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Abstract

Aims. The goal of this project is to construct an estimator for the masses of supermassive black holes in active galactic nuclei (AGNs) based on the broad Hα emission line.

Methods. We made use of published reverberation mapping data. We remeasured all Hα time lags from the original data as we find that reverberation measurements are often improved by detrending the light curves.

Results. We produced mass estimators that require only the Hα luminosity and the width of the Hα emission line as characterized by either the full width at half maximum or the line dispersion.

Conclusions. It is possible, on the basis of a single spectrum covering the Hα emission line, to estimate the mass of the central supermassive black hole in AGNs with all three parameters believed to affect mass measurement – luminosity, line width, and Eddington ratio – taken into account. The typical formal accuracy in such estimates is of order 0.2–0.3 dex relative to the reverberation-based masses.
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1. Introduction
Astrophysical masses are measured by observing how they accelerate nearby objects. In the case of supermassive black holes at the centres of massive galaxies, masses are measured by modelling the dynamics of stars (e.g. van der Marel et al. 1998; Cretton et al. 1999; Gebhardt et al. 2003; Thomas et al. 2004; Valluri et al. 2004; Sharma et al. 2014), gas (e.g. Macchetto et al. 1997; Bower et al. 1998; Davies et al. 2004a,b; Davis et al. 2013; de Francesco et al. 2008; Hicks & Malkan 2008; Dalla Bontà et al. 2009) or megamasers (e.g. Wagner 2013; van den Bosch et al. 2016; Kuo et al. 2020) on spatially resolved scales. In the case of some relatively nearby active galactic nuclei (AGNs), the broad-line-emitting gas can be spatially resolved with interferometry (GRAVITY Collaboration 2018, 2020, 2021a,b, 2024). In other cases, the motions of gas on spatially unresolved scales can be modelled for mass measurement via the process of reverberation mapping (RM; Pancoast et al. 2011; Grier et al. 2013b, 2017a; Pancoast et al. 2014). The ultraviolet, optical, and infrared spectra of AGNs are dominated by the presence of strong, Doppler-broadened emission lines whose flux varies in response to continuum variations that arise on accretion-disk scales. By mapping the response of the line-emitting gas as a function of line-of-sight velocity and time delay relative to the continuum variations, the kinematics of the line-emitting region and the mass of the central black hole can be determined. However, the technical demands of velocity-resolved (i.e. ‘two-dimensional’) RM are formidable compared to simpler measurement of the mean emission-line response time, or time lag, for an entire emission line (τ) and the emission-line width (ΔV; i.e. ‘one-dimensional RM’; Blandford & McKee 1982; Peterson 1993, 2014) Compared to one-dimensional RM, two-dimensional RM requires more accurate relative flux calibration (including flat-fielding) as well as more accurate wavelength calibration and consistent spectral resolution. It has therefore been more common to measure the one-dimensional response of the emission line and the line width and combine them to determine the black-hole mass:
[image: thumbnail](1)
where the quantity in parentheses, known as the ‘virial product’ (μ), is in units of mass and is based on the two observables, line width and mean time delay. Under most circumstances (e.g. except when the continuum radiation or emission-line response is highly asymmetric), the mean time delay translates immediately into the mean radius of the line-emitting region, R = cτ. Parameters that are not directly measured by this method, such as the inclination of the line-emitting region, are subsumed into the dimensionless factor f. In the absence of knowledge of these other parameters, it is common to use a mean value, ⟨f⟩, based on other statistical estimates of the masses, nearly always the relationship between the black-hole mass and the bulge stellar velocity dispersion, MBH–σ*. This relationship was first recognized in quiescent galaxies (Ferrarese & Merritt 2000; Gebhardt et al. 2000a) but has also been identified in active galaxies (Gebhardt et al. 2000b; Ferrarese et al. 2001; Nelson et al. 2004; Watson et al. 2008; Grier et al. 2013a).
Even one-dimensional RM is resource-intensive, typically requiring a sequence of at least 30–50 high-quality spectroscopic observations over a suitable span of time (typically several times the light-crossing time, τ = R/c) with an appropriate sampling rate (a sampling interval typically around 0.5R/c or less) and source variations that are conducive to successful reverberation detection. Fortunately, however, RM has shown that the emission-line region radii inferred from lags correlate with many different luminosity measures (L) approximately as L ∝ R1/2, thus enabling estimates of the central black-hole mass from a single spectroscopic observation. As the RM database has grown over time, it has become clear that this radius–luminosity (R–L) relation is oversimplified and that there is at least one more parameter that affects the radius of the line-emitting region, hereafter referred to as the broad-line region (BLR). The additional parameter is generally thought to be the Eddington ratio (i.e. the ratio of the true accretion rate to the Eddington accretion rate; e.g. Du et al. 2016, 2018; Du & Wang 2019; Grier et al. 2017b; Martínez-Aldama et al. 2019; Fonseca Alvarez et al. 2020). There is a long history of using the R–L scaling relation to estimate the BLR radius from a measured luminosity and combining this with the emission-line width to estimate the mass via Eq. (1), much of which we reviewed in our earlier paper (Dalla Bontà et al. 2020, hereafter Paper I). Our investigation reported in Paper I supports the conclusion that the Eddington ratio is the missing parameter in the R–L relationship and demonstrates that this can be effectively be taken into account. In Paper I, we focused on updating the R–L relations for Hβ and C IVλ1549; the former because it has by far the best established RM database, and the latter because it affords a probe of the higher-redshift Universe and has been, we think unfairly, as we discuss in Paper I, deemed by some authors to be insufficiently reliable for mass estimates.
In the present work we focus on the other strong emission line in the optical, Hα λ6563. Compared to other strong broad emission lines in AGN spectra, Hα has been relatively neglected in RM studies. There are several reasons for this:

	
The sensitivity of the UV/optical detectors generally employed in ground-based RM studies limits the redshift range over which Hα can be observed. In the samples discussed in this paper, the highest-redshift AGNs are at z ≲ 0.15.



	
The low space density of local highly luminous AGNs combined with cosmic downsizing means that the luminosity range that can be studied via Hα reverberation is limited compared to other broad emission lines. In the samples discussed here, there is only one AGN (3C 273 = PG 1226+023) with rest-frame 5100 Å luminosity at L(5100 Å) = λLλ(5100 Å) > 1045 erg s−1 and a small handful with L(5100 Å) > 1044 erg s−1.




Other deficiencies relative to Hβ (in some cases, but not all, Hβ and Hα are observed simultaneously) are as follows:

	
The amplitude of emission-line flux variability is generally higher in Hβ than in Hα (e.g. Peterson et al. 2004), which makes the variations easier to detect and characterize.



	
The continuum underneath Hα has more host-galaxy starlight contamination than that under Hβ, so the continuum variations are apparently stronger in the Hβ region of the spectrum and the starlight correction to the continuum luminosity at Hα is much larger and thus uncertainties are more impactful.



	
In many, but not all, cases, the highest fidelity relative flux calibration in the Hβ spectral region is achieved by assuming that the [O III] λλ4959, 5007 fluxes are constant on reverberation timescales. These lines are more clearly separated from Hβ than potential narrow-line calibration sources around Hα (specifically [N II] λλ6548, 6583 or [S II] λλ6716, 6731). The [N II] lines in particular are much harder to separate from the Hα broad emission, which compromises them as internal flux calibrators and complicates measuring the broad Hα line width accurately. For two-dimensional reverberation studies (i.e. those that enable constructions of a velocity-delay map), the [N II] lines can be especially problematic.



	
At some modest redshifts, the Hα profile is badly contaminated by atmospheric absorption bands (i.e. the A band and B band), and accounting for this is not trivial.




