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ABSTRACT

Context. We present results from our spectroscopic follow-up of SDSS J2320+0024, a candidate binary supermassive black hole
(SMBH) with a suspected subparsec separation, identified by a 278-day periodicity observed in its multiband optical light curves.
Such systems serve as a crucial link between binaries with long periods (tens of years), which are influenced by tidal forces with
minimal gravitational wave damping, and ultra-short-period binaries (<order of days), which are dominated by gravitational wave-
driven inspiral.

Aims. We investigated the dramatic variability in the complex Mg II emission line profile with the aim of testing the alignments of the
observed photometric light curves and the spectroscopic signatures in the context of the binary SMBH system.

Methods. We extracted the pure broad MgII line from newly obtained Gemini and Magellan spectra and measured the emission
line parameters to determine the fundamental dynamical parameters of the SMBH’s binary system. We adopted the PoSKI subparsec
binary SMBH model, which includes a broad-line region around a less massive component and a circumbinary broad-line region, to
interpret the observed variability in the spectral profile.

Results. We find that the Mg It broad-line profile has a distinctive complex shape, with asymmetry and two peaks, which has varied
across recent and archival observations. The temporal variability of the Mg1I line profile may be associated with emission from the
binary SMBH system, whose components have masses M, = 2 x 107 M and M, = 2 x 10® M, and eccentricity e = 0.1. We discuss
other plausible physical interpretations. With a total estimated mass of ~10° M, and a sub-annual orbital period, this system may be
a rare example of a high-mass compact SMBH binary candidate and, thus, should be part of further investigations of the evolution
of binary systems. This study highlights the synergies between spectroscopic follow-up and future massive time-domain photometric
surveys, such as the Vera C. Rubin Observatory Legacy Survey of Space and Time.

Key words. line: profiles — quasars: emission lines — quasars: supermassive black holes — quasars: individual: SDSS J2320+0024

1. Introduction

Every massive galaxy is assumed to have a supermassive black
hole (SMBH) at its center. When two such galaxies merge, they
can form a supermassive binary black hole (SMBBH) system
(e.g., Haehnelt & Kauffmann 2002; Volonteri et al. 2003). Var-
ious potential observational signatures of these binaries have
been proposed, including periodic variability in the photomet-
ric and spectroscopic light curves and even double-peaked broad
and narrow emission lines (see, e.g., Xu & Komossa 2009;
Kovacevi¢ et al. 2020a; Kollatschny et al. 2020; Popovic et al.
2021; Zhang 2021; Mengistue et al. 2024). The largest sample

* Corresponding author; marta. fatovic@unina.it

of possible candidates for periodically varying quasars was iden-
tified through the analysis of large time-domain surveys. For
example, Liu et al. (2019) analyzed data from the Pan-STARRS1
survey (PS1; Chambers et al. 2016), initially identifying 26 can-
didates. However, extended observations and maximum likeli-
hood analysis later confirmed only one statistically significant
periodically varying quasar. Similarly, Chen et al. (2020) com-
bined data from the Dark Energy Survey Supernova (DES-SN;
Kessler et al. 2015) and the Sloan Digital Sky Survey Stripe
82 (SDSS S82; York et al. 2000; Jiang et al. 2014; Ivezic et al.
2007), revealing five periodically variable quasars powered by
less massive black holes at high redshifts.

It is essential to conduct follow-up observations and more
detailed analyses of the most promising candidates using a
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combination of techniques, such as photometry across different
parts of the electromagnetic spectrum, spectroscopy, and direct
imaging which has been used to find SMBBH at kiloparsec
separations (e.g., Komossa et al. 2003; Schweizer et al. 2018;
Onaka et al. 2018; Voggel et al. 2022). We are still on a quest
to detect and confirm the presence of close binaries of SMBHs
(CB-SMBHs) with subparsec separations, which would be on a
course to merge.

Identification of CB-SMBHs through direct methods (e.g.,
resolving the pair and monitoring the gas dynamics) is diffi-
cult because of the small angular separations, which exceed
the resolving power of the current instruments. Spectroscopy,
on the other hand, can provide insight into the dynamics of
a CB-SMBH (see, e.g., Wang et al. 2017a; D’Orazio & Charisi
2023; Nguyen et al. 2020; Bon et al. 2012, 2016; Eracleous et al.
2012; Decarli et al. 2013; Ju et al. 2013; Li et al. 2016; Liu et al.
2014; Shenetal. 2013; Runnoe et al. 2015, 2017; Guo et al.
2019a; Dotti et al. 2022, and the references within). Strong
asymmetries and even double-peaked emission line profiles
in active galactic nuclei (AGNs) have already been observed
and studied (e.g., Eracleous & Halpern 1994; Kim et al. 2020;
Dias dos Santos et al. 2023). The most thoroughly investigated
cases are those that include changes in the line profile (e.g.,
Runnoe et al. 2017; Kollatschny et al. 2018; Wang & Bon 2020;
Popovic et al. 2023). One of the proposed explanations for this
phenomenon involves two SMBHs bound in a binary system.
Magnetohydrodynamic simulations provide models in which a
binary system excavates surrounding material and scatters it into
the circumbinary region, forming a circumbinary disk (CBD;
Bogdanovic et al. 2022). The material from the inner edges of
the CBD then falls onto SMBHs, forming a disk around each
of them. Like the CBD case, the broad-line region (BLR) can
be complex (see Popovié et al. 2021). The emission from each
accretion disk continuum ionizes nearby gas, creating BLRs that
correspond to each of the SMBHs. Additionally, the total disk
continuum emission ionizes the gas surrounding the whole sys-
tem, forming a circumbinary BLR (cBLR). This setup generates
broad emission lines with contributions from the moving BLR1
and BLR2 and emission from the stationary cBLR.

