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ABSTRACT

We fit the UV/optical lightcurves of the Seyfert 1 galaxy Mrk 817 to produce maps of the accretion

disk temperature fluctuations δT resolved in time and radius. The δT maps are dominated by coherent

radial structures that move slowly (v ≪ c) inwards and outwards, which conflicts with the idea that disk

variability is driven only by reverberation. Instead, these slow-moving temperature fluctuations are

likely due to variability intrinsic to the disk. We test how modifying the input lightcurves by smoothing

and subtracting them changes the resulting δT maps and find that most of the temperature fluctuations

exist over relatively long timescales (∼100s of days). We show how detrending AGN lightcurves can

be used to separate the flux variations driven by the slow-moving temperature fluctuations from those

driven by reverberation. We also simulate contamination of the continuum emission from the disk

by continuum emission from the broad line region (BLR), which is expected to have spectral features

localized in wavelength, such as the Balmer break contaminating the U band. We find that a disk

with a smooth temperature profile cannot produce a signal localized in wavelength and that any BLR

contamination should appear as residuals in our model lightcurves. Given the observed residuals,

we estimate that only ∼20% of the variable flux in the U and u lightcurves can be due to BLR

contamination. Finally, we discus how these maps not only describe the data, but can make predictions

about other aspects of AGN variability.

Keywords: Accretion(14) — Active galactic nuclei(16) — Black hole physics (159) — Supermassive

black holes (1663)

1. INTRODUCTION

Understanding the continuum variability of active

galactic nuclei (AGNs) is fundamental to understand-

ing the accretion process for supermassive black holes

(SMBHs). The stochastic nature of this variability has

been studied for decades (e.g., Oknyanskij 1978; Per-

ola et al. 1982; Ulrich et al. 1997; Cristiani et al. 1997;

Giveon et al. 1999; Geha et al. 2003; Kelly et al. 2009;

MacLeod et al. 2010; Koz lowski et al. 2010; Davis &

Tchekhovskoy 2020; Burke et al. 2021) and is thought

to be caused by temperature fluctuations in the accre-

tion disk surrounding the SMBH. Because shorter wave-

lengths are generally observed to vary first with lags be-

tween wavelengths typical of the light travel time across

a disk (e.g., Sergeev et al. 2005; Cackett et al. 2007),

the variability is frequently described by a “lamppost”

∗ Email: neustadt.7@osu.edu
† Visiting Fellow at UCLan

reverberation model (Krolik et al. 1991). In this model,

fluctuations in the luminosity of the central region illu-

minate the outer regions and drive temperature fluctu-

ations in the disk which in turn drive the variability.

This assumption is often used for disk reverberation

mapping (disk RM) where the inter-band lags are used

to constrain the temperature profile of the disk (e.g.,

Shappee et al. 2014; Fausnaugh et al. 2016; Edelson

et al. 2017; Vincentelli et al. 2021). This technique is

similar to broad line reverberation mapping, which uses

the continuum and emission line lightcurves to measure

the light travel time between the accretion disk and the

broad line region (BLR) (Blandford & McKee 1982; Pe-

terson 1993). Frequently, the variable central source in

disk RM studies is the X-ray corona (Nayakshin et al.

2000; Frank et al. 2002), but, there are cases where

the X-rays vary after the UV/optical or show uncorre-

lated structures that call this assumption into question

(e.g., Berkley et al. 2000; Kazanas & Nayakshin 2001;

McHardy et al. 2014, 2018; Edelson et al. 2019; Dexter
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et al. 2019; Cackett et al. 2020; Hernández Santisteban

et al. 2020; Kara et al. 2023). In most studies of disk

RM, the model is generally only invoked to measure the

inter-band lags rather than to analytically relate the X-

ray fluctuations and the UV/optical response, with some

exceptions (e.g., Shappee et al. 2014; Kammoun et al.

2021).

There are also multiple open questions in disk RM

studies, one being possible “contamination” from the

BLR, which is more physically extended than the disk

and would thus have a longer lag signature. The main

evidence for this is a “bump” in the lag spectrum around

the Balmer break (3645 Å), with longer lags in bands

that cover this wavelength, like Swift U and SDSS u.

This bump has been observed for many AGNs (Edelson

et al. 2015, 2017, 2019; Fausnaugh et al. 2016; Cackett

et al. 2018, 2020; Hernández Santisteban et al. 2020)

and successfully modeled using various BLR gas mod-

els (Korista & Goad 2001, 2019; Lawther et al. 2018;

Netzer 2020, 2022), but not every AGN has this bump

(McHardy et al. 2023) – including Mrk 817 (Kara et al.

2021; Cackett et al. 2023).

There have been studies that argue against the lamp-

post reverberation model. For example, Dexter & Agol

(2011) argue that disk variability can be modeled with

inhomogeneous and non-axisymmetric temperature fluc-

tuations across the disk, although Kokubo (2015) finds

that this conflicts with the tight correlations between

bands. Others argue for thermal fluctuations in the disk

driven by processes other than reverberation (e.g., Cai

et al. 2018, 2020; Sun et al. 2020a,b; Li et al. 2021).

Statistical analyses of the variability have modeled the

variability as a modest-amplitude damped random walk

(DRW, Kelly et al. 2009; Koz lowski et al. 2010; MacLeod

et al. 2010, 2012; Zu et al. 2013) and have found that

the timescales of the DRW are typical of the thermal

timescales at the disk radii producing the observed flux

in a given band and that they correlate with the mass

of the SMBH (Kelly et al. 2009; MacLeod et al. 2010;

Burke et al. 2021). These long timescales are a signif-

icant problem for the reverberation model, as they are

much longer than any characteristic timescale associated

with the very inner regions of the disk.

Neustadt & Kochanek (2022) introduced a model of

disk variability that tries to reconstruct the tempera-

ture fluctuations in time and radius by inverting the

UV/optical lightcurves, to produce a map of the ac-

cretion disk. The inversion makes several assumptions,

including that (a) the steady-state temperature profile

of the disk is that of the standard Shakura & Sunyaev

(1973) thin-disk model, (b) the temperature fluctuations

are axisymmetric, and (c) the temperature fluctuations

are small and relatively “smooth.” The authors applied

the model to well-sampled, multi-band lightcurves of

seven AGNs, including the AGN Space Telescope and

Optical Reverberation Mapping (AGN STORM) data

for NGC 5548 (De Rosa et al. 2015; Edelson et al.

2015; Fausnaugh et al. 2016; Starkey et al. 2017). They

found that the majority of AGNs show strong evidence

for coherent temperature fluctuations that move slowly

(v ≪ c) radially inwards and/or outwards in the disk.

This is in conflict with the idea that reverberation –

which produces fast (v ∼ c) signals that only move ra-

dially outwards – is the only driving mechanism of disk

variability.