However, recent developments in the study of nearby AGNs at high angular resolution in the near-infrared with both ground-based (e.g. GRAVITY at the VLTI) and space-based (JWST) telescopes has led to a renewed interest in reverberation results for Hα for direct comparison with mass determinations based on angularly resolved methods. For this reason, we decided to reconsider the issue of estimating AGN black-hole masses based on the Hα emission line. Our methodology largely follows that of Paper I. For consistency with Paper I, we assume H0 = 72 km s−1 Mpc−1, Ωmatter = 0.3, and ΩΛ = 0.7.
2. Observational database and methodology
2.1. Data
As in Paper I, we employed two high-quality databases for this investigation. First, we collected spectra, line-width measurements, and time series for reverberation-mapped AGNs that have appeared in the literature up through 2019. The objects included here are those from Paper I that also have Hα results available. Second, we included sources from the Sloan Digital Sky Survey Reverberation Mapping Project (hereafter SDSS-RM; Shen et al. 2015). While Paper I included only results from the first year of the project, here we examined the six-year database described by Shen et al. (2024), though as we explain below, only the first two years of spectroscopic monitoring plus a previous year of photometric monitoring are relevant to the present investigation.
Whenever possible, we used line-width measurements and flux or luminosity measurements from the published sources. In some cases where we had ready access to the data (notably the Palomar–Green quasars from Kaspi et al. 2000), we measured the line widths ourselves. In all cases, however, we remeasured the emission-line lags using the interpolated cross-correlation methodology (Gaskell & Peterson 1987) as implemented by Peterson et al. (1998) and modified by Peterson et al. (2004). We chose to remeasure all the SDSS-RM lags for two reasons.
Firstly, as described by Edelson et al. (2024), it is important to examine the effects of ‘detrending’ the light curves. Detrending means either fitting a low-order polynomial to the light curve and subtracting it from the data or convolving the light curve with a broad function, such as a Gaussian: either will remove the longest-term trends from the data. We did this because variations on timescales much longer than reverberation timescales can, because they contain so much power, lead to overestimates of the reverberation response timescale. Here we attempted a simple linear detrending, following Edelson et al. (2024), of the line and continuum light curves and used the time series that gives the ‘best’ results (generally defined by the smallest uncertainties in the lags). Typically we find that shorter light curves are unaffected by detrending, but in longer light curves the effects can be important.
Secondly, in the case of SDSS-RM data, we restricted our analysis to the first two years of spectroscopic observations (56660 < MJD < 57195) plus a preceding single year (56358 < MJD < 56508) of continuum measurements. Because the SDSS-RM quasars with Hα reverberation measurements are all fairly local and low luminosity, the sparse sampling of the continuum at earlier epochs and the continuum and lines at later epochs only adds noise to the cross-correlation results.
The data drawn from the literature are presented in Table A.1. Additional parameters associated with each source are drawn from Table A1 of Paper I1. As noted above, all lags were remeasured, but luminosities, adjusted to our adopted cosmology, and line widths are taken from the published sources. Some line-width measures were flagged by the original investigators as being particularly uncertain, usually because of various data quality issues. These values are denoted by preceding colons and are not used in any of the statistical analysis.
Table B.1 presents the parameter values for the SDSS-RM sample. Some additional necessary parameters appear in Table A2 of Paper I. Luminosities are based on parameters given by Shen et al. (2024), line widths are from Wang et al. (2019), and the Hα rest-frame lags are based on our own re-determinations. We give the range of epochs used in Col. 2 of Table B.1; we, however, eliminated epoch MJD 56713 from all the light curves as in many cases it was a clear outlier. The time span used for each individual source was the subset that gave the clearest results (i.e. those with the smallest errors and/or the least contamination by aliases).
2.2. Fitting methodology
In the remainder of this paper, we examine the relationships among various physical parameters via bivariate and multivariate fits, first, to establish fundamental relationships that will allow us to estimate central masses, and second, to employ these relationships to develop predictive relationships to estimate the central masses.
We employed a fitting algorithm described by Cappellari et al. (2013) that combines the least trimmed squares technique of Rousseeuw & van Driessen (2006) and a least-squares fitting algorithm that allows errors in all variables, as implemented in Paper I and by Dalla Bontà et al. (2018). Most fits are bivariate fits of the form
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where x0 is the median value of the observable x. The fitting procedure minimizes the quantity
[image: thumbnail](3)
where Δxi and Δyi are the errors on the variables xi and yi, and εy is the standard deviation of the Gaussian describing the distribution of intrinsic scatter in the y parameter. The value of εy is adjusted iteratively so that the χ2 per degree of freedom ν = N − 2 has the value of unity expected for a good fit. The observed scatter is
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The value of εy is added in quadrature to the formal error when y is used as a proxy for x.
As in Paper I, bivariate fits are intended to establish the physical relationships among the various parameters and to fit residuals, as described below. The initial mass estimation equations produced here are based on multivariate fits of the general form
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where the parameters are as described above, plus an additional observed parameter y that has median value y0. Similarly to linear fits, the plane fitting minimizes the quantity
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with Δxi, Δyi and Δzi as the errors on the variables xi, yi, zi, and εz as the sigma of the Gaussian describing the distribution of intrinsic scatter in the z coordinate; εz is iteratively adjusted so that the χ2 per degrees of freedom ν = N − 3 has the value of unity expected for a good fit. The observed scatter is
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3. Fits to the data
3.1. Fundamental relationships
One of the important results of Paper I is confirmation of the tight relationship between the luminosity of the broad Hβ emission line with that of the AGN continuum. This is important as it eliminates the necessity of quantifying the contribution of contaminating starlight to the observed continuum flux and also avoids possible complications from a contribution to the continuum from a jet2. This is even more critical in the Hα region of the spectrum where the starlight contamination is greater. Figure 1 shows the relationship between the Hα luminosity and the AGN luminosity at 5100 Å (taken from Paper I). The best-fit parameters for this relationship are given in line 1 of Table 1. The fit to this relationship shows that the luminosity of Hα can be used as a proxy for the AGN continuum at 5100 Å, which itself is tacitly used as a proxy for the AGN ionizing continuum, as is the case with Hβ.
	[image: thumbnail]	Fig. 1. Correlation between the luminosity of the broad Hα emission line and the starlight-corrected AGN continuum luminosity at 5100 Å. Only AGNs with host-galaxy starlight removal from the measured continuum based on HST high-resolution imaging are shown (Bentz et al. 2013), i.e. the AGNs listed in Table 1. The solid line represents the best fit to Eq. (2), with parameters given in line 1 of Table 1. The short-dash lines show the ±1σ envelope, and the long-dash lines show the ±2.6σ (99% confidence level) envelope.



Table 1. 
Radius–luminosity, luminosity–luminosity, and line-width relations: y = a + b(x − x0).

Reverberation-based black-hole masses (Eq. (1)) are based on the measured lag τ of the emission-line flux variations relative to those of the continuum. Estimates of black-hole masses based on individual spectra – ‘single epoch’ (SE) masses – are enabled by the well-known correlation between BLR radius R = cτ and AGN luminosity (Kaspi et al. 2000, 2005; Bentz et al. 2006, 2009a, 2013, and additional historical references in Paper I). Figure 2 shows the relationship between the Hα lag and luminosity based on the data presented in Tables A.1 and B.1. The best-fit parameters to these data are given in line 2 of Table 1; the slope of the relationship is nearly exactly the canonical value b = 0.5. This fundamentally establishes justification for seeking a SE predictor based on the Hα line.
	[image: thumbnail]	Fig. 2. Time-delayed response of the broad Hα line as as a function of Hα luminosity. Since the response time is directly related to the BLR radius by R = cτ, this is known as the R–L relationship. Blue circles are from the RM database (Table A.1) and green triangles are from SDSS-RM (Table B.1). The solid line shows the best fit to Eq. (2), with parameters given in the second line of Table 1. The short- and long-dashed line show the ±1σ and ±2.6σ envelopes, respectively.



	[image: thumbnail]	Fig. 3. Relationships between line-width measures. (a) Relationship between the Hα line dispersion in the RMS spectrum, σR(Hα), and the mean spectrum, σM(Hα). (b) Relationship between the Hα line dispersion in the RMS spectrum, σR(Hα), and the FWHM in the mean spectrum, FWHMM(Hα). Blue points are from Table 1, (the reverberation mapping database or RMDB sample), green are from Table 2 (SDSS-RM sample). The solid lines are the best fit to Eq. (2) with coefficients from Table 1. The short- and long-dashed lines indicate the ±1σ and ±2.6σ envelopes. The dotted red lines indicate where the two measures are equal.



