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ABSTRACT
The structure of the broad line region (BLR) is an essential ingredient in the deter-
mination of active galactic nuclei (AGN) virial black hole masses, which in turn are
important to study the role of black holes in galaxy evolution. Constraints on the BLR
geometry and dynamics can be obtained from velocity-resolved studies using reverber-
ation mapping data (i.e. monitoring data). However, monitoring data are observation-
ally expensive and only available for a limited sample of AGN, mostly confined to the
local Universe. Here we explore a new version of a Bayesian inference, physical model
of the BLR which uses an individual spectrum and prior information on the BLR size
from the radius-luminosity relation, to model the AGN BLR geometry and dynamics.
We apply our model to a sample of 11 AGN, which have been previously modelled
using monitoring data. Our single-epoch BLR model is able to constrain some of the
BLR parameters with inferred parameter values that agree within the uncertainties
with those determined from the modelling of monitoring data. We find that our model
is able to derive stronger constraints on the BLR for AGN with broad emission lines
that qualitatively have more substructure and more asymmetry, presumably as they
contain more information to constrain the physical model. The performance of this
model makes it a practical and cost-effective tool to determine some of the BLR prop-
erties of a large sample of low and high redshift AGN, for which monitoring data are
not available.
Key words: galaxies: active – galaxies: nuclei – galaxies: Seyfert

1 INTRODUCTION

Emission lines from gas close to an actively accreting su-
permassive black hole can be used as a probe of the black
hole’s gravitational potential (e.g. Peterson & Wandel 1999).
Those emission lines are typically broad, showing widths
of thousands of kilometres per second caused by Doppler
broadening due to bulk motions of the gas (e.g. Davidson
& Netzer 1979). The physical region where these lines are
emitted from, the broad line region (BLR), has been mea-
sured to have an average size of a few light-days for Seyfert
galaxies and of ∼ tens to hundreds of light-days for quasars
(e.g. Kaspi et al. 2000, Bentz et al. 2013, Hoormann et al.

? E-mail: sandra.raimundo@nbi.ku.dk

2019), indicating that the lines are being emitted from deep
in the black hole’s gravitational potential.

The line emission from the BLR is the result of recombi-
nation following photoionisation of gas by far/extreme ultra-
violet continuum radiation, originating in the accretion disc
(e.g. Bahcall & Kozlovsky 1969, Davidson & Netzer 1979).
However, the nature and structure of the BLR is still not
fully understood. There is some suggestion that the BLR is
related to the accretion disc. Theoretical models based on
accretion disc outflow scenarios suggest that the broad line
emission originates in a wind emerging from the accretion
disc (e.g. Murray et al. 1995, Proga et al. 2000, Kollatschny
2003, Elvis 2017), or that the accretion disc, broad line re-
gion and obscuring medium (also known as the equatorial,
dusty torus) are individual parts of a dynamical structure
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2 Raimundo et al.

that changes as a function of AGN luminosity (Elitzur &
Shlosman 2006). Other theoretical models propose that the
BLR is part of a large continuous obscuring structure with
the broad emission lines originating from within the dust
sublimation radius (Netzer & Laor 1993).

Observations of double-peaked broad emission lines in
some AGN support the idea that the broad line emission
arises from, or close to the outer regions of the accretion
disc (e.g. Chen & Halpern 1989, Eracleous & Halpern 1994a,
Storchi-Bergmann et al. 1993, Strateva et al. 2003, Storchi-
Bergmann et al. 2017), although there are alternative mod-
els to explain double-peaked lines (Goad & Wanders 1996).
The broad line emission appears to originate in a continuous
distribution of gas (e.g. Murray et al. 1995) as opposed to
individual gas clouds (e.g. Laor et al. 2006), however in some
cases the presence of discrete clouds is a viable explanation
to variable obscuration in the BLR (e.g. Risaliti et al. 2009,
Elvis 2017).

Knowledge of the BLR structure is a key compo-
nent in the determination of virial black hole masses
and to understand the systematic uncertainties associated
with reverberation-mapping and single-epoch mass measure-
ments (e.g. Horne et al. 2004, Vestergaard 2019). Rever-
beration mapping uses the delayed response of the broad
emission lines to changes in the continuum flux to infer the
geometry and kinematics of the BLR (Blandford & McKee
1982, Peterson 1993, Peterson 2014). The time delay of the
emission line response times the speed of light (τc) is used
as a proxy for a size scale of the BLR, namely the radius
of the BLR (RBLR). By assuming that the emission line ve-
locity width (∆V ) reflects virial motion (e.g. Peterson &
Wandel 1999), the black hole mass (MBH) can be calculated
as: MBH= fRBLR∆V 2/G (e.g. Peterson 2014). The dimen-
sionless f factor is of the order of unity and encompasses the
unknown BLR geometry, dynamics and orientation that can
vary for each emission line and for each AGN (Goad et al.
2012).

Our limited information on the BLR structure has a
potential strong impact on the current knowledge of black
hole and AGN evolution, as the sample of AGN with re-
verberation mapping measurements is used to calibrate the
zero-point of black hole and galaxy scaling relations (e.g.
Vestergaard 2002, Peterson et al. 2004, Onken et al. 2004,
Vestergaard & Osmer 2009, Grier et al. 2013b). These scal-
ing relations are in turn used to infer most of the supermas-
sive black hole masses at low and high redshift (e.g. Vester-
gaard 2004, Vestergaard & Peterson 2006, Trump et al. 2011,
Shen et al. 2011 Jun et al. 2015, Koz lowski 2017, Bañados
et al. 2018, Shen et al. 2019).

Further necessary constraints on the BLR geometry and
dynamics can be obtained from velocity-resolved reverber-
ation mapping studies. These studies analyse the response
of the broad emission line profile to continuum changes as
a function of the line of sight velocity and the time delay
between continuum and emission line changes (e.g. Bahcall
et al. 1972, Welsh & Horne 1991, Horne et al. 2004). This
method has been successful at determining the geometry
and dynamics of the BLR for a small sub-sample of AGN
with reverberation mapping data available (e.g. Kollatschny
2003, Bentz et al. 2009, Denney et al. 2010, Bentz et al. 2010,
Barth et al. 2011, Grier et al. 2013a, Du et al. 2016, Pei et al.
2017). While the analyses described above are mostly model-

independent, the same velocity-resolved datasets have also
been modelled using an underlying physical model that al-
lows for quantitative constraints to be obtained on the BLR
geometry and dynamics parameters (Pancoast et al. 2011,
Brewer et al. 2011, Li et al. 2013, Pancoast et al. 2014b, Grier
et al. 2017, Pancoast et al. 2018, Williams et al. 2018). The
model-independent and model-dependent velocity-resolved
studies referred to above, have found a large variety of ge-
ometry and dynamics for the BLR: e.g. gas in near-circular
elliptical orbits, signatures of inflowing or outflowing gas,
with thick disk-like or spherical geometry distributions.

The small number of AGN for which velocity-resolved
analysis has been carried out is somewhat limited by ob-
servational requirements: the need to have monitoring data
suitable for reverberation mapping studies, i.e. spectro-
scopic, fast cadence, multi-epoch monitoring over a suffi-
ciently long time span. Although single-epoch spectra per
definition do not contain any timing information and hence
BLR size information, by virtue of being an account of the
collective emission from across the entire BLR, these spectra
also contain information on the velocity distribution in the
BLR gas. Additionally, they are more readily available than
monitoring data.

Several works have investigated the BLR geometry and
kinematics by modelling the shape of the broad emission
lines as seen in individual spectra. They find that while not
all line profiles can constrain the full BLR structure, the
modelling of some profiles allow us to establish meaning-
ful constraints on the geometry or velocity of the BLR gas
(e.g. Capriotti et al. 1980, Kwan & Carroll 1982, Eracleous
& Halpern 1994b, Rosenblatt et al. 1994, Robinson 1995,
Kollatschny & Zetzl 2013, Storchi-Bergmann et al. 2017).

Recent progress has been made to constrain the geome-
try and dynamical parameters of the BLR from single-epoch
spectra. In a previous work (Raimundo et al. 2019, hereafter
R19), we presented a modified version of the BLR geometry
and dynamics Bayesian inference model of Pancoast et al.
(2014a) and Pancoast et al. (2018). While previous versions
of the model used reverberation mapping monitoring data to
constrain the BLR geometry and dynamical parameters, our
model is tailored to use single-epoch spectra. R19 validate
and test our model with simulated data and with observed
data on Arp 151, which allowed us to compare the single-
epoch modelling with monitoring data modelling. R19 find
that single-epoch spectral modelling can constrain some of
the BLR geometry and dynamics parameters to a reason-
able degree. Notably, the single-epoch results agree with the
original monitoring data modelling results within the 68%
confidence range. The fact that this new modelling effort re-
quires only a single AGN spectrum, brings significant power
to this method since it is then applicable to much larger
subsets of the broad-line AGN population (e.g. in the Sloan
Digital Sky Survey, Pâris et al. 2018) than those accessed
by monitoring studies alone.

In this work we apply our single-epoch model to a more
extended sample of AGN that were targets of monitoring
campaigns and modelling of the BLR (Grier et al. 2017,
Williams et al. 2018). These AGN display a large range of
black-hole masses and accretion rates. Our goal is to carry
out the first sample test of our model using broad emis-
sion lines of different shapes, as a preparation to extend
our model to larger samples of AGN without any previous
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knowledge of the BLR geometry and dynamics. In Section 2,
we describe our single-epoch spectra model and in Section 3,
we describe our AGN sample, the observational data avail-
able and the modelling procedure employed to model single-
epoch spectra of low-redshift AGN. In Section 4 we present
the results of the model for each AGN and discuss them in
detail in Section 5. The conclusions and future applications
of the model are presented in Section 6.

We use the following cosmological parameters to cal-
culate luminosity distances from redshifts measurements:
H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and Ωλ = 0.7.

2 MODEL DESCRIPTION

In this work we model the structure of the BLR of a sample
of low redshift AGN using the model presented by R19. This
model is a modified version of the BLR model of Pancoast
et al. (2018), first presented by Pancoast et al. (2011). Our
model uses single-epoch spectra (as opposed to monitoring
data) to constrain the geometry and dynamics parameters
of the BLR. In the following section, we describe the model,
its underlying physical prescription and the associated pa-
rameters.

2.1 A single-epoch broad line region model

The single-epoch BLR model was described in detail by R19.
Here, we summarise the main features of the model and refer
the reader to R19 and Pancoast et al. (2014a) for further
details.

We use an underlying physical model to define the BLR.
With the physical model and a set of associated free param-
eters, we are able to generate a variety of possible geome-
try and dynamical configurations for the BLR. The physical
model consists of a set of point particles representing the
BLR gas, around a central emitting source (i.e., accretion
disc). The accretion disc is defined as a point source emitting
isotropically. It is assumed that the point particles instan-
taneously reprocess the incoming accretion disc continuum
flux into emission-line flux. This is a reasonable assumption
given that the light travel time of the continuum photons
is of several days compared to the much shorter recombina-
tion time scale of dense gas (∼ 0.1h) (Osterbrock & Ferland
2006, Peterson & Horne 2006). The point particles are spa-
tially distributed according to an array of geometry param-
eters that control the position of each particle with respect
to the central source. As defined by Pancoast et al. (2014a),
the radial distribution of point particles is parametrised as
a Gamma distribution with the following form:

p(r|α) ∝ rα−1e(−
r
θ ) (1)

where r is the radius and α and θ are the standard param-
eters (shape parameter and scale parameter, respectively).
The Gamma distribution is shifted from r = 0 by a value
equal to the Schwarzschild radius (RS = 2GMBH/c

2), plus
a minimum radius of the BLR (rmin). A variable change is
performed to convert Eq. 1 from standard units to the units
of the mean radius of the BLR radial profile (µ) using:

µ = rmin + αθ β = 1√
α

F = rmin

rmin + αθ
(2)

with the three free parameters: β, µ and F . The parameter
µ is the mean radius of the Gamma distribution (therefore
the mean radius of the BLR radial distribution) and F is
the minimum radius of the BLR (rmin) in units of the mean
radius. The shape parameter β, controls if the radial dis-
tribution of particles is a narrow Gaussian-like distribution
(β < 1), an exponential profile (β = 1) or a radial distri-
bution that is steeper than an exponential profile (β > 1).
The radial distribution is truncated at a fixed maximum ra-
dius rout = ∆T × c/2 where ∆T is the total duration of
the simulated continuum light curve. The assumed values
for rout are shown in the Appendix in Table A1. The spatial
distribution of point particles is inclined by an inclination
angle θi with respect to the observer′s line-of-sight, with the
inclination angle being the angle between the normal to the
BLR mid-plane and the observer’s line of sight. A face-on
structure will have θi = 0◦ while an edge-on structure will
have θi = 90◦. The opening angle, θo, defines the angular
half-thickness of the BLR as seen from the central emitting
source and defined from the mid-plane of the BLR. A spher-
ical distribution of point particles will have θo = 90◦ while
a thin disc will approach θo → 0◦.

