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Abstract

Context. Recently, SDSS J143016.05+230344.4 (J1430+2303) was reported to be a supermassive black hole binary (SMBHB) in the final coalescence phase. It is probably the first SMBHB coalescence event observable in human history. Radio observations of J1430+2303 before and after coalescence will provide a unique diagnosis of the energetics and environment of the SMBHB.

Aims. We explore the radio emission from the galactic nucleus region that is closely related to the current X-ray and optical activities and helps to understand the state of black hole accretion and outflow before coalescence.

Methods. Very long baseline interferometry (VLBI) imaging is the only method that offers milli-arcsecond-level high resolution that can exclude the contamination by diffuse emission on galactic scales. We observed J1430+2303 with the European VLBI Network at 1.7 GHz and with the Very Long Baseline Array at 1.6 and 4.9 GHz in late February and early March 2022.

Results. A compact component is detected in all three VLBI images. It has a brightness temperature of > 108 K, an unresolved morphology with a size < 0.8 pc, and a flat radio spectrum. These observational features are inconsistent with large opening-angle outflows or winds, but indicate that this compact component might be a jet or a corona. Nearly 60% of the emission is resolved by VLBI and may come from remnant lobes of previous radio activities, the outer layers of a structured jet, or shocks formed by the disc winds in the narrow line region.

Conclusions. Current VLBI images do not yet show signs of radio outbursts. Our observations provide pre-coalescence radio data that are an important reference for future comparative studies with the post-merger. In particular, further resolving the jet will pave the way for probing the dynamical features associated with inspiralling binary black holes.
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1. Introduction
Most massive galaxies in the Universe have at least one supermassive black hole (SMBH) at their centres (e.g., Kormendy & Ho 2013). During the hierarchical formation of galaxies, SMBHs are expected to migrate towards the galactic centre through star scattering and/or gas friction, eventually forming an SMBH binary (SMBHB) on parsec scales (Begelman et al. 1980; Volonteri et al. 2003). Observations of SMBHBs will provide astronomers with information about the evolutionary path and history of galaxies towards their present morphology, that is, the shape and the size. Most previous studies of SHBHB evolution have assumed circular orbits for simplicity, and/or expected that the gas friction or star scattering may dampen out the orbit eccentricity. However, if the orbits of SMBHBs are highly eccentric (Armitage & Natarajan 2005; Berczik et al. 2006; Chen et al. 2011), the strong-gravity regime extends to larger orbital separation and earlier evolution age, such that SMBHBs may rapidly evolve to coalescence due to gravitational wave (GW) emission.
With modern observational facilities, even using the highest resolution of the very long baseline interferometry (VLBI) technique, direct identification of close SMBHBs with a separation ≲1 pc from radio imaging is very challenging (An et al. 2018). In the past decade, the rapid development of time-domain observations has promoted a non-imaging technique for searching for SMBHBs. This method targets periodic variations in the optical luminosity or emission line intensity of active galactic nuclei (AGNs) over sufficiently long timescales. If the underlying source is indeed an SMBHB, the periodic variability on a timescale comparable to the SMBHB orbital period may originate from accretion rate fluctuations (MacFadyen & Milosavljević 2008; Noble et al. 2012; Graham et al. 2015) or relativistic Doppler modulation (D’Orazio et al. 2015). The famous SMBHB candidate OJ 287 (Sillanpaa et al. 1988, 1996) provides a nice demonstration of this technique. On the other hand, a number of SMBHB candidates with inferred orbital sizes of 0.001–0.01 pc have been identified using this time-domain method (Graham et al. 2015; Liu et al. 2014; Zheng et al. 2016; Chen et al. 2020), although it is worth mentioning that the interpretations of their optical variability periods remain highly controversial (D’Orazio et al. 2015; Vaughan et al. 2016; Zhu & Thrane 2020). A major concern is that the red noise in the AGN light curve may also produce apparently periodic signals. In order to rule out the cause of AGN red noise, Bayesian model selection is necessary to address the statistical significance of the observed signals. Furthermore, all known SMBHB candidates so far, including OJ 287, have relative large orbital separations. Assuming that only GW radiation is at play, their expected merger timescales exceed the Hubble time. It is therefore possible that they belong to a class of massive black hole binary sources different from those observable by space-borne gravitational wave observatories, such as LISA, Tianqin, and Taiji (Gong et al. 2021).
Recently, Jiang et al. (2022) reported the discovery of the SMBHB candidate SDSS J143016.05+230344.4 (also called AT2019cuk; hereafter J1430+2303). It is located in a Seyfert type I galaxy at a redshift of 0.08105 (Oh et al. 2015). The optical light curves obtained from Zwicky Transient Facitity (ZTF) display a quasi-periodic pattern of variability (Fig. 1 therein), and more intriguingly, the periodicity exhibits a trend of rapid decay in both period and amplitude. In the past three years, the period has decreased from an approximately one-year cycle at the first peak in 2019 July to a fourth cycle with a period of about three months in 2021 June. No such chirping flares with decaying periods have been observed before. They are incompatible with known models of disc oscillations or disc instability (Miniutti et al. 2019; Gierliński et al. 2008). The analysis in Jiang et al. (2022) shows that the timings of the flares are consistent with the theoretical expectation of an SMBHB near its final coalescence. A Bayesian model selection analysis also disfavours AGN red noise as the origin of the chirping flares. Together with the X-ray and the hydrogen emission line measurements, the SMBHB scenario becomes the most plausible interpretation of the various models considered.
	[image: thumbnail]	Fig. 1. Natural-weighted images of the phase-reference calibrator J1427+2348. In each image, the bottom left ellipse is the shape of the restoring beam. The colour bar denotes the brightness. Left: EVN image at 1.66 GHz. The rms noise is 0.05 mJy beam−1, and the beam size is 7.7 × 2.9 mas2 at a position angle of 13.4°; middle: VLBA image at 1.57 GHz. The rms noise is 0.05 mJy beam−1, and the beam size is 11.7 × 5.5 mas2 at a position angle of 1.6°; right: VLBA image at 4.9 GHz. The rms noise is 0.04 mJy beam−1, and the beam size is 3.9 × 1.7 mas2 at a position angle of −1.3°. The lowest contours represent five times of the background rms noise, and the contour levels increase by a factor of 2.



