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ABSTRACT

We have modeled the velocity-resolved reverberation response of the Hβ broad emission line in nine

Seyfert 1 galaxies from the Lick Active Galactic Nucleus (AGN) Monitioring Project 2016 sample,

drawing inferences on the geometry and structure of the low-ionization broad-line region (BLR) and
the mass of the central supermassive black hole. Overall, we find that the Hβ BLR is generally a thick

disk viewed at low to moderate inclination angles. We combine our sample with prior studies and

investigate line-profile shape dependence, such as log10(FWHM/σ), on BLR structure and kinematics

and search for any BLR luminosity-dependent trends. We find marginal evidence for an anticorrelation

between the profile shape of the broad Hβ emission line and the Eddington ratio, when using the
root-mean-square spectrum. However, we do not find any luminosity-dependent trends, and conclude

that AGNs have diverse BLR structure and kinematics, consistent with the hypothesis of transient
AGN/BLR conditions rather than systematic trends.

1. INTRODUCTION

Over the last few decades, reverberation mapping

has enabled the black hole (BH) mass measurements
of over 70 active galactic nuclei (AGNs) and facilitated
the use of single-epoch BH mass measurements across

cosmic time (Bentz & Katz 2015a). Despite the tech-

nique’s ability to resolve the BH’s sphere of influence in

time, much remains unknown about the broad emission

line region (BLR). And while the promise of velocity-

resolved reverberation mapping has increased signifi-

cantly over the last decade, analysis requires recovery

of a nontrivial transfer function.

In principle, velocity-resolved reverberation mapping

(Blandford & McKee 1982) can provide insight into the
BLR structure and kinematics by mapping the BLR re-

sponse as a function of line-of-sight velocity. However,

doing so requires a high signal-to-noise ratio (S/N), high
cadence, and a lengthy observational campaign, and
thus has only been applied to ∼ 30 AGNs over roughly

the last decade (e.g., Bentz et al. 2009; Denney et al.

2009, 2010; Barth et al. 2011a,b; Grier et al. 2013; Du
et al. 2016; Pei et al. 2017; De Rosa et al. 2018; Du

et al. 2018; Li et al. 2021; Feng et al. 2021). Nonethe-
less, information regarding the BLR collected from these

campaigns is not straightforward, as the BLR structure

and kinematics are embedded in the so-called transfer

function.

The transfer function describes the time-delay distri-

bution across a broad emission line as a function of line-
of-sight velocity (Horne 1994; Skielboe et al. 2015). In

other words, the transfer function can be thought of as
a map from the AGN stochastic continuum variations
to the emission-line response at some line-of-sight veloc-

ity vz, after some time delay τ , (Peterson 1993), and is

expressed as

L(vz, t) =

∫ ∞

−∞

Ψ(vz, τ) C(t− τ) dτ, (1)

where L(vz, t) is the emission-line luminosity at line-of-
sight velocity vz at observed time t, C(t) is the AGN

continuum light curve, and Ψ(vz, τ) is the transfer func-

tion. Because the shape of the transfer function depends

on the structure and kinematics of the BLR (Horne et al.
2004), one can theoretically use the transfer function

to constrain the BLR geometry. In practice, however,

interpretation of a transfer function is nontrivial since

different geometries can produce similar features.

As an alternative analysis, one can instead use the

methods introduced by Pancoast et al. (2011, hereafter

P11) to explore and constrain a phenomenological de-
scription of the BLR that is consistent with the rever-

beration mapping dataset. In this approach, using the
Code for AGN Reverberation and Modeling of Emis-
sion Lines (caramel), the BLR emissivity is described

in simple but flexible terms, allowing one to capture the
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key features expressed in the data in a statistically rigor-
ous way. The posterior probability distribution function

of parameters describing the geometry and kinematics of

the line emissivity are derived through a diffusive nested

sampling process. The parameter uncertainties account

for the inevitable modeling approximation as described

by Pancoast et al. (2011, 2014) and briefly summarized
in this paper.

This phenomenological model allows us to learn more

about the BLR and has been applied to the low-

ionization Hβ-emitting BLR of a total of 18 AGNs

— five from the Lick AGN Monitoring Project 2008

(LAMP 2008; Pancoast et al. 2014, hereafter P14), four

from a 2010 AGN monitoring campaign at MDM Obser-
vatory (AGN10; Grier et al. 2017, hereafter G17), seven

from the Lick AGN Monitoring Project 2011 (LAMP

2011; Williams et al. 2018, hereafter W18), one from

the Space Telescope and Optical Reverberation Map-

ping Project (AGNSTORM; Williams et al. 2020, here-

after W20)1, and one from a monitoring campaign at

Siding Spring Observatory (SSO; Bentz et al. 2021, here-
after B21). These analyses found that the Hβ-emitting

BLR is best described by a thick disk at a low to mod-

erate inclination to our line of sight with near-circular

Keplerian orbits and a contribution of inflow (with some

outflow found by W18).

In an attempt to gain further insight on the Hβ-
emitting BLR structure and kinematics, we have ex-

panded the sample of dynamically modeled AGNs from

18 to 27 by analyzing velocity-resolved reverberation

mapping data for nine AGNs from the Lick AGN Mon-

itoring Project 2016 campaign (LAMP 2016; U et al.
2022). This paper is organized as follows. We de-

scribe our photometric and spectroscopic campaigns and
briefly summarize the BLR model from P11 in Section 2.