Three other parameters (κ, ξ and γ) control the relative
emission weights of specific groups of point particles in the
BLR. The parameter κ is defined based on the angle between
the observer’s line of sight to the central source and the point
particle line of sight to the central source. It can be used to
give different relative weights to point particles that are on
the far side or the near side of the BLR (with respect to
the observer). For κ → −0.5, the particles on the far side
contribute with more line emission while for κ → 0.5, the
particles on the near side contribute with more line emission.
Uniform weighting corresponds to κ = 0. The parameter ξ
controls the transparency of the mid-plane of the BLR, here
defined as the x−y plane in Fig. 9 of Pancoast et al. (2011).
If ξ → 0 the mid-plane is opaque, and only point particles in
the foreground of the mid-plane will be observed. For ξ → 1
the mid-plane is transparent. The parameter γ determines
the angular displacement of the point particles and can have
values between 1 and 5. This angle is measured from the
mid-plane of the BLR to the opening angle. The parameter
γ can be used to transform a uniform distribution of particles
into a distribution of particles that are more concentrated
towards the opening angle, i.e. if one imagines a BLR as a
thick disc, the particles would be more concentrated towards
the outer faces of the disc. A value of γ = 1 corresponds to a
uniform angular distribution of point particles while γ > 1
will result in the particles being more concentrated towards
the opening angle value.

We mentioned earlier that the point particles repro-
cess the continuum radiation from the accretion disc as line
emission. The wavelength of the radiation emitted by each
point particle will depend on the particle’s velocity, which
is defined by the dynamical state of the BLR and the cor-
responding dynamical parameters. The point particles are
assumed to move in Keplerian orbits in the gravitational
potential of the black hole, with a black hole mass defined
by the MBH parameter. A fraction of point particles (fellip)
will have their velocities drawn from a distribution of ve-
locities centred around the values corresponding to circular
orbits. The remaining point particles (1 - fellip) have veloc-
ities drawn from the distribution of inflowing or outflowing
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4 Raimundo et al.

Object z fλ,AGN Reference RBLR log(MBH[M�]) Reference Lbol/LEdd
[1] [2] [3] [4] [5] [6] [7] [8]

AGN10
3C 120 0.0330 2.71 ± 0.10 a, b 28.7 7.745+0.038

−0.040 d 0.10
Mrk 335 0.0258 5.84 ± 0.29 a, b 22.7 7.230+0.042

−0.044 d 0.22
Mrk 1501 0.0893 2.06 +0.25

−0.22 ∗ a 49.8 8.067+0.119
−0.165 d 0.14

PG 2130+099 0.0630 2.53 ± 0.09 a, b 40.0 7.433+0.055
−0.063 d 0.40

LAMP2011
Mrk 50 0.0234 1.20 ± 0.20 c 8.5 7.422+0.057

−0.068 d 0.02
Mrk 141 0.0417 1.09 ± 0.16 c 15.2 7.46+0.15

−0.21 e 0.06
Mrk 279 0.0305 3.98 ± 0.53 b 21.6 7.435+0.099

−0.133 d 0.13
Mrk 1511 0.0339 0.86 ± 0.09 c 10.7 7.11+0.20

−0.17 e 0.07
NGC 4593 0.0090 8.02 ± 0.90 b 8.4 6.882+0.084

−0.104 d 0.08
PG 1310−108 0.0343 1.66 ± 0.17 c 15.4 6.48+0.21

−0.18 e 0.60
Zw 229−015 0.0279 0.56 ± 0.06 c 6.9 6.913+0.075

−0.119 d 0.05

Table 1. List of objects and their properties. [1] AGN name. [2] Redshift from the NASA/IPAC Extragalactic Database. [3] AGN
continuum flux density at the rest-frame wavelength of 5100 Å and in units of 10−15 erg s−1 cm−2 Å−1. [4] Reference for the AGN flux
density measurement: (a) Grier et al. 2012; (b) Bentz et al. 2013; (c) Barth et al. 2015 [5] BLR rest-frame radius in units of light days
inferred from the flux in column [3] and the R−L relation of Bentz et al. 2013. [6] Logarithm of the black hole mass in units of solar
masses. [7] Reference for the MBH measurement: (d) reverberation mapping measurement quoted in the AGN database (Bentz & Katz
2015); (e) BLR modelling using monitoring data (Williams et al. 2018). [8] Indicative Eddington ratio calculated from the monochromatic
luminosity L5100 = λLλ (5100 Å) (based on column [3] and the cosmology used in this paper), and an approximate average bolometric
correction factor of fbol = Lbol/L5100 = 10 (e.g. Castelló-Mor et al. 2016, Kilerci Eser & Vestergaard 2018). ∗ Flux value is the total
(galaxy + AGN flux) because imaging data were not available for the Grier et al. 2012 analysis.

escape velocities. The parameter fflow is a binary parameter
that determines if the velocities are drawn from the inflow-
ing (fflow < 0.5) or outflowing (fflow > 0.5) distributions.
The centre of the inflowing and outflowing velocity distri-
butions can be rotated by θe along an ellipse towards the
circular orbit velocity, so that an increasingly larger frac-
tion of particles are in bound orbits as θe → 90 degrees.

The model requires a simulated continuum light-curve
determined at random instants to be able to model the BLR.
Although we only model one epoch, the emission line profile
will be the sum of the line emission from different portions
of the BLR. Each portion of the BLR is located at a specific
distance from the ionising continuum and hence associated
with a specific time delay between the continuum and repro-
cessed emission. This requires different instants of the con-
tinuum light-curve to be probed, even for the modelling of
a single spectrum. To determine the continuum flux at each
time instant, the model generates continuum light curves
(i.e. continuum flux as a function of time) using several free
parameters that we will refer to as the continuum hyper-
parameters. In previous versions of the model, the gener-
ated continuum light curve was constrained based on the
observed continuum light curve as determined from moni-
toring campaigns (e.g. Pancoast et al. 2014b, Grier et al.
2017, Pancoast et al. 2018, Williams et al. 2018). In our
version of the model, where we use only a single spectrum
instead of monitoring data, we do not have an observed light
curve to analyse (R19). Instead, the continuum light curves
in our model are generated based on the literature-quoted
range of possible continuum light curves observed for AGN.

A description of the continuum light-curve generation can
be found in Section 3.4.

Defining the geometry and dynamics parameters result
in a specific structure for the BLR, which is then used to
infer the time delay between the continuum emission from
the accretion disc and the reprocessed radiation for each of
the point particles. These time delays are used to match
the emission line flux for each point particle with the pre-
viously emitted continuum flux drawn from the generated
continuum light curve. Two additional parameters, an addi-
tive (Cadd) and a multiplicative (Cmult) constant are used
to normalise the continuum such that the modelling is not
dependent on the absolute flux level of the continuum or of
the emission line.

The model then generates a simulated spectrum based
on the parameterised model of the spatial and kinemati-
cal structure of the BLR to be compared with the observed
spectrum. In the previous version of the model, a simulated
spectrum is generated for each epoch of the emission line
light curve, i.e. for every epoch of the monitoring campaign.
In our version of the model this is done only once and for one
epoch. Since we do not use monitoring data to constrain our
model, we do not have timing information from the observed
light curves to constrain the time delays. Without a time de-
lay constraint, there is limited information to establish the
absolute physical scale of the BLR (and hence to indepen-
dently constrain MBH). Instead we provide this information
to the model in the form of a Gaussian-like prior probability
distribution for the mean time delay. The mean time delay
is the flux-weighted mean time delay for the whole BLR. A
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detailed description of why the mean time delay is used and
the effect of choosing such a prior is described by R19.

The model parameters are constrained via Bayesian in-
ference using DNest3, a Diffusive Nested Sampling algorithm
(Brewer et al. 2009, Brewer et al. 2010). DNest3 is a Markov
Chain Monte Carlo method based on Nested Sampling, an
algorithm for Bayesian computation (Skilling 2006). Using a
Bayesian formalism we define a prior probability distribution
for the parameters (see Table 1 of R19 for specific assump-
tions) and update it to the posterior probability distribution
taking into account the observed spectrum. DNest3 is used
to explore the parameter space and is able to handle strong
correlations between the parameters. DNest3 is particularly
suited for cases where the posterior probability distribution
has a complex or unknown shape. A detailed description of
how DNest3 is implemented in the model can be found in
Appendix A of R19.

The output of the model will be a multi-dimensional
posterior probability distribution from which we extract the
posterior probability distribution for each of the BLR pa-
rameters. The posterior probability distribution for each pa-
rameter is obtained after marginalising over all the other
parameters (e.g. Sivia & Skilling 2006). The inferred param-
eter values and their associated uncertainties are obtained
from calculating the median value of the parameter poste-
rior probability distribution and the 68% confidence inter-
vals around the median.

3 MODELLING THE BROAD-LINE REGION
OF LOW-REDSHIFT AGN

In this work we apply our single epoch BLR modelling (R19)
to a sample of AGN that were the target of recent reverber-
ation mapping campaigns. Here we model 11 AGN spanning
a wide range of black hole mass and accretion rate. In the
previous section we describe the general setup and parame-
ters of our BLR model. In this section we describe the data
used to constrain the model and the specific assumptions
we make to model the AGN sample. This includes the selec-
tion of the spectral epoch, the prior probability distribution
we assume for the mean time delay and how the continuum
light curve is generated.

3.1 Data

We select a sample of 11 AGN: 4 AGN from the AGN10
monitoring campaign (Grier et al. 2012, Grier et al. 2017)
and 7 AGN from the Lick AGN Monitoring Project 2011
(LAMP 2011; Barth et al. 2015). The main properties of the
sample are shown in Table 1. These AGN were selected be-
cause their BLRs have recently been modelled by Grier et al.
(2017) (AGN10) and Williams et al. (2018) (LAMP2011)
using the original model as implemented by Pancoast et al.
(2018) and the full monitoring dataset. This allows for a
direct comparison with our results.

Henceforth, the BLR modelling using the monitoring
dataset as input will be referred to as the ‘full light-curve
modelling’. The full light-curve modelling approach uses: i)
the continuum and integrated Hβ broad emission line flux
light curves and ii) monitoring spectra (i.e. multi-epoch
spectra) of the Hβ broad emission line to constrain the

BLR parameters. Our approach will be referred to as single-
epoch modelling, as we use a single spectrum to constrain
the model parameters. The BLR parameters inferred from
the full light-curve modelling are presented by Grier et al.
(2017) and Williams et al. (2018) and will be used as a com-
parison to our modelling results using single-epoch spectra.
We use the same original datasets as Grier et al. (2017) and
Williams et al. (2018) as a starting point, including the same
spectral decompositions. The narrow emission line compo-
nent is not subtracted before modelling the data, to avoid
introducing uncertainties. For all the objects in our sample
the narrow emission line is modelled with a narrow Gaus-
sian function, with the total narrow line flux and systematic
central wavelength as free parameters in the model. This
approach is the same as that adopted by Pancoast et al.
(2014a) and Pancoast et al. (2018) and a more detailed
description can be found in Section 3.3 of Pancoast et al.
(2018). In general we find narrow line fluxes from the single-
epoch modelling that agree within the 68% confidence range
with what was found from modelling of monitoring data.
The exceptions are Mrk 1511 and PG 1310−108 that agree
within the 95% confidence range and Mrk 279 that agree
within the 99.7% range. Below we describe the datasets and
monitoring campaigns in more detail.

3.1.1 AGN10

We model 4 AGN that were part of the AGN10 reverberation
mapping campaign: 3C 120, Mrk 335, Mrk 1501 and PG
2130+099, all classified as Seyfert 1 galaxies. The black holes
in these AGN are in the upper range of black hole masses
and luminosities compared with the other low-redshift AGN
in our sample.

