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ABSTRACT

We present C1v BLR modeling results for the multiply imaged z = 2.805 quasar SDSS J2222+42745.
Using data covering a 5.3 year baseline after accounting for gravitational time delays, we find models
that can reproduce the observed emission-line spectra and integrated C1v fluctuations. The models
suggest a thick disk BLR that is inclined by ~40 degrees to the observer’s line of sight and with a
emissivity weighted median radius of median = 33.0f‘;j41L light days. The kinematics are dominated by
near-circular Keplerian motion with the remainder inflowing. The rest-frame lag one would measure
from the models iS Tiedian = 36.4ﬂ1§ days, which is consistent with measurements based on cross-
correlation. We show a possible geometry and transfer function based on the model fits and find that

the model-produced velocity-resolved lags are consistent with those from cross-correlation. We measure

a black hole mass of log,o(Mpu/Mg) = 8.31700%,

0.2010:02.
1. INTRODUCTION

Precise measurements of supermassive black hole
(BH) masses across cosmic time are a necessary ingredi-
ent for understanding BH formation and growth and the
connection between BHs and their host galaxies (Fer-
rarese & Merritt 2000; Gebhardt et al. 2000; Ding et al.
2020). The most successful technique for measuring
Mgy outside the local universe is reverberation mapping
(RM, Blandford & McKee 1982; Peterson 1993, 2014;
Ferrarese & Ford 2005), which measures the response of
the broad emission-line region (BLR) to changes in the
continuum. By combining emission-line widths with the
time lag between continuum and emission-line fluctua-
tions, one can obtain a virial estimate of the black hole’s
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which requires a scale factor of log;y(fmean,o) =

mass:
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The scale factor, f, accounts for the geometry, kinemat-
ics, and orientation of the BLR, which are intrinsic to
each individual region and, in general, unknown. This is
the largest source of uncertainty in RM Mpy measure-
ments, estimated to be ~0.4 dex (Park et al. 2012).
Direct modeling of the BLR (Pancoast et al. 2011,
2012; Brewer et al. 2011) avoids this issue entirely by
including Mgy as a free parameter. Additionally, mod-
els inform us of the structure and kinematics of the
BLR and can provide f values for individual BLRs.
This opens the possibility of finding correlations be-
tween f and other observables that could be used to
improve Mpy measurements for all active galactic nuclei
(AGNS), not just those with data suitable for modeling
(Williams et al. 2018, Villafana et al. 2021, in prep.).
Until now, the dynamical modeling approach has been
applied only to nearby AGNs with z < 0.1, and only

Mgy = f
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one of these analyses (NGC 5548, Williams et al. 2020a)
examined the UV-emitting BLR. This is due to the
complexities of high-z reverberation mapping campaigns
paired with the high signal-to-noise ratio (S/N) spectra
required for modeling. However, studies of BH growth
require precise Mpy measurements across all stages of
the Universe, so an understanding of the UV BLR in
the early Universe and in quasar-like environments is
necessary.

The extraordinary data set of the multiply imaged
quasar SDSS J22224-2745 (discovered by Dahle et al.
2013) described by Williams et al. (2020b, hereafter
Paper I) is the first high-z monitoring campaign with
data quality good enough for the modeling approach.
In this paper, we model the C1v-emitting BLR in SDSS
J2222+4-2745 using the data presented in Paper I. In Sec-
tion 2, we briefly describe the data set and the BLR
modeling approach used in the analysis. In Section 3,
we present the model fits to the data and describe the in-
ferred BLR geometry and kinematics. We also compute
the scale factor f for the SDSS J2222+2745 C1v BLR
and compare it to values for the H3 BLRs of other AGNs
determined using the same modeling approach. We con-
clude in Section 4. When necessary, we adopt a ACDM
cosmology with Hy = 70 km s71 Mpc™t, Qur = 0.3, and
Qp =0.7.

2. DATA AND METHODS

The data used in this analysis are the same data
presented in Paper I, and the modeling approach is
described in detail by Pancoast et al. (2014). Here,
we briefly summarize both components, but direct the
reader to the respective papers for detailed explanations.

2.1. Spectroscopic and photometric data

Beginning June 2016, we obtained monthly spectra of
the three brightest images of SDSS J2222+2745 with
the Multi-Object Spectrograph at Gemini Observatory
North (GMOS-N; Hook et al. 2004). The spectra cov-
ered ~5000 to 8200 A after dithering and flux cal-
ibration, covering the C1v and C111] broad emission
lines. In addition, we obtained g-band photometry with
roughly twice-per-month cadence, beginning in Septem-
ber 2011 with the Alhambra Faint Object Spectrograph
and Camera (ALFOSC) at the 2.56m Nordic Optical
Telescope (NOT).

