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Abstract

We present an intensive multiwavelength monitoring campaign of the quasar PG 1302−102 with Swift and the Las
Cumbres Observatory network telescopes. At z∼ 0.3, it tests the limits of the reverberation mapping (RM)
technique in probing the accretion disk around a supermassive black hole (SMBH) and extends the parameter space
to high masses and high accretion rates. This is also the first time the RM technique has been applied to test disk
structures predicted in the SMBH binary model that has been suggested for this source. PG 1302−102 was
observed at a ∼daily cadence for ∼9 months in 14 bands spanning from X-ray to UV and optical wavelengths, and
it shows moderate to significant levels of variability correlated between wavelengths. We measure the interband
time lags, which are consistent with a τ∝ λ4/3 relation as expected from standard disk reprocessing, albeit with
large uncertainties. The disk size implied by the lag spectrum is consistent with the expected disk size for its black
hole mass within uncertainties. While the source resembles other reverberation-mapped active galactic nuclei in
many respects, and we do not find evidence supporting the prevalent hypothesis that it hosts an SMBH binary, we
demonstrate the feasibility of studying SMBH binaries from this novel angle and suggest possibilities for the LSST
Deep Drilling Fields.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Supermassive black holes (1663);
Reverberation mapping (2019)
Supporting material: machine-readable tables

1. Introduction

Understanding accretion onto supermassive black holes
(SMBHs) in the centers of active galactic nuclei (AGN) and
probing the innermost regions of AGN are areas of consider-
able interest in modern astrophysics. Due to its small physical
size (∼hundreds–thousands gravitational radii), the vicinity of
the central engine cannot be directly imaged or resolved (with
rare exceptions such as the observations of Sgr Aå and M87å by
the Event Horizon Telescope; e.g., Event Horizon Telescope
Collaboration et al. 2019, 2022), but it is possible to utilize the
temporally variable nature of an AGN to indirectly probe the
size and geometry of the system.

One such indirect technique is known as reverberation
mapping (RM; e.g., Blandford & McKee 1982; Peterson 1993;
see Cackett et al. 2021 for a recent review). The basic idea is
that different emitting regions respond to the illuminating high-
energy band so that variations at different wavelengths are
correlated but offset by a time lag, which is determined by the
light travel time to the emitting region. Therefore, with a
temporal resolution of a ∼day, this technique can resolve a
physical scale of ∼light-days—that of an AGN accretion disk.

Several studies have performed intensive monitoring of AGN
in multiple wave bands simultaneously (e.g., McHardy et al.
2014, 2016; Shappee et al. 2014; Edelson et al. 2015, 2017,
2019; Cackett et al. 2018, 2020; McHardy et al. 2018;
Hernández Santisteban et al. 2020; Kara et al. 2021; Vincentelli
et al. 2021, 2022; Kara et al. 2023) and provided critical
observational tests of predictions of the standard AGN disk
and the reprocessing models. These studies have generally
confirmed (1) the strong correlation between UV and optical
bands (and, to a lesser degree, the X-ray band), with the longer
wavelengths lagging behind shorter wavelengths (at least on
short timescales); (2) the wavelength-dependent lags largely
follow the τ∝ λ4/3 relation, which is the prediction of
reprocessing from a standard disk (Cackett et al. 2007). The
normalization of this relation informs the scale of the disk,
which can be compared with the predicted disk size given the
BH mass and mass accretion rate.
The AGN so far targeted by intensive broadband reverbera-