The monitoring data consist of photometric and spec-
troscopic measurements in the optical range, taken at several
epochs within a time span of a few months. For each object
there are ∼ 70 epochs of optical spectra covering the wave-
length range of the Hβ broad emission line, and ∼ 100−200
epochs of continuum flux measurements (at a wavelength
of 5100 Å). Before modelling the broad emission line, the
spectra are decomposed to account for all the emission com-
ponents that are not due to broad Hβ line emission, such as
the AGN continuum, the host galaxy light and the narrow
line emission (Barth et al. 2015, Grier et al. 2017). More de-
tails on the observations and the data analysis are provided
by Grier et al. (2012) and Grier et al. (2017). BLR full light-
curve modelling (i.e. using the monitoring dataset) was car-
ried out by Grier et al. (2017). From the initial dataset we
select a fixed epoch and use the spectrum obtained at that
epoch as input to our model, disregarding all the remaining
data.

3.1.2 LAMP2011

We model 7 AGN that were part of the LAMP2011 cam-
paign: Mrk 50, Mrk 141, Mrk 279, Mrk 1511, NGC 4593,
PG 1310−108 and Zw 229−015. The monitoring data con-
sist of photometric and spectroscopic measurements in the
optical range, taken at several epochs within a time span of
a few months. For each object there are ∼ 30 − 50 epochs
of optical spectra covering the wavelength range of the Hβ
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broad emission line, and ∼ 60 − 170 epochs of continuum
flux measurements, depending on the AGN. Before mod-
elling the broad emission line, the spectra are decomposed
as described above. More details can be found in the work
by Barth et al. (2015) and Williams et al. (2018).

Modelling of the full light curve was carried out by
Williams et al. (2018). They use three different spectral de-
compositions that differ only in the form of Fe II template
used. They model the result of each spectral decomposition
prescription independently and present the posterior proba-
bility distributions for each. Additionally they also show the
result of combining the posterior probability distributions
of all the spectral decomposition prescriptions. We model
the data that were spectrally decomposed using the Fe II
template of Kovačević et al. (2010), which due to its larger
number of normalisation parameters provides the most flex-
ible spectral modelling (Williams et al. 2018). Our results
are however compared with both the full light-curve poste-
rior probability distribution using the Kovačević et al. (2010)
spectral decomposition and the combined posterior proba-
bility distribution shown by Williams et al. (2018). Similar
to the AGN10 modelling described in 3.1.1, we select a fixed
epoch from the initial dataset and use the spectrum from
that epoch as input to our model, disregarding all the re-
maining data.

3.2 Epoch selection

As all of our objects have been the target of a reverberation
mapping campaign, we have access to the full continuum
light-curves and monitoring spectra. For each object we se-
lect the epoch which shows the highest signal-to-noise ratio
(S/N) in the Hβ broad emission line. The signal-to-noise ra-
tio for each epoch is measured as the mean signal-to-noise
ratio per pixel of the spectrum across the Hβ broad emission
line profile.

In our previous work (R19), we selected the epochs
based on their continuum flux level with respect to the full
light-curve, to sample low, medium and high continuum flux
levels. We proposed that the specific line shape at that epoch
and not the continuum flux level was responsible for most
of the constraints on the BLR parameters that we obtained
in the modelling. Here we select the individual epochs based
on the S/N of the line flux in the spectrum to generalise this
approach to most of the AGN in the literature, where one
does not have information on the historical light-curve but
for which a single-epoch spectrum is available.

In Fig. 1 we show the V-band continuum and Hβ
emission-line light curves for the full monitoring dataset of
each source. The green stars show the epochs that we select
for our analysis. Each epoch in the emission line light curve
identifies a specific (observed) spectrum. Since the V-band
continuum epochs may not be exactly the same as the spec-
tral epoch, we select the (observed) continuum epoch that
is closest in time to the spectral epoch. The single-epoch Hβ
profiles that correspond to the selected epochs are shown in
Fig. 2. We note that the epoch with the highest S/N ratio
typically has high line flux, but does not necessarily corre-
spond to the epoch of highest line flux level, as can be seen
in Fig. 1.

In addition to our main analysis with the highest S/N
epoch we also carry out a test using a second epoch for

each AGN. This second epoch was chosen randomly from
the subset of epochs that show an average S/N ∼ 20 across
the line profile. The exceptions were Zw 229-015 and Mrk
141 that have lower S/N for all epochs and do not reach
S/N ∼ 20. For these two cases we selected random epochs
from the subset that showed an average S/N ∼ 9 across the
line profile. Since the results from the second epoch are fully
consistent with those of the highest S/N epoch we focus our
detailed discussion on the highest S/N epoch results and
give an overview of the second epoch results in Section 5.3.

3.3 Prior on the mean time delay

Our model requires the use of a prior probability distri-
bution for the mean time delay (τmean), as mentioned in
Section 2.1. We adopt a log-normal prior distribution for
τmean, with a mean and width based on the radius luminos-
ity relation (R−L relation) and its scatter distribution as
determined by Bentz et al. (2013). The AGN luminosity for
each object of our sample is calculated from the rest-frame
AGN monochromatic flux density at 5100 Å. We use AGN
flux density values from Grier et al. (2012) and Bentz et al.
(2013), which were obtained by modelling and subtracting
the host galaxy flux from Hubble Space Telescope images.
For objects where HST images are not available, we use the
AGN 5100Å rest-frame flux density measurements of Barth
et al. (2015) based on spectral decompositions (see column
4 of Table 1). The AGN flux density is then converted to
an AGN monochromatic luminosity, Lλ (5100Å), using the
luminosity distance for each object and the cosmological pa-
rameters listed in Section 1. Finally, the BLR radius (RBLR)
is inferred using the R−L relation of Bentz et al. (2013) and
Lλ (5100Å). The calculated RBLR can be found in Table 1.
We also calculate and list in Table 1 the Eddington ratio for
our targets (λ = Lbol/LEdd, where LEdd is the Eddington
luminosity) as a measure of the mass accretion rate level
of each AGN. We note that the Eddington ratio is only an
approximate estimate as we use an average bolometric cor-
rection in the calculation.

In our previous work (R19), we show that regardless of
the width of the prior probability distribution, the model
is able to derive similar constraints on the majority of the
geometry and dynamics parameters of the BLR (with the ex-
ception of the MBH and the mean and median time delays).
Here we assume a width of 0.2 dex for the prior probability
distribution of τmean, which represents the typical disper-
sion in the R−L relation (Bentz et al. 2013). This choice
comes with the knowledge that the inferred MBH will be
strongly affected by the assumptions on the τmean prior and
should not be taken as an independent estimate of the in-
trinsic MBH value. This choice is reasonable since our main
goal is to constrain the remaining geometry and dynamics
parameters of the BLR.

For all the remaining parameters, the prior probability
distributions are the same as those shown by R19 and can
be found in Table 1 of that paper.

3.4 Simulated continuum light-curves

As discussed in Section 2, the model requires a simulated
continuum light-curve determined at random instants to be

MNRAS 000, 000–000 (0000)



Modelling the AGN broad line region using single-epoch spectra II 7

Figure 1. V-band continuum and integrated Hβ line flux light-curves for each object in our sample. The light-curves shown by the
black filled circles are part of the monitoring dataset described by Grier et al. 2017 and Williams et al. 2018. For each object the green
star symbol indicates the epoch selected for our single-epoch modelling analysis. The single-epoch spectra extracted from these specific
epochs are shown in Fig. 2.
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Figure 1. Continued.

able to model the BLR, even for the single-epoch modelling
we implement.

In our previous work (R19) we tested several assump-
tions for the statistical properties of the simulated contin-
uum light-curves and found that they did not affect the in-
ferred geometry and dynamics parameters. This is in part
due to the fact that the model renormalises the absolute
continuum and spectral flux by means of two rescaling free
parameters included in the model, Cadd and Cmult. Addi-
tionally, to infer the geometry and dynamics parameters
we marginalise over the continuum light-curve parameters,
meaning that we take into account all the possible light-
curves that could generate the observed line profile.

The continuum light-curve parameters, hereafter the
continuum hyper-parameters, are not fixed in the model but
defined with flat (i.e. uninformative) prior probability dis-
tributions within a fixed wide range. The three main con-
tinuum hyper-parameters are τcont, the typical time-scale
for variations; µcont, the long-term mean flux value of the
light-curve and σcont, the long-term standard deviation of
the light-curve, as in Equations 5 and 6 of Pancoast et al.
(2014a). For consistency we use upper and lower limits for
the priors that encompass the broad range of values found
from studies of AGN variability (e.g. Kelly et al. 2009,
Koz lowski et al. 2010, MacLeod et al. 2010). We assume
τcont between 1 and 104 days, µcont variations of 40% around
the mean flux value (i.e. around our single-epoch continuum
flux value) and σcont is defined via the parameter σ̂cont =
σcont

√
2/τcont within the range σ̂cont ∼ [8 × 10−4 − 0.3]

mag/day1/2. We simulate a continuum light curve with a

duration of 1.8×107s for all AGN except Mrk 1501. For Mrk
1501 we simulate a light curve of 2.7×107s to be conserva-
tive, since there is evidence from the R−L relation that the
BLR is larger for this AGN. Some of the simulated light
curves are similar to the real continuum light curves for the
AGN studied, but in general our simulated light curves are
different since we are exploring a broad parameter space in
continuum parameters.

The continuum light-curve parameters are all defined
in the rest-frame of the AGN, therefore, our simulated con-
tinuum light-curve is the continuum light-curve in the rest-
frame as well. All the remaining parameters are also defined
in the rest-frame of the AGN.

4 RESULTS

In this section we show the results from the single-epoch
BLR modelling for all objects of Table 1. Figs. 3 to 6 in the
main text and Figs. A1 to A7 in the Appendix show the final
posterior probability distributions for the BLR parameters
(yellow histograms), obtained by modelling the single-epoch
line profiles of Fig. 2. Overlaid in the figures are the previ-
ous results obtained by modelling the full light-curve (Grier
et al. 2017 and Williams et al. 2018) shown as blue and
red histograms. The blue histograms for the LAMP 2011
objects refer to the combined posterior probability distribu-
tion, while the red histograms are the posterior probability
distributions obtained using the Kovačević et al. (2010) Fe II
templates in the spectral decomposition (see Williams et al.
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Figure 2. Single-epoch spectra used in the BLR modelling. For each object, the spectrum shown corresponds to the epoch highlighted
by a green star in Fig. 1. The spectra show the broad and narrow Hβ emission line as a function of rest-frame wavelength, measured
above the continuum flux level. The Hβ line profile shown is the result of eliminating the other line and continuum contributions as
defined by the spectral decomposition (see Section 3.1 for details).

2018 for more details). The meaning of each BLR parame-
ter is described in detail in Section 2. In addition to those
parameters, we show the flux-weighted median time delay
(τmedian), the flux-weighted mean radius of the BLR (rmean)
and the flux-weighted median radius of the BLR (rmedian),
which are calculated by the model and related to the mean
time delay. A list of the inferred parameter values and their
uncertainties can be found in Table A1. Examples of the line
profiles generated by the model can be found in Fig. A8. The
profiles in this figure correspond to a solution found by the
model and randomly extracted from the posterior probabil-
ity distribution.

Fig. 7 shows a visual comparison between the 68% con-
fidence ranges of the inferred parameters in our work (shown
by the solid lines) and the confidence ranges found using the
full light-curve modelling (shown by the dashed lines). The
median values of the posteriors are indicated by the blue
filled circles for the results in this work and by the black
filled stars for the full light-curve modelling result. We con-
sider that a parameter cannot be constrained when the 68%

confidence range covers more than 50% of the parameter
space.

