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ABSTRACT

Continuum reverberation mapping (RM) is a powerful technique for constraining the accretion disk structure in active galactic nuclei
(AGNs5). In typical cases, the shorter-wavelength emission is used as the reference, and a positive time lag is observed since the
inner, hotter regions of the accretion disk respond earlier than the cooler outer regions at longer wavelengths. However, we detected
a short-timescale negative inter-band lag in SDSS J083717.88+191647 using RM techniques, where the g-band emission lags behind
the r-band emission. The light curves from the Zwicky Transient Facility reveal two distinct phases, a stabilizing phase and a declining
phase, in which the time lags show opposite signs. Using JAVELIN with the g-band as the reference, we obtained time lags of
3.68*)7¢ days during the stabilizing phase and —1.60*0:% days during the declining phase. Although negative continuum lags have
been reported in a few previous studies, the present case is distinguished by its clear phase dependence and the accompanying color
evolution. We attribute the observed lag reversal to a moving dust-cloud obscuration scenario in which the cloud crossing the line of
sight preferentially obscures emission from the outer longer-wavelength regions of the disk, causing the r-band to decline earlier than
the g-band and thus producing the observed negative inter-band lag. Our results indicate that AGN variability may be more complex
than previously thought. Future high-cadence, multiband observations will be essential to test this dust-obscuration model and to

further explore the interplay between the accretion disk emission and dust in AGNs.
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1. Introduction

Continuum reverberation mapping (RM), first proposed by
Blandford & McKee (1982), is a powerful approach to con-
straining the disk structure of active galactic nuclei (AGNs).
By measuring inter-band time delays in continuum variations,
this technique allows one to estimate the characteristic size of
the accretion disk (Peterson 1993). Within the framework of the
standard Shakura-Sunyaev (SS) disk model (Shakura & Sunyaev
1973), shorter-wavelength emission originating from the hotter,
inner regions is expected to lead the longer-wavelength emission
produced at larger radii, resulting in observed positive time lags
(Tombesi et al. 2007; Goicoechea et al. 2012).

Over the past decade, continuum RM has provided robust
measurements of positive inter-band time lags across more than
200 AGNs, with delays typically spanning a few hours to
~10days (Cackett et al. 2018, 2021; Miller et al. 2023; Fu et al.
2025). Fian et al. (2023) find positive delays for MCG 08-11-
011, withlagsof 1.0+0.5,2.0+0.6,4.5+0.6,and 7.1 + 1.1 days
across bands from 4250 to 8025 A, yielding results that are 3—7
times larger than predicted by the SS model. Similar contin-
uum RM studies (e.g., Fausnaugh et al. 2017, 2018; Jha et al.
2022; Jiang et al. 2024; Wang et al. 2025) have also found disk
sizes larger than SS-model predictions, possibly due to broad-
line region (BLR) diffuse continuum contamination, scattering,
or geometric effects. Continuum RM leveraging of these pos-
itive time lags has since been extended to other AGN appli-
cations, including black hole (BH) mass estimation (Yu et al.

* Corresponding author: xgzhang@gxu. edu.cn

2020; Wang et al. 2023), refined scaling relations (Netzer 2022;
Mandal et al. 2025), disk—BLR interactions (Cackett et al. 2022;
Panda et al. 2024; Zuo et al. 2024; Jaiswal et al. 2025), and so
on.

While previous studies have predominantly focused on pos-
itive inter-band lags in AGNs, some intriguing exceptions have
emerged. Guo et al. (2022) found negative g — r lags in a small
subset of Zwicky Transient Facility (ZTF) AGNs. Negative-
lag behavior has also been reported in other AGN lag stud-
ies (Lewin et al. 2025). Yao et al. (2023) interpreted the long-
timescale negative lag found for Fairall 9 in terms of changes in
the accretion-disk vertical structure, and Secunda et al. (2023)
have shown through simulations that similar behavior can also
arise from structural changes in the accretion flow. These results
indicate that negative continuum lags are not rare, and that their
physical origins can vary.