Section 3 presents the caramel BLR structure and

kinematics of the nine LAMP 2016 sources modeled.

With these results, we compare our model kinematics

to those inferred by U et al. (2022) using traditional
velocity-delay maps in Section 4. Finally, we combine

our results with previous studies to create an extended

sample that covers more than two decades in luminos-

ity, and investigate luminosity-dependent trends and

line-profile shape, e.g., log10(FWHM/σ), dependence on

1 NGC 5548 was previously modeled using data from the LAMP
2008 campaign. Modeling data from the AGNSTORM campaign
yields the same black hole mass but different geometry of the
BLR. This is not surprising, as different aspects of the BLR (lu-
minosity and average size, for example) are known to vary over
timescales of a few years (see, e.g., De Rosa et al. 2015; Pancoast
et al. 2018; Kara et al. 2021). It is thus interesting to include the
results of both campaigns in our analysis.

BLR structure and kinematics. We summarize our main
conclusions in Section 5.

Throughout the paper, we have adopted H0 =

67.8 km s−1 Mpc−1, Ωm = 0.308, and Ωvac = 0.692

(Planck Collaboration et al. 2016).

2. DATA AND METHODS

2.1. Photometric and Spectroscopic Data

A detailed description of the photometric and spectro-

scopic monitoring data is provided by U et al. (2022). In

summary, V -band photometric monitoring was carried

out from February 2016 to May 2017 using a network of

telescopes around the world, including the 0.76m Katz-

man Automatic Imaging Telescope (KAIT; Filippenko

et al. 2001) and the Nickel telescope at Lick Obser-

vatory on Mount Hamilton east of San Jose, Califor-

nia; the Las Cumbres Observatories Global Telescope

(LCOGT) network (Brown et al. 2013; Boroson et al.

2014); the Liverpool Telescope at the Observatorio del
Roque de Los Muchachos on the Canary island of La

Palma, Spain (Steele et al. 2004); the 1m Illinois Tele-
scope at Mount Laguna Observatory (MLO) in the La-

guna Mountains east of San Diego, California; the San

Pedro Mártir Observatory (SPM) 0.84m telescope at the

Observatory Astronómico Nacional located in Baja Cali-

fornia, México; the Fred Lawrence Whipple Observatory

1.2m telescope on Mount Hopkins, Arizona; and the

0.9m West Mountain Observatory (WMO) Telescope at
the southern end of Utah Lake in Utah. Spectroscopic
monitoring was carried out with the Kast double spec-
trograph on the 3m Shane telescope at Lick Observatory

from 28 April 2016 to 6 May 2017; originally allocated

100 nights, a substantial fraction (∼ 30%) were unfor-
tunately lost owing to poor weather. The total number

of epochs for each object analyzed in this work can be
found in Table 1.

In total, 21 AGNs were observed during the campaign.

Of those, nine had sufficient quality and continuum/Hβ

variability for the analysis conducted in this paper. The
reader is referred to U et al. (2022) for the full list of

AGNs observed during this campaign.

To model the broad Hβ emission line, we must dis-

entangle it from other features in the AGN spectrum,

such as the He I, He II, Fe II, and [O III] emission lines,

the AGN continuum, and starlight. Our team isolates

contributions of individual emission lines and contin-

uum components within the vicinity of the Hβ emission

line by fitting a multicomponent model to each night’s

spectrum (see Figure 1). A summary of the procedure,

adopted from Barth et al. (2015) and used on the LAMP

2016 sample, is given by U et al. (2022).



4 Villafaña et al.

Table 1. AGN Observation Properties

Galaxy Alt. Name Redshift Monitoring Period Nspec S/N Nphot

(UT)

PG 2209+184 II Zw 171 0.07000 20160501−20161231 40 32 9

RBS 1917 2MASX J22563642+0525167 0.06600 20160601−20161231 32 39 9

MCG +04-22-042 0.03235 20160501−20170501 34 54 7

NPM1G+27.0587 2MASX J18530389+2750275 0.06200 20160501−20161203 38 55 7

Mrk 1392 1505 + 0342 0.03614 20160501−20170501 39 55 10

RBS 1303 CGS R14.01 0.04179 20160501−20170501 22 67 5

Mrk 1048 NGC 985, VV 285 0.04314 20160808−20170216 27 88 5

RXJ 2044.0+2833 0.05000 20160501−20161231 46 58 9

Mrk 841 J15040+1026 0.03642 20160501−20170501 45 77 11

Note—Observing information for the AGNs modeled in this work. The redshifts are from U et al. (2022). Nspec

represents the total number of spectroscopic observations for each source. S/N represents the median signal-to-noise
ratio per pixel in the Hβ spectrum in the continuum at (5100 − 5200) (1 + z) Å. Nphot represents the number of
photometric nights for each source.

2.2. BLR Model

We model the Hβ-emitting BLR of each source us-

ing caramel, a phenomenological modeling code de-

scribed in detail by P11 and P14. caramel models
the BLR emission by sampling it with a distribution of
test point particles surrounding the black hole located at

the origin. Gravity is assumed to be the dominant force

(i.e., radiation pressure is neglected). When ionizing

light emitted from the central black hole reaches a par-

ticle, the particle instantaneously re-emits an emission

line and the caramel model free parameters determine
whether the re-emission is isotropic. The spatial distri-

bution of the particles determines the associated time

delay, while the line-of-sight velocity distribution deter-

mines the shape of the broad emission line profile. The

spatial and velocity distributions of the point particles

are constrained by a number of model parameters de-
scribed by P11 and P14. Here we summarize some of

the main parameters.