	[image: thumbnail]	Fig. 4. Comparison between virial products based on the Hα data presented in Tables A.1 (blue circles) and B.1 (green triangles) and the virial products based on Hβ in Paper I. The dashed red line shows the locus where the two values are equal. The solid black line shows the best fit to the data. The short- and long-dashed lines show the ±1σ and ±2.6σ envelopes, respectively. The largest outlier is Mrk 202, which Bentz et al. (2010) flag as having an especially dubious Hα lag measurement.



The other parameter needed to compute a reverberation-based mass is the emission-line width ΔV (Eq. (1)). Broad emission lines typically comprise multiple components, and the line width measured used in Eq. (1) should be based only on the emission-line components that are responding to the continuum variations. To isolate the variable part of the emission line, a root-mean-square residual spectrum (for brevity hereafter referred to as the ‘RMS spectrum’) is constructed. The mean spectrum is defined by
[image: thumbnail](8)
where Fi(λ) is flux of the ith spectrum of the time series at wavelength λ and N is the total number of spectra. The RMS spectrum is then defined by
[image: thumbnail](9)
There are multiple parameters that might be used to characterize the emission-line width. Most commonly used are the full width at half maximum (FWHM) and the line dispersion, defined by
[image: thumbnail](10)
where P(λ) is the line profile and λ0 is the line centroid
[image: thumbnail](11)
Paper I presents detailed arguments that the line dispersion in the RMS spectrum σR is better than FWHM in the RMS spectrum, FWHMR for computing reverberation masses. We also have carried out a preliminary investigation of other line-width measures and found that there are other good proxies for σR (Dalla Bontà & Peterson 2022), but this discussion is beyond the scope of the current work and will be pursued elsewhere. The aim here is then to determine, given a single spectrum, what line-width measure in the mean or a single spectrum (since the mean spectrum is a reasonable representation of a SE spectrum in the time series) is the better proxy for σR. Figure 3a shows the relationship between σR and the line dispersion in the mean spectrum, σM. Figure 3b shows the relationship between σR and FWHM in the mean spectrum, FWHMM. Best-fit relationships between pairs of parameters are given in third and fourth lines of Table 1. As is the case with Hβ as described in Paper I, σM is an excellent proxy for σR. On the other hand, FWHMM can also be used as a proxy for σR, but the relationship is not close to linear and the additional uncertainty introduced (εy) is more than twice as large as that introduced by σM.
At this point, we compared the virial products obtained with the Hα data in Tables A.1 and B.1 with the Hβ-based virial products we obtained in Paper I (see Fig. 4). For individual sources, in most cases the two virial products agree to within the uncertainties. A simple fit to this distribution, with resulting coefficients shown in line 5 of Table 1, confirms that the slope is less than unity and that the Hα-based virial product sightly exceeds the Hβ-based values with increasing mass. In the analysis that follows, we used the Hβ-based masses as our reference because the typical uncertainties (∼0.113 dex) are considerably smaller than those associated with the Hα-based masses (∼0.358 dex).
3.2. Fits and corrections
The correlations identified above justify a search for a SE formula to estimate black-hole masses from Hα. As a first approximation, we began by trying to reproduce the Hβ RM virial product with the expectation that the BLR radius can be determined from the luminosity and that the line width in the mean spectrum can be used as a proxy for σR. The following equations were used:
[image: thumbnail](12)
and
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The best fits to these equations are given in Table C.1. These can be used to produce initial SE predictors:
[image: thumbnail](14)
and
[image: thumbnail](15)
These data and their best fits are shown in Fig. 5, Eq. (14) in panel a and Eq. (15) in panel (b). In both cases, the slope b is shallower than unity, indicating that the line luminosity and line width are, by themselves, unable to accurately predict the reverberation measurement μRM. As noted above, in Paper I, we found that the residuals in this relationship were closely correlated with Eddington ratio, which is the ratio of actual mass-accretion rate relative to the maximum or Eddington rate. This finding is in agreement with the conclusions of others who have investigated the R–L relationship (e.g. Du et al. 2016, 2018; Grier et al. 2017b; Du & Wang 2019; Martínez-Aldama et al. 2019; Fonseca Alvarez et al. 2020). In the upper panels of Fig. 6, we show the residuals in the μRM–μSE relationship for Eqs. (14) (panel a) and (15) (panel b). As in Paper I, we computed a correction to the SE mass by fitting the relationship
[image: thumbnail](16)
	[image: thumbnail]	Fig. 5. Comparison between SE mass estimates and reverberation measurements. Upper: SE Hα-based virial product predictions using Eqs. (14) and (15) in panels (a) and (b), respectively. The coefficients for the best fit appear in the first two lines of Table 1. Blue circles are data from Table A.1, and green triangles are from Table B.1. The solid line is the best fit to the data, and the dotted red line shows where the measures are equal. The short- and long-dashed lines show the ±1σ and ±2.6σ envelopes, respectively. Lower: Corrected SE masses from Hα-based virial product predictions using Eq. (17) (panel c) and Eq. (19) (panel d), in both cases with log f = 0 arbitrarily.



	[image: thumbnail]	Fig. 6. Mass residuals as a function of Eddington rate. (a) Mass residuals (Eq. (16)), i.e. the difference between the measured reverberation virial products and those predicted by Eq. (12). The residuals are plotted vs the Eddington ratio. The solid line represents the best fit, the short-dashed lines the ±1σ envelope, and the long-dashed line the ±2.6σ envelope. Blue circles are from Table A.1, and green triangles are from Table B.1. (b) Mass residuals, i.e. the difference between the measured reverberation virial products and those predicted by Eq. (15). Panels (c) and (d) show residuals after subtraction of the best-fit relations shown in panels (a) and (b).



Table 2. 
Initial, residual, and final fits: y = a + b(x − x0).

Our assumptions and calculations of the Eddington ratio, the most important assumption being our use of the bolometric correction from Netzer (2019), are given in Paper I. The single modification here is that we used Eq. (2) with the relationship shown in Fig. 1 to substitute L(Hα) for [image: equation]. The reason our correction works is because the simple assumptions we made to compute the Eddington ratio depend only on L(Hα) (or equivalently, LAGN(5100 Å) or L(Hβ)) and μRM, which are known for this sample. The best-fit parameters for Eq. (16) are given in lines 3 and 4 of Table 2. The bottom panels of Fig. 6 show the effect of this correction on the residuals.
Applying the correction of Eq. (16) to the SE masses in the top panels of Fig. 5 yields the corrected SE masses shown in the bottom panels of the same figure. The best-fit parameters for the revised relationship are given in lines 5 and 6 of Table 2 for the case of σM and FWHMM-based masses, respectively. It should be noted that the slopes of these relationships are very close to the expected value of unity, indicating that the three variables identified – line luminosity, line width, and Eddington ratio – are sufficient to estimate the black-hole mass to fairly high accuracy.
4. Formulas for mass estimation
Our initial estimates (Eqs. (14) and (15)) can be combined with the Eddington rate correction (Eq. (16)), which we inverted to solve for an estimate of μRM based solely on L(Hα) and σM(Hα). This yields our equations for the corrected SE virial product estimator, with zero-points adjusted for convenience and for consistency with Paper I,
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which has an associated uncertainty
[image: thumbnail](18)
We note that the intrinsic scatter, εy = 0.219, needs to be added in quadrature to the formal uncertainty.
Similarly, in the case where FWHM is used as the line-width measure,
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which has an associated uncertainty of
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Again, the intrinsic scatter, εy = 0.332, needs to be combined in quadrature with the formal uncertainty.
The mean scale factor is determined by calibrating the virial products μRM to the MBH–σ* relations. Our adopted value, based on the most recent analysis of the largest database, is ⟨log f⟩ = 0.683 ± 0.150 (Batiste et al. 2017). The error on the mean is Δlog f = 0.030 dex and this should also be folded into the mass estimate uncertainty.
5. Discussion
5.1. Limitations
The SE mass predictors developed here and in Paper I include sources in the luminosity range
[image: thumbnail]
for the Balmer lines and
[image: thumbnail]
for C IV, though the sample size for the latter is very poor below log L(1350 Å) ≈ 42 (e.g. Fig. 9 of Paper I). This does, however, cover most of the known range of AGN activity. The range of Eddington ratio covered by these estimators is
[image: thumbnail]
for the Balmer lines with extension to lower rates in C IV, as low as log ṁ ≈ − 3, but with poor sampling. This reaches close to the lowest Eddington ratios expected for broad-line AGNs. Extension to super-Eddington rates (i.e. ṁ > 1) remains to be explored.
Table 3. 
Comparison of SE estimates with GRAVITY measurements.

