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Abstract

Total intensity variability light curves offer a unique insight into the ongoing debate about the launching mechanism of jets. For this work, we utilised the availability of radio and γ-ray light curves over a few decades of the radio source 3C 84 (NGC 1275). We calculated the multi-band time-lags between the flares identified in the light curves via discrete cross-correlation and Gaussian process regression. We find that the jet particle and magnetic field energy densities are in equipartition (kr = 1.08 ± 0.18). The jet apex is located z91.5 GHz = 22−645 Rs (2 − 20 × 10−3 pc) upstream of the 3 mm radio core; at that position, the magnetic field amplitude is [image: equation] G. Our results are in good agreement with earlier studies that utilised very-long-baseline interferometry. Furthermore, we investigated the temporal relation between the ejection of radio and γ-ray flares. Our results are in favour of the γ-ray emission being associated with the radio emission. We are able to tentatively connect the ejection of features identified at 43 and 86 GHz to prominent γ-ray flares. Finally, we computed the multiplicity parameter λ and the Michel magnetisation σM, and find that they are consistent with a jet launched by the Blandford & Znajek (1977, MNRAS, 179, 433) mechanism.
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1. Introduction
Jets formed by active galactic nuclei (AGN) are a frequent target of very-long-baseline interferometry (VLBI) observations, with the ultimate goal of shedding light on the physical processes taking place in the ultimate vicinity of supermassive black holes (SMBHs). One method oftentimes employed is to observe the jetted AGN target at multiple frequencies to draw conclusions about its morphology and spectral properties.
When comparing such different frequency measurements to each other, the effect of the so-called core shift has to be taken into account. Assuming the standard jet picture put forth in Blandford & Königl (1979), a jet is expelled from an optically thick core due to synchrotron self-absorption. The size of the core’s boundary is frequency dependent; the lower the observing frequency, the further out the boundary extends (Königl 1981; Marcaide & Shapiro 1984; Lobanov 1998b). The apparent radial distance between the boundary at two different observing frequencies is then referred to as the core shift between these frequencies.
Accurately determining the core shift is vital for studying AGN. For example, studying the spectral index maps of extra-galactic sources heavily relies on the precise alignment of the input images at different frequencies (Lobanov 1998b). A correct image alignment is also a prerequisite to derive a number of physical parameters characterising the jet (e.g., Lobanov 1998b; Hirotani 2005; Bach et al. 2006; Fromm et al. 2013; Kudryavtseva et al. 2011; Karamanavis et al. 2016; Kutkin et al. 2018; Paraschos et al. 2021).
A number of different methods for determining the core shift have been employed successfully in the past. Initial attempts were made via phase-referencing VLBI observations (see, for example, Marcaide & Shapiro 1984; Guirado et al. 1995; Ros & Lobanov 2001). Another procedure often employed is aligning optically thin features in jets (e.g., Croke & Gabuzda 2008; Kovalev et al. 2008; Boccardi et al. 2016; Pushkarev et al. 2019). A third method, also based on opacity effects, is the measurement of the core size, which is expected to change with frequency (e.g., Kutkin et al. 2014). Finally, a fourth method to align such images of jets utilises the two-dimensional cross-correlation, by computing the necessary shift for the cross-correlation function coefficient to reach its peak value (e.g., Fromm et al. 2013; Paraschos et al. 2021). These methods have proven successful in determining the core shift; however, the first one requires a large amount of allocated resources, the second one necessitates that the core is resolved (which is rarely the case when using ground-based VLBI), while the latter two methods involve observations taken quasi-simultaneously. Furthermore, Pashchenko et al. (2020) showed that a simple alignment of optically thin features can suffer from biases, resulting in an overestimation of the core shift.
An alternative, more direct observable exists, which is associated with opacity effects, and which is not affected by the aforementioned caveats; it is the time-lag between the peak of the same flare at different frequencies. Such time-lags between the flare peaks at different frequencies are often seen when studying AGN (see, for example, Valtaoja et al. 1992; Bach et al. 2006; Fromm et al. 2011; Kudryavtseva et al. 2011; Kutkin et al. 2014, 2018; Karamanavis et al. 2016) and are usually interpreted as the motion of jet features, which move downstream of the bulk jet flow (e.g., Marscher & Gear 1985) and expand adiabatically (Van der Laan 1966), thus becoming less opaque and allowing radiation to escape. These time-lags can be converted into core shifts if an estimate of the velocity of the features ejected by the jet is available. It should be noted here, however, that the time-lag approach is not free of assumptions, such as the jet flow geometry and jet-feature expansion, and combining it with the aforementioned VLBI approaches yields the most benefit.
A number of approaches have been attempted in order to extract the time-lag information from the total intensity light curves. For example, Bach et al. (2006) used the discrete cross-correlation function method to study the jet of BL Lac. Fromm et al. (2011) used a multi-dimensional χ2 minimisation of a suit of parameters to model the 2006 flare of the source CTA 102. Almost at the same time, Kudryavtseva et al. (2011) introduced a multiple Gaussian function templates procedure to compute the time-lag parameters of the source 3C 345. Karamanavis et al. (2016), besides using a discrete cross-correlation function approach, also presented a Gaussian process regression method for studying light curves for the source PKS 1502+106.
3C 84 (NGC 1275), which is the focus of this work, is one of the nearest radio galaxies (DL = 78.9 Mpc, z = 0.0176; Strauss et al. 1992)1. It harbours a SMBH (MBH ∼ 9 × 108 M⊙; Scharwächter et al. 2013), which serves as the central engine of a powerful, two-sided jet. Its core and milliarcsecond (mas) region have been imaged in great detail at many frequencies, both in total intensity (e.g., Giovannini et al. 2018; Paraschos et al. 2022) and polarisation (Kim et al. 2019), revealing a limb-brightened structure (see for example Kramer & MacDonald 2021, for a discussion based on magneto-hydrodynamic simulations simulations (MHD)) and multiple features being ejected almost monthly (Paraschos et al. 2022). Locating the exact position of the jet apex might offer an explanation for the complex structures observed in the core (e.g., Giovannini et al. 2018; Kim et al. 2019; Oh et al. 2022; Paraschos et al. 2022). Estimates of the jet apex position in 3C 84 have been presented in the past; Giovannini et al. (2018) suggested that the emission north of the 22 GHz core constitutes the sub-mas counter-jet, and thus the jet apex must be within zcore ∼ 30 μas of the 22 GHz VLBI core. Using quasi-simultaneous observations of 3C 84 at 15, 43, and 86 GHz, and cross-correlating them in two dimensions, Paraschos et al. (2021) were able to constrain the location of the jet base to zcore = 83 ± 7 μas upstream of the 86 GHz VLBI core. Oh et al. (2022), on the other hand, used time-averaged 86 GHz observations, to which they fitted a conical and parabolic expansion profile, which constrained the jet base to zcore = 55 − 215 μas upstream of the 86 GHz. In this work, we present an alternative approach of calculating the core shift and the magnetic field strength, which does not rely on imaging 3C 84 but is solely based on available total intensity light curves instead. We also consider the γ-ray light curve and its correlation to millimetre radio flux, to constrain possible emission sites.
This paper is structured as follows. In Sect. 2 we introduce the two methods employed for the further data analysis. In Sect. 3 we present our results, which we then discuss in Sect. 4. Finally, in Sect. 5 we summarise our findings.
2. Data and analysis
In this section we present the two procedures used to obtain our results. We employed the total intensity light curve data of 3C 84, at 4.8, 8.0, and 14.8 GHz (observed at the University of Michigan Radio Observatory; UMRAO), at 15 GHz (observed at the Owen’s Valley Radio Observatory; OVRO, see also Richards et al. 2011), at 37 GHz (observed at the Metsähovi Radio Observatory; MRO); at 91.5 GHz (observed at the Atacama Large Millimeter/submillimeter Array; ALMA), and at 230 and 345 GHz (observed at the Submillimeter Array; SMA). The γ-ray light curve was obtained from the Fermi Large Area Telescope Collaboration2 (Fermi LAT; see also Atwood et al. 2009; Fermi Large Area Telescope Collaboration 2021). This data set (see Fig. 1) has already been published in Paraschos et al. (2022) and we refer the interested reader to that work for further details. An overview of the light curve parameters is presented in Table 1.
	[image: thumbnail]	Fig. 1. Variability light curves of 3C 84. Top: radio light curves of 3C 84, between 1965 and 2022, at 4.8, 8.0, 14.8, 15, 37, 230, and 345 GHz (coloured entries, in order of appearance in the figure caption). Middle: black data set shows the γ-ray flux. Bottom: zoomed-in view of the top two panels to facilitate the comparison of flare onsets and decays in the time range 2010–2022.



