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We show recent detections of inter-band continuum lags in three AGN (NGC 5548,
NGC 2617, and MCG+08-11-011), which provide new constraints on the temperature
profiles and absolute sizes of the accretion disks. We find lags larger than would be
predicted for standard geometrically thin, optically thick accretion disks by factors of 2.3—
3.3. For NGC 5548, the data span UV through optical/near-IR wavelengths, and we are
able to discern a steeper temperature profile than the T ~ R~3/4 expected for a standard
thin disk. Using a physical model, we are also able to estimate the inclinations of the disks
for two objects. These results are similar to those found from gravitational microlensing
of strongly lensed quasars, and provide a complementary approach for investigating the
accretion disk structure in local, low luminosity AGN.

Keywords: AGN continuum, galaxies: active, individual: NGC5548, NGC2617, MCG+08-11-011

1. INTRODUCTION

Active galactic nuclei (AGN) are the markers of rapidly accreting super-massive black holes
(SMBHs). The current picture of the sub-parsec scale structure of an AGN includes three main
components: an accretion disk around the SMBH, a region of high-velocity gas (the “broad line
region,” BLR), and a hot, X-ray emitting “corona.” Although this simple model can explain the
observed features of AGN spectra, the detailed geometry and dynamics of the accretion disk, BLR,
and corona are largely unknown. The sub-parsec scale structures are unresolved in even the closest
AGN, so additional information must be obtained by indirect means.

Reverberation mapping (Blandford and McKee, 1982; Peterson, 1993, 2014) has emerged as a
powerful way to probe these compact structures in the central parts of AGN. The principle of
reverberation mapping is to search for time-variable flux signals and their light echoes, which
encode information about these unresolved structures. For example, gas in the BLR reprocesses
variations in the ionizing continuum flux from the accretion disk as variable emission line flux
after a time delay that scales with the light-crossing time of the BLR. Measuring this time delay
therefore provides a straightforward estimate of the BLR’s spatial extent.

More recently, reverberation mapping techniques have been used to examine the structure
of AGN accretion disks. A standard geometrically thin, optically thick accretion disk has a
temperature profile of T ~ R™3/* (Shakura and Sunyaev, 1973), so that the hot, inner parts
of the accretion disk emit UV photons (~10-3,000 A), while the cooler, outer annuli emit
in the optical and near IR (~3,000-10,000 A). If variations at shorter wavelengths (from the
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X-ray emitting corona or the inner edge of the disk) irradiate the
outer annuli and drive longer wavelength variations, we expect
a time delay between the UV and optical continuum variations
that is proportional to the size of the accretion disk (Krolik et al.,
1991).

Most attempts to measure continuum lags have not been able
to detect time delays at >30 (e.g., Sergeev et al., 2005; Arévalo
et al.,, 2008; Breedt et al., 2010; Lira et al., 2015; Gliozzi et al.,
2016; Troyer et al., 2016; Buisson et al., 2017; Jiang et al., 2017).
The primary limitation is obtaining continuous, well-sampled
(of order 1 day or less) light curves on time scales of weeks
to months. However, Shappee et al. (2014) were able to detect
continuum lags at high significance in NGC 2617 using rapid
cadence Swift and ground-based light curves from observations
spanning several weeks. Here, we report on recent detections of
inter-band continuum lags in two other objects, NGC 5548 and
MCG+08-11-011, as well as results from continued monitoring
of NGC 2617.

2. AGN STORM

The AGN Space Telescope and Optical Reverberation Mapping
project (STORM, De Rosa et al., 2015) is the most ambitious
reverberation mapping experiment to date. We monitored
the Seyfert 1 galaxy NGC5548 for 6 months in 2014 with
an unprecedented combination of cadence and wavelength
coverage. The project was anchored by 171 observations with
the Cosmic Origins Spectrograph onboard HST, and additional
data were supplied by Chandra (Mathur et al., 2017) and Swift
(Edelson et al., 2015), as well as a global compliment of ground-
based observatories (Fausnaugh et al., 2016). We obtained light
curves with approximately daily cadence over the six month
baseline, at wavelengths in the far UV (1,100-1,700 A with
HST), near UV (1,900-2,600 A with Swift), and optical/near IR
(Johnson/Cousins UBVRI and SDSS ugriz).