In agreement with our previous work on Arp 151 (R19),
we find that several of the BLR parameters can be con-
strained using a single-epoch model. The degree to which
a parameter can be constrained and which parameters are
constrained depends on the AGN analysed and likely on the
shape of the broad emission line. We find that when the
BLR parameters can be constrained, the inferred values for
those parameters tend to agree within the 68% confidence
intervals with the inferred values from the full light-curve
modelling. Below we describe the results for each individual
object using Figures 3 to 7 and Figs. A1 to A7 as reference.
We discuss all the parameters here in this section, except
MBH and β, which will be discussed in detail in Section 5.2.
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Figure 3. Histograms showing the posterior probability distributions for the parameters in the single-epoch BLR modelling of 3C 120.
Results from our single-epoch model are shown in yellow and compared with the full light-curve modelling from previous work. For the
AGN10 objects our results are compared with those of Grier et al. 2017 (marked as G17 in the figures) shown as the blue histograms. For
the LAMP 2011 objects we compare our results with the Williams et al. 2018 results using two different prescriptions: in blue we show
the Williams et al. 2018 combined posterior probability distribution (marked as W18 - combined in the figures) and in red the posterior
probability distribution for the modelling using the Kovačević et al. 2010 spectral decomposition (marked as W18 - K10 in the figures).

4.1 Results on individual objects

4.1.1 3C 120

Some of the parameters can be constrained for this AGN
and agree within the errors with the full light-curve re-
sult: we find θo= 27+10

−9 degrees, θi= 21.6+9.1
−7.7 degrees and

rmin= 3.8+2.4
−2.1 light-days. The remaining parameters have

very broad posterior probability distributions (Fig. 3), which
indicates that they cannot be accurately constrained from
the single-epoch spectrum.

4.1.2 Mrk 335

The posterior probability distributions for most of the pa-
rameters of Mrk 335 are very broad (Fig. A1), indicating
that the BLR parameters cannot be constrained from the
single spectrum. The only exception is rmin= 0.54+0.47

−0.30 light-
days which is constrained to a value similar to what has been
found from the full light-curve model.

4.1.3 Mrk 1501

Some of the parameters can be constrained and agree within
the errors with the full light-curve result: we find θo= 30+15

−12
degrees, θi= 31+15

−12 degrees and κ = −0.07+0.17
−0.17. fflow is also

constrained and found to be < 0.5 (i.e. signature of inflowing
trajectories), indicating that even though fellipis not tightly

constrained, the model is able to identify that some of the
orbits have velocities close to the radial inflowing escape
velocity. The parameters fellip, θe and γ are not constrained,
but we note that the full light-curve model was also not able
to constrain these parameters significantly. The parameter
ξ is somewhat constrained to ξ = 0.38+0.24

−0.25, indicating that
the mid plane of the BLR is not completely opaque nor
completely transparent, although the posterior probability
distribution is broad, similar to what was found for the full
light-curve modelling (Fig. 4).

4.1.4 PG 2130+099

Some of the parameters can be constrained: we find θo=
32+12
−11 degrees, θi= 27+14

−11 degrees and rmin= 2.6+1.0
−1.0 light-

days, consistent within the uncertainties with the full light-
curve result. The parameter κ is found to be lower than zero,
favouring scenarios in which the particles on the far side of
the BLR contribute with more emission. However, this is
not a strong constraint as the posterior probability distri-
bution for this parameter has a tail extending to positive κ
values, indicating possible degeneracies. However, the pos-
terior distribution for κ from the full light-curve modelling
is also broad. The remaining parameters have very broad
posterior probability distributions (Fig. A2), and cannot be
accurately constrained.
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Figure 4. Same as Fig. 3 but for Mrk 1501.
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Figure 5. Same as Fig. 3 but for Mrk 141.
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Figure 6. Same as Fig. 3 but for Zw 229-015.

4.1.5 Mrk 50

Some of the parameters can be constrained and agree within
the errors with the full light-curve result: we find θi= 34+20

−13
degrees, κ = −0.07+0.17

−0.18, fflow is constrained to be > 0.5
i.e. signatures of outflowing trajectories, θe= 19+22

−13 degrees
and rmin= 1.9+1.7

−1.0 light-days. The parameter fellip is some-
what constrained to 0.44+0.23

−0.24. Although the posterior prob-
ability distribution for fellip is broad, it indicates that sce-
narios where fellip→ 1.0, i.e. no gas is inflowing/outflowing,
are not favoured. The parameter ξ is also marginally con-
strained to ξ =0.31+0.26

−0.21 with a broad posterior probability
distribution. Both fellipand ξ nevertheless agree with the full
light-curve results within the uncertainties. The remaining
parameters have very broad posterior probability distribu-
tions (Fig. A3), and cannot be accurately constrained.

4.1.6 Mrk 141

Mrk 141 is a remarkable case since most of its BLR parame-
ters can be constrained using a single spectrum. As discussed
in Section 5 this is likely due to the significant asymmetry
and structure of the line profile in this AGN, which pro-
vides more information for the model to constrain the BLR
parameters. We find θo= 26+13

−9 degrees, θi= 42+15
−12 degrees

κ = −0.16+0.13
−0.07, ξ = 0.08+0.17

−0.06, fellip= 0.14+0.11
−0.09, fflow > 0.5

i.e. signatures of outflowing trajectories, θe= 14+13
−9 degrees

and rmin= 4.9+6.4
−2.6 light-days, all agreeing within the uncer-

tainties with the full light-curve result (Fig. 5). The only
exception is the parameter γ, which cannot be constrained.
However we note that an unconstrained γ is a common fea-
ture for all our objects.

4.1.7 Mrk 279

Some of the parameters can be constrained: we find θi=
38+17
−8 degrees, fflow is constrained to be > 0.5 i.e. signa-

tures of outflowing trajectories, indicating that even though
fellipis not tightly constrained, the model is able to iden-
tify that some of the orbits have velocities close to the ra-
dial outflowing escape velocity. We also find rmin= 10.2+6.6

−3.8
light-days and θe= 10+11

−7 degrees indicating that not all of
the outflowing orbits are bound. The opening angle is some-
what constrained: θo= 49+23

−16 degrees, indicating that very
thin disc configurations are not favoured. A similar result is
obtained for ξ = 0.11+0.36

−0.08, indicating that the mid-plane of
the BLR is not completely transparent. Both the constrained
and marginally constrained parameters agree within the un-
certainties with the result from the full light-curve modelling
(Fig. A4).

4.1.8 Mrk 1511

Our model is not able to constrain most of the parameters
for Mrk 1511 (Fig. A5). The only exception is rmin= 2.6+2.4

−1.2
light-days which is constrained and agrees within the un-
certainties with what was found for the full light-curve. The
model marginally constrains θo= 73+10

−24 degrees. This param-
eter is one of the few cases where the single-epoch estimate
is not consistent within the uncertainties (68% confidence
range) with what was found from the full light-curve mod-
elling. Since we used the total (AGN + host galaxy) flux to
calculate the mean time delay from the R−L relation, we
assume a mean value for the prior on τmean which is signif-
icantly higher than what was found in the full light-curve
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modelling. This results in the time delay parameters (τmean,
τmedian, rmean and rmedian) to be overestimated. The inferred
MBH from single-epoch modelling agrees with the full light-
curve result. This indicates that independent information
on the Hβ line profile helps to constrain MBH beyond the
approximate value suggested by the R−L relation. As ob-
served by Williams et al. (2018), it is likely that Fe II has
a strong contribution to the spectra of Mrk 1511. Williams
et al. (2018) found that due to the strong Fe II contribution,
different spectral decompositions resulted in different values
for the BLR parameters. A residual Fe II contribution may
be one of the reasons why the single-epoch spectrum of Mrk
1511 does not provide meaningful constraints.

4.1.9 NGC 4593

Some of the parameters can be constrained: we find θo=
53+18
−16 degrees, θi= 53+9

−11 degrees, fflow is constrained to
be > 0.5 i.e. signatures of outflowing trajectories, indicat-
ing that even though fellip is only marginally constrained
(fellip= 0.67+0.17

−0.29), the model is able to identify that some
of the orbits have velocities close to the radial outflowing
escape velocity. We also find θe= 14+19

−10 degrees and rmin=
1.1+1.6
−0.8 light-days. The parameter κ is somewhat constrained

κ = −0.08+0.30
−0.17, indicating that there is no significant asym-

metry between the emission strength from the near or far
side of the BLR. A weak constraint is also found for ξ =
0.20+0.29

−0.15, indicating that the mid-plane of the BLR is not
completely transparent. All the constrained and marginally
constrained parameters mentioned above agree within the
uncertainties with the full light-curve result. We note that
the 68% confidence ranges for the parameters determined
from the full light-curve modelling are also wide and com-
parable with what we find from the single-epoch modelling
(Fig. A6). This is in part due to the fact that the full light-
curve result takes into account the three different spectral
decompositions of Williams et al. (2018) which broadens the
68% confidence intervals.

4.1.10 PG 1310-108

The parameter rmin= 2.0+2.6
−1.5 light-days is constrained and

agrees with the full light-curve result within the uncer-
tainties. Additionally there is one parameter that can be
marginally constrained for PG 1310-108, the opening angle:
θo= 63+18

−24 degrees. Looking at the posterior probability dis-
tributions for θo and θi in Fig A7 one can see that the prob-
ability distribution appears to have two peaks, which trans-
lates to broad 68% confidence ranges and poorly constrained
angles. These two peaks are also present in the full light-
curve results, indicating that it is difficult to constrain the
angles for PG 1310-108, even when using monitoring data.
All the remaining parameters have broad posterior prob-
ability distributions and therefore cannot be significantly
constrained from the single-epoch spectrum.

4.1.11 Zw 229-015

The parameters for this object are remarkably well con-
strained and agree with the full light-curve result within
the uncertainties. As for Mrk 141, this is likely due to the

information associated with the significant asymmetry and
structure of the line profile in this AGN. The only excep-
tion is γ, which is not constrained for Zw 229-015 or any
of the AGN in our sample. We find θo= 34.0+8.4

−9.9 degrees,
θi= 36.4+6.7

−6.4 degrees, κ = −0.407+0.070
−0.058, ξ = 0.043+0.059

−0.032,
fellip= 0.07+0.10

−0.05, fflow is constrained to be > 0.5 i.e. sig-
natures of outflowing trajectories, θe= 8.7+8.5

−6.0 degrees and
rmin= 2.3+1.5

−0.9 light-days. The posterior probability distribu-
tions is shown in Fig. 6.

5 DISCUSSION

We have information on the full light-curve modelling re-
sults for all the AGN we modelled. For the purpose of this
work, we assume that the full light-curve inferred BLR pa-
rameters are representative of the intrinsic parameters of
the BLR. Our exercise in this paper is to determine what
BLR parameters can be constrained and to what degree of
confidence, using single-epoch spectra modelling of a signifi-
cant sample of AGN. This is necessary prior to applying our
single-epoch model to AGN for which no monitoring data
nor information on the BLR structure are available, which
is our ultimate goal.

Below we discuss the overall model performance, de-
scribe in detail our findings for each of the BLR parame-
ters, present a summary of the overall findings for the whole
sample of AGN and discuss the caveats associated with our
model.

5.1 Model performance

There are two important questions that our work addresses:
1) Is the single-epoch modelling able to constrain the BLR
parameters? That is, are the posterior probability distri-
butions narrow enough that useful information can be ob-
tained? 2) Are the inferred parameters from single-epoch
spectra in agreement with the full light-curve results, within
the uncertainties?

The results from Section 4 show that some of the BLR
parameters can be constrained using single-epoch spectra,
as the posterior probability distributions are significantly
narrower than the prior probability distributions. More im-
portantly, when the parameters can be constrained, the large
majority of the inferred values agree with the full light-
curve modelling results, within the uncertainties. For the
case where the parameter posterior probability distribution
is wide, this indicates that the model is not able to constrain
the parameter. The model is successful at a) inferring cor-
rectly the BLR parameters, and b) at returning a broad pos-
terior probability distribution when no sufficient constraints
are found for a specific parameter. After the performance
tests we did in this work, combined with the results from
R19, we are confident that the model can be used to derive
quantitative constraints on the BLR parameters and be ap-
plied to AGN without prior knowledge of the BLR structure.

Notably the model is able to constrain most of the BLR
parameters for two AGN: Mrk 141 and Zw 229-015. From
Fig. 2, we can see that the line profiles for these two AGN
have a significant substructure, which may be an advantage
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in the amount of information provided to the model, as sug-
gested for Arp 151 (R19). Fairly symmetrical and feature-
less profiles, such as for 3C120, Mrk 335 and PG 2130+099
tend to result in fewer constraints on the BLR parameters.
This is not always the case, and there may be other fac-
tors contributing to how well the BLR parameters can be
determined from a spectrum. Mrk 1511 for example, has
some features and asymmetry in the profile but may have
Fe II residuals in the spectrum, causing the model to not
be able to constrain the BLR parameters, as discussed in
Section 4.1.8.