Since we are modeling only the emission of the C1v
BLR, we first need to isolate the C 1v broad emission line
from the other spectral components. As described in
Paper I, we model C1v as a fourth-order Gauss-Hermite
polynomial, and we use those fits in this analysis. We
combine the time-series of spectra for each image by first

multiplying the fluxes by the corresponding image mag-
nification and then shifting the times by the measured
time delays (ATap = —42.44 days and ATac = 696.65
days; Dyrland 2019), setting image A as the reference.

The 2020 spectra for the leading image C suffer from
low S/N as a result of the small image magnification
paired with relaxed observing condition constraints in
2020 due to the COVID-19 pandemic. For this reason,
we remove these data from the analysis.

To speed up the modeling code, we also combine
spectra that fall within 7 days of each other (observed
frame), after accounting for gravitational time delays.
This corresponds to ~2 days in the rest frame, which is
over an order of magnitude smaller than the expected
BLR size. Since our smooth BLR model would be un-
able to resolve variations on this timescale, we lose no
constraining power by combining these spectra. After
making these changes, our final data set consists of 63
spectra covering a 1944 day (5.3 year) baseline, after
accounting for gravitational time delays.

Finally, we bin the individual spectra by a factor of
8 in wavelength to further decrease computation time,
giving 93 wavelength bins from 5503.5 to 6239.5 A. The
smooth BLR model is unable to resolve emission-line
structure on the 1 A /pix (50 km/s/pix) scale of the raw
data, and we are using smooth Gauss-Hermite fits to
C1v, so attempting to fit all pixels would introduce un-
necessary computational burden while providing no ad-
ditional constraining power.

2.2. BLR Model

We model the BLR emission using a collection of point
particles surrounding the central black hole and ionizing
source. The ionizing light propagates outwards and as
it reaches the particles, they instantaneously re-process
the light and emit it towards the observer in the form of
emission lines.

The positions and velocities of the particles are de-
termined by a number of free parameters, described in
detail by Pancoast et al. (2014). To summarize, the par-
ticles are distributed in a thick disk with half-opening
angle 6, and inclined relative to the observer’s line of
sight by 6; (6; = 0 deg is face-on). An additional param-
eter, 7, determines if the particles are distributed uni-
formly throughout the thick disk (y = 1) or if they are
concentrated at the faces of the disk (y = 5). The dis-
tances of the particles from the origin are drawn from a
Gamma distribution with shape parameter 3, and mean
1, that has been shifted from the origin by a minimum
radius 7min.

A parameter k determines the relative brightness of
each particle by controlling if particles re-emit preferen-
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tially back towards the origin (k = —0.5), isotropically
(k = 0), or away from the origin (x = 0.5). The disk
midplane can range from being fully opaque (£ = 0) to
fully transparent (£ = 1).

A fraction of the particles, fenip, are assigned to have
near-circular orbits with radial and tangential velocities
drawn from a distribution centered on the circular ve-
locity. The remaining particles all have either inflowing
or outflowing trajectories based on the binary parameter
faow (< 0.5 inflow, > 0.5 outflow). The radial and tan-
gential velocities are drawn from a distribution centered
on the radial escape velocity that is rotated by an angle
0. in the v, — vy plane. This allows for particles with
purely radial motion (6, ~ 0 deg) or on highly elliptical,
bound orbits (6, ~ 45 deg).

When interpreting the model parameters, it is impor-
tant to keep in mind that we are modeling the BLR
emission rather than the underlying gas. We do not in-
clude in our model the complex photoionization process,
which would require additional assumptions about the
BLR environment—such as the gas density, tempera-
ture, and metallicity distributions—and the relation be-
tween the observed g-band continuum and the ionizing
spectrum.

2.3. Fitting the model to data

Using the observed continuum light curve, we can
compute the time-series of emission-line spectra that
a given model produces by summing the contributions
of each BLR particle, taking into account the position-
induced time lag and velocity-induced wavelength shift.
Our goal is to explore the model parameter space such
that the model-produced spectra best fit the observed
spectra. We assume that the ionizing continuum follows
the observed g-band continuum and use Gaussian pro-
cesses as a way to flexibly interpolate between observed
data points.