tion mapping (IBRM) campaigns are nearby (z 0.1), have BH
masses between ∼107 and 108 Me, and mostly accrete at ∼a
few percent of the Eddington limit. In this work, we extend the
IBRM experiment to PG 1302−102 (hereafter PG 1302), a
quasar at z= 0.2784, which has a BH mass as high as
∼109.4 Me and appears to be accreting approximately at the
Eddington limit (e.g., Graham et al. 2015). The source is well
known in the AGN literature as it is a bright (V∼ 15 mag) and
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nearby quasar but has garnered significant additional interest in
recent years: it has been suggested that it is the possible host of
an SMBH binary (SMBHB), based on evidence of a large-
amplitude (∼0.14 mag), almost sinusoidal variation in its long-
term V-band light curve from the Catalina Real-time Transient
Survey (Graham et al. 2015). The leading interpretation of this
putative periodic variability is the relativistic Doppler boosting
of emission mainly from the accretion disk (the so-called
“minidisk”) attached to the less massive, secondary BH
(D’Orazio et al. 2015); hence the line-of-sight velocity of the
black hole is imprinted on the light curve as a periodic variation
on the orbital timescale (∼5 yr in the observed frame). This
picture is partly supported by numerical simulations, which
reveal that in an unequal-mass SMBHB system, gas is
preferentially accreted onto the secondary BH (Farris et al.
2014; Duffell et al. 2020), forming a smaller but brighter
minidisk which dominates emission in the UV/optical band.
Indeed, the variability amplitude of the source would imply a
mass ratio of q∼ 0.1, and the black hole mass must be larger
than ∼109 Me in order to reproduce the observed large-
amplitude variation. This mass ratio suggests a secondary
minidisk size of ∼0.2a (Artymowicz & Lubow 1994; Farris
et al. 2014), where a is the binary orbital separation (which
would be ∼0.01 pc for this source).

The definitive detection of SMBHBs would be of funda-
mental importance. They are the expected outcome of galaxy
mergers and structure formation (e.g., Begelman et al. 1980),
but have remained observationally elusive despite significant
search efforts (see, e.g., Bogdanović et al. 2022 for a recent
review). The primary challenge is the small separation of the
BHs, which cannot be directly resolved by current observa-
tories (with rare exceptions; Rodriguez et al. 2006), leaving
indirect observations the main and—until their individual
detections via gravitational waves9—the only approach.
However, the binary nature of PG 1302 is still a matter of
debate, and much of the debate focuses on whether the
variability of the source is indeed periodic. It has been noted
that the red noise characteristic of normal AGN variability
could mimic periodicity over a few short cycles with irregular
sampling and large photometric uncertainties (Vaughan et al.
2016), and longer observations will show that the “periodicity”
will no longer stay persistent (Liu et al. 2018). Therefore, the
confirmation of PG 1302ʼs binarity should be supported by
evidence for significant departures from a normal AGN in
aspects other than its (putative) periodicity, and the absence of
such evidence should be interpreted as evidence against the
binary hypothesis.

In this work, we apply the IBRM technique to search for
such evidence in PG 1302, with the objective of testing for the
presence of a minidisk. PG 1302 is one of the few known cases
where such experiments may be possible because while
minidisks can form in SMBHB systems, they may not be a
ubiquitous feature in all SMBHBs, and interpretations of the
observations of candidate systems do not always require the
existence of minidisks. For instance, while the well-known
SMBHB candidate OJ 287 (see, e.g., Valtonen et al. 2021 for a

recent review) has been the target of intensive multiwavelength
monitoring (e.g., Komossa et al. 2021), its binary model
invokes the secondary BH impacting the accretion disk of the
primary BH. As the length of the observing campaign is short
relative to the reported orbital timescale, our experiment is
agnostic to the periodicity (or not) of the source and instead
directly probes disk features that are key predictions of its
binary model.
The paper is organized as follows: we describe our

observation campaign and the multiband data in Section 2,
and in Section 3 we measure the cross-correlations and
interband lags between the light curves. In Section 4 we
compare the lag measurements with predictions of a standard
AGN disk as well as the binary model. We summarize the
results in Section 5.

2. Observations

2.1. Swift

The Neil Gehrels Swift Observatory (Gehrels et al. 2004)
observed PG 1302 from 2021 December 3 to 2022 August 25
at a ∼half-day cadence for the first ∼100 days and a ∼daily
cadence for the remainder of the campaign (Swift Cycle 17;
proposal number 1720044; PI: T. Liu). The X-ray Telescope
(XRT; Burrows et al. 2005) observations were carried out in
photon counting mode, and Ultraviolet/Optical Telescope
(UVOT; Roming et al. 2005) observations were made in six-
filter image mode (0x30ed for the first half of the campaign
and 0x224c for the second half) in the W2, M2, W1, U, B, V
filters. In 2022 January, the spacecraft experienced a reaction
wheel anomaly; this resulted in a 30 days gap in our observing
campaign. A second, 13 days gap occurred when the source
was close to the anti-Solar direction and could not be scheduled
due to the spacecraft’s slewing constraints. The final Swift
campaign spanned 9 months, with ∼300 observations in each
filter.
The XRT light curve was generated using the data analysis