A recent study (Fatovi¢ et al. 2023) reported the detection of
variability in the optical light curve of five quasars located in
the SDSS S82 region (Thanjavur et al. 2021). The periods were
calculated using the Lomb—Scargle periodogram, with the three
highest periodogram peaks in the gri filters considered relevant,
and only sources with gri periods consistent within 0.1% were
analyzed with the Kuiper statistic, used to ensure a uniform dis-
tribution of data points in phased light curves. One of the quasars
(SDSS J232014.184002459.2, hereafter SDSS J2320+0024), at
a redshift z = 1.05, showed a period of P = 278days that
passed the false alarm probability criterion. The same period was
obtained by two additional independent period finding meth-
ods: (i) Quasar Harmonic Explorer (QhX), which searches for
the period in quasar light curves using the cross-correlation
of wavelet matrices from light curves (Kovacevic¢ et al. 2018,
2019, 2020b), and (ii) Monte Carlo simulations with Gaussian
kernel density estimation, which generate mock light curves
(Tisani¢ et al., in prep.), followed by period determination
using the multiband Lomb-Scargle periodogram implemented
in the gatspy package (VanderPlas & Ivezi¢ 2015). Such short
periods have already been found in AGNs and analyzed, for
example Mrk 231 with P ~ 1.1yr and 1.2yr (Yan et al. 2015;
Kovacevié et al. 2020a), PKS2155-304 with P ~ 0.87yr
(Zhang et al. 2014; Sandrinelli et al. 2016), and Q J0158—4325
with P ~ 172 days (Millon et al. 2022).
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Fatovi€ et al. (2023) also examined the archived SDSS spec-
trum (Dawson et al. 2016) of the SDSS J2320+0024 quasar and
found a slightly asymmetrical broad Mg IT emission line profile.
This was the motivation to further explore this source within
a spectroscopic follow-up and capture the MgII emission line
at the object’s predicted maximum brightness. Our aim was to
detect variability in the broad-line profile and identify features
that could indicate a CB-SMBH system, such as double peaks,
peak shifts, or asymmetries. Given the faintness of the source,
8-meter class telescopes are required to obtain high-quality spec-
tra for a detailed analysis of the Mg II line profile.

The candidate presented in this work is different from
the most extensively studied objects, for example PG1302-102
(Graham et al. 2015), NGC 5548 (Bon et al. 2016), NGC4151
(Bonetal. 2012), and OJ287 (Sillanpaa et al. 1988), which
belong to the category of systems in the early inspiral phase,
with orbital periods on the order of O(10) years. Our candi-
date falls into the category of systems with periods on the order
of O(100) days, which are approaching the late inspiral phase.
These objects are highly massive and exhibit significant changes
in their optical spectra over very short timescales, approximately
10% of their predicted orbital period.

In this paper we present our findings from new observations
of the Mg1I spectral line in SDSS J2320+0024, observed with
the Gemini and Magellan telescopes and analyzed together with
the archival SDSS spectrum. Furthermore, we discuss the phys-
ical meaning of the dramatic change in the double-peaked line
profile and present a possible model of the CB-SMBH system.

In Section 2 we present the new observations and detail the
process of extracting the Mg 11 line. We outline the methods used
to quantify the differences across the three epochs of the same
line and describe the approach for mass estimation. Additionally,
we explain the calculation of synthetic magnitudes and introduce
a model that successfully accounts for the observed behavior of
the Mg1I line. In Section 3 we discuss the quantified variability
of the line profile and evaluate how well the synthetic magni-
tudes align with the predicted model. We also present one pos-
sible physical model of CB-SMBH, emphasizing the preference
for the binary model over alternative explanations. In Section 4
we place our findings within the context of other known can-
didates and address the challenges involved in follow-up moni-
toring of this and similarly faint SMBBH candidates. Finally, in
Section 5 we summarize our findings and discuss potential future
work.

2. Data and analysis

We obtained observing time on two 8-meter class telescopes to
secure two additional epochs of the Mg I spectrum. The use of
8-meter class telescopes was essential given the faintness of the
target (rspss ~ 21 mag).

