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ABSTRACT

We conduct a multiwavelength continuum variability study of the Seyfert 1 galaxy NGC 5548 to investigate the
temperature structure of its accretion disk. The 19 overlapping continuum light curves (1158A to 9157 A) combine
simultaneous HST , Swift , and ground-based observations over a 180 day period from 2014 January to July. Light-curve
variability is interpreted as the reverberation response of the accretion disk to irradiation by a central time-varying
point source. Our model yields the disk inclination i = 36° 4= 10°, temperature T} = (44 +6) x 103K at 1 light day
from the black hole, and a temperature-radius slope (T" < 7~%) of a = 0.99£0.03. We also infer the driving light curve
and find that it correlates poorly with both the hard and soft X-ray light curves, suggesting that the X-rays alone
may not drive the ultraviolet and optical variability over the observing period. We also decompose the light curves
into bright, faint, and mean accretion-disk spectra. These spectra lie below that expected for a standard blackbody
accretion disk accreting at L/Lgqq = 0.1.

Subject headings: galaxies: active — galaxies: individual (NGC 5548) — galaxies: nuclei — galaxies:

Seyfert
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1. INTRODUCTION

The dominant source of radiation from active galac-
tic nuclei (AGN) is thought to be due to a blackbody-
emitting accretion disk orbiting a supermassive black
hole (SMBH). The inner edge of the accretion disk is
determined by the spin of the black hole, and the disk

temperature declines as T'(r) oc r—3/4 (Shakura & Sun-|

1973) for simple thin-disk models away from the
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inner edge of the accretion disk. Testing models of accre-
tion disks, and measuring their properties such as their
overall size scale, the logarithmic slope of the tempera-
ture profile, or the inclination of the disk relative to the
observer is an ongoing challenge.

Gravitational microlensing of multiply imaged lensed
quasars (Wambsganss 2006) probes some of these issues.
Microlensing studies find that disk sizes appear to be
systematically larger than predicted by thin-disk theor
but scale as expected with black hole mass (Morgan et al.
. The temperature profiles are close to the predic-
tions of thin-disk theory, but the detailed microlensing
results are scattered around the T'(r) oc r~3/% expecta-
tion and tend to have uncertainties in the logarithmic
slope that limit the precision of the test (Blackburne
let al||2014} 2015} |Jiménez-Vicente et al.|2014). The few
(and weak) limits on the inclination of the accretion disk
favor face-on geometries as would be expected for the
Type I AGN observed as gravitational lenses (Poindexter
& Kochanek||2010; Blackburne et al.|2015). The physical
origin of the source of continuum variability remains un-
clear, but several studies point to X-rays leading ultravi-
olet (UV) variability (McHardy et al.|[2014] 2016; Troyer]
2016). Microlensing observations of a number of
gravitationally lensed quasars constrain the X-ray emit-
ting region to lie within approximately 10 gravitational
radii (r, = GMpn/c?) of the SMBH (Morgan et al.2012;
[Mosquera et al.|[2013} Blackburne et al.[2014)). This has
also been inferred from the X-ray variability timescales
for many Type 1 AGN (Kara et al|[2016} [Uttley et al|
2014).

Reverberation mapping (RM; Blandford & McKee|
of accretion disks provides an alternate probe of
accretion-disk structure. The continuum variations at
different wavelengths are correlated and systematically
shows a lag that increases with wavelength if the data
are of sufficiently high quality (Wanders et al.|1997; |Col-|
lier et al|[1998} [Sergeev et al.|[2005; [Cackett et al.[2007;
Shappee et al.|2014; [Edelson et al.|2015; [Fausnaugh et al.|
2016). The delay arises because of the different paths
taken by photons emitted from the irradiating source di-
rectly toward the observer, and photons that first travel
from the source to a reprocessing site on the accretion
disk before re-emission to the observer (in this work we
assume the reprocessing time is negligible compared to
the light-travel-time effect).

A simple model for accretion-disk variability is that a
variable point source (e.g., a lamppost-like source) situ-
ated a few gravitational radii above the black hole irra-
diates the disk (Frank et al.2002; |Cackett et al.[2007).
Hotter, more central parts of the disk respond to the vari-
ability ahead of the cooler regions farther out. The lamp-
post luminosity varies stochastically in time and photons
hitting the disk surface are reprocessed into UV, optical,
and infrared continuum emission with light-travel-time
delays that increase with wavelength as (1) oc A*/3, re-
flecting the standard temperature profile, T oc 7—3/%.
Evidence for this scenario has been found (Cackett et al.
2007; [Shappee et al|2014; [Edelson et al|2015; [Lira et al.
2015; Fausnaugh et al[2016), with mean delays broadly
increasing with wavelength according to the expected re-
sult.

The AGN Space Telescope and Optical Reverbera-
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tion Mapping project (STORM) collaboration has un-
dertaken a large-scale observing campaign of NGC 5548.
This object is one of the most thoroughly studied AGN
and consistently exhibits significant continuum variabil-
ity (Sergeev et al.2007). Paper I of the AGN STORM
series (De Rosa et al|[2015) presents the light curves
obtained from the Hubble Space Telescope (HST) and
uses a cross-correlation analysis to obtain the light-curve
time lags across the CIV and Ly « light curves. Paper
IT (Edelson et al.|[2015) presents optical and UV light

curves from Swift and finds evidence for a (1) oc A*/3 de-
pendence of the continuum lags. Paper III (Fausnaugh
et al.[2016]) adds simultaneous ground-based light curves,
determined using image-subtraction methods (Alard &
Lupton|[1998), and analyses the light curves using both
cross correlation (White & Peterson!|{1994) and JAVELIN
(Zu et al.[[2011); Paper IV (Goad et al.[[2016) discusses
the unexpected drop in the CIV, SiIV, and Hell light
curves during the NGC 5548 observing campaign; and
Paper V (Pei et al., in prep) presents an analysis of the
optical spectroscopic data and measures velocity resolved
lags of the HQ line profile.