5.2 Notes on individual BLR parameters

For future applications of our model, it is important to know
which parameters can be reliably constrained using single-
epoch spectra. In Section 4 we presented the model results
for each AGN, in this section we summarise and discuss our
findings for each of the BLR parameters. Hereafter, when we
write that the inferred value agrees with the full-lightcurve
result, it means that the inferred parameter value from the
single-epoch modelling agree within the uncertainties with
the inferred parameter value from the full light-curve mod-
elling. We note that we define agreement within the uncer-
tainties if there is an overlap of the 68% confidence region of
our results and the 68% confidence region of the full light-
curve result.

γ − The parameters that have very broad posterior proba-
bility distributions are considered to be unconstrained, be-
cause the model does not find a range in the parameter space
that clearly has higher probability. In that case the entire
parameter range explored shows comparable probability of
occurring. This is notable for the parameter γ, which de-
scribes the angular distribution of particles. The parameter
γ is not constrained by the single-epoch spectra for any of
the AGN analysed. We note that even the full light-curve
modelling only marginally constrains this parameter, as can
be seen from the wide 68% uncertainty ranges shown as the
dashed lines in Fig. 7. It appears that both the single-epoch
spectrum and full light-curve data do not provide enough
unique information to constrain γ. We conclude that the
parameter γ cannot be constrained using single-epoch spec-
tra, based on our results for the 11 AGN in this work and
the three epochs of Arp 151 (R19).

θi − The inclination angle (θi) is constrained for most ob-
jects. We find that 8 AGN (3C120, Mrk 1501, PG 2130+099,
Mrk 50, Mrk 141, Mrk 279, NGC 4593 and Zw 229-015)
have well constrained inclination angles that agree with the
full light-curve result. For 3 AGN (Mrk 335, Mrk 1511 and
PG 1310-108) we consider that θi cannot be constrained as
the 68% confidence range covers more than 50% of the pa-
rameter space. There are no AGN with inferred θi that are
inconsistent with the full light-curve result within the 68%
confidence range.

θo − Similar to the inclination angle, the BLR opening an-
gle (θo ) is also constrained for most objects. We find that
6 AGN (3C120, Mrk 1501, PG 2130+099, Mrk 141, NGC
4593 and Zw 229-015) have well constrained opening an-
gles that agree with the full light-curve result. For 3 AGN

(Mrk 279, Mrk 1511 and PG 1310-108) the prior proba-
bility distribution is broad and θo can only be marginally
constrained. Still, the inferred θo agrees with the full light-
curve result. For 2 AGN (Mrk 335 and Mrk 50) we consider
that θo cannot be constrained as the 68% confidence range
covers more than 50% of the parameter space. Mrk 1511 is a
puzzling case as it shows a marginally constrained θo that is
not consistent within the 68% confidence range with the full
light-curve result. We note that, as for the full light-curve
result, we see a correlation between θi and θo. A discussion
on this correlation is presented by R19.

κ − The parameter κ is constrained for 4 AGN (Mrk 1501,
Mrk 50, Mrk 141 and Zw 229-015) and the inferred values
agree with the full light-curve result. For one AGN (NGC
4593) κ is only marginally constrained but the 68% confi-
dence range from the full light-curve modelling is as broad as
for the single-epoch modelling, which indicates that the full
light-curve modelling is also not able to strongly constrain
κ for this AGN. For the remaining 6 AGN (3C120, Mrk 335,
PG 2130+099, Mrk 279, Mrk 1511 and PG 1310-108), we
consider that the single-epoch modelling is not able to con-
strain κ as the 68% confidence region covers more than 50%
of the parameter space.

ξ − The mid-plane transparency (ξ) is only constrained for
2 of our AGN (Mrk 141 and Zw 229-015) with inferred val-
ues that agree with the full light-curve result. We note that
these two AGN have the most asymmetric line shapes which
may be one of the reasons why ξ (and κ) are constrained. For
Mrk 1501, Mrk 50, Mrk 279 and NGC 4593, only marginal
constraints can be obtained, still, the inferred values agree
with those found from the full light-curve result. We note
that for NGC 4593 the 68% confidence range from the full
light-curve result is also wide and comparable with the un-
certainties found in the single-epoch modelling. For the re-
maining 5 AGN (3C120, Mrk 335, PG 2130+099, Mrk 1511
and PG 1310-108) ξ cannot be constrained based on the
single-epoch spectrum.

fellip − The fraction of near-circular elliptical orbits can be
constrained for two of the AGN in our sample (Mrk 141
and Zw 229-015), with inferred values that agree with the
full light-curve result. These two AGN are those that show
the strongest asymmetry and structure in the line profile.
For Mrk 50 fellip can only be marginally constrained but the
value agrees with that of the full light-curve modelling. Due
to their broad posterior probability distributions we consider
that fellip cannot be constrained for 8 AGN: 3C120, Mrk 335,
Mrk 1501, PG 2130+099, Mrk 279, Mrk 1511, NGC 4593
and PG 1310-108.

fflow − The parameter fflow is binary and we consider that it
is constrained for an AGN if the inferred parameter and 68%
confidence range indicate fflow values that are exclusively
< 0.5 or > 0.5. For 6 AGN fflow can be constrained: Mrk
1501, Mrk 50, Mrk 141, Mrk 279, NGC 4593 and Zw 229-
015. For the remaining 5 AGN fflow cannot be constrained:
3C120, Mrk 335, PG 2130+099, Mrk 1511 and PG 1310-
108. We can see that fflow is constrained in some AGN for
which fellip is only marginally constrained or not constrained
at all. This indicates that the model is able to detect if
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Figure 7. Inferred values for the parameters and their respective 68% confidence regions for each of the objects analysed. The first 4
objects from the top are part of the AGN10 monitoring campaign while the remaining 7 objects are from LAMP 2011. The filled blue
circles are the inferred values using the single-epoch analysis while the black star symbols are the inferred values found by previous work
using the full light-curve for the modelling of the BLR (Grier et al. 2017 for AGN10 and Williams et al. 2018 for LAMP 2011). The
values inferred by Williams et al. 2018 refer to their combined posterior probability distribution. We consider that a parameter cannot be
constrained when the 68% confidence range covers more than 50% of the parameter space. Scale in the y-axis is arbitrary for visualisation
purposes.
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there are signatures of particles with inflowing or outflowing
trajectories, even though the exact fraction of these particles
(1−fellip) is difficult to constrain accurately for most AGN
in the sample.

θe − The parameter θe is constrained for 5 AGN: Mrk
50, Mrk 141, Mrk 279, NGC 4395 and Zw 229-015 with
values that agree with the full light-curve result, and not
constrained for 6 AGN: 3C120, Mrk 335, Mrk 1501, PG
2130+099, Mrk 1511 and PG 1310-108. The parameter θe
is only constrained for AGN where fflow is also constrained.
This is not surprising since these two parameters charac-
terise the same type of gas orbits.

rmin − We find that the minimum radius of the BLR is
constrained for all AGN, and with values that agree with
the full light-curve result. Even though for one AGN (Mrk
1501) rmin has a broad posterior distribution, we consider
the parameter to be constrained since the prior for rmin is
relatively wide. The parameter rmin is defined from F and µ
in the Gamma radial distribution of particles, and typically
has a prior from 10−3 − 102 light-days.

MBH − The black hole mass is the parameter that is most
correlated with τmean. Therefore, the approach of the single-
epoch modelling to define a prior probability distribution
on τmean will necessarily influence MBH. This has also been
observed by R19. There is some information in the emis-
sion line to constrain MBH, such as the relativistic effects
caused by the black hole. However, since the τmean prior is
defined a priori we do not consider the inferred MBH to be
independently reliable as τmean necessarily favours a specific
absolute size of the BLR and therefore a specific MBH range.
As shown by R19, for the three epochs of Arp 151 analysed,
the model infers MBH values that agree with the full light-
curve result. The only exception is for the case where the
τmean inferred from the R−L relation is significantly differ-
ent from the intrinsic τmean and the assumed τmean prior
width is narrow, which causes the MBH value to differ from
the intrinsic value. Here in this work we assume a τmean prior
width of 0.2 dex to mimic the scatter in the R−L relation.
Since this width is relatively narrow, we expect situations
where the inferred MBH value differs from the intrinsic value
if the R−L estimate is significantly under- or overestimated.
We find that for 9 out of 11 AGN the model finds MBH in-
ferred values that agree within the uncertainties with the full
light-curve result. For 2 AGN, Mrk 335 and PG 1310-108,
the inferred MBH value and its 68% confidence range are not
consistent with the full light-curve result. For PG 1310-108
this could be due to the prior central value of τmean be-
ing overestimated with respect to the full light-curve result
and the line profile not having enough information to infer
MBH correctly. For Mrk 335 the case appears to be different:
the prior value for τmean is similar to what was found from
the full light-curve analysis, however, τmedian and rmedian are
significantly different from the full light-curve result (Ta-
ble A1). This indicates that the time delay distribution that
the model is finding for the BLR is complex, such that τmean
and τmedian differ significantly. The parameter τmean alone
may not be a good probe of the size of the BLR for Mrk
335.

β − This parameter determines the shape of the radial dis-
tribution of particles in the BLR. It can be understood as
the standard deviation of the Gamma distribution at the
origin (r = 0). R19 found that the inferred β value depends
on the epoch. Here we find something similar: for 3 AGN
(3C120, Mrk 335 and Mrk 1511) β is constrained but does
not agree within the uncertainties with the full light-curve
result. This indicates that either β cannot be accurately con-
strained from the model possibly due to the lack of timing
information, or that β depends on the epoch analysed. R19
suggested that this could be due to each epoch correspond-
ing to a specific section of the BLR that is illuminated (or
emitting). Even though for 8 of the AGN in our sample, the
inferred β value agrees with the full light-curve result, we
cannot rely on the β value found from the model, as it may
not reflect the average radial distribution of particles in the
BLR. Therefore, the β value obtained is the ‘instantaneous’
value for the particular observed epoch and is not a general
property of the BLR. This is particularly important to keep
in mind when modelling AGN without monitoring data. We
note that in the full light-curve modelling of three distinct
monitoring campaigns of Arp 151, Pancoast et al. (2018)
found a difference in the values of β determined for each
campaign. This is in line with the hypothesis above, that β
may not be constant for a BLR but an average value that
depends on the duration and/or timing of the monitoring
campaign.

τmean, τmedian, rmean, rmedian, rout − The four first param-
eters of this list are not free parameters in the model, but
calculated from the BLR structure. The parameter τmean
is defined with a prior probability distribution and τmedian,
rmean and rmedian will naturally be correlated with τmean,
as they all probe the size of the BLR. The mean and me-
dian estimates tend to either both agree or both disagree
with the full light-curve result for each AGN. The only clear
exception is Mrk 335 (see discussion on MBH above). The
parameter rout is defined a priori for each AGN and is re-
lated to the duration of the simulated continuum light curve.
We find that for all our sources rout/rmin is typically larger
than 10, which according to models by Robinson (1995) is
necessary to reproduce most observed line profiles.

Continuum light curves − We find a broad range of
continuum light curves that can give rise to the observed
line profiles. Among the solutions there are simulated light
curves that resemble the real continuum light curves for the
AGN, but in general they are different and span a broad
range of shapes. This variety of light curves is due to the
fact that we have two free parameters Cadd and Cmult that
normalise the absolute continuum and line fluxes and also
because we only have a prior on the mean time delay. Since
we do not have a strong constraint on all the time delays
between the continuum and the line emission from each por-
tion of the BLR, the model is free to select slightly different
portions of the continuum light curve for each solution.

5.3 Summary of results on the full sample

Our work on the single-epoch spectral modelling of the BLR
parameters now includes results on 12 AGN: the sample of
11 from this work and Arp 151 analysed by R19.
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Figure 8. Ratio of uncertainties between the single-epoch modelling method and the monitoring data modelling for each parameter.
The uncertainties are defined as the 68% confidence regions and the ratio calculated as the uncertainties of the single-epoch modelling
divided by the uncertainties of the monitoring data modelling. The blue circles represent the results for the AGN in the AGN10 and
LAMP2011 samples while the red squares represent the results for the three epochs of Arp 151 analysed by R19. The results are shown
for the cases where the parameters are constrained or marginally constrained. Unconstrained parameters are not shown.