2.2.1. Geometry

The spatial distribution of particles is described by an-
gular and radial components. The radial distribution is

drawn from a gamma distribution with shape parameter

β and mean µ that has been shifted from the origin by a

minimum radius rmin. Spherical symmetry is broken by

introducing an opening-angle parameter, θo, which can

be interpreted as disk thickness with θo → 0◦ describ-

ing a razor-thin disk and θo → 90◦ describing a sphere.
Inclination to the observer’s line of sight is set by an

inclination angle θi, with θi = 0◦ representing a face-on

view and θi = 90◦ representing an edge-on view. Three

additional parameters (γ, ξ, and κ) allow for further

asymmetry.

The extent to which the emission is concentrated near

the outer edges of the BLR is then determined by γ,

which ranges in values from 1 to 2. A uniform distribu-

tion throughout the disk is described by γ → 1 and a

clustered distribution at the outer edges of the BLR disk

is described by γ → 2. The parameter ξ permits obscu-

ration along the midplane of the disk, with ξ → 0 inter-

preted as a fully obscured (opaque) midplane and ξ = 1

as a fully transparent midplane (i.e., no obscuration).

The parameter κ is related to the relative brightness of
each particle and controls how the continuum flux is ra-

diated toward the observer as emission-line flux. While
κ = 0 represents isotropic emission, κ = −0.5 repre-

sents preferential emission toward the origin (back to-
ward the ionizing source) and κ = 0.5 represents prefer-

ential emission away from the origin (and away from the
ionizing source). An observer viewing from +∞ along

the x -axis would view the first as preferential emission

from the far side of the BLR, and the latter as preferen-
tial emission from the near side of the BLR. Preferential
emission from the far side of the BLR can be interpreted

as a result of self-shielding particles or obscuration (of

the near-side BLR) by the torus, causing the BLR gas to

appear to only re-emit back toward the ionizing source.

Preferential emission from the near side might be due to

an obstructed view of the far side of the BLR.

2.2.2. Dynamics

Following the construction of the spatial distribution

of particles, the BLR kinematics are then determined
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an input continuum light curve that can also be sampled
at arbitrary times. To do this, we model the AGN con-

tinuum using Gaussian processes. This allows us to both

interpolate between photometric measurements and ex-

trapolate beyond the monitoring campaign, as well as

propagate the associated uncertainties into the determi-

nation of the BLR model parameters. By combining the
modelled continuum light curve with the BLR model pa-
rameters, a broad emission line profile can be produced

for each spectroscopic epoch observed during the moni-

toring campaign.

This last step requires the application of a smoothing
parameter to account for minor differences in spectral

resolution throughout the observational campaign, due
to variable seeing conditions, for example. We assume
that the narrow [O III] emission line remains intrinsically

constant throughout our monitoring campaign and use
it to calibrate the smoothing parameter by comparing its
measured width to its width taken from Whittle (1992).

We then use this smoothing parameter to blur the mod-
eled spectrum and combine with the modeled particle
dynamics to produce the Hβ emission-line profile.

Once the model emission-line profile is produced, we

use a Gaussian likelihood function to compare the re-
sulting spectra with the observed spectra, and adjust
the BLR model parameters accordingly. We explore

the model parameter space using dnest4 (Brewer et al.
2011), a diffusive nested sampling code that allows one

to apply a likelihood softening parameter post-analysis.

This parameter is a statistical “temperature,” T , which

allows us to account for systematic uncertainty by in-

creasing measurement uncertainty, as well as account

for our simple model’s inability to capture all the real

details. We select a value for T that avoids overfitting
while still achieving the highest levels of likelihood.

2.2.4. Model Limitations

Before proceeding onto the discussion of our results,

we would like to reiterate that caramel models the
BLR emission, rather than the underlying BLR gas dis-

tribution producing the emission lines. Our model does

not include photoionization processes. Doing so would

require additional assumptions about the gas density,

temperature, metallicity distribution, and the relation

between the observed V -band continuum and the ioniz-

ing spectrum. Therefore, the interpretation of the model

parameters discussed below in Section 3 is a reflection

of the Hβ BLR emission, rather than the underlying gas

producing the emission lines.

Additionally, our model is currently set up to only

account for gravitational effects from the central BH

and does not take into account the effects of radi-
ation pressure. This is important to keep in mind
when interpreting model results for high Eddington ratio

AGNs. We note that the sources modeled in this work

have moderate luminosities, with extinction-corrected

log[λLλ(5100Å)/L⊙] ≈ 43.5–43.9 (U et al. 2022). The

precise Eddington ratio is difficult to determine, how-

ever, since bolometric correction factors may depend on

the true Eddington ratio and other parameters. For the

purposes of this work, we remain consistent in our calcu-

lations and apply the same bolometric correction factor

as our prior studies (P14; G17; W18). Within our ex-
tended sample, we find that the Eddington ratio of the

LAMP 2016 sources can also be considered moderate
when compared to prior studies (e.g., G17), but find

this model limitation worth noting as neglecting radia-

tion pressure can potentially lead to biased results for

sources with high Eddington ratio.