In this work, we analyze 19 overlapping HST, swift, and
ground-based continuum light curves spanning 1158 —
9157 A over 2014 January to July. This is the same
dataset presented in Paper III with the addition of the
Swift V-band light curve, and the reader is referred
to Paper III for details on the data-reduction process.
We apply a Monte Carlo Markov Chain code, CREAM
(Continuum REprocesing AGN MCMC) (Starkey et al.
2016; [Troyer et al.|2016)), to model these data. CREAM in-
fers a disk inclination ¢, and the product of black hole
mass and accretion rate MM, assuming the time de-
lays arise because of the thermal reprocessing of photons
emitted from a central lamppost by a thin accretion disk.
CREAM additionally infers the shape of the driving light
curve, that we can then compare to the variable X-ray
emission.

This paper is organized as follows. Section [2 intro-
duces the thermal reprocessing model and outlines the
CREAM algorithm. In Section [3] we present the CREAM
fits to the AGN STORM light curves, as well as the re-
sulting constraints on the accretion-disk inclination and
temperature-radius profile. Section[d]presents the CREAM-
inferred accretion-disk spectrum and discusses the impli-
cations of this for a standard blackbody accretion disk.
We conclude the paper in Section [f] with a summary
of our key findings. Throughout the paper we adopt
cosmological parameters 2,, = 0.28, Q4 = 0.72, and
Hy = 70km s~ ! Mpc! (Komatsu et al|2011). In par-
ticular, the luminosity distance to redshift z = 0.0172
is Dy, = 75 Mpc. A black hole mass Mgy = 107°' M,
(Pancoast et al.|[2014)) is assumed where required.

2. REVERBERATING DISK MODEL

The (1) oc A*/3 delay of continuum light curves is ex-
pected for thermal reprocessing of an axial, compact vari-
able source (lamppost) irradiating a flat, blackbody ac-
cretion disk. Our model assumes that the accretion-disk
flux in the UV and optical arises from blackbody emis-
sion described by the Planck function,

2hc 1

B, (WT) = = (1)

where h and k are the Planck and Boltzmann constants
(respectively) and ¢ is the speed of light. The disk ex-
hibits UV and optical variability owing to irradiation by
the lamppost, whose photons strike the disk and cause
the temperature in Equation [I] to increase locally.

The disk temperature is described by

3GMM i
T bl PR
(t,7.0) 8mord ( r >+
Ly(t—7(r0,i)) (1 —a)h
dro (1?2 4+ h2)3/2

(2)

where o is the Stefan-Boltzmann constant, Ly(¢) is the
lamppost luminosity, 7 is the light-travel delay between
photons emitted from the lamppost and those emitted at
a disk radius r and azimuthal angle 6, G is the gravita-
tional constant, a is the disk albedo, M and M are the
black hole mass and accretion rate (respectively), and h
is the height of the lamppost above the disk plane. We
adopt rin = 674, the radius of the innermost stable cir-
cular orbit (ISCO) for a Schwarzschild black hole. An
observer sees a time delay, 7, between the lamppost and
a point at r and 6 of

7(r,0) =h?+1r2+ hcosi—rcosfsini, (3)

where i is the disk inclination and ¢ = 0° corresponds to
a face-on disk.

At large radii, the disk temperature profile is T
r=3/% Since light-travel delays scale with radius as
(t) = r/c, and the characteristic wavelength is related
to temperature by A oc T71, the lag of a thin accretion
disk should scale as (1) oc A*/3. In order to explore pos-
sible deviations from the thin-disk model, we adopt a
power-law temperature profile of

rn () ®

where the reference temperature at radius r; is defined
to be

3GMM  h(1—a)l
T = 5
Y 8rord drory )

and we adopt a scaling radius of r; = 1 light day. Here
the thin-disk limit is o = 3/4.

2.1. CREAM Fitting Code

CREAM is designed to fit the lamppost model to con-
tinuum AGN light curves and infer posterior probability
distributions for 71, a, cos i, and the lamppost light curve
X (t). A full description of CREAM, and tests using syn-
thetic light curves, are presented by [Starkey et al.| (2016).
We provide here a description of CREAM’s basic features.

The driving light curve X (¢) is modelled as a dimen-
sionless function normalized to a mean of (X) = 0 and a
variance (X?) = 1. The continuum light curve at wave-
length X is



Fy(\t) = By (A) + AF, (A / b (7N X (t = 7) dr,

(6)
where 1 (7|\) is the response function describing the
contribution of the driving light curve at earlier times,
X (t — 1), to the flux at wavelength A. The response
function is normalized such that

Amw(7|k)dT: 1, (7)

so that the units are carried by AF), ().
CREAM parametrizes ¢ (7|A) by 11 (or equivalently

MM) and i. We derive the response function in the
Appendix (Equation ; see also [Starkey et al.| (2016]).
We show the dependence of the response function on A,
MM, i, and « in Figure [l The response functions rise
rapidly to a peak and then trail off with a long tail to-
ward large lags. As the disk becomes edge-on, the range
of time delays increases, with delays on the near side of
the disk decreasing, and delays on the far side of the
disk increasing relative to face-on inclinations. The ef-
fect on the response function is to skew the peak toward
lower delays while increasing the long-delay tail. Solid
vertical lines in Figure [1| show that the mean lag, (7),

is unaffected by inclination. Increasing M M raises the
temperature at all radii (Equation , and the emission
at a given wavelength arises from larger radii. Since the
cooler parts of the disk are found at larger radii and emit
photons at longer wavelengths, the delays increase with
wavelength. The mean delays scale with M M and wave-
length as (1) oc (M M)Y/3)\4/3,

2.2. Driving Light Curve: X (t)

CREAM models the driving light curve as a Fourier time
series

Ny
X (t)=Co+ Y Crcos(wit) + Spsin(wit),  (8)
k=1

with 2V +1 model parameters — the sine and cosine am-
plitudes (Sy and Cy) for each of the Ny Fourier frequen-
cies, and an offset parameter Cy. These driving light-
curve parameters are determined as part of the fit. We
use lower and upper frequencies corresponding to 300
days and 2 days (respectively), where the kth angular
frequency wy = kAw and Ny = 150.

