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Abstract

We have modeled the full velocity-resolved reverberation response of the H3 and He II optical broad emission lines
in NGC 3783 to constrain the geometry and kinematics of the low-ionization and high-ionization broad-line region
(BLR). The geometry is found to be a thick disk that is nearly face-on, inclined at ~18° to our line of sight, and
exhibiting clear ionization stratification, with an extended HS-emitting region (riyedian = 10.07Jj{_‘}(2] It-day) and a
more compact and centrally located He II-emitting region (nedian = 1.33 55" lt-day). In the HS-emitting region,
the kinematics are dominated by near-circular Keplerian orbits, but with ~40% of the orbits inflowing. The more
compact He II-emitting region, on the other hand, appears to be dominated by outflowing orbits. The black hole
mass is constrained to be Mgy =2.827033 x 107 M, which is consistent with the simple reverberation constraint
on the mass based on a mean time delay, line width, and scale factor of (f) =4.82. The difference in kinematics
between the H3- and He I-emitting regions of the BLR is intriguing given the recent history of large changes in the

ionizing luminosity of NGC 3783 and evidence for possible changes in the BLR structure as a result.
Unified Astronomy Thesaurus concepts: Supermassive black holes (1663); Seyfert galaxies (1447); Reverberation
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1. Introduction

Black holes continue to capture our imaginations centuries
after the concept was first recorded in a letter written by a
country clergyman (Michell 1784). Today, not only are black
holes a recurrent feature in science fiction, but they have also
become securely ensconced in science fact. We now know that
supermassive (Mgy = 10°-10'° M) black holes exist, that
they inhabit the centers of most (all?) massive galaxies, and that
their masses scale with several measurable properties of their
host galaxies, including the bulge stellar velocity dispersion
and bulge luminosity (e.g., Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Giiltekin et al. 2009;
Kormendy & Ho 2013).

Only a handful of methods are able to directly constrain the
mass of a central, supermassive black hole through its
gravitational effects on luminous matter. In the case of the
Milky Way, astrometric monitoring of individual stars in the
central few parsecs has resulted in a constraint on the mass of
Sagittarius A* of Mpy= (4.1 +£0.6) X 10° M., (Ghez et al.
2000; Genzel et al. 2000; Ghez et al. 2008), while relativistic
modeling of the emission from gas just outside the event
horizon has constrained the mass of Powehi, the central black
hole in M87, to Mgy = (6.5 +0.7) x 10° M., (Event Horizon
Telescope Collaboration et al. 2019). Most other galaxies are
not able to be studied with similar methods because we lack the
necessary spatial resolution. However, many nearby galaxies
(D <100 Mpc) may still be studied through spatially resolved
observations of the bulk nuclear gas or stellar kinematics on
scales of ~tens of parsecs (e.g., Giiltekin et al. 2009;
Kormendy & Ho 2013). Reverberation mapping is notable
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among black hole mass measurement techniques because it
relies on time resolution rather than angular resolution. By
monitoring the spectrophotometric variability of an active
galactic nucleus (AGN), the black hole mass, among other
properties, may be constrained for a local Seyfert or a distant
quasar (for a recent review, see Cackett et al. 2021).

Reverberation mapping makes use of the response of
photoionized gas in the broad-line region (BLR) to variations
in the continuum luminosity, a technique that was first
proposed by Bahcall et al. (1972). As it is generally
implemented, reverberation mapping constrains an average
responsivity-weighted radius for the BLR in an AGN.
Combining the radius with a measure of the line-of-sight
velocity of the BLR gas via the virial theorem constrains Mgy
(Peterson & Wandel 1999, 2000), modulo a scale factor that
accounts for the generally unknown BLR geometry and
kinematics (e.g., Onken et al. 2004; Park et al. 2012; Grier
et al. 2013; Batiste et al. 2017). However, high-quality
spectrophotometric monitoring data contain information about
the gas response as a function of line-of-sight velocity, thus
providing constraints on the emissivity and position of
photoionized gas in a spatially unresolved source (Blandford
& McKee 1982). Velocity-resolved reverberation mapping, as
it has come to be known, is thus able to directly constrain the
BLR geometry and the black hole mass, thus avoiding the need
to apply a scale factor.

The analysis of velocity-resolved reverberation mapping
data can be approached as an ill-posed inverse problem, in
which the goal is to recover the transfer function that describes
the time delay distribution as a function of velocity across a
broad emission line (e.g., Horne 1994; Skielboe et al. 2015;
Anderson et al. 2021). Alternatively, it can be approached
through direct modeling, in which a framework of fully self-
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consistent models is built and an exploration of the available
parameter space yields the family of models that best match the
observational constraints (e.g., Pancoast et al. 2011). Direct
modeling has the advantage that it is relatively simple to
interpret the results; however, its ability to match complicated
data sets is limited by the phenomenology that is included and
how it is parameterized. Recovery of the transfer function, on
the other hand, takes advantage of the full range of details
present in the observations but is nontrivial to interpret.