tool10 (Evans et al. 2009) with snapshot binning. The UVOT
data were processed following the same procedures as
Hernández Santisteban et al. (2020), including the removal of
dropout flux points. As the source occasionally falls within
regions of reduced sensitivity on the detector, the UVOT light
curves exhibit a number of unphysical, low flux points. These
points are screened, and only the data that survive the “Low”
sensitivity mask are used in the analysis. We refer the reader to
previous work (e.g., Hernández Santisteban et al. 2020) for
details of the reduction and screening procedures. We
summarize the final Swift data set in Table 1 and present the
light curves in Figure 1 and Table 2.

2.2. Las Cumbres Observatory

The Swift observations were coordinated with intensive
ground-based monitoring with the Las Cumbres Observatory
Global Telescope (LCO) (Brown et al. 2013) network in seven
optical bands: SDSS ugri, Pan-STARRS z, and Johnson B, V.
LCO observed PG 1302 from 2021 February 11 to 2021
August 20, 2021 December 13 to 2022 August 26, and again
from 2022 December 2 to 2023 August 16 at a ∼daily to few-
day cadence, and a total of 12 1 m robotic telescopes
participated in the campaign (as part of the LCO Key Project

9 There is now evidence for a stochastic background of nanohertz
gravitational waves from pulsar timing array experiments (e.g., Agazie et al.
2023a). The amplitude and spectral shape of this background are consistent
with expectations from a population of SMBHBs (e.g., Agazie et al. 2023b).
The Laser Interferometer Space Antenna (Amaro-Seoane et al. 2017) will be
sensitive to merging massive black hole binaries in the millihertz frequency
range. 10 http://www.swift.ac.uk/user_objects
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2020B-006; PI: J. V. Hernández Santisteban). The images were
processed with the BANZAI pipeline (McCully et al. 2018),
and we refer the reader to Hernández Santisteban et al. (2020)
for a detailed description of the data reduction and photometry
procedure.

We then follow a few additional steps to refine the light
curves: since each visit at a given telescope typically consists of
two consecutive exposures, we first combine the fluxes using a
weighted average to create a single observation. We then
intercalibrate the LCO light curves in the same band from
different telescopes, since it has been noted by Hernández
Santisteban et al. (2020) that systematic flux offsets exist even
between telescopes with identical designs and filters. To do so,
we use the package PyROA11 (Donnan et al. 2023), which
models the light curve as a running optimal average (ROA)
with a scale factor A and a flux offset B for each telescope. The
algorithm then produces a merged light curve by optimizing
these two parameters (where 〈A〉≈ 1 and 〈B〉≈ 0) using
Markov Chain Monte Carlo (MCMC). The model also includes
an extra noise parameter for each telescope to account for the
fact the reported flux uncertainties are underestimated (see
Hernández Santisteban et al. 2020); this parameter is then
added in quadrature to the nominal uncertainties. The flexibility
of the ROA is determined by a window width parameter, and
thus more flexible models are able to capture more rapid
variations. Outliers are determined by comparing them to the
ROA model generated to merge the light curves: those
observations that are above the chosen 4σ threshold are forced
to remain at that level by expanding their error bars
accordingly. This procedure allows for downweighting their
importance to the model without removing the data points.
After the intercalibration procedure, points with significantly
larger error bars, including those produced during the

aforementioned “soft” outlier sigma clipping process by
PyROA, are removed. All data collected between 2021
February and 2023 August are used in the intercalibration
procedure, and the light curves used in the cross-correlation
analysis are from the second monitoring period (which was
simultaneous with the Swift campaign). They are shown in
Figure 1, and a summary of observations is provided in
Table 1. The light curves from the full monitoring period are
presented in Table 3.
Additionally, the 0.5 m robotic telescope at the Dan Zowada

Memorial Observatory (Carr et al. 2022) also observed the
source from 2021 February 9 to 2022 June 6 in griz bands for
∼40 epochs in each band. However, due to their larger
measurement uncertainties, the Zowada data are not used in the
cross-correlation analysis.