Based on the single-epoch analysis only, we find that
the typical BLR for the sample is a low to intermediate
inclination (θi < 50−60 degrees) and relatively thick (θo>
15 degrees) disc-like structure, with the majority of sources
(7 out of 12) showing a significant fraction of orbits with
velocities close to the inflowing or outflowing velocity distri-
bution. These general properties agree with what was found
from the modelling of monitoring data.

The inclination and opening angles are constrained for
the majority of the AGN in our sample. The parameter fflow
is also constrained for the majority of the sample, and θe
tends to only be constrained for AGN for which fflow is de-
termined. This is somewhat expected as fflow identifies the
presence of inflowing/outflowing type orbits, and θe deter-
mines the angle between this type of orbit and the circular
orbit value, controlling the fraction of bound orbits. The
parameter fellip is constrained for a smaller number of AGN
than fflow. This means that the model is not always able to
constrain the exact fraction of near-circular versus inflow-
ing/outflowing orbital configurations, but is often able to
identify the presence of inflowing/outflowing orbits.

We find that in general, the AGN with the lower Ed-
dington ratios (i.e. lower mass accretion rates scaled by their
black hole mass): Mrk 50, Mrk 141, NGC 4593 and Zw 229-
015 tend to have a larger number of BLR parameters con-
strained than the AGN with the highest Eddington ratios:
3C 120, Mrk 335, Mrk 1501, PG 2130+099, Mrk 279 and
PG 1310-108. The only exception is Mrk 1511 for which
even though the Eddington ratio is low, only one parame-
ter is constrained. This could be due to other causes that
make it difficult for the model to constrain the BLR parame-
ters, such as a residual Fe II contribution to the line profile,
or to the overestimated RBLR from the R−L relation, as
outlined in Section 4.1.8. The overall trend with Eddington
ratio may be related to the different line profiles that high
and low Eddington ratio AGN have. From Fig. 2 we can see
that the high Eddington ratio AGN tend to have smoother
and more symmetric line profiles. Symmetric line profiles

may not contain enough information to independently con-
strain all the parameters that in some BLR configurations
can cause asymmetries, such as κ, ξ and fflow and its asso-
ciated fellip and θe.

The uncertainties of the single-epoch model constrained
parameters are typically higher than those found from the
full light-curve modelling. This can be seen from the wider
68% confidence ranges associated with the parameters in the
single-epoch modelling. Fig. 8 shows a graphical compari-
son of the single-epoch versus full light curve uncertainties
for each of the constrained or marginally constrained pa-
rameters. The y-axis is the ratio between the single-epoch
68% confidence range and the full light-curve 68% confidence
range. The blue circles are the results for the AGN in this pa-
per while the red squares are the results for the three epochs
of Arp 151 from R19. The ratio of uncertainties goes up to
∼5 but in general is lower than ∼3. The extra information
that we add, on the form of the prior probability distribution
on τmean also contributes to lower the ratio of uncertainties.
We expect in general to observe uncertainty ratios higher
than 1 when comparing the single epoch with the full light
curve results. For a few of the AGN and some of the pa-
rameters we see an uncertainty ratio lower than 1, which
could indicate that the single-epoch model is inferring pa-
rameter values with lower uncertainties than the modelling
of monitoring data. This is due to the particular comparison
that we are making. The AGN that have uncertainty ratios
lower than 1 are typically from the LAMP 2011 sample (and
mostly NGC 4593). The uncertainties for the full light-curve
modelling are in this case those of the combined posterior
in Williams et al. (2018), which includes the results using
three different spectral decompositions. For some AGN this
results in wider uncertainties than when using a single spec-
tral decomposition as we do in our single-epoch study. The
object NGC 4593 in particular shows differences in the pos-
terior probability distributions (red and blue histograms of
Fig. A6) for the parameters θi, ξ and fflow, for which we
measure uncertainty ratios lower than one in Fig. 8. A low
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uncertainty ratio is also observed for β, likely due to the
fact that the β we measure corresponds to a single-epoch
and not to the average β of the monitoring campaign.

The ratio of uncertainties between the single-epoch and
the full light-curve results is not uniquely determined by the
relative loss of S/N that results from using one single spec-
trum instead of a set of spectra from a monitoring campaign.
To illustrate this, we show the ratio of uncertainties as a
function of the statistical S/N for the monitoring campaign,
calculated as the square root of the square sum of the mean
S/N values for each epoch, and normalised to the S/N of
the single-epoch spectrum (Fig. 9). There is no strong trend
between the variables shown in Fig. 9. We find that the con-
straints we obtain for the parameters are determined by the
information contained in the line profile, and therefore de-
pends on the BLR characteristics as seen at that particular
epoch. Using the spectral monitoring data adds information
by modelling line profiles of different shapes and probing the
BLR at different epochs. The tighter parameter constraints
obtained by the full light-curve modelling are due to this ef-
fect and not simply due to an increased S/N obtained after
combining multiple but similar line profiles.

With the sample of 12 AGN we investigate the scatter
in the values of the parameters constrained by the single-
epoch model. Fig. 10 shows the parameter value determined
from the single-epoch (SE) model, as a function of the dif-
ference between the single-epoch inferred value and the full-
lightcurve inferred value. The filled symbols are the con-
strained and marginally constrained parameters while the
open symbols are the unconstrained parameters. The blue
circles represent the AGN10 and LAMP2011 samples while
the red squares are the 3 epochs of Arp 151 from the work
of R19. For the constrained parameters there does not seem
to be a significant bias in terms of under- or overestimated
values, with the exception of β. We note that in the x-axis in
Fig. 10 we are showing the difference in the median values of
the posterior probability distribution. The uncertainties in
the median values (as shown in the y-axis) should be taken
into account in the analysis of the scatter diagrams. The
parameter β tends to be overestimated with respect to the
full light-curve result. This indicates that the single-epoch
model in general prefers radial particle distributions that de-
cay more steeply with radius than the full light-curve mod-
elling, likely due to β being dependent on the epoch. One
of the possible explanations is a ‘breathing BLR’ (Netzer &
Maoz 1990, Korista & Goad 2004, Cackett & Horne 2006),
where the responsivity of the emitted line varies as a func-
tion of the radius in the BLR and with the continuum flux
history. The parameter β could be tracing the BLR zone
that is responding at a specific epoch (e.g. Baldwin et al.
1995). The parameter rmin also tends to be overestimated.
This can be understood based on the relation between τmean,
rmin and β. An increase in the mean time delay of the BLR
can be represented by a steeper radial distribution of par-
ticles (higher β) and a larger rmin. The mean time delay
will also be a natural upper limit for rmin. When the single-
epoch assumed prior for τmean is close to the value inferred
from the full light-curve analysis (as for the case of Arp 151
shown with the red squares), the model is able to find an rmin
which is similar to the full light-curve result and is tightly
constrained. For the cases where τmean is overestimated in
comparison with the full light-curve result, rmin tends to also

be overestimated but the confidence regions associated with
the inferred rmin are also wider showing that the model’s
inferred value has larger associated uncertainties. The scat-
ter in the τmean parameter is due in part to our assumed
prior value from the R−L relation and is shown here just
for reference.

We also investigated if the inferred parameter values
were influenced by how well the R−L relation assumed mean
time delay (i.e. the central value of our prior probability dis-
tribution) represents the full-lightcurve determined τmean. In
Fig 11 we show the ratio of the inferred parameter values as
a function of the ratio between the R−L relation mean time
delay (τR−L) and the full-lightcurve mean time delay deter-
mined from modelling of the monitoring data (τmonitoring).
All the inferred parameters are shown, both the constrained
and unconstrained parameters. The only data points omit-
ted in this figure are the cases where the full light-curve
modelling only obtained lower or upper limits for the pa-
rameter values. There is no evidence from this figure that
an under- or overestimated τmean results in worse parameter
estimates. In general the model’s ability to infer parameter
values that agree with the full light-curve result seems to be
independent of the choice of τmean. The expected exception
is MBH which depends on τmean.

As was done for Arp 151 (R19), we model additional
epochs for each of the AGN in our sample. In particular
we select an additional epoch with lower average S/N (typ-
ically 9 or 20) and use the same modelling procedure (see
Section 3.2). We find that the results for the two epochs
(the default highest S/N epoch and the lower S/N epoch)
are fully consistent for each AGN. A comparison of the in-
ferred parameters for each epoch and the respective 68%
confidence regions can be found in Fig. A9. The inferred pa-
rameters from both epochs agree, with minor differences in
terms of the confidence regions. The differences in the con-
fidence regions are not systematic, in the sense that there is
no one epoch that systematically shows smaller confidence
ranges than the other. The relative width of the confidence
regions vary from epoch to epoch and parameter to param-
eter, with some parameters where the maximum S/N epoch
provides tighter constraints and other parameters where the
lower S/N epoch provides the tighter constraints. This shows
that the model obtains consistent results when indepen-
dently modelling distinct spectral epochs of the same AGN.
It also shows that the line flux S/N is not the dominant fac-
tor in determining which BLR parameters can be inferred
and the accuracy level associated with that inference.

5.4 Caveats

5.4.1 Underlying physical model

In this work, we compare the performance of the single epoch
model to the full light-curve model. One of the limitations
of this approach is that both models rely on the same under-
lying physical prescription: a simplified model for the BLR.
The advantage of using a simplified physical model is that
the main BLR parameters have a physical meaning and are
intuitive, and that the model is highly flexible. By using
just a limited set of parameters, the model can reproduce a
large variety of possible BLR geometric configurations and
dynamical properties. The caveat is that we are limited to
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Figure 9. Ratio of uncertainties between the single-epoch (SE) and the monitoring inferred parameters as a function of the statistical
S/N for all epochs divided by the S/N of the single-epoch spectrum. The filled circles represent the uncertainty ratios for the inferred
parameters colour coded as a function of the AGN. Each vertical line of filled circles of the same colour corresponds to the inferred
parameters for a single AGN in the sample. All constrained and unconstrained parameters are shown.

the physical reach of the model, i.e. physical processes that
are not included in the model (such as photoionisation for
example), will not be constrained and are beyond the cur-
rent scope of the model. Nevertheless, the physical model we
use and that was used in previous versions of the BLR mod-
elling, has successfully constrained BLR parameters for 17
AGN based on monitoring data (Pancoast et al. 2012, Pan-
coast et al. 2014b, Grier et al. 2017, Pancoast et al. 2018,
Williams et al. 2018). More importantly, the MBH, time de-
lays, and dynamics found by these works are in agreement
with reverberation mapping studies that used independent
methods to determine the same properties, which indicate
that the parameters determined by the model are represen-
tative of the intrinsic BLR parameters. The physical model
has shown to be a useful basis to interpret BLR proper-
ties, albeit limited to the complexity level of the physical
prescription.

5.4.2 Spectral decomposition

Williams et al. (2018) show that for some AGN, the choice
of templates in the spectral decomposition may affect the
BLR modelling. The effect is more noticeable for AGN with
prominent Fe II emission, since it will more strongly affect
the resulting spectrally decomposed Hβ line profile. In our
work we find that the spectral decomposition may affect the
BLR modelling, in agreement with Williams et al. (2018).
However the specific spectral decomposition adopted does
not alone determine the BLR parameters. That is, select-
ing a specific spectral decomposition does not force the pa-
rameters to a specific solution. This can be seen in the re-
sults for the 7 AGN of the LAMP 2011 sample. We use
as input a spectrum that has been decomposed using the
Kovačević et al. (2010) Fe II templates. Therefore our poste-
rior probability distributions can be directly compared with

the Williams et al. (2018) results using the same spectral de-
composition (shown as the red histograms in Figs. 5, 6 and
Figs. A1 to A7). For most AGN and most parameters we
see a general agreement between all three posterior distribu-
tions: the two sets of results from Williams et al. (2018) and
our single-epoch results. However, if the spectral decompo-
sition was driving the results, we would expect our inferred
parameters to always match the Williams et al. (2018) re-
sults using the Kovačević et al. (2010) templates. This is
not the case as can be seen for example in Fig. 5 for the
κ parameter for Mrk 141. There is a slight difference be-
tween the combined and Kovačević et al. (2010) posterior
distributions presented by Williams et al. (2018) and our
result resembles the combined posterior more closely. The
opposite also happens, where our distribution more closely
resembles the Kovačević et al. (2010) posterior distributions
(for example for θi and κ for NGC 4593 - Fig. A6). Addition-
ally, there are instances where our single-epoch model is not
able to constrain parameters, even though we are using the
sample spectral decomposition of Williams et al. (2018). Ex-
amples of this are fflow for Mrk 1511 and PG 1310-108, or ξ
in Mrk 1511 (see Fig. 7). This indicates that whatever infor-
mation was present in the monitoring data that allowed the
model to constrain the parameters, is not present or cannot
be uniquely inferred from the single epoch spectrum. One
possibility is that with relatively symmetric line profiles as
those of the AGN mentioned above, it is inherently difficult
to infer the direction of motion from a single spectral profile.