Table 1. 
Light curve parameters.

2.1. Gaussian process regression
The first implementation chosen to compute the time-lags between the light curves and, by extension, the core shifts, is that of Gaussian process regression (GPR; Rasmussen & Williams 2006), which has been increasingly used in astronomy (Karamanavis et al. 2016; Kutkin et al. 2018; Mertens et al. 2018; Pushkarev et al. 2019), as it takes advantage of the benefits of machine learning. Specifically, GPR offers a non-parametric approach to data fitting, which does not require any assumptions about the fitting function. Instead, a set of so-called hyper-parameters is used to draw functions defined by a kernel (i.e., the covariance between two function values). In this work, we refrain from presenting a detailed description of GPR, as this has already been done in past works (e.g., Karamanavis et al. 2016); rather, we will directly describe our methodology in brief.
Since our data set consists of multiple observations of 3C 84, taken at different frequencies over many decades, the choice of a suitable kernel has to be carefully motivated. A simple square exponential kernel (Karamanavis et al. 2016) is suitable for data sets with a single characteristic timescale. As is shown in Fig. 1, however, 3C 84 has exhibited many flares over the years, of varying duration. Hence, we employed a more generalised kernel, which is the sum of multiple square exponential kernels, which is called the rational quadratic kernel and is given by the following equation:
[image: thumbnail](1)
where θ = {N, l, α} is the hyper-paramater vector of the kernel kRQ, N is the amplitude scaling, l is the characteristic timescale, and α specifies the weighting of the different such timescales. Following Kutkin et al. (2018), and in order to model the noise, we added the white kernel:
[image: thumbnail](2)
where δmn is the Kronecker delta and [image: equation]. Here σobs is the uncertainty inherent to the measurements of the data and σjit is possibly unaccounted-for noise manifested as jitter. Combining Eqs. (1) and (2), we arrived at the kernel used in this work for the GPR:
[image: thumbnail](3)
In order to apply the GPR to 3C 84, we first subtracted the minimum flux per frequency, S0 (see Table A.1), to account for the possibility that the flux does not reach a quiescent state between consecutive flares (Karamanavis et al. 2016; Kutkin et al. 2018). To estimate the uncertainties of the inferred hyper-parameters, we sampled their posterior distributions via a Markov chain Monte Carlo (MCMC) method. We used the EMCEE sampler by Foreman-Mackey et al. (2013) and the GEORGE Python package (Ambikasaran et al. 2015), and implemented the description of the hyper-parameter vector construction presented in Kutkin et al. (2018). As an example3, we show in Fig. 2 the posterior distributions of the hyper-parameters of the 15 GHz OVRO observations. The resulting posterior means and uncertainty bands are presented in Fig. 3. From these, the exact flaring times were then extracted and the time-lag, τGP, was computed (see Table 2).
	[image: thumbnail]	Fig. 2. Exemplary posterior distributions of the GPR hyperparameters at 15 GHz (OVRO). The dashed lines correspond to the 16th, 50th, and 84th percentiles.