5.2. On the importance of line-width measures
Much of this work has been focused on how the line-width measures are used. In particular, we have argued that if FWHM is used as ΔV in Eq. (1), the mass scale will be erroneously stretched. At larger line widths (higher mass at fixed luminosity), the ratio FWHM/σ is high so that the higher masses are overestimated by using FWHM. Similarly, for narrower lines (lower masses at fixed luminosity) FWHM/σ is low and thus lower masses are consequently underestimated by using FWHM. This point was made very clear by Rafiee & Hall (2011) who demonstrated this for fixed intervals of luminosity. The key point is that the mass scale is stretched at fixed luminosity.
This may obscure the fact that the single most important parameter in AGN black-hole mass estimation is luminosity. This is because the range of luminosity (over four orders of magnitude in the sample discussed here) is much larger than the range of line widths (spanning about a single order of magnitude in this sample). Figure 7 suggests that there is in fact a correlation between luminosity and mass and a crude mass estimate can be made based on luminosity alone, which is tantamount to assuming that the range of Eddington ratio ṁ is very narrow; indeed this realization led to a suggestion that the line width is superfluous and contains little if any additional leverage in estimating AGN black-hole masses (Croom 2011). This is true only if the line-width measurements are very inaccurate (as they sometimes are if they are measured from survey-quality data) or if one is willing to settle for a less than order-of-magnitude mass estimate. More importantly, however, one must be cognizant of the fact that selection effects militate against identification of sources in the upper left and lower right parts of this figure. Luminosity alone is simply not a very good predictor of black-hole mass.
	[image: thumbnail]	Fig. 7. Correlation between the virial product and luminosity of the Hα emission line. The apparent correlation between mass and luminosity is due to selection effects. Sources in the lower right (high luminosity, low mass) are generally excluded by the Eddington limit. Sources in the upper left (low luminosity, high mass) are scarce (a) because high mass objects are rare and therefore mostly at large distances, and thus faint, and (b) because their accretion rates are so low that they do not manifest themselves as AGNs.



5.3. Comparison with GRAVITY results
As noted earlier, there are a handful of sources that have been spatially resolved with the GRAVITY interferometer and have yielded mass measurements. Here we took luminosity and line-width measures from the published literature and used Eqs. (19) and (40) from Paper I to make comparisons between the GRAVITY measurements and our SE predictors. The results are summarized in Table 3 and shown in Fig. 8. We assumed log f = 0.683.
	[image: thumbnail]	Fig. 8. Comparison of the mass predictions from GRAVITY and SE estimates from the current work. Hβ-based SE masses are in black, Hα-based are in red. Note mass rather than the virial product is plotted.



	[image: thumbnail]	Fig. 9. Direct comparison of the mass predictions from Greene & Ho (2005) and from the current work. The dotted red line is the locus where the predictions are equal. The short-dash black lines show this ±1σ envelope and the long-dash lines show the ±2.6σ envelope. Note that mass rather than the virial product is plotted.



Figure 8 shows that the GRAVITY and SE-based masses are generally consistent at the low-mass end, but not at the high-mass end. In the case of IC 4329A, one SE-based prediction is considerably larger than the other two; this is because the estimate from Li et al. (2024) assumes ∼2 mag of internal extinction of the nucleus. The actual reverberation measurement, using measurements from Li et al. (2024), Eq. (A1) from Paper I, and log f = 0.683) is ∼7.75 in log solar units, closer to the other SE measurements than the estimate based on an internal extinction correction, which suggests that this correction is too large. For the two highest mass sources, 3C 273 and PDS 456, the GRAVITY and SE masses are in poorer agreement, and we note that in both cases, naïve application of the Eddington limits suggests both masses should exceed ∼109 M⊙ (e.g. Nardini et al. 2015). In general, the SE estimates are in better agreement with the RM measurements than the GRAVITY measurements, when they are available.
Table 4. 
Fits to comparisons: y = a + b(x − x0).

	[image: thumbnail]	Fig. 10. Same as Fig. 10 but for the mass predictions from Cho et al. (2023).



5.4. Comparison with other single-epoch estimates
Here we compare our Hα-based mass predictions with those previously published. We considered first the early Hα-based mass predictor of Greene & Ho (2005); we rewrote their Eq. (6) as
[image: thumbnail](21)
Figure 9 shows a direct comparison of Eqs. (21) and (19) for the sample in Tables A.1 and B.1 (note that we plot the mass rather than the virial product). The best-fit results are given in line 1 of Table 4. Greene & Ho (2005) re-derived the relationship between the Hβ lag and the 5100 Å continuum, and essentially reproduced the result of Kaspi et al. (2005). This was prior to the first recognition that the contaminating starlight needs to be accounted for prior to deriving this relationship (Bentz et al. 2006); consequently the empirical relationship was steeper than the canonical value of 0.5. Empirical relationships among the 5100 Å continuum and the Hα and Hβ emission-line fluxes and between the Hα and Hβ line widths were also used. The scaling factor used was f = 3/4 (Netzer 1990), which was what was widely used prior the first empirical calibration (Onken et al. 2004).
We also compared our results with a more recent effort by Cho et al. (2023), whose database overlaps with ours considerably. Their Eq. (6) can be written as
[image: thumbnail](22)
The predictions from this equation are compared with those of our Eq. (19) in Fig. 10 (note that we plot the mass rather than virial product). The best-fit parameters are given in line 2 of Table 4. Again, the slope of the relationship between these two predictions is less than unity at least in part because of the lack of an Eddington ratio correction. Moreover, some of the underlying assumptions are so different:

	
Cho et al. (2023) assume a scaling factor value of log f = 0.05 ± 0.12 (Woo et al. 2015) when FWHM is used as the line-width measure. This corrects FWHMM to σM for the mean ratio of ⟨FWHMM/σM⟩ (cf. Collin et al. 2006), but it does not account for the fact that the relationship between FWHMM and σM is neither constant nor linear (e.g. Fig. 9 of Peterson 2014). Indeed, for the Hα lines examined in this investigation the width ratio cover the range
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compared to the Gaussian value FWHM/σ = 2.35.-pagination



	
The slope we find for the HαR–L relationship, b = 0.497 ± 0.016, is shallower than their slope, b = 0.61 ± 0.04.



	
Cho et al. (2023) assume that the mass scales as FWHM2 while we find that the dependence of mass on FWHM is much shallower for Hα, as it is for Hβ (Paper I).




6. Conclusions
We have derived SE black-hole mass estimators based on the luminosity and line width of the broad Hα emission line (Eqs. (17) and (19)) with a typical formal uncertain of around 0.2–0.4 dex relative to the reverberation masses, depending on which emission-line and line-width measure are used. Both the Hα- and Hβ-based estimators were calibrated over the luminosity range 41 ≲ log LAGN(5100 Å) ≲ 46 erg s−1. Our treatment takes into account the three parameters known to affect black-hole mass: luminosity, line width, and Eddington ratio. As is the case with the Hβ emission line (Paper I), either the line dispersion (Eq. (10)) or the FWHM can be used as the line-width measure, though not interchangeably: the mass dependence on the line width is shallower for the FWHM than for the line dispersion.


1 Associations between sources in Table A.1 of this paper and Table A1 of Paper I are obvious except in the case of Mrk 6. The three datasets used here were from MJDs 49250–49872, 49980–50777, and 53611–54803.


2 We note, however, that only 3C 273 = PG 1226+023 and RMID 017 = SBS 1411+533 are flat-spectrum radio quasars; 3C 390.3 is also a radio source, but the jet is inclined to our line of sight.
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Appendix A:  Data from the literature
Table A.1. 
Reverberation mapped AGNs (Hα).


Appendix B:  Data from SDSS-RM
Table B.1. 
Reverberation mapped AGNs (SDSS Hα).


