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Figure 4. MEMECHO fits to five continuum and six emission-line light curves of NGC 5548. The driving light curve (bottom panel) is the 1150 A continuum light
curve with a reference level (red line) at the median of the 1150 A continuum data. Above this are 10 echo light curves (right) and corresponding delay maps (left),
comparing the light-curve data (the black points with green error bars) and the echo model (blue curves) with slow background variations (red curves). The echoes
(bottom up) are four continuum light curves, at 1300, 1450, and 1700 A from the HST spectra and at 5100 A from the MDM spectra, then six reverberating emission
lines (He 11 AA1640, 4686, HG, Lya, SiIv, and C IV). On each delay map in the left column, the median delay is marked by a vertical line, flanked by vertical dashed
lines for the quartiles of the delay distribution. The MEMECHO fit accounts for much of the light-curve structure as echoes of the driving light curve but requires
significant additional variations (red curves). The gray shaded region indicates the time span of the “BLR Holiday” identified in Paper IV.
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Figure 5. Two-dimensional wavelength—delay map W()\, 7) reconstructed from the MEMECHO fit to the optical spectra from MDM. Delays are measured relative to
the 1150 A continuum light curve. Panels below and to the right of the map give the projected responses W(\) and (7). Here the black curve is the full response, and
the colored curves are for the wavelength or delay ranges indicated by the correspondingly colored bars in the margins of the map. Dotted curves show the envelope
around each line inside which emission can occur from a Keplerian disk inclined by i = 45° orbiting a black hole of mass My = 7 x 107 M. The ellipses shown for
Hp correspond to Keplerian disk orbits at R = 2 and 20 It-day. The units of W(), 7), indicated on the color bar, are 1/day.

4. Velocity—Delay Maps

Velocity—delay maps project the information that is coded in
the reverberating emission-line profile onto a two-dimensional
map of the six-dimensional position—velocity phase space of
the BLR gas. While this is incomplete information, an ordered
velocity field can have an easily recognizable signature in the
velocity—delay map; some examples are shown by Welsh &
Horne (1991). A signature of inflowing gas is short delays on
the red wing of the velocity profile and a wide range of delays
on the blue side. Outflowing gas has a similar but reversed
signature. An orbiting ring of gas at radius R maps into an
ellipse on the velocity—delay plane, centered at 7 = R/c and
extending over (R/c)(1 + sini), allowing the identification of
R and i. A Keplerian disk superimposes these ellipses to form a
“virial envelope” that can be used to infer V sini at each R.
Assuming V = \/G Mgy /R, this gives Mgy /sin’i. Thus, a
sufficiently crisp velocity—delay map can be read to infer the
general nature of the flow in the BLR, and several specific
parameters of the geometry and kinematics. With velocity—
delay maps for several lines, the radial ionization structure in
the BLR becomes manifest, and subtle structures such as spiral
density waves may become evident (Horne et al. 2004).
Constructing velocity—delay maps was therefore the principal
motivation for undertaking the STORM campaign.

4.1. MEMECHO Fits to the Spectral Variations

Wavelength—delay maps W(\, 7) of the emission-line
response in NGC 5548 are shown as two-dimensional false-
color images in Figure 5 for the MEMECHO fit to the optical
spectra from MDM and in Figure 6 for the UV spectra
from HST.

In the panel to the right of the 2D map, the projections W(7)
give delay maps for the full wavelength range (black) and for
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velocity ranges centered on the rest wavelengths of the
emission lines, as indicated by the colored bars above and
below the map. In the panel below, the projections W(\) give
the spectrum of the full response (black) and of the response in
four delay ranges, 0-5 days (purple), 5-10 days (green),
10-15 days (orange), and 15-20 days (red). Velocity—delay
maps centered on the six emission lines are presented in
Figure 7. These two-dimensional maps show that the emission-
line response inhabits the interior of a virial envelope (dashed)
and exhibit structure indicating a Keplerian disk inclined by
i = 45° and with an outer rim at R/c = 20 days, as discussed
below. These maps and their interpretation are the main results
of interest emerging from our MEMECHO analysis.

