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ABSTRACT

We selected a sample of 28 Type 1 active galactic nuclei for which a black hole mass has been inferred using the reverberation
mapping technique and single epoch scaling relations. All 28 sources show clear evidence of the “Big Blue Bump” in the optical-
UV band whose emission is produced by an accretion disk (AD) around a supermassive black hole. We fitted the spectrum of these
sources with the relativistic thin AD model KERRBB in order to infer the black hole masses and compared them with those from
Reverberation mapping and Single epoch methods, discussing the possible uncertainties linked to such a model by quantifying their
weight on our results. We find that for the majority of the sources, KERRBB is a good description of the AD emission for a wide
wavelength range. The overall uncertainty on the black hole mass estimated through the disk fitting procedure is ~0.45 dex (which
includes the uncertainty on fitting parameters such as e.g., spin and viewing angle), comparable to the systematic uncertainty of
reverberation mapping and single epoch methods; however, such an uncertainty can be <0.3 dex if one of the parameters of the fit is
well constrained. Although all of the estimates are affected by large uncertainties, the masses inferred using the three methods are
compatible if the dimensionless scale factor f (linked to the unknown kinematics and geometry of the Broad Line Region) is assumed
to be larger than one. For the majority of the sources, the comparison between the results coming from the three methods favors
small spin values. To check the goodness of the KERRBB results, we compared them with those inferred with other models, such as
AGNSED, a model that also accounts for the emission originating from an X-ray corona: using two sources with a good data coverage

in the X band, we find that the masses estimated with the two models differ at most by a factor of ~0.2 dex.
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1. Introduction

Supermassive black holes (SMBHs) are located at the center of
massive galaxies and determining their mass and spin is crucial
for understanding their physical nature, the link with the host
galaxy and their possible evolution in time.

Different methods have been used to estimate the mass of
black holes (BHs) in active galactic nuclei (AGNs): reverberation
mapping (RM, e.g., Blandford & McKee 1982; Peterson 1993;
Netzer & Peterson 1997; Wandel etal. 1999; Kaspietal. 2000;
Petersonetal. 2004; Bentzetal. 2009; Fausnaughetal. 2017,
Bentz & Manne-Nicholas 2018; Shenetal. 2019; 2D velocity-
delay maps, Grier et al. 2013), single epoch (SE) virial mass (e.g.,
Vestergaard 2002; McLure & Jarvis 2002; McLure & Dunlop
2004; Greene & Ho 2005; Vestergaard & Peterson 2006;
Onken & Kollmeier2008; Wang et al.2009; Vestergaard & Osmer
2009; Greeneetal. 2010; Shenetal. 2011; Shen & Liu 2012;
Trakhtenbrot & Netzer 2012), AD fitting (e.g., Malkan 1983;
Sun & Malkan 1989; Wandel & Petrosian 1988; Laor 1990;
Rokakietal. 1992; Trippetal. 1994; Ghisellinietal. 2010;
Calderone etal. 2013; Campitielloetal. 2018, 2019, hereafter
C18 and C19, respectively), microlensing in gravitationally
lensed quasars (QSOs, e.g., Irwinetal. 1989; Lewis et al. 1998;
Richardsetal. 2004; Daietal. 2010; Mosquera & Kochanek
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2011; Sluse et al. 2011; Guerras et al. 2013), polarization in broad
emission lines (e.g., Savi¢ et al. 2018), dynamical BH mass (e.g.,
Davies et al. 2006; Onken et al. 2007; Hicks & Malkan 2008), and
the recent method based on the redshift of Fe III lines in QSOs
(Mediavilla et al. 2018, 2019).

Each of them carries some uncertainties linked to the fea-
tures of the system, to the parameters of the model involved
for the estimates (e.g., Laor 1990; McLure & Jarvis 2002;
Vestergaard & Peterson 2006; Marconi et al. 2008; Peterson
2010; Calderone et al. 2013) and clearly to the quality of data.
Therefore, in order to assess the robustness of the mass estimate,
it is necessary to compare the results of the different methods
and possibly to calibrate the model-scaling parameters. How-
ever, this is not trivial because different approaches are based on
different observables and are thus not applicable to all sources.

The aim of this work is indeed to compare the results of
the AD fitting method with those of RM in order to test the
reliability of AD models as an alternative approach to evaluat-
ing SMBH masses in AGNs. We chose to compare our AD fit-
ting results with those from RM because this latter is the most
accurate technique based on direct measurements related to the
Broad Line Region (BLR). As a supplementary test, we also
include the SE results although the method is calibrated on RM
measurements.
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The interpretation of the so-called “Big Blue Bump” compo-
nent in the rest frame 1000-5000 A as a “standard” AD emission
has been questioned on various grounds (e.g., Koratkar & Blaes
1999; Netzer 2015). One of the debated issues, particularly rel-
evant for this work, is related to the presence of a soft X-ray
excess component observed in many objects. Some authors have
developed models to account for this excess in a self-consistent
way (e.g., relativistically blurred photoionized disc reflection
model, Ross & Fabian 2005; Crummy et al. 2006; comptoniza-
tion by an X-ray corona, e.g., Done et al. 2012; Kubota & Done
2018 — hereafter KD 18 — and references therein). Although the
origin of the soft X-ray excess is not well established (e.g.,
Caballero-Garcia et al. 2019), in this paper we also discuss the
possible effect of a warm corona above the disk that could mod-
ify the observed disk emission and therefore the determination
of the BH mass.

Despite numerous criticisms, the AD fitting procedure has
been widely used in the literature and shows a general agree-
ment with the Spectral Energy Distribution (SED) and in some
cases with SE BH mass estimates (e.g., Davis & Laor 2011;
Laor & Davis 2011; Calderone et al. 2013; Castignani et al.
2013; Capellupo et al. 2015, 2016; Mejia-Restrepo et al. 2016;
KD 18; Marculewicz & Nikolajuk 2020).

Although the aforementioned soft X-ray excess issue is still
under debate, for a correct description of the AD emission, the
more compelling and appropriate models are KERRBB (Li et al.
2005) and AGNSED (KD 18)': the former describes a geo-
metrically thin AD including all relativistic effects (e.g., frame
dragging, returning radiation, light bending, gravitational red-
shift); the latter also takes into account the presence of an
X-ray corona above the disk (even though relativistic effects such
as the ones implemented in KERRBB are not fully included),
thus requiring X-ray data to constrain the model parameters®. In
this framework, given the large uncertainties on the physical and
geometrical properties of the X-ray corona (see Sect. 5.4 and
Appendix C.3 for a discussion about AGNSED) and the impor-
tance of relativistic effects, we adopted KERRBB to estimate the
SMBH masses using the analytical expressions found by C18.
We then considered the uncertainties of the model by comparing
BH masses inferred with KERRBB with those from AGNSED
for two sources with good data coverage in the X band. Signif-
icant uncertainties on the results also arise from observational
issues such as absorption by dust. These possible uncertainties
are discussed below along with their weight on our estimates.

The thin-disk approximation breaks down for Eddington
ratios 20.3 (e.g., Laor & Netzer 1989) and for this reason AD
models in the so-called “slim” and “thick” regimes should be
considered. One of these is the relativistic model SLIMBH
(Abramowicz et al. 1988; Sadowski 2009; Sadowski et al. 2009,
2011): as shown by C19, for a given set of data, the difference
in the BH masses derived from KERRBB and SLIMBH is less
than a factor of ~1.2 (see the discussion in Appendix C); there-
fore, for the purpose of this work, we use KERRBB as a good
enough approximation of the AD emission.