	[image: thumbnail]	Fig. 3. Gaussian process regression curves of 3C 84, using the light curves presented in Fig. 1. The minimum flux density shown in Table A.1 has already been subtracted. The blue data points denote the observations, the green solid line denotes the posterior mean, and the light-green envelope shows the 99.7% confidence bands. The dark-green arrow denotes the primary flare per frequency used for the time-lag calculation, and the dark-red arrow the secondary flare, wherever it was detectable.



Table 2. 
Results of the GPR and DCF analyses for the light curves of 3C 84.

2.2. Discrete cross-correlation function
A more standard method of evaluating characteristic variability timescales in light curves (see e.g., Hovatta et al. 2007, for a discussion of the variability in a large sample of AGN including 3C 84), as well as time-lags between light curves (e.g., Kutkin et al. 2014; Fuhrmann et al. 2014; Rani et al. 2017; Hodgson et al. 2018) is via the discrete cross-correlation function (DCF; Edelson & Krolik 1988). The DCF is a widely used procedure to find correlations between two data sets, as it yields robust results even for unevenly sampled data, with known measurement errors. Another advantage of this method is that it does not require the input data sets to be of the same length. It also avoids interpolating in the time domain, while also providing error estimates. A positive time-lag between two light curves LCi and LCj (with νi >  νj) indicates that features in LCi are leading those in LCj. A negative time-lag, on the other hand, indicates the opposite. For the work presented here, we used the publicly available implementation presented in Robertson et al. (2015). The determination of the confidence bands is presented in Appendix B.1. The results are presented in Fig. 4 and the time-lag values, τDCF, in Table 2. A discussion of the uncertainties estimate is provided in Appendix B.1.
	[image: thumbnail]	Fig. 4. Discrete cross-correlation function analysis curves. Top row: 8.0 GHz vs. 4.8 GHz, 15.0 GHz (UMRAO) vs. 8.0 GHz, and 37.0 GHz vs. 15.0 GHz (OVRO). Bottom row: 91.5 GHz vs. 37 GHz, 230 GHz versus 91.5 GHz, and 345 GHz vs. 230 GHz. The dashed red line corresponds to a Gaussian function fit of the DCF, the mean of which (τ) is used as a more accurate estimate of the peak position. The dashed gold curve denotes the 99.7% confidence band.



3. Results
Equipped with the tools presented in Sect. 2, we present here our results. Details of the implementations are discussed in Appendices A and B.
3.1. Time lags
Our results, using both the GPR and DCF approaches, are shown in Figs. 3 and 4, respectively, and are summarised in Table 2. We find that the flares consistently appear first at higher frequencies and later at lower ones. The very good agreement between both approaches allowed us to average the time-lags and compute an average time-lag ⟨τ⟩ per frequency to the reference frequency 345 GHz. To compute the time-lag between a given frequency and the reference frequency, we calculated the cumulative sum of the time-lags between them (see also Karamanavis et al. 2016). For example, [image: equation]. Furthermore, the DCF analysis shows that all the examined radio light curve pairs are significantly correlated with each other.
Figure 5 displays the values of Table 2, which evidently follow a power law of the form Δt ∝ ν−1/kr. Under the assumption that the size of the emission region increases linearly with the distance, r, from the core (zcore ∝ r), the magnetic field strength and particle density decrease with distance as B ∝ r−b and N ∝ r−n (Lobanov 1998a; Fromm et al. 2013; Paraschos et al. 2021); then kr is connected to n (number density power law index), b (magnetic field power law index), and the optically thin spectral index, αthin, via the following relation:
[image: thumbnail](4)
	[image: thumbnail]	Fig. 5. Temporal core offset position fit, with respect to the reference frequency (345 GHz). The open data points and the grey curve denote the GPR values, and the blue data points and curve show the DCF values.



We fitted a relation of this form to the time-lags from both methods (using a least squares minimisation approach) and found that [image: equation], and [image: equation]. Fitting the average of the two methods produces an average power law index value of [image: equation]. A value of kr = 1 implies that there is equipartition between the particle energy and magnetic field energy, in which case it is usually assumed that b = 1 and n = 2 (Lobanov 1998b).
3.2. Core shift
Transforming time-lags into core shift measurements can be done using the standard Eqs. (4) and (7) presented in Lobanov (1998a) and Hirotani (2005); see also Paraschos et al. (2021). [image: equation] is the measure of the core position offset and, in our case, can be calculated by replacing Δrobs with μ⟨τ⟩ (see, for example, Kudryavtseva et al. 2011). Here μ is the apparent component velocity in mas yr−1, given by the following relation:
[image: thumbnail](5)
with c the velocity of light, z the redshift, βapp the apparent velocity in units of c, and DL the luminosity distance. For the viewing angle, θ, we adopted the values used in Paraschos et al. (2021). For βapp we used the upper and lower velocities found by Paraschos et al. (2022). These parameters are shown in Table 3.
Table 3. 
Parameters used in this work.

Furthermore, for the determination of the core shift values, presented in Table 4, we used the averaged power law index [image: equation]. A clear trend is confirmed; the lower the frequency of the observed VLBI core, the farther away it is situated from the 345 GHz VLBI core used as reference. Under the assumption that the distance between the jet base and the 345 GHz VLBI core is negligible, we can compare the distance of the 91.5 GHz VLBI core calculated here to those determined in Paraschos et al. (2021) and Oh et al. (2022; at 86 GHz). In particular, we find the distance of the 91.5 GHz VLBI core to the jet base to be between z91.5 GHz = 22−645 Rs. This value range overlaps with the lower estimates found by Paraschos et al. (2021), which is z86 GHz = 400−1500 Rs and Oh et al. (2022), which is z86 GHz = 200−3000 Rs (adjusted to the same BH mass and viewing angle assumptions). It should be pointed out here that the results discussed above assume a homogeneous and conical jet geometry, as in Blandford & Königl (1979). Should the core region become optically thin just above 86 GHz, our results and relevant discussions might be affected.
Table 4. 
Core shift and magnetic field of 3C 84, with respect to the reference frequency 345 GHz.