In this work we report a short-timescale negative lag between
the g- and r-bands in SDSS J083717.88+191647 (hereafter
SDSS J0837) using ZTF data. Specifically, during the stabi-
lizing phase, the g-band variations lead the r-band variations,
i.e., there is a conventional positive lag, whereas during the
declining phase, a negative lag is observed, with the g-band
variations lagging behind the r-band variations when the g-
band is used as the reference. SDSS J0837 therefore provides
a clear example of a phase-dependent lag reversal. We inter-
pret this observation using a moving dust-cloud obscuration
scenario.

The remainder of this Letter is organized as follows: Sect. 2
describes the data and results, and Sect. 3 summarizes our
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Fig. 1. Left panel: Light curves of SDSS JO837 in the g- (green dots) and r-bands (blue dots) overlaid with best-fit JAVELIN models (green and
blue shadows). Inset: g — r color evolution, with a vertical line marking MJD 59600. Right panels: Time lag histograms for the stabilizing (fop),
declining (middle), and entire (bottom) phases. Green bars show the posterior distributions with Gaussian-like fits (blue curves), while dashed red
and orange lines indicate the peak positions and 10~ uncertainties, respectively.

conclusions. Throughout the manuscript, we adopt the cosmo-
logical parameters Hy, = 70kms™' Mpc™!, Q, = 0.3, and
Qp =0.7.

2. Data and results

The photometric data of SDSS J0837 (z = 0.293) were obtained
from the ZTF survey1 (Masci et al. 2019; Bellm et al. 2019).
They comprise 232 and 363 epochs in the g- and r-bands, respec-
tively (Fig. 1, left panel) over the period MJD 58206-60357.
Only measurements with catflags=0 and programid=1
were retained, to exclude problematic points and avoid non-
uniform sampling. The i-band data were excluded due to sparse
sampling and potential Ha contamination (Miller et al. 2023;
Mandal et al. 2025). To investigate the source evolution, we
examined the g — r color evolution (Fig. 1, left panel inset). The
color index remains nearly constant before MJD 59600, indicat-
ing a relatively stable phase. Thereafter, pronounced reddening
and strong color evolution occur, most likely associated with
dust obscuration, underscoring the unusual nature of the source.
Dust contamination at longer wavelengths has been reported in
Fairall 9 (Mandal et al. 2026), where positive lags have been
attributed to disk and dust reprocessing; this indicates that those
lags have a different origin than the negative lag observed for
SDSS J0837. We separated the variability into two distinct
phases: a stabilizing phase before MJD 59600 and a declining
phase thereafter. This clear phase division, together with the con-
temporaneous g — r color evolution, makes SDSS J0837 a useful
case for investigating the origin of the lag inversion.

We applied JAVELIN (Zu et al. 2011, 2013, 2016) and the
interpolated cross-correlation function (ICCF; Gaskell & Sparke
1986; Gaskell & Peterson 1987; Peterson et al. 1998) to mea-
sure inter-band time lags in different phases of the ZTF light
curves. The JAVELIN best-fit results are illustrated by the green
and blue shadows in Fig. 1, left panel. During the stabilizing
phase, JAVELIN detects a positive lag: the g-band leads the r-

band by 3.683;%1 days. However, this behavior reverses during

the declining phase, yielding a lag of —1.60’:8:23 days, which

implies that the r-band variations precede those in the g-band.

I https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd
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Our analysis of the entire light curve yielded an intermediate lag
of 1.52*071 days. The ICCF results are qualitatively consistent

~0.45
with this trend, showing lags of 4.51fg:g; days, —1.4825 days,
and 2.49*544 days for the stabilizing, declining, and full phases,

respectively. Although the ICCF results have larger uncertain-
ties, likely owing to its sensitivity to irregular sampling, both
methods consistently support a transition from a positive to a
negative time lag. Given that the cadence of the ZTF light curves
is comparable to the measured lag and includes significant gaps,
we assessed the impact of the sampling pattern through simu-
lations, finding that sparse sampling and large gaps in the ZTF
data do not produce spurious negative lags (see Appendix B).