3. Time Series Analysis

3.1. Cross-correlation Functions

We use the R package sour12 to compute the cross
correlation between the Swift XRT, UV, and LCO optical
bands, initially using Swift W2 as the reference band as in
previous IBRM campaign analyses. However, there appear to
be discrepancies in the lag measurements at the >1σ (but <2σ)
level in similar wave bands (e.g., U and u). After ruling out any
issues due to LCO photometry or intercalibration (we have
remeasured the LCO light curves using an independent
photometry pipeline that follows the method described in Kara
et al. 2021 and a different intercalibration procedure PyCALI;
Li et al. 2014), we speculate that the differences are due to the
different sampling patterns of the two observatories. Hence,
when the cross correlation is measured relative to W2 (which
suffers from long gaps), they cause the interpolated cross-
correlation function (ICCF) to respond differently in similar
wave bands (one of which shares the same gaps while the other
does not). Therefore, to mitigate the biases that are potentially
introduced to the lag measurements, we adopt the LCO g band
(which has more even sampling) as the reference band in the
analysis presented in this section.
For each pair of light curves, we first compute the ICCF

(e.g., Gaskell & Sparke 1986) using two-way interpolation (so
that the autocorrelation function is symmetric). We use a lag
bin width of Δτ= 1 day, and a maximum lag at which to
evaluate the ICCF that equals 1/3 of the observation duration:

.max lag= 88 days. Next, we apply the flux randomization
and random subset sampling method (FR/RSS; e.g., Peterson
et al. 1998) to obtain the uncertainty on the measured lag. The
RSS process randomly selects a subset of the parent light curve,
and the FR process modifies the flux measurements by random
Gaussian deviates, which are based on the reported errors.
Thus, in the resulting realization, both the fluxes and sampling
times are randomized. This procedure is repeated for 20000
realizations and produces a distribution of CCF centroids,
which are calculated using CCF points higher than 80% of the
peak value.
We tabulate the lags and peak CCF correlation coefficients in

Table 4. The cross-correlation analysis shows that most UV
and optical bands are well correlated with the LCO g band with
well-constrained (positive and negative) lags. By contrast, the
X-ray light curve is very poorly correlated with the UV and

Table 1
Summary of Observations

Filter λeff (Å) MJD Range Number of Epochs Δt (day−1)

Swift
X-ray 6 59551–59816 268 0.6, 0.7, 1.1
W2 1928 59551–59816 210 0.9, 0.7, 1.3
M2 2246 59552–59816 196 1.0, 0.8, 1.4
W1 2600 59552–59816 206 0.9, 0.8, 1.4
U 3465 59551–59816 221 0.8, 0.7, 1.3
B 4392 59551–59815 231 0.6, 0.8, 1.3
V 5468 59551–59816 243 0.7, 0.7, 1.2

LCO
u 3580 59561–59817 153 0.9
B 4392 59561–59817 166 0.8
g 4770 59561–59817 174 0.8
V 5468 59561–59817 178 0.8
r 6215 59561–59817 169 0.8
i 7545 59561–59817 164 0.8
z 8700 59561–59817 116 1.2

Note. Consecutive observations at the same Las Cumbres Observatory Global
Telescope (LCO) telescope on the same day are considered one epoch. The
mean sampling rate Δt is estimated for the period MJD 59551–59598,
59628–59670, 59683–59817 (Swift; the target was not observed during the two
long gaps) and MJD 59650–59750 (LCO). LCO telescope 1m004 was
removed from the intercalibration procedure due to photometry/calibration
issues.