Details from the MEMECHO fit are shown in Figures 8 and 9
for the HST and MDM spectra, respectively, with the same
format as in Figure 4. The fit models as echoes the same four
continuum light curves (at 1350, 1450, 1700, and 5100 A), and
now as well the continuum-subtracted emission-line variations
across the full wavelength range of the HST and MDM spectra.
The PREPSPEC model provided the variable continuum model
that was subtracted to isolate the BLR spectra used in the
MEMECHO fit. As before, the proxy driving light curve C(?) is
the continuum light curve at 1150 A. The model allows echo
responses over a delay range of 0-50 days and includes a time-
variable background spectrum Ly(}, 7). This allows the model
to account for the period of anomalous line response during the
BLR Holiday (Paper IV) and any other features in the data, real
or spurious, that are not easily interpretable in terms of the
linearized echo model. Figure 10 presents a grayscale “trailed
spectrogram” display of the slowly varying background
Lo(), 1) for the MEMECHO fit to the HST and MDM spectra.
The Barber-Pole pattern of residuals and the BLR Holiday
features are evident here.
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Figure 6. Same as in Figure 5, but showing the two-dimensional wavelength—delay map W(\, 7) reconstructed from the MEMECHO fit to the UV spectra from HST.
The ellipses shown for Lya and C IV correspond to Keplerian disk orbits at R = 2 and 20 It-day.

To regularize these fits, which include two-dimensional
wavelength—delay maps W(\, 7) and varying background
spectra Lo(\, £), the entropy now steers the fit toward models
with smooth spectra, as well as smooth light curves and delay
maps. We actually construct a series of MEMECHO maps that
fit the data at different values of x> /N, ranging from 5 to 1. At
higher x?, the fit to the data is poor and the maps are smooth.
At lower Y7, the fit improves and the maps develop more
detailed structure. When x2 is too low, the fit becomes strained
as the model strives to fit noise features (e.g., by introducing
spikes in the gaps between data points in the driving light
curve). The fits and maps shown here for a fit with x*/N = 1.2
are a good compromise between noise and resolution. Our tests
show that the main features interpreted here are robust to
changes in the control parameters of the fit. These parameters
adjust the relative “stiffness” of the driving light curve, the
background light curve, the echo maps, and the aspect ratio of
resolution in the velocity and delay directions.

4.2. Interpretation of the MEMECHO Maps

From Figures 5 and 6, the three strongest lines—Lya, C1V,
and HG—have a similar velocity—delay structure, with most of
their response occurring between 5 and 15 days. To first order,
the response in all three lines is red—blue symmetric. This
indicates that radial motions are subdominant in the BLR, as a
strong inflow (outflow) component would produce shorter
delays on the red (blue) side of the velocity profile (Welsh &
Horne 1991).

The Hell response is largely inside 5 days and extends to
+10,000kms ™", compatible with expected radial ionization
structure and virial motions. In Figure 5, we see that Hell
response is broad and single peaked. He II dominates the HS3
response in the delay slice of 0-5days (purple), becomes
subdominant at 5-10 days (green), and is almost negligible at
larger delays. The He 11 A1640 and He Il M4686 delay ranges
and velocity structures are similar. There is no signature of a
double-peaked structure in these two lines.

In Figure 5, the HB delay maps W(7) for the full profile
(£6000kms™'; red) and for the line core (£1500kms ';
orange) are flat or rising from O to 10 days and then tail away.
The HG response spectrum W(A) exhibits a double-peaked
structure in the delay ranges of 10-15 days (orange) and
15-20 days (red), with the peaks separated by ~5000 kms .
In the slice of 5-10 days, the Hf3 response has a central peak
flanked by ledges that extend to 5000 km s ~'. Figure 6 shows
similar double-peaked responses in Lya and somewhat less
clearly in C1v.

Clearly recognizable in the velocity—delay structure is the
signature of an inclined Keplerian disk with a well-defined
outer edge. The velocity—delay maps provide a plausible
interpretation for the “M”-shaped variation in lag with velocity
seen in the cross-correlation results (Papers I and V). The outer
edges of the “M” arise from the virial envelope. The “U”-
shaped interior of the “M” dips down from 20 to 5 days, and
we interpret this as the lower half of an ellipse in the velocity—
delay plane, which is the signature of a ring of gas orbiting the
black hole at radius R = 20 It-day.

The HQ response exhibits the clearest signature of an ellipse
in the velocity—delay plane, corresponding to an annulus in the
Keplerian disk. The (stronger) near side of the annulus has a
delay at 7 = (R/c)(1 — sini) ~ 5 days, and the (weaker) far
side extends to 7 = (R/c)(1 + sini) ~ 35 days. Assuming a
thin disk, the ratio gives sini ~ 0.75, or i ~ 45°. The double-
peaked velocity structure at 7 &~ 20 days then gives the black
hole mass. The framework shown by dashed orange curves on
Figures 8 and 9 was adjusted by eye to fit the main features.
This provides rough estimates for the black hole mass
Mgy ~ 7 X 107 M., the inclination i ~ 45°, and the outer
BLR radius R, ~ 20 It-day. Note that the characteristic BLR
response timescale, as measured by the mode or mean or
median of W(7), is less than R/c at the outer edge of the BLR.

The velocity—delay structure also indicates a stronger
response from the near side than from the far side of the
inclined disk. We see the upper half of the ellipse only faintly
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Figure 7. Velocity—delay maps W(v, 7) reconstructed from the MEMECHO fit to the HST and MDM spectra. Delays are measured relative to the 1150 A continuum
light curve. Velocities are measured relative to the rest wavelength of the indicated line. Dashed black curves show the virial envelope around each line inside which
emission can occur from a Keplerian disk inclined by i = 45° orbiting a black hole of mass Mgy = 7 x 10’ M,,. The dashed ellipse corresponds to a circular
Keplerian orbit at the outer-disk rim radius R/c = 20 days. Note that the red wing of Ly« is blended with N v and the blue wing of Hf is blended with He It AM4686. A
scale bar corresponding to 10 pas is shown in each panel.
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Figure 8. Details of the MEMECHO fit to the spectral variations in the HST data. Gray shading indicates the dates of the BLR Holiday. The light-curve data (black

dots) with error bars (green) are compared with the fitted model (blue) and varying background (red). This global fit to N =

125,448 data points achieved a reduced

X’ /N = 1.2. The bottom panel shows the driving light curve at 1150 A. Above this are delay maps (left) and echo light curves (right). (a) Continuum echoes at 1300,
1450, 1700, and 5100 A, and the continuum-subtracted emission at selected wavelengths, including Lya A1216, N vV A\1240, and Si IV A\1393. (b) Echo maps and light

curves for selected wavelengths, including C IV A1549 and He 11 A1640.

in the velocity—delay map of HG and perhaps also for Lyc. The
C 1V map and the (less reliable) Si IV map show a faint response
at 25-30 days that is not very clearly connected to the stronger
response inside 10-15 days. If the response structure were
azimuthally symmetric, the upper and lower halves of the
ellipse would be more equally visible. The mean delay
averaged around the ellipse would be R/c = 20 days, and this
is similar to typical Hj3 lags seen in the past. The much shorter
lags in the STORM data may be interpreted as due at least in part
to an anisotropy present in 2014 that was usually much weaker
or absent during previous monitoring campaigns. The near /far
contrast ratio can be determined by more careful modeling.

5. Discussion
5.1. Parameter Uncertainties

The morphology of the velocity—delay maps indicates that the
BLR in NGC 5548 is compatible with a disk-like geometry and
kinematics, for a black hole mass Mgy ~ 7 X 107 M., an
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inclination angle i = 45°, and a relatively sharp outer rim at
R/c ~ 20 days. Uncertainties in these parameters are difficult to
quantify precisely because MEMECHO delivers the “‘smoothest
positive” maps that fit the data at specified levels of x*/N. This
relatively model-independent approach does not aim to determine
model-specific parameters. However, by comparing the velocity—
delay maps with those of toy models, we estimate that Mgy is
uncertain by ~20%, the inclination by ~ 10°, and R/c by ~10%.

Future and ongoing efforts to model the STORM data will
incorporate more specific geometric and kinematic parameters
and photoionization physics. These should allow for parameter
estimates with better-quantified uncertainties. At this stage the
value of the velocity—delay maps is to inform the dynamical
modeling efforts by indicating what types of models are likely
to succeed.

5.2. Comparison with 2008 Mass Estimates

NGC 5548 was one of 13 AGNs monitored during the
Lick AGN Monitoring Project (LAMP) 2008 RM campaign
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Figure 9. Details of the MEMECHO fit to the spectral variations in the MDM
data. Gray shading indicates the dates of the BLR Holiday. The light-curve data
(black dots) with error bars (green) are compared with the fitted model (blue)
and the varying background (red). This global fit to N = 125,448 data points
achieved a reduced XZ/N = 1.2. The bottom panel shows the driving light
curve at 1150 A. Above this are delay maps (left) and echo light curves (right)
for continuum echoes at 1300, 1450, 1700, and 5100 1&, and for continuum-
subtracted emission at selected wavelengths, including He I A1640 and
H M861.

(Bentz et al. 2009; Walsh et al. 2009). Using spectra from the
3 m Shane telescope at Lick Observatory and Johnson V and B
broadband photometry from a number of ground-based
telescopes, the LAMP 2008 campaign secured 57 V-band
continuum and 51 Hg line epochs on NGC 5548 over a 70-
day span. The centroid Hf3 lag measured by cross-correlation
methods is Teent = 4. 2+0 2 days. Combined with the HJ line
width oy, = 4270 + 290 km s~ from the rms spectrum, the
virial product is ¢ Teen; Tfne/G = 14.9737 x 10 M, giving
the black hole mass as Mgy = 8.2739 x 107(f/5.5) M.,
where fis the adopted calibration factor, uncertain by ~0.3 dex
for individual AGNS.

Pancoast et al. (2014) present results of a dynamical modeling
fit to the 2008 LAMP data on NGC 5548. The CARAMEL code
employs Markov Chain Monte Carlo methods to sample the
parameters of a dynamical model of the H{-emitting region.
Taking the V-band data as a proxy for the driving light curve,
CARAMEL fits the reverberating emission-line profile variations by
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adjusting the spatial and kinematic distribution of H{-emitting
clouds. This model incorporates more detailed model-specific
information than the MEMECHO mapping but is flexible enough
to explore a variety of inflow and outflow as well as disk-like
kinematic structures. The CARAMEL fit to NGC 5548 in 2008 finds
a mean delay of just 3 days, indicating a smaller H{3 emission-line
region. The CARAMEL model fitted to the 2008 data has a thick-
disk geometry, with an opening angle 6y = (27°4)°, a dominant
H@ response on the far side of the disk, and a strong inflow
signature, with small delays on the red wing relative to those on the
blue wing of HB. The inflow and far-side response in 2008 are
quite different from the symmetric disk-like kinematics and near-
side response evident in the MEMECHO velocity—delay maps.
Despite these differences and the smaller size of the Hﬁ emission-
line region in 2008, the inferred mass Mgy = 3.9732 x 107 M,
and inclination i = (39 £ 12)° are consistent, given their
uncertainties, with the corresponding values, Mgy ~ 7 X 10’
M, and i~ 45° that we estimate from the structure of the
Hp velocity—delay maps from the 2014 STORM data. The mass
estimate from the CARAMEL fit may be too small owing to the H(3
response being measured relative to the optical continuum, which
itself may have a delay of a few days. For example, in 2014 the
V-band delay was 1.6 &= 0.5 days (Paper II), and that could boost
the CARAMEL mass estimate by ~50%, bringing it into closer
agreement with our estimate from the velocity—delay maps.

5.3. Comparison with 2015 Velocity—Delay Maps

During 2015 January—July, a year after the STORM cam-
paign, NGC 5548 was monitored with the Yunnan Faint Object
Spectrograph and Camera on the 2.4 m telescope at Lijiang,
China, resulting in 61 good spectra over 205 days that provide
the basis for an MEM analysis yielding a velocity—delay map
for HG (Xiao et al. 2018). This 2015 map exhibits structure
remarkably similar to that seen in our 2014 map, including the
virial envelope, the “M”-shaped structure with 7 ~ 10 days and
V a & 2400 kms~ ' at the peaks of the “M,” and a well-
defined ellipse extending out to 7 =~ 40 days.

Xiao et al. (2018) also present HG velocity—delay maps
constructed from 13 annual AGNWatch campaigns during
1989-2001. While several of these maps show hints of a ring-
like structure, the quality of these maps is much lower owing to
less intensive time sampling, making it difficult to be confident
about the information that they may be able to convey.

In combination, the high-fidelity 2014 and 2015 Hg
velocity—delay maps each show a clear virial envelope and
distinct ellipse centered at 20 It-day. Thus, at both epochs the
HQ response arises from a Keplerian disk with a relatively
sharp outer rim at 20 lt-day that remained stable for an interval
of at least a year. In 2014 the response is weak on the top of the
velocity—delay ellipse. In 2015 the response is clearly visible
on the blue side and over the top of the velocity—delay ellipse
and relatively weak on the red side. This indicates significant
azimuthal modulation of the response that evolves, perhaps
rotates, on a timescale of a year. Future velocity—delay
mapping experiments to monitor this structure could be
interesting to elucidate its origin and implications.

5.4. Barber-Pole Patterns

The Barber-Pole pattern uncovered here in NGC 5548 may
be related to intermittent periodic phenomena seen in the
subclass of AGNs that have double-peaked Balmer emission
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Figure 10. Slowly varying background component Ly(), ¢) of the MEMECHO model fitted to the HST data (left) and MDM data (right). The model’s time-averaged
spectrum has been subtracted to leave time-varying residuals. The right panels show the wavelength-averaged response, with gray shading indicating the BLR Holiday
dates. The bottom panels show the mean (blue) and rms (red) of the time-dependent residuals at each wavelength. All lines show a depressed flux during the BLR
Holiday. The helical Barber-Pole pattern, with stripes moving from red to blue across the line profile, is evident in the C IV and Lya residuals. The Barber-Pole pattern

is absent in He Il and may be present in HG but with a less clear pattern.

lines. In these double-peaked emitters there is a clear separation
between the narrow emission lines and the broad double-
peaked lines. The double-peaked velocity profiles can be
modeled by emission from a Keplerian disk, with relativistic
effects making the blue peak stronger and sharper than the red
one and redshifting the line center. Spectroscopic monitoring of
Arp 102B during 1987-1996 detected HS profile variations
(Newman et al. 1997). In particular, during 1991-1995, the HG
red/blue flux ratio oscillates over nearly 2 cycles of a 2.2 yr
period, suggesting a patch of enhanced emission on a circular
orbit within the disk. Contemporaneous monitoring of Ho
during 1992-1996 shows that its red/blue flux ratio also
oscillates by +10% with a 2 yr period (Sergeev et al. 2000). A
trailed spectrogram display of the Ho residuals, after subtract-
ing scaled mean line profiles, reveals a helical Barber-Pole
pattern with two stripes that move from red to blue across the
double-peaked Ho profile. This is strikingly similar to what we
see in the CIV profile of NGC 5548. Similar phenomena are
seen in other double-peaked emitters (Gezari et al. 2007; Lewis
et al. 2010; Schimoia et al. 2015, 2017). Our discovery of the
Barber-Pole pattern in NGC 5548 indicates that this phenom-
enon is not limited to the double-peaked emitters.

6. Summary

In this paper, we achieve the primary goal of the AGN
STORM campaign by recovering velocity—delay maps for the
prominent, broad, Lya, C1V, HeII, and H3 emission lines in
NGC 5548. These are the most detailed velocity—delay maps
yet obtained for an AGN, providing unprecedented information
on the geometry, ionization structure, and kinematics of the
broad-line region.

Our analysis interprets the ultraviolet HST spectra (Paper I)
and optical MDM spectra (Paper V) secured in 2014 during the
6-month STORM campaign on NGC 5548. This data set provides
spectrophotometric monitoring of NGC 5548 with unprecedented
duration, cadence, and S/N suitable for interpretation in terms of
reverberations in the BLRs surrounding the black hole. Assuming
that the time delays arise from light-travel time, the velocity—delay
maps we construct from the reverberating spectra provide
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two-dimensional projected images of the BLR, one for each line,
resolved on isodelay paraboloids and line-of-sight velocity.

We used the absorption-line modeling results from Paper VIII to
divide out absorption lines affecting the HST spectra. We used
PREPSPEC to recalibrate the flux, wavelength, and spectral
resolution of the optical MDM spectra using the strong narrow
emission lines as internal calibrators. Residuals from the
PREPSPEC fits indicate the success of the calibration adjustments.

The linearized echo model that we normally use for echo
mapping is violated in the STORM data set by anomalous
emission-line behavior, the BLR Holiday discussed in
Paper IV. We model this adequately as a slowly varying
background spectrum superimposed on which are the more
rapid variations due to reverberations.

The residuals of the PREPSPEC fits reveal significant
emission-line profile changes. Features are evident moving
inward from both red and blue wings toward the center of the
H@ line, interpretable as reverberations of a BLR with a
Keplerian velocity field.

A helical “Barber-Pole” pattern with stripes moving from red
to blue across line profile is evident in the CIV and possibly
also the Ly« lines, suggesting an azimuthal structure rotating
with a period of ~2 yr around the far side of the accretion disk.
This may be due to precession or orbital motion of disk
structures. Similar behavior is seen in the double-peaked
emitters, such as Arp 102B. Further HST observations of
NGC 5548 over a multiyear time span, with a cadence of
perhaps 10 days rather than 1 day, could be an efficient way to
explore the persistence, transience, and nature of this new
phenomenon in NGC 5548.

We use the PREPSPEC fit to extract light curves for the lines
and continua and use MEMECHO to fit these light curves using
the 1150 A continuum light curve as a proxy for the driving
light curve. The MEMECHO fit determines a set of echo maps
W(r) giving the delay distribution of each echo, effectively
slicing up the reverberating region on isodelay paraboloids.
The structure in these echo maps indicates radial stratification,
with He Il responding from inside 5 It-day and the Lya C1v,
and HQ response extending out to or beyond 20 lt-day.

By using MEMECHO to fit reverberations in the emission-
line profiles, we construct velocity—delay maps W(v, 7) that
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resolve the BLR in time delay and line-of-sight velocity. The
BLR response is confined within a virial envelope around each
line, with double-peaked velocity profiles in the response in
delay slices of 10-20 days. The “M”-shaped changes in delay
with velocity, found using velocity-resolved cross-correlation
lags in Papers I and V, are seen here to be the signature of a
Keplerian disk. The outer legs of the “M” arise from the virial
envelope between 5 and 20 days; the inner “U” of the “M” is
the lower part of an ellipse extending from 5 to 35 days. This
velocity—delay structure is most straightforwardly interpreted
as arising from a Keplerian disk extending from R/c = 5 to 20
days, inclined by i ~ 45°, and centered on a black hole of mass
Mgy ~ 7 x 10’ M,,. The BLR has a well-defined outer rim at
R/c = 20 days, but the far side of the rim may be obscured or
less responsive than the near side.

Detailed modeling of the STORM data, guided by the features
in the velocity—delay maps presented here, should be able to
refine and quantify uncertainties on these features of the BLR,
the inclination, and the black hole mass.
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