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ABSTRACT

‘We report periodic oscillations in the 15-year-long optical light curve of the gravitationally lensed quasar Q JO158—-4325 at z, = 1.29.
The signal is enhanced during a high magnification microlensing event of the quasar that the fainter lensed image, B, underwent
between 2003 and 2010. We measure a period of P, = 172.6 + 0.9 days, which translates to 75.4 + 0.4 days in the quasar frame. The
oscillations have a maximum amplitude of 0.26 + 0.02 mag and decrease concurrently with the smooth microlensing amplitude. We
explore four scenarios to explain the origin of the periodicity: (1) the high magnification microlensing event is due to a binary star in
the lensing galaxy, (2) Q J0158—4325 contains a supermassive binary black hole system in its final dynamical stage before merging,
(3) the quasar accretion disk contains a bright inhomogeneity in Keplerian motion around the black hole, and (4) the accretion disk
is in precession. Of these four scenarios, only a supermassive binary black hole can account for both the short observed period
and the amplitude of the signal, through the oscillation of the accretion disk towards and away from high-magnification regions
of a microlensing caustic. The short measured period implies that the semi-major axis of the orbit is ~1073 pc and that and the
coalescence timescale is 7.,y ~ 1000 yr, assuming that the decay of the orbit is solely powered by the emission of gravitational waves.
The probability of observing a system so close to coalescence, in a sample of only 30 monitored lensed quasars, suggests either a
much larger population of supermassive binary black holes than predicted or, more likely, that some other mechanism significantly
increases the coalescence timescale. Three tests of the binary black hole hypothesis include: (i) the recurrence of oscillations in
photometric monitoring during any future microlensing events in either image, (ii) spectroscopic detection of Doppler shifts (up to
~0.01c¢) associated with optical emission in the vicinity of the black holes, and (iii) the detection of gravitational waves through pulsar
timing array experiments, such as the Square Kilometre Array, which will have the sensitivity to detect the ~100 nano-hertz emission.
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1. Introduction

The formation of supermassive binary black holes (SMBBHs)
is an expected end product that naturally emerges from
the hierarchical assembly of multiple galaxy mergers
(Haehnelt & Kauffmann 2002; Volonterietal. 2003). The
binding of the two black holes in the central parsec of the
merging galaxies is first driven by dynamical friction until other
mechanisms, such as stellar hardening and disk-driven torques,
shrink the orbits further (see e.g. Amaro-Seoane et al. 2022,
for a review). Once the SMBBH reaches a separation of the
order of 0.01 parsec, the emission of gravitational waves (GWs)
efficiently dissipates the angular momentum and the merger of
the two black holes becomes inevitable (Begelman et al. 1980).

The process that leads to the merger of two supermassive
black holes (SMBHs) is described in numerical simulations over

* Light curves presented in this paper are only available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
668/A77
** Animated Figs. 5 and 9 are available at https://www.aanda.org

a wide range of dynamical scales (e.g. Merritt 2006; Dotti et al.
2007; Cuadra et al. 2009) but remains largely unobserved'. Mea-
suring the number density of SMBBHs across redshift would
improve our understanding of the mechanisms that lead to the
formation of black hole pairs, and help refine the expected num-
ber of mergers that current and future GW interferometers will
detect. The main observational difficulty comes from the insuf-
ficient resolution of the imaging surveys, which limits the min-
imum separation between the detected pairs of active galactic
nuclei to a few kiloparsecs (see e.g. Tang et al. 2021; Chen et al.
2022a; Lemon et al. 2022, for recent discoveries). The higher
resolution of radio observations offers the possibility to detect
closer pairs (Rodriguez et al. 2006), but this technique remains
limited to the nearest galaxies and to a minimal separation of
~10 pc, leaving the sub-parsec-separation SMBBHs undetected.
These systems are, however, the most interesting ones as they

' To date, OJ 287 is the only confirmed close SMBBH, which was
detected from the repeated pairs of outbursts every 12.2 yr, interpreted
as a secondary black hole crossing the accretion disk of the primary
black hole (Valtonen et al. 2008).
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are potential sources of GWs in the nano-hertz frequency range.
These frequencies fall within the highest sensitivity band of pul-
sar timing array (PTA) experiments, which means this signal
may be observable in the future. Unfortunately, they are also
notoriously difficult to detect since their separation is far below
the resolution limit of even the largest radio telescopes.

Consequently, candidates have been searched for
through indirect techniques, although the observable sig-
nature of such close SMBBHs remains an open question
(Bogdanovic¢ et al. 2008; Shen & Loeb 2010; Montuori et al.
2011; Giiltekin & Miller 2012). Spectroscopic observations can
potentially reveal the presence of small-separation SMBBHs
through the presence of double-peaked emission lines (e.g.
Dotti et al. 2009; Bogdanovié et al. 2009; Boroson & Lauer
2009) or through a change in the broad line velocities over
time (Eracleous et al. 2012), although the displacement of the
lines could also be attributed to unusual structures in the broad
line region (BLR). With the advent of recent time-domain
surveys, candidates have also been proposed from the observed
periodicity in some quasar light curves (Graham et al. 2015;
Liuetal. 2016; Charisi et al. 2016; Chen et al. 2020, 2022b;
O’Neill et al. 2022). With this technique, Jiang et al. (2022)
reported a rapidly decaying signal in optical and X-ray light
curves, interpreted as the imminent merger of a secondary black
hole on a highly eccentric orbit. However, this interpretation is
called into question by the recent spectroscopic observations
of Dotti et al. (2022), which rather favour the possibility of
a precessing accretion disk to explain the periodicity seen in
the optical light curves. This debate illustrates the difficulty of
unambiguously identifying the signature of a SMBBH through
spectroscopy or spatially unresolved light curves.

In this work we exploit gravitational microlensing to zoom
in onto the inner structure of the z; = 1.29 strongly lensed quasar
QJ0158-4325 (Morgan et al. 1999). This allows us to reveal the
presence of a sub-structure in the accretion disk far beyond the
resolving power of any other imaging techniques. We interpret
this sub-structure as a new candidate SMBBH, with a separation
of the order of a milliparsec.

Microlensing is a phenomenon that can occur in strongly
lensed quasars when a star from the lens galaxy approaches
one of the multiple images of the quasar. In addition to the
gravitational lensing effect produced by the entire galaxy, the
star itself acts as a gravitational lens, also producing a split-
ting of the quasar’s image. The typical image separation pro-
duced by a microlens is of the order of a micro-arcsecond
and is thus far too small to be resolved. However, the lensing
micro-(de)magnification produced by the star can be detected.
As the star passes in front of one of the quasar images, it mod-
ulates its magnification, hence producing ‘extrinsic’ variations
on top of the ‘intrinsic’ stochastic variations of the quasar. The
first detection of extrinsic variability attributed to microlens-
ing is reported in Irwinetal. (1989) in the Einstein Cross
(Q 2237+0305). This signal is now commonly seen in the light
curves of strongly lensed quasars and is a nuisance for time-
delay measurements (e.g. Poindexter et al. 2007; Tewes et al.
2013; Millon et al. 2020a).

It is a remarkable coincidence that the Einstein radii of the
stars acting as microlenses are typically slightly smaller than or
are similar to the characteristic angular size of accretion disks
(Mosquera & Kochanek 2011). This has an extremely impor-
tant consequence: as the alignment between the quasar, the star,
and the observer slowly changes over time, different regions of
the disk are magnified, hence offering the possibility to scan
the structure of the accretion disk on nano-arcsecond scales.
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Microlensing is therefore a unique tool for probing the inner par-
sec near the central black hole. This method is also highly sen-
sitive to additional structures in the accretion disk, for example
mini-disks around a binary companion (Yan et al. 2014).

The COSmological MOnitoring of GRAvltational
Lenses (COSMOGRAIL) programme (Courbin etal. 2005;
Millon et al. 2020a) provides the largest dataset to date in which
to search for such microlensing events. It consists of a sample
of ~30 strongly lensed quasar light curves with measured time
delays. Once the time delays are measured, the microlensing
signal can easily be isolated by shifting the curves by their time
delays and subtracting them pair-wise. The resulting difference
light curves are therefore free of the intrinsic variability of the
quasar and contain only the extrinsic microlensing variations.
Most of the COSMOGRAIL systems have been observed for
more than 10yr, thus offering a long enough baseline to detect
microlensing signatures. Slow microlensing variations (i.e. on a
timescale of years) are observed in most of the lensed systems
and are often used to set constraints on the accretion disk
size (see e.g. Morgan et al. 2018; Cornachione et al. 2020, for
recent measurements) or on the temperature profile of the disk
(Eigenbrod et al. 2008; Goicoechea et al. 2020).