3.3. Magnetic field estimation
Our measurement of [image: equation] indicates that the system is in equipartition within the error budget, and thus we can use Eqs. (B.2) and (B.3) from Paraschos et al. (2021) to compute the equipartition magnetic field (see also Hirotani 2005) at the core and at a distance of 1 pc (see Table 4). The magnetic field strength ranges between [image: equation] G and [image: equation] G. The assumed values for the optically thin spectral index αthin, the maximum and minimum Lorentz-factors, γmax and γmin, as well as the jet half opening-angle, are listed in Table 3. Our findings for the magnetic field strength at 91.5 GHz ([image: equation] G) are in good agreement with the value range at 86 GHz presented in Paraschos et al. (2021), which is [image: equation] G. Our result is slightly lower than the synchrotron self-absorption magnetic field calculated by Kim et al. (2019), which is BSSA ∼ 21 ± 14 G, but still in agreement within the error budget.
4. Discussion
4.1. Emission site of γ-rays
The answer to the question of whether γ-rays are predominantly emitted upstream or downstream of the radio emission is one of active debate. A number of works (e.g., Jorstad et al. 2001; Lähteenmäki & Valtaoja 2003; León-Tavares et al. 2011; Fuhrmann et al. 2014) suggest that the radio flux is generally simultaneous or trailing the γ-rays. Furthermore, Pushkarev et al. (2010) and Kramarenko et al. (2022) found that the 15 GHz Very Long Baseline Array emission generally lags behind the γ-ray emission. At a slightly higher frequency (37 GHz), Ramakrishnan et al. (2015, 2016) found that in most sources with a correlation between radio flux and γ-rays, the γ-rays lead the radio flux and the start times of the radio and γ-ray activity correlate. It is interesting to note here that Ramakrishnan et al. (2015) found two sources (1633+382 and 3C 345) in their sample where the γ-rays trail the radio emission. Below we attempt to answer this question for 3C 84.
The γ-ray activity in 3C 84 can be split into short-term outbursts on top of a long-term, slowly increasing trend (also seen in the optical V band by Nesterov et al. 1995). It is thought that the latter most likely originates in the C3 region (Nagai et al. 2014), which is a bright feature at a distance of ∼1 pc from the VLBI core (Dutson et al. 2014; Nagai et al. 2016; Hodgson et al. 2018; Linhoff et al. 2021).
The short-term outburst location, on the other hand, is ambiguous. Nagai et al. (2016) attributed the lack of correspondence between γ-ray emission and radio flux to the γ-rays being emitted in the spine (Ghisellini et al. 2005) of the jet, corroborated by the detected limb-brightened jet structure of 3C 84 (Nagai et al. 2014; Giovannini et al. 2018). Hodgson et al. (2018) postulated that, if the time-lag between γ-ray emission and 1 mm (230 GHz) radio emission is simply due to opacity effects, the emission region would be 0.07 pc (900 − 2400 Rs) upstream of the 1 mm (230 GHz) radio core. On the other hand, Britzen et al. (2019) found that the γ-rays might be emitted downstream of the radio emission, by using γ-ray data up to ∼2018.5. Linhoff et al. (2021) determined that the emission region lies outside the Ly α radius and perhaps even beyond the broad line region (BLR; RBLR ∼ 6.5 − 9.1 × 10−3 pc, corresponding to 80 − 310 Rs; see Oh et al. 2022). Most recently, Hodgson et al. (2021) attempted to connect the kinematics of the jet of 3C 84 to the γ-ray emission, using the WISE package (Mertens & Lobanov 2015).
In our study, we expand on previous works by including all available Fermi-LAT γ-ray data, up to 2021.9. As shown in Fig. 6, we find that the γ-ray emission is significantly correlated with the 1 mm (230 GHz) radio flux, and rather marginally with the 0.8 mm (345 GHz) one. Specifically, we find that the γ-rays either precede the 230 GHz flux (345 GHz flux) by τγ-230 GHz = 1.56 ± 0.27 years (τγ-345 GHz = 1.57 ± 0.49 years) or trail the 230 GHz flux (345 GHz flux) by τ230 GHz-γ = 1.43 ± 0.30 years (τ345 GHz-γ = 1.58 ± 0.64 years). These values are higher than those reported by Hodgson et al. (2018), whose γ-ray data set spanned until 2017. The positive time-lag compares well with the 1.37 years reported in the work by Ramakrishnan et al. (2015), in which the authors cross-correlated the γ-rays with the 37 GHz flux for the time period 2008.6–2013.6. It should be pointed out here that the γ-ray light curve’s sampling rate is higher than that of the 230 GHz (345 GHz) flux (see Table 1) by ∼20% (∼90%). Significantly lower sampling rates at higher frequencies, as is the case for the 345 GHz–γ-ray cross-correlation analysis, might result in missing the flare peaks of rapid flares. In our analysis, however, there is good agreement between the DCF time-lags of the 345 GHz–γ-ray pair and the 230 GHz–γ-ray pair, as well as overall consistency between the DCF and GPR method results.
	[image: thumbnail]	Fig. 6. Discrete cross-correlation function and GPR analyses of the γ-ray light curve. Top row: discrete cross-correlation function of γ-rays vs. 230 GHz (left) and 345 GHz (right) for 3C 84. The dashed red line corresponds to a double Gaussian fit of the DCF, the means of which (τ1 and τ2) are used as a more accurate estimate of the peak positions. The dashed gold curve again denotes the 99.7% confidence band. Middle row: curve for γ-ray emission in 3C 84. G1, G3, G4 (Hodgson et al. 2018), and G0, G5 denote the γ-ray flares considered in this work. Bottom row: Gaussian process regression curve for 230 GHz emission in 3C 84, matching the time range of the γ-rays. Y0, Y1, and Y34 denote the most prominent flares, which are possibly associated with the γ-ray ones.



