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Abstract

We present the first near-infrared interferometric data of a QSO at z = 4. The K-band observations were performed with GRAVITY+ on the VLTI using all four UTs, detecting a differential phase signal that traces the spatially resolved kinematics for both the Hβ and Hγ lines in the broad-line region (BLR). We fit the two lines simultaneously with an updated model that includes distinct rotating and conical outflowing components. For the best-fit model, more than 80% of the H I line emission from the BLR originates in an outflow with a velocity up to 104 km s−1. This is oriented so that our line of sight is along an edge of the conical structure, which produces the prominent blue wing on the line profile. A combination of anisotropic line emission and mid-plane opacity leads to the single-sided phase signal. The model is able to qualitatively match both the outflowing C IV line profile and the systemic O I fluorescent emission. The black hole mass of 8 × 108 M⊙ that we derive is the highest redshift black hole mass measurement to date obtained directly from BLR dynamics. It is an order of magnitude lower than that inferred from various single epoch scaling relations, and it implies that the accretion is highly super-Eddington. With reference to recent simulations, the data suggest that this QSO is emitting close to its radiative limit in a regime where strong outflows are expected around a polar conical region.
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1. Introduction
The cosmic epoch at 3 ≲ z ≲ 5 marks a key period between the end of reionisation at z ≳ 6 (Robertson 2022; Loeb & Barkana 2001) and the most active phase of galaxy formation at cosmic noon around z ∼ 2 (Förster Schreiber & Wuyts 2020; Tacconi et al. 2020). There is an increasing interest in spatially resolving the molecular and ionised emission lines in galaxies on kiloparsec scales during this epoch (Le Fèvre et al. 2020; Wylezalek et al. 2022; Galbiati et al. 2023; Herrera-Camus et al. 2025; Übler et al. 2024) because doing so can provide insights into the processes that have shaped the Universe into what it is now. The role of active galactic nuclei (AGNs) is equally important because the black hole accretion rate rises rapidly during this epoch until it peaks around the same time as galaxy formation (Aird et al. 2015; Kim et al. 2024). Indeed, the major impact that feedback from AGNs can have on galaxy growth (Fabian 2012; King & Pounds 2015; Fan et al. 2023), and the existence of local relations between black hole mass and their host galaxy properties (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Gültekin et al. 2009; McConnell & Ma 2013; Saglia et al. 2016), indicate that supermassive black holes should co-evolve with galaxies (Kormendy & Ho 2013; Heckman & Best 2014).
Observations with JWST, as nicely illustrated by Adamo et al. (2025), have recently highlighted a population of AGNs with luminosities overlapping those of local Seyfert nuclei that span the entire redshift range from cosmic noon to reionisation (Kocevski et al. 2023; Übler et al. 2023; Greene et al. 2024; Maiolino et al. 2024; Matthee et al. 2024; Suh et al. 2025; Juodžbalis et al. 2025; Scholtz et al. 2025). The data have unexpectedly indicated that compared to local relations, these black holes are overmassive with respect to their host galaxies. The implication is that they must have grown very rapidly, requiring sustained near-Eddington or even super-Eddington accretion, depending on the mass of the seed black holes (Kokorev et al. 2023; Larson et al. 2023; Bogdán et al. 2024; Jeon et al. 2024; Maiolino et al. 2024; Mehta et al. 2024; Suh et al. 2025). However, concerns have been raised about the scale of uncertainties on both the black hole mass and host galaxy mass estimates, and on the use of scaling relations to derive black hole masses (Lambrides et al. 2024; Lupi et al. 2024; Adamo et al. 2025; Bertemes et al. 2025).
Complementary to these efforts are studies focussing on highly luminous QSOs, which are expected to drive the powerful outflows that have the greatest impact on host galaxy evolution (Bischetti et al. 2017). Such QSOs are inferred to have black hole masses of MBH > 109 M⊙, with a significant fraction close to 1010 M⊙, and to radiate at around their Eddington luminosity (Vietri et al. 2018). The mass outflow rates derived from the prominent broad [O III] lines exceed 1000 M⊙ yr−1 and have kinetic energies around 1% of the bolometric luminosity. Vietri et al. (2018) showed that they follow the expected trend (Sulentic et al. 2011; Sulentic & Marziani 2015), where those exhibiting prominent [O III] have moderately strong C IV emission with a modest blue-shift, while QSOs without such strong [O III] emission have weaker C IV that is more strongly blue-shifted. These authors argued that this could be due to orientation effects that impact observation of the outflows in the broad-line region (BLR); and a comparison of the C IV blue-shift and full width half maximum (FWHM) led them to propose that the line profile is a combination of virialised and polar outflowing components. Extremely luminous QSOs at z ∼ 3 have also been targeted by mid-infrared JWST observations with the aim of resolving the host galaxy (Wylezalek et al. 2022; Vayner et al. 2024). The data have revealed extended [O III] emission in the host galaxies, the outflows, and the circumgalactic medium.
While the properties of outflows on large scales correlate with AGN luminosity, there are also significant departures, for example, due to the short timescale variability of AGNs, which can lead to a wide range of mass loading factors (Zubovas & Nardini 2020). Similarly, how the outflow is driven, the relative importance of different gas phases, the role of dust, and the degree of clumpiness can all impact the outflow properties, and the impact may change with distance from the AGN (King et al. 2011; Faucher-Giguère & Quataert 2012; Zubovas & King 2012; Somerville & Davé 2015; Ward et al. 2024). As such, resolving structures in these massive outflows nearer to their launching sites is central to understanding them, but doing so requires additional techniques due to the extremely small scales involved. Velocity resolved reverberation mapping (RM) of nearby AGNs has shown that there can be an outflow component to the BLR (Denney et al. 2009; Grier et al. 2013; Du et al. 2016a). More recently, near-infrared interferometry with GRAVITY has been used to spatially resolve the BLR (GRAVITY Collaboration 2018, 2020, 2021), showing that in some local AGNs, outflows can dominate the BLR kinematics (GRAVITY Collaboration 2024a). A QSO at z ∼ 2 has now been observed with the same technique, resolving the BLR kinematics in a highly accreting QSO (Abuter et al. 2024). Observations of several more luminous QSOs at the same epoch have revealed clear signatures of radial flows in a significant fraction of their BLRs (GRAVITY+ Collaboration et al., in prep.).
In this paper we take the next step towards higher redshifts and present interferometric data from GRAVITY+ that resolve the BLR in SMSS J052915.80-435152.0 (hereafter J0529), a highly luminous QSO at z = 3.96 (Wolf et al. 2024). Our focus is two-fold. One aspect is to probe the AGN-driven outflow on sub-parsec scales, where a broad-line region outflow may be launched. The other is to make a dynamical estimate of the black hole mass as part of a larger effort to understand whether the scaling relations derived locally can be reliably applied at high redshifts and, if needed, re-calibrate those relations. Our observations are presented in Sect. 2. We provide a context for our analysis in Sect. 3 by reporting the BLR size and black hole mass expected from scaling relations. We then describe our BLR model in Sect. 4 and present our fitting results in Sect. 5, where we speculate about why they differ so significantly from the scaling relations, and showing how the model can be used to match other emission lines. We summarise our results in Sect. 7.
2. Observations and data reduction
The data analysed here were obtained with GRAVITY (GRAVITY Collaboration 2017) as part of programme 114.27UV. They make use of the dual field mode of GRAVITY-wide (GRAVITY+ Collaboration 2022) and the new adaptive optics modules (GRAVITY+ Collaboration 2026), which are upgrades towards GRAVITY+. As used here, GRAVITY combines the light of all four 8-m UTs of the VLT to probe spatial scales of milli-arcseconds and perform spectro-astrometry at 10 micro-arcsec levels.
The data were obtained on five nights from September to December 2024 with typical seeing (at zenith, and at 500 nm) on different nights of 0.5″ and 0.7″, and coherence timescales of τ0 = 5 − 10 ms. The MEDIUM-COMBINED dual-field wide mode was used, providing medium (R ∼ 500) spectral resolution and combining the polarisations, and with more than 2″ between the science target and fringe tracking reference star. A total of almost 7.8 h integration was obtained in 64 exposures as shown in Table 1. After processing the data with the GRAVITY instrument pipeline (v. 1.7.0b1), particularly noisy datasets were rejected, reducing the number used from 64 to 59. An additional step was also made to compensate the wavelength dependent variability caused by the dispersion of air in the non-vacuum delay lines as described in Appendix A of GRAVITY Collaboration (2020), using updated components calibrated from GRAVITY-wide observations. Due to the limited signal-to-noise of individual science frames, it was applied on a night-by-night basis: the scaling derived from the combined frames on each night (excluding spectral regions near the Hβ and Hγ lines) was applied to each of those frames individually. Although this approximation cannot take into account changes in delay line length due to tracking, it appears to be sufficient in these circumstances. The resulting differential phase spectra from all nights were then combined with equal weighting, after rejecting (at most a few) deviant values in each spectral channel.
Table 1. 
Observing log.

