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ABSTRACT OF THE DISSERTATION

Probing the Surroundings of Supermassive Black Holes in Active Galaxies

by

Lizvette Villafaña

Doctor of Philosophy in Astronomy and Astrophysics

University of California, Los Angeles, 2024

Professor Tommaso L. Treu, Chair

It is believed that supermassive black holes (MBH ∼ 106M⊙ − 109M⊙) in the center of

galaxies are a vital component of galaxy evolution. This idea is driven by two observations:

(i) black hole (BH) masses are tightly correlated to host galaxy properties in local quiescent

galaxies, and (ii) BH accretion and star formation histories track one another closely. These

two observations suggest that the growth of accreting BHs is intimately connected to that

of their host galaxies. However, the origin and physical mechanism remains unknown and is

an active area of astrophysical research.

The goal of this dissertation is twofold: (i) characterize the structure and kinematics of the

broad emission line region (BLR) to better understand the central regions of accreting BHs

and (ii) improve the way BH mass measurements are calibrated across cosmic time. While

both goals aim to provide insight into the role BHs play in galaxy evolution, the latter is

most relevant for studies that probe the origin of the BH scaling relations via characterization

across redshift.

In this dissertation, I model the Hβ BLR of nine Active Galactic Nuclei (AGN) observed

ii



during the Lick AGN Monitoring Project (LAMP) 2016 reverberation mapping campaign

and investigate whether there are any luminosity-dependent trends in the structure and

kinematics of the Hβ BLR. Then, I combine the LAMP 2016 modeling results with pre-

vious LAMP reverberation mapping campaigns and search for a way to improve how BH

masses are calibrated across cosmic time. Finally, I expand on the initial development and

testing of caramel-gas, which aims to model the gas density field of the BLR to model

multiple emission lines simultaneously, e.g., Hα and Hβ, and learn about the surroundings

of active BHs. However, further testing and development of caramel-gas beyond the work

presented in this thesis is required before achieving this goal. Overall, future reverberation

mapping campaigns with sufficient data quality and variability are needed to confirm the

results presented in this thesis.
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in this work, and on the y-axis of each plot, we show the previously published

results found using caramel-light. From left to right: The uppermost panel

shows results for black hole mass, log(Mbh/M⊙), inclination angle, θi, and opening
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CHAPTER 1

Introduction

Astronomers first proposed the notion of supermassive black holes (MBH ∼ 106 − 109M⊙)

as early as the 1960s to explain the luminous centers of quasars and other active galactic

nuclei (AGN). However, the spatial resolution required to resolve the gravitational sphere of

influence of the central black hole (r ≡ GMBH/σ
2 ∼ 1− 100 pc) corresponds to an angular

resolution of 0.1” − 1” for nearby galaxies within distances of 1 − 20 Mpc (Kormendy &

Ho, 2013a). For this reason, it was not until the mid-late 1980s that dynamical evidence

for supermassive black holes first became available (Kormendy & Ho, 2013a, and reference

therein). Soon after the launch of the Hubble Space Telescope, its increased spectral angular

resolution enabled the discovery of the empirical relations between black hole (BH) mass and

host galaxy spheroid properties (often referred to as the local BH scaling relations). Studies

of the empirical BH scaling relations first received considerable attention after the discovery

of the M-sigma (MBH−σ∗) relation by both Ferrarese & Merritt (2000a) and Gebhardt et al.

(2000a). After accounting for measurement errors, both teams reported a tight correlation

between BH mass and stellar velocity dispersion consistent with zero intrinsic scatter. Al-

though the intrinsic scatter remains controversial, most studies agree the scatter is not larger

than 0.3 dex (Hirschmann et al., 2010).

The discovery of the MBH−σ∗ relation (see Figure 1.1 below) for local quiescent galaxies was

astonishing in the field of extragalactic astronomy because of the different scales involved.

While BH accretion occurs on µpc scales, the BH gravitational sphere of influence occurs on
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Figure 1.1 The tight correlation between black hole (BH) mass and stellar velocity dispersion
reported by Ferrarese & Merritt (2000a) and Gebhardt et al. (2000a) is often interpreted to
suggest a coevolution between BHs and their host galaxy. This figure corresponds to the
results reported by Ferrarese & Merritt (2000a).

pc scales, and the bulge/spheroid properties occur on kpc scales (Bennert et al., 2010). Tight

correlations between BH mass and other host galaxy properties, such as host galaxy stellar

luminosity (MBH−L∗) and stellar mass (MBH−M∗), were also observed more or less at the

same time as the discovery of the MBH−σ∗ relation (Marconi & Hunt, 2003). Together,

these relations form the BH scaling relations.

Given that the BH scaling relations were found for a random set of galaxies, the discovery

implied: (i) BHs must be ubiquitous in the center of galaxies, and (ii) the evolution of the
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BH must be coupled with that of the galactic bulge by some physical mechanism; the idea of

the “BH-host galaxy connection/coevolution” was born (for a review, see Kormendy & Ho,

2013b, and references therein).

In addition to the local BH scaling relations, similarities between the history of BH accretion

(i.e., BH mass growth) and star formation (i.e., galaxy stellar mass growth) are often cited

as evidence for the BH-galaxy coevolution picture. Both star formation and BH accretion

histories track each other closely (see Figure 1.2 below), peaking around z ∼ 1 − 2 and

then declining rapidly (e.g., Boyle & Terlevich, 1998; Madau & Dickinson, 2014; Aird et al.,

2015). Combined with the BH scaling relations, these observations suggest that the growth

of accreting BHs is intimately connected to that of their host galaxies. However, the origin

and physical mechanism behind the apparent BH-host galaxy connection remains unknown

and is an active area of astrophysical research.

One proposed mechanism, AGN feedback (Silk & Rees, 1998), has gained a considerable

amount of attention for its ability to simultaneously (i) explain the local BH scaling relations

and (ii) solve two significant issues in the dark-energy dominated cold dark matter (ΛCDM)

paradigm of galaxy formation. 1 An analogy often given in the literature to explain AGN

feedback is that the BH acts like a thermostat in a galaxy; the AGN can heat or strip

away gas that would have cooled and condensed into stars, regulating the evolution of its

host galaxy and in turn its growth, by “starving itself of its fuel” (Schawinski, 2012). Such

feedback would lead to star formation rates (e.g., host galaxy stellar mass) that track BH

accretion rates (e.g., BH mass) and thus reproduce the BH scaling relations (Figure 1.1) and

growth histories (Figure 1.2) observed.

However, the physical mechanism through which AGN feedback operates remains unclear

and has motivated many AGN feedback studies through semi-analytical galaxy formation

1The “over cooling” and “quenching” problems are beyond the scope of this thesis (for a review, please
see Silk et al., 2014, and references therein).
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Figure 1.2 Observed star formation and black hole (BH) accretion histories track each other
closely, preserving a ratio of 1, 000 : 1 and both peaking around z ∼ 1−2. These similarities
in growth histories have often been interpreted as additional evidence for the coevolution of
BHs with their host galaxy (Kormendy & Ho, 2013a).

models and numerical simulations. In general, two different modes that could channel energy

released by an AGN to surrounding gas are often considered: radiative (e.g., driven by BH

accretion) and mechanical (e.g., driven by AGN winds or radio jets) (see, Mo et al., 2010,

for more details regarding AGN feedback modes).

While AGN feedback is promising for the ΛCDM galaxy formation framework, others have

proposed plausible explanations for the BH-host galaxy connection. One idea is that BH

accretion and star formation are fed by the same gas reservoir, thus indirectly linking the

two growth rates. In this scenario, BH growth and star formation do not directly influence

one another, and the observed correlations are simply a result of the BH’s inability to accrete

material once star formation depletes their shared fuel supply (Cattaneo et al., 2009).
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Additionally, the idea of a non-causal link due to the hierarchical assembly of galaxies was

first proposed as a thought experiment by Peng (2007), who suggested the relations could

result from statistical convergence. Peng (2007) demonstrated that the central limit theorem

suggests the observed correlation may arise naturally by statistical consequence and that a

large number of (dry) galaxy mergers will average out extreme values of MBH/M∗ toward the

ensemble average. Since then, others have speculated that the BH-host galaxy connection

may be regulated by the hierarchical assembly of BH mass and stellar mass through galaxy

mergers (Hirschmann et al., 2010; Jahnke & Macciò, 2011) rather than AGN feedback. In

this picture, the BH-host galaxy connection implied by the local BH scaling relations is

merely a byproduct of galaxy evolution rather than a critical ingredient to galaxy formation.

For this reason, probing the BH scaling relations across redshift has become an active area of

study (e.g., Treu et al., 2004; Peng et al., 2006a,b; Woo et al., 2006; Salviander et al., 2007;

Jahnke et al., 2009; Bennert et al., 2010; Maiolino et al., 2010; Park et al., 2015; Silverman

et al., 2019; Sexton et al., 2019; Ding et al., 2020a) to test the origin of the BH scaling rela-

tions. A true coevolution (i.e., regulated growth due to AGN feedback) suggests tight scaling

relations across redshift. However, Croton (2006) predicts larger BH masses at earlier times

if mergers are the primary drivers for bulge and BH growth. Meanwhile, a non-causal origin

due to the hierarchical assembly of galaxies will result in an increased scatter at higher red-

shifts. Given the different behaviors predicted across redshift for each scenario, investigating

the evolution of the BH scaling relations may help constrain theoretical interpretations of

their origins and better understand the BH-host galaxy connection (Bennert et al., 2010).

In addition to studying the evolution of the BH scaling relations, probing the surrounding

gas of accreting BHs in active galaxies may also help us understand the role BHs play in

regulating star formation and galaxy growth (Booth & Schaye, 2009; Fabian, 2012; Somerville

& Davé, 2015; Dubois et al., 2016). In particular, the broad emission line region (BLR) is the

closest structure (of the order of ∼ light-days for low luminosity AGNs (Kaspi et al., 2000))
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to the central BH and has been the focus of a wide range of AGN astrophysics studies.

Such studies, including those outlined in this thesis, have the potential to help constrain

the mechanism for gas transportation (e.g., via accretion disks or winds) required for AGN

feedback.

One of the observational challenges of probing the surroundings of accreting BHs is that the

nucleus outshines the rest of the host galaxy, and even the most powerful space telescopes

cannot spatially resolve the BLR. Reverberation mapping (RM), however, provides a pow-

erful tool to resolve the BH’s gravitational sphere of influence in time. RM campaigns are

variability studies that observe the variability of the ionizing continuum (assumed to origi-

nate from the accretion disk) and the broad emission lines (originating from the BLR). For

low redshift AGN, such as those presented in this thesis, the optical Hβ broad emission line

is observed to reverberate the variations observed in the ionizing continuum after a “time

lag,” τ . Assuming the observed time delay, τ , is due to light-travel time, the size of the BLR,

or its radial distance from the central BH, rBLR, is given by the simple relation: rBLR = cτ .

Additionally, assuming that the motion of the BLR gas is virialized, the speed of the gas is

given by the width of the broad emission line, v. Combining the size of the BLR with its

velocity, a virial constraint of the black hole’s mass (MBH) is given by:

MBH = f
cτv2

G
= fMvir, (1.1)

where f , or the “virial coefficient," is a dimensionless scale factor of order unity that captures

the relation between measured line-shape parameters and BLR geometry/dynamics, and

cτv2/G is referred to as the virial product (Mvir).

Despite the technique’s ability to resolve the BH’s gravitational sphere of influence in time

and provide BH mass estimates across cosmic time, much remains unknown about the broad

emission line region (BLR). In principle, velocity-resolved RM (Blandford & McKee, 1982)

can provide insight into the BLR structure and kinematics by mapping the BLR response as a

6



function of line-of-sight velocity. The transfer function describes the time-delay distribution

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

velocity, vz, after some time delay, τ , (Peterson, 1993), and is expressed as:

L(vz, t) =

∫ ∞

−∞
Ψ(vz, τ) C(t− τ) dτ, (1.2)

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

t, C(t) is the AGN continuum light curve, and Ψ(vz, τ) is the transfer function. Because

the transfer function’s shape 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, the interpretation of a transfer function is nontrivial since different

geometries can produce similar features. For this reason, it is impossible to determine the

virial coefficient, f , (meant to encapsulate the geometry and kinematics of the BLR) for an

individual AGN using traditional RM techniques. Instead, a constant average scale factor,

found by aligning reverberation-mapped AGNs to the local MBH–σ∗ relation, is often used

for traditional RM BH mass estimates (Onken et al., 2004; Collin et al., 2006a; Woo et al.,

2010, 2013; Graham et al., 2011; Park et al., 2012a; Grier et al., 2013; Woo et al., 2015;

Batiste et al., 2017).

The goal of this dissertation is twofold: (i) characterize the structure and kinematics of the

broad emission line region (BLR) to better understand the central regions of AGN and (ii)

improve how BH mass measurements are calibrated across cosmic time. While both goals

aim to provide insight into the role AGNs play in galaxy evolution, the latter is most relevant

for studies of the evolution of the BH scaling relations and galaxy evolution studies in the

era of JWST (e.g., Maiolino et al., 2023; Mezcua et al., 2024; Pacucci & Loeb, 2024).
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This dissertation is organized as follows. In Chapter 2, I model the Hβ BLR of nine AGNs

observed during the Lick AGN Monitoring Project (LAMP) 2016 campaign and investigate

whether there are any luminosity-dependent trends in the structure and kinematics of the

Hβ BLR. In Chapter 3, I combine the LAMP 2016 modeling results presented in Chapter 2

with those of Pancoast et al. (2014), Grier et al. (2017), Williams et al. (2018), Williams et al.

(2020), Bentz et al. (2021), and Bentz et al. (2022), and search for a way to improve how BH

masses are calibrated across cosmic time. In Chapter 4, I expand on the initial development

and testing of caramel-gas (Williams & Treu, 2022), which aims to model the gas density

field of the BLR and model multiple emission lines simultaneously, e.g., Hα and Hβ, to learn

about the surroundings of active BHs. However, further testing and development beyond the

work presented in this thesis is required to achieve this goal. Finally, I provide a summary

and future direction for the studies presented in this work in Chapter 5.
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CHAPTER 2

The Lick AGN Monitoring Project 2016: Dynamical

Modeling of Velocity-Resolved Hβ Lags in Luminous

Seyfert Galaxies

This chapter was published as Villafaña, L., Williams, P.R., Treu, T. et al.; “The Lick

AGN Monitoring Project 2016: Dynamical Modeling of Velocity-Resolved Hβ Lags in Lumi-

nous Seyfert Galaxies,” ApJ, 930, 52 (2022), and is reproduced here with minor formatting

adjustments

2.1 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 technique’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 significantly 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 response as a function
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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., 2017a; De Rosa et al., 2018; Du

et al., 2018; Li et al., 2021; Feng et al., 2021). Nonetheless, 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 distribution 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 velocity vz, after some time delay τ ,

(Peterson, 1993), and is expressed as:

L(vz, t) =

∫ ∞

−∞
Ψ(vz, τ) C(t− τ) dτ, (2.1)

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 function. 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 geome-

try. 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 description of the BLR

that is consistent with the reverberation mapping dataset. In this approach, using the Code

for AGN Reverberation and Modeling of Emission Lines (caramel), the BLR emissivity is

described in simple but flexible terms, allowing one to capture the key features expressed in
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the data in a statistically rigorous 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 Observatory (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 Mapping Project

(AGNSTORM; Williams et al., 2020, hereafter W20)1, and one from a monitoring campaign

at Siding Spring Observatory (SSO; Bentz et al., 2021, hereafter B21). These analyses found

that the Hβ-emitting BLR is best described by a thick disk at a low to moderate 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 expanded the sample of dynamically modeled AGNs from 18 to 27 by analyzing

velocity-resolved reverberation mapping data for nine AGNs from the Lick AGN Monitoring

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

describe our photometric and spectroscopic campaigns and briefly summarize the BLR model

from P11 in Section 2.2. Section 2.3 presents the caramel BLR structure and kinematics of

the nine LAMP 2016 sources modeled. With these results, we compare our model kinematics

1NGC 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 (luminosity 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.
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to those inferred by U et al. (2022) using traditional velocity-delay maps in Section 2.4.

Finally, we combine our results with previous studies to create an extended sample that

covers more than two decades in luminosity, and investigate luminosity-dependent trends

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

We summarize our main conclusions in Section 2.5.

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).

2.2 Data and Methods

2.2.1 Photometric and Spectroscopic Data

A detailed description of the photometric and spectroscopic 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 Katzman Automatic Imaging Telescope (KAIT; Filippenko et al., 2001) and the

Nickel telescope at Lick Observatory on Mount Hamilton east of San Jose, California; 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 Telescope at

Mount Laguna Observatory (MLO) in the Laguna Mountains east of San Diego, California;

the San Pedro Mártir Observatory (SPM) 0.84m telescope at the Observatory Astronómico

Nacional located in Baja California, México; the Fred Lawrence Whipple Observatory 1.2m

telescope on Mount Hopkins, Arizona; and the 0.9 m West Mountain Observatory (WMO)

Telescope at the southern end of Utah Lake in Utah. Spectroscopic monitoring was carried

out with the Kast double spectrograph on the 3 m Shane telescope at Lick Observatory from

28 April 2016 to 6 May 2017; originally allocated 100 nights, a substantial fraction (∼ 30%)

were unfortunately lost owing to poor weather.
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The total number of epochs for each object analyzed in this work can be found in Table

2.1. 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 disentangle it from other features in the

AGN spectrum, such as the He1, He2, Fe2, and [O3] emission lines, the AGN continuum,

and starlight. Our team isolates contributions of individual emission lines and continuum

components within the vicinity of the Hβ emission line by fitting a multicomponent model

to each night’s spectrum (see Figure 2.1). A summary of the procedure, adopted from Barth

et al. (2015a) and used on the LAMP 2016 sample, is given by U et al. (2022).

2.2.2 BLR Model

We model the Hβ-emitting BLR of each source using caramel, a phenomenological mod-

eling code described 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 ne-

glected). When ionizing light emitted from the central black hole reaches a particle, the

particle instantaneously re-emits an emission line and the caramel model free parameters

determine whether the re-emission is isotropic. The spatial distribution of the particles de-

termines the associated time delay, while the line-of-sight velocity distribution determines

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 described by P11 and P14.

Here we summarize some of the main parameters.

2.2.2.1 Geometry

The spatial distribution of particles is described by angular and radial components. The

radial distribution is drawn from a gamma distribution with shape parameter β and mean
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Figure 2.1 Spectral decomposition using the K10 Fe2 template. The observed mean spectrum
(black) for each galaxy is plotted alongside the decomposed model components: starlight
(purple), AGN power-law continuum (green), Hβ λ4861 (magenta), He2 λ4686 (cyan), He1
λ5876 (orange), Fe2 λ(4500 − 5400) (grey), and [O3] λ5007 (blue). The sum of the fit of
these components is shown in red and the vertical dashed lines indicate the wavelength range
used for fitting the Hβ-emitting BLR model.

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◦ describing 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.
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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 distribution 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 obscuration along the midplane of the disk,

with ξ → 0 interpreted 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 radiated toward the observer as emission-line

flux. While κ = 0 represents isotropic emission, κ = −0.5 represents preferential emission

toward the origin (back toward the ionizing source) and κ = 0.5 represents preferential

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 preferential 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.

2.2.2.2 Dynamics

Following the construction of the spatial distribution of particles, the BLR kinematics are

then determined with a number of additional parameters. The fraction of particles with

near-circular Keplerian orbits around the central black hole with mass MBH is given by the

fellip parameter. The remaining particles (1 − fellip) are either inflowing (fflow < 0.5) or

outflowing (fflow > 0.5) with velocities drawn from a Gaussian distribution centered on the

radial escape velocity in the vr − vϕ plane rotated by an angle, θe, away from escape velocity

toward circular velocity. Therefore θe → 90◦ indicates nearly circular orbits, θ ≈ 45◦ highly

eccentric orbits, and θe → 0◦ a majority of particles are approaching escape velocity and are

nearly unbound.
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Finally, we add the line-of-sight velocity component, vturb, of a randomly-orientated macro-

turbulent velocity vector to the particle’s line-of-sight velocity. This macroturbulent con-

tribution is drawn from a Gaussian distribution, N , centered on 0 with standard deviation

σturb and is dependent on the particle’s circular velocity vcirc:

vturb = N (0, σturb)|vcirc|, (2.2)

where σturb is the free parameter that determines the amount of contribution from macro-

turbulent velocities and can range from 0.001 to 0.1.