As already mentioned, we intend to compare the BH masses
estimated from the AD fitting with those from the RM technique.
This choice is due to two factors: RM is rather direct in the
sense that it is not based on calibrated statistical relations but

' Both models are implemented in XSPEC (Arnaud 1996).

2 Relativistic effects due to large spin values modify the AD emis-
sion shape with respect to the “standard” one (e.g., Shakura & Sunyaev
1973; Novikov & Thorne 1973): AGNSED does not include all such
effects possibly affecting the predicted disk and corona emissions.
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on individual measurements; and there is a significant (and still
growing) number of sources with RM BH mass estimates. We
selected our sample from the AGN Black Hole Mass Database
(Bentz & Katz 2015)%, a compilation of published spectroscopic
RM studies of AGNSs, choosing sources with clear evidence of
the Big Blue Bump.

The paper is structured as follows: in Sects. 2 and 3, the AGN
sample and the AD fitting procedure are described in detail.
Section 4 illustrates possible issues related to absorption and to
uncertainties of the model. The BH masses estimated through the
AD fitting are reported and compared with those from RM and
SE in Sect. 5; we also discuss the possibility of estimating the
BH spin and the comparison of our results with the ones inferred
using AGNSED. In Sect. 6 we discuss the results and present our
conclusions. In Appendices A—C, we present the basic equations
used for the fits with KERRBB (Appendix A), the comparison
between KERRBB and other AD models (Appendix B), the list
of the sources and their fits, inferred masses and Eddington ratios
(Appendix C).

In this work, we adopt a flat ACDM cosmology with Hy =
67.4kms™" Mpc~! and Qy = 0.315 (Planck 2018 Results).

2. Sample and data selection

Here we define the AGN sample and describe the AD fitting pro-
cedure, illustrating the possible issues related to this approach.

For all the sources of the AGN Black Hole Mass Database,
we searched for the available and the most recent spectroscopic
data from the near-infrared (NIR) to the far-ultraviolet (FUV)
band from the public archives and literature (see Table A.1 and
Appendix A)*. Among all sources, we then selected 28 (z < 0.3)
with (i) a clear UV bump determined as a power-law contin-
uum F, oc A% with a negative slope in the rest-frame wave-
length range 3000-5000 A5, (ii) wide spectroscopic coverage
especially around the spectral peak, and (iii) limited variabil-
ity for non-simultaneous spectra (see below). For some sources,
the NIR-optical SED shows contamination by the host galaxy
whose emission was taken into account in the SED modeling
(see following section). For each source, spectroscopic data were
corrected for Galactic extinction using the Cardelli et al. (1989)
reddening law and E[B-V] from the map of Schlegel et al.
(1998) with Ry = 3.1.

A serious issue concerns non-simultaneous spectroscopic
data that could affect the normalization of different spectra.
When data did not show the same normalization, we calibrated
the different data sets by adopting the following procedure: first,
we considered spectroscopic data in the UV wavelength range
where the peak of the AD emission should be located; then
we calibrated the available FUV and optical data by match-
ing the flux in the common wavelength range assuming that
the spectral shape does not change with flux variation (see
also Shang et al. 2005). The same calibration was performed on
IR data (when present). In any case, the maximum mismatch
amounts to ~0.1dex in flux (leading to an uncertainty on the
derived BH mass at most by a factor of ~0.05 dex).

Finally, spectroscopic data (especially FUSE and HUT data)
were smoothed by averaging the flux in fixed wavelength bins

3 Seealso http://www.astro.gsu.edu/AGNmass/

4 We also collected some photometric data (GALEX, Vizier, NED),
not taken into account in the fitting procedure because (i) they might be
contaminated by emission lines or by some kind of absorption and (ii)
their statistical weight in the fit is negligible.

5 Only two sources (PG 1247+267, S50836+71) are at z ~ 2. For
them, spectroscopic data cover only the spectrum peak position.
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Fig. 1. Example of a fit of the composite FUSE — HST — KPNO spec-
trum of the source PG 0953+414 (from Shang et al. 2005). The mod-
eling performed with KERRBB (thick blue line) describes the AGN
continuum, the iron complex (purple line), the Balmer continuum (pur-
ple dashed line), and some prominent emission lines (MglI, CIII, CIV,
SilV, Lya) described by a simple Gaussian profile (blue lines). The red
line represents the sum of all these components. The green dashed line
is a standard power-law continuum (slope a = —1.77): for 4 > 1300 A,
the KERRBB model overlaps the power-law rather well within the aver-
age confidence interval (~0.05 dex, blue shaded area) and is not affected
significantly by the presence of lines or other spectral features. Abun-
dant interstellar absorption lines at A < 1000 A have a negligible effect
on the determination of the spectral peak emission (see Sect. 4).

in order to have a clearer representation of the overall emission.
This latter process could have an effect on the fitting procedure
and on the inferred model parameters (see following section).

3. Fitting procedure

We adopted the relativistic thin AD model KERRBB for the fit-
ting procedure. We used GNUPLOT (non-linear least-squares
Marquardt—Levenberg algorithm) to fit the rest-frame spectrum
(A — F,, Fig. 1) with the KERRBB model to describe the AGN
continuum, adding the iron complex (e.g., Vestergaard & Wilkes
2001), some prominent emission lines (MglI, CIII, CIV, SIV and
Lya) modeled with a simple Gaussian profile, a Balmer contin-
uum (e.g., De Rosa et al. 2014) and the template for the host-
galaxy emission (Manucci et al. 2001) which can contaminate
the nuclear spectrum in the NIR-optical bands.

As a comparison, we also performed a standard fit using a
power-law to describe the AGN continuum: in Fig. 1 we show,
as an example, the results of both fits. It is clear that the two
continua overlap well for 1 > 1300 Awhile the AD model turns
over around the spectral peak. Even if this latter is not covered by
data, it can be constrained using the curvature of the spectrum at
smaller frequencies. Spectral features, such as strong emission or
absorption lines, have no drastic effects on the overall KERRBB
fit, even at short wavelengths where the spectrum peak is located
(see following section)®.

Each fit constrains the spectrum peak position which is
essential to infer the BH mass (see Appendix B): in the v — vL,
representation, both the peak frequency v, and luminosity v,L,,
have a mean uncertainty of ~0.05 dex (represented with a blue
shaded area in Fig. 1 and in all the Figures reporting the spec-
tral fits, Figs. A.1-A.28). This confidence interval translates to

6 As an additional test, we used two Gaussians to fit the broad base of
the most prominent lines: we still have no drastic effects on the AGN
continuum which remains inside the confidence interval of ~0.05 dex.

an average uncertainty of ~0.1 dex on the BH mass (for a fixed
BH spin and viewing angle — see Sect. 5.1).

4. Caveats: data uncertainties

In this section we discuss the possible effects of absorption by
gas or dust on the overall AD spectrum shape.

First, for some ground-based telescopes, the available spec-
trum can be subjected to absorption due to sky regions with low
transparency. Even if these regions are subtracted, our best fit
does not change significantly and remains inside the average
confidence interval (~0.05 dex).