Appendix C:  Multivariate relations
Table C.1. 
Multivariate relations: z = a + b(x − x0)+c(y − y0).
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All Figures
	[image: thumbnail]	Fig. 1. Correlation between the luminosity of the broad Hα emission line and the starlight-corrected AGN continuum luminosity at 5100 Å. Only AGNs with host-galaxy starlight removal from the measured continuum based on HST high-resolution imaging are shown (Bentz et al. 2013), i.e. the AGNs listed in Table 1. The solid line represents the best fit to Eq. (2), with parameters given in line 1 of Table 1. The short-dash lines show the ±1σ envelope, and the long-dash lines show the ±2.6σ (99% confidence level) envelope.
In the text



	[image: thumbnail]	Fig. 2. Time-delayed response of the broad Hα line as as a function of Hα luminosity. Since the response time is directly related to the BLR radius by R = cτ, this is known as the R–L relationship. Blue circles are from the RM database (Table A.1) and green triangles are from SDSS-RM (Table B.1). The solid line shows the best fit to Eq. (2), with parameters given in the second line of Table 1. The short- and long-dashed line show the ±1σ and ±2.6σ envelopes, respectively.
In the text



	[image: thumbnail]	Fig. 3. Relationships between line-width measures. (a) Relationship between the Hα line dispersion in the RMS spectrum, σR(Hα), and the mean spectrum, σM(Hα). (b) Relationship between the Hα line dispersion in the RMS spectrum, σR(Hα), and the FWHM in the mean spectrum, FWHMM(Hα). Blue points are from Table 1, (the reverberation mapping database or RMDB sample), green are from Table 2 (SDSS-RM sample). The solid lines are the best fit to Eq. (2) with coefficients from Table 1. The short- and long-dashed lines indicate the ±1σ and ±2.6σ envelopes. The dotted red lines indicate where the two measures are equal.
In the text



	[image: thumbnail]	Fig. 4. Comparison between virial products based on the Hα data presented in Tables A.1 (blue circles) and B.1 (green triangles) and the virial products based on Hβ in Paper I. The dashed red line shows the locus where the two values are equal. The solid black line shows the best fit to the data. The short- and long-dashed lines show the ±1σ and ±2.6σ envelopes, respectively. The largest outlier is Mrk 202, which Bentz et al. (2010) flag as having an especially dubious Hα lag measurement.
In the text



	[image: thumbnail]	Fig. 5. Comparison between SE mass estimates and reverberation measurements. Upper: SE Hα-based virial product predictions using Eqs. (14) and (15) in panels (a) and (b), respectively. The coefficients for the best fit appear in the first two lines of Table 1. Blue circles are data from Table A.1, and green triangles are from Table B.1. The solid line is the best fit to the data, and the dotted red line shows where the measures are equal. The short- and long-dashed lines show the ±1σ and ±2.6σ envelopes, respectively. Lower: Corrected SE masses from Hα-based virial product predictions using Eq. (17) (panel c) and Eq. (19) (panel d), in both cases with log f = 0 arbitrarily.
In the text



	[image: thumbnail]	Fig. 6. Mass residuals as a function of Eddington rate. (a) Mass residuals (Eq. (16)), i.e. the difference between the measured reverberation virial products and those predicted by Eq. (12). The residuals are plotted vs the Eddington ratio. The solid line represents the best fit, the short-dashed lines the ±1σ envelope, and the long-dashed line the ±2.6σ envelope. Blue circles are from Table A.1, and green triangles are from Table B.1. (b) Mass residuals, i.e. the difference between the measured reverberation virial products and those predicted by Eq. (15). Panels (c) and (d) show residuals after subtraction of the best-fit relations shown in panels (a) and (b).
In the text



	[image: thumbnail]	Fig. 7. Correlation between the virial product and luminosity of the Hα emission line. The apparent correlation between mass and luminosity is due to selection effects. Sources in the lower right (high luminosity, low mass) are generally excluded by the Eddington limit. Sources in the upper left (low luminosity, high mass) are scarce (a) because high mass objects are rare and therefore mostly at large distances, and thus faint, and (b) because their accretion rates are so low that they do not manifest themselves as AGNs.
In the text



	[image: thumbnail]	Fig. 8. Comparison of the mass predictions from GRAVITY and SE estimates from the current work. Hβ-based SE masses are in black, Hα-based are in red. Note mass rather than the virial product is plotted.
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	[image: thumbnail]	Fig. 9. Direct comparison of the mass predictions from Greene & Ho (2005) and from the current work. The dotted red line is the locus where the predictions are equal. The short-dash black lines show this ±1σ envelope and the long-dash lines show the ±2.6σ envelope. Note that mass rather than the virial product is plotted.
In the text



	[image: thumbnail]	Fig. 10. Same as Fig. 10 but for the mass predictions from Cho et al. (2023).
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        Correlation between the luminosity of the broad Hα emission line and the starlight-corrected AGN continuum luminosity at 5100 Å. Only AGNs with host-galaxy starlight removal from the measured continuum based on HST high-resolution imaging are shown (Bentz et al. 2013), i.e. the AGNs listed in Table 1. The solid line represents the best fit to Eq. (2), with parameters given in line 1 of Table 1. The short-dash lines show the ±1σ envelope, and the long-dash lines show the ±2.6σ (99% confidence level) envelope.
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	Line
	x
	y
	a ± Δa
	b ± Δb
	x0
	εy
	Δ
	Figures



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)





	1
	log L(Hα)
	log LAGN(5100 Å)
	43.530 ± 0.036
	1.072 ± 0.036
	42.513
	0.174 ± 0.036
	0.187
	1



	2
	log L(Hα)
	log τ(Hα)
	1.346 ± 0.036
	0.497 ± 0.016
	42.316
	0.206 ± 0.036
	0.242
	2



	3
	log σM(Hα)
	log σR(Hα)
	3.185 ± 0.010
	1.074 ± 0.053
	3.227
	0.058 ± 0.010
	0.065
	3a



	4
	logFWHMM(Hα)
	log σR(Hα)
	3.205 ± 0.025
	0.699 ± 0.116
	3.511
	0.140 ± 0.023
	0.140
	3b



	5
	log μRM(Hα)
	log μRM(Hβ)
	7.049 ± 0.049
	0.917 ± 0.078
	6.956
	0.081 ± 0.076
	0.289
	4





      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Time-delayed response of the broad Hα line as as a function of Hα luminosity. Since the response time is directly related to the BLR radius by R = cτ, this is known as the R–L relationship. Blue circles are from the RM database (Table A.1) and green triangles are from SDSS-RM (Table B.1). The solid line shows the best fit to Eq. (2), with parameters given in the second line of Table 1. The short- and long-dashed line show the ±1σ and ±2.6σ envelopes, respectively.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Relationships between line-width measures. (a) Relationship between the Hα line dispersion in the RMS spectrum, σR(Hα), and the mean spectrum, σM(Hα). (b) Relationship between the Hα line dispersion in the RMS spectrum, σR(Hα), and the FWHM in the mean spectrum, FWHMM(Hα). Blue points are from Table 1, (the reverberation mapping database or RMDB sample), green are from Table 2 (SDSS-RM sample). The solid lines are the best fit to Eq. (2) with coefficients from Table 1. The short- and long-dashed lines indicate the ±1σ and ±2.6σ envelopes. The dotted red lines indicate where the two measures are equal.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Comparison between virial products based on the Hα data presented in Tables A.1 (blue circles) and B.1 (green triangles) and the virial products based on Hβ in Paper I. The dashed red line shows the locus where the two values are equal. The solid black line shows the best fit to the data. The short- and long-dashed lines show the ±1σ and ±2.6σ envelopes, respectively. The largest outlier is Mrk 202, which Bentz et al. (2010) flag as having an especially dubious Hα lag measurement.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Comparison between SE mass estimates and reverberation measurements. Upper: SE Hα-based virial product predictions using Eqs. (14) and (15) in panels (a) and (b), respectively. The coefficients for the best fit appear in the first two lines of Table 1. Blue circles are data from Table A.1, and green triangles are from Table B.1. The solid line is the best fit to the data, and the dotted red line shows where the measures are equal. The short- and long-dashed lines show the ±1σ and ±2.6σ envelopes, respectively. Lower: Corrected SE masses from Hα-based virial product predictions using Eq. (17) (panel c) and Eq. (19) (panel d), in both cases with log f = 0 arbitrarily.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Mass residuals as a function of Eddington rate. (a) Mass residuals (Eq. (16)), i.e. the difference between the measured reverberation virial products and those predicted by Eq. (12). The residuals are plotted vs the Eddington ratio. The solid line represents the best fit, the short-dashed lines the ±1σ envelope, and the long-dashed line the ±2.6σ envelope. Blue circles are from Table A.1, and green triangles are from Table B.1. (b) Mass residuals, i.e. the difference between the measured reverberation virial products and those predicted by Eq. (15). Panels (c) and (d) show residuals after subtraction of the best-fit relations shown in panels (a) and (b).