For simplicity, we summarize the BLR dynamics by an “In.−Out." parameter as defined by

W18, where values of 1 indicate pure radial outflow and −1 indicate pure radial inflow:

In.−Out. = sgn(fflow − 0.5)× (1− fellip)× cos(θe). (2.3)

2.2.2.3 Continuum Model and Implementation

In order to use the parameterized spatial and velocity distributions described above to calcu-

late the resulting broad emission-line profile at arbitrary times, we need 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 extrapolate beyond the monitoring campaign, as well as propagate the

associated uncertainties into the determination of the BLR model parameters. By combin-

ing the modelled continuum light curve with the BLR model parameters, a broad emission

line profile can be produced for each spectroscopic epoch observed during the monitoring

campaign.

This last step requires the application of a smoothing parameter to account for minor differ-
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ences in spectral resolution throughout the observational campaign, due to variable seeing

conditions, for example. We assume that the narrow [O3] emission line remains intrinsically

constant throughout our monitoring campaign and use it to calibrate the smoothing param-

eter by comparing its measured width to its width taken from Whittle (1992). We then

use this smoothing parameter to blur the modeled 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 resulting 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 increasing 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.

2.2.2.4 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 distribution 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 ionizing spectrum. Therefore, the

interpretation of the model parameters discussed below in Section ?? 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 radiation pressure. This is important

to keep in mind when interpreting model results for high Eddington ratio AGNs. We note
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that the sources modeled in this work have moderate luminosities, with extinction-corrected

log[λLλ(5100)/L⊙] ≈ 43.5–43.9 (U et al., 2022). The precise Eddington ratio is difficult to

determine, however, 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

calculations and apply the same bolometric correction factor as our prior studies (P14; G17;

W18). Within our extended 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 radiation 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).

2.2.3 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 investigate 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 ultimately improve BH mass estimators (see ?, for the

latter). In this work, we specifically 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 account 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

correlations with scale factor since individual scale factors are determined using our model

black hole mass estimate, and therefore its uncertainties are connected to uncertainties in

other model parameters.
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To quantify the strength of any correlation, we compare the median fit slope to the 1σ

uncertainty in the slope and determine our level of confidence using the following 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.

2.3 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

profile shape from a randomly selected night, and the resultant 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 moderate 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

significantly change any findings presented in this work or that of Villafaña et al. (2023).

We include the caramel results in Appendix 2.6 for readers who may still be interested in

our model description of these three sources.

Here we present the details for the nine sources determined to have good model fits (Figures

2.3–2.11). An overview of model parameter estimates is provided in Table 2.2. 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 2.2. We find black hole mass estimates

that are consistent (within at least ∼ 3σ) with velocity-resolved reverberation mapping

estimates determined by U et al. (2022), using a value of log10(frms,σ)= 0.65 for the virial

coefficient.
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Figure 2.2 Geometric interpretation of BLR emission for the nine LAMP 2016 modeled
sources using median parameter estimates. For each source, the left panel shows an edge-
on view, while the right panel shows a face-on view. Each circle corresponds to one point
particle in the model. The geometries are color-coded to indicate whether the BLR dynamics
exhibit inflow (red) or outflow (blue).

2.3.1 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 inclination 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 in-

clined toward the observer. Our model finds a strong preference for a transparent midplane

(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 pre-

ferred (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
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Figure 2.3 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux for
PG 2209+184. Labeling panels 1–6 from top to bottom, panels 1 and 2 show the observed
intensity of the Hβ emission-line profile by observation epoch and the profile produced by
one sample of the caramel BLR and continuum model. Panel 3 displays the resulting
normalized residual. Panel 4 shows the observed Hβ profile of one randomly chosen epoch
in black and the corresponding profile produced by the model in panel 2, in red. The cor-
responding error bars of the observed epoch have been multiplied by

√
T , where T is the

dnest4 statistical “temperature" that is used as a likelihood softening parameter post anal-
ysis. Panels 5 and 6 illustrate the time series of the observed integrated Hβ and continuum
flux in black and the corresponding model fits (of the model shown in panel 2) of the light
curves in red.
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Figure 2.4 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for RBS 1917. See Figure 2.3 caption for panel descriptions.
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Figure 2.5 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for MCG +04-22-042. See the Figure 2.3 caption for panel descriptions.
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Figure 2.6 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for NPM1G+27.0597. See the Figure 2.3 caption for panel descriptions.
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Figure 2.7 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for Mrk 1392. See the Figure 2.3 caption for panel descriptions.
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Figure 2.8 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for RBS 1303. See the Figure 2.3 caption for panel descriptions.
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Figure 2.9 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for Mrk 1048. See the Figure 2.3 caption for panel descriptions.
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Figure 2.10 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for RXJ 2044.0+2833. See the Figure 2.3 caption for panel descriptions.
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Figure 2.11 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for Mrk 841. See the Figure 2.5 caption for panel descriptions.
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from a distribution with center rotated θe = 24+23
−16 degrees from escape velocity toward

the circular velocity. Macroturbulent 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 consis-

tent within our uncertainties with the velocity-resolved reverberation mapping estimate of

log10(Mbh/M⊙) = 7.46+0.1
−0.12 found by U et al. (2022).

2.3.2 RBS 1917

Geometrically, our model predicts a BLR that is a relatively thick disk (θo = 25.1+9.2
−7.5 de-

grees) inclined θi = 20.2+9.9
−3.9 degrees toward the observer, with a median radius 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 emission is uniformly emitted or concentrated at

the edges (γ =1.48+0.32
−0.32). Dynamically, 59% of particles remain on circular bounded or-

bits (fellip =0.59+0.14
−0.17), and the remaining ∼ 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 es-

cape velocity toward 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 consistent 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).

2.3.3 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 toward 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
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of the BLR midplane (ξ = 0.43+0.35
−0.26) or whether emission from the far/near side of the

BLR is preferred (κ = −0.14+0.44
−0.27). Dynamically, our model finds a preference 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 contribution

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.

2.3.4 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 = 19+11
−8.5 degrees with a median radius of rmedian = 7.2+2.8

−2.0 light-days. Our

model finds a preference for an opaque BLR midplane with ξ = 0.11+0.37
−0.09 but is unable to

constrain whether the BLR prefers emission to the far/near side of the BLR (κ = −0.14+0.40
−0.25)

or is uniformly emitted/concentrated at the edges (γ = 1.39+0.38
−0.27). Dynamically, our model

finds that a little under half of the particles have circular orbits (fellip = 0.44+0.19
−0.18). The

remaining particles having velocities drawn from a Gaussian vr − vϕ distribution rotated

θe = 36+35
−24 degrees from radially inflowing (fflow = 0.26+0.18

−0.19) escape velocity to circular

velocity. The contribution from macroturbulent velocities is small, with σturb = 0.01+0.05
−0.01.

Finally, we estimate a black hole mass of log10(Mbh/M⊙) = 7.64+0.40
−0.36 that is consistent within

2σ uncertainties of the log10(Mbh/M⊙) = 7.28+0.23
−0.43 estimate found by U et al. (2022) using a

traditional reverberation mapping analysis.

2.3.5 Mrk 1392

The Hβ-emitting BLR of this source is modeled as a thick disk (θo = 41.2+5.3
−4.8 degrees)

inclined θi = 25.5+3.4
−2.8 degrees toward an observer with a median BLR radius of rmedian =

51.6+12.2
−8.6 light-days. The data best fit a mostly opaque BLR midplane with ξ = 0.25+0.28

−0.18
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with slight preferrential emission from the near side of the BLR (κ = 0.26+0.18
−0.25) and mostly

isotropic emission (γ = 1.53+0.32
−0.33). Dynamically, our model suggests that ∼ 80% of particles

have nearly circular orbits with (fellip = 0.81+0.04
−0.06), with the remaining particles having

velocities drawn from a Gaussian vr−vϕ distribution rotated θe = 25+14
−15 degrees from radially

outflowing (fflow = 0.74+0.18
−0.18) escape velocity to circular velocity. The contribution from

macroturbulent velocities is small, with σturb = 0.01+0.04
−0.01. Finally, we estimate a black hole

mass of log10(Mbh/M⊙) = 8.16+0.11
−0.13 that is consistent within < 3σ with the estimate found

by U et al. (2022) (log10(Mbh/M⊙) = 7.80+0.06
−0.07).

2.3.6 RBS 1303

The data is in best agreement with a thick disk BLR (θo = 34.0+8.9
−10 degrees) inclined θi =

29.1+7.7
−9.0 degrees toward an observer with a median radius of rmedian = 10.1+1.3

−1.2 light-days.

The model finds a slight preference for a transparent BLR midplane (ξ = 0.60+0.22
−0.16) and a

strong preference for preferential emission from the far side of the BLR (κ = −0.48+0.05
−0.01) and

concentrated emission toward the edges of the disk (γ = 1.85+0.11
−0.21). Dynamically, the model

suggests ∼ 18% of particles have nearly circular orbits (fellip = 0.18+0.17
−0.11), with the remaining

particles having velocities drawn from a Gaussian vr − vϕ distribution rotated θe = 8.3+8.8
−5.8

degrees from radially outflowing (fflow = 0.75+0.17
−0.19) escape velocity to circular velocity. The

contribution from macroturbulent velocities is small, with σturb = 0.01+0.02
−0.00. Finally, we find

a black hole mass of log10(Mbh/M⊙) = 6.79+0.19
−0.11 that is consistent within 3.2σ of the estimate

given by U et al. (2022) (log10(Mbh/M⊙) = 7.40+0.08
−0.14).

2.3.7 Mrk 1048

The Hβ BLR emission for this source is best described by a thick disk (θo = 31+14
−10.0) inclined

θi = 21.5+9.4
−9.4 degrees toward an observer with a median BLR radius of rmedian = 11.3+7.3

−6.2

light-days. We find a slight preference for an opaque midplane (ξ = 0.30+0.42
−0.20) but are unable

to constrain whether Hβ emission is isotropic/concentrated at the edges (γ = 1.47+0.33
−0.32) or
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whether emission from the far/near side of the BLR is preferred (κ = 0.10+0.28
−0.38). Dynamically,

our model suggests ∼ 73% of the particles are on circular orbits (fellip = 0.73+0.09
−0.13), with

the remaining particles having velocities drawn from a Gaussian vr − vϕ distribution rotated

θe = 15+15
−10 degrees from radially outflowing (fflow = 0.74+0.18

−0.19) escape velocity toward circular

velocity. The contribution from macroturbulent velocities is small, with σturb = 0.01+0.04
−0.01.

Finally, we estimate a black hole mass of log10(Mbh/M⊙) = 7.79+0.44
−0.48that is consistent within

1σ uncertainties of the estimate log10(Mbh/M⊙) = 7.38+0.34
−0.60, found by U et al. (2022).

2.3.8 RXJ 2044.0+2833

Geometrically, the BLR is modeled as a thick disk (θo = 51+15
−12 degrees) inclined θi = 42.5+9.6

−8.4

degrees toward an observer with a mean BLR radius of rmedian = 28.3+7.5
−5.4 light-days. The

model finds slight preferences for an opaque BLR midplane (ξ = 0.17+0.28
−0.12) and preferential

emission from the far side of the BLR (κ = −0.20+0.33
−0.19) but is unable to constrain whether

Hβ emission is isotropic/concentrated at the edges (γ = 1.37+0.44
−0.29). Dynamically, the model

suggests that a little under half (fellip = 0.41+0.32
−0.29) of particles have nearly circular orbits,

with the remaining particles having velocities drawn from a Gaussian vr − vϕ distribution

rotated θe = 34+32
−21 degrees from radially inflowing (fflow = 0.22+0.19

−0.15) escape velocity to

circular velocity. The contribution from macroturbulent velocities is small, with σturb =

0.01+0.03
−0.01. Finally, we find a black hole mass of log10(Mbh/M⊙) = 7.09+0.17

−0.17 that is consistent

with the estimate of log10(Mbh/M⊙) = 7.08+0.07
−0.08, found by U et al. (2022).

2.3.9 Mrk 841

Our model indicates that the Hβ BLR emission is best described by a very thick disk (θo =

41+11
−11 degrees) inclined θi = 30+11

−15 degrees toward an observer with a median BLR radius of

rmedian = 10.6+5.6
−3.4 light-days. The data prefer preferential emission from the far side of the

BLR (κ = −0.23+0.43
−0.14) and slightly prefer a mostly transparent midplane (ξ = 0.68+0.23

−0.41). Our

model is unable to constrain, however, whether emission isotropic/concentrated at the edges
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(γ = 1.41+0.42
−0.29). Dynamically, our model suggests that ∼ 33% of particles are on circular or-

bits (fellip = 0.33+0.24
−0.22), with the remaining particles having velocities drawn from a Gaussian

vr − vϕ distribution rotated θe = 51+20
−27 degrees from radially inflowing (fflow = 0.45+0.36

−0.29)

escape velocity to circular velocity. The contribution from macroturbulent velocities is small,

with σturb = 0.01+0.05
−0.01. Finally, we estimate a black hole mass of log10(Mbh/M⊙) = 7.62+0.50

−0.30

that is consistent with the estimate log10(Mbh/M⊙) = 7.66+0.20
−0.21 found by U et al. (2022).

2.4 Discussion

Here we highlight our phenomenological model’s capability to directly constrain the BLR

kinematics that best fit the data. We compare our model’s interpretations with those found

by U et al. (2022) using traditional qualitative velocity-delay map interpretations. We then

combine our results with those from previous studies and search for any luminosity-dependent

trends or a line profile shape dependence on BLR structure and kinematics, to try to gain a

better understanding of the Hβ-emitting BLR.

2.4.1 Inferred caramel Kinematics Compared to Velocity-Delay Map Results

Overall, we find that roughly half of the sources in this work have interpretations consistent

with those suggested by U et al. (2022). In agreement with U et al. (2022), we find infalling

behavior (fflow < 0.5) in Mrk 841, RXJ 2044.0+2833, NPM1G+27.0587, and Mrk 1048, and

outflowing (fflow > 0.5) behavior in RBS 1303 and RBS 1917. For the two sources which

were interpreted to exhibit symmetric behavior (MCG +04-22-042 and Mrk 1392), our model

allows for a more detailed analysis and finds a small fraction of particles exhibit outflow-

ing behavior in Mrk 1392 and a small fraction of particles in MCG +04-22-042 exhibiting

inflowing behavior. We now focus on PG 2209+184, whose flat velocity-resolved structures

were difficult to describe with simple models. This in turn made it difficult to constrain the

Hβ BLR kinematics (U et al., 2022) using traditional reverberation mapping techniques. We

present the recovered transfer functions for the remaining eight sources in Figures 2.13–2.20.
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Figure 2.12 PG 2209+184 transfer function produced using median model parameter esti-
mates. See Figure 2.13 caption for panel descriptions.
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Figure 2.13 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.
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Figure 2.14 RBS 1917 transfer function produced using median model parameter estimates.
See Figure 2.13 caption for panel descriptions.
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Figure 2.15 MCG +04-22-042 transfer function produced using median model parameter
estimates. See Figure 2.13 caption for panel descriptions.
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Figure 2.16 Mrk 1392 transfer function produced using median model parameter estimates.
See Figure 2.13 caption for panel descriptions.
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Figure 2.17 RBS 1303 transfer function produced using median model parameter estimates.
See Figure 2.13 caption for panel descriptions.
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Figure 2.18 Mrk 1048 transfer function produced using median model parameter estimates.
See Figure 2.13 caption for panel descriptions.
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Figure 2.19 RXJ 2044.0+2833 transfer function produced using median model parameter
estimates. See Figure 2.13 caption for panel descriptions.
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Figure 2.20 Mrk 841 transfer function produced using median model parameter estimates.
See Figure 2.13 caption for panel descriptions.
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The transfer function constructed for PG 2209+184 using caramel median value model

parameters that best fit the data is found in Figure 2.12. Our model suggests that ∼ 54% of

particles have nearly circular orbits (fellip = 0.54+0.10
−0.15), with the remaining particles having

velocities drawn from a Gaussian vr−vϕ distribution rotated θe = 24+23
−16 degrees from radially

inflowing (fflow=0.24+0.17
−0.16) escape velocity toward circular velocity. This can be summarized

with the In.−Out. parameter defined by W18, with a value of −0.40+0.09
−0.09, suggesting that a

majority of the remaining (1− fellip) ≈ 46% particles exhibit radial inflow behavior.

Our result emphasizes the qualitative interpretation of transfer functions, as the transfer

function depicted in Figure 2.13 could easily be interpreted as symmetric, which is consistent

with Keplerian, disk-like rotation or random motion without any net radial inflow or outflow

across the extended BLR. It appears that the asymmetric pattern associated with radial

infalling gas is much more subtle and the slightly longer lags on the blue wing near zero

velocity may not immediately be interpreted as radial infalling gas, since the asymmetry is

not seen in the high-velocity component of the blue wing. (i.e., the slight top-hat profile

shape is only slightly asymmetric from the center on the blue side). This example again

emphasizes the difficulty in interpreting qualitatively the information embedded in velocity-

resolved velocity delay maps and highlights a benefit of our quantitative forward modelling

approach.

2.4.2 Luminosity-Dependent Trends

Prior reverberation mapping studies searched for potential patterns in the velocity fields of

the ionized Hβ-emitting regions. Using inferred kinematics from velocity-delay maps, Du

et al. (2016) investigated whether any trends existed for super-Eddington accreting 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.
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Although a similar trend seemed apparent with the modeled sources of the LAMP 2016

sample (as seen in the diversity of kinematics in Figure 2.2), 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 inclination, opening angle

(disk thickness), and kinematics (outflow/inflow/symmetric behavior) with luminosity. We

expect such trends to arise for example as a result of radiation pressure driven winds or by

variation due to overall accretion rate.

We use both optical luminosity at 5100 Å and the Eddington ratio.2 The linear regression

results are plotted in Figure 2.21 and the regression fit values are found in Table 2.3. With

our combined sample, we do not find any significant luminosity-dependent trends; we do not

find higher accretion rates to correlate with BLR outflow 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 diversity is that BLR geometry and kinematics experience

“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).

2.4.3 Line Profile Shape Dependence on BLR Structure and Kinematics

As suggested by Collin et al. (2006a), 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 parameters of the inner regions of an AGN. Since we expect BLR

structure and dynamics to play a role in determining the line-profile shape, we might also

expect to find correlations with AGN/BLR parameters.

For reference, log10(FWHM/σ) ≈ 0.37 corresponds to a Gaussian-shaped line profile.

Greater values correspond to a flat-topped shape while values less than 0.37 correspond

2We 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 param-
eters.
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Table 2.3. 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 parameters 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 standard deviation of the intrinsic scatter. The corresponding relationship
is therefore given by parameter = α + β × log10(luminosity) +N (0, σint).

to a narrower line profile shape with extended 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 both the mean and root-mean-square (rms) spec-

trum. The linear regression results are shown in Figure 2.22 with corresponding values found

in Table 2.4.

Although there appears to be an apparent correlation with black hole mass, using the levels of

confidence we have defined in Section 2.2.3, we do not find it to be significant. 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 2.22), 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. (2006a) and Goad et al. (2012), but has been

difficult to confirm since BLR inclination is generally not a direct observable. It is worth
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noting prior BLR-radio jet inclination studies in which orientation of the radio jet has been

shown to be linked to the BLR (e.g., Jorstad et al., 2005; Agudo et al., 2012), however, these

measurements are limited and do not exist for the entire sample of reverberation mapped
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sources. We take advantage of the inclination estimates provided by our method to revisit

the issue and do not find significant 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 Eddington ratio (when using the rms spectrum), which has also previously been

suggested. Collin et al. (2006a) found a similar correlation but cautioned that the Eddington

3For 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 inclina-
tion and line-profile shape. For followup work regarding correlations between scale factor and AGN/BLR
parameters using our newly extended sample, the reader is referred to ?.
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rates were overestimated since the optical luminosity had not been corrected for host-galaxy

starlight. Using host-galaxy starlight corrected optical luminosities from U et al. (2022), we

find the observed anticorrelation 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 between line profile shape and black hole mass, since LBol/LEdd ∝
1/MBH . Followup work (Villafaña et al., 2023) will extend the analysis in this work and

examine correlations between scale factor and MBH , LBol/LEdd, as well as FWHM/σ. The

additional investigation 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.