Spectra show some absorption features caused by the inter-
stellar medium, especially at frequencies Logv/Hz > 15.4: if
these blended lines are smoothed or not subtracted from the
spectrum appropriately, the AGN continuum can be underesti-
mated, leading to an incorrect evaluation of the spectral peak
position (i.e., shifting v, to smaller values and leading to an over-
estimation of the BH mass). In order to understand if these spec-
tral features have a relevant effect on our results, we performed
the same fitting procedure described in the previous section,
choosing only the frequency range Logv/Hz < 15.4; even if
the spectral range is reduced, the curvature of the spectrum at
smaller frequencies can still be used to constrain the peak posi-
tion. We find that the new peak frequencies are on average larger
than the previous ones (inferred considering the whole avail-
able spectral range) but consistent with them within a range of
~0.05 dex, while the luminosities are similar. The inferred new
BH masses are inside the average confidence interval of ~0.1 dex
(defined by the spectrum peak uncertainty).

The intergalactic medium (IGM) could also modify the spec-
trum shape (especially for high-redshift sources) at frequencies
Logv/Hz > 15.4. For the redshift range spanned by our sample
the correction from IGM absorption is negligible (see Madau
1995; Haardt & Madau 2012; Castignani et al. 2013) except for
the two high-redshift sources, PG 1247+267 and S50836+71.
For these latter, we performed this correction and showed the
results in Figs. A.23—-A.28, respectively.

An important effect that could modify the spectral UV shape
concerns dust absorption: if present, this could lead to an incor-
rect BH mass estimate. The absorption could be caused by the
dusty torus surrounding the AD, or dust in the host galaxy inter-
stellar medium (ISM)’. Given that our sample is composed of
Type 1 QSOs (FWHM > 1000kms~' for the most promi-
nent lines; e.g., Antonucci 1993) we do not expect any (strong)
absorption from the dusty torus, which is assumed to have an
average opening angle of ~45°. For this reason, in order to infer
the BH mass, we assumed that each source was observed with a
viewing angle 6, < 45° (see Appendix for results).

However, we checked the goodness of our fit by considering
the possible intrinsic reddening by the host galaxy ISM. To do
so, we followed the work by Baron et al. (2016), who found an
analytical expression to infer the amount of absorption (in terms
of E[B—V]) as a function of the rest frame spectrum slope @, in
the wavelength range 3000-5100 A. We find that for the majority
of the sample, the correction is small (E[B—-V] < 0.05 mag) and
could lead to a decrease of the BH mass by a factor <0.1 dex.
The extinction found is consistent with what is thought to be

7 Recent works (e.g., Leftley et al. 2018) show that ~50—-80% of the
MIR emission originates primarily from polar regions instead of from
an equatorial dust distribution. This can have an effect on the observed
disk luminosity which would be dimmer with respect the intrinsic one
since part of its radiation is intercepted by the polar dust.
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the average value for AGN (E[B-V] ~ 0.05-0.1 mag; e.g.,
Koratkar & Blaes 1999).

For a more complete analysis of the possible UV dust absorp-
tion, for each source we used the extinction law of Czerny et al.
(2004) and assumed that the slope of the corrected, de-reddened
spectrum at wavelength <2000 Ahad to be softer than the theo-
retical value F, o v!/3. In this way, we find an upper limit for
the correction (on average E[B—V] ~ 0.20 mag) that leads to a
decrease of the BH mass obtained through the SED fitting pro-
cedure at most by a factor of ~0.3 dex (since the spectrum peak
position changes due to the correction).

As explained above, we do not expect such a strong UV
absorption because we are dealing with Type 1 QSOs. More-
over, for what concerns the correction found by Baron et al.
(2016) regarding ISM dust absorption, possible deviations from
the average continuum slope could be caused by other factors
connected to the BH physics, such as the BH mass, the accre-
tion rate, the spin, and the system orientation (e.g., Hubeny et al.
2000; Davis & Laor 2011). Therefore, we did not consider any
correction from dust absorption, and are confident that our
results are inside the estimated BH mass confidence interval
(even if the intrinsic extinction is taken into account).

5. Results

In this section, we show the results coming from the SED fitting
procedure. We used the analytical expressions found by C18 in
order to infer the BH mass and the Eddington ratio (reported in
Table A.2) using KERRBB, in the spin range 0 < a < 0.998
and for a viewing angle 6, < 45°. As shown by the authors, the
space of KERRBB solutions is degenerate and by using different
parameters (M, a and accretion rate) appropriately, it is possible
to describe the same set of data.

We compare KERRBB BH masses Mppri to the ones
obtained through RM and from SE equations: we fit the relation
between our estimates linearly, that is, the virial product (VP;
computed with RM results) and SE estimates (i.e., Log My it =
LogM[VP o SE] + Logf). The VP is the base of all virial-based
mass measurements:
CTyLT O 121“ e

G
———

=VP

Mgu = faLr (D

where 7pr is the light-travel time (i.e., the time related to
the emission-line response delayed with respect to changes in
the continuum) and o is the line velocity dispersion (or the
line FWHM; e.g., Ho 1999; Wandel et al. 1999). The factor
f corresponds to the geometrical factor fgrr when the com-
parison is performed with the VP, while it is merely a mul-
tiplicative factor in the case of SE measurements, for which
JfeLr has already be chosen in literature as an average value
(~1, Vestergaard & Peterson 2006). Many authors have cali-
brated the geometrical factor by comparing BH masses obtained
with different approaches (see Bentz & Katz 2015, and refer-
ences therein)®. Some authors use fg g = 3 (3/4), if the VP is
computed using oie (FWHM), considering a spherical distribu-
tion of BLR clouds in randomly orientated orbits (Netzer 1990;
Wandel et al. 1999; Kaspi et al. 2000)°. The RM technique esti-
mates have a systematic uncertainty of ~0.5 dex (as the SE one,
Vestergaard & Osmer 2009).

8 See Li et al. (2018) for a list of fg g values found in literature.
° The line velocity dispersion is often identified either as the line
FWHM or as the o of the Gaussian profile used to fit the emission line.
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5.1. Black hole mass uncertainty

The total uncertainty on the KERRBB BH mass inferred from
the SED fitting procedure is ~0.45 dex (comparable to the sys-
tematic uncertainties on the RM and SE estimates: ~0.5 dex).
This uncertainty has to be considered as a confidence interval in
which the BH mass inferred with KERRBB lies and is connected
to different quantities involved in the fitting procedure, namely
the BH Spin, in the range 0 < a < 0.998; the viewing angle of
the system, in the range 0° < 6, < 45°; and the uncertainty on
the spectral peak frequency and luminosity.

Assuming that there is no dust absorption, the BH mass
changes by ~0.5dex going from a = 0 to a = 0.998 (for a
fixed viewing angle), and by ~0.2dex going from 6, = 0° to
6, = 45° (for a fixed spin). Taking as a reference value the
arithmetic mean of the BH mass in both the spin and 6, ranges,
the overall uncertainty is ~0.35 dex. Moreover, the confidence
interval on the spectral peak position (~0.05dex) leads to an
additional uncertainty of ~0.1dex on the BH mass estimate.
However, if the spectral peak is well constrained (and/or the
viewing angle is known), the mean uncertainty on the AD BH
mass estimates can be <0.3 dex.

5.2. Black hole mass comparison

Figure 2 shows the comparison between our BH mass estimates
inferred from the SED fitting procedure with KERRBB and the
VPs computed using the HB velocity dispersion o, (left panel)
and the FWHM (right panel; as we used the CIV line to compute
the VPs, we excluded PG 1247+267 and S50836+71 from the
fit for consistency). The comparison between the VP computed
using the velocity dispersion and the FWHM is shown because
several authors claimed that the ratio FWHM/o;,e 1s not nec-
essarily a constant (e.g., Collin et al. 2006, Peterson 2011): for
our sample, we find FWHM/ojjnes ~ 2 with a large dispersion
(~0.5 dex). Instead, Fig. 3 shows the comparison between our
results and the BH masses computed using the SE relations of
Vestergaard & Peterson (2006).