Lags between the continuum emission at different
wavelengths (and their uncertainties) were estimated in two
ways: traditional cross-correlation techniques (the interpolated
cross-correlation function and flux redistribution/random subset
sampling; Gaskell and Peterson, 1987; White and Peterson, 1994)
and a Bayesian model that infers the response function for an
input driving light curve and its light echoes (JAVELIN; Zu et al.,
2011). In both cases, the estimated lags agree and are detected at
high significance. We measure the continuum lags relative to the
light curve for emission at 1,367 A, and the results are shown in
Figure 1.

Assuming a disk reprocessing model, we can translate the
observed lag-wavelength relation in Figure 1 to a wavelength
dependent emissivity profile, which in turn depends on the
temperature profile of the disk. For a given temperature profile
T ~ RP, we expect that R ~ A71/#, and we take the lag 7 as a
measurement of the light crossing time across the disk R/c. The
best fit yields = 1.01 & 0.14 (dashed magenta line in Figure 1),
and is statistically consistent (~ 20) with the prediction for a
standard thin disk (8 = —3/4, solid magenta line in Figure 1).
For comparison, the prediction for an T ~ R™%/* thin disk is
shown by the dashed magenta lines in Figure 1.
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FIGURE 1 | Time delays between inter-band continuum light curves as a
function of rest-frame effective wavelength, adapted from Fausnaugh et al.
(2016). The time delays are interpreted as reverberations across the accretion
disk, with short-wavelength variations driving longer wavelengths. The time
delays are measured relative to variations at 1,367 A and the equation in the
upper left corner describes the generic form of the lag-wavelength relation in a
geometrically thin accretion disk, normalized to 1o = 1,367 A. The best it to
this relation (with « and B as free parameters) is shown with the dashed
magenta line. The excluded points (from the u/U-band light curves) are
noticeable outliers, likely because of contamination by Balmer continuum
emission originating in the broad line region, and are excluded from the fit (see
Fausnaugh et al., 2016 for details). The normalization parameter « can be
predicted from the SMBH mass and mass accretion rate—based on values for
NGC 5548 (see section 2), we show this prediction with the cyan line. The
best-fit value is a factor of 3 larger than this prediction. A standard thin disk
also has a temperature profile T R=3/4, which predicts B = 4/3. We show a
fit with B fixed to 4/3 by the solid magenta line. Although the best fit is
consistent with g = 4/3 at the 20 level, physical modeling shows that the data
strongly prefer a steeper temperature profile of T ~ R~1 (Starkey et al., 2017).
Finally, the horizontal dashed black line shows the lag of the high-ionization
state lines He 11 1640 and 24686 relative to the 1,367 A light curve—the lag is

2.45 days, slightly larger than the lag of the V-band light curve.

In addition, the magnitude of the lags provides information
about the absolute size of the disk. In the standard thin accretion
disk model, gravitational potential energy is converted into
heat and radiation, and the product MpuM determines the
temperature at the inner edge of the disk. Combined with
the temperature profile, this information sets the disk’s radial
scale—for a fixed black hole mass, a higher accretion rate disk will
appear larger at a given wavelength. We adopt a black hole mass
of 5.2 x 107 Mg, determined from reverberation mapping of the
Hp emission line (Grier et al., 2012), and we assume an accretion
rate of 10% of the Eddington rate, typical of Type 1 Seyfert
galaxies (this value is similar to what would be inferred from
the optical luminosity at 5,100 A, see Netzer, 2013; Fausnaugh
etal,, 2016). For these parameters, the model prediction is shown
by the cyan line in Figure 1, which underestimates the observed
lag-wavelength relation by a factor of 3. In fact, the continuum
lags are large enough (~2 light days from the 1,367 A emission
to the V-band) that they are comparable to the lags of the
high-ionization state emission lines (such as Hell, which has a
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lag relative to the 1,367 A emission of 2.45 days, shown by the
black dashed horizontal line in Figure 1). This suggests that at
least part of the BLR and continuum emitting source are of a
similar physical size, if they are not identical or contiguous.

This result is fairly insensitive to other parameters in the thin
disk reprocessing model, such as the fraction of heating due to
X-rays and the assumed radiative efficiency of matter falling onto
the black hole (Fausnaugh et al., 2016). We have also taken into
account the contribution of emission from a range of disk radii
at a given wavelength by estimating R with the flux-weighted
mean radius across the entire disk. However, we ignored the
inner edge of the disk in this calculation, instead anchoring the
physical radius for emission at 1,367 A (which has zero lag by
definition) by extrapolating the fit to zero wavelength. In practice,
the inner edge of the disk already makes significant contributions
to emission at 1,367 A and the relation is expected to turn over at
shorter wavelengths, although this difference is small compared
to the radii at which the disk emits in the optical (~ 2 light days).