If the SMBHB model is confirmed, J1430+2303 would be the first SMBH coalescence ever observed. In the SMBHB scenario, the orbit is expected to be inclined (with respect to the accretion flow) and highly eccentric. Moving SMBHs collide with the accretion flow close to the pericentre and expel a certain amount of gas, forming expanding plasma balls that shine in the optical band as flares. The X-ray emission from this system is more complicated as it is susceptible to the variation of accretion conditions in the inner accretion disc. On the other hand, because the orbit is highly eccentric, a significant amount of the GWs is emitted near the pericentre passage, which causes rapid orbital decay, as evidenced by the timing of the flares. The orbital evolution model predicts that coalescence will occur within three years (Jiang et al. 2022). During the SMBHB inspiral stage, especially close to the final merger, a large amount of electromagnetic radiation is expected to be released in the X-ray to optical bands (Milosavljević & Phinney 2005). Following the black hole coalescence, a relativistic jet may be produced in the pre-merger wind bubble with non-thermal radiation, forming a slowly fading transient that yields an opportunity for monitoring at electromagnetic wavelengths (Yuan et al. 2021). Therefore, observations across the entire electromagnetic spectrum before and after the coalescence are essential for a comprehensive understanding of this rare astrophysical phenomenon.
In particular, observations of the radio emission from J1430+2303 will provide a unique diagnostic of the energetics and environment of the SMBHB coalescence. Shocks can be generated during the disc crossings, which subsequently affect the AGN corona and produce synchrotron radiation in the radio band; ultra high velocity outflows observed in the optical emission lines and X-ray continuum may also produce shocks on larger scales beyond the broad line region (BLR). In addition, after the binary merger, as the accretion flow gradually settles on the coalesced black hole, a transient jet may be produced in a way similar to in tidal disruption events. The X-ray and optical monitoring campaigns are ongoing, and simultaneous radio observations will add valuable data for studying the accretion physics and evolution of the SMBH(s).
J1430+2303 was previously observed by the Very Large Array (VLA) FIRST Survey (Radio Images of the Sky at Twenty-Centimeters) at 1.4 GHz (Becker et al. 1995), and by the Very Large Array Sky Survey (VLASS) at 3 GHz (Lacy et al. 2020). A weak source of ∼1.0 ± 0.2 mJy is seen at the position of J1430+2303 in the FIRST image, observed on 1995 December 18. The source is detected with a flux density of ∼0.6 ± 0.1 mJy in the 3 GHz VLASS image observed on 2017 November 17, but is not unambiguously detected on 2020 July 16. In the Rapid ASKAP Continuum Survey (RACS) at 888 MHz (McConnell et al. 2020), a compact component of ∼0.9 ± 0.2 mJy is found at the position of the FIRST source on 2020 May 1. A recent enhanced Multi Element Remotely Linked Interferometer Network (e-MERLIN) observation made on 2022 March 28 reported a compact source with a size of 85 mas × 34 mas and a flux density of 0.73 ± 0.09 mJy (ATel#15306). These data suggest that the flux density of J1430+2303 between 0.9 and 1.5 GHz is in the range of 0.7–1.0 mJy. Moreover, these archival data indicate that variability is unlikely to be the cause of the VLASS non-detection in 2020, while the quality of the 2020 data calibration is worthy of attention.
In order to measure the radio spectrum of J1430+2303 and detect possible radio signals from the SMBHB coalescence, we applied for the director’s discretionary time (DDT) of the Australia Telescope Compact Array (ATCA), the Karl G. Jansky Very Large Array (JVLA), and the upgraded Giant Metrewave Radio Telescope (uGMRT), covering frequencies from 0.7 GHz to 22 GHz. ATCA, VLA, and uGMRT have resolutions on the order of arcseconds and are able to obtain the radio emission from the whole galaxy, but are unable to probe the state of radio emission from the galactic nucleus. High-resolution VLBI imaging is the only observational method with milliarcsecond-scale (corresponding to parsec-scale physical size) resolution that can confirm the presence of a compact radio core from its compactness and high brightness temperature, and possibly detect jet knots. Detection of the jet will pave the way for future monitoring of dynamical signatures associated with the inspiral binary black holes, such as the variation in jet position angle. Therefore, we applied for observations of J1430+2303 with the European VLBI Network (EVN) and the US Very Long Baseline Array (VLBA). The main goal of this round of pilot VLBI observations is to use high-resolution images to verify the presence of compact radio source(s) in the galactic nucleus and to obtain their precise positions so as to provide a priori information for future VLBI monitoring programs.
Table 1. 
Observation setup of the VLBA sessions on J1430+2303.