2.5 Conclusions

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

reverberation mapping campaign, increasing the number of dynamically modeled sources by

nearly 50%. We constrained 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 existence of any trends in BLR structure and kinematics. Our main results are as follows.

1. Overall, we find the Hβ-emitting BLR of the LAMP 2016 sources to be best described

by a thick disk observed at low to moderate inclination angles.

2. We find no luminosity-dependent trends in the Hβ-emitting BLR geometry and kine-

matics, and conclude that AGNs have diverse BLR structures and kinematics.
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3. We find marginal evidence for an anti-correlation between the line-profile shape of the

broad Hβ emission line and Eddington ratio. This may suggest that the accretion

rate plays a role in BLR structure and kinematics. Alternatively, the anti-correlation

could merely be a by-product of an correlation with black hole mass that we cannot

detect given our uncertainties. Followup work will further examine these two possible

interpretations.

With our simple phenomenological model we are able to gain insight on the BLR struc-

ture and kinematics in a more quantitative manner than the traditional interpretation of

velocity-delay plots used in many reverberation mapping studies. Although much still re-

mains unknown about the BLR, our findings suggest diversity that is consistent with tran-

sient AGN/BLR conditions over timescales of order months to years, rather than systematic

trends. We note, however, that our combined sample is still small and may not be rep-

resentative of the AGN population as a whole. Future reverberation mapping campaigns

with sufficient data quality and variability will allow us to increase our sample size and thus

improve the statistical significance of our findings.
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2.6 Appendix

We include a summary of our model parameter estimates for the three sources excluded

from this work (owing to moderate quality model fits) in Table ?? and their corresponding

geometric interpretations in Figure 2.23. The model fits and a full detailed description of

the BLR structure and kinematics for each source are found in the sections below. Transfer

functions produced using the median model parameter estimates for each source are shown

in Figures 2.25, 2.27, and 2.29.

2.6.1 Ark 120

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

shape of the line profile relatively well, only missing some of the finer fluctuations of the

integrated emission line toward later epochs and some finer variations in intensity toward the
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Figure 2.23 Geometric interpretation of BLR emission for the three LAMP 2016 sources
excluded from our analysis (owing to moderate quality model fits) using median parameter
estimates. For each source, the left panel shows an edge-on view while the right panel shows
a face-on view. Each circle corresponds to one point particle in the model. The geometries
are color-coded to indicate whether the BLR dynamics exhibit inflow (red) or outflow (blue).

start of the campaign (see panels 5 and 2, respectively, in Figure 2.24). Ultimately, we decided

to exclude this source from our analysis due to our model’s inability to fit the continuum

light curve (see panel 6) toward the end of the observational campaign. Considering that

the model Hβ emission line long-scale variations fit the data pretty well, the structure and
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kinematics of Ark 120 can be described by the our model description below.

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 toward 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

velocities 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 contribution

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 assumption of virial

coefficient log10(frms,σ)= 0.65.

2.6.2 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 2.26). 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 increased (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 radius 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 preferential emission from the
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Figure 2.24 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum
flux for Ark 120. Labeling panels 1-6 from top to bottom, panels 1 and 2 show the observed
intensity of the Hβ emission-line profile by observation epoch and the profile produced by one
sample of the caramel BLR and continuum model. Panel 3 shows the resulting normalized
residual. Panel 4 shows the observed Hβ profile of one randomly chosen epoch in black and
the corresponding profile produced by the model in panel 2, in red. The corresponding error
bars of the observed epoch have been multiplied by

√
T , where T is the dnest4 statistical

“temperature" that is used as a likelihood softening parameter post analysis. Panels 5 &
6 show the time series of the observed integrated Hβ and continuum flux in black and the
corresponding model fits (of the model shown in panel 2) of the light curves in red.
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Figure 2.25 Ark 120 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.

far side of the BLR (κ = −0.41+0.42
−0.06). Our model is unable to constrain, however, 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 orbits (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 degrees from the radially outflowing (fflow = 0.66+0.22

−0.39)

escape velocity toward circular velocity. The contribution from macroturbulent velocities

is small, with σturb = 0.01+0.04
−0.01. Finally, we find a black hole mass of log10(Mbh/M⊙) =

7.17+0.67
−0.26, which is consistent with the estimate of log10(Mbh/M⊙) = 7.54+0.08

−0.13, found by U

et al. (2022).
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Figure 2.26 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for Mrk 110. See Figure 2.24 caption for panel descriptions.

2.6.3 Mrk 9

Similar to the case of 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 for Mrk 9. As seen in

Figure 2.28, panel 2, our model only misses some of the finer features of the Hβ emission line

core toward earlier epochs. Our model is also able to capture the long-scale variations in the
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Figure 2.27 Mrk 110 transfer function produced using median model parameter estimates.
See Figure 2.25 caption for panel descriptions.

integrated Hβ emission line (panel 5) and AGN continuum (panel 6). However, as seen in

panel 4, the model for this source required implementing a large statistical temperature in

order to avoid overfitting, which resulted in low S/N of the Hβ emission-line profile. Given

the large uncertainty in the data (see panel 4) and thus increased uncertainty in our model

estimates, we excluded the source from our analysis. This increased uncertainty, however, is

taken into account in our model estimates which we describe below.

The data best fit a thick disk (θo = 45+17
−17 ) Hβ-emitting BLR, viewed at an inclination of

θi = 42+12
−15 degrees with a median radius of rmedian = 8.0+2.8

−1.9 light-days. Our model finds

a slight preference for an opaque BLR midplane with ξ = 0.52+0.21
−0.20 and a mostly isotropic
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Figure 2.28 Model fits to the Hβ line profile, integrated Hβ flux, and AGN continuum flux
for Mrk 9. See Figure 2.24 caption for panel descriptions.

BLR with κ = 0.02+0.11
−0.11. The model is unable to constrain whether emission is uniformly

emitted or concentrated at the edges (γ = 1.56+0.29
−0.33), however. Dynamically, our model
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Figure 2.29 Mrk 9 transfer function produced using median model parameter estimates. See
Figure 2.25 caption for panel descriptions.

finds ∼ 12% of the particles have circular orbits (fellip = 0.12+0.17
−0.08). The remaining particles

having velocities drawn from a Gaussian vr−vϕ distribution rotated θe = 45+15
−28 degrees from

radially inflowing (fflow = 0.27+0.20
−0.18) escape velocity to circular velocity. The contribution

from macroturbulent velocities is small, with σturb = 0.01+0.04
−0.01. Finally, we estimate a black

hole mass of log10(Mbh/M⊙) = 7.09+0.22
−0.23, which is consistent within 1σ uncertainties of the

estimate log10(Mbh/M⊙) = 7.61+0.12
−0.31 found by U et al. (2022).
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CHAPTER 3

What Does the Geometry of the Hβ BLR Depend On?

This chapter was published as Villafaña, L., Williams, P.R., Treu, T. et al.; “What Does the

Geometry of the Hβ BLR Depend On?,” ApJ, 948, 95 (2023), and is reproduced here with

minor formatting adjustments

3.1 Introduction

It is widely accepted that most galaxies host a supermassive black hole in their center.

When the black hole accretes material, it gives rise to a bright central source, known as an

active galactic nucleus (AGN). Tight correlations between black hole mass and host-galaxy

properties (e.g., Magorrian et al., 1998; Ferrarese & Merritt, 2000b; Gebhardt et al., 2000b;

Kormendy & Ho, 2013b) suggest that AGNs play an important role in galaxy evolution.

To understand such a link, both a better understanding of the central regions of AGNs

and improved black hole mass estimates are needed (Ding et al., 2020b). Black hole mass

estimators applicable to cosmologically significant lookback times are particularly desirable

as they allow for the determination of the cosmic evolution of the galaxy black hole mass

correlations (e.g., Treu et al., 2004; Woo et al., 2006; Salviander et al., 2007; Woo et al.,

2008; Shields & Salviander, 2009; Bennert et al., 2010; Schulze & Wisotzki, 2011; Targett

et al., 2012; Ding et al., 2020b).

Beyond our local universe, the black hole’s gravitational sphere of influence cannot be spa-
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tially resolved with current technology, and thus dynamical black hole mass measurements

(e.g., modeling stellar/gas kinematics) cannot be constrained (Kormendy & Richstone, 1995;

Ferrarese & Ford, 2005), with rare exceptions (e.g., 3C 273, IRAS 09149–6206; Gravity Col-

laboration et al., 2018, 2020). Instead, reverberation mapping is the primary tool used to

estimate black hole masses in the distant universe, with a limited application to broad-line

(Type 1) AGNs.

The technique resolves the gravitational sphere of influence of the central black hole in time by

utilizing variations in the continuum that are later reverberated by the broad emission lines

(Blandford & McKee 1982; Peterson 1993; for a review, see Cackett et al. 2021). Assuming

the delay in variations is due solely to light-travel time, the radius of the broad-line region

(BLR) is measured by combining the observed time lag, τ , with the speed of light. A second

key assumption — BLR kinematics are dominated by the black hole’s gravity — provides

the velocity of the emitting gas, v, as determined by the width of the broad line. Combining

the size of the BLR with its velocity, a virial constraint of the black hole’s mass (MBH) is

given by

MBH = f
cτv2

G
= fMvir, (3.1)

where f , or the “virial coefficient," is a dimensionless scale factor of order unity that captures

the relation between measured line-shape parameters and BLR geometry/dynamics, and

cτv2/G is referred to as the virial product (Mvir).

In principle, construction of a velocity-delay map, which maps continuum variations to the

broad-line flux variations as both a function of line-of-sight velocity and time delay, allows

one to constrain the BLR geometry (Blandford & McKee, 1982). In practice, however,

interpretation is nontrivial, and much about the structure and kinematics of the BLR still

remains unknown. For this reason, it is currently impossible to determine the scale factor for
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an individual AGN using traditional reverberation mapping techniques. Instead, a constant

average scale factor, found by aligning reverberation mapped AGNs to the local MBH–σ∗

relation, is often used for traditional reverberation mapping black hole mass estimates (Onken

et al., 2004; Collin et al., 2006a; Woo et al., 2010, 2013; Graham et al., 2011; Park et al.,

2012a; Grier et al., 2013; Woo et al., 2015; Batiste et al., 2017).

Over the last several years, our team has set out to provide a more reliable way to calibrate

the virial coefficient and uncover any regularity in BLR behavior. The discovery of any

trends would thus provide both insight into the inner regions of AGNs and improve the way

black hole masses are calibrated across cosmic time.

Using the methods introduced by Pancoast et al. (2011), such as the Code for AGN Re-

verberation and Modeling of Emission Lines (caramel), we explore a phenomenological

description of the BLR and constrain a black hole mass that is consistent with the rever-

beration mapping dataset, without the need of assuming a scale factor. In this paper, we

combine our caramel MBH estimates for the nine sources modeled from the Lick AGN

Monitoring Project 2016 (LAMP 2016; Villafaña et al., 2022, hereafter V22) with those from

prior caramel studies, and determine AGN-specific virial coefficients in order to search for

a more reliable way to calibrate f .

This paper is organized as follows. We summarize the geometry and kinematics of the

caramel model in Section 3.2 and outline our methodology in calculating AGN-specific

virial coefficients in Section 3.3. A systematic investigation of correlations between f and ob-

servables is carried out in Section 3.4. Specifically, we consider correlations with AGN/BLR

model parameters in Section 3.4.1 and line-profile shape in Section 3.4.2. We then investigate

the effects of BLR geometry and kinematics on BLR line-profile shape in Section 3.5 and

summarize our main conclusions in Section 3.6.
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3.2 Summary of Relevant caramel Model Parameters

Our work builds on the caramel modeling results of V22, Bentz et al. (2022, hereafter

B22), Bentz et al. (2021, hereafter B21), Williams et al. (2020, hereafter W20), Williams

et al. (2018, hereafter W18), Grier et al. (2017, hereafter G17), and Pancoast et al. (2014,

hereafter P14). In this section we provide a brief summary of the caramel model detailed

by P14.

Briefly, caramel is a phenomenological model that uses velocity-resolved reverberation

mapping datasets to model the BLR emissivity distribution. The BLR is modeled by point

particles, surrounding the black hole located at the origin, which instantaneously reemit light

received from the ionizing source, toward an observer.

3.2.1 BLR Geometry

The radial distribution of the BLR point particles is drawn from a Gamma distribution with

shape parameter α and scale parameter θ,

p(x|α, θ) ∝ xα−1 exp
(
− x

θ

)
. (3.2)

The distribution is then shifted from the origin by the Schwarzchild radius plus a free pa-

rameter rmin, which sets the minimum BLR radius. This is then followed by a change of

variables from (α, θ, rmin) to (µ, β, F ), such that:

µ = rmin + αθ , (3.3)

β =
1√
α
, and (3.4)

F =
rmin

rmin + αθ
. (3.5)
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With this change of variables, the two caramel model parameters closely associated with

BLR size are µ and F ; the parameter µ describes the mean radius, while the parameter F

describes the minimum radius in units of µ.

After the change of variables, the BLR disk thickness is then determined by the model

parameter θo. The opening angle, θo, corresponds to half the angular thickness of the BLR

in the angular spherical polar coordinate, such that θo = 90◦ corresponds to a spherical BLR.

The BLR inclination angle, θi, is then determined by the angle between a face-on disk and

the observer’s line of sight. In this way, a face-on BLR geometry would correspond to θi → 0

and an edge-on BLR geometry θi → 90◦.

Once the BLR geometry is determined from the parameters described above and a few

additional parameters (for a full description of the geometric model, please see P14), the

kinematics are set by a number of parameters that allow for elliptical, inflowing/outflowing

orbits, and macroturbulent contributions.

3.2.2 BLR Kinematics

Particle velocities are modeled using both radial and tangential velocity distributions, with

a fraction of particles, fellip, on near-circular orbits around the central black hole. The

remaining 1−fellip particles can have either inflowing/outflowing orbits, and the direction of

motion is determined by the parameter fflow. Inflow motion is defined by values of fflow < 0.5

and outflow motion is defined by values of fflow > 0.5.

Whether these orbits are bound or unbound is then determined by the parameter θe, which

describes the angle between escape velocity and circular velocity. In this way, θe → 0◦

represents nearly unbound orbits, θe → 90◦ represents nearly-circular orbits, and values of

θe ≈ 45◦ represent highly elliptical (bound) orbits. Using the kinematic parameters described

above, inflow/outflow motion can be summarized by the In.−Out. parameter created by

W18,
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In.−Out. = sgn(fflow − 0.5)× (1− fellip)× cos(θe) , (3.6)

where sgn is the sign function. Values of −1 indicate pure radial inflow and values of 1

indicate pure radial outflow.

Lastly, in addition to inflow/outflow motion, the model also allows for macroturbulent con-

tributions by including the following vturb velocity to the line-of-sight velocity:

vturb = N (0, σturb)|vcirc| , (3.7)

where |vcirc| represents circular velocity as determined by the central black hole’s mass, and

N (0, σturb) is a Gaussian distribution with standard deviation σturb. The free parameter σturb

is allowed to range from 0.001 to 0.1 and thus represents the contribution of macroturbulent

velocities. For each particle, we find the elliptical, inflowing, or outflowing velocity first, and

then add the magnitude of the macroturbulent velocity, vturb, determined.

3.2.3 Model Results

In addition to the geometric and dynamical model parameters described above, we also

include a black hole mass parameter, MBH , with a log uniform prior between 2.78 × 104 −
1.67× 109M⊙. Including black hole mass as a model parameter allows us to constrain MBH ,

without the use of the scale factor, f (Eqn. 3.1). To interpret the results, we use the posterior

distribution functions caramel produces for the model parameters, and report the median

value and 68% confidence interval for 1σ uncertainties.

In this paper, we use the caramel results found by V22 for the LAMP 2016 sample, and

results from our extended sample’s respective papers (P14; G17; W18; B21, and B22). We

note that as outlined in the Appendix of Williams & Treu (2022), the caramel code has

undergone some minor modifications since its original publication. These changes were im-
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plemented for the work of V22, but not for the modeling results of the rest of the subsamples

included in our extended sample – W18, G17, P14, W20, B21, and B22. However, using a

subsample of AGNs modeled with the original code, we have found that the updated code

used by V22 does not significantly change the results produced by the original code (e.g.,

W18, G17, P14, W20, B21, and B22) (Colleyn, in prep.). For further details regarding

modifications made to the code, please refer to Appendix 3.7.1.

3.3 The Virial Coefficient

A key caramel result is black hole mass, which allows us to determine an AGN-specific

virial coefficient for each AGN modeled (see Eqn. 3.1). In this section, we summarize the

different ways line widths are measured for reverberation mapping black hole mass estimates

and our methodology for determining individual AGN virial coefficients.

3.3.1 Line-Width Measurements

The line width of the broad emission line, which is used to determine the speed of the BLR

gas (Eq. 3.1), can either be measured from the root-mean-square (rms) spectrum, or from

the mean spectrum. Measurements taken from the rms spectrum are computed with the

intent that only the variable part of the line will contribute to the line-width calculation

(Shen, 2013). However, whenever the rms profile cannot be measured, owing to insufficient

epochs or low signal-to-noise ratio, the line width is often calculated using the mean spectra

instead (e.g., Denney et al., 2010).

In either case, the line width measured from the spectra selected (i.e., rms or mean) is

then characterized by either the full width at half-maximum intensity (FWHM) or the line

dispersion, σline (i.e., the second moment of the line). The FWHM simply corresponds to the

difference between wavelengths from both sides of the peak, P (λ)max, at half of the height.

We determine σline using the definition of Peterson et al. (2004):
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σ2
line(λ) = ⟨λ2⟩ − λ2

0, (3.8)

where

⟨λ2⟩ =
∫
λ2P (λ)dλ∫
P (λ)dλ

(3.9)

and

λ0 =

∫
λP (λ)dλ∫
P (λ)dλ

. (3.10)

Both the width type (i.e., FWHM or σline) and spectra (i.e., rms or mean) used to measure

the line width then determine which calibrated scale factor is needed to calculate the virial

MBH (Eq. 3.1). For example, Woo et al. (2015) derived a constant f factor based on the

M–σ∗ relation calibration, for both FWHM-based and σline-based MBH estimates.

3.3.2 AGN-Specific Virial Coefficient Calculations

For completeness, we determine all four versions of the scale factor (log10 fFWHM,rms, log10 fσ,rms,

log10 fFWHM,mean, and log10 fσ,mean), although measurements using the line dispersion from

the rms spectra have been suggested to produce less biased MBH estimates (e.g., Peterson

et al., 2004; Collin et al., 2006b).

3.3.2.1 LAMP 2016 Sample

To calculate the scale factor for each LAMP 2016 source modeled by V22, we follow the same

approach taken by all other previous caramel works – we combine the cross-correlation

time-lag (τcen) and line-width (v) values measured by the campaign’s respective reverberation

mapping analysis (U et al., 2022) with the MBH measurements determined from our forward-
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Figure 3.1 To propagate uncertainties, we assume Gaussian errors on the cross-correlation
time lag (left) and line-width (right) measurements given by U et al. (2022). This allows
us to create distribution functions that we can utilize with our caramel MBH posterior
distribution function to determine the distribution of the scale factor of an individual source,
from which we use the 68% confidence interval for 1σ uncertainties.

modelling approach (MBH measurements for the LAMP 2016 sample can be found in V22).

To propagate uncertainties, we first assume Gaussian errors on the τcen and v measurements

using the standard deviations listed by U et al. (2022) (see Figure 3.1 below). For measure-

ments with asymmetrical error bars, the average of the lower and upper errors is used for

the standard deviation of the Gaussian distribution.