Motivated by the lag reversal and the g — r color evolution,
we propose a moving dust-cloud obscuration scenario. In this
picture, a dust cloud crosses the line of sight and progressively
obscures the accretion disk. Because the disk emission is radi-
ally stratified, the cloud first occults the outer r-band-emitting
regions before reaching the inner g-band regions. During the sta-
bilizing phase, when the disk is unobscured, the light curves dis-
play the expected positive time lag. In the subsequent “outside-
in” occultation phase, however, a geometric time offset is intro-
duced: the r-band flux declines before the g-band flux, naturally
giving rise to the observed negative lag.

To model this process, we simulated the intrinsic disk vari-
ability using a CAR(1l) stochastic process (e.g., Kelly et al.
2009),

dm(t) = —%m(t) dt + o Vdt e(t) + mo, (1)

where 7 is the damping timescale, o is the variability amplitude,
my is the mean magnitude, and €(¢) is a Gaussian white-noise
process. For the intrinsic g-band light curve, we adopted repre-
sentative parameters of 7 = 1000days, o = 0.01 mag day~'/?,
and my = 18.34 mag; the mean magnitude is taken from the
average value during the stabilizing phase. We did not adopt
the JAVELIN outputs inferred from the observed light curves, as
they may be contaminated by the obscuration event. The intrin-
sic r-band light curve was then constructed from the intrinsic
g-band variability through a Gaussian convolution and a mag-
nitude renormalization. Specifically, we convolved the intrin-
sic g-band light curve with a Gaussian transfer function and
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Fig. 2. Schematic of the obscuration model. The accretion disk com-
prises concentric g- (blue, R,) and r-band (red, R,) annuli, with their
overlap (purple) representing diffuse continuum blending. The obscur-
ing cloud (R,; dashed gray circle) moves with velocity v along a linear
path inclined at angle 6 relative to the disk plane (dot-dashed black line).

imposed an intrinsic time delay of 1,, ~ 3.68 days, consistent
with the JAVELIN measurement in the stabilizing phase. Since
the JAVELIN analysis gives a transfer-function width close to
zero (Fig. A.1), we adopted a narrow kernel with a width of
0.1 days as a numerical approximation to a 6-function response.
After the convolution, we subtracted the mean magnitude of the
g-band and added that of the r-band, adopting (m,) = 18.18 mag,
also derived from the stabilizing phase.

To simulate the obscuration event, we constructed a geomet-
ric grid model of the emitting regions, as illustrated schemati-
cally in Fig. 2. The model includes concentric emitting regions
for the g- and r-bands, with a moving obscuring cloud. The g-
band emission extends from R, ;, = 1.0 to R o = 2.0, while the
r-band spans R,i, = 1.3 to R, o = 2.5. These emission regions
were assumed to be uniform and partially overlapping, which
provides a more realistic representation of the emitting structure
(e.g., Fausnaugh et al. 2016; Edelson et al. 2019; Lawther et al.
2018; Cackett et al. 2021). To connect the model to physical
scales, we adopted a spatial conversion in which 1 unit corre-
sponds to 2.0 light-days. This choice was motivated by the BH
mass of SDSS J0837 (10°%2 My; Shen et al. 2011), for which
1R, ~ 1.37light-hours, and ensures that the optical emission
regions lie within ~60-100 R, consistent with expectations for
such a system. Under this scaling, the adopted radial ranges cor-
respond to 2.0—4.0light-days for the g-band and 2.6-5.0 light-
days for the r-band.