An additional K-band spectrum was obtained with the ERIS adaptive optics imager and spectrometer (Davies et al. 2023) as part of programme 112.25M3. ERIS includes an integral field spectrometer (SPIFFIER) which was used here in seeing limited conditions (0.71″ at zenith and 500 nm) with the largest 8″ field of view, and the K-band grating covering 1.96–2.45 μm at a resolution of R ∼ 5000. The data were taken as 11 dithered exposures of 300 s, yielding a total integration time of 55 mins, and reduced with the ERIS instrument pipeline (v 1.6.4). Verification of the wavelength calibration was performed using OH sky emission lines. Telluric correction and flux calibration were performed using the B9 IV standard star HD 38343 which has K = 7.87 mag. Following this, additional steps were performed to interpolate over the noisiest pixels in the datacube and reduce wavelength dependent variations in the background level. The flux density of the QSO was measured from a spectrum extracted in a large 1.25″ aperture, yielding K = 13.88 mag.
2.1. Image
An image was extracted from the datacube by summing channels in the range 2.028–2.290 μm, indicating that the spatial resolution achieved on the QSO itself in the K-band was 0.43″. The image is shown in Fig. 1 on a logarithmic scaling to highlight faint sources. The QSO shows no sub-structure, and the only other source in the field is the M dwarf star previously noted by Wolf et al. (2024) a few arcseconds north of the QSO. This strengthens the assessment made by those authors that there is no sign of strong lensing, and hence the luminosity is intrinsic.
	[image: thumbnail]	Fig. 1. K-band image of J0529 from ERIS. The six yellow crosses indicate regions where the sky background is affected, at a very faint level, by the in-frame dithering. The QSO shows no structure indicative of strong lensing, and the only other source in the field is the M dwarf star about 3″ away and 4 mag fainter.



2.2. Spectral decomposition
A final spectrum with higher signal-to-noise (S/N) of ∼85 (but slightly lower flux) than that above was extracted in a 0.62″ aperture better matched to the FWHM. This is used to recover the spectral profile of the broad H I lines, which requires decomposition of the spectrum in order to deblend them from the Fe II features which are known to be strong in highly accreting QSOs (Boroson & Green 1992; Du et al. 2016b). Since it is already clear from Fig. 2 that the H I lines have a prominent blue wing, we fit these with a pair of Gaussians. This is done solely to match the overall profile and we do not consider the Gaussians individually. We used the same velocity profile for both H I lines, which is not physically required but is necessary due to limitations of the data. In addition we required zero velocity offset between the H I lines, which was an important constraint on the fit. The reason is that the blue wing of the Hγ line is strongly blended with Fe II and so is primarily constrained by the Hβ line. On the other hand the red side of the Hγ line does provide a primary constraint, whereas the Hβ line is affected by both atmospheric absorption (leading to narrow features and also affecting the slope) and potentially some emission from a blue-shifted wing of [O III] line emission, the peak of which would be just out the spectral range. While we do not have direct evidence of [O III] (and indeed the [O III] line at 4363 Å is not detected although it is expected to be 10–100 times weaker), in luminous high-z samples it can be associated with an outflow as indicated by the strong blue-shifted C IV emission described in Sect. 6 (Marziani et al. 2017). The intrinsic continuum is expected to be a power law, but over this narrow wavelength range we have adopted a linear function. We consider several templates for the optical Fe II emission, including those based on I Zw 1 (Véron-Cetty et al. 2004), Mrk 493 (Park et al. 2022), a composite based on several QSO spectra (Tsuzuki et al. 2006), and an adaptable template derived from multiple AGNs (Kovačević et al. 2010). After trying these options, we adopted the template from Park et al. (2022) because it provides the best match to the Fe II emission on the blue side of the Hγ line; in other regions the templates were equivalently good. Although the properties of the Fe II complex were not tied to the Balmer lines, the broadening of ∼1500 km s−1 FWHM is comparable to the width of the Balmer lines as one would expect if they arise in similar locations (Hu et al. 2015). Finally, specific features in the spectrum that were clearly due to atmospheric effects were excluded during the fitting process. The resulting fit has χred2 = 0.96. The observed spectrum and its model fit, showing the contribution of the Fe II template and H I line profiles, are shown in Fig. 2.
	[image: thumbnail]	Fig. 2. K-band spectrum of J0529 from ERIS. The upper panel shows the data (blue; the narrow features at the long end of the band are due to imperfect atmospheric correction) and the fit (orange), with the H I lines marked (the location of the [O III] lines are also marked; the 4363 Å line is expected to be 10–100 times weaker than those at 4959 Å and 5007 Å, the peaks of which are out of the spectral range). Also shown are the atmospheric transmission and the residual, indicating which regions have been excluded from the fit. The lower panel shows the components of the fit: the H I lines (black), Fe II complex (red), and a component that represents either poor slope correction at the band edge (as seen also at the short end of the band) or a possible blue wing on the [O III] line.



3. Emission lines: Inferences and comparisons
From the spectral fit described above, we calculate a line luminosity1 of LHβ = 2.0 × 1045 erg s−1, and can extrapolate the optical continuum luminosity to be λLλ = 2.3 × 1047 erg s−1 at 5100 Å. The equivalent width of Hβ is ∼200 Å in the observed frame and hence ∼40 Å in the rest frame, putting it within the typical range of 20 − 80 Å found for most QSOs (Osterbrock 1978; Hu et al. 2008).
The line ratio Hγ/Hβ = 0.33 is lower than the value of 0.47 for case B recombination at 104 K (Osterbrock 1989). It is also marginally lower than the range of values 0.45 ± 0.08 reported by La Mura et al. (2007) for broad line AGN, although it is consistent with the lowest values these authors found for several of their sample. We note that Hδ is within our spectral range, and we find2Hδ/Hβ = 0.04 which is slightly less than the lowest values reported by the same authors. As such the line ratios appear physically plausible, and indicate that there might be some modest extinction towards the broad lines.
The full line profile has FWHM = 3907 km s−1 and σ = 2820 km s−1 so that FWHM/σ = 1.39. This ratio, has been discussed significantly in the literature (Collin et al. 2006) and is known to vary between AGN. The value we find is significantly lower than the canonical value of 2 often adopted for local AGN when deriving scaling relations (Collin et al. 2006; Woo et al. 2015), and is a direct result of the blue wing on the line profile.
We also calculated the ratio3 ℛFe = FFe/FHβ where FFe is the flux of Fe II in the range 4434–4684 Å (Du & Wang 2019). As noted above, this is indicative of the accretion rate Ṁacc and, in a sample of AGN selected to be super-Eddington, Du & Wang (2019) find many of their objects have ℛFe ≳ 1. Despite the high luminosity of J0529, our value of ℛFe = 0.32 is modest compared to that sample.
The estimates above for the optical continuum luminosity and broad line luminosities and widths, enable us to make use of scaling relations to estimate both RBLR and MBH. These single epoch estimates provide a context for the dynamical modelling that we perform on the GRAVITY+ data in Sect. 5.
3.1. Broad-line region size from scaling relations
We derived the BLR size RBLR from four different relations and summarised them in Table 2. One of the best known RBLR − LAGN relations between the AGN luminosity and size of the BLR is that of Bentz et al. (2013). The AGN luminosities were derived using a surface brightness decomposition to correct for the host galaxy; and the BLR sizes were derived from a simple measure of the time lag obtained from RM. An emphasis to AGN with high accretion rates was given by Du et al. (2018), who derived different relations depending on the accretion rate. We show here the relation for both lower and higher accretion rates, which yield very different results. We also consider a version of that relation which was updated by Du & Wang (2019) to include an explicit correction for the accretion rate via the ℛFe parameter. For J0529 this provides a substantial reduction to the inferred BLR size compared to Bentz et al. (2013), although for J0529 the ℛFe correction itself is only a 25% effect. Finally, we consider estimates from Woo et al. (2024) who provided two fits. We include both, one based on a combination of 47 AGN from two specific samples, and one derived from 240 AGN that are mostly from different sources in the literature. These authors found no strong ℛFe-dependent deviation from a RBLR − LAGN relation, but they did note that the slope of the relation is likely to be shallower than what is popularly used. These differences highlight the uncertainties associated with employing scaling relations. Since there is also a scatter (typically reported as ∼0.2 dex) associated with each relation, here we can conclude only that RBLR is likely in the range of 0.5–1.7 pc.
Table 2. 
Broad-line region size estimates from Hβ scaling relations.