More recently, Starkey et al. (2016) developed a physical
model for inferring accretion disk properties from continuum
reverberation mapping data (the Continuum REprocessing AGN
MCMC code, CREAM). CREAM uses Bayesian methods to infer
the input driving light curve required to produce the observed
light curves as reverberation signals, as well as the detailed
transfer functions in a thin disk reprocessing model. The
parameters of the model are the temperature normalization
at a fiducial radius (which is related to the product MguM),
the power-law index of the disk’s temperature profile, and the
inclination of the disk. The model also takes into account changes
in the disk’s spectrum due to instantaneous perturbations in the
local disk temperature from variable irradiation.

For NGC 5548, results from CREAM are detailed by Starkey
et al. (2017), who find a temperature profile power-law index
consistent with the fit to the lags described above (0.99 £ 0.03),
but with a much smaller uncertainty that rules out T ~ R™3/4,
CREAM also finds an inclination of 36 & 10 degrees, and the
temperature at the inner edge of the disk is consistent with the
mass accretion rate required to explain the large continuum lags.
However, this accretion rate is well above the Eddington limit and
inconsistent with the observed optical luminosity. Finally, there is
a poor match between the inferred driving light curve and the X-
ray light curves from Swift XRT, as shown in Figure 2. The X-ray
variations are usually taken to drive the reprocessed variations at
longer wavelengths because they are energetically dominant over
the UV/optical variations (though this is not always the case, see
for example Breedt et al., 2010), and the corona is believed to
be compact and centrally located near the SMBH. However, the
poor correlation shown in Figure 2 suggests that the X-rays do
not directly drive the UV/optical variations, which is problematic
for standard disk reprocessing models.

3. AGN 2014 REVERBERATION MAPPING
CAMPAIGN

In 2014, we monitored 10 other AGN besides NGC 5548.
Space-based resources were not available for these targets—our
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FIGURE 2 | Comparison of the observed X-ray light curve from Swift (black
points) and the inferred driving continuum light curve from cREAM (solid lines),
reproduced from Starkey et al. (2017). The top panel is the hard X-ray (0.8-10
keV) light curve, the bottom panel is the soft X-ray light curve (0.3-0.8 keV).
The blue line is for a model with the temperature profile of the disk fixed to

T ~ R=3/4  the red line is for a model with the temperature profile left as a free
parameter (the best fitis T ~ R=0:99 £ 0.03) The poor correlation shows that
the observed X-ray light curve does not directly drive the variations in the
UV/optical, which may be problematic for disk reprocessing models.

main goal was to use spectroscopic observations to derive SMBH
masses from continuum-Hp lags. These results are presented
by Fausnaugh et al. (2017). However, a unique addition to
this campaign was the acquisition of high-quality multi-band
imagining on approximately daily cadence, which allowed us to
search for optical continuum reverberation signals.

We chose to measure lags relative to the g-band, as this is
our bluest light curve that is relatively free of BLR emission
(Balmer continuum emission is likely present in the u-band
for these objects, see Fausnaugh et al., 2016). For two of our
targets, we detected inter-band continuum lags at a statistically
significant level: MCG+08-11-011 and NGC 2617 (Fausnaugh et
al., submitted). Lags measured from the JAVELIN analysis
are shown in Figure 3. As expected for the disk-reprocessing
model, we generally find larger lags at longer wavelengths, though
both objects show outliers and the lag-wavelength relation for
NGC 2617 is consistent with a flat relation if the g/V-band lags
are outliers. We also compared these results to the theoretical
predictions described in section 2, based on the measured
black hole masses from Fausnaugh et al. (2017), and accretion
rate estimates from the observed optical luminosity at 5,100 A
(Netzer, 2013). Because of the shorter wavelength range of these
data (ugriz and Johnson V-band), we fixed the lag-wavelength
relation to T ~ A*/3 when fitting for the absolute size of the disk.