Under the same assumptions used to determine the core shifts in Sect. 3.2, we find that the γ-ray emission site would be zγ = 405 − 1622 Rs (zγ = 450 − 1802 Rs) for the 230 GHz (345 GHz) VLBI core. Comparing these values to the distance between the 230 GHz VLBI core and the jet base (see Table 4), we find that the γ-ray emission region would be close to or inside the BLR, which has been deemed unlikely, as discussed above, by the work presented in Linhoff et al. (2021). Assuming again that the distances between the 345 GHz radio core, the jet apex, and the BH are negligible, the γ-ray emission might even be placed upstream of the BH. But this is also unlikely, as the presence of a free–free absorbing torus (see, for example Walker et al. 2000; Wajima et al. 2020), combined with the effect of Doppler boosting away from the line of sight, would not leave any γ-rays to be detected. Therefore, based on the analysis presented here, we conclude that the source of the γ-rays is more likely to be located in the pc-scale jet, downstream of the core region of 3C 84.
Attempts have already been made to interpret the short-term γ-ray emission if it is not originating in the core region. Hodgson et al. (2018) proposed, for example, a turbulent, extreme multi-zone model (Marscher 2014). A ‘split-flare-dissipate’ scenario, where the splitting of components causes ‘mini-jets’ in the pc-scale jet region due to magnetic reconnection (Giannios 2013), could also offer a potential explanation (Hodgson et al. 2021). Another possible explanation could be that a jet feature, the onset of which corresponded with the ejection of γ-rays upstream (as described, for example, in the corresponding scenario put forth by León-Tavares et al. 2011), propagates further downstream and interacts with the shocked region and/or hot-spot C3 (such an interaction between the jet and the circumnuclear environment in the C3 region was observed by Kino et al. 2018), producing even more γ-rays. Such a scenario would potentially explain both the leading and trailing emission of γ-rays with regard to the radio emission.
4.2. Radio feature ejection and γ-ray emission
The association between emissions of radio features from the core region and the increase in total intensity radio flux is theoretically understood (Marscher & Gear 1985) and has been observationally studied in the pc-scale jets of AGN (Savolainen et al. 2002). In the work by Hodgson et al. (2021), a potential association between jet kinematics and γ-ray activity is investigated. The authors found that the major γ-ray flares seem to be associated with the merging and splitting of jet components (at 43 GHz) in the C3 region.
Paraschos et al. (2022) found three core-ejected features (cross-identified at 43 and 86 GHz), denoted as ‘F3’, ‘F4’, and ‘F5’, which appear associated with outbursts in the centimetre and millimetre flux. Specifically, F3 and F4 seem to correspond to the onset of the radio flares in 2014.7 ± 0.5 and 2016.7 ± 0.5, whereas F5 seems to correspond only to the decay of the latter flare. Based on the DCF analysis of the γ-rays and the millimetre radio flux, the time-lags between them are τ1 = −1.6 ± 0.4 years and τ2 = 1.5 ± 0.5 years. If the γ-ray flux trails the radio flux, as suggested in Sect. 4.1, the time-lag between them is positive and corresponds to τ2. Based on this assumption and their ejection times, presented in Paraschos et al. (2022), features F3, F4, and F5 would be expected to cause γ-ray flares in 2013.3 ± 0.7, 2017.4 ± 0.7, and 2019.4 ± 0.7 respectively. Following the naming convention in Hodgson et al. (2018), we also identified the flare called ‘G1’4, with a point of ejection in 2013.9 ± 0.1, which matches, within the error budget, the ejection time of a γ-ray flare associated with F3. Furthermore, the highest-intensity flare of the γ-rays, denoted as ‘G5’ in Fig. 6, was ejected in 2018.3 ± 0.1, pointing to an association with F4. F5, however, does not seem to be clearly associated with a γ-ray flare. It should be noted here that, besides the major flares G1, ‘G2’, ‘G3’, ‘G4’ (Hodgson et al. 2018, see also middle panel in Fig. 6) and ‘G0’, G5, many smaller flares are also observed.
If, on the other hand, the radio flux trails the γ-ray flux, the expected time-lag between them is negative and corresponds to τ1. In the following we explore the time-lags between the different flares. The main flares in the millimetre radio flux are ‘Y0’, ‘Y1’, and ‘Y34’, and they are denoted in the bottom panel of Fig. 6. Using the GPR technique, we calculated that they peaked in 2012.2 ± 0.1, 2014.7 ± 0.1, and 2016.6 ± 0.1 respectively. Accordingly, we computed the flare times of the γ-ray flares G0, G1, G3, and G4. They peaked in 2010.6 ± 0.1, 2013.9 ± 0.1, 2015.1 ± 0.1, and 2015.8 ± 0.1 respectively. All flares discussed here are summarised in Table 5. The time-lag between G0 and Y0 is ∼1.6 yr, and this event might be associated with the ejection of component F3. The time-lag between G1 and Y1 is ∼0.8 yr. G3 and G4 could both be associated with Y34, since they appeared temporally close to each other. The two time-lags are ∼1.5 yr and ∼0.8 yr, respectively. These time-lags might be associated with the ejection of component F4. Our results hint at a possible association between jet features and γ-ray flares, although a conclusive relation is lacking. Overall, in this scenario, we find a consistent time-lag between the γ-ray and radio emission of the order of ∼1.2 yr for these three flares. We note with interest that, if indeed the radio flux is trailing the γ-rays, G5 has no corresponding radio flare counterpart, perhaps indicating that 3C 84 is undergoing intrinsic changes in the inner pc-region, leading to this new behaviour.
Table 5. 
Identified flares with respective peak times.

