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ABSTRACT

We present models of the HS-emitting broad-line region (BLR) in seven Seyfert 1 galaxies from
the Lick AGN (Active Galactic Nucleus) Monitoring Project 2011 sample, drawing inferences on the
BLR structure and dynamics as well as the mass of the central supermassive black hole. We find
that the BLR is generally a thick disk, viewed close to face-on, with preferential emission back to-
ward the ionizing source. The dynamics in our sample range from near-circular elliptical orbits to
inflowing or outflowing trajectories. We measure black hole masses of log,o(Mpu/Mg) = 6.48702%
for PG 1310—108, 7.5070 %5 for Mrk 50, 7.4670 37 for Mrk 141, 7.58T00% for Mrk 279, 7.1170-29 for
Mrk 1511, 6.657037 for NGC 4593, and 6.94701% for Zw 229—015. We use these black hole mass
measurements along with cross-correlation time lags and line widths to recover the scale factor f used
in traditional reverberation mapping measurements. Combining our results with other studies that
use this modeling technique, bringing our sample size to 16, we calculate a scale factor that can be
used for measuring black hole masses in other reverberation mapping campaigns. When using the
root-mean-square (rms) spectrum and using the line dispersion to measure the line width, we find
log;o(fims,o)prea = 0.57 £0.19. Finally, we search for correlations between f and other AGN and BLR
parameters and find marginal evidence that f is correlated with Mpy and the BLR inclination angle,
but no significant evidence of a correlation with the AGN luminosity or Eddington ratio.
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1. INTRODUCTION

Supermassive black holes are thought to play an im-
portant role in galaxy formation and evolution. Tight
correlations in the local universe between black hole
masses and host-galaxy properties (e.g., Magorrian et al.
1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000)
suggest a fundamental link between the growth of black
holes and their hosts. Depending on the relative timing
of black hole and host-galaxy growth, one might expect
an evolution of these scaling relations, so accurate mea-
surements of black hole masses across cosmic time are
essential for testing the predictions of different evolu-
tionary scenarios.

In nearby galaxies, black hole masses can be measured
through stellar or gas kinematics within the black hole
sphere of influence (e.g., Kormendy & Richstone 1995;
Ferrarese & Ford 2005), but this is not possible at dis-
tances greater than ~100 Mpc where even the largest
black holes’ spheres of influence cannot be resolved. The
technique of reverberation mapping (Blandford & Mec-
Kee 1982; Peterson 1993) substitutes time resolution for
spatial resolution by measuring the response of broad
emission lines to active galactic nucleus (AGN) contin-
uum variations, enabling measurements out to cosmo-
logical distances. The time lag 7 between continuum
and emission-line variations can be combined with the
speed of light to obtain a characteristic radius of the
BLR, while the line width measures the velocity v of
the emitting gas. By assuming that the motion of the
gas in the broad-line region (BLR) is dominated by the
black hole’s gravity, one can make a virial estimate of
the black hole’s mass,

C’?"U2

Mgn = f a (1)
where f is a scale factor of order unity that accounts for
the detailed structure, orientation, and dynamics of the
BLR. Typically, an average value of f is used, found by
aligning AGNs with the My — 0. relation for quiescent
galaxies (e.g., Onken et al. 2004; Collin et al. 2006; Woo
et al. 2010, 2013; Graham et al. 2011; Grier et al. 2013a;
Batiste et al. 2017). The scatter in the My — 0. rela-
tion introduces an uncertainty of ~0.4 dex for individual
Mgy measurements (Park et al. 2012), making it the
largest source of uncertainty in reverberation mapping
Mgy measurements. It is therefore very important to
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understand reverberation mapping results and the f fac-
tor; they calibrate all the single-epoch black hole masses
throughout the Universe (e.g., Shen & Kelly 2010).

Since there are multiple ways to measure the line
width, more than one version of f exists. Typically,
either the line dispersion (oine, second central moment
of the emission line profile) is measured using the root-
mean-square (rms) spectrum, or the full width at half-
maximum intensity (FWHM) is measured in the time-
averaged spectrum. In cases where the rms spectrum is
unavailable, such as in single-epoch measurements, the
line dispersion measured in the time-averaged spectrum
is often used. For clarity, we will specify which f we
are discussing by using the notation f; ,, where s is the
spectrum used (mean or rms) and v is the type of line
width (FWHM or oiipe).

The cross-correlation and single-epoch techniques
yield a BLR size, but they do not provide information
about the gas structure or dynamics needed to deter-
mine f for an individual AGN. Recently, high-quality
reverberation mapping datasets have enabled velocity-
resolved analyses that look individually at how different
parts of the broad emission line change, allowing infer-
ences to be drawn about the structure and dynamics of
the BLR (Bentz et al. 2009b; Denney et al. 2009a, 2010;
Barth et al. 2011a,b; Grier et al. 2013b; Du et al. 2016;
Pei et al. 2017). These results are generally consistent
with inflowing gas or elliptical orbits, but some have
shown signs of gas outflow (Denney et al. 2009b; Du
et al. 2016). Other studies have used the code MEME-
CHO (Horne et al. 1991; Horne 1994) to recover the
two-dimensional (2D) transfer function, which defines
how continuum changes map to broad-line flux vari-
ations as a function of line-of-sight velocity and time
delay (Bentz et al. 2010; Grier et al. 2013b; Skielboe
et al. 2015). On their own, the resulting maps do not
provide details of the BLR structure and kinematics, but
can be compared to the transfer functions that result
from specific BLR models.

Recent efforts have aimed to measure Mgy indepen-
dent of f by modeling the structure and dynamics of the
BLR directly (Brewer et al. 2011b; Pancoast et al. 2011,
2012, 2014a; Li et al. 2013). Pancoast et al. (2014b, here-
after P14) used the model of Pancoast et al. (2014a) to
model the BLR of five AGNs in the Lick AGN Monitor-
ing Project 2008 sample (LAMP 2008, Walsh et al. 2009;
Bentz et al. 2009b), and Grier et al. (2017, hereafter
G17) expanded the sample by modeling four AGNs from
a 2010 campaign carried out at MDM Observatory. The
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Table 1. AGN and data properties

Galaxy Alt. Name z Nspec Nphot (At)spec (At)phOt (S/N)/plX (S/N)/plX (S/N)/plX
(days) (days) K10 BG92 VCo04
Mrk 50 0.0234 55 170 2.6 0.9 19.1 19.2 19.8
Mrk 141 0.0417 36 93 1.7 1.1 14.5 14.1 14.6
Mrk 279 PG 1351+695 0.0305 34 64 2.3 1.7 17.9 18.3 18.2
Mrk 1511 NGC 5940 0.0339 40 71 1.9 1.5 22.6 21.7 22.4
NGC 4593 Mrk 1330 0.0090 43 75 1.8 1.1 27.9 28.0 29.2
Zw 229—015 0.0279 29 69 3.2 2.4 5.7 5.7 5.3
PG 1310—108 1II SZ 10 0.0343 35 63 2.2 1.6 21.4 21.5 20.3

NoTE—Properties and observing information for the seven AGN modeled in this work. The redshifts z are from Barth
et al. (2015). Ngpec and Nphot are the number of spectroscopic and photometric observations, respectively. The
columns (At)spec and (At)phot give the average spacing between subsequent spectroscopic and photometric observa-
tions, respectively. The median spacing between subsequent observations for all AGNs was one day. (S/N)/pix is
the median signal to noise per pixel in the HB spectrum from spectral decomposition using the three Fell templates

discussed in Section 2.1.

results from these analyses find an Hp-emitting BLR
that is a thick disk with kinematics that are best de-
scribed by a combination of elliptical orbits and inflow-
ing gas, consistent with the velocity-resolved reverber-
ation mapping methods. They also measure scale fac-
tors for all the AGNs in their samples and find a mean
scale factor of log(frms,o)= 0.5440.17 (G17), which is
consistent with previous measurements made using the
Mgy — o, relation.

In this paper, we expand the sample of AGN modeled
using the techniques of Pancoast et al. (2014a) from 9 to
16 by analyzing the data for seven of the AGNs from the
Lick AGN Monitoring Project 2011 campaign (LAMP
2011, Barth et al. 2015). This nearly doubles the sam-
ple of AGNs analyzed using this method and will help
uncover general trends in BLR properties. We also aim
to gain a better understanding of how f is related to
other AGN and BLR properties. Since f measurements
so far are mostly based on local low-luminosity Seyfert
galaxies, understanding how f depends on (for exam-
ple) continuum luminosity and Eddington ratio will help
reduce uncertainties when reverberation mapping tech-
niques are extrapolated and applied to AGNs across the
entire Universe. In Section 2, we describe the spectro-
scopic and photometric monitoring data and discuss the
spectral decomposition method of extracting HSZ from
the rest of the AGN spectrum. Section 3 summarizes the
geometrical and dynamical model from Pancoast et al.
(2014a) that we used to model the BLR. We discuss in
Section 4 the modeling results for each individual AGN
in our sample. In Section 5, we combine our results with
those of P14 and G17 to calculate a mean scale factor

f and look for useful correlations between f and other
parameters. Finally, we conclude in Section 6.