3.2. Black hole mass from scaling relations
In a similar approach, we estimate the black hole mass MBH from several different relations which are summarised in Table 3. The mass reported by Wolf et al. (2024) in their discovery paper was log MBH/M⊙ = 10.24 based on both modelling of the continuum shape and use of the C IVλ1549 and Mg IIλ2799 line widths. A recent re-assessment of the use of Hβ to estimate MBH was provided in Eq. (38) of Dalla Bontà et al. (2020), who included a (statistical) correction for Eddington ratio λEdd. These authors also argued that the dispersion σ is a less biased tracer of the line width than FWHM (although use of σ for profiles with Lorentzian-like wings also poses difficulties, Santos et al. 2025); and prefer to use the line rather than continuum luminosity in order to avoid bias from core dominated radio sources. An important part of the relation is converting the virial mass into a black hole mass via the f parameter, and Dalla Bontà et al. (2020) adopt log f = 0.683 from Batiste et al. (2017). For J0529, the inferred black hole mass is log MBH/M⊙ = 10.43, which is high probably because of the bias on both the line dispersion and luminosity caused by the blue wing. An earlier relation which did not attempt to make any corrections, and was based on the RBLR − LAGN relation of Bentz et al. (2013), is given as Eq. (2) of Woo et al. (2015), for which they adopt log f = 0.05 (a very different value than used by Dalla Bontà et al. (2020), emphasising that it depends on how the scaling relation is set up and whether FWHM or σ is used). From this relation we infer a value of log MBH/M⊙ = 10.16 using the full line profile. Reines et al. (2013) derived a relation based on the continuum luminosity and FWHM of the Hβ line, providing conversions for these quantities to Hα luminosity and FWHM in Eqs. (2) and (3). This also builds on the RBLR − LAGN relation of Bentz et al. (2013), and uses the conversions to Hα from Greene & Ho (2005). We can put our measured values into those equations, apply the conversions, and hence estimate a mass from their Eq. (5). Doing this, and noting that they use log f = 0, yields log MBH/M⊙ = 9.87. The final relation we consider is Eq. (4) from Vietri et al. (2020) which was applied to luminous QSOs at z ∼ 2, and which was taken directly from Eq. (2) in Bongiorno et al. (2014) where it was applied to X-ray obscured red QSOs at 1.2 < z < 2.6. As for the previous relation it uses FWHMHβ and L5100, yielding log MBH/M⊙ = 9.58. The conclusion here is that MBH is associated with even more uncertainty than RBLR, and that there may be a systematic difference when using σ vs FWHM. For J0529 the scaling relations tend to give values around log MBH/M⊙ ∼ 10.
Table 3. 
Black hole mass estimates from Hβ scaling relations.

4. Description of the broad-line region model
We make use of the phenomenological model described by Pancoast et al. (2014), our implementation of which is given in detail in GRAVITY Collaboration (2020) with summaries in GRAVITY Collaboration (2021) and GRAVITY Collaboration (2024a). The model implements the BLR as an ensemble of clouds moving in the potential of the central black hole. Physically, clouds in the BLR are likely to be transient objects, plausibly formed by shock compression due to gas collisions on small scales (as has been adopted to model the ISM on scales of ∼1–10 pc in AGN, Vollmer et al. 2018). However, irrespective of the true nature of the clouds, in our phenomenological model the use of the term is for convenience. The clouds should be taken to represent line emitting test particles rather than physical entities, because the model parametrises the distribution and kinematics of the line emission rather than the entire gas content of the BLR.
The model of Pancoast et al. (2014) is a good representation of the physics motivating the Failed Radiatively Accelerated Disk Outflow (FRADO) model, proposed by Czerny & Hryniewicz (2011) and developed by Czerny et al. (2017) and Baskin & Laor (2018). In this approach, the anisotropic emission from the accretion disc and the effects of shielding enable dust to exist in a thin disc at radii smaller than the nominal sublimation radius. The radiation pressure from the hot disc can accelerate a dusty gas cloud vertically until it has a direct line of sight to the accretion disc. At this point the dust sublimates, and the cloud continues ballistically before falling back down to the disc. The BLR therefore forms a flared region above the disc plane, as proposed by other authors (Goad et al. 2012; Ramolla et al. 2018; Hopkins 2025). These models are consistent with the dust having a bowl-shaped form that was proposed to explain the difference in dust sizes between interferometric and reverberation mapping measurements (GRAVITY Collaboration 2024b).
A limitation of the FRADO model is that it only considers vertical motion of the clumps, and does not address their radial motion. Once clouds are driven high enough that the dust sublimates, the direct line of the sight they have to the AGN is also expected to lead to an outward acceleration. This may be either by UV-line driving, as is believed to be happening for ultra fast outflows (UFOs) from the accretion disc (Mizumoto et al. 2021), or as a magneto-centrifugal wind (Emmering et al. 1992), which has also been proposed as an outflow mechanism on 1–10 pc scales (Vollmer et al. 2018). The BLR outflow will form part of a hierarchy of outflows, located between the small scale UFOs and the radiatively driven outflow that accelerates dusty gas to create geometrically thick obscuration (Ramos Almeida & Ricci 2017; Chan & Krolik 2017; Hönig 2019). Physically, and based on simulations (Kudoh et al. 2023, 2024; Hopkins et al. 2025; Hopkins 2025), one would expect outflow to be driven at the surface of the BLR and inflow to occur closer to the disc plane. However, in the Pancoast et al. (2014) model, radial motions are included in a way that allows a fraction of the clouds throughout the bulk of the BLR to be either all inflowing or all outflowing (and unbound) on trajectories that are essentially radial.
In order to better physically motivate the way radial flows are handled in our phenomenological model, we updated its implementation while keeping the model as simple as possible. The original flared disc model is used to represent the static part of the BLR described by Czerny et al. (2017) and Baskin & Laor (2018). It is unchanged except that outflows are excluded, while inflow is, in principle, allowed. However, after initial iterations of the model, it was clear that for J0529 the fraction of inflowing clouds was small enough that, for simplicity, it could be excluded entirely with negligible impact. Thus, in this case, the motions in the discy part of the model are purely rotational.
A specific outflow component was added as an additional wedge that extends above the upper surface of the flared disc, as shown in Fig. 3. Again, to avoid including more free parameters, we assumed that the outflow and the disc components are spatially connected. This assumption represents the concept put forward by Elvis (2000) as well as the outflowing part in the simulations of Kudoh et al. (2023, 2024), and Hopkins et al. (2025), and it has been modelled explicitly by Yong et al. (2017, 2020). The total angular height of the BLR is then the sum of θ0 for the flared disc and θt for the outflow. Thus a situation where θ0 + θt = 90° would mean that there are clouds on orbits perpendicular to the disc plane.
	[image: thumbnail]	Fig. 3. Sketch of the modified BLR model. Only the half of the BLR above the disc plane is shown; it is symmetric below the plane, with the emission potentially modified by anisotropy and mid-plane opacity. The lower part with a flare angle, θ0, corresponds to a rotating disc; the upper part with a flare angle θt can be outflowing.