2.1. Gemini observations

On November 14, 2022, we obtained spectra using the Gem-
ini Multi-Object Spectrograph-South (GMOS-S) at the Gemini
Observatory (PI: Dr. Karun Thanjavur). The observations were
made with long-slit spectroscopy (1.0arcsec) using the R831
grating, during 2.2 hours of Director’s Discretionary Time. We
captured six science exposures, each lasting 1100 seconds, with
central wavelengths alternated between 650nm, 655 nm, and
660 nm to account for the gap between the GMOS CCDs. The
Hamamatsu detector was used, and the standard star LTT3218,
along with a CuAr lamp arc, provided calibration. The data
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were collected with a spatial binning of 4 and a spectral bin-
ning of 2. The data were reduced and calibrated using the offi-
cial automated Gemini DRAGONS pipeline (Labrie et al. 2019)
and cross-verified with the Image Reduction and Analysis Facil-
ity (IRAF; Tody 1986, 1993). We confirmed that the MgTII line
is located between strong skylines, eliminating skylines as the
cause of the double-peaked profile. After applying two methods
for cosmic ray elimination — IRAF and the automated DRAG-
ONS pipeline — we conclude that cosmic rays are also unlikely
to be responsible for the observed line profile.

2.2. Magellan observations

On December 22, 2022, observations were conducted using the
Magellan 6.5-meter telescope at Cerro Pachon in Chile (PI:
Dr. Xiaohui Fan), utilizing the Low Dispersion Survey Spec-
trograph (LDSS-3). Three consecutive integrations were per-
formed, each lasting 1000 seconds. The setup included a VPH
Blue grism and a 1-arcsec slit, with binning set to 1 X 1 in both
spatial and spectral directions. The slit was aligned with the aver-
age position angle of the target object. The resulting spectrum
from Magellan was processed using the standard pipeline, Pypelt
(Prochaska et al. 2020a,b).

2.3. Extraction of the Mg line

To detect unusual features of the MgII profile and study their
behavior, it is necessary to extract the broad Mg1I. We used the
Fully Automated pythoN tool for AGN Spectra analYsis (Fan-
tasy'; Ili¢ et al. 2023) to subtract the underlying continuum and
satellite FeII emission, following the method in Popovi¢ et al.
(2019). Fantasy provides an advanced approach to fitting multi-
component AGN spectra, allowing simultaneous fitting across a
wide wavelength range and easy selection of emission lines from
redefined line lists.

A key feature of Fantasy is its iron emission model taken
from Popovi€ et al. (2019). To analyze the observed spectra with
the distinct double-peaked shape, we fitted the BLR using two
Gaussians while simultaneously subtracting the continuum and
UV Fe Il emission. This approach minimized the y? value for the
best fit, enabling us to effectively isolate the Mg II line for further
analysis, as shown in Figure 1.

Using this decomposition, we successfully traced the
observed flat top and complex profile features of the Mg1I line
with two Gaussian components, labeled MgII_a and MgII_b.
These components represent the two observed MgII peaks and
are plotted in Figure 1, along with the underlying continuum and
the Fe T multiplets. It is worth noting that we were able to extract
the SDSS Mgl line using two Gaussians, despite it being the
only observation without a clearly defined double-peaked pro-
file.

2.4. Characterizing line profile variations

After extracting the MgII line, we proceeded with an analysis
using a set of well-established, easily measurable line parame-
ters to capture and describe the complex variations in the line
profile (e.g., see the approach outlined in Lewis et al. 2010). To
accurately characterize the Mg I1 line only, we fitted the extracted
broad Mg 11 profile using two Gaussian components. From these
new fits, we measured several key parameters (Popovié et al.
2019). These parameters include: (i) velocity shifts of the two

I https://fantasy-agn.readthedocs.io/en/latest/
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Fig. 1. Example of the multicomponent decomposition (fitting result;
dashed red line) of the complex MgIl line profile shown for the
observed Gemini spectrum (solid light blue line), clearly showing a flat-
top profile reproduced with two broad Gaussians (solid orange and dark
red lines). The underlying continuum (dashed dark blue line) and Fe Il
multiples (solid yellow line) are also shown. Below we also show the
extracted pure broad profile of Mg I line (solid blue line). See the main
text for details on the fitting procedure.

peaks from their rest positions, (ii) intensity ratio of the red and
blue peaks, (iii) full width at half maximum (FWHM), (iv) full
width at quarter maximum (FWQM), (v) the distance between
the red and blue peaks, and (vi) profile asymmetry (skewness),
which is measured by comparing the shifts between the center
of the profile at both half maximum (Shiftyy) and quarter maxi-
mum (Shiftyy) with the zero velocity reference point (Okms™!).
The findings are listed in Table 1.