While the promise of velocity-resolved reverberation map-
ping has long been understood, it was only within the past
decade or so that improvements in the quality of reverberation
mapping data (e.g., Bentz et al. 2008, 2009; Denney et al.
2009; Grier et al. 2012) have finally allowed the BLR structure
and kinematics to be explored in detail for a handful of AGNs
(Pancoast et al. 2014b; Grier et al. 2017, Williams et al.
2018, 2020). In general, direct modeling has found many
similarities across objects, although the exact details vary: the
low-ionization BLR is arranged in a thick-disk-like structure at
low to moderate inclination to our line of sight, and with
kinematics that are dominated by near-circular Keplerian orbits
but with a contribution from inflow (although Williams et al.
2018 find evidence for outflow, rather than inflow, in some of
their sample). The high-ionization BLR is less well studied, and
Williams et al. (2020) find several key differences in not just
the kinematics but also the geometry of the low- and high-
ionization BLR gas in NGC 5548. Studies that have focused on
the recovery of the transfer function have generally drawn
similar conclusions about the BLR structure and kinematics
(Bentz et al. 2010a; Horne et al. 2021). A key finding of all
these studies is that the black hole masses derived from a more
simplistic reverberation analysis, involving a mean time delay
and line width and an adopted scale factor of (f)~5, are
generally in good agreement within their uncertainties with the
masses derived from modeling. As expected, the largest
differences are generally found for those AGNs where direct
modeling derives an inclination of the BLR that is <15° to our
line of sight (see Figure 14 of Williams et al. 2018). Very low
inclinations result in small observed line-of-sight velocities,
which bias the simplistic mass estimates to low values.

We recently conducted a new reverberation mapping
program focusing on the bright Southern Seyfert, NGC 3783,
with the intent of improving the constraints on the black hole
mass. A nearly face-on barred spiral galaxy at z=0.0097,
NGC 3783 is one of the most well-studied AGNSs in the sky. It
is one of a few Seyfert 1 galaxies that may be studied in detail
with Very Large Telescope GRAVITY observations on spatial
scales that resolve the dust torus and outer BLR (Gravity
Collaboration et al. 2021a); thus, it is a critical target for
informing our understanding of both feeding and feedback.
Furthermore, NGC 3783 is also one of a small number of
Seyfert 1 galaxies that are near enough to allow a reverbera-
tion-based mass to be directly compared with masses
constrained through dynamical methods. The comparison of
reverberation and dynamical masses is the only independent
check that we can use to investigate the reliability of the entire
black hole mass scale that we currently apply across cosmic
history, an important point given the different systematic biases
that are inherent in each black hole mass measurement
technique.

An initial assessment of the monitoring data constrained a
reverberation-based black hole mass of
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Mgy =(2.34+0.4) x 10’ M., (Bentz et al. 2021), assuming a
scale factor of (f) =4.82 (Batiste et al. 2017). However,
variations in the time delay as a function of velocity across H(3
and other optical emission lines were also seen in the spectra,
with longer time delays observed near the line center and
shorter time delays in the line wings. These initial results
indicated that direct modeling would be likely to provide strong
constraints on the BLR geometry and kinematics in NGC 3783,
and that we might be able to probe both the low-ionization
BLR through the broad HB emission line and the high-
ionization BLR through the He Il A\4686 broad line. Here we
present the results of that modeling and a new direct constraint
on the black hole mass in NGC 3783.

2. Data

A detailed description of the photometric and spectroscopic
monitoring data is provided by Bentz et al. (2021). In
summary, V-band photometric monitoring was carried out
with the Las Cumbres Observatory global telescope (LCOGT)
network of 1 m telescopes from 2020 February 12 to June 30.
Notwithstanding the sudden onset of a global pandemic and the
shutdown of several observatories, 209 images were acquired
over this period, with a median temporal sampling of 0.4 days.
Spectroscopic  monitoring with the robotic FLOYDS
spectrograph on the 2 m Faulkes Telescope South was carried
out over the same period, with 50 spectra acquired between
2020 February 27 and June 26, with a median temporal
sampling of 1.7 days.

The images and spectra were reduced in IRAF’ following
standard procedures. The spectra were intercalibrated using the
[O 1] AM4959, 5007 emission lines, which are constant in flux
on timescales of a few months (Peterson et al. 2013), thus
providing a correction for small wavelength shifts, differences
in resolution, and offsets in flux calibration from night to night.
Image subtraction methods (Alard & Lupton 1998; Alard 2000)
were used to isolate the variable AGN point source from the
constant host-galaxy emission in the images, providing a well-
sampled and well-calibrated light curve of the AGN optical
continuum emission. This was merged with the flux-calibrated
continuum light curve measured at 5100 x (1 +z) A in the
spectra, with data points taken within 0.25 days binned together
for the final continuum light curve.