Clouds in the outflow are required to rotate around the central black hole with the same circular velocity they would have if they were in the midplane at the same projected radius. They are also outflowing with a radial velocity Vout(r). The original model defined the outflow velocity at a radius r to be the same as the escape velocity [image: equation] at that radius. A couple of examples show that this was a reasonable assumption. For RBLR and MBH derived in NGC 3783 (GRAVITY Collaboration 2021), where about half the clouds are on unbound orbits, Vesc = 5700 km s−1 at the average radius of the BLR is only a factor two to three greater more than the 1800 km s−1 FWHM and within the full line profile; Similarly, for the nominal size (1 pc) and mass (1010 M⊙) inferred in Sect. 3 for J0529, Vesc = 9400 km s−1 is only a factor of a few greater than the dispersion of the line profile including the blue wing. However, the assumption that Vout = Vesc is also a limitation, and can lead to unphysical geometries for prominent fast outflows for which the model is not suited. Rather than follow the same prescription for Vout we apply an improvement suggested by Pancoast et al. (2014) to link it to the escape velocity at the wind launching radius (Murray et al. 1995; Long et al. 2023). Our implementation ties Vout more flexibly to the escape velocity at the minimum radius and still enables it to decrease with radius:
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where Rmin is the minimum radius for the cloud distribution, fV is a scaling factor (in the range one to a few) for the escape velocity at Rmin, and αV is an index in the range −1 ≤ αV ≤ 0 allowing Vout to decrease with increasing radius. We argue that such a radial decrease should be expected because reverberation mapping of the C IV line, which has much a higher excitation potential than H I, tends to yield a smaller radial scale than Hβ (Lira et al. 2018; Shen et al. 2024); and the line is often blue-shifted with respect to the H I lines (Coatman et al. 2017; Temple et al. 2023), as also illustrated for J0529 in Fig. 6. Thus it is reasonable to conclude that the outflow velocity is higher at smaller radii.
Finally, and again to keep the number of free parameters as low as possible, the vertical angular distribution of clouds in each of the outflowing and rotating regions is fixed to be uniform (rather than, as done in the original model, using γ to control whether the clouds are concentrated more towards the top edge of the distribution). However, because there is a new parameter fout defining the fraction of clouds in the outflow, it is possible for the cloud density to differ between the outflowing versus rotating regions.
5. The fitted broad-line region model
We fit the Hβ and Hγ lines simultaneously in a similar way to that described in Kuhn et al. (2024): all the parameters in the fit are tied to be the same for both lines except for the two that define their radial distribution. These are the β parameter that defines the form of the distribution, and the scale factor F which is linked to the average radius μ such that F = Rmin/μ, where Rmin is the same minimum radius for both lines. The details of the fit are given in Appendix A, including Table A.1 summarising the best fitting parameters corresponding to the model, and Fig. A.1 of the resulting spectra and differential phases for each baseline. As a complement to this, the top two rows of Fig. 4 show the data and fitted model for each of the line profiles as well as the sum of the phases from baselines UT 4-2, 4-1, and 3-2 which contain the strongest signal. The three main points from the phase data in Fig. 4 are (i) the phase signal for Hγ is about 1/3 the strength of that for the Hβ line, as expected from their equivalent widths; (ii) the phase signal is single-sided which is indicative of predominant outflow rather than the S-shape associated with rotation; and (iii) there are two distinct peaks in the phase signal, which are related to the separate outflowing and discy components. This last point is developed further in the bottom panels of Fig. 4 which show the contribution of the outflowing and discy components to the total line profile. It is clear that emission from the outflow is not just limited to the blue wing of the profile, but makes up a substantial part of the core as well. In contrast the discy component has only a subdominant contribution more towards the red side of the line. Histograms of the posterior distributions for all the parameters are presented in Fig. A.2, and the most relevant results for our analysis are additionally shown in the corner plot in Fig. A.3. These figures indicate that the fit is well constrained; and that while other potential solutions might exist, these are at a much lower probability.
	[image: thumbnail]	Fig. 4. Flux spectrum, averaged differential phase spectra, and line decomposition. Top row: Continuum-subtracted spectrum of the two emission lines and the best-fit model. For each of the Hβ (left) and Hγ (right) lines, the middle row shows the average phase spectra, which are created from the three baselines with the strongest signal (this is for visualisation purposes only; phase spectra for the individual baselines are shown in Fig. A.1). Bottom row: Decomposition of the fitted line profile (red) into the outflow (green) and discy (blue) components. The outflow dominates the total line flux, including much of the apparent core of the line profile.



	[image: thumbnail]	Fig. 5. Views of the BLR based on the model. Left: Edge-on view. Here, our line of sight is from the right. Right: Face-on view. The clouds are coloured according to their line-of-sight velocity, and their size corresponds to their apparent brightness (invisible clouds are not shown). The edge-on view shows the impact of the high mid-plane opacity (i.e. few clouds on the far side of the BLR) and anisotropy (clouds for which we see the illuminated side are brighter).