The slow-moving fluctuations do not dominate the

lightcurves, even though they tend to have higher tem-

perature amplitudes, because the width of the black-

body curve in wavelength space means that a broad

range of radii contribute to any given band. Fluctua-

tions that move slowly through the disk, and thus per-

turb a narrow range of radii over a given timescale, are

washed out in comparison to fast-moving fluctuations.

Because the reverberation signal moves at roughly the

speed of light (e.g., Cackett et al. 2021), and thus per-

turbs a broad range of radii over a short timescale, it is

always going to be the least suppressed and most promi-

nent feature of the lightcurves, even if the scale of tem-

perature fluctuations produced by the reverberation sig-

nal is smaller than the slower-moving fluctuations. This

does not depend on whether the signal is moving inwards

or outwards – it depends only on the speed of the signal

(see Sec. 6 and Fig. 20 of NK22).

Stone & Shen (2023) used the NK22 model on a sam-

ple of Sloan Digital Sky Survey (SDSS, Ahumada et al.

2020) quasars that had been spectroscopically moni-

tored for years as part of the SDSS Reverberation Map-

ping campaign (SDSS-RM, Shen et al. 2015, 2019). De-

spite the dramatically different data set (Stone & Shen

2023 used time series of spectra while NK22 used multi-

band lightcurves), different cadences, and different AGN

properties (the SDSS-RM quasars are much more mas-

sive, more luminous, and higher redshift than the NK22

sample), Stone & Shen (2023) found similar results –

the majority of the temperature maps are dominated by

coherent, slow-moving, radial temperature fluctuations.

They also found little to no evidence for reverberation

signals in their maps, although this is probably due to

the slow observing cadence of the SDSS-RM data rela-

tive to the light travel time of the disk.

NK22 pointed towards a possible physical mecha-

nism that could drive these fluctuations in the form of

inwardly-propagating viscosity fluctuations that in turn

drive accretion fluctuations (Lyubarskii 1997, also Kotov



4 Neustadt et al.

et al. 2001; Arévalo & Uttley 2006). Indeed, these ac-

cretion fluctuations have been invoked in previous stud-

ies to explain the UV/optical and X-ray variability on

timescales longer than reverberation (e.g., Arévalo et al.

2008, 2009; Breedt et al. 2009). These viscosity-driven

fluctuations are thought to move only inwards along the

disk, whereas the maps from NK22 and Stone & Shen

(2023) show fluctuations moving both outwards and in-

wards. Another explanation is that these fluctuations

are driven by opacity conditions, particularly the iron

opacity bump, that can produce strong variations in

temperature and luminosity at the disk radii produc-

ing the observed flux and on timescales of ∼100s of days

(Jiang et al. 2019; Jiang & Blaes 2020).

In this paper, we apply the NK22 approach to data

from the AGN STORM 2 campaign targeting Mrk 817.

The AGN STORM 2 project is a large-scale spectro-

scopic and photometric reverberation mapping cam-

paign using X-ray through near-infrared observations

from space- and ground-based observatories. Previ-

ous papers include an overview of the first 100 days

of observations (Kara et al. 2021), an analysis of the

UV spectra obtained with the Hubble Space Telescope

(HST, Homayouni et al. 2023a), an analysis of the X-

ray properties using the Neil Gehrels Swift Observatory

and the Neutron Star Interior Composition ExploreR

(Swift and NICER, Partington et al. 2023), an overview

of the UV flux variability and disk reverberation sig-

nal using Swift (Cackett et al. 2023), an analysis of the

anomalous behavior of the broad C IV emission line

lightcurve (Homayouni et al. 2023b), and an overview

of the ground-based optical observations (Montano et al.

in prep.). In Section 2, we summarize our model and dis-

cuss the additional analyses we use for Mrk 817. First,

we smooth the lightcurves over various timescales to ex-

plore how the inferred temperature fluctuations change.

Second, we subtract these smoothed lightcurves from

our original unsmoothed lightcurves to see how much

signal is removed from the resulting temperature fluc-

tuations. Third, we insert signals mimicking those ex-

pected for BLR contamination of the continuum emis-

sion. In Section 3, we discuss the Mrk 817 tempera-

ture maps and the effects of our manipulation of the

lightcurves on the features of the maps. In Section 4,

we review our results, explain how our analyses place

limits on the contamination from BLR continuum emis-

sion, and discuss the potential predictive (rather than

simply descriptive) powers of our model.

2. METHODS

The main equations that govern the model are detailed

in NK22, but the most important parts of the model are
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Figure 1. Relative flux contribution from temperature fluctu-
ations δT to the AGN STORM 2 bands as a function for disk
radius of Mrk 817. The fluxes for each band are normalized
to unity at peak.

explained and defined as follows. The model treats the

lightcurve and the disk as two “grids” – the lightcurves

form a grid of fluxes in wavelength and time, and the

disk is a grid of temperature fluctuations δT in radius

and time. The model builds a system of linear equations

that relates the grid elements of δT to the corresponding

fluxes, which are then inverted to fit the data and pro-

duce the grid or“map”of δT . The steady-state tempera-

ture profile of the disk is assumed to be that of a Shakura

& Sunyaev (1973) thin disk with T (R) ∝ R−3/4. The

temperature fluctuations resolved in radius and time are

δT (R, t). There is no assumption about the physical

mechanism driving δT . The purpose of the model is to

discern a physical mechanism based on the structures of

the δT maps, in particular how δT propagates between

radii and over time. A choice of a different T (R) pro-

file or emission profile, like one that accounts for optical

depth effects (e.g., Pariev et al. 2003) does not change

the qualitative structures of the δT fluctuations so long

as the radial temperature and emission profile is smooth.

The disk is modelled using NR = 50 radial bins (this

number is called Nu in NK22) logarithmically spaced

from R/Rin = 1 to R/Rin = 1000, where Rin is the in-

ner radius of the disk. We set Rin = 6Rg, where Rg

is the gravitational radius of the SMBH, and we assume

the accretion efficiency η = 0.1, though this is large com-

pared to the η = 0.056 expected for a non-rotating BH

(Laor & Netzer 1989). Changing the value of Rin or η,

like changing the mean temperature profile, also does

not change the qualitative structures of the δT fluctu-
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Figure 2. Fractional δT maps of different physical scenarios, from left to right: slow ingoing sinusoidal perturbations; an outgoing
lamppost-like sinusoidal reverberation signal; a sum of the two where the ingoing signal is twice the strength of the outgoing
reverberation signal; and an outgoing lamppost-like reverberation signal with a more “realistic” driving signal mimicking the
Ground g lightcurve of Mrk 817. The color scale spans the 99th percentile of the range of the |δT/T | values, which here is fixed
at 10%. A reverberation signal will look nearly vertical because a reverberation signal moves outward at the speed of light. For
Mrk 817, logR/Rin = 2 corresponds to 1.32 light-days (3.41 × 1015 cm).

ations and only shifts the range of corresponding radii

for each band. The time dimension is divided into Nt

uniformly sampled intervals (this number is called Ntp

in NK22). In general, increasing Nt leads to better fits

with smaller values for the goodness of fit χ2, but lit-

tle change in the qualitative structures of δT . Larger Nt

also leads to larger computational costs, and so we chose

Nt = 250 to match the approximate number of data-

points per band, though this does mean that the data

sometimes have shorter cadences than the model. In to-

tal, there are Nd = 7380 datapoints in the lightcurves

compared to NR ×Nt = 12500 points in the grid of the

disk.