Before modeling the reverberation response, the continuum
and [O 1I] emission lines were subtracted from each spectrum
to allow the broad emission to be isolated. This was
accomplished by modeling the spectral components in the
high signal-to-noise ratio mean spectrum with ULySS (Koleva
et al. 2009) and then slightly adjusting that model to create a
best fit for each individual spectrum before subtracting the
desired model components. The continuum was fit with a
power law, representing the AGN continuum contribution, and
a host-galaxy component parameterized by the Vazdekis
models derived from the MILES library of empirical stellar
spectra (Vazdekis et al. 2010). Emission lines were fit with
multiple Gaussian profiles, with four Gaussians needed to
match each of the HG and [O 1II] doublet lines and one to four
Gaussians needed to match other emission features in the
spectrum. Once a best fit was achieved for the mean spectrum,

7 IRAF is distributed by the National Optical Astronomy Observatories,

which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Figure 1. Example spectrum of NGC 3783 in black, with the ULySS fit to the
continuum and [O 1] AM959, 5007 doublet overplotted in red and the
continuum and O IlI-subtracted spectrum in blue. The vertical dotted lines mark
the limits of the regions that were modeled for the HS3 (4816—5025 A) and
He 11 (4653—4816 A) emission lines. With the continuum subtracted, low-level
Fe II emission is visible on the blue side of He II and the red side of the [O I11]
doublet, but the analysis of Bentz et al. (2021) shows that Fe 1I was not variable
at a detectable level in these data.

the individual spectra were then fit one at a time, with the host-
galaxy component held fixed to the best-fit template but
allowed to vary in flux contribution, and with the power law
and the emission-line components allowed to vary but with
initial values matching their best-fit values. Once a best fit was
found, the host-galaxy and power-law continua and the [O III]
components were then subtracted from each spectrum. Figure 1
shows an example spectrum from a single night of observations
in black, with the best-fit continuum and [O III] emission in red
and the spectrum after subtraction of those components in blue.

The Hf region was then isolated for modeling between
observed wavelengths 4816-5025 A with the narrow emission
line peak at 4910 A, while the Hell region was isolated
between 4653 and 4816 A with the narrow emission line peak
observed at 4735 A. Throughout the campaign, the rest-frame
equivalent width of broad Hj relative to the starlight-corrected
AGN continuum has a mean value of 139.9 A with a median
of 130.5 A and a standard deviation of 22. 4 A. For He, the
mean rest-frame equivalent width is 15.8 A with a median of
15.1A and a standard deviation of 5.4 A. While the blue
spectra also cover the Hy and Hé broad emission lines and the
red spectra cover the Ha emission line, Bentz et al. (2021)
described the difficulties in accurately calibrating the red
spectra and the short-wavelength end of the blue spectra. The
integrated light curves for these emission lines clearly
demonstrate significant excess noise, so we do not attempt to
model them here.

3. BLR Models

Modeling of the BLR for HG and for He Il was carried out
with CARAMEL, a phenomenological modeling code that is
described in detail by Pancoast et al. (2014a). CARAMEL is
capable of constraining both the geometry and kinematics of
the BLR using the reverberation response across the profile of a
broad emission line throughout a monitoring campaign. Here
we summarize the main components of the model.

CARAMEL represents the BLR as a large collection of
massless point particles that are distributed in position and
velocity space, surrounding a massive black hole whose gravity
dominates the region. Each point particle processes incident
continuum flux instantaneously, and the observed time delay
profile of the BLR depends on the spatial distribution of point
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particles, while the broad-line wavelength profile depends on
the velocity distribution of point particles.

The spatial distribution of particles is parameterized with
angular and radial distributions. The radial positions of
particles are drawn from a gamma distribution

p(x]o, 0) o xo‘*lexp(fg) (1)

that provides the flexibility to represent a Gaussian (o > 1), an
exponential (a«=1), or a cuspier profile (0 < a < 1). The
gamma distribution of particles is shifted away from the
location of the black hole by the Schwarzschild radius,
RX:ZGM/CZ, plus a minimum radius ry;,. To assist with
interpretation of the modeling results, a change of variables is
performed so that parameterization is given in terms of (u, 5,

F):

M = Fmin + 049, (2)
1

= —, 3

B N 3)
Py

F — min , 4

Fmin + o0 @

where p is the mean radius, 3 is the shape parameter, and F is
Fmin 10 units of p. The standard deviation of the shifted gamma
profile is given by o, = (1 — F), and the BLR is truncated at
an outer radius of roy = cAlgun/2, Where Afgy, is the time
difference between the first point in the modeled continuum
light curve and the first point in the emission-line light curve.
This truncation assumes that the total length of the monitoring
campaign is sufficient to track reverberation signals throughout
the entire BLR.

