at a 3 σ  level. We also fitted the gamma- and radio light curves with Gaussian Processes (GP) accounting for uncertainty in the parameters that determine the characteristic time scale and amplitude variation of the fitted function (i.e., hyperparameters). We applied Rational Quadratic kernel [50] that can account for different time scales of variability. An additional white noise kernel was used to describe the possible unaccounted noise. The posterior distribution of hyperparameters was obtained using the Marcov chain Monte Carlo (MCMC) method. For that purpose we applied an emcee sampler [51] and george Python library [52]. For the gamma-ray light curve data points with test statistics value “ts” < 25 were filtered out. This corresponds to a threshold in a detection significance equal to 5 [53]. Using realizations of the fitted GPs with hyperparameters drawn from their posterior distribution (Figure 10f,g) it is straightforward to calculate the uncertainty of the time lag. Both ordinal CCF (on a fine regular grid interpolated by GP) and DCF were calculated. The result is that for ordinal CCF 68% the credible interval is [−266, 234] d with median −251 d (Figure 10d. For DCF the conservative 68% confidence interval is [−509, −249] d with median −395 d. The  γ -rays are significantly delayed relative to the radio data. We discuss this finding in Section 4.



In the following, we briefly summarize the content of this section. We presented first details of our study of the long-term kinematic evolution of the central radio structure of 3C 84. We find evidence for a smooth evolution with time which seems to be best described by precession. To our knowledge, this is the first time that such a continuous displacement has been reported. The appearance of the TeV flare reported by MAGIC seems to be correlated with a certain precession phase. In addition, we present the results of fitting a precession model to the radio flux-density data and show that a simple model fits the data. We derive a precession period in the range of ∼40–100 yrs, which depends on the characteristics of the precession model, and compare this to the much longer precession period derived earlier based on the observations of the X-ray cavities. A correlation analysis has been performed to determine the lag between the radio data (OVRO) and the GeV-data observed by the Fermi satellite. The GeV-data lag the radio data by 300–400 days.





4. Discussion


The radio structure of 3C 84 has long been a subject of debate. Reference [10] already discussed that the radio structure differs significantly from other objects mapped with VLBI. The main difference being that 3C 84 shows neither a linear structure nor the typical core-jet structure. The core has only recently been detected in high resolution observations with RadioAstron [13] within the central region.



Our detailed study of almost 18 yr of high-resolution observations of 3C 84 reveals essentially a smooth evolution of the radio structure. We do not find any evidence for dramatic changes in the outflow kinematics. Instead, it seems that the different appearance of the source structure is due to a change in the viewing angle—indicating that the source itself is moving or rotating with regard to the observer. As a consequence, different parts of the source structure become visible and detectable to the observer for different times of observation.



We therefore conclude, that the observed kinematic evolution provides a strong indication for precession of the central region (and upper lobe) in the pc-scale radio jet of 3C 84—based on a first analysis of the overall motion of all the jet features in 3C 84. Precession in 3C 84 has been claimed before by several authors based on simulations (e.g., [43,54]) to explain the Chandra observations of the X-ray cavities (e.g., [42]).



With the new results based on the long-term kinematics of the pc-scale jet, observational support for the precession origin is provided. The precessing motion of the jet features also quite naturally explains the long-term flux-density variations seen in the radio. Independent support for a scenario with a varying viewing angle (thus supporting the precession model) comes from the detection of a change in the  γ -ray spectral properties for which variations in the Lorentz factor and/or the viewing angle are required to explain the observed variability from February 2011 onwards [55].



4.1. Origin of Radio Variability in 3C 84: Variable Jet Activity or Variable Doppler Beaming?


Several authors discuss the physical origin of the long-term (decades) radio variability in 3C 84 (e.g., [14]). The standard interpretation so far is that this variability is due to a variation of the jet activity or even restart of the jet activity. This interpretation is also based on the presence of the multiple radio-lobe structures on 10 mas scale. The double lobes on the 10 mas scale might originate in the 1959 outburst [56]. Nagai et al. [9] link the emergence of C3 with the outburst starting around 2005. C3 has also been identified as a hotspot of the innermost radio structure [9]. The understanding of these authors is, that the lobes account for most of the radio flux at centimeter wavelengths which is not correct, as we showed in Figure 7. The flux-density is dominated by the flux of the central region and the reference component contributes about 50% of the total flux. The general understanding is that the lobes are decelerated components. According to this standard interpretation, 3C 84 should have experienced several outbursts in its jet activity which lead to the formation of these lobes. Based on this argumentation, the jet power is variable on the timescale of decades or longer. The long-term radio light curve would then be explained by the variable jet activity alone. This standard interpretation takes only the variations of the intrinsic jet activity into account but not changes due to a varying Doppler factor that arise due to the bulk motion of the jet.