6 CONCLUSIONS

In this work we applied our single-epoch broad line region
model (R19) to 11 nearby AGN. This sample of AGN have
previously been modelled using reverberation mapping
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Figure 10. Difference between the single epoch (SE) and the full light-curve inferred parameter values. The y-axis indicates the since
epoch modelling inferred parameter value and its respective 68% confidence range. The x-axis indicates the difference between the single-
epoch inferred value and the full lightcurve result. The filled symbols are the constrained and marginally constrained parameters while
the open symbols are the unconstrained parameters. The blue circles represent the AGN10 and LAMP2011 samples while the red squares
are the 3 epochs of Arp 151 from R19.

MNRAS 000, 000–000 (0000)



Modelling the AGN broad line region using single-epoch spectra II 21

Figure 11. Ratio of the mean value of the parameters as a function of the ratio between the assumed τmean from the R−L relation and
the τmean from the modelling of the monitoring data. The τmean from the R−L relation corresponds to the central value assumed for
our prior probability distribution on τmean. Each filled circle represents one AGN. The blue circles are the AGN from this work while
the red squares are the results from the three epochs of Arp 151 (R19). All constrained and unconstrained parameters are shown. The
only parameters omitted are those for which the full light-curve modelling can only determine upper or lower limits for the parameters.
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monitoring data (Grier et al. 2017, Williams et al. 2018),
and therefore provide an opportunity to test our model’s
performance for a variety of broad line shapes, black hole
masses and accretion rates. Our main conclusions are the
following:
• The single-epoch model is able to constrain some of the
BLR physical parameters from single spectra assuming an
underlying physical model, reinforcing our findings for the
test case of Arp 151 (R19). The specific BLR parameters
that are constrained vary for each AGN, and likely depend
on the particular features of the broad line profile.
• The model achieves reliable results in terms of the in-
ferred values for the parameters. When there is not enough
information in the line profile to constrain a parameter, the
output from the model shows a broad posterior probability
distribution which indicates that the parameter cannot be
accurately constrained. When the model is able to constrain
the BLR parameters, the inferred values of the parameters
agree within the 68% confidence range with the results from
the modelling using monitoring data.
• We find that two parameters cannot be independently
constrained from our single-epoch modelling: β, which
describes the radial distribution of particles in the BLR,
and the black hole mass (MBH), in agreement with R19.
The parameter β may vary with selected epoch, possibly
as a function of what portion of the BLR is illuminated or
emitting at that epoch. The value of β determined from
single-epoch modelling reflects a temporary property of the
BLR and does not reflect the average radial distribution
of particles of the BLR as probed by the full light-curve
analysis of the original BLR modelling code. The black
hole mass we infer is by default correlated with the mean
time delay (τmean). Since we need to define a specific prior
probability distribution for τmean to set the physical scale
of the BLR, the inferred MBH will in part depend on the
assumptions on τmean. The constraints on τmean in our
model are obtained from the R−L relation. This is similar
to what is done for single-epoch black hole mass measure-
ments, that typically rely on the BLR radius from the R−L
relation. Our uncertainties in the inferred MBH are similar
to those associated with single-epoch mass measurements
(e.g. Vestergaard & Peterson 2006, Vestergaard & Osmer
2009).
•We find that for some AGN, when the single-epoch model
can only marginally constrain or cannot constrain a BLR
parameter at all, the modelling of the monitoring data also
shows the same difficulty in constraining the parameter.
This is notable in particular for the γ parameter that
describes the angular concentration of particles in the BLR.
This shows that for a subsample of AGN and some of
the physical parameters, having monitoring data does not
significantly improve our ability to quantitatively infer a
BLR parameter.
• In general, the monitoring data have more information
than that contained in a single spectrum, and if available
should be the preferred dataset to use as input to the model
to constrain the BLR parameters. However, considering the
performance of the single-epoch modelling we show here,
and its potential to be extended to a significantly larger
number of AGN at low and high redshift, single-epoch

modelling is an alternative and practical tool to constrain
some of the BLR parameters.
• We identify a qualitative trend in terms of the broad
line profiles and the ability of the single-epoch model to
constrain the BLR parameters. For the AGN with the
more symmetrical and featureless line profiles (e.g. 3C120,
Mrk 335 and PG 2130+099) the single-epoch model is
only able to constrain a small number of BLR parameters.
The better performance of the model, in terms of number
of parameters constrained occurs for the AGN with most
substructure and asymmetry in the broad line profiles (e.g.
Mrk 141 and Zw 229+015). This qualitatively suggests that
the more complex line profiles provide an advantage in
terms of the amount of information provided to the model.
• We find that in general, the AGN with the lower Edding-
ton ratios tend to have a larger number of BLR parameters
constrained than the AGN with the highest Eddington
ratios. This is likely due to the line profiles of the highest
Eddington ratio AGN, which typically show smoother and
less asymmetric profiles.

We have shown in this work and in our first paper (R19),
that single-epoch modelling of AGN broad line profiles can
provide constraints on BLR parameters, assuming an un-
derlying physical model for the BLR. The inferred values
of the parameters agree with those determined from mod-
els of the monitoring data, which makes the single-epoch
model reliable for the study of low and high redshift AGN for
which no monitoring data are available. In follow-up work
we will further investigate the possible limitations of this
work and define strategies to improve the method, with the
ultimate goal of constraining the typical BLR parameters
for the AGN population at low and high redshift.
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Pâris I., et al., 2018, A&A, 613, A51
Pei L., et al., 2017, ApJ, 837, 131
Peterson B. M., 1993, PASP, 105, 247
Peterson B. M., 2014, SSRv, 183, 253
Peterson B. M., Horne K., 2006, in Livio M., Casertano S., eds,

Space Telescope Science Institute symposium series, Vol. 18
Vol. 18, Planets to Cosmology: Essential Science in the Final
Years of the Hubble Space Telescope. p. 89

Peterson B. M., Wandel A., 1999, ApJ, 521, L95
Peterson B. M., et al., 2004, ApJ, 613, 682
Proga D., Stone J. M., Kallman T. R., 2000, ApJ, 543, 686
Raimundo S. I., Pancoast A., Vestergaard M., Goad M. R., Barth

A. J., 2019, MNRAS, p. 2165

Risaliti G., et al., 2009, MNRAS, 393, L1
Robinson A., 1995, MNRAS, 272, 647
Rosenblatt E. I., Malkan M. A., Sargent W. L. W., Readhead A.

C. S., 1994, ApJS, 93, 73
Shen Y., et al., 2011, ApJS, 194, 45
Shen Y., et al., 2019, ApJ, 873, 35
Sivia D., Skilling J., 2006, Data analysis: a Bayesian tutorial.

Oxford science publications, Oxford University Press, https:
//books.google.dk/books?id=6O8ZAQAAIAAJ

Skilling J., 2006, Bayesian Anal., 1, 833
Storchi-Bergmann T., Baldwin J. A., Wilson A. S., 1993, ApJ,

410, L11
Storchi-Bergmann T., Schimoia J. S., Peterson B. M., Elvis M.,

Denney K. D., Eracleous M., Nemmen R. S., 2017, ApJ, 835,
236

Strateva I. V., et al., 2003, AJ, 126, 1720
Trump J. R., et al., 2011, ApJ, 733, 60
Vestergaard M., 2002, ApJ, 571, 733
Vestergaard M., 2004, ApJ, 601, 676
Vestergaard M., 2019, Nature Astronomy, 3, 11
Vestergaard M., Osmer P. S., 2009, ApJ, 699, 800
Vestergaard M., Peterson B. M., 2006, ApJ, 641, 689
Welsh W. F., Horne K., 1991, ApJ, 379, 586
Williams P. R., et al., 2018, ApJ, 866, 75

APPENDIX A: ADDITIONAL FIGURES

MNRAS 000, 000–000 (0000)