2. DATA

The data used in this paper were taken as part of the
Lick AGN Monitoring Project 2011 campaign (LAMP
2011; Barth et al. 2015). Photometric monitoring of the
AGNs was carried out in the Johnson V' band using sev-
eral telescopes: the 0.76 m Katzman Automatic Imaging
Telescope (KAIT) at Lick Observatory (Filippenko et al.
2001); the 0.91 m telescope at West Mountain Observa-
tory (WMO); the 2 m Faulkes Telescope North at Mt.
Haleakala Hawaii and the Faulkes Telescope South at
Siding Spring Australia, both part of the Las Cumbres
Observatory network (LCO, Brown et al. 2013); the 0.60
m Super-LOTIS telescope at the Steward Observatory,
Kitt Peak; and the Palomar 1.5 m telescope at Palomar
Observatory (Cenko et al. 2006).

Spectra were obtained over the course of 69 nights
from 2011 March 27 to June 13 with the Kast double
spectrograph mounted on the Shane 3 m telescope at
Lick Observatory. Owing to poor weather, a substantial
fraction of the nights were lost. This analysis only uses
the spectra from the blue side of the Kast spectrograph,
which covered 3440-5515 A at 1.02 A per pixel. The
spectra were calibrated between nights using the proce-
dure of van Groningen & Wanders (1992), assuming the
flux of the [O111] doublet remained constant throughout
the campaign. In addition to the LAMP 2011 obser-
vations, Mrk 50 received twelve additional observations
from January through March 2011 and Zw 229—015 re-
ceived three additional observations after the campaign
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in order to extend the light curve. All additional obser-
vations were also taken with the Kast double spectro-
graph.

10 F PG 1310-108

Num. Epochs

Mrk 50

10

Num. Epochs

1
10 F Mrk 141 1 1 7
1
1

Num. Epochs

10 | Mrk 279

Num. Epochs

0 1 2 3 4 5
! In !

| Mrk 1511

Num. Epochs

Num. Epochs

Num. Epochs

Reduced x?

Figure 1. Distribution of the reduced x> values for fits to
the spectra using the K10 (blue), BG92 (orange), and VC04
(green) Fell templates. The vertical dashed lines indicate
the median reduced x? value.

In total, 15 AGNs were observed during the campaign,
but only 7 had sufficient data quality and continuum and
Hp variations for the analysis in this paper. General

properties of the targets analyzed in this paper along
with information on their observations are given in Table
1.

2.1. Spectral Decomposition

When we fit BLR models to the data, we not only
allow for variations in the total HB flux, but also vari-
ations in the detailed shape of the HS broad emission-
line spectrum. Because of this, it is critical to disentan-
gle the HB emission from other features contributing to
the AGN spectrum. In particular, features such as He1
or Fell emission that preferentially affect the red wing
of the HfB profile must be properly subtracted, other-
wise the models will attempt to fit an asymmetry that
is not intrinsic to the broad Hp line. In order to ac-
curately isolate the HS profile, we fit for contributions
in the vicinity of HS that may strongly affect its shape
— AGN continuum; host-galaxy starlight; [O 111] A4959
and A5007; He1r A4686; He1 A4471, A\4922, and A5016;
and Fell emission blends. These components were fit
to the spectra by minimizing y? with the Levenberg-
Marquardt routines in the IDL package MPFIT (Mark-
wardt 2009). After subtracting these features from the
data, we are left with the residual HS spectrum. The full
details of how the spectra were decomposed into their
individual components are given by Barth et al. (2015).

The full fitting procedure was carried out three times
for each spectrum using three different Fell templates
from Boroson & Green (1992), Kovacevi¢ et al. (2010),
and Véron-Cetty et al. (2004), hereafter BG92, K10,
VC04 (respectively). In addition to free parameters for
the velocity shift and broadening kernel, the BG92 and
VC04 templates each have one free parameter describ-
ing the flux normalization. The K10 template has five
components and so has five normalization parameters,
making it more flexible, in general. For each AGN, we
show distributions of the reduced x? values from fitting
each epoch in Figure 1. The reduced x? values do not
include any systematic uncertainties from (for example)
flux calibration, but they allow for a relative comparison
between the templates in order to determine which pro-
vide the best fit to the data. Generally, the distributions
of reduced x? are similar for each template, which we
take to mean that each decomposition is equally valid.
We choose to run the dynamical modeling procedure us-
ing the spectra from all three decompositions and com-
bine the resulting model parameter posterior samples,
weighting each run equally. An exception to this is
Mrk 50, for which the VC04 template produced poor
fits for some epochs. For this object, we adopt only the
decompositions that use the K10 and BG92 templates.
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Figure 2. Left: Spectral decomposition using the K10 Fe1 template. The components shown are starlight in red, the AGN
featureless continuum in lime green, Hel in magenta, Hell in cyan, [O111] in blue, Fell in dark green, and the residual HfS
in black. The vertical dashed red lines indicate the wavelength range that was used when fitting the BLR model. Right-top:
The mean Hp profile shape, for reference in the right-middle and right-bottom panels. Right-middle: In black is the mean HS
spectrum found using the K10 Fe1l template minus the mean Hf spectrum found using the BG92 template. The cyan lines
show the same thing, but for every observational epoch. The black bar on the left shows the mean uncertainty in the spectra
over the modeled wavelength range. Right-bottom: Same as right-middle, but for the K10 and VC04 templates. For the full
spectral decompositions, including the full model fits and residual spectra, see Barth et al. (2015).



6 WILLIAMS ET AL.

In Figure 2, we show the results of the spectral de-
composition for each AGN. The left panels show the
individual components for the mean spectrum, found
using the K10 Fe1 template. We note that there is a
degeneracy between the Hel A4922 and A5016 A lines
and two features in the Fell templates, which appears
in the fit for Zw 229—015. However, as discussed by
Barth et al. (2015), the sum of these two features is well
determined, so the residual Hf profile is robust. On
the right, we show the mean Hf profile derived with
the K10 Fe1l template as well as the difference in HS
profiles from using the other Fell templates. The thick
black bar shows the mean uncertainty in the spectra
across the modeled wavelength range. The difference
between templates exceeds the flux uncertainty for some
AGNs, indicating that template choice is an important
factor that may influence the modeling results. In par-
ticular, Mrk 1511 and NGC 4593 both have prominent
Fe11 emission and therefore the Fell fits inherently have
a strong effect on the resulting HS profile. For objects
such as Mrk 141, Mrk 1511, and NGC 4593, the K10
template fits give a mean HfS profile with a stronger red
wing and weaker blue wing than the BG92 and VC04
template fits. Asymmetries in the line profile are caused
by asymmetries in the BLR properties, so we might ex-
pect discrepancies in the inferred model asymmetry pa-
rameters for these objects.

3. THE GEOMETRIC AND DYNAMICAL MODEL
OF THE BLR

We use a simply parameterized phenomenological
model of the BLR, described by Pancoast et al. (2014a),
to model the AGN data sets. In this framework, the
HpB-emitting BLR is modeled as a distribution of point
particles around a central ionizing continuum source
that we take to be point-like in nature and isotropically
emitting. Each particle receives the continuum emission
after a time lag determined by its position, and then
is assumed to instantaneously reprocess the light and
re-emit it in the direction of the observer. The wave-
length of the re-emitted light is centered on HS, with a
Doppler shift determined by the particle’s velocity. By
feeding a continuum light curve through the model, we
can produce a time-series of spectra that we can then
directly compare to data.

In order to calculate the line emission of a given BLR
geometry at arbitrary times, we need to know the AGN
continuum flux at arbitrary times before the time of
emission. To determine the continuum flux between
data points, we model the AGN continuum using Gaus-
sian processes, which has been shown to be a sufficiently
good model for AGN light curves (Kelly et al. 2009;

Table 2. Model parameters and priors

Parameter Prior

I LogUniform(1.02 x 10™2 light days, Atdata)
153 Uniform(0,2)

F Uniform(0,1)

0; Uniform(cos 0;(0,7/2))

0o Uniform(0,7/2)

K Uniform(-0.5,0.5)

vy Uniform(1,5)

13 Uniform(0,1)

Mgy LogUniform(2.78 x 10*,1.67 x 10° Mg)
fenip Uniform(0,1)

ftiow Uniform(0,1)

Op,circ LogUniform(0.001,0.1)

00 ,circ LogUniform(0.001,0.1)

Op,radial LogUniform(0.001,0.1)

00,radial LogUniform(0.001,0.1)

Oturb LogUniform(0.001,0.1)

[/ Uniform(0,7/2)

NoTeE—List of BLR model parameters and their correspond-
ing priors.