This paper focuses on our VLBI observations. The multi-frequency radio spectrum based on the ATCA, JVLA, and uGMRT is presented in a separate paper (Shu et al., in prep.). Details of the EVN and VLBA observations are given in Sect. 2, the results are presented in Sects. 3 and 4 summarises our study. In this paper, we assume a standard flat Λ cold dark matter cosmology with Ωm = 0.27, ΩΛ = 0.73, H0 = 70 km s−1 Mpc−1, and the 1 mas angular scale corresponds to a projected physical size of 1.53 pc at the redshift of J1430+2303.
2. Observations and data processing
2.1. VLBA observations
The initial VLBA observations, approximately two weeks following the application of the DDT, were completed on March 2 UT 08:17–March 3 UT 0:44 at L band (central frequency of 1.57 GHz) and on March 3 from UT 08:49 to UT 13:19 at C band (central frequency of 4.90 GHz) (observation code: BA154). All ten VLBA antennas participated in the observations. Each session lasted for 4.5 h (Table 1). The total flux density of J1430+2303 is ≲1 mJy at 1–3 GHz from the archive VLA observations (see Sect. 1), therefore the phase-reference mode was adopted. The pointing centre of the J1430+2303 was at RA = 14h30m16.056s, Dec = +23° 03′44.45″ (J2000), which corresponds to the SDSS peak position and is close to the VLA FIRST peak. The positional accuracy of the SDSS and FIRST is about 0.2″, which is practicable for VLBI observations in the absence of milliarcsecond-resolution images. The bright source J1427+2348 (200 mJy at 5 GHz, about 1° from the target) was used as the phase-reference calibrator. The coordinate of J1427+2348 is RA = 14:27:00.3918, Dec = +23:48:00.038 with a position error of only 0.1 mas, obtained from the Astrogeo database1. The cycle of the phase-reference observations is 6 min, of which 4.5 min were used for the target source and 1.5 min for the calibrator source. The data recording rate was 2 Gbps, that is, using 256 MHz bandwidth (divided into 16 channels, 16 MHz bandwidth per channel), one-bit sampling, and dual polarisations. This configuration enables a field of view of 1.4″ centred on the pointing centre, which is less affected by the bandwidth smearing effect.
The raw observational data recorded by the VLBA telescopes were transferred to the DiFX correlator (Deller et al. 2011) in Socorro, USA, for correlation processing. The integration time of the correlator is 2 s, which can reduce the time smearing effect. After this, the correlated data were sent to the China SKA Regional Centre (An et al. 2019) and were further processed using a VLBI data processing pipeline for the calibration of the visibility data and imaging. This pipeline is written in Python and executed in script. It uses Parseltongue as an interface to call programs from the Astronomical Image Processing System (AIPS) software package developed by the National Radio Astronomy Observatory (NRAO; Greisen 2003) to perform data calibration. The data in two bands were processed separately following the same procedure.
After loading the raw correlation data, the visibility amplitudes were calibrated using the antenna gain curves and the system temperatures measured at each telescope. We then checked the data quality and removed some obviously odd data points caused by observational failures and radio frequency interference. Throughout the data quality check, we used the Pie Town (PT) antenna as the reference antenna. Considering the weather information in the auxiliary tables, we corrected the data for ionospheric dispersion delay using the total electron content map obtained from the Global Navigation Satellite System (GNSS) data, and we also calibrated the atmospheric opacity effect on the visibility amplitude. For radio telescopes of azimuth-elevation mounted structures, the phase variations due to the temporal variation of the source parallactic angles were corrected as well. A fringe fitting was then performed on the bright fringe-searching source 3C345 arranged in the experiment, and the gain solutions we obtained were used to correct for instrumental delays and phase errors between different sub-bands,with the solutions applied to all the data. At the next step, we ran the global fringe fitting using the FRING task (Schwab & Cotton 1983) on the phase-reference calibrator J1427+2348, and the resulting gain solutions were interpolated and applied to all the data. Finally, the bandpass function of each antenna was solved by using the BPASS task and applied to calibrate the amplitude of all visibility data.
With the calibration procedures completed, the data of the phase-reference calibrator J1427+2348 were first exported as external single-source FITS files, averaged for each sub-band (128-MHz each) and 2-s sampling time to reduce the amount of data. The J1427+2348 data were then loaded into the DIFMAP software package (Shepherd et al. 1994) for self-calibration and imaging. After several iterations of hybrid mapping (Högbom 1974; Pearson & Readhead 1984), a high-quality image of the calibrator source was obtained. We then estimated the antenna-based gain correction factors, which primarily reflect the uncertainty in the amplitude of the visibility data associated with the antenna gain curves and the system temperatures. We found that the gain correction factor (gn) for most antennas deviated from the nominal value (=1.0) by no more than ±10%, with an average gain correction factor of ḡ = 0.05 with a standard deviation of 0.12 at 1.6 GHz, ḡ = 0.02 with a standard deviation of 0.07 at 4.9 GHz. Therefore, we adopted a mean amplitude calibration