4.3. Intrinsic jet conditions
Core shift measurements can provide an insight into jet launching by means of the multiplicity parameter, λ, and the Michel magnetisation, σM, (Nokhrina et al. 2015). The former is defined as the ratio of the electron number density to the Goldreich-Julian number density (Goldreich & Julian 1969). The latter is a measure of the magnetisation at the base of an outflow (Michel 1969) and provides an upper limit to the bulk Lorentz factor Γ of an MHD outflow. Under the assumption of equipartition, Nokhrina et al. (2015) calculated two equations that connect λ and σM to the measured core shift (see Eqs. 5 and 29 in Nokhrina et al. 2015). In the saturation regime (Beskin 2010) and for a slightly magnetised flux (i.e., when the Poynting flux has been converted almost entirely into particle kinetic energy), if σM ∼ 10 − 103 and λ ∼ 1010 − 1013, then the accretion region is hot enough to facilitate the production of electron-positron pair plasma through two-photon collisions. These photons originate from the inner part of the accretion disc (Blandford & Znajek 1977; Mościbrodzka et al. 2011; Nokhrina et al. 2015). On the other hand, when the Goldreich–Julian number density vanishes, and λ ∼ 10 − 100 and σM ∼ 1010 − 1012, electron-positron pair plasma can also be created in regions of the magnetosphere in the vicinity of a BH, as shown by Hirotani & Okamoto (1998).
As shown in Sect. 3.1, the equipartition assumption holds, and therefore we can calculate λ and σM. For the viewing angle, γmax, γmin, the jet opening angle, jet power (Pjet), and the optically thin spectral index gradient, we used the value ranges listed in Table 3. This results in a slightly different set of equations than Eqs. (31) and (32) in Nokhrina et al. (2015), since they assumed that αthin = −0.5. For the ratio of the number density of the emitting particles to the MHD flow number density (ξ), we assumed a value of ξ = 0.01 (Sironi et al. 2013), following Nokhrina et al. (2015). Finally, for the core position offset, we used the value ranges listed in Table 4. To arrive at a final value range for λ and σM, we averaged the measurements for all frequencies. We find that λ = 3 × 1012 − 2 × 1013 and σ = 3 − 56, which is consistent with the assumption of a jet launched by the Blandford & Znajek (1977) mechanism.
5. Conclusions
We have used total intensity centimetre and millimetre radio light curves to determine the core shift and magnetic field strength of 3C 84. Furthermore, we have used the γ-ray light curve to investigate the association between γ-ray bursts and radio component ejections and to explore the jet launching mechanism. Our major findings can be summarised as follows.

	
We estimate the jet particle and magnetic field energy densities to be in equipartition (kr = 1.08 ± 0.18).



	
Using the techniques of GPR and DCF, we constrained the jet apex to be z91.5 GHz = 22 − 645 Rs. This value compares well to the results presented in Paraschos et al. (2021) and Oh et al. (2022).



	
At the jet apex, the magnetic field strength is [image: equation] G.



	
Our analysis shows that the γ-ray and radio emission are likely associated.



	
Features F3 and F4 (Paraschos et al. 2022) might be connected to γ-ray flares; F5 does not seem to have a radio flux counterpart.



	
We computed the multiplicity factor and Michel magnetisation to be λ = 3 × 1012 − 2 × 1013 and σM = 3 − 56, respectively. These values are in agreement with the Blandford & Znajek (1977) jet launching mechanism.




Our work illustrates the power of multi-year monitoring of the variability of γ-ray emitting sources, in combination with VLBI, to shed light on unanswered fundamental questions of the study of jets. Continuing such observations, with even denser time-sampling, is therefore vital to further advance the field of jet and BH research.


1 We assume Λ cold dark matter cosmology with H0  =  67.8 km s−1 Mpc−1, ΩΛ  =  0.692, and ΩM  =  0.308 (Planck Collaboration XIII 2016).


2 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/source/NGC_1275


3 Produced with the CORNER package (Foreman-Mackey & Price-Whelan 2021).


4 The flux peak G1 consists of two peaks in the GPR curve, with a time delay of ∼0.3 yr in between. We averaged them to determine the flux peak.
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Appendix A:  Gaussian process regression analysis
A.1. Flares for the time-lag calculation
Table A.1. 
Subtracted flux (S0) and PSD power law index (s).

In Fig. 3, the dark-green arrows show the (major) flare used to calculate the time-lag between the same light curve frequency pairs as in Fig. 4. For the 15.0 (OVRO), 37.0, 91.5, and 230 GHz light curves, a secondary (minor) flare could robustly be detected (and is denoted in Fig. 3 with a dark-red arrow). We therefore used the average time-lag between the major and minor flares to compute the time-lag between the cross-correlation pairs 37.0-15.0 GHz, 91.5-37.0 GHz, and 230-91.5 GHz.