As shown in Fig. 2, the obscuring cloud was modeled as a
circular, semitransparent structure with a radius of R, = 3.0 units
(6.0light-days) and a center at (x., y.). To account for inhomo-
geneity, we adopted a Gaussian spatial distribution for the color
excess E(B — V), representing a centrally concentrated cloud
with decreasing density toward the edges. The accretion disk
was centered at (R, + R, ou, 0) such that the cloud is initially
externally tangent to the outer boundary of the disk’s emitting
region. The cloud then moves across the disk over 1000 days
along a straight trajectory inclined by 6 = 10° to the x-axis.
The disk emission was discretized on a two-dimensional Carte-
sian grid with i X j = 400 x 400 cells, where (i, j) denote the
grid indices and (x;, y;) the corresponding physical coordinates.
At each time step (¢), the intrinsic magnitudes, m;y(f), are con-
verted to fluxes according to Fiy (1) = Fo 10704mn® where Fy is
the zero-point flux. Since F only provides an overall normaliza-
tion, we set Fp = 1. The resulting flux was then uniformly dis-
tributed over the corresponding annulus such that Fyixei(7, j, 1) =

Fini(1)/Npix, Where Npix is the number of grid pixels associated
with the corresponding emitting annulus of the accretion disk.
A pixel was included in Npix only if more than one-third of its
area was covered by the annulus; this choice had a negligible
effect on the results. The extinction map was defined as E(B —

V)Y 1) = Epeak oxp [ = (0 = xe(0) + () = ye0)?) /024
where E.a is the central color excess and ooua character-
izes the spatial extent of the cloud. We adopted Epecac = 0.5
and ooug = 2.0. The transmission was computed using the
Fitzpatrick (1999) extinction law, with coefficients k, derived
from FM_UNRED, such that T (x;,y;, 1) = 10704k EEVI0y0,
We note that the alternative extinction curves often adopted for
AGNs (e.g., Small Magellanic Cloud-like laws; Hopkins et al.
2004) would mainly rescale the optical attenuation and are there-
fore unlikely to qualitatively affect the lag behavior. We then
obtained the observed flux by summing over all emitting pix-
els, Fops(®) = Zi,j Fpixel(i’ J> D) Ta(xi, yj’t)a thereby accounting
for both geometric overlap and spatially varying extinction.
Finally, the flux was converted back to magnitudes as mgps(f) =
—2.510g [ Fobs()/ Fol.

The simulation results are shown in the left panel of Fig. 3.
As the obscuration event progresses (¢ 2 500 days), the mea-
sured ICCF lag shifts from the intrinsic positive reverbera-
tion value to negative values, reaching a minimum around ¢ ~
600 days when the outer r-band region is most affected. After the
cloud uncovers the central g-band region, the lag increases but
remains negative because the extended r-band emission contin-
ues to respond earlier. The intrinsic lag is recovered only after the
cloud exits the system. The parameter sensitivity, shown in Fig. 3
(right panels), supports an obscuration-driven origin for the lag
inversion. Increasing the outer radius of the r-band (R,.oy) and
the cloud radius (R.) enhances the negative lag by increasing the
obscuration cross section. Conversely, increasing the inclination
angle () weakens the effect by reducing the effective covering
of the disk.

An additional factor influencing the measured lag is the
degree of radial overlap between the g- and r-band emission
regions. A larger overlap reduces the effective spatial separa-
tion between the two bands, thereby weakening the differential
impact of obscuration. As a result, the induced negative lag is
suppressed and the measured lag remains closer to the intrinsic
positive value. Conversely, a smaller overlap enhances the radial
stratification, allowing the cloud to intercept the outer r-band-
dominated region earlier than the more compact g-band emis-
sion, which strengthens the negative lag signal. In addition, the
numerical resolution of the Cartesian grid affects the precision
of the measured lag. In our simulations, a grid size of 400 x 400
is sufficient to ensure convergence, and further increases in res-
olution do not produce significant changes in the measured lag.
We note that the present calculation is based on a single real-
ization for a specific set of stochastic variability parameters. A
more comprehensive exploration of the parameter space, includ-
ing different combinations of o, 7, Epeak, and o cioud, Will be pre-
sented in future work.