However, several studies have reported that the microlensing
signal is in fact much more complex than just a slow modula-
tion of the image magnification (Schild 1996; Hjorth et al. 2002;
Burud et al. 2002; Schechter et al. 2003; Millon et al. 2020b). It
also contains high-frequency variations (on a timescale of weeks
to months) that are too fast to be attributed to stars passing in
front of one of the quasar images, unless the stars in the lens
galaxy move at relativistic speeds. The fast variations have been
tentatively attributed to microlensing by a population of planet-
mass microlenses (Schild 1996), variations in the accretion
disk size over time (Blackburne & Kochanek 2010), inhomo-
geneities in the accretion disk (Gould & Miralda-Escudé 1997;
Schechter et al. 2003; Dexter & Agol 2011), or broad absorption
clouds shadowing the quasar (Wyithe & Loeb 2002). Works by
Sluse & Tewes (2014) and Paic et al. (2022) also propose that a
differential magnification of the reverberated flux by the BLR
could produce extrinsic variations on the same timescale as the
intrinsic variations of the quasar.

In the case of Q J0158—-4325, the fast microlensing varia-
tions appear to be periodic, which is not observed in any other
lensed system monitored by COSMOGRAIL. This periodic sig-
nal is visible over the period 2003-2010, which coincides with
the period where the microlensing magnification of image B is
maximal. In this work we aim to qualitatively explain the ori-
gin of this periodicity. This paper is organised as follows: In
Sect. 2 we describe the observational data used in this analysis
and how the microlensing signal is extracted. Section 3 presents
the measurement of the period and amplitude of the periodic sig-
nal detected in the difference curve of Q JO158—-4325 with a sim-
ple analytical model. Section 4 tests different hypotheses regard-
ing the origin of this periodicity. Finally, we conclude with a
discussion of our results in Sect. 5. Throughout this paper we
convert the angular size into physical size, assuming flat A cold
dark matter (CDM) cosmology with Q,, = 0.3, Q, = 0.7, and
Hy = 70kms~'Mpc~.

2. Observational data
2.1. Data reduction

We use the R-band light curves of the doubly lensed quasar
Q JO158-4325 obtained from 13years of monitoring at



M. Millon et al.: Periodicity in quasar microlensing light curves

= B
.

Fig. 1. HST image of doubly imaged quasar Q JO158-4325 in the
F814W filter (programme ID 9267; PI: Beckwith).

the Leonhard Euler 1.2m Swiss Telescope (hereafter Euler)
in La Silla, Chile, in the context of the COSMOGRAIL
programme. Figure 1 shows the lensing configuration of
Q JO158-4325, as observed by the Hubble Space Telescope
(HST). The reduction and deconvolution of the Euler images are
described in detail in Millon et al. (2020a) and are based on the
MCS deconvolution algorithm (Magain et al. 1998). This proce-
dure allows us to precisely extract the flux at the position of the
multiple images while removing the contamination from the lens
galaxy. The Euler data cover the period August 2005—-February
2018, with 527 epochs. Compared to the data presented in pre-
vious publications, the light curves are now calibrated using the
star located ~2” to the east-south-east of the lens, labelled N1
in Fig. A.1 of Millon et al. (2020a). We used the Dark Energy
Survey (DES) Data Release 2 photometry (Abbott et al. 2021) of
this star in the R band to compute the zero point of the instrument
and calibrate the light curves. We note that this absolute calibra-
tion is only approximate due to a possible mismatch between the
DES r filter and the RG (‘Rouge Geneve’) filter used for these
observations. This does not affect the present work.

In addition, we complement our dataset with 252 epochs
taken between August 2003 and December 2010 at the SMARTS
1.3 m telescope with the ANDICAM optical and infrared cam-
era, published in Morgan et al. (2012). Since these data overlap
with the Euler monitoring campaign, we merge all datasets into
a single light curve after fitting a flux and magnitude correc-
tion to compensate for the slight photometric offsets mainly due
to the differences in the filters and detector responses. This is
performed with the curve-shifting package PyCS3? (Tewes et al.
2013; Millon et al. 2020c), which we use to fit a spline model
on each image’s SMARTS light curve. We then minimise the
difference between the spline-interpolated light curves and the
Euler data by applying a magnitude shift, followed by a shift in
flux. Including both the Euler and SMARTS data, we obtain an

2 https://gitlab.com/cosmograil/PyCS3

interrupted light curve between August 2003 and February 2018
totalling 779 epochs’.

2.2. Microlensing curve

The time delay between image A and image B of Q JO158-4325
has been measured to be Afag = 22.7 + 3.6 days from the Euler
and SMARTS monitoring data, with image A leading image B
(Millon et al. 2020a). The microlensing signal can be extracted
by shifting the curves by the estimated time delay and subtract-
ing them. In doing this, we use a Gaussian process regression to
interpolate between the data points before performing the sub-
traction. The resulting difference curve is shown in the second
panel of Fig. 2. We refer to this curve as the ‘microlensing curve’
in the rest of this paper, but we note that it contains all extrin-
sic variations from both images not related to the quasar intrin-
sic variations. We do not interpolate over season gaps since the
Gaussian process regression is poorly constrained in these parts
of the light curves. Thus, the seasons of the microlensing curve
are 22.7 days shorter than the visibility season. The photometric
uncertainties of the microlensing curve are computed by adding
in quadrature the photometric uncertainties of image B and the
uncertainties of the Gaussian process model fitted onto image A.
The uncertainty in the time delay does not significantly impact
our microlensing curve as a shift of the time delay by 3.6 days in
either direction only introduces an additional error of the order
of 3 mmag, that is, ~7 times smaller than the average photomet-
ric uncertainty of the Euler difference light curve. We therefore
neglect this additional source of uncertainty.

The dotted horizontal line on the second panel of Fig. 2 indi-
cates the expected magnitude difference from the macro-models
of Morgan et al. (2008), Ap = 0.87 mag. The microlensing curve
shows a slow decrease between 2005 and 2018, with image B
initially ~0.55 mag brighter than predicted by the macro-models
published by Morgan et al. (2008). The brightness of image A
increases slightly while that of image B decreases more con-
sistently over the same period. In this particular case, it seems
that the microlensing variation is dominant in image B, espe-
cially in the first half of the monitoring campaign. This sce-
nario is supported by the spectra of Q J0158—-4325 obtained in
2006 (Faure et al. 2009), which reveal an unusually low contrast
between the continuum and the broad lines in image B, which is
best interpreted as strong microlensing in that image. For these
reasons, we assume in the rest of the paper that the microlensing
activity was dominant in image B, whereas image A mostly con-
tains the intrinsic signal of the quasar. By removing the intrinsic
variations visible in image A, we assume that we obtain clean
observations of the extrinsic microlensing activity happening in
image B.

It is remarkable to observe periodic variations in the first part
of the microlensing curve, between 2003 and 2011, also cor-
responding to a period when image B is highly magnified by
microlensing. Over this period, the microlensing magnification
varies by about 0.7 mag with modulations of ~0.2 mag (peak-
to-peak) with a period of ~170days in the observer frame. The
period is significantly smaller than 6 months, which rules out
the possibility of a seasonal effect. Moreover, the amplitude of
the periodic signal is maximal when the microlensing magnifi-
cation is also maximal, reaching, for example, 0.26 + 0.02 mag
during the season 2005-2006. This corresponds to a modulation

3 Our data are publicly available from the COSMOGRAIL database:
https://obswww.unige.ch/~millon/d3cs/COSMOGRAIL_
public/
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Fig. 2. R-band light curve of the lensed quasar Q J0158—4325. The light curves combine the data obtained at Euler (2005-2018; Millon et al.
2020a) and SMARTS (2003-2010, Morgan et al. 2012). Top panel: the solid blue and orange lines correspond to the Gaussian process regression
used to interpolate the data, along with their uncertainties (shaded envelope). Second panel: difterence light curve between image B and image A,
shifted by the time delay. We interpolate between the data points using the Gaussian process regression shown in the fop panel. The horizontal
dashed line shows the expected flux ratio, in the absence of microlensing, computed from the macro lens model. Third and fourth panels: residuals

of the Gaussian process regression.

of the flux of image B by 26%. The periodicity then disappears
after 2011, when image B likely becomes de-magnified. Over
the 15 yr of our monitoring, the microlensing magnification has
changed by 1.22 mag, making Q J0158—-4325 one of the most
microlensing-affected systems of the COSMOGRAIL sample.

3. Period measurement
3.1. Empirical model definition

We considered a simple model to represent the periodic varia-
tions seen in the microlensing curve over the period 2005-2010,
which become largely attenuated over the period 2010-2012.
Here, we fit the observed flux ratio between the two images of
the quasar, F, ,(#), rather than the magnitude difference:

F
Fuolt) = Fig; (1

We include a smooth model S () for the long-term variation
in the microlensing as well as the zero-point flux ratio, described
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as a third-order polynomial:

S = (131‘3 + (12t2 + ait + aop, 2)
which is sufficient to represent the long-term change of the
flux ratio over the period 2005-2012. Our model considers that
the amplitude of the periodic signal is linearly related to the
microlensing amplitude:

Fum=(A-S1)+C)-sin (i—ﬂt + ¢) +5(), 3)

where F,, is the modelled flux ratio, A and C are free scaling
parameters, P, is the period in the observed frame and ¢ is the
phase.