We use a Gaussian likelihood function to compare the
emission-line spectra with the model spectra. In post-
processing, we also introduce a statistical temperature,
T, that softens the likelihood function, effectively in-
creasing the spectra uncertainties. This accounts for
under-estimates of uncertainties as well as the challenge
of fitting a complex BLR with a simple model. To ex-
plore the parameter space of both the BLR model and
continuum model, we use the diffusive nested sampling
code DNEST4 (Brewer & Foreman-Mackey 2016). Diffu-
sive nested sampling is a modification of the nested sam-
pling technique that is particularly efficient at exploring
complex, high-dimensional probability spaces. From the
code output, we produce a posterior sample from which
we can infer the model parameter values.

3. RESULTS
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Figure 1. From top to bottom, Panel 1: Time-

series of observed spectra. 2:  One possible model
fit to the observed spectra. 8:  Normalized residual
([Data — Model] /Data uncertainty). 4: Observed spectrum
from one of the epochs with uncertainties multiplied by T
(black points) and the spectrum produced by the model
shown in panel 2 (red). 5: Integrated C1v emission-line flux
of the data (black points) and model (red). 6: Observed
g-band continuum light curve (black) and the model fit to
the light curve (red).

The modeling code is able to find regions of the BLR
model parameter space that reproduce the observed
emission-line shape and fluctuations (Figure 1). To
avoid over-fitting, we soften the likelihood function with
a temperature T' = 180 when constructing the posterior
sample from the DNEST4 output. This is equivalent to
multiplying all uncertainties on the spectra by a factor
of VT = 13.4, which is reflected in the error bars in
Panels 4 and 5. The model displayed in Figure 1 was
chosen to be representative of the full posterior sample
and has parameter values close to those reported in Sec-
tion 3.1. The large-scale variations in the C1v emission-



4 WILLIAMS ET AL.

line flux are very well captured by this model, although
some of the shorter-timescale fluctuations (<100 days)
are smoothed out.
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Figure 2. One possible geometry for the C1v BLR, corre-
sponding to the model shown in Figure 1. Each circle repre-
sents one of the BLR test particles, and the size of the circle
corresponds to the relative flux contribution of the particle.
The angled dotted line shows the midplane of the BLR. The
observer is situated on the positive z-axis.

3.1. BLR Model Parameters

Examining the posterior probability density functions
(PDFs) for the model parameters, we find two clusters
of solutions: those with 6; and 6, around 45 degrees and
those with 6; and 6, around 85 degrees. Due to known
degeneracies resulting from the flexible parametrization
of the model (see, e.g., Grier et al. 2017), different com-
binations of parameters can produce identical particle
distributions and velocities. For 6; ~ 6, — 90 deg,
the particles are arranged in a sphere, but as v — 5,
they are increasingly concentrated along the axis of the
sphere which is close to perpendicular to the observer’s
line-of-sight. Since RM data cannot resolve rotations
in the plane of the sky, these solutions are equivalent
to near-face-on thick disk models and are thus degener-
ate with the first family of solutions. The 2D posterior
PDFs reveal that this is the case for the models in our
sample with 6;, 0, ~ 85. Unfortunately, the other model
parameters are difficult to interpret in this arrangement,
so we choose to exclude solutions with 6; > 65 deg.

Taking the median and 68% confidence intervals for
each parameter, we find a thick disk BLR with 6, =
52.672% deg that is inclined by 6; = 40.873¢ deg. The
parameter determining if emission is concentrated on
the faces of the disk is not constrained for these mod-
els (y = 2.6713). The radial distribution of BLR
emission drops off with radius faster than exponentially
(B = 1.327005), is shifted from the origin by a mini-
mum radius 7y, = 8.271% 1d, and has a median radius
Tmedian = 33.01%:1l ld. This is visible in Figure 2 with the

shell-like concentration of points around the BLR center
and a rapid drop-off in point density at larger radii. The
particles preferentially emit back towards the ionizing
source (k < —0.47), which agrees with photoionization
predictions, and the disk midplane is found to be mostly
transparent (£ > 0.77).
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Figure 3. Transfer function, ¥(\, 7), illustrating how con-
tinuum (C') variations lead to variations in the emission line
(L): L(A\,t) = [¥(X, 7)C(t—7)dr. The bottom panels show
the lag-integrated transfer function, ¥(\), and the mean de-
lay in each wavelength bin. In orange, we show the velocity-
resolved lag measurements from Paper I, where the z-axis
error bars denote the wavelength window. In blue, we show
the mean delay based on the model for the same wavelength
windows. Note that in the second bin, the blue model point
is difficult to see since it is mostly hidden behind the orange
data point.