5.1. Systemic velocity
Our spectrum and analysis imply a modest update of the redshift of J0529 with respect to the value of z = 3.962 reported by Wolf et al. (2024). Taking the peak of the H I lines as representative of the systemic velocity, we find z = 3.965. However, the model indicates that the systemic velocity is shifted with respect to the line peak by about 1200 km s−1. This shift is denoted by the parameter ϵ = 0.0046 in Table A.1, which is the relative shift of the zero (systemic) velocity wavelength λ0 from the initial value via the relation λ0 = (1 + ϵ)λinitial – hence the value of ϵ is less important than that of λ0 which it generates. The posterior distributions in Fig. A.2 show that ϵ, and therefore also λ0, is tightly constrained by the model. While there is no specific feature in the data that determines what λ0 must be, it arises because of the way the model is defined and how it is constrained by the data. The lower part of the conical outflow is aligned towards us, giving rise to the high velocities in the long blue-shifted tail where the line flux is lower because we are seeing the back side of the clouds, and there is only a weak phase signal because there is no spatial offset. In contrast, Fig. 5 shows that the upper part of the same conical outflow is viewed at a more inclined angle. Here, the lower line-of-sight velocities contribute more to the central part of the line profile as shown in Fig. 4, and the emission is stronger because we are seeing more the illuminated side of the clouds. Importantly, the spatial offset of this part of the outflow is what leads to the strong one-sided phase signal near the line centre in Fig. 4. Because of these constraints, the symmetric disc contribution must be slightly redshifted with respect to the line peak. As a test to verify this outcome, we tried modelling the data with a prior on ϵ forcing the systemic velocity to be close to the line peak. There were two peaks in the posterior distribution. The prior gave more weight to the solution close to the line peak, but this model is physically less plausible due to the high inclination and even lower black hole mass. The higher peak was nearer the edge of the prior range and had a redshifted systemic velocity, which tends to confirm the original result. This test emphasizes that the uncertainty on the systemic velocity results from matching the data – which provide strong constraints on possible geometries – within the scope of the model. Taking this uncertainty into account, the resulting redshift is z = 3.984 ± 0.002. We note, however, that the difference to the previous estimates is small enough that the impact on the inferred properties of the QSO (e.g. luminosity, black hole mass) is negligible.
5.2. Broad-line region geometry and size
The fitted parameters in Table A.1 show that fout = 83% of the clouds are in the outflow, while the remaining 17% are in the discy component on bound elliptical orbits. This disparity could indicate that the outflow dominates the BLR. But an alternative interpretation of this effect could be that the outflow is obscuring the discy part of the BLR. The model cannot distinguish between these options: it fits the properties of the observable line emission but does not address the physical processes that generate it.
Our line of sight is near the top edge of the outflow, because the inclination is i = 33° from face-on while the total angle from the mid-plane subtended by BLR clouds is θ0 + θt = 60°. If the line of sight were oriented further into the outflowing wedge, one might expect to see broad absorption lines in the rest-frame optical spectrum (Elvis 2000) but these are not observed (Wolf et al. 2024). The emission is anisotropic with κ = −0.45 indicating that the side of the illuminated side of each cloud emits preferentially. Equally important is the mid-plane opacity with ξ = 0.016 meaning that the emission from clouds behind the mid-plane is almost entirely blocked, consistent with the basis of the FRADO model in which a dusty disc extends to small radii at low scale heights, and with the optically thick nature of super-Eddington accretion disks. This leads to the configuration in Fig. 5, where the clouds are coloured according to their line-of-sight velocity and have a size corresponding to their apparent brightness.
The average radius for the BLR is μ = 1.0 pc for Hβ and μ = 0.9 pc for Hγ. While these are the same within their uncertainties (see Table A.1 and Fig. A.2), this difference is expected both observationally, based on RM delays for different lines (Bentz et al. 2010), and on modelling of radiation pressure confined BLR clouds (Netzer 2020).
While the size appears to match that inferred by applying a ℛFe correction to the R-L relation favoured by Du & Wang (2019), this does not provide an explanation of why ℛFe is so low. Indeed, from the plot of FWHM versus ℛFe in Shen & Ho (2014), both of these values for J0529 seem rather typical of QSOs generally. Instead we propose that much of the deviation from the scaling relations that has previously been attributed to luminosity or accretion rate, could, analogous to the C IV line, be due to the impact of the outflow on the H I line properties. Indeed, the discy part of the BLR in Fig. 4 contains only 27% of the total line luminosity. Applying this to the typical equation which has a typical form RBLR ∝ 0.5log L where L is usually taken to represent the total AGN luminosity. If instead we consider only the luminosity associated with the discy part of the BLR tracing rotationally supported gas (using the line luminosity as a suitable proxy), then the inferred size is reduced by a factor of about two. This would bring the estimate from Bentz et al. (2013) into good agreement with our measurement.
Similarly, we would find ℛFe = 1.44 which is what one would expect for a highly accreting QSO, particularly in the context of Eddington ratio discussed below. However, applying this new value would lead to a revised BLR size from Du & Wang (2019) that is much too small. We therefore speculate that the over-estimate of the BLR size that has been discussed in the literature for highly accreting and highly luminous QSOs could be related to the impact of BLR outflows on the line properties.
5.3. Dynamical black hole mass
The dynamical black hole mass we derive is MBH = 8 × 108 M⊙, which is lower than those inferred from scaling relations by an order of magnitude. The low mass is largely driven by the small rotational velocity required in the model, which has to be less than the line width in order to allow for the outflow.
The form of the scaling relation used to estimate black hole mass is typically MBH ∝ 0.5log L + 2log σ where L represents AGN luminosity and σ (or FWHM) the line width. If, as above, we take L to be a proxy for the line luminosity (noting that line luminosity is used explicitly in some relations), applying this to only the discy part of the BLR profile which has σ = 1040 km −1 and contains 27% of the luminosity, reduces the inferred MBH by a factor 14 (or a factor five if using FWHM, due to the differing FWHM/σ ratios). This use of the rotational velocity of the BLR rather than the full line width (which is broadened by the outflow) would bring all the single epoch estimates much closer to the black hole mass we have measured, and supports the speculation above that the outflow could be a major contributor to the bias in single epoch estimates for luminous QSOs.
5.4. Eddington ratio
The Eddington ratio λEdd is determined by the black-hole mass and the bolometric luminosity Lbol, which is commonly derived from a monochromatic luminosity and a bolometric correction kbol. Also, the emission from the accretion disc requires an anisotropy correction that depends on the viewing angle, and to a smaller extent on the black-hole spin since the deflection of light due to gravitational lensing is stronger for disc annuli that are closer to the black hole (Nemmen & Brotherton 2010; Lai et al. 2023). Generic kbol values based on a single average spectral energy distribution (SED; Richards et al. 2006) are usually appropriate when the disc is large compared to the innermost stable circular orbit (ISCO) around the black hole. While the overall size and surface area of a disc is set by its luminosity, for black holes of increasing mass the hole inside the ISCO grows proportionally to mass. Discs around higher-mass black holes thus lack the hottest and most UV-emitting parts, which are present in discs of similar luminosity around lower-mass black holes. This implies a non-linear dependence of kbol on mass and disc luminosity, which was explored in the framework of thin-disc models by several authors (e.g. Nemmen & Brotherton 2010; Netzer 2019; Lai et al. 2023). These explorations tend to offer a mean relation for kbol as a function of monochromatic luminosity assuming a mean related black-hole mass or Eddington ratio.
For J0529, we used the 5100 Å luminosity from Sect. 3 and the 33° inclination implied by our model. The mean relations by the three aforementioned works result in kbol values ranging from 2.2 to 2.7, but are not applicable in the case of J0529. Such low kbol values correspond to discs around black holes with masses of > 1010 M⊙, whose SEDs visibly turn down towards the far-UV part of the spectrum. For example, Lai et al. (2023) show the red UV spectrum of their object J2157 that is in stark contrast to the blue spectrum of J0529, which implies a larger kbol value for J0529 and suggests a lower-mass black hole for common stationary disc models. Also, using the mean relation from Netzer (2019), the luminosity of J0529 puts it far outside of the parameter space covered by the physically allowed range of black hole spin, while extrapolating their model calculation for any allowed spin to the correct luminosity puts it not only into a clearly super-Eddington regime but also suggests kbol > 10.
Given the observed SED of J0529, kbol ≈ 2.5 is clearly too low, while we also believe that the canonical average-SED case of kbol = 8.2 from Richards et al. (2006) is presumably too high. This point cannot be settled without data on the intrinsic disc emission at λ < 900 nm. Using these corrections, we infer conservatively that log Lbol/erg s−1 = 47.74 − 48.28, and hence λEdd = 6 − 19, which is substantially super-Eddington. In this regime, the luminosity increases only logarithmically with mass accretion rate (Abramowicz et al. 1988), and there have been suggestions that the luminosity may saturate at a few to ten times LEdd due to the decreasing radiative efficiency (Watarai 2006; Sądowski 2009). However, it might be possible to reach higher Eddington ratios: efficiencies that were unexpectedly high, exceeding those predicted by slim disc models, were reported by Sądowski et al. (2015) both for non-spinning, and even more so for spinning, black holes. In the latter case, the authors suggested that rotational energy of the black hole was extracted by a process similar to the Blandford-Znajek mechanism, giving rise to the question of whether there would be an associated jet. The only radio measurements available for J0529 is from the Rapid ASKAP Continuum Survey (RACS; McConnell et al. 2020), being 0.8 mJy at 0.9 GHz and 0.6 mJy at 1.4 GHz (D. McConnell, priv. comm.). Adopting the radio loudness parameter R of Kellermann et al. (1989) as the ratio of the 6 cm flux density to that at 4400 Å (both measured in mJy), we find an intermediate value of R ∼ 14 (which barely changes if one adjusts the rest-frame wavelengths to account for the typical redshift of z ∼ 0.5 of the Kellermann et al. 1989 sample). This transitional value suggests that J0529 has a jet, but also implies that the optical continuum remains dominated by thermal disc emission.
Inayoshi et al. (2020) noted that the accuracy of the numerical algorithms plays an important role in the outcome of the simulations, with reference to calculations by Jiang et al. (2014, 2019). In particular, Jiang et al. (2019) state that at accretion rates of ∼ 20−50 ṀEdd the radiative efficiency remains high enough at ≳5% that one can have radiative luminosities of 10 − 20 LEdd, but once the accretion rate reaches ∼ 150 ṀEdd the radiative efficiency drops to below 1%. The super-Eddington accretion also leads to a thick disc with large scale heights (e.g. H/R ∼ 0.7, Jiang et al. 2019; Jiang & Dai 2025; Hopkins et al. 2025) consistent with what we find in our model. Thus, J0529 may be characteristic of what is needed to grow massive black holes in the early universe (Inayoshi et al. 2020): an extreme but physically plausible case of a QSO emitting close to its radiative limit in a regime where simulations indicate strong outflows are expected in a polar conical region.
5.5. Outflow rate
Following Shimizu et al. (2019), we estimated the outflow rate from our model as
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where δr is the radial range over which the estimate is made. We applied this in a simplified way to calculate a single outflow rate between Rmin and the mean radius μHβ at 0.9 pc. For Vout we used the mean radial velocity of the clouds within this range, and we assume a canonical density of ne = 1011 cm−3. The resulting outflow rate, based on the inferred Hβ luminosity, is Ṁout ∼ 0.6 M⊙ yr−1. We could apply a factor of two correction to compensate the anisotropy in the model and another factor of two because of the mid-plane opacity to account for the reverse outflow, increasing the implied outflow rate to ∼2.4 M⊙ yr−1. This is very small compared to the accretion rate of Ṁacc ≳ 200 M⊙ yr−1 required to maintain the luminosity, assuming a radiative efficiency of η = 0.05 for super-Eddington sources (Jiang et al. 2019). However, it represents only the outflow of ionised gas in the BLR, and does not include the accretion disc wind launched on smaller scales, nor the radiation driven dusty wind from larger scales (which has the additional impact of reducing the inflowing mass that reaches the accretion disc). The lower outflow rate associated with the BLR is consistent with what was found by Vietri et al. (2018) for highly luminous QSOs. These authors showed that the kinetic power of the outflow from C IV in the BLR was an order of magnitude lower than that from [O III] on kiloparsec scales; and that winds from the accretion disc dominate the outflow on small scales to make up the difference.
6. Comparison to the ultraviolet lines C IV and O I
Differences between the high ionisation lines (HILs) and low ionisation lines (LILs) in the spectra of QSOs have been reported and analysed extensively in the literature for more than four decades. In one of the first papers to address this topic, Gaskell (1982) showed that the HILs were blue-shifted by typically 600 km s−1 with respect to the LILs, due to radial motions. To explain this phenomenon, a physical model was proposed by Collin-Souffrin et al. (1988) in which the LIL emission comes from clouds in the outer part of the accretion disc, while the HIL emission originates in outflowing transient clouds. A better understanding of the physical situation came with higher quality spectra: wider band coverage, higher resolution, and better signal-to-noise. In particular, detailed UV spectra of two local Narrow-Line Seyfert 1 AGN were presented by Leighly & Moore (2004). These highlighted that the HILs were both strongly blue-shifted and asymmetric, while the LILs were narrow, symmetric, and at the systemic velocity of the AGN. An extensive effort building on the eigenvector classification for local QSOs (Boroson & Green 1992) led to incorporation of the C IV line into the scheme, bringing it to 4 dimensions (Sulentic et al. 2011; Sulentic & Marziani 2015; Sulentic et al. 2017). It is now generally accepted that the line properties can be grouped into two classes of QSOs related to whether the C IV is dominated by a more systemic or strongly blue-shifted component. (Marziani et al. 2017; Vietri et al. 2018, 2020; Deconto-Machado et al. 2023).
Despite this, C IV has been used to estimate MBH because it is easily observable in high redshift QSOs and is known to originate in the BLR (Vestergaard & Peterson 2006; Park et al. 2013; Runnoe et al. 2013). While this is physically reasonable for QSOs in which the line is both approximately symmetric and close to the systemic velocity, it is harder to explain a relation between the line properties and MBH for emission originating in an outflow. Nevertheless, Coatman et al. (2017) found an empirical relation between the line’s blue-shift and a correction factor that can be applied to the inferred mass, to match it to other scaling relations. However, Temple et al. (2023) have shown that the situation is more complex, and that there is a two-dimensional parameter space relating the blue-shift (and equivalent width) to a combination of λEdd and MBH. They showed there is a wedge in that parameter space where the C IV blue-shift increases (and equivalent width decreases), and that in general the highest blue-shifts are observed in AGN with both λEdd ≳ 0.1 and log MBH/M⊙ ≳ 9. Their modelling to reproduce these effects is bringing us to a better understanding of the cause of the two populations of QSOs with differing line properties noted above.
In Fig. 6 we compare the H I line profile of J0529 to the C IV line, as well as the O I in the Xshooter spectrum published by Wolf et al. (2024). To do so, we have subtracted an estimate of the true continuum level as indicated by the lowest regions in the spectral ranges around the two lines. We have not tried to fit the iron emission, nor other neighbouring emission, since the aim is only to compare the line profiles.
	[image: thumbnail]	Fig. 6. Comparison of H I profile to C IVλ1549 Å and O Iλ1302 Å. The upper row shows the observed lines from the Xshooter spectrum (Wolf et al. 2024). The velocity zero point here is set at the H I line peak. The normalisation in each panel is adjusted to match at least part of the profile between the fitted H I profile and the line profile in the plotted spectrum. This highlights that the C IV is associated primarily with the BLR outflow and extends to higher velocities, while O I is more associated with the static rotating part of the BLR (the source of the deep absorption at multiple velocities across the line peak is unclear. The lower row shows the model predictions of the C IV (left) O I (right) profiles (independent normalisations), with the velocity zero point also set at the H I line peak. Details of how the predicted line profiles were created are given in Sects. 6.1 and 6.2.