However, based on the data and analysis presented in this paper, we argue that the long-term radio variability is most likely due to the changes in the Doppler factor  δ . We further illustrate this in Figure 11 where we plot the normalized Doppler factor    δ norm  =  δ max  /  δ min    as a function of the precession phase for the three different precession solutions (see Table 1 and Table 2 for details). The ratio of the maximum to the minimum Doppler factor is relatively small ∼1.4–1.5, but it is sufficient to account for the flux variability, with the variability amplitude given by   A =  S max  /  S min  =   (  δ max  /  δ min  )   p + α    . We do not exclude that the intrinsic jet activity is variable in addition and that the outer lobes might have been created in outbursts. But the current radio variability on the timescale of 10 years seems to be related to and caused by changes in the Doppler beaming and can be modeled as such. Our reasoning is based on the kinematics presented in this paper, the radio variability which can be explained by the precession model, the additional evidence for precession discussed and modeled for the X-ray emission, and to the SED modeling (discussed later in this paper) which requires a change in the angle to the line of sight.




4.2. Possible Causes of the Jet Precession in 3C 84


Two possible scenarios are usually invoked to explain the precessing motion (see also discussion by [43]):




	1

	
A binary black hole at the center of the NGC 1275 galaxy, which would cause a precession of the primary black hole disc [57] is the first and most often suggested explanation.




	2

	
An instability in the disc that could warp the disc and cause the precession [58].









Independent support for a binary origin of the precession comes from optical observations of 3C 84. For example, [59] have identified two spiral galaxy systems in the host galaxy of 3C 84 and suggested that they are two colliding galaxies. Note however, that [60] have shown that one of the two systems is probably an unrelated spiral galaxy seen in projection against NGC 1275. Detailed observations of NGC 1275 with the HST reveal an ongoing collision between a spiral system seen nearly edge-on and a giant elliptical with peculiar faint spiral structure in its nucleus [61], indicating that both galaxies are colliding at over 2700 km/s. Theoretical modeling by [62] provides a general explanation of jet precession as the result of the merger of two galaxies.



In a subsequent paper we will present a more detailed analysis of the overall kinematics, hopefully being able to place constraints on the binary black hole system parameters of the system.




4.3. GeV-Emission from 3C 84


Previous studies suggested that the increase in the  γ -ray flux may be correlated with the radio flux densities in 3C 84 [6,63]. We study in Section 3.4 a possible correlation between the GeV light-curve obtained with Fermi and the radio light-curve observed within the OVRO monitoring program including the most recent data (see Figure 10a–c). We confirm the earlier findings of a correlated variability between the high energies (GeV) and low energies (15 GHz). In addition we find that the  γ -ray data lag the radio data by about 300–400 days. It is usually assumed in models of fast particle acceleration (e.g., [64]) that the relation is the opposite: the radio data lag the high-frequency data. Fuhrmann et al. [65] performed a cross-correlation analysis between radio and  γ -ray light-curves of 54 Fermi-bright blazars based on a source stacking analysis. They found an evidence for the radio data lagging the  γ -rays when averaging over the whole sample. Reference [66] performed a cross-correlation analysis using discrete correlation functions between the radio and the  γ -ray light curves. They found 26 sources with significant correlations where in most of the sources the  γ -ray peaks lead the radio.However, this relation seems not to be consistently present even for blazars, as a study shows [67]. The results of their investigation show that correlations between radio and gamma-ray light curves of blazars are only found in a minority of the sources (over a 4 yr period). The conclusion of this study is that most likely the connection between both frequency regimes is of more complex nature. Currently there is no accepted explanation why the gamma-ray data lag the radio data by a significant amount of time in 3C 84. We speculate that the lag could be related to the precession reported in this current paper and the geometry of the system, e.g., the radio emission and gamma-ray emission might be produced in different regions of the jet. Due to the precessing motion, these regions would be detectable at different times.