2.5. Mass and separation estimation

We calculated a first estimate of the total mass of the system from
the width of the broad Mg1I line and continuum flux at 3000 A
using the standard scaling relation given in Wang et al. (2009),
Marziani et al. (2013), and Popovi¢ (2020):

log(Mgn) = a + b - 1og(Lazooo) + ¢ - log(FWHMg ). (D

We used constant values of a = 1.15 + 0.27, b = 0.46 + 0.08,
and ¢ = 1.48 + 0.49, where the mass is given in 10 M,
where M, denotes the solar mass, the FWHMygy in 10°kms™!,
and the Lysp0 in 10* ergs™!. The formal errors are determined
from independent measurements, using different estimates of
the underlying continuum, which is primarily influenced by the
spectral resolution.

We also calculated the separation of the black holes in
a possible SMBBH system via Kepler’s law as in Liu et al.
(2019):

@l GM
o o @)
torb T
where
Pobs
torp = T—- 3
Ll g 3

In all our analyses, we used the cosmological parameters pro-
vided by Planck Collaboration VI (2020).
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Table 1. Measured quantities from the broad Mg II emission line observed with SDSS, Gemini, and Magellan.

SDSS Gemini Magellan
log(Mee /M) 9.0+0.5 8.9+0.5 8.8+0.5
Shiftg (kms™!) NA —1801 + 107 —1453 +71
Shiftg (kms™!) 356 +71 —140+ 107 -125+71
Ig/Ir NA 0.893 +£0.004 0.973 +0.004
FWHM (kms™") 5254 +71 6219 + 107 6112+71
FWQM (kms™) 7291 £ 179 8470 +250 8256 + 500
Peak separation (kms™!) NA 1661 + 107 1328 £ 71
Shiftgy (kms™!) 377 +36 —-640 + 36 —1203 +38
Shiftgy (km s7h 324 +89 —-694 + 36 —988 +250
a (pc) 0.004 +£0.001 0.003 +0.001 0.003 +0.001

Notes. Rows: log(M../M): logarithm of the estimated system’s mass given in solar masses; Shiftg and Shiftg: peak shift of the blue and red peak
in relation to the O km/s; Ir//g: ratio of the intensities of red and blue peaks; FWHM and FWQM: width of the whole profile at 50% and 25%;
Peak separation: velocity separation of the blue and red peaks; Shiftyy and Shiftgy: velocity shift of the profile centroid at 50% and 25%; a: the

separation.

2.6. Synthetic magnitude calculation

To compare the model light curve with the observed data, we
calculated synthetic SDSS r-band magnitudes from Gemini and
Magellan spectra. The wavelength coverage of these spectra
is not broad enough to obtain synthetic magnitudes in other
SDSS bands. To derive synthetic fluxes, we used the rubin_sim
package (Yoachim et al. 2023), which is being developed and
maintained by the Legacy Survey of Space and Time (LSST;
Ivezic et al. 2019) community and which already contains SDSS
throughputs and zero points. The calculation of the synthetic flux
is done by convolving the flux of the spectra with the survey’s
throughput functions (in our case, the SDSS r band) and then by
integrating it:

Fp = f Pp(DF,(A)dA, “
0

where F, is the flux in band b, ¢,(2) is the bandpass through-
put and F, (1) is the observed flux density of a source. The AB
magnitudes are then calculated using my, = =2.5 - log,, Fj, — Cp,
where C}, is the zero-point.

2.7. PoSKI model of a binary SMBH system

Finally, given the detected variability in the emission line profile
that could be indicative of the complex dynamics within the sys-
tem, we attempt to model complex Mg 11 broad line in the context
of binary SMBH system using the Popovi¢, Simié¢, Kovacevic,
Ili¢ model (PoSKI; Popovi¢ et al. 2021). In the PoSKI model,
two SMBHs at a subparsec distance each have accretion disks
that ionize nearby gas, forming two moving BLRs (BLR1 and
BLR2). The combined disk emission also ionizes gas around
the system, creating a stationary cBLR. This produces broad
emission lines from three sources: BLR1, BLR2, and the cBLR.
Details of the model are provided in Popovic et al. (2021) and
the references therein.

3. Results
3.1. Line profile variability

Dramatic evolution of MgIl broad emission line profile dis-
played in velocity scale and shifted according to the observed
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Fig. 2. Normalized line profiles of the extracted Mg1I line, as observed
with the SDSS (brown line), Gemini (orange line), and Magellan (yel-
low line) telescopes, sorted by the phase derived from the presumed
periodic variability in the optical light curves. The vertical dashed gray

line indicates a velocity of 0 kms™!.

phase based on photometric light curve in Fatovié et al. (2023),
is shown in Figure 2. The peak separation changed for
~400kms~!, and the peak intensity ratio changed from 0.893
to 0.973 within the month that had passed between Gemini and
Magellan observations. SDSS profile displays a single peak cor-
responding to the position of the red peak in the other two pro-
files.