We find similar results as in NGC 5548, with larger observed
disk sizes compared to theoretical expectations: a factor of 3.3 in
MCG+08-11-011 (a 7.20 result) and a factor of 2.3 in NGC 2617
(a 2.30 result, which probably also captures the possibility of a
flat lag-wavelength relation/unresolved lags). For comparison, we
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FIGURE 3 | Continuum reverberation mapping results for two objects from the 2014 AGN monitoring campaign, adapted from Fausnaugh et al. (submitted). Only
optical data were available for this campaign, and inter-band lags were therefore measured relative to the g-band light curve. The solid black line shows the best fit
lag-wavelength relation for a disk with temperature profile fixed to T ~ R—3/4 (B = 4/3). The dot-dashed blue lines show the predicted normalization, based on the
black hole masses and Eddington ratios given in the lower right hand corner of each panel (as measured by Fausnaugh et al. 2017). The dashed red lines show the fit
to NGC 5548 from the STORM campaign rescaled to the parameters of these systems assuming standard thin-disk theory. The similarity of the solid black and
dashed red lines suggests that, after extrapolating to UV wavelengths, the disks are larger than standard predictions by a similar amount as in NGC 5548. The
excluded points were identified as outliers (again likely due to contamination by broad line region emission) and are discussed in detail by Fausnaugh et al. (submitted).
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rescaled the observed NGC 5548 lag-wavelength relation from
the STORM campaign, using the same theoretical dependence
on black hole mass and mass accretion rate—these relations are
shown by the red lines in Figure 3, and are generally consistent
with the best fit.

We also analyzed these data using the CREAM physical model.
We again fixed the temperature profile power-law index to
—3/4 , and we found temperatures at the inner edge of the
disk hotter than would be implied by the SMBH masses and
mass accretion rates derived from the optical luminosity. As
described in section 2, this is consistent with large disk sizes
inferred from the continuum lags. For MCG+08-11-011, we were
unable to constrain the disk’s inclination, and therefore fixed
this parameter to 0 degrees for the final fit. For NGC 2617, we
found an inclination of 43 £ 20 degrees. Given uncertainties
in the black hole mass, bolometric corrections, and radiative
efficiency, as well as systematic uncertainties such as internal
extinction and possible kinematic luminosity in outflows, there
are large uncertainties on the predictions for the temperature at
the inner edge of the disk. It seems that the disk in NGC2617
may be consistent with a standard thin disk model, while the total
discrepancy in MCG+08-11-011 is difficult to explain with these
uncertainties.

NGC 2617 provides a special test case for disk models, since
Shappee et al. (2014) also measured the disk size from multi-
wavelength monitoring data taken in 2013. The lags we measure
here are consistent with those from Shappee et al. (2014) to within
~30, but are systematically smaller. This could be caused by two
effects. First is a physical change in the disk. The dynamical time
at ~1 light day from the black hole in NGC 2617 is ~1 month,
so a bulk change in the accretion flow between 2013 and 2014
cannot be ruled out. The size of the disk is also expected to scale
with luminosity, and NGC 2617 was a factor of 1.8 less luminous
in 2014 than in 2013. However, this scaling of disk size with

luminosity is based on a variable accretion rate, and the structure
of the disk would then be predicted to respond on the viscous
time scale (several decades to centuries for AGN accretion disks;
see LaMassa et al., 2015).

An alternative interpretation is systematic effects in the
reverberation mapping measurement. The observed time delay
is not independent of the auto-correlation of the driving light
curve, and the observed continuum variations are very different
in the 2014 monitoring campaign compared to the data from
2013. In 2014, the variations are much more rapid and have a
smaller amplitude, which will generally result in smaller lags and
therefore a smaller inferred disk size (Goad and Korista, 2014).

4. CONCLUSIONS

We have reviewed recent detections of inter-band continuum lags
in three AGN, NGC 5548, MCG+08-11-011, and NGC 2617.
Our results suggest either larger accretion disks compared to
theoretical expectations, or higher mass accretion rates than
would be inferred from the optical luminosity. For the highest
quality data and best wavelength coverage (AGN STORM
observations of NGC 5548), there is also evidence of a departure
from a standard temperature profile, with physical modeling
preferring T ~ R~

These results corroborate those from gravitational
microlensing of strongly lensed quasars, which also find
larger disks sizes than expected and a range of temperature
profiles (Blackburne et al, 2011; Mosquera et al, 2013;
Jiménez-Vicente et al, 2014). Continuum reverberation
mapping therefore promises to be a crucial avenue for further
research into the structure of AGN accretion disks, especially
for local and low-luminosity sources that are not accessible
through microlensing. Several successful Swift proposals and
ground-based observing campaigns are currently monitoring
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many more AGN in order to increase the sample of disk
measurements (NGC 4151, Edelson et al.,, 2017, Mrk 509, PI:
Edelson; NGC 4395, PI: McHardy, the LCO AGN Key project,
PI: Horne).
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