To create equations to transform flux variability into

δT , the model assumes linear perturbations to the black-

body emission from the disk, thus requiring δT/T to be

small. The effective contribution of δT to the flux vari-

ability in each band as a function of radius is shown

in Figure 1. The inner radii contribute mostly to bluer

bands, whereas the outer radii contribute mostly to red-

der bands, but there are also large radial overlaps be-

tween adjacent bands. Note that the radial width of

each band profile is completely dominated by the prop-

erties of the blackbody function – the wavelength widths

of the bands are not important.

In Figure 2, we show fractional δT maps for several

different physical scenarios: slow ingoing sinusoidal per-

turbations; an outgoing lamppost-like sinusoidal rever-

beration signal; a sum of the two where the ingoing sig-

nal is twice the strength of the outgoing reverberation

signal; and an outgoing lamppost-like reverberation sig-

nal with a more “realistic” driving signal - rather than

a sinusoid, the driving signal mimics the shape of the

Ground g band lightcurve of Mrk 817. A reverberation

signal will look nearly vertical in these maps because

a reverberation signal moves outward at the speed of

light. Note that these maps are not simulated or calcu-

lated using radiative transfer – they are meant to reflect

the general shapes of the fluctuations in the maps that

one might expect from the different physical scenarios.

In NK22, we simulated observations based on these dif-

ferent scenarios and found that we are able to recover

the input temperature fluctuations.

Due to the overlapping radial kernels, the finite tem-

poral sampling, and temporal gaps in the data, the sys-

tem of equations (see Eq. 10 in NK22) which must be in-

verted to construct δT from the lightcurves is generically

(nearly) degenerate. The model of NK22 uses the tech-

nique of linear regularization, also called Tikhonov regu-

larization, which adds in additional smoothing terms, to

make the system of equations stably invertible. Specif-

ically, the model smooths over the overall scale of tem-

perature fluctuations; the difference in δT between ad-

jacent radial bins, ∂δT/∂R; and the difference in δT

between adjacent time bins, ∂δT/∂t. In linear regular-

ization, the smoothing terms are weighted by a penalty

factor ξ, also called the regularization parameter, and

increasing ξ has the effect of more heavily smoothing

the resulting δT map. This also results in an array of

temperature maps rather than a single map. There are

multiple ways to choose an “ideal” ξ value (see e.g, Press

et al. 1992; Rezghi & Hosseini 2009; Zhang et al. 2010;

Edwards & Stoll 2018; Ivezić et al. 2020) which do not

always agree, but we use these as references in evaluat-

ing an appropriate range of ξ values. We also discuss

this briefly in Appendix A.

To evaluate the results for different values of ξ, we con-

sider the χ2 per datapoint χ2/Nd and the scale of the δT
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fluctuations. In the model, the χ2 is computed by insert-

ing the output δT fluctuations into the original system

of equations transforming δT to flux, producing a model

lightcurve. The χ2 is the difference between the real and

model lightcurves weighted by the uncertainties. The

goodness of fit we use to evaluate our model is not the

reduced χ2
ν (see App. A). In general, χ2/Nd increases as

ξ increases – the higher the smoothing, the worse the fits.

While this could lead one to pick the smallest possible ξ

to get χ2/Nd ∼ 1, as is suggested in Press et al. (1992),

one needs to avoid overfitting. Overfitting can be gauged

by looking at the amplitude/scale of temperature fluc-

tuations. The scale of δT increases with less smoothing

(smaller ξ) and can easily reach |δT/T | ∼ 1, produc-

ing nonphysical “negative” fluxes and violating our ini-

tial assumptions that the temperature fluctuations can

be treated linearly. For the simulated data models in

NK22 (like those shown in Fig. 2) that mimicked the ca-

dence, noise, and amplitudes of real observations (e.g.,

the AGN STORM 1 campaign), intermediate values of

ξ ∼ 10 to 100 reproduced the input fluctuations (this is

shown in Sec. 3 of NK22). For the rest of our analysis

in this paper, we favor the solutions with ξ = 10, but

the qualitative structures in the δT maps with ξ = 1 or

ξ = 100 are similar.

2.1. The AGN STORM 2 Observations of Mrk 817

We analyze the data for Mrk 817 from AGN

STORM 2. These data consist of a combination

of photometry and spectroscopy using HST (DOI:

10.17909/n734-k698), Swift (Gehrels et al. 2004; Roming

et al. 2005), and various ground-based observato-

ries. The period of observations initially lasted from

THJD 9175.7–9700.4 (2020 November 22 to 2022 April

30), where the Truncated HJD (THJD) is THJD = HJD
– 2450000. Swift and the ground-based observatories

observed nearly every day, while HST observed roughly

every 2 days. The observations and reductions are de-

scribed in detail by Homayouni et al. (2023a) for HST,

Cackett et al. (2023) for Swift, and Kara et al. (2021)

and Montano et al. (in prep) for the ground-based

data. There are occasional gaps in the data across var-

ious bands due to spacecraft problems. Ground-based

imaging observations were obtained from several facil-

ities: the Las Cumbres Observatory Global Telescope

(LCOGT, Brown et al. 2013) located at McDonald Ob-

servatory in Texas, the Calar Alto Observatory in Spain,

the Liverpool Telescope (Steele et al. 2004) located on

the island of La Palma in the Canary Islands, the Wise

Observatory in Israel (Brosch et al. 2008), the Yunnan

Observatory in China, and the Dan Zowada Memorial

Observatory in New Mexico. The intercalibrations be-

Table 1. Physical parameters for Mrk 817 used our analysis

Parameter Unit Value

MBH 107 M⊙ 3.85

DL Mpc 136

z – 0.031455

λEdd Lbol/LEdd 0.2

Notes: MBH, λEdd, and z are adopted from Kara et al.
(2021). DL is calculated from redshift using Wright (2006)
assuming ΛCDM, h0 = 69.6, Ωm = 0.286, and a flat
Universe.

tween the ground-based data from different observato-

ries are detailed in Montano et al. (in prep). The

data span from 1180 Å to 8897 Å in 17 photometric

bands1 (see Fig. 1). For the ground-based data, the

various observatories use slightly different bands that

are equivalent to, but not exactly, the typical Johnson-

Cousins, Bessel, and SDSS bands, and so are referred

to as “Ground” bands. The physical parameters for

Mrk 817, including the SMBH mass MBH, the lumi-

nosity distance DL, redshift z, and the Eddington ratio

λEdd, are given in Table 1. The inclination i has little

effect on our analysis and is fixed to 30◦.