For further discussion of model limitations and the
model improvements that are currently underway, the

reader is referred to Raimundo et al. (2020).

2.3. Searching for Trends with BLR Structure and

Kinematics

In addition to learning more about the Hβ-emitting

BLR, a primary goal of this program is to investi-

gate the existence of any systematic trends in AGN

BLR structure and kinematics. This is part our team’s

long-standing goal to gain insight on the nature of the

BLR through our dynamic modeling approach, and ulti-

mately improve BH mass estimators (see Villafaña et al.
In Preparation, for the latter). In this work, we specif-

ically search for luminosity-dependent and line-profile
shape dependency on BLR structure/dynamics.

We use the idl routine linmix err (Kelly 2007) to
perform a Bayesian linear regression in order to ac-

count for correlated measurement uncertainties. Doing

so allows us to analyze the actual intrinsic correlation

with any two parameters without worrying about a false
increase due to correlated measurement uncertainties.
This is especially important for our search for correla-

tions with scale factor since individual scale factors are

determined using our model black hole mass estimate,

and therefore its uncertainties are connected to uncer-

tainties in other model parameters.

To quantify the strength of any correlation, we com-
pare the median fit slope to the 1σ uncertainty in the

slope and determine our level of confidence using the fol-

lowing intervals we have defined previously (W18). We

classify 0–2σ as no evidence, 2–3σ as marginal evidence,

3–5σ as evidence, and > 5σ as conclusive evidence.
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Table 2. BLR Model Parameter Values

Parameter PG 2209 + 184 RBS 1917 MCG+ 04− 22− 042 NPM1G+ 27.0587 Mrk 1392 RBS 1303 Mrk 1048 RXJ 2044.0 + 2833 Mrk 841