Then, we take random draws from the Gaussian distributions of the τcen and v measurements,

and calculate the virial product, Mvir = cτv2/G, until the number of draws is equal to the size

of the MBH posterior sample produced by caramel. Finally, we find a posterior distribution

for the scale factor by dividing the MBH distribution produced by caramel by the virial

product distribution created above (see Figure 3.2 below). From the posterior distribution

produced, we report the median value and use a 68% confidence interval for 1σ uncertainties.

Results for the individual scale factors of the LAMP 2016 sample are listed in Table 3.1.
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Figure 3.2 Taking random draws from the Gaussian distributions of the cross-correlation time
lag and line widths (Figure 3.1), we calculate the virial product (shown in blue in the left
panel) until the size of the virial product distribution is the same as that of the caramel
MBH posterior distribution function (shown in green in the left panel). The logarithmic
virial coefficient of any given source in our sample is found by subtracting the logarithmic
virial product distribution from the logarithmic caramel MBH posterior distribution (i.e.,
dividing the original, nonlogarithmic distributions). The resulting distribution of logarithmic
scale factor (log10(frms,σ)) is shown on the right panel, which allows us to report errors on
our measurement by quoting the 68% confidence interval as define by the distribution.

3.3.2.2 Extended Sample

We extend our sample (see Table 4.1) by combining our results with prior caramel studies

— namely seven from LAMP 2011 (W18), four from AGN10 (G17), five from LAMP 2008

(P14), one from AGNSTORM (W20), one from B21, and one from B22.

The line widths used to compute the virial coefficient using the approach described above

can be found in Table 3.5. All line widths correspond to those used in our previous caramel

studies, with the exception of the four from the AGN 10 (G17) campaign. The line widths

previously used did not have the narrow-line component removed. In order to remain con-
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Table 3.1. Inferred Scale Factors
Galaxy log10(frms,σ) log10(frms,FWHM ) log10(fmean,σ) log10(fmean,FWHM )

PG 2209+184 0.84+0.21
−0.20 0.08+0.21

−0.20 0.71+0.21
−0.19 −0.11+0.21

−0.20

MCG +04-22-042 1.21+0.41
−0.31 0.54+0.41

−0.31 1.08+0.41
−0.31 0.34+0.41

−0.31

Mrk 1392 1.10+0.12
−0.14 0.32+0.13

−0.14 1.02+0.12
−0.14 0.19+0.12

−0.14

RBS 1303 0.05+0.27
−0.20 −0.23+0.25

−0.17 0.07+0.24
−0.16 −0.46+0.23

−0.16

RBS 1917 0.82+0.32
−0.34 0.54+0.26

−0.32 0.54+0.27
−0.32 −0.08+0.50

0.32

Mrk 841 0.62+0.50
−0.34 −0.40+0.47

−0.38 0.67+0.50
−0.36 −0.38+0.50

−0.36

RXJ 2044.0+2833 0.76+0.19
−0.19 0.02+0.18

−0.20 0.66+0.18
−0.20 −0.04+0.18

−0.20

NPM1G+27.0587 0.98+0.51
−0.47 0.53+0.52

−0.46 1.01+0.50
−0.47 0.37+0.52

−0.46

Mrk 1048 1.05+0.65
−0.57 0.33+0.64

−0.61 1.00+0.66
−0.57 0.16+0.66

−0.58

Note. — Individual scale factors for the nine LAMP 2016 sources modeled by V22. Values were
determined using our model MBH estimates and corresponding line widths and cross correlation
time lags found by U et al. (2022). Individual scale factors of our extended sample can be found
in their respective caramel papers: P14; G17; W18; W20; B21; and B22.

sistent within our extended sample when searching for correlations with line-profile shape,

we remeasured the line widths of these four points using the data from G17, in which the

narrow-line contribution had been removed. To remeasure these line widths, we used the

methods of U et al. (2022) and computed a Monte Carlo bootstrapping procedure for error

analysis.

The values of the individual AGN-specific virial coefficients are also found in their respec-

tive caramel papers and were determined in the same fashion as the LAMP 2016 sample

described above.

3.4 Results

Using the individual AGN-specific virial coefficients determined for our extended sample, and

enabled by our caramel forward modeling approach, we carry out a systematic investigation

of correlations between f and observables.

We use the IDL routine linmix_err (Kelly, 2007) to perform a Bayesian linear regression in

order to account for correlated measurement uncertainties. Doing so allows us to analyze the
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Table 3.2. Extended Sample

Campaign Galaxy Redshift log10(MBH/M⊙)

Lick AGN Monitoring Project 2008
(Pancoast et al., 2014)

Arp 151 0.02109 6.62+0.10
−0.13

Mrk 1310 0.01941 7.42+0.26
−0.27

NGC 5548 0.01718 7.51+0.23
−0.14

NGC 6814 0.00521 6.42+0.24
−0.18

SBS 1116+583A 0.02787 6.99+0.32
−0.25

2010 AGN monitoring campaign
at MDM Observatory
(Grier et al., 2017)

Mrk 335 0.0258 7.25+0.10
−0.10

Mrk 1501 0.0893 7.86+0.20
−0.17

3C 120 0.0330 7.84+0.14
−0.19

PG 2130+099 0.0630 6.92+0.24
−0.23

Lick AGN Monitoring Project 2011
(Williams et al., 2018)

Mrk 50 0.0234 7.50+0.25
−0.18

Mrk 141 0.0417 7.46+0.15
−0.21

Mrk 279 0.0305 7.58+0.08
−0.08

Mrk 1511 0.0339 7.11+0.20
−0.17

NGC 4593 0.0090 6.65+0.27
−0.15

Zw 229-015 0.0279 6.94+0.14
−0.14

PG 1310-108 0.0343 6.48+0.21
−0.18

Space Telescope and Optical
Reverberation Mapping Project
(Williams et al., 2020) NGC 5548 0.017175 7.64+0.21

−0.18

AGN monitoring campaign
at Las Cumbres Observatory
(Bentz et al., 2021) NGC 3783 0.097 7.51+0.26

−0.13

Lick AGN Monitoring Project 2016
(Villafaña et al., 2022)

PG 2209+184 0.07000 7.53+0.19
−0.20

RBS 1917 0.06600 7.04+0.23
−0.35

MCG +04-22-042 0.03235 7.59+0.42
−0.28

NPM1G+27.0587 0.06200 7.64+0.40
−0.36

Mrk 1392 0.03614 8.16+0.11
−0.13

RBS 1303 0.04179 6.79+0.19
−0.11

Mrk 1048 0.04314 7.79+0.44
−0.48

RXJ 2044.0+2833 0.05000 7.09+0.17
−0.17

Mrk 841 0.03642 7.62+0.50
−0.30

AGN monitoring campaign
at MDM Observatory
(Bentz et al., 2022) NGC 4151 0.0033 7.22+0.11

−0.10

Note. — Extended sample includes sources modeled by P14, G17, W18, W20, B21, and
B22, in addition to the most recent sampled modeled by V22. Column 1 specifies the campaign
from which data were collected and galaxy name is found in column 2. Columns 3 and 4 list
the galaxy’s redshift and caramel MBH estimate, as defined by the 68% confidence interval
of the resultant posterior distribution function, respectively.
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actual intrinsic correlation of any two parameters without worrying about a false increase

due to correlated measurement uncertainties. This is especially important for our search

for correlations with scale factor since individual scale factors are determined using our

model MBH measurements, and therefore uncertainties in the scale factor are connected to

uncertainties in other model parameters.

To quantify the strength of any correlation, we compare the median fit slope to the 1σ

uncertainty in the slope and determine our level of confidence using the following intervals

we have defined in our previous study W18: we classify 0–2σ as no evidence, 2–3σ as marginal

evidence, 3–5σ as evidence, and > 5σ as conclusive evidence.

Overall, we find the following correlations with at least marginal evidence as defined by our

confidence intervals:

1. Black Hole Mass:

log10(fmean,σ) vs. log10(MBH/M⊙);

β = 0.51± 0.15, σint = 0.22± 0.05,

3.4σ evidence

log10(frms,σ) vs. log10(MBH/M⊙)

β = 0.47± 0.17, σint = 0.25+0.06
−0.05,

2.8σ marginal evidence

2. Opening Angle (BLR disk thickness):

log10(fmean,FWHM) vs. θo;

β = −0.96+0.47
−0.43, σint = 0.22+0.06

−0.05

2.1σ marginal evidence

log10(frms,FWHM) vs. θo;
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β = −1.15+0.48
−0.46, σint = 0.21+0.06

−0.05

2.4σ marginal evidence

3. Inclination Angle:

log10(fmean,FWHM) vs. θi;

β = −1.45+0.53
−0.56, σint = 0.17+0.05

−0.04

2.6σ marginal evidence

log10(frms,σ) vs. θi;

β = −1.61+0.66
−0.68, σint = 0.22+0.06

−0.05

2.4σ marginal evidence

log10(fmean,σ) vs. θi;

β = −1.37+0.66
−0.68, σint = 0.23± 0.05

2.0σ marginal evidence

4. Line-Profile Shape:

(FWHM/σ)rms vs. log10(frms,σ);

β = 1.50+0.67
−0.71, σint = 0.24+0.09

−0.08

2.2σ marginal evidence

3.4.1 Correlations between f & AGN/BLR Parameters

In an effort to uncover any regularities in the behavior of the BLR and gain a better un-

derstanding of the inner regions of AGNs, we investigate correlations between scale factor

and AGN/BLR parameters determined by our forward-modelling approach. Overall, we find

similar trends for both the rms and mean spectrum — see Figures 3.3 and 3.4 (respectively),

and Tables 3.3 and 3.4, for their corresponding regression values.
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Figure 3.3 Correlations between the scale factor log10 frms,σ (top) and log10 frms,FWHM (bot-
tom) with select AGNs and model parameters. From left to right: MBH , optical luminosity,
Eddington ratio, Hβ -emitting BLR opening angle (disk thickness), Hβ -emitting BLR incli-
nation angle, and our “inflow-outflow" parameter. The colored dots and contours show the
median and 68% confidence regions of the 2D posterior PDFs for each AGN. The dashed
black lines and gray shaded regions give the median and 68% confidence intervals of the
linear regression. Dotted lines are offset above and below the dashed line by the median
value of the intrinsic scatter. Purple points are for the AGNs from V22, red points are from
W18, green points are from P14, blue points are from G17, the black point is from W20,
and the orange points are from B21 and B22.
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Figure 3.4 Correlations between the scale factor log10 fmean,σ (top) and log10 fmean,FWHM

(bottom) with select AGNs and model parameters. From left to right: MBH , optical lu-
minosity, Eddington ratio, Hβ -emitting BLR opening angle (disk thickness), Hβ -emitting
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show the median and 68% confidence regions of the 2D posterior PDFs for each AGN. The
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value of the intrinsic scatter. Purple points are for the AGNs from V22, red points are from
W18, green points are from P14, blue points are from G17, the black point is from W20,
and the orange points are from B21 and B22.
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We reiterate that covariance between variables is taken into account in our analysis, in

order to avoid spurious correlations. We find evidence (3.4σ) for a correlation between

scale factor and MBH when using the mean spectrum and line dispersion line width, i.e.

log10(fmean,σ) (β = 0.51± 0.15), which had not been previously found by P14, G17, or W18.

Similarly, we find marginal evidence (2.8σ) for a correlation between log10(frms,σ) and MBH

(β = 0.47± 0.17). This correlation suggests that the BLR geometry and dynamics may be

correlated with MBH .

We also find marginal evidence for an anti-correlation with BLR opening angle, θo, which is

the caramel model parameter that represents the BLR disk thickness. When using FWHM

line-width measurements with both the mean (β = −0.96+0.47
−0.43) and rms (β = −1.15+0.48

−0.46)

spectrum. Such a correlation with BLR disk thickness had also not been previously found

in any previous caramel studies.

Finally, in agreement with previous results (P14; G17; W18), we find marginal evidence for

an anti-correlation with BLR inclination angle and the virial coefficient, as measured when

using the σ line width with both the rms (β = −1.61+0.66
−0.68) and mean (β = −1.37+0.67

−0.71)

spectra. Additionally, we also find marginal evidence for an anti-correlation when using the

FWHM line width and the mean spectrum (β = −1.45+0.53
−0.56). This correlation was predicted

by both Collin et al. (2006a) and Goad et al. (2012), and is expected for a disk-like BLR

because an increase in BLR inclination angle would result in an increased observed line-of-

sight velocity and therefore increased line-width measurement. Hence, in order to recover

the same MBH , a smaller scale factor would be required, producing an anti-correlation like

the one that is apparent in our work.

Before proceeding, it is important to note that although the correlations we have discovered

with opening angle (BLR disk thickness) and inclination angle fall under our definition of

marginally significant, they lack any real utility as BLR disk thickness is not an observable

or a measurable quantity, and inclination-angle measurements using radio jets (e.g., Jorstad
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et al., 2005; Agudo et al., 2012) are not possible for all cases. For these reasons, we now

explore the existence of correlations between scale factor and a direct observable, line-profile

shape — that is, the ratio of the FWHM to the dispersion σline, as such a correlation would

provide an observational proxy for the virial coefficient, and thus a more reliable way to

calibrate f .

3.4.2 Line-Profile Shape as an Observational Proxy

We search for correlations with scale factor and line-profile shape using both the rms and

mean spectrum (see Figures 3.5 and 3.6, respectively), where we have used only the shape

of the Hβ broad emission line by itself (i.e., we have isolated the broad emission from the

narrow emission component). Line widths and line-profile shapes used for our extended

sample are listed in Table 3.5.

We find marginal evidence (2.2σ) for a correlation between log10(frms,σ) and line-profile

shape, when using the rms spectrum (β = 1.50+0.67
−0.71). When using the mean spectrum,

however, the correlation falls short of being considered marginal evidence and is quantified

by 1.9σ (see the left-most panels of Figure 3.5 and 3.6, respectively). We do not find any

evidence for a correlation with the virial coefficient when a FWHM line width is used, in

either the rms or mean spectrum (see the right-most panels of Figures 3.5 and 3.6).

Although stronger evidence is needed to recommend the widespread use of this relationship,

this result is promising; further investigations with increased sample size in our dynamic

modeling may help elucidate the correlation we have found.
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Table 3.6. Linear regression results for line profile shape vs. scale factor

Line Profile Shape log10 fσ log10 fFWHM

log10

(
FWHM

σ

)
mean

α −0.001± 0.32 0.01+0.31
−0.32

β 1.76+0.94
−0.93 −0.28+0.93

−0.92

σint 0.28+0.08
−0.06 0.28+0.08

−0.06

log10

(
FWHM

σ

)
rms

α 0.25+0.21
−0.20 0.39+0.22

−0.21

β 1.50+0.67
−0.71 −0.95+0.69

−0.73

σint 0.24+0.09
−0.08 0.26+0.09

−0.07

Note. — Linear regression results for line profile shape
vs. scale factor. The parameters α and β represent the con-
stant and slope of the regression, respectively, while σint rep-
resents the standard deviation of the intrinsic scatter. The
corresponding relationship is therefore given by log10(f) =
α + β log10(FWHM/σ) +N (0, σint).

3.5 The Role of BLR Geometry and Kinematics on Line-Profile

Shape

From the correlations found in our work, we focus on the correlation found with

log10(FWHM/σ), which has significant potential to improve the way the virial coefficient

is calibrated. The relationship has an intrinsic scatter of similar magnitude to that of the

local MBH–σ∗ relation (see Table 3.6), which suggests another intrinsic relation of AGNs,

and further validates the idea of using the line-profile shape of broad emission lines as a

tracer for the inner regions of AGNs (Collin et al., 2006a). In an attempt to gain a better

understanding, we employ caramel models to test how BLR geometry and kinematics

affects line-profile shape.

In particular, we aim to understand the line profiles with log10(FWHM/σ)mean ≈ 0.1–0.2.

While line profiles with log10(FWHM/σ) = 0.37 are best described by a Gaussian and are

due to rotational Doppler broadening, Lorentz profiles (e.g., log10(FWHM/σ) < 0.37) are

thought to be a result of turbulent and/or inflow/outflow motions (Kollatschny & Zetzl,
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Figure 3.5 Correlations between rms line-profile shape and scale factor determined using line
dispersion (left) and FWHM (right). The dashed black lines and gray shaded regions give
the median and 68% confidence intervals of the linear regression. Dotted lines are offset
above and below the dashed line by the median value of the intrinsic scatter. Purple points
are for the AGNs from V22, red points are from W18, green points are from P14, blue points
are from G17, the black point is from W20, and the two orange points are from B21 and
B22.

2013). In the following subsections, we investigate the effect of BLR size, disk thickness,

inflow/outflow motion, and turbulent motion on Hβ broad line-profile shapes.

3.5.1 BLR Size

We begin by testing the effect of BLR size, since the extended wings in a Lorentz profile

are due to high-velocity gas near the black hole. Thus, assuming Keplerian orbits, we

expect narrower line-profile shapes to correspond to smaller BLR radii. We manipulate the

caramel model parameters associated with BLR radius, µ and F , while keeping all other

parameters constant. The values chosen for other relevant geometry and kinematics are

as follows: θi = 20◦, θo = 20◦, β = 1.0, log10(MBH/M⊙) = 7.5, fflow = 0.5, fellip = 1.0,

θe = 90◦, σturb = 0.001. We choose the parameters to reflect particles with bound circular
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Figure 3.6 Correlations between mean line-profile shape and scale factor determined using
line dispersion (left) and FWHM (right). The dashed black lines and gray shaded regions
give the median and 68% confidence intervals of the linear regression. Dotted lines are offset
above and below the dashed line by the median value of the intrinsic scatter. Purple points
are for the AGNs from V22, red points are from W18, green points are from P14, blue points
are from G17, the black point is from W20, and the two orange points are from B21 and
B22.

orbits (no inflow/outflow motion) and minimal contribution from macroturbulent velocities.

As shown in Figure 3.7, we find a smaller BLR size produces a smaller value of log10(FWHM/σ),

as expected. However, we do not find any line-profile shapes in the region of special interest,

log10(FWHM/σ)mean ≈ 0.1–0.2, which suggests that bound circular orbits cannot produce

these particular broad-line-profile shapes. Given the result that smaller BLR sizes produce

smaller values of log10(FWHM/σ), and our ultimate goal of investigating what BLR ge-

ometry and kinematics produce smaller line-profile shapes, the remaining of our caramel

model tests will focus solely on BLR sizes with mean radius, µ = 1 and minimum radius

within the range F = 0–0.3.
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Figure 3.7 We investigate the role of BLR radius in line profile shape using caramel models
by varying the parameters µ and F , and holding all other model parameters constant. As
described in the text, the parameter µ defines the mean BLR radius and the parameter
F defines the minimum radius in units of µ. Different mean BLR radii, µ, are depicted
in different colors: 1 light-day is shown in blue, 5 light-days is shown in orange, 10 light-
days is shown in green, and 30 light-days is shown in red. As expected, smaller values of
log10(FWHM/σ)mean on the y-axis, are seen with decreasing µ. Additionally, within the
four different mean radii, µ, a slight decrease is seen for a decrease in minimum radius, as
depicted by decreasing values of F shown on the x -axis.

3.5.2 BLR Disk Thickness

Next we test whether BLR disk thickness plays a role in determining the Hβ broad-line-

profile shape. This idea stems from Pringle (1981), who found that the geometric height

of an accretion disk is proportional to the ratio of turbulent velocity to rotational velocity

of the disk. And although this notion applies to accretion disks, disk-outflow models which

suggest that the BLR and the obscuring torus are closely connected, possibly forming one

continuous structure that feeds/flows from the central accretion disk (e.g., Emmering et al.,

1992; Konigl & Kartje, 1994; Kartje & Königl, 1996; Kishimoto et al., 2011; Koshida, 2015),
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qualify the application to a BLR disk. Thus, as suggested by Kollatschny & Zetzl (2011),

BLR lines with smaller values of log10(FWHM/σ) must have more of a spherical structure.