11 https://github.com/FergusDonnan/PyROA 12 https://github.com/svdataman/sour
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Figure 1.Multiband light curves of PG 1302−102 from the observing campaign in the X-ray (first panel), UV (next three panels), and optical (remaining panels; for B
and V bands, “S” denotes Swift, and “L” denotes Las Cumbres Observatory Global Telescope, LCO). The Swift XRT data are in units of counts s−1, and the UV/
optical data are in units of 10−15 erg cm−2 s−1 Å−1. The LCO data are in units of mJy. The right panels are the cross-correlation functions and centroid histograms in
the respective bands relative to the reference band g. The zero lag is marked with black dotted lines to guide the eye.

4

The Astrophysical Journal, 964:167 (8pp), 2024 April 1 Liu et al.



optical bands ( =r 0.31max ). This can also be seen via visual
inspection of the light curves: the source appears to brighten
overall in the X-ray during the campaign, but this trend is not
mirrored in the UV and optical bands. Changes in obscuration
could cause the UV/optical variability in an AGN to become
disconnected from the X-ray variability, and these changes
would manifest as variations in the hardness ratio (defined here
as HR=H/S, where H and S are the 1.5–10 and 0.3–1.5 keV
count rates, respectively). Yet there are no significant changes
in the HR (fractional variability amplitude of the time
series= 0.06± 0.07) or correlations between the HR and the
X-ray count rate (Spearman’s rank p-value= 0.33; Figure 2).
Further, the X-ray band appears to lag behind UV/optical,

which is not expected from the canonical picture of an X-ray
emitting corona illuminating the disk and driving UV/optical
variability. Nor is the long lag (∼46 days) consistent with a

Table 2
Swift UV and Optical Light Curves

Filter MJD Flux Flux Error
(10−15 erg cm−2 s−1 Å−1)

W2 59551.051 18.045 0.542
W2 59552.887 17.430 0.289
L L L L
M2 59552.891 15.724 0.315
M2 59553.622 15.668 0.332
L L L L
W1 59552.883 13.117 0.271
W1 59553.614 13.051 0.264
L L L L
U 59551.691 9.738 0.217
U 59552.884 10.010 0.227
L L L L
B 59551.692 5.915 0.155
B 59552.885 5.928 0.160
L L L L
V 59551.697 3.877 0.163
V 59553.039 3.721 0.168

(This table is available in its entirety in machine-readable form.)

Table 3
Intercalibrated LCO Light Curves

Filter MJD Flux Flux Error
(mJy) (mJy)

u 59257.354 3.581 0.024
u 59259.374 3.585 0.024
L L L L
B 59418.023 3.286 0.050
B 59430.015 3.272 0.039
L L L L
g 59256.329 3.531 0.038
g 59257.360 3.536 0.022
L L L L
V 59418.026 3.480 0.029
V 59424.408 3.465 0.018
L L L L
r 59256.332 3.797 0.019
r 59257.362 3.795 0.023
L L L L
i 59256.334 3.903 0.028
i 59257.365 3.946 0.023
L L L L
z 59256.338 5.211 0.122
z 59257.369 5.129 0.098

(This table is available in its entirety in machine-readable form.)

Table 4
Interband Lags

ICCF PyROA
Filter fvar τmedian Uncertainty rmax τ

(day) (day) (day)

Swift
X-ray 0.381 40.86 (25.39, 58.55) 0.31 L
W2 0.043 −14.14 (−20.13, −8.97) 0.57 −7.88-