Following NK22, we check and correct for potential

unaccounted systematic errors using a “triplet test,”

where we fit each triplet of three adjacent lightcurve

epochs with a line. This assumes that the lightcurves

are linear on timescales that are of the order of the ca-

dence (∼2 days for the HST data), which is reasonable

given the timescales of AGN variability (10s of days,

see, e.g., Burke et al. 2021). The χ2
ν for each set of

three points should be 1 if the errors are correct, so we

calculate the offset σ that, when added to the reported

errors in quadrature, makes χ2
ν = 1. If this offset is

negative, we use σ = 0, as we do not want to decrease

the errors. We then compute the median σ per band

and added this as a systematic increase to the errors in

a given band. Based on these tests, the errors for the

Swift, ground-based, and HST 1709 Å band lightcurves

are left unchanged. The errors on the other, bluer HST

lightcurves, which were calibrated by Homayouni et al.

(2023a) to within 2%, are inflated by a factor of 3.3–3.5.

While this seems large, the HST errors were inflated by

similar values in Cackett et al. (2023) when they used

PyROA (Donnan et al. 2021) to measure the reverberation

1 Throughout the paper, “band”is synonymous with“filter” in most
cases, but because the HST data are not actually filter photom-
etry but instead integrated fluxes from spectra, we use “band.”
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Figure 3. Fractional δT maps of Mrk 817 for smoothing parameters of ξ = 1, 10, 100, 1000. Each inversion gives the χ2 residuals
per data point χ2/Nd and the scale |δT/T | for the colorbars. The color scale spans the 99th percentile of the range of the
|δT/T | values. Heavily smoothed maps (high ξ) look reverberation-like, whereas those with low or moderate smoothing (low or
moderate ξ) show additional signals in the form of slow-moving (v ≪ c) radial structures. For the rest of our analysis, we use
ξ = 10 (see Sec. 2).

lags. These rescalings numerically impact the resulting

goodness-of-fit – the χ2/Nd changes to 1.75 from 2.27

for ξ = 10 – but the error rescaling has little impact on

the qualitative structures in the resulting δT maps.

2.2. Manipulating lightcurves – smoothing, subtracting,

and inserting BLR signals

We examine how smoothing the lightcurves changes

the resulting δT maps. This is different than the

smoothing by the linear regularization parameter ξ.

Here, we are smoothing the lightcurves in time before we

perform the inversion with our model. For the smooth-

ing, we use Gaussians of various full-widths at half-

maximums (FWHMs). We do not change the errors of

each datapoint. The smoothing acts as a low-pass filter,

only keeping the variability on timescales larger than the

width. If we subtract these smoothed lightcurves from

the data, then we are left with the short timescale/high

frequency variability which we can then invert with our

model to see what these new maps imply for the tem-

perature fluctuations on these short timescales. This

technique, also called “detrending,” is used in other re-

verberation studies of AGN lightcurves to separate re-

verberation signals on significantly different timescales

(e.g., Welsh 1999; McHardy et al. 2014, 2018; Pahari

et al. 2020; Lawther et al. 2023).

While we do not expect contamination from the BLR

emission lines to be important (see Zu et al. 2011), there

are concerns about contamination from the BLR con-

tinuum emission. To mimic BLR continuum contam-

ination, we add an additional signal into the Swift U

and Ground u (hereafter, U and u) lightcurves, where

the contribution from the BLR continuum is expected

to be largest relative to that of the disk. We take the

raw lightcurve, and smooth it with a Gaussian with a

FWHM of 10.5 days, which is half the approximate BLR

lag of Hβ for Mrk 817, measured to be ∼21 days by Kara

et al. (2021). We then subtract the mean flux from this

smoothed lightcurve so that we are only dealing with

variable flux and not the steady-state flux. We use linear

interpolation (scipy.interpolate.interp1d) to shift

the smoothed, mean-subtracted lightcurve by a lag of

21 days, multiply it by a scaling factor fBLR, and then

add it into the original lightcurve. The scaling factor is

the fractional amplitude of the added signal compared to

the variability in the original lightcurve. This modeling

is akin to treating the BLR as a uniform, face-on ring.

The values of fBLR are chosen to reflect the possible

fractional contamination by the BLR continuum, where

fBLR = 0.1–0.5 corresponds to adding in an extra 10–

50% of variable flux into the U and u bands, the range

predicted from BLR emission models (Korista & Goad

2001, 2019; Netzer 2020, 2022). The U and u lightcurves

may already have contamination from the BLR contin-

uum, but the purpose of this exercise is to see how the

δT maps change given a known level of BLR contami-

nation and then use this to estimate the allowed level of

contamination in the original lightcurves.

3. RESULTS

Figure 3 shows the fractional temperature fluctuation

δT maps for Mrk 817 using a range of ξ values. In

Figure 4, we show the observed and model (ξ = 10)

lightcurves and the corresponding residuals. For the

most part, the model fits the data quite well, though

some bands (e.g., 1739 Å, U , u) show clear structures

in the residuals. Whereas in NK22 we only used the

residuals to compute the χ2, in this paper we will take

a closer look at these residual structures (see Sec. 3.3).
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Figure 4. Observed (black) and model (red) lightcurves and residuals of Mrk 817 with ξ = 10 (χ2/Nd = 1.75, scale = 0.20).
There are some residual structures, most prominently in the U lightcurve, which are analyzed in Sec. 3.3.

Examining Figure 3, we see that there are prominent,

coherent, radial fluctuations in the disk maps that ap-

pear to move slowly through the disks. These fluctu-

ations appear as alternating positive and negative ra-

dial structures that move together, though there are

times when the structures disappear or become incoher-

ent, like between THJD 9450 and 9550. These features

are similar to those observed for the AGNs modeled in

NK22. These structures are less prominent in the most

highly smoothed maps (ξ = 1000), but are arguably still

present. As we discuss in Section 2, we disfavor the low-

est and highest ξ value solutions and favor the ξ = 10

model as a good compromise between minimizing the

χ2/Nd and keeping the scale of δT/T in the linear regime

(≲ 0.2). We isolate this model solution in Figure 5.