3C 84 shows a significant brightness increase in the radio since 2005 [68]. The maximum of this brightness increase seems to be reached in 2017 (Figure 10). The  γ -ray flux has steadily increased between 2008 and 2016. For the period between 2013 and 2015, a correlated brightening of the nucleus in the X-rays and  γ -ray regime has been reported [69]. Between 2016 and 2017 a dip in the  γ -ray flux is observed, which seems to follow a similar dip seen before in the radio light-curve. The  γ -ray flux of 3C 84 is known to be highly variable on short (∼days to weeks) time-scales (e.g., [55]).




4.4. Potential Origin of the TeV Emission in 3C 84


3C 84 was detected in two observational campaigns by MAGIC between 2009 October and 2010 February and between 2010 August and 2011 February and by VERITAS in ToO observations between 2012 December and 2013 February as well as between 2013 October and November [29,70,71]. A bright TeV flare has been observed in the night from 2016 December 31 to 2017 January 1 by [30]. The MAGIC collaboration has investigated different models to explain the TeV emission observed in 3C 84. According to these authors, the only mechanism to account for the observed luminosities in the brightest TeV flare is the generation of gamma-rays in a magnetospheric gap around the central black hole. In addition, an enhancement of the magnetic field threading the black hole from its equipartition value with the gas pressure in the accretion flow is required. This explanation refers to the brightest TeV-flare. In the following, we report on results from previous studies with regard to lower-level emission. The TeV emission observed in 3C 84 before the 2016/17 event has been modeled by several authors (e.g., [55,69]) within a one-zone synchrotron self-Compton model. A change in the spectral behavior in the LAT energy band has been found around 2011 February [55]. The authors suggest that at earlier times the flux changes were caused by high-energy electron injections into the jet. After February 2011, the  γ -ray flares were either caused by a changing Doppler factor due to variations of the jet Lorentz factor and/or the angle to our line of sight. A precessing system leads to changes of the angle to the line of sight.



The studies by [55,69] point towards a change in the  γ -ray spectral properties which can be explained (after February 2011) by a changing Lorentz factor and/or the viewing angle. This finding supports our result of detecting precession for 3C 84.



Interestingly, we find that the time of the TeV flare seems to correlate with the (projected) reversal point of the precessing motion of the components. The flaring activity appears to have occurred over only several days. Ahnen et al. [72] report on MAGIC telescope observations at very-high energies for a total of 253 h from 2009 to 2014 and no flares seem to have occurred during this time. Also, the complete data observed for the Perseus cluster by MAGIC between 2009 and 2017 are presented by [73]. It seems that 3C 84 flared only once at TeV-energies. Our study and correlation analysis will have to be continued in the future with more data.



In summary, we don’t know what the specific physical conditions at this position are, or whether the flare is caused by intrinsic or environmental effects, or by a geometric effect. It is possible, that the sites producing the radio, GeV, and TeV emission in 3C 84 are not cospatial. As already mentioned, the precession has been invoked by simulations based on the X-ray data to explain the cavities. As [74] have confirmed based on 900 ks Chandra X-ray observations, there is a strong hard X-ray excess within the central region of the Perseus cluster. We suggest, that the precessing motion of the radio jet might lead to an interaction with ambient X-ray gas. This could explain the TeV-flare. Especially, since the TeV-flare seems to correlate with the projected turning point of the precessing motion. Another possibility, which we will explore with the detailed kinematic analysis planned for a future paper, whether the TeV-flare can be related to specific jet component behaviour. However, we may conclude that the origin of the TeV emission in 3C 84 might be related to the jet precession. We assume—this will have to be confirmed by modeling—that the source is pointing towards us with a smaller viewing angle at that time. Further support for our findings stems from the studies of [3] who suggest that the innermost jet resembles a slightly off-angle BL Lac object.




4.5. The Derived Time-Scales for Precession in 3C 84


With this paper, we provide strong indication for a precessing jet in 3C 84 based on almost 18 years of VLBA observations. This finding is based on the highest resolution observations discussed for this source in this paper. This is a first analysis of the overall kinematics and most likely can be improved by studying the detailed individual component motions.