The angular distribution of the particles is then arranged in a
disk with a thickness that is set by an opening angle 6,,, where
6,=0° is a thin disk and 6, =90° is a sphere. The inclination
of the disk to the observer’s line of sight is set by 6;, where
6; =0° is viewed face-on and 6; =90° is viewed edge-on. The
strength of line emission from different depths within the disk
is parameterized by the distribution of particles as a function of
depth. For a single particle, the angle of displacement from the
disk midplane is given by

04Ny = arccos(cos 6, + (1 — cosb,) x U7), (®))

where U is a random number drawn uniformly between 0 and
1. The value of ~ ranges from 1, where particles are distributed
uniformly throughout the thickness of the disk, to 5, where
particles are clustered at the disk face and therefore emission is
preferentially from the outer skin of the BLR. An additional
asymmetry parameter, &, allows for the possibility of obscura-
tion along the midplane of the disk, where £ — O causes the
entire back half of the disk to be obscured and £ =1 has no
midplane obscuration. The final asymmetry parameter ~ is
related to the weight of a particle

W(p) = — + K COS @, (6)

where W is the fraction of continuum flux that is reradiated
back toward the observer as line flux and ¢ is the angle
between the observer’s line of sight to the source and the
particle’s line of sight to the source. The value of s ranges from
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—0.5, where particles preferentially emit back toward the
ionizing source, to 0.5, where particles preferentially radiate
away from the ionizing source. In the case of k= —0.5, an
observer would see preferential emission from the far side of
the disk, while preferential emission from the near side would
be observed in the case of Kk =0.5.

The velocity distribution of particles includes radial and
tangential distributions. A fraction of the particles, feip, have
near-circular orbits within the Keplerian potential of the central
black hole with mass Mgy. The remaining particles (1 — fenip)
are either inflowing (fhow < 0.5) or outflowing (fiow > 0.5).
Whether these orbits are generally bound or unbound is
determined by the parameter 6.. For a plane defined by the
possible values of the radial and tangential velocities, 6,
describes the angle of the velocity components away from the
escape velocity and toward the circular velocity. If 6,=0°,
then the orbits are drawn from a Gaussian distribution centered
on the escape velocity. As 6, — 90° the inflowing or
outflowing orbits approach the parameter space occupied by
near-circular orbits. Thus, high values of 6, indicate inflowing
or outflowing orbits that are very nearly circular, 6,~ 45°
indicates that most of the inflowing or outflowing orbits are
highly eccentric but still bound, and low values of 6, indicate
that most particles are near the escape velocity and unbound.

A contribution from macroturbulence is included in the line-
of-sight component of the velocity vector for each point
particle as

Viurb = N(O, Oturb) [Veire|» @)

where v is the circular velocity and AN(0, o) is a normal
distribution centered on 0 and with standard deviation o .

With the spatial and velocity distributions of the particles
parameterized, the emission-line profile can then be calculated
for each continuum flux measurement, assuming that the
continuum flux tracks the ionizing flux from a central point
source. A nonvariable narrow emission line component is
included in the modeled emission-line profiles, as is a
smoothing parameter to account for the small differences in
spectral resolution that arise from variable seeing conditions
throughout the monitoring campaign.

To explore the full range of possible time delays arising from
the BLR geometry and to properly compare the modeled
emission-line profiles with the measured profiles, the con-
tinuum light curve must be interpolated. CARAMEL uses
Gaussian processes both to interpolate between continuum
flux measurements and to extrapolate the continuum light curve
beyond the beginning and end of the monitoring campaign to
extend the range of time delays that may be probed. The
uncertainties on the Gaussian process model parameters are
included in the determination of the BLR model parameters,
thus capturing the effect of the uncertainties that arise from
interpolating and extrapolating the continuum data.

For each model realization, we include 2000 individual point
particles to represent the BLR. The continuum light curve is
interpolated, and model emission-line profiles are calculated for
each epoch at which an emission-line measurement was
acquired. A Gaussian likelihood function compares the
modeled spectra against the measured spectra and adjusts the
model parameters accordingly. CARAMEL utilizes a diffusive
nested sampling code, with the latest version employing
DNEST4 (Brewer & Foreman-Mackey 2018), to efficiently
explore the model parameter space. DNEST4 allows for the use
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of a likelihood softening parameter, or statistical temperature 7,
which has the effect of increasing the measurement uncertain-
ties. This parameter can account for underestimated measure-
ment uncertainties or for the inability of the simplified model to
capture all of the real details in the measurements. The value of
T is determined in the post analysis by examining the
distributions of the model parameters and choosing the largest
value of T for which the distributions remain smooth and
generally unimodal.

Finally, to check that convergence had been reached, we
compared the constrained values of the model parameters from
the first half of the model runs to the second half of the model
runs, with the total number of model runs being 10,000. There
was no discernible difference between the parameters con-
strained during the first half or second half of the model runs
for either H3 or He II.