      

    

  
    
      Table 2. 

      Initial, residual, and final fits: y = a + b(x − x0).

      
        


	Line
	Basis
	x
	y
	a + Δa
	b + Δb
	x0
	εy
	Δ
	Figures



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)





	Initial:



	1
	σM
	log μRM
	log μSE
	7.058 ± 0.036
	0.922 ± 0.045
	7.026
	0.174 ± 0.035
	0.196
	5a



	2
	FWHMM
	log μRM
	log μSE
	7.323 ± 0.048
	0.718 ± 0.064
	7.149
	0.231 ± 0.048
	0.247
	5b



	Residual:



	3
	σM
	log ṁ
	Δlog μ
	−0.062 ± 0.033
	−0.265 ± 0.072
	−0.985
	0.143 ± 0.030
	0.168
	6a



	4
	FWHMM
	log ṁ
	Δlog μ
	−0.175 ± 0.040
	−0.602 ± 0.090
	−1.134
	0.162 ± 0.045
	0.210
	6b



	Final:



	5
	σM
	log μRM
	log μSE
	6.988 ± 0.044
	1.022 ± 0.055
	7.026
	0.219 ± 0.042
	0.241
	5c



	6
	FWHMM
	log μRM
	log μSE
	7.151 ± 0.067
	1.000 ± 0.089
	7.149
	0.322 ± 0.067
	0.345
	5d





      

    

  
    
      Table 3. 

      Comparison of SE estimates with GRAVITY measurements.

      
        


	
	log(M/M⊙)
	
	log(M/M⊙)
	



	Source
	(GRAVITY)
	Ref.
	(SE)
	Line
	Ref.



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)





	IRAS 09149−6206
	
[image: equation]
	1
	8.331 ± 0.377
	Hβ
	5



	Mrk 1239
	7.47 ± 0.92
	2
	7.518 ± 0.377
	Hβ
	6



	NGC 3783
	
[image: equation]
	3
	7.551 ± 0.372
	Hβ
	7



	3C 273
	8.41 ± 0.18
	4
	9.403 ± 0.328
	Hα
	8



	
	
	
	9.383 ± 0.372
	Hβ
	8



	
	
	
	9.335 ± 0.372
	Hβ
	9



	IC 4329A
	
[image: equation]
	2
	7.563 ± 0.373
	Hβ
	10



	
	
	
	7.560 ± 0.372
	Hβ
	11,12



	
	
	
	8.484 ± 0.372
	Hβ
	6



	PDS 456
	
[image: equation]
	2
	9.784 ± 0.354
	Hα
	13



	
	
	
	9.358 ± 0.389
	Hβ
	13,14



	
	
	
	9.715 ± 0.373
	Hβ
	6



	Mrk 509
	
[image: equation]
	2
	8.419 ± 0.333
	Hα
	15



	
	
	
	8.510 ± 0.377
	Hβ
	15



	
	
	
	8.409 ± 0.373
	Hβ
	6





      

      
Notes. (1) GRAVITY Collaboration (2020); (2) GRAVITY Collaboration (2024); (3) GRAVITY Collaboration (2021a); (4) GRAVITY Collaboration (2018); (5) Pérez et al. (1989); (6) Li et al. (2024); (7) Bentz et al. (2021); (8) Kaspi et al. (2000); (9) Zhang et al. (2019); (10) Bentz et al. (2023); (11) Winge et al. (1996); (12) Collin et al. (2006); (13) Simpson et al. (1999); (14) Torres et al. (1997); (15) Osterbrock (1977).



    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Correlation between the virial product and luminosity of the Hα emission line. The apparent correlation between mass and luminosity is due to selection effects. Sources in the lower right (high luminosity, low mass) are generally excluded by the Eddington limit. Sources in the upper left (low luminosity, high mass) are scarce (a) because high mass objects are rare and therefore mostly at large distances, and thus faint, and (b) because their accretion rates are so low that they do not manifest themselves as AGNs.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Comparison of the mass predictions from GRAVITY and SE estimates from the current work. Hβ-based SE masses are in black, Hα-based are in red. Note mass rather than the virial product is plotted.

      

    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
        Direct comparison of the mass predictions from Greene & Ho (2005) and from the current work. The dotted red line is the locus where the predictions are equal. The short-dash black lines show this ±1σ envelope and the long-dash lines show the ±2.6σ envelope. Note that mass rather than the virial product is plotted.

      

    

  
    
      Table 4. 

      Fits to comparisons: y = a + b(x − x0).

      
        


	Line
	x
	y
	a ± Δa
	b ± Δb
	x0
	εy
	Δ
	Figures



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)





	1
	log MSE (current)
	log MSE (GH05)
	7.685 ± 0.076
	0.802 ± 0.011
	7.854
	< 10−3
	0.152
	9



	2
	log MSE (current)
	log MSE (Cho23)
	7.890 ± 0.064
	0.852 ± 0.008
	7.754
	< 10−3
	0.124
	10





      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Same as Fig. 10 but for the mass predictions from Cho et al. (2023).

      

    

  
    
      Table A.1. 

      Reverberation mapped AGNs (Hα).

      
        


	
	
	
	τ(Hα)
	log L(Hα)
	FWHMM(Hα)
	σM(Hα)
	σR(Hα)
	log μRM(Hβ)



	Source
	Referemces
	z
	(days)
	(erg s−1)
	(km s−1)
	(km s−1)
	(km s−1)
	(M⊙)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)





	PG 0026+129
	1
	0.14200
	
[image: equation]
	43.524 ± 0.041
	1532 ± 32
	1769 ± 17
	1961 ± 135
	7.833 ± 0.107



	PG 0052+251
	1
	0.15445
	
[image: equation]
	43.738 ± 0.046
	3605 ± 137
	2054 ± 12
	1913 ± 85
	7.745 ± 0.122



	Mrk 6
	2,3
	0.01881
	
[image: equation]
	42.513 ± 0.043
	5322 ± 142
	2870 ± 22
	2780 ± 35
	7.522 ± 0.078



	Mrk 6
	2,3
	0.01881
	
[image: equation]
	42.548 ± 0.033
	5322 ± 142
	2870 ± 22
	2780 ± 35
	7.444 ± 0.060



	Mrk 6
	2,3
	0.01881
	
[image: equation]
	42.531 ± 0.033
	5322 ± 142
	2870 ± 22
	2780 ± 35
	7.440 ± 0.137



	PG 0804+761
	1
	0.10000
	
[image: equation]
	43.729 ± 0.026
	2756 ± 16
	2596 ± 9
	2046 ± 138
	8.047 ± 0.061



	Mrk 110
	4
	0.03529
	
[image: equation]
	42.486 ± 0.043
	…
	…
	…
	6.770 ± 0.128



	Mrk 142
	5,6,7
	0.04494
	
[image: equation]
	42.085 ± 0.034
	1350 ± 39
	925 ± 28
	934 ± 61
	5.596 ± 0.125



	NGC 3516
	8
	0.00884
	
[image: equation]
	…
	3238 ± 27
	4152 ± 185
	…
	6.827 ± 0.164



	SBS 1116+583A
	5,6,7
	0.02787
	
[image: equation]
	41.251 ± 0.030
	2059 ± 359
	1250 ± 39
	1218 ± 125
	6.022 ± 0.109



	Arp 151
	5,6,7
	0.02109
	
[image: equation]
	41.525 ± 0.053
	:1852 ± 7
	1367 ± 11
	937 ± 34
	6.087 ± 0.068



	NGC 3783
	9,10
	0.00973
	
[image: equation]
	41.601 ± 0.044
	…
	…
	…
	6.787 ± 0.128



	Mrk 1310
	5,6,7
	0.01956
	
[image: equation]
	41.345 ± 0.031
	:561 ± 136
	887 ± 80
	717 ± 75
	5.609 ± 0.075



	Mrk 202
	5,6,7
	0.02102
	
[image: equation]
	41.133 ± 0.034
	:463 ± 38
	746 ± 77
	734 ± 22
	5.412 ± 0.209



	NGC 4253
	5,6,7
	0.01293
	
[image: equation]
	41.616 ± 0.018
	1013 ± 15
	801 ± 42
	726 ± 35
	6.408 ± 0.054



	PG 1226+023
	1
	0.15834
	
[image: equation]
	44.608 ± 0.035
	3036 ± 49
	2514 ± 47
	:2075 ± 239
	8.277 ± 0.117