2.3. Priors

Table |1| summarizes the model parameters and their
priors. We include constant and variable components for
each light curve, F', (\) and AF, (A\). The delay distri-
bution ¢ (7|\) is parameterized by cosi, T1, and a. Ran-
dom disk orientations are simulated using a prior uniform
in cosi. A uniform prior is assigned to «, and we use log-
uniform priors for the parameters Ty, F', (A) and AF), (\)
to maintain positivity.

The Fourier amplitudes control the shape of the driv-
ing light curve and require a prior to reflect the observed
character of AGN light curves (Starkey et al||2016]).

TABLE 1
SUMMARY OF PRIORS ON EACH OF THE CREAM PARAMETERS.
Parameter Npar Prior
Sk and Cj, 2Ny, Gaussian ((S) = (Cy) =0,
(S2) = (C?) = ap)
Cos i 1 Uniform
log T 1 Uniform
« 1 Uniform
log AF, N, Uniform
F Uniform
N () Uniform
Uniform

20y is defined in Equation [9|
b f is defined in Equation
¢h, the lamppost height isTixed at 6r4 for this study.

Without this prior, CREAM would assign high amplitudes
to higher frequency S; and C} coefficients and overfit
the data. On the timescales considered here, the driv-
ing light curve is reasonably well described by a random
walk, so we assign Gaussian priors with mean 0 and vari-
ance 0‘,%, to the Fourier coefficients. The random walk is
equivalent to the damped random walk (DRW) assump-
tion from Paper IIT with a break timescale much larger
than the observing duration. The priors take the form

w 2
07 = (5}) + (C?) = Pw)Aw = PyAw () )

where (C?) and (S?) are the mean square amplitudes
of the Fourier parameters. These priors appropriately
penalize high-amplitude variability on short timescales,
and Py is chosen so that (X?2) =1,

o (do\
= — — . 1
P w%Aw <Z w,%) (10)
k=1

The light curves span 19 wavelengths A; and the
ground-based light curves consist of observations from
multiple telescopes N (A). We incorporate the priors
into a badness-of-fit (BOF) figure of merit defined by

N)\ NT )\)
i=1 j=1 (11)
C2+52
21In( .
+Z< o) + S5

The modified x? term Qij, for N;
and errors oy, is

1 D; — M,
i -7z Z( lal l) +Inof. (12)

=1

; data D;, model M;,

The multiplicative factors f;; allow the model to adjust
the nominal error bars of the light-curve points obtained
at A; by telescope j.

3. CREAM FITS TO STORM LIGHT CURVES
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FIG. 1.— Accretion-disk response functions for varying MM (a), inclination (b), temperature profile slope (c), and wavelength A (d).
When not varied, the values are set to A = 4000 A, i = 0, a = 0.75, and MM = 108 M2® yr~1. Solid and dashed lines indicate the mean
and median response function delays, respectively. Panel (b) shows that the mean delay (7) is inclination independent.

We use CREAM to fit the reverberating disk model to
the AGN STORM light curves. We simultaneously fit all
parameters in Table [T] except for the temperature-radius
index « which is fixed at & = 3/4. Three independent
MCMC chains, run in parallel for 10° iterations, ver-
ify convergence of the parameters. Figures 2} [B] and [
show the fit to the HST, Swift , and ground-based light
curves, respectively. The model gives a very good fit rep-
resenting all of the major as well as most of the minor
features of the observed light curves. There are some sig-
nificant correlated trends in the residuals for some of the
bandpasses during certain time intervals. For example,
the model tends to lie below the data during days 6760
and 6820 in Figure (Panels f and h). This interval lies
within the period of anomalous UV and optical emission-
line behaviour (see Figure 1 of Paper IV). We also note
some discrepancies in the fit to the ground-based u light
curve (Figure[d]), where the model variations seem to lead
the data and have sharper features. This is probably due
to contaminating Balmer continuum emission, although
the u-band error bars are relatively large owing to atmo-
spheric telluric extinction. No significant residuals are
present in the swift fits (Figure [3]).
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parameters «, inclination, and Tj. Blue indicates Model 1 with
a = 0.75. Red indicates Model 2 with « as a fitted parameter.

The posterior probability distributions for ¢, 77 and
« are shown in Figure [5| where, for a = 3/4, we find
that i = 54° +6° and T} = (22.2 +0.7) x 10° K. Table[2]
summarizes our fit results. Model 1 fits 77 and 7 with «
fixed. Model 2 fits T, 7, and a.

Steady-state disks exhibit a T'(r) slope that behaves
according to Equation However microlensing stud-
ies have found a range of estimated logarithmic slopes
for T'(r) (Blackburne et al|[2011; [Jiménez-Vicente et al.|
2014). We therefore run a simulation allowing CREAM to
fit the temperature-radius slope « (Equation . The re-
sulting best fits give a = 0.99 + 0.03, ¢ = 36 &+ 10°, and
Ty = (4.71 £ 0.46) x 10* K. The resulting posterior prob-
ability distributions for o and T; are shown in Figure
Corresponding T'(r) properties are shown in Figure @

3.1. Mean Delays

CREAM fits the continuum light curves directly. To pro-
duce a quantity to compare with the ICCF lags analyses
of Papers II and III, we calculate the response function
mean lags

_ v
Jw

as shown in Figure [7]alongside those inferred by Javelin
and CCF (Paper III). We show the mean response func-
tions and compare to the mean CCF and Javelin results.
demonstrates that the mean of the re-
sponse function is expected to agree with the mean CCF
delay.