From the analysis of those results, we find that both the VPs
and the SE estimates are systematically smaller than the KER-
RBB estimates by a factor f depending on the BH spin. For
VP(0ine) and VP(FWHM), assuming a BH spin a = 0 (0.998),
we find Log f = 0.81 (1.17) £ 0.15 and Log f = 0.27 (0.63) +
0.15, respectively. As in this case f is identified as the geomet-
rical factor fgr (beginning of Sect. 5), the range we find by
using VP(oine) is consistent for example with fgi g = 5.5 + 1.8
(Onken et al. 2004; see also Liet al. 2018 for other reference
values). In both cases, the compatibility is more compelling if,
on average, BH spins are assumed to be small. For SE esti-
mates, we find Log f = 0.07 (0.43) + 0.15, assuming a BH
spin a = 0 (0.998), partially consistent with the recent work by
Marculewicz & Nikolajuk (2020). This result is similar to the
one found for VP(FWHM): this is due to the use of a geomet-
rical factor fgrr ~ 1 and FWHM measurements inside virial
equations of Vestergaard & Peterson (2006). Therefore SE and
VP(FWHM) are almost the same (within uncertainties).

From Fig. 2 (left panel), it is clear that KERRBB mass
estimates are systematically larger than the corresponding VPs:
from the fit, a better compatibility is reached if a scale factor of
the order of ~10 is assumed, in agreement with the recent paper
by Pozo Nuiiez et al. (2019). Nonetheless, our results are still
compatible with those estimated using RM if, for these latter, a
geometrical factor of less than ten is considered. Figure 4 shows
our KERRBB BH estimates compared with the ones from SE
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Fig. 2. Comparison between KERRBB BH mass estimates Mgy (inferred from the SED fitting procedure; each dot corresponds to the mean
value computed using the extreme estimates given by the uncertainties) and the VPs calculated using the HB velocity dispersion o, (left panel)
and the FWHM (right panel). We averaged all the VPs computed using data from different authors (see Table A.2; PG 1247+267 and S5 0836+71
are marked with green dots). The blue shaded area corresponds to the set of best fits between My and VP after considering all possible spin
values between 0 and 0.998 (equations in blue on the plot are the two extreme cases; the uncertainty on the slope is ~20%). Assuming that
Log Mgn s = LogVP + Logf, we found the scale factor f, labeled on the plot in red for the two extreme spin values. Uncertainty bars in both plots
are ~0.45 dex and ~0.5 dex for My s and VPs respectively, and the black dashed line is the 1:1 line.
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Fig. 3. Comparison between the KERRBB BH mass estimates Mgy g
(inferred from the SED fitting procedure) and the SE BH masses Mgy sg
computed using the equation of Vestergaard & Peterson (2006) and the
Hp line (we excluded the two high-redshift sources, PG 12474267 and
S50836+71, for which we only have information on the CIV line; see
Table A.2). The blue shaded area, the dashed black line, the reported
labels, and the uncertainty bars are the same as in Fig. 2.

and RM (computed using the velocity dispersion o, and dif-
ferent geometrical factors fgr g = 2.8-5.5, from Graham et al.
2011 and Onken et al. 2004, respectively): about 70% of the
sources show a good compatibility between the three results
within uncertainties (~0.5dex, on average) favoring smaller
KERRBB masses and therefore low spin values. See Sect. 5.4
and Appendix C for a comparison between KERRBB results and
those inferred with other models..

5.3. Spin estimate

Given the large uncertainties involved in each method to infer
the BH mass, an estimate of the BH spin is still a hard task.
In principle, the comparison of two or more independent BH
masses with relativistic AD model results could be an alternative
way to constrain the BH spin (e.g., see C19).

For the majority of the sources, the comparison showed that
small spin values are favored. Instead, for a couple of sources

(MRK 1383, S50836+71), the comparison between RM, SE,
and KERRBB results (within uncertainties) led to the conclusion
that the BH spin must be high (we found a lower limit a > 0.6).
However, as mentioned above, because uncertainties on the fit-
ting procedure, on the parameters of the AD, and on the RM
measurements (as well as other methods) are still large, we sug-
gest caution be taken when considering a BH spin estimate based
on the comparison of different BH masses.

5.4. X-ray corona above the disk: modifications in the BH
mass estimates

Estimations of the BH mass using the SED fitting procedure
could be affected by the presence of a hot Corona above the disk:
this structure is thought to be compact (e.g., Miniutti & Fabian
2004; Done etal. 2012; Reis & Miller 2013; Sazonov et al.
2012; Lusso & Risaliti 2017) and responsible for the emission
in the X band and for the soft X-ray excess observed in many
AGNs (e.g., Koratkar & Blaes 1999). In principle, if this struc-
ture scatters a fraction of the disk radiation, the observed disk
luminosity could be dimmer than the intrinsic one, leading to an
incorrect mass estimate (i.e., the spectrum peak position could
be different from the intrinsic one).

In order to check this possibility, we compared our results
with those of the relativistic model AGNSED (KD 18), which
also takes into account also the presence of an X-ray corona
above the disk in a self-consistent way. It is important to note
that, contrary to KERRBB, AGNSED does not include relativis-
tic effects, such as light bending and gravitational redshift, which
may have a significant effect on both the AD and the corona
emissions; however, for small values of the BH spin and 6,,, those
effects should have a minor weight on the results.

For the fitting procedure, we used the sources NGC 5548 and
MRK 509 (see Appendix C for details) also studied by KD 18.
We found that, as for KERRBB, the modeling with AGNSED
of the optical-UV-X SED is degenerate: by changing the model
parameters (i.e., BH mass, spin, Eddington ratio, corona size)
appropriately, it is possible to reproduce the same set of data (for
some reference values, see Fig. C.1).

For NGC 5548, results from both models are compatible
while for MRK 509, KERRBB BH masses are larger than the
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Fig. 4. Comparison between the BH masses computed from the SED fitting procedure with KERRBB (blue) and the SE (orange) and RM
estimates (red, inferred with o, and a geometrical factor fgi g = 2.8—5.5, Graham et al. 2011 top panel and Onken et al. 2004 bottom panel). The
average uncertainty for all the measurements is ~0.5 dex (the results related to each source are plotted in the same order as listed in the Tables of

Appendix A).

AGNSED ones by a factor <0.2 dex (Fig. C.2, right panel). We
argue that for NGC 5548, the absence of relativistic effects in
AGNSED is balanced out by modeling a large corona above the
disk, leading to the same BH mass. Instead, for MRK 509, the
smaller X-ray corona leads to different results because it does
not compensate the differences between the two models.

In general, KERRBB observed disk luminosity is dimmer
than the intrinsic one because of a compact corona located in the
inner region of the disk, the presence of which modifies the AD
emission and leads to an overestimated BH mass. By correct-
ing the KERRBB disk lumminosity by a factor <0.2 dex, results
from the two models related to MRK 509 show better compati-
bility (see Appendix C for more details about this correction).

The partial compatibility between KERRBB and AGNSED
shows that BH masses estimated though the SED fitting proce-
dure clearly depend on the adopted model and their physical
background. Despite these findings, KERRBB results for both
sources are still compatible with SE and RM ones within uncer-
tainties (Fig. 4). Moreover, results presented by KD 18 are com-
patible with ours for what concerns the BH spin: taking their
finding for the BH masses as reference values, both their results
and ours favor low values of a.