We perform a Bayesian fit with the likelihood defined as

15 (((Fouo(ts) = Fum(1))?
nL=-3 Z( £ . : + ln(s,-z)), “)

i=1 i
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Table 1. Best-fit reduced x> and median values of the main model parameters for the Euler, SMARTS, and joined Euler+SMARTS datasets.

Dataset sze d A T [days] 1) C 9 Time span
SMARTS 4.55 0.07j§;§§ 175.83%% 2.41t§1§ —0.018j§:§% 0.018f§:§§i 2005-2012
Euler 6.46 011757 1725775 232752 —0.030755g 0.0197(5  2005-2012
Euler+SMARTS 626  0.07*007 173.85'0%0  2.49*>16  —0.018*0007  0.020*0001  2005-2012
Notes. Reported uncertainties correspond to the 16th and 84th percentiles of the posterior distributions.
2006 2007 2008 2009 2010 2011 2012
0.8
[Euler4d/B-A]
0.7
Eo.ﬁ
S
2 0.
=04
0.3
= —0.05
S 0007
& 0.051

54500

55000 55500 56000

HJD - 2400000.5 [day]

Fig. 3. Flux ratio Fg/Fa as observed by the Euler telescope over the period 2005-2012. The solid red line shows our best-fit model. The dashed
black line shows the smooth polynomial model representing the slow microlensing variations.

where si2 = 0'1.2 +62, 0, is the individual epoch photometric uncer-

tainty, and ¢ is the global intrinsic scatter. We add the intrinsic
scatter ¢ as a free parameter to account for possibly underesti-
mated photometric uncertainties, or additional complexity in the
data not captured by this simple model.

Following Bayes’ theorem, we used the posterior distribution
of the free parameters, w,

&)

We chose uninformative flat priors; A € [0,5], P, €
[0,300]days, ¢ € [0,27), C € [-1,1], 6 € [0,1] and
ap,ap,az,az € [—1,1]. We restrict our analysis to the period
2005-2012 where the periodic variations are the most prominent
and clearly seen above the noise level. We leave the interpreta-
tion of the complex microlensing signal over the period 2003—
2005 for the discussion in Sect. 5.

P(wldguier, dsmarts) < L(dEuier, AsmarTsw) P(w).

3.2. Results

The posterior distributions are sampled using the nested sam-
pling python package DYNESTY (Speagle 2020). The median as
well as the 16th and 84th percentiles of the marginalised pos-
terior distributions are quoted in Table 1 for the SMARTS, the
Euler and the joined SMARTS-Euler dataset. Here, the reported
XrZe 4 only include the photometric uncertainties. The derived
periods from the three datasets are compatible within 20-. Our

most precise estimation is from the Euler dataset with P, =

172.6:’8:?) days. The best-fit to the SMARTS data has a signif-

icantly smaller )(fe 4 but mostly because of larger photometric
uncertainties. This results in a degraded precision on the derived
period when adding this dataset. For this reason, we restrict our
analysis to the Euler data only for the rest of this paper. The
best-fit on the Euler dataset is shown in Fig. 3.

The szed of the fit is significantly above 1 for all three
datasets, indicating that our single sinusoid, whose amplitude is
linearly related to the microlensing magnification, is not suffi-
cient to capture the full complexity of the signal. This is also
reflected in the intrinsic scatter, which is significantly larger
than 0. We experimented with higher-order corrections of the
amplitude of the sinusoid without obtaining a significantly better
fit. We thus decided to keep our model as simple as possible but
this might be an indication that more complex phenomena, such
as the differential reverberation proposed by Paic et al. (2022),
are happening.

3.3. Lomb-Scargle periodogram

A standard technique for the spectral analysis of unevenly
spaced time series is the Lomb-Scargle periodogram (Lomb
1976; Scargle 1982). Here, we used the PyAstronomy”
(Czesla et al. 2019) implementation of the generalised Lomb-
Scargle (GLS) periodogram (see Zechmeister & Kiirster 2009),

4 https://github.com/sczesla/PyAstronomy
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Fig. 4. Generalised Lomb-Scargle periodogram of the flux ratio
observed by the Euler telescope over the period 2005-2011. The data
were corrected from the long-term microlensing trend before computing
the periodogram. The vertical green line indicates the peak frequency.

which accounts for offsets and variable uncertainties across the
data points. We first corrected our data from the best-fit poly-
nomial found in the previous section in order to remove the
long-term microlensing trend. We then applied the GLS algo-
rithm to the corrected data, with frequencies ranging from 207!
to 1000~! days~!. The resulting periodogram on the Euler dataset
is displayed in Fig. 4, which shows a clear peak at a period of
about 171 days as well as smaller harmonic peaks at about 342
and 684 days. The same three peaks are also clearly detected on
the SMARTS and the joined Euler-SMARTS datasets.

Red-noise like variability observed in active galactic nuclei
has been shown to potentially produce spurious periodic sig-
nals, if only a few cycles are observed (Vaughan et al. 2016).
In the present case, we stress that we observe more than ten
cycles between 2005 and 2011. Moreover, the periodic signal
is not obvious in the direct emission but is unveiled only in the
microlensing light curve, where the intrinsic variations of the
quasars are expected to be cancelled. We therefore do not expect
the microlensing light curve to be affected by the red noise vari-
ability of the quasar. However, Sluse & Tewes (2014) have pro-
posed a mechanism where the stochastic variability of the quasar
could be echoed in the microlensing curve if a significant frac-
tion of the R-band flux is emitted from a region unaffected by
microlensing. We show in Appendix A that this mechanism is
not sufficient to reproduce the large amplitude of the extrinsic
variations seen in the microlensing light curve. We still used
this physically motivated model to generate 5000 simulated light
curves from a damped random walk (DRW) and compute the
microlensing curve for each of them, using the same differential
microlensing model as presented in Paic et al. (2022). The simu-
lated light curves have the same sampling and photometric noise
as the real data (see Appendix A for the details of this test).

Only 0.6% of the curves produces a peak in the GLS peri-
odogram with more power than observed in the Euler data over
the period 2005-2011. We conclude that this differential rever-
beration model is unable to reproduce the periodicity observed
in the first part of our observations at 3.7¢0 significance level.
Although it might still explain the small amplitude flickering
seen in the second part of our observations and in other systems
of the COSMOGRAIL sample, we conclude that it is improbable
that the observed periodicity arises by chance from the differen-
tial reverberation model proposed by Sluse & Tewes (2014) and
Paic et al. (2022).
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4. Origin of the periodic signal

We propose four hypotheses to explain the periodicity observed
in the extrinsic variability of image B.

Hypothesis 1: The microlensing magnification is modulated
by a secondary star (or a planet) in the lens plane. The microlens-
ing event seen in image B is in fact produced by a pair of
microlenses.

Hypothesis 2: Q J0158—-4325 is a binary black hole, with
two SMBHs in their final stage before merging. The motion of
the accretion disk around the centre of mass of the system in the
source plane is at the origin of the observed signal.

Hypothesis 3: The accretion disk contains an inhomogene-
ity in Keplerian motion around the central SMBH, which is
approaching the micro-caustic periodically.

Hypothesis 4: The inner part of the accretion disk is in
precession. This precession could be due to the Bardeen-
Peterson effect (Bardeen & Petterson 1975) or because the disk
is eccentric, which implies that the pericentre of elliptical orbits
advances at each revolution in a Schwarzschild potential.