In Figure 5, we highlight the radial structures in

the map that deviate strongly from the reverberation

model, where the temperature fluctuations only move

outwards at roughly the speed of light. We mark out

a particular feature in the dotted box - this is a neg-

ative temperature fluctuation that only exists inwards

of logR/Rin ∼ 1.5. This appears to correspond to the

“dip” in the lightcurves between THJD 9225 and 9275

that is more prominent in the bluer wavelengths (i.e., in-

ner radii) than in the redder wavelengths. As discussed

in Cackett et al. (2023), the first ∼150 days are not well

modeled by a reverberation signal alone. During this

“anomaly,” the different bands are clearly not shifted

and smoothed versions of a common signal. A similar

anomaly is detailed in Homayouni et al. (2023b), where

the broad UV emission line lightcurves are also not sim-

ply shifted and smoothed versions of the HST 1180 Å

band lightcurves.
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Figure 5. Temperature maps of Mrk 817 with ξ = 10. We
highlight structures that strongly deviate from the reverber-
ation model with dashed and dotted lines. See Sec. 3 for the
discussion.

We mark out the apparent motions of the main ra-

dial structures with dashed lines. Before ∼THJD 9450,

the apparent motion of the radial structures is outwards.

These radial structures seem to “disappear” or become

totally incoherent after this date, though the structures

reappear around ∼THJD 9550. Interestingly, when we

look at Figure 4, the period where the fluctuations are

incoherent does not correspond to any obvious trends

in the lightcurves, nor does it correspond to a lack of

available data. There is a gap in the HST data be-

tween THJD 9500 and 9550, but this does not appear

to strongly affect the maps. Furthermore, this is 50 days

after the fluctuations lose coherence around THJD 9450,

implying that this is not driven by data availability

or changes in data sampling. After ∼THJD 9550, the

structures’ apparent motions are more complicated, but

overall appear to move inward.

While the apparent motions are roughly linear on the

maps, the radial scale is logarithmic, so the apparent ve-

locity is increasing with radius, roughly as v ∝ R, imply-

ing that the timescale associated with the fluctuations

does not strongly depend on radius. This is also seen in

the δT maps in NK22 and Stone & Shen (2023). Both

of the dashed lines, inward and outward, correspond to

physical velocities at logR/Rin = 2 of v ∼ 1500 km s−1,

which is roughly 13% the orbital velocity at this radius

and 0.005c. Similarly, the timescales of variations in δT

at a given radius do not significantly change with radius.

For example, the disk is not significantly more variable

over time at logR/Rin = 1.5 than at logR/Rin = 2.5.

This also implies that the timescale associated with the

temperature fluctuations does not strongly depend on

radius.

This timescale is difficult to define, but we can make

the following qualitative assessment of the map in Fig-

ure 5. If we look at the fluctuations between 1 ≲
logR/Rin ≤ 3, the time taken to change from a neg-

ative to positive temperature fluctuation (or vice-versa)

is ∼100 days. This is purely determined by eye, fo-

cusing mostly on the fluctuations between THJD 9200

and 59450. By comparison, the orbital timescale torb
at logR/Rin = 2 is ∼200 days. We shall discuss the

implications of this in Section 4.

Beyond ∼THJD 9650, there are no longer observations

with HST or Swift from the initial campaign, and so the

apparent radial structures beyond this date and below

logR/Rin ∼ 1.5 are not reliable.

3.1. Smoothed and subtracted lightcurves

In Figure 6, we show the temperature maps found by

fitting the unsmoothed lightcurves and the lightcurves

smoothed Gaussians with FWHMs of 7, 28, and 56 days.

In Figure 7, we show the 7-day smoothed lightcurves,

the model lightcurves, and the residuals. As before,

the model is constructed using ξ = 10, and we do not

change the errors of the data. By comparing Figures 7

and 4, we can see that short-term fluctuations in the

lightcurves are effectively removed by the smoothing, as

expected. As we move from left to right (larger smooth-

ing width) in Figure 6, the short-timescale structures

steadily disappear. The smoothing causes the χ2 to

drop significantly, with the 7-day smoothed model hav-

ing χ2/Nd = 0.83 instead of 1.75. The χ2 continues

to slightly decrease when increasing the smoothing to

28 days and then 56 days. This exercise shows that all

of the main radial structures we pointed out in our dis-

cussion of Figure 5 are independent of the lightcurve

smoothing, and thus that the majority of the tempera-

ture fluctuations exist on relatively long timescales.

We also model the lightcurves that have been sub-

tracted by the smoothed lightcurves in order to ex-

amine the short-timescale variability. In Figure 8, we

show the temperature maps modeled using the un-

smoothed/unsubtracted lightcurves and the lightcurves

subtracted by the 7-, 28-, and 56-day smoothed

lightcurves. In Figure 9, we show the lightcurves with

the 56-day smoothed lightcurve subtracted, the result-

ing model lightcurves, and the residuals. As before,

the model is constructed using ξ = 10. We see in Fig-

ure 8 that subtracting out the 7- and 28-day smoothed

lightcurves from the original unsmoothed lightcurves re-

moves almost all of the prominent large-timescale struc-

tures from the original temperature maps. The remain-
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ing structures in the maps are more incoherent and only

exist on short timescales (≲ 20 days). Only for the 56-

day smoothed-and-subtracted lightcurves is there some

evidence for coherent structures, though they are not

nearly as coherent as those seen in the original map. We

also cannot rule out that these structures are artifacts

created by edge effects of the smoothing – for example,

the (arguably) most coherent fluctuations in the map are

the inward-moving radial fluctuations after THJD 9500,

but this is also a period with large gaps in the HST and

Swift observations. Overall, this experiment also shows

that the majority of the temperature fluctuations exist

over relatively long timescales.

As discussed earlier in Section 3 and in Cackett et al.

(2023) and Homayouni et al. (2023b), the first 150 days

of HST and Swift data are “anomalous” in that the

lightcurves do not look like smoothed and shifted ver-

sions of each other. Cackett et al. (2023) addresses

this by detrending the lightcurves with a σ = 20 days

Gaussian (nearly equivalent to our FWHM = 56 days

smoothing), where up to 50% of the variability over

long timescales is removed on the grounds that these

long timescales are not the focus of the analysis. Once

detrended, the reverberation models are much better at

matching the data, and the lag measurements more ro-

bustly converge. In our analysis, the component that

is excluded by the detrending corresponds to the slow-

moving temperature fluctuations. This is further evi-

denced by studies of the reverberation lags calculated

from long-term (≳ 1 year) lightcurves, where detrend-

ing is sometimes required to calculate the reverbera-

tion lag (see, e.g., Miller et al. 2023). Similarly, in

Homayouni et al. (2023b), the mismatch between the

UV emission lines and the 1180 Å lightcurves is solved

by adding a slowly-varying component to the emission

line lightcurves, which implies a discrepancy between the

1180 Å continuum and the extreme-UV (EUV) contin-

uum that is driving the UV emission lines. Using our

framework, this discrepancy can be attributed to tem-

perature fluctuations at the disk radii relevant for the

1180 Å emission but not the EUV (or vice-versa).