In Paper III we fit the dependence of lag with wave-
length

(r(N) (13)

(r) =10 [(M/20)” — 1], (14)

where the 7y term is included because the lags were mea-
sured relative to the HST Ao = 1367 A light curve. The

Model 1 T T T

Model 2

15 20

2 3

Fic. 6.— The radial terllci%(g;ét“l(j;rlt gig)ﬁles (Equation plotted
for Models 1 (blue) and 2 (red) respectively. The black vertical
line indicates the reference radius of 1 light day and the dashed
lines mark temperatures with blackbody peak wavelengths Amax
of 103 A and 10* A. The inset shows the corresponding response
functions at 6000 A.

HST u/U B gV r R i z

Lag (days)
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-1 == L/Lpyuy=0.1
= = L/Lpy=0.1(Including f,.)

7900 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength A

F1G. 7.— Mean lags with a = 0.75 (Model 1, blue) and « fitted
(Model 2, red). Markers show (circles) Javelin and (diamonds)
CCF lags from Papers II and III for comparison. HST, Swift and
ground-based observation are coloured by magenta, orange and

cyan, respectively. Lags are plotted relative to the HST 1367 A
light curve (vertical black line). The thin dashed line shows the
lag spectrum for a standard thin disk with L/Lggq = 0.1. Thick
dashed lines show the lag spectrum for a standard thin disk with
L/Lggq = 0.1 that incorporates the partially covered blackbody
model (Section .

index f in the time-delay spectrum (Equation [14)) cor-
responds to a temperature-radius slope o = 1/ where
«a is given in Equation [} The best-fit value from Paper
IIT (8 = 0.99 £+ 0.14) agrees well with the CREAM-inferred
value for the temperature-radius slope (o = 0.99 + 0.03,
thus 8 = 1.02 + 0.03). These results suggest the disk
exhibits both a steeper temperature radial fall-off, and a
higher disk temperature at rq, than expected for a stan-
dard thin disk.

Figure [7] includes the wavelength-dependent lag spec-
trum for a standard o = 3/4 disk assuming an Eddington
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luminosity ratio of 0.1. The lag spectrum lies above this
model for both the CREAM and CCF analyses. We see this
also in Figure [6] whereby T} is much larger for the red
model than the blue model.

Diffuse continuum emission (DCE) is another possibil-
ity (Korista & Goad|2001)). Here, the BLR contributes
to the continuum emission as well as the disk. Time lags
are proportionally larger here owing to the larger radius
of the BLR than that of the disk. Paper III consid-
ers this issue and performs spectral decomposition tech-
niques to estimate the percentage contribution of diffuse
continuum emission to each light curve. This is found
to be largest at u and r wavelengths as evidence by
the mean CCF lags, that lie above the CREAM mod-
els, in Figure[7] The DCE does not however explain the
high lags, above the L/Legq = 0.1 model, found across
all wavelengths. Another possible interpretation of the
large lags is that the driving light-curve photons are in-
tercepted by some inner reprocessing medium that delays
their path to the accretion disk. This inner reprocessing
region is proposed by |Gardner & Done (2016]), in which
the traditional accretion disk begins at closer to 2007,
well above the 67, value commonly thought for a non-
rotating black hole. Another mechanism for truncating
the accretion disk emission is a radiatively-inefficient ac-
cretion flow (RIAF) (Narayan|[1996). In this case, the
disk itself may extend down to much smaller radii than
the model of |Gardner & Done| (2016)), but ceases to ra-
diate at low radii. [Dexter & Agol (2011) introduce an
inhomogeneous disk model in which temperature fluctu-
ations occur randomly throughout the disk rather than
being driven by a lamppost. This model successfully ex-
plains the large accretion disk sizes found from microlens-
ing studies (Morgan et al.|2010; [Blackburne et al.|2011)),
but lacks detailed predictions on the lag-wavelength pro-
file.

3.2. Error-Bar Rescaling

Estimates of the error bar scale factors f;; (Equation
are given in Table|3| These scale factors are with re-
spect to the error bars adopted in Paper III. The CREAM
estimates for the f factors are determined by a compe-
tition between the BOF x? term and the 2N, In f term
that penalizes large f values (Equation . An f factor
greater than unity may indicate an underestimate of the
error bars.

We see that the Swift points consistently yield f val-
ues close to unity, indicating good agreement between the
reverberating disk model and the data for these points.
The fits to the HST light curves yield f factors around
2. A deviation from lamppost-model behavior can either
be interpreted as the nominal error bars being too small,
or of variability not adequately modeled by CREAM’s lin-
earised echo model. In some cases the ground-based ob-
servations require a significant error bar rescaling factor
to reconcile the model with these data (Table . Model
1 appears to consistently require larger rescaling factors
for each telescope, and this introduces a larger penalty
in the BOF (Table [2).

There is also a correlation between fi; and the number
of data points per telescope for the ground-based data.
This correlation is not seen in tests with synthetic light
curves and may indicate an artefact of the calibration
process. We note, however, that models of the data with

TABLE 2
CREAM MODEL PARAMETER INFERENCES AND FIT STATISTICS.
Model 1 Model 2
Ty (10%k)  22.240.7 4.71+£0.46
i (deg) 54 +6 36+ 10
oY =0.75 0.9940.03
2/ (Nf?) 0.97 0.98
> 2N In f; 3571 3466

2This term indicates the penalty applied for expanding the error
bars summed over telescopes i.

f = 1 yield comparable results for «, 77, and inclination.

3.3. The Driving Light Curve vs. X-rays

Some studies of AGN variability have found that X-ray
light curves lead UV and optical light curves (Shappee
et al.|[2014; McHardy et al.[2016), making X-rays a can-
didate for the driving light curve. Figure[§]compares the
hard and soft X-ray light curves (Paper II) to CREAM’s
inferred driving light curve (Models 1 and 2). CREAM’s
driving light curve is dimensionless and normalized to
(X (t)) = 0 and (X?(t)) = 1. To compare it with the
Swift hard and soft X-ray light curves, we shift and scale
the CREAM light curve to match the mean and root-mean
square (RMS) of the hard and soft X-ray light curves in
turn (Figure [8). The correlation coefficients 7. of 0.35
and 0.38 for the hard and soft X-ray light curves (re-
spectively) indicate a weak positive correlation between
the CREAM estimate of the driving light curve and the
X-ray light curves. We note that excluding the period
of anomalous broad-line region (BLR) variability (Paper
IV) does not significantly improve the level of correlation.