log10(Mbh/M⊙) 7.53+0.19
−0.20 7.04+0.23

−0.35 7.59+0.42
−0.28 7.64+0.40

−0.36 8.16+0.11
−0.13 6.79+0.19

−0.11 7.79+0.44
−0.48 7.09+0.17

−0.17 7.62+0.50
−0.30

rmean (light-days) 16.27+1.00
−0.95 9.3+1.4

−1.6 9.94+1.20
−0.98 12.2+4.3

−3.5 56.0+12.0
−7.2 12.9+1.3

−1.2 14.2+7.8
−7.6 35.7+7.8

−6.3 14.1+7.1
−4.4

rmedian (light-days) 15.2+1.1
−1.0 5.0+1.3

−1.1 6.24+1.01
−0.87 7.2+2.8

−2.0 51.6+12.2
−8.6 10.1+1.3

−1.2 11.3+7.3
−6.2 28.3+7.5

−5.4 10.6+5.6
−3.4

rmin (light-days) 2.8+1.4
−1.6 1.42+0.39

−0.40 1.05+0.65
−0.58 2.69+1.6

−0.95 41+11
−12 0.25+0.24

−0.18 3.3+3.0
−2.1 4.2+1.5

−1.1 2.0+1.8
−1.1

σr (light-days) 22+12
−8 27+25

−12 21.5+35.3
−9.7 22.0+18

−9.2 31+54
−18 13.6+3.8

−2.3 14.1+22
−8.7 55+45

−17 14.7+15
−5.8

τmean (days) 15.75+0.74
−0.77 9.0+1.9

−1.7 9.17+0.95
−0.81 10.7+3.1

−2.8 38.7+4.6
−4.2 13.7+1.3

−1.3 11.5+6.6
−6.0 30.2+4.8

−5.3 13.5+4.6
−3.8

τmedian (days) 12.95+0.87
−0.88 4.6+1.2

−1.2 5.58+0.81
−0.70 6.0+2.0

−1.6 34.8+4.6
−4.6 9.8+1.2

−1.1 8.2+6.2
−4.5 18.8+3.5

−3.9 8.9+3.3
−2.5

β 0.88+0.14
−0.15 1.63+0.13

−0.16 1.40+0.20
−0.19 1.54+0.13

−0.13 1.29+0.51
−0.74 0.94+0.07

−0.07 1.12+0.28
−0.28 1.12+0.08

−0.08 1.08+0.18
−0.16

θo (degrees) 29.1+11.0
−8.4 25.1+9.2

−7.5 13.6+6.9
−4.9 18+11

−9.1 41.2+5.3
−4.8 34.0+8.9

−10 31+14
−10.0 51+15

−12 41+11
−11

θi (degrees) 30.2+8.7
−6.9 20.2+9.9

−3.9 11.3+5.8
−5.0 19+11

−8.5 25.5+3.4
−2.8 29.1+7.7

−9.0 21.5+9.4
−9.4 42.5+9.6

−8.4 30+11
−15

κ −0.09+0.12
−0.15 −0.29+0.35

−0.14 −0.14+0.44
−0.27 −0.14+0.40

−0.25 0.26+0.18
−0.25 −0.48+0.05

−0.01 0.10+0.28
−0.38 −0.20+0.33

−0.19 −0.23+0.43
−0.14

γ 1.40+0.38
−0.28 1.48+0.32

−0.32 1.65+0.26
−0.36 1.39+0.38

−0.27 1.53+0.32
−0.33 1.85+0.11

−0.21 1.47+0.33
−0.32 1.37+0.44

−0.29 1.41+0.42
−0.29

ξ 0.73+0.16
−0.18 0.68+0.25

−0.35 0.43+0.35
−0.26 0.11+0.37

−0.09 0.25+0.28
−0.18 0.60+0.22

−0.16 0.30+0.42
−0.20 0.17+0.28

−0.12 0.68+0.23
−0.41

fellip 0.54+0.10
−0.15 0.59+0.14

−0.17 0.39+0.21
−0.18 0.44+0.19

−0.18 0.81+0.04
−0.06 0.18+0.17

−0.11 0.73+0.09
−0.13 0.41+0.32

−0.29 0.33+0.24
−0.22

fflow 0.24+0.17
−0.16 0.59+0.28

−0.39 0.27+0.18
−0.19 0.26+0.18

−0.19 0.74+0.18
−0.18 0.75+0.17

−0.19 0.74+0.18
−0.19 0.22+0.19

−0.15 0.45+0.36
−0.29

θe (degrees) 24+23
−16 20+21

−15 19+20
−13 36+35

−24 25+14
−15 8.3+8.8

−5.8 15+15
−10 34+32

−21 51+20
−27

In.−Out. −0.40+0.09
−0.09 0.24+0.21

−0.63 −0.55+0.27
−0.17 −0.41+0.25

−0.18 0.16+0.05
−0.03 0.80+0.11

−0.18 0.24+0.11
−0.09 −0.37+0.17

−0.23 −0.33+0.55
−0.31

σturb 0.01+0.05
−0.01 0.01+0.04

−0.01 0.01+0.02
−0.00 0.01+0.05

−0.01 0.01+0.04
−0.01 0.01+0.02

−0.00 0.01+0.04
−0.01 0.01+0.03

−0.01 0.01+0.05
−0.01

Note—Median values and 68% confidence intervals for BLR model parameters. Note that rout is a fixed parameter, so we do
not include uncertainties.
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3. RESULTS

Of the 21 sources from our full sample, U et al. (2022)

determine 16 sources to have reliable time lags. Of those

16, nine have sufficient data quality/variability to model

using caramel. To verify that our model fits the data,

we compare our continuum light curve, the Hβ line pro-

file shape from a randomly selected night, and the re-

sultant modeled integrated Hβ emission line to those

observed.

We exclude results for three additional sources whose

models were determined to only fit the data with mod-

erate quality. We note, however, that although we chose

not to include these results in our extended sample with

prior studies, including these sources does not signif-

icantly change any findings presented in this work or

that of Villafaña et al. (In Preparation). We include the

caramel results in Appendix 5 for readers who may

still be interested in our model description of these three
sources.

Here we present the details for the nine sources de-
termined to have good model fits (Figures 3–11). An

overview of model parameter estimates is provided in
Table 2. Overall, the Hβ-emitting BLR is best described

as a thick disk observed at low to moderate inclination
angles with diverse kinematics, as depicted in Figure 2.

We find black hole mass estimates that are consistent

(within at least ∼ 3σ) with velocity-resolved reverbera-

tion mapping estimates determined by U et al. (2022),

using a value of log10(frms,σ)= 0.65 for the virial coeffi-

cient.

3.1. PG 2209+184

Our model finds a BLR mean radius of rmedian =

15.2+1.1
−1.0 light-days and corresponding mean lag of

τmedian = 12.95+0.87
−0.88 light-days. The opening and in-

clination angles are θo = 29.1+11.0
−8.4 degrees and θi =

30.2+8.7
−6.9 degrees, respectively, indicating a thick-disk

structure slightly inclined toward the observer. Our

model finds a strong preference for a transparent mid-

plane (ξ = 0.73+0.16
−0.18), but is unable to constrain whether

Hβ emission is isotropic/concentrated at the edges (γ =

1.40+0.38
−0.28) nor whether emission from the far/near sides

of the BLR is preferred (κ = −0.09+0.12
−0.15). Dynamically,

54% of particles have nearly circular orbits (fellip =

0.54+0.10
−0.15) while the rest are on inflowing (fflow =

0.24+0.17
−0.16) orbits with velocities drawn from a distri-

bution with center rotated θe = 24+23
−16 degrees from

escape velocity toward the circular velocity. Macro-

turbulent velocities are found to be insignificant with
σturb = 0.01+0.05

−0.01. Finally, we find a black hole mass of

log10(Mbh/M⊙) = 7.53+0.19
−0.20, which is consistent within

our uncertainties with the velocity-resolved reverbera-

tion mapping estimate of log10(Mbh/M⊙) = 7.46+0.1
−0.12

found by U et al. (2022).

3.2. RBS 1917

Geometrically, our model predicts a BLR that is a rel-

atively thick disk (θo = 25.1+9.2
−7.5 degrees) inclined θi =

20.2+9.9
−3.9 degrees toward the observer, with a median ra-

dius of rmedian = 5.0+1.3
−1.1 light-days corresponding to

an average time delay of τmedian = 4.6+1.2
−1.2 light-days.