Each of these scenarios is detailed in the following sub-
sections, where we propose simple toy models to evaluate if
these hypotheses could reproduce the same amplitude and period
of the microlensing signal. We assume that the light intensity
profile of the quasar’s accretion disk is represented by a non-
relativistic thin-disk profile (Shakura & Sunyaev 1973) such that

Ip(R) ¢ — 6
VR @Ry —1 ©
where

R\ R -1/4
é—‘(R)=(ITO) (1— 7] : @

In this last equation, R;, corresponds to the radius of inner
edge of the accretion disk and Ry is the scale radius, which can
be estimated from the black hole mass, Mgy:

4/3 2/3 13
Ry = 9.7 x 1015 em [ M L
pwm 10°M, nLg

where A is the observed wavelength in the quasar rest frame,
Lg is the Eddington luminosity and 7 is the accretion efficiency.
Assuming a typical Eddington ratio L/Lg = 1/3, accretion effi-
ciency of 10% (n = 0.1), and a black hole mass of Mgy =
1.6 x 108 M, based on Mg II line width measurement (~0.35 dex
uncertainties, Peng et al. 2006), we derive a characteristic scale
of the accretion disk of Ry = 7.9 x 10" cm at 650nm in the
observer frame, corresponding to A, = 650 nm/(1+z;) = 284 nm
in the quasar rest frame. This corresponds to 0.3 light-days. Ry is
related to the half light radius of the profile through the simple
relation Ry » = 2.44Ry. Finally, we fixed

®

Rin = 6r, 25 (9)
where ry = GMgy/c* is the gravitational radius. Rj, corre-
sponds the size of the innermost stable circular orbit (ISCO)
for a Schwarzschild black hole. We adopted a fiducial macro
lens model from Morgan et al. (2008) for a stellar mass fraction
S =09 (k = 0.72, y = 1.03, ki /x = 0.92 for image B). For
the population of microlenses used in Sect. 4.3, we made simi-
lar assumptions to those by Paic et al. (2022), that is, a Salpeter
initial mass function with mean stellar mass (M) = 0.3 M,
and a mass ratio of 100 between the heaviest and the lightest
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Fig. 5. Simulation of the microlensing effect produced by a binary star. Left panel: source plane micro-caustics (black) created by a pair of stars
located at the position of image B in the lens plane. The green and orange triangles show the stars’ locations, which are separated by 200 AU. The
inset panel zooms in onto the position of the accretion disk. The light (dark) blue circle corresponds to the accretion disk size Ry (size of the ISCO,
Risco)- Right panel: magnitude change of image B due to the periodic motion of the microlenses. An animated version of this figure is available

online.

microlenses. The mean Einstein radius Rg of the microlenses,
projected into the source plane, is defined as

4G(M) Dy
C2 D[Ds ’

Rg = D, X (10)

where Dy, D;, and Dy, are the angular diameter distances to
the source, to the lens and between the lens and the source.
For (M) = 0.3 My, the Einstein radius is Rg = 3.4 x 10'cm
(13.1 light-days). We note that the size of the accretion disk
is smaller than the typical Einstein radius of the microlenses
(Ro/Rg = 0.023), which makes this system likely to be affected
by large microlensing variations.

4.1. Binary microlenses

In this first scenario, we assume that the periodic variations orig-
inate from a stellar binary (or a planetary system) in the lens
plane. We aim at estimating the amplitude of the microlensing
modulations that such a binary system would produce. First, we
fixed the orbital period of the binary system in the lens plane to

)

where P, is the measured period in the observer frame and z; =
0.317 is the lens redshift. For the measured P, = 172.6days,
this gives P; = 262.1 days. The factor of 2 introduced in Eq. (11)
comes from the fact that a binary system produces a modulation
of the microlensing signal at half the orbital period. By fixing the
period and the masses of the two binary stars, the semi-major
axis is imposed through Kepler’s second law. Additionally, we
assume that the orbital motion is circular and perpendicular to
the plane of the sky.

Second, we use the lens modelling software 1enstronomy
(Birrer et al. 2021) to generate the microlensed images of the
accretion disk. Our lens model is composed of two point masses
(representing the stars) plus external convergence and shear
(k = 0.72, v = 1.03) corresponding to the value of our fidu-
cial macro lens model at the position of image B. We note that,

Py =2Py/(1 +2z),

since image B is a saddle point, the caustic produced by the pair
of stars is split in two, as can be seen on the left panel of Fig. 5
(see e.g. Schechter & Wambsganss 2002, for a discussion of the
properties of microlensing caustics near a macro saddle point).

We assume a thin-disk profile (Eq. (6)) located at a distance
d = 0.5R( from the fold of the caustics in the source plane.
We let the system evolve for one full period and compute the
total flux of image B at each time step. We compute A,,, the
maximum peak-to-peak amplitude (in magnitude) of the peri-
odic microlensing signal. It corresponds to the maximal change
of microlensing magnification due to the orbital motion of the
two stars acting as microlenses.

The choice of d = 0.5Ry maximises the amplitude of the
periodic signal for a pair of 1 M stars. This optimal distance
slightly varies with the mass of the microlenses but we fix it to
d = 0.5R, for all microlenses’ masses since it does not change
A,, by more than a factor of 10. Similarly, we chose a location
near the caustic’s fold that maximises the signal but other choices
(e.g. positioning the disk near the caustic’s cusp) reduces the
amplitude by no more than a factor of 10.

Keeping the same source position relative to the caustic, we
repeat the experiment for a pair of compact bodies (stars or plan-
ets) with a mass M, ; and M, > in the range 107°~10? M. The
amplitude of the microlensing signal A, produced by such a
binary system is shown on the left panel of Fig. 6. We recall
that the observed A,, for Q J0158-4325 is ~0.2 mag. Even an
extremely massive pair of 100 M, stars would not be able to
produce a periodic modulation of more than 107> mag, that is,
4 orders of magnitude smaller than the observed signal.

The right panel of Fig. 6 shows A,, as a function of the orbit-
ing radius r, of the binary system and its total mass M, o =
M, 1+ M, ,, with M, ; = M, ,. In this case, the orbital period is
not forced to match the observed one.

In this last example, we are able to reproduce the observed
amplitude but not the correct period. This is highlighted in Fig. 5
for a pair of 1 Mg stars. The modulation of the microlensing
amplitude can reach 0.1 mag but only when the two stars are
separated by 200 astronomical units (AU). This corresponds to
a much longer period of 2000 yr. It is therefore not possible to
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Fig. 6. Maximal amplitude of the periodic signal, A,,, for a pair of stars of mass M, ; and M, , (left panel). The period is fixed to the observed
P, = 262 days, which imposes the separation between the two stars. The right panel shows the maximal amplitude of the periodic signal, A,,, as a
function of the total mass of the binary system, M, ,, and the radius of the orbit, r,. In this case, the orbital period is not fixed and is indicated by

the black contours.

reproduce both the period and amplitude of the observed sig-
nal. Even when choosing an ideal source position relative to the
micro-caustic and extremely massive microlenses the observed
signal is at least 4 orders of magnitude larger than our simula-
tions. Moreover, we took a conservatively small value for the
accretion disk size, which might in fact be several times larger
than predicted by the thin-disk theory (see e.g. Pooley et al.
2007; Morgan et al. 2010; Cornachione & Morgan 2020, or an
overview of this issue). A larger disk would further reduce the
amplitude of the microlensing signal. It is therefore extremely
unlikely that the periodicity observed in the microlensing curve
of Q JO158-4325 originates from binary microlenses in the lens
plane.

4.2. Supermassive binary black hole

We explore the possibility that the modulation of the microlens-
ing signal originates from a system composed of two gravita-
tionally bound SMBHs. The orbital period in the source plane is
Py = P,/(1+z5) = 75.4 days. We repeat the experiment presented
in Sect. 4.1, but with a single 1 M, star acting as a microlens in
the lens plane. This time, the periodic motion is generated by
displacing the centre of the thin-disk profile in the source plane
around the centre of mass of the binary system.

Similarly to Sect. 4.1, we position the centre of mass of the
system at a distance d = 0.5R; from the fold of the micro-
caustic to maximise the microlensing amplitude. However, we
do not associate any light emission with the secondary black
hole; the modulation of the light profile occurs only because the
primary black hole and its accretion disk orbit around the sys-
tem’s centre of mass. Here, we neglect the possibility that the
secondary black hole may also have its own accretion disk, or
that complex structures such as circumbinary disks and mini-
disks may arise from the gravitational interaction of the two sys-
tems (see also Sects. 4.3 and 5 for a more detailed discussion
of this issue). Several numerical simulations (e.g. Cuadra et al.
2009; D’Orazio et al. 2013; Bowen et al. 2018) predict the for-
mation of a gap between the circumbinary disk and the two spi-
ralling black holes in the centre but the implementation of these
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Fig. 7. Maximum amplitude of the periodic signal, A,,, as a function
of the secondary black hole mass, M,. The primary black hole mass is
fixed to our fiducial black hole mass estimate, Mgy = 1.6 x 10% M.

profiles is left for future work. Our simple representation is in
fact sufficient to reproduce the main features of the microlens-
ing curve, namely the period and the amplitude. Figure 7 shows
the maximal peak-to-peak amplitude A,, for a secondary black
hole’s mass in the range 103—108 M, with the orbital period kept
fixed to Py, and the mass of the main black hole M, fixed to the
fiducial black hole mass of 1.6 x 103M,,.

The observed microlensing amplitude is reproduced for a
binary companion mass of M, ~ 107 M. This value should
rather be considered as a lower limit for M, than a proper mea-
surement because we chose an optimal location of the system
relative to the micro-caustic and a conservatively small accretion
disk size. By changing some of the arbitrarily fixed parameters
in the model (such as the mass of the star acting as a microlens
or the distance from the caustic), one can easily accommodate
bigger masses for the secondary black hole.
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Solely based on our simulations, the hypothesis of a binary
SMBH is plausible and reproduces well the observed microlens-
ing curve. If we consider that the accretion disk might move
away from the caustic due to the relative motion of the source,
the star in the lens galaxy, the lens galaxy itself and the observer,
the microlensing magnification would be gradually reduced, and
the damping of the signal is easily reproduced.