	PG 1229+204
	1
	0.06301
	
[image: equation]
	42.852 ± 0.035
	2996 ± 34
	1931 ± 10
	1737 ± 118
	7.149 ± 0.257



	NGC 4748
	5,6,7
	0.01463
	
[image: equation]
	41.681 ± 0.031
	:1967
	901 ± 34
	1035 ± 74
	5.670 ± 0.153



	PG 1307+085
	1
	0.15500
	
[image: equation]
	43.679 ± 0.035
	3685 ± 31
	2090 ± 16
	1843 ± 98
	7.834 ± 0.176



	NGC 5273
	11
	0.00362
	
[image: equation]
	40.318 ± 0.071
	3032 ± 54
	1781 ± 36
	1783 ± 66
	6.012 ± 0.278



	PG 1411+442
	1
	0.08960
	
[image: equation]
	43.410 ± 0.015
	2247 ± 44
	2675 ± 13
	2437 ± 196
	7.796 ± 0.216



	NGC 5548
	12,13
	0.01718
	
[image: equation]
	42.316 ± 0.028
	…
	…
	1843 ± 98
	7.038 ± 0.049



	NGC 5548
	5,6,7
	0.01718
	
[image: equation]
	42.060 ± 0.028
	:1643 ± 12
	3540 ± 40
	3562 ± 141
	7.172 ± 0.038



	PG 1426+015
	1
	0.08657
	
[image: equation]
	43.407 ± 0.031
	5534 ± 73
	3563 ± 26
	4254 ± 290
	8.342 ± 0.157



	PG 1613+658
	1
	0.12900
	
[image: equation]
	43.625 ± 0.026
	6297 ± 85
	4136 ± 65
	…
	7.705 ± 0.166



	PG 1617+175
	1
	0.11244
	
[image: equation]
	43.224 ± 0.034
	4503 ± 134
	2780 ± 10
	2483 ± 160
	7.982 ± 0.198



	3C 390.3
	14
	0.05610
	
[image: equation]
	43.297 ± 0.024
	12563 ± 31
	4607 ± 29
	4839 ± 215
	8.431 ± 0.041



	NGC 6814
	5,6,7
	0.00521
	
[image: equation]
	41.015 ± 0.028
	2909 ± 3
	1686 ± 29
	1082 ± 52
	6.526 ± 0.061





      

      
Notes. Column (1) is the common name of the source. Column (2) provides references for the data (below). Column (3) is the redshift. Column (4) is the Hα time delay relative to the continuum, in the rest frame of the source. Column (5) is the luminosity of the Hα emission line. Columns (6), (7), and (8) are the Hα line width, characterized by FWHM in the mean spectrum, line dispersion in the mean spectrunm, and line dispersion in the RMS spectrum, respectively, all in the rest frame of the source. Column (9) is the Hβ virial product from Paper I.

References. (1) Kaspi et al. (2000); (2) Sergeev et al. (1999); (3) Doroshenko et al. (2012); (4) Kollatschny et al. (2001); (5) Bentz et al. (2009b), (6) Bentz et al. (2010); (7) Walsh et al. (2009); (8) Wanders et al. (1993); (9) Reichert et al. (1994); (10) Stirpe et al. (1994); (11) Bentz et al. (2014); (12) Clavel et al. (1991); (13) Dietrich et al. (1993); (14) Dietrich et al. (2012).



    

  
    
      Table B.1. 

      Reverberation mapped AGNs (SDSS Hα).

      
        


	
	
	
	τ(Hα)
	log L(Hα)
	FWHMM(Hα)
	σM(Hα)
	σR(Hα)
	log μRM(Hβ)



	RMID
	z
	MJD Range
	(days)
	(erg s−1)
	(km s−1)
	(km s−1)
	(km s−1)
	(M⊙)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)





	88
	0.5175
	56358–57195
	
[image: equation]
	42.686 ± 0.026
	4899 ± 1017
	2048 ± 431
	2596 ± 11
	…



	160
	0.3598
	56660–56838
	
[image: equation]
	42.467 ± 0.018
	4014 ± 101
	1609 ± 15
	1318 ± 6
	7.192 ± 0.068



	191
	0.4419
	56660–56838
	
[image: equation]
	42.005 ± 0.034
	2349 ± 61
	907 ± 21
	750 ± 15
	6.245 ± 0.105



	229
	0.4698
	56660–56838
	
[image: equation]
	42.159 ± 0.017
	2555 ± 196
	1437 ± 32
	1702 ± 16
	7.001 ± 0.103



	252
	0.2809
	56660–56838
	
[image: equation]
	41.952 ± 0.014
	8016 ± 184
	3079 ± 56
	2880 ± 8
	…



	272
	0.2629
	56358–57195
	
[image: equation]
	42.665 ± 0.015
	2692 ± 54
	1321 ± 13
	1265 ± 5
	6.928 ± 0.114



	320
	0.2651
	56660–56838
	
[image: equation]
	42.068 ± 0.021
	3383 ± 49
	1467 ± 36
	1211 ± 6
	7.026 ± 0.090



	371
	0.4726
	56660–57195
	
[image: equation]
	42.607 ± 0.038
	2901 ± 113
	1358 ± 49
	1341 ± 8
	6.722 ± 0.039



	377
	0.3372
	56660–56838
	
[image: equation]
	41.797 ± 0.027
	2970 ± 67
	1257 ± 20
	1184 ± 10
	6.562 ± 0.039



	645
	0.4739
	56660–57195
	
[image: equation]
	42.573 ± 0.024
	3245 ± 98
	1377 ± 40
	918 ± 4
	6.921 ± 0.048



	733
	0.4547
	56660–56838
	
[image: equation]
	42.459 ± 0.029
	3797 ± 95
	1548 ± 55
	1517 ± 11
	…



	768
	0.2587
	56660–56838
	
[image: equation]
	42.256 ± 0.026
	6570 ± 321
	2622 ± 63
	2228 ± 4
	…



	772
	0.2491
	56660–57195
	
[image: equation]
	41.880 ± 0.045
	2763 ± 32
	1069 ± 15
	859 ± 2
	5.903 ± 0.101



	776
	0.1164
	56660–57195
	
[image: equation]
	41.665 ± 0.028
	3038 ± 49
	1418 ± 16
	1097 ± 2
	6.609 ± 0.071



	840
	0.2439
	56660–56838
	
[image: equation]
	41.869 ± 0.052
	4908 ± 283
	1953 ± 39
	1703 ± 4
	7.287 ± 0.127





      

      
Notes. Column (1) is RMID: correspondence with SDSS identifier can be found in Table 1 of Grier et al. (2017b). Column (2) is redshift. Column (3) is range of dates (MJD) for which the time-series analysis was undertaken. Column (4) is the Hα lag relative to the continuum. Column (5) is the luminosity of the Hα line. Columns (6), (7), and (8) are the Hα line width, characterized by FWHM in the mean spectrum, line dispersion in the mean spectrunm, and line dispersion in the RMS spectrum, respectively, all in the rest frame of the source. Column (9) is the reverberation virial product for Hβ from Paper I.

References. Line widths and luminosities are from Wang et al. (2019).



    

  
    
      Table C.1. 

      Multivariate relations: z = a + b(x − x0)+c(y − y0).