4. Results

Modeling of the H3 emission line in NGC 3783 provides
constraints on the low-ionization BLR, while modeling of the
Hell emission line constrains the high-ionization BLR.
Figure 2 compares the posterior probability distribution
functions for all the parameters of the BLR models for both
Hg and He 11, while the median and 68% confidence intervals
for each parameter are listed in Table 1. We describe the
resultant set of models for each emission line below.

4.1. H3

The models for HS require a likelihood softening of 7= 125,
which amounts to increasing the uncertainties on the data by a
factor of /T = 11.2. Figure 3 displays the continuum and
integrated H( emission-line light curves and the observed H(3
line profiles along with model fits to all of these. In general, the
emission-line profiles are well fit by the modeled profiles, as
are the gross flux variations of the integrated emission-line light
curve, although some of the finer details of the data are not
captured by the models. The small disagreements between the
data and the models could be the result of uncertainties that are
still underestimated for some data points, or they could signal
that the models are too simplistic and do not have the full
flexibility needed to match all of the real variations, or both.

The geometry of the H{-emitting BLR is found to be a
relatively face-on thick disk with an opening angle of
0, = 34.7i8;§ deg and an inclination to our line of sight of
0, = 17.9723 deg. The disk has an inner minimum radius of
Fnin = 3.25ﬂ:§2 It-day, with a median radius of
Fnedian = 10.077130 lt-day and a width of o, = 10.477133* It-
day. The disk emission is distributed radially in a near-
exponential profile (3 = 0.95%)33) and is distributed through-
out the thickness of the disk with a slight preference for
stronger emission near the face of the disk (y = 1.847}:¢3) and
strong but not total obscuration along the midplane
(¢ = 0.23702%). The line emission direction is rather uncon-
strained, with the median value centered around isotropic
emission but having large uncertainties that do not discriminate
between a preference for radiation toward or away from the
central source (x = 0.0403)). Figure 4 displays a representa-
tive geometric model for the HB response in the BLR of
NGC 3783, drawn from the posterior probability distribution.

The associated mean and median time delays for HG are
found to be Timean = 9.0570%8 days and Tiedian = 7.427079
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Figure 2. Histograms displaying the posterior distributions of the BLR model parameters for H3 (blue) and He 11 (red).

Table 1
Broad-line Region Model Parameter Values
Parameter Brief Description Hp Hen
log,o (M/M_) Black hole mass 7.5149% 71317048
Fimean (It-day) Mean radius of line emission 11.417}13 140703
Fimedian (-day)  Median radius of line emission ~ 10.07+110 133934
Foin (t-day) Minimum radius of line 325018 1.007548
emission

o, (It-day) Radial extent of line emission  10.47H%3*  0.177934
Timean (days) Mean time delay 9.05+9:58 1.197938
Tmedian (days) Median time delay 7421079 1.16158
0, (deg) Opening angle 34.7453 23.55448
0; (deg) Inclination angle 17.9133 19.111%3
I3 Shape parameter of radial 0.9549% 0.67+0%2

distribution
¥ Disk face concentration 1.841048 2774153

parameter
13 Transparency of the midplane 0.23+5:% 0.08+532

Cosine illumination function 0.04038 —0.2019%3

parameter
Fertip Fraction of elliptical orbits 0.60+042 0.22:512
Sow Inflow versus outflow 0265917 0.727319
0, (deg) Ellipse angle 16.17186 14.6518
Gt Turbulence 00249959 0.013*591
Tout (It-day) Outer radius of line emission 42 42

(fixed parameter)

T Temperature or likelihood 125 145

softening

Note. Tabulated values are the median and 68% confidence intervals.

days, which agree well with the average Hf3 time delay reported
by Bentz et al. (2021) of Teent = 9.6070S3 days. Figure 5
displays the transfer function, ¥(\, 7), for a representative
model. Also referred to as the velocity-delay map, the transfer
function displays the range of H{3 responsivities as a function
of time delay and velocity (or wavelength) across the broad
emission line profile. The shape of the transfer function

generally agrees with the cross-correlation time delays
computed for different velocity bins of the H( profile by Bentz
et al. (2021), displayed here as the turquoise crosses in the
bottom panel of Figure 5.

The black hole mass is constrained to be
log,o(Mpn /M) = 7.511075. Roughly 60% of the particle
orbits are near circular (fy, = 0.607599), with the other
40% strongly preferring inflow (fow < 0.5). With a low value
of 6, = 16.17]3 deg, most of these are truly inflowing orbits
rather than highly elliptical bound orbits. There is also a small
but nonzero contribution to the kinematics from turbu-
lence (0w, = 0.02470:059).

4.2. Hell

The models for Hell require a likelihood softening of
T = 145, which amounts to increasing the uncertainties on the
data by a factor of /7 = 12.0. Figure 6 displays the continuum
and integrated He II emission-line light curves and the observed
He1I line profiles along with model fits to all of these. In
general, the modeled emission-line profiles fit the main features
of the observations; however, the lower integrated flux and
larger uncertainties compared to HS do lead to somewhat less
agreement between the observations and the models. The gross
flux variations of the integrated emission-line light curve also
seem to be mostly captured by the models.