6. Discussion and conclusions

We used the relativistic thin AD model KERRBB (Li et al. 2005)
to infer the BH masses of 28 sources from the AGN Black Hole
Mass Database (Bentz & Katz 2015). These sources have a BH
mass estimate from the RM studies and show clear evidence in
the UV band of the so-called Big Blue Bump produced by the
radiation coming from an AD around a SMBH. Since we did
not have information about the viewing angle for the majority
of them, we assumed that the Type 1 QSOs were observed with
6y < 45° in order to avoid the absorption from the dusty torus
(assumed to have an average opening angle of ~45°). Our results
can be summarized as follows:
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— The majority of the sources of our sample show a good
match between data and the modeling with KERRBB. The
modeling led to a relatively good estimate of the spec-
trum peak position (i.e., peak frequency and luminosity; see
Appendix B) with a small uncertainty (~0.05dex on aver-
age).

The total uncertainty related to the AD BH mass estimates is
~0.45 dex, which is connected to the unknown BH spin (in
the range 0 < a < 0.998), the viewing angle (6, < 45°), and
the uncertainty on the peak position from the fitting proce-
dure. If the quality of the data is high and either the spec-
tral peak or the viewing angle of the system are well con-
strained (with an uncertainty of less then ~10%), the mean
uncertainty is reduced to <0.3 dex, which is smaller than the
systematic uncertainties on both the RM and SE estimates
(~0.5 dex, e.g., Vestergaard & Osmer 2009);

Our BH mass estimates with KERRBB are systematically
larger than the corresponding VPs (computed using both the
velocity dispersion o and the FWHM). We computed the
difference through a scale factor f and found Log f < 1.2
(depending on the BH spin — Fig. 2), which is also in agree-
ment with the recent paper by Pozo Nufiez et al. (2019). A
similar result is found from the comparison between our
results and BH masses inferred with SE equations (Log f <
0.5, Fig. 3).

Despite these findings, assuming a geometrical factor in
the range fgrr = 2.8-5.5 (from Graham etal. 2011 and
Onken et al. 2004, respectively), we find a compatibility
between RM, SE, and KERRBB results for ~70% (Fig. 4).
In principle, a comparison between independent BH mass
estimates (e.g., RM, SE) and the ones coming from the SED
fitting procedure with a relativistic AD model could lead to
an estimate of BH spin (e.g., C19): for a couple of sources
we find a lower limit (@ > 0.6) but, for the majority of
the sample, low spin values are favored. These results must
be considered with caution because the uncertainties on the
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Disk-like BLR geometrical factor

Log ftnis work

Log fgir

Viewing angle 6,

Fig. 5. Geometrical factor fgr computed using Eq. (2) (e.g.,
Collin et al. 2006; Decarli et al. 2008) as a function of the viewing angle
for different BLR thickness H/r. The blue shaded area is the scale factor
range found in this work (related to VPs computed using the FWHM;
see Fig. 2, right panel). The comparison leads to a range of 6, and H/r
consistent with the work of Mejia-Restrepo et al. (2016).

different parameters involved in the fitting procedure and RM
(or SE) measurements are still large.

— Assuming that the BH masses estimated through the AD fit-
ting procedure are correct, the geometrical factor must be
large (Fig. 2) in order to compensate for the difference with
the corresponding VPs. Assuming a disk-like BLR (e.g.,
Collin et al. 2006; Decarli et al. 2008), the geometrical fac-
tor related to the VP (computed using the FWHM) is:

1
~ 4[(sing,)? + (/2

SfBLR (2)

where H/r is the height-to-radius ratio (i.e., thickness) of the
BLR. The range of scale factors found in this work is consis-
tent with a BLR seen with a viewing angle <30° (consistent
with Type 1 QSOs) and a thickness H/r < 0.5 (consistent
with the results of Mejia-Restrepo et al. 2016; see Fig. 5).

— Black hole mass measurements through the SED fitting pro-
cedure could be affected by the presence of a hot X-ray
corona above the AD. We checked this possibility by com-
paring our KERRBB results with those from the relativistic
model AGNSED (KD 18) that accounts also for the X-ray
emission in a self-consistent way. We used two sources,
NGC 5548 and MRK 509, and find that for NGC 5548,
results from both models are compatible while for MRK 509,
KERRBB BH masses are larger by a factor <0.2dex with
respect to those inferred with AGNSED. We argue that the
possible presence of an X-ray corona above the disk mod-
ifies the emission of this latter leading to an overestimated
BH mass; we corrected the emission following the simple
prescription described in Appendix C and reaching a rela-
tively good compatibility between the two results. However,
despite this correction, if uncertainties on RM and SED fit-
ting estimates are taken into account, both our results and
those of KD 18 favor small BH spin values.

— The comparison between all those results suggests that the
systematic discrepancy between KERRBB and RM (or SE)
masses (i.e., the large value of the factor f — see Fig. 2) could
possibly be related to the choice of the AD model adopted
in the SED fitting procedure. However, the partial compati-
bility between KERRBB and AGNSED leads to the conclu-
sion that results are strictly connected to the geometry of the

X-ray corona and to the relativistic AD radiation pattern,

which are not both included in the models used here. Further-

more, a comparison between different models is necessary in

order to understand their differences and to improve them.
Despite the large uncertainties involved in the fitting procedure
and RM (or SE) measurements, KERRBB showed a good agree-
ment with data, strengthening the choice of AD models as an
alternative method both to described the observed SEDs and
to infer the mass of SMBHs. For what concerns these latter
arguments, the choice of the AD model is crucial even though
we found similar results using different models. Nonetheless,
although few attempts are discussed in this work, the uncertain-
ties involved in these kinds of measurements are still too large
to have precise information on the BH accretion and spin from
the comparison between different methods. A larger sample of
sources with RM measurements and a clear prominent AD emis-
sion are necessary to strengthen these findings, to improve AD
models for what concerns the modeling of the observed SEDs,
and possibly to obtain more information on the BH accretion and
rotation.
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Appendix A: Fit, BH mass, and Eddington ratio

We show the fit of the individual SED performed by adapt-
ing the KERRBB model to the rest-frame spectrum (data and
results are reported in Tables A.1 and A.2). When necessary, a
host-galaxy template (from Manucci et al. 2001) is added to the
KERRBB model in order to obtain a better fit in the frequency
range Logv/Hz < 14.8. For a few sources, we used IUE data
instead of the most recent HST ones because the former covers a
wider wavelength range. Red dots are archival photometric data
(GALEX, Vizier, NED) not used in the fitting procedure because
they might be contaminated by emission lines or some kind of
absorption. Along with the KERRBB best fit, we show a blue
shaded area (~0.05 dex) that defines a confidence interval for the
spectrum peak position.

For two sources (PG 0844+349, PG1211+143), we cor-
rected the spectrum from possible dust absorption (follow-
ing Czerny et al. 2004) in order to have a better compatibility

3C273 [z=0.158]

Log ‘)vap =46.39 + 0.05 1
Logv, =15.42 +0.05

Log vL, [erg/s]

L L L ! L L L

146 14.8 15 15.2

Log v [Hz, rest-frame]

15.4 15.6 15.8 16

between the data and KERRBB: for PG 0844+349, a KERRBB
+ host-galaxy modeling cannot describe the overall spectrum
and for this reason we showed a better compatibility by cor-
recting it from dust absorption; instead, for PG 1211+143, cor-
recting the spectrum from dust leads to a satisfactory fit even
without including the host-galaxy emission. Despite this correc-
tion, BH masses do not change drastically (<0.1 dex). For the
high-redshift sources (PG 1247+267, S50836+71, z ~ 2), we
tried to correct the spectrum (and photometric data) from IGM
absorption, following Madau (1995), Haardt & Madau (2012)
and Castignani et al. (2013) showing the corrected results in the
corresponding plots.