Kinematically, models are preferred in which most
particles (fenip = 0.83‘_”8:8%) are on near-circular orbits,
which is reflected in the symmetric nature of the trans-
fer function (Figure 3). The remaining particles have
infalling trajectories (faow = 0.2670 1%, 6. = 20.2713°5).
Finally, the black hole mass is very well determined
at log,o(Mpa/Ma) = 8317507 For comparison, Pa-
per I measured log,o(Mpu/Mg) = 8.63+0.27 using the
lag from cross-correlation paired with a scale factor f
(Equation 1) converted from Hp-based measurements.
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The modeling approach is more reliable since it does not
depend on HB-to-C 1v conversions for f, and is more pre-
cise since it avoids the additional uncertainty introduced
by the intrinsic scatter in f.

The rest-frame time lag one would measure based on
these models is Tmedian = 36.4ﬂ:§ days, which agrees
very well with the cross-correlation measurement of
Teen = 36.51‘3:8 by Paper I. For the BLR model shown
in Figure 3, we also compute the mean emission-line
lag in the five wavelength windows used to measure the
velocity-resolved lags in Paper I. We should note that
the lag for the central wavelength bin in Paper I was
based on a narrow-band filter transmission curve, rather
than the top-hat function used here. Since the transmis-
sion is higher near the center of the bin where the lags
are longest, this will bias the filter-based measurements
towards longer lags. Regardless, all of our model-based
measurements are consistent with the velocity-resolved
lags based on cross correlation.

In Figure 4, we show the 2D posteriors for
log,o(Mpu/Mg), 0;, and 6,. There is an anti-correlation
between the black hole mass and inclination angle, which
is expected—as the BLR is tilted closer to face on, a
larger black hole is required to reproduce the observed
line width. We also find two streaks of solutions that can
be separated by the line 6; = 6,. Those with 6; > 6,
tend to have slightly more transparent midplanes and a
higher fraction of particles on near-circular orbits, but
all other parameter distributions remain indistinguish-
able. Importantly, both cases give the same black hole
mass.

3.2. Scale factor f

Using the Mgy posterior PDF from our BLR model
along with the C1v line widths and lags measured in Pa-
per I, we can compute the appropriate scale factor, f,
for the SDSS J2222+2745 BLR. We use the rest-frame
lag, Tecen = 36.5f§:3 days, and the four emission-line
widths: AVipean pwanm = 7734459 km 571, AViean.o =
4261 449 km s, AVis pwanm = 9219 + 458 km s~
and AVis o = 5907 + 148 km s~ .

We propagate all uncertainties utilizing the full Mgy
posterior as follows: For each sample in the pos-
terior, we draw an emission-line width from a nor-
mal distribution, N'(AV,0%,,), where AV is the me-
dian value reported above and oay is the correspond-
ing uncertainty. We then draw a time lag using
the same approach, assuming an uncertainty that is
equal to the average of the upper and lower uncertain-
ties, 3.4 days. From this, we construct a sample of
log,, f values and compute the median and 68% con-
fidence intervals. We find log (fmean,s) = 0.20J_r8:8£7),

loglo(fmean,a)
0.1 05 09

0; (deg)

(deg)

< 40

8.25 8.50 8.75 25 50 40 60

My 0; (deg) 0o (deg)
108;10 ( Mg )
Figure 4. 2D posterior distributions for the black hole

mass, inclination angle, and opening angle. The median and
68% confidence intervals are indicated by the dashed and
dotted lines, respectively. The corresponding scale factor,
f, is shown on the top axes of the Mpn panels, assuming a
line dispersion o = 4261 km s~! and lag Tcen = 36.5 days.
The angled dotted line in the 6, vs. 6; panel shows 6, = 0;.
Note that the uncertainties on o and Tcen are not included in
this conversion from log,,(Msu/Mgp) to log,, f, so the true
posterior distribution for log,, f is slightly broader.

loglo(fmean,FWHM) = _032t88?7 loglo(frms,a) -
—0.087067, and log,o(foms,pwan) = —0.467009. The

uncertainties on log;, f are larger than those for
log,o(Mpn/Mg) since they include the uncertainties on
AV and 7.