In Figure 10, we show the unsmoothed and 56 d

smoothed lightcurves and the model lightcurves from

their corresponding temperature maps. One can imag-

ine this figure as separating the lightcurve into two com-

ponents – the long-timescale variability driven by the

slow-moving temperature fluctuations in the disk (i.e.,

those highlighted in Fig. 5), and the short-timescale vari-

ability driven by the reverberation. This is not a per-

fect solution in that the remaining structures in the 56-

day smoothed-and-subtracted model (rightmost panel in

Fig. 8) do not perfectly resemble lamppost-like fluctua-

tions (see Fig. 2), but this still provides some clarity on

the impact of the slow-moving temperature fluctuations

on the lightcurves.

3.2. Inserting and reproducing RM signals

In Figure 11, we show the temperature maps con-

structed using the lightcurves with no added BLR sig-

nal and the lightcurves with a BLR signal added to

the U and u lightcurves with fractional amplitudes of

fBLR = 0.1, 0.2, and 0.5. As described in Section 2.2,

fBLR = 0.5 means that the fluxes of the inserted U and

u BLR signals are scaled to be 50% of the variable flux

of the respective lightcurves. In Figure 12, we show the

original lightcurves, the new lightcurves with the BLR

signal inserted, the resulting model lightcurve, and the

residuals. Because the BLR signal is only inserted into

the U and u lightcurves, we show only these and the

closest bluer (Swift UVW1 ) and redder (Swift B) band

lightcurves. As before, the model is constructed using

ξ = 10.

Figure 11 shows that the maps do not change signifi-

cantly even after inserting a signal with fBLR = 0.5, al-

though the χ2 and the scale of temperature fluctuations

both increase. Interestingly, the model with fBLR = 0.5

somewhat resembles the ξ = 1 model from Figure 3, with

less temporal and radial smoothing and with a larger

scale of fluctuations (this is also shown later in Fig. 13).

This is likely not a coincidence, since our model balances

the χ2 and the smoothing in constructing the tempera-

ture map. Having a larger overall χ2 causes the smooth-

ing terms to be less important in the reconstruction, and

thus the model is “less smoothed” for fixed ξ.

In Figure 12, we can see why the maps did not signif-

icantly change in Figure 11 as a larger BLR signal was

added and why the χ2 increased: the model lightcurves

do not model the inserted flux. As we can see in the

panels for the bands with the inserted BLR signal – the

U and u bands – the residuals do not change in struc-

ture with increasing fBLR, they only become more pro-

nounced. The reason for this can be seen in Figure 1.

Because each band receives flux contributions from a

large range of radii, the temperature fluctuations needed

to model a signal added to one band affects many other

bands. In other words, because of the large radial over-

laps of the bands, temperature fluctuations at a given

radius contributes to the flux in a wide range of wave-

lengths and thus in many bands. Our simulated BLR

signal is wavelength-localized and only inserted into the

U and u lightcurves, and as a result, the model cannot

create temperature fluctuations at some radii without

also producing flux in nearby bands. Thus, this inserted

signal is“ignored”by the model. To be clear, this is not a
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Figure 10. Observed (black) and model (red) lightcurves and residuals of the unsmoothed lightcurves along with the observed
(blue) and model (grey) lightcurves and residuals of the 56-day smoothed lightcurves. The lightcurves and residuals are nor-
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(blue and grey) track the slow-moving temperature fluctuations prominent in Figs. 5 and 6, whereas unsmoothed lightcurves
(black and red) show the additional effect of the reverberation signal as short-lived bumps and wiggles on top of the slow-moving
perturbations.

modelling problem – a disk with a smooth, blackbody-

like emission profile cannot produce a signal narrowly

concentrated in wavelength.

We also model a more“realistic”BLR signal by adding

the signal into each band lightcurve, not just the U and

u bands, where the relative contribution of the signal to

each band is set by a generic disk-BLR model based on

Netzer (2022). This model still has the BLR contribu-

tion peaking near the Balmer jump, but it also produce

small amounts of flux at all wavelengths and thus all

bands. This model, along with the “crude” model that

only includes the signal in the U and u bands, is shown

in Figure 13. Here, fBLR = 0.5 means that the scale of

the U band signal is 0.5, and the scale in other bands

is scaled relative to this according to the model based

on Netzer (2022). Despite the BLR signal no longer

being localized in wavelength, we find no noticeable dif-

ferences in our reconstructed temperature maps between

the more realistic model and our U - and u-only model.

Even though some signal is now present in the other

bands, the signal is still significantly stronger in the U

and u bands than in adjacent bands and thus not repro-

ducible with a disk. Adding a wavelength dependent lag

to the BLR contamination, as predicted by BLR models,

would likely exacerbate these problems.
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Figure 11. Temperature maps (ξ = 10) with no added BLR signal (left) and with the added BLR signal of various strengths
fBLR = 0.1, 0.2, and 0.5 (center left to right). The most prominent trends are that the maps do not change significantly, even
with large fBLR, and that the χ2 and the scale of fluctuations both increase.

240

320

400

480

-40
0

40

150

200

250

-40
0

40

120

150

180

210

-20
0

20

90

110

130

9200 9300 9400 9500 9600-20
0

20

9200 9300 9400 9500 9600 9200 9300 9400 9500 9600 9200 9300 9400 9500 9600

fBLR = 0.5fBLR = 0.2fBLR = 0.1No BLR signal

Swift U
VW

1
Swift U

Ground u
Swift B

Fl
ux

 [1
0

16
 e

rg
 s

1  c
m

2  Å
1 ]

THJD

Figure 12. Original (black), BLR-signal-added (turquoise), and model (red, ξ = 10) lightcurves and residuals. Because the BLR
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because our disk model cannot produce a signal localized in wavelength (see Sec. 3.2).

3.3. Measuring RM lags in the residuals

Even without inserting a BLR signal, there are clear

structures in the U and u residuals seen in Figure 12

(and also Fig. 4). These residual structures are espe-

cially coherent in the U band. We examine these resid-

uals further and see if these are signals of BLR contam-

ination by treating them as a RM problem and mod-

eling them with the Python code javelin (Zu et al.

2011). As a consistency check, we run javelin on our

U band residual lightcurve with an added fBLR = 0.5
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Figure 14. Left: javelin model fits to the unmodified U lightcurve without an inserted BLR signal (top) and the residuals
of a modeled lightcurve with an inserted signal of fBLR = 0.5 – i.e., the residuals seen in Fig. 12 (bottom). Right: Posterior
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signal, using the original U lightcurve without the BLR

signal as the “driving continuum” lightcurve. javelin

models the continuum as a DRW and scales, shifts, and

smooths the DRW to fit the lag signal. We show the

resulting model lightcurves, including the DRW param-

eters, the damping timescale τDRW and flux variability

σDRW and the inferred lag parameters, lag time tlag and

lag scale slag, in Figure 14. We recover median values

tlag = 20.1+0.4
−0.4 days and slag = 0.52+0.01

−0.02, which are al-

most exactly the inserted lag of 21 days and BLR scal-

ing fBLR = 0.5 within measurement uncertainties. The

lag smoothing “width”wlag is relatively unimportant for

our analysis, but hovers between 0 (no smoothing) and

1 (smoothed by 1 day) in all of the fits.