However, such binary systems are thought to be rare because
of the rapid decay of their orbit due to GW emission. Neglect-
ing the dynamical friction and considering that the system loses
energy only through GW emission, the two black holes will
eventually merge on a coalescence timescale that depends on the
initial eccentricity and semi-major axis of the orbit. Assuming
M; =1.6x10% My, My = M, /10, and a circular orbit, we obtain
an orbiting radius of » = 9.8 x 10™* pc from the observed period
of 75.4 days in the source frame. The coalescence time of such a
close binary system reads (Peters 1964)

a*c

5
11 = —
<l = 256 G3M Ma(M, + M)

12)

and is thus estimated to be f.m ~ 103 yr. This timescale is
extremely small compared to the age of the quasar at redshift
zs = 1.29, which is about 4 yr if the quasar was formed around
redshift 7. The probability of observing this system in the last
~1000 yr before merging is approximately 2.6 x 1077 . If we con-
sider that the black hole could have encountered several merger
events during its lifetime, this probability can be increased by a
factor of a few but remains very small. Merger rates of SMBBHs
are yet to be constrained by observations and depend on the exis-
tence of primordial black holes (Auclair et al. 2022, see also
Erickcek et al. 2006 for an estimation of SMBH merger rates
observable with the Laser Interferometer Space Antenna).

Nevertheless, it is quite surprising, given the ~30 lensed
quasars of the COSMOGRAIL sample, that we observe such
a system. However, if the mass of the black hole turns out to
be overestimated by a factor of 10, which is possible given that
black hole mass estimates based on broad line-width measure-
ments are notoriously uncertain, the coalescence time would be
much larger. Uncertainties on the black hole mass are typically
of the order of 0.3-0.4 dex from the intrinsic scatter of the virial
relationships (e.g. Peterson et al. 2004; Mejia-Restrepo et al.
2016) but several biases may affect the measurements, especially
if the black hole is a binary. If the mass of the primary black hole
is rather of the order of M, = 1.6 x 10’ M, the same mass ratio
would also reproduce both the amplitude and period of the sig-
nal. In this case, we find a larger coalescence time of 5 X 104 VI,
under the same assumptions. The probability of observing this
system would still be small (of the order of 107) and reaches
3 x 1074, if we consider the 30 light curves of the COSMO-
GRAIL sample.

In summary, the scenario of a SMBBH is appealing to
explain the observed signal in the light curve but it hardly accom-
modates for the very short lifetime of these systems when the
decay of the orbit is dominated by GW emission. The probability
of observing this system in its final stage before merging is small
unless the black hole mass of Q J0158—4325 is largely overes-
timated, or if the merging is delayed by the gravitational inter-
action of a gaseous circumbinary disk (this issue is discussed in
more detail in Sect. 5). In this case, detecting such a signal would
be rare but not completely excluded.

Assuming that the emission closest to the larger black hole is
not disrupted by the merger process, a possible observational sig-
nature would be periodic Doppler shifts of the electromagnetic

emission. This would be observed at X-ray wavelengths, by mea-
suring the 6.4 keV Fe-Ka line shift. The Keplerian velocity of the
system is ~27 000 km s~! but for a mass ratio of q ~ 10, the line-
of-sight velocity of the primary black hole is up to 2700 kms~',
depending on the inclination angle. Line energy variations, both
intrinsic and extrinsic (Bhatiani et al. 2019), are typically larger
than the 5% level, making such a periodic spectroscopic detec-
tion difficult. For this reason, we cannot convincingly conclude
that the Fe-Ka line shift seen in the X-ray monitoring data
obtained for this system by Chartas et al. (2017) is due to a sec-
ondary black hole. Continued photometric monitoring at optical
wavelengths, however, should clearly reveal the periodic signal
during a microlensing event in either image, under the SMBBH
hypothesis.

4.3. Inhomogeneities in the accretion disk around the ISCO

In our third scenario, we explore the possibility of a small inho-
mogeneity in the accretion disk, differentially amplified due to
microlensing magnification of image B. In this case, the bright
‘hotspot’” may periodically approach a micro-caustic, hence
modulating the magnification of this region of the disk. To test
this scenario, we generate microlensing magnification maps by
inverse ray-shooting with the GPU-D software (Vernardos et al.
2014). The size of the maps is 20Rg X 20Rg.

First, we searched for trajectories in the magnification maps
that correspond to the long-term trend observed in the microlens-
ing curve. This is performed in a similar way to the Monte-Carlo
method presented in Kochanek (2004), except that we are not
aiming to measure the accretion disk size of the quasars, which
is degenerate with the total relative velocity between the quasar,
the microlenses and the observer. Here, we fix the accretion disk
size to its thin-disk predicted value, Ry = 7.9% 10 cm (0.3 light-
days). We generate 10° random trajectories through the magnifi-
cation maps assuming a total transverse velocity V, in the range
[0-2000] kms~'. We compute the flux ratios between image A
and image B along these trajectories, assuming that A is unaf-
fected by microlensing. We compare these simulations to obser-
vational data by taking the weighted mean of the observed flux
ratios in each season. The five best-fit trajectories are shown in
Fig. 8.

Several combinations of total transverse velocity and loca-
tion relative to the micro-caustics offer a good fit to the global
microlensing trend with a )(fe ¢ < 1. However, those trajectories
cannot reproduce the periodic features observed between 2005
and 2010. Therefore, we propose here a more detailed model of
the microlensing curve with an accretion disk including a hotspot
orbiting the central black hole. A Gaussian profile is added to a
standard thin-disk profile to represent the hotspot, with its width
fixed to 2 pixels full width half maximum. This corresponds to a
physical size of 1.7 x 10'*cm (0.07 light-days). The period, P,
the luminosity ratio Lraio = Ldisk/ Lotspot> the initial phase of the
orbit 6y and the accretion disk size Ry are left as free parame-
ters. The radius of the orbit is determined by the period and the
black hole mass, which is kept fixed to Mgy = 1.6 X 108 M.
To limit the number of free parameters, we assume that the
hotspot is on a perfectly circular orbit, perpendicular to the
plane of the sky in a face-on disk, but our results can be eas-
ily generalised to elliptical orbits and inclined accretion disks.
We adopted flat priors: P, € [0,300]days, Lo € [0, 10],
6y € [0,2nx], and log,,(Ro/cm) € [14,17]. We then computed
the flux ratio along the pre-defined trajectory and compare it
with the entire observed Euler light curve. We restrict our anal-
ysis to a smaller cutout of the magnification map, encompassing
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Fig. 8. Modelling of the long-term flux ratio variations from realistic microlensing simulations. Left panel: magnification map, convolved by a
thin-disk light profile with Ry = 7.9 x 10'*cm (0.3 light-days). The five best-fit trajectories are shown in colours. Right panel: observed flux
ratios Fg/Fa of the two lensed images. The observations are averaged by season in order to fit only the long-term variations, attributed to the
displacement of the quasar through the micro-caustic network. The five best-fit trajectories are shown as dashed lines. The horizontal dotted line
corresponds to the flux ratio expected from the macro lens model. The legend indicates the total transverse velocity, V, corresponding to the

selected trajectory as well as the associated reduced y? of the fit.

the best-fit trajectory, in order to keep the computational time
manageable.

We used the Python nested sampling package DYNESTY and
the auto-differentiation package JAX (Bradbury et al. 2018) for
the likelihood evaluation to make a Bayesian inference possible
in a reasonable time on a single GPU. Figure 9 shows the tra-
jectory in the magnification map, the microlensed accretion disk
profile, and the best-fit simulated light curve. The posterior dis-
tributions of the free parameters are shown in Fig. 10.

This model reproduces well the main features of the light
curve but the amplitude of the oscillations is not always matched.
Our goal is not to exactly reproduce the data as this would
require finding the ensemble of tracks that are compatible and
simultaneously account for the unknown complexity of the
source. Considering the various hypotheses to be tested and the
numerical complexity of such a fit, we do not attempt to per-
fectly model all the features seen in the microlensing curve.
Still, with this simple physical model, we recover a similar value
of the period (P, = 172.69t8:8§ days) as our purely empirical
model presented in Sect. 3. Interestingly, the luminosity ratio
between the main accretion disk and the hotspot is constrained
t0 Liatio = 4.8f8;§. Although Ry is left as a free parameter, we
have an implicit prior on the accretion disk size coming from the
pre-selected trajectory, chosen to fit the long-term trend of the
microlensing curve. We nevertheless recover a similar luminos-
ity ratio by selecting trajectories with 0.5R, and 2R, and repeat-
ing the experiment.