The geometry of the He II-emitting BLR is again found to be
a relatively face-on thick disk with an opening angle of
6, = 23.57448 deg and an inclination to our line of sight of
0, = 19.17)%* deg. The disk has an inner minimum radius of
Foin = 1.007035  It-day, with a median radius of
Fnedian = 1.3370:33 lt-day and a width of o, = 0.17703% lt-day.
The disk emission is distributed radially in a Gaussian profile
(B = 0.6779%3), although the constraints on this parameter are
quite weak. The distribution of emission throughout the
thickness of the disk is also not well -constrained
(y = 2.777133), but there is a preference for strong obscuration

along the midplane (¢ = 0.087023). The line emission slightly
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Figure 3. The top three panels display the data, one possible model, and
residuals (data—model) for the HB spectra, with epochs 1 and 13 and their
model fits displayed immediately below to exemplify a low flux spectrum
(magenta curve) and a high flux spectrum (cyan curve). The bottom two panels
display the continuum and integrated H/3 light curves as data points with model
fits overlaid. The full ranges of the models are displayed in light turquoise, with
the example model corresponding to the top four panels overlaid in dark
turquoise. Flux densities (F,) are in units of 10715 erg s"tem™2 A", while
integrated flux (F) is in units of 10" erg s~ cm 2. Across the six panels, it is
evident that most of the gross characteristics of the data are captured by the
models, although some of the finer details are not. Furthermore, the continuum
model is less well constrained during time periods with multiday gaps between
the measurements. Unfortunately, these gaps resulted from the shutdown of
numerous observatories in response to the global coronavirus pandemic and
could not be avoided.

prefers radiation back toward the central source
(k = —0.207053). Figure 7 displays a representative model
for the He II response in the BLR of NGC 3783, drawn from the
posterior probability distribution. As expected, it is signifi-
cantly more compact than Hg.

The associated mean and median time delays for He Il are
found to be Timean = 1.197035 days and Tiedian = 1.167035
days, which are a bit more compact but agree within the
uncertainties with the average Hell time delay reported by
Bentz et al. (2021) of Teent = 1.9531)_‘(9% days. Figure 8 displays
the transfer function for a representative model. The shape is
much more asymmetric than was found for HG, with a heavier
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Figure 4. Representative geometric model for the H3 response in the BLR of
NGC 3783, drawn from the posterior probability distribution. The left panel is
oriented edge-on, with an Earth-based observer on the +-x-axis, while the right
panel shows the Earth-based observer’s view. The transparency of each point
represents the relative response of the gas to continuum fluctuations at each
position, with more opaque points responsible for a stronger response. This
effect is most easily viewed in the right panel, where there is less overlap
between points.
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Figure 5. Transfer function ¥(\, 7) for the example H3Z model displayed in
Figure 4. Integrating the transfer function over wavelength gives the one-
dimensional lag profile W(7), which is shown on the right. Integrating the
transfer function over time delay gives W(J)), or the variable emission-line
profile, which is shown immediately under the transfer function. The bottom
panel displays the average lag as a function of wavelength across the emission
line, with the turquoise crosses showing the average time delay for five velocity
bins across the Hf profile from Figure 6 of Bentz et al. (2021).

response in the blue wing and very little response in the
red wing.

The black hole mass is constrained to be
log, (M /M) = 7.13504. Only 1/5 of the particle orbits
are near circular (f;, = 0.227519), while the rest of the orbits
strongly prefer outflow (fjow >0.5). With a low value of
0, = 14.6J_r11(1);§ deg, most of these are truly outflowing orbits
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Figure 7. Same as Figure 4, but for He II.

rather than highly elliptical bound orbits. Finally, there is again
a small but nonzero contribution to the kinematics from

turbulence (0, = 0.0137501).

5. Discussion

While both emission lines were modeled independently, they
arise from the same AGN and should agree on some parameters
while possibly differing for others. Comparing and contrasting
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He Il (red), and the joint inference using results from both emission lines
(black).

the results for HG and He 11 in the context of other studies may
thus shed additional light on the Seyfert nucleus of NGC 3783.

5.1. Black Hole Mass

The black hole mass of NGC 3783 is expected to be the same
for both HF and Hell. And indeed, we see that there is
significant overlap between the two in the top left panel of
Figure 2. We investigated the joint inference on the black hole
mass following the method described by Williams et al. (2020).
We first approximated the posterior probability distribution
functions of each with a Gaussian kernel density estimate and
then multiplied them together. The result is shown in Figure 9
and  gives log,(Mpu/M.) = 745701, or Mpy=
2.827023 x 107 M. This is consistent with the simple

reverberation constraint on the mass, Mgy = 2.34708 x 107

M., or log,,(Mpu/M.) = 7.3770 04, which is based on the
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Figure 10. Posterior distributions of the BLR model parameters for HG before (turquoise, “unweighted”) and after (black, “weighted”) selecting only those models
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confidence intervals. The parameters are generally unchanged when models that agree with the joint constraint on Mgy are preferred.

mean HQ time delay and line width and an assumed scale factor
of (f) =4.82. We note that the uncertainties quoted for the
simple mass constraint include only the measurement uncer-
tainties on the time delay and line width and do not include
other potential uncertainties such as the object-to-object
variation in the scale factor.