There is an approximate 1000kms~! difference in FWHM,
FWQM, and asymmetry (see Table 1) between the SDSS line
profile and the profiles in the new spectra. Notably, the asym-
metry measured at half and quarter maximum (Shiftgy and
Shiftgm) shows a significant change of about 600kms™' and
300kms™!, respectively, between the Magellan and Gemini
observations taken within a one-month interval. The red peak
remains steady while the blue peak shifts, changing the over-
all shape of the MgT1I line profile. This observation inspired our
efforts to model and explain these variations with the PoSKI
model of a CB-SMBH system.
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21.75

—— GP Mean

22.00
| Historical Data
| Gemini |

22.25
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MJD
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Fig. 3. Light curve of the SDSS J2320+0024 source in the r band
(black error bars) of historical SDSS, ZTF, and PS1 data. The GP peri-
odic curve (blue line) that best matches the data shows a period of
~270 days and an amplitude of 0.3 mag. The light blue region represents
the 1o uncertainty of the GP curve. Green and red error bars represent
the newly observed Gemini and Magellan » magnitudes, respectively,
extracted using our procedure (see the main text). The GP curve high-
lights the placement of Magellan and Gemini observations within 1o~ of
the expected waveform of the binary orbital period.

The results of the measurements of line parameters for all
three epochs are given in Table 1. The system’s mass estima-
tion for all three spectra is M., ~ 10° M. This makes SDSS
J2320+0024 one of the most massive sub-annual binary quasar
candidates known.

3.2. New synthetic magnitudes in the photometric light
curves

We calculated the synthetic magnitudes from the spectroscopic
observations because we wanted to compare how the varia-
tions in the line profile correlate with the photometric variations.
Figure 3 shows a light curve, reproduced with a mix of photom-
etry observed by SDSS, PS1, and the Zwicky Transient Facil-
ity (ZTF; Bellm et al. 2019; Graham et al. 2019) and synthetic
photometry obtained by Gemini and Magellan, overlaid on the
sinusoidal model of periodic variations of SDSS J2320+0024.
Since the ZTF data showed a linear trend in the light curve, we
performed linear detrending.

For the subsequent light-curve modeling, we relied solely on
observational data from SDSS, PS1, and ZTF. This approach
provided an additional confirmation of the results reported in
Fatovi¢ et al. (2023), this time using a different method and an
extended dataset spanning over 20 years, incorporating observa-
tions from ZTF, PS1, and SDSS. To model a quasar light curve,
we used the GPyTorch Python package (Gardner et al. 2018),
applying a Gaussian process (GP) with a kernel defined as

2 — /
K(x,x) = 02 cos (%) ,

where o2 is the signal variance (a scaling factor), P is the period
(alearnable parameter), and x, x’; are input points. We initialized
the model’s mean function with the observed mean magnitude
of the light curve. The CosineKernel was chosen for its ability
to model periodic behavior and was initialized with an approx-
imate period of 265 days, which was set as a learnable parame-
ter to enable fine-tuning based on the data. During training, we
used an exact marginal log likelihood objective to optimize both
the kernel parameters and the GP’s likelihood function with an

Adam optimizer. After training, the model was evaluated over
a test range of 200 points randomly selected from the observed
baseline, providing a predicted mean and confidence intervals
for each time point. The results revealed a fitted periodic pat-
tern with learned confidence intervals, and the model success-
fully estimated the period at approximately 270 days.

The synthetic magnitudes from Gemini and Magellan fall
within the 1o confidence interval of the modeled GP light curve.
The SDSS synthetic magnitude deviates by approximately 30,
and it has been intentionally excluded from Figure 3. We opted
not to use SDSS fluxes because of the uncertainties related to the
absolute flux calibration.

3.3. Implementation of the PoSKI model

Due to the dramatic changes in the position of the blue peak
in the complex MgII line profile (see Figure 2), which appear
to be correlated to the light curve (see Figure 3) indicating
the possibility of a binary system, we attempted to use PoSKI
model to interpret the observed behavior. To find a model of
SMBBHEs that can describe the observed variability and complex
Mg line shape, we explored several different configurations
of SMBBHs, changing the mass ratio and dynamical parame-
ters but fixing the periodicity. This observations motivated us
to set up the PoSKI model in a configuration with two SMBHs
with a mass ratio ¢ ~ 0.1, where only the less massive com-
ponent has a BLR (BLR1) contained within its Roche lobe (see
Popovi¢ et al. 2021), moving with the component. Both compo-
nents have accretion disks that illuminate the gas around both
SMBHSs, which is a cBLR. We assumed that the more massive
component did not have enough ionized gas in the Roche lobe
to have its own BLR. It may be the case since the smaller com-
ponent cleans the material around the more massive component.
Using this configuration of SMBBH, we are able to qualitatively
fit the observed MgTI line profile and reproduce the observed
periodicity in the continuum.