The black hole mass estimates from Peng et al. (2006) and
the observed period constrain the distance of the hotspot from the
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central black hole, which is localised relatively far from the cen-
tre (1207,). If we remove our assumption on the black hole mass,
we can compute the relation between the black hole mass and the
semi-major axis of the orbit for a fixed period of 75.4 days. This
is shown in Fig. 11.

We have not yet discussed what could be the emission mech-
anism at play in this hypothetical hotspot, producing around
20% of the total UV flux. A first explanation would be that
it is powered by accretion onto a secondary smaller black
hole, which would be similar to our second scenario. Alter-
natively, one can imagine that a compact region of the disk
is significantly hotter than the rest of the accretion disk. To
produce 20% of the UV flux, this hotspot would preferably
be located close to the ISCO, which would require the mass
of the black hole to be largely underestimated. Bringing the
hotspot to the ISCO would require an extremely large black
hole mass of the order of 10!°My. Although accretion disks
are thought to be inhomogeneous at some level, the model of
inhomogeneous accretion proposed by Dexter & Agol (2011)
rather produces small temperature fluctuations everywhere in the
disk rather than in one single, hot, UV-emitting region. Mod-
els predicting numerous small inhomogeneities in the accre-
tion disk would not produce the periodicity observed in the
data.

In addition, if the hotspot is powered by a mechanism other
than accretion and is not bound by gravity, we would expect
that the local inhomogeneity in the disk is rapidly disrupted by
Keplerian shear. This is a similar argument made by
Eracleous et al. (1995), who estimated that inhomogeneities
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would dissipate on a timescale of order
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where r is the radius of the orbit, Pk, is the Keplerian period and
h is the radial extent of the inhomogeneity. Considering that the
inhomogeneity is approximately the size of the local height of the
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Fig. 11. Black hole mass as a function of the semi-major axis of the
hotspot’s orbit. The orbital period is fixed to the observed one, P, =
75.4 days. Peng et al. (2006) estimates of the black hole mass imply
that the emission region of the disk at the origin of the periodic signal
is located at around 120r, from the central black hole. The vertical blue
line indicates the ISCO for a Schwarzschild black hole.

disk we obtain (Veilleux & Zheng 1991; Eracleous et al. 1995)

-1/2
e

where T is the local temperature of the disk. This means that a
hotspot localised at ~120 gravitational radii from a central black
hole of Mgy = 1.6 x 108 M, will dissipate in about 13 yr because
of Keplerian shear. This timescale is indeed longer than our
observational baseline. The fact that such an extremely bright
hotspot has appeared exactly during the high magnification event
of image B would imply that they are much more common than
expected. This is at odds with the observations of other lensed
quasar microlensing events. The last possibility is that the same

Mgy r ( T
105M, )\ 1007, ) \ 105k

Tshear ~ 7 ( (14)
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region of the disk is constantly heated, regenerating the hotspot
on a timescale smaller than Tgpe,r. To our knowledge, no such
mechanism is capable of producing one-fifth of the quasar lumi-
nosity on a single small region of the disk. In the same vein,
obscuring a part of the disk (as proposed by e.g. Wyithe & Loeb
2002) could introduce the observed periodicity but to match
the amplitude it would require masking one quarter of the total
quasar luminosity, and thus would also quickly be disrupted by
Keplerian shear.

Overall, accretion onto a secondary black hole seems the
most plausible, if not the only, mechanism capable of produc-
ing the required amount of UV flux, while keeping the emis-
sion region sufficiently small to be significantly amplified by
microlensing.

4.4. Precessing accretion disk

Eccentric accretion disk models were originally proposed to
account for asymmetric double-peaked emission lines seen in
quasar spectra (Eracleous et al. 1995; Strateva et al. 2003). Two
main mechanisms were put forward to explain their formation:
(1) a perturbation of the disk by tidal forces induced by a smaller
black hole and (2) elliptical accretion of the debris resulting from
the disruption of a star. In the case of Q J0158—-4325, the black
hole seems too massive to provoke a tidal disruption event. A star
approaching the black hole would be swallowed without being
disrupted (Rees 1988).

Regardless of the formation channel, eccentric disks precess
due to the advance of the orbit’s pericentre in a Schwarzschild
potential. The precession angle per revolution is given by

67TGMBH
cza(l — e2)’
where a is the semi-major axis of the orbit and e its eccentricity.

This implies a precession period of (e.g. Eracleous et al. 1995;
Storchi-Bergmann et al. 2003)

5/2
MBH r
Pirec ~ 3.29 :
prec (IOSM@)(IOOrg) "

where r is the pericentre distance of the orbit. Fixing Pp. to the
observed period in the source plane, P; = 75days, we obtain
from Eq.(16) an estimate of the orbit radius of the emitting
region in precession:

56 = (15)

(16)

Tprec ~ 277.

a7

Following the argument of Eracleousetal. (1995), the
timescale on which an orbit will circularise due to differential
precession can be estimated as

2 -1/2
MBH r T
circ ™ 2% 104 1+ (—) .
B (108MO)(100rg) d+olipg) ¥

If we assume a local temperature of the UV emission region of
~5000K, the circularisation timescale at Fprec iS Teire ~ 2600 yr.
This timescale is to be compared with the local viscous timescale
to determine if the disk can remain eccentric for a sufficiently
long time. The local viscous timescale is given by (Frank et al.
1992):

(18)

May 22 5/4
vise ~ 3150 @ #2510 : 19
Tise @-m 108M,) \100r,) " (19
where « 1is the viscosity parameter as defined by

Shakura & Sunyaev (1973), and 7z is the accretion rate in
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My-yr~!. Assuming a typical value for @ of 0.2 and a typical
accretion rate of 1 My-yr™!, the viscous timescale of the precess-
ing region can be roughly estimated to 7. ~ 4500 yr. The two
timescales are comparable, which indicates that the differential
precession plays an important role in the circularisation of the
disk. As discussed in Eracleous et al. (1995), only the outer part
of the disk ( > 1007,) could maintain a significant eccentricity.
This would, however, lead to a much longer precession period,
of the order of ~1000yr, hence impossible to detect. This
scenario seems therefore improbable unless the eccentricity has
developed recently or is maintained by tidal forces.

We finally propose that a detached disk is in precession; not
because of its eccentricity but because it would be subject to
Lense & Thirring (1918) differential torques if the disk is not
aligned with the black hole spin (Bardeen & Petterson 1975).
The disk might break into several rings, which precess at differ-
ent rates (Nixon & King 2012; Nealon et al. 2015). In this sce-
nario, the orientation of the disk relative to the line of sight might
change periodically, hence modulating the luminosity. Alterna-
tively, the detached disk might also shadow periodically the cen-
tral source. The precession period is given by

C3a3(1 _ 62)3/2

2
M (20)

Pir=mn

where y is the dimensionless black hole spin parameter. Assum-
ing no eccentricity, and black hole spin in the range y = 0.1-0.9,
we estimate the radius of the detached ring in the range 8—17r,
to match the observed period, assuming that the modulation of
the signal occurs at twice the precession frequency. This result
is difficult to accommodate with theoretical expectations, which
predict that the inner disk (r < 100r,) should align rapidly with
the black hole spin because of the differential Lense & Thirring
(1918) torques (see e.g. Natarajan & Pringle 1998; King et al.
2005; Nixon & King 2012, and references therein). However,
recent general-relativistic magnetohydrodynamic simulations by
Liska et al. (2021) have shown that the alignment radius might
be as small as 5-10 gravitational radii in the case of thin, highly
tilted disks around rapidly rotating black holes. Although it can-
not be completely excluded, this scenario of an accretion disk
in rapid precession would face a second difficulty; if a detached
disk is obscuring periodically the central source, it should also
leave an imprint in image A, which is not observed. We did not
detect any significant power in the Lomb-Scargle periodogram
of image A at this frequency. Even in the case of a strong micro-
magnification gradient across the accretion disk in image B, it
is difficult to imagine a configuration where a detached precess-
ing disk would absorb up to 20% of the flux of image B while
staying unnoticed in image A.

5. Discussion

Q J0158-4325 has now been monitored in the optical for 15 yr,
thus allowing us to obtain a robust measurement of the time
delay. Given the time delay, it is now obvious that image B
has encountered a high magnification event during the period
2003-2008, with a possible caustic crossing between 2003 and
2006. The quasar has moved away from the caustic and is now
de-magnified by microlensing. Over the period 2005-2018, the
long-term microlensing trend is typical of a system exiting a
micro-caustic and is well reproduced in our simulation (see
Fig. 8). It is however not clear why the microlensing amplitude
has a maximum in the middle of the season 2003, decreases
in 2004 and reaches a second maximum of similar amplitude
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in 2006. It is possible that this double peak is the signature of
double caustic crossing with the quasar entering and exiting the
caustic 2 yr apart. However, we could not find any trajectories
matching both the long-term trend over the period 2005-2018
and the double peak in 2003 and 2005 for a single disk size. We
speculate that a more complex source-size effect plays an impor-
tant role during the high magnification event between 2003 and
2005, and a simple thin disk model following a rectilinear trajec-
tory through the microlensing magnification pattern is not suffi-
cient to represent our data.