Our obscuration model is a simplified geometric descrip-
tion of the observed lag. Order-of-magnitude estimates of the
cloud properties, provided in Appendix C, show that the pro-
posed scenario is physically plausible for dusty gas in AGNs.
We do not attempt to draw firm conclusions about the physi-
cal origin, formation mechanism, or detailed spatial structure of
the obscuring clouds. We suggest that the anomalous negative
lag observed in SDSS J0837 arises from the transit of a dust
cloud across the line of sight, which preferentially occults the
outer r-band-emitting regions. In this picture, the obscuration is
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Fig. 3. Left panel: Evolution of the measured inter-band time lag as a function of the time span of the analyzed light-curve segment, starting from
the onset of the simulated obscuration event. The dashed green line indicates the intrinsic positive lag (+3.68 days). The black points show the
measured ICCF lag. Inset: Simulated intrinsic (dashed) and obscured (solid) light curves. Right panels: Effects of varying the r-band outer radius
(R, out; top), the cloud radius (R,; middle), and the crossing angle (6; bottom). The horizontal dashed gray line represents the input intrinsic time

lag between the bands.

expected to be transient; the cloud may move out of the line of
sight on a timescale of a few years, potentially around 2027,
allowing the light curve to recover toward its pre-obscuration
baseline. Obscuration remains a viable explanation for a small
subset of “changing-look” AGNs (Ricci & Trakhtenbrot 2023;
Adhikari et al. 2025). Our results are therefore consistent with
the possibility that line-of-sight obscuration can still contribute
to transient variability in some systems. These results indicate
that extrinsic geometric effects, rather than intrinsic changes in
the accretion disk, explain the observed short-term lag anomalies
and variability in AGNs.

3. Conclusion

We report the detection of a short-timescale negative lag
of approximately —1.60days in the optical continuum of
SDSS J0837 between the ZTF g- and r-bands during the declin-
ing phase of SDSS J0837. This short-timescale negative inter-
band lag, independently confirmed via both the JAVELIN and
ICCF methods, together with the positive lag measured dur-
ing the stabilizing phase, indicates a clear phase-dependent lag
reversal. We therefore propose a moving dust-cloud obscuration
model in which the cloud transiting the line of sight preferen-
tially attenuates the r-band emission and naturally produces the
observed lag inversion.
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Fig. A.l. Posterior probability distribution of the transfer-function
width obtained from the JAVELIN RM analysis.

Appendix A: Posterior distribution of the
transfer-function width

Fig. A.1 shows the posterior probability distribution of the
transfer-function width obtained from the JAVELIN analysis.
The distribution is strongly peaked near zero, indicating that the
response between the g- and r-band light curves is consistent
with a narrow transfer function.

Appendix B: Sampling properties and their effects
on lag measurements

B.1. Cadence properties of the ZTF light curves

We examine the cadence distributions of the g- and r-band light
curves, defined as the time intervals between consecutive obser-
vations. As shown in Fig. B.1, the median cadence is approx-
imately 3.05days in the g-band and 2.02days in the r-band.
Most observations are separated by a few days, while the dis-
tributions exhibit extended tails toward longer intervals, indicat-
ing the presence of occasional large gaps. This confirms that the
light curves are characterized by moderately sparse and uneven
sampling, which may affect the reliability of lag measurements
and therefore motivates the simulation analysis presented below.

B.2. Simulation of sampling effects

To assess whether the observed negative lag could be induced
by the sampling pattern, we performed simulations based on a
CAR(1) process. We first generated a continuous mock g-band
light curve with a time resolution of 0.1 days using CAR(1) pro-
cess. The corresponding r-band light curve was constructed by
introducing a time delay of 3.68 days, ensuring that the intrinsic
lag is positive.

The simulated light curves were then resampled using the
actual ZTF observation times, thereby preserving both the
cadence and the large observational gaps. Observational noise
comparable to the ZTF photometric uncertainties was also
included.

We computed the lag using the ICCF method. As shown in
Fig. B.2 (left panel), the lag recovered from densely sampled
light curves is consistent with the input value. After applying the
ZTF sampling, the ICCF becomes broader, but the peak remains
located at positive lag.

We repeated the simulation for 200 independent realizations.
The distribution of recovered lags is shown in Fig. B.2 (right
panel). All recovered lags remain positive, although the scatter
increases under sparse sampling conditions. Similar behavior is
found when only the declining phase is considered.