Koztowski et al. 2010; Koztowski 2016; MacLeod et al.
2010; Zu et al. 2011, 2013). As discussed by Skielboe
et al. (2015), with the use of more general descriptions
of the driving light curves, our inferences are robust with
respect to the assumption of Gaussian processes, since
Gaussian processes are effectively used as a flexible in-
terpolator. This has the advantage of allowing us to
include the uncertainties of the continuum modeling in
the uncertainties of our model parameters. Addition-
ally, we can extrapolate the continuum light curve to
times before and after continuum monitoring in order
to model the BLR response for the full extent of the
spectroscopic monitoring campaign.

The full details of the BLR model and its limitations
are discussed by Pancoast et al. (2014a), but we sum-
marize the main components below.

3.1. Geometry

We first assign radial positions to each particle drawn
from a Gamma distribution which has a probability den-
sity function

p(z]a, ) o< 2% Lexp (—%) , (2)

where « is the shape parameter and 6 is the scale param-
eter. We set a minimum radius of the BLR by shifting
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the distribution from the origin by the Schwarzschild ra-
dius Ry = 2GMpg/c?® plus a free parameter 7yin. We
also set a maximum BLR radius 7oy = cAtgata/2, where
Atgata is the time between the first modeled point of the
AGN continuum light curve and the first spectrum of
the broad emission line. This comes from the assump-
tion that our observational campaign is sufficiently long
to measure the response of the whole BLR. We then per-
form a change of variables from (¢, 8, rmin) to (i, 8, F):

= Tmin + b, (3)
p=—=. 4)
F— Tmin (5)

- b
Tmin + af

where p is the mean radius, 8 determines the shape of
the Gamma distribution, and F' is the minimum radius
in units of p. In this framework, the standard deviation
of the radial distribution is given by o, = (1 — F)up.
The distribution of particles is then “puffed up” out of a
plane by opening angle 6, such that 6, = 0° corresponds
to a flat disk and 6, = 90° corresponds to a sphere, and
the plane of the distribution is inclined by an angle 6;
relative to the observer where 6, = 0° is face-on and
0; = 90° is edge-on.

The relative emission from each particle is weighted
by a parameter

W(6) = 5+ cos(9) (6)

which allows for BLR asymmetry. The angle ¢ is mea-
sured from the particle to the origin to the observer,
and k is a free parameter between —0.5 and 0.5. In this
setup, Kk — 0.5 corresponds to emission from the near
side of the BLR and x — —0.5 corresponds to emission
from the far side. These cases can physically be inter-
preted as gas that preferentially re-emits away from or
back toward the ionizing source, respectively. The broad
line emission is allowed to preferentially come from the
faces of the disk according to a parameter «, which has
a uniform prior between 1 and 5. The angle between a
point particle and the disk is

6 = acos(cos 0, + (1 — cos0,)U"), (7)

where U is drawn randomly from a uniform distribution
between 0 and 1. When v — 1, point particles are evenly
distributed, and when v — 5, particles are clustered
near the faces of the disk. Finally, the accretion disk
is allowed to be transparent to opaque according to the
parameter &, ranging from 0 to 1. When & — 0, the
midplane is opaque, and when £ — 1, the midplane is
transparent.

3.2. Dynamics

The particle velocities are assigned based on the mass
of the black hole, their radial position, and the parame-
ters fenips faows 0e, and oguep. First, each particle is as-
signed to have its radial and tangential velocities drawn
from a distribution centered either around the circular
velocity or around the radial escape velocity. The frac-
tion of particles that are assigned near-circular orbits
is given by fenip, which has a uniform prior between 0
and 1. The specific radial and tangential velocities of
these particles are drawn from a Gaussian distribution
centered on the circular velocity in the v, — v4 plane,
with standard deviations o circ and oe circ-

The remaining particles are then assigned to be either
inflowing or outflowing according to a binary parame-
ter faow, where 0 < fhow < 0.5 corresponds to inflow
and 0.5 < frow < 1 corresponds to outflow. The specific
radial and tangential velocties for the inflowing and out-
flowing particles are drawn from Gaussian distributions
centered on the inflowing and outflowing escape veloc-
ities (respectively) in the v, — v4 plane, with standard
deviations o, radial and 0@ radial. The angle 6, then ro-
tates the centers of these two distributions toward the
circular orbit by an angle between 0° and 90° to allow
for further flexibility. This means that as 6, — 90°, all
particles approach a distribution centered on the circu-
lar velocity, regardless of the value of feyip.

Finally, the o, parameter allows for random macro-
turbulent velocities according to

Vturb = N(07 Uturb)|'Ucirc‘7 (8)

where N (0, o4urp) is a Gaussian distribution with mean
0 and standard deviation oy, and viun 1S added to
the line-of-sight velocity. The parameter oy, has a
log-uniform prior between 0.001 and 0.1.

3.3. Producing Emission-Line Spectra and Comparing
to Data

Given the continuum light-curve model and a model
of the BLR, we can generate HS emission-line spectra
at arbitrary times. For each particle, we use the posi-
tion and line-of-sight velocity to calculate the Doppler
and gravitational redshifts and then use the strength
of the continuum and the particle’s emissivity proper-
ties to calculate the amount of flux contribution from
that particle. After combining the contributions from
all particles, we blur the spectrum by the resolution of
the instrument, AMgjs, which is calibrated by compar-
ing the width of the observed [O 111] A5007 emission line
from spectral decomposition, AAgps, to the intrinsic line
width, Al¢rue, taken from Whittle (1992):

A)‘cziis ~ A)‘cg)bs - A)‘grue' (9>
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Finally, the AGN redshift is left as a free parameter with
a Gaussian prior having standard deviation 0.25-0.5 A,
depending on the AGN.

We use a Gaussian likelihood function to compare the
observed time-series of HB spectra from the spectral
decomposition to the spectra produced by the model.
To explore the parameter space of the continuum light-
curve model and BLR model, we use the diffusive nested
sampling code DNEST3 (Brewer et al. 2011a). In ad-
dition to producing posterior probability density func-
tions (PDFs), diffusive nested sampling also calculates
the normalization term, the “evidence,” which allows for
model comparison.

In practice, our simplified BLR model is unable to re-
produce all of the details of the emission line and its
fluctuations to within the small spectral uncertainties.
We account for this systematic uncertainty by softening
the likelihood function with a “temperature” T', where
T > 1. We divide the log of the likelihood by T', which is
equivalent to multiplying the spectral uncertainties by
VT in the case of a Gaussian likelihood function. When
the temperature is too small, the continuum model hy-
perparameters are overfitted or the model is unable to
efficiently explore parameter space. We choose the low-
est temperature for which this is not the case. In our
sample, we use 7' = 150-180 for Mrk 50, T' = 30-40
for Mrk 141, T = 60-140 for Mrk 279, T' = 20-25 for
Mrk 1511, T' = 35 for PG 1310—108, T" = 150-200 for
NGC 4593, and T = 70 for Zw 229—015. We test the
convergence of the model by looking at the samples from
the first and second halves of the run and ensuring that
they both follow the same distribution.

4. RESULTS

In this section, we discuss the dynamical modeling re-
sults for our sample of seven LAMP 2011 AGNs. For
each AGN, we show a geometric model of the BLR from
the posterior sample, chosen to be typical of the geome-
tries in the full posterior sample (Figure 3). We also
show randomly chosen model fits to the AGN Hpf profile,
the integrated HS flux light curve, and the continuum
light curve in Figure 4. In Figure 5, we show velocity-
resolved transfer functions for each AGN, created using
the same model as in Figure 3.

In Figures 6-12, we give the posterior distributions of
the key model parameters. We also include a parame-
ter to summarize whether the overall dynamics indicate
inflowing or outflowing gas, defined such that 1 and —1
are purely radial outflow and inflow, respectively:

In. — Out. = sgn(faow — 0.5) X (1 = fenip) X cos(fe),
(10)
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Figure 3. Geometries of the Hf-emitting BLR for each
object, drawn from the posterior samples. In each panel,
the observer is viewing the BLR from the positive x-axis.
Each circle corresponds to one point particle in the model,
and the size of the circle corresponds to the amount of line
emission coming from that particle. The left panels show
an edge-on view, while the right panels show a face-on view.
The geometries are color-coded to indicate whether the BLR
dynamics exhibit inflow or outflow.
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where sgn is the sign function. The median values and
68% confidence intervals for all parameter are summa-
rized in Table 3. When the posterior PDFs are one-
sided, we give upper and lower 68% confidence limits.