Thus, for the rest of the analysis, we focused only on
the Euler data, covering the period 2005-2018, which contain
another key feature of the microlensing curve; periodic oscil-
lations of the image flux ratio. These oscillations are detected
at a period of 172.6 days during the high magnification event.
The amplitude of this signal decreases concomitantly with the
microlensing magnification of image B. We note that this period
of 172.6 days also matches with the peak observed in the first
season in 2003, providing supporting evidence that this peak
has the same physical origin as the rest of the oscillations. This
feature in the first season of the SMARTS data corroborates
the hypothesis that the periodic signal originates from a sub-
structure (possibly a secondary black hole) orbiting the quasar.

The scenario of a binary black hole as the origin of this peri-
odicity is appealing as it naturally explains both the amplitude
and period of the signal, whether or not the secondary black
hole has its own accretion disk and associated UV emission.
Our simple model shows that the motion of the main accretion
disk in the source plane around the centre of mass of the sys-
tem would be sufficient to reproduce the observed signal with
a modest mass ratio (¢ < 10), commonly observed in numer-
ical simulations (e.g. Volonteri et al. 2003, 2009). Similarly, if
the secondary black hole has its own light emission and its
orbit moves it periodically into higher and lower magnification
regions of the microlensing map, only a modest luminosity ratio
of ~5 is required to fit our data. Assuming a rough scaling rela-
tion M o« L%7 (Woo & Utrry 2002), this leads to a mass ratio of
q ~ 3, similar to that expected from a companion causing oscilla-
tions of the primary disk. These numbers are derived under sim-
plifying assumptions: that the quasar disk is seen face-on and the
orbital motion is circular and perpendicular to the line of sight.
Including all the orbital degrees of freedom might be necessary
to fully explain the shape of the oscillation seen in the microlens-
ing light curve but this is left for future work. We also assumed
that the light profile of the quasar follows a simple thin-disk
model or a Gaussian profile. Including a more realistic light pro-
file of the interacting accretion disk might also better reproduce
the observed data. Finally, there is a possibility that the two black
holes have similar UV brightness. We did not fit the mass and
luminosity ratios at the same time because these two quantities
are degenerate and it did not allow us to obtain meaningful con-
straints. However, in this scenario, the microlensing light curve
is modulated at half the orbital period. This would only change
the orbital parameters marginally (r = 1.6x1073 pc) but leave the
rest of our conclusions unchanged. This last possibility would
qualitatively explain the second harmonic peak at 342 days seen
in the periodogram, although it could also be explained by the
amplitude of the signal decreasing over time, which would arti-
ficially create power at higher harmonics as well.

The main issue of the SMBBH scenario is the short lifetime
of these systems, due to the rapid decay of their orbit through
GW emission. This problem is in fact far from being insur-
mountable. Several simulations (Tang et al. 2017; Moody et al.
2019; Muiioz et al. 2019, 2020; Bortolas et al. 2021) have

demonstrated that, in some cases, the torques induced by cir-
cumbinary disks could counteract the GW-induced torques and
slow down the decay of the orbit (see e.g. Sect. 2.2.2.2 of
Amaro-Seoane et al. 2022, for a review of this issue). This mech-
anism could delay significantly the merger of the two black
holes, or even cause the two black holes to out-spiral. In this
case, close binaries separated by a few hundred 7, to a thousand
1 would be much more common.

Finally, we estimate the characteristic strain and frequency
of the GW that could be observed from this system and com-
pare with the sensitivity curves of current and future PTA exper-
iments. For simplicity, we treat the two images separately and
ignore interferences although these can be used to break the
mass-sheet degeneracy (Cremonese et al. 2021). This is enough
to get an order of magnitude of the characteristic strain. The GW
frequency, feow, corresponds to twice the observed frequency.
We assume the latter to match the orbital frequency, such that
Jow = 2/Py = 1.34 % 1077 Hz, which falls in the PTA band
[107°, 10751 Hz. We note that this corresponds to a wavelength
of Agw = 0.072pc, which is comparable to the Schwarzschild
radius of the lens galaxy, for which wave effects (Caligkan et al.
20225) and polarisation distortions (Dalang et al. 2022) can be at
play”.

We assume the total mass of the system to be fixed My, =
M, + M, = 1.6 - 103M,, and let the mass ratio g = M;/M, €
[1,10] such that M»(q) = Miot/(1+q) and M;(q) = q-M>(g). The
time evolution of the observed GW frequency for a binary sys-
tem in quasi-circular orbit that is slowly losing energy to GWs is
given by (see e.g. Maggiore 2007)

. 96 . (GM.(q)\"
it = 5 (D), an
where the ‘redshifted chirp mass’ is defined as
M M 3/5
M) =(1+2) (M (@)M2(q)] 22)

(Mi(q) + Ma(g))'/5

A PTA experiment is sensitive to a linear combination of the
plus and cross polarisations A(t) = F,h.(t) + Fxhy(t), where
the factors F, and Fx are combinations of trigonometric func-
tions that depend on the geometry of the pulsar array and satisfy
F.,Fyx € [-1,1] (Moore et al. 2015). The two independent and
magnified polarisations of a GW emitted by a binary system in
quasi-circular orbit, expressed in terms of observed quantities,
read (Maggiore 2007; Schneider et al. 1992)

1 2
hy(r) = Mﬂ(,(q)(%s(‘))cos[@m] (23)
hy (1) = ulAo(g) cos ¢ sin[D(7)], (24)

where cost = L - #i is the cosine of the angle between the orbital
plane L and the line of sight 1, u is the magnification of the
considered image, ®@(7) is the phase of the GW and A,(q) is the
amplitude of the unlensed GW at the observer, which reads

i B

Dy.(z5)

The luminosity distance at redshift z; = 1.29 can be computed
using a flat ACDM cosmology and we find Dy (z5) = 9.3 Gpc.

Ao(q) = (25)

5 Since the wavelength is of the order of the Schwarzschild radius of
the lens galaxy and therefore much larger than the Schwarzschild radius
of the microlens, we do not expect microlensing to affect the GW.
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Fig. 12. Adapted from Moore et al.
(2015). The approximate characteristic
strain of the GW signal is depicted by
the star at fy, ~ 1.34- 1077 [Hz], falling
in the PTA band [107°, 107%] [Hz], and
lying above the approximate sensitivity
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The (squared) characteristic strain is defined as (Moore et al.
2015)

(N1 = 472 R

For a binary in quasi-circular motion, the GW is nearly
monochromatic, such that the Fourier transform 7( f) of h(t) can
be computed using a saddle point approximation (Finn & Thorne
2000; Moore et al. 2015) and we find

(26)

+ Fycos(t)],

2
|l As(q) ( F. 1 + cos*(1) o7

h(f) = 72 >

where each term inside the brackets belongs to the interval
[—1, 1]. Therefore, we estimate the characteristic strain at fre-
quency fow and mass ratio g to be of order

2
he(fuow @) ~ \/fgf”“ | 2@
Fow

For image A with lensing macro-magnification py = 2.27, this
implies A.(fo, q) € [1.4X% 10713,2.5x10713] for ¢ € [1, 10], which
is above the approximate sensitivity curve of the Square Kilo-
metre Array (SKA) and below that of the European Pulsar Tim-
ing Array (EPTA). Here, we chose a low estimate of the lensing
magnification 4 from the models of Morgan et al. (2008) but
the lensing magnification could be up to five times larger if the
stellar mass fraction is rather of the order of fy/, = 0.3 instead
of 0.9. The exact details of the pulsar array will be needed to
estimate if the signal is observable with the SKA. This prevents
a more precise conclusion on the detectability of this GW sig-
nal. Figure 12 shows how the frequency and the characteristic
strain of the signal compare with estimated sensitivity curves of
the current and future PTA experiments.

(28)

6. Summary and conclusion

We report the first detection of periodic oscillations in the flux
ratios of multiple images of a lensed quasar. These oscillations
are visible in the microlensing curve of Q J0158-4325 over
the period 2003-2010, corresponding to a high magnification
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(IPTA). The detectability with SKA will
depend on the exact details of the pulsar
array.

102 10* 10°

event of image B. Their amplitude decreases as image B is less
and less magnified by microlensing. We measure from a simple
sinusoidal model a period of 172.6 + 0.9 days in the observer
frame, corresponding to 75.4 + 0.4 days in the quasar rest frame.
The same period is detected in each of the Euler and SMARTS
microlensing curves as well as in the joint Euler and SMARTS
curve. This period is also confirmed by the Lomb-Scargle anal-
ysis, with a large peak at 171 days.