Optical photometry allowed us to determine the orbital
period of the object, which in turn allowed us to place broad
constraints on the component masses and the distance. Presumed
orbital velocities of such a system would be too high and would
produce significant line shifts, not supported by spectroscopic
observations. Therefore, we used in our modeling the inclina-
tion angle of very low value (i = 10°, which has been also
implemented in previous theoretical works; see, e.g., Wang et al.
2018) and compute the emission from the SMBBH. Addition-
ally, observations of Gemini and Magellan are very close in time,
and the light curve variation between those time instances allows
us to put additional constraints on the eccentricity and orbital
plane orientation toward the observer. Since Mg1I line deviation
is asymmetric, we propose the low mass ratio binary system,
which has a mass-ratio parameter g = 0.1.

The parameters used in the simulation define the physical
properties and orbital configuration of the system. The sug-
gested masses of the two SMBHs are M; = 2 x 10’ M and
M, =2x10% M, indicating the less massive and more massive
components. The mean separation between the two SMBHs is
a = 0.0025 pc. Furthermore, the orbital eccentricity, e = 0.1,
reflects a mildly elliptical orbit, while the inclination of the
orbital plane relative to the line of sight is i = 10°. The BLR
in such a compact case is truncated due to the mutual interac-
tion of the components. The computational phases, expressed as

2 https://www.sdss4.org/dr16/algorithms/
spectrophotometry/
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Fig. 4. PoSKI model of the MgII broad line (solid black line) for all
three epochs with SDSS (top), Gemini (middle), and Magellan (bottom)
data. The components are from the smaller BLR (BLR1; dotted line)
and the cBLR (dashed line). The upper insets in each panel show the
binary configuration for the corresponding epoch. The wavelength has
been converted to the velocity scale given on the x-axis, and the y-axis
shows the normalized intensity.

fractions of the orbital period (Poy), are tspss = 0.02 X Py,
tGem = 0.53 X Py, and ™Mag = 0.7 X Porp.

The three suggested binary SMBH configurations and result-
ing Mg1I broad-line profiles from PoSKI models are plotted in
Figure 4. The contribution from BLR1 (associated with the less
massive SMBH) is shown as a dotted line, while the cBLR con-
tribution is represented by a dashed line.

4. Discussion

The results of our study reveal a candidate CB-SMBH system in
SDSS 1232040024 characterized by a total mass of ~10° M,
a mean separation of ~0.0025pc, and an orbital period of
278 days. These properties place it among the most compact and
dynamically extreme candidate CB-SMBH systems known. Pre-
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dictions by Xin & Haiman (2021) suggest the upcoming LSST
data will offer optimal opportunities for detecting these sources.
Accurate light curves in ugrizy filters and a limiting LSST mag-
nitude of ~24mag from single image will be of exceptional
value. When comparing our source (z = 1.05, rspss ~ 21 mag,
P = 278days) to Figure 7 in Xin & Haiman (2021), we note
that they consider periods up to 200 days. This places our source
near the upper bound of the predicted binaries, corresponding to
a density of approximately log(N[mag~' z~' day™']) ~ 1.

Zhang (2023) reported CB-SMBH candidates with orbital
periods as short as 340 days, while Millon et al. (2022) identify
systems with periodicities around 173 days, both broadly consis-
tent with the timescales of the source presented here. However,
spectroscopic monitoring and analysis of variability in spectral
lines offers important comparisons. Specifically, Millon et al.
(2022) presented the MgTI line profile of their candidate, which
is symmetric with a prominent peak. However, the spectrum of
this candidate used in Faure et al. (2009) could be interpreted
as asymmetric, though no detailed analysis was performed. In
contrast, the MgII broad-line profiles of the object in this study
exhibit distinct features in each observed epoch. The sources
discussed by Zhang (2023) exhibit double-peaked broad emis-
sion lines, such as He, which are attributed to Doppler shifts
caused by orbital motion. Similarly, Boroson & Lauer (2009)
analyzed the source J153636.22+044127.0, which significantly
contributed to studies of SMBBH systems by presenting two dis-
tinct sets of Balmer broad lines. However, Zhang et al. (2019)
later suggested that double sets of emission lines may often be
false-positive indicators of black hole binaries. Instead, such fea-
tures could result from alternative physical mechanisms, such as
AGN-driven or shock-heated outflowing gases, which produce
blueshifted broad emission line systems.

In contrast, the system in our study stands out due to its
variability, first identified through photometric observations and
later obtained the same result within 10~ using spectroscopic data
from the broad Mg 11 line. The significant variability in the Mg 11
line profile suggests that the photometric variability cannot be
attributed solely to red noise, pointing to dynamic processes like
binary SMBHs.