6.1. Observation and model of C IV
The C IVλ1549 Å line in the upper left panel of Fig. 6 appears to be mostly associated with the outflow, and can be traced to a velocity of 0.05c. It has a blue-shift of ∼3600 km −1, which is higher than the sample range of Temple et al. (2023) but consistent with their analysis based on the high λEdd and MBH, and confirms the nuclear nature of the outflow.
Using our BLR model we can make a simple prediction of the spectral profile of the line. Because our model is based on dynamics rather than photoionisation, we can do this only in a crude way by adjusting the size of the BLR emission for the line according to an estimate of its expected radial location from RM measurements. From the size-luminosity relation of the C IV line and 1350 Å continuum (based on 7–13 yr RM campaigns of QSO samples) we estimate a characteristic radius for the C IV emission IN J0529 of 0.3 pc (Lira et al. 2018; Kaspi et al. 2021; Shen et al. 2024). We note, however, that there is large range of variation between relations including a possible dependence on luminosity; and in addition the shape of the cross-correlation function may differ significantly between the C IV and H I (Horne et al. 2021).
For this comparison, we have assumed that C IV arises only in the outflowing part of our model. Although this is physically unlikely, the reason for doing so is that in the BLR model, both the discy and outflowing components extend over the same radial range with the same radial profile. To modify the ratio of their contributions would require manually adjusting the scaling between them. Although doing so would create a better match to the overall profile, it would not lead to further insights, and so we have chosen to focus on a comparison of the outflowing part.
The resulting line profile is shown in the lower left panel of Fig. 6, where the stronger and more extended blue wing on the predicted C IV profile, which qualitatively matches the observation, is a result of the way that Vout(r) decreases with radius. The higher excitation C IV originates from smaller radii and, lending support to the decreasing velocity profile we have adopted, has a higher outflow velocity.
6.2. Observation and model of O I
The upper right panel of Fig. 6 compares the H I line profile to O Iλ1302 Å, a low excitation line that in AGN is expected to arise in the BLR through Lyβ fluorescence (Netzer & Davidson 1979; Kwan & Krolik 1981; Matsuoka et al. 2007). O Iλ8446 Å is also enhanced through this process and the ratio between these lines in the resulting radiative cascade can provide a measure of the extinction towards the BLR (Netzer & Davidson 1979). Given that the Balmer line ratios in Sect. 3 hint that there might be some modest extinction, an independent measure such as this would enable one to clarify the impact. There is a good match on the red side of the profiles, but the O I line shows less evidence of a blue wing suggesting it is more likely associated with the systemic velocity of the QSO. We note that the peak of the O I line is contaminated by deep absorption across a range of velocities, the cause of which is unclear.
With the same limitations and cautions as above for C IV, we can attempt to reproduce the O I profile using our model of the BLR. Because the emission is produced by Lyβ fluorescence, it is expected to arise at a similar location to the Hβ line. We have therefore set the radial scaling for the BLR to ∼1, noting that RM campaigns have shown that other low excitation lines such as Mg II and Fe II also have broadly similar time lags to Hβ (Maoz et al. 1993; Hu et al. 2015; Prince et al. 2023; Shen et al. 2024). For simplicity we also assume that the O I line originates only in the discy part of the BLR, although we acknowledge there is some indication of a weak outflow component in the observed profile. The predicted O I line is shown in the lower right panel of Fig. 6. In particular, the match of the red side of the profile tends to confirm that the emission is dominated by the discy part of the BLR; and, due to the difference of the blue side of the profile, that some emission must arise in the outflow.
7. Conclusions
We have used the VLTI interferometer GRAVITY+ to spatially resolve the kinematics of the BLR of the luminous z = 4 QSO SMSS J052915.80-435152.0. We measured the differential phase spectra across both the Hβ and Hγ lines and combined these with a detailed flux spectrum from ERIS. We applied an updated modelling procedure that has a discy component and a separate outflowing component, and we fit the flux profiles and phase spectra of the two H I lines simultaneously while allowing only the radial profiles of their line emission distribution to vary. While the redshift of the QSO inferred from the broad line peak is z = 3.962, the systemic velocity for the best fit differs from that by ∼1200 km s−1 and favours a redshift of z ∼ 3.984 within the scope of the model. Based on the model, we conclude the following:

	
The BLR is resolved to be about 1 pc in radius and is dominated by outflows with velocities up to ∼104 km s−1, which create the prominent blue wing and also contribute to much of the line profile’s core. Both high mid-plane opacity and anisotropic emission lead to the observed single-sided differential phase profile. Our model can plausibly predict both the observed blue-shifted C IVλ1549 Å profile and the systemic O Iλ1302 Å profile.



	
The black hole mass of 8 × 108 M⊙ is the highest redshift measurement obtained directly from spatially resolved BLR kinematics to date. It is an order of magnitude lower than the masses inferred from a variety of scaling relations.



	
The QSO has a luminosity of ∼6 − 19 LEdd, which recent simulations indicate is plausible for accretion rates in a range around 20 − 50 ṀEdd – close to, but not yet, saturating the luminosity. It is a regime where strong polar conical outflows are expected.