These findings support the conclusions in Papers IT and
IIT that the observed X-rays alone cannot drive NGC
5548’s variability during this campaign. We also note
that the driving light curves inferred by Models 1 and 2
exhibit similar time structure with a slight delay. This
offset arises since Model 2 (« varied as a free parameter)
prefers larger overall mean lags than Model 1. The large
lags are enabled by the high value of T} inferred in Model
2 relative to Model 1.The resulting mean lags from Model
2 agree more closely with the CCF values (Paper III)
than do those from Model 1.

One problem may be that the Swift data only extend
up to energies of ~ 10keV, while the full spectral en-
ergy distribution (SED) peaks at ~ 100keV (Kaastra
et al.|2014)). This may mean that the Swift observations
are not a suitable proxy for the driving light curve. It
is also observed by |Gardner & Done| (2016) that, even
smoothed by a response function, the hard X-ray light
curve produces too much high-frequency variability to
generate the UV and optical continuum light curves in
NGC 5548. |Gardner & Done| (2016) invoke an X-ray re-
processing region between the X-rays and accretion disk
that may also be responsible for the poor correlations
between the CREAM and X-ray light curves. We also spec-
ulate here that the accretion disk itself may well see the
X-ray emission, but the observer does not. The poor cor-
relation observed between the X-ray and UV light curves
may simply be the effect of some absorbing medium be-
tween the X-ray-emitting corona and the observer that
shields the X-ray emission from view but leaves it visi-
ble to the disk. Despite these observations, we note that
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models with the X-rays as the driving light curve can
also work well (Troyer et al.|2016). NGC 5548 is there-
fore clearly different in that respect.
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4. ACCRETION-DISK SPECTRUM

The response light curves are compared against the
driver X(t) in Figure [J] We note crucially that the
accretion-disk variations from the faint state through to
the bright state are linear. The lack of curvature vali-
dates the use of the linearized echo model (Equation [6)
to fit the light curves in Figures 2] to[d] Other features
of interest in Figure [J] are the apparent steepness of the
fit to both the ground-based w and Swift U light curves
relative to the other wavelengths. This behavior could
in part be due to Balmer continuum emission from the
BLR (Korista & Goad)2001), Paper III). A similar steep-
ening in the r-band light curve may be attributable to
Ha BLR contamination (Paper III).

We now use the linear relation between the driving
and echo light-curve fluxes to estimate the accretion-disk
spectrum using a technique similar to the flux vector gra-
dient (FVG) method (Cackett et al.|2007; Haas et al.|
2011)). The host-galaxy flux at the shortest wavelength
is taken as the point where the linear fit crosses zero at
the shortest wavelength (see the lower panel of Figure
|1§_D at X (t) = Xga1. The host-galaxy contribution at the
arger wavelengths is given by the linear trend lines eval-
uated at Xga. The faintest and brightest points of the
light curves f,, (A, t) yield corresponding faint and bright
states for the driving light curve Xz and Xp with which
to evaluate a faint- and bright-state accretion-disk spec-
trum. The galaxy, faint-state disk fI', and bright-state
disk fP spectra are shown in Figure and are obtained
using

fear (A) = F, (M) + XgaAF, (A), (15)

F7 ) = FE, (A) + XpAF, () = fea (M), (16)

and

2N =F,(\) + XgAF, (\) = fea (V). (17)

Figure[1]] dlsplays the mean accretion disk spectrum ob-
tained by averaging the flux from Equations [16] and [I7]
For reference, we overlay a blackbody spectrum evalu—
ated for a face-on disk, with Mgy = 10751 M,
et al. m, and adopt the Eddington ratio L/LEdd =0. 1
Paper II1). We correct for Milky Way extinction using
Seaton 1979 with an F(B — V') parameter of 0.02 mag

(Cackett et al.|2007]).
Flgures 10| and [1 . 1| show evidence that the minimum

and maximum disk spectra turn down at short wave-
lengths. This could be evidence of the short-wavelength
Wien cutoff predicted by blackbody models. The stan-
dard L/Lggq = 0.1 spectrum (dashed line in Figure
also displays this turndown but more slowly, and toward
shorter wavelengths than the mean disk spectrum. Fig-
ure [T1] also shows that the accretion-disk spectrum ap-
pears in general too faint to be explained by a standard
blackbody-emitting accretion disk with L/Lggq = 0.1.
This difference is the same as the “flux size” problem
found in microlensing estimates of accretion-disk sizes
(Morgan et al.|[2010).

We end this section by tentatively proposing a mecha-
nism to account for both the large CREAM and CCF lags
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to evaluate the galaxy, faint-state, and bright-state spectra (Xga1,
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from Paper III, and the apparent faint accretion-disk
spectrum. We suggest a modification to the standard
blackbody-emitting disk. For a standard disk, the flux
is simply the summation of blackbody curves of discrete
annuli that increase in radius. We suggest that each an-
nulus is only partially covered with blackbody-emitting
material with a covering fraction f. (r). We investigate
a power-law covering fraction

1

R =5 (L) (1s)

The two parameters are the covering fraction f; at
r1 = 1 light day, and a slope parameter + that governs
how quickly the disk transitions from fully blackbody-
emitting annuli (f. = 1) to annuli with little or no
blackbody emission (f. = 0). We incorporate the cov-
ering fraction into our calculation of the transfer func-
tion (Equation [A5)) and then fit the mean lags at each
of the STORM light-curve wavelengths. Using a simple
grid search, simultaneously minimizing x? of the CCF
lags (Paper III and Figure[7)) and the mean disk spectra
(Figure 7 we optimize the covering fraction parame-
ters r; and vy with mean lags and uncertainties from the
CCF analyses of Paper III. The best-fit values and un-
certainties are r; = 0.34 +£0.01 and v = 0.33+0.03. The
resulting lag and disk spectra are shown by the dashed
lines in Figures [7] and Figure [7] demonstrates that
incorporating a partially covered accretion disk can go
at least some way to reconciling the difference in the ob-
served and expected time lags. We see also from Figure
that the accretion-disk spectrum is too faint to be
explained by a standard blackbody accretion disk with
L/Lggq = 0.1, and that a partial blackbody disk model
can again go some way to account for this.