+
1.51
1.40

M2 0.044 −17.86 (−23.56, −10.98) 0.60 −7.90-
+

1.43
1.70

W1 0.037 −13.09 (−20.15, −6.71) 0.50 −6.58-
+

1.62
1.42

U 0.033 −12.95 (−21.69, −2.00) 0.45 −8.79-
+

2.09
1.90

B 0.032 −12.50 (−23.86, 9.27) 0.45 −9.08-
+

1.99
2.03

V 0.021 −11.04 (−23.74, 4.95) 0.38 −10.01-
+

2.32
2.45

LCO
u 0.014 −4.26 (−7.70, −0.90) 0.62 −6.70-

+
1.10
1.15

B 0.013 −2.50 (−7.90, 0.01) 0.74 −1.68-
+

1.34
1.40

g 0.013 0 (−0.86, 0.92) 1.00 0
V 0.010 0.01 (−1.91, 2.65) 0.74 2.20-

+
1.18
1.11

r 0.011 3.14 (0.00, 6.15) 0.71 4.05-
+

1.17
1.24

i 0.011 6.05 (0.69, 13.51) 0.51 8.54-
+

1.59
1.59

z 0 13.30 (−28.06, 37.96) 0.25 5.47-
+

5.65
6.03

Note. τmedian is the median of the centroid distribution, and the uncertainty is
given by the middle 68% of the distribution. A positive value indicates that the
band lags behind the reference band. rmax is the peak of the CCF. fvar is the

fractional variability amplitude: fvar=
s-S

x

2 2

2¯ (e.g., Vaughan et al. 2003),

which quantifies the level of intrinsic variability. (The uncertainties of the fvar
are negligible and therefore not shown.) Note that fvar in the z band is forced to
be zero because the term inside the square root is negative. The photometric
uncertainties in this band are likely overestimated due to fringing.

Figure 2. The hardness ratio time series (HR; see text for the definition; upper
panel) and the HR vs. the count rate (CR; lower panel). The HR remains largely
constant with no discernible trends as a function of time or CR.
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simple light travel time effect with the corona located at a low
height above the disk. Opposite X-ray lags have been
previously observed in at least some AGN (e.g., Edelson
et al. 2019; Kara et al. 2023). A possible explanation could be
that a fluctuation propagates inward on a timescale longer than
the light travel time (e.g., Arévalo et al. 2008) and therefore
appears later in the X-ray. However, because of the weak cross
correlation of the X-ray band, this opposite lag is highly
uncertain.

3.2. Comparisons with PyROA Lag Measurements

We have additionally utilized the lag fitting functionality of
the PyROA package (Donnan et al. 2021) to measure the
interband lags. Compared to the ICCF, PyROA is able to better
handle large observing gaps in the light curves because it
gathers variability information from all bands and interpolates
across gaps with error envelopes. The algorithm works
similarly to the intercalibration process by first scaling and
offsetting the multiband light curves. It further shifts the light
curves by the time lag parameters and effectively stacks them
to create a merged time series, for which an ROA model can
then be determined. The parameter estimates and uncertainties
are obtained from the MCMC samples.

We compute the lags relative to the LCO g band and report
the measurements in Table 4. PyROA has detected lags that
increase overall with wavelength, which is consistent with the
ICCF results. Note that PyROA produces much smaller
uncertainties than the ICCF, which is in agreement with the
comparison made in Donnan et al. (2021). Nonetheless, most
PyROA measurements are consistent with the ICCF-measured
lags within 1σ uncertainties.

4. Results

4.1. Interband Lag Fits

In Figure 3, we show the interband lag spectrum, i.e., lags as
a function of wavelength, measured by the ICCF using LCO g
as the reference band. It shows a trend of longer lags at longer
wavelengths, consistent with previous results of AGN disk RM

campaigns. To quantify this relation, we fit the lag spectrum
(excluding the X-ray band, which is poorly correlated with
UV/optical with an opposite lag) with a function of the form
t t l l= -b 10 0[( ) ], where β= 4/3 is the prediction of
reprocessing in a standard disk (Cackett et al. 2007), and λ0
corresponds to the reference g band. The lag distributions are
slightly asymmetric but are sufficiently close to being Gaussian
(except for the z band); therefore, we approximate the 1σ
uncertainty by averaging the upper and lower error bars. The
Swift and LCO lags in similar bands are combined using a
weighted average. We hence obtain τ0= 13.7± 2.9 days.13 As
can be seen from the lag spectrum, despite the large
uncertainties, the UV/optical lags across all observed wave-
lengths are consistent with reprocessing in a standard disk.