There is a slight preference for preferential Hβ emission

from the far side of the BLR (with κ = −0.29+0.35
−0.14)

and a transparent BLR midplane (ξ = 0.68+0.25
−0.35). Our

model is unable to constrain, however, whether emis-
sion is uniformly emitted or concentrated at the edges
(γ =1.48+0.32

−0.32). Dynamically, 59% of particles remain on

circular bounded orbits (fellip =0.59+0.14
−0.17), and the re-

maining ∼ 40% of particles exhibit outflowing (fflow =

0.59+0.28
−0.39) behavior with velocities rotated θe = 20+21

−15

degrees from the radial outflowing escape velocity to-

ward a circular velocity. Additionally, the contribution

from macroturbulent velocities is small with σturb =

0.01+0.04
−0.01. Finally, our model estimates a black hole

mass of log10(Mbh/M⊙) = 7.04+0.23
−0.35, which is consis-

tent within our uncertainties with the velocity-resolved

reverberation mapping estimate of log10(Mbh/M⊙) =

7.15+0.15
−0.25, found by U et al. (2022).

3.3. MCG +04-22-042

We find the Hβ-emitting BLR of MCG +04-22-042

to be best described by a slightly thick disk (θo =

13.6+6.9
−4.9 degrees) inclined θi = 11.3+5.8

−5.0 degrees to-

ward the observer and median BLR radius of rmedian =

6.24+1.01
−0.87 light-days. Our model finds a preference for

concentrated emission at the edges of the BLR (γ =
1.65+0.26

−0.36) but is unable to constrain the transparency
of the BLR midplane (ξ = 0.43+0.35

−0.26) or whether emis-

sion from the far/near side of the BLR is preferred (κ =

−0.14+0.44
−0.27). Dynamically, our model finds a prefer-

ence for 40% of particles having nearly circular orbits
(fellip = 0.39+0.21

−0.18) with the remaining particles having

velocities drawn from a distribution with center rotated
θe = 19+20

−13 degrees from inflowing (fflow = 0.27+0.18
−0.19)

escape velocity toward the circular velocity. The con-

tribution from macroturbulent velocities is small, with

σturb = 0.01+0.02
−0.00. Finally, we find a black hole mass of

log10(Mbh/M⊙) = 7.59+0.42
−0.28, which is consistent within

our 1.5σ uncertainty with the U et al. (2022) value of

log10(Mbh/M⊙) = 7.18+0.10
−0.10.

3.4. NPM1G+27.0587

The data best fit a moderately thick disk (θo = 18+11
−9.1)

Hβ-emitting BLR, viewed at an inclination of θi =
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Figure 12. PG 2209+184 transfer function produced using
median model parameter estimates. See Figure 13 caption
for panel descriptions.

from the center on the blue side). This example again
emphasizes the difficulty in interpreting qualitatively the

information embedded in velocity-resolved velocity de-
lay maps and highlights a benefit of our quantitative
forward modelling approach.

4.2. Luminosity-Dependent Trends

Prior reverberation mapping studies searched for

potential patterns in the velocity fields of the ion-
ized Hβ-emitting regions. Using inferred kinematics

from velocity-delay maps, Du et al. (2016) investigated

whether any trends existed for super-Eddington accret-

ing AGNs, since their stronger radiation pressure could

induce pressure-driven winds and BLR outflow. With a

small sample size, Du et al. (2016) concluded that BLR

kinematics were diverse for super-Eddington accretion
rate AGNs.

Although a similar trend seemed apparent with the

modeled sources of the LAMP 2016 sample (as seen in
the diversity of kinematics in Figure 2), we increase the

statistical power of our investigation by combining our

sample with those from P14, G17, W18, W20, and B21.

In particular, we search for correlations between BLR in-
clination, opening angle (disk thickness), and kinemat-
ics (outflow/inflow/symmetric behavior) with luminos-

ity. We expect such trends to arise for example as a
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Figure 13. NPM1G+27.0587 transfer function produced
using median model parameter estimates. The right-hand
panel shows the velocity-integrated transfer function and the
bottom panel shows the average time lag for each velocity
pixel.

result of radiation pressure driven winds or by variation

due to overall accretion rate.
We use both optical luminosity at 5100 Å and the Ed-

dington ratio.2 The linear regression results are plotted
in Figure 21 and the regression fit values are found in

Table 3. With our combined sample, we do not find

any significant luminosity-dependent trends; we do not

find higher accretion rates to correlate with BLR out-

flow behavior and come to the same conclusion as Du

et al. (2015), that AGNs have diverse BLR geometry
and kinematics. A possible interpretation of this di-

versity is that BLR geometry and kinematics experi-

ence “weather-like” changes and cycle through a range

of states on timescales of order a year or less (see, e.g.,

De Rosa et al. 2015; Pancoast et al. 2018; Kara et al.
2021).

4.3. Line Profile Shape Dependence on BLR Structure

and Kinematics

2 We use a bolometric correction factor of nine, but would like
to note that this only serves as a rough approximation and the
actual bolometric correction factor may depend on Eddington
ratio or other parameters.
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Table 3. Linear regression results for luminosity dependent trends

Luminosity θo (deg.) θi (deg.) In.−Out.

log10(L5100/10
43 erg s−1)

α 28.1 ± 2.9 23.9 ± 2.2 −0.02 ± 0.13

β 3.04 ± 4.7 2.3 ± 3.5 −0.15 ± 0.2

σint 10 ± 56 6.9 ± 34 0.59 ± 0.13

log10(Lbol/LEdd)

α 34.0 ± 7.8 28.7 ± 5.9 −0.33 ± 0.34

β 4.0 ± 5.4 3.2 ± 4.1 −0.2 ± 0.24

σint 10 ± 53 7 ± 30 0.57 ± 0.12

Note—Linear regression results for optical L5100 luminosity and Eddington ratio vs. BLR pa-
rameters using both the mean and rms spectrum. The parameter α represents the constant
in the regression and β represents the slope of the regression, while σint represents the stan-
dard deviation of the intrinsic scatter. The corresponding relationship is therefore given by
parameter = α+ β × log10(luminosity) +N (0, σint).
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Figure 14. RBS 1917 transfer function produced using me-
dian model parameter estimates. See Figure 13 caption for
panel descriptions.