These results suggest that, for the ZTF sampling considered
here, sparse sampling, large gaps, and observational noise could
be unlikely to produce spurious negative lags, and therefore may
not fully account for the observed lag inversion in this dataset.

Appendix C: Physical properties of the obscuring
cloud

C.1. Density estimate

We first estimate the characteristic density of the obscuring cloud
based on its optical depth. For a dusty medium, the optical depth
can be expressed as
T~ Kduslp2RCs (Cl)
where kg5 1 the dust opacity, p is the mass density, and R, is
the cloud radius.

Assuming a marginal optical depth of 7 ~ 1 in the optical
band, a typical dust opacity of kgus ~ 2.5 x 10>cm? ¢!, and a
cloud radius of R, ~ 6light-days, we obtain

T
2KqustRe

p ~107" gem™. (C.2)

This corresponds to a particle number density of n ~
10* cm™3, assuming a mean particle mass appropriate for a par-
tially ionized gas. Although this density is lower than typical
values for the BLR, it is consistent with dusty gas located in
the outer BLR or participating in radiatively driven outflows,
as suggested in the failed radiatively accelerated dusty outflow
(FRADO) scenario (Czerny & Hryniewicz 2011; Naddaf et al.
2021; Naddaf & Czerny 2022). This value also lies within the
expected range for dusty gas in AGN environments.

C.2. Cloud mass

The total mass of the obscuring cloud can be estimated from its
density and size. Assuming a spherical geometry, the cloud mass
is given by

4
M, ~ §mRip. (C.3)

Substituting R, ~ 6 light-days and p ~ 107'° gcm™3, we obtain
M, ~ 1073 =107 M, (C.4)

This relatively low mass indicates that the obscuration is pro-
duced by a localized and transient structure, rather than a large-
scale component of the torus.

C.3. Cloud velocity and physical location

The characteristic velocity of the cloud can be estimated from
its crossing timescale. Assuming a crossing time of ~ 1000 days
over a spatial scale of ~ 6 light-days, we obtain

R,
Ueross ~ =~ 10 kms™. (C.5)
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Fig. B.1. Cadence distributions of the ZTF light curves. Left: Histogram of the g-band cadence. Right: Histogram of the r-band cadence. In each
panel, the dashed red line indicates the median cadence (3.05 days for the g-band, 2.02 days for the r-band).
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Fig. B.2. Left: ICCF results for a representative realization. The blue and

o

lag (days)

orange curves show the results obtained with dense sampling and ZTF-

like sampling, respectively. The vertical dashed black line marks the true lag. Right: Distributions of recovered lags from 200 simulations. The
blue and orange histograms correspond to the ZTF-sampling case and the declining-phase case, respectively. The vertical dashed red line indicates

the true lag.

If interpreted as Keplerian motion,

(GMBH )1/2
K ~ ,
« R

the inferred velocity veross ~ 10°km s~ would correspond to
radii much larger than ~ 100R, for a BH mass of Mgy ~
10° M. This suggests that the cloud motion is more plausibly
associated with gas located in the outer BLR or near the dust
sublimation region, rather than gas orbiting at ~ 100 R,,.

The inferred velocity lies within the low-to-intermediate
range of BLR kinematics, although it is somewhat higher than
typical values associated with the torus. This is consistent with a
scenario in which the cloud is located near the outer BLR or the
dust sublimation radius, where the BLR is thought to form, as in
the FRADO framework.

For high-luminosity AGNs such as SDSS J0837, the dusty
structure is expected to be relatively compact in units of R, fol-

(C.6)

1
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lowing the scaling relation Ry o Ltl,é 12 Given that Ly, approx-
imately scales with Mpy within a narrow Eddington ratio range,

this implies Riorus/Ry o M];;I/ 2, leading to relatively higher char-
acteristic orbital velocities. As a result, transient obscuration by
dusty clouds may be more readily observable in AGNs with high

BH masses.
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