From these observations, we have developed several
hypotheses to explain the origin of this periodicity. We rank our
hypotheses from the most probable to the least probable:

1. QJO158-4325 hosts a SMBBH: we have demonstrated from
a simple model that a binary black hole naturally reproduces
both the amplitude and period of the observed signal if the
mass ratio is of the order g < 10. Assuming the black hole
mass estimate from Peng et al. (2006), we derive a coales-
cence time due to GW emission of ~1000 yr, extremely short
compared to the age of the quasar. However, the transfer of
angular momentum from a circumbinary disk to the binary
system could significantly increase the lifetime of such close
binaries, making them much more likely to be observed.

2. The accretion disk contains a large inhomogeneity: this sce-
nario also fits our observations but it requires one-fifth of the
total UV luminosity to be emitted by a compact, hotter region
of the disk. If not bound by gravity, this scenario also faces
the problem of Keplerian shear, which would disrupt the hot-
ter region of the accretion disk on short timescales. Accre-
tion seems the only plausible mechanism to produce such an
amount of UV flux over a sufficiently compact region to be
microlensed. If the hotspot in the disk is powered by accre-
tion, then this hypothesis is similar to our first scenario.

3. The accretion disk is in precession: the short period of the
signal means that the inner part (r < 30r,) of the disk must
be in precession. In this scenario the disk would be subject
to a strong differential precession, leading to a rapid circu-
larisation of the orbit in the case of an eccentric disk, or to
a rapid alignment of the accretion disk with the black hole
spin, in the case of Lense-Thirring precession.

4. Microlensing by binary stars: this last scenario is ruled out
by the small separation between the stars that is imposed
by the observed period. A pair of 1 My would need to be
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separated by 1.01 AU to produce the observed period. Such
small separations in the lens plane only produce an extremely
small motion of the micro-caustic in the source plane, mak-
ing it impossible to reproduce the amplitude of the observed
signal.
In the absence of the zoom-in effect produced by microlensing,
these oscillations will likely no longer be observed in photo-
metric light curves, but they might reappear if a high magnifi-
cation microlensing event reoccurs in either of the two images.
Over the ten years of the Rubin Observatory’s Legacy Survey of
Space and Time, it is likely that this system will again approach
a microlensing caustic, opening the possibility to trigger spectro-
scopic follow-up to confirm or rule out different scenarios. Even
in the absence of a strong microlensing magnification, a periodic
change in the emission lines’ profiles might still be detectable.
Finally, the best way to confirm the presence of a SMBBH
might very well be the detection of GWs emitted by this source.
We show that the mass of this system should be sufficient to
be above the noise level of upcoming PTA experiments. This
is speculative for the moment, but it might be possible, in the
future, to obtain an extremely precise measurement of the time
delay from the GW signal, with strong implications for cosmol-
ogy. This system might be an extraordinary laboratory to test
Einstein’s theory of general relativity at the crossroad of two of
its most famous predictions: the gravitational lensing effect and
the propagation of GWs.
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Appendix A: Reverberated signal in the
microlensing curve

Sluse & Tewes (2014) have suggested that, in the presence of
microlensing, a deformed imprint of the intrinsic variability sig-
nal could appear in the difference light curve of a pair of lensed
images because emission arising from differently microlensed
regions are mixed in a given observing filter. The two main
sources of differentially microlensed emission present in the R
band are the power-law continuum emission, and the emission
arising from the broad emission lines. The continuum emission
region is smaller than a microlens Einstein radius, and is there-
fore most prone to microlensing, while the emission from the
broad line is much less microlensed. As explained in Paic et al.
(2022), the spectra of Q JO158-4325 observed by Faure et al.
(2009) indicate that ~ 40% of the R—band flux arises from
the BLR (Fig. A.1). Based on this estimate of the fraction of
non-microlensed flux in the R band, we generated mock light
curves of the lensed images and evaluated the amplitude of the
flickering introduced by the above effect. Following Paic et al.
(2022), we emulated the continuum signal F, using a DRW
model (Kelly et al. 2009; MacLeod et al. 2010), and added to it
a reverberated BLR signal responding to the intrinsic variations
with a lag of T = 65 days through a top-hat transfer function
Y(t, 7). Following this procedure, the flux of image i (i.e. A or
B), already corrected from the cosmological time delay, can be
written as

Fi(1) = Mipi(DF (1) + M;fprrly (1, 7) * Fe(D)],

where M; is the absolute value of the macro-magnification of
the image, w;(f) the time variable microlensing magnification
and fpr is the fraction of reverberated flux. We consider a con-
stant microlensing amplification of image B fixed to the max-
imal micro-magnification observed in 2005 (i.e. ug(t) = 2),
and we assume that A is unaffected by microlensing by fixing
ua(t) = 1. We also fix the non-microlensed flux ratio to the
macro model prediction, Mg/M, = 0.44. We use this physically
motivated model to generate 5000 microlensing curves from dif-
ferent DRW realisations, with the same sampling and the same
photometric noise as the real data. The mean flux level of F.(7)
is arbitrarily fixed to 100 and the DRW timescale parameter,
Tprw = 817 days, is obtained by fitting the light curve of image
A with JAVELIN (Zu et al. 2013). The amplitude of the DRW,
oprw = 20 (in flux units), is adjusted so that the variations of the
total (i.e. reverberated + continuum) flux in image A matches the
observed variations. An example of light curves generated from
this model is shown in Fig. A.2.

First, we find a maximum peak to peak amplitude of the
flickering of, at most, 0.10 mag. This corresponds to half of the
observed amplitude of the observed periodic signal. We note
that the detailed structure of the BLR signal does not matter
much. For instance, a similar signal is observed if we assume
a constant BLR contribution with time. The scattered emission
from the continuum (e.g. Sluse et al. 2015; Hutsemékers et al.
2020), would produce a similar effect as long as it arises from
a region large enough to remain non microlensed. This simula-
tion shows that, even under conservative assumptions, the signal
arising from a larger region than the continuum, may produce
red-noise with too low amplitude to mimic the observed signal.

Second, we compute the GLS periodogram over a frequency
range [20~! — 1000~'] days™' for each of the simulated light
curves and compare the power of the highest peak in the peri-
odogram with that of the observed data. Here, we restrict our
analysis over the period 2005-2011, where the periodic signal is

(A.1)
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Fig. A.1. Spectrum of image A of Q J0158—4325 (black). The blue and
red curve correspond to the best fitted model of continuum and Fell
emission. The green curve shows the transmission curve of the Euler
R-band filter.
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Fig. A.2. Simulated light curves generated from a DRW realisation,
including the echoed signal of the BLR (top panel) and difference light
curve between image B and image A (bottom panel).

clearly seen in the data. The results of this test are shown on Fig.
A3.

As discussed in O’Neill et al. (2022), peaks at any frequen-
cies should be considered since we have no a priori reason to
select the particular frequency observed in the real data. We thus
conclude from these simulations that a spurious detection of the
periodicity due to the intrinsic variability of the quasar echoed
in the microlensing curve is rejected at 99.4% confidence level
(3.70).

Finally, we test alternative micro and macro-magnification
models, selected to match approximately the minimum mag-
nitude difference between image A and image B, mp — m, ~
0.3mag, as observed in 2005. These models are rejected with
a significance ranging from 1.9 to 60 as summarised in Table
A.1. We also consider different sizes of the BLR by varying
the lag 7 from 35 to 130 days. Although the model with a
longer lag can only be excluded at 1.20- when all light curves
are considered, this model cannot explain the short observed
period as none of the simulated curves with a highest peak period
below 200 days have more power at these frequencies than the
observed data. Considering only the curves with a highest peak
period within the range 165-175 days, this model is excluded at
7.20.
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Fig. A.3. Power of the highest peak in the GLS periodogram as a function of the peak period for 5000 simulated microlensing curves. The highest
peak power and the period observed in the Euler data over the period 2005-2011 are indicated as dashed red lines. The 10~ (dashed orange line)
and 20 level (dashed black line) are computed in 80 different period bins of width 18.5 days.

Table A.1. Rejection significance, o, for alternative magnification and reverberation models. Model parameters, fgr, 7, Ma, Mp, p4, and up, are
defined in Appendix A. They are selected to match approximately the minimal magnitude difference, mp — my4, observed in 2005. The last column
detail the rejection significance o 65-175 When considering only the simulated light curves with highest peak period within the range 165-175

days.
Model | feer  Tldays] My Mg  pa  pp | mp—my[mag] | o Ories-17s
fiducial 0.4 65 226 101 1.0 20 0.29 370 520
alternative micro-model 0.4 65 226 101 05 1.1 0.32 240 3.30
alternative micro-model 0.4 65 226 101 15 2.8 0.34 6.00 8.00
alternative macro-model 0.4 65 500 101 1.0 4.8 0.31 1.90 270
alternative reverberation model | 0.4 130 226 101 1.0 2.0 0.29 1.20 720
alternative reverberation model | 0.4 35 226 101 10 2.0 0.29 8.60 8.00
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