The BH mass and the Eddington ratio inferred with KER-
RBB are shown as a function of the BH spin for different val-
ues of the viewing angle 6,; on each plot, we report different
BH mass estimates from different works (listed in the caption of
Fig. A.1); a blue shaded area (~0.1 dex) defines the confidence
interval on each BH mass estimate.

3C 273 [z=0.158]
9.8 T T T T

Log VP/Mg,, = 8.60 (P0O4,FWHM)
Log VP/Mgy, = 8.68 (KOO,FWHM)
Log VP/Mg,, = 8.27 (P04,0)

Log Mgn,se/Msun = 8.72 (P04)
Log Mgn,se/Msun = 8.69 (K00)

9.6
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0.1 1 1 il 1 i1
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Fig. A.1. Fit of the source 3C 273. Other recent BH mass estimates are from Sturm et al. (2018) (Log M/M, = 8.41%%1%) and Zhang et al. (2019)

-0.23

(Log VP(FWHM) /M, = 8.50f8:82). On each of the following plots, we label different BH mass estimates (VPs computed using the o7, and
FWHM), and SE estimates computed using the equations of Vestergaard & Peterson (2006) and line data from different works: KOO for Kaspi et al.
(2000); P04 for Peterson et al. (2004); G12 for Grier et al. (2012); B0O9 for Bentz et al. (2009); W14 for Wang et al. (2014); B14 for Bentz et al.
(2014); D10 for Denney et al. (2010); T14 for Trevese et al. (2014); K07 for Kaspi et al. (2007).
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Fig. A.2. Fit of the source MRK 142. Other BH mass estimates are from Haas et al. (2011) (Log VP (0jine) /Mo = 7.53:'8:}3) and Du et al. (2018)
(Log VP (FWHM)/M,, = 8.12f8:8§). The galaxy emission is necessary to obtain a satisfactory fit at Log v/Hz = 14.4—14.8. The spectrum rise at

Logv/Hz < 14.5 is caused by the IR emission of the dusty torus.
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Table A.1. Public spectroscopic data for the sources of our sample (collected in the online Mikulski Archive for Space Telescopes — MAST).

Name Redshift Telescope Observation date Name Redshift Telescope Observation date
3C273 0.158 FUSE 2000 Apr 23 @ NGC 5548 0.017 HUT 1995 Mar 14
HST 2000 Mar 16 @ IUE 1995 May 16
KPNO 2000 Feb 25-26 @ KPNO 1985-1989 ¥
IRTF 2007 Jan 25 ®
Ark 120 0.033 FUSE 2000 Dic 31 NGC 7469 0.016 FUSE 2002 Dic 14
HST 1994 Sep—1995 Jul IUE 1991 Nov 29
IRTF 2007 Jan 26 ® KPNO 1985-1989 @
IRTF 2003 Oct 23
Fairall 9 0.047 HUT 1995 Mar 11 PG0026+129  0.142 HST ©
HST 1993 Jan 21 © KPNO 1990 Oct 11 ©
AGN Watch 1994-1995 @ GNIRS 2011 Aug 3™
MRK 142 0.045 EUVE 1998 May 04 PG0052+251  0.154 FUSE 1999 Oct 03 @
IUE 1983 Jun 02 HST 1999 Oct 01 @
SDSS 2007 2007 KPNO 1999 Oct @
GNIRS 2011 Aug 03 ™
MRK 290 0.029 FUSE 2007 Mar 17 PG 0804+761  0.100 FUSE 2002 Feb 09
IUE 1985 Jan 22 IUE 1986 Mar 01
SDSS 2007 2007 KPNO 1991 Mar ¢
IRTF 2007 Jan 24 ®
MRK 335 0.026 FUSE 2000 Nov 21 PG0844+349  0.064 FUSE 2000 Feb 20 @
IUE 1993 Set 05 HST 1999 Oct 21 @
IRTF 2007 Jan 25 ® KPNO 2000 Feb @
IRTF 2007 Jan 24 )
MRK 509 0.034 FUSE 1999 Nov 06 @ PG0953+414  0.234 FUSE 1999 Dec 30@
HST 1992 Jun 21 @ HST 2000 Feb 05 @
KPNO 1999 Dec 11 @ KPNO 2000 Feb 26 @
IRTF 2004 Jun 01"
MRK 590 0.026 IUE 1991 Jan 15 PG 1211+143  0.081 HUT 1995 Mar 15
SDSS 2007 2007 HST ©
KPNO 1991 Mar
MRK 877 0.112 IUE 1993 May PG 1247+267  2.038 HST ©
KPNO 1990 Feb 20 SDSS 2016
MRK 1044  0.016 FUSE 2004 Jan 01 PG 1307+085  0.155 FUSE 1980 May 04
IUE 1995 Dic 21 IUE 2000 Jun 12
UKST 2001-2006 @ KPNO 1991 Mar ¢
2012-2013® GNIRS 2011 Aug 11
MRK 1383 0.086 FUSE 2001 Mar 10 PG 1411+442  0.089 FUSE 2000 May 11
IUE 1985 Mark 03 ® HST ()
Steward Obs. 1991 Mar @
MRK 1501  0.089 IUE 1984 Jun 12 PG 1700+518  0.292 HST 1992 Aug-Dec
KPNO 1990 Set 18 ©) INT 1984 May—Jun
KPNO 1991 Mar )
NGC3783  0.010 FUSE 2004 May 05 PG2130+099  0.063 FUSE 2004 Nov 01
IUE 1992 Jul 30 IUE 1985 Dic
UKST 2001-2006 @ KPNO 1991 Mar ¥
IRTF 2002 Apr 257
NGC4151  0.003 FUSE 2002 Jun 01 S50836+71 2.172 Palomar 200in
IUE 1996 Jun 09
Palomar 200in 1984 Feb 15®
IRTF 2002 Apr 23

Notes. We report the name of the source, the redshift, the telescope, the date of observation and/or a reference work