4.1. PG 1310—108

The top two panels of Figure 4 show how the Hg line
profile changed over the course of the observing cam-
paign for both the data and one of the models drawn
randomly from the posterior sample. The model fits the
data very well in the core of the line, but misses some
of the detailed structure in the blue wing. This is also
visible in the third panel where we show a model fit to
the HB spectrum for one epoch. In the fourth panel, we
show the integrated HS flux over the course of the cam-
paign. The Hf light curve for PG 1310—108 is relatively
short, owing to the loss of many nights to poor weather,
but there is a clear variability signal. The models were
able to fit the overall shape of the HS light curve, but
the details are poorly modeled.

The posterior distributions in Figure 6 give a radial
distribution of the PG 1310—108 Hf emission that is
steeper than exponential with a shape parameter g =
1.237029 for the Gamma distribution. The distribu-
tion is shifted from the origin by a minimum radius
Pmin = 0.96‘_”8:23 light days and has a mean radius
Tmean = 4.51‘}:3 light days and a radial width o, =
4.471% light days. The mean lag is Tmean = 4.67775 days,
which is smaller than the cross-correlation measurement
Teen = 7.201’3:‘& days from Barth et al. (2018, in prepa-
ration), but is consistent to within the uncertainties. We
note that the uncertainties on both 7Tpean and 7een are
relatively high. It is possible that the true HfB lag is
longer than measured, and that the short spectroscopic
monitoring campaign biases our results toward shorter
lags. The distributions for the opening and inclination
angles exhibit multiple solutions. The Hf-emitting re-
gion is inferred to be either a thick disk with opening
angle near 50° or spherical with opening angle approach-
ing 90°. An example of the former is shown in Figure
3.

There is no preference for emission to be concentrated
near the faces of the disk (y = 3.07]'3). Despite the me-
dian and 68% confidence interval suggesting only a slight
preference for emission from the far side of the BLR, (k =
—0.17f8:i$), almost none of the posterior samples have
k > 0, ruling out the possibility of preferential emis-
sion from the near side. Solutions with a transparent
BLR midplane are preferred slightly over those with an
opaque midplane (£ = 0.707023).

Dynamically, PG 1310—108 is best described by mod-
els in which few particles are in near-circular orbits ( fenip

< 0.28). The remaining particles are on outflowing
orbits, given by faow = 0.75i8;1§, where fiow is a bi-
nary parameter with fhow < 0.5 indicating inflow and
fiow > 0.5 indicating outflow. The full posterior PDF
shows almost no solutions with inflow. The outflowing
orbits have velocities drawn from a distribution whose
center is rotated 6, = 261‘?2 degrees from the radial
escape velocity toward the circular velocity; thus, more
than half of the orbits are actually bound. Finally, there
is a small contribution from macroturbulent velocities,
with gy = 0.0217951% times the circular velocity.

The preference for outflow is visible in the transfer
function (Figure 5), in which there is a slight upward-
angled structure. This is a signature one would ex-
pect for radially outflowing gas (see, e.g., Welsh &
Horne 1991), indicating that the particles with the
shortest lags, which are the particles directly between
the ionizing source and the observer, are preferentially
blueshifted, while those with the longest lags on the far
side of the source are preferentially redshifted.

The black hole mass for PG 1310—108 is found to be
logyo(Mpn/Mg) = 6.48%03%. This value was previously
measured by Schulze & Wisotzki (2010) and is reported
in Busch et al. (2014) as log,o(Mpu/Me) = 7.33 £0.3.
Their measurement was made using the BLR radius esti-
mated from the BLR size-luminosity relationship (Bentz
et al. 2009a) combined with the line dispersion and mean
scale factor fmean,, = 3.85 £ 1.15 from Collin et al.
(2006). Our results suggest that the scale factor for this
object, when using the line dispersion measured in the
mean spectrum, should be log;o(fmean.o)= —0.207027
(f = 0.637531), which is much smaller than the val-
ues that are typically used (e.g., fmean,o = 3.85 £ 1.15;
Collin et al. 2006). The lower scale factor in this object
illustrates the importance of calculating scale factors on
an individual AGN basis. The use of a mean scale fac-
tor leads to underestimates and overestimates of Mgy
in objects with higher and lower intrinsic f values, re-
spectively.

4.2. Mrk 50

The BLR in Mrk 50 was previously modeled by Pan-
coast et al. (2012) using the same LAMP 2011 data and
an earlier version of the model used in this paper. Their
model did not include the parameters v or £ which help
introduce asymmetries in the broad-line profile, and the
dynamics component did not allow for macroturbulent
velocities or the possibility of unbound inflowing or out-
flowing gas. We also include an additional narrow-line
component in the model and leave the AGN redshift as a
free parameter. The spectral decomposition they use is
from Barth et al. (2011b) and uses the BG92 Fell tem-
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Table 3. BLR Model Parameter Values

Parameter Mrk 50 Mrk 141 Mrk 279 Mrk 1511 NGC 4593 PG 1310—108 Zw 229—-015
Tous (light days) 40.4 36.3 41.2 40.4 20.3 36.9 57.2
Tmean (light days) — 8.2319:24 8.171% 13.37173 5521030 3.41103% 4.5718 6.9470:52
Fmedian (light days)  6.53+9:57 6.3115 12.2114 4.95%936 2591052 3.0101 4.5979713
Tmin (light days) 0.9013:82 2.0810:89 9.2733 0.72%9:25  1.00%5:52 0.9670%% 2.197002
o, (light days) 6.4119:5 6.17%3 3.7+32 2.851045 9411072 4.4758 6.311°%
Tmean (days) 7.4319-98 75018 11.8+13 5941095 3201048 467775 6.4715-59
Tmedian (days) 5.5670%% 561173 11.2+12 5077030 2437032 2.7710:92 4.1219:52
8 0.877015 1.02t8;}$ 1.04t8;2)-}1 0.617918  1.017951 1.2315:29 1.361’8;35
0, (degrees) 141138 15.313:2 41.0143 3679, 43+22 58722 33.5154
0; (degrees) 19.876:0 26.015-9 29.1+34 19.3%57 32719 44735 32.9%51
K —0.03T913  —0.22475:9%0 < —0.46 <-039 —025%92 017919 _0.417759¢8
5 39708 3.810% 32713 <1.9 <3.0 3.0713 3.31173
¢ 0.157918 <0.071 < 0.063 0.85700%  0.41037 0.7070 33 < 0.080
log, o (Man/Mo) 7.5015-23 7.4615:1° 7.5810:08 7111839 6.65100] 6.4815-21 6.9475-11
Feltip 0517312 0.10479582 < 0.081 0.62731%  0.657033 <0.28 <0.15
fiow 0.75517 0.7575 1% 0.76751% 0277018 0.5570%% 0.75%5:18 0.74%51%
0. (degrees) 17415 14418 21.7+78 91§ 14123 26728 10.979:9
In. — Out. param 0457003 083819081 0.86870:9%3 0357916  0.0970:2 0.687919 0.88%99]
Tourb 0.00979:922  0.00579:5%  0.0037T9995% > 0.029 >0.014 0.02179 01 0.02479 9%

NoTE—Median values and 68% confidence intervals for the main BLR geometry and dynamics model parameters. Upper
and lower 68% confidence limits are given when the posterior PDF is one-sided. Note that royt is a fixed parameter, so we

do not include uncertainties.

plate. In our analysis, we use the spectra found adopting
both the K10 and BG92 templates, but since both are in
very good agreement (Figure 2), we do not expect this
to introduce any discrepancies in our measurements.

As discussed in Section 2.1, the VC04 Fe11 template
produced poor fits for some of the Mrk 50 spectra, so
we chose to only use the results from the K10 and BG92
templates for our final analysis. For completeness, we
include the results from the VC04 template in Figure
7, but the combined posteriors shown by the black lines
are computed using only the other two templates.

The model for Mrk 50 fits the shape of the H emission
line very well, as shown in Figure 4. The large-scale
fluctuations in the integrated HS flux are well captured,
but the small peak in flux in the first few epochs is not
recovered.