4.5.1. Time-Scales for Precession in 3C 84: VLBI Maps


In case, precession plays an important role for the source structure of 3C 84, then older maps should reveal a similar source structure as some of the maps we show in this manuscript. We searched the archives for earlier maps of 3C84. In Figure 1 we show two maps obtained in 6cm VLBI observations in 1973 (left) and 1974.1 (right). Both reveal a central structure which seems to consist of two features. This is similar to what we find around the time of 2014 and later (see Figure A4). Although the observation from 1973 and 1974.1 have been performed at a lower frequency, the basic central structure looks similar. This finding provides an estimate for the precession time-scale of the order of about 40 years.




4.5.2. Time-Scales for Precession in 3C 84: Single-Dish Radio Flux Modeling


To check for consistency of the finding of precession based on the source kinematics, we fitted a precession model to the so far available single dish radio observations (at 14.5 and 15 GHz). Indeed, a precession model nicely reproduces the observed flux-density evolution and thus provides further support for the precessing motion deduced based on the VLBA jet observations. Although we made use of all radio data available since the beginning of UMRAO-monitoring, it is clear from Figure 8 that we can not cover several cycles. This fit supports our finding from the morphological studies of the jet but can not be regarded as a firm proof of the precession model. Several precession cycles will have to be observed in order to establish the precession unambiguously. This, however, will most likely be the work for future generations of astronomers given the precession period of ∼88–101 yrs. As discussed before, a value of ∼41 yrs is also possible, which could be tested in the near future. Based on the VLBA data analysis of the kinematics of 3C 84 presented in this paper, the precession time-scale seems to be shorter. From Figure 5b it seems that one half of an orbit (blue arrow from about 2007–2017) takes about 10 yr. This VLBI precession period seems to be inconsistent with the precession fit to the single-dish light curve. This inconsistency can be softened by considering the time after 2010 when the radio curve rose more rapidly. From Figure 8 this seems to fit the OVRO data light-curve. This might imply a change in the value of the precession period.




4.5.3. Time-Scales for Precession in 3C 84: X-Ray Cavity Simulations


Additional support for the precession model comes from the SED-modeling of the multi-wavelength observations [55] and the simulations reproducing the X-ray cavities (e.g., [43,54]). Several groups have nicely shown that precession is capable of reproducing the X-ray observations. The modeling of the required precession based on the X-ray cavities leads to a different value for the precession time-scale.



The apparent discrepancy between the precession time-scale of the inner jet,    P prec  ≃   40–90  yrs  based on our analysis of the kinematics, and the precession period based on the cavities,    P  prec  DFS  = 3.3 ×  10 7   yr  , implies a difference of five orders of magnitude. This difference can be explained by one of the three following effects or by their combination,



	
The longer precession period is based on the X-ray observations of larger, kpc structures where cavities or bubbles can be resolved. These structures come from older times, when the supermassive black holes of the merging two galaxies were further apart from each other. The shorter precession period is related to the inner jet, which reflects the more recent activity. In the meantime, the two black holes could have approached significantly. Typical orbital decay time-scales from modelling are   10 7  –10   9   yr for gas dynamical friction (e.g., [75]). The shortening of the precession period depends on the merging time-scale of the binary system of 3C 84.



	
The X-ray cavities could be created only occassionally during epochs of increased intrinsic jet emission   S jet  , which can be time-variable. The sparse ejection of rising bubbles, i.e., not during every precession period, would prolong the periodicity in case the precession period determination is based on the resolved pair of bubbles. In other words, smaller bubbles could be beyond the detection threshold, or more bubbles could be blended into an apparent larger one.



	
Faster precession motion may be superposed on the slower motion. Faster precession on the time-scales of ∼100 yr could be driven by a secondary black hole, while the slower precession could be due to the warped disc on larger scales, which leads to the misalignment of angular momenta and the Lense-Thirring precession of either the inner portion of the disc and the black hole [76] or the precession of an outer disc [54], which can affect the jet kinematics depending on where it originates (Blandford-Znajek [77] or Blandford-Payne [78] process).






Dunn et al. [43] already discuss whether the different pairs of X-ray cavities/bubbles belong to different “generations” and whether the precession is speeding up. A speeding up would explain a decrease in the precession time scale. It seems likely that the precession angle is changing (from kpc-scales to pc-scales). However, in the current modeling presented in this paper, the precession angle is kept fixed to get a first rough idea on the parameters of the system. We plan to take care of this point in the future kinematic study. More data and simulations are clearly needed to answer this question.