http://dx.doi.org/10.1111/j.1365-2966.2005.09795.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.365.1180C
http://dx.doi.org/10.1086/158404
https://ui.adsabs.harvard.edu/abs/1980ApJ...241..903C
http://dx.doi.org/10.1093/mnras/stw445
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.1839C
http://dx.doi.org/10.1086/167782
https://ui.adsabs.harvard.edu/abs/1989ApJ...344..115C
http://dx.doi.org/10.1103/RevModPhys.51.715
https://ui.adsabs.harvard.edu/abs/1979RvMP...51..715D
https://ui.adsabs.harvard.edu/abs/1979RvMP...51..715D
http://dx.doi.org/10.1088/0004-637X/721/1/715
http://adsabs.harvard.edu/abs/2010ApJ...721..715D
http://dx.doi.org/10.3847/0004-637X/820/1/27
https://ui.adsabs.harvard.edu/abs/2016ApJ...820...27D
http://dx.doi.org/10.1086/508158
https://ui.adsabs.harvard.edu/abs/2006ApJ...648L.101E
http://dx.doi.org/10.3847/1538-4357/aa82b6
https://ui.adsabs.harvard.edu/abs/2017ApJ...847...56E
http://dx.doi.org/10.1086/191856
https://ui.adsabs.harvard.edu/abs/1994ApJS...90....1E
http://dx.doi.org/10.1086/191856
https://ui.adsabs.harvard.edu/abs/1994ApJS...90....1E
http://dx.doi.org/10.1086/177764
https://ui.adsabs.harvard.edu/abs/1996ApJ...469..113G
http://dx.doi.org/10.1111/j.1365-2966.2012.21808.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.3086G
http://dx.doi.org/10.1088/0004-637X/755/1/60
http://adsabs.harvard.edu/abs/2012ApJ...755...60G
http://dx.doi.org/10.1088/0004-637X/764/1/47
http://adsabs.harvard.edu/abs/2013ApJ...764...47G
http://dx.doi.org/10.1088/0004-637X/773/2/90
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...90G
http://dx.doi.org/10.3847/1538-4357/aa901b
http://adsabs.harvard.edu/abs/2017ApJ...849..146G
http://dx.doi.org/10.1093/mnras/stz1539
http://dx.doi.org/10.1093/mnras/stz1539
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.3650H
http://dx.doi.org/10.1086/420755
https://ui.adsabs.harvard.edu/abs/2004PASP..116..465H
http://dx.doi.org/10.1088/0004-637X/806/1/109
https://ui.adsabs.harvard.edu/abs/2015ApJ...806..109J
http://dx.doi.org/10.1086/308704
http://adsabs.harvard.edu/abs/2000ApJ...533..631K
http://dx.doi.org/10.1088/0004-637X/698/1/895
http://adsabs.harvard.edu/abs/2009ApJ...698..895K
http://dx.doi.org/10.1093/mnras/stx2689
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.1590K
http://dx.doi.org/10.1051/0004-6361:20030928
https://ui.adsabs.harvard.edu/abs/2003A&A...407..461K
http://dx.doi.org/10.1051/0004-6361/201219411
https://ui.adsabs.harvard.edu/abs/2013A&A...549A.100K
http://dx.doi.org/10.1086/383193
http://adsabs.harvard.edu/abs/2004ApJ...606..749K
http://dx.doi.org/10.1088/0067-0049/189/1/15
http://adsabs.harvard.edu/abs/2010ApJS..189...15K
http://adsabs.harvard.edu/abs/2010ApJS..189...15K
http://dx.doi.org/10.3847/1538-4365/228/1/9
https://ui.adsabs.harvard.edu/abs/2017ApJS..228....9K
http://dx.doi.org/10.1088/0004-637X/708/2/927
http://adsabs.harvard.edu/abs/2010ApJ...708..927K
http://dx.doi.org/10.1086/160313
https://ui.adsabs.harvard.edu/abs/1982ApJ...261...25K
http://dx.doi.org/10.1086/497908
https://ui.adsabs.harvard.edu/abs/2006ApJ...636...83L
https://ui.adsabs.harvard.edu/abs/2006ApJ...636...83L
http://dx.doi.org/10.1088/0004-637X/779/2/110
https://ui.adsabs.harvard.edu/abs/2013ApJ...779..110L
https://ui.adsabs.harvard.edu/abs/2013ApJ...779..110L
http://dx.doi.org/10.1088/0004-637X/721/2/1014
http://adsabs.harvard.edu/abs/2010ApJ...721.1014M
http://dx.doi.org/10.1086/176238
https://ui.adsabs.harvard.edu/abs/1995ApJ...451..498M
http://dx.doi.org/10.1086/186741
https://ui.adsabs.harvard.edu/abs/1993ApJ...404L..51N
http://dx.doi.org/10.1086/185875
http://adsabs.harvard.edu/abs/1990ApJ...365L...5N
http://dx.doi.org/10.1086/424655
https://ui.adsabs.harvard.edu/abs/2004ApJ...615..645O
http://dx.doi.org/10.1088/0004-637X/730/2/139
http://adsabs.harvard.edu/abs/2011ApJ...730..139P
http://dx.doi.org/10.1088/0004-637X/754/1/49
http://adsabs.harvard.edu/abs/2012ApJ...754...49P
http://dx.doi.org/10.1093/mnras/stu1809
http://adsabs.harvard.edu/abs/2014MNRAS.445.3055P
http://dx.doi.org/10.1093/mnras/stu1419
http://adsabs.harvard.edu/abs/2014MNRAS.445.3073P
http://dx.doi.org/10.3847/1538-4357/aab3c6
http://adsabs.harvard.edu/abs/2018ApJ...856..108P
http://dx.doi.org/10.1051/0004-6361/201732445
https://ui.adsabs.harvard.edu/abs/2018A&A...613A..51P
http://dx.doi.org/10.3847/1538-4357/aa5eb1
http://adsabs.harvard.edu/abs/2017ApJ...837..131P
http://dx.doi.org/10.1086/133140
http://adsabs.harvard.edu/abs/1993PASP..105..247P
http://dx.doi.org/10.1007/s11214-013-9987-4
http://adsabs.harvard.edu/abs/2014SSRv..183..253P
http://dx.doi.org/10.1086/312190
http://adsabs.harvard.edu/abs/1999ApJ...521L..95P
http://dx.doi.org/10.1086/423269
http://adsabs.harvard.edu/abs/2004ApJ...613..682P
http://dx.doi.org/10.1086/317154
https://ui.adsabs.harvard.edu/abs/2000ApJ...543..686P
http://dx.doi.org/10.1093/mnras/stz2243
https://ui.adsabs.harvard.edu/abs/2019MNRAS.tmp.2165R
http://dx.doi.org/10.1111/j.1745-3933.2008.00580.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.393L...1R
http://dx.doi.org/10.1093/mnras/272.3.647
https://ui.adsabs.harvard.edu/abs/1995MNRAS.272..647R
http://dx.doi.org/10.1086/192047
https://ui.adsabs.harvard.edu/abs/1994ApJS...93...73R
http://dx.doi.org/10.1088/0067-0049
http://adsabs.harvard.edu/abs/2011ApJS..194...45S
http://dx.doi.org/10.3847/1538-4357/ab03d9
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...35S
https://books.google.dk/books?id=6O8ZAQAAIAAJ
https://books.google.dk/books?id=6O8ZAQAAIAAJ
http://dx.doi.org/10.1214/06-BA127
http://dx.doi.org/10.1086/186867
https://ui.adsabs.harvard.edu/abs/1993ApJ...410L..11S
http://dx.doi.org/10.3847/1538-4357/835/2/236
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..236S
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..236S
http://dx.doi.org/10.1086/378367
https://ui.adsabs.harvard.edu/abs/2003AJ....126.1720S
http://dx.doi.org/10.1088/0004-637X/733/1/60
https://ui.adsabs.harvard.edu/abs/2011ApJ...733...60T
http://dx.doi.org/10.1086/340045
http://adsabs.harvard.edu/abs/2002ApJ...571..733V
http://dx.doi.org/10.1086/379758
http://adsabs.harvard.edu/abs/2004ApJ...601..676V
http://dx.doi.org/10.1038/s41550-018-0670-2
https://ui.adsabs.harvard.edu/abs/2019NatAs...3...11V
http://dx.doi.org/10.1088/0004-637X/699/1/800
https://ui.adsabs.harvard.edu/abs/2009ApJ...699..800V
http://dx.doi.org/10.1086/500572
http://adsabs.harvard.edu/abs/2006ApJ...641..689V
http://dx.doi.org/10.1086/170530
https://ui.adsabs.harvard.edu/abs/1991ApJ...379..586W
http://dx.doi.org/10.3847/1538-4357/aae086
https://ui.adsabs.harvard.edu/abs/2018ApJ...866...75W


24 Raimundo et al.

0.0 0.5 1.0 1.5 2.0
β

0 25 50 75
θo (deg)

0 25 50 75
θi (deg)

−0.50 −0.25 0.00 0.25 0.50
κ

G17

This work

0.00 0.25 0.50 0.75 1.00
ξ

1 2 3 4 5
γ

0.00 0.25 0.50 0.75 1.00
fellip

0.00 0.25 0.50 0.75 1.00
fflow

0 25 50 75
θe (deg)

0 4 8 12
rmin(lt− days)

5 6 7 8 9
log10(Mbh/M�)

0 10 20 30 40
τmean (days)

Mrk 335

Figure A1. Same as Fig. 3 but for Mrk 335.
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Figure A2. Same as Fig. 3 but for PG 2130+099.
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Figure A3. Same as Fig. 3 but for Mrk 50.
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Figure A4. Same as Fig. 3 but for Mrk 279.
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Figure A5. Same as Fig. 3 but for Mrk 1511.
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Figure A6. Same as Fig. 3 but for NGC 4593.
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Figure A7. Same as Fig. 3 but for PG 1310-108.
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Figure A8. Sample line profile generated by the model for each of the AGN. The blue line is the observed line profile and the red line
is a line profile generated by the model and randomly selected from the posterior probability distribution. The residuals are shown in
grey in the bottom panel.
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Figure A9. Inferred values for the parameters and their respective 68% confidence regions for each of the objects analysed. The first
4 objects from the top are part of the AGN10 monitoring campaign while the remaining 7 objects are from LAMP 2011. The filled red
circles are the inferred values using the single-epoch analysis and the additional lower S/N epoch. The filled blue circles are the inferred
values using the single-epoch analysis for the maximum S/N epochs and the black star symbols are the inferred values found by previous
work using the full light-curve for the modelling of the BLR (Grier et al. 2017 for AGN10 and Williams et al. 2018 for LAMP 2011).
The values inferred by Williams et al. 2018 refer to their combined posterior probability distribution. We consider that a parameter
cannot be constrained when the 68% confidence range covers more than 50% of the parameter space. Scale in the y-axis is arbitrary for
visualisation purposes.
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β 1.42+0.32
−0.27 1.92+0.06

−0.17 1.03+0.30
−0.24 1.62+0.18

−0.16 1.12+0.22
−0.21 1.00+0.21

−0.16 1.45+0.41
−0.34 1.02+0.16

−0.15 0.72+0.13
−0.10 1.28+0.18

−0.14 1.55+0.23
−0.22

θo (degrees) 27+10
−9 37+35

−18 30+15
−12 32+12

−11 29+32
−13 26+13

−9 49+24
−16 73+10

−24 53+18
−16 63+19

−24 34.0+8.4
−9.9

θi (degrees) 21.6+9.1
−7.7 41+35

−18 31+15
−12 28+14

−12 35+20
−13 42+15

−12 38+17
−8 60+17

−37 53+9
−11 50+26

−20 36.4+6.7
−6.3

κ −0.17+0.38
−0.23 −0.19+0.31

−0.20 −0.07+0.17
−0.17 −0.29+0.32

−0.15 −0.07+0.17
−0.18 −0.16+0.13

−0.07 −0.14+0.56
−0.27 0.05+0.29

−0.30 −0.08+0.30
−0.17 0.04+0.29

−0.37 −0.407+0.070
−0.058

γ 2.8+1.5
−1.2 2.9+1.4

−1.4 2.4+1.6
−1.0 3.2+1.3

−1.4 3.1+1.4
−1.6 3.4+1.1

−1.4 3.7+0.9
−1.4 2.6+1.6

−1.1 2.5+1.6
−1.1 2.9+1.4

−1.3 2.9+1.3
−1.2

ξ 0.60+0.26
−0.30 0.53+0.33

−0.35 0.38+0.24
−0.25 0.47+0.33

−0.28 0.31+0.26
−0.21 0.08+0.17

−0.06 0.11+0.36
−0.08 0.53+0.32

−0.35 0.20+0.29
−0.15 0.56+0.30

−0.35 0.043+0.059
−0.032

log10(MBH/M�) 7.56+0.33
−0.31 6.41+0.41

−0.34 8.06+0.42
−0.30 7.12+0.36

−0.25 7.13+0.39
−0.36 7.54+0.31

−0.30 7.52+0.22
−0.20 7.09+0.30

−0.26 7.02+0.27
−0.23 7.16+0.26

−0.26 6.79+0.24
−0.24

fellip 0.62+0.28
−0.34 0.56+0.33

−0.37 0.42+0.27
−0.26 0.45+0.38

−0.27 0.44+0.23
−0.24 0.14+0.11

−0.09 0.19+0.51
−0.15 0.62+0.21

−0.31 0.67+0.17
−0.29 0.49+0.27

−0.30 0.07+0.10
−0.05

fflow 0.52+0.33
−0.36 0.66+0.22

−0.39 0.25+0.19
−0.17 0.48+0.35

−0.32 0.72+0.19
−0.19 0.73+0.18

−0.19 0.75+0.17
−0.17 0.65+0.24

−0.37 0.76+0.17
−0.19 0.36+0.39

−0.24 0.75+0.17
−0.18

θe (degrees) 49+31
−35 43+36

−32 32+25
−22 40+34

−30 19+22
−13 14+13

−9 10+11
−7 36+33

−26 14+19
−10 58+21

−37 8.7+8.5
−6.0

rmin (light days) 3.8+2.4
−2.1 0.54+0.47

−0.30 13+11
−9 2.6+1.0

−1.0 1.9+1.7
−1.0 4.9+6.4

−2.6 10.2+6.6
−3.8 2.6+2.4

−1.2 1.1+1.6
−0.8 2.0+2.6

−1.5 2.3+1.5
−0.9

rmean (light days) 21.7+6.2
−6.5 13.6+4.7

−4.0 55+12
−16 22.4+3.0

−4.6 9.9+7.2
−4.0 22+17

−10 24+11
−7 13.0+9.1

−5.1 9.8+6.4
−3.7 18.9+8.2

−7.6 7.3+4.1
−2.6

rmedian (light days) 13.1+5.4
−4.7 3.9+2.2

−1.4 45+13
−15 11.2+3.1

−3.1 7.0+5.3
−2.8 17+15

−7 17.2+9.4
−5.3 9.8+6.9

−3.8 8.4+5.5
−3.2 11.8+6.0

−5.0 4.2+2.8
−1.6

τmean (days) 20.3+6.6
−5.8 13.2+4.9

−3.7 49+12
−15 21.5+3.5

−4.4 9.1+6.3
−3.4 20+16

−8 19.3+8.1
−6.0 11.1+6.8

−4.1 8.5+5.3
−3.3 16.0+7.1

−5.4 7.0+4.0
−2.5

τmedian (days) 11.4+4.9
−4.1 3.1+1.8

−1.0 36+13
−12 9.6+2.9

−2.7 5.6+4.1
−2.2 13+12

−6 13.2+7.1
−4.4 7.0+4.8

−2.6 6.1+3.9
−2.3 7.9+4.5

−2.9 3.9+2.7
−1.4

rout (light-days) 104 104 156 104 104 104 104 104 104 104 104

T 1 1 1 2 1 1 1 1 1 1 1

Table A1. Table of inferred broad line region geometry and dynamics parameters for the AGN modelled in this work. The parameters are determined from BLR modelling using single
epoch spectra. The inferred parameter value quoted is the median of the posterior probability distribution and the uncertainties quoted are the 68% confidence intervals. The last row
quotes the temperature (T ) used for each test. R19 discuss in detail how temperatures are selected in their Appendix.
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