The radial distribution of Hf3 emission in Mrk 50 is
between Gaussian and exponential, with a shape param-
eter = 0.87701%. The radial distribution is shifted by

a minimum radius i, = 0.90*_'8:2.% light days, and it

has a mean radius rpean = 8.237523 light days and a
radial width o, = 6.411'8:2‘3 light days. The mean lag is
slightly smaller than this with Ty ean = 7.431‘8:3? days,
which is again smaller than the cross-correlation mea-

surement Teen = 8.6671°%3 days from Barth et al. (2018,
in preparation), but is consistent to within the uncer-
tainties. The opening and inclination angles are well
constrained and prefer a slightly thick disk geometry,
oriented close to face-on (6, = 14.173% 6, = 19.87%
degrees). An example of this geometry is shown in Fig-
ure 3. There is a slight preference for the emission to be
concentrated near the faces of the disk, with v = 3.979%,
but uniform emission throughout the disk is not ruled
out. The disk midplane is mostly opaque (£ = 0.157015)
and the relative strength of emission from the near and
far side of the BLR is equal (k = —0.0375:13).

Our geometric model results are generally in good
agreement with those of Pancoast et al. (2012). The
largest discrepancy is in the opening and inclination an-
gles, where our results show slightly larger values for
both angles. We do find a disk midplane that is mostly
opaque, which was not possible in the earlier version of
the model. The 2D posterior samples for these param-
eters show that smaller opening and inclination angles
are preferred for higher values of ¢ (transparanet mid-
plane), so it is possible that this new flexibility is the
main cause of the discrepancy.
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Figure 4. Model fits to the Hf line profile, integrated HS flux, and AGN continuum flux. From left to right, the panels show
models for PG 1310—108, Mrk 50, Mrk 141, Mrk 279, Mrk 1511, NGC 4593, and Zw 229—015. Within each panel, numbered
1-5 from top to bottom, we have the following. Panels 1 and 2: The observed HS emission-line profile by observation epoch
and the profile produced by one sample of the BLR and continuum model. Panel 3: The observed HS profile of one randomly
chosen epoch (black), and the corresponding profile (red) produced by the model in Panel 2. The cyan lines show the Hf profile
produced by three other randomly chosen models. Panels 4 and 5: Time series of the observed integrated HS and continuum
flux (black), and the model fits to these light curves (red), corresponding to the model shown in Panel 2. The cyan lines show
five other model examples.
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Dynamically, the model of Mrk 50 prefers solutions in
which half of the particles are on near-circular elliptical
orbits (fonip = 0.517012). The remaining particles have
velocities drawn from a distribution in v, —v4 space with
an outflowing radial component (faow = 0.757517). The
center of this distribution is rotated §, = 17715 degrees
from the radially outflowing escape velocity toward the
circular velocity. The contribution of macroturbulent
velocities is minimal, with oy, = 0.00975022.

We find the black hole mass to be log;o(Mpu/Mg) =
7.5070-25. This is consistent with the Pancoast et al.
(2012) measurement of 7.577031, despite the different
models. This is reassuring but also perhaps not sur-
prising, given that we do not find a significant inflow
or outflow component that our model would be able to
better describe than the previous version.

4.3. Mrk 141

The dataset for Mrk 141 is of relatively low quality
owing to many spectroscopic observing nights lost to
poor weather. The integrated HS light curve is rela-
tively short and there are not many strong variability
features, but there is one large increase and decrease in
flux over the course of the campaign. The models are
able to fit this overall feature, but do not fit the smaller
fluctuations on scales of a few days. The models are able
to fit the shape of the Hf profile very well.

The posterior PDFs from runs using all three Felr
templates agree very well for most parameters, with the
largest discrepancy coming from the parameter «. The
radial distribution of the BLR in Mrk 141 is roughly
exponential, with shape parameter 8 = 1.02705, and
is shifted from the origin by 7min = 2.087082 light days.
The mean radius is rmean = 8.1ﬂ:§ light days, and the
radial width of the disribution is o, = 6.1733 light days.
The mean lag is very similar to ¢ X Tmean, With Tpean =
7.5 days. This value is consistent with the cross-
correlation measurement Tee, = 5.631‘?:%; days.

The opening and inclination angles indicate a thick
disk (6, = 15.3752 degrees) inclined 6; = 26.0759 de-
grees relative to the observer. As with Mrk 50, there is a
small preference for H emission to be concentrated near
the faces of the disk, but uniform emission is not ruled
out (v = 3.979%). The midplane of the disk is opaque
(€ < 0.071). All three posterior PDFs generated using
each Fell template indicated a preference for emission
from the far side of the BLR, but the result is slightly
more pronounced using the K10 template results. In the

combined posterior, kK = _0.224j8:8?g'
Dynamically, < 20% of the HB-emitting BLR is on

near-circular elliptical orbits (fonip, = 0.10415-082). The

remainder have velocities drawn from a distribution

around the outflowing escape velocity, rotated 6. =
14715 degrees toward the circular velocity in the v, — vy
plane. Macroturbulent velocities are not significant in
Mrk 141 with oy = 0.00570951.

We find the black hole mass in Mrk 141 to be
logyo(Mpu/Mgy) = 7.467033. Previous measurements
of the black hole mass have been made using the BLR
radius-luminosity relation and the FWHM of the Hp
line, which find log,o(Mpu/Mg) = 7.53 (Castell6-Mor
et al. 2017) and 7.85 (Li et al. 2008). These studies do
not report uncertainties, but assuming a typical uncer-
tainty of 0.4 dex arising from the scatter in the r — L
relation and the uncertainty in the scale factor used,
our result is consistent with both measurements.

4.4. Mrk 279

The Hp line profile for Mrk 279 is modeled very well,
with only a slight discrepancy at the red side of the
core of the line. The large timescale variations of the
integrated Hf line flux are well captured, but the model
is unable to reproduce the smaller fluctuations on the
order of days.

The Mrk 279 Hp-emitting region has a radial profile
that is poorly determined, with anything from a narrow
Gaussian to a steeper than exponential profile being al-
lowed (8 = 1.0470%1). The minimum radius is found to
be large, with i, = 9.2‘3:3} light days. The 2D pos-
terior distributions of these two parameters shows that
smaller values of the minimum radius (< 5 light days)
are allowed when 8 < 0.5 (narrow Gaussian), but for
wider Gaussian and steep exponential profiles, the min-
imum radius is robustly determined.

The opening angle and inclination angle for Mrk 279
are 0, = 41.0753 degrees and 0; = 29.173 degrees, re-
spectively, indicating a thick disk that is slightly inclined
relative to the observer. Based on the full posterior PDF
for , there is no preference for emission to either be con-
centrated near the faces of the disk or for it to be uniform
throughout. There is a very strong preference for emis-
sion from the far side of the BLR (k < —0.46), and the
midplane of the disk is fully opaque (£ < 0.063). This
shows up clearly in the geometric model (Figure 3) in
that there are very few points visible on the bottom-left
half of the edge-on view, and the points that are farther
from the observer are larger, representing the relative
strength of the emission.

In Mrk 279, models with almost no particles on near-
circular orbits are preferred (fenip < 0.081). Instead,
velocities are drawn from a distribution rotated 6, =
21.7fg:g degrees from the radially outflowing escape ve-
locity toward the circular velocity. The upward angled
outflow signature discussed in Section 4.3 is prominent
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Figure 5. Velocity-resolved transfer functions for each AGN, drawn from the posterior samples and selected to be representative
of the full posterior samples. In the right-hand panels, we show the velocity-integrated transfer function, and the bottom panel

shows the average time lag for each velocity pixel.
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in the Mrk 279 transfer fuction (Figure 5) and is the
strongest for the whole LAMP 2011 sample. There is
no indication of a significant contribution from macro-
turbulent velocities (opur, = 0.003715:0953).

We find a black hole mass of log,o(Mpu/Mg) =
7.58T0 5% in Mrk 279. This object was spectroscopically
monitored in 1988, when Maoz et al. (1990) found the
size of the HpB-emitting BLR to be 11 + 3 light days.
Santos-Lleé et al. (2001) observed Mrk 279 from 1996 to
1997 and measured an Hp time lag of 7 = 16723 days.
Peterson et al. (2004) later re-analyzed both datasets
and, assuming a value of 5.5 for fims ., measured the
black hole mass to be Mppu/(10° My) = 34.9 £ 9.2
[log,o(Mpu/Mg) = 7.547019]. Our results for the size,
time lag, and black hole mass are consistent with all
of these results. We note that the true BLR size and
Hp time lag may have changed between our three cam-
paigns owing to changes in the AGN continuum, but the
black hole mass should remain the same. Mrk 279 was
also analyzed by Castell6-Mor et al. (2017) using the
radius-luminosity relationship as a BLR size estimator,
and they found log,,(Mpn/Mg) = 7.97. As in the case
of Mrk 141, our results are consistent with this mea-
surement when realistic uncertainties are assumed for
the previous estimates.