uncertainty of 5% for the VLBA visibility data. We applied the correction factors to the visibility amplitudes of all calibrators and the target source in AIPS. The calibrator model components generated in DIFMAP were imported into AIPS as input models for fringe fitting of the calibrator source data. This operation took into account the calibrator structure to improve the phase solutions because it is very important to improve the image quality of the target source when the calibrator is not very compact (see Fig. 1). Finally, the fringe-fitting solutions obtained for the phase-reference calibrator were interpolated to the target source data. We should note that J1427+2348 essentially presents a compact structure at 1.7 GHz, but exhibits a resolved structure at > 5 GHz: a core-jet structure extending to the south-east, but with a diffuse morphology in the jet beyond 2 mas. Simultaneous multi-frequency observations made by RATAN-600 show a steep radio spectrum above 5 GHz and a turnover below 5 GHz (Mingaliev et al. 2012), indicating an absorption of the compact core-jet structure at low frequencies. Therefore the calibration of the jet structure at 5 GHz is necessary, but not very relevant at 1.6 GHz. With the above calibration procedures, all calibrations were completed. Finally, after applying all calibration solutions to the target source, its visibility data were exported from AIPS and imported in DIFMAP for imaging.
2.2. EVN observation
The EVN observations were carried out from 2022 February 27 UT 21:30 to February 28 UT 3:00 at a central frequency of 1.66 GHz. e-VLBI mode was used in order to obtain observational results quickly (Szomoru et al. 2004). Fourteen telescopes participated in this observation (see Table 1). During the experiment, data from the radio telescopes were transferred in real time through a high-speed optical fiber network to the SFXC software correlator (Keimpema et al. 2015) for processing at the Joint Institute for VLBI European Research Infrastructure Consortium (JIVE) in Dwingeloo, the Netherlands. Data from some individual telescopes were first temporarily stored at the station due to network problems and transferred to JIVE via the internet within two weeks after the end of the observations. The observations were performed in phase-reference mode by rapidly switching the telescopes between the target and a nearby bright calibrator (J1427+2348). The phase errors in the visibility data caused by the atmosphere can be solved by observing the bright phase-reference calibrator and applying the solutions to the target source. The phase-reference cycle was 5 min (4 min on the target and 1 min on the calibrator) and repeated 53 times during a total of 5.5 h observing time to obtain a good (u,v) coverage.
The SDSS coordinate (J2000) of J1430+2303 was used for the pointing position of the EVN telescopes. While waiting for JIVE to perform the correlation process, our VLBA observational data were released on March 17, and they were subsequently processed to yield a successful detection of the compact component for J1430+2303. The position of the compact source deviates from the pointing position by about 1 arcsec. In order to obtain the best possible phase coherence and reduce the bandwidth smearing effect, we requested the JIVE to re-correlate the data at the VLBA peak position.
The correlated EVN data were transferred to the China SKA Regional Centre and processed following the same pipeline described in Sect. 2.1. The EVN and VLBA observations were made within 3 days of each other, and the same phase-reference source and the same cycle was used to facilitate comparison of the two 1.66-GHz observations. Figure 1 shows the images of the calibrator J1427+2348, with a complex jet morphology. The brightest central component is the radio core, with a peak flux density of about 250 mJy beam−1 at 1.6 GHz and ∼200 mJy beam−1 at 4.9 GHz. The L-band (1.6 GHz) images from the EVN and VLBA appear to be very similar. The core is surrounded by diffuse emission to the east, south, and west. The integrated flux densities of the core derived from two observations agree well, suggesting that the uncertainty of the visibility amplitude calibration is within a few percent. A subtle difference is that the EVN has a higher resolution and is able to reveal a more detailed clump-like structure. The 4.9-GHz image shows only the inner 8 mas core-jet structure, and the extended emission on a larger scale is resolved out or becomes too weak to be detected at 4.9 GHz because its spectrum is steep.
The amplitude self-calibration from the calibrator J1427+2348 yielded different antenna gain correction factors for individual antennas, in the range of 0.8–2.1. Compared with the VLBA telescopes, which have the same size and the same equipment, the performance of the heterogeneous EVN telescopes shows a relatively larger difference, as is also manifested in the amplitude measurement errors of different telescopes. We calibrated the EVN visibility data in AIPS using a median correction factor for each telescope. Moreover, we corrected the phase errors caused by the structure of the calibrator itself using the CLEAN model of the calibration source.
	[image: thumbnail]	Fig. 2. Natural-weighted images of three VLBI observations of J1430+2303. Left: EVN image at 1.66 GHz. Middle: VLBA image at 1.57 GHz. Right: VLBA image at 4.9 GHz. In each image, the bottom left ellipse is the shape of the restoring beam. The contour levels are 3σ × (−1, 1, 2, 4, 6, 8, 10, 20, and 40). The image parameters are listed in Table 2.