      
        


	Line
	x
	y
	z
	a ± Δa
	b ± Δb
	c ± Δc
	x0
	y0
	εz
	Δ





	1
	log L(Hα)
	log σM(Hα)
	log μRM(Hβ)
	6.996 ± 0.044
	0.501 ± 0.064
	2.397 ± 0.263
	42.467
	3.227
	0.211 ± 0.042
	0.230



	2
	log L(Hα)
	logFWHMM(Hα)
	log μRM(Hβ)
	7.082 ± 0.066
	0.583 ± 0.085
	1.173 ± 0.247
	42.531
	3.314
	0.310 ± 0.066
	0.322





      

    

  OEBPS/aa52746-24-fig9_small.jpg





OEBPS/aa52746-24-eq27.gif





OEBPS/aa52746-24-eq26.gif





OEBPS/aa52746-24-eq29.gif





OEBPS/aa52746-24-eq28.gif





OEBPS/aa52746-24-eq23.gif
1350481 (mea ") S AT






OEBPS/aa52746-24-eq22.gif
47, < 138 L g (S100 8)






OEBPS/aa52746-24-eq25.gif





OEBPS/aa52746-24-eq24.gif





OEBPS/aa52746-24-eq21.gif





OEBPS/aa52746-24-eq20.gif
o, dgg, — log § + 6.6EE - DLBL2 lop L) A2

0 Vg PR M () — 8.5









OEBPS/aa52746-24-eq38.gif





OEBPS/aa52746-24-eq37.gif





OEBPS/aa52746-24-eq39.gif





OEBPS/aa52746-24-eq34.gif





OEBPS/aa52746-24-eq33.gif





OEBPS/aa52746-24-eq36.gif





OEBPS/aa52746-24-eq35.gif





OEBPS/aa52746-24-eq30.gif





OEBPS/aa52746-24-eq32.gif





OEBPS/aa52746-24-eq31.gif





OEBPS/aa52746-24-fig1_small.jpg





OEBPS/aa52746-24-eq49.gif





OEBPS/aa52746-24-eq48.gif





OEBPS/aa52746-24-eq45.gif





OEBPS/aa52746-24-eq44.gif





OEBPS/aa52746-24-eq47.gif
P





OEBPS/aa52746-24-eq46.gif
32, A5





OEBPS/aa52746-24-eq41.gif





OEBPS/aa52746-24-eq40.gif
2, 94






OEBPS/aa52746-24-eq43.gif





OEBPS/aa52746-24-eq42.gif
02






OEBPS/aa52746-24-eq50.gif





OEBPS/aa52746-24-fig7_small.jpg





OEBPS/aa52746-24-eq59.gif





OEBPS/aa52746-24-eq56.gif





OEBPS/aa52746-24-eq55.gif
1.0 &






OEBPS/aa52746-24-eq58.gif





OEBPS/aa52746-24-eq57.gif





OEBPS/aa52746-24-eq52.gif
04






OEBPS/aa52746-24-eq51.gif





OEBPS/aa52746-24-eq54.gif





OEBPS/aa52746-24-eq53.gif





OEBPS/aa52746-24-eq61.gif





OEBPS/aa52746-24-eq60.gif





OEBPS/aa52746-24-fig6_small.jpg





OEBPS/aa52746-24-eq8.gif





OEBPS/aa52746-24-eq9.gif
s}






OEBPS/aa52746-24-eq4.gif





OEBPS/aa52746-24-eq5.gif





OEBPS/aa52746-24-eq6.gif





OEBPS/aa52746-24-eq7.gif
6B ey






OEBPS/aa52746-24-eq67.gif





OEBPS/aa52746-24-eq66.gif





OEBPS/aa52746-24-eq69.gif





OEBPS/aa52746-24-eq68.gif
A5G T
1A, 5635





OEBPS/aa52746-24-eq63.gif





OEBPS/aa52746-24-eq62.gif
18.00






OEBPS/aa52746-24-eq65.gif





OEBPS/aa52746-24-eq64.gif





OEBPS/aa52746-24-eq70.gif
31,05






OEBPS/aa52746-24-eq72.gif





OEBPS/aa52746-24-eq71.gif





OEBPS/aa52746-24-fig5_small.jpg





OEBPS/aa52746-24-eq1.gif





OEBPS/aa52746-24-fig2_small.jpg





OEBPS/aa52746-24-eq2.gif
o 8ln





OEBPS/aa52746-24-eq3.gif
o [ Bl






OEBPS/aa52746-24-fig8_small.jpg





OEBPS/aa52746-24-fig1.jpg
log L(5100 A) (erg s™1)

log L(Ha) (erg s1)





OEBPS/aa52746-24-eq74.gif





OEBPS/aa52746-24-fig2.jpg
T(Ha) (days)

1000

100

10

0.1

T ||rrr|||

T IIIIITI'I

42
log L(Ha) (erg s—1)





OEBPS/aa52746-24-eq73.gif





OEBPS/aa52746-24-fig3.jpg
ox(Ha) (km s-1)

10000

1000

1000 10000
oy(Ha) (km s1)

1000 10000
FWHM,(Ha) (km s!)





OEBPS/aa52746-24-fig4.jpg
Mry(HB) (M)

1010E T T TTTIIT T T TTTTIT T |||||r|'| T |||||rr|/,?|||/‘

C S ]

109 7‘%

108 =

7

107 3

108 3
105

105 108 107 108 109 1010
:U'RM(HO‘) (Me)





OEBPS/aa52746-24-eq75.gif





OEBPS/aa52746-24-fig5.jpg
log pgg(Ha) (M)

Illlllllllllllllyl/
(a) g

N

IllIlIIIIlIIII||V|I,‘
pa
/7

(b) -

\

>

|\||||||||

Ko

Initial fit .7 Initial fit
(SE from eq. 14) { / (SE from eq. 15)

L L L L
N

N

Corrected fit Corrected fit

(SE from eq. 19)

I
N
MR BT R SR N

T [ rrr 1| rrr1r [ 11171
NANIL | |
N

AN
—~
w0
=
-
in]
g
o X
2 N
Ll x
~2
=
o
AN
h N
N
N
N





OEBPS/aa52746-24-fig6.jpg
l°g /J'Ru(Hﬁ) - IOg ”’sﬁ:(Ha) (Mo)

oy,—based Ha FWHM,,—based Ha
RMDB

(c) (d)

vl b by e b

-2 -1 0 -2 -1 0
log m





OEBPS/aa52746-24-fig7.jpg
108

L
(Ha) (erg s=t)

gt
| ”Mﬂ# |





OEBPS/aa52746-24-fig8.jpg
M GRAVITY (M 0} )

= T T TTIT T T TTTITH LR T TTTTT P
1010 _
] :
109 E . -
L “ acer .

r IRAS 09149-6206, .~ PRE4S6

108 e —
E NGC 3783 Mrk 509 =

F Mrk 1239 — o ]

107 E A e E
108 I . Lol il Lol L

108 107 108 109 1010

M., (M_,) (current work)





OEBPS/aa52746-24-fig10_small.jpg





OEBPS/aa52746-24-fig9.jpg
1010

£ A AN L 1L B 111 S L LR O

m// //

[ (o]

3 =%

E ~

C o)

i =
mvu..L

E = &

E ~

r ~

B 3

r @)
™~~~

— (@)

g — 78

- =

i %
©

- © =

E —

i 0

TN o

m ~—

-]

i

Amoom OH % wcwmhwv Aosc mo:UE





OEBPS/dash.png





OEBPS/aa52746-24-fig4_small.jpg





OEBPS/aa52746-24-eq19.gif





OEBPS/aa52746-24-fig3_small.jpg





OEBPS/aa52746-24-eq16.gif





OEBPS/aa52746-24-fig10.jpg
T IIII*E

| _._.ELLL__ _.__EI_L__ _._._u_u_l_l___

_/ﬁ_/ ____|_____ TTITTT T 1 _._|_|_|_|_|___

]_OIOE T III|II|| T IIIIII|| T I|III|T| T |II|I|T|

S
(g202 ‘1e 12 ou))

AO.SD mmo.ﬁN

107 108 10° 1010

108

M, (M_,) (current work)





OEBPS/aa52746-24-eq15.gif





OEBPS/aa52746-24-eq18.gif
o, Mg, — log f + 7415 0554 lop 0w A2

%61 gl — 5.5,





OEBPS/aa52746-24-eq17.gif
100 &






OEBPS/aa52746-24-eq12.gif
o g (83





OEBPS/aa52746-24-eq11.gif





OEBPS/aa52746-24-eq14.gif
o, mee (] = 6.998

2597 g g ()

01 log L






OEBPS/aa52746-24-eq13.gif





OEBPS/aa52746-24-eq10.gif