4.2. Comparing with Expected Disk Size

We proceed to compare the measured disk size (represented
by the normalization factor τ0 that corresponds to the reference
band) with the expectations from a geometrically thin, optically
thick disk associated with a black hole of its mass. We use the
relation between radius and emitting wavelength λ in
Fausnaugh et al. (2016):

a
l

ps h
k= +

c
X

k
hc

GM L
c

m
1

8
3 days,

4 3
Edd

2 E

1 3

⎜ ⎟⎛⎝ ⎞⎠ ⎡⎣⎢⎛⎝ ⎞⎠⎛⎝ ⎞⎠ ⎤⎦⎥( ) 

where mE is the Eddington ratio, η is the radiative efficiency,
we assume negligible external heating compared to internal
heating(κ= 0), and X= 4.87 if we assume Wien’s law when
converting from temperature to wavelength at a given radius,
and X= 2.49 if a flux-weighted radius is assumed instead.
PG 1302 has a large uncertainty on its black hole mass,

ranging from =M Mlog BH  8.3 to 9.4. Assuming a steady
bolometric luminosity Lbol= 6.5× 1046 erg s−1, this translates
to a large uncertainty on the Eddington ratio: =m 0.2 2.6E – .
Here we adopt η= 0.3, which is suggested for luminous
quasars (Yu & Tremaine 2002). We therefore estimate that the
expected τ0 is [7.4, 17.3] days for the Wien’s law case, and
[3.0, 7.1] days for the flux-weighted case. Since we measured
τ0≈ 14 days from the lag spectrum fitting, this is larger than
the predicted size in the flux-weighted case but consistent with
Wien’s law case within uncertainties (Figure 4).
We then consider the alternative interpretation that PG 1302

is a binary SMBH system. In this hypothesis, in order for the
system to produce V-band periodicity at the observed
amplitude, the total black hole mass must be at the higher
end of the mass range, i.e., »Mlog 9.2 9.4BH – , and the mass
ratio must be low, i.e., q≈ 0.1 (D’Orazio et al. 2015). As
previously discussed in Section 1, in this low-mass ratio
regime, mass is preferentially accreted onto the secondary BH
by a factor of ∼10 (e.g., Farris et al. 2014; Duffell et al. 2020),
and thus we consider the UV and optical bands to be dominated
by emission from the secondary minidisk. Similarly, contam-
ination from the outer circumbinary disk is expected to be
negligible, since the circumbinary disk would contribute to less
than 20% of the total luminosity in this system (see D’Orazio
et al. 2015).
We proceed to approximate the size of the secondary

minidisk as the tidal truncation radius: rtid≈ 0.19a (for a
q= 0.11 binary; Artymowicz & Lubow 1994; Farris et al.

Figure 3. The lag spectrum fitted with a τ ∝ λ4/3 relation as predicted for a
standard disk. The X-ray lag (black square) was not used in the fit. The
normalization τ0 of this relation is determined by the y-intercept. The reference
band is LCO g. The color scheme is the same as in Figure 1. The wavelengths
and lags are in the observed frame.

13 All τ0 values below are quoted in the observed frame.
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2014), where a is the binary orbital separation which we can
compute using the observed period of P= 1996 days. We
assume the edge of the minidisk emits in the V band, and we
consider this to be a conservative estimate because it is a
necessary condition for the (putative) V-band periodicity.
(More detailed modeling of a binary SED is possible; see,
e.g., Roedig et al. 2014; Guo et al. 2020.) Hence, we estimate
an upper limit on the expected V-band time lag; in practice, this
corresponds to a τ0 that has been extrapolated to the reference g
band assuming a λ4/3 power law: τ0= [3.6, 4.2] lt-day. This is
smaller than the measured τ0 by a factor of 2, and therefore
we find the SMBHB model is in tension with the observed disk
size (Figure 4; see Figure 5 for a schematic representation).

We note that these results should be interpreted with the
caveat that they do not definitively rule out a smaller disk
whose size has been overestimated due to the same mechan-
isms that cause other RM-measured AGN disk sizes to appear
larger than predicted (typically by a factor of ∼2–3; e.g.,
McHardy et al. 2014; Fausnaugh et al. 2016; Edelson et al.
2017; Cackett et al. 2018, 2020). A number of factors could
have contributed to the difference between observed and
predicted sizes (see, e.g., Cackett et al. 2021 for a summary).
For instance, uncertainties on the black hole mass and mass
accretion rate affect the disk size, so does our limited
knowledge of other parameters such as η and the ratio of
external to internal heating. Other possible physical reasons
include departures from the standard disk model and contribu-
tions of the diffuse continuum emission (e.g., Korista &
Goad 2019) from the broad-line region (BLR), which is at a
larger physical distance and therefore lengthens the lags.14Fu-
ture IBRM studies will help elucidate this problem.