Table 2. 
Phase-reference imaging results of J1430+2303.

2.3. Model fitting and error estimate of fitted parameters
Because the target source is very weak, self-calibration is technically difficult. We performed only a few runs of CLEAN and used natural weighting for deconvolution imaging. A circular Gaussian brightness distribution model was used to fit to the visibility data (Pearson 1995) to quantitatively describe the size and flux density (Table 2). However, we find that after several tens of fitting iterations, the circular Gaussian often degenerates into a point source, that is, it has a very small size close to 0. This situation indicates that the radio source has a very compact emission structure and that the resolution of the VLBI image is not sufficient to resolve it. In this case, we cannot measure its size exactly, but only estimate an upper limit value based on the array configuration and the sensitivity of the image (Lobanov 2005). We used a method that takes both statistical and measurement errors into account to estimate the errors of the observational parameters. The error in the flux density is the root of the sum of the squares of the image noise and the visibility amplitude calibration error (see Sect. 2). The astrometric error of the absolute position of J1430+2303 is mainly sourced from the position error of the calibrator, which is about 0.1 mas.
3. Results
J1430+2303 may have multiple sources of radio emission: star formation activity, a weak jet, accretion-disc-driven winds or outflows, and an accretion disc corona (Panessa et al. 2019). The first source of emission (star formation) is on the galactic scale. In principle, the jet is able to extend from near the central engine up to kiloparsec scales, but most of the radio-quiet AGN jets are not powerful enough to break through the confinement of the host galaxy environment (≲1 kpc) (An & Baan 2012). The outflow mainly affects the broad line region (BLR) and narrow line region (NLR; Blundell & Kuncic 2007). The size of the corona is very small, but may extend to a fraction of 1 pc in some cases (Laor & Behar 2008). These sources of radio emission are mixed together, but they can be distinguished by morphology, size, brightness temperature, and spectral index.
3.1. Nature of the parsec-scale compact component
Figure 2 shows the images obtained from the EVN and VLBA observations. All images show a compact unresolved component. The difference between the peak positions (Table 2) in the 1.57 GHz VLBA and 1.66 GHz EVN images does not exceed 0.3 mas (three times the astrometric error; see Sect. 2). The difference between the peaks in the 4.9 GHz VLBA image and the 1.57 GHz VLBA image is slightly larger. In addition to the astrometric error, the differential optical depth at the two frequencies additionally contributes to the positional error. In the three figures, the noise is uniformly distributed, with average noise levels of 0.015 mJy beam−1 (EVN 1.66 GHz), 0.018 mJy beam−1 (VLBA 1.57 GHz), and 0.008 mJy beam−1 (VLBA 4.9 GHz). EVN has more antennas and contains large-diameter telescopes such as the Efflesberg 100m and Tianma 65m telescopes, so that the sensitivity of the EVN is slightly higher than that of the VLBA for the same frequency and observation configuration. The flux density of the EVN component is higher than that of the VLBA component at 1.6 GHz, and the difference is about four times the flux density uncertainty. The EVN and VLBA observations are very close in frequency and observation time. Rapid variability is very unlikely for such a radio-quiet AGN. This difference probably results from the observation and data calibration. That is, the correlation of the EVN data used the precise position obtained from the VLBA 4.9 GHz image (see Sect. 2.2), so that the coherence loss in the VLBA data may be the main reason that the flux density is lower than in the EVN data.
We have used the VLBI observational results to calculate the brightness temperature TB of the radio component (Condon et al. 1982), and the results are given in Table 2. As discussed above, the parsec-scale structure of this source is very compact and not resolved in our VLBI images, therefore we only constrained the upper limit of the source size from which the lower limit of TB is obtained. The 4.95 GHz VLBA image yields an upper limit for the component size of 0.5 mas (corresponding to a projected size of ∼0.77 pc). The EVN data give the highest TB limit, which is > 1.4 × 108 K. If a radio source is dominated by thermal emission, the maximum brightness temperature of a normal galaxy is ≲105 K (Condon 1992). The derived brightness temperature of ≳108 K for J1430+2303 significantly exceeds this brightness temperature threshold, and it is certain that the VLBI component in J1430+2303 is of non-thermal origin.
VLBI imaging observations of nearby Seyfert galaxies and radio-quiet AGN with the radio flux density > 1 mJy show that the majority of these sources are dominated by an unresolved radio core, and a few exhibit a compact symmetric object (CSO) morphology on scales of a few parsec (Blundell & Beasley 1998; Ulvestad et al. 2005). The fraction of the compact cores we detected has a tendency to increase with the total flux density (Blundell & Beasley 1998). The brightness temperatures of compact cores exceed 108 K (e.g., Blundell et al. 1996; Ulvestad et al. 2005). The brightness temperature of J1430+2303 is consistent with the temperatures of the typical Seyfert I galaxies and radio-quiet AGN, suggesting that they may have the same physical origin. Therefore, a natural explanation of the compact VLBI component detected in J1430+2303 is the radio core of the AGN.
In addition to the possibility of the radio core (an optically thick weak jet), there may be other origins of compact radio emission in the galactic nucleus. Ultrafast outflows have been observed in optical emission lines and X-ray continuum in J1430+2303, which may collide with the interstellar medium to produce shocks. In addition, flares produced during disc crossing or pericentre passage can also produce shocks in the corona (Jiang et al. 2022). All these shocks may produce synchrotron radiation in the radio band.