Despite these results, we acknowledge that other au-
thors find somewhat lower Eddington ratios for this
object. For example, Brenneman et al.| (2012)) find
L/Lggq = 0.08 and [Honig et al|(2014) argue for a value
as low as L/Lgqq = 0.01. It may therefore be that par-
tial covering is not required to dim a standard disk model
to match the mean disk spectrum, and is needed only
to reconcile the long lags with the standard disk model.
We also note that Paper III performs more sophisticated
spectral decomposition techniques to estimate the host-
galaxy contribution and finds a fainter galaxy (and thus
brighter accretion disk) SED than that presented here.
This further reduces the need for a covered disk model
to the point where such a model may only be needed to
explain the time lags rather than also being required to
dim the flux spectrum. Further investigation of the cov-
ering fraction is well beyond the scope of this work but
may form the basis of future studies.

The large lag spectrum (Figure[7) may also support the
findings of |Gardner & Done| (2016)), whereby the disk
does not respond to a single point-source driving light
curve, but rather to a diffuse region that intercepts X-ray
photons and re-emits these onto the accretion disk. This
hypothesis is further supported by the poor correlation
between the CREAM-inferred driving light curve and the
Swift X-ray light curves.
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Fic. 11.— The mean reddened (red points) and dereddened
(black points) accretion-disk spectrum from Equations and
The dotted line shows the spectrum for a standard blackbody dis
with L/Lggqq = 0.1. The thick dashed line shows the best-fit model
for a partially covered accretion disk (Equation fitted simulta-
neously to the mean spectra and the CCF lags (Figure .

5. DISCUSSION

We fit the 19 AGN STORM continuum light curves
of NGC 5548 with our Continuum REprocesing AGN
MCMC code CREAM. CREAM assumes that accretion-disk
time lags arise due to thermal reprocessing of irradi-
ating photons from a time-varying point source (lamp-
post). CREAM models the lamppost light curve as a sum
of Fourier sine and cosine terms with amplitudes con-
strained by a random-walk prior. The code requires one
or more input continuum light curves and fits a response
function for each wavelength parametrized by inclina-
tion, temperature 77 at 1 light day, and slope of the
temperature-radius profile. We first fit the light curves
assuming a steady-state disk (7" o r~%, where oo = 3/4)
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and find best-fit values of 77 = (22.2 £0.7) x 103K and
1 = 54°£6°. If we relax the thin-disk temperature-radius
law, the inferred disk parameters are T} = (47 £5) X
103K, i = 37°£10°, and o = 0.9940.03. Such a steeper
fall-off of temperature with radius than expected from a
steady-state disk leads to a mean lag spectrum broadly
in agreement with Paper III.

In general, the lamppost model seems to fit the contin-
uum light curves from the 2014 STORM monitoring cam-
paign relatively well. While there is a period of anoma-
lous variability in the broad lines (Paper IV), this does
not appear to be repeated in the continuum light curves.
We also find that flux variations across all the contin-
uum light curves from faint to bright states are linear,
again consistent with a disk-reprocessing model. On the
other hand, our analysis infers properties of the disk that
are not consistent with X-ray reprocessing by a standard
blackbody accretion disk. We first note from Figure
that the X-rays, in this observing campaign, appear to
be a poor proxy for the driving light curve, as they do
not correlate well with the continuum driving light curve
inferred from CREAM. We also find large mean delays in
the light-curve transfer functions across the Swift and
ground-based data, in agreement with Paper III, and
note the presence of a fainter accretion-disk spectrum
than that which would be predicted assuming a standard
blackbody accretion disk emitting at L/Lgqq = 0.1.

We suggest here that the large observed mean lags
from both CREAM and CCF techniques may be the re-
sult of an accretion disk that is only partially covered
with blackbody-emitting material with a covering frac-
tion that increases with radius. While this model can
explain the large time lags, it also requires an accretion
disk that is much dimmer than observed here and in Pa-
per III. A |Gardner & Done| (2016) model may be the
answer here, in which double reprocessing of X-rays oc-
cur. This will also give rise to the large time lags we
see in Figure [7] relative to the driving light curve, since
photons require multiple light-travel paths before inter-
cepting the accretion disk. Another interpretation is that
the inner disk is tilted relative to the outer disk, align-
ing itself with the spin of the black hole inward of some
radius (Nealon et al.|2015)). The implication of this inter-
pretation is that the driving light curve is actually just
the emission from the inner tilted disk. This again in-
troduces the concept of double reprocessing in that the
X-rays initially reverberate from the inner accretion disk,
which then irradiates the outer disk.

We again emphasize that the origin of the driving light
curve remains ambiguous and requires further investiga-
tion of the correlations and lags of X-ray, UV, and optical
continuum light curves. Be it an inner cylindrical X-ray
reprocessing medium (Gardner & Done|2016)), an inner
tilted accretion disk model (Nealon et al.|[2015)), or some-
thing not yet conceived, it seems that our understanding
of the driving light-curve mechanism will improve con-
siderably in the near future.
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APPENDIX
RESPONSE FUNCTION

The disk is modelled as a blackbody with local temperature T determined by the viscous heating and lamppost
irradiation. Variable lamppost irradiation is realized by the disk surface after a delay 7 that is a function of inclination
and radius. The flux is the integral of the Planck function B, (T") over surface elements with solid angle d2,

F, (\t) = / B,(\,T(t — 7))dQ. (A1)

T(t — 7) is the disk temperature at the appropriate look-back time 7. We then must sum this over all points in the
disk, each with its own time delay. If X (¢) is the driving light curve, the resulting convolution integral takes the form