	
The ratio ℛFe = 0.3 (strength of the iron to Hβ emission) would imply a rather modest accretion rate, contrary to other evidence indicating there is a high accretion rate. We speculate that this discrepancy might be attributable to the dominance of the outflow in the BLR. If the scaling relations are applied using only the discy part of the BLR profile, the black hole mass inferred from scaling relations is reduced, and the implied accretion rate increases. However, based on a comparison of Fig. 2 and the bottom panels of Fig. 4, we caution that the decomposition of the BLR profile into outflowing and discy parts is dependent on geometry and anisotropy parameters, so it cannot be done in a naive way by fitting a pair of Gaussian profiles.



	
An estimate of the outflow rate of ionised gas in the BLR is ∼2.4 M⊙ yr−1. This is about 1% of the accretion rate, indicating it is only a minor part of the total outflow rate that includes winds launched on both smaller and larger scales.
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1 Adopting H0 = 70 km s−1 Mpc−1, ΩM = 0.286, and Ωvac = 0.714; and using the calculation provided by Wright (2006).


2 The S/N of the line ratios is relatively high, in this case ∼8, because their shapes are tied to be the same.


3 An alternative that is also commonly used is the ratio of the equivalent widths (Boroson & Green 1992; Shen & Ho 2014). In practice it makes little difference because the continuum flux density changes very little between the corresponding wavelengths.




Appendix A:  Details of the model fit
The parameters for the best-fit model, and their 1-σ ranges, are given in Table A.1. Here they have been grouped to make their role in the model easier to follow. The model has been fitted to the Hβ and Hγ lines simultaneously. As described in Kuhn et al. (2024), in practice this is done using two models in which all the geometry parameters as well as the global line emission parameters are tied to be the same in both. The only parameters that can differ between the models are those listed specifically for the Hβ versus Hγ line properties. These correspond to the shape parameter β, the radial scaling parameter F, and the peak flux scaling Fpeak.
Histograms of the posterior distributions for the parameters are shown in Fig. A.2, indicating that their ranges are generally well constrained by the data. As was done by Kuhn et al. (2024), we used the Python package dynesty (Speagle 2020) to fit the data with a nested sampling algorithm. Compared to the typical Markov Chain Monte Carlo algorithm, this method is powerful in terms of handling complex models with many (e.g. > 20) parameters and a potentially multimodal posterior distribution. We used the dynamic nested sampler (DynamicNestedSampler) which better estimates the likelihood function by re-sampling the posterior function a few more times after the ‘baseline run’. We used 1000 live points for the baseline run and added 500 points for each of the re-samplings until the default stop criteria was met. We adopted the random walk algorithm (rwalk) to sample the prior space and used the multi-ellipse method (multi) to create the nest boundaries. We adopted the default values for all the remaining options of dynesty. The reported fitting ends up with 2000 live points and > 20000 effective samples, which is a statistically sufficient sampling of the posterior space. A corner plot of selected parameters is presented in Fig. A.3. In addition to the high-probability peak, some low-probability solutions appear due to the very detailed sampling.
The resulting fits to the spectra and differential phases for the 6 baselines are shown in Fig. A.1. The strongest phase signals are seen for unit telescope (UT) baselines 4-1 and 3-1, which are the longest pair at 130 m and 102 m and differ in orientation by < 30°. A weaker signal is present in baselines 3-2 and 2-1 which are at a very similar orientation to 3-1, differing by < 10°, and about half the length at 57 m and 47 m. Very little signal is seen in the 4-3 and 4-2 baselines which are oriented in a different direction. The phase signal has two peaks, the more significant one associated with the dominant outflow signature, and a weaker one related to the discy part of the BLR.
Table A.1. 
Model parameters and fitted values.

	[image: thumbnail]	Fig. A.1. Differential phase spectra for individual baselines. For the spectral segments around each of the Hβ and Hγ lines (top row), the measured and fitted differential phases are shown as a function of wavelength (other rows). The three baselines which contain the strongest signal (4-2, 4-1, and 3-1) are combined in Fig. 4.



	[image: thumbnail]	Fig. A.2. Posterior histograms for the fitted parameters. The PA is shifted by 90° for visual clarity.



	[image: thumbnail]	Fig. A.3. Corner plot of a few key parameters. Four are fitted directly in the model and two are derived afterwards, propagating the uncertainties. The panels show there is a single major peak that is well constrained. They also show that at a low level of significance there are additional minor peaks and some expected correlations (e.g. that between MBH and inclination is easiest to understand, and it leads to adjustment of other parameters).
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	[image: thumbnail]	Fig. 1. K-band image of J0529 from ERIS. The six yellow crosses indicate regions where the sky background is affected, at a very faint level, by the in-frame dithering. The QSO shows no structure indicative of strong lensing, and the only other source in the field is the M dwarf star about 3″ away and 4 mag fainter.
In the text



	[image: thumbnail]	Fig. 2. K-band spectrum of J0529 from ERIS. The upper panel shows the data (blue; the narrow features at the long end of the band are due to imperfect atmospheric correction) and the fit (orange), with the H I lines marked (the location of the [O III] lines are also marked; the 4363 Å line is expected to be 10–100 times weaker than those at 4959 Å and 5007 Å, the peaks of which are out of the spectral range). Also shown are the atmospheric transmission and the residual, indicating which regions have been excluded from the fit. The lower panel shows the components of the fit: the H I lines (black), Fe II complex (red), and a component that represents either poor slope correction at the band edge (as seen also at the short end of the band) or a possible blue wing on the [O III] line.
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	[image: thumbnail]	Fig. 3. Sketch of the modified BLR model. Only the half of the BLR above the disc plane is shown; it is symmetric below the plane, with the emission potentially modified by anisotropy and mid-plane opacity. The lower part with a flare angle, θ0, corresponds to a rotating disc; the upper part with a flare angle θt can be outflowing.
In the text



	[image: thumbnail]	Fig. 4. Flux spectrum, averaged differential phase spectra, and line decomposition. Top row: Continuum-subtracted spectrum of the two emission lines and the best-fit model. For each of the Hβ (left) and Hγ (right) lines, the middle row shows the average phase spectra, which are created from the three baselines with the strongest signal (this is for visualisation purposes only; phase spectra for the individual baselines are shown in Fig. A.1). Bottom row: Decomposition of the fitted line profile (red) into the outflow (green) and discy (blue) components. The outflow dominates the total line flux, including much of the apparent core of the line profile.
In the text



	[image: thumbnail]	Fig. 5. Views of the BLR based on the model. Left: Edge-on view. Here, our line of sight is from the right. Right: Face-on view. The clouds are coloured according to their line-of-sight velocity, and their size corresponds to their apparent brightness (invisible clouds are not shown). The edge-on view shows the impact of the high mid-plane opacity (i.e. few clouds on the far side of the BLR) and anisotropy (clouds for which we see the illuminated side are brighter).
In the text



	[image: thumbnail]	Fig. 6. Comparison of H I profile to C IVλ1549 Å and O Iλ1302 Å. The upper row shows the observed lines from the Xshooter spectrum (Wolf et al. 2024). The velocity zero point here is set at the H I line peak. The normalisation in each panel is adjusted to match at least part of the profile between the fitted H I profile and the line profile in the plotted spectrum. This highlights that the C IV is associated primarily with the BLR outflow and extends to higher velocities, while O I is more associated with the static rotating part of the BLR (the source of the deep absorption at multiple velocities across the line peak is unclear. The lower row shows the model predictions of the C IV (left) O I (right) profiles (independent normalisations), with the velocity zero point also set at the H I line peak. Details of how the predicted line profiles were created are given in Sects. 6.1 and 6.2.
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	[image: thumbnail]	Fig. A.1. Differential phase spectra for individual baselines. For the spectral segments around each of the Hβ and Hγ lines (top row), the measured and fitted differential phases are shown as a function of wavelength (other rows). The three baselines which contain the strongest signal (4-2, 4-1, and 3-1) are combined in Fig. 4.
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	[image: thumbnail]	Fig. A.2. Posterior histograms for the fitted parameters. The PA is shifted by 90° for visual clarity.
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	[image: thumbnail]	Fig. A.3. Corner plot of a few key parameters. Four are fitted directly in the model and two are derived afterwards, propagating the uncertainties. The panels show there is a single major peak that is well constrained. They also show that at a low level of significance there are additional minor peaks and some expected correlations (e.g. that between MBH and inclination is easiest to understand, and it leads to adjustment of other parameters).
In the text





    
      Table 1. 

      Observing log.