4.5. Mrk 1511

Both the HB emission-line shape and the variability
in the integrated HB flux are very well fit by the models
for Mrk 1511. However, the posterior PDF's in Figure 10
indicate that the HS spectra produced using the three
Fe11 templates give somewhat different modeling results.
The right panels of Figure 2 show that there is a discrep-
ancy between the three HS profiles that is on the order
of the size of the flux uncertainty. This is likely a result
of the strong Fell contribution to the AGN spectrum,
shown by the green line in the left panel. Since the K10
template is made up of five individual components whose
strengths are given by five free parameters, it has more
flexibility to fit asymmetries in the Fell emission than
the other templates. This can result in asymmetries in
the resulting HS spectrum. Since the model results are
still consistent with each other, we choose to combine
them, the result of which is larger parameter uncertain-
ties.

The Hp-emitting BLR in Mrk 1511 has a radial pro-
file that is between Gaussian and exponential (8 =
0.6170-15) and is shifted from the central ionizing source
by Tmin = 0.727025 light days. The mean radius is
Tmean = 5.5270 20 light days, and the radial thickness is
o, = 2.85f8:ﬁg light days. The mean time lag is Tean =
5.9470-9% days, consistent with the cross-correlation lag

measurement of Tee, = 5.4475 7% days. The structure of

the BLR is best described by a thick disk with open-
ing angle 6, = 36J_r£1)0 degrees that is inclined by 6; =
19.3%3 Tdegrees relative to the observer. The HS emis-
sion is mostly uniform throughout the disk, as opposed
to being concentrated near the faces (v < 1.9). There is
a strong preference for emission from the far side of the
BLR (k < —0.39), and the disk midplane is transparent
(€ = 0.8575:73).

The largest discrepancy in the results from the three
runs comes from the dynamical component of the model.
The results from using the VC04 Fe 11 template indicates
that half of the BLR is in near-circular orbits, while the
other half is in near-radial infall. The results from using
the K10 and BG92 templates suggest that closer to 3/4
of the BLR is in near-circular orbits. The remaining 1/4
is in close-to-radial infall, though radial outflow is not
fully ruled out. Combining all three posteriors, we find
fentip = 0.6275:1% of the particles on near-circular orbits,
with the remaining particles close to radial infall ( faow =
0.27791%, 0. = 974* degrees). Of all the objects in the
LAMP 2011 sample, macroturbulent velocities have the
highest effect on the BLR dynamics in Mrk 1511, with
Oeurb > 0.029. The posterior PDF shows that this value
is approaching its prior bound of 0.1, so the contribution
may actually be higher. We find the black hole mass in
Mrk 1511 to be log;o(Mpu/Mg) = 7.117039.

4.6. NGC 593

The models for NGC 4593 fit the observed Hp
emission-line shape very well. Additionally, the models
are able to recover almost all of the variation in the
Hp light curve, including the short-timescale variations.
Like with Mrk 1511, the results from using different
Fe11 templates show disagreement in some parameters.
Looking at the spectral decomposition for NGC 4593,
there is a significant difference between the HS profiles
produced using the three templates, especially in the
wings of the line, owing to the strong Fell emission in
this object.

The results from using the K10 and BG92 Fe1l tem-
plates show that the radial profile of the NGC 4593
BLR is between Gaussian and exponential, with the
minimum radius poorly constrained. When the VC04
template is used, the Gamma function shape parame-
ter is poorly constrained, but the minimum radius is
found to be about 1.8 light days. Combining the pos-
teriors, we find a radial profile that is near exponential
(B = 1.01705}) and is shifted from the central ionizing
source by 7min = 1.0070-22 light days. The mean radius
iS Tmean = 3.4170:3% light days, and the radial thick-
ness is o, = 2.41f8'_1§ light days. The mean time lag
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1S Tmean = 3.2970°95 days, which is consistent with the
cross-correlation lag measurement of Teo, = 3.54157
days. The structure is best described by a thick disk
with opening angle 6, = 43ﬁ§ degrees that is inclined
by 6; = 321'%8 degrees relative to the observer. The
Hp emission is mostly uniform throughout the disk (v
< 3.0), there is a preference for emission from the far
side of the BLR (k = —0.2570:33), and the disk midplane
is between transparent and opaque (€ = 0.4170-27).

Dynamically, the results from the three runs show dis-
agreement in the amounts of inflowing or outflowing gas.
The results from using the K10 and BG92 Fell tem-
plates are in agreement, with 3/4 of the particles on
near-circular orbits, and the remainder on radially out-
flowing trajectories. Using the VC04 template, only 1/4
of the orbits are inferred to be near-circular, with the re-
mainder in near-radial inflow. Outflowing trajectories,
however, are not fully ruled out. All three runs give the
same result that macroturbulent velocities may be im-
portant for the dynamics of NGC 4593 (ogu, > 0.014).
As with Mrk 1511, this parameter is approaching its
prior bound of 0.1, meaning the contribution could be
larger.

Despite the differences in inferred BLR structure and
dynamics, all three runs converge to the same black hole
mass of log,o(Mpu/Mg) = 6.657031.

4.7. Zw 229—015

The spectroscopic monitoring for Zw 229—015 also
suffered from losses owing to poor weather, having the
fewest spectroscopic observations in the sample. The
large-scale variability features are driven by the final
three data points, with some shorter timescale variabil-
ity around the peak. The models are able to recover the
variability on both long and short timescales. The Hf
line profile’s asymmetric shape is also very well modeled.

The radial profile of the BLR in Zw 229—015 is steeper
than exponential (8 = 1.367030) and is shifted from the

central ionizing source by ryy;, = 2.19f8:g light days.

The mean radius is 7mean = 6.947097 light days and the
radial thickness is of similar size, o, = 6.37 % light days.
The mean lag is inferred to be Tyean = 6.47f8:§(; days,
which is consistent with the cross-correlation measure-
ment of Teen = 5.90776% days. Zw 229015 was also
monitored at Lick Observatory from 2010 June to De-
cember, and Barth et al. (2011a) measure an Hf lag
of Teen = 3.86f8188 days using these data. The struc-
ture of the BLR is well constrained to be a thick disk
(0, = 33.5703 degrees), inclined 6; = 32.975) degrees
relative to the observer. There is little preference for
the emission to be either concentrated near the faces of

the disk or distributed uniformly throughout the disk.

The emission comes mostly from the far side of the BLR,
(k = —0.41770:95%) and the midplane of the disk is fully
opaque (¢ < 0.080).

Dynamically, models in which almost all particles are
on outflowing trajectories are preferred. The fraction of
the BLR that is on near-circular orbits is fenip < 0.15.
The remaining particles have velocities drawn from a
distribution whose center is rotated 6, = 10.9795 de-
grees from the radially outflowing escape velocity toward
the circular velocity in the v, — vy plane. Barth et al.
(2011a) split the HS profile of Zw 229—015 into six bins
to make velocity-resolved reverberation mapping mea-
surements. Qualitatively, they find results that are con-
sistent with Keplerian motions, although they do not
state conclusive evidence owing to the large error bars
on the measurements. It is inconclusive from the re-
sults whether macroturbulent velocities contribute sig-
nificantly to the BLR dynamics (o,n = 0.02470:05%).
This parameter is approaching its prior bound of 0.1, so
it is possible that the contribution is higher.

We find the black hole mass in Zw 229—015 to be
log1o(Mpu/Ms) = 6.947011. This is consistent with
the value of log;o(Mpn/Mg) = 7.0070%5 from Barth
et al. (2011a), even though the measured lag changed
between the two campaigns. This is reassuring since,
while the BLR size (and hence lag) may change on these
timescales due to changes in the ionizing continuum, the
black hole mass should remain the same. The consis-
tency in measurements across the two epochs serves as
a test of the two methods.

5. DISCUSSION
5.1. Owerall Properties of the LAMP 2011 BLRs

The results from this analysis paint a fairly uniform
picture for the geometric structure of the HB-emitting
BLR in the AGN in this sample. We note, however,
that this sample spans a limited range in luminosity and
black hole mass, so BLR geometries may differ for ob-
jects outside of this parameter space. We find the BLR
in all objects to be thick disks that are viewed close
to face-on. The radial distribution of particles is typi-
cally between Gaussian and exponential, when well de-
termined. There is a preference for emission from the far
side of the BLR in all objects, except for Mrk 50, whose
results allow for the possibility of preferential emission
from the near side. Emission from the far side is what
one expects based on photoionization model predictions
that HB is mostly re-emitted back towards the ionizing
source (Ferland et al. 1992; O'Brien et al. 1994). Most
objects allow for the possibility of either uniform emis-
sion throughout the disk or concentrated emission near
the faces of the disk. Mrk 1511, the only object in which
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this parameter is well constrained, shows a strong pref-
erence for uniform emission. Finally, the parameter de-
termining the transparency of the disk midplane varies
across our sample.