References. “Shang et al. (2005); ®Landt et al. (2011); ©Bechtold et al. (2002); “Castell6-Mor et al. (2016); “’Boroson & Green (1992);
(ORiffel et al. (2006); @Jones et al. (2009); "Wang et al. (2014); PKinney et al. (1991); PKaspi et al. (2000); ®Ho et al. (1995); PKennicutt
(1992); “Landt et al. (2013); ®Shang et al. (2011); @Lawrence et al. (1996); PPettini & Boksenberg (1985).
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S. Campitiello et al.: AD fitting vs reverberation mapping and single epoch
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Fig. A.3. Fit of the source Fairall 9.
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Fig. A 4. Fit of the source MRK 142. Spectroscopic data in the EUV region are very noisy and represented in gray to give an idea of the emission
at large frequencies. Another BH mass estimate is from Li et al. (2018) (Log VP(0jne) /Mg = 6.23+0-2¢
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Fig. A.5. Fit of the source MRK 290. Spectrum rise at Log v/Hz < 14.5 caused by the IR emission of the dusty torus.
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Fig. A.6. Fit of the source MRK 335. HST data around the Lya-CIV region are also available, in good agreement with IUE data. The spectrum rise
at Logv/Hz < 14.4 is caused by the IR emission of the dusty torus. Other BH mass estimates are from Haas et al. (2011) (Log M/M,, = 6.45f85‘2‘
and Grier et al. (2017) (Log M/Ms = 7.25 + 0.10).
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Fig. A.7. Fit of the source MRK 509. Spectrum rise at Log v/Hz < 14.5 caused by the IR emission of the dusty torus.
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Fig. A.8. Fit of the source MRK 590. Prominent host-galaxy emission required in the fitting procedure. For a satisfactory fit, the AD emission has
to be cut at around Log v/Hz ~ 15 (i.e., the AD size is smaller than 10°R, as implemented in KERRBB). In the range Logv/Hz = 14.9-15, the
Balmer continuum can describe the rise of spectroscopic data (not represented for clarity). For this source, the peak is not visible but we used the
curvature at smaller frequencies to obtain an estimate of the position.
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Fig. A.9. Fit of the source MRK 877. Some absorption features present at Log v/Hz ~ 15.1-15.2; nevertheless, they do not interfere in the fitting
procedure.
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Fig. A.10. Fit of the source MRK 1044. The quality of spectroscopic data is low but nonetheless the fit was rather satisfactory. The Balmer
continuum is shown in order to visualize the rise in the spectrum at Log v/Hz ~ 15.
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Fig. A.11. Fit of the source MRK 1383.
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Fig. A.12. Fit of the source MRK 1501. Balmer continuum added to obtain a better visualization of the best fit. Spectroscopic data are not
excellent (also without FUV) but are good enough to localize the spectrum peak. The other BH mass estimate shown is from Grier et al. (2017)
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Fig. A.13. Fit of the source NGC 3783. Another BH mass estimate from Kollatschny & Zetzl (2013) (Log M/M,, = 7.47).
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Fig. A.14. Fit of the source NGC 4151. Balmer continuum added to obtain a better visualization of the best fit. Spectrum rise at Log v/Hz < 14.3

caused by the IR emission of the dusty torus.
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Fig. A.15. Fit of the source NGC 5548. Balmer continuum added to obtain a better visualization of the best fit. [UE, HST, and HUT data were
smoothed in order to have a clearer spectrum. Other BH mass estimates are from De Rosa et al. (2018) (Log VP(0jine) /Mo = 6.74 £ 0.06) and
Kollatschny & Zetzl (2013) (Log M/M = 7.83).
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Fig. A.16. Fit of the source NGC 7469. Balmer continuum added to obtain a better visualization of the best fit. Spectrum rise at Log v/Hz < 14.5
caused by the IR emission of the dusty torus. Another BH mass estimate is from Kollatschny & Zetzl (2013) (Log M/M,, = 7.09).
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< 14.5 caused by the IR emission of the dusty torus.
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Fig. A.19. Fit of the source PG 0804+761. Spectrum rise at Log v/Hz < 14.5 caused by the IR emission of the dusty torus.
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Fig. A.20. Fit of the source PG 0844+349. For this source, adding a galaxy template to the blue line fit or a prominent Balmer continuum does not
lead to a satisfactory fit. Instead, assuming an intrinsic reddening of the source (corrected by assuming E[B—V] = 0.1 mag), the new fit (red line)
describes the AGN continuum for Log v > 14.8 (for smaller frequencies, we added the host-galaxy emission). Right panel: thick lines corresponds
to the first fit (blue line on the left panel); dashed lines to the second one (red line on the left panel).
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Fig. A.21. Fit of the source PG 0953+414.
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Fig. A.22. Fit of the source PG 1211+143. For this source, the first satisfactory fit (blue line) is given by KERRBB+host galaxy. The spectrum
rise at Log v/Hz < 14.5 is caused by the IR emission of the dusty torus. Assuming an intrinsic reddening of the source (corrected by assuming
E[B-V] = 0.1 mag), the new fit (red line) describes the AGN continuum for Log v > 14.8, with no need for the host-galaxy emission. Right panel:
thick and dashed lines correspond to the first and second fits, respectively (blue and red lines on the left panel, respectively).
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Fig. A.23. Fit of the source PG 1247+267. For this source, we tried to correct the spectrum emission from IGM absorption at large frequencies
by following Madau (1995) and Haardt & Madau (2012). Right panel: thick and dashed lines correspond to the first and second fits, respectively
(blue and red lines on the left panel, respectively).
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Fig. A.25. Fit of the source PG 1411+442. Some intrinsic absorption is present in the data but does not affect the fit.
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Fig. A.26. Fit of the source PG 1700+518. The quality of spectroscopic data at large frequencies is low; we predicted a mass larger by a factor of
~10 with respect to RM and SE. Dust absorption could be the cause of the decreasing flux at Log v/Hz > 15. We added the galaxy emission to the

fit in order to obtain a better description of the optical continuum.
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Fig. A.27. Fit of the source PF2130+099. Another BH mass estimate from Grier et al. (2017) (Log M/M, = 6.92+024
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Fig. A.28. Fit of the source S50836+71. Also for this source, we tried to correct photometric data from IGM absorption at large frequencies by
following Madau (1995) and Haardt & Madau (2012); new data (blue dots) are consistent with the best fit.

Appendix B: KERRBB equations

The relativistic model KERRBB (Li et al. 2005) describes the
emission produced by a thin disk around a Kerr BH. The authors
included all relativistic effects such as frame-dragging, gravita-
tional redshift, Doppler beaming and light bending. C18 build an
analytic approximation of the KERRBB disk emission features
considering a hardening factor equal to 1, no limb-darkening
effect, and including the self-irradiation: in the case of a face-on
disk, C18 found analytic expressions to compute the BH mass
M and accretion rate M by fitting a given SED for different spin
values. The spectrum peak v, and luminosity v, L,, are

" =A m_ " M " (a,8y) (B.1)
[Hz] Moyrfl 100Mm,| 9T '

Yol ) 0. B.2
[ergT‘] Moyrl cos 8, go(a, 6y), (B.2)
where Log A = 15.25, Log B = 45.66, and g, is a function

depending on the viewing angle of the system 6, with respect
to our line of sight and the BH spin a, containing all the rel-
ativistic modifications. The observed disk luminosity is Lgbs =
F 0y, a) n(a)Mc* ~ 2v,L, , where 7 is the disk spin-dependent
radiative efficiency and ¥ depends on the BH spin and the view-

ing angle'’. ¥, and g;, have an analytical form reported in
C18 and C19. From Egs. (B.1) and (B.2), the BH mass and
the Eddington ratio (defined as Agqq = nMc?/C(M/My), where
C=126x10¥ergs™!) are:

M )12 vpLy
M _, [g1(a, 6y)] p2 0 (B3)
e \Jcosby ga(a,8y) v
a
Apaa =& nta) ,/ vpLy,, (B.4)

gl(a 0y) \/cos by g2(a, by)

where Log D = 16.67 and Log & = —53.675.