This configuration generates a signal that should be
detectable in all broad emission lines, with the shape of the
complex line profile varying depending on the system’s spe-
cific dynamical configuration. Therefore, to more reliably sup-
port the hypothesis for a CB-SMBH in SDSS J2320+0024,
and to explore alternative explanations such as a single black
hole model with complex BLR kinematics, the analysis should
include additional emission lines, such as HG and He. Further-
more, testing the model across multiple epochs and conducting
dedicated photometric monitoring would be essential for detect-
ing variability consistent with binary motion.

Our 2385 s Swift Ultraviolet and Optical Telescope (UVOT)
integration carried out on October 11, 2023, with UVWI
(Gehrels et al. 2004) resulted in no UV detection above the
S/N >3 threshold. Particularly this source is too faint even for
Swift X-Ray Telescope (XRT). We stress that the faintness
of the source (SDSS J2320+0024, rspss ~ 21 mag) and its
limited visibility during the year — observable from ground-
based facilities only from August to late December — fur-
ther complicate follow-up with the goal of building up an
entire phased light curve. These constraints make tracking this
and similar faint CB-SMBH systems particularly challenging,
especially in ground-based surveys where atmospheric effects,
noise, and blending issues hinder variability analyses. However,
advancements such as LSST’s high cadence and deep
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imaging capabilities (Davis et al. 2024) offer a promising path-
way to detect such faint, short-period systems. Additionally, the
role of space-based telescopes, like the James Webb Space Tele-
scope (JWST; Gardner et al. 2006), with their superior sensi-
tivity and broad coverage, remains crucial for studying these
systems.

4.1. Complex Mg within the context of binary SMBHSs

To reproduce the complex behavior observed in the data within
the binary SMBH framework, we applied the PoSKI model,
which can provide dynamical parameters for close-binary sys-
tems. Our analysis shows that with the suggested binary
configuration (see Sect. 3.3), the PoSKI model is able to con-
sistently reproduce Mg 1I broad-line profiles in all three obser-
vational epochs. However, the slight discrepancies are still seen,
especially in the blue wing (~—5000 km/s; Figure 4), where dis-
crepancies are seen at all epochs.

These discrepancies might be due to the observed data qual-
ity and analysis, which influence the extraction of the pure
broad-line profile. For example, the way we reconstructed and
subtracted the Fe Il emission, which may have a complex vari-
ability and a kinematical origin, could have a strong influence on
the resulting broad-line profile. Also, this may be evidence of the
presence of non-radial motions in the Mg II-emitting region (see,
e.g., Popovi¢ et al. 2019; Guo et al. 2019b; Homan et al. 2020;
Guo et al. 2024), such as inflows or outflows.

4.2. Possible alternative interpretations

Alternative explanations for the periodic variability observed in
the optical light curve (see Fatovi¢ et al. 2023) include jet pre-
cession and warped accretion disks. Sources with powerful jets
are typically expected to appear in radio databases and show
strong variability in radio periodicity (see the discussion in,
e.g., Graham et al. 2015). However, there is little evidence of
radio emission from this source, as it was not detected in sev-
eral radio surveys, including the Very Large Array (VLA) Faint
Images of the Radio Sky at Twenty-one centimeters (FIRST)
survey at 1.4 GHz (Becker et al. 1995), the AT20G Survey at
20GHz (Massardi et al. 2011), or the first two epochs of the
VLA Sky Survey. Additionally, it is absent from the 1.4 GHz
catalog by Hodge et al. (2011), which offers slightly higher sen-
sitivity (0.09 mJy compared to 0.13 mJy). While the lack of radio
detections does not entirely rule out jet precession as the cause
of the observed variability, it makes this explanation less likely.
Leén-Tavares et al. (2013) showed that the Mg1I line can be
formed in the jet-like structures and that its variability is highly
correlated with the gamma and radio emission. However, in their
object the broad MgTI line profile remains to be symmetric and
there is only a change in the luminosity. This is not the case in
our object in which there is clear change in the line profile, indi-
cating either significant perturbation in the BLR structure and
kinematics or the presence of additional BLR component.

Some studies suggest that warped disks can change
emission line profiles depending on their geometry (e.g.,
Storchi-Bergmann et al. 1997; Wuetal. 2010; Wang & Li
2012). This implies that, from a spectroscopic perspective, the
candidate in this work could be associated with the precession
of a warped disk. From a photometric perspective, warped disks
are predicted to produce quasi-periodic oscillations (QPOs) in
X-ray light curves (e.g., Abarr & Krawczynski 2021). While
QPOs have been detected in optical light curves (e.g.,
Smith et al. 2018; Tripathi et al. 2023), our optical data point

to periodic variability rather than QPOs. Furthermore, light
curves associated with known warped disks typically display
lower amplitude variations and distinct behaviors compared to
our observations (see, e.g., Graham et al. 2015, and references
therein). This suggests that it is less probable that the observed
photometric periodicity originated from a warped disk.