Using our caramel models, we vary θo and F , and keep all other parameters set to the

following values: θi = 25◦, β = 1.0, µ = 1, log10(MBH/M⊙) = 7.5, fflow = 0.5, fellip = 1.0,

θe = 90◦, σturb = 0.001. Again, this configuration was selected in order to reflect particles

on bound circular orbits. As expected, larger opening angles θo (i.e., thicker BLR disks)

produce broad lines with smaller values of log10(FWHM/σ)mean (see Figure 3.8). The

spherical BLR disk represented by θo = 45◦ even begins to have a line-profile shape defined by

log10(FWHM/σ) ≈ 0.2, with bound circular orbits (without inflow/outflow and/or turbulent

motion).

3.5.3 Inflow/Outflow Motion

For this test we vary fellip (the fraction of particles with elliptical orbits) while keeping all

other parameters held constant. The values selected for all other parameters are as follows:

θi = 25◦, β = 1.0, µ = 1, log10(MBH/M⊙) = 7.5, θe = 45◦, σturb = 0.001. We use a value of

fflow = 0.1 for inflow motion, and a value of fflow = 0.9 for outflow motion. Additionally,

we also use two separate disk thickness parameters for our test, θo = 15◦ and θo = 45◦.

We remind the reader that θe = 45◦ and fellip represent particles on highly elliptical bound

orbits (with 1 − fellip on inflowing/outflowing orbits, as determined by the value of fflow).

Therefore, a greater value of fellip represents a greater fraction of particles on elliptical orbits,

rather than radially inflowing/outflowing orbits.

We find that inflowing/outflowing kinematics are able to produce broad-line profiles with

smaller values of log10(FWHM/σ)mean, i.e., log10(FWHM/σ) ≈ 0.1–0.2. In some cases,

even values corresponding to log10(FWHM/σ) < 0.1 are produced (see Figures 3.9 and

3.10). These results also validate our previous finding in which flatter structures (e.g.,

θo = 15◦) produce broad lines with larger values of log10(FWHM/σ)mean, compared to
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Figure 3.8 We investigate the role of BLR disk thickness in line profile shape using caramel
toy models by varying the parameter θo and minimum radius F , while holding all other model
parameters constant. A mean radius of µ = 1 light-day is used, while minimum radius as
defined by F is varied using values F = 0 − 0.3, as depicted by the x -axis. Different BLR
disk thickness/opening angles, θo, are depicted in different colors: θo = 5◦ is shown in blue,
θo = 15◦ is shown in orange, θo = 25◦ is shown in green, θo = 45◦ is shown in red. An
opening angle of θo = 45◦, shown in red, corresponds to a spherical structure and produces
broad lines with smaller values of log10(FWHM/σ)mean, as expected.

more spherical structures (e.g., θo = 45◦), which produce broad lines with smaller values of

log10(FWHM/σ)mean. We also see that log10(FWHM/σ) decreases, with increasing values

of fellip. A value of fellip = 0.4 corresponds to 40% of particles on elliptical orbits, with

the remaining 60% on inflowing/outflowing orbits near escape velocity. While a value of

fellip = 0.9 corresponds to 90% of particles on elliptical orbits, with the remaining 10% on

inflowing/outflowing orbits. This suggests that a combination of inflow/outflow motion and

highly elliptical orbits produces broad lines with smaller values of log10(FWHM/σ)mean,

rather than pure inflow/outflow motion.
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Figure 3.9 Inflow effects on line profile shape. Two different BLR disk thickness/opening
angles, θo are used. A thick disk with θo = 15◦ is shown in blue and a spherical structure with
θo = 45◦ is shown in orange. The x -axis, fellip, represents the fraction of particles on elliptical
orbits. Thus an increasing value of fellip represents a greater percentage of particles on
elliptical orbits, rather than on radially inflowing orbits. We see that line profiles with smaller
values of log10(FWHM/σ)mean are produced with most of the particles on elliptical orbits
with some inflow motion. Additionally, our results reconfirm our finding with thick diskness,
a more spherical BLR produces broad lines with smaller values of log10(FWHM/σ)mean,
and confirm that inflowing BLR motion is able to produce the line profile shapes we are
particularly interested in, e.g. log10(FWHM/σ) < 0.2.

3.5.4 Turbulent Motion

In addition to inflow/outflow motion, turbulence has also been suggested to cause the ex-

tended wings found in a Lorentz profile (Kollatschny & Zetzl, 2013). We test the effect of

turbulent motion on line-profile shape using the caramel model parameter σturb, which al-

lows for macroturbulent velocities. Since the random macroturbulent velocity that is added

to the line-of-sight velocity of the particles, depends on both σturb and |vcirc|, we test with

two different values of log10(MBH/M⊙), as a larger black hole mass would result in greater

magnitudes of circular velocity, and thus larger random macroturbulent velocities. Hence,
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Figure 3.10 Outflow effects on line profile shape. Two different BLR disk thickness/opening
angles, θo are used. A thick disk with θo = 15◦ is shown in blue and a spherical structure
with θo = 45◦ is shown in orange. The x -axis, fellip, represents the fraction of particles
on elliptical orbits. Thus an increasing value of fellip represents a greater percentage of
particles on elliptical orbits, rather than on radially outflowing orbits. We see that line pro-
files with smaller values of log10(FWHM/σ)mean are produced with most of the particles
on elliptical orbits with some outflow motion. Additionally, our results reconfirm our find-
ing with thick diskness, a more spherical BLR produces broad lines with smaller values of
log10(FWHM/σ)mean, and confirm that outflowing BLR motion is able to produce the line
profile shapes we are particularly interested in, e.g. log10(FWHM/σ) < 0.2.

we expect a more massive black hole, with greater turbulent motion, to have broad lines

with smaller values of log10(FWHM/σ)mean.

For both scenarios, log10(MBH/M⊙) = 7.0 and log10(MBH/M⊙) = 8.5, we set particles on

mostly bound outflowing orbits (θe = 45◦ and fflow = 0.9) while varying the σturb parameter

within the limits of its prior, 0.001-0.1. As expected, we find the more massive black hole,

log10(MBH/M⊙) = 8.5, produces broad lines with smaller values of log10(FWHM/σ)mean,

with increasing macroturbulent contributions (see Figure 3.11).
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Figure 3.11 We investigate the role of turbulent motion in line profile shape using caramel
toy models by varying the parameter σturb, and holding all other model parameters constant.
Since macroturbulent velocities depend on both σturb and |vcirc| ∝ log10(MBH/M⊙), we
test the effects of turbulent motion using two different black hole masses. The blue points
correspond to log10(MBH/M⊙) = 7.0 and the orange points correspond to log10(MBH/M⊙) =
8.5. As expected, we see the more massive black hole, which represents greater turbulent
motion, produces broad lines with smaller values of log10(FWHM/σ)mean.

3.6 Conclusions

We use the direct modeling results of a sample of 28 AGNs — nine from LAMP 2016

(V22), seven from LAMP 2011 (W18), four from AGN10 (G17), five from LAMP 2008

(P14), one from AGNSTORM (W20), one from B21, and one from B22. The caramel

results of these 28 AGNs provide insight into BLR geometry and kinematics, and constrain

MBH measurements without implementing the scale factor f used in reverberation mapping

estimates. The cross-correlation time lags and line widths reported by each subsample’s

respective reverberation mapping paper are employed to determine individual scale factors for

each source. Using the extended sample described above, we search for existing correlations
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between scale factor and other AGN/BLR parameters/observables. Our main results are as

follows.

1. We find 3.4σ evidence for a correlation between log10(fmean,σ) and black hole mass.

2. We find 2.8σ marginal evidence for a correlation between log10(frms,σ) and black hole

mass.

3. We find 2.1σ marginal evidence for an anti-correlation between log10(fmean,FWHM) and

BLR disk thickness.

4. We find 2.4σ marginal evidence for an anti-correlation between log10(frms,FWHM) and

BLR disk thickness.

5. We find 2.6σ marginal evidence for an anti-correlation between log10(fmean,FWHM) and

BLR inclination angle.

6. We find 2.4σ marginal evidence for an anti-correlation between log10(frms,σ) and BLR

inclination angle.

7. We find 2.0σ marginal evidence for an anti-correlation between log10(fmean,σ) and BLR

inclination angle.

8. We find 2.2σ marginal evidence for a correlation between line profile shape measured

from the rms spectrum, log10(FWHM/σ)rms, and log10(frms,σ).

9. We investigate how BLR properties may effect measured line profile shape using

caramel models, and find that smaller BLR size, spherical geometries, inflow/outflow

motion, and turbulent motion produce broad lines with smaller values of log10(FWHM/σ)mean.

10. We conclude that these geometric & kinematic effects cause a larger observed sigma

line width (and cuspier FWHM/σ) at fixed MBH , requiring a smaller virial factor, f ,
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for black hole mass estimators.

The sources modeled by V22 have increased the number of AGNs with dynamical modelling

of the BLR by nearly 50%, and led to the discovery of a correlation with the scale factor

and line-profile shape. The correlation with line-profile shape may provide an observational

proxy for the virial coefficient in the future, however, further caramel studies and a larger

sample are needed to confirm the statistical significance of the correlation.
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3.7 Appendix

3.7.1 caramel code modifications

The minor modifications made to the original caramel code, after its use by W18, G17,

P14, W20, B21, and B22, (and prior to the use by V22) are outlined in the Appendix of

Williams & Treu (2022). Here we summarize the content found in Williams & Treu (2022).

The original caramel model used by W18, G17, P14, W20, B21, and B22 first draws

the particles’ radii from a shifted gamma distribution as described in the text. Then

the particles are placed on the positive x -axis and each particle is rotated around the z -

axis, by an angle drawn from a uniform distribution between 0 and 2π. The particles

are then rotated about the y-axis, by an angle drawn from the following distribution:

arccos (cos θo + (1− cos θo)× Uγ), where θo determines the opening angle (disk thickness)

of the BLR and U is a uniform distribution defined between 0 and 1. Additionally, in this

original version of the code, γ is allowed to range from 1 to 5. Upon this second rotation,

the particles are rotated twice more — once about the z -axis by an angle drawn from a

uniform distribution between 0 and 2π (which creates the thick disk), and once more about

the y-axis by an angle defined by π − θi.

Prior to the caramel modeling of the LAMP 2016 sample, our team discovered that the

second rotation about the z -axis redacted the effect of γ and modified the caramel code
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to allow for the effects of γ. The modified version of caramel used by V22 varies from the

placement of particles from the shifted gamma distribution. Rather than place all particles

on the positive x -axis as described above, particles are placed on both positive and negative

sides of the x -axis. Then the particles are only rotated a total of three times, rather than

four. The first rotation is about the y-axis, rather than the z -axis, and is defined by an angle

drawn from the following distribution: arcsin (sin θo × U1/γ), which creates a double wedge

in the xz plane. After the first rotation, the particles are then rotated about the z -axis by

an angle drawn from a uniform distribution between 0 and 2π (which creates a thick disk).

Then, the particles are rotated by one final rotation about the y-axis by an angle defined by

π − θi.

After the changes made in geometric construction, we noticed that most of the effects of γ

occur within the ranges γ = 1–2, and changed the priors on the parameter accordingly.
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CHAPTER 4

Empirical models of the Hβ broad emission line gas

density field

This chapter has been accepted for publication as Villafaña, L., Treu, T., Colleyn, L., et al.;

“Empirical models of the Hβ broad emission line gas density field,” ApJ, 966, 106 (2024),

and is reproduced here with minor formatting adjustments

4.1 Introduction

While the Standard Model of Active Galactic Nuclei (AGN) provides a well-developed frame-

work that explains the different AGN features observed (Antonucci, 1993; Urry & Padovani,

1995; Urry, 2003), details of the different components, such as the structure and dynamics,

still remain uncertain (for a review, see Netzer, 2015). Understanding the structure and

behavior of gas near the vicinity of the central engine is of great interest, as such insight may

help us better understand the role AGN play in galaxy evolution (Booth & Schaye, 2009;

Fabian, 2012; Somerville & Davé, 2015; Dubois et al., 2016). Given that the broad emission

line region (BLR) is the closest structure, of order of ∼ light-days for low luminosity AGNs

(Kaspi et al., 2000), to the central black hole, the BLR has been the focus of a wide range

of AGN astrophysics studies.

From a theoretical standpoint, several scenarios of the BLR gas have been proposed, ranging

from discrete clouds (Krolik, 1988; Rees et al., 1989; Baldwin et al., 1995), to bloated stars
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(Scoville & Norman, 1988) and comets (Maiolino et al., 2010), to perhaps the most recently

favored, disk winds (Emmering et al., 1992; Murray et al., 1995; Elvis et al., 2002) (for

a review, see Peterson, 2006, and references therein). From an observational standpoint,

the BLR cannot be spatially resolved and most information known about the BLR involves

resolving the BLR in time using the technique of reverberation mapping (but see, however,

Gravity Collaboration et al., 2018, 2020, 2021, for recent breakthroughs through the use of

interferometry).

Reverberation mapping campaigns involve intensive photometric and spectroscopic obser-

vations over the course of several months, in order to observe variations in the ionizing

continuum reverberate as variations in the broad emission line fluxes at a later time, τ

(Blandford & McKee 1982; Peterson 1993; Peterson et al. 2004 and for a more recent review,

see Cackett et al. 2021). This technique has proven very valuable in calibrating over 70 AGN

black hole masses (see, Bentz & Katz, 2015a, for details regarding their online AGN black

hole mass database).

In principle, one can map how changes in the continuum translate to changes in the broad

emission line fluxes as a function of line-of-sight (LOS) velocity and time delay, i.e the transfer

function, to learn more about the structure and kinematics of the BLR (Peterson, 1993),

although interpretation is not straightforward and requires additional modeling (Horne, 1994;

Cackett & Horne, 2006). As an alternative approach, our team pioneered the method of

forward modeling reverberation mapping data sets using the Code for AGN Reverberation

and Modeling of Emission Lines (caramel). The BLR Reverberation-mapping Analysis

In AGNs with Nested Sampling (BRAINS) code by Li et al. (2013) also follows a similar

forward modeling approach, and the Broad Emission Line Mapping Code (BELMAC) by

Rosborough et al. (2023) may be modified in the near future to include forward modeling

capabilities.

Using high-quality reverberation mapping data sets, we have modeled the BLR emission
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for over 28 AGN (Pancoast et al., 2014; Grier et al., 2017; Williams et al., 2018, 2020;

Villafaña et al., 2022; Bentz et al., 2021, 2022, 2023a,b). While this original version of

the code sufficiently models various aspects of BLR geometry and kinematics, e.g., disk

inclination, disk thickness, inflow/outflow behavior, the BLR is modeled as a collection of

point particles near a central ionizing source which instantaneously re-emit absorbed power.

For this reason, caramel only models the emissivity distribution, rather than the actual

underlying gas distribution, and we interpret the BLR model as a Monte Carlo representation

of the emissivity field. We will refer to this original version of the code, which models the

BLR emissivity field, as caramel-light throughout the rest of the paper.

Williams & Treu (2022, hereafter W22) modified caramel-light to include a simple power

law that connects the observed BLR emission to the underlying gas distribution, in a version

of the code we now call caramel-gas. In this way, caramel-gas models the BLR as

a Monte Carlo representation of the gas density field, rather than the emissivity field. A

representation of the gas density field would prove to be an advantage for fitting multiple

emission lines at once, e.g., Hα and Hβ or C3 and C4. With the current version of the code,

however, emission lines must be modeled individually and can only be compared a posteriori

(Williams et al., 2020; Williams & Treu, 2022). Future development to incorporate the

ability to model multiple emission lines requires additional testing and understanding of the

capabilities of caramel-gas — which is the focus of this paper.

The resulting gas density field produced by caramel-gas can be interpreted through the

lens of different theoretical scenarios, such as BLR clouds or a continuous disk wind structure.

While we believe more recent developments in the theory may be pointing towards the latter

(Waters et al., 2016; Mangham et al., 2017; Waters & Li, 2019), we will often refer to the

BLR as “clouds” throughout this paper, for the sake of our argument as we consider all

possible interpretations. Therefore, we want to emphasize that our use of this terminology

does not mean the BLR cloud model is our preferred interpretation. In particular, we would
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like the reader to keep in mind that caramel-gas models the BLR gas as a Monte Carlo

representation of the gas density field, and although we may often refer to the BLR as

discrete clouds, this is only one possible interpretation which we include for completeness.

Our work builds upon the initial development and testing stage of caramel-gas, in which

W22 found the emissivity power law index, α — the new model parameter that relates

observed emission to the gas distribution — pushing up against its prior of −2 to 0, suggesting

a preference for positive values. W22 speculated whether the assumption of point particles,

which are used to represent the gas density field, with equal emitting size contributed to

these results. Using the interpretation of discrete clouds and pressure law models (Rees et al.,

1989), W22 proposed including an additional radial power law index, αsize, that allows for

varying size(s) of the BLR structure/clouds as a function of radial distance from the central

black hole. In this paper, we use a sample of ten AGN to further validate the caramel-gas

code and test a new general form of the radial power law index, which includes both an

emissivity power law index and a size power law index for the BLR structure/clouds.

We outline our sample selection in Section 4.2 and briefly summarize caramel-light,

the first implementation of caramel-gas, and the additional modifications applied to

caramel-gas for this work in Section 4.3. We present our results and discuss possible

interpretations of a positive power law index, α, in Section 4.4, and conclude in Section 4.5.

4.2 Sample Selection

Due to the computational power required for any caramel modeling, we choose to limit

the number of AGN to model using caramel-gas. While a total of at least 28 AGN have

been modeled using caramel-light (see Villafaña et al., 2022, for a recent list), we use

only those observed during the Lick AGN Monitoring Project (LAMP) campaigns — LAMP

2008 (Bentz et al., 2009; Walsh et al., 2009), LAMP 2011 (Barth et al., 2011a, 2015a), and

LAMP2016 (U et al., 2022) — due to homogeneous data reduction and analyses.
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Figure 4.1 We select our sample from data collected during the three observation campaigns:
LAMP 2008 (shown in green), LAMP2011 (shown in red), and LAMP 2016 (shown in purple).
We compare the Hβ variability statistics Rmax and Fvar to select our sample. The AGN shown
in the plot above represent only the 21 LAMP AGN that have successful caramel-light
modeling. More AGN were observed during each campaign, but we do not include those with
insufficient data quality for caramel modeling. Our selection criteria requires Fvar ≥ 0.1
and Rmax ≥ 0.4. In total, we select 10 AGN for CARAMEL-gas modeling, which are
depicted with a star marker above.

In order to determine the sample of AGN to model using caramel-gas, we use two Hβ

variability statistics that are standard in reverberation mapping analyses, Fvar and Rmax.

The variability statistic Rmax refers to the ratio of maximum to minimum flux, and the

noise-corrected fractional variation, Fvar is computed as:

Fvar =

√
σ2 − δ2

⟨F ⟩ (4.1)

where σ2 is the variance of the fluxes, δ2 is their mean square uncertainty, and ⟨F ⟩ is the

mean flux.
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We compile the variability statistics from the original reverberation mapping analyses of

our sample and tabulate them in Table 4.1. To focus on objects having high-quality rever-

beration mapping data, we select targets from LAMP campaigns that exhibited fractional

variability amplitude Fvar ≥ 0.1 and ratio of maximum to minimum flux Rmax ≥ 0.4 in the

integrated Hβ light curves (see Figure 4.1). While the quality of reverberation mapping data

additionally depends on light curve cadence, duration, and S/N, these variability criteria ef-

fectively reject the LAMP datasets with lower variability amplitudes that are not suitable

for velocity-resolved line profile modeling. We note that Mrk 50 (LAMP 2011), NGC 4593

(LAMP 2011), and Arp 151 (LAMP 2008) were previously modeled with caramel-gas

during the initial development and testing done by W22. However, we include these three

AGN in our sample since one of our goals is to test a more generalized radial power law index,

α, and these three AGN were modeled during the caramel-gas development phase using

the original parameter α, which did not include a radial power law index for the reflecting

surface area(s) of the BLR structure/clouds (please see Section 4.3 for a further discussion).