Although the high brightness temperature excludes optically thick thermal radiation, which cannot exceed the temperature of the ionised gas, the brightness temperature alone does not fully rule out the presence of compact optically thin thermal emission originated from ionised disc winds (Blundell & Kuncic 2007). The spectral index calculated from the VLBA observations taken one day apart is [image: equation] (the spectral index is defined as Sν ∝ να). The spectral index obtained from the EVN 1.66 GHz and VLBA 4.9 GHz observations three days apart is [image: equation]. Although the flux densities from the VLBA data may be slightly lower than the actual values because the pointing centre deviated by ∼1″ from the source position (see Sect. 2), both spectral indices consistently show a flat spectrum, so that the possibility of an optically thin steep-spectrum disc wind becomes implausible. Moreover, if wide-angle outflow structures were present, they would be resolved by the high-resolution VLBI into a number of clumpy features (see an exmaple in the superwind quasar PDS 456; Yang et al. 2021). However, this is obviously incompatible with the J1430+2303 VLBI images, which show a single compact component. These pieces of evidence do not favour the wide-angle outflow or wind interpretation.
A magnetically heated corona above the accretion disc can also produce radio emission, which has a very compact structure becaues the radiation region lies very close to the central engine, and it has a flat spectrum due to synchrotron self-absorption (Panessa et al. 2019). The radio source produced by the accretion disc corona resembles the radio core in many observational characteristics and is considered to be one of the origins of radio emission from radio-quiet AGNs. One criterion for identifying coronal activity is the radio to X-ray luminosity ratio, which satisfies the Güdel–Benz relation, that is, LR/LX ∼ 10−5 (Laor & Behar 2008). We examined the radio and X-ray data of J1430+2303 on 2022 March 2. The radio luminosity of the VLBI component is 3.9 × 1021 W Hz−1 at 4.9 GHz, consistent with the radio luminosities of nearby Seyfert galaxies, which are between 1020 and 1023 W Hz−1 (Ulvestad & Wilson 1989; Baldi et al. 2021). The X-ray luminosity in the 2–10 keV band is LX = 3.5 × 1043 erg s−1 on 2022 March 2. This gives LR/LX = 5.5 × 10−6, a factor of 0.55 of the Güdel–Benz relation (Laor & Behar 2008), suggesting that both radio and X-ray emission are likely to be from coronal activity.
Compact radio sources may also be young radio supernovae (RSNe), such as the RSNe observed in the southern nuclei of the dual AGN system NGC 6240 (Hagiwara et al. 2011). VLBI observations from the so-called supernova factories Arp 220 and Arp 299 show that the vast majority of RSNe have luminosities below 1020 W Hz−1, and only a very few are brighter than 1021 W Hz−1 (Ulvestad 2009; Varenius et al. 2019). The radio luminosity of RSNe is clearly not comparable with that of the J1430+2303 VLBI component. Moreover, RSNe usually have a steep spectrum (−0.7 <  α <  −0.5), which is not consistent with the flat spectrum of J1430+2303. This further rules out the possibility of a RSNe. To summarise, a consistent conclusion is obtained from the radio morphology, size, brightness temperature, radio spectral index, and radio-X-ray luminosity ratio that the compact component detected in the VLBI images is either a compact jet or associated with the corona.
3.2. Understanding the radio structure
In the previous section, we discussed the physical nature of the compact VLBI component. In this section, we study the radio emission on larger scales.
In parallel with the VLBI observations, we also carried out radio observations on the arcsecond scale to obtain the radio emission properties of the whole galaxy, including using the ATCA, JVLA, and uGMRT. The ATCA observations are the closest in time to the VLBI observations. The preliminary observational results from the ATCA have been reported in ATel#15267 (An et al. 2022). The observations were carried out on 2022 February 28 UT 15–21, and J1430+2303 is detected at all three frequencies of 2.1, 5.5, and 7.5 GHz. The flux density at 2.1 GHz is 0.76 ± 0.05 mJy. Recently, Bruni et al. (ATel#15306) reported an observation made with the e-MERLIN on 2022 March 28, detecting a compact source with a flux density of 0.73 ± 0.09 mJy at 1.5 GHz with a deconvolved size of 85 mas × 34 mas. Despite the difference in resolution, the measured flux density by e-MERLIN with sub-arcsec resolution is very consistent with those by ATCA and uGMRT around 1.5 GHz with arcsec resolutions, suggesting that there is only very small room for a > 100 mas scale extended emission contributed by galactic-scale star formation. This also indicates that the radio emission has remained stable over about one month after the latest optical and X-ray flares in the end of January (Jiang et al. 2022).
This e-MERLIN flux density is about 2.3 times the VLBA and EVN flux densities at 1.6 GHz, suggesting that about 40% of the radio emission of J1430+2303 comes from the compact feature within ∼0.8 pc of the nuclear region. The question now is where the remaining 60% of the radio flux density originates. We searched a larger region of 200 × 200 mas2 in the EVN and VLBA images centred on the location of the VLBI peak and found no other compact components above 5σ, except for the radio core. Therefore, the remaining radio emission is probably from a scale between 12 (the lowest resolution of the VLBA at L band) and 120 mas (the highest resolution of the e-MERLIN). Extended jets and extended NLR winds are both possible on this size scale. This is similar to multi-scale radio observations of other Seyfert galaxies, in which a flat-spectrum core contributes a large fraction of the total flux density at centimetre wavelengths (Ulvestad & Wilson 1989). The fraction of the radio core flux density seems to be correlated with the total flux density and observation frequency: the higher the total flux, the larger this fraction. At 4.9 GHz, a somewhat higher percentage of extended radio emission is resolved.
An extended jet is a natural explanation of the missing flux in VLBI images. First of all, it is certain that J1430+2303 lacks an extended jet on ≳100 pc scales. Compared to the highly relativistic jets in blazars, jets from radio-quiet AGNs have significantly lower kinetic power, a less collimated structure (or the jet direction varies), and they are likely to be intermittent (see Mrk 231 for a similar situation; Reynolds et al. 2009; Wang et al. 2021). On the other hand, J1430+2303 may have a stratified or structured jet, and the entrainment of gas from the NLR clouds or torus into the outer sheath of the jet may result in hydrodynamic instability and lead to the fragmentation of the jet flow (see an example of the disrupted jet in 3C 48; Wilkinson et al. 1991; An et al. 2010). These factors hamper the expansion of the low-power jet to large scales, confining the jet flow within a cocoon (e.g., Middelberg et al. 2007). On the one hand, mildly relativistic jets are continuously generated in the nucleus, and the brightness of the jet knot rapidly declines through adiabatic expansion as it moves outwards. On the other hand, shocks are formed at the interface with the cocoon in the direction of the jet, producing the lobe structure commonly seen in CSO galaxies (O’Dea & Saikia 2021). As a result, the radio structure consists of a central compact core, lobes at a few tens of parsec, and intervening invisible faint jets. e-MERLIN can detect all these emission features, but the extended lobes are completely resolved in the VLBI images. This type of structure is commonly seen in many Seyfert galaxies.