As suggested by Collin et al. (2006), the ratio of the

full width at half-maximum intensity (FWHM) of the

line to the dispersion σline (i.e., the second moment of
the line) may serve as a tracer for the physical param-

eters of the inner regions of an AGN. Since we expect
BLR structure and dynamics to play a role in determin-
ing the line-profile shape, we might also expect to find
correlations with AGN/BLR parameters.
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Figure 15. MCG +04-22-042 transfer function produced
using median model parameter estimates. See Figure 13 cap-
tion for panel descriptions.

For reference, log10(FWHM/σ) ≈ 0.37 corresponds

to a Gaussian-shaped line profile. Greater values cor-

respond to a flat-topped shape while values less than

0.37 correspond to a narrower line profile shape with ex-

tended wings similar to a Lorentzian profile. We search
for correlations between the line-profile shape with the
following parameters: black hole mass log10(Mbh/M⊙),

BLR inclination angle θi, BLR opening angle, i.e. disk

thickness, θo, and Eddington ratio Lbol/LEdd, using
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Figure 16. Mrk 1392 transfer function produced using me-
dian model parameter estimates. See Figure 13 caption for
panel descriptions.
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Figure 17. RBS 1303 transfer function produced using me-
dian model parameter estimates. See Figure 13 caption for
panel descriptions.
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Figure 18. Mrk 1048 transfer function produced using me-
dian model parameter estimates. See Figure 13 caption for
panel descriptions.
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Figure 19. RXJ 2044.0+2833 transfer function produced
using median model parameter estimates. See Figure 13 cap-
tion for panel descriptions.
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Figure 20. Mrk 841 transfer function produced using me-
dian model parameter estimates. See Figure 13 caption for
panel descriptions.

both the mean and root-mean-square (rms) spectrum.
The linear regression results are shown in Figure 22 with

corresponding values found in Table 4.
Although there appears to be an apparent correlation

with black hole mass, using the levels of confidence we

have defined in Section 2.3, we do not find it to be sig-

nificant. A correlation with black hole mass would be

expected if the size of the black hole somehow plays a

role in the BLR structure and kinematics. Given the

apparent correlation (see left most panels in Figure 22),
a larger sample size with future studies may help further
investigate the existence of such a correlation.

A correlation betweeen line-profile shape given by

log(FWHM/σ) and BLR inclination has been suggested

in the past by Collin et al. (2006) and Goad et al. (2012),
but has been difficult to confirm since BLR inclination

is generally not a direct observable. It is worth noting
prior BLR-radio jet inclination studies in which orienta-
tion of the radio jet has been shown to be linked to the

BLR (e.g., Jorstad et al. 2005; Agudo et al. 2012), how-

ever, these measurements are limited and do not exist
for the entire sample of reverberation mapped sources.

We take advantage of the inclination estimates provided
by our method to revisit the issue and do not find sig-

nificant evidence of a correlation.3 We also do not find
any correlation with disk thickness, θo.

We do, however, find marginal (2.7σ) evidence for an

anticorrelation between line-profile shape and Edding-

ton ratio (when using the rms spectrum), which has also

previously been suggested. Collin et al. (2006) found

a similar correlation but cautioned that the Eddington
rates were overestimated since the optical luminosity
had not been corrected for host-galaxy starlight. Us-
ing host-galaxy starlight corrected optical luminosities

from U et al. (2022), we find the observed anticorrela-

tion to be stronger (2.7σ) when using the rms spectrum
than when using the mean spectrum (2σ). This anti-

correlation may suggest that the accretion rate plays
a role in the BLR structure and kinematics, which in
turn determines the line-profile shape. This is plausible

if BLR geometry and kinematics depend on accretion

rate.

Alternatively, it is also possible that the anti-
correlation with Eddington ratio is merely a by-product

of the apparent but not statistically significant (1.3σ
as defined by our confidence intervals) correlation be-

tween line profile shape and black hole mass, since

LBol/LEdd ∝ 1/MBH . Followup work (Villafaña et al.

In Preparation) will extend the analysis in this work
and examine correlations between scale factor andMBH ,

LBol/LEdd, as well as FWHM/σ. The additional in-
vestigation of correlations with scale factor will allow

us to further explore the relationship between the Hβ-
emitting BLR and black hole mass/Eddington ratio, and

their possible interpretations.

5. CONCLUSIONS

We have applied forward modeling techniques to a
sample of nine AGNs from the LAMP 2016 reverbera-

tion mapping campaign, increasing the number of dy-

namically modeled sources by nearly 50%. We con-

strained the geometry and dynamics of the Hβ-emitting

BLR and combined our results with previous studies
(P14, G17, W18, W20, and B21) to investigate the ex-

istence of any trends in BLR structure and kinematics.

Our main results are as follows.