For our selected sample, we use the spectral decompositions originally used for caramel-

light and model the same wavelength ranges (see Table 4.2) for each AGN. For details

regarding the spectral decompositions of the reverberation mapping data sets, we refer the

reader to the original caramel-light work of a given AGN, which can also be found

in Table 4.2. The spectra used for the original caramel-light modeling have flux or

magnitude units. As we will discuss later in Section 4.3.5, caramel-light does not fit

absolute fluxes and instead includes a scaling factor to match the continuum and emission line

strengths. In caramel-gas, we fit the absolute fluxes by scaling the continuum light curves

and emission lines to luminosity units using the luminosity distances found in Table 4.2.

Conversion of spectral units required for caramel-gas modeling will be further discussed

in Section 4.3.

104



Ta
bl

e
4.

1.
LA

M
P

A
G

N
H
β

V
ar

ia
bi

lit
y

St
at

is
ti

cs

C
am

pa
ig

n
&

co
rr

es
po

nd
in

g
ca

r
a
m
el

-l
ig

h
t

G
al

ax
y

R
ed

sh
ift

F
v
a
r

R
m

a
x

Se
le

ct
ed

?

Li
ck

A
G

N
M

on
it

or
in

g
P

ro
je

ct
(L

A
M

P
20

08
;P

an
co

as
t

et
al

.,
20

14
,h

er
ea

ft
er

P
14

)

A
rp

15
1

0.
02

10
9

0.
16

9
(a

)
1.

74
±
0.
0
4

(a
)

Y
es

∗

M
rk

13
10

0.
01

94
1

0.
10

8
(a

)
1.

62
±

0.
04

(a
)

Y
es

N
G

C
55

48
0.

01
71

8
0.

08
2

(a
)

1.
57

±
0.
3
5

(a
)

N
o

N
G

C
68

14
0.

00
52

1
0.

09
3

(a
)

1.
58

±
0.
1
1

(a
)

N
o

SB
S

11
16

+
58

3A
0.

02
78

7
0.

10
2

(a
)

1.
48
±
0.
0
6

(a
)

Y
es

Li
ck

A
G

N
M

on
it

or
in

g
P

ro
je

ct
(L

A
M

P
20

11
;W

ill
ia

m
s

et
al

.,
20

18
,h

er
ea

ft
er

W
18

)

M
rk

14
1

0.
04

17
0

0.
08

0(
b
)

1.
39
±
0.
0
3(

b
)

N
o

M
rk

15
11

0.
03

39
0

0.
12

0(
b
)

1.
42
±
0.
0
3

(b
)

Y
es

∗

M
rk

27
9

0.
03

05
0

0.
07

0
(b
)

1.
31
±
0.
0
1

(b
)

N
o

M
rk

50
0.

02
34

0
0.

20
0

(b
)

2.
17
±
0.
1
3

(b
)

Y
es

∗

N
G

C
45

93
0.

00
90

0
0.

23
0

(b
)

2.
11
±
0.
0
8

(b
)

Y
es

P
G

13
10

-1
08

0.
0
3
4
3
0

0.
05

0
(b
)

1.
29

±
0.
0
2

(b
)

N
o

Zw
22

9-
01

5
0.
0
2
7
9
0

0.
25

0
(b
)

2.
81
±
0.
0
7

(b
)

Y
es

Li
ck

A
G

N
M

on
it

or
in

g
P

ro
je

ct
(L

A
M

P
20

16
;V

ill
af

añ
a

et
al

.,
20

22
,h

er
ea

ft
er

V
22

)

M
C

G
+

04
-2

2-
04

2
0.
0
3
2
3
5

0.
26

8
(c
)

0.
95

(c
)

Y
es

M
rk

1
0
4
8

0
.0
4
3
1
4

0.
07

1
(c
)

0.
62

(c
)

N
o

M
rk

13
92

0.
0
3
6
1
4

0.
17

3
(c
)

0.
95

(c
)

Y
es

M
rk

84
1

0.
0
3
6
4
2

0.
07

3
(c
)

0.
74

(c
)

N
o

N
P

M
1G

+
2
7
.0
5
8
7

0
.0
6
2
0
0

0.
05

1(
c
)

0.
74

(c
)

N
o

P
G

22
09

+
18

4
0
.0
7
0
0
0

0.
12

2(
c
)

0.
89

(c
)

Y
es

R
B

S
13

03
0
.0
4
1
7
9

0.
08

1
(c
)

0.
90

(c
)

N
o

R
B

S
19

17
0
.0
6
6
0
0

0.
02

8
(c
)

0.
76

(c
)

N
o

R
X

J
20

44
.0

+
28

33
0
.0
5
0
0
0

0.
05

5
(c
)

0.
78

(c
)

N
o

N
ot

e.
—

W
e

se
le

ct
ou

r
sa

m
pl

e
fo

r
th

is
w

or
k

fr
om

th
e

so
ur

ce
s

m
od

el
ed

w
it

h
ca

r
a
m
el

-l
ig

h
t

fr
om

th
e

th
re

e
di

ffe
re

nt
LA

M
P

ca
m

pa
ig

ns
—

LA
M

P
20

08
,L

A
M

P
20

11
,L

A
M

P
20

16
.

C
ol

um
n

1
sp

ec
ifi

es
th

e
ca

m
pa

ig
n

fr
om

w
hi

ch
th

e
da

ta
w

er
e

co
lle

ct
ed

an
d

th
e

co
rr

es
po

nd
in

g
ca

r
a
m
el

-l
ig

h
t

pa
pe

r.
T

he
ga

la
xy

na
m

e
an

d
re

ds
hi

ft
s

ar
e

fo
un

d
in

C
ol

um
ns

2
an

d
3,

re
sp

ec
ti

ve
ly

.
R

ed
sh

ift
s

ar
e

fr
om

N
A

SA
/I

PA
C

E
xt

ra
ga

la
ct

ic
D

at
ab

as
e

(N
E

D
).

T
he

H
β

va
ri

ab
ili

ty
st

at
is

ti
cs

—
no

is
e-

co
rr

ec
te

d
fr

ac
ti

on
al

va
ri

at
io

n,
F
v
a
r

an
d

th
e

ra
ti

o
of

m
ax

im
um

to
m

in
im

um
flu

x,
R

m
a
x

—
ar

e
fo

un
d

in
C

ol
um

ns
4

an
d

5,
re

sp
ec

ti
ve

ly
.

R
ef

er
en

ce
s

fo
r

th
e

H
β

va
ri

ab
ili

ty
st

at
is

ti
cs

ar
e

as
fo

llo
w

s:
(a

)B
en

tz
et

al
.
(2

00
9)

,
(b

)
B

ar
th

et
al

.
(2

01
5a

),
(c

)
U

et
al

.
(2

02
2)

.
W

e
re

qu
ir

e
F
v
a
r
>

0
.1

an
d
R

m
a
x
>

0.
4

w
he

n
se

le
ct

in
g

ou
r

sa
m

pl
e.

C
ol

um
n

6
sh

ow
s

w
he

th
er

th
e

A
G

N
w

as
se

le
ct

ed
fo

r
ou

r
sa

m
pl

e
or

no
t.

Y
es

∗
si

gn
ifi

es
th

at
th

e
A

G
N

se
le

ct
ed

ha
s

pr
ev

io
us

ly
be

en
m

od
el

ed
us

in
g

ca
r
a
m
el

-g
a
s,

du
ri

ng
th

e
in

it
ia

li
m

pl
em

en
ta

ti
on

an
d

te
st

in
g

ph
as

e
(W

ill
ia

m
s

&
T
re

u,
20

22
).

105



4.3 The Model

We begin with a brief description of the original caramel-light model, followed by the

modifications implemented by W22 to create caramel-gas. We then discuss additional

modifications made to caramel-gas in this work and the modeling details for the ten AGN

presented here, as well as the model degeneracies we might expect to find with caramel-

gas.

4.3.1 Overview of caramel-light

For a full overview of caramel-light, please see Pancoast et al. (2014). In summary,

caramel-light models the BLR emission by sampling a distribution of point particles

surrounding a central black hole located at the origin. The model assumes the central

engine (the black hole) is the ionizing source and that the BLR particles instantaneously

reprocess and re-emit the model continuum.In this way, the particles represent a Monte

Carlo realization of the emissivity field, rather than the actual BLR gas distribution.

Utilizing a Bayesian framework, caramel-light uses a diffusive nested sampling code,

dnest4 (Brewer & Foreman-Mackey, 2018), to explore a 27-parameter space and infer the

model parameters that best fit the reverberation mapping data set. To account for sys-

tematic uncertainty from using a simple model, dnest4 uses a statistical temperature, T ,

to weigh the likelihood when calculating the posterior, i.e log(posterior) ∝ log(prior) +

log(likelihood)/T . The use of this likelihood softening parameter, T , corresponds to inflat-

ing the error bars by
√
T , and the value of T , is selected post-analysis such that parameters

converge in a smooth and unimodal fashion (Bentz et al., 2021).

We note two potential limitations with this simplified model. First, disk-outflow models

suggest that the BLR and the obscuring torus may form one continuous structure that

feeds/flows from the central accretion disk (e.g., Emmering et al., 1992; Konigl & Kartje,

1994; Kartje & Königl, 1996; Kishimoto et al., 2011; Koshida, 2015). Since we model the
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central engine as the ionizing source, our model is incompatible with disk-outflow models

and cannot provide information about the accretion disk. Additionally, we assume gravity is

the dominant force and do not take into account radiation pressure. This can lead to biased

results for sources with high Eddington ratio AGNs. However, LAMP sources have been

found to have moderate Eddington ratios in prior studies (Villafaña et al., 2022).

4.3.1.1 Modeling the Emission Line

In principle, any broad emission line can be used for modeling Here we model only the Hβ

emission line for our sample of low-redshift galaxies. We note that our team’s primary future

goal with the development and testing of caramel-gas is to model multiple emission lines

simultaneously, for a given object. In particular, we would like to model the full extent of

the BLR at once, using physically motivated emissivity profiles for different emission lines

that originate from different BLR radial zones. Current reverberation mapping data sets

that cover multiple emission lines include NGC 5548 (De Rosa et al., 2015) and Mrk 817

(Kara et al., 2021). 1 To realize our goal of modeling multiple emission lines simultaneously,

however, additional testing of caramel-gas is required first — which is the focus of this

paper.

In addition to data regarding the emission line being modeled, caramel-light utilizes the

V/B band continuum light curve measured from the photometric campaign since it serves

as a proxy for the ionizing continuum. caramel-light uses Gaussian processes to model

the continuum light curve, in order to interpolate between data points and evaluate the flux

of the ionizing source at any arbitrary time. This allows the emission line, which echoes the

variations of the ionizing source, to be modeled at any arbitrary time using the BLR particle

distribution determined by the caramel-light model parameters.

1For comparison of NGC 5548 Lyα, Hβ , and C4 caramel-light BLR models, done a posteriori, see
Williams et al. (2020)
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The radial distribution of the particles around the central source is described by a shifted

gamma distribution, and a change of variables is computed so that the radial distribution is

described by the model parameters µ, β, and F . The parameter µ represents the mean value

of the shifted gamma distribution, the parameter β represents the standard deviation of the

shifted gamma distribution, and the parameter F represents the fraction of µ from the origin

where the shifted gamma distribution begins. In addition to these three parameters, the

radial distance, ri, of a particle is also defined by the Schwarzchild radius, which determines

the lower limit for particle positions as measured from the central black hole. The effects of

the model parameters µ and β on the radial distribution of particles will be further discussed

in a following subsection, Section 4.3.6.

Once the particles are placed around the central black hole, according to the shifted gamma

distribution and model parameters µ, β and F described above, the particle position deter-

mines the time lag of the particle, τi, or how long the particle takes to reverberate variations

in the continuum. Assuming observed time delays are due to light travel time, as done with

traditional reverberation mapping analyses, the value of τi simply corresponds to the par-

ticle’s distance from the origin divided by the speed of light, τi = ri/c. Then, for a given

particle i, the line-of-sight velocity determines the wavelength emitted, i.e. how much it is

shifted from the rest wavelength of the emission line.

The model then determines the amplitude of the emission line using the amplitude, C(t−τi),

of the continuum light curve at a time t−τi and allows for additional rescaling of the emission

line amplitude via model parameters ξ, κ, Cmult, and Cadd. The parameter ξ describes the

BLR midplane transparency and represents the fraction of particles emitting from the “far”

side of the BLR and ranges from 0 to 1. The parameter κ ranges from −0.5 to 0.5 and is

related to the relative brightness of each particle. The emission of each particle is weighted

by W = 0.5 + κ cos(ϕ), where ϕ is the angle between the particle’s line of sight to the

origin (ionizing source) and the observer’s line of sight to the origin. Positive values of
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κ represent preferential emission away from the ionizing source and negative values of κ

represent preferential emission towards the ionizing source.

To understand the free parameters Cmult, and Cadd, it is important to note that the absolute

fluxes of both the continuum and the emission line are not modeled in caramel-light.

Instead, the fluxes are rescaled so that they are in units of order unity. Since the continuum

fluxes used in the model are not absolute, the free parameters Cmult, and Cadd are multiplica-

tive and additive factors included to match the overall amplitude (via Cmult) and amplitude

of variations (via Cadd) of the data. Combining all these factors, the line emission for a

particle i, at time t is calculated in the model using the following equation:

Li(t) = W (ξ, ϕi, κ)Cmult[C(t− τi) + Cadd] (4.2)

where Li(t) is the line emission of particle i at time t, C(t) is the observed continuum at

time t, C(t − τi) is the observed continuum that arrives at the particle at time t given its

distance and associated time lag τi, Cmult is the multiplicative factor included to match the

overall amplitude of the data, Cadd is the additive factor included to match the amplitude

of variations of the data, and W (ξ, ϕi, κ) is a weighting function determined by the model

parameters ξ and κ.

Once the amplitude of the emission line emitted by each particle is determined using Equation

4.2 above, the wavelength of the emission line emitted from each particle is determined by

the particle’s line-of-sight velocity. The total emission line is then found by summing the

contribution from each particle.

Finally, to account for instrumental resolution, we blur the spectrum by ∆λdis which is

calibrated using the [O3] λ5007 line. Since the [O3] line is expected to remain constant for

much longer time scales (Peterson et al., 2013), we assume the differences in observed [O3]

line widths must be due to small changes in observing and instrumental conditions. For this
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reason, we also include the observed [O3] emission line data in our model and calculate the

instrumental resolution, ∆λdis by subtracting the intrinsic [O3] line width, ∆λtrue, from the

observed λ5007 line [O3] line width, ∆λobs, in quadrature:

∆λ2
dis ≈ ∆λ2

obs −∆λ2
true (4.3)

Finally, we note that the description we have outlined above assumes that the response of

the emission line to variations optical continuum can be approximated as linear around the

mean (W22).

4.3.2 Development of caramel-gas

The goal of caramel-gas is to model the BLR gas distribution by including a descrip-

tion of how the gas translates to emission. In general, one could calculate emissivity using

photoionization codes such as cloudy (Ferland et al., 1998). However, in practice, this

complexity would increase the computational power required and caramel-light already

takes an average of at least two weeks to run on supercomputers, per object. Instead, we

opt for a simple approximation and describe the BLR surface emissivity, power emitted per

unit surface area, as a power law in radial distance, r:

ϵ̃(r) = ϵ̃0(r/r0)
α (4.4)

where r represents the BLR radial distance from the central source and ϵ̃(r0) = ϵ̃0 is a

normalization constant, representing the surface emissivity at a pivot radius r0 (Robinson,

1995; Goad et al., 2012).

In terms of ionizing flux, Equation 4.4 can be rewritten as:
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ϵ̃(Φ) = ϵ̃0(Φ/Φ0)
−α/2 (4.5)

To calculate the emission line luminosity of particle i from the emissivity (erg s−1 cm−2), we

assign an emitting size, Ac,i to each particle:

Lline,i(λ) = ϵ̃0(Φi/Φ0)
−α/2Ac,iδ(λ− λi) (4.6)

where Φi is the ionizing flux at the position of particle i. We use a Dirac delta function,

δ(λ − λi) to denote the wavelength on the emission line, since the wavelength of the line

emission will be determined by the particle’s line-of-sight velocity.

Since the ionizing flux is not constant, it can be written as a function of time and the observed

continuum, such that:

Φi = Φi(t) = Lion(t− τi)/4πr
2
i (4.7)

where Lion(t) is the luminosity of the ionizing continuum at time t, Lion(t− τi) is the lumi-

nosity of the ionizing continuum that arrives at the particle i at time t given its distance

to the ionizing source and associated time delay, τi, and ri is the radial distance from the

central black hole of particle i, which is determined by the model parameters µ and β.

Combining Equations 4.6 and 4.7, the observed line emission luminosity can be written as:

Lline(λ, t) =
N∑
i=0

ϵ̃0

[
Lion(t− τi)/4πr

2
i

Lion,0/4πr20

]−α/2

Ac,iδ(λ− λi) (4.8)

where N represents the number of BLR particles surrounding the central source, and the total

line emission, Lline(λ, t), is equal to the sum of the particles’ individual line emission. The
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wavelength, λ, re-emitted by particle i is determined by the particle’s line-of-sight velocity

and the wavelength of the emission line being modeled. The variable ri is the radial distance

from the central black hole of particle i, which is determined by the model parameters µ and

β, first introduced in Equation 4.7, and the variable r0 is the pivot radius first introduced in

Equation 4.4.

In the initial framework and testing of caramel-gas done by W22, we assume all the

particles are the same size and define ϵ0 = ϵ̃0Ac. We note that we are simply summarizing

the initial framework of caramel-gas here and will be modifying this assumption in Section

4.3.4 for our sample of 10 AGN.

Equation 4.8 simplifies to:

Lline(λ, t) = ϵ0

N∑
i=0

[
Lion(t− τi)

Lion,0

]−α/2[
ri
r0

]α
δ(λ− λi) (4.9)

As with caramel-light, we assume that the BLR response can be approximated as linear

around the mean, and keep the additive offset, Cadd to allow the model to match the am-

plitude of variations in the data. We also use the observed V/B continuum, Lobs(t), as a

proxy for the ionizing continuum, Lion(t). The emission of each particle is also weighted in

the same manner as caramel-light using the weighting factor W (ξ, ϕi, κ) so that the line

emission at a given wavelength and time t corresponds to:

Lline(λ, t) = ϵ0

N∑
i=0

[
Lobs(t− τi) + Cadd

Lobs,0 + Cadd

][
ri
r0

]α
×W (ξ, ϕi, κ)δ(λ− λi) (4.10)

where Lobs,0 is the mean V/B band continuum luminosity observed, and Lobs(t − τi) is the

observed V/B continuum luminosity that arrives at a particle at time t given its distance, and

associated time lag τi. The power emitted per unit surface area scales with radial distance

from the black hole, ri, and is determined by the caramel-gas model parameter, α, which
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was first introduced in Equation 4.4.

To minimize covariance, we set the pivot radius, r0 to the BLR size determined from cross-

correlation measurements and the observed luminosity, Lobs,0, to the mean continuum lu-

minosity of the campaign. We note that we have removed the multiplicative parameter,

Cmult, in the scaling of the line emission since the data used for caramel-gas is given in

luminosity units, rather than the arbitrary fluxes used for caramel-light modeling.

In summary, the total line emission luminosity is found by summing the contribution of all

the particles (Equation 4.10), which we have assumed have the same size, and the wavelength

of the emission is determined by the particle’s line-of-sight velocity. Similar to caramel-

light, we include the observed [O3] λ5007 emission line in our model to calculate instru-

mental resolution and blur the simulated emission line profile by ∆dis (as shown in Equation

4.3).

The rest of the caramel geometry and kinematic parameters remain the same, only Cmult

has been removed, and ϵ0 and α have been added. Thus caramel-gas explores a 28 param-

eter space, rather than 27 as done in caramel-light. Here the parameter ϵ0 represents the

emissivity power-law normalization and the parameter α represents the emissivity power-law

index originally introduced in Equation 4.4.