5. Summary and Conclusions

We have presented an intensive, multiband monitoring
campaign of the quasar PG 1302−102 over the course of
∼2.5 yr. The campaign was coordinated between Swift and

LCO during the second observing season, where the two
observatories simultaneously monitored the source at a daily to
subday cadence. It has the highest redshift and one of the
highest accretion rates among the ∼dozen of AGN that have
been targeted by IBRM campaigns. It is also the first SMBHB
candidate where the IBRM technique has been applied to test
the predicted binary disk structure.
The source is variable on the observed timescales and shows

correlations between UV and optical bands. The wavelength-
dependent lag spectrum is consistent with the expected
τ∝ λ4/3 relation for a standard AGN disk, consistent with
other AGN observed by previous IBRM campaigns. The
estimated disk size appears to be larger than the predicted size
(also reminiscent of many other reverberation-mapped AGN)
but can also be consistent with predictions within uncertainties,
depending on parameter assumptions. Contributions from the
diffuse BLR continuum could have lengthened the observed
lags of a smaller accretion disk; however, they are not directly
observed in the lag spectrum or the CCFs, and we are unable to
investigate this possibility with the available data.
We further explore the possibility that PG 1302 hosts an

SMBHB, which has been suggested based on evidence for a
∼5 yr periodicity, which is attributed to the relativistic beaming
of a minidisk. However, we do not find evidence supporting the
presence of such a minidisk. This conclusion is primarily based
on the measured disk size being at least twice larger than that of
the secondary SMBH in a binary system for the sets of
parameters that are required to produce the putative periodicity
(although with the same caveat regarding BLR contributions).
While PG 1302 represents a rare case where the IBRM

technique can be applied to test an SMBHB hypothesis with
current observatories, there may be opportunities to system-
atically search for SMBHBs in the Deep Drilling Fields (DDFs)
of the Rubin Observatory Legacy Survey of Space and Time
(Ivezic et al. 2019). The thousands of reverberation-mapped
AGN in the DDFs (Brandt et al. 2018) will have multiband data
similar to the LCO light curves presented here in each
observing season and with better photometric precision.
Assuming a 2 day DDF cadence, SMBHB minidisks could
manifest as smaller-than-expected or unresolved lags for a wide
range of binary parameters. This would thus open another path
toward finding and studying these rare objects.
As we were finalizing the paper, Dotti et al. (2023) proposed

that the (lack of) correlation between the red and blue parts of the

Figure 4. We interpret the measured disk size (represented by τ0) in three
separate scenarios. The first two assume PG 1302−102 has a single black hole
mass of =Mlog 8.3 9.4;BH – the measured τ0 is consistent with the expected
disk size within uncertainties assuming Wien’s law but larger than the
predicted size in the flux-weighted case. The third one considers the scenario
where the observed disk is carried by the secondary in an SMBHB system (i.e.,
a minidisk). The measured disk size is larger than the expected minidisk size by
at least a factor of ∼2.

Figure 5. The measured interband lags infer the size of the accretion disk
around the SMBH (upper figure), which can be independently estimated from
its black hole mass and mass accretion rate. If PG 1302 were an SMBH binary,
the minidisk around the secondary BH would result in shorter lags (lower
figure).

14 We note, however, that we do not find clear evidence for longer timescales
in the lag spectrum or the CCFs.
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broad emission line of an AGN could serve as a diagnostic of its
binarity. While their method is sensitive to a different part of the
binary parameter space (it is only applicable when the binary is
more widely separated) and applies emission line (as opposed to
broadband) cross-correlation analysis (and thus probes different
emitting regions in the system), it similarly raises the possibility
that a binary can in principle be identified on a timescale that is
significantly shorter than the orbital timescale.
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