We want to stress, that the multi-wavelength observations performed with different telescopes providing different resolutions all seem to come to the same conclusion, that precession seems to play a dominant role in explaining the different physical phenomena which make 3C 84 so special. It is not really a surprise that the shortest time-scale is found based on the highest resolution observations (radio). This would have been expected since these observations probe the region of the most recent and youngest activity. In case the precession model is correct and originates in a binary black hole scenario of approaching black holes, the orbital evolution of the binary system should lead to changing precession time-scales with time.



Of course, much more data and detailed modeling of those is required to connect the different spatial scales and the proper time-scales of precession potentially at work in 3C 84 to finally prove the precession model and decode the dynamics of this source.





4.6. Implications for Cosmology


With this paper we present another important piece to understand the relation between galaxy mergers and the triggering of AGN jet activity. It has long been derived (by analysis and numerical modeling) that mergers of galaxies enable the removal of angular momentum and the transport of material to the central engine within the hierarchical galaxy formation model (e.g., [79,80]). The collision of galaxies can lead to the formation of binary black hole systems (e.g., [80]). The so-called final parsec problem [81] results from an obvious conflict between the observational finding that most supermassive binary black holes (SMBBH) in nearby galaxies seem to have coalesced quickly and the theoretical expectation of a stall on a time-scale longer than the Hubble time. Unbound AGN binary systems with separations of the order of kiloparsecs have been found (e.g., [82]). Many authors have presented indirect evidence for supermassive binary black holes based on pc-scale jet precession (e.g., OJ287: [37,38]; 1928+738: [83]; 3C 454.3: [84]; 3C 120: [36]; PG 1553+113: [85]).



NGC 1275—as Hubble observations show—is an ongoing merger of two spiral systems and 3C 84 seems to be precessing. This latter finding provides further strong support for the more general hypothesis that AGN activity is related to galaxy mergers and the consequent formation of supermassive black hole pairs (e.g., [86,87,88]). Precession is a fingerprint to discover these systems. Precession is also a tool to derive information on the physical parameters of the binary system, e.g., as was done for OJ 287 [37], for the other sources by the authors listed at the end of the previous paragraph and for many more sources. X-ray cavities in addition provide an independent proof for the validity of this concept and can help to study the long-time cosmic evolution of these systems.



More: In case our interpretation is correct and the flux-density evolution is due to precession, then the claim of restarting activity [14] is probably not corret.





5. Conclusions


By re-modeling and re-analyzing 42 epochs of 15 GHz VLBA observations of 3C 84, we find evidence for a long-term continuous displacement of the central radio structure. This long-term variation has not been shown before and can best be explained by precession. We thus find clear indication for precession of the jet source in 3C 84. The derived precession period (based on fitting the UMRAO and OVRO radio data) is in the range of ∼41–101 yrs. A comparison with maps of 3C 84 taken in 1973 and 1974.1 which show a similar central readio structure support a value of 41 yrs for the precession period. The derived values for the apparent speeds also seem to favor a precession period of abour 40 yrs. This value differs from the precession period derived earlier to explain the X-ray cavities, which is five orders of magnitude larger. We discuss several possible explanations. The most plausible reason to explain the difference is the evolution of the merging process of a binary black hole system. In this paper, we study the evolution of the inner jet, while the X-ray cavities most likely provide information about an earlier phase of the approaching black holes. 3C 84 seems to show a change in the precession period with time—this result and its implications should be studied in more detail.



To our knowledge, this is the first time that observational evidence for precession is presented in 3C 84. We tentatively suggest that the TeV-flaring coincides with a specific precession phase. Our results indicate that the dynamical evolution of the jet (and the beaming factor) might play a role in explaining the TeV emission in this source. SED-modeling of multi-frequency data (e.g., [55,69] support our findings that the angle to the line of sight is changing. Beaming thus plays a role in this AGN where the innermost jet resembles a slightly off-angle BL Lac object [3]. The accordance of the direction of the precession with the sizes and shapes of the X-ray cavities supports our claims of the reality of the three-dimensional motion of the radio jet in 3C 84.
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Appendix A. Difmap Model-Fitting Parameters
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Figure A1. VLBA images superimposed by Gaussian circular components. Their parameters have been derived within the difmap-modelfit programme. The epochs are: December 1999–February 2002. 