In addition to the slight change in parameter space, another key difference between the two

versions of caramel presented here is that the absolute continuum and spectral fluxes are

not modeled in caramel-light, and instead, the fluxes are rescaled so they are in units of

order unity. In caramel-gas, we fit the absolute flux scale of the observed emission lines

by ensuring the input continuum light curves and emission lines are in luminosity units (see

Section 4.3.5 for further details).
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4.3.3 Relevant caramel model parameters

As mentioned above, both versions of caramel have over 25 parameters. In addition to the

parameters described above in weighting the broad emission line flux via the transparency

of the BLR mid-plane, ξ, and an illumination function, κ, there are other model parameters

that provide insight into the geometry and kinematics of the BLR that we would like to

highlight here.

A key parameter with any caramel work is the black hole mass constraint given by the

model parameter, log(Mbh/M⊙). The geometry of the BLR is then given by the inclination

angle of the BLR disk, θi, and the opening angle (disk thickness), θo. In regards to BLR kine-

matics, we determine the fraction of particles with elliptical orbits via the model parameter

fellip, and 1− fellip represents the fraction of particles in either inflowing/outflowing orbits.

The parameter fflow ranges from 0 to 1 and determines whether the remaining 1−fellip parti-

cles are inflowing/outflowing, with values fflow < 0.5 indicating inflow and values fflow > 0.5

indicating outflow.

For the purposes of this work, we do not focus on the geometric and kinematic properties of

the BLR as they have all been fully studied in their original caramel-light studies. For a

full review of the BLR geometry and kinematics of each AGN presented in this work, please

see their respective caramel-light paper found in Table 4.1. Here, we are more interested

in understanding the BLR gas distribution and further validating the caramel-gas code.

In the following subsection, we describe the minor changes made to caramel-gas in this

work and the testing we will focus on.

4.3.4 Modifications to caramel-gas

We note that in our current stages of development, one could in principle re-parameterize

caramel-gas results to produce caramel-light results. However, we would like to em-

phasize that our team’s ultimate goal in developing caramel-gas is to model multiple
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emission lines simultaneously. Since caramel-light models the BLR as a Monte Carlo

representation of the emissivity field, modeling the BLR of two emission lines does not

provide insight to the underlying gas distribution that produces the emission lines. To fit

multiple emission lines arising from the same species, i.e. Hα and Hβ, the code must be able

to model the BLR as a Monte Carlo representation of the gas density field, which requires

additional assumptions about the BLR gas emissivity properties. In this paper, we seek to

further test the power law (Equation 4.4) implemented in the first version of caramel-gas,

as a step toward modeling the BLR gas distribution with multiple BLR emission lines.

In our initial development and testing of caramel-gas, we defined a uniform prior for the

parameter α, set between values of −2 and 0 (W22). This informed prior was based on the

photoionization calculations Goad et al. (2012) computed using cloudy models for simple

slabs of gas, and found α ∼ −1 for the Hβ emission line. Additionally, we assumed that the

BLR particles are all the same size and defined ϵ0 = ϵ̃0Ac.

However, of the four emission lines (from three AGN) W22 modeled, caramel-gas was

unable to constrain the parameter α for one, and the rest of the three were found to push

up against their prior, i.e. preferred less negative solutions. As suggested by W22, pressure

models often describe the sizes of BLR clouds as a power law in radial distance from the

ionizing source, Ac(r) ∝ rαsize , with αsize ∼ 0 to 1.5. (Rees et al., 1989) If we remove our

previous assumption in which all BLR particles are the same size, we can consider a more

general power law, ϵ(r) ∝ rα, such that α = αem + αsize.

In this work, we build on the initial development and testing of caramel-gas and allow

for a more general power-law index, α, which we now refer to as the radial power law index.

In this way, the radial power law index, α, now represents both the emissivity power law

index, αem, and the size power law index of the BLR gas structure/clouds, αsize.

To determine the line emission at time t with this new generalized radial power law index,
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α = αem + αsize, we go back to Equation 4.8. Rather than assume the particles all have the

same size, we assume particles have an emitting size that changes with radius, r, described

by a power-law function in radius, such that:

Ac(r) = Ac,0(r/r0)
αsize (4.11)

where r represents the BLR’s radial distance from the central source and Ac,0 = Ac(r0) is a

normalization constant that corresponds to the emitting size of particles at the pivot radius

r0.

We note that in the optically thick limit, all absorption and reprocessing of ionized photons

will occur at the cloud’s surface so that the emitting size, Ac(r), corresponds to the clouds’

surface area. In the optically thin limit, however, we expect the relevant emitting size, Ac(r),

to be better described by the cloud’s volume. In the intermediate, and more realistic case,

we expect the relevant emitting size, Ac(r), to scale in an intermediate way between surface

area and volume. Our power law described in Equation 4.11 holds true for all three scenarios

described, as it provides a general description of how the BLR cloud emitting sizes change

with radial distance from the ionizing source, regardless of whether the emitting size is best

described by a surface area, volume, or some intermediate of the two.

We revisit Equation 4.8 and update the size of each individual particle, Ac,i, so that it

is described by the power-law function in radial distance, Ac,i = Ac(ri) = Ac,0(ri/r0)
αsize .

Equation 4.8 now becomes:

Lline(λ, t) =
N∑
i=0

ϵ̃0

[
Lion(t− τi)/4πr

2
i

Lion,0/4πr20

]−αem/2

× Ac,0

(
ri
r0

)αsize

δ(λ− λi) (4.12)

where the parameter αem represents the power law index for the emissivity power law function

introduced in Equation 4.4, and αsize represents the radial power law index for the effective
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size(s) of the BLR structure/clouds introduced in Equation 4.11.

Since we no longer assume the BLR particles that represent the gas density field have the

same size, we define ϵ0 = ϵ̃0Ac(r0) = ϵ̃0Ac,0 and simplify Equation 4.12. Doing so allows us

to write the line emission at time t as:

Lline(λ, t) = ϵ0

N∑
i=0

[
Lion(t− τi)

Lion,0

]−αem/2[
ri
r0

]αem+αsize

× δ(λ− λi) (4.13)

where again, the parameter αem represents the emissivity power law index and the parameter

αsize represents the size power law index of the BLR structure/clouds.

Assuming that the BLR responds linearly to variations in the continuum and using the

additive offset, Cadd, as well as the caramel weighting factor W (ξ, ϕi, κ), the total emission

line observed from all the model particles can be expressed as:

Lline(λ, t) = ϵ0

N∑
i=0

[
Lobs(t− τi) + Cadd

Lobs,0 + Cadd

][
ri
r0

]α
×W (ξ, ϕi, κ)δ(λ− λi) (4.14)

Equation 4.14 is similar to Equation 4.10 where Lobs,0 is the mean V/B band continuum

luminosity observed, and Lobs(t− τi) is the observed V/B continuum luminosity that arrives

at a particle at time t given its distance, and associated time lag τi. Here, however, the radial

power law index parameter, α = αem+αsize, takes a more generalized form and represents

both the emissivity power law index, αem, introduced in Equation 4.4, and the BLR size

power law index, αsize, introduced in Equation 4.11.

Since we have changed the meaning of the model parameter α, we must also change the

parameter’s prior. For the contribution from the emissivity power law index, αem, we utilize

our previous uniform prior with values between −2 to 0, as we expect negative values from

photoionization models (Goad et al., 2012). For the contribution from the size power law

index, αsize, we use a uniform prior with values between 0 to 1.5 based on pressure law models
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(Rees et al., 1989). Combining the contributions of both components for the generalized

radial power law index, α = αem+αsize, we determine a new uniform prior for α with values

between −2 to 1.5.

In summary, we have modified caramel-gas from its initial development to allow the

BLR structure to have an effective emitting size that may vary with radial distance from

the ionizing source. Since we are expanding both the meaning and prior of the parameter

α, we have included the AGN modeled by W22 in the initial development and testing of

caramel-gas, as briefly mentioned in Section 4.2 above.

4.3.5 Modeling Details

As previously mentioned, caramel-light uses normalized continuum and spectral fluxes

that are rescaled to units of order unity, while caramel-gas fits the absolute luminosity

scale and thus requires continuum and emission line data to be in proper luminosity units.

In Table 4.2, we outline the photometric band used for the continuum light curve of each

AGN and whether the data used was measured in flux density units, fλ (10−15 erg cm−2 s−1

Å−1) or magnitudes. For those measured in magnitudes (i.e. those from the LAMP 2008

campaign), we first convert to flux density units using a B -band zero-point flux of 632×10−11

erg cm−2 s −1 Å−1 (Bessell et al., 1998). Once the continuum and Hβ light curves are both

in their respective flux density units, we convert to luminosity units using the luminosity

distance calculated by adopting a Planck cosmology: H0 = 67.8 km s−1 Mpc−1, Ωm = 0.308,

and Ωvac = 0.692 (Planck Collaboration et al., 2016). We choose to adopt this particular

cosmology to remain consistent with previous caramel-light work. The corresponding

luminosity distances used for each AGN are found in column 4 of Table 4.2.
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In addition to testing the generalized radial power law index that represents both the BLR

emissivity and the emitting size distribution of the BLR structure, α = αem+αsize, discussed

above, we also want to further validate caramel-gas results by directly comparing our

results to the published caramel-light results. In order to provide a fair comparison, we

use the same Hβ wavelength range and intrinsic [O3] λ5007 line widths that were used in

the initial caramel-light modeling for our selected sample of ten AGN (see columns 5

& 6 in Table 4.2). We note that the values of the intrinsic [O3] λ5007 line widths used in

the initial caramel-light modeling were determined by converting the FWHM of the line

widths presented in Whittle (1992) in units of km s −1 to the line dispersion in Å, assuming

the Gaussian conversion of 2.35. For objects without a comparison line width by Whittle

(1992), we used the median value of the objects in the corresponding campaign (e.g., LAMP

2008, LAMP 2011, LAMP 2016) and a large uncertainty corresponding to ∼ 215 km s −1.

To minimize covariance, we set the pivot radius, r0, used to calculate the total emission

line observed from the model particles (see Equation 4.14) to the BLR size determined from

cross-correlation measurements, as described in Section 4.3.2. We tabulate the values used

for each AGN, along with the corresponding reference in Table 4.2. Finally, we include the

statistical temperature used to account for systematic uncertainty for using a simple model

in column 8.

4.3.6 Expected Degeneracies

In this section, we discuss some model degeneracies we expect to find in caramel-gas. First

and foremost, we have added an αsize component to a more generalized α parameter in this

work. Given this general form, the two parameters αem and αsize are completely degenerate

and cannot be distinguished by our model and data. This degeneracy was first noted by W22,

who provided an example of interpreting a value of α = 0, given a generalized radial power

law index, α = αem+αsize. In such a scenario, our model cannot distinguish between two

possible solutions: (αem, αsize) = (−1, 1) and (αem, αsize) = (0, 0). The first solution would
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Figure 4.2 We compare the model parameters determined using both the original version of
caramel, caramel-light, and the results found in this work using caramel-gas. We
chose six of the twenty-six parameters the codes have in common to compare. On the x-axis
of each plot, we depict the caramel-gas results found in this work, and on the y-axis of
each plot, we show the previously published results found using caramel-light. From left
to right: The uppermost panel shows results for black hole mass, log(Mbh/M⊙), inclination
angle, θi, and opening angle (disk thickness), θo. The lowermost panel shows: midplane
transparency, ξ, the illumination factor, κ, and the fraction of particles on elliptical orbits,
fellip. The colored dots and error bars show the median and 1D 68% confidence interval
of the 2D posterior PDFs for each AGN. The solid black line represents an exact match
in results. Purple points are for the AGN from LAMP 2016, red points are from LAMP
2011, and green points are from LAMP 2008. Overall we see that our caramel-gas and
caramel-light results are in good agreement.

imply: (i) emissivity decreases with increasing radial distance from the ionizing source, in

agreement with photoionization models and the work of Goad et al. (2012), and (ii) increasing

effective emitting size(s) of the BLR structure/clouds, with radial distance from the ionizing

source. The latter, however, would imply that neither emissivity nor the effective emitting

size(s) of the BLR structure/clouds, change with radial distance. In order to completely
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rule out one scenario over the other, a greater level of certainty in our understanding of the

physics and behavior of the BLR gas is required. We will continue this point of discussion

in Section 4.4 below.

In addition to the degeneracy between the emissivity power law index, αem, and the size

power law index, αsize, we also expect a degeneracy between the parameter α and the

caramel-gas parameters that describe the radial distribution of particles (µ, β) discussed

in Section 4.3. Here we remind the reader that the parameter β represents the standard de-

viation of the shifted gamma distribution that describes the radial distribution of particles

around the central black hole. Therefore, greater values of β correspond to radial profiles

that drop off rapidly with radius. The parameter µ represents the mean value of the shifted

gamma distribution, such that greater values of µ translate to radial profiles with larger

radii.

Since caramel-gas models the gas distribution using the Hβ emission observed, the model

requires information on how to map the emission to the underlying gas producing the emis-

sion, i.e. the simple power law we have chosen (see Equation 4.14). Given an emission line

profile, the model can either choose to increase emission at larger radii and have a smaller

radius or decrease emission at larger radii and have a larger radius, in order to match the

data. For this reason, we expect there to be a degeneracy between the parameters α and

µ, as well as the parameters α and β. We will continue our discussion on this expected

degeneracy in Section 4.4.3.3.

4.4 Results

In this section, we validate caramel-gas by comparing our results to those found using

caramel-light and present our results for a more generalized radial power law index, α =

αem+αsize, and possible interpretations.
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4.4.1 caramel-gas Validation

In general, we do not expect caramel-light and caramel-gas to produce identical

values, but we do expect model parameters to be in good agreement with one another. As

discussed by W22, there are some parameters that are related to the radial distribution of

the gas density field that one might expect to change. With a sample of three AGN, W22

showed that these parameters indeed show a slight change, but none were deemed significant.

Here, we evaluate six model parameters: log(Mbh/M⊙), θi, θo, ξ, κ, and fellip, that are not

related to the radial distribution of the gas density field (see Section 4.3 for description of

model parameters). Using the model posteriors from the published caramel-light results,

we compare the median and 68% confidence intervals for the parameters listed above, with

our caramel-gas results in Figure 4.2. Overall, we see the model parameters are in general

agreement with one another and conclude the modifications to caramel-gas produces

reliable results. Additionally, the agreement between model parameters also allows us to

highlight that despite the simplicity of caramel-light, in which absolute fluxes are not

modeled, the model still results in reliable BLR geometry and kinematics, so long as the

results are understood to represent the BLR emissivity field and not the underlying BLR

gas density field.

Although our validation has further confirmed the results of caramel-gas, we would like

to re-iterate a point made previously by W22: caramel-gas is not a replacement for

caramel-light. For future work, if black hole mass estimates and insights into the geome-

try and kinematics of the BLR emissivity are the primary science goals, we still recommend

using caramel-light, since caramel-gas is still in the early development stages and

requires additional assumptions to interpret its results.

123



4.4.2 Radial Power Law Index

Now that we have validated the results between caramel-gas and caramel-light for

our sample of ten AGN, we can proceed to discuss our results for testing a generalized radial

power law index, α = αem+αsize.

We present the resulting posterior distribution functions for the radial power law index, α =

αem+αsize, for the ten AGN modeled in this work in Figure 4.3. For readability purposes,

we display the results by grouping the AGN with their respective observation campaign, i.e.

LAMP 2008, LAMP 2011, or LAMP 2016. We also tabulate these results in Table 4.3 and

report the median value and 68% confidence interval. Looking at the posteriors in Figure 4.3,

we find the best converged results for the LAMP 2016 campaign and note that the models

for Mrk 1310 and SBS 1116+584A (LAMP 2008) were unable to constrain the α parameter.

4.4.3 Possible Interpretations

In general, we find our models prefer positive values for α = αem+αsize. As expected, with

the modifications we have made to caramel-gas in this work, we are not able to distinguish

between the radial emissivity power law index, αem, and the radial size power law index,

αsize, as previously discussed in Section 4.3.6. However, we can still speculate the different

possible interpretations and physical scenarios in which a positive radial power law index,

α = αem+αsize > 0, would be favored.

4.4.3.1 BLR Structure/Cloud Size Distribution

Based on photoionization models, we might expect BLR emissivity to decrease with radial

distance from the ionizing source and thus a negative emissivity power law index, αem. Under

this assumption, we can deduce that a value of αem ∼ −1 or αem ∼ −2 is expected, and

cloudy models suggest αem ∼ −1 for Hβ slabs of gas (Goad et al., 2012).

If we assume αem ∼ −2, then our caramel-gas models, which favor a positive α = αem+

124



0

200

400

600

S
am

p
le

s

LAMP 2008 Arp 151

Mrk 1310

SBS 1116 + 584A

0

200

400

600

S
am

p
le

s

LAMP 2011 Mrk 1511

Mrk 50

NGC 4593

Zw 229− 015

−2.0−1.5−1.0−0.5 0.0 0.5 1.0 1.5
0

200

400

S
am

p
le

s

LAMP 2016 MCG + 04− 22− 04

Mrk 1392

PG 2209 + 184

α
Figure 4.3 The posterior distribution functions of the generalized radial power-law index
parameter, α =αem+αsize, are shown above. The results are split up by campaign. The top
panel shown in green represent AGN in our sample that were observed during the LAMP
2008 campaign, the middle panel shown in red represent AGN in our sample that were
observed during the LAMP 2011 campaign, and the bottom panel shown in purple represent
AGN in our sample that were observed during the LAMP 2016 campaign.
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Table 4.3. Radial Power Law Index, α

Campaign Galaxy α

LAMP 2008 (P14)
Arp 151 0.57+0.46

−0.45

Mrk 1310 0.08+1.67
−1.19

SBS 1116+583A −0.21+1.59
−1.44

LAMP 2011 (W18)

Mrk 1511 0.21+1.06
−0.75

Mrk 50 0.81+0.79
−0.45

NGC 4593 −0.09+0.99
−0.94

Zw 229-015 0.18+0.73
−1.00

LAMP 2016 (V22)
MCG +04-22-042 0.61+0.72

−0.46

Mrk 1392 0.66± 0.54
PG 2209+184 0.73+0.99

−0.63

Note. — The best fit for the generalized radial power law
index, α =αem+αsize, which represents both a radial emis-
sivity power law index and a radial size power law index.
Column 1 specifies the corresponding campaign and origi-
nal published caramel-light work of the AGN found in
Column 2. Column 3 shows the median value of the model
fit and 68% confidence interval.

αsize > 0, imply αsize ≥ 2. In such a case, we might imagine the BLR is composed of discrete

clouds that increase in effective emitting size as a function of radial distance squared and

get increasingly larger the further away from the black hole. In the more likely case, as

suggested by photoionization calculations, in which αem ∼ −1, our models imply αsize ≥ 1,

and the BLR clouds only slightly increase in effective emitting size with increasing radial

distance, in a linear manner.

If we accept that our caramel-gas Monte Carlo representation of the gas density field

implies a picture of BLR clouds with increasing emitting sizes as a function of radial distance,

the question of a physical description follows. One possible description we propose is that

a decrease in radiation pressure with radial distance leads to a decrease in the density of

the BLR gas, and consequently an increase in size with increasing radial distance from the

ionizing source, such that the emitting size(s) of the BLR structure/clouds increase with

radial distance. Alternatively, we suggest tidal forces as another possible explanation. Since

tidal forces will be greater at a closer proximity to the central black hole, this could lead to
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fragmentation of the BLR structure/clouds closer to the inner edges of the BLR disk. This

would cause the clouds at further radial distances to appear to have larger sizes since they

have not experienced as much fragmentation. Finally, we propose that the clouds at smaller

radial distances might be sheared by differential rotation, in which case clouds at larger

radial distances that do not experience shearing appear to have greater effective emitting

sizes.

4.4.3.2 BLR Emissivity Distribution

Since we cannot distinguish between αsize and αem in our model, we cannot completely

rule out the interpretation in which our results of a positive α = αem+αsize > 0 actually

correspond to positive values of αem. In this scenario, we assume that the Monte Carlo

representation of the gas density field is not a description of discrete clouds, but rather a

dynamic wind-like structure, such that αsize = 0.