Appendix C: Comparison with other AD models
C.1. Shakura and Sunyaev

The most simple AD model is the one described by Shakura
and Sunyaev (Shakura & Sunyaev 1973) which refers to an opti-
cally thick and geometrically thin disk around a SMBH without
relativistic effects. The overall spectrum shape is similar to the

10 The total disk luminosity Ly = nMc? differs from the observed
disk luminosity (i.e., the frequency integrated AD luminosity, Lgbs =

f L, dv) because of relativistic effect described by 7 (for details see
C18).
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Fig. C.1. SED modeling of the sources NGC 5548 (left panel) and MRK 509 (right panel). The red line is the modeling of KD 18 (disk + Corona)
and the blue line is the modeling adopted in this work (disk + Galaxy). As KERRBB, the AGNSED modeling is degenerate and by changing some
of its parameters (i.e., BH mass, spin, Eddington ratio, X-ray corona size) appropriately, it is possible to reproduce the same SED (keeping the
corona slopes constant as reported in KD 18): on the plot, we report some AGNSED BH mass solutions (in solar masses) for different spin values,
along with the spectrum peak position (frequency and luminosity, in Hz and erg s~! respectively).

KERRBB one and, as shown in Calderone et al. (2013), C18 and
C19, assuming the same peak position, the Shakura and Sunyaev
model corresponds to a particular KERRBB solution with a pre-
cise spin value (e.g., Fig. 3 in C19).

C.2. SLIMBH

As noted before, for very luminous QSOs the thin disk approxi-
mation breaks down due to the non-negligible disk vertical struc-
ture, and KERRBB results are no longer trustworthy. Another
relativistic thin AD model is SLIMBH (Abramowicz et al. 1988;
Sadowski 2009; Sadowski et al. 2009, 2011) which accounts for
the vertical structure of the disk and more appropriate for bright
disks (e.g., see Koratkar & Blaes 1999). Given the similarity in
shape of the two models, C19 showed that, for a fixed spectrum
peak position, the differences between the two models (in terms
of BH masses and Eddington ratios) are less than a factor of ~1.2
(see Figs. 3 and 4 in C19).

C.3. AGNSED

Koratkar & Blaes (1999) discussed several issues related to the
black body-like AD models for AGNs: one of those is related to
the soft X-ray excess observed in many objects and described by
modeling an X-ray corona above the disk which scatters part of
its radiation.

The AGNSED model (KD 18) is a relativistic model that
describes the SED of AGNs by also taking into account the con-
tribution of a X-ray corona located above the disk. The authors
followed Novikov & Thorne (1973) to describe the AD emis-
sion: relativistic effects as the ones implemented in KERRBB
(e.g., gravitational redshift, light bending, self-irradiation) are
not included even though they may have a significant effect on
both the disk and the X-ray corona emissions; however, for low
spin values, those effects should have a minor weight on the
results, especially for small viewing angles.

In order to compare the BH masses inferred with such a
model and those estimated with KERRBB, we used the sources
NGC 5548 and MRK 509, both present in KD 18 and our sample.

In KD 18, the authors fitted the UV-X SED of those sources
assuming a viewing angle 6, = 45° (the other parameters of the
model are listed in their Table 2, assuming an outer disc emis-
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sion). As in KERRBB, AGNSED is degenerate and by chang-
ing some of its parameters (i.e., BH mass, spin, Eddington ratio,
corona size) appropriately, it is possible to reproduce the same
SED (see Figs. C.1 and C.2).

Figure C.2 (right panel) shows the comparison between the
BH mass estimates from KERRBB and AGNSED as a func-
tion of the BH spin: for NGC 5548, results from both models
are compatible while for MRK 509, KERRBB BH masses are
larger than the ones found with AGNSED by a factor <0.2 dex.
We argue that for NGC 5548 the absence of relativistic effects in
AGNSED is balanced out by modeling a large corona above the
AD, leading to the same BH mass. Instead, for MRK 509, the
smaller X-ray corona leads to different results because it does
not compensate the differences between the two models.

If KERRBB disk luminosity is corrected from the corona
coverage, then the same value of the BH mass can be found with
both models. We tested this possibility by considering this sim-
ple approach: we assumed that the observed disk luminosity Lgbs
(and so v, L, ) is dimmer than the intrinsic one Lg'f; by a factor
a < 1: this means that (1 — @) of the disk radiation is scattered by
the corona (i.e., the inner disk does not contribute to the observed
emission; see Fig. C.2 left panel); assuming that the corona has a
compact structure, the optical part of the spectrum produced by
the outer part of the disk must not change due to the scattering
and must keep the same luminosity.

We find the corrected spectrum luminosity v, oL, and fre-
quency v, by taking into account the correction factor « and by
keeping the same luminosity at lower frequencies:

vpL,,p

~

(C.1)

Vp.a Lv,a
p a

where the exponent is derived assuming that the luminosity at
Logv < 14.8 is constant'!.

' Following the work of Davis & Laor (2011), from their Eq. (5), we
have vL, oy o< (MM)*?3, where vL, o is the luminosity at Logv/Hz ~
14.8. By using Egs. (B.1)-(B.3), it is possible to write vL,q, o
(vvap)v;4/ ?: this luminosity must be constant before and after the
correction with the factor @ therefore we can write (vpLVp)vg“/3 ~
(vp,an)v;i/ 3. From this latter, knowing that v,,L,, = vvap Ja, we

finally have v,, ~ voa=>/*.
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Fig. C.2. Left panel: scheme used to explain the difference between KERRBB and AGNSED results. The observed AD luminosity is dimmer than
the intrinsic one by a factor @ because a compact corona (located in the innermost part of the disk) scatters part of the disk radiation (C). The
optical part of the disk (A, i.e., the emission produced by the most distant annuli of the AD) is fixed because the corona does not cover its radiation.
The intrinsic disk emission can be approximately reconstructed by taking into account the factor @ and by fixing the low-frequency emission; the
peak of the emission (B) is produced by the AD parts closer to the corona. Right panel: comparison between AGNSED BH mass solutions (thick
lines) as a function of the spin, and KERRBB ones (dashed lines) for NGC 5548 (blue) and MRK 509 (red). All these solutions describe the same
SED plotted in Fig. C.1 for 6, = 45°. For NGC 5548, the results of both models are consistent while for MRK 509, masses differ by a factor
<0.2 dex. The shaded area represents the uncertainty of ~0.1 dex (on average) linked to the spectrum peak position (see Sect. 5.1).

The factor @ mimics the actual correction of the disk
inner emission when this latter is cut at a certain distance
from the SMBH: using the relativistic AD model described by
Novikov & Thorne (1973), as an example, we considered the
case with a non-spinning BH where the disk inner boundary is
set to 20R, (where Ry = GM/ 2 is the gravitational radius), sim-
ilar to the corona size adopted by KD 18 for MRK 509; we found
that the disk peak frequency and luminosity are reduced by a fac-
tor of ~0.14 and ~0.17 dex, respectively; such corrections can be
found for @ ~ 0.7. From Eq. (C.1), the corrected mass is smaller
by factor ~a.

Assuming that the corona scatters < 30% of the disk radi-
ation (e.g., Sazonov etal. 2012; Lusso & Risaliti 2017), the

BH mass is reduced by a factor <0.15dex. We find that, for
MRK 509, a correction with @ ~ 0.7 is needed in order to make
KERRBB results compatible with those found with AGNSED,
while for NGC 5548, no correction is necessary because the
results of both models are already compatible (see Fig. C.2).

This simple analysis showed that both models are partially
consistent even though the physical background is different.
Nonetheless, despite the rather good results obtained with the
a correction, we warn the reader about these findings: addi-
tional uncertainties (e.g., corona geometry and size) could play
an important role in estimating BH masses. Moreover, even with-
out any correction, compatibility between the results from KER-
RBB, RM (SE) is still rather good (Fig. 4).
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