In Figure 5, we show the scale factor plotted against
various BLR model and AGN parameters, along with
the data and fits for the HZ BLR by Williams et al.
(2018) and the Civ and HB BLRs for NGC 5548
(Williams et al. 2020a). To determine the bolometric
luminosity, we use log;y(L1ss0/erg s™1) = 44.66 & 0.18
from Paper I and assume a bolometric correction of
BC4350 = 3.81, computed by Shen et al. (2011) using
the composite quasar spectral energy distributions of
Richards et al. (2006).

Paper I also computed conversion factors between fz
and fcry by comparing AGNs with line width and lag
measurements available for both HS and Civ. They
found that for a relation of the form log,y(fcrv) =
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Figure 5. Correlations between the scale factor f and BLR
model parameters and AGN properties. Each point and con-
tour pair shows the median and 68% confidence region of the
2D posterior PDFs. The blue point is SDSS J22224-2745, or-
ange (black) is the C1v (HB) BLR of NGC 5548 (Williams
et al. 2020a), and the grey points and fits are those for the
Hp BLR from Williams et al. (2018). For the two C1v mea-
surements, we also show a shifted contour (dashed) based on
the fug to fcrv conversions calculated in Paper I.

logyo(fug) + v, the best fits are amean,o = 0.087£0.007,
Orms,e = —0.021 £ 0.028, and amean, Fwam = 0.694 +
0.008. In Figure 5, we also show the two C1v-based
contours shifted by these conversion factors.

An anti-correlation between f and 6; is expected to
exist, regardless of the emission line or AGN properties.
The parameter 6; simply describes the orientation of the
BLR in the sky, so for a BLR model with disk-like kine-
matics, as 6; increases, f must decrease to account for
the larger line-of-sight velocity component contributing
to the emission-line width. The SDSS J2222+-2745 mea-
surement happens to fall on the same relation as the H3
BLR measurements, but it is possible that C1v BLRs
follow a different relation and this is a chance align-
ment. A larger sample of C1v BLR models is necessary
to distinguish between the two options.

While 6; itself is not an observable, it may be deduced
in AGNs with radio jets if the BLR rotation axis and jet
are aligned. BLR modeling of 3C 120 (Grier et al. 2017)
and the spatially resolved BLR of 3C 273 from interfer-
ometry (Gravity Collaboration et al. 2018) support that
this is the case, although a larger sample size is still

necessary to determine if this relation holds for every
AGN.

We also find that the SDSS J22224-2745 measurement
lies below the HJ relations with Mgy, and the offset is
exaggerated by the fcorv to fug correction factor. The
Hp3 relation between fmean Fwam and Mpy is currently
detected only at the 20 level (Williams et al. 2018), so a
larger sample will be necessary to solidify the relation-
ship (Villafana et al. 2021, in prep). Assuming that the
relationship is real for the HS BLR, the offset of SDSS
J2222+2745 could mean that the correction factors do
not hold for all AGNs, or that there is something inher-
ently different about the SDSS J2222+2745 BLR. One
possibility is that C1v BLRs follow a different relation-
ship than HS BLRs, although the NGC 5548 measure-
ment is better aligned with the HB-based measurements.
Another possibility is that BLR environments are dif-
ferent at z = 2.805 than at z < 0.1. Determining the
source of the offset will require additional modeling of
BLRs using multiple emission lines and across a wider
range of redshifts.

4. CONCLUSIONS

The results presented here are the first of their kind
for an AGN at z > 0.1 and at the peak of AGN ac-
tivity. The tight constraints on Mpy and other BLR
properties demonstrate that gravitational lensing is a
powerful tool that can provide data good enough for
detailed BLR studies. While opportunities like that of
SDSS J2222+4-2745 are rare, they serve an important role
in expanding our understanding of the BLR outside of
the local Universe.

The main results of our analysis can be summarized
as follows:

1. The Criv-emitting BLR for SDSS J22224-2745 is
a thick disk with a size rmedian = 33.0‘_”3:‘1L light
days. The kinematics are dominated by near-
circular Keplerian motion, with the remaining 10-
20% of emission indicating infalling trajectories.

2. The median rest-frame lag produced by the BLR
models is 36.471% days which agrees closely with
the Teen = 36.5729 day measurement from cross
correlation. The velocity-binned mean lags from
the model are also consistent with the velocity-
resolved lags from cross correlation.

3. The black hole mass for SDSS J2222-+2745 is
log,o(Mpu/Ms) = 8317007, This corresponds

to scale factors of log;g( fm%aélég) = 0.20150,
loglo(fmean,FWHM) = _0~32t0:077 10g10(frms,o’) =

—0.0815:0%, and log( frms,Fwanm) = —0.4610 0.
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