Figure A1. VLBA images superimposed by Gaussian circular components. Their parameters have been derived within the difmap-modelfit programme. The epochs are: December 1999–February 2002.
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Figure A2. Same as Figure A1 for epochs: March 2003–March 2007. 






Figure A2. Same as Figure A1 for epochs: March 2003–March 2007.
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Figure A3. Same as Figure A1 and Figure A2 for epochs: September 2007–February 2011. 






Figure A3. Same as Figure A1 and Figure A2 for epochs: September 2007–February 2011.
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Figure A4. Same as Figure A1, Figure A2 and Figure A3 for epochs: June 2011–September 2015. 






Figure A4. Same as Figure A1, Figure A2 and Figure A3 for epochs: June 2011–September 2015.
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Figure A5. Same as Figure A1, Figure A2, Figure A3 and Figure A4 for epochs: January 2016–August 2017. 






Figure A5. Same as Figure A1, Figure A2, Figure A3 and Figure A4 for epochs: January 2016–August 2017.
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Figure 1. Two maps of 3C84 observed at 6 cm wavelength and taken from [11]. The map on the left shows the source structure in 1973.0 and the map on the right in 1974.1. 
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Figure 2. (a) A map of 3C 84 with the Gaussian components superimposed showing the structure in 15 GHz VLBA observations (January 2000). (b) a map of the central region of 3C 84 with the Gaussian components superimposed ((January 2000). (c) 17 yr later the same central region is not one chain of components any more but the overall structure is broader as the morphology has evolved (April 2017). 
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Figure 3. All the jet component positions of all the re-analyzed epochs are shown. We mark with a box (cyan) those components that belong to the upper lobe. The box in red marks the components that belong to the central region (zoom-in in Figure 4). The blue box marks the region with the lower lobe structure components. 
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Figure 4. Jet components within the central region of 3C 84 between 1999.99 and 2017.65 (those within the red box in Figure 3. 
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Figure 5. (a) Average values for the data in yearly intervals shown in Figure 4. To indicate the amount of source structure that moved, we show the uncertainties as well. The green arrows indicate the direction of the precessing motion. (b) The same relation as in (a) but averaged over two years in time. (c) Flux-density weighted average values in yearly intervals and averaged in two years in (d). The TeV flare observed by the MAGIC collaboration [30] occurs at the time of the projected reversal of the precessing motion—between the last two data points (dark blue and black). 
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Figure 6. A zoom into the cyan box from Figure 3. An arrow is superimposed which indicates the general trend of motion (from grey to yellow). Again, there is some hint for the most recent data points to move “backwards” (indicated by the small orange arrow). 
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Figure 7. The flux-densities of the upper lobe, lower lobe, central region, and the reference component. The flux density of the central region is the brightest part of 3C 84. 
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Figure 8. The jet precession model with the initial parameter bounds according to X-ray data, see also Table 1. (a) The model with two unequal flux-density peaks and the longer precession period of ∼88 years. (b) The model with two equal flux-density peaks and the shorter precession period of ∼41 years. The goodness of fit is nearly identical for the two models. 
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Figure 9. (a) Temporal evolution of the jet viewing angle   ϕ ( t )   based on three precession models labelled according to different precession periods of 41, 88, and 101 years. The dotted horizontal line stands for the viewing angle inferred by Lister et al. [46] from the MOJAVE survey (2002–2007). (b) Temporal evolution of the apparent velocity which remains below 0.4c (for the precession model with 41 yr). (c) Temporal evolution of the Doppler factor which is less than 1.5 for all the precession models. 
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Figure 10. (a) OVRO monitoring data (green) and gamma-ray data from the Fermi satellite (violet). The red vertical line marks the time of the TeV flare [30]. (b) Superposition of the OVRO and Fermi data (mean-subtracted and time-shifted). (c) Significance analysis of the DCF results. The blue shaded region corresponds to a range of the possible DCF-peaks that occur due to a chance at 3 σ  level. It was obtained using realizations of the noise-like light curves according to [49]. Black points and error bars shows the obtained DCF. (d) Distribution of the Cross-Correlation Function (CCF) peaks obtained using realizations of the Gaussian Processes fitted to the radio and gamma data. (e) Mean DCF and corresponding simultaneous 68%-confidence band obtained using realizations of the Gaussian processes fitted to the original radio and gamma data sets. Red lines describe the procedure used to obtain the uncertainty of the DCF maximum. (c–e) show the results of a correlation analysis (based on the DCF-routine by [48]). (f,g) show the realizations of the fitted Gaussian Processes obtained from the posterior distribution of the hyperparameters for radio (f) and gamma (g) light-curves. 
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Figure 11. The normalized Doppler-beaming factor    δ norm  =  δ max  /  δ min    as a function of the precession phase for three different precession solutions indicated in the key according to the precession period (see Table 1 and Table 2 for details). 
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Table 1. Table of fitted parameters in the precession model with the initial parameter bounds as indicated in the third column. The first column contains the parameter name, the second column lists the notation, the third one contains the initial bounds for the Levenberg–Marquardt algorithm [44,45], and the fourth and the fifth columns contain the fitted values for the longer and the shorter precession periods, respectively.