Alternatively, the nuclear outflows can produce the extended radio emission. The Sloan Digital Sky Survey spectrum of J1430+2303 exhibits blueshifted broad Hα emission line feature with a velocity offset of 2400 km s−1 (see Fig. 2 of Jiang et al. 2022), which in the SMBHB scenario is caused by the Doppler shift of the Hα line from BLR clouds as the secondary SMBH orbits the primary SMBH. The BLR clouds might be tidally disturbed and scattered by the primary black hole, resulting in additional high-velocity unbound components that may become ionised outflows driven by radiation pressure of the disc. High-velocity inflow and outflow components are also found in the X-ray continuum. Powerful high-speed AGN winds or outflows (e.g., Zakamska & Greene 2014; Nims et al. 2015; Nardini et al. 2015; Reeves et al. 2018) can generate shocks that may affect scales from a few parsec to 100 parsec and produce synchrotron radiation in radio. Shocks created from the interactions between parsec-scale winds or outflows with a dense external medium can be distributed over a large opening angle. For instance, the E and F clumps discovered in the Seyfert galaxy NGC 3079, which deviate from the jet direction, are considered to be rapidly cooling remnants of interactions of the outflow with the interstellar medium (Kondratko et al. 2005). Studying the energetics of the outflow at multiple bands can help confirm or rule out whether it can produce the observed radio luminosity.
3.3. Accretion state and jet-disc coupling
From the trajectory models that match the optical light curves, the evolution of the binary orbit predicts a merger time of about 3 years (Jiang et al. 2022). Ongoing X-ray monitoring shows the latest flare at the end of 2022 January, after which the X-ray brightness decreases. For the dates of the radio VLBI observations, 2022 February 27 and 2022 March 2, the X-ray luminosities are at a local trough, with X-ray luminosities of LX(2−10 keV) = 5.9 × 1043 erg s−1 and 3.5 × 1043 erg s−1, respectively.
The classical radio-loudness parameter R is defined as the ratio of two monochromatic fluxes R = f(6 cm)/f(4400 Å) (Kellermann et al. 1989), where R <  10 for radio-quiet AGN. The monochromatic flux density at rest-frame 4400 Å derived from optical spectra taken on 2022 February 28 is f(4400 Å) = 0.24 mJy, yielding a radio-loudness parameter of R ∼ 1. By definition, J1430+2303 is a radio-quiet AGN. Alternatively, the monochromatic luminosity at the 6 cm radio band and X-ray luminosity can be used to define the radio loudness (Terashima & Wilson 2003), RX = νLν(6 cm)/LX(2−10 keV). This gives a radio loudness of RX ∼ 10−5, again confirming the radio-quiet nature.
Previous studies have found a correlation between black hole accretion and jets, specifically, between the radio core luminosity at 5 GHz (LR), the X-ray luminosity (LX) at 2–10 keV, and the black hole mass (MBH), that is, the black hole fundamental plane (FP) relation (e.g., Merloni et al. 2003; Falcke et al. 2004),
[image: thumbnail](1)
The extended radio emission observed in radio-quiet AGN is associated with a relic from earlier radio activity, and it is not a contemporaneous event with the current X-ray activity. Therefore, we used the radio luminosity LR obtained from the VLBI measurements, which is much closer to the recent X-ray activity. Substituting the observed X-ray luminosity and M ∼ 108 M⊙ (Jiang et al. 2022) into the black hole FP relation, we find that the inferred radio flux density is more than one order of magnitude higher than the observed value. This discrepancy may be related to the enhanced X-ray luminosity during the coalescence phase that is used in the calculation. If we substitute the observed radio luminosity into Eq. (1), we obtain an X-ray luminosity that is two orders of magnitude lower than the observed value, which could be the quiescent-state X-ray luminosity and needs to be confirmed by future X-ray observations. We note that the data points presented in Merloni et al. (2003) for fitting the FP relation can vary by more than one order of magnitude, so that the physical implication that can be drawn from the mismatch obtained here is unclear.
On the other hand, the black hole FP relation is affected by various AGN sample properties (e.g., radio spectral index or beaming effect) and different AGN accretion states (high or low states). Under the assumption of a scale-invariant jet, the relation is based on the existence of a coupling between the radiatively inefficient accretion flow and the jet, independent of the jet model, and on the assumption that the correlation coefficient depends only on the spectral index of the synchrotron radiation and the accretion mode. Whereas Seyfert galaxies are typically thought to contain radiatively efficient discs, the FP of Seyfert galaxies may not be the same as that obtained from low-luminosity AGN (Gültekin et al. 2019). If two black holes are present, the sources of X-ray and radio emission remain rather uncertain for the particular AGN studied here. Future multi-band observations may help understand the origin and location of the emitters.
For X-ray binaries, observations indicate that the radiatively inefficient accretion flow can produce a weak steady jet when the accretion rate or X-ray emission is low; when the accretion state becomes higher to allow stronger X-ray emission, the jet production is suppressed. When the binary black holes merge, the accretion flow is likely significantly disturbed and later on settles to a new stationary state. A new transient jet may be produced at that time. Our current VLBI observations provide the necessary information for understanding the entire pre-merger radio emission of the SMBHB.
4. Conclusions
We have conducted observations of J1430+2303 using the European VLBI Network and the Very Long Baseline Array and obtained high-resolution images of this source for the first time. The main results and conclusions of this paper are summarised below.