(i) Overall, we find the Hβ-emitting BLR of the
LAMP 2016 sources to be best described by a thick

3 For readers who may recall that W18 found marginal evidence
for a correlation between scale factor and BLR inclination, we
would like to reiterate that the lack of correlation found here
is between BLR inclination and line-profile shape. For followup
work regarding correlations between scale factor and AGN/BLR
parameters using our newly extended sample, the reader is re-
ferred to Villafaña et al. (In Preparation).
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Table 5. BLR Model Parameter Values

Parameter Ark 120 Mrk 110 Mrk 9

log10(Mbh/M⊙) 8.26+0.12
−0.17 7.17+0.67

−0.26 7.09+0.22
−0.23

rmean (light-days) 19.2+2.6
−2.2 17.6+1.6

−1.5 11.8+3.6
−2.7

rmedian (light-days) 17.9+2.1
−2.4 13.9+2.0

−1.8 8.0+2.8
−1.9

rmin (light-days) 1.16+1.4
−0.89 1.22+0.40

−0.44 2.21+0.81
−0.67

σr (light-days) 36+47
−21 47+13

−14 36+152
−18

τmean (days) 12.8+1.4
−1.3 18.8+2.0

−1.90 10.1+2.3
−2.2

τmedian (days) 11+1.5
−1.9 13.7+1.9

−1.8 5.6+1.5
−1.5

β 0.89+0.09
−0.10 1.20+0.09

−0.09 1.44+0.12
−0.15

θo (degrees) 32.0+7.1
−8.1 27+16

−13 45+17
−17

θi (degrees) 13.6+3.5
−3.2 19.9+9.6

−11 42+12
−15

κ 0.26+0.18
−0.22 −0.41+0.42

−0.06 0.02+0.11
−0.11

γ 1.73+0.20
−0.55 1.59+0.29

−0.36 1.56+0.29
−0.33

ξ 0.02+0.04
−0.01 0.88+0.09

−0.19 0.52+0.21
−0.20

fellip 0.14+0.02
−0.03 0.60+0.15

−0.20 0.12+0.17
−0.08

fflow 0.25+0.17
−0.17 0.66+0.22

−0.39 0.27+0.20
−0.18

θe (degrees) 7.2+6.5
−4.8 13.7+15.5

−9.9 45+15
−28

In.−Out. −0.85+0.02
−0.03 0.30+0.21

−0.63 −0.59+0.23
−0.20

σturb 0.01+0.02
−0.00 0.01+0.04

−0.01 0.01+0.04
−0.01

Note—Median values and 68% confidence intervals for BLR model pa-
rameters for three sources modeled but excluded from this work owing
to moderate model fits.

Geometrically, the BLR is modeled as a thick disk

(θo = 32.0+7.1
−8.1 degrees) inclined θi = 13.6+3.5

−3.2 degrees to-

ward an observer with a median BLR radius of rmedian =
17.9+2.1

−2.4 light-days. The data best fit a mostly opaque

BLR midplane with ξ = 0.02+0.04
−0.01, slight preferrential

emission from the near side of the BLR (κ = 0.26+0.18
−0.22),

and slightly concentrated emission at the edges (γ =
1.73+0.20

−0.55). Dynamically, our model suggests that ∼ 14%

of particles have nearly circular orbits with (fellip) =
0.14+0.02

−0.03, with the remaining particles having veloci-

ties drawn from a Gaussian vr − vφ distribution rotated

θe = 7.2+6.5
−4.8 degrees from radially inflowing (fflow =

0.25+0.17
−0.17) escape velocity to circular velocity. The con-

tribution from macroturbulent velocities is small, with
σturb = 0.01+0.02

−0.00. Finally, we estimate a black hole mass

of log10(Mbh/M⊙) = 8.26+0.12
−0.17 that is consistent within

∼ 1.3σ with the estimate log10(Mbh/M⊙) = 7.86+0.14
−0.14

found by U et al. (2022), with their standard assump-

tion of virial coefficient log10(frms,σ)= 0.65.

B. Mrk 110

Our model was able to fit the large-scale variations in
the integrated Hβ emission line and shape of the line

profile very well, missing only some of the finer features

of the Hβ emission line core toward later epochs (see

panel 2 in Figure 26). We now draw attention to panel

4, which depicts the implementation of a large statistical

temperature in order to avoid overfitting, but results in

very low S/N of the Hβ emission-line profile. Given the

large uncertainty in the data (see panel 4) and thus in-

creased (systematic) uncertainty in our model estimates,

we decided to exclude the source from our analysis. This

increased uncertainty, however, is taken into account in

our model estimates which we describe below.

Our model finds that the BLR is best described

by a thick disk (θo = 27+16
−13 degrees) inclined θi =

19.9+9.6
−11 degrees toward the observer with a median ra-

dius of rmedian = 13.9+2.0
−1.8 light-days. The data favor

a transparent BLR midplane (ξ = 0.88+0.09
−0.19) and pref-

erential emission from the far side of the BLR (κ =

−0.41+0.42
−0.06). Our model is unable to constrain, how-

ever, whether emission is isotropic/concentrated at the

edges (γ = 1.59+0.29
−0.36). Dynamically, our model suggests

that over half of the particles have nearly circular or-

bits (fellip = 0.60+0.15
−0.20), with the remaining particles

having velocities drawn from a Gaussian distribution

in the vr − vφ distribution rotated θe = 13.7+15.5
−9.9 de-

grees from the radially outflowing (fflow = 0.66+0.22
−0.39)

escape velocity toward circular velocity. The contri-

bution from macroturbulent velocities is small, with
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