With a black hole mass constraint from the BLR models, we
can infer a specific value of f= 6.0733 for NGC 3783 using
the mean time delay and line width for HB. Previous
investigations (Pancoast et al. 2014b; Grier et al. 2017;
Williams et al. 2018) have found that f scales most strongly
with the inclination of the system, as expected because only the
line-of-sight velocity component is measured. NGC 3783
seems to follow the same trend that has previously been seen
for other Seyfert galaxies, as the inclination angle constrained
by the models, together with the linear regression results of
Williams et al.  (2018), predicts f=6"15  or
log;,(f) = 0.7570:3]. Thus, the good agreement between our
mass constraint and the simple reverberation constraint arises
from the inclination of NGC 3783 being close to the mean
inclination value for the sample of local Seyfert galaxies, thus
having an individual f factor that is similar to the population
average.

We can also investigate any changes to the distributions of
model parameters that may arise from selecting only those
models that agree with the joint H3 and He Il constraint on
Mgy Figure 10 shows the constraints on the model parameters
for HG before and after selecting only those models that agree
with the joint Mgy constraint. The results are quite similar,
which is unsurprising since the HB models provided the
strongest initial constraint on Myy. Figure 11 shows the same
but for HeII. In this case, we find that models that favor the
joint constraint on Mgy also favor a slightly larger radius,

which makes sense since the joint constraint on Mgy was at the
upper end of the Mpy mass distribution for He 1l and also
favors an even smaller fraction (~15%) of bound near-circular
orbits with the rest of the orbits outflowing. No additional
changes are seen in the distributions of the model parameters if
we similarly constrain the inclination angle in addition to Mgy,
in which case we find a joint constraint of 6, = 18.2*2¢ deg.

5.2. Geometry and Kinematics

The similarities between the inclinations and opening angle
constraints for H3 and He 11 support the interpretation that both
emission lines are probing different regions of the same thick
disk of gas. While the median values of the opening angles
might suggest that the HG-emitting region is more “puffed up”
than the He II-emitting region, as might be expected for a bowl-
shaped model of the BLR like that proposed by Goad et al.
(2012), the large uncertainties on the He II opening angle mean
that the two values formally agree. As expected from the
differences in their mean time delays reported by Bentz et al.
(2021), the He II-emitting region is significantly more compact
and close to the central ionizing source than the H{-emitting
region, demonstrating clear ionization stratification within the
BLR (e.g., Peterson 1993 and references therein). There is little
to no overlap between the two, with 7, = 3.25f}j§2 It-day for
HJ3 compared to Fipeqn = 1.40703) lt-day and o, = 0.17103% It-
day for He I (see Figure 12).

The two regions of the BLR appear, however, to be
dominated by different kinematics. In the case of the Hp-
emitting region, the kinematics are dominated by near-circular
orbits with some infall, whereas the He II-emitting region is
dominated by outflow. Repeated studies of the same AGN,
such as NGC 5548 (Pancoast et al. 2014b; Williams et al.
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Figure 12. Combined representative geometric models for the H3 response
(blue) and He II response (red) in the BLR of NGC 3783. The left panel is
oriented edge-on, with an Earth-based observer on the +x-axis, while the right
panel shows the Earth-based observer’s view. The transparency of each point
represents the relative response of the gas to continuum fluctuations at each
position, with more opaque points responsible for a stronger response.

2020), have found that the best-fit kinematics can change from
one reverberation data set to another, so the different
kinematics may not be indicating structural differences between
the inner and outer BLR in NGC 3783, but rather transient
effects (“weather”). On the other hand, Korista & Goad (2004)
find that photoionization models predict that He Il A\4686 is
preferentially emitted in the presence of an ionizing photon flux
that is ~300 times stronger than HG. While HG-emitting gas in
the BLR has been shown to be fairly stable against radiation
pressure (Netzer & Marziani 2010), Hell is preferentially
emitted from lower-density gas (Korista & Goad 2004) and
may be more susceptible to radiation pressure forces.