Dynamically, we find more variety in our sample.
The contribution of macroturbulent velocities is uncon-
strained or negligible in most objects, but Mrk 1511,
NGC 4593, and Zw 229—015 show a possible signifi-
cant contribution with oy.,1, approaching its upper prior
bound of 0.1. Three of the objects (Mrk 50, Mrk 1511,
and NGC 4593) are found to have more than half of
the particles on near-circular orbits, and the rest have
almost all particles on either inflowing or outflowing tra-
jectories. For every object except Mrk 1511, the parti-
cles that are not on near-circular orbits are on outflowing
trajectories. This is in contrast to the results from P14
and G17, both of which find mostly near-circular orbits,
inflowing orbits, or a combination of the two. To our
knowledge, outflow in the HS-emitting BLR has only
been observed in three other cases: NGC 3227 (Den-
ney et al. 2009b), Mrk 142 (Du et al. 2016), and MCG
+06—26—012 (Du et al. 2016). The model used in this
paper is not able to constrain the detailed dynamics of
the outflow. If the outflow is launched and then the gas
is left to move under the influence of the black hole’s
gravity, then the assumption that the black hole’s grav-
ity dominates BLR motions holds. However, significant
outward forces due to (for example) radiation pressure
might lead us to underestimate the mass (Marconi et al.
2008, 2009; Netzer 2009; Netzer & Marziani 2010). A
more detailed analysis of the dynamics will be necessary
to fully understand how outflows affect black hole mass
measurements.

5.2. Scale Factor f

The scale factor f gives the relationship between the
virial product (My;, = c7v?/G) and the black hole mass
(Mpu = f M;). This value depends on the structure
and physical orientation of the BLR as well as the dy-
namics and emitting properties of the gas that can af-
fect the asymmetry of the broad-line profile. We do
not expect all of these properties to be the same for
every AGN, so each AGN has its own conversion fac-
tor between the virial product and the black hole mass.
However, since traditional reverberation mapping can-
not recover individual scale factors, an average value is
typically used. This is measured by finding the value
that puts AGN black hole mass measurements in align-
ment with the Mgy — o, relation for quiescent galaxies.
Results from these analyses range from fumso = 2.870
[i.e., 1og;o(frms.o) = 0447030 (Graham et al. 2011) to
frms.o = 5.97%1 [ice., 1og1o(frms.o) = 0.77 4 0.13] (Woo

Table 4. Summary of scale factors

mean, FWHM mean, o rms, o
logm(f) —-0.214+0.14 0474+0.15 0.60=£0.16
L11 Ology f 0.23 £0.16 0.25+0.17 0.22£0.19
logo(f)prea | —0.21£0.31 0.47+0.34 0.60 £ 0.32
logm(f) 0.00 = 0.14 0.43+0.09 0.57£0.07
Comb. | dlog,, f 0.46 = 0.12 0.22+0.11 0.14+£0.10
log;o(f)prea 0.00 = 0.50 0.43+0.26 0.57+£0.19

NOTE—Summary of the scale factors calculated for the LAMP 2011
sample (L11) and combined LAMP 2011 + P14 + G17 samples

(Comb.). The mean scale factor is log,,(f), the dispersion is
Ology, > and the mean and standard deviation of the posterior pre-
dictive distribution is log;,(f)pred-

et al. 2013), though these measurements are generally
consistent to within the uncertainties.

Using the direct modeling approach, we can calculate
the scale factor f for individual AGNs by combining
the black hole masses inferred by our model with line
width and BLR size measurements. In the following sec-
tions, we use BLR size measurements based on r = cr,
where the time delay is the cross-correlation measure-
ment Teen from Barth et al. (2018, in preparation). The
line widths consist of three measurements: the FWHM
measured in the mean spectrum, the line dispersion mea-
sured in the mean spectrum, and the line dispersion
measured in the rms spectrum. All line widths for the
individual sources presented here come from Barth et al.
(2015).

To propagate uncertainty, we first assume Gaussian
errors in the line width and 7 measurements, with stan-
dard deviations given in the respective papers. We
take random draws from these distributions to gener-
ate a sample of virial product values of the same size as
the black hole mass posterior sample. The scale factor
posterior distribution is then calculated by dividing the
black hole mass by the virial product distributions.

5.2.1. Mean f for the LAMP 2011 Sample

Here, we examine the mean scale factor for the LAMP
2011 sample as well as the mean scale factor for the
sample of all AGNs analyzed using the direct modeling
method in this paper. We model the distribution of scale
factors as Gaussian with mean log;, f and standard de-
viation oyog,, y given by the dispersion in the individual
values of log,y f. The likelihood for different pairs of
(logyo f, Olog,, f) is calculated using the full posterior
PDFs for each AGN. From this analysis, we can deter-
mine both log,, f and oog 1o £ as well as uncertainties in
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each value. We also calculate the posterior predictive
distribution for our sample which marginalizes over the
uncertainty in log;, f and oo, :

D(forea|X) = / P(foreald, X)p(0]X)d0, (1)

where X is the sample of measurements and 6 =
(logyg f: O0g,, £)- This is the distribution from which
future scale-factor measurements are drawn and is wider
than the distribution of our measured scale factors ow-
ing to the uncertainty on log;, f and Ology, -

The same scale-factor analysis was performed by P14
(5 objects) and G17 (4 objects). Here, we combine our
sample of 7 objects with those results to expand the sam-
ple to 16 objects. The results for the LAMP 2011 sample
and the combined sample of 16 objects are summarized
in Table 4. We find that our results for log;o(fims.o)
both in the LAMP 2011 sample and the combined sam-
ple are consistent with the results of previous studies
(e.g., Graham et al. 2011; Onken et al. 2004; Woo et al.
2010, 2013; Grier et al. 2013a) to within the quoted
uncertainties. However, we note that PG 1310—108,
which has the smallest value for both log;o( fmean,o) and
1OgIO(fmeam,FVVHM)a does not have a loglo(frmsp) mea-
surement, owing to the low signal-to-noise ratio in the
rms spectrum. If log,q( fims,o) for this object has a sim-
ilarly small value, this could reduce our mean value to
be inconsistent with some of the higher measurements.

The posterior predictive distribution gives the distri-
bution from which new f measurements are drawn and
so is the appropriate distribution to use when converting
new virial product measurements to black hole masses.
The standard deviation of the posterior predictive distri-
bution for log;(fims,s) is 0.19, which is half the intrin-
sic scatter introduced by the Mpy — o, relation (Woo
et al. 2010). It is possible that the small uncertainty
is due to the narrow range in parameter space spanned
by the sample used in this analysis, so future measure-
ments will be necessary to solidify this result. Further,
we find a similar value for log,q(fmean,s) as we do for
logo(fims,o), With an intrinsic scatter that is only 0.26.
This suggests that the line dispersion can be measured in
the mean spectrum when the rms spectrum is not readily
available and still give consistent black hole mass mea-
surements. Since PG 1310—108 and Mrk 141 were not
included in the calculation of log;y( fims,s)pred, We re-do
this analysis, excluding those two objects from the calcu-
lations of logl()(fmean,FWHM)pred and loglo(fmean,a')preda
and find that the scatters remain the same. This re-
sult is particularly useful in cases like PG 1310—108
and Mrk 141 where the rms spectrum does not have

a sufficiently high signal-to-noise ratio to measure a line
width.

5.2.2. Correlations with Other AGN Properties

The analysis described in this paper avoids the un-
certainty introduced when using an average value for f
by modeling the BLR directly. Unfortunately, such an
analysis requires high-quality datasets from long and in-
tensive observing campaigns, limiting its application to
small samples of AGNs. However, using the scale fac-
tors found from the direct modeling approach, we can
look for correlations between the scale factor and other
AGN and BLR properties. If any exist, this would en-
able more precise measurements of the scale factor for
individual AGNs based on observables.