	
A highly compact radio component with a brightness temperature higher than 108 K and a flat radio spectrum is consistently detected in all three VLBI images. Based on its radio morphology, size, brightness temperature, and radio spectrum, we identify the VLBI component as an optically thick jet (i.e., a radio core) and/or a corona.



	
The precise position of the nucleus with an accuracy of 0.1 mas is determined, paving the way for future VLBI monitoring.



	
Approximately 40% of the total radio flux comes from the compact component revealed in the VLBI images. The remaining 60% of the flux density may come from extended radio lobes that extend to a few tens of parsecs from the nucleus, from the resolved outer layer of the structured jet, or from shocks generated by high-speed ionised outflows in the NLR.



	
A mildly relativistic jet such as that in J1430+2303 may be confined within the NLR of the host galaxy. Similar observations have been found in other radio-quiet AGNs and radio-intermediate AGNs (e.g., Mrk 231). In contrast, powerful Fanaroff–Riley I type jets, even if the jets have experienced strong interactions with the interstellar medium and lost a fraction of their mechanical energy (e.g., the distorted jet in 3C 48), still have high enough momentum to break through the interstellar medium to reach beyond 1 kpc.



	
Based on the black hole FP relation, the X-ray luminosity estimated from the VLBI radio luminosity and black hole mass is two orders of magnitude lower than the observed values, and it may be associated with the radiatively inefficient accretion flow and not be identical to the currently active X-ray emission source(s). As the SMBHB coalescence is completed, a stable accretion disc will form and the accretion state may change significantly, resulting in a possible jet after the coalescence.




The combined multi-band observations on future disc crossing events will be able to give a more stringent constraint on the SMBHB evolutionary model. In the coming years, continued radio spectrum and VLBI imaging observations will provide key observational information to track the last moments before the binary SMBH coalescence.


1 http://astrogeo.org maintained by L. Petrov.
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	[image: thumbnail]	Fig. 1. Natural-weighted images of the phase-reference calibrator J1427+2348. In each image, the bottom left ellipse is the shape of the restoring beam. The colour bar denotes the brightness. Left: EVN image at 1.66 GHz. The rms noise is 0.05 mJy beam−1, and the beam size is 7.7 × 2.9 mas2 at a position angle of 13.4°; middle: VLBA image at 1.57 GHz. The rms noise is 0.05 mJy beam−1, and the beam size is 11.7 × 5.5 mas2 at a position angle of 1.6°; right: VLBA image at 4.9 GHz. The rms noise is 0.04 mJy beam−1, and the beam size is 3.9 × 1.7 mas2 at a position angle of −1.3°. The lowest contours represent five times of the background rms noise, and the contour levels increase by a factor of 2.
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	[image: thumbnail]	Fig. 2. Natural-weighted images of three VLBI observations of J1430+2303. Left: EVN image at 1.66 GHz. Middle: VLBA image at 1.57 GHz. Right: VLBA image at 4.9 GHz. In each image, the bottom left ellipse is the shape of the restoring beam. The contour levels are 3σ × (−1, 1, 2, 4, 6, 8, 10, 20, and 40). The image parameters are listed in Table 2.
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        Natural-weighted images of the phase-reference calibrator J1427+2348. In each image, the bottom left ellipse is the shape of the restoring beam. The colour bar denotes the brightness. Left: EVN image at 1.66 GHz. The rms noise is 0.05 mJy beam−1, and the beam size is 7.7 × 2.9 mas2 at a position angle of 13.4°; middle: VLBA image at 1.57 GHz. The rms noise is 0.05 mJy beam−1, and the beam size is 11.7 × 5.5 mas2 at a position angle of 1.6°; right: VLBA image at 4.9 GHz. The rms noise is 0.04 mJy beam−1, and the beam size is 3.9 × 1.7 mas2 at a position angle of −1.3°. The lowest contours represent five times of the background rms noise, and the contour levels increase by a factor of 2.

      

    

  
    
      Table 1. 

      Observation setup of the VLBA sessions on J1430+2303.

      
        


	Session
	Date
	νobs
	Timeobs
	Bandwidth
	Antennas
	PR calibrator



	
	Y-M-D
	(GHz)
	(hour)
	(MHz)
	





	RS005
	2022-02-27
	1.66
	5.5
	256 MHz
	Ef Mc O8 Tr Wb Nt T6 Ur Hh Sv Zc Bd Ir Jb
	J1427+2348



	BA154A
	2022-03-02
	1.57
	4.5
	512 MHz
	SC,FD,LA,BR,HN,NL,PT,KP,OV,MK
	J1427+2348



	BA154B
	2022-03-03
	4.90
	4.5
	512 MHz
	SC,FD,LA,BR,HN,NL,PT,KP,OV,MK
	J1427+2348





      

      
Notes. The EVN telescopes participating in RS005 are Jodrell Bank Mk2 (Jb, UK), Westerbork (Wb, The Netherlands), Effelsberg (Ef, Germany), Medicina (Mc, Italy), Noto (Nt, Italy), Onsala 25-m (O8, Sweden), Toruń (Tr, Poland), Irbene 32-m (Ir, Latvia), Svetloe (Sv, Russia), Zelenchukskaya (Zc, Russia), Badary (Bd, Russia), Tianma (T6, China), Hartebeesthoek (Hh, South Africa). The VLBA telescopes participating in these observations are BR (Brewster,), FD (Fort Davis), HN (Hancock), KP (Kitt Peak), LA (Los Alamos), MK (Mauna Kea), NL (North Liberty), OV (Owens Valley), PT (Pie Town) and SC (Saint Croix).
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        Natural-weighted images of three VLBI observations of J1430+2303. Left: EVN image at 1.66 GHz. Middle: VLBA image at 1.57 GHz. Right: VLBA image at 4.9 GHz. In each image, the bottom left ellipse is the shape of the restoring beam. The contour levels are 3σ × (−1, 1, 2, 4, 6, 8, 10, 20, and 40). The image parameters are listed in Table 2.

      

    

  
    
      Table 2. 

      Phase-reference imaging results of J1430+2303.

      
        


	Freq.
	Speak
	Stot
	Position (J2000)
	Beam
	rms
	Dsize
	Tb



	(GHz)
	(mJy beam−1)
	(mJy)
	
	(mas × mas, °)
	(μJy beam−1)
	(mas)
	(107 K)





	1.57 (VLBA L band)
	0.22 ± 0.02
	0.23 ± 0.03
	14:30:16.04096, +23:03:44.5387
	11.7 × 5.1, 1.6°
	18
	< 2.2
	> 2.9



	1.66 (EVN L band)
	0.30 ± 0.02
	0.30 ± 0.03
	14:30:16.04095, +23:03:44.5391
	7.6 × 2.9, 13.5°
	15
	< 1.0
	> 14.0



	4.90 (VLBA C band)
	0.24 ± 0.02
	0.24 ± 0.02
	14:30:16.04093, +23:03:44.5390
	3.9 × 1.7, −5.4°
	8
	< 0.5
	> 5.9
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