If αsize = 0, then positive values of α = αem+αsize imply αem > 0, such that BLR emission

is concentrated at the edges, or increases with radial distance from the ionizing source. This

scenario could be possible if parts of the BLR closer to the plane of the accretion disk are

optically thick, perhaps due to a bowl-shape geometry, such as the one suggested by Goad

et al. (2012). In this picture, the inner regions of the bowl are less reflective and emissivity

thus increases at greater radial distances. Additionally, in the case of an optically thick

BLR, we might expect larger covering factors closer to the ionizing source, so that greater

fractions of the continuum are absorbed by the BLR, as seen from the central engine. In this

scenario, the covering factor decreases with radial distance from the central source, allowing

for more emission at larger radial distances. Another physical description that could lead to

emission at the edges of the BLR, is self-shadowing within the BLR disk at inner radii by

gas at larger radii, similar to that suggested for the accretion disk by Wang et al. (2012).
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4.4.3.3 Better Theoretical Input Needed

The discussion in Sections 4.4.3.1 and 4.4.3.2 show that in order to constrain the underlying

BLR gas distribution from reverberation mapping data, our models need a more informa-

tive picture of how BLR emission maps to gas density. Qualitatively, this is intuitive and

expected. We are now in the position to quantify these degeneracies and formulate more

specific requirements from theoretical models.

Returning to the expected degeneracies between the model parameters α and β, and the

model parameters α and µ first discussed in Section 4.3.6, we look at the 2d posterior plots

of α and β (Figure 4.4) and α and µ (Figure 4.9) for Mrk 50. The 2D posterior plots for the

rest of our sample can be found in the Appendix.

As seen in the lower left corner of Figure 4.4, we see covariance between the model parameters

α and β, such that positive values of α are correlated with greater values of β, and negative

values of α are correlated with smaller values of β. Since increasing values of β correspond

to radial profiles that drop off rapidly, the model can either choose to have rapid radial

drop-offs (smaller BLR radii) that are offset by positive values of α (placing emission at the

outer edges), or smaller values of β (larger BLR radii) accompanied with negative values α,

so that emission decreases with radius, given the larger BLR radius.

Similarly, looking at the lower left corner of Figure 4.9, the covariance between the model

parameters α and µ exists, such that positive values of α are correlated with smaller values

of µ, and negative values of α are correlated with larger values of µ. Since increasing values

of µ correspond to radial profiles with larger radii, the model can either choose to have a

larger BLR radius that is accompanied by negative values of α, (decreased emission with

radius), or smaller values of µ (smaller BLR radii) that are offset with positive values α, so

that emission increases with radius, given the smaller BLR radius.

In both cases, the model is either choosing between (i) a larger BLR radius (as described
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Figure 4.4 Selected posterior plots for Mrk 50 from the LAMP 2011 sample. Bottom Left:
The 2D posterior plot between model parameters α and β, with α on the x-axis and β on
the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with greater values of β, and negative values of α are
correlated with smaller values of β. Since increasing values of β correspond to radial profiles
that drop off rapidly, the model can either choose to have rapid radial drop offs that are
offset by positive values of α, i.e. placing emission at the outer edges, or smaller values of β
(i.e. larger BLR radius) accompanied with negative values of α so that emission decreases
with radius, given the larger BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.5 Selected posterior plots for Mrk 50 from the LAMP 2011 sample. Bottom Left:
The 2D posterior plot between model parameters α and µ, with α on the x-axis and µ on
the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with smaller values of µ, and negative values of α
are correlated with larger values of µ. Since increasing values of µ correspond to radial
profiles with larger radii, the model can either choose to have a larger BLR radius that is
accompanied by negative values of α, i.e. decreased emission with radius, or smaller values of
µ (i.e. smaller BLR radius) that are offset with positive values α so that emission increases
with radius, given the smaller BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter µ.
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by smaller values of β or larger values of µ) with decreasing emission as a function of radius

(α < 0) or (ii) a smaller BLR radius (as described by larger values of β or smaller values

of µ) with increasing emission as a function of radius (α > 0). The latter could be due

to either emission at the outer edges of the BLR structure due to geometric effects (αem

> 0) or larger cloud sizes (αsize > 0) as previously discussed. For this reason, we conclude

that our models need more physically motivated priors before we can proceed with empirical

modeling of the BLR gas distribution.

4.5 Conclusion

In this work, we expanded on the initial development of caramel-gas, which models the

BLR gas density field using reverberation mapping data. The first version of the code used a

simple power law to describe the emissivity of the gas, and early tests indicated models might

prefer values greater than zero. Here we introduced a more general power law, α =αem+αsize,

which also considers the effective emitting size(s) of the BLR structure/clouds, via αsize.

Using a sample of ten AGN observed during three different LAMP campaigns, and previously

modeled with caramel-light, we tested the general power law index, α = αem+αsize, and

compared our geometry and kinematic model results with those determined by caramel-

light.

Overall, we find caramel-light and caramel-gas results are in general agreement,

adding to the body of evidence supporting that black hole masses and other key parameters

derived from this method are robust. We continue to recommend the use of the original ver-

sion of the code, caramel-light, for estimating black hole mass and studying the structure

and kinematics of the BLR emissivity.

We find positive values of a generalized radial power law index (αem+αsize > 0) are preferred,

and provide the following interpretations: (i) if we assume αem < 0, then αsize > 0, which

implies the effective emitting size(s) of the BLR structure/clouds must increase as a function
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of radial distance from the central black hole, perhaps due to increasing tidal forces or

shearing from differential rotation at inner radii, or even a decrease in radiation pressure

at larger radii. (ii) Alternatively, if we assume αsize = 0, then αem > 0 implies emission is

concentrated at the edges, perhaps due to a BLR disk that is optically thick at inner radii.

In this scenario, we suggest larger cover factors closer to the ionizing source, a bowl-shaped

geometry with inner regions that are less reflective, or even self-shadowing of the inner BLR

disk by the outer BLR disk.

We believe empirical modeling of the BLR gas distribution requires further insight into

which of these two scenarios described above is physically motivated and preferred, in order

to provide caramel-gas with more informative prior knowledge.
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4.6 Appendix

In the paper we discuss the expected degeneracy between the model parameters α, β, and

µ, and highlight the 2D posterior plots of Mrk 50 from the LAMP 2011 sample. Here we
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provide the 2D posterior plots for the rest of the AGN in our sample. We exclude Mrk 1310

and SBS 1116+583A from the LAMP 2008 sample, however, since the models were unable

to constrain the α parameter.

4.6.1 Arp 151 (LAMP 2008)
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Figure 4.6 Selected posterior plots for Arp 151 from the LAMP 2008 sample. Bottom
Left: The 2D posterior plot between model parameters α and β, with α on the x-axis and β
on the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with greater values of β, and negative values of α are
correlated with smaller values of β. Since increasing values of β correspond to radial profiles
that drop off rapidly, the model can either choose to have rapid radial drop-offs that are
offset by positive values of α, i.e. placing emission at the outer edges, or smaller values of β
(i.e. larger BLR radius) accompanied with negative values of α so that emission decreases
with radius, given the larger BLR radius. Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.7 Selected posterior plots for Arp 151 from the LAMP 2008 sample. Bottom Left:
The 2D posterior plot between model parameters α and µ, with α on the x-axis and µ on
the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with smaller values of µ, and negative values of α
are correlated with larger values of µ. Since increasing values of µ correspond to radial
profiles with larger radii, the model can either choose to have a larger BLR radius that is
accompanied by negative values of α, i.e. decreased emission with radius, or smaller values of
µ (i.e. smaller BLR radius) that are offset with positive values α so that emission increases
with radius, given the smaller BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter µ.
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4.6.2 Mrk 1511 (LAMP 2011)
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Figure 4.8 Selected posterior plots for Mrk 1511 from the LAMP 2011 sample. Bottom
Left: The 2D posterior plot between model parameters α and β, with α on the x-axis and β
on the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with greater values of β, and negative values of α are
correlated with smaller values of β. Since increasing values of β correspond to radial profiles
that drop off rapidly, the model can either choose to have rapid radial drop-offs that are
offset by positive values of α, i.e. placing emission at the outer edges, or smaller values of β
(i.e. larger BLR radius) accompanied with negative values of α so that emission decreases
with radius, given the larger BLR radius. Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.9 Selected posterior plots for Mrk 1511 from the LAMP 2011 sample. Bottom
Left: The 2D posterior plot between model parameters α and µ, with α on the x-axis and
µ on the y-axis. The 2D posterior plot shows covariance between the model parameters,
such that positive values of α are correlated with smaller values of µ, and negative values of
α are correlated with larger values of µ. Since increasing values of µ correspond to radial
profiles with larger radii, the model can either choose to have a larger BLR radius that is
accompanied by negative values of α, i.e. decreased emission with radius, or smaller values of
µ (i.e. smaller BLR radius) that are offset with positive values α so that emission increases
with radius, given the smaller BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter µ.
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4.6.3 NGC 4593 (LAMP 2011)
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Figure 4.10 Selected posterior plots for NGC 4593 from the LAMP 2011 sample. Bottom
Left: The 2D posterior plot between model parameters α and β, with α on the x-axis and β
on the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with greater values of β, and negative values of α are
correlated with smaller values of β. Since increasing values of β correspond to radial profiles
that drop off rapidly, the model can either choose to have rapid radial drop-offs that are
offset by positive values of α, i.e. placing emission at the outer edges, or smaller values of β
(i.e. larger BLR radius) accompanied with negative values of α so that emission decreases
with radius, given the larger BLR radius. Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.11 Selected posterior plots for NGC 4593 from the LAMP 2011 sample. Bottom
Left: The 2D posterior plot between model parameters α and µ, with α on the x-axis and
µ on the y-axis. The 2D posterior plot shows covariance between the model parameters,
such that positive values of α are correlated with smaller values of µ, and negative values of
α are correlated with larger values of µ. Since increasing values of µ correspond to radial
profiles with larger radii, the model can either choose to have a larger BLR radius that is
accompanied by negative values of α, i.e. decreased emission with radius, or smaller values of
µ (i.e. smaller BLR radius) that are offset with positive values α so that emission increases
with radius, given the smaller BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter µ.
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4.6.4 Zw 229-015 (LAMP 2011)
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Figure 4.12 Selected posterior plots for Zw 229-015 from the LAMP 2011 sample. Bottom
Left: The 2D posterior plot between model parameters α and β, with α on the x-axis and β
on the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with greater values of β, and negative values of α are
correlated with smaller values of β. Since increasing values of β correspond to radial profiles
that drop off rapidly, the model can either choose to have rapid radial drop-offs that are
offset by positive values of α, i.e. placing emission at the outer edges, or smaller values of β
(i.e. larger BLR radius) accompanied with negative values of α so that emission decreases
with radius, given the larger BLR radius. Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.13 Selected posterior plots for Zw 229-015 from the LAMP 2011 sample. Bottom
Left: The 2D posterior plot between model parameters α and µ, with α on the x-axis and
µ on the y-axis. The 2D posterior plot shows covariance between the model parameters,
such that positive values of α are correlated with smaller values of µ, and negative values of
α are correlated with larger values of µ. Since increasing values of µ correspond to radial
profiles with larger radii, the model can either choose to have a larger BLR radius that is
accompanied by negative values of α, i.e. decreased emission with radius, or smaller values of
µ (i.e. smaller BLR radius) that are offset with positive values α so that emission increases
with radius, given the smaller BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter µ.
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4.6.5 MCG +04-22-042 (LAMP 2016)
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Figure 4.14 Selected posterior plots for MCG +04-22-042 from the LAMP 2016 sample.
Bottom Left: The 2D posterior plot between model parameters α and β, with α on the
x-axis and β on the y-axis. The 2D posterior plot shows covariance between the model
parameters, such that positive values of α are correlated with greater values of β, and
negative values of α are correlated with smaller values of β. Since increasing values of β
correspond to radial profiles that drop off rapidly, the model can either choose to have rapid
radial drop-offs that are offset by positive values of α, i.e. placing emission at the outer
edges, or smaller values of β (i.e. larger BLR radius) accompanied with negative values of α
so that emission decreases with radius, given the larger BLR radius. Top Left: 1D posterior
plot of the parameter α. Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.15 Selected posterior plots for MCG +04-22-042 from the LAMP 2016 sample.
Bottom Left: The 2D posterior plot between model parameters α and µ, with α on the
x-axis and µ on the y-axis. The 2D posterior plot shows covariance between the model
parameters, such that positive values of α are correlated with smaller values of µ, and
negative values of α are correlated with larger values of µ. Since increasing values of µ
correspond to radial profiles with larger radii, the model can either choose to have a larger
BLR radius that is accompanied by negative values of α, i.e. decreased emission with radius,
or smaller values of µ (i.e. smaller BLR radius) that are offset with positive values α so that
emission increases with radius, given the smaller BLR radius.Top Left: 1D posterior plot
of the parameter α. Bottom Right: 1D posterior plot of the parameter µ.
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4.6.6 Mrk 1392 (LAMP 2016)
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Figure 4.16 Selected posterior plots for Mrk 1392 from the LAMP 2016 sample. Bottom
Left: The 2D posterior plot between model parameters α and β, with α on the x-axis and β
on the y-axis. The 2D posterior plot shows covariance between the model parameters, such
that positive values of α are correlated with greater values of β, and negative values of α are
correlated with smaller values of β. Since increasing values of β correspond to radial profiles
that drop off rapidly, the model can either choose to have rapid radial drop-offs that are
offset by positive values of α, i.e. placing emission at the outer edges, or smaller values of β
(i.e. larger BLR radius) accompanied with negative values of α so that emission decreases
with radius, given the larger BLR radius. Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.17 Selected posterior plots for Mrk 1392 from the LAMP 2016 sample. Bottom
Left: The 2D posterior plot between model parameters α and µ, with α on the x-axis and
µ on the y-axis. The 2D posterior plot shows covariance between the model parameters,
such that positive values of α are correlated with smaller values of µ, and negative values of
α are correlated with larger values of µ. Since increasing values of µ correspond to radial
profiles with larger radii, the model can either choose to have a larger BLR radius that is
accompanied by negative values of α, i.e. decreased emission with radius, or smaller values of
µ (i.e. smaller BLR radius) that are offset with positive values α so that emission increases
with radius, given the smaller BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter µ.
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4.6.7 PG 2209+184 (LAMP 2016)
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Figure 4.18 Selected posterior plots for PG 2209+184 from the LAMP 2016 sample. Bot-
tom Left: The 2D posterior plot between model parameters α and β, with α on the x-axis
and β on the y-axis. The 2D posterior plot shows covariance between the model parameters,
such that positive values of α are correlated with greater values of β, and negative values of
α are correlated with smaller values of β. Since increasing values of β correspond to radial
profiles that drop off rapidly, the model can either choose to have rapid radial drop-offs that
are offset by positive values of α, i.e. placing emission at the outer edges, or smaller values of
β (i.e. larger BLR radius) accompanied with negative values of α so that emission decreases
with radius, given the larger BLR radius. Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter β.
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Figure 4.19 Selected posterior plots for PG 2209+184 from the LAMP 2016 sample. Bottom
Left: The 2D posterior plot between model parameters α and µ, with α on the x-axis and
µ on the y-axis. The 2D posterior plot shows covariance between the model parameters,
such that positive values of α are correlated with smaller values of µ, and negative values of
α are correlated with larger values of µ. Since increasing values of µ correspond to radial
profiles with larger radii, the model can either choose to have a larger BLR radius that is
accompanied by negative values of α, i.e. decreased emission with radius, or smaller values of
µ (i.e. smaller BLR radius) that are offset with positive values α so that emission increases
with radius, given the smaller BLR radius.Top Left: 1D posterior plot of the parameter α.
Bottom Right: 1D posterior plot of the parameter µ.
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CHAPTER 5

Conclusions

In this dissertation, I characterized the structure and kinematics of the Hβ broad emission

line region (BLR) to better understand the central regions of Active Galactic Nuclei (AGN)

and searched for a way to improve how black hole (BH) mass measurements are calibrated

across cosmic time.

In Chapter 2, I applied forward modeling techniques to a sample of nine AGNs from the

Lick AGN Monoriting Project (LAMP) 2016 reverberation mapping campaign to constrain

the geometry and dynamics of the Hβ-emitting BLR. I increased the number of dynamically

modeled sources by nearly 50% and combined my results with previous studies (Pancoast

et al., 2014; Grier et al., 2017; Williams et al., 2018, 2020; Bentz et al., 2021) to investigate

the existence of any trends in BLR structure and kinematics. Overall, I found the Hβ-

emitting BLR of the LAMP 2016 sources to be best described by a thick disk observed at

low to moderate inclination angles. Additionally, I did not find any luminosity-dependent

trends in the Hβ-emitting BLR geometry and kinematics, suggesting AGNs have diverse BLR

structures and kinematics, consistent with transient AGN/BLR conditions over timescales

of order months to years. However, it is important to note that the sample is still small and

may not represent the AGN population as a whole.

In Chapter 3, I used the direct modeling results of a sample of 28 AGNs — nine from LAMP

2016 (Villafaña et al., 2022, presented in Chapter 2), seven from LAMP 2011 (Williams et al.,

2018), four from AGN10 (Grier et al., 2017), five from LAMP 2008 (Pancoast et al., 2014), one
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from AGNSTORM (Williams et al., 2020), one from Bentz et al. (2021), and one from Bentz

et al. (2022). I used the caramel MBH measurements to determine individual scale factors,

f , for each source and searched for existing correlations between the scale factor and other

AGN/BLR parameters and observables. I discovered marginal evidence for a correlation

between the scale factor, f , and line-profile shape (FWHM/σ). This correlation may provide

an observational proxy for the virial coefficient, f , in the future. However, further caramel

studies and a larger sample are needed to confirm the statistical significance of the correlation.

Finally, I expanded on the initial development of caramel-gas, which strives to use re-

verberation mapping data to model the BLR gas density field. The first version of the

caramel-gas code used a simple power law to describe the emissivity of the gas, and early

tests indicated that models might prefer values greater than zero (Williams & Treu, 2022).

In Chapter 4, I introduced a more general power law, α =αem+αsize, which also consid-

ers the effective emitting size(s) of the BLR structure/clouds via αsize. Using a sample of

ten AGN observed during three different LAMP campaigns and previously modeled with

caramel, I tested the general power law index, α = αem+αsize. I found that positive values

of a generalized radial power law index (αem+αsize > 0) were preferred. If we assume αem

< 0, then αsize > 0, which implies the effective emitting size(s) of the BLR structure/clouds

must increase as a function of radial distance from the central black hole, perhaps due to in-

creasing tidal forces or shearing from differential rotation at inner radii, or even a decrease in

radiation pressure at larger radii. Alternatively, if we assume αsize = 0, then αem > 0 implies

emission is concentrated at the edges, perhaps due to an optically thick BLR disk at inner

radii. This scenario could be caused by larger covering factors closer to the ionizing source,

a bowl-shaped geometry with inner regions that are less reflective, or even self-shadowing of

the inner BLR disk by the outer BLR disk.

Ultimately, stronger theoretical assumptions are needed to break the degeneracies inherent to

the interpretation of reverberation mapping data in terms of underlying gas properties and to
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provide further insight into which of the two scenarios described above is physically motivated

and preferred. Thus, the path forward for the testing and development of caramel-gas is

contingent on theoretical progress in the field of BLR astrophysics research.

However, the path forward for Chapters 2 and 3 is straightforward and requires building

a larger sample of AGN with dynamical BLR modeling. A larger sample will allow me to

continue to investigate both (i) whether BLR geometry and kinematics are diverse (consistent

with transient conditions) and (ii) the correlation I have found between the virial coefficient,

f , and the Hβ line profile shape, (FWHM/σ). Continuing my efforts to characterize the

structure and kinematics of the BLR may help us better understand the central regions of

AGNs and their role in galaxy evolution (e.g., gas transport and heating/cooling). The latter

can potentially improve how black hole masses are calibrated across cosmic time, which is

most relevant for studies of the evolution of the BH scaling relations and galaxy evolution

studies in the era of JWST.
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