Table 1. Table of fitted parameters in the precession model with the initial parameter bounds as indicated in the third column. The first column contains the parameter name, the second column lists the notation, the third one contains the initial bounds for the Levenberg–Marquardt algorithm [44,45], and the fourth and the fifth columns contain the fitted values for the longer and the shorter precession periods, respectively.





	Parameter
	Notation
	Initial Bounds
	Pprec ≃ 88 yr
	Pprec ≃ 44 yr





	Intrinsic jet flux density
	   S jet   
	   ( 1 , 100 )  Jy   
	   17.8  Jy   
	   19.3  Jy   



	Exponent of Doppler boosting
	  ξ  
	   ( 0 , 3 )   
	   3.0 ± 0.4   
	   3.0 ± 0.6   



	Reference epoch
	   t ref   
	   ( 1900 , 2020 )  yr   
	   1958.8 ± 0.4  yr   
	   1931.6 ± 0.3   



	Precession period
	   P prec   
	   ( 1 ,  t max  )  yr   
	   ( 88 ± 1 )  yr   
	   ( 40.5 ± 0.2 )  yr   



	Lorentz factor
	  γ  
	   ( 1 , 20 )   
	   1.09   
	   1.05   



	Half-opening angle of the precession cone
	  Ω  
	   (  45 °  ,  55 °  )   
	    55.0 °    
	    45.0 °    



	Viewing angle of the precession axis
	   ϕ 0   
	   (  95 °  ,  130 °  )   
	    95.0 °    
	   130 °   



	Position angle of the precession axis
	   η 0   
	   ( −  30 °  ,  30 °  )   
	   −  6.1 °    
	    30.0 °    
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Table 2. Table of fitted parameters in the precession model with the broadened initial parameter bounds. The first column contains the parameter name, the second column lists the notation, the third one contains the initial bounds for the Levenberg–Marquardt algorithm, and the fourth column contains the fitted values.






Table 2. Table of fitted parameters in the precession model with the broadened initial parameter bounds. The first column contains the parameter name, the second column lists the notation, the third one contains the initial bounds for the Levenberg–Marquardt algorithm, and the fourth column contains the fitted values.





	Parameter
	Notation
	Initial Bounds
	Fitted Value





	Intrinsic jet flux density
	   S jet   
	   ( 1 , 100 )  Jy   
	   64.7  Jy   



	Exponent of Doppler boosting
	  ξ  
	   ( 0 , 5 )   
	   3.8 ± 0.7   



	Reference epoch
	   t ref   
	   ( 1900 , 2020 )  yr   
	   1954.3 ± 0.7  yr   



	Precession period
	   P prec   
	   ( 1 , 200 )  yr   
	   ( 101 ± 2 )  yr   



	Lorentz factor
	  γ  
	   ( 1 , 20 )   
	   1.5   



	Half-opening angle of the precession cone
	  Ω  
	   (  5 °  ,  90 °  )   
	    24.2 °    



	Viewing angle of the precession axis
	   ϕ 0   
	   (  0 °  ,  180 °  )   
	    88.5 °    



	Position angle of the precession axis
	   η 0   
	   ( −  180 °  ,  180 °  )   
	    54.5 °    
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