Appendix B:  Discrete cross-correlation function analysis
B.1. Parameters and uncertainties
Applying the DCF implementation on our data sets required two main parameters: the bin size used to search for correlated features, and the step size. For the bin size a conservative approach is to use half the observation duration (see for example Rani et al. 2017). However, in our case, the light curves were not of the same length, and thus we used an asymmetric bin size, which is defined as [ − max(LCi, LCj), min(LCi, LCj)] if the light curve LCi observations start before the ones of light curve LCj, or [ − min(LCi, LCj), max(LCi, LCj)], if the opposite is the case. For the step size [image: equation], we used the following formula:
[image: thumbnail](B.1)
where 𝒩 is a number given by the following relation:
[image: thumbnail](B.2)
with 𝒩LCi/j being the number of data points and Δti/j the time range of the observations of LCi/j. The given uncertainty in each DCF data point in Figs. 4 and 6 was conservatively set to the size of the step size. A summary of the used parameters is presented in Table B.1.
In order to robustly determine the position of the DCF peak, we performed a least squares minimisation Gaussian function fit to the main DCF peak, as shown with the dashed red line in Figs. 4 and 6. We note that, for the DCF of the centimetre and millimetre radio light curves to each other, a single Gaussian function sufficiently fitted the data, whereas for the DCF of the 1 mm and 0.8 mm with the γ-ray light curves, two Gaussian functions were required (see also the discussion in Sect. 4). The uncertainty of the fit was then used as an estimate of the time-lag uncertainty. Standard error propagation was used to determine the cumulative error of the time-lag between each frequency and the reference frequency (345 GHz).
B.2. Confidence interval
The DCF peaks in Fig. 4 are all above the 0.95 level, indicating that the correlation is significant. The same, however, cannot be said for the DCF peaks in Fig. 6. We therefore calculated the 99.7% confidence bands, denoted with the dashed gold line in Figs. 4 and 6. Specifically, we used the publicly available code presented in Witzel et al. (2021) to create 5000 synthetic light curves (Max-Moerbeck et al. 2014) based on Gaussian processes, which retain the characteristics of the observed light curves. The parameters required to create them are the step size, for which we used Eq. B.1, and the power spectral density (PSD). For the used data sets, a power law model of the form P(f) ∝ f−s, with s (see Table A.1) being the slope, described the PSD sufficiently well, and was thus fitted using a least squares minimisation (see Hodgson et al. 2018). Further details regarding the PSD analysis can be found, for example, in Vaughan (2005), Rani et al. (2014), Chidiac et al. (2016), and Witzel et al. (2021).
B.3. Light curve DCF time range
As displayed in Fig. 1, the light curves of 3C 84 at 4.8, 8.0, 14.8, and 37 GHz span multiple decades, resulting in a very broad DCF curve, if the entire data set is used for the cross-correlation. If instead the data set is limited around the common flare used as the main cross-correlation feature (denoted with dark-green arrows in Fig. 3), the resulting DCF curve is narrower, with a better defined peak. We therefore only used the time range of [1978, 1990] for the DCF pairs: 8.0-4.8 GHz and 14.8-8.0 GHz, which is centred around the total centimetre-flux peak (see first and second panel, top row in Fig. 4). Furthermore, for the DCF pair 37.0-15.0 GHz, we limited the 37 GHz light curve to the time range [2008, 2022], to match the available time range of the OVRO 15 GHz light curve (see top row, third panel in Fig. 4).
Table B.1. 
Discrete cross-correlation function parameters.
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	[image: thumbnail]	Fig. 1. Variability light curves of 3C 84. Top: radio light curves of 3C 84, between 1965 and 2022, at 4.8, 8.0, 14.8, 15, 37, 230, and 345 GHz (coloured entries, in order of appearance in the figure caption). Middle: black data set shows the γ-ray flux. Bottom: zoomed-in view of the top two panels to facilitate the comparison of flare onsets and decays in the time range 2010–2022.
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	[image: thumbnail]	Fig. 2. Exemplary posterior distributions of the GPR hyperparameters at 15 GHz (OVRO). The dashed lines correspond to the 16th, 50th, and 84th percentiles.
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	[image: thumbnail]	Fig. 3. Gaussian process regression curves of 3C 84, using the light curves presented in Fig. 1. The minimum flux density shown in Table A.1 has already been subtracted. The blue data points denote the observations, the green solid line denotes the posterior mean, and the light-green envelope shows the 99.7% confidence bands. The dark-green arrow denotes the primary flare per frequency used for the time-lag calculation, and the dark-red arrow the secondary flare, wherever it was detectable.
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	[image: thumbnail]	Fig. 4. Discrete cross-correlation function analysis curves. Top row: 8.0 GHz vs. 4.8 GHz, 15.0 GHz (UMRAO) vs. 8.0 GHz, and 37.0 GHz vs. 15.0 GHz (OVRO). Bottom row: 91.5 GHz vs. 37 GHz, 230 GHz versus 91.5 GHz, and 345 GHz vs. 230 GHz. The dashed red line corresponds to a Gaussian function fit of the DCF, the mean of which (τ) is used as a more accurate estimate of the peak position. The dashed gold curve denotes the 99.7% confidence band.
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	[image: thumbnail]	Fig. 5. Temporal core offset position fit, with respect to the reference frequency (345 GHz). The open data points and the grey curve denote the GPR values, and the blue data points and curve show the DCF values.
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	[image: thumbnail]	Fig. 6. Discrete cross-correlation function and GPR analyses of the γ-ray light curve. Top row: discrete cross-correlation function of γ-rays vs. 230 GHz (left) and 345 GHz (right) for 3C 84. The dashed red line corresponds to a double Gaussian fit of the DCF, the means of which (τ1 and τ2) are used as a more accurate estimate of the peak positions. The dashed gold curve again denotes the 99.7% confidence band. Middle row: curve for γ-ray emission in 3C 84. G1, G3, G4 (Hodgson et al. 2018), and G0, G5 denote the γ-ray flares considered in this work. Bottom row: Gaussian process regression curve for 230 GHz emission in 3C 84, matching the time range of the γ-rays. Y0, Y1, and Y34 denote the most prominent flares, which are possibly associated with the γ-ray ones.
In the text
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      Light curve parameters.