Next, we repeat our analysis using the residual

lightcurve with no inserted BLR signal. We show the

resulting fits in Figure 15. Interestingly, this yields a

lag of tlag = 0.05+0.15
−0.10 days and a scale slag = 0.20+0.01

−0.01.

A lag consistent with 0 days is peculiar if the residuals

are contamination from the BLR, but it is possible that

this contamination originates from another source closer

to the disk than the BLR that we will discuss later in

the text. A scale of ∼0.2 implies that this extra flux

accounts for ∼20% of the flux variability in the U band.
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Figure 15. Left: javelin model fits to the unmodified U lightcurve (top) and its corresponding residuals (bottom). Right:
Posterior distribution for the javelin parameter fits. The recovered lag is consistent with 0 d, which is peculiar if this is extra
flux due to BLR contamination.
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Figure 16. Left: javelin model fits to the unmodified U lightcurve (top) and its corresponding residuals (bottom) for NGC 5548.
Right: Posterior distribution for the javelin parameter fits. The recovered lag is consistent with 0 d, which is again peculiar if
this is extra flux due to BLR contamination.

Finally, we repeat our analysis using residual

lightcurves without an inserted BLR signal for the AGN

STORM 1 lightcurves of NGC 5548, which were initially

analyzed in NK22. Before doing this, we insert a BLR

signal into the NGC 5548 data and, similar to our tests

of Mrk 817, we find negligible change to the temperature

fluctuation maps along with a worsening of the good-

ness of fit. We are also able to recover the inserted BLR

signal from the residuals with javelin. The javelin

fits for the residuals of the unmodified U lightcurve are

shown in Figure 16. We find a lag tlag = 0.11+0.36
−0.17 days

and scale slag = 0.22+0.02
−0.02, which are very similar to the

Mrk 817 results and not consistent with a lag expected

for BLR contamination.

4. DISCUSSION

We analyze the AGN STORM 2 lightcurves of Mrk 817

to produce maps of the temperature fluctuations on the

disk. In Section 3, we find that the temperature fluctu-

ations are dominated by coherent radial structures that

move slowly (v ≪ c) inwards and outwards in the disk.

These are in strong conflict with the idea that a cen-

tral lamppost is the only source of the variability in the

disk through reverberation, where fluctuations would

only appear as structures moving outward at roughly

the speed of light. This is consistent with the results for

the other AGNs analyzed in NK22 and Stone & Shen

(2023). We find that the timescales associated with the

temperature fluctuations do not strongly depend on ra-

dius – e.g., the inner radii probed by our model are not
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significantly more variable than the outer radii – and we

estimate this timescale to be of order 100 days.

In a Shakura & Sunyaev (1973) thin disk model, the

thermal and viscous timescales depend as R3/2, and thus

the weak radial dependence on the thermal fluctuations

is difficult to explain without invoking a more compli-

cated disk. For example, a disk with a scale height that

increases with radius would have variability timescales

less dependent on radius (see e.g., Yao et al. 2023). Al-

ternatively, the temperature profile of the disk could be

steeper than T (R) ∝ R−3/4, and so the range of radii be-

ing probed by our bands could be much narrower than

what we see in Figure 1. This would mean that our

maps are probing a smaller range of radii that would

all have similar timescales for variability. Finally, if the

thermal fluctuations are opacity-driven convection cur-

rents like those seen in accretion disk simulations (Jiang

et al. 2019; Jiang & Blaes 2020), then the timescales of

variability no longer depend on radius but instead only

on mass and accretion rate. While our model initially

assumes a thin disk, as we discuss in Section 2, none of

these modifications would significantly impact the qual-

itative structures we observe in our maps. They would

only shift, shrink, or stretch the radii where the δT fluc-

tuations exist.

In Section 3.1, we investigate how smoothing the

lightcurves and then modeling them changes the result-

ing temperature maps. We also examine how subtract-

ing out these smoothed lightcurves changes the maps.

We find that smoothing the lightcurves in time does

not lead to a change in the structure of the tempera-

ture fluctuations. A key insight from this exercise is

that the temperature fluctuations produce effects on the

lightcurves that exist over relatively long timescales (>

56 days). These effects are often removed by detrending

the lightcurves in order to more cleanly detect the rever-

beration signal (e.g., McHardy et al. 2014, 2018; Pahari

et al. 2020; Cackett et al. 2023; Miller et al. 2023). In

other words, the signal that is excluded by detrending is

being produced by the slow-moving temperature fluctu-

ations that we see in our maps. This can explain some of

the issues with measuring disk and UV broad emission

line reverberation signals that are discussed in Cackett

et al. (2023) and Homayouni et al. (2023b). However,

it is worth noting that both papers explore alternative

explanations invoking variable obscuration which we do

not consider.

In Section 3.2, we test how contamination of the

lightcurves by the BLR continuum emission can af-

fect our temperature maps by inserting artificial signals

meant to mimic such contamination. We find that our

model is unable to reproduce the artificial signals. This

is because the model is unable to recreate a signal re-

stricted to a limited wavelength range due to the large

overlaps in the disk radii contributing to any band (see

Fig. 1) – a disk with a smooth emission profile cannot

produce a signal localized in wavelength. This prob-

lem does not change with a more realistic model for the

BLR contamination (see Fig. 13) because the signal in

the U and u bands is still significantly larger than in

adjacent bands, though this could change by using a dif-

ferent model for BLR emission with perhaps a “smooth”

Balmer break that is indicative of strong turbulence in

the BLR gas (Korista & Goad 2019; Netzer 2022).

If we model the residuals from the lightcurves with the

artificial BLR signal with javelin – i.e., treat the resid-

uals as an RM observation – we recover the lag and am-

plitude of the inserted signal. However, if we model the

residuals of the unmodified U lightcurve, we find they

are consistent with a lag of 0 days for both Mrk 817 and

NGC 5548, which is not consistent with BLR continuum

contamination where we should obtain a lag time of or-

der the BLR light travel time. A possible explanation for

these residuals is that the emission is reprocessed emis-

sion from the UV/X-ray obscurer discussed in Kara et al.

(2021), Homayouni et al. (2023a), and Partington et al.

(2023). This obscurer is thought to be situated in the in-

ner BLR or further inwards. If the obscurer contributes

significant Balmer continuum flux, it would result in a

shorter lag than the BLR, perhaps even the 0-day lag

we see in our javelin results. However, if reprocessed

emission from the obscurer is significant, then we might

also expect to see other emission features, like anoma-

lously broad Balmer emission lines. However, such lines

are not observed in the spectra of Mrk 817. Interest-

ingly, the lag spectrum of Mrk 817 does not show an

extra lag “bump” in the U and u bands after detrend-

ing (Cackett et al. 2023), whereas NGC 5548 had such

a bump (Fausnaugh et al. 2016). Yet, the results of our

analysis yield the same scale of fluctuations and same

lag time of 0 days. In any case, the residual flux does

not appear reproducible with our disk model, and so it

is possible that the residual flux is coming from a non-

disk component like the BLR. This non-disk component

is limited to contribute only ∼20% of the variable flux

in the U and u band lightcurves.