      
        


	Date
	seeing
	τ0
	No. exp.
	NDIT × DIT



	
	(″)
	(ms)
	
	(s)





	27 Sep. 2024
	0.47
	8.4
	3
	4 × 300



	14 Nov. 2024
	0.72
	5.9
	20
	4 × 100



	15 Nov. 2024
	0.48
	10.4
	22
	4 × 100



	12 Dec. 2024
	0.53
	5.9
	6
	4 × 100



	14 Dec. 2024
	0.72
	4.7
	13
	4 × 100





      

    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        K-band image of J0529 from ERIS. The six yellow crosses indicate regions where the sky background is affected, at a very faint level, by the in-frame dithering. The QSO shows no structure indicative of strong lensing, and the only other source in the field is the M dwarf star about 3″ away and 4 mag fainter.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        K-band spectrum of J0529 from ERIS. The upper panel shows the data (blue; the narrow features at the long end of the band are due to imperfect atmospheric correction) and the fit (orange), with the H I lines marked (the location of the [O III] lines are also marked; the 4363 Å line is expected to be 10–100 times weaker than those at 4959 Å and 5007 Å, the peaks of which are out of the spectral range). Also shown are the atmospheric transmission and the residual, indicating which regions have been excluded from the fit. The lower panel shows the components of the fit: the H I lines (black), Fe II complex (red), and a component that represents either poor slope correction at the band edge (as seen also at the short end of the band) or a possible blue wing on the [O III] line.

      

    

  
    
      Table 2. 

      Broad-line region size estimates from Hβ scaling relations.

      
        


	RBLR (pc)
	Reference
	Note





	1.74
	Bentz et al. (2013)
	commonly used



	1.47
	Du et al. (2018)
	lower Ṁacc subsample



	1.22
	Du & Wang (2019)
	without ℛFe correction



	0.94
	Du & Wang (2019)
	with ℛFe correction



	0.65
	Woo et al. (2024)
	47 AGN sample



	0.50
	Du et al. (2018)
	higher Ṁacc subsample



	0.48
	Woo et al. (2024)
	240 AGN sample





      

    

  
    
      Table 3. 

      Black hole mass estimates from Hβ scaling relations.

      
        


	log MBH/M⊙
	Reference
	Note





	10.43
	Dalla Bontà et al. (2020)
	Eq. 38 using σHβ & LHβ



	10.24
	Wolf et al. (2024)
	continuum modelling; also C IV & Mg II



	10.16
	Woo et al. (2015)
	Eq. 2 using σHβ & L5100



	9.87
	Reines et al. (2013)
	Eqs. 2, 3, & 5; converting FWHMHβ & L5100 to Hα



	9.58
	Vietri et al. (2020), Bongiorno et al. (2014)
	Eq. 4 or Eq. 2 respectively, using FWHMHβ & L5100





      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Sketch of the modified BLR model. Only the half of the BLR above the disc plane is shown; it is symmetric below the plane, with the emission potentially modified by anisotropy and mid-plane opacity. The lower part with a flare angle, θ0, corresponds to a rotating disc; the upper part with a flare angle θt can be outflowing.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Flux spectrum, averaged differential phase spectra, and line decomposition. Top row: Continuum-subtracted spectrum of the two emission lines and the best-fit model. For each of the Hβ (left) and Hγ (right) lines, the middle row shows the average phase spectra, which are created from the three baselines with the strongest signal (this is for visualisation purposes only; phase spectra for the individual baselines are shown in Fig. A.1). Bottom row: Decomposition of the fitted line profile (red) into the outflow (green) and discy (blue) components. The outflow dominates the total line flux, including much of the apparent core of the line profile.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Views of the BLR based on the model. Left: Edge-on view. Here, our line of sight is from the right. Right: Face-on view. The clouds are coloured according to their line-of-sight velocity, and their size corresponds to their apparent brightness (invisible clouds are not shown). The edge-on view shows the impact of the high mid-plane opacity (i.e. few clouds on the far side of the BLR) and anisotropy (clouds for which we see the illuminated side are brighter).

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Comparison of H I profile to C IVλ1549 Å and O Iλ1302 Å. The upper row shows the observed lines from the Xshooter spectrum (Wolf et al. 2024). The velocity zero point here is set at the H I line peak. The normalisation in each panel is adjusted to match at least part of the profile between the fitted H I profile and the line profile in the plotted spectrum. This highlights that the C IV is associated primarily with the BLR outflow and extends to higher velocities, while O I is more associated with the static rotating part of the BLR (the source of the deep absorption at multiple velocities across the line peak is unclear. The lower row shows the model predictions of the C IV (left) O I (right) profiles (independent normalisations), with the velocity zero point also set at the H I line peak. Details of how the predicted line profiles were created are given in Sects. 6.1 and 6.2.

      

    

  
    
      Table A.1. 

      Model parameters and fitted values.

      
        


	
	Parameter
	Short description
	Priora
	Value
	1 σ range





	global geometry



	
	i
	inclination (from face-on) [deg]
	U(cos i: 0.5,1.0)b
	33.3
	-2.9,+3.0



	
	PA
	position angle of line of nodes (E of N) [deg]
	U(-180,180)
	98.5
	-3.8,+4.4



	
	log MBH
	black hole mass (M⊙)
	U(7.0,11.0)
	8.90
	-0.13,+0.11



	
	fout
	fraction of all the clouds in the outflowing part
	U(0.0,1.0)
	0.83
	-0.04,+0.03



	geometry of discy part



	
	θ0
	angular extent above/below mid-plane [deg]
	U(0,90)
	38.9
	-3.6,+5.3



	geometry of outflowing part



	
	θt
	angular extent above/below discy part [deg]
	U(0,90)
	21.1
	-5.6,+6.0



	
	fV
	scaling factor applied to Vesc at Rmin to infer Vout(Rmin)
	U(log fV: 0.0,0.7)
	2.70
	-0.39,+0.47



	
	αV
	index denoting radial dependence of Vout(r)
	U(-1.0,0.0)
	-0.74
	-0.19,+0.19



	global line emission properties



	
	ϵ
	shift of zero velocity wavelength, λ0 = (1 + ϵ)λinitial
	U(-0.01,0.01)
	0.0046
	-0.0005,+0.0004



	
	Rmin
	minimum radius of line emission [Schwarzschild radii]
	U(log Rmin: 3.0,6.0)
	3.77
	-0.17,+0.17



	
	κ
	line emission anisotropy (-0.5 to +0.5; 0 denotes isotropic)
	U(-0.5,0.5)
	-0.45
	-0.03,+0.06



	
	ξ
	mid-plane opacity (0 to 1; 0 denotes opaque)
	U(0.0,1.0)
	0.016
	-0.011,+0.021



	Hβ line properties



	
	β[Hβ]
	shape parameter for radial distribution of line emission
	U(0.0,2.0)
	1.01
	-0.25,+0.20



	
	F[Hβ]
	scale factor such that mean radius μ = Rmin/F
	U(0.0,1.0)
	0.46
	-0.18,+0.14



	
	Fpeak[Hβ]
	flux scaling for peak of line profile
	G(0.5,0.1)
	0.510
	-0.014,-+0.020



	Hγ line properties



	
	β[Hγ]
	shape parameter for radial distribution of line emission
	U(0.0,2.0)
	1.39
	-0.39,+0.35



	
	F[Hγ]
	scale factor such that mean radius μ = Rmin/F
	U(0.0,1.0)
	0.50
	-0.19,+0.18



	
	Fpeak[Hγ]
	flux scaling for peak of line profile
	G(0.14,0.02)
	0.132
	-0.005,+0.005





      

      
Notes.

(a) U refers to a uniform prior over the range given; G denotes a Gaussian prior with the centre and dispersion indicated.


(b) Inclination is fitted as cos i.




    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Differential phase spectra for individual baselines. For the spectral segments around each of the Hβ and Hγ lines (top row), the measured and fitted differential phases are shown as a function of wavelength (other rows). The three baselines which contain the strongest signal (4-2, 4-1, and 3-1) are combined in Fig. 4.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Posterior histograms for the fitted parameters. The PA is shifted by 90° for visual clarity.

      

    

  
    
      Fig. A.3. 

      
        [image: thumbnail]
      

      
        Corner plot of a few key parameters. Four are fitted directly in the model and two are derived afterwards, propagating the uncertainties. The panels show there is a single major peak that is well constrained. They also show that at a low level of significance there are additional minor peaks and some expected correlations (e.g. that between MBH and inclination is easiest to understand, and it leads to adjustment of other parameters).
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