      
        


	Observation
	Time coverage [yr]
	# of points
	Sampling [#/yr]





	4.8 [GHz]
	1977.8–2012.3
	1020
	29.6



	8.0 [GHz]
	1965.5–2012.3
	1993
	42.6



	14.8 [GHz] (UMRAO)
	1974.1–2012.4
	1491
	38.9



	15.0 [GHz] (OVRO)
	2008.0–2020.1
	784
	65.1



	37 [GHz]
	1979.8–2021.7
	8907
	212.4



	91.5 [GHz]
	2013.8–2019.7
	123
	20.7



	230 [GHz]
	2002.8–2021.9
	750
	39.4



	345 [GHz]
	2002.9–2021.8
	116
	6.1



	γ
	2008.6–2021.9
	680
	51.0
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        Exemplary posterior distributions of the GPR hyperparameters at 15 GHz (OVRO). The dashed lines correspond to the 16th, 50th, and 84th percentiles.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Gaussian process regression curves of 3C 84, using the light curves presented in Fig. 1. The minimum flux density shown in Table A.1 has already been subtracted. The blue data points denote the observations, the green solid line denotes the posterior mean, and the light-green envelope shows the 99.7% confidence bands. The dark-green arrow denotes the primary flare per frequency used for the time-lag calculation, and the dark-red arrow the secondary flare, wherever it was detectable.

      

    

  
    
      Table 2. 

      Results of the GPR and DCF analyses for the light curves of 3C 84.

      
        


	ν [GHz]
	ΔτGPR [yr]
	ΔτDCF [yr]
	⟨τ⟩ [yr]





	4.8
	0.91  ±  0.23
	0.95 ± 0.48
	0.93 ± 0.38



	8.0
	0.50  ±  0.21
	0.51 ± 0.44
	0.51 ± 0.35



	15.0
	0.22  ±  0.15
	0.24 ± 0.38
	0.23 ± 0.29



	37.0
	0.09  ±  0.15
	0.22 ± 0.34
	0.16 ± 0.26



	91.5
	0.12  ±  0.14
	0.13 ± 0.33
	0.12 ± 0.25



	230.0
	0.08  ±  0.10
	0.08 ± 0.26
	0.08 ± 0.20





      

      
Notes. Columns: (1) observing frequency; (2) time-lag of the observing frequency to the reference frequency (345 GHz), computed via GPR; (3) time-lag of the observing frequency to the reference frequency (345 GHz), computed via DCF; (4) average of time-lags τGPR and τDCF.



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Temporal core offset position fit, with respect to the reference frequency (345 GHz). The open data points and the grey curve denote the GPR values, and the blue data points and curve show the DCF values.

      

    

  
    
      Table 4. 

      Core shift and magnetic field of 3C 84, with respect to the reference frequency 345 GHz.

      
        


	ν [GHz]
	Ωrν [pc GHz1/kr]
	rcore [10−3 pc] ([Rs])
	Bcore [G]
	B1pc [mG]





	4.8
	0.04–0.14
	9.41–99.70 (120.62–3387.81)
	0.24–0.69
	4.06–37.42



	8.0
	0.03–0.13
	5.19–55.04 (66.58–1870.11)
	0.40–1.17
	3.81–35.11



	15.0
	0.03–0.11
	2.45–25.95 (31.40–881.85)
	0.77–2.26
	3.47–31.95



	37.0
	0.05–0.18
	1.79–18.98 (22.96–644.89)
	1.66–4.85
	5.45–50.19



	91.5
	0.10–0.40
	1.73–18.34 (22.18–623.11)
	3.34–9.78
	10.62–97.80



	230.0
	0.34–1.37
	2.52–26.70 (32.30–907.34)
	6.20–18.14
	28.68–264.17





      

      
Notes. Columns: (1) observing frequency; (2) core position offset; (3) distance between the frequency-dependent radio core and the jet base (projected in pc and de-projected in Rs); (4) magnetic field strength at the radio core; (5) magnetic field strength at a distance of 1 pc from the jet base.



    

  
    
      Table 5. 

      Identified flares with respective peak times.

      
        


	Identifier
	Year





	G0
	2010.6 ± 0.1



	G1
	2013.9 ± 0.1



	G3
	2015.1 ± 0.1



	G4
	2010.8 ± 0.1



	G5
	2018.3 ± 0.1



	Y0
	2012.2 ± 0.1



	Y1
	2014.7 ± 0.1



	Y34
	2016.6 ± 0.1





      

    

  
    
      Table A.1. 

      Subtracted flux (S0) and PSD power law index (s).

      
        


	Observation
	S0
	s





	4.8 [GHz]
	14.35 [Jy]
	2.10 ± 0.14



	8.0 [GHz]
	12.99 [Jy]
	1.72 ± 0.15



	15.0 (UMRAO) [GHz]
	13.93 [Jy]
	1.35 ± 0.13



	15.0 (OVRO) [GHz]
	13.78 [Jy]
	0.02 ± 0.09



	37.0 [GHz]
	7.13 [Jy]
	0.72 ± 0.09



	91.5 [GHz]
	14.19 [Jy]
	2.01 ± 0.24



	230.0 [GHz]
	1.86 [Jy]
	0.72 ± 0.08



	345.0 [GHz]
	1.33 [Jy]
	2.57 ± 0.13



	γ
	0.53 [107  ×  #/cm−2s−1]
	1.16 ± 0.17





      

    

  
    
      Table B.1. 

      Discrete cross-correlation function parameters.

      
        


	DCF pair
	Bin limits [yrs]
	Step size [yrs]





	8.0-4.8 [GHz]
	[-6, 6]
	0.1



	15.0(UMRAO)-8.0 [GHz]
	[-6, 6]
	0.1



	37.0-15.0(OVRO) [GHz]
	[-6, 7]
	0.1



	91.5-37.0 [GHz]
	[-7, 3]
	0.1



	230-91.5 [GHz]
	[-3, 10]
	0.2



	345-230 [GHz]
	[-9, 9]
	0.7



	γ-230 [GHz]
	[-7, 10]
	0.1



	γ-345 [GHz]
	[-7, 9]
	0.6
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