Our analysis of the residuals from our model to search

for BLR contamination is an example of our model being

used in a predictive capacity rather than descriptive. In

addition to producing maps themselves, this model can

be used to try to analyze other aspects of AGN variabil-

ity that are not directly probed by the model. In Fig-

ure 17, we show the 0.3–10 keV Swift XRT lightcurve,

along with a UV lightcurve and the ξ = 10 tempera-
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Figure 17. Top: Swift XRT 0.3–10 keV lightcurve in observed counts. Center: Temperature map (ξ = 10). Note that the y-axis
has been inverted (inner radii are at the top, outer at the bottom) compared to earlier figures. Bottom: Swift UVW2 lightcurve
(black) and model fits (red). Dashed black lines correspond to noticeable features in the X-ray and UV lightcurves. The pink
and cyan lines in the temperature map seem to correspond to similar structures in the X-ray and UV lightcurves, respectively.

ture map. We highlight several features of the X-ray

lightcurve which arguably match up with similar fea-

tures in the UV lightcurve. However, one key distinction

in the X-ray flare/maximum at THJD 9328. This flare

was characterized in Partington et al. (2023) as a rela-

tively small change in the intrinsic X-ray flux combined

with a large change in the ionization state of the ob-

scuring gas. While this strong X-ray flare corresponds

to a small flare in the UV, it does not correspond to
the UV maximum, which occurs about ∼30 days ear-

lier. In the lead up to the X-ray flare, there is a positive

temperature fluctuation that appears to move inwards

towards logR/Rin = 0. At the same time, there is also a

perturbation that moves slowly outwards, following the

apparent motions discussed in Section 3. These two fluc-

tuations seem to track the X-ray and UV variability, re-

spectively, where the inward fluctuation tracks the rising

X-ray flux, and the outward fluctuation tracks the de-

clining UV. These associations between disk structures

and lightcurve behaviors are tenuous, but seem interest-

ing, especially because the model knows absolutely noth-

ing about the X-ray lightcurve. Any association between

the two can then imply a physical connection between

the two, and perhaps a “solution” to the long-standing

problem of uniting the UV disk and X-ray corona.

We are still unsure of what physical process is gen-

erating the slowly-moving δT fluctuations in the disk,

but based on the timescales involved and their presence

in other AGNs (Neustadt & Kochanek 2022; Stone &

Shen 2023), it is likely that these fluctuations emerge

from variability mechanisms intrinsic to the accretion

disk itself. Advances in accretion disk simulations are

thus needed to identify the physical mechanisms that

generate the structures in our δT maps. Clearly, high-

cadence, multi-band lightcurves like those obtained for

the AGN STORM campaigns are vital for characteriz-

ing this aspect of disk variability. While the wavelength

range will be more limited than the AGN STORM cam-

paigns, the upcoming Vera Rubin Observatory/LSST

(Ivezić et al. 2019) will also provide a unique oppor-

tunity to perform a large-scale analysis on millions of

AGN lightcurves. The long baseline and near-daily-

cadence will be especially important in this regard, as

it will allow a better characterization of the timescales

of the temperature fluctuations, and of long-timescale

AGN variability in general.

Facilities: HST (COS), Swift, LCO, Liverpool:2 m,

Wise Observatory, Zowada, CAO:2.2 m, YAO:2.4 m
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APPENDIX

A. NOTES ON PICKING THE IDEAL PENALTY FACTOR

In NK22, the most important equations for our model are the following. We start with

δF = WδT (A1)

where δF are the lightcurve fluxes, δT are the temperature fluctuations, and W is the system of equations that relates

the two quantities. Using linear regularization, we invert the system of equations to find

δT =
[
WT

σ Wσ + ξ(IT + DkT + DlT )
]−1

WT
σ δFσ (A2)

where the σ subscripts denotes normalizing for (dividing by) the errors σ, and the terms being multiplied by the

penalty factor ξ are the regularization terms that try to minimize the scale of the fractional temperature fluctuations

δT/T and large variations in δT/T between adjacent temporal and radial grid elements. For the definitions of these

matrices, see Section 2 of NK22.

The degrees of freedom ν for the linear regularization are defined (see, e.g., Ivezić et al. 2020) as

ν = Tr
(
Wσ

[
WT

σ Wσ + ξ(IT + DkT + DlT )
]−1

WT
σ

)
. (A3)

The degrees of freedom thus depends on the errors and the penalty factor, roughly with the structure ν ∝ (1 + σ2ξ)−1

so that ν decreases as the smoothing increases. For ξ = 1, 10, 100, 1000, we get ν = 1378, 1064, 791, 530, respectively.

From this, we get χ2
ν = 8.60, 12.26, 18.14, 31.37, respectively, which increases more rapidly with ξ than the χ2/Nd (see

Fig. 3), but χ2
ν is generally not used as a metric for the quality of the model in linear regularization problems.

Two metrics that are used are the Bayesian and Akaike information criteria (BIC and AIC, respectively). For linear

regularization, the BIC and AIC are formulated as

AIC = χ2 + 2ν ,

BIC = χ2 + ν lnNd ,
(A4)

where the main difference is that the BIC penalizes having more parameters more than the AIC does since lnNd > 2.

To choose the best model using the AIC or BIC, one chooses the model that minimizes the selected criterion.
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Figure 18. AIC and BIC as functions of the smoothing parameter ξ. The “ideal” smoothing parameters that minimize the AIC
and BIC are marked. The two criteria prefer very different parameters which roughly span the δT maps shown in Fig. 3.
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We show the two criteria as a function of ξ for our model in Figure 18. The minimum values of the AIC and BIC

correspond to ξ ≃ 1 and ξ ≃ 500, respectively. It is possible that the AIC prefers a value lower than ξ = 1, but as

we discuss in Section 2, a small ξ leads to unphysically high fractional fluctuations in δT/T . While the two criteria

favor very different smoothing parameters, the range spanned by these two values roughly corresponds to the maps

shown in Figure 3. We again note that the qualitative structures of the patterns are roughly the same between ξ = 1

and ξ = 100, and while for ξ = 1000 the radial structures in the maps are strongly suppressed, they are arguably still

present. We have no reason to favor one criterion over the other, but we do also have a physical “prior” – our equations

assume that δT behaves linearly, and so we need to keep δT/T in the linear regime (≲ 0.2). This seems to be as good

as any metric for focusing on the ξ = 10 solution in Figure 5.
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