It may be that a combination of weather and photoionization
physics explains the difference in kinematics between H3 and
Hell. NGC 3783 has demonstrated possible evidence for
changes in the structure of the BLR in the recent past. Kriss

et al. (2019) obtained UV spectra of NGC 3783 shortly after the
discovery of a strong soft X-ray obscuring event was detected
in 2016. They interpret changes in the UV broad emission lines
of NGC 3783, together with the appearance of new broad
absorption lines, as evidence that the BLR scale height may
have collapsed following a period of low ionizing luminosity
that began in 2013 and continued to 2016. By late 2016, the
luminosity had increased significantly and remained high
through at least 2018 January (Kaastra et al. 2018) and could
thus begin to drive changes in the structure of the BLR on the
dynamical timescale (~0.3 yr at a BLR radius of 2.0 It-day, or
3yr at a radius of 10It-day). The luminosity of NGC 3783
between early 2018 and early 2020, when our observing
campaign began, is unknown, but the BLR may have still been
in the process of recovering from the extended low-luminosity
period observed in 2013-2016. And, indeed, a rough
comparison of the broad H@ profile in 2020 with the profiles
observed in 2011 and 2016 (Figure 18; Kriss et al. 2019)
suggests that much of the flux deficit observed in the line core
in 2016 has filled in, although the line profile has not fully
returned to its 2011 state. Further multiwavelength monitoring
coupled with velocity-resolved reverberation analyses could
help to inform our understanding of structural changes in the
BLR as a result of large changes in the ionizing luminosity.
Several studies of NGC 3783 have focused on attempts to
model the accretion disk using the Fe Ka emission line or the
continuum emission (Brenneman et al. 2011; Patrick et al.
2011; Capellupo et al. 2017) and have found similar relatively
face-on inclinations for the inner accretion disk, even when
they disagree on other components of the models (such as the
black hole spin). A similar inclination angle has also been
found by modeling the three-dimensional structure of the
spatially resolved narrow-line region on parsec scales (Fischer
et al. 2013). The consistency in inclination angles from the
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innermost regions of the accretion disk through the BLR and
the outermost narrow-line region suggests that the spin axis of
the central black hole has been stable for quite some time. With
no evidence for large torques on the spin, and with the black
hole spin axis apparently matching the rotation axis of this
relatively face-on galaxy, the recent evolution of the super-
massive black hole appears to be dominated by secular
processes that are aligned with the disk of the galaxy.

The best-fit models that we find for HG also agree well with
recent interferometry results for NGC 3783 from GRAVITY
(Gravity Collaboration et al. 2021a), in which measurements of
the broad Bry emission are best described by a rotating thick
disk inclined at ~20° to our line of sight and surrounding a
black hole with log,,(Mgy /M) = 7.68")43. Additionally, the

radial extent of the Bry-emitting region (fnean = 16747 It-day
assuming D = 38.5 Mpc) is in good agreement with the radial
extent of the HB-emitting region (fimean = 11.4711 It-day; see
Table 1). A joint analysis of the GRAVITY observations with
the continuum and integrated H/3 light curves from Bentz et al.
(2021) confirms and improves on the results, with
Mgy = 2.547039 x 107 M., or log,o(Mgu/M.) = 7.4070:13,
and  7pedian = 16.2f%j§ It-day (Gravity Collaboration et al.
2021b). The black hole mass is still in excellent agreement
with our findings, while the stronger constraints on the BLR
radius in the joint analysis are somewhat in tension with the
size of the BLR reported here (fyegian = 10.07714? It-day). It is
important to recognize that the GRAVITY results depend on
the distance to NGC 3783, which is somewhat uncertain (recent
studies suggest values of 35-50 Mpc; Kourkchi et al. 2020;
Robinson et al. 2021); reverberation mapping measures a
responsivity-weighted radius, while interferometry measures a
flux-weighted radius; and photoionization effects (which are
ignored in both our models and those employed in the analysis
of the GRAVITY data) are known to cause different
reverberation time delays for different hydrogen recombination
lines (e.g., Bentz et al. 2010b). Despite these complicating
factors, the good agreement between the results lends
additional confidence to both. Future work will investigate
the joint constraints that may be derived from an analysis of the
velocity-resolved reverberation data that we have presented
here in tandem with the GRAVITY observations.

6. Summary

We have modeled the full velocity-resolved response of the
broad HG and He II emission lines in NGC 3783. The results
give a black hole mass constraint that is independent of any
scaling factor, and a joint analysis of the results for the two
emission lines prefers Mpy =2.827023 x 107 M. The geo-
metry of the BLR is found to be a thick disk that is close to
face-on (6, ~ 18°) and exhibiting clear ionization stratification,
with Hf arising from an extended region of ~3-20 It-day,
while Hell arises from a significantly more compact and
centralized region of 1-2 lt-day. The kinematics of the outer
BLR probed by H@ are dominated by near-circular orbits with a
contribution from infall, whereas the kinematics of the inner
BLR probed by Hell are dominated by an unbound outflow.
Given the recent history of a deficit of ionizing radiation in
NGC 3783 that was observed from 2013 to 2016 and the
hypothesis that the BLR height collapsed as a result, it is
possible that we may be seeing the BLR undergoing structural
changes as it recovers.
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