F,(\b) = Fy(\) + AF, (A) / PrINX (¢ — 1) dr. (A2)
0
Differentiating with respect to the driving light curve, X (t — 1) gives
OF, (A1) <, , / 0B, 0T , )
— = —7) = Q —0(1 — A
e /0 ATy NS~ ) = [ 40500 Tt 7 (r,6,1), (A3)

where the delta function considers only disk surface elements, 7 (r, ), with a common delay 7. The result is

[ OB,(T,\) OT 0L, o
Y (7]A) = /dQTaLx S 00 =7 (1,60,). (A4)

CREAM evaluates this integral numerically as a sum over a grid that is logarithmic in radius and uniform in azimuth,

8B,, T rih@ia 7)\ oT 8Lz .
’IZJV(Tl/\) = %:%:AQ ( (OT ) )TLlaFL fe (Tir) 5(7_7/(Tir»0ia72))» (A5)
where AQ = ri, Ari, A0/ D% is the solid-angle element, Dy, is the luminosity distance, and F, and L, are the driving
light curve X (t) expressed as a flux and luminosity (respectively). f. is the covering fraction introduced in Section
Since we are already normalising v (7|\) using Equation |7} the 0L, /0F, term is present only as a conceptual aid,
introducing a constant factor of 47 to the response function that does not affect the final result. In this work, the
response function is evaluated up to a maximum delay of 50 days.

TABLE 3
ERROR BAR EXPANSION FACTOR f INFERRED BY CREAM FOR THE HST AND Swift LIGHT CURVES.
Telescope  Filter f (o) x f N x?/(Nf?)
mJy

HST 1158A 2414015 0.11+0.01 171 1.15
HST 1367A  1.9240.13 0.094+0.01 171 0.90
HST 1478 A 2.37+0.15 0.104+0.01 171 0.87
HST 1746 A 1.18+£0.08 0.094+0.01 171 0.98 a
Swift UVW2 1.08+0.05 0.09+0.00 284 0.96
Swift UVM2 0.89£0.04 0.124+0.01 256 1.00
Swift UVW1 0.85+0.04 0.13+0.01 270 0.82

Swift U 0.82+0.04 0.20+£0.01 270 0.99
Swift B 0.85+0.04 0.22+0.01 271 1.02
Swift |4 0.78+0.04 0.32+0.01 260 1.21

af is the error bar scale factor, (o) is the mean error bar at each wavelength, and N is the number of data points for each telescope-filter
combination.
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TABLE 4
ASs IN TABLE El, BUT FOR THE GROUND-BASED TELESCOPES.
Telescope | Filter f (o) x f N  X?/(Nf?)
(mJy)
LT U 8.58 +£0.65 0.23+£0.02 103 1.14
LCO/McD U 0.90£0.12 0.54+£0.07 35 0.83
LCO/SAAQO a U 3.37+£1.13 065£023 7 1.80
Wise B 2.50+0.28 0.09+0.01 58 0.79
LCO/SAAO a B 1.38+£2.01 0.254+0.37 2 1.06
LCO/SAAO b B 0.78+£0.34 0.17£0.07 5 1.54
LCO/SAAO ¢ B 0.884+0.46 0.18+0.10 4 1.40
CAO B 1.31+£0.15 0.214+£0.03 44 1.17
LCO/McD B 1.08+£0.48 0.09£0.04 5 0.17
RCT B 1.57+0.23 0.10£0.02 30 0.78
WMO B 2.51+£197 025+0.21 3 0.14
LT g 6.024+0.45 0.13+£0.01 104 0.93
LCO/SSO a g 0.64£0.18 0.20£0.06 9 1.56
LCO/SSO b g 0.76 £0.23 0.25+£0.08 8 0.91
LCO/SAAQO a g 1.00£0.32 0.10£0.03 8 0.75
LCO/McD g 1.14+0.13 0.194+0.02 43 0.80
Wise V 2.444+0.24 0.094+0.01 76 0.88
FO V 2.33+0.22 0.154+0.01 66 0.73
LOKAIT Vv 0.70 £0.07 0.20£0.02 61 0.87
McD V 1.90£0.22 0.14+0.02 46 1.12
Maidanak v 1.77+£0.25 0.16 £0.02 30 0.89
WMO V 1.26 £ 0.18 0.124+0.02 31 0.80
RCT v 2.89+0.42 0.134+0.02 31 0.58
HLCO V 1.454+0.26 0.09+0.02 20 0.89
MLO 1% 1.78+£0.68 0.25+0.10 6 0.59
MLOAO V 2.36 £0.45 0.16+0.03 17 1.12
LCO/SAAO b v 1.994+0.52 0.17£0.05 10 0.93
CTIO 1 1% 0.614+0.21 0.16+0.05 7 1.31
CTIO 2 Vv 0.43+£0.10 0.07+£0.02 13 1.87
LCO/SAAQO a v 1.314+£0.40 0.124+0.04 8 0.96
LCO/SSO b v 1.694+0.73 0.18+0.08 5 0.57
LCO/SSO a 1% 1.10+2.17 0.10+£0.19 2 0.87
LT T 6.10+0.48 0.18£0.02 99 1.12
LCO/SSO b r 0.70+024 037+£0.13 7 1.17
LCO/SAAQ a T 0.39+0.12 0.31+£0.10 8 1.41
LCO/SAAO ¢ r 1.414+0.31 0.22+0.05 14 1.47
LCO/McD r 1.844+£0.22 0.27+0.03 44 1.07
Wise R 436 +£0.45 0.19+0.02 60 1.50
CAO R 1.31+£0.17 0.36£0.05 34 1.02
Maidanak R 1.274+0.70 0.16 £0.09 4 0.44
WMO R 2.96 +0.37 0.204+0.03 38 0.88
LT 1 6.58 £0.50 0.17+0.01 108 0.94
LCO/SAAO b 1 1.09+0.61 0.20+0.11 4 0.53
LCO/SAAO a 1 2.80+1.25 0.2840.14 5 0.31
LCO/SAAO ¢ 7 2.55+0.52 0.254+0.06 16 1.04
LCO/McD 1 1.494+0.18 0.17+0.02 45 1.21
Wise I 456 +£044 0.23+£0.03 64 0.99
CAO I 1.16 £0.15 0.35£0.05 34 1.64
LT z 5.26 +£0.40 0.20+0.02 108 0.87
LCO/SAAO 1 z 0.83+£0.24 0.23+£0.07 9 0.58
LCO/SAAO 1 z 0.22+0.08 0.16£0.06 7 0.28
LCO/SAAO 3 z 1.06 £0.20 0.25£0.05 17 0.93
LCO/McD z 1.05+£0.12 0.21 £0.03 45 1.26