Furthermore, double-peaked emission lines have been
explored in previous studies, such as Dias dos Santos et al.
(2023), where simultaneous double peaks were observed in two
broad emission lines (OI and Paa) and attributed to a disk-like
BLR. Notably, however, their analysis did not report variability
in the line profiles, a significant contrast to our findings, thereby
making this explanation unlikely for our observations.

Temporal changes in the MgII line asymmetry have also
been observed in some AGNSs, such as J111348.6+494522, as
reported in Homan et al. (2020). They explain these changes
as being caused by variations in the relative intensities of line
components, which may represent the broad and narrow fea-
tures or reflect a more dynamic BLR structure. This explanation
aligns with some alternative scenarios, such as a single black
hole model with complex BLR kinematics (e.g., Grier et al.
2017; Esser et al. 2019; Rodriguez-Ardila et al. 2024) or flaring
(Chavushyan et al. 2020), remain plausible. For example, radial
motions within the BLR such as outflows may be responsible
for the observed line asymmetry (see, e.g., Wang et al. 2017b);
however, it is challenging to explain this in the frame of peri-
odic variability on observed timescales. To further explore this
possibility, future analyses should incorporate additional spec-
tral observations from top-level instruments of MgII as well as
other emission lines, such as HB and Ha.

The binary model suggested in this work may offer a more
plausible explanation, supported by photometric and even spec-
troscopic evidence. From spectral analysis (Sections 2.4 and 2.5;
results listed in Table 1), we estimate a total system mass on
the order of 10° Mo, separations between the two components
on the order of milliparsecs, and extremely changing broad-line
profile. These results align with predictions from PoSKI model
(see Section 3.3 and Figure) and the observed light curve peri-
odicity, which corresponds to luminosity changes driven by the
orbital motion of the components. Also, based on the PoSKI
model parameters, measured 1000 km/s broadening reflects gas
near the inner edge of the CBD (~2 X 0.003 pc). Additionally,
the observed asymmetries, 600 km/s at the FWHM (closer to the
SMBH) in the line core and 300 km/s in the FWQM (farther),
may arise from the dynamics of gas in the CBD or from the BLR
around the less massive component. To the contrary, if a single
SMBH is assumed, then plausible asymmetry changes would not
dominate the line core (as it is now 600 km/s) but would mostly
dominate the line wings.

5. Conclusion

We report the results of spectroscopic follow-up conducted
with 8-meter class telescopes of SDSS J2320+0024, a sub-
parsec binary SMBH candidate identified through its dis-
tinct periodicity in photometric multiband optical light curves,
which are suggestive of a binary orbital period of 278 days
(Fatovic et al. 2023). Such systems are critical for our under-
standing of transitional dynamics as they approach the gravi-
tational wave detection threshold, particularly within the oper-
ational parameters of the Laser Interferometer Space Antenna
(LISA; Amaro-Seoane et al. 2017). The gravitational wave
damping in these binaries, while significant, is not believe to pre-
dominate the accretion processes at this stage. Moreover, these
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binaries constitute a relatively sparse population within current
catalogs.

We analyzed the variability of the broad Mg II emission line
across three epochs using archival SDSS spectra and new Gem-
ini and Magellan spectra. We also checked how the synthetic
magnitudes obtained from the Gemini and Magellan spectra fol-
low the long-term photometric light curve. We compared the
observed spectra from each epoch with the PoSKI model of a
CB-SMBH system with unequal masses.

We summarize our findings as follows:

1. We report dramatic variability in the complex broad MgII
emission line profile observed during the spectroscopic
follow-up.

2. We estimate the total mass of the system to be ~10° M, with
significant shifts of several hundred kms~! between the two
peaks. This substantial mass places the object among the
most massive sub-annual binary quasar candidates known
and suggests a history of extensive galaxy mergers.

3. The spectra were successfully interpreted within the
framework of a binary SMBH system using the PoSKI
model.

4. The orbital period inferred from the PoSKI model aligns with
the periodicity identified in the historical photometric light
curve.

If confirmed through spectroscopy of additional emission lines,
these results could provide valuable insights into the capabili-
ties of upcoming large-scale time-domain optical surveys and lay
the foundation for future multi-messenger studies (Charisi et al.
2022). Spectroscopic surveys accompanying such observations
are expected to identify and analyze massive binary quasars, sig-
nificantly enhancing our understanding of galaxy merger rates.
This study outlines a pathway for future investigations, empha-
sizing the synergy between the Rubin Observatory LSST and
spectroscopic follow-ups with advanced instruments, such as
those planned for the Wide-field Spectroscopic Telescope (WST;
Mainieri et al. 2024), Multi-Object Optical and Near-infrared
Spectrograph (MOONS; Cirasuolo et al. 2020), 4-metre Multi-
Object Spectroscopic Telescope (4MOST; de Jong et al. 2019),
WHT Enhanced Area Velocity Explorer (WEAVE; Jin et al.
2024), Maunakea Spectroscopic Explorer (MSE; Hall et al.
2019), and others.
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