In Figure 14, we examine correlations between the
scale factor f and various model parameters and other
observables. Our calculation of the scale factor depends
on the black hole mass inferred by the model, so the
uncertainties in the scale factor are intrinsically tied to
the uncertainties in other model parameters and values
calculated using those parameters. Further, owing to
degeneracies in the model, the uncertainties in other pa-
rameters are also correlated with the uncertainties in f.
Correlated measurement uncertainties, if not taken into
account, will increase (decrease) the measured correla-
tion between two parameters if the sign of the measure-
ment uncertainty correlation is the same as (opposite
of) the intrinsic correlation between the two variables.
We use the IDL routine linmix_err (Kelly 2007) to
perform a Bayesian linear regression that accounts for
correlated measurement uncertainties. We should note
that 1inmix_err assumes Gaussian uncertainties, so the
full 2D posterior PDF's for each data point are not used.
The resulting fits are given in Table 5.

To quantify the strength of correlation, we compare
the median fit slope to the 1o uncertainty in the slope.
We define the following levels of confidence in the ex-
istence of a correlation: (0-2)o, no evidence; (2-3)o,
marginal evidence; (3-5)o, evidence; > 50, conclusive
evidence.

Figure 14 suggests a possible correlation between
log;o(fmean,rwrm) and log,o(Mpu/Mg). The linear re-
gression analysis finds the slope of the correlation to be
B = 0.591050 putting it at the boundary between our
definitions of “no evidence” and “marginal evidence.”
The presence of this correlation would suggest that the
mass of the black hole may influence the shape or dy-
namics of the BLR, but data spanning a larger range of
black hole masses will help confirm or reject the pres-
ence of this correlation. There is no evidence of this

correlation for 1og;((fmean,o) OF 10810 (fims,o)-
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Table 5. Linear regression results

f-type log,o(Mvn/Mg) log,o(Lsioo/erg s™")  log,o(Lbol/Lraa) 0, (deg.) 0; (deg.) In. — Out. param.
ean o —4.20%31% —-10.1%53 0.167973; 0.5370744 0.847024 —0.02101%
rwaM | P 0.5975750 0.235015 0.13%5:30 —0.0187001F  —0.0337053 —0.23%533
o | 042753 0.46+5:50 0.48+5:4 0.43+035  0.384032 0.47+0:49
o —153515 461575 0.087522 099703 128703 0.467410

mean,o | f3 0.2870-2¢ —o.1otg; ¥ —0.2816-17 —0.018%5 %16 —0.03315:018 0.0870 1%
Oint 0.3179:28 0.347932 0.287035 0.2670 75 0.207039 0.32790:3)
o —0.017213 5.3716-03 0.25+5-29 1.0479%9 1.3019-38 0.59%013
rms,o | 8 0.08+5:32 —0.117512 —0.237920 —0.0161901%  —0.0300 019 0.09%0:35
Tint 0.3215:3 0.3215:32 0.28+5-29 0.28+5-29 0.21+5-23 0.3310:32

NoTE—Median values and 68% confidence intervals for the main BLR geometry and dynamics model parameters. Upper and lower
68% confidence limits are given when the posterior PDF is one-sided. Note that royut is a fixed parameter, so we do not include
uncertainties.

There is also an apparent correlation between 1ogo( fmean,») result is also supported by the results of Section 5.2.1,

and logo( frms,o) and the Eddington fraction in Figure
14. One might expect this correlation to exist if the
accretion rate has a strong influence on the BLR dy-
namics. However, since both values are calculated using
Mpy, the measurement uncertainties are highly cor-
related. When this is taken into account, there is no
evidence of a correlation between the scale factor and
Eddington fraction. We also find no evidence of a corre-
lation between the scale factor and the AGN continuum
luminosity at 5100 A, Lsi00, whose uncertainties are
independent of the uncertainties in f.

We do find marginal evidence for a negative correla-
tion between log(( fmean,o) and 6;, which was also found
by P14 and G17. This result is unsurprising for models
similar to ours and is predicted by Goad et al. (2012).
For a given disk-like BLR, characteristic of the geome-
tries that we measure, increasing the inclination angle
has the effect of increasing the line-of-sight velocity and
equivalently the measured line width v. This increases
the virial product, requiring a smaller scale factor to re-
cover the same black hole mass. While the negative cor-
relation appears to also be strong for logo(fims,s) and
log1o(fmean,FwrnM) in Figure 14, our full analysis finds
no correlation, with 3 = —0.03015-019 and —0.03315-033,
respectively.

An additional result of this analysis is a measurement
of the intrinsic scatter in the relations between the scale
factor and other parameters. We find that for every
parameter, the median intrinsic scatter in frecan, FWHM
is much higher than that for fican,s and fims,, albeit
with large error bars. This suggests that the line dis-
persion provides virial product measurements that are
more tightly related to the true black hole mass. This

in which the dispersion in the posterior predictive dis-
tribution is roughly half the size in the line-dispersion
measurements as in the FWHM measurements. Thus,
we suggest that the line dispersion is a more meaning-
ful measure of the line width and should be used when
making Mpp measurements.

6. SUMMARY

We have analyzed the data of seven AGNs from the
Lick AGN Monitoring Project 2011 to constrain the
structure and dynamics of the HB-emitting BLR. Our
results can be summarized as follows.

1. The HB-emitting BLR is best described by a thick
disk that is closer to face-on than edge-on, with a
radial distribution that is between Gaussian and
exponential, in agreement with the results for the
BLRs in P14 and G17. The HfS emission comes
preferentially from the far side of the BLR, which
is consistent with photoionization modeling pre-
dictions.

2. Dynamically, the BLR gas can be on elliptical or-
bits, inflowing or outflowing motions, or a combi-
nation of elliptical orbits and either inflowing or
outflowing motions. The preference for outflowing
gas in many of the AGNs is a result that has not
been seen in the BLR of other AGNs that have
been modeled in this manner.

3. We measure black hole masses of log,(Mpu/Mg) =
6.48703% for PG 1310—108, 7.50702 for Mrk 50,
7.46701° for Mrk 141, 7.58T05% for Mrk 279,

7117029 for Mrk 1511, 6.657037 for NGC 4593,
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Figure 11. Posterior distributions of the parameters for NGC 4593.
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Figure 12. Posterior distributions of the parameters for Zw 229—015.
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The right panels show the results when the sample from this
paper is combined with the samples from P14 and G17.

and 6.9470 17 for Zw 229—015. All values are fully
consistent with previous measurements, except
for that of PG 1310—108. However, this discrep-
ancy may be due to additional uncertainties in the

single-epoch method of black hole mass estimates.

4. We measure a mean scale factor for the LAMP
2011 sample of log;(( fims,s) = 0.60 = 0.16. Com-
bined with the results from P14 and G17, we find
log,o(frms,c) = 0.57 £ 0.07. The posterior pre-
dictive distribution for f shows little scatter and
can be used for measuring black hole masses with
other reverberation mapping data: log;o(fims,c)
= 0.57 £ 0.19. Further, the agreement between
these values and the scale factors found by align-
ing AGNs with the Mgy — o, relation for quiescent
galaxies indicates that the Mpy — o, relation for
AGN is consistent with that for quiescent galaxies.

5. The scale factors we recover when using the line
dispersion measured in the mean spectrum are

consistent with those found when the rms spec-
trum is used. The scatter in the posterior pre-
dictive distribution is of similar magnitude, show-
ing that the mean spectrum is a suitable alter-
native when the rms spectrum is either unavail-
able or does not have a sufficient signal-to-noise
ratio to measure a line width: log;o(fmean,o)pred
= 0.43 + 0.26. When the FWHM is used instead
of the line dispersion, we find the largest scatter,
with 1OglO(fmean,FVVHM)pred = 0.00 4= 0.50.

6. When the line width is measured as the FWHM
in the mean spectrum, we find marginal evi-
dence for a correlation between the scale factor
log;0(fmean,Fwanm) and log,o(Mpu/Mg). There
is no significant correlation present when the line
dispersion is used instead. There is also marginal
evidence of a correlation between the scale factor
and the inclination angle when the line dispersion
is used, measured in the mean spectrum. We find
no significant correlation between the scale factor
and the AGN continuum luminosity or Eddington
ratio.

The modeling of these objects from the LAMP 2011
sample has nearly doubled the number of AGNs with dy-
namical modeling of the BLR. The increased sample has
allowed us to measure predictive values of f with scatter
that is now smaller than that of the Mgy — o, relation.
These results can be used with traditional reverberation
mapping techniques to obtain more precise black hole
mass measurements. However, the significance of corre-
lations between the scale factor and other AGN prop-
erties remains uncertain. Further analysis of data from
other reverberation mapping campaigns covering a more
diverse range of AGN properties will help uncover these
correlations, which can then be used to make accurate
Mgy measurements on an individual AGN basis.
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Figure 14. Correlations between the scale factor f and select AGNs and model parameters. The colored dots and contours show
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scatter. Red points are for the AGNs in this paper, green points are from P14, and blue points are from G17.
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