2 Acronyms — CAOQO: Crimean Astrophysical Observatory; LOKAIT: Lick Observatory Katzman Automatic Imaging Telescope; LT:
Liverpool Telescope; LCO/SSO: Siding Spring Observatory; LCO/McD: McDonald; WMO: West Mountain Obsrvatory; RCT: Robotically
Controlled Telescope; HLC: Hard Labour Creek Observatory; MLOAOQO: Mt. Lemmon Optical Astronomy Observatory; MLO: Mt. Laguna
Observatory; FO: Fountainwood Observatory; LCO/SAAO: South African Astronomical Observatory
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TABLE 5
MEAN AND RMS SPECTRA FROM CREAM.

A
(A)

F, (V)

AF, ()

CREAM
(mJy)

1158
1367
1478
1746
1928
2246
2600
3467
3472
4369
4392
4776
5376
5404
6176
6440
7648
8561
9157

1.82+0.15
2.53+£0.15
2.64£0.18
3.28£0.21
3.71£0.15
4.81£0.21
5.91+£0.21
8.44 £0.30
9.35+0.24
9.10£0.21
8.89 £ 0.30
10.79 £ 0.21
12.08 £0.21
12.97£0.21
19.88 £0.24
18.09 £ 0.27
19.85£0.21
21.63+£0.24
26.05 +0.21

0.44 £0.02
0.48 = 0.02
0.53 = 0.02
0.61 +=0.02
0.49 +£0.02
0.61 +=0.02
0.64 = 0.02
0.87 £ 0.03
0.71£0.03
0.64 +0.02
0.92 £ 0.03
0.64 +=0.02
0.62 +0.02
0.64 +=0.02
0.76 £ 0.03
0.77£0.03
0.65 = 0.02
0.66 = 0.03
0.59 +£0.02

TABLE 6

GALAXY AND DISK SPECTRA FROM THE ANALYSIS IN SECTION m

A
(A)

&
(mJy)

OHSY)

I
(mJy)

£18

1158
1367
1478
1746
1928
2246
2600
3467
3472
4369
4392
4776
5376
5404
6176
6440
7648
8561
9157

0
0.48 £0.03
0.41+0.03
0.70 £ 0.03
1.64 £ 0.02
2.27+£0.02
3.27+0.03
4.93 £ 0.04
5.14 £ 0.08
6.48 = 0.04
6.53 = 0.05
8.19 £ 0.04
10.32 £0.04
9.66 = 0.06
16.94 £ 0.05
15.32 £0.07
17.44 £0.04
19.19£0.10
24.04 £0.06

0.77+0.02
0.85+0.02
0.93 £ 0.02
1.07£0.02
0.81 £0.01
0.99 +0.02
1.03 £0.02
1.37£0.03
1.46 £0.07
1.02£0.03
1.10 £0.03
0.97 £ 0.04
1.05£0.03
0.95+0.05
1.224+0.04
1.19 £0.06
0.95 £ 0.04
0.97 £0.07
0.85+0.05

2.95+0.03
3.27+0.03
3.55 +£0.03
4.12+0.03
3.29 +£0.02
4.04 £0.02
4.21 +£0.03
5.60 £ 0.04
5.81 £0.07
4.08 £0.03
4.49+0.05
3.86 = 0.04
4.20 £ 0.03
3.88 £ 0.06
4.68 £ 0.04
4.56 = 0.07
3.83 £0.04
3.88 £ 0.09
3.25 +£0.06

3.84+£0.03
3.84 +£0.02
3.84 +£0.02
3.84+0.02
4.08+0.01
4.08 £ 0.02
4.08 £ 0.02
4.08 £ 0.02
3.97+0.03
3.99 +£0.02
4.08 £0.03
3.97+£0.02
4.02£0.02
4.08 £ 0.04
3.84 +£0.02
3.84 +0.04
4.02 +£0.03
3.99 £ 0.06
3.84 +0.04
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TABLE 7
RESPONSE FUNCTION MEAN LAG VS. WAVELENGTH FOR CREAM MODELS 11 AND 2.
Model
1 2
Source Bandpass Apivot
(A) (1) (days)
HST 1158 0.47+0.01 1.944+0.17
HST 1367 0.57+0.01 2.07+0.15
HST 1478 0.63+£0.01 2.154+0.14
HST 1746  0.77+0.01 2.32+0.13

Swift UVWw2 1928 0.87+0.02 2.44+0.12
Swift UVM?2 2246 1.06+0.02 2.64£0.11
Swift UVW1 2600 1.28+0.02 2.87£0.10

Swift U 3467 1.86+0.04 3.4440.09
Ground U 3472 1.86 £0.04 3.48 +£0.09
Ground B 4369 2.524+0.05 4.044+0.09

Swift B 4392 2.54+0.05 4.0540.09
Ground g 4776  2.84+0.06 4.314+0.08

Swift 174 5376 3.41+0.07 4.73 £0.08
Ground 174 5404 3.35+0.07 4.77 £0.08
Ground r 6176 4.00£0.08 5.23 +0.07
Ground R 6440 4.224+0.08 5.41£0.07
Ground i 7648 5.27+0.10 6.18 = 0.05
Ground I 8561 6.05+0.11 6.734+0.05
Ground z 9157 6.